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PREFACE 

With the finding by G. T. Seaborg, J . W. Gofman, and R. W. Stough
ton in 1942 (Paper 1.1, this report) that the isotope U^ '̂ undergoes 
fission with slow neutrons with a cross section comparable to that of 
U^̂ ,̂ a third source of nuclear energy was added to the already known 
Û ^̂  and Pu^'^. The development of the chain-reacting pile by the 
physics group at Chicago in 1942 opened the way for the large-scale 
conversion of relatively abundant natural thorium into U^̂ .̂ The study 
of the properties of U^" and processes for obtaining it was therefore 
made part of the program of the Manhattan Engineering District, or 
Manhattan Project. 

This report contains the assembled record of the significant work 
relating to Û ^̂  which was done on the Manhattan Project, from the 
discovery by Seaborg, Gofman, and Stoughton to July 1, 1945, when, 
following V-E Day and the assured success of the wartime aims of 
the venture, the technical staff of the Manhattan Project was slashed. 
This is the experimental work which in normal peacetime circum
stances would have appeared as individual papers in the appropriate 
scientific journals. A few papers, principally among those relating to 
nuclear transformations and nuclear properties, embody experi
mental work extending one or two years later than the date given. The 
largest volume of the material covers data obtained before July 1, 
1945, and was assembled from unpublished data and data which had 
appeared in scattered progress reports and memoranda of the Man
hattan Project by the experimenters themselves. The only editorial 
alterations of these manuscripts have been those requested by the 
publisher's technical editorial staff at Oak Ridge, and these have been 
largely changes to follow their style pattern, to rectify mechanical 
errors of typography in the manuscripts submitted, and to repair ac
cidental omissions. Since the original authors were for the most part 
unavailable, the editor has acted to supply omitted material, to de
termine the author's intent in cases of discrepancies or ambiguities, 
and to protect the authors against alteration of the scientific meaning 
and intent of the original manuscripts in the process of technical 
editing. It is hoped that failures in this respect are a minimum. 

i l l 
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T/D- ^luiliS} 
Paper 1.1 

A NEW FISSIONABLE ISOTOPE OF URANIUM: U^̂ a 

By Glenn T. Seaborg, John W. Gofman, and Raymond W. Stoughton 

[Editor's Note: Contribution from the University of California Ra
diation Laboratory, Berkeley; based on Report CN-126 (A-192). P r e 
pared for publication June 11, 1942.] 

1. INTRODUCTION 

The bombardment of thorium with slow neutrons produces Th^*^ by 
the reaction Th^a^(n,>')Th2**, which emits beta particles and has a half 
life of 23.5 min. The daughter of Th^ss is the 27.4-day beta-emitting*'^ 
Pa^'^, which in turn decays to U^^^ This decay chain can be summa
rized as follows: 

rpu233 23 5min P n ^ ^ * ilAA TJ^'* 

We have measured the radioactivity and fission properties of U^^ .̂ 
This isotope has a half life of about 1.2 x 10^ years and emits alpha 
particles having a range of 3.1 ± 0.2 cm. Our measurements on a 
sample of U"* weighing 3.8 ing show that this isotope undergoes fis
sion with slow neutrons with a cross section about 1.3 times as great 
as that of U^'*. The same result was obtained in a check experiment 
with another sample of U"^ weighing 0.8 )ig. We have made a search 
for spontaneous fission in U^'*, using the 3.8-/ig sample, and our r e 
sult of zero fission counts in 243 hr of counting time indicates that the 
spontaneous fission rate may correspond to a half life of more than 
10" years. These results have been reported in a short abstract.^ 

This paper describes all the experiments which have been per
formed in order to obtain these measurements. Section 2 describes 
the instrument-calibration experiments; Sec. 3 describes the meas
urements of the radioactivity properties of U^ '̂ (and also Pa*^^ and 
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Th"^ ; Sec. 4 summarizes the fission measurements on U"^; Sec. 5 
outlines the chemical procedures used in this work; and Sec. 6 d i s 
cusses the yield in the production of radioactive U^^^ 

The samples were prepared by the bombardment of thorium nitrate 
with the neutrons formed in the 60-in. Berkeley cyclotron when beryl
lium was bombarded with deuterons. The 3.8-jng sample of U^^^ upon 
which the fission measurements as described in Sec. 4 were made, 
and the smaller sample, upon which the half-life measurements as 
described in Sec. 3 were made, were both prepared as the result of 
the bombardment of about 5 kg of thorium nitrate. They were put in 
saturated aqueous solution which was placed directly behind the beryl
lium target and bombarded during the course of several weeks with 
about 14,000 /j.a-hr of deuterons on beryllium. 

Each of these samples was isolated by the chemical procedures de
scribed in Sec. 5. The calibration experiments of Sec. 2 were per 
formed both with Pa^a^ obtained from this bombardment and with Th^^^ 
and Pa^a^ obtained in shorter bombardments of small amounts of tho
rium nitrate. 

2. CALIBRATION EXPERIMENTS 

The beta particles were counted (1) with Geiger-Mueller counter 
tubes, (2) with Lauritsen electroscopes, and (3) with an ionization 
chamber connected to an FP-54 electrometer tube, depending upon 
the intensity of the samples. It was necessary to calibrate these in
struments in an absolute manner for the radiations of the various 
radioactive isotopes involved in this research. The alpha-emitting 
samples were mounted for counting by placing them on metal disks. 
These disks were designed so that they could serve as one electrode 
of an alpha-counting ionization chamber. This alpha-counting ioniza
tion chamber was calibrated by depositing electrolytically a weighed 
amount of uranium on a disk, which served as one electrode of the 
ionization chamber, and then determining the alpha-counting rate of 
this weighed sample. In this manner we determined that this, our 
"inside chamber," had a counting efficiency of 45 per cent. For the 
measurement of alpha activities of higher intensity the samples were 
placed outside an alpha-counting ionization chamber which had a 
screen window, and for very high intensities the efficiency was fur
ther cut down by interposing additional screens between the sample 
and the ionization chamber. One alpha-counting ionization chamber 
was equipped with a magnet for bending out beta particles. The ioni
zation chambers were connected to linear pulse amplifiers; scale-of-
one or scale-of-eight recording systems were used, depending upon 
the experiment. 
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The Geiger-Mueller counter was of the bell jar type, about 5 cm 
long and 3 cm in diameter with a thin-mica window 3 mg/cm^ thick. 
The central wire of the tube extended to within a few millimeters of 
this thin-mica window and had a glass bead on its end. The beta-
emitting samples, mounted in the various experiments on copper, 
platinum, cardboard, cellophane, etc . , were placed in a standard po-
sitiort within a few millimeters of this mica window. The geometrical 
efficiency of this counting arrangement was determined by counting 
the UXj beta particles from a weighed amount of uranium. In addition 
to this, a sample of RaD, in equilibrium with RaE and Po, was used in 
the calibration for efficiency; the Po alpha particles were counted 
with the calibrated alpha-counting ionization chamber, and the co r re 
sponding RaE beta particles were counted in the standard position 
with the Geiger-Mueller counter. A similar experiment was per
formed using AcB and its decay products. The samples were all 
mounted on cellophane in order to eliminate the effect of back-scat
tering. The average of all these determinations gave 29 + 2 per cent 
as the geometrical efficiency of the Geiger-Mueller counting arrange
ment. 

It was necessary to determine the absolute efficiency of the Laurit
sen electroscope and the FP-54 ionization chamber for the measure
ment of the intensity of the Pa^^^ radiation because the absolute number 
of millicuries of Pa^^^ had to be known in order to be able to determine 
the half life of U^^'. These calibrations were accomplished by counting 
aliquot samples of Pa^^' mounted on cellophane with the Geiger-Mueller 
counter, the Lauritsen electroscope, and the FP-54 ionization chamber. 
The Lauritsen electroscope had an aluminum window of thickness about 
3 mg/cm^, and the FP-54 ionization chamber had an aluminum window 
of thickness about 0.1 mg/cm^. 

Since a number of important Pa^^^ samples were mounted on copper 
disks it was necessary to determine the amount of back-scattering of 
P a " ' particles which occurred from the copper. This was accom
plished by measuring two P a " ' samples of identical strength, one 
mounted on cellophane and the other on a copper disk. With the FP-54 
ionization chamber the sample mounted on copper gave a reading which 
was 49 per cent greater than that of the sample mounted on cellophane, 
and this back-scattering correction was applied when it was necessary 
to determine the absolute amount of Pa^^^ radiation in a sample mounted 
on copper. 

Another very important factor which had to be taken into account was 
the fact that the Pa^' ' radiation contains a large number of conversion 
electrons in addition to the beta particles in the Geiger-Mueller count
er calibration experiment. However, it is the absolute intensity of the 
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Pa^" beta particles from which the half life of U must be calculated. 
The number of conversion electrons per beta particle from Pa^*' was 
determined by preparing a strong, chemically purified sample of 23.5-
min T h " ' and allowing it to decay to the 27.4-day P a " ' , counting the 
particles from the Th^" and the Pa*" with the Geiger-Mueller counter. 
In this manner, assuming that there are no conversion electrons p re s 
ent in the Th*" radiation, it was determined that there are about 1.3 
conversion electrons per beta particle in the Pa*" radiation. (This in
cludes conversion electrons with energies down to the order of tens of 
thousands of electron volts; and, in order to obtain this figure, the cor
rection for the absorption of the particles in the Geiger -Mueller coimt-
er window was determined by measuring the absorption of the particles, 
using for this the thin-window FP-54 ionization chamber,) 

Thus it can be seen that the 27.4-day Pa*", because of its conven
iently long half life, was used as an intermediary in the determination 
of the half life of U*"; actually, therefore, it is the ratio of the number 
of Th*" particles (assuming no conversion electrons in the Th*") to 
the corresponding number of U*" alpha particles that was used in the 
determination of the half life of U*" in these experiments. Of course 
the weight of U*" in our samples is calculated with the use of the U*" 
half life, so that this measurement enters into our fission c ros s - sec 
tion determination. 

3, MEASUREMENT OF RADIOACTIVITY PROPERTIES 

In order to determine the half life of U*" a strong sample of Pa*" 
was isolated chemically from the strongly neutron-irradiated sample 
of thorium nitrate. The chemical procedure, which was designed to 
eliminate even microgram amounts of uranium and thorium impurity 
from the final sample, is described in Sec. 5. The final sample was 
isolated electrolytically on a copper disk and had a thickness of car r ie r 
material of less than 0.2 mg/cm*. The measurement of this sample on 
the calibrated FP-54 ionization chamber showed, after correction for 
the back-scattering of the particles from the copper and correction for 
the conversion electrons, that there were 16.0 millicuries of Pa*" beta 
particles present in the sample. 

This sample was then placed near an alpha-counting ionization cham
ber which had a screen window and which was connected to a linear 
pulse amplifier and scale-of-eight recording system. There was a 
magnetic field between the sample and the alpha-counting ionization 
chamber in order to bend out the major portion of the strong beta r a 
diation without affecting the alpha particles. The geometrical counting 
efficiency of this arrangement was determined at a later time by count-
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ing a sample of U*" both in this position and in the inside chamber, 
whose efficiency had previously been determined as 45 per cent. 

An alpha activity was found to grow in this sample with the expected 
27.4-day half life. It was found that the sample of 16 millicuries of 
Pa*", after decaying to U*", had a corresponding activity (at infinite 
time) of 375 alpha particles per second. From these two figures, 16 
millicuries of Pa*" and 375 U*" alpha particles per second, it is ca l 
culated that the half life of U*" is 1.2 x 10' years . [An interesting ob
servation is worth mentioning here: The 30,000-year Pa*'* was also 
formed during the bombardment as a result of reactions Th*'*(n,2n)Th* 
and Th*'*(UY) -i2L,>Pa*'*, Consequently in the alpha-growth experi
ments account had to be taken of the Pa*'* alpha part icles, which were 
present from the beginning. The yield of Pa*'*, correcting for half 
lives, amounted to about 10 per cent of the yield of U*" in our experi
ments,] 

The range of the alpha particles from U*" was determined by meas
uring their absorption in thin aluminum foils and comparing this ab
sorption with that obtained for Po alpha particles measured under the 
same conditions. These measurements showed that the range is 
3.1 ± 0.2 cm of air (15°C, 760 mm Hg). These data for U*" a re the 
first obtained for an alpha emitter of the missing (4n+l) radioactive 
ser ies . It is interesting to note that this point falls near the Geiger-
Nuttall curve for the uranium (4n+2) ser ies . 

The data which we have obtained on the absorption and the energy of 
the particles from Th*" and Pa*" should be added here. The absorp
tion in aluminum, obtained with a Lauritsen electroscope, of the 23.5-
min Th*'' beta particles showed an end point at approximately 700 
mg/cm^, corresponding to an upper energy limit of about 1.6 Mev 
(Fig. 1). The ratio of the ionization due to the beta particles to that 
due to the gamma rays was approximately 1000 in this absorption ex
periment. This ratio is normally about 100, when there is one gamma 
ray per beta particle, and therefore it appears that there are no nu
clear gamma rays in the Th*" radiation; the small amount of apparent 
gamma rays is probably to be attributed to bremsstrahlung. The ab
sence of gamma rays here might lend weight to the assumption that 
there are no conversion electrons present in the radiation of Th*". 
The shape of the absorption curve also indicates the absence of con
version electrons. 

The absorption in aluminum of the Pa*" radiation, obtained both 
with a Lauritsen electroscope and with an FP-54 ionization chamber, 
shows an end point at about 165 mg/cm*, corresponding to an energy 
of about 0.5 Mev (Fig. 2). In this case the absorption curve gives evi
dence for the conversion electrons known to be present; the half 
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thickness amounts to about 5 mg/cm* of aluminum at the beginning of 
the curve, and then changes, at about 8 mg thickness, to a half thickness 
of about 11 mg/cm* (Fig. 3). The high ionizing efficiency of these low-
energy particles and the high conversion coefficients of the gamma 
rays combine to make the ratio of beta-particle to gamma-ray ion
ization about 700 on the FP-54 ionization chamber. This is about 
what should be expected when proper account is taken of these factors. 
As was mentioned in Sec. 2 there are present in the Pa*" radiation 
about 1.3 conversion electrons, counting those with energies exceeding 
some tens of thousands of electron volts, per beta particle. 

4. FISSION MEASUREMENTS 

The sample upon which the main fission measurements were per
formed was originally isolated in the form of Pa*" by the chemical 
methods described in Sec. 5 and had a beta-disintegration ra te , as 
measured on the FP-54 ionization chamber, of the order of 100 milli
curies. After the lapse of about two months, so that about 80 per cent 
of the F>a"'had decayed to U*", the U*" was chemically separated, by 
the methods described in Sec. 5, from the undecayed Pa*". This was 
necessary since it was found to be impossible to make measurements 
on a sample which contained the very large amount of beta activity 
(about 20 millicuries) which was present when the Pa*" was in the 
sample. From the alpha activity of this final sample, together with 
the half life of U*" (1.2 x 10' years) , it was calculated that the weight 
of the sample amounted to about 3.8 jxg. 

This sample of U*", which was on a platinum-coated copper disk 
and present with less than 0.2 mg/cm* of car r ie r material , was placed 
on one electrode of a shallow ionization chamber connected to a linear 
pulse amplifier which was adjusted so as to record the pulses due to 
fissions. The measurements were made with a 300-mg Ra-Be neutron 
source. The neutron source and the ionization chamber were com
pletely surrounded with paraffin. Under these conditions 453 fission 
counts were obtained in 8.2 hr of counting time, corresponding to 55.2 
c/hr. When the ionization chamber was surrounded with a cadmium 
shield 0.35 g/cm* thick, 161 fission counts were obtained in 17.6 hr of 
counting time, corresponding to 9.1 c/hr . Therefore the U*" fission-
counting rate due to slow cadmium-absorbable neutrons amounted to 
about 46.1 c/hr . 

The 3.8-/ig U*" sample was then replaced by a standard 200-fxg 
uranium sample. With this standard uranium sample, containing 1.4 
/ig of U*", 331 fission counts were obtained in 15.5 hr of counting 
t ime, amounting to 21.4 c/hr , under the same conditions as above. 
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When the ionization chamber was surrounded with the cadmium shield 
168 fission counts were obtained in 20.7 hr of counting t ime, which 
amounts to 8.1 c/hr . The fission-counting rate of the U*" due to slow 
neutrons was therefore 13.3 c/hr . These values, 46.1 c/hr for the 
3.8-/ig U*" sample and 13.3 c/hr for the 1.4-/xg U " ' sample, lead to 
the result that the slow-neutron fission cross section of U*" is about 
1.3 times as large as that of u*". These counting data represent the 
total of all the counting which was performed on the samples; in the 
actual experiments the various samples were alternated at frequent 
intervals, and a consideration of the data obtained in these shorter 
counting intervals shows that the measurements a re statistically con
sistent with each other. 

It should be pointed out that all the counts which were ob ained when 
the cadmium shield was present cannot be attributed to fast neutrons; 
therefore a fast-neutron fission cross section for U*" cannot be de
duced from these experiments. The cadmium shield, mostly for the 
reason of convenience of manipulation, was such that a small percent
age of the slow neutrons might leak through to the sample. The prob
lem of the design of apparatus for fast-neutron measurements, so as 
to exclude essentially all the slow neutrons, is a rather difficult one 
because of the relatively small fast-neutron fission cross sections. 
The fast-neutron fission cross-section measurements for U*"that 
were made with such apparatus are described in Paper 1.5 of this 
volume. Of course the fact that a small percentage of the slow neu
trons is effective when the cadmium shield is present does not intro
duce any e r ro r into the calculation of the slow-neutron fission cross 
section of U*" because the same fraction of the slow neutrons reaches 
both the U*" and the standard U*" sample. 

A check on this slow-neutron cross section was obtained by meas
uring the slow-neutron fission ra te of anofher sample of U*". This 
sample, which was used for the half-life determination described in 
Sec. 3, had a weight of 0.8 (ig of U*" at the time of the experiment. 
With this sample there were obtained 11.2 c/hr (21.8 hr of counting 
time) without the cadmium shield and 1.9 c/hr (11.5 hr of counting 
time) with the cadmium shield. This result of 9.3 slow-neutron fission 
counts per hour for the 0.8-/ig sample of U*" also leads to the result 
that the slow-neutron fission cross section of U*" is about 1.3 times 
that of U*". 

A search for spontaneous fission in U^" was made using the 3.8-fxg 
sample. This sample was placed on one electrode of an ionization 
chamber connected to a linear pulse amplifier and recording system 
whose gain was adjusted so as to count the pulses due to fissions. With 
this arrangement zero fission counts were observed during 243 hr of 
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operation. The apparatus was tested periodically during this interval 
by demonstrating that the fissions induced in this sample by a neutron 
source were being recorded with the proper efficiency. It was shown, 
by considering the geometry of the ionization chamber and by meas
uring the variation with amplifier gain of the neutron-induced fis
sion-counting rate , that the over-all efficiency of the apparatus for r e 
cording fission amounted to about 72 per cent. Hence, for a 3.8-fxg 
sample the time between fission counts should be, on the average, 
about 180 hr for a spontaneous fission rate corresponding to a half life 
of 10" years. Since zero counts were observed in 243 hr, it seems 
probable that the half life for the spontaneous fission of U^^' is of the 
order of, or greater than, 10" years . 

5. CHEMICAL PROCEDURES 

The chemical procedures for isolating Pa^^^ and U^̂ ^ described in 
this section were developed by working with a number of small sam
ples of these radioactivities formed in small bombardments and with 
part of the large amount of these isotopes which was obtained from the 
5 kg of thorium nitrate [Th(N03)4.4H20] that was bombarded with about 
14,000 jLta-hr of deuterons on beryllium. The procedures which were 
used to extract the Pa^^^ and U^̂ ^ from the 5 kg of bombarded thorium 
nitrate will be described in detail. 

The U^^ ,̂ after the decay of the Pa^^^, could not be isolated directly 
from the bombarded thorium nitrate because it was necessary that it 
be absolutely free from the natural isotopes of uranium (down to less 
than microgram amounts), and 5 kg of thorium nitrate would certainly 
contain at least milligram amounts of uranium. In the preparation of 
the U^̂ ^ samples, therefore, Pa^^^ was isolated first and carefully puri
fied from uranium. 

The bombarded solution of 5 kg of thorium nitrate was diluted up to 
26 l i ters with water and then made approximately 0.5N in nitric acid. 
To this total solution about 400 g of manganous chloride was added. 
This was precipitated out from the hot solution in three separate por
tions by the addition of potassium permanganate to the solution. Each 
precipitate of manganese dioxide was centrifuged out separately. The 
protactinium is carried down with the manganese dioxide, more or 
less quantitatively, under these conditions. However, the efficiency of 
this protactinium precipitation seems to vary under slight changes of 
conditions, and it is well to have present some instrument for detecting 
the Pa^^^ radiation so as to follow the course of this isotope throughout 
the whole chemical separation. (In the case of our 5 kg of thorium ni
t ra te , several manganese dioxide precipitations were made from it by 
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an identical procedure, before the neutron irradiation, in order to r e 
move the 30,000-year alpha-emitting Pa^^^ which was found to be orig
inally present.) 

The combined manganese dioxide precipitates were dissolved in a 
mixture of hydrogen peroxide and hydrochloric acid. After decompos
ing the hydrogen peroxide by boiling, about 200 mg of zirconium oxy-
chloride was added to this solution, the zirconium was precipitated as 
zirconium phosphate by the addition of phosphoric acid, and the p re 
cipitate was centrifuged out. Several further precipitations of z i rco
nium phosphate were performed by adding further 100-mg portions of 
zirconium oxychloride, each precipitate being centrifuged out sepa
rately. Zirconium phosphate carr ies down the protactinium essentially 
quantitatively. 

It was then necessary to remove the Pa^^^ from the rather large 
amount of zirconium with which it was present and to purify it from 
uranium and thorium. The zirconium and protactinium phosphates 
were brought into solution by treatment with dilute hydrofluoric acid. 
This step also gave a separation from thorium, which was precipitated 
as the insoluble fluoride at this point. This solution was cooled with 
ice water, and zirconium and protactinium hydroxides were precipi
tated by adding dilute sodium hydroxide solution; the solution must be 
kept cold in this precipitation or difficulty will be experienced in r e -
dissolving the precipitated hydroxides. The hydroxide precipitate was 
then dissolved in nitric acid, and the protactinium was carried away 
from most of the zirconium by another ser ies of manganese dioxide 
precipitations. Some of the zirconium came along with the manga
nese dioxide precipitate in this procedure, so that a further removal 
of the zirconium, as well as the manganese, from the protactinium 
was necessary. This involved going through the above-described cycle 
two more t imes, finally ending up with a small zirconium phosphate 
precipitate containing the protactinium. 

This zirconium phosphate precipitate, which now contained only 
about 10 mg of zirconium, was dissolved in hydrofluoric acid and, 
after precipitation of the hydroxide as described above, was converted 
to the nitrate by dissolving the hydroxide in nitric acid. Another p r e 
cipitation of the zirconium phosphate was then made in order to be 
sure that all the uranium and thorium in amounts less than a micro
gram were removed. The final zirconium phosphate was converted 
into zirconium sulfate by means of the method of dissolving in hydro
fluoric acid, precipitating the hydroxide, dissolving the hydroxide in 
sulfuric acid, and evaporating to dryness. 

The final zirconium sulfate (containing about 10 mg of zirconium) 
was dissolved in about 30 cc of 0.33M ammonium fluoride solution. 
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and the hydrogen-ion concentration of the solution was adjusted until 
it corresponded to that of the methyl red indicator end point. The Pa*" 
was then isolated by an electrolytic procedure; in this procedure the 
Pa*" is deposited in a very thin adherent layer and is separated from 
the zirconium at the same time. In our experiment the electrolysis 
chamber consisted of a clear bakelite chamber fitted with a brass plug 
which screwed into the lower end. On this plug rested the copper disk 
on which the Pa*" was deposited. This copper disk served as the cath
ode, and a motor-driven platinum s t i r re r served as the anode. The 
electroplating was carried out for about 8 hr at about 100 ma cur
rent, with about 15 volts across the tube (the actual electrode potential 
is not known). The Pa*" is plated out nearly quantitatively (about 90 
per cent) under these conditions, and the plate usually appears as a 
dark-brown or black well-adhering film, probably platinum, of entirely 
negligible weight (about 0.2 mg/cm*). No zirconium plates out under 
these conditions, so that a good separation of protactinium from zirco
nium is obtained by this procedure. Two samples were prepared by 
this procedure. One had a beta-disintegration intensity of about 16 
millicuries and was used for the half-life determination described in 
Sec. 3. The other sample had a beta intensity of the order of 100 milli
curies and was prepared for use in the fission measurements described 
in Sec. 4. 

After the 100-millicurie sample had decayed for about two months 
the U*" was separated from the undecayed Pa*". In order to do so it 
was necessary to separate some 4 /xg of U*" from about 1 /ig of unde
cayed Pa^". This procedure was carefully worked out using U*" and 
Pa*" activities as t racer isotopes, and the procedure is described in 
the following paragraphs. The final sample of U*" was again deposited 
by an electrolytic procedure. 

The thin film containing the Pa*" and U*", and probably some plati
num, was dissolved in 6N hydrochloric acid to which a few drops of 
6N nitric acid had been added. Since a small amount of copper was 
dissolved from the backing plate in this procedure, this was removed 
by a HaS precipitation from the acid solution. No Pa*" or U*" was 
carr ied down by the copper sulfide in this precipitation. After the r e 
moval of the HgS and the reduction of the amount of 6N hydrochloric 
acid to about 2 cc by boiling the solution, about 0.1 mg of zirconium 
as zirconium oxychloride was added. There was then added a few 
thousandths of a cubic centimeter of 85 per cent phosphoric acid, and 
the precipitated zirconium phosphate was removed by centrifugation. 

The major portion of the Pa*", perhaps 70 per cent or more, was 
removed in this step. The yield of Pa*" in this precipitate is lower 
than that obtained when a large excess of phosphoric acid is used; 
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however, an excess of phosphoric acid must be avoided because the 
acidity of the solution must be kept very low in the electrolytic pro
cedure which follows. It was essential that less than 0.1 per cent of 
the Pa*" remain with the U*", and hence further separations were nec
essary. These further separations of the Pa*" from the U*" were ef
fected by adding zirconium, about 0.1 mg at a t ime, in successive 
portions to the solution. The Pa*" was not carried down so quantita
tively by the zirconium phosphate under these conditions; therefore it 
was necessary to make about 15 precipitations of zirconium phosphate 
by the addition of zirconium to the phosphoric acid solution in this 
manner. However, after performing this number of precipitations, 
less than 0.1 per cent of the Pa*" remained in the solution. Practically 
all the U*" remains in solution in this procedure, but it should be em
phasized that in order for this to be the case it is necessary that the 
Pa*" be removed with small portions of zirconium phosphate in the 
manner which has been described. 

The volume of the solution was then reduced, by evaporation, to a 
volume of about 0.1 cc. To this solution, which contained about 0.10 cc 
of 6N hydrochloric acid and of the order of 0.001 cc of 85 per cent 
phosphoric acid, there was added 0.02 cc of glacial acetic acid, and the 
solution was diluted by the addition of 5 cc of water. This solution was 
placed in the electrolysis chamber, which consisted of a clear bakelite 
chamber fitted with a b rass plug which screwed into the lower end and 
upon which rested the platinum foil that the U*" was to be deposited on. 
The electroplating was carried out for about 8 hr at about 90 ma cur -
rent, with about 8 volts across the tube (the actual electrode potential 
is not known). The U*" is plated out nearly quantitatively (greater than 
90 per cent) under these conditions, and the plate usually appears as a 
dark-brown or black well-adhering film, probably platinum, of entirely 
negligible weight (about 0.2 mg/cm*). It should be emphasized that in 
order for the uranium to be quantitatively deposited the acidity of the 
solution must be kept very low, as described above. (In addition, it 
may be pointed out that this electrolysis may be performed from a 
0.3M ammonium fluoride solution, with approximately the same yield, 
and in some experiments we have used this procedure.) The weight of 
the large U*" sample prepared in the manner outlined above was de
termined from its alpha activity and from the half life of U*" (1.2 x 10' 
years). As previously mentioned, this weight amounted to 3.8 /ig. 

Since zirconium is often used as a ca r r ie r for small amounts of pro
tactinium, it seems advisable to say a word about the methods which 
we have developed for separating protactinium from zirconium. The 
best method is the electrolysis from ammonium fluoride solution, de
scribed above, wherein microgram (or less) quantities of protactinium 
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are deposited while as much as 10 mg of zirconium remains in solu
tion. Another method is the precipitation of the protactinium with man
ganese dioxide, previously described. In this procedure a certain 
amount of zirconium is also carried along with the manganese dioxide; 
this small amount of zirconium can be removed from the manganese 
by precipitation as zirconium phosphate which car r ies the protactinium 
with it. After dissolving the zirconium-protactinium phosphate in HF, 
etc., the protactinium can be removed by another manganese dioxide 
precipitation, and this cycle may be repeated as often as is necessary 
in order to remove practically all the zirconium from the protactinium. 
In a third method the protactinium is removed with lanthanum oxalate 
by making a number of successive precipitations of lanthanum oxalate 
from a dilute hydrochloric acid solution; six or eight precipitations 
will carry about 80 per cent of the protactinium while carrying a neg
ligible amount of the zirconium, which remains in solution as a com
plex oxalate. (The protactinium can then be removed from the lantha
num oxalate by dissolving the latter in hydrochloric acid and precipi
tating a very small amount of zirconium phosphate from this solution.) 
A fourth method involves the fractional precipitation of zirconium 
iodate. If there is added to a IN to 6N HCl or HNO3 solution, containing 
a mixture of zirconium and protactinium, a small amount of sodium 
iodate sufficient to precipitate only a small fraction of the zirconium 
as zirconium iodate, it is found that the protactinium concentrates to 
a large extent in this first fraction. This precipitate can be dissolved 
in concentrated hydrochloric acid, and again a partial precipitation of 
zirconium iodate can be performed; in each cycle a large concentration 
of protactinium is obtained. By removing several zirconium iodate 
precipitates in each cycle, the protactinium can be brought along quan
titatively. Finally there is the fractional crystallization* of zirconium 
oxychloride from 6N to ION HCl solution, in which the protactinium 
concentrates in the mother liquor. 

6. YIELDS 

It seems worth while to append the rough yield data obtained from a 
consideration of the results of the bombardment of 5 kg of Th(N03)4.4H20 
with the neutrons from 14,000 nxa-hr of deuterons on beryllium. 
The total yield from all the fractions in this bombardment amounted 
to about 7 or 8 /ig of U^^ ,̂ amounting to about 1 jug per 2000 jixa-hr. 
One microgram of 120,000-year U^'' corresponds to the order of 0.01 
microcurie of alpha activity. The isotope U^ '̂ is useful as a t racer for 
microgram, and less than microgram, amounts of uranium, and a large 
number of t racer experiments can be performed with a few hundredths 
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of a microcurie of alpha activity. It is expected that larger yields can 
be obtained by bombarding larger amounts of thorium, perhaps in the 
form of the oxide rather than the nitrate and perhaps by maintaining a 
lower ratio of hydrogen to thorium nuclei by performing the bombard
ment on solid hydrated materials rather than on saturated solutions. 
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Fig. 1—Absorption in aluminum of 23.5-min Th^" radiation (Lauritsen electroscope). 
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Fig. 2—Absorption in aluminum of 27.4-day Pa*" radiation (Lauritsen electroscope). 
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Fig. 3—Absorption of 27.4-day Pa"' radiation in thin aluminum foil (FP-54 ionization 
chamber). 
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Paper 1.2 

DETERMINATION OF THE HALF LIFE OF U 

By Earl K. Hyde 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CB-3634, Prepared for publication Sept. 5, 1946.] 

ABSTRACT 

The half life of the alpha-emitting isotope u " ' has been redeter
mined to be 1.62 ±0.01 X 10^ years . 

1. INTRODUCTION 

The half life of the alpha-emitting radioactive isotope U*^ was 
originally determined by Seaborg, Gofman, and Stoughton* to be 
1.2 X 10^ years . The amounts of U**̂  available to them were so 
minute that an indirect method had to be employed. This method con
sisted in measuring the rate at which alpha particles were emitted 
following the complete decay of a strong Sample of Pa^^^ (which had 
been isolated chemically from a strongly neutron-irradiated sample 
of thorium nitrate). The nuclear transformations involved may be 
represented as 

,oTh^^(n, y)8oTh='̂ =' 8oTh='='^iii^ ^.Pa*^^ ̂ 1:11 â U '̂̂  

From the total alpha activity resulting from the complete decay of 
16 millicuries of Pa^' ' activity, the half life of U*̂ ^ was calculated. 

In this method the experimentally measured activities were sub
ject to a number of large corrections as a result of the following 
factors: 

1. The observed Geiger-Mueller activity included a high percentage 
of conversion electrons (1.3 conversion electrons per Pa^^^ beta 
particle). 

16 
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2. The back-scattering of the Pa^^^ beta particles from the copper 
disks on which the samples were mounted was high (49 per cent). 

3. Ten per cent of the observed alpha activity represented Pa^* 
activity resulting from an (n,2n) reaction in the original bombardment. 

4. The counting-yield factor of the alpha counter used was 45 per 
cent. Since the presently accepted figure for the counting yield of the 
same type of alpha counter is 52 per cent,^ this may have introduced 
an er ror of several per cent. 

Uncertainties in the corrections necessitated by these factors r e 
duced the accuracy of the determination and made it desirable to r e 
peat the determination by a direct method when more material was 
available. This has now been done with samples of several milli
grams of chemically pure V"^. The new value obtained for the half 
life is 1.62 + 0.01 x 10* years . 

2. PREPARATION AND PURIFICATION OF U^^' 

The uranium used In the determination was produced by irradiation 
of thorium for several months with the neutrons of the uranium-
graphite chain-reacting pile at Oak Ridge National Laboratory. An 
ether extraction of the solution formed by the dissolution of the i r 
radiated thorium In nitric acid was employed to extract the uranium 
from the large quantities of thorium and from smaller amounts of 
protactinium, fission products, and other Impurities. One sample of 
U233 ̂ g^g isolated in this way by Hagemann, Katzin, and Studier;^ a 
second sample was later Isolated from a separate batch of Irradiated 
thorium by Hagemann.^ 

For further assurance of chemical and radiochemical purity these 
samples were subjected to several precipitations including those of 
ammonium dluranate by ammonia, sodium uranyl acetate from dilute 
acetic acid solution, and uranyl peroxide by 10 per cent hydrogen 
peroxide. The final treatment was an ether extraction from a solu
tion 0.2N in nitric acid and saturated with ammonium nitrate. 

3. DETERMINATION OF ISOTOPIC PURITY 

It was necessary to measure the specific alpha disintegration rate 
and the Isotopic purity of the uranium samples In order to calculate 
the half life of pure U^^l The Isotopic purity was determined, through 
the kind cooperation of A. J. Dempster and members of his section, 
by mass-spectrographlc analysis.^ 

Using uranium tetrafluoride samples prepared by Hagemann^ and 
employing a direct electrometer comparison of the ions collected. 
Including a correction for the scattering of the U^'^ atoms to the U^̂ ^ 
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position, these investigators found the U content to be 96.4 ± 0.4 
per cent in these samples. ' It is fortuitous that these two U^** prepa
rations had identical isotopic purities. 

The source of the U^^ isotope found as an impurity was a small 
concentration of natural uranium in the thorium used in the production 

4. DETERMINATION OF THE SPECIFIC ACTIVITY 

A sample of the purified U''̂ ^ was ignited to UgOg in a weighed 
platinum crucible at 750''C. This oxide was dissolved in nitric acid, 
quantitatively transferred to a calibrated volumetric flask, and diluted 
to volume. Allquots ranging in size from 50 to 250 til were removed 
by means of calibrated micropipets, transferred to separate volu
metric flasks, and diluted to volume. Aliquot samples of the resulting 
solutions were mounted on platinum disks and counted in a standard 
pulse ionization chamber.'' A resolution loss correction of 0.8 per 
cent per 1000 c/mln was applied. In one case, instead of making a 
dilution, aliquot samples of the first solution were mounted on 
counting disks and counted In a nitrogen-filled alpha counter equipped 
with a scale-of-64 scaling circuit.^ With this counter the coincidence 
correction was negligible. The samples were counted for a length of 
time sufficient to reduce the probable fractional e r ro r to less than 
0.3 per cent. 

The contribution of the U^̂ ^ impurity to the measured alpha activity 
is entirely negligible, since it is approximately a one-millionth part 
of the total activity. 

5. RESULTS 

Summarized in Table 1 are the details of the Individual determina
tions. 

The best value of the half life is 1.62 ±0.01 X 10* years . Possible 
e r ror in the 52 per cent counting-yield factor^ used In the calculations 
is not Included in the limits of e r ro r . When this factor is determined 
directly for samples mounted on platinum and emitting particles of 
the energy of the U^'' alpha particle, a recalculation of the half-life 
value may be necessary. 

6. ACKNOWLEDGMENTS 

The author wishes to thank L. I. Katzin for suggesting the problem 
and for many helpful suggestions. The assistance of M, H, Studier in 
carrying out one of the specific-activity determinations Is gratefully 
acknowledged. 



19 

Table 1 

Determination * 

96.4 ± 0.4 
3.6 + 0.4 

25.0 
4 

10 
1895 
2.49 X 10* 

52 

2.11 X 10* 
1.61 X l o ' 

96.35 ± 0.4 
3.65 ±0.4 

50.0 
1 
2 

723 
1.000 X 10° 

52 

2.09 X 10< 
1.63 X 10' 

96.35 ± 0.4 
3.65+ 0.4 

10.00 
0 
2 

13,200 
1.000 X 10' 

52 

2.09 X 10* 
1.63 X 10* 

Weight oxide, mg 5.273 8.15 1.49 
Mass-spectrographic analysis ' 

U" ' , % 

Volume of first solution, ml 
Number of dilutions 
Number of aliquots counted 
Mean corrected aliquot count 
Dilution factort 
Counting yield, % 
Calculated specific activity, 

dis/min / jig of pure U " ' 
Calculated half life, years 

*The U ' " isolated by Hagemann, Katzin, and Studier' was used in determination 1. 
The U ' " used in determinations 2 and 3 was isolated in a later preparation by Hage
mann.* 

tThe dilution factor is the number by which the aliquot count must be multiplied 
to give the alpha count of the entire sample. 
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ABSTRACT 

A complex radiation spectrum consisting of 310-, 80-, and 40-Kev 
gamma rays, L x-rays , and conversion electrons is shown to be a s 
sociated with the transition U"^ - Th"«, The 80- and the 40-Kev 
gamma rays seem to be largely converted. 

1. INTRODUCTION 

When weighable quantities of U^^ ,̂ the 1,6 x 10'* year alpha emitter,* 
first became available, it was observed that a considerable amount of 
Geiger-Mueller activity was associated with the uranium. To deter
mine the nature of these radiations a series of absorption curves with 
lead, copper, aluminum, arid beryllium was run. These curves indi
cated a complex radiation spectrum consisting of gamma rays, x-rays, 
and conversion electrons. The various components in the absorption 
curves were resolved by successively subtracting the harder compo
nents from the original curves. Although the determination of the 
characterist ics of the components of a complex radiation by this 
method is only an approximation, measurements with a beta-ray 
spectrograph, which require thin samples, are not feasible because 
of the low specific activity of U *̂̂  and the low abundance of gamma 
rays . 

Presumably the gamma rays originate from excited nuclei of Th^^' 
formed by the transition U '̂̂  -> Tĥ ^®, while the electrons and x-rays 
ar ise from internal conversion of gamma rays, 
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2, EXPERIMENTAL WORK 

The IP^^ used in these experiments was purified by ether extractions 
and a ser ies of precipitations as sodium uranyl acetate, ammonium 
dluranate, and uranyl peroxide. Throughout the chemical purification 
the Geiger-Mueller activity remained in a constant ratio to the alpha 
activity, and it was therefore assumed to be associated with radio-
actively pure U^'^, 

Cylindrical brass-waUed argon-filled Geiger-Mueller tubes with 
very thin mica windows (3 mg/cm^) were used for the absorption 
measurements.^ The tubes were mounted in a fixed position with a 
set of aluminum shelves in which samples and absorbers could be 
placed. Absorbers were always placed as near the window as possible. 

Although the available supply of Û ^̂  was adequate for the measure
ments on the L x-rays and conversion electrons, it was hardly suffi
cient for an accurate study of the harder components of the radiation. 
Early measurements were made with a Geiger-Mueller tube which was 
completely surrounded with paraffin to minimize scatter of radiation. 
However, it was found that appreciable scattering of electromagnetic 
radiation from either the paraffin or the aluminum shelves occurred 
and resulted in fictitious hard components in the absorption curves. 
This difficulty was eliminated by wrapping the tube with V2 in. of lead. 

The final measurements on the harder components of the radiation 
were made with U^^' as fused uranyl nitrate spread evenly over the 
bottom of a 2-cm Nessler tube. The Nessler tube was placed in an 
upright position above the window of an inverted Geiger-Mueller tube. 
The bottom of the Nessler tube was equivalent to 0.375 g of aluminum 
absorber. Absorption curves for lead, copper, and aluminum were 
taken by placing the absorbers directly on the window of the Geiger-
Mueller tube. Because of the low absorption coefficient in aluminum 
it was not possible to place enough aluminum absorbers between the 
sample and the counting tube to resolve the harder gamma rays. The 
absorption curves with lead and copper indicate the presence of a 
gamma ray with mass-absorption coefficients, ji//>, of 0.392 and 
0.109 cm^/g, respectively (see Fig. 1). From the data of Jones^ r e 
lating the mass-absorption coefficients in lead with energy and 
extrapolation of the data of Cuykendall* for copper, this represents 
a gamma-ray energy of 310 Kev, Using the extrapolated counting 
yield of 150 c/min, an estimated geometry factor of 8.0 per cent, a 
counting efficiency of 0.5 per cent,^ and the known alpha-disintegration 
rate of the sample, it was calculated that the gamma emission rate is 
0,3 per 1000 alpha disintegrations. From the curves of Fig. 1 it can 



22 

be seen that, if any harder gamma rays are associated with the alpha 
disintegration of U^̂ ,̂ they must be much less abundant. 

Two other components were resolved from the lead and copper ab
sorption curves of Fig. 1 by subtraction of the harder components as 
shown in Figs. 2 and 3, respectively. From the lead curve the mass -
absorption coefficients for the two components were estimated to be 
2.42 and 14.26, The latter corresponds to an energy of 40 Kev.^ The 
former may be either 78,5 or 138 Kev dependii^ on which side of 
the K absorption edge of lead (87,8 Kev) the energy lies.^ However, the 
copper curve indicates that the energy of this gamma ray falls below 
the K absorption edge of lead since a mass-absorption coefficient of 
0.666 corresponding to an energy of 82 Kev was obtained.* The mass -
absorption coefficient of the other component with copper was es t i 
mated to be 4.28 which again corresponds to an energy of 40 Kev,* 
There thus seem to be gamma rays of approximately 80- and 40-Kev 
energy associated with the decay of U^^', K x-rays , although probably 
present, were not detected because of the low emission rate of the only 
gamma ray with sufficient energy to be converted in the K shell (the 
310-Kev gamma ray) and the low counting efficiency for a thorium 
K x-ray (95 Kev), 

The next softer component which had the energy of L x-rays was 
examined on a smaller sample by absorption with aluminum. A sample 
of U^^' as UjOg spread evenly on platinum over an area of 1 cm^ was 
used. The presence of negative particles, in all probability conversion 
electrons, was detected by bending the particles through a 180-deg 
angle into the window of a Geiger-Mueller tube with a magnetic field 
of known polarity. Absorption curves with lead, copper, and aluminum 
indicated the electromagnetic nature of all but the very softest radi
ation (conversion electrons) by the marked differences in absorption 
coefficients (see Fig. 4). 

The aluminum absorption curve was analyzed for the various com
ponents in the radiation. A complete absorption curve, taken with the 
sample at a position of 10 per cent geometry and with 5.0 mg/cm^ of 
air and window between the sample and the sensitive volume of the 
counting tube, is shown in Fig. 5, The hardest component indicated 
represents an average of the three gamma rays mentioned above. The 
next two components, with mass-absorption coefficients in aluminum 
of 5.58 and 13.86 (corresponding to energies of 17.0 and 12.5 Kev, 
respectively),* are undoubtedly L x-rays resulting from internal 
conversion of gamma rays . The Laj , La j , L^2) Lj3i, and Lyi lines of 
thorium have energies of 12.78, 12.93, 15.58, 16,16, and 18,93 Kev, 
respectively,' The 17.0-Kev component probably represents an 
average of the last three lines and the 12,5-Kev component an average 
of the first two with perhaps some contribution from a softer radiation. 
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Two additional components were resolved as shown in Fig, 6. The 
harder of these two, with a mass-absorption coefficient of 96, seems 
to be at least partly electromagnetic because it appeared in absorption 
curves with aluminum taken with 235 mg/cm^ of beryllium directly 
over the sample. This much beryllium should completely remove a 
particulate radiation with such a high absorption coefficient while 
reducing an electromagnetic radiation by about a factor of 2. The 
counting yield of this component with beryllium was about one-fourth 
the yield without beryllium. This indicates that the contributions of 
particulate and electromagnetic radiation are approximately equal. 
The addition of beryllium seemed to harden the component somewhat 
and indicated that the energy of the electromagnetic radiation is in 
the neighborhood of 7.0 Kev. Since this energy does not correspond to 
that of any x-ray of thorium, a very soft gamma ray may be present; 
on the other hand, it may merely be an artifact of the aluminum ab
sorption curve. At least some of the particles which were apparently 
absorbed by the beryllium probably originated from conversion of the 
310-Kev gamma ray and were detected, whereas K x-rays were not, 
because of the very much higher counting efficiency for part icles. The 
softest component detected was shown to consist largely, if not entirely, 
of conversion electrons by deflecting the particles in a magnetic field. 
These electrons very likely result from conversion of the 80-Kev 
gamma ray since they are too soft to be conversion electrons from 
the 310-Kev gamma ray, and the electrons from conversion of the 
40-Kev gamma ray would be too soft to penetrate the window of the 
counting tube. 

3. SUMMARY AND DISCUSSION 

An attempt was made to calculate the relative abundance of the 
various components from the extrapolated yields at zero absorber. 
The values are only rough approximations because of the uncertain
ties involved in such extrapolations and because the counting efficiency 
of the tubes used for electromagnetic radiation is not accurately known. 
The value for the yield of the 310-Kev gamma ray is fairly accurate 
since the counting efficiency for this energy was experimentally de
termined to be 0.5 per cent.^ The shape of the curve, relating counting 
efficiency with energy for brass tubes in the energy region where 
counting takes place as the result of the ejection of electrons from 
the walls and negligible absorption occurs in the counting gas, has 
been determined by others.^ ' ' The experimental point at 310 Kev 
served as a calibration. The value of the counting efficiency for the 
softer components was then obtained by extrapolation of the "wall 
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effect" and by calculation of the total absorption in the counting gas. 
The results are summarized in Table 1. 

The great abundance of L x-rays (approximately one for every five 
alpha particles) with no detectable K x-rays is further evidence for 
gamma rays which are too soft to convert in the K shell but are con
verted in the L shell. Since the conversion electrons from the 80-Kev 
gamma ray are about eight times as abundant as the gamma ray itself, 
the gamma ray seems to be largely converted. Since the degree of 
conversion increases with decreasing gamma-ray energy, it is 
reasonable to assume that the 40-Kev gamma ray is also largely con
verted. This assumption is also necessary to explain the abundance 
of the L x-rays since the electrons from conversion of the 80-Kev 
gamma ray are present to the extent of only about one per hundred 
alpha particles and one L x-ray is present for every five alpha 
particles. 

The fact that a complex gamma-ray spectrum is associated with 
the decay U'''' — Th**® is evidence for a complex alpha-ray spectrum. 
Routine analyses of U^*' samples with a differential pulse analyzer* 
have revealed no inhomogeneity in the alpha-ray spectrum; however, 
the relative emission rate of the 310-Kev gamma ray is so low and 
the energy difference represented by the other gamma rays is so 
small that the corresponding alpha spectral lines would not have been 
resolved, A careful analysis of the alpha-ray spectrum should reveal 
its complexity, 

4. ACKNOWLEDGMENTS 

The author gratefully acknowledges the assistance with some of the 
earlier measurements by A, Ghiorso and the helpful suggestions of 
L. I. Katzin and G. T, Seaborg, who were critically interested in the 
work. 



25 

Table 1 

Mass-absorption 
coefficient (y./p), 

cmVg 

Pb Cu Al 

4.26 4.28 
2.42 0.666 
0.392 0.109 

87 
13.9 

5.6 

Energy, 
Kev 

<80 

200-300 

7.0 
12.5 

17 

40 
80 

310 

Disintegrations per 
1000 alpha disinte

grations of U"" 

8.3 

1.0 

21.0 
100 

100 

1.7 
1.0 
0.30 

Assumed 
counting 

efficiency, 
% 

100 

100 

2.8 
0.9 

0.5 

0.3 
0.3 
0.5 

Probable 
type of 

radiation 

Conversion elec
trons from 80-
Kev gamma ray 

Conversion elec
trons from 310-
Kev gamma ray (?) 

Gamma ray (?) 
La 1 and La: 

x-rays 
L/3i, Lj3,, and 

Ly, x-rays 
Gamma ray 
Gamma ray 
Gamma ray 
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Fig. 4 — Lead, copper, and aluminum absorption curves of radiation from U"' — Th"'. 
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THE (4n+l) RADIOACTIVE SERIES: DECAY PRODUCTS OF Û  
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[Editor's Note: Contribution from the Metallurgical Laboratory 
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during 1944 to 1946. Prepared for publication March 1950.] 

ABSTRACT 

The path of the artificially produced (4n+l) radioactive decay ser ies 
between Û ^̂  and Bi^°* and the properties of the individual members of 
the chain are shown to be as follows: 

3 a(4 80Mev) 0,(4 85,4 94,5 02Mev) p (~0 2Mev)^ 

1 62xl05y 7 34X10V 14 8d 

. , „ . a (5 80Mev) „ „ , a (8 30Mev) „ , _ a(7 OOMev) 

" ' - 10 Od '^'• 4 8min "^'- 0 018s 

^-(1 2Mev,98%) „ , , , a(8 34Mev) 
• P o ^ 

/ very short X . ^ 

?,IT ^ Pb - ^^f^ Bi-«(stable) 
\ a (6 0MeY,2%) ^ _ , , 2 0 9 g ' ( l 8Mev) ^ . ^ 

2 20mm 

1. INTRODUCTION 

The three families of radioactive heavy isotopes found in nature 
are differentiated by their mass characterist ics. Thus the family rep
resented by thorium (Th^^^) and its decay products has masses cor
responding to the formula (4n+0); the family represented by U^̂ * and 
its decay products corresponds to (4n+2); and the family represented 
by U " ' and its decay products corresponds to (4n+3), where n in all 
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cases represents an integral multiplier. The family corresponding to 
the formxila (4n+l) has not been found in nature, except for the stable 
end member of the chain, bismuth (Bi'̂ "®). 

Previous experiments in artificial production of nuclei have r e 
sulted in the formation of the isotopes Pb̂ "® (reference 1), Th^^^ 
(references 2 and 3), Pa^^^ (references 3-5), U^̂ ^ (reference 6), and 
Np*" (reference 7), whose masses correspond to the (4n+l) formula. 
From the isotope Np^" (which decays by emission of an alpha par t i 
cle) beta active Pa*'' and from it alpha active U**' are formed by suc
cessive decays. Therefore Np*'^ may be considered to represent the 
long-lived parent of a (4n+l) radioactive-decay family, and in analogy 
with natural ser ies this may be called the neptunium series.* 

The purpose of this paper is to trace the path of the decay chain 
between the isotopes U*'' and Bi^"' and to give the properties which 
have been found for the isotopes which are members of the chain. The 
findings may be summarized as in Fig. 1 and Table 1. Work in another 
laboratory, where parallel studies have been made of the U*'' decay 
chain,^ has resulted in essentially similar findings. 

Various predictions have been made in the literature with regard 
to the properties of the (4n+l) ser ies . Russe l l " stiggested the follow
ing decay scheme: 

U^ST ^ rpjj233 ^ P a * ' * ^ AC**^ ~ ipjj229 ^ 

- Po*^' 
Ra"= ^ Em *̂̂  ^ Po"^ - Bi*" c f ^ Pb="'« ^ Bi'"^ 

On the basis of analogy with the three known ser ies Râ *^ was p r e 
dicted to be alpha active, decaying to alpha-active E m " ' . Later 
Widdowson and Russell ' ' revised this prediction to suggest branch
ing decay of R a " ' and beta decay of the emanation isotope. The chain 
would thus proceed through isotopes of elements 87 and 85 to p r e 
dominantly beta-active Bi*'' as shown below, rather than through the 
even-numbered elements as in the natural ser ies . 

Ra"= C ^ 8"̂ ''' " ^^'" ^ B^'" ^ ^tc. 
A c " ' 

Sometime later Turner'^ predicted that U^''' would be a beta rather 
than an alpha emitter and supported Meitner, Strassmann, and Hahn's' 
assignment of a 25-day Pa activity to Pa^''. The decay scheme pro
posed by Turner was 
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U*" - N p " ' - P a " ' - U*'' - Th"« - R a " ' -

A c " ' -2. 8 7 " ' - 85*" -2. B i * " C ^ P b ^ ^ Bi^°^ 
* ^ rpi209 ' ^ ' 

Turner 's scheme leads through elements 85 and 87, as did the p r e 
diction of Widdowson and Russell, but an emanation would not be 
formed in the main line. Fea ther" believed Turner ' s predictions 
should be correct, and in actual fact the only deviation from our ex
perimental findings is his prediction that the major decay of Bi*" 
would be by alpha emission, whereas this mode accounts for only 
2 per cent of the disintegrations. 

Ponisovsky,'* from independent studies of the regularities in the 
stable isotopes, predicted essentially the same se r i e s , with the dif
ference that the Th**' was predicted to be beta active, leading to an 
alpha active Pa**® which would give the Ac**' without the appearance 
of a radium Isotope in the chain. 

With respect to possible alpha branching of the Ra**', our experi
ments on separating this isotope from its daughter Ac**' have enabled 
us to set 0.5 per cent as an upper limit on the amount of such branch
ing. No emanation has been detected. No evidence for beta decay of 
the Th*** has been foimd. The properties of the theoretical product. 
Pa**®, are known from material produced by cyclotron bombardment." 

2. EXPERIMENTAL WORK 

U*". The U*" used in these experiments was prepared by neutron 
irradiation of thorium in the uranium-graphite pile. Following decay 
of most of the intermediate Pa*" and Th*", the uranium was sepa
rated by extraction with ether.*" A series of extractions and precipi
tations of sodium uranyl acetate, ammonium dluranate, and uranyl 
peroxide served to give complete chemical and radiochemical purifi
cation of the uranium. The nuclear properties of this isotope are de 
scribed elsewhere.*' 

The U*" prepared in this way contained 4 to 5 per cent of U*" since 
the thorium compounds irradiated normally contained around 1 ppm 
of natural uranium impurity. Account was taken of the UX activity 
introduced from this isotopic impurity in experiments involving tho
rium isotopes. Lower members of the uranium-decay chain were 
present in amounts which were insignificant because of the long half 
life of U*'* and its low concentration. 

An important impurity was found to be U*'* (reference 22), which 
decays to radiothorium of 1.9-year half life, followed by ThX(Ra**'*) 
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and its short-lived daughters. The RdTh half life is so short relative 
to that of the Th**® that, even with only 1 disintegration of U*'* in 5700 
disintegrations of U*" (the concentration actually foimd in one sample 
of the material by a mica absorption method), a significant fraction 
of the daughter radioactivities extracted after a decay period of a few 
weeks or months is due to this impurity. The ratio of Th**® activity 
to RdTh activity was foimd to vary from about 2 to 3.5 for different 
samples of U*". The origin of the U*'* is probably a small Pa*" im
purity in the irradiated thorium, since Pa*" has a high neutron cap
ture cross section.*' The capture product Pa*'* decays to U*'* by beta 
emission with a half life of 1.4 days.** An alternative possibility is 
that there is a sufficient flux of fast neutrons to give a sufficient (n,2n) 
reaction with the thorium to yield the Pa*". A second-order absorp
tion would then give r ise to the U*'*. 

3. ISOTOPIC ASSIGNMENTS 

Assignments of the periods and radiations to definite isotopes were 
made on the basis of radiochemical separations together with range 
analyses of the alpha particles by means of a pulse analyzer.** 

The isolated thorium activity showed the anticipated alpha activity. 
After RdTh daughters had grown to equilibrium, alpha activity con
tinued to grow over a period of time at a rate corresponding to a half 
life of the order of three weeks. The number of alpha activities grow
ing from the Th**® was shown to be four, both from range analysis by 
the pulse analyzer and from the increase in alpha activity. Radio
chemical isolation of a combined radium-actinium fraction (e.g., on 
barium sulfate) gives an alpha-active preparation into which two 
alpha activities grow with a 5-min half life, followed by growth with 
a %-hr half life. Separation into radium and actinium fractions shows 
the radium isotope to possess a soft beta particle of about 0.2 Mev 
energy, while the actinium fraction repeats the alpha-activity growth 
pattern noted above. Four alpha activities (the actinium isotope and 
its daughters) grow into the radium fraction on a time relation that is 
dependent on the 14.8-day radium period and the 10.0-day actinium 
period. The fact that two alpha activities (and no beta) grow with a 
5-min period indicates that the half life of At*''' is considerably shorter 
than the 5-min period of Fr**'. This is borne out by the period de 
termined from coincidence measurements (0.018 sec). A bismuth 
fraction free of lead isotopes shows an alpha activity and a beta a c 
tivity decaying with the same half life, leaving a beta activity ascr ib-
able to daughter Pb*"'. The short half life of the alpha emitter and 
the long range of its particle indicate that it is due to Po*", produced 
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by beta decay of Bi*". Evidence from range analysis of the Bi*" a c 
tivity indicates some branching by alpha decay. 

Th**®. This isotope, together with the radiothorium impurity 
mentioned above, was isolated from the purified U*" solution after a 
suitable period of time by coprecipitation with zirconium iodate. 

One- to two-tenths of a milligram of zirconium nitrate and suffi
cient iodic acid solution to give a final iodate concentration of 0,05M 
were added per milliliter of solution of U*" in O.IN nitric acid. The 
precipitated zirconium iodate was washed by centrifugation, dissolved 
in sulfur dioxide—water mixture, heated to remove liberated iodine, 
and diluted; and the zirconium was reprecipitated with iodic acid. 
Four to five of these cycles served to decontaminate completely from 
uranium, radium, and most of the actinium. Bismuth and lead activ
ities were removed by one or two lead sulfide by product precipitates. 

In order to prepare samples sufficiently free from carr ier for alpha-
particle range measurements in the pulse analyzer and to remove 
any t races of actinium activity, the following procedure was used. The 
thorium isotopes were coprecipitated from the final zirconium iodate 
solution with lanthanum fluoride car r ier (0.1 to 0.2 mg/ml), the fluo
ride precipitate was metathesized to hydroxide with concentrated 
potassium hydroxide, and the hydroxide was dissolved in 0.05 nitric 
acid. Separation of the thorium activity from the lanthanum carr ier 
was accomplished by extraction with a solution of 0.15M thenoyltrifluor-
acetone (TTA)*' in benzene. The change from zirconium to lanthanum 
car r ie r was necessary since the former extracts into TTA solution 
imder the conditions used, whereas the latter does not. In some cases 
TTA extraction of the thorium Isotopes was made directly from the 
uranium solution. The TTA-benzene solution was in either case 
evaporated directly on the counting plate or reextracted with 8N 
nitric acid, and the latter solution was evaporated. Ignition of the r e 
sulting plates left an essentially weightless film of the thorium activity. 

Since the Th**® half life is several thousand years , indirect meth
ods of determining this property were necessary. A known amount of 
freshly purified U*" was allowed to decay for a measured time. UXj 
t racer was then added and the thorium activity isolated as above. The 
UXj tracer provided a means of determining the yield of thorium 
through the separation procedure without introducing any foreign 
alpha activity. The ratio of Th**® to radiothorium was determined by 
alpha-pulse analysis. If corrections were applied for yield and for 
radiothorium impurity, the amount of Th**® activity which had grown 
into the U*" could be calculated, and from this the Th**® half life. 
The mean value obtained from eight such determinations was 7340 ± 
160 years . 
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The alpha radiations of Th**® have been foimd to be complex. The 
main group of alpha particles, which constitutes approximately 10 
per cent of the total, has an energy of 4.85 ± 0.01 Mev. Two small 
longer-range groups of particles have been resolved from the main 
group, differing from it by 90 and 170 Kev, respectively. The less 
energetic of these two small groups contains roughly about twice the 
number of alpha particles in the other. Figure 2 is a typical curve 
obtained with the pulse analyzer of the thorium activity which shows 
the two longer-range groups of the Th**® alpha particles together with 
the RdTh Impurity mentioned above. The energy of the Th**® particles 
was determined by placing a standard containing some Po*'° (5.30 
Mev) and lo (4.66 Mev)*' in the chamber together with the sample. The 
Th**® energy was found by Interpolation from the resulting calibration 
curve using the Po*'", lo, and RdTh peaks*^ as reference points of known 
energy. 

Ra**'. The Ra**' (and ThX from the U*'* Impurity) was Isolated 
from the U*" solution from which the thorium activity had been sepa
rated. Both barium sulfate and barium chloride were used as ca r r i e r s 
for the radium activity; the latter was found to be preferable with 
regard to decontamination from actinium. With barium chloride the 
procedure was to add 1 mg of barium as nitrate to the U*" solution, 
reduce the volume to a few tenths of a milliliter, and add seven times 
the volume of hydrochloric ac id-e ther solution (6 parts cone. HCl to 
1 part ethyl ether). After cooling with ice the precipitated barium 
chloride was centrifuged and reprecipitated In the same manner. Two 
or three precipitations were sufficient to remove the U*"; however, 
appreciable actinium activity still remained at this point. This was 
removed either by precipitating lanthanum fluoride from the solution 
or by adding lanthanum nitrate, evaporating to dryness, and extracting 
the lanthanum and actinium nitrates with absolute ethyl alcohol. Lead 
sulfide was precipitated from the solution to remove bismuth and 
lead activity, and the barium was finally precipitated and mounted 
for counting as the sulfate. 

Because of the low energy of Its beta particles, the half life of the 
Ra**' was determined Indirectly by following the growth and decay of 
the alpha activity in the fraction isolated as above. Figure 3 shows 
an experimental curve (solid line) and theoretical curves (broken lines) 
calculated on the basis of a 10,0-day Ac**' daughter (see below) a s 
suming different values for the Ra**' half life and using the observed 
maximum count. The growth of the alpha activity does not follow 
precisely the theoretical values owing to the presence of the ThX Im
purity. However, by the time the maximum value has been passed the 
short-lived ThX has largely decayed away. The experimental points 
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best fit a theoretical curve for a 14.8-day radium half life. Since the 
Ra^^' and Ac^^^half lives are similar, transient equilibrium is ap
proached very slowly, and direct determination of the Ra^^^ half life 
from the decay curve, with reasonable accuracy, would be possible 
only after some hundreds of days of decay. 

Beta-ray absorption curves were taken on samples of Râ '̂ ^ r e -
purified after having been allowed to stand for some weeks in order 
to eliminate the effects of the ThX daughters. The original Ra frac
tion was isolated from the U^̂ ^ solution upon barium chloride car r ier 
and reprecipitated to remove uranium and thorium activities. After 
about 30 days the Ra^^' was purified from daughter activities by the 
above procedure and mounted on platinum, and absorption curves were 
taken. Figure 4 is the curve of the absorption in mica obtained in a 
windowless Geiger-Mueller counter 5 hr after separation. One-half 
hour after separation this sample showed 30 alpha c/min. Other curves 
taken with a low-absorption counter using a thin (about 0.1 mg) Zapon 
window and aluminum absorbers were similar . The amount of Ra^^^ 
activity which should have been present initially was calculated from 
the growth of alpha activity in the sample to be about 650 c/min, 
making approximate corrections for counting geometry. This agrees 
well with the value for zero absorber extrapolated from the curve 
after correcting for back-scattering and self-absorption. Figure 5 
shows the curve taken on another sample, 8 hr after separation, with 
an ordinary thin-window (3.3 mg/cm^ of mica) Geiger-Mueller counter 
using Al absorbers . The absorption half thickness of the Ra^^* beta 
particle from these curves is about 6 mg/cm^ and the range about 
35 mg Al per square centimeter, corresponding to an energy of approx
imately 0.2 Mev. No reliable information is available about gamma rays, 

A c ^ . Ac^^' was separated by means of lanthanum fluoride ca r 
r ier from the U^̂ ^ solution from which Th^^^ had been removed. The 
fluoride precipitate was metathesized uy means of potassium hydroxide 
and then dissolved in nitric acid. After two or three such cycles 
barium nitrate was added to "hold-back" radium, the solution was 
evaporated to dryness, and the lanthanum and actinium were extracted 
from the residue with absolute ethyl alcohol.'^* The alcohol was evap
orated, more barium nitrate was added, and the extraction was r e 
peated. After precipitating lead sulfide to remove any bismuth or lead 
activity remaining, the lanthanum and actinium were precipitated as 
fluoride and mounted. A typical growth and decay curve for the Aĉ '̂ ^ 
fraction is shown in Fig. 6, from which the half life of 10,0 days was 
obtained by least-squares analysis, 

F r " ' . Analysis of the growth curves of the alpha activity in the 
Ac^^' sample showed that three alpha activities grew in, two with a 
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half life of about 5 min followed by a third with a half life of about 
45 min. The 5-min growth appeared to s tar t with the flaming of the 
plate containing the activity, and after equilibrium had been reached 
the 5-min growth reappeared if the sample was reflamed. Experi
ments with C s ' " t racer indicated that this activity could be volatil
ized by flaming under similar conditions. These facts indicated that 
the Ac^^* daughter, Fr^^\ was an alpha emitter of about 5-min half 
life and its daughter was also an alpha emitter of much shorter life. 

The half life of the Fr^^^ was determined more accurately by p r e 
cipitating lanthanum hydroxide from a small volume of a solution of 
Ac^^^ and its daughters with ammonia, mounting the supernatant solu
tion, and following the decay of the alpha activity obtained. Figure 7 
shows the observed decay curve together with the curve resulting 
from subtraction of the nondecaying backgroimd (probably Ac '̂̂ *). The 
half life obtained from the latter curve gave a value of 4.8 min. 

A t ^ . The half life of At^" was determined by measuring the time 
interval between successive alpha-particle emissions by Fr^^^ and 
At^'^. A sample of Ac^^^ was mounted on a very thin Zapon film sup
ported on a 2-mil wire ring of about 1 cm diameter. The ring was 
placed in a vertical position on the bottom electrode of the chamber 
of a standard alpha covmter.^® A resistor and condenser in ser ies 
were connected between the plate and cathode of one of the tubes of 
the first Eccles-Jordan trigger pair^° in the scaling circuit of the 
counter. The voltage changes across the condenser were followed 
by an oscilloscope, the plates of which were connected directly across 
the condenser. Thus a single alpha particle would cause the electron 
beam of the oscilloscope to sweep across the screen at a rate that 
was dependent upon the time constant of the circuit. If two successive 
alpha particles were emitted within this time interval the beam would 
be returned to its original position and the distance through which it 
swept would be a measure of the interval between the pulses. The 
time constant of the circuit was such that 0.2 sec was required for 
the beam to sweep across the screen. The distances swept for suc
cessive emissions were observed visually. A detailed description of 
the circuit and method may be found in another paper from the 
Argonne National Laboratory. ̂ ^ 

The purpose of the special mounting of the sample was to increase 
the geometry factor to approximately 100 per cent in order to obtain 
as high a ratio of coincident to single pulses as possible. A low count
ing rate (9 c/min) was used in order to reduce corrections for coin
cidences due to random emission of single particles. This correction 
varied linearly in the range of interest, from nil at zero time to about 
3 per cent at 0.2 sec. 



39 

Figure 8 shows the integral curve obtained by plotting the total 
number of coincidences within a given time interval against the time 
interval. The mean interval was 0.026 sec, from which was obtained 
the value 0.018 sec for the half life of At^". The same half life was 
obtained by graphical analysis (see Fig. 9). Essentially all the coin
cidences were observed within the maximum time interval. By plot
ting the difference between the total number of coincidences and the 
number within a given time interval against the interval on semi-
logarithmic paper, a straight line was obtained, the slope of which 
determined the half life of At^". 

B i ^ . The Bî ^^ was isolated from a solution of Ac^^' by precipita
tion with bismuth sulfide ca r r i e r . Four or five cycles consisting of 
solution of the sulfide in hot concentrated hydrochloric acid, dilution 
with water, and reprecipitation of bismuth with hydrogen sulfide 
served to remove all except lead activity, which was separated upon 
lead sulfate precipitates. 

The Bi^'^ half life was determined by following the very short-lived 
alpha-emitting daughter Po^" rather than the beta particles of Bî ^^ 
itself since the growth of beta particles of 3.3-hr Pb̂ °® is a complicat
ing factor in the latter case. Figure 10 shows a sample decay curve 
of the Bi^'^ fraction which, after subtracting the nondecaying counter 
background, gives a value of 47 min for the Bî ^^ half life. This same 
isotope has been identified as a decay product of Pâ ^® by other workers 
at Argonne National Laboratory,^® 

Absorption curves in aluminum of the beta particles from Bi^'* and 
Pb̂ °® were taken with samples of Ac^^^ in equilibrium with its daugh
t e r s . Figure 11 shows an experimental curve which has been resolved 
into the two components; the beta particles of Bi^'^ have a half thick
ness of 54.7 mg/cm^ of Al, corresponding very roughly to an energy 
of 1.2 Mev, and those of Pb̂ °® have a half thickness of 14.7 mg/cm^, 
corresponding approximately to the reported value of 0.7 Mev.' 

4. ENERGIES OF ALPHA PARTICLES OF Ac^^^ Fr̂ \̂ 
At"% AND Po"^ 

The energies of the alpha particles of these isotopes were deter
mined with the pulse analyzer using a standard ofRdTh and its daughters, 
whose energies are known, to establish reference points. The instru
ment^* which was used has 48 electronic channels which register all 
the alpha pulses within a narrow energy band; the 48 channels cover 
48 contiguous energy bands of equal width increasing in energy from 
channel 1 to channel 48. By plotting the total number of alpha counts 
per channel against channel number, a peak will be observed for each 
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alpha group. The position and size of the peak measure, respectively, 
the energy and abimdance of the alpha group. [We are indebted to 
B. Weissbourd and J, Mech for assistance with the pulse analyses of 
the numerous samples,] 

The values obtained for the energies of the alpha particles were 
5.80 + 0.05 Mev for Ac"% 6.30 ± 0.05 Mev for Fr^", 7.00 ± 0.05 Mev 
for At^", and 8.34 ± 0.01 Mev for Po^'*. A small peak containing 
about 25 to 30 per cent of the number of alpha particles in the main 
peaks was observed at 6.05 Mev; this has been attributed tentatively 
to fine structure in the Fr^^' spectrum. Figure 12 is a typical pulse-
analyzer curve showing this small peak together with the large peaks 
for Ac"^, Fr^^^, and At^". It is improbable that this activity is due to 
unrecognized branching in the ser ies . No radiochemical evidence has 
been found for branching decay of Tĥ ^®, Ac^^^, Fr^^\ or At^'''. Sys-
tematics of decay of the heavy elements*^ suggest that At^" and Fr^^' 
may not be beta stable. There is also the suggestion that At^" may 
have an as yet unobserved alpha group of higher energy. 

Bî *^ does exhibit some branching decay. The bismuth activity from 
a solution of Ac^^^ was separated with lead sulfide car r ie r and puri 
fied from other activities by repeated sulfide precipitations. The lead 
was then precipitated as sulfate, and the supernatant containing the 
carr ier- f ree bismuth activity was mounted and examined in the pulse 
analyzer. In some cases plates were prepared by direct electrodep-
ositlon of the bismuth from IN HCl solution of the actinium. In ad
dition to the normal peak of Po^*' at 8.34 Mev a small peak at about 
6.0 Mev was observed. The sample was followed for a period of sev
eral half lives, and both peaks decayed with the Bî ^* half life of 47 min. 
The number of alpha particles in the shorter-range peak was 2.0 ± 0.2 
per cent of the total in both, based on 15 determinations. An experi
mental curve is shown in Fig. 13. Although the energy of this small 
peak is close to that attributed above to Fr^^\ the number of alpha 
particles from the Bi^^' is insufficient to accoimt for more than a 
fraction of the total in that peak. 

With the quantities of material available at the time of these experi
ments, attempts to isolate the Tl"** activity were imsuccessful. Since 
then Hagemann'^ has been able to characterize the isotope as decay
ing with a 2.2-min half life by emission of a 1.8-Mev beta particle. 
Gamma rays if present constitute a maximum of 1 per cent of the 
Geiger-Mueller activity. 
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Table 1 

Isotope 

Np"' 
Pa"' 

Th"» 

Ra"' 
Ac"' 
Fr"i 
At"' 
Bi"» 

Po2i3 

rni209 

Bl20« 

Type of 
radiation 

a 
a 

Half life* 

2.20 X 10' years (ref. 10) 
27.4 days (ref. 4) 
1.62 ± 0.01 X 10' years (ref. 12) 
7.34 + 0.16 X 10' years 

r a 
a 
a 

(98%); a(2.0%) 

a 

r 0-

14.8 ± 0.2 days 
10.0 ± 0.1 days 
4.8 + 0.1 min 
0.018 ± 0.002 sec 
47 ± 1 min 

Very short 
2.20 ± 0.07 min 
3.3 hr (ref. 1) 

Energy of 
radiation, 

Mev 

4.77 
0.23 (ref. 11) 
4.80 (ref. 13) 
4.85 (~70%) 
4.94 (~20%) 
5.02 (~10%) 

- 0 . 2 
5.80 
6.30 
7.00 

- 1 . 2 0 - ) ; 
6.0 (a) 

8.34 
1.8 
0.7 (ref. 1) 

Stable 

•Limits of error for Ra^ '̂, Ac"', Fr^", and At"' are estimates rather than true prob
able errors. 
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Fig. 2—Pulse-analyzer curve of thorium alpha activity showing the three alpha pealcs 
of Th**' together with the pealcs due to RdTh impurity. 
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Fig. 3 —Growth and decay of alpha activity from Ra**' preparation. Theoretical decay 
curves calculated on the basis of 10-day Ac**' and 15- and 14.8-day Ra**' are shown 
by the broken lines. 
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Fig. 4 —Absorption of Ra**' Ijeta particles in mica. 
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Fig. 5 —Absorption of Ra**' tieta particles in aluminum measured with a mica window 
Geiger-Mueller tube (3.3 mg/cm* of mica). 
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Fig. 6—Growth and decay of alpha activity from Ac**'. 
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Fig. 7—Decay of alpha activity from Fr**'. The long-lived background is probably unseparated Ac**'. 
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Fig. 8 —Integral curve obtained by plotting the total number of coincidences observed 
between Fr**' and At*" alpha particles in fixed time intervals against the time inter
vals. Corrections for chance coincidences have been applied. 
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directly. 



49 

X ^, 

k_ 
1 2 3 4 5 6 7 8 

HOURS 

Fig. 10—Decay of alpha activity from Bi*" and daughters. 
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Fig. 11—Absorption curve in aluminum of beta particles from Ac*" and daughters showing the two components 
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Fig. 12—Typical pulse-analyzer curve of the alpha particles from Ac**^ and daughters. 
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Fig. 13—Pulse-analyzer curve of alpha particles from Bi^" and daughters. The small 
peak at 6.0 Mev containing 2 per cent of the total alpha particles is due to alpha branch
ing of Bi*". 
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Paper 1.5 

FAST-NEUTRON FISSION OF U " ^ Pa^", AND Pu^^' 

By Gerhart Friedlander, John W, Gofman, and Glenn T. Seaborg 

[Editor's Note: Contribution from the University of California 
Radiation Laboratory, Berkeley. Based on Report CF-221. Prepared 
for publication Aug. 5, 1942.] 

ABSTRACT 

Relative cross sections determined in this investigation a re : Pu^'*, 
1.5 ± 0.5; U " ^ 1.8 ± 0.5; U"", 0.4 ± 0.1; U^^, 1; and Pa'^S 0,9 ± 0.3. 

We have measured the relative cross sections for the fission of 
Pu"», U2^^ U235, û sB^ ^^^ p^23i j,y tjjg fagj. neutrons from a radium-
beryllium source. Although the neutrons from a radium-beryllium 
source have a rather wide distribution in energy, the cross sections 
for such neutrons are of some interest because various measure
ments ' have shown that this energy distribution is not far different 
from that of the neutrons produced in the fission process. These 
measurements, which were made several months previous to the time 
of writing, must be regarded as preliminary since they were made on 
rather small samples. 

In the measurements, the samples were placed on one electrode of 
an ionization chamber connected to a four-stage linear amplifier and 
recording system which was adjusted so as to record the pulses due 
to fissions. The neutron source consisted of a mixture of 1 g of r a 
dium (as bromide) with 5 g of beryllium powder in a double-walled 
monel container. The ionization chamber was cadmium-lined, and 
both it and the first stage of the amplifier were surrounded by cad
mium and boron carbide shields. The entire assembly was moxmted 
on a steel table in the absence, as far as possible, of hydrogenous 

S4 
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material, A cadmium disk was interposed directly between the sam
ple measured and the neutron source, A cross section of the appa
ratus used, drawn to scale, is shown in Fig. 1. The constancy of the 
gain of the amplifier was checked between successive measurements 
by measuring the fission rate of a thin uranium sample. 

Following is a description of the samples upon which the measure
ments were performed. 

1, A sample containing 0,5 /xg of Pu^^* was isolated^ from neutron-
bombarded uranyl nitrate hexahydrate [U02(N03)2,6H20] and was 
present in a thin layer of r a re earth-fluoride ca r r i e r material (thick
ness of about 300 /Mg/cm^), The weight of Pu^^* in the sample was 
determined from its alpha-counting rate, as measured with an alpha-
counting ionization chamber of calibrated efficiency, together with 
its half life (30,000 years), 

2, A sample containing 3,8 ^g of U^ '̂ was isolated' from neutron-
bombarded thorium nitrate and was electrolytically deposited with a 
thin layer of extraneous material (thickness of about 300 jug/cm^). 
The weight of U^*' in the sample was determined from its alpha-
counting rate, together with its half life^ (1,2 x 10' years), 

3, A sample of enriched U '̂̂  containing 1,3 /ig of U^*', 5,2 Mgof 
U^'*, and 0,0014 /ig of U '̂* was present in a thin layer of extraneous 
material (thickness of about 300 Mg/cm^), The isotopic analysis* was 
performed by J . W, Kennedy. 

4, A sample of ordinary uranium, i,e,, uranium containing its 
natural abundance of isotopes, weighed 200 /xg and occupied an area of 
about 1.3 cm^. It was prepared by electrolytic deposition from uranyl 
nitrate dissolved in absolute alcohol, and its weight was calculated 
from its alpha activity and the half life of uranium, 

5, A sample of Pa^*' weighing 1,04 Mg was present in a thin layer 
of extraneous matter (thickness of about 300 Mg/cm^), and its weight 
was calculated from its alpha-counting rate and the half life of Pa^^' 
(3,2 X10* years) . 

The results of the measurements are summarized in Table 1, The 
e r ro r s listed in the last column are the standard deviations calculated 
from the total number of counts in the usual manner. 

From the counting rate (3,5 ± 0,4 c/hr) and the composition (1.3 /xg 
of U^'* + 5,2 jLig of U '̂*) of the enriched U*'' sample, together with the 
counting rate (80,5 ± 4,5 c/hr) and the composition (198,6 /xg of U '̂̂  + 
1.4 /xg of U '̂*) of the natural uranium sample, it is possible to calcu
late the counting rate due to U '̂̂  alone and U '̂* alone, In this manner 
there is obtained for U^^' a fast-neutron fission-counting rate of 1,1 ± 
0,3 c/hr//xg and for U^'° a rate of 0.4 ± 0.02 c/hr//xg. These results 
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are included in Table 2, in which there are listed the fast-neutron 
fission-counting rates per microgram for the five isotopes Pu*'®, U*'', 
U*'', U^^', and Pa*'', together with their fast-neutron fission cross 
sections relative to U^'^. 

It should be pointed out that the relatively low value for the cross 
section of U*'' is probably due to the fact that only a fraction of the 
radium-beryllium neutrons have an energy above the energy thresh
old for the fission of U*'*. It was thought interesting to include the 
nucleus Pa*'' in the measurements because this nucleus, like U*", 
does not undergo fission with thermal neutrons but has an energy 
threshold for fission much nearer the thermal region than that of 
TT238 

One source of e r ro r in these measurements is the variation in the 
thickness of the various samples. Another is the slightly nonuniform 
distribution of material which is shown in the individual samples. 
The fact that the various sample plates were not of the same area 
need introduce no er ror provided the neutron density is constant over 
the whole sample, since none of the samples are thick enough to ab
sorb any appreciable fraction of the neutrons incident upon them. 
From Fig, 1 it can be seen that the neutron density should be fairly 
constant over the area of the samples. 

In the analysis of these fast-neutron measurements, we have made 
no attempt to estimate uncertainties in the weights of the various 
samples. 

Another source of e r ro r ar ises from the possibility that slow neu
trons might be leaking throv^h to the sample in spite of the shielding 
with cadmium and boron. However, we were able to show that the 
fission-counting rate due to any such slow neutrons was very small 
compared with the fission-counting rate due to the fast neutrons. The 
following method was employed in which the 3,8-/xg U*" sample, be 
cause of its relatively high fission rate with slow neutrons, was used 
for the test for the possible effect of slow neutrons. 

In an experiment with the apparatus and neutron source as described 
above, this sample gave a fission-counting rate of 6.8 ± 0.8 c/hr . (The 
slight difference between this value and the coimting rate of 7.7 ± 0.5 
c/hr reported above is due to a small change in the gain of the ampli
fier.) When the apparatus was surrounded as completely as possible 
by a large amount of paraffin, for the purpose of increasing the num
ber of slow neutrons in the vicinity of the ionization chamber, the 
fission-counting rate increased by only a very small amount, namely, 
to 8.7 ± 0,8 c/hr . This experiment of counting with and without pa r 
affin was then repeated with a second apparatus which was identical 
with the first except that there was absolutely no cadmium-boron 
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shielding. All other geometrical conditions, such as position of the 
neutron source, etc. , were maintained identical with those used in 
the fast-neutron measurements outlined above. With this apparatus 
a counting rate of 7.8 ± 1,5 c/hr was obtained with no paraffin present, 
and this increased to 47 ± 5 c/hr when the apparatus was surrounded 
by the same large amoimt of paraffin. An analysis of these results 
shows that not more than a few per cent of the fission coimts obtained 
with the cadmium-boron-shielded chamber are due to slow neutrons, 
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Table 1 —Summary of Counting Rates in Fast-neutron Fission Experiments 

Sample 

0.5 lie Pu"* 
3.8 fjgU"' 
1.3 MglP" + 5.2 ;igU«»» 
198.6 Mg U"° + 1.4 Mg V" 
1.04 MgPa"' 

Total 
hours 

51.2 
31.5 
25.0 

4.08 
27.2 

Total 
counts 

41 
242 
88 

329 
27 

Cotmts per 
hour 

0.80 +0.12 
7.7 ±0.5 
3.5 ±0.4 

80.5 ± 4.5 
1.0 ±0.2 

Table 2—Relative Fast 

Fission rate. 
sotope c/hr 

Pu"« 0.80 ± 0.13 
U"' 7.7 + 0.5 
V' 77 ± 4.5 
U^" 1.4 ± 0.4 
Pa"' 1.0 ± 0.2 

-neutron ( 

Weight, 
Mg 

0.5 
3.8 

193.4 
1.3 
1.04 

Ra-Be) Fission Cross Sections 

Fission rate 
perMg, 

c/hr 

1.6 ±0.3 
2.0 ±0.1 
0.4 ±0.02 
1.1 ±0.3 
1.0 ±0.2 

Relative cross 
section* 

1.5+ 0.5 
1.8 ± 0.5 
0.4 ± 0.1 

1 
0.9 ± 0.3 

* Standard deviations given do not Include uncertainties In the weights of 
the samples. 
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Paper 1.6 

ABUNDANCE OF U^« IN SAMPLES OF Û  

By Winfred Rail and Arthur J. Dempster 

[Editor's Note: Contribution from the Metallurgical Laboratory, 
University of Chicago. Based on Report CP-3530. Prepared for 
publication June 6, 1946.] 

1. INTRODUCTION 

Two samples of U^* prepared by L. I. Katzin and G. T. Seaborg 
have been examined with the mass spectrograph in order to deter
mine the amount of U '̂* impurity that they contained. The samples 
had been prepared by extracting uranium from thorium which had 
been irradiated by neutrons. The Û ^̂  thus extracted contained some 
ordinary uranium, mostly Û ®̂, which had been present in the thorium 
as an impurity. In order to deduce the nuclear properties of the U^^, 
it was thus necessary to know how much U *̂* was present. 

Photographs with a similar sample clearly showed the two isotopes 
and indicated that the U '̂* amounted to approximately 4 per cent (see 
Fig. 1). The amount is thus too small for accurate photometric mea
surement, and the ratio of the two isotopes was finally measured by 
comparing the ions electrically. The samples amounted to about 1 mg 
of the tetrafluoride, of which a large part was recovered. 

2. SOURCE 

A spark between solid electrodes was used as a source of ions, and 
the analyzed isotopes were collected simultaneously. 

Adjustments were made with the electrode in Fig. 2(a). 
The two silver isotopes at masses 107 and 109 were made to fall 

symmetrically on the two collecting sl i ts , and then the electric fields 
were altered by the exact amount required to bring the doubly charged 
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uranium ions at masses 116.5 and 119 on to the collecting sl i ts , which 
had the exact separation required for these masses . The two elec
trodes, shown in Fig. 2, were held in a magazine and could be r e 
moved and interchanged in a few minutes by means of the sylphon 
and Wilson seal adjustments without opening the system or altering 
the magnetic field. 

3. SECONDARY ELECTRONS 

To avoid secondary electrons from the collectors, the electrode 
arrangement shown in Fig. 3 was first tried. This is similar to an 
arrangement previously used by A. O. Nier in the analysis of gas ions. 

The " r epe l l e r " electrode R is charged negatively to keep secondary 
electrons back on the collectors A and B. Tests were made with 
normal UF^, and it was found that 96 per cent of the U^̂ ^ beam passed 
through the 0.75-mm slit in A to the collector B under good vacuum 
conditions. With the Û ^̂  sample, however, the scattered ions could 
be more accurately measured in the symmetrical arrangement shown 
in Fig. 4 by moving the 233 beam over into the B collector and meas
uring the scattered ions in A. The deep collectors of Fig. 4 were 
therefore used for the final measurements. The diaphragm R was 
sometimes charged to - 4 5 volts but had little influence on the ratio. 

4. ION COMPARISONS 

The ratio of the two isotopes was measured by comparing the 
charges collected in A and B by means of the circuit shown in Fig. 5. 
The two electrometers E^ and Eg were Lindemann Electrometers 
made in the Metallurgical Laboratory Central Shop. The charges 
collected in A and B were exactly compensated by equal and opposite 
induced charges, whose ratio was fixed by the settings on the four-
dial resistance boxes Rj and B^. The ratio of the ions collected is 
computed from the resistances R^ and R^ and the measured capacity 
ratio of the collecting systems. 

5. OBSERVATIONS 

The observed ratio of the ions must be corrected for background 
and for scattering from the main 233 bundle into the 238 collector. 
Observations with normal uranium showed that this amounted to ap
proximately 0.5 per cent. This makes an important correction to the 
faint 238 isotope, which was itself approximately only 4 per cent of 
the 233 isotope. The correction in each case was deduced by ob
serving the silver ions collected in B when the silver isotope at 109 
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falls in collector A. The data for three sets of observations on dif
ferent days are given in Table 1. The first column gives the number 
of independent measurements of the values in column 2. 

The most probable value for the percentage of Û *̂  in the sample 
was 96.35. Approximately 0.6 mg of tetrafluoride was used in these 
measurements, and most of this was recovered. 

An earl ier sample that had been used by H. L. Anderson and A, N, 
May' had been measured without corrections for scattered ions 
and had given 95.8 per cent of U '̂̂  and 4.2 per cent of U^'^. It was 
only later that the importance of scattering was discovered. If we 
make the same correction for scattering as in the case described 
above, we obtain approximately 96.4 per cent for U^^ and 3.6 per 
cent for U^̂ * in the May-Anderson sample. 

Photometric measurements may be used to verify an estimate, at 
the expense of shifting the responsibility for the accuracy to the 
chemists. This was done in the case of the May-Anderson sample. 
To 0.25 mg of the sample, a carefully weighed amount of ordinary 
uranium equal to three-fourths of 0.25 mg was added by F . Hagemann 
of L. I. Katzin's group. K the ratio of Û ^̂  to U^" had been 7 to 1, as 
at first estimated from photographs of the isotopes, by this addition 
U238 would have been brought up to exact equality with the U^^ .̂ Photo
metric measurements of the two isotopes, however, showed that the 
U^̂ ^ was still distinctly weaker than U'̂ ^̂  in the ratio of 45 to 55, 
indicating that the original amount had been present in the ratio of 1 
to 25 in place of the estimated 1 to 7. This gives about 96 per cent 
for the purity of the U^'^, Later this was determined electrically to 
be 96.4 per cent. 

The accuracy obtained in the direct electrical measurements given 
in Table 1 is considered superior to the photometric measurements. 

Table 1 —Ratio of U*" to U*'' 

Observed Corrected 
V"'/V' U238/U233 Percentage 

Number ratio Background ratio of U*" 

4 0.0462 + 0.002 0.0066 0.040 ± 0.002 96.2 ± 0.4 
3 0.0445 ± 0.002 (0.007) 0.0375 ± 0.002 96.4 + 0.4 
5 0.041 + 0.002 0.005 0.036 ± 0.002 96.5 ± 0.4 

Average 96.35 
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Fig. 1—Impurities in U*" sample. This is an early sample in which the 
separation of the uranium from the thorium was not complete. The thorium 
mass at 232 is approximately the same intensity as the uramum-233 isotope. 
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Fig. 2—Solid electrodes used as a source ol ions. 
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Fig. 3—Ion collector. 
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Fig. 4 — Ion collector. 
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Fig. 5— Ion-comparison circuit diagram. 
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Paper 2.1 

SPONTANEOUS-FISSION RATE OF U^^ 

By John W. Gofman and Glenn T. Seaborg 

[Editor's Note: Contribution from the University of California 
Radiation Laboratory, Berkeley. Based on Report CF-220. Prepared 
for publication Aug. 7, 1942.] 

ABSTRACT 

A spontaneous-fission rate of zero counts in 420 hr corresponds to 
a half life of 10'^ years for U^*. 

Since in a number of the isotope-separation methods the U^ '̂ and 
U *̂* will occur together, it is important to obtain information on the 
spontaneous-fission rate of U***. We have made a search for sponta
neous fission in U *̂*. The result , zero counts in 420 hr, indicates 
that the spontaneous-fission rate corresponds to a half life for this 
process of more than 10" years . 

The sample of U^* which was used had a weight of 0.4 fig and was 
isolated from uranyl nitrate hexahydrate [U02(N03)2.6H20] by Fontana 
and coworkers, ' using a modification of a method which has already 
been described. In this method the UXj is removed from the major 
portion of the uranyl nitrate by ether extraction and then precipitated 
as the fluoride with r a re earth ca r r i e r material, after which the UXj 
is separated from the major portion of the r a re earths by a modifi
cation of the iodate method of Noyes and Bray.^ After the major por
tion of the UXj has decayed to U^*, the UXj which has not decayed is 
separated, together with r a re earth fluoride, and the U^̂ * is finally 
deposited onto platinum in a very thin layer by an electrolytic pro
cedure. The final sample is present with an entirely negligible 
amount (about 300 jig/cm^) of extraneous material. 
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The weight of Û *̂ in the sample used in our experiment was deter
mined from its alpha-counting rate, as measured with a calibrated 
alpha-counting ionization chamber, together with the known half life 
of U^̂ * (2.7 X 10* years). 

The sample of U '̂* was placed on one electrode of a cadmium-
shielded ionization chamber connected to a linear amplifier and r e 
cording system, adjusted so as to count the impulses due to fissions. 
The apparatus was tested periodically at intervals of 24 hr by 
replacing the Û *'* sample with a thin ordinary uranium sample and 
demonstrating that the fissions induced in this uranium by a neutron 
source were being recorded with the proper efficiency. It was shown, 
by considering the geometry of the ionization chamber and by meas
uring the variation with amplifier gain of the neutron-induced uranium 
fission-counting rate, that the over-all efficiency of the apparatus for 
recording fissions amounted to about 78 per cent. 

The 0.4-fig sample of U '̂* was counted in this apparatus for a total 
of 420 hr with a result of zero spontaneous-fission counts. Therefore, 
with the over-all efficiency of 78 per cent, the effective counting in
terval was 328 hr. 

Table 1 indicates the probable half life of the spontaneous fission 
of Û ** as calculated from the experimental result of zero fission 
counts in 328 hr as obtained with this 0,4-/xg sample. The probability 
that zero counts would be observed in 328 hr of counting, correspond
ing to the half life listed in the table, is given by p = e"", where m is 
the average number of counts to be expected for 0.4 Mg of U*̂ * during 
the 328-hr interval. 

Table 1 —Probable Half Life of U*' 

HaU life of U"* 
toward spontaneous 

fission, years 

5 X 10" 
1 X 10" 
2 X 10" 
3 x l O " 

Expected no. of 
counts in 328 hr 

for 0.4 fig of U*" 

5.4 
2.7 
1.3 
0.9 

Probability that 
zero counts would 

be observed 

0.005 
0.07 
0.27 
0.41 
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Paper 2.2 

FURTHER SEARCH FOR SPONTANEOUS FISSION IN U^^ 

By C. Blanchard, John W. Gofman, and Glenn T. Seaborg 

[Editor's Note: Contribution from the University of California 
Radiation Laboratory, Berkeley. Based on Report CF-907. Prepared 
for publication Aug. 14, 1943.] 

ABSTRACT 

A search has been made for spontaneous fission of U^̂ *, using a 
sample weighing 13 Mg. The result, zero counts in 347 hr, indicates 
that the spontaneous-fission rate corresponds to a half life for this 
process of more than some 5 x 10" years. In fact, this result leads 
to about a 50 per cent probability that the half life is more than 10'* 
years . 

Since in a number of the isotope-separation methods the U^* and 
U^^ will occur together, it is important to obtain information on the 
spontaneous-fission rate of U^'*. We have made a search for spontane
ous fission in U^^ ,̂ and our results show that the rate for this process 
in this isotope is sufficiently low so that it will not be a source of 
trouble. In a previous experiment,' performed on a sample of much 
smaller weight, it had already been established that the half life for 
the process of spontaneous fission was more than some 10'^ years. 

The sample of U^* which was used had a weight of 13 MS and was 
isolated from uranyl nitrate hexahydrate [U02(N03)2.6H20] using a 
modification of a method which has already been described,^ [The 
sample was prepared by B. J. Fontana, J. G. Hamilton, R. J. Pres t -
wood, G. E. Sheline, and others.] In this method the UXj is removed 
from the larger portion of the uranyl nitrate by ether extraction and 
then precipitated as the fluoride with r a re earth ca r r i e r material, 
after which the UXj is separated from the larger portion of the ra re 
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earths by a modification of the iodate method of Noyes and Bray.^ 
After the major portion of UXj has decayed to U***, the UXj which has 
not decayed is separated, together with ra re earth fluoride, and the 
U^* is finally deposited In a very thin layer by an electrolytic pro
cedure. 

The weight of U *̂* in the sample used (13 Mg) in our experiment 
was determined from its alpha-counting rate, as measured with a 
calibrated alpha-counting ionization chamber, together with the known 
half life of U*** (2.7 x 10* years). The exact sample thickness is not 
known. It is , however, a very vmiformly spread sample with a thick
ness probably not greater than 1 mg/cm^. 

The sample of U^^ was placed on one electrode of a cadmium-
shielded ionization chamber connected to a linear amplifier and ad
justed so as to count the impulses due to fissions. The apparatus was 
tested periodically by replacing the Û ** sample with a thin ordinary 
uranium sample and demonstrating that the fissions induced in this 
uranium by a neutron source were being recorded with the proper 
efficiency. It was shown that the over-all efficiency of the apparatus 
for recording fissions amounted to 88 per cent. 

The 13-Mg sample of Û ** was counted in this apparatus for a total 
of 437 hr with the result of zero spontaneous-fission counts. There
fore, with the over-all efficiency of 88 per cent, the effective counting 
interval was 305 hr. 

In Table 1 the probable half life of Û ** toward spontaneous fission 
as calculated from the experimental result of zero fissions in 305 hr 
is tabulated, neglecting any reduction in counting efficiency due to 
sample thickness. The probability that zero fissions would be ob
served in 305 hr is given by e""", where m is the expected number of 
fissions for this weight of U^* during the 305-hr interval. 
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Table 1 —Probable Half Life of U*»* 

Half life of U*** Expected no. of Probability that 
toward spontaneous fissions in 305 hr zero fissions would 

fission, years for 13 fig of U*** be observed 

1 X10" 8.2 0.00027 
2 x l O " 4.2 0.015 
3 x l O " 2.8 0.061 
4 x l O " 2.1 0.12 
6 XlO" 1.4 0.25 

1.2 xlO'^ 0.69 0.50 
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Paper 2.3 

TEST FOR SLOW-NEUTRON FISSION OF U^^ 

By C. Blanchard, Robert B. Duffield, John W. Gofman, 
and Glenn T. Seaborg 

[Editor's Note: Contribution from the University of California 
Radiation Laboratory, Berkeley. Based on Report CF-673. Prepared 
for publication May 15, 1943.] 

ABSTRACT 

A sample of U^^ (13.2 (ig as determined from its alpha-counting 
rate) was prepared by Fontana and coworkers by the method of ex
tracting uranium-free UXj from uranium and allowing the UXj to de
cay to U^̂ *. The slow-neutron —induced fission rate in this Û *̂  sam
ple was compared with that of a 1.33-/i.g Û ^̂  sample (in 190 fxg of 
ordinary uranium). The results [(r(fiss) U^*/cr(fiss) Û ^̂  = 0.002 ± 0.001] 
indicate that Û '̂* does not undergo fission with slow neutrons with an 
appreciable cross section. 

In a previous report Gofman, Duffield, and Seaborg' showed that the 
slow-neutron fission cross section of Û ^̂  was at most only 3 per cent 
of that of U^*^ A new sample of U^̂ ,̂ containing 13.2 /ig of U^* as de
termined from the alpha-disintegration rate, has now been prepared 
by Fontana, Hamilton, Sheline, et al., by a method which has already 
been described.^ 

This Û *̂ sample shows an alpha-disintegration rate of 167,000 per 
minute. Taking the U *̂* half life as 2.7 x 10^ years , the weight of U^^ 
in the sample is found to be 13.2 jig. The sample, which has an est i 
mated thickness of 1 mg/cm^, is a uniformly spread electrolytic de
posit containing some extraneous material. 

The fission measurements were made with the same equipment and 
in the same manner described by Gofman, Duffield, and Seaborg.' 
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The experimental data are given in Table 1. 

64 7 
U^" slow-neutron fission (c/hr/fxg) = — ^ = 48.5 

U"* slow-neutron fission (c/hr/fig) = ^ ' ^ ^ ^'^ = 0.11 ± 0.05 

o'(fiss) Û ** 
Relative cross section for slow-neutron fission = —jr.—. ,^,c 

a(fiss) Û ^̂  

0.11 ±0.05 
48.5 = 0.002 ± 0.001 

The entire slow-neutron rate of the Û *̂ sample could be accounted 
for by 4.4 ± 1.7 /ig of natural uranium impurity, assuming Û '̂* does 
not undergo slow-neutron fission at all. We feel certain that this is 
the explanation for the very low observed counting rate and that U^^ 
does not undergo fission with slow neutrons at all. 

It is of interest to point out that, of the nuclei whose neutron-induced 
fission has been observed, those with an even number of neutrons (lo^^" 
Th^^ Pa^^', U^^ U^^, and Np^") do not undergo fission with slow neu
trons, and those with an odd number of neutrons (U^^ ,̂ U^̂ ,̂ and Pu^*') 
undergo fission with slow neutrons. Apparently the larger amount of 
binding energy for the added neutron in the latter type of nuclei is an 
important factor in determining whether or not a nucleus is fissionable 
by slow neutrons. On this basis it appears unlikely, for example, that 
Np^^* will undergo fission with slow neutrons. 
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Table 1 

Sample 
Total 
hours 

Total 
counts 

Counts 
per hour 

With paraffin 
but without 
cadmium shield 

With paraffin 
plus cadmium 
shield 
(0.35 g/cm») 

190 Jig of natural 
uranium containing 
1.33 Jig of U*" 

13.2Mgof U»" 

190 (Jg of natural 
uranium 

13.2 (ig of U*" 

59.2 

44.5 

113.6 

37.2 

5877 

355 

3946 

241 

99.4 

8.0 10 .4* 

34.7 

6.5 ±0.4* 

*Errors estimated only for statistical fluctuations in fission counting. Sample 
thickness error or impurity errors not included. 
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Paper 2.4 

NEW ISOTOPES OF PROTACTINIUM AND URANIUM: Pa^^^ AND U '̂ 

By John W. Gofman and Glenn T. Seaborg 

[Editor's Note: Contribution from the University of California 
Radiation Laboratory, Berkeley. Based on Report CN-332. Prepared 
for publication Oct. 20, 1942.] 

ABSTRACT 

The bombardment of thorium with deuterons in the 60-in. Berkeley 
cyclotron produces, in addition to the 27.4-day Pa^'^, the new isotope 
Pa^^^, which emits beta particles and gamma rays with a half life of 
1.6 days. The 1.6-day Pa^*^ decays to U^̂ ,̂ which emits alpha particles 
with a half life of about 30 years . The isotope U"'', which is formed 
in rather good yield (about 1 microcurie per 1000 /ia-hr of deuterons), 
will be useful as a t racer isotope for uranium and especially useful 
for tracing microgram and less than microgram amounts of uranium. 

1. INTRODUCTION 

It might be expected that the bombardment of thorium (single isotope, 
90Th"^) with deuterons (about 14 Mev energy) in the 60-in. Berkeley 
cyclotron would result in the production of the isotope gjPa^^^ by the 
(d,2n) reaction in addition to the production of 90Tĥ ^̂  by the (d,p) r e 
action and 9iPa^^* by the (d,n) reaction. Since the giPa^^^ might decay 
to 92U^̂ ,̂ which could be very useful as a t racer isotope for uranium, 
this experiment was undertaken. It was found that the deuteron bom
bardment of thorium produces a 1.6-day beta- and gamma-emitting 
gjPa^^^, which decays to a 30-year alpha-emitting 92 U**̂ . 
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2. EXPERIMENTAL PROCEDURE 

A target of metallic thorium was bombarded with 500 /ia-hr of 
deuterons. After the bombardment, the protactinium was isolated 
chemically with the help of zirconium as a car r ier . The thorium was 
digested for several hours with aqua regia, after which a fairly large 
fraction still remained undissolved, presumably because of thorium 
oxide present on the surface. The solid residue was taken up in 18N 
sulfuric acid and fumed for several hours to convert the thorium oxide 
into the sulfate, which then dissolved completely upon dilution of the 
acid to 3N. Zirconium nitrate was then added to both the aqua regia 
and sulfuric acid fractions, and the protactinium was separated by 
two successive zirconium phosphate precipitations from each fraction. 
The zirconium phosphate precipitates containing the protactinium 
were washed with 6N hydrochloric acid and then dissolved in 6N 
hydrofluoric acid. A small amount of thorium fluoride which had co-
precipitated with the zirconium phosphate precipitated at this point 
and was centrifuged out. The hydrofluoric acid solution which con
tained the protactinium was cooled to 0°C and poured into an excess 
of ice-cold 4N sodium hydroxide. The resulting zirconium hydroxide 
precipitate, which contained protactinium hydroxide, was centrifuged 
out and dissolved in 4N nitric acid. 

At this stage in the chemical procedure, the amount of zirconium 
car r ie r was reduced by carrying out a fractional precipitation of 
zirconium iodate. More than 96 per cent of the protactinium radio
activity was concentrated in the first 10 per cent of the zirconium pre
cipitated as the iodate. 

The zirconium iodate was dissolved in 9N hydrochloric acid, and 
a second phosphate - hydrofluoric acid-sodium hydroxide cycle was 
carried through. The final zirconium hydroxide precipitate, con
taining the protactinium hydroxide, was dissolved in a mixture of hydro
chloric, nitric, and sulfuric acids and evaporated to dryness to convert 
it to the sulfate. The dried zirconium sulfate, 36 mg in weight, was 
dissolved in 30 cc of 0.3M ammonium fluoride solution, the pH was ad
justed to the methyl red end point, and the solution was electrolyzed 
for about 10 hr using a copper cathode. In this procedure, with about 16 
volts across the electrodes and about 110 ma current, the protactinium 
is deposited quantitatively, leaving the zirconium in solution. 

The decay of this sample was followed with a Lauritsen quartz-fiber 
electroscope, with and without lead absorbers. An analysis of the decay 
curve showed, in addition to the 27.4-day Pa''*^, a beta- and gamma-
emitting activity of 1,6-day half life, which presumably was due to 
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Pa"^ formed in the reaction Th"^(d,2n)Pa^^^ Since the 1.6-day Pa^^^ 
emits beta particles, the daughter must be U^^ .̂ The growth of alpha 
particles due to U*'* was observed in the sample by using an alpha-
counting ionization chamber and linear pulse amplifier together with 
a magnetic field to bend out the very strong beta-particle background 
radiation. The growth curve indicated a half life of 1.6 days for the 
parent activity, as was to be expected. 

The possibility existed that the alpha-particle emitter was actually 
Np̂ *̂  or Pu"^ formed by short-lived successive beta decays from 
p^232 -pjjjg possibility was disproved by showing that the activity did 
not behave chemically like Np or Pu, but rather like uranium. There
fore one may be sure that the alpha emission is due to the isotope U**̂ .̂ 

It is interesting to note that ^\^^^ must be the parent of 9oRdTh^^*, 
radiothorium. Radiothorium emits alpha particles with a half life of 
1.90 years, and there are four other relatively short-lived alpha-
particle emitters among the short-lived activities which follow in the 
decay chain to stable gjPb^"*- This means that after the complete de
cay of Pa^* into U^̂ ,̂ alpha-particle activity must continue to grow at 
a relatively slow rate (corresponding to a 1.9-year daughter) in the 
U**** sample. Observation over a period of 75 days showed that the 
alpha-particle activity in the U^^ sample continued to grow at just 
the rate calculated for the growth of radiothorium (together with its 
decay products). 

Since U*** is too long-lived to readily follow its decay, its half life 
can best be evaluated by using the measured value of the intensity of 
the beta particles of the 1.6-day Pa^^^, together with the corresponding 
measured value of the intensity of alpha particles from the daughter 
U*̂ .̂ In order to do this, the Lauritsen electroscope should be cali
brated in an absolute manner for the Pa^^^ beta radiation, so that the 
electroscope reading can be converted into radioactivity intensity 
units (for example, microcuries). Since the electroscope was not 
calibrated for Pa^^^ radiation, a rough answer could be obtained by 
assuming that the efficiency of the electroscope is the same for Pa^*^ 
radiation as it is for Pa^^^ radiation, for which the electroscope had 
been calibrated in previous work. In this manner it was found that 
0.12 millicurie of Pa^^^ beta radioactivity decayed to 0.016 micro
curie of U^^ alpha activity. These data lead to a value of about 30 
years for the half life of U^̂ .̂ 

3. YIELDS 

Our thick-target yield data are probably worth discussing even 
though they are rather rough. The relative yield of Pa^^^ to that of 
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P a " ' gives the yield of the (d,2n) reaction relative to the sum of the 
(d,n) and (d,p) reactions, [The (d,p) reaction gives the 23,5-min 
Th*'*, which decays to Pa***,] In the thorium-plus-deuterons bombard
ment, the value of about 0.4 was obtained for the ratio of the yield of 
Pa*** to that of Pa***. It is of interest to note that the corresponding 
ratio of yields in the bombardment of uranium (thick target) with 
60-in. cyclotron deuterons,^ i.e., the ratio of the yield of 2,0-day 
Np*** to that of 2.3-day Np***, is about 0.1. The e r ro r s in these values 
for the ratio of the yield of Pa*** to that of Pa*** and the ratio of the 
yield of Np*** to that of Np*** are such that these ratios might well be 
about equal. 

Following are the approximate yields per 1000 /ia-hr of deuterons 
in the 60-in. cyclotron on a pure thick thorium target: about 10 milll-
curies of 1,6-day Pa*** plus, from the decay of this, about 1 microcurie 
of 30-year U***; and about 2 millicuries of 27.4-day Pa*** plus, from 
the decay of this, about 0.001 microcurie of 120,000-year U***. For 
purposes of comparison, it may be stated that the bombardment* of 
5 kg of thorium nitrate with the neutrons from 1000 /xa-hr of deuterons 
on beryllium in the 60-in. cyclotron produces about 10 millicuries of 
27.4-day Pa*** and, from the decay of this, about 0.01 microcurie 
(0.5 /ig) of 120,000-year U***, 
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Paper 2.6 

NEUTRON ABSORPTION AND PRODUCTION BY U*** 

By H. L. Anderson and A .N . May 

[Editor's Note: Contribution from the Metallurgical Laboratory, 
University of Chicago. Based on Report CP-2297. Prepared for publi
cation Oct. 31, 1944.] 

ABSTRACT 

The total cross section of U*** was obtained from a transmission 
measurement on a 35-mg sample of UjOg in which 87.4 per cent of the 
uranium was reported to be U***. In one case the area of the sample 
was only 0.05 cm*. The total cross section reduced to a kT velocity 
of 2200 m/sec was found to be 

a(total)U*** = 620 ± 20 barns 

The e r ro r is largely due to the uncertainty in the isotopic purity. 
The neutron emission per fission was found to be greater in U*** 

than in U**' by a factor 1.079 ± 0.02. The neutron emission per ther
mal neutron absorbed was even greater, the factor being 1.13 ± 0.03. 
The neutron emission was observed with cadmium-covered indium 
foils in the thermal column of CP-3, the Argonne low-power heavy-
water-uranium reactor, 

A comparison of the fission cross sections of U*** and U*** for 
thermal neutrons gave the ratio 

^ ^ S = 1.004 ±0.030 
a(fiss)U*** 

The values of the thermal-neutron constants for U*** compared with 
those of U**" are 
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rj235 yr233 

CT(a) 640 ± 13 620 ± 20 
a(fiss) 548 ± 10 550 ± 20 
a(c) 92 ±17 62 ± 28 
V 2.41 ±0.10 2.60 ± 0.13 
a 0.17 ±0.03 0.11 ± 0.05 

1. INTRODUCTION 

The isotope U*** may be formed by neutron bombardment of thorium 
by the reactions 

Th*** + n ^ Th*** Th*** ^ n £ r Pa*** -~r ^^ 

For the experiments reported here some 29 mg of the isotope, which 
had been extracted from slugs of thorium "carbonate" after an i r 
radiation for about seven months in the Clinton pile, was available. 
The extractions of uranium from the thorium were carried out partly 
by B. L. Goldschmidt and his group at Montreal and partly by Hage-
mann, Studier, and Katzin at Chicago.' The two samples were mixed 
and finally purified by Katzin's group, who also supplied the following 
data on the specific activity of this sample: 

Specific activity 
Weight, of U element, 

Foil • /ig dis/min//ig 

1 665 20,890 
2 753 20,370 

The average of these measurements is 20,630 alpha dis/min//ig of 
uranium element. The specific activity of the pure isotope is given 
by Katzin' as 23,300 dis/min// ig. This value is based on an earlier 
sample whose isotopic purity (85 per cent) was measured by A. J. 
Dempster, using the mass spectrograph, and whose specific activity 
was determined by counting the alpha particles in a low-geometry 
chamber from foils containing amounts of uranium determined by two 
separate methods. In one the total uranium in a solution was deter
mined spectrophotometrically and an aliquot was evaporated onto a 
foil; in the other a part of a solution was evaporated upon a weighed 
platinum foil, ignited to UgO,, and weighed. The isotopic purity of our 
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sample, obtained by comparing its specific activity with that of the 
pure isotope, is 87.4 per cent. There is a doubt that this purity might 
be lower by 5 per cent. A direct mass-spectroscopic determination 
of this purity has been made by Rail and Dempster.* 

2. DETERMINATION OF THE TOTAL CROSS SECTION 

The total cross section for thermal neutrons was measured in t rans
mission experiments on the thermal beam of the CP-2 pile, the Argonne 
low-power graphite-uranium reactor. The cross section was expected 
to be about 600 barns, leading to a thickness of about 0,5 g/cm* of the 
oxide for half transmission. Since only 40 mg of the UjOg was available, 
it was clear that a very narrow beam, of the order of 0.1 cm* in area, 
would have to be used. To hold the material a brass cell was made con
sisting of two disks with an axial hole approximately '/s in. in diameter 
[Fig. 1(a)]. An aluminum foil between the two disks formed the floor of 
the cell. The thermal-neutron beam was defined by two cadmium disks, 
with slightly smaller axial holes %2 in. in diameter, which fitted above 
and below the cell. The diameter of the cell hole was determined ac 
curately as 3.188 mm by measuring the diameter of a closely fitting 
steel plug. The whole unit was placed in the thermal-beam apparatus 
on the graphite pile, and the transmitted intensity was measured with a 
BF3 counter (Fig. 2). A nearly identical brass cell was used with the 
same cadmium disks to give the intensity of the beam without absorber. 

The oxide powder was transferred to the cell with a small platinum 
spatula and tamped down with a closely fitting steel rod. The top of 
the cell was then covered with Scotch tape to prevent accidental e s 
cape of the powder. The amount of oxide in the cell was determined 
by weighing before and after transfer and again after emptying the 
cell. Some variation of the weight of the full cell was observed, the 
extreme variation being 0.6 mg. This was ascribed to absorption of 
water vapor by the oxide and by the Scotch tape. The best weight was 
considered to be that given by the difference between the combined 
weight of the cell and oxide after drying and the weight of the cell 
after emptying. This gives 37.65 mg of UgOg as the oxide content of 
the cell. 

The pile was run at 20 kw, giving a counting rate of roughly 2000 
c/min with the empty cell and 1000 c/min with the full cell. Counts 
were also taken with a cadmium sheet in the beam to give the back
ground, which was mostly due to neutrons not coming through the cell 
hole. To test the identity of the two cells, runs were made in the 
same way after the oxide had been removed from its cell. From the 
figures in Table 1 the transmission corrected for the slight differ
ence of the empty cells is 
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In^ =0.5812 

Since the diameter of the cell is 3.188 mm, it has an area of 0.07982 
cm*. Dividing the UjOg content of the cell, 37.65 mg, by the area gives 
0.4717 g/cm*. Taking a factor of 0.845 to go from UjOg to U and a pu
rity of 87.4 per cent U***, the result is 

0.874 X 0.4717 X 0.845 X 0.6023 x IQ" a nn,,^ .mo , / 2 . ,1233 
233 = 9.005 X 10*° atoms/cm* of U*** 

Similarly there are 1.270 x 10*" atoms/cm* of ordinary uranium and 
27.40 X 10*° atoms/cm* of oxygen. 

To obtain the value of the total cross section reduced to a kT veloc
ity of 2200 m/sec , the absorption part of the cross section must be 
corrected for the hardening of the thermal distribution and for the 
fact that the kT velocity of the beam is actually 2156 m/sec . The 
final value of the total cross section of U*** is obtained after sub
tracting the effect of the ordinary uranium and the oxygen. Assuming 
scattering cross sections of 8.3 barns for the uranium nuclei and 4.12 
barns for the oxygen, we obtain a total scattering correction of 0.0198, 
which has to be subtracted from In 1 / T , giving a corrected value of 
0.5614. This now has to be corrected for the hardening of the ther
mal distribution, which gives a factor 0.9825, and for the effective 
velocity of the neutrons in the thermal beam, which has been deter
mined as 2156 m/sec by the method of measuring the absorption in 
pyrex plates that have been calibrated on a velocity selector.* These 
two corrections give In 1/T = 0.5405 for 2200 m/sec . This still has 
to be corrected for the absorption in ordinary uranium, for which the 
cross section is 7 barns, giving a correction of 0.0009. The corrected 
value of the transmission, replacing the te rm 0.0075 subtracted for 
scattering by U***, i s 

In i; = 0.5396 + 0.0075 = 0.5471 

leading to a total cross section for the isotope U*** of 

a(T) =607.6 barns 

at a kT velocity of 2200 m/sec . 
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The principal sources of e r ro r in this experiment were the varia
tions in weight and the uncertainty in lining up the two holes in the 
cadmium disks. The experiment was repeated using a similar cell 
made of beryllium which was light enough to be weighed on a micro-
balance [Fig. 1(b)], A cover of aluminum foil, kept in place by a steel 
spring, was used in place of the Scotch tape. The two cadmium disks 
were kept in line by an outer brass holder. The lining up of the unit, 
and especially the fact that the whole neutron beam would clear the 
wall of the cell hole, was verified visually and by passing test rods. 
The diameter of the cell hole as measured by a closely fitting steel 
plug was 0.0992 in. The diameter of the hole in the cadmium disks 
was only slightly smaller, 0.0942 in. A nearly identical b rass cell 
was made up to give the intensity without absorber. 

The beryllium cell was filled and weighed after prolonged drying. 
The difference between this and the empty weight was taken as the 
content of the cell. The variation in weight while drying was of the 
same order (0.4 mg) as in the previous case. Runs were made in the 
same way as in the previous experiment. A fission chamber coated 
with enriched uranium and inserted in another part of the pile was 
used as a monitor. The variations in the monitor never exceeded 0.5 
per cent. 

In this case the empty cells a re taken to be identical. The t r ans 
mission (see Table 2) is therefore 

T = g | ^ = 0.4420 In i; = 0.8164 

The diameter of the cell is 0.2520 cm, giving an area of 0.04988 cm*. 
Dividing 33,47 mg by the area, we get 0.6710 g/cm* as the thickness. 
This leads to 

U*** = 12.810 X 10*" atoms/cm* 
Ordinary U = 1.831 x 10*° atoms/cm* 

O = 39.04 X 10*° atoms/cm* 

This gives a scattering correction of 0.0282, making In 1 / T = 0.7882. 
The hardening correction is 1.0124, and the correction for the effec
tive velocity is the same as above. The absorption in the ordinary 
uranium contributes 0.0013. After adding 0.0106 to res tore the scat
tering by U***, we get a final value of In 1 / T = 0.7914, which with 
12.81 X 10*° atoms/cm* gives a total cross section of 617.7 barns for 
U***. The difference between this and the previous value is not signi
ficant. 
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Both these measurements are subject to e r ro r from the grain size 
of the powder used. A sample was examined with a measuring micro
scope. The most frequent grain diameter was found to be about 0.02 
mm, which would lead to a correction of about 0.5 per cent. 

The deviations of the individual counts from their means are of the 
order of 1 per cent in both the above measurements, which is to be 
expected from the number of counts. The transmission ratio should 
have a statistical e r ro r of 1.2 per cent in the first experiment and 
0.6 per cent in the second. The per cent e r ro r in In 1 / T is about 
twice this. The diameters of the cells were measured to lO"* in. or 
0.1 per cent, giving 0.2 per cent e r ro r in the area. The weight of the 
material was known to about 1 per cent in the first experiment and 
0.3 per cent in the second. On this basis a weight of 1 has been a s 
signed to the first experiment and a weight of 8 to the second experi
ment; therefore from the above causes the result is in e r ro r by 0.8 
per cent. There is , in addition, an uncertainty of about 0.5 per cent 
in the grain-size correction and of 1 per cent in the kT velocity of the 
neutron beam. The result is , of course, subject to an uncertainty 
arising from the determination of the purity of the sample. A mass -
spectrographic determination of the purity has been carried out by 
Rail and Dempster.* Our estimate of the purity i s based on the ratio 
of two specific activity determinations, together with a mass-spectro-
graphic measurement of the purity of another sample, so that the un
certainty in the knowledge of the purity amounts to about 3 per cent. 
This constitutes the largest uncertainty in our result. 

The final result for the total cross section of U***, reduced to a kT 
velocity of 2200 m/sec , is 620 ± 20 barns. 

3. NUMBER OF NEUTRONS PER FISSION 

The neutron emission of the sample of U*** was compared with that 
of an equal sample of U**̂  by placing first one and then the other sam
ple at a suitable position inside the thermal column of CP-3 and ob
serving the neutron emission with cadmium-covered indium foils 
placed at various distances from the sample. To minimize self-ab
sorption in the samples, each was dissolved in heavy nitric acid and 
placed inside a quartz cell. The comparison of the number of fissions 
taking place in the two cells was made by removing an aliquot from 
each of the two solutions with a micropipet and evaporating this upon 
a platinum foil, making use of tetraethylene glycol to form a thin 
layer. Several foils prepared in this way were compared by fission 
counting inside the thermal column of CP-2. The ratio of the number 
of neutrons emitted per fission which is obtained in this way is given 
by 
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1/(233) ^ Q(233) F(235) V(235) 
y(235) " Q(235) F(233) ^ V(233) 

where Q is the integral of the cadmium-covered indium activity, F is 
the fission activity, and V is the volume of solution in the quartz cell. 
This determination is independent of the half life of U*** and of the 
isotopic purity of the samples. 

The sample of U*** oxide was dissolved in heavy nitric acid which 
had been prepared by passing NO2 gas through heavy water. A mass -
spectroscopic analysis showed that the acid contained only 0.3 per cent 
of light hydrogen so that the scattering mean free path within the solu
tion was only slightly smaller than in the surrounding graphite. Un
fortunately, the heavy nitric acid was found to contain hydrochloric 
acid as well. This dissolved some 18 mg of platinum from the cru
cible in which the U*** oxide had been prepared. The presence of this 
amount of platinum did not affect the determination of v, since i ts 
contribution to the self-absorption of the sample was negligible. Its 
introduction, however, made it impossible to secure an independent 
check on the specific alpha activity of the sample. 

The sample of Û *̂  oxide which was available did not have as high 
an isotopic purity as the sample of U***. The enriched material des
ignated ElOA was used, for which the ratio of isotope U*** to isotope 
U**̂  is known to be 8.05 from a number of independent determinations 
made by E. Fermi. The same heavy nitric acid which served for the 
U*** sample was used to dissolve 273.7 mg of ElOA oxide (25.35 mg 
of U**̂  isotope). The contents of the U*** cell as determined by alpha 
counting an aliquot in a low-geometry alpha chamber and by using 
23,300 dis/min//ig as the specific activity of the pure isotope was 
27.12 mg of U*** isotope. After the removal of the aliquots the vol
umes of the solutions as they were used in the comparison of the neu
tron emission were 

Volume, Amount of 
Cell /il isotope, mg 

235 4974 25.20 
233 5174 26.38 

With such small amounts of material, the self-absorption effect in 
the cells is quite small; the difference in the self-absorption effect 
between the two cells is certainly negligible. 
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4. COMPARISON OF THE NEUTRON EMISSION 

The comparison of the neutron emission from the two cells was 
made by irradiating them in the thermal column of CP-3 and observ
ing their neutron emission with cadmium-covered indium foils. Some 
care had to be taken in the choice of the position of the cells inside 
the thermal column, so that the background of primary fast neutrons 
would not be excessive. Guided by the survey made by L. Seren (as 
reported by E. Fermi*), the cell position was chosen at 105 cm from 
the front face of the thermal column (an additional 2 ft of graphite 
reflector separates the front face of the thermal column from the 
reactor tank). This left 135 cm to the outside face of the thermal col
umn. Since the column has a 152-cm side, measurements of indium 
resonance neutrons made along the axis differ inappreciably from 
those which would be obtained in an infinite graphite column. As 
Tables 3 and 4 will show, the measured intensity was more than 
equal to the background even at 52.4 cm from the cell. 

All the measurements were made using the standard indium foils 
(0.0924 g/cm* and 6.5 by 4 cm*), which during the irradiation were 
mounted inside a cylindrical cadmium holder which provided at least 
1.73 g/cm* of cadmium protection in any direction. 

The measurements were limited to three positions, 22, 37.3, and 
52.4 cm from the cell. Since it was difficult to reproduce the i r radia
tions exactly, a small indium monitor foil (21.5 mg) unprotected by 
cadmium was mounted near the cell as a measure of the thermal-
neutron exposure. The beta activity of the standard indium foils was 
measured after the end of the irradiation twice on each of three 
counters according to a definite time schedule, in order to minimize 
e r r o r s due to uncertainties in the lifetime of indium. The monitor 
foil was measured by observing its gamma-ray activity with a Laurit
sen electroscope. The irradiations were made at a power of 60 kw for 
30 min. Each figure in columns 2, 5, and 8 of Table 3 is the mean of 
the activity obtained from the three counting sets , corrected for de
cay. Columns 3, 6, and 9 give the correcting factor deduced from the 
monitor activities, normalized to unity for the first monitor, while 
columns 4, 7, and 10 give the activities corrected by the monitor fac
tor. The mean square deviation of the readings in columns 4, 7, and 
10 from their means is 1.5 per cent. The means of the three foil 
readings at each distance should therefore have a mean square e r ro r 
of about 1 per cent. Table 4 gives the activities at each distance with 
the background subtracted and the ratio of the effects due to the U*** 
and U**̂  samples. These ratios will have a mean square e r ro r of 1.4 
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per cent, so that their differences a re not significant. From this it 
follows that the age of U*** fission neutrons is the same as that of U**" 
to within 2 per cent. 

In taking the means of the ratios they were weighted with the in
tensity, with the square of the distance from the cell, and with fac
tors 3, 2.5, and 2 at 22, 37.3, and 52.4 cm, respectively. The latter 
factors take account of the reduction of the accuracy of the distant 
points by the background. The counts due to the U*** and U**̂  cells 
and to the background are plotted in Fig. 3. The smooth curves are 
based on the experiments of Fermi, Marshall, and Marshall* and on 
Seren's figures. We adopt 1.144 ± 0.010 as the weighted mean of the 
ratio Q ( 2 3 3 ) / Q ( 2 3 5 ) . 

5. COMPARISON OF FISSION RATE 

The ratio of the number of fissions per second in the two cells was 
determined by counting the number of fission pulses produced in an 
ionization chamber in the thermal column of the CP-2 pile when foils 

- prepared from aliquot parts of the cell solutions were placed in it. 
Two foils, K8 and K9, were prepared, using for each 31.35 /il of the 
U*** solution; and two foils were made from the U*** solution, one D5 

* with 31.35 /il and the other J l with 54.9 /xl. The thickness of the u ra 
nium oxide layers was kept around 50 /ig/cm* by using a larger foil 
for the U**" samples. The active area of the U**' layers was about 
40 cm*, that of the U*** layers about 5 cm*. These foils were mounted 
in turn on the (negative) high-tension electrode of a parallel-plate 
chamber which was filled with hydrogen gas to 1 atm. The chamber 
was inserted in a hole in the thermal column so that it was in a nearly 
uniform neutron field. The pile was run at 0.5 kw and monitored as 
before with the enriched fission chamber. Again the variations did not 

• exceed '/2 per cent. 
A perfectly thin foil should give a plateau over which the number of 

fissions counted is independent of the gain setting of the amplifier. 
To test this, counts were made at a number of different gains. Table 
5 and Fig. 4 give the counts per minute corrected for the background 
(4 c/min, caused by slight contamination of the chamber) observed 
when there was no foil present. The count due to coincident alpha 

- pulses was negligible for all the gain settings actually used. 
The first column gives in arbitrary units the minimum input-pulse 

size counted at the gain setting used. In these units the maximum 
_ pulse size was 28.6. The figures in the column headed " J l c o r r . " 

have been multiplied by 31.35/54.9 to bring the counts on this foil to 
the same volume of solution as the others. The figures in the last 



86 

row give the mean slope of the plateau in terms of the change in count 
when the minimum counted pulse size is changed by one-quarter of the 
maximum, i.e., by 7 arbitrary units. This figure is estimated to give 
the fraction of fission counts lost by complete absorption in the de
posit. It is considerably greater than would be expected from the 
mean thickness of the deposits, indicating that they are not uniform. 

These results can be reduced in two ways. In the first, each pla
teau is extrapolated to zero pulse size, and the losses in the deposit 
are corrected for by the slope factors in the last row of Table 5. This 
gives the figures in the "Adjusted" row of Table 5 and a ratio 1.013 
between the specific fission rates of the U*** and U*** solutions. Al
ternatively, we may take the ratios of the U***and U*** foils at each 
gain setting, which are given in the last column of Table 5, and have a 
mean value 1.025. The effect of the absorption in the deposits is r e 
duced in this method because only the difference in the slopes of the 
U*** and U*** plateaus is important. We adopt as the mean figure 1.019. 
This will have an e r ro r of about 1.4 per cent, most of which ar ises 
from the effect of the thickness of the deposits. 

It is now possible to calculate the ratio of the neutron emission per 
fission from U*** and U***. 

TJ233 4 Q 7 4 1 

u ^ - 1 - 1 ^ ^ ^ 5174 ̂ r:or9 = ^-o'^-«-°2 

This result is independent of uncertainties in the purity of the sam
ples and of the half life of U***. If we assume v(235) =2 .41 , we obtain 
j/(233) = 2.60. 

6. FISSION CROSS SECTION AND VALUE OF T) 

The ratio of the fission cross sections may be obtained from the 
above data, together with a knowledge of the amounts of U*** and U**' 
on each foil. The amount of U*** is known from the weight of oxide put 
in the cell. The amount of the U*** was obtained from an alpha count 
of the foils based on the specific activity, 23,300 dis/min//xg, given 
by L. I. Katzin. We are indebted to H. Heskett for the measurements 
of the alpha activity of the foils. He used a low-geometry arrange
ment in which the fraction of the alphas counted was 1/6083. The r e 
sults of his measurements are listed in Table 6; a typical plateau 
curve is shown in Fig. 5. 

In the preceding section the ratio 1.025 was found for the fission 
activity foils of U*** and U**' reduced to the same volume of solution. 
The concentration of isotope U'*^ was 5.066 g per liter; thus 
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o(iiss)V^'' _ 1 019 X ̂ : 0 ^ X 233 _ 1 004 
a(fiss)U^** - ^-"^^ "̂  5.100 235 ' ^ ^ " ^ 

The uncertainty in the specific activity of U*̂ ^ is about 2 per cent. 
An e r ro r of 1.4 per cent has already been assigned to the fission com
parison. The isotopic purity of the U**' sample is uncertain by 1 per 
cent, while the alpha counting of the U*** foils is subject to an e r ror 
of about 1 per cent. The fission cross section of U***, therefore, is 
1.004 times that of U**® with an accuracy of 3 per cent. 

According to measurements reported by Bailey, Blair, and Russell* 
and also those carried out by L. Marshall at Argonne, the fission 
cross section of U**' reduced to a kT velocity of 2200 m/sec is 548 ± 
10 barns. The difference between the absorption and fission cross 
sections of U*** is ascribed to radiative capture. 

<T(C)U*** = 62 ± 28 barns 

The absorption cross section was obtained by subtracting 8 barns, 
which was due to scattering, from the total cross section. 

The ratio of capture to fission cross sections has the value 

a(233) =0.11 ± 0.05 

The important constant from the point of view of pile design is r], 
the number of neutrons produced per thermal neutron absorbed. Com
pared to U**' the present measurements give 

^(233) ^ 2 5 . 2 0 ^ 2 3 3 640 
77(235) 26.38 235 612 

= 1.133 ±0.03 
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Table 1 — First Transmission Experiment on U"' 
(Values given in counts per minute) 

After emptying U"' cell 

Blank cell, 
5-min runs 

1990 
1972 
1975 
1948 
1965 

\v. 1970 

U"' cell, 
10-min runs 

1106 
1106 
1086 
1090 
1112 

1100 

Cadmium, 
5-min runs 

41 
42 
40 

41 

Blank cell. 
5-min runs 

2016 
1996 

2006 

Empty U*" cell 
5 -min runs 

1966 
1975 

1970 

Table 2 — Second Transmission Experiment on U'" 
(Values given in counts per minute) 

Av. 2383 

After emptying U'" cell 

Blank cell. 
5-min runs 

2355 
2348 
2363 
2372 
2404 
2410 
2408 
2402 

U"' cell, 
10-min runs 

1080 
1057 
1085 
1071 
1073 
1079 

Cadmium, 
5-min runs 

39 
31 
40 
39 

Blank cell. 
5-min runs 

2359 
2429 
2448 
2424 

Empty U»" cell 
5-min runs 

2454 
2419 
2418 
2399 

1074 37 2415 2422 



U=" cell 

Distance, 
cm 

22.0 

37.3 

52.4 

Activity, 
c/min 

19712 
19727 
18308 

8962 
8983 
8089 

3436 
3358 
3057 

Monitor 
factor 

1.000 
1.004 
1.127 

1.000 
1.004 
1.127 

1.000 
1.004 
1.127 

Corr. 
activity, 

c/min 

19712 
19806 
20633 

Av. 20050 

8962 
9019 
9116 

Av. 9032 

3436 
3371 
3445 

Av. 3417 

Table 3 

V" cell Blank 

Activity, 
c/min 

17442 
17024 
16918 

7941 
7583 
7514 

3052 
2902 
2890 

Monitor 
factor 

1.017 
1.082 
1.114 

1.017 
1.082 
1.114 

1.017 
1.082 
1.114 

Corr. 
activity, 
c/min 

17739 
18420 
18847 

Av. 18335 

8076 
8205 
8371 

Av. 8217 

3104 
3140 
3219 

Activity, 
c/min 

5140 
4765 

2679 
2503 

1413 
1283 

Monitor 
factor 

0.962 
1.111 

0.962 
1.111 

0.962 
1.111 

Corr. 
activity. 
c/min 

4945 
5294 

Av. 5119 

2577 
2781 

Av. 2679 

1359 
1425 

Av. 3154 Av. 1392 
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Table 4 

Distance, 
cm 

Activity, c/min 

Blank V"' cell Blank U"' cell U^Vu"" ratio 

22 
37.3 
52.4 

14931 
6353 
2025 

13216 
5538 
1762 

Weighted mean 

1.1298 
1.1472 
1.1493 

1.144 

Table 5 

Pulse size, 
arbitrary 

units • 

3.2 
5.2 
8.2 

11.1 
14.1 
16.7 

Adjusted 

Mean slope,% 

D5 

6131 
6035 
6089 
6029 
5720 

6137 

0.5 

J l 

10300 
10261 
10178 
10014 

9781 
8984 

10540 

1.6 

Activity, c/min 

Jl 
corr. KB K9 U"' 

5881 5835 
5859 5857 5714 
5812 5829 
5718 5651 5766 
5585 5612 
5130 5302 

6018 

" mean 

5881 
5995 
5923 
5903 
5807 
5426 

6077 

U"' mean 

5835 
5785 
5829 
5708 
5612 
5302 

6000 

ratio 

1.008 
1.036 
1.016 
1.034 
1.035 
1.023 

Av. 1.025 

1.013 

Foil 

J l 
Dl 
J6 
D5 

Vol. of 
pipet, 

Ml 

54.9 
34.6 
54.9 
31.35 

Table 6 

Alpha 
d l s / m l n 

6.442 X 10« 
4.130 XIO* 
6.466 X 10* 
3.787 X 10' 

g per l i ter 

5.036 
5.123 
5.055 
5.187 

Av. 5.100 
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FIRST CELL SECOND CELL 

INCHES 

BERYLLIUM 

^m^ 
b) 

Fig. 1—Cells for transmission experiments. 
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T 7' LEVELING 
\ / • SCREW 

Fig. 2 — BFj chamber geometry used in transmission measurements. 
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Fig. 3—Activation of Cd-covered indium detectors due to cells containing U"^ and 
U*" placed in CP-3 thermal column. Smooth curves are fitted from the data of Fermi, 
Marshall, and Marshall (Report CP-1084) and Seren. 
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Fig. 4 — Plateaus of fission counts. 
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Fig. 5 — Typical alpha-counting plateau (foil J5). 
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Paper 2.7 

ETA FOR Û *̂ 

By Walter H. Zinn and Herbert Kanner 

[Editor's Note: This paper i s a contribution from the Metallurgical 
Laboratory, University of Chicago. Based on Report CF-3651. The 
work reported herein was carried out in the period March to July 
1945. Physical measurements were made by H. V. Lichtenberger, 
W. H. Zinn, R. Nobles, G. S. Monk, A. S. Langsdorf, J r . , R. Purbriek, 
H. Kubitschek, and S. M. Dancoff. The chemical preparation of the 
materials was done by L. I. Katzin, M. H. Studier, E. K. Hyde, 
F. Hagemann, and N. N. Hellman.] 

ABSTRACT 

Measurements of ri and CT^ for Û *̂  and U '̂̂  andafiss(U"^)/afiss(U^'*) 
have been made. These lead to the following set of constants for U^^: 

I' = 2.61 
rj = 2.34 ± 0.06 
a = 0.114 

aa = 566 ± 15 barns 
CTfiss = 508 ± 20 barns 

Oc = 58 barns 

2200 m/sec 

[The values for r; and aa represent conservative estimates of the 
probable e r ro r s . ] 

1. INTRODUCTION 

The following measurements were made for the purpose of ob
taining a consistent set of constants for U^̂ :̂ 

1. Direct determination of aa(U^^ )̂ and â CU^̂ )̂ by transmission 
measurements. 

9S 
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2. Direct determination of r)(U^") and rjCÛ ^̂ ) by danger coefficients 
measured by the "swing" method. 

3. Determination of T|(U^^')/TJ{U^*^) by countii^ the fast neutrons 
emitted by samples placed in a thermal beam. 

4. Determination of <J{iss(U^^ )̂/CTfiss(U"') by fission counting. 

2. THEORY OF THE EXPERIMENTS 

2.1 (Jaby Transmission. The transmission for monoenergetic 
neutrons of a sample of Û *̂  or Û ^̂  (containing some U '̂*) in the form 
UgOg is given by 

- In T = Nu«,aa(U''') + Nu«'aa(U''') + 2Nas (1) 

where T = transmission 
N = atoms per square centimeter 

ZNas = Nu233(js(U^3') + Nu"«crs(U^^') + NOCTS(O) 

A correction has to be made to Eq. 1 if the neutron beam is not 
monoenergetic to allow for the hardening of the beam as it passes 
through the sample. If the distribution of neutron velocities i s Max-
wellian, as it is from a thermal column, and the absorber and detector 
follow a l /v law, the so-called "Bethe correction" will allow for this 
hardening. (Subsequent experiments have shown that Oa. for both Û ^̂  
and Û *̂ i s approximately proportional to l / v in the thermal region.) 
The factor used, /3, is a function of the numerical value of - In T - NCTS; 
;8(- In T - 2NCTS) is the - In T - 2Nas that would be observed were 
the measurement made with a monochromatic beam of kT neutrons. 
The scattering terms are subtracted from - In T before the applica
tion of /3, since the scattering cross section is assumed to be energy-
independent. Equation 1 can then be replaced by 

[Nua33aa (U^='̂ )]kT + [Nu«.aa(U^'«)] kT = ^ [ - In T - 2Ncr,] (2) 

The following values^ for cross sections have been accepted: 

aa(U*'^) =2.6 barns 

CTs(U233) = aj^if^^) = 8.5 barns (assumed) 

as(0) =4.0 barns 

2.2 ri by Swings. Measurement of danger coefficients by the swing 
method consists in oscillating the sample in and out of the pile Awith 
the control rods in a fixed position, all oscillations occupying the 
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same time interval. The pile should be very closely critical. Under 
these conditions, the galvanometer deflections S will be proportional 
to the change in ih caused by the insertion of the sample. 

For a fissionable material, for example U *̂̂ , the deflections are 
expressed by 

Su«3 w Aihuzss « nv Nu«3ajU^3') [r,iV^'^} C - l ] R (3) 

where R is the resonance correction. For a nonfissionable material 
such as boron (rj = 0), they are expressed by 

Sg « AihB « nv NB aa(B) ( - l )R (4) 

In Eqs. 3 and 4, N is the total number of atoms in the sample, and C 
is the product of the following three factors: 

1. Probability of 0.87 that fast neutrons from U^^ escape resonance 
capture in uranium lumps during the slowing-down process. This is 
the accepted value of p for the CP-2 pile. 

2. A factor allowing for the fact that some of the neutrons from 
Û ^̂  diffuse to regions of lower statistical weight and have less effect 
on the pile reactivity. This factor is 0.969 and was calculated. 

3. A factor of increase allowing for the production of additional 
neutrons from the Û ^̂  neutrons by fast effect. The normal fast effect 
in a pile is about 4 per cent. 

The fast effect i s due mainly to fast fission produced by neutrons 
before they leave the lumps in which they were formed, as the prob
ability i s very low that a neutron will enter the moderator and still 
have enough energy to produce fast fission when it next encounters a 
lump. In the swing measurement, the sample has small dimensions 
compared to a pile lump, and the probability of fast fission in the 
sample is correspondingly lower. The fast effect e has in this case 
been estimated to be 1 per cent, giving a factor of 1 + e, or 1.01, 
Therefore 

C = (0.87) (0.969) (1.01) =0.851 

The resonance correction, a factor allowing for the capture of 
neutrons by the sample before they have been slowed down to thermal 
energy, is the ratio of the total number of neutrons captured to the 
number of thermal neutrons captured. The value of this correction 
was obtained experimentally for boron and inferred for Û ^̂  and U*'' 
from a comparison of their cross sections for fast neutrons to that of 
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boron. A set of values calculated by Dancoff from data obtained by 
Fermi and Anderson' are 

Element 

Boron 
TT233 

Tj235 

Resonance correction 

1.026 
1.090 
1.034 

During the swir^' measurements nv is kept constant, and numbers 
proportional to Naa a re obtained from the previously considered trans
mission measurements. Equations 3 and 4 can then be solved for rj. 

2.3 Ti(U^33)/̂ (̂ j235) by Long-counter Data. The ratio T)(U''^)/T)(U^^') 

can be determined by successively placing samples of u^^^ and U^' in 
a collimated thermal beam and counting the fission neutrons with a 
" l o n g " counter (a counter with energy-independent response). Since 
the samples will also scatter neutrons into the counter, the counts 
obtained from a similar sample of depleted Û *̂ have to be subtracted 
from the Û ^̂  and U^ '̂ counts, the difference being the true fast-neu
tron count. Then 

c/min (U^̂ ^ - Û "«) ^ nv [l - T(U"^) 
c/min (U'"'̂  - Û *"̂  nv [l - T(U^="') 

7](U2")G 
ri(\f^^)G 

(5) 

where T is the transmission of the sample as measured, using the 
same geometry with respect to the beam, and G is a geometry factor 
for the long counter. The terms nv and G can be kept constant and may 
therefore be canceled from the expression. 

E r r o r s due to slight differences in geometry between the t rans
mission and long-counter measurements may be minimized by de
signing the samples to have similar transmissions. 

3. EXPERIMENTS 

3.1 aa by Transmission Measurements. Five hardened-steel cells 
to contain the powdered samples were constructed in the course of 
this work (Fig. la) . They were designed for maximum accuracy in 
knowledge of the mass per unit area of the contents and in reproduci
bility of the position and size of the apertures. Great pains were taken 
to make sure that the powder cavities of the cells were perfectly 
cylindrical. They were carefully lapped and both ends of each one 
measured along many different diameters with a traveling microscope. 
Then the weighed cells were loaded with U^*' or Û *̂  in the form UjOg 
and the contents firmly pressed by the use of plungers (Fig. lb) . Iden
tical unloaded cells were used for the "open" measurements. The 
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uniformity of distribution of powder in the cells was checked by 
measuring their transmissions with a beam collimated by pinholes. 
The entire surface of the cell apertures was so measured, and the 
transmissions were observed to be constant. Table 1 gives a complete 
listing of the cell contents and a reas . 

Several different mounting arrangements were used as the measure
ments progressed in order to improve the reproducibility of the geom
etry. In measurements 1 to 5, a sliding mount was used to allow a 
rapid and accurate interchange of the cells (Fig. 2). Suspicion that 
this mount might introduce a positioning e r ro r caused the substitution 
of a stationary cell mount for the slider in measurement 6 (Fig. 6). 
This was the same mount that was later used for the long-counter 
measurements. Each cell in turn was merely set on the pins, assuring 
perfect reproduction of position. Finally an "optical bench" was built 
(Fig. 3). This consisted of a long bar with an accurately machined 
V-shaped groove. The powder cells and cadmium collimators, having 
the same diameter and aperture as the cells, could be set along this 
bar . The optical bench geometry was used in measurements 7 and 8. 

Table 2 contains the data and results of all the transmission ex
periments. As explained in Sec. 2, Eq. 2 gives aa]kT. In order to 
reduce this to aa for neutrons of velocity 2200 m/sec , it was necessary 
to measure the effective velocity of the thermal beam. This was done 
by measuring in the same beam the transmission of a pyrex or gold 
plate which had been previously calibrated by use of the mechanical 
velocity selector. The pyrex plate had been previously used for this 
purpose at Argonne.^ The gold plate was also calibrated by means of 
the crystal spectrometer. The calibration curves for these plates 
gave transmission as a function of effective neutron velocity. Then 
the measured aa was corrected on the basis that aa « l / v . The effect 
on the aa measurements of the grain size of the powder used was 
calculated and found to be negligible compared to the other uncertain
ties of the experiment. 

For an example of the calculation procedure, consider measurement 
7 on cell 4. According to Table 1, cell 4 contained 0.32512 g of Û ^̂  
of 96.2 per cent enrichment in the form UjOg. Then the U '̂* in the 
material was equal to 100 per cent minus 96.2 per cent, or 3.8 per 
cent. 

To determine the grams of U^^', U^̂ ,̂ and oxygen in the sample: 

U*^^ 3 X 0.962 X 233 = 672.4 
U *̂̂ : 3 X 0.038 x 238 = 27.1 

O: 8 X 16 = 128.0 

Total 827.5 
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U"" = 1 1 ^ X 0.32512 g = 0.2642 g 

27 1 
U'*^ = g=y^ X 0.32512 g = 0.01063 g 

128 0 
O = i = ^ X 0.32512 g = 0.05030 g 

The atoms per square centimeter for each of these elements were then 
computed, using the above weights and the value for the area of the 
cell given in Table 1. 

From Table 2, the transmission observed was 0.5321 with neutrons 
of effective velocity 2155 m/sec ; - I n (0.5321) = 0,6309. The part of 
this due to scattering was 

Nu"3as(U^'^) + Nu»'CTs(U^') + Noas(O) = (10.14 X 10^° 

+ 0.3996 X 10 °̂) (8.5 x 10"^*) + (28.12 x 10 °̂) (4.0 x 10"^) = 0.0202 

Therefore 

- In T - 2Nas = 0.6309 - 0.0202 = 0.6107 

The Bethe hardening correction for - In T = 0.6107 is 0.988. 

Nu"3aa(U^'^ + Nu'>'CTa(U '̂') = (0.988) (0.6107) = 0.6034 

and 

Nu233aa(U '̂*) = (0.3996 x 10^°) (2.6 x 10"^^) = 0.0001 

and consequently 

NuMjaJU^'^) = 0.6034 - 0.0001 = 0.6033 

or 

aa(U^^^)] 2155 m/sec = ^^ ^ / ^ ^ f f o ^.^-2 = 595 barns 

Applying aa « l /v , 

T 21 SR 
aa(U^*')] 2200 m/sec = = ^ x 595 barns = 583 barns 

3.2 T) by Swing Measurements. The sample material was diluted 
with aluminum powder and distributed in five aluminum cans to r e -
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duce self-protection (Fig. 4). The only feasible method found for 
making sufficiently uniform sets of cans was die drawing. The con
tents of the four sets of cans used are listed in Table 3. 

Graphite stringer 23T of CP-2 was used for this experiment. Figure 
5a shows the position of the cans relative to the center of the pile and 
to the nearest lumps. In any given measurement, a set of sample cans 
was compared to the dummy set by alternately placing these sets 
near the center of the pile. This was done by havii^ the two sets 
clipped to an aluminum strip which ran the length of the stringer and 
extended out of the pile at both ends. The two sets of cans were at
tached 8 ft apart. Dead stops were set up defining two positions of 
the str ip at which the two sets would alternately be at the center of 
the pile. During a run the projecting end of the strip would be flui^ 
from one position to the other every 10 sec by two men standing 8 ft 
apart (Fig. 5b). When a set was at the center of the pile each can 
would be at the maximum possible distance from the nearest lump, 
thus minimizing the effect of any small e r ro r in positioning of the 
set. The observed swings were the galvanometer deflections caused 
by this 8-ft shift. Since by this arrangement each of the two sets 
would leave the center of the pile for points (on opposite sides of the 
center) which might have different statistical weights, a complete 
measurement required interchaining the two sets on the s tr ip . The 
averages of the observed swings and one sample set of actual swings 
are recorded in Table 4. 

As stated in Sec. 2, values of Ha^ were needed for all the samples 
in addition to the values of Aih. For the Û ^̂  and Û *̂  samples, these 
were obtained from the average values of aa]kT given in Table 2. For 
the pyrex sample a separate transmission determination had to be 
made. A number of small squares (about 1 cm^) were cut from a 
sheet of pyrex, their weight and area determined, and their t r ans 
missions measured with the same beam as was used for the cell 
transmissions. The res t of the pyrex sheet was ground to a fine pow
der for use in the swing measurement, (It was noted that, during 
grinding, the pyrex gained 2.066 per cent in weight from abrasion 
of the agate mortar.) 

The pyrex square chosen as characteristic had a - I n T of 0.3947. 
Applying a Bethe factor of 0.9570 and a further factor of 0.950 to 
allow for the inclusion of scattering in - In T, the corrected - In T 
was (0.3947) (0.9570) (0.950) = 0.3588. This plate weighed 0.7634 g 
and had an area of 3.524 cm^, or 0.2166 g/cm^. Since - In T = 
atoms/cm^ x aa, the value of Naa (N is the total number of atoms) for 
1 cm^ gives 0.2166 g of the plate equal to 0.3588 cm^. 
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There was 0.2720 g of pyrex powder in the cans (Table 3). Naa for 
the pyrex powder then was 

0.3588 cm'' x "'^Jf" ^ = 0.4506 cm'' 
U.^lDD g 

From Table 2, the value aa]kT of U"^ was 580.1 x 10"^* cm^ There 
were 8.254 x 10^° atoms of U"^ in the Û ^̂  set of cans (Table 3). Naa 
for this set was then 

(8.254 X 1020) (580,1 x lO'^^cm^) = 0.4788 cm^ 

Similarly, for the Û ^̂  set, aa(U^^^)lkT was 658,8 x 10"^* cm^ and 
there were 7,048 x 10^° atoms of U^ '̂ in the cans. 

Naa = (7.048 x 10 °̂) (658.8 x 10"^^ cm^) = 0.4643 cm^ 

To summarize: 

Can contents Naa of contents, cm^ 

Pyrex 0,4506 
U *̂3 0,4788 
U^̂ ^ 0,4643 

These values for Naa and the values for Aih taken from Table 4 are 
now entered in Eqs, 3 and 4 (see Sec, 2), giving 

Aih(B) = -66.6 = K nv (0.4506) (-1) (1.026) 

fifi fi 
where K is a constant of proportionality, or K nv = ,- .;-r,n\ /< Q2g\ = 

144.0. 

Aih(U'3^) = 73.7 = K nv (0.4788) [ri(\J^^^ C - l ] (1.090) 

= (144.0) (0.4788) [r](U"^) x 0.851 - l ] (1.090) 

or 7j(U^ '̂) =2.33. Similarly, 

Aih(U^*') = 55.0 = (144.0) (0.4643) [ri(U"^) x 0.851 - l ] (1.034) 

or T)(U '̂') =2 .11 . 
3.3 Determination of I7(U^^^)/T;(U^^°). Three powder cells were 

used for this measurement: cells 4 and 5 and a similar U'*'* cell con
taining 325.0 mg of depleted UjOg. The transmissions of cells 4 and 5 
were measured using the optical bench (measurements 7 and 8, Table 
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2). Then the counting rate on the long counter was observed for all 
three cells using the mounting arrangement shown in Fig. 6. It should 
be noted that all three cells contained about the same weight of UgOg 
and were otherwise identical. Thus the scattering of thermal neutrons 
into the long counter should be the same for all three. 

A sample set of data is given in Table 5, all total counts being for 
the same number of monitor counts. 

Similar sets of data were taken with the counter at 20, 30, and 
40 cm from the cell. Increasing this distance reduced the maximum 
obliquity at which neutrons could enter the counter. Since the flatness 
of response of a long counter varies somewhat with the entrance angle 
of the neutrons, this checked whether there was any dependence or 
distance due to differences in the fission spectra of Û ^̂  and U^^ .̂ 
Still another run was made after placing an additional 50 cm of graph
ite in the beam, raising the Cd ratio from 28 x 10^ to 90 x 10^. This 
gave a check on whether there was any effect from the few fast neu
trons in the thermal beam. Both of these variables produced no ap
parent effect. The summarized data are included in Table 6. 

From Eq. 5, 

njV^ _ U^^ 1 - T„.3, _ 1 - 0.5454 _ 
^(U235) - U235 1 _ Tu333 - ^^•'•^'> 1 - 0.5321 

3.4 Determination of aflss(U2^^)/aflss(U^^^)• The ratio of the fission 
cross sections of U"^ and Û *̂  was determined by fission countii^ of 
thin foils. This experiment was performed three times using as many 
distinct sets of foils with slight differences in procedure. 

Two properties of the measurements had to be established before 
the results could be considered valid: (1) The counting rate had to be 
independent of amplifier gain in the gain region used; (2) the counts 
per minute per atom of fissionable material had to be independent of 
foil thickness. 

In the first determination only one fission chamber of a quick-
opening type was used (Fig. 7). It was monitored by a standard BFj 
counter. Three foils each of U^ '̂ and U^ '̂ in the form UgOg were used 
at four different amplifier gains. The results a re shown in Table 7. 
It can be seen from the data that there was no systematic variation 
in c/m-A (fission counts per atom divided by monitor counts in 
arbitrary units) with either foil thickness or gain. 

Two chambers were used simultaneously in the second and third 
determinations. The need for monitoring was circumvented by cycling 
the measurements as follows: While a Û ^̂  foil was being counted in 
the first chamber, a U''̂ ^ foil was counted in the second; then the two 
foils were interchanged and the count repeated. The independence of 



104 

counting rate on gain setting was shown by the flatness of gain plateaus 
taken on the two chambers, and independence on foil thickness by the 
fact that a graph of micrograms of fissionable element on the foils 
against counting rate turned out to be a straight line passing through 
the origin (Figs. 8 and 9). 

The foils used in the second set of measurements are listed in 
Table 8. 

In this run a complete cycle of measurements consisted of the two 
counts mentioned above, followed by a repetition after interchaining 
the two chambers in position. The summarized data and ratios are 
given in Table 9. 

Concern as to the accuracy of the values of the weights of the foils 
led to the plating of a new set of foils at Argonne. 

The values for these were 

Foil No. 

5 
6 

U '̂̂  set 

Mg of element 

12.00 
24.00 

Foil No. 

5 
6 

U''̂ ^ set 

Mg of element 

20.86 
41.72 

The third set of data was obtained from these, with the unnecessary 
interchanging of chamber positions omitted. 

The summarized results were as shown in Table 10. 

4. SUMMARY 

The direct experimental results were 

aa(U^^^ = 566 barns 
aa(U"^) = 642 barns 

,,(U233) ^ 2.33 
7j(U2̂ )̂ = 2.11 

Transmission experiment 

Swing measurement 

r)(U^^^ 
ri(U235) 

afiss(U'") 

1.114 Long-counter experiment 

Av. = 0.928 Fission countirn 
0.9071 
0.953 

<^flss(U''') 0^9226 

Also, accepting the value of 2,11 for ri(V^^) [value of ri(\J^^) calcu
lated from values of u and a for U^^ given in Report LA-140A is 2.12] 

T,(U^̂ )̂ = 2,11 ^ 1 ^ = 2.11 X 1.114 = 2.35 
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An average value of 2.34 for TJ(U^^) may then be accepted. 
By combining the above results with an assumed value of 548 barns 

for afiss(U^^'), values for v, atiss, and Oc may be calculated for U"*̂  by 
use of the relation ri = v/{\ + a), where a = Oc/atiss-

CTfiss(U=='=') 
(548) (0.928) = 508 barns OussiV"'') = aftss(U='̂ '') 

Since aa = ac + afiss, 

ac(U^^') = 566 - 508 = 58 barns 

a(U233) __ ̂ ^^ __ 0.114 

p{lf^^) = rid + a) = (2.34) (1.114) = 2.61 

A complete list, then, of the constants of Û *̂ is 

V = 2.61 
TJ = 2.34 ± 0.06 
a = 0.114 

aa= 566+ 15 barns 
afiss = 508 ± 20 barns 

ac = 58 barns 

2200 m/sec 

[TJ, aa, and a^^ss represent conservative estimates of the probable e r ro r s . 
Previous measurements of some of these constants have been made 
by Anderson and May.^ The principal differences found in this work 
are in the values of aa and ajigg. 

5. APPENDIX 

5.1 Determination of Isotopic Concentration of Û ^̂  Samples. A 
sample of U^ '̂ was submitted to A. J . Dempster for mass-spect ro-
graphic analysis. This result* coupled with counting data taken by 
E. K. Hyde of Katzin's group led to the conclusion that the specific 
activity of U^'' element counted in a 52 per cent geometry is 10,900 
c/min per gamma. The isotopic concentration of all further samples 
was then obtained solely by alpha counting in this geometry. 

5.2 Microplating Technique Used at Argonne. Foils containing 
from 12 to 48 ^g of U**' as UjOg were prepared at Argonne by an 
electrodeposition technique. An acid-free solution of U02(N03)2.6H20 
was prepared by dissolving a weighed sample of UjOg in HNO3 and 
boiliin off all the acid. The residue was then dissolved in a measured 
volume of water. 
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Aliquots of from Vt to 1 cc were placed on the foils, which were then 
set on a ceramic plate on top of a hot plate. A fine platinum wire was 
used as the positive electrode with the foil as the negative one and a 
potential of 6 volts between them. The drop of solution was probed 
with the wire, which was kept in constant motion, until the drop eva
porated down to near dryness. As this process took several minutes 
with most of the plating taking place in the first 30 sec, the use of 
this technique assured the deposition of all the material . The uni
formity of plating was indicated by the small number of interference 
fringes produced by the UgOg film. 

5.3 Supplementary Experiment to Check Values of the Resonance 
Correction. The following experiment which would give a value for 
(̂U233)y (̂U235) jjy jjjg swing method and yet be independent of the 

cross sections of U* '̂ and Û *̂  for resonance neutrons was devised: 
A hollow rectangular parallelepiped made of cadmium was placed at 
the center of the stringer used for the oscillating samples, so that 
the sets of cans would be within the cadmium chamber when in meas
uring position. The effect of this was to depress the flux in the region 
of the cadmium. Measurements of relative fast-neutron flux along the 
s t r i i^er were made with cadmium-clad copper foils. By plottiin the 
values so obtained, two points, 3 ft from center, were found at which 
the fast flux was the same as at the center of the stringer. 

The sample cans were now oscillated between these points and 
center. Since the fast flux was identical at all three points, the swings 
were due to the effects of the capture of thermal neutrons only. 

Sets of U'̂ ^̂ , U^̂ ,̂ and B cans were swung in turn against the dummy 
set. By thus eliminating the need for the resonance correction, the 
swings were represented by 

Sy233 = K nv Nu233 a^ass (17̂ 233 C — 1) 
Su23» = K nv Nu235 ay23s(TJu2SB C — 1) 

SB = K n v N s aB(-l) 

Since the value of the factor C was charged by the insertion of the 
cadmium, 11̂233 and TJU2" could not be calculated directly, but 
rju233/T)jj23B could be obtained by elimination of C and K nv from the 

above equations: 

7Jy233 Nu23S ay235 
77̂ 235 Nu233 0^233 

Su233 -

Su235 -

^ Nu233<^U"» 

"" NgaB 
„ Nu"»ffu"» 
"" NBaB 
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The observed swings were 

Su"' = 43.2 
STT235 = O O . Z b 

S B = -50 .15 

Usiin the previously obtained values for Na, these swings gave a 
value of 1.10 for 17̂ 233/T)U235, which agrees with the ratio of the values 
of r7u"3 and W"' ^s obtained by the original swing measurements. 
This indicates that the accepted values for the resonance correction 
could not be much in e r ro r . 

5.4 Supplementary Experiment to Check Value of the Resonance 
Escape Probability, Swing measurements were made in an al l -
graphite section of the pile by removing the pile lumps from the 
region used. The increase in moderator path from the samples to the 
nearest pile lumps raised the resonance escape probability effectively 
to unity. This change also affected the other two factors which enter 
into C, but a recalculation of them made possible the verification of 
the accepted value for the resonance escape probability by a com
parison of the values of v obtained in this and in the original swing 
measurements. 
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Table 3—Contents of Cans for Swing Measurements (Five Cans per Set) 

Set 

U23 

U23! 

Dummy 

Pyrex 

Weight of 
cans, g 

8.2880 
8.2874 
8.2855 
8.2853 
8.2851 

41.4313 

8.2884 
8.2875 
8.2858 
8.2852 
8.2850 

41.4319 

8.2873 
8.2870 
8.2862 
8.2856 
8.2852 

41.4313 

8.2870 
8.2867 
8.2865 
8.2857 
8.2854 

Weight of Al 
powder, g 

1.4484 
1.4477 
1.4458 
1.4509 
1.4506 

7.2434 

1.4379 
1.4389 
1.4422 
1.4369 
1.4411 

7.1970 

1.4607 
1.4609 
1.4612 
1.4604 
1.4607 

7.3039 

1.4620 
1.4614 
1.4620 
1.4620 
1.4613 

Weight of 
U3O,, g 

0.07859 
0.07856 
0.07845 
0.07873 
0.07871 

0.39304 

0.07816 
0.07821 
0.07839 
0.07810 
0.07833 

0.39119 

Weight of 
pyrex powder, g 

0.05555 
0.05553 
0.05555 
0.05555 
0.05552 

Breakdown of 
results 

96.2% U'^^ 0.3193 g of 
U="; 8.254 x 10̂ » 
atoms of U^" 

82.8% U*"; 0.2750 g of 
U""; 7.048 X ltf~ 
atoms of U"" 

2.066% was due to im
purities from grind
ing, leaving 2.720 g 
of pyrex 

41.4313 7.3087 0.2777 



Sample 

U233 

U233 

U235 

U235 

F>yrex 
Pyrex 

/ / . 

Table 4 

Position 

Dummies 

South 
North 

South 
North 

South 
North 

Sample 

North 
South 

North 
South 

North 
South 

36.9 
36.9 

26.7 
28.8 

-35 .9 
-29 .4 

36.5 
37.4 

25.9 
28.5 

-38.2 
-29 .1 

Avera 

35.5 
37.9 

26.7 
28.6 

-38.7 
-28 .1 

-36.8 -36.6 -34.7 
-30.0 -31.2 -31 .1 

Average 

36.3 
37.4 

26.4 
28.6 

-36.8 
-29.8 

Aiht 

73.7 

55.0 

-66.6 

*Each entry is the average of twenty swings; sample set of swings follows: 

North - dummies 
South - I P " 

37.8 
34.0 
34.3 
37.1 
36.8 
38.5 
38.6 
36.0 
36.4 
36.3 

/ 

tAih ~ total. 

North 
South 

Average 

- dummies 
- U '̂» 

34.7 
36.4 
38.7 
39.4 
40.9 
40.8 
38.5 
36.9 
37.5 
38.8 

37.4 

North - U^" 
South - dummies 

36.4 
35.4 
35.8 
35.2 
35.6 
35.9 
35.8 
35.9 
36.1 
36.6 

North - U'* 
South - dummies 

37.8 
37.1 
36.7 
38.5 
38.4 
36.0 
36.5 
36.9 
36.3 
36.5 

Average 36.5 
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Table 5 

erial in cell 

u"= 
U"" 
U233 

jjasa 

U235 

U"' 

U«" 

u"' 
U233 

xfi" 
\f^ 
U«" 

Totals 

U235. 

u'" 

u"" 
U235 

U233 
_ U 2 3 . 

_U23B 

Ratio 233/235 

Total counts 

71,341 
97,768 

102,498 

71,237 
98,014 

102,060 

71,155 
98,158 

102,015 

71,293 
98,129 

102,521 

= 285,026 
= 392,069 
= 409,094 
= 107,043 
= 124,068 
= 1.159 

Table 6 

Cd ratio 

28 xlO' 
28 X 10' 
28 X 10' 
28 X 10' 
90 X 10' 

Distance of 
counter from 

cell, cm 

10 
20 
30 
40 
20 

U233 _ yaa^ 

counts 

124,068 
73,473 
31,391 
21,518 

9,734 

1)235 _ u238^ 

counts 

107,043 
65,189 
27,541 
18,610 
8,520 

U«"/U"' 
ratio 

1.159 
1.127 
1.140 
1.156 
1.142 

Weighted average* 1.147 

*Each ratio value weighted by the number of counts. 
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Table 7 

Foil 

U»»-a 
U»»-b 
U'^'-c 

Average 

U«»-a 
U«»-b 
U»»-c 

Atoms of U"' 

2.332 X 10" 
7.773 X 10" 
15.90 X 10" 

Atoms of U"' 

1.681 X 10" 
2.520 X 10" 
3.362 X 10" 

Gain 17 
c/m-A* 

4.416 
4.493 
4.407 

4.439 

5.015 
4.798 
4.884 

Gain 18 
c/m-A* 

4.473 
4.512 
4.411 

4.465 

4.999 
4.825 
4.946 

Gain 19 
c/m-A* 

4.438 
4.489 
4.428 

4.452 

4.989 
4.821 
4.926 

Gain 20 
c/m-A* 

4.511 
4.477 
4.414 

4.467 

4.997 
4.877 
4.938 

Average 

gflss(U"') c/ro-A(U'") 
a„3s(U"') c/m-A(U"») ' 

4.889 

0.9080 

4.919 

0.9077 

4.907 

0.9073 

4.933 

0.9056 

Total number of counts 

>0.5 X 10« on U»» foils 
>1.3 X 10" on U*" foils 

*c/m-A = fission counts per atom divided by monitor counts in arbitrary 
units. 

Table 8 

U»" set 

Foil No. Mg of element 

U"' set 

Foil No. Mg of element 

15.5 
30.9 
46.4 
35.6 

1 
2 
3 
4 

12.6 
25.2 
42.0 
27.1 
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Table 9* 

Foil 

U»"-l 
U»»-l 

U"»-2 

U»«-3 
U»»-3 

U233.4 

U»»-4 

Total counts/min 
for complete cycle 

148,845 
128,336 

148,384 
128,027 

415,283 
389,404 

845,980 
512,220 

Total counts/min 
Mg 

9,603 
10,185 

4,802 
5,080 

8,950 
9,272 

18,150 
18,908 

U23l 

Average 

g»ss(U"') 
<Ta,s(U"') 

0.943 

0.945 

0.965 

0.960 

0.953 

'Total number of counts in determination >15 x 10*. 

Chamber 1 

Foil 

U«»-5 
U»»-5 

U«'-6 
U"»-6 

Counts/M g 

2232 
2413 

2218 
2430 

Table 10* 

Chamber 2 

Foil 

U«»-5 
U»"-5 

U"»-6 
U»"-6 

Counts/(i g 

2386 
2244 

2434 
2220 

U233 

U"» 

0.9354 
0.9300 

0.9112 
0.9136 

Average 0.9226 

*Total number of counts in determination >1 x 10'. 
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0.3625 
DIMENSIONS ARE 

IN INCHES 

Fig. la—Steel cell to contain powdered samples. 

;^^s^V\M STEEL, HARDENED 

V/////A CADMIUM 

tyy^/l ALUMINUM 

ALUMINUM SHEET 

HARDENED-STEEL 
PLUNGER 

HARDENED-STEEL 
PLUNGER 

Fig. lb—Loaded cell showing plunger used to press contents firmly. 
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CELL BLOCKS 

NOTCH IN 
ANGLE IRON 

TO ACCOMMODATE 
SLIDER 

- 3 METERS-
TO PILE 

COUNTER 

^ ^ ^ CADMIUM 

COMPLETE ASSEMBLY ^ ^ ALUMINUM 
TOP VIEW CROSS SECTION ^ ^ BRASS 

Fig. 2 — Sliding mount for accurate and rapid interchange of the cells. 
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COLLIMATORS ^4^ SHIELD 

COUNTER (BF3) 

TO AMPLIFIER 

Fig. 3 — Optical bench. 

DIMENSIONS ARE 
IN INCHES 

SAMPLE MATERIAL 

'ALUMINUM CANS 

Fig. 4—Dilution apparatus to reduce self-protection. 
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DIMENSIONS ARE IN INCHES 

URANIUM 
LUMP 

O © © I Q © -

t-PILE ĜRAPHITE 

Fig. 5a—Schematic diagram showing position of cans relative to the center of the pile. 

22 FT-

•q t i . t y . * ' 

— 8FT—H 

SAMPLE' 
CANS 

5gp6» ^^^JX^t, .»>.ji.t.t: 

PILE 
LATTICE 

* ^'fv'^'f'^*^i?.j »4.fe.'# SHIELD V i 

ALUMINUM STRIP 

[—8 FT—J 

"̂ DEAD 
STOPS 

Fig. 5b—Schematic diagram showing swing setup. 
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PILE J 

Mi 

CADMIUM 

VzlN. DIA 
INSIDE CELL 

I METER-

^CADMIUM^ 

"LONG 
COUNTER 

• ^ 

LONG 
COUNTER 

PINS' 

SIDE FRONT 

Fig. 6 — Long-counter mounting arrangement. 

FOIL ON 0.002-IN Pt DISK 

^ 

TO AMPLIFIER-

-H.V. 

STEEL INSULATOR 

Fig. 7—Quick-opening fission chamber. 
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80,000 

70,000 

60,000 

50,000 

40,000 

30,000 

20,000 

10.000 

1 \ r 

• CHAMBER NO. I ON WEST 
O CHAMBER NO. 2 ON WEST 

0 10 20 30 40 ' 50 60 70 80 

u"^ON FOIL, fj.G 

Fig. 8—Graph of micrograms of fissionable element on the foils against counting rate. 
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80.000 

70.000 

60,000 — 

50.000 — 

40,000 

30,000 — 

20,000 

10.000 

• CHAMBER NO. I ON WEST 
O CHAMBER NO. 2 ON WEST 

J \ \ \ \ L 
10 20 30 40 50 60 70 

U " ' ON FOIL, /x6 

80 

Fig. 9 — Graph of micrograms of fissionable element on the foils against counting rate. 
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Paper 3.1 

VOLATILIZATION OF PROTACTINIUM FROM THORIUM 
IN A STREAM OF HYDROGEN FLUORIDE 

By Paul A. Schulze 

[Editor's Note: The investigation reported in this paper was under
taken at the suggestion and under the supervision of R. W. Stoughton. 
The paper is a contribution from the Argonne National Laboratory and 
is based on Report CB-3745.] 

1. INTRODUCTION 

Uranium^*^ essentially free of natural uranium can be obtained from 
the neutron bombardment of thorium 

9(,in - l - n - g o i n 23.5mlA 91*^^ T T I T 92^ 

in two ways: (1) total decay of Th^^^ to U^̂ *, separation of uranium 
from thorium (sufficient bombardment necessary so that the amount 
of natural uranium is an insignificant par t of the total uranium p r e s 
ent); or (2) separation of Pa233 from both thorium and uranium and 
subsequent decay of Pa^'^ to U *̂* (completely free of natural uranium). 

The second way is essential where low concentrations of U^'^ are 
formed. 

Von Grosse* reported that protactinium pentachloride sublimes to 
an appreciable extent below its melting point of 301°C, and Brown and 
Hill^ reported that 95 per cent of the protactinium activity dispersed 
in a uranium dioxide sample was volatilized by passing gaseous an
hydrous hydrogen fluoride over the sample at a temperature of 500°C 
for 30 min. Since both uranium tetrafluoride and thorium tetrafluoride 
ire relatively nonvolatile at 500°C, a fluoride volatilization procedure 
or the isolation of Pa^*^ seemed promising. 
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2. APPARATUS 

An all-copper system was used. The reaction chamber was heated 
by an electric furnace, and the temperature was measured with a 
chromel-alumel thermocouple placed in an inside well. 

3. MATERIAL 

Commercial anhydrous hydrogen fluoride in tanks was used. Half-
life measurements of the protactinium samples used gave values from 
27 to 29 days. Both the car r ier samples of solid thorium oxalate con
taining Pa"*', previously prepared by R. W. Stoughton, and the cyclo
tron-bombarded samples of thorium hydroxide and thorium oxalate 
were slurried in water. The thorium hydroxide car r ier samples were 
prepared by treatment of a solution of thorium nitrate containing Pa"** 
with NH4OH. The protactinium solution had been prepared by R. W. 
Stoughton by electrolytic isolation of the protactinium and subsequent 
dissolution in nitric acid. 

4. PROCEDURE 

In general, the slurry was transferred to a platinum plate and slowly 
evaporated to dryness on an electric hot plate. The activity of the 
dried slurry was determined with a Geiger-Mueller counter, and, in 
the case of low activity, corrections for thorium background were 
made. The platinum plate was set upon a copper disk and both were 
placed in the copper reactor as near as possible to the inside thermo
couple well. Continuous passage of gaseous anhydrous hydrogen fluo
ride was maintained through the reactor (1) while the air was displaced 
from the cold reactor, (2) while the reactor was rapidly heated to tem
perature for the desired length of time, and (3) during cooling of the 
reactor. Although no measurement of the anhydrous hydrogen fluoride 
flow rate was made, a constant flow was ensured by observing the 
faint cloud, produced by anhydrous hydrogen fluoride absorbing mois
ture from the air , emitted from the exit tube of the copper apparatus. 

5. DISCUSSION 

Curves I and II of Fig. 1 and curve TV of Fig. 2 show the volatili
zation of protactinium from thorium car r ie r compounds. Curves HI 
and V show the volatilization of protactinium from cyclotron-bom
barded thorium compounds. 
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Comparisons of curves I and n show that the kind of thorium carr ier 
had no influence on the protactinium volatilization. Although no weigh
ings were made of the amount of thorium oxalate used, a visual com
parison of the oxalate and the hydroxide samples indicated that the 
weight of oxalate was probably over twice that of the hydroxide. Thus 
within this range the amount of car r ie r had little effect on this rough 
measurement of volatility. It must be emphasized that these volatility 
measurements may differ considerably from those with pure protac
tinium tracer or with microgram amounts of protactinium. 

Curve IV indicates that 100 per cent volatilization of t racer protac
tinium should occur after about 100 min at a temperature of 475°C 
with about 2 mg of thorium oxalate carr ier . 

Some reasons for the difference between the protactinium behavior 
in the cyclotron-bombarded samples and the car r ier samples are 
suggested by comparison of curves I and III and also IV and V. These 
reasons may be (1) that the car r ie r sample is more easily fluorinated 
because the protactinium is adsorbed on the outside of the solid thori
um compound, whereas the protactinium in the cyclotron-bombarded 
sample is distributed randomly throughout the thorium compound and 
thus can only be fluorinated when the thorium compound is completely 
converted to ThF4; or (2) that a relatively nonvolatile protactinium 
compound, alone or mixed with the volatile fluoride (PaFj?), is 
formed. Possible protactinium compounds of this type are PaOF3 
and a fluoride of an oxidation state less than -1-5. 

In an effort to determine whether a reduced state was responsible 
for the lower volatilization in the cyclotron-bombarded samples, some 
samples of cyclotron-bombarded material, before treatment with an
hydrous hydrogen fluoride at 600°C, were dried on a hot plate at low 
heat while others were heated in air for an additional 4 hr at 250°C. 

The data in Table 1 would seem to indicate that a reduced state may 
be present in the cyclotron-bombarded samples. 

6. SUMMARY 

Protactinium dispersed in thorium car r ie r compounds is volatile 
in a stream of gaseous hydrogen fluoride at temperatures over 450°C. 
A possible valence state of less than -i-5 for protactinium is suggested 
by a lower volatilization of protactinium in cyclotron-bombarded 
thorium compoimds, as compared to the volatilization of the 
protactinium in thorium carr ier compounds. 
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Table 1—Volatilization of Protactinium from 
Cyclotron-bombarded Samples 

% volatilized at 600°C in HF stream 
Initial 

treatment 

Normal 
drying 

Heating 
in air 

/U v u x a t m c ' ^ u a.v % 

60 min 

53 
76 
64 
76 
78 

Av. 70 

90 
91 
92 

120 mi 

72 
75 
83 

Av. 77 

84.5 
84 
89 

Av. 91 Av. 86 

100 

350 4 0 0 450 500 550 

TEMPERATURE, °C 

600 650 

Fig. 1 — Effect of temperature on volatilization of Pa from Th in a stream of HF. 
O, 1 mg Th(OH)4 ca r r i e r for 30 min. • , 2 mg Th(C20,)2 car r ie r for 30 min. 
X, cyclotron-bombarded Th(OH)4 for 30 min (about 2 mg). 
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100 

90 120 
TIME, MIN 

Fig. 2—Rate of volatilization of Pa tracer from Th in HF stream, o , cyclotron-
bombarded Th(OH)4 at 600°C (about 2 mg). • , 2 mg Th(C204)j car r ie r at 475°C. 
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Paper 3.2 

A MANGANESE DIOXIDE PROCEDURE FOR ISOLATION 
AND CONCENTRATION OF PROTACTINIUM FROM 

IRRADIATED THORIUM COMPOUNDS 

By Leonard I. Katzin and Raymond W, Stoughton 

[Editor's Note: This paper i s a contribution from the Chemistry 
Division, Argonne National Laboratory, and is based on work per 
formed in the interval April to September 1943 and recorded in Re 
ports CC-739 and ANL-4035,] 

1. INTRODUCTION 

Thorium is used as the target material in neutron or deuteron i r 
radiations designed to yield the synthetic isotopes of uranium, U^'^ 
and U*''. The initial reaction product may be either a thorium isotope 
or a protactinium isotope, but in neither case is the uranium nucleus 
formed directly. In most cases the concentration of product isotopes 
is a minute fraction of a part per million of the original thorium. 
Since this thorium may contain in the neighborhood of one to several 
parts per million of natural uranium impurity, it is impractical to ob
tain pure synthetic uranium isotopes by allowing decay of the inter
mediate protactinium and then separating out uranium. It is accord
ingly necessary to investigate the isolation of the intermediate pro
tactinium and its freeing from natural uranium as well as from tho
rium. 

A method which has already been applied to the separation of pro
tactinium from irradiated thorium salts is based on the coprecipita-
tion of protactinium with manganese dioxide.^ It is the purpose of this 
paper to give the results of studies on the conditions for this separation, 
the efficiency of separation from thorium and uranium, and the possi
bilities of a concentration process which does not involve the use of 
alternate ca r r i e r s such as zirconium phosphate. 
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2. EXPERIMENTAL WORK 

The system chosen was a solution of thorium nitrate containing ni
tric acid and manganous nitrate in excess. The desired amount of 
manganese dioxide (usually 1.5 g per liter) was precipitated by the ad
dition of the proper amount of potassium permanganate. A digestion 
with warming was usually allowed. Experiments were customarily 
performed with solutions of 0.1 ml total volume, the precipitate being 
separated by centrifugation. Reagents were added, and supernatants 
were removed with the aid of glass capillaries. For determination of 
the behavior of the t racers used (Pa^** and UXj, material was mount
ed on platinum disks and measured with the Geiger-Mueller counter 
(having a thin-mica end window) standard in the laboratory. 

The completeness of the manganese dioxide precipitation and the 
physical characteristics of the precipitate were shown to be depend
ent on the nitric acid concentration. The range from less than IN to 
4N or 5N was shown to be safe by experiments in which macro quan
tities of the dioxide were precipitated and the manganese in the p re 
cipitate was determined. The concentration of thorium nitrate also af
fected the precipitation strongly in the higher ranges of thorium con
centration, in large part by affecting the physical properties of the 
solution. The range up to 360 g of thorium nitrate tetrahydrate per l i 
ter (0.65M) was found to give good precipitation of the manganese di
oxide, while at twice this concentration it was poor. 

With the aid of UXj t racer , the carrying of thorium on the manga
nese dioxide was also determined. As the results show (Table 1), the 
carrying is a function of thorium concentration, with trace concentra
tions of thorium being carried essentially completely. Detectable 
amounts of thorium are carried by manganese dioxide from concentra
tions of thorium nitrate in the normal range (0.02M to 0.65M). This 
can be demonstrated by dissolving the washed precipitate in hydrogen 
peroxide, which gives a residue of insoluble thorium peroxide com
pound. In addition to the thorium itself, members of i ts decay chain 
are carried fairly well. This produces a background of radioactivity 
in tracer experiments which must be taken into consideration. The 
principal activities carried seem to be ThB and ThC, the latter in an 
amount two or three times that which would normally be in radioactive 
equilibrium with the former. Others have since found that the ca r ry 
ing of UXi t racer is decreased, without affecting protactinium car ry
ing,^ by increasing nitric acid concentration. 

Protactinium tracer was found to be carried well by manganese di
oxide in the range of optimal precipitation. Yields of over 95 per cent 
could be demonstrated by slurrying the precipitate onto platinum 
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counting disks for measurement. Lower recoveries (75 to 90 per cent) 
were found when the precipitate was dissolved in the centrifuge cone 
and the resulting solution was evaporated onto the counting disk. Some 
of the lost tracer could be recovered from the glassware used on 
washing with hydrofluoric acid, indicating that the loss occurs in the 
process of dissolving the manganese dioxide. This fact and the i r reg
ular adsorption of protactinium on glass rendered experimental results 
somewhat erra t ic . 

Following a first precipitation of manganese dioxide from thorium 
solutions, the Pa'*'* carried is still quite dilute. It was thought that 
cycles consisting of manganese dioxide precipitation, dissolution of 
the precipitate in a small volume of reagent, and reprecipitation of a 
small fraction of the manganese by addition of permanganate could be 
used to achieve concentration and further purification simultaneously. 
Within the scale of operations available in the laboratory this proved 
feasible, and on the basis of these results a similar process was later 
applied to larger scale operations at the Clinton Laboratories.* 

Since hydrochloric acid is undesirable for use in metal equipment, 
especially when chlorine will be formed from it, other agents were 
investigated for dissolving the manganese dioxide. The foaming of hy
drogen peroxide was not a desirable characteristic for work with ra 
dioactive solutions, and the instability of the reagent was considered 
another drawback. Hydrogen peroxide also tended to form insoluble 
thorium peroxide with the coprecipitated thorium. Sodium nitrite r e 
acted with freshly precipitated dioxide but was not satisfactory for 
work with commercial material. Formic acid was investigated and 
was shown to dissolve the dioxide well when heated. The number of 
factors entering into its use (rate of reaction, stability, gas evolution, 
etc.) made it only partially satisfactory. Hydroxylamine proved to be 
a good choice, however, reacting stoichiometrically even in the cold. 
Although the hydrochloride was used in the tests, it was not felt that 
the amount of chloride introduced would be of significance even in 
metal equipment. 

Using hydroxylamine, it has been possible to obtain a concentration 
factor as high as 100 per cycle. Since such a factor rapidly al ters the 
scale of operations, a considerably smaller one can be used satisfac
torily. Experiments in which the manganese was reprecipitated with
out change of volume showed that four such precipitations could give 
as much as 80 to 85 per cent recovery. Experiments were also per
formed in which starting volumes of about 10 ml were reduced to 0.1 
ml by the first cycle, with the second precipitation giving the activity 
on 0.15 mg or less of manganese dioxide. Yields of 85 per cent have 
been obtained through the two cycles of such experiments. In addition 
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to low-activity t racer experiments of this type, the procedure was tested 
on thorium oxycarbonate that had been exposed for a long time to slow 
neutrons produced in the St. Louis cyclotron. Starting with a volume of 10 
to 15 ml of thorium nitrate solution, the Pa"* activity came satisfactor
ily with the manganese dioxide and was concentrated in the second 
precipitate as scheduled. Approximately 0.05 /ig was concentrated read
ily in this fashion. 

The eventual recovery of U"* following this procedure could be 
achieved through storing the last manganese dioxide precipitate to al
low the desired protactinium decay, dissolving the manganese dioxide, 
and reprecipitating it. The precipitate would separate off most of the 
remaining protactinium radioactivity, allowing convenient recovery 
of the uranium from the supernatant by solvent extraction. The sol
vent extraction could be carried out without the precipitation of the 
protactinium, but it is rendered easier by prior removal of the radi 
ation source, which might necessitate shielded operation. Experi
ments with Û *2 t racer showed that the carrying of uranium by man
ganese dioxide was low enough to give the required purification of the 
protactinium from the natural uranium impurity of the thorium i r r a 
diated originally. 

3. SUMMARY 

Traces of protactinium may be coprecipitated on manganese dioxide 
with good recovery from solutions IN to 4N in nitric acid by precipi
tating 1.5 g of dioxide per liter by the addition of potassium perman
ganate to manganous nitrate in excess. Good separation is obtained 
from macro concentrations of thorium nitrate. In concentrations up 
to 0.65M the thorium does not interfere with the precipitation, while 
at twice this concentration definite interference is found owing to the 
effect on the physical properties of the solution. With the aid of hy
droxylamine to redissolve the dioxide, it is possible to concentrate 
the protactinium with respect to car r ier by a factor of 100 per cycle. 
Hydrogen peroxide, sodium nitrite, and formic acid were less sa t i s 
factory reagents. Simultaneous purification from thorium and urani
um may be achieved. 

Thorium is found to carry well in trace concentrations, but the ef
ficiency of this process falls off with increasing thorium concentra
tion. 
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Table 1 — Carrying of UX, Tracer by 1.5 g of MnO, per Liter 
from Thorium Nitrate Solutions 

Cone, thorium nitrate 
tetrahydrate, g/l i ter Per cent UX, carried 

0.1 99 
10 20 

120 5 
360 0.3 
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Paper 3.6 

ISOLATION OF URANIUM WITHOUT CARRIER FROM THORIUM 
METAL BOMBARDED WITH DEUTERONS 

By Roy Overstreet and Louis Jacobson 

[Editor's Note: Contribution from the Metallurgical Laboratory, 
University of California. Prepared for publication January 1944.] 

ABSTRACT 

Two methods for the isolation of uranium in tracer amounts from 
deuteron-bombarded thorium were used: one by virtue of the for
mation of an NH4OH—soluble complex of uranium with hydroxylamine, 
and the other by use of an oxidation-reduction cycle. In both methods 
the bulk of the thorium was removed by precipitation as the fluoride. 
In the hydroxylamine method, uranium was first precipitated with 
NHjOH using Fe car r ie r . The precipitate was dissolved in HCl and 
again treated with NH4OH, this time after the addition of hydroxyla
mine hydrochloride, thereby leaving the uranium in solution. Two 
more such ser ies of treatments were sufficient to produce a pure 
sample. The other method consisted in reducing the uranium to the 
+A state with a titanous salt and precipitating the uranous ion with 
HF using La+* ca r r i e r . The uranium was then oxidized to the +6 
state with HNC^ and treated again with HF, this time remaining in so
lution. The cycle was repeated twice more. 

1. INTRODUCTION 

The methods described make use of the facts that hexavalent ura
nium forms a strong soluble complex with hydroxylamine in ammo-
niacal solutions and that quadrivalent uranium forms an insoluble 
fluoride in acid solutions. 
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For either method the deuteron-bombarded thorium metal, which 
contains uranium, protactinium, and fission products, is dissolved 
in aqua regia, and the HCl is removed by boiling with HNO3. The tho
rium is then precipitated as the fluoride in 2N HF and IN HNOjJ the 
precipitate is washed twice with 2N HF. By this procedure the com
bined filtrate and washings contain about 93 per cent of the uranium 
activity. The fluoride solution is evaporated to fuming with 1 cc of 
concentrated H2SO4 and then diluted to 20 cc. 

2. HYDROXYLAMINE METHOD 

In this procedure the uranium is precipitated as ammonium ura-
nate using Fe(0H)3 car r ie r and leaving the NH40H-soluble constitu
ents in solution. In the subsequent precipitation, in the presence of 
hydroxylamine, the NH4OH-insoluble constituents are carried down 
with the iron, and the uranium remains in solution as the ammonia-
soluble uranyl hydroxylamine complex. 

Ten milligrams of Fe is added to the thorium-free solution. The 
solution is made strongly basic with NH4OH and boiled. The Fe(OH)3 
is centrifuged out, and the supernatant liquid is discarded. The p re 
cipitate is dissolved in 0.5 cc of concentrated HCl, and the solution 
is diluted to 30 cc. Concentrated NH4OH is added to neutrality, and 
then 1 cc is added in excess. The mixture is heated to boiling and 
centrifuged; the supernatant liquid is discarded. The Fe(OH)s is d is 
solved in 0.5 cc of concentrated HCl, and the solution is diluted to 
30 cc. 

One gram of hydroxylamine hydrochloride is added to the Fe so 
lution, and the solution is made strongly basic with 5 cc of concen
trated NH4OH. The mixture is heated to boiling and then cooled rap
idly to prevent excessive decomposition of the hydroxylamine. The 
iron hydroxide is centrifuged out, and the supernatant liquid is set 
aside. The Fe precipitate is dissolved in 0.5 cc of concentrated HCl 
and reprecipitated twice more in the presence of hydroxylamine as 
before. The Fe precipitate is then discarded, and the supernatant 
liquids containing the uranium are combined. The hydroxylamine is 
destroyed by evaporating the solution to a small volume and treating 
several times with aqua regia. The recovery of uranium from the 
cycle is about 95 per cent. For the complete removal of beta activity, 
it is desirable to carry the uranium solution through the cycle once 
or twice more. 

3. THE REDUCTION METHOD 

In the following procedure the uranium is reduced to the quadri
valent state by Ti"*"* and precipitated as the fluoride with LaFs carr ier 
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together with all other fluoride-insoluble constituents. Following this 
the uranium is oxidized to UO2 , which forms a soluble fluoride. The 
lanthanum and the other fluoride-insoluble constituents are then r e 
moved with HF. 

The thorium-free solution (20 cc) is made 2N in H2SO4. One cubic 
centimeter of 15 per cent TiClj or Tij(804)3 ^^ added, and the solution 
is heated on a steam bath for 10 min. The material is cooled, and 5 
mg of La"*"* is added. The solution is made 2N in HF and allowed to 
stand for 10 min. The precipitate is centrifuged out and washed with 
IN HF; the supernatant liquid and washing are described. The p r e 
cipitate is fumed with 1 cc of concentrated H2SO4 and then cooled. A 
few drops of concentrated HNO3 are added, and the mixture is fumed 
again. The solution is diluted to 20 cc. In this procedure the recov
ery of uranium is 90 to 95 per cent. 

The solution is made 2N in HF, and LaFj is centrifuged out and 
washed with IN HF. The precipitate is discharged, and the superna
tant fluid and washing are combined and evaporated to fuming. The 
solution is diluted to 20 cc. In this step the recovery of uranium is 
95 to 100 per cent. For maximum purification it is desirable to r e 
peat the entire cycle twice more. 



Paper 3.7 

FEASIBILITY OF SEPARATING U^* FROM THORIUM AND Pa^ ' BY 
SOLVENT EXTRACTION 

By B. J. Fontana 

[Editor's Note: Contribution from the Radiation Laboratory, Uni
versity of California, Berkeley. Based on Report CC-3854 (rewritten 
from Report CC-384 by R. W. Stoughton). This work was carried out 
during the fall of 1942 at the Chemistry Department, University of 
California. Prepared for publication Dec. 19, 1947.] 

1. INTRODUCTION 

Uranium^** can be made from thorium and a neutron source ac 
cording to the following ser ies of reactions: 

T t f - ( n , y ) T h - ^ ^ P a - ^ U -

and the amounts of U *̂* that can be produced depend on the magnitude 
of the neutron source. As soon as the early resul ts of an investigation 
of some of the nuclear properties of U^* were obtained, it was obvi
ous that methods for isolating U^* on a relatively large scale should 
be developed. 

Preliminary results on precipitation methods were not very en
couraging, since, of the compounds studied, the thorium salt in each 
case was less soluble than the corresponding uranyl salt; it is more 
advantageous in principle to precipitate the smaller component (here 
U^*) from the larger, rather than vice versa. Further, in view of the 
known high solubility of uranyl nitrate in diethyl ether, a solvent ex
traction procedure appeared worthy of serious consideration. Actually 
some evidence was already existent in this laboratory, since uranium 
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had been separated from its daughter Tĥ *** (i.e., UX J by extraction of 
the former preferentially into ether, leaving the Th^*^ in the aqueous 
phase; this work was conducted by G. T. Seaborg, I. Perlman, et al. 
Also J. W. Kennedy and A. DeHaan, Jr . , of this laboratory have found 
that increasing the concentration of uranium (as uranyl nitrate) up to 
0.1 g/ml caused a corresponding increase in the preferential solubility 
in the ether phase. Little or no salting effect was observed in solu
tions of IM and 3M NH4NO3, IM LlBr, and saturated NH4CI. In 6M 
HNO^, however, a constant partition ratio of about unity was observed 
over a range of uranyl concentration of a few micrograms to several 
hundred micrograms per milliliter. 

Misciatelli has studied the ternary system of the anhydrous salts 
Th(N03)4 and U02(N03)2 in pure ether^ and also the ternary systems 
Th(N03)4-HjO-ether and U02(NOs)2- H20-ether.* The results of 
these studies indicate a higher distribution coefficient (ether/aqueous) 
for uranium than for thorium under comparable conditions of salting-
agent strength and also indicate that, in order to prevent excessive 
amounts of thorium from extraction, weight ratios of Th(N03)4 ^^ H2O 
of less than unity should be employed in the aqueous phase. 

The purpose of the investigation was to test the feasibility of sepa
rating U^* from thorium by solvent extraction. The efficiency of the 
method would depend of course on the relative magnitudes of the d i s 
tribution coefficients of uranium (in small concentrations) and thorium 
(in relatively large concentrations) under conditions where the urani
um distribution ratio is greater than about unity. 

2. EXPERIMENTAL WORK 

All experiments were performed at room temperature (about 20°C). 
In all cases 25 g of Th(N03)4.4HiO was used. The required amount of 
water was added to produce the desired ratio of Th(NOi3)4 to HjO, taking 
into account the water already present as water of hydration in the salt, 
i.e., Th(N03)4.4H20. This aqueous solution was then shaken with ether 
for about 10 to 15 min. The volume of the aqueous phase was meas
ured before and after extraction. It was assumed that the volume in
crease in the ether phase was equal to the observed volume decrease 
of the aqueous phase. This assumption is very probably of the same 
order of accuracy as the analyses in these experiments; and actually 
it need only be applied in the experiments with almost saturated 
Th(N03)4 solutions and in experiments in the presence of HNO3, which 
are of the least interest or practicability, as will be seen below. 

The two phases had to be separated very cleanly in order that the 
thorium distribution might be determined with any accuracy, since 
the amount of salt in the ether phase weighed as little as 0.02 g as 
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compared to 25.0 g in the aqueous phase. The thorium in the ether 
phase was determined simply by evaporation of the ether, first with 
added HjO, then with added HNO3 (when all the ether was gone), to 
dryness on a steam bath. Under these conditions the residue cor
responds to Th(N03)4.4H2O and was merely weighed as such. 

Obviously it was convenient to analyze only the ether phase for 
uranium. The thorium in the residue from the evaporation of the 
ether phase was then separated from the uranium present by precipi
tation as thorium fluoride with a slight excess of HF. Where neces
sary, a second precipitation was performed after evaporation of the 
supernatant solution to dryness with HNO3 in a platinum dish. These 
precipitations were carried out at concentrations of Th(N03)4.4H20 
ranging from 0.02 to 0.002 g/ml (except in one experiment, at 
0.05 g/ml). It was assumed in all cases that 100 per cent of the 
uranium remained behind in the supernatant solution. Actually, r e 
sults by Stoughton* indicate that at a concentration of about 0.05 g of 
Th(N03)4.4H2O P^r milliliter t racer amounts of uranium are carried 
by thorium fluoride on addition of HF, to the extent of about 10 per 
cent. 

In one experiment about 50 mg of uranium was used. Analysis in 
this case was gravimetric, the uranium being precipitated with 
NH4OH and ignited to UjOg. The remaining experiments were con
ducted with either 1 to 2 mg of uranium or tracer amounts of U^^. 
Colorimetric methods of analysis for the milligram quantities of 
uranium were unsuccessful. Traces of impurities in the various r e 
agents gave interfering colors. A method of fluorescent analysis was 
finally used. The intensity of the fluorescence produced by illuminat
ing the sample, which is incorporated into a phosphoric acid glass, 
with ultraviolet light is measured with a photoelectric cell. Com
parison with standards gives the desired analysis. Our particular 
setup conveniently detected from 2 to 0.1 mg of uranium, and the 
accuracy was at best about 10 per cent. 

The tracer experiments, which are probably the most reliable, 
employed U^^, a 70-year alpha emitter. An amount of t racer was 
used in each experiment which gave about 2200 c/min. The actual 
uranium content of this tracer is unknown, being dependent solely 
upon the original uranium impurity in the thorium used for the prep
aration of the tracer, i.e., by the reaction 

Th»2(d,2n)Pa^2-^ U^^ 
' 1.4d 

It is very improbable, however, that the amount used in each experi
ment contained any more than 1 jug of uranium. The samples (ether 
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phases) were evaporated onto platinum disks for counting. The weight 
of this evaporated residue was determined in each case; it varied 
from about 2 to 0.1 mg/cm^. Self-absorption corrections were made 
where necessary. Blank experiments, of course, had to be performed, 
of which more will be said in the discussion of the actual resul ts ob
tained. In all but one of the experiments with U^^ t racer , Pa^* tracer 
was also added, in order at the same time to determine the extract-
ability of Pa^ ' . The amount of the beta-emitting t racer (27.4-day half 
life) used in each experiment gave a deflection of about 2 div/sec on 
the Lauritsen electroscope used. 

3. RESULTS 

The calculated average partition coefficients, with the observed 
average deviation, for uranium and thorium are tabulated in Table 1 
as a function of the initial weight ratio, R, of Th(N0i5)4 to HjO. The 
symbol k is the ratio of concentration in the water layer to concen
tration in the ether layer and hence becomes smaller in magnitude 
as the recovery in the ether phase increases. The corresponding 
normality, N, of the initial Th(NC^)4 solution, i.e., molarity of nitrate 
ion, is also given as total equivalents per liter of Th(N03)4 or Th(N03)4 
plus HNO3. The experimentally observed density, d, in grams per 
cubic centimeter of these solutions, is also given as possibly being 
of interest. It might be noted in passing that, within the accuracy of 
determinations (±2 per cent), the "apparent molal volume" of the 
Th(N03)4 in all the solutions listed in Table 1 is constant at 102 cc 
per mole. 

The observed experimental data are tabulated in Tables 2A and B; 
the former shows the extraction of uranyl and thorium nitrates into 
ether, while the latter shows the blank correction required for alpha 
and beta activity due to thorium-disintegration products. The practi
cal significance of the results tabulated in Tables 1 and 2A is perhaps 
better grasped by referring to Fig. 1. Here all the data have been 
reduced to a common basis by plotting the per cent of uranium and 
thorium which would be extracted in each case in one extraction with 
an initial volume of ether equal to the initial volume of the aqueous 
phase versus N. It is to be noted from the data of Tables 2A and B 
that significant volume changes of the two phases occurred, upon 
mixing, only in the most concentrated Th(N03)4 solution used, R = 1,78, 
and in the experiments in the presence of HNO3. Each individual ex
periment is plotted in the case of the uranium recovery, whereas 
only the average recovery of thorium is shown. 

Figure 1 reveals immediately that in going from R = 0.74 to R = 1.78 
the recovery of uranium r i ses rapidly from about 50 per cent at 
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R = 0.74 to a maximum of about 80 per cent at R = 1.40, the recovery 
then leveling off at 80 per cent or perhaps even dropping slightly as 
R = 1.78 is reached. The thorium recovery concurrently r i ses steadily, 
a relatively enormous increase occurring, from less than 0.1 per cent 
at R = 0.74 to about 20 per cent at R = 1.78. A point calculated from 
the data of Misciatelli on the ternary system Th(N03)4-H20-ether is 
seen to be in good agreement with the thorium recovery data obtained 
here. Apparently the region of most promise for application to a 
method of uranium recovery is at about R = 1.00 (or lower), where 
less than 0.5 per cent of the thorium is extracted and about 70 per 
cent of the uranium is obtained in one extraction with equal volumes 
of the two phases. The several experiments done at R = 0.74 indicate 
that the uranium-partition coefficient is apparently independent 
(within the accuracy of the experiments) of the number of extrac
tions performed, of the ratio of volumes of the two phases, and of 
the concentration of uranium, provided the latter is present in r e l 
atively small amounts. In these experiments the uranium varied from 
a total of about 50 mg to tracer amounts (probably less than 1 /ig), all 
in the presence of 10,500 mg of thorium. 

It was thought necessary to determine the effect of HNO3 on this 
system, since Th(N03)4 as such is not likely to be used in the prepara
tion of the U *̂*. If, for example, thorium hydroxide or oxide is used, 
it would have to be converted to the nitrate before this extraction 
method could be used. It is obviously desirable then to know whether 
the excess HNO3 used in the conversion needs to be removed or not. 
The interesting result is noted (see especially Fig. 1) that, if the 
concentration of the aqueous phase is considered as total equivalents 
of Th(N03)4 or Th(N03)4 + HNO3, the recovery of uranium in the p re s 
ence of HNO3 appears to fall on the same curve obtained in the ab
sence of HNO3. This is further substantiated by a result obtained by 
DeHaan and Kennedy in 6N HNO3 in the absence of any thorium what
soever, which again seems to fall on the same curve. The presence 
of HNO3, however, is seen to be undesirable because of the greatly 
increased thorium recovery in the ether phase. This latter effect of 
HNO3 on the thorium partition between water and ether is in qualita
tive agreement with the results obtained by Imre? Quantitative agree
ment with the latter data is probably not to be expected since Imre 's 
experiments were done in relatively dilute Th(N03)4 solutions. The 
experiment in HNO3 at N = 11.30 [for a saturated aqueous Th(N03)4 
solution, R = 1.8, N = 11.20] indicates a still further increase in the 
thorium recovery and a very surprising drop in the uranium r e 
covery. The latter drops from about 80 per cent at N = 10.80 with 
no HNO^ present to about 34 per cent at N = 11.30 with a HNO3 con-
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centration of 6N. This effect hab not been confirmed since this region 
is actually of no practical interest. 

The particular stock of Th(N03)4.4H20 used was found to emit ap
proximately 2% alpha particles per Th^*^ alpha. The 25-g samples 
of Th(NOs)4.4H20 used in each experiment then must show about 
2 x 1 0 * c/min and of the order of 1 to 2 div/sec (on a Lauritsen elec
troscope) of beta activity arising solely from the thorium-disintegra
tion ser ies . The results obtained in Table 2B indicate that the com
bined ether extraction and fluoride precipitations result in a very 
complete separation of the uranium from the thorium-disintegration 
series as well as from the thorium itself. It is surprising that the 
former separation occurs with about the same efficiency regardless 
of the amount of thorium which goes into the ether phase during the 
extraction process or of the presence of HNO3. The observed activi
ties noted in Table 2B were usually measured from 2 to 4 days after 
the time of ether extraction. The alpha activity decayed slowly, in a 
few days, to a value of alpha about half that noted in the table, and the 
beta activity was of the order of thousandths of a division per second 
in 1 or 2 days after the first measurement. 

The specificity of the extraction process for uranium is brought out 
even more markedly in the experiments with Pa?^^ tracer (see Table 
2A). Recall that in each experiment an amount of protactinium tracer 
amounting to about 2 div/sec was used. The final observed beta 
activity in every case, regardless of the per cent thorium extracted 
or of the presence of HNO3, was of exactly the same order of magni
tude as the blank beta activities noted in Table 2B. This indicates 
that protactinium of the order of 0.1 per cent or less comes through 
with the extracted uranium. And, further, this uranium-protactinium 
separation must be due only to the ether extraction process since 
Stoughton has shown that, under the conditions employed herein, over 
90 per cent of the protactinium will follow the uranium in a thorium-
uranium separation by HF precipitation. 

4. SUMMARY 

The ether extraction method for separation of minute amounts of 
uranium from large amounts of thorium nitrate (and minute amounts 
of Pa^** if present) has been found to be a practical procedure. The 
uranium is found to favor the ether phase under conditions wherein 
the thorium is in quite concentrated aqueous solution, with little 
thorium and less Pa^** extracted. The presence of nitric acid is un
desirable in that it increases the amount of thorium extracted by the 
ether but has no other deleterious effects within a reasonable limit 
of concentration. The uranium partition is independent of the concen-
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tration of uranium over a wide range (of relatively low concentrations) 
and of the number of extractions made. The ether extraction also 
apparently effects a separation of uranium from the thorium-disintegra
tion series under all the above conditions. 

Table 1 

R N d k„ k^h 

0.74 5.32 1.50 1.1 ± 0.2 1620 ± 220 
1.00 6.84 1.64 0.50 ± 0.13 243 ± 18 

0.74(2N HNO,) 7.32 1.56 0.40 14 + 0 
1.40 9.04 1.86 0.26 ± 0.03 25 ± 5 
1.78 10.80 2.02 0.36 + 0.07 5.2 + 0.3 

0.74(6N HNO,) 11.32 1.64 4.0 3.6 
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Table 2 

A. Extraction of U02(N0j)a and Th(N03)4 into Diethyl Ether from Aqueous 
Solutions of Th(NOj)4 and Th(NO,), plus HNOj* 

R 

0.74 

(6N HNOs) 
(2N HNO,) 

1.00 

1.40 

1.78 

U 

48 
1 
2 
2 
2 

Tracert 
1 

Tracert 
1 
1 

Tracer 
1 

Tracert 
2 

Tracert 

E/W 
initial 

0.735 
0.735 
1.00 
0.50 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

E/W 
n final 

2 
1 
2 

1 2.1 
1 1.22 

1 1.05 
1 1.02 
1 1.29 
1 1.32 

% u 

68 
35 
77.5 
79 
40 
52.2 
34 
75.4 
59 
73 
69.4 
79 
81.5 
75 
82 

ku 

0.97 
1.36 
0.90 
1.04 
1.5 
0.92 
4.0 
0.40 
0.69 
0.37 
0.44 
0.28 
0.23 
0.43 
0.29 

%Th 

0.06 
0.08 

37 
8.2 
0.40 
0.40 
0.47 
3.3 
4.9 

19 
22 

•'Th 

1560 
1240 

3.6 
14 

250 
264 
216 

30 
20 

5.5 
4.8 

B. Extraction of Thorium-disintegration Products into Diethyl Ether* 

R 

0.74 

(2N HNOs) 
1.78 

U 

0 
0 

0.001 
0 
0 

E/W E/W 
initial n final 

1.00 ] 
1.00 ] 

1.00 
1.00 ] 
1.00 ] 

I 1.22 
1.23 

a 

57 
44 
52 
47 
46 
23 

^ 

0.009 
0.006 
0.006 

0.004 
0.003 

%Th 

0.06 
0.06 
0.04 
0.07 
8.1 

16 

kTh 

1560 
1670t 
2230 
1470 

14 
6.4 

*Note: R = Initial weight ratio of Th(NO,)4 to H2O. 
U = total weight of U in mg. 

E/W = volume ratio of ether to water (before and after mixing; blank space 
indicates no appreciable change In latter case), 

n = number of successive extractions from same aqueous starting solution. 
% U, % Th = observed % recovery of U and Th, respectively, in the ether phase, 

ky, kjh = partition coefficient for U and Th, respectively, (ratio of concentration 
in the water to the concentration in the ether). 

a = observed alpha counts per minute in ether phase. 
j3 = observed divisions per second deflection on electroscope in ether phase. 

tTwo successive extractions on the same sample kept separate. 
tPs^" tracer also present. 
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0.74 
R, WEIGHT RATIO, Th (NOjj^/H^O 

1.00 1.40 1.78 1.86 

7 8 9 10 H 
EQUIVALENTS PER LITER, NORMALITY 

Fig. 1 —Extraction of U and Th into diethyl ether from aqueous Th(N03)4. For U and 
Th the values for ether phase were obtained after one extraction with an equal volume 
of ether. The values in equivalents per liter are given for Th(NO,)̂  or Th(N03)4 + HNO3. 
U extraction: O, fluorescence analysis (1 to 2 mg U); c, gravimetric analysis (50 mg 
U); •.U"" tracer; ^, R = 0.74 in 2N HNOj, U^" tracer; (ji, R = 0.74 in 6N HNO3, fluo
rescence analysis (1 mg U); 9, 2 mg U, alpha count; • , 6N HNO,, no Th (from the data 
of Kennedy and DeHaan). Th extraction: n, in absence of HNO,; tj], in presence of HNO3; 
A, calculated point from the data of Misciatelli. 
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Paper 3.8 

REMOVAL OF URANIUM FROM THORIUM BY MEANS OF A 
SEMICONTINUOUS SOLVENT EXTRACTOR: SOME 

GENERAL SOLVENT-EXTRACTION CONSIDERATIONS 

By Edward G. Bohlmann, James G. Barrick, George A. Creek, 
K. K. Kennedy, John P . McBride, Frederick W. Schuler, 

Frank L. Steahly, and Raymond W. Stoughton 

[Editor's Note: Contribution from the Clinton Laboratories. Based 
on Report Mon-C-254. The work described herein was carried out 
over the period January to July 1944.] 

ABSTRACT 

A semicontinuous solvent extractor is described, including its oper
ating characterist ics in removing small amounts of uranium from aque
ous solutions of nitrate salts. Some general solvent-extraction consid
erations a re given, involving extraction efficiencies and efficiencies in 
separation of two metallic species, for batch, semicontinuous, and con
tinuous (e.g., countercurrent) extractors. The removal of about 55 mg 
of U^* from 4 kg of neutron-irradiated thorium "carbona te" by the 
semicontinuous method is described, 

1. INTRODUCTION AND DESCRIPTION OF APPARATUS 

This paper describes the preliminary considerations and experi
mental work involved in devising a method for the isolation of some of 
the first Û ** formed by neutron irradiation of thorium in the Clinton 
pile according to the reaction 

Ttf32 (n,y)Ttf** " Pa2** -j^xr U"* 
^ " ' 23.5mln 27.4d 

The material used in these studies was thorium "carbonate ," a mix
ture of thorium basic carbonate and oxide, prepared as outlined in 
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Sec. 4. Also included is a summary of the processing of 4 kg of tho
rium carbonate for recovery of about 55 mg of U *̂*. 

It appeared most feasible to remove the Û ** from the thorium and 
undecayed Pa^** by a solvent-extraction process which could be r e 
peated after sufficient decay of the Pa^**. In considering methods for 
carrying out this relatively small-scale separation, the possibility of 
using a semicontinuous extractor, similar to a design which had been 
used for analytical work, was investigated. [The experimental unit of 
Fig. 1 was designed employing as a model the analytical extractor 
used by N. H. Furman and coworkers.] The reasons for choosing this 
approach were twofold: (1) The apparatus required was relatively 
simple and easy to construct, and (2) it provided a convenient way of 
concentrating small amounts of uranium from a relatively large aque
ous volume into a small volume of solvent. After a number of modifi
cations and considerable development work, an extractor of this type 
was used. Figure 1 is a sketch of the design used for preliminary ex
perimental work. Figure 2 is a somewhat simplified representation of 
the design finally used in isolating the U *̂*. 

In operating the apparatus shown in either of the two figures, the 
aqueous solution from which the uranium was to be removed was 
placed in the extractor, and diethyl ether was placed in the distilling 
flask. Then, by applying heat to the distilling flask, the ether was kept 
boiling, condensing, and percolating through the aqueous phase as long 
as desired. The small apparatus. Fig. 1, was used in all preliminary 
studies of extraction efficiency, separation efficiency, effect of acidity, 
rate of flow of solvent, etc. 

Diethyl ether is a convenient solvent for uranium because of its low 
boiling point and because of the high solubility of uranium in it. A 
brief description of some general solvent-extraction considerations 
will now be given, and then the experimental results of the U^**-thorium 
separation will be discussed. 

2. EXTRACTION EFFICIENCIES AND SEPARATION EFFICIENCIES 
BY SOLVENT EXTRACTION 

Batch, semicontinuous, and continuous (both countercurrent and 
perforated plate types) extractors could be used, and each has its 
own relative advantages, the batch being simplest but affording the 
lowest extraction and separation efficiencies. 

2.1 Expected Extraction Efficiencies. In a batch process the d is
tribution ratio K for a given ionic species may be expressed by the 
equation 
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where Cg, Mg, and Vg represent the concentration of the extracted 
species, moles of the extracted species, and volume, respectively, 
in the solvent phase, and Ca, Ma, and Va represent the corresponding 
quantities for the aqueous phase. The total original moles of solute 
Mo is equal to the sum of the moles in both phases after extraction, 
i.e.. 

Mo = Ma + Ms 

The fractions in the aqueous and solvent phases, respectively, after 
a simple batch extraction are 

Ma 1 

^ ° ' l . J i K 
» a 

and 

Ms ^ 1 

Mo 1 ^ 1 Xa 
KVs 

After n extractions with the same ratios Vg/Va, assuming K is not 
changing (this assumption is discussed later), the fraction left in the 
aqueous phase becomes 

Hence the required number of extractions n to reduce (Ma/Mo)" to a 

value a is 

n = l M ^ _ 
log ( l . K ^ ) 

Now to consider the semicontinuous method. This may be looked 
upon as a large number of batch extractions in which Va is constant 
and each "single extraction" involves dVg l i ters of solvent, with a 
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total of Vs having come in contact with the aqueous phase at the end 
of the process. It is assumed either that the stirring up due to the 
percolation of the solvent through the aqueous phase maintains Ca 
constant through Va or that the advantage gained by the concentration 
gradient is compensated for by the disadvantage of incomplete attain
ment of equilibrium at the interface of the two phases. The differen
tial equation then becomes 

dMs ^ dMs ^ K ^ (2) 
Ma Mo - Ms Va ^ ' 

assuming K a constant. On integration and rearranging te rms, the 
fraction extracted becomes 

M s , v-Vs 
M ; = 1 - ^- 'va (3) 

In Sec. 3 it will be seen how well this equation agrees with actual 
data under a few given sets of conditions. 

Actually K is not a true constant vmder all conditions. For ex
ample, when starting with an aqueous solution of about %M Th(N03)4, 
IM A1(N03)3, and IM HNO3, the nitric acid is removed relatively 
rapidly down to the order of 0.03M and then remains approximately 
constant over quite a wide range of Vg /Va.^ The value of K would be 
expected to fall off similarly at first, in perhaps an approximately 
exponential manner, and then maintain an essentially constant value 
over the same wide range of Vs/Va in which the acid concentration 
in the aqueous phase remains constant. For such a set of conditions 
as these mentioned, there could be assumed for K some simple func
tion of Vg/Va, such as 

K = Ko+Kxe-"^ , 

where a is a constant to be determined experimentally by batch or 
semicontinuous extractions as are the two quantities (KQ + Kj) and 
Ko. 

Using this equation for K in Eq. 2, on integrating and rearranging 
terms, the fraction of the salt removed becomes 

which is a rather cumbersome equation. 
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In this study it was desirable to keep the pH up to about 1.0 to 1.5 
in order to obtain optimum separation of U *̂* from thorium and Pa^**, 
and hence Eq. 3 was expected to hold satisfactorily at least until to
ward the end of the extraction. 

To consider the continuous countercurrent extraction efficiency, 
Eq. 1 may be written 

Ms ^ „ V s 
Ma Va 

Now if equilibrium is maintained between the two phases at the feed 
inlet (and no " s c r u b " is used). Ma at this point becomes Mo, and 
hence the maximum possible removal is given by 

Mo Va 

This equation gives a removal efficiency that can be approached in a 
countercurrent column and possibly in a very tall semicontinuous 
extractor. 

2.2 On Separation Efficiencies. In the separation of two metallic 
ions as uranyl and thorium by solvent extraction, certain generaliza
tions can be made. A general graph of the fraction of each ion removed 
by the solvent as a function of concentration of salting agent at con
stant Vs/Va ratios is expected to look like the curves in Fig. 3. 

For practical reasons it is desirable to get a large fraction of the 
uranium removed, so a salting-agent concentration above the value 
a should be employed. On the other hand, in the region around c there 
is little increase in uranium removal and a large decrease in separa
tion efficiency on raising the salting-agent concentration. Hence for 
optimum conditions a concentration around b should be selected. This 
is true in cases where curves shaped like those in Fig. 3 are obtained, 
and it is believed that the shape of these curves is fairly general. It 
is also believed that in going toward point c (from b), whether by in
creasing the salting-agent concentration or by using a " s t ronge r " 
salting agent, the predictions will be the same to a first approximation. 
(It is of course only a first approximation, since it is very unlikely that 
all activities involved in the extraction mechanism will be changed by 
the same ratio.) 

In keeping with these ideas, some data were assembled from some 
laboratory runs in which it was believed that the salting-out-agent 
concentration was in the range between b and c. A number of semi-
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continuous extractions had been carried out on the 70-ml scale in 
which the aqueous phase contained originally IN HNO3, IN Th(N03)4, 
3N of other salting-out agent, and 1.1 mg of uranium per milliliter. 
The fractions of uranium and thorium removed in each successive 
70-ml volume of ether were obtained and plotted against the volume 
of ether passed through the aqueous phase. The per cents of thorium 
extracted at Vs/Vj ratios where 70, 75, or 80 per cent of the uranium 
was extracted were obtained by interpolation using the rough curves 
of Fig. 3; they are presented in Table 1. Because the data were very 
scanty, the interpolations are far from perfect, but they are accurate 
enough for a qualitative comparison. The salting agents are listed in 
the table in order of decreasing strength, i.e., in order of decreasi i^ 
efficiencies for uranium extraction at constant nitrate concentration. 

The results in Table 1 are seen to be essentially in agreement with 
the ideas presented above; namely, that the farther one gets in the 
direction of c (from point b) the poorer the separation efficiency. 

2.3 Concentration of Salting-out Agent for Maximum Separation 
Efficiency. The theoretical maximum separation efficiency depends 
on the shape of the curves of log (fraction extracted) vs. concentra-

M 
tion of salting agent, at low values of the latter (in this region —^ « 

fraction extracted). If the log curves tend to negative infinity as the 
concentration of salting agent approaches zero, as expected from a 
simple equation like 

M"'"(aq) + nNO;'(aq) = M(N03)„ (solvent) 

then a theoretical maximum separation efficiency does not exist at 
finite concentrations (i.e., greater than zero). K, however, the log 
curves approach constant values at low concentrations of salting 
agent, as indicated by work of Schuler^ and Hill,* then the theoretical 
maximum separation should occur at a "reasonable" concentration. 
The equations for determining this optimum concentration depend on 
the type of extraction to be employed, as will now be shown. 

For a separation of uranium from thorium by a ser ies of succes
sive batch extractions, the desired conditions are 

(1 - fu)" = (YTK^J = constant = k (5) 

where Vg = Va for each extraction; otherwise Kjj must be replaced 

byKu(VgAa)-
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All Th extracted w nf TI, f*̂  nKji, = a minimum value 

(The approximations hold if fxh and KTH are much less than 1. Here 
the f stands for the fractions extracted, and the subscripts U and Th 
stand for the two elements, respectively. 

From Eq. 5 

- l o g k 
log (1 + Ku) log (1 + Ku) 

Hence nKji, becomes 

k' K Th 
log (1 + Ku) 

Now the desired value is the concentration of salting agent which 
makes the ratio Kxh/log (1 + Ku) a minimum; this value must be 
obtained by plotting Kxh /log (1 + Ku) against the concentration of 
salting agent. 

An approximate expression can be given for the ratio Kxh /In (1 + Ku), 
using the first two terms of the approximation (where In stands for the 
natural logarithm): 

In (a + x) = In a + 2 
2a 

x 1 / x Y ^ 1 / x Y 
+ x"*" 3^2a + x j "̂  5\2a + x j 

for a > 0 , - a < x < « > 

^Th ^ Kjh L Ku\ 
In (1 + Ku) ~ Ku \ 2 / 

for Ku = 0 to Ku w 3. For semicontinuous extractions the desired 
conditions are 

1 - e-'̂ u Y = constant = k (6) 

and 

1 — e'^^Th ̂  = a minimum, 

i.e., Kxh—^ must be a minimum. From Eq. 6 
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Vs _ - l n ( l - k ) 
Va Ku 

Hence [-In (1 -k ) ] (Kxh/Ku) must be a minimum, i.e., the concen
tration of salting agent making K T H / K U a minimum gives the maxi
mum separation efficiency. 

In continuous or countercurrent extractions, if equilibrium is at
tained at the "feed" solution inlet, Ms becomes MQ in Eq. 1, and the 
two equations obtained are 

(MA _ ^ Vs 

/Ms\ Vs 

WX - "'̂ '̂  v; 
Here again, on dividing one of these equations by the other, it is seen 
that the maximum separation is obtained at the salting-agent concen
tration where Kjh /Ku is a minimum. 

These theoretical maxima in separation efficiency may not occur at 
concentration of practical value; however, merely determining whether 
they exist at all at "finite" concentrations of salting agent should be of 
definite interest to theoretical studies on the mechanism of solvent ex
traction. 

2.4 Effect of Changing the Salting-out Agent. It is supposed that 
the major factors affecting efficiencies of extraction into a given sol
vent are the activities of various species in the aqueous phase, i.e., 
H+, N O ; , UOJ"^, or Th(IV), etc., and the concentrations of the HNO3 
and/or other electrolytes in the solvent phase. It then seems reason
able to suppose that approximately the same efficiency of separation 
of uranium from thorium should be obtained with any salting-out agent, 
provided all comparisons are made under conditions of constant f rac
tion of uranium extracted at constant Vg/Va ratios, not at constant 
nitrate concentration. (The separation efficiencies will not be exactly 
the same, of course, since the activities of all species involved in 
uranium extraction and those involved in thorium extraction will prob
ably not be exactly the same under the different conditions mentioned.) 
A convenient method of carrying out this comparison is to plot the 
per cent U and per cent Th extracted as a function of salting-agent 
concentration in batch extractions (keeping Vg /Va constant) for a 
variety of salting agents and then to compare the values for the per 
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cent Th extracted at any given per cent U extracted. Unfortunately, 
time did not permit making such a comparison in this study. 

2.5 Effect of Rate of Flow of Ether Through the Semicontinuous 
Extractor. Using the ejqjerimental extractor (Fig. 1), the fraction 
of uranium extracted by the first 70 ml of diethyl ether passing through 
the extractor was recorded in several different runs, each involving a 
different ra te of flow of ether. In each case the aqueous phase origi
nally contained 1.5M Ca(N03)2, 0.25M Th(N03)4, IM HNO3, and 1.1 mg 
of U as U02(N03)2 per milliliter. The results are given in Table 2. 

The per cent uranium extracted at ra tes up to about 10 ml/min is 
essentially constant; above this ra te the extraction efficiency begins 
to decrease, with the size of the ether drops passing up through the 
aqueous phase becoming visibly larger. For relatively small-scale 
work the feasible ra tes are quite rapid enough. The rate can be easily 
controlled by controlling the volume of solvent in the receiving flask, 
the rate increasing with increasing volume of solvent. 

3. CHECK OF EQUATION 3 FOR SEMICONTINUOUS EXTRACTIONS 

In order to check the validity of Eq. 3 a number of solutions were 
made up containing IN HNO^, IN Th(N03)4, and 3N of an additional 
salting-out agent. (N here refers to molarity of nitrate ion.) Batch 
K's were determined for each case, using equal volumes in the two 
phases and diethyl ether as solvent. In two cases, i.e., those in
volving AUNOJ) , and Mn(N0^)2, the K's were determined by F. W. 
Schuler using U^'^ t racer and a 1-ml (each phase) scale. In the cases 
involving Cu(N03)2, Ca(N03)2,and NH4NO3, the K's were determined 
by chemical analysis of uranium extracted from the aqueous solutions 
originally containing 1 mg of uranium per milliliter; the chemical 
analyses were carried out by the Analytical Section under D. N. Hume 
using a colorimetric method. 

Seventy-milliliter samples of each of these solutions containing 
1 mg of UÔ "*" per milliliter were put into a semicontinuous extractor 
like that shown in Fig. 1 and extracted with 70 ml of diethyl ether. 
After each extraction both phases were analyzed by the Analytical 
Section. The percentages of uranium extracted are shown in Table 3 
along with the expected values from Eq. 3. 

The data in Table 3 show good agreement between the calculated 
and experimental values for the semicontinuous extraction of uranium 
at a Vs/Va ratio of unity. It is expected that the agreement would not 
be good for higher Vs/Va rat ios, if the values of K given in Table 1 
were used, since the true K's should decrease with increasing Vg/Va 
because of the removal of HNO3. If, however, the original aqueous 
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solution had a pH of about 1.5, then the pH would not be expected to 
change appreciably with Vs/Va and hence neither should K (see 
Sec. 2). 

4. EXTRACTION OF U"' FROM IRRADIATED THORIUM 
CARBONATE 

The type of extraction apparatus used in the U^'^-thorium separa
tion was essentially like that shown in Fig. 2 except for a few modi
fications, the most important of which was the addition of an auto
matic siphon between the extractor and receiving flask to measure 
the flow rate of the solvent. An outline of the procedure employed 
for the U^**-thorium separation and a brief discussion of the various 
steps follow. The process involved 

1. Dissolution of the irradiated thorium carbonate in HNO3. 
2. A first semicontinuous solvent extraction after adjustment of 

concentrations and pH. 
3. Removal of the Û ** with all extracted Th(N03)4 from the re

ceiving flask and putting it through a second semicontinuous extrac
tion. 

4. Removal of the U*" with all extracted Th(N03)4 from the extrac
tion receiving flask and precipitation of the thorium as the oxalate 
away from the uranium at IN HNOj. 

5. Neutralization of this supernatant to pH 7.0 with NH4OH and 
electroplating the Û ** onto a platinum cathode from the resulting 
(NH4)2C204-NHiN03 solution. 

6. Dissolving the U '̂* off the platinum cathode with dilute HNO3. 
The thorium carbonate used in these experiments was purchased 

from Lindsay Light & Chemical Co., West Chicago, 111., as the basic 
carbonate, ThOC03.2Hp, and heated at 250°C to remove water vapor 
and easily removable gases. After this treatment the resulting mate
rial could be represented as about 90 to 95 per cent Th02 and about 
10 to 5 per cent partly hydrated ThOCOj. Fortunately this material, 
unlike pure ThOj, is soluble in HNO3. This thorium carbonate for 
irradiation in the Clinton pile was compressed into pellets and sealed 
in aluminum cans (the same type cans as used for Clinton uranium 
metal slugs), each can containing 200 g of the thorium "compound." 

It was decided to dissolve the can along with the thorium carbonate 
and use the resultir^ aluminum nitrate as an additional salting-out 
agent, rather than to first dissolve the cans in NaOH and then the 
carbonate in HNO3, after removing the sodium aluminate solution. 
In order to be able to adjust the final HNO3 concentration more closely, 
the dissolution was carried out in two steps. First, the aluminum was 
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dissolved in excess 3.5N HNO3 containing 0.004N Hg(N03)2 as a catalyst, 
after which the excess HNO3 was boiled off. Then the carbonate was 
dissolved in sufficient 14N HNO3, at the boiling point, to end up with 
a solution containing roughly 0.95 mole of Th(N03)4 to 0.73 mole of 
A1(N03)3 to 1 mole of HNO3. This solution was then adjusted to a pH 
of about 1.5 with NH4OH, and the total concentration was diluted to 
7.0N (i.e., 7.0M NO3) and sent to a storage tank. From the tank the 
solution went by gravity flow to the first semicontinuous extractor in 
1.1-liter batches. (Dilution to 5M total nitrate was found to give a 
higher separation efficiency; however, it required a longer extraction 
time, and the increased separation was not appreciably advantageous 
to the over-all process.) Both the dissolver and storage tank were 
made of 25-12 stainless steel, the extractor, of glass. 

The cans which were processed by the method described here had 
been irradiated in the Clinton pile as follows: 

1. Fourteen cans had been irradiated for \y% months in a position 
where the flux was somewhat less than average; then they had been 
allowed to stand for about two months before processing. Each of 
these slugs at the time of processing contained about 2.5 mg of U *̂̂  
and 0.2 mg of P^*^. 

2. Six cans had been irradiated for about five months in a position 
where the flux was nearer its maximum value; then they were proc
essed within about 10 days after removal from the pile. Each can 
contained at the time of processing about 4 mg of U *̂̂  and 1.5 mg of 
Pa^^. 

Because of the beta and gamma radiation associated with the Pa^**, 
i.e., 20 curies of 0.23-Mev betas and about 10 curies of 0.33-Mev 
gammas per milligram, the process through the first solvent-extrac
tion step had to be carried out behind a few inches of lead shielding. 
After the first semicontinuous extraction, the remaining steps were 
carried out essentially without shieldii^. 

During the first extraction the receiving flask contained about 
100 ml of aqueous phase and about 100 ml of diethyl ether, the water 
being present to remove any extracted HNO3 from the ether in order 
to avoid the possibility of a violent reaction involving the solvent and 
this acid. After percolating ether through the aqueous phase in the 
extractor equivalent to six volumes of the latter (i.e., 6.6 l i ters pass 
ing through), a stopcock was turned, and the 100 ml of ether was 
boiled away from the aqueous phase in the boiler. Some oil was left 
on top of the water layer, and it was extracted off with benzene. The 
oil may have come from the dissolver or storage tank (although these 
had been thoroughly rinsed with carbon tetrachloride and concentrated 
nitric acid), or it may have resulted from nitrate reaction with the 
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ether during the extraction. There were reducing agents remaining 
in the aqueous phase which had been found on test to interfere with 
the second extraction. These were destroyed by titration with potas
sium permanganate. 

Several "extracts" from the first extraction were combined and 
after making 7N (3.5M) with respect to Ca(N03)2 were put through the 
second semicontinuous extraction. Ether was percolated through the 
aqueous phase until an equivalent of four times the aqueous volimie had 
passed through. The extracted U^^^was again collected in an aqueous 
phase as in the first extraction. The losses in each of the two extrac
tions were in the range of about 1 to 3 per cent. 

At this point the U '̂̂  had a few times its weight of thorium remain
ing with it, showing a removal of thorium by a factor of up to about 
10,000. After again destroying the reducing agents with potassium 
permanganate, the solution was made 0.5N in HNO3, and the thorium 
was precipitated away with excess oxalic acid. Above 0.5M HNO3 the 
percipitation of thorium is less complete; below about 0.5M HNO 3 the 
precipitate begins to carry more uranium and has poorer physical 
properties for handling. It was found that the thorium could be preci
pitated at concentrations of up to 55 mg/ml without losing more than 
about 1 per cent of the U^ '̂ into the precipitate. 

After removal of the thorium oxalate precipitate the solution was 
adjusted to pH 7.0 with NH4OH, and the U^'^was electroplated onto 
a platinum cathode at 80°C, using conditions similar to those re 
commended by Cohen and Hull,* with the exception that appreciable 
ammonium nitrate was present in these runs. The U^'^was then dis
solved off the platinum with dilute HNO3 solution. Part of the product 
was further purified by additional batch extractions; after this treat
ment the metallic impurities were present to an extent of probably 
less than 1 per cent. 
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Table 1 — Per Cent Thorium Extracted (by the Semicontinuous Method) into Diethyl 
Ether from Aqueous Solutions Containing IN HNO3, IM Th(NO,)4, 3N of the Salting 

Agent Shown, and 1.1 Mg of Uranium per Milliliter 

Salting agent 

AKNO,), 
Mn(NO,), 
0.75NA1(NO,),1 
2.25N Ca(NO,y 
Ca(NO,), 
NH4NO, 

70% U extracted 

Vs/Va 

0.7 

1.1 

1.7 
5.0* 

% Th ex
tracted 

0.30 

0.15 

0.10 
0.08* 

75% U extracted 

V s A a 

1.0 

1.3 

2.0 

%Th ex
tracted 

0.35 

0.17 

0.11 

80% U extracted 

Vs /V, 

1.0 
1.3 

1.6 

2.4 

% Th ex
tracted 

0.60 
0.39 

0.17 

0.12 

'Extrapolated values. 

Table 2 — Per Cent U Extracted as a Function of Ether Flow Rate 

Ether throughput 

lin/70 ml 
of ether Ml/mln 

6.6 10.6 
11.0 6.36 
12.0 5.83 
24.8 2.82 

% U extracted in 
first 70 ml of ether 

52.5 
56.3 
56.0 
57.1 

Table 3 — Experimental and Calculated Values for Semicontinuous Extraction of 
Uranium into Diethyl Ether from Aqueous Solutions IN in HNO,, IN in Th(NO,)4, 

and 3N in Salting-out Agent at a Vs/V^ Ratio of Unity 

% U extracted by semi-

Salting-out 
agent 

A1(N0,), 
Mn(NO,)j 
Cu(NOi,)j 
Ca(NO,), 
NH.NO, 

Batch extraction 

extracted 

67 
55 
55 
40 
19 

K = Cs/Ca 

2.0 
1.2 
1.2 
0.66 
0.24 

continuous extraction 

Calculated 

86 
70 
70 
48 
21 

Experimental 

82 
74 
71 
55 
22 
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Fig. 1 — Experimental semicontinuous extractor. (1) Condenser. (2) Aqueous-ether in
terface (2-cm-diameter tubing). (3) Extractor (3-cm-diameter tubing; 70 ml aqueous 
phase). (4) Sintered-glass disk (coarse). (5) Receiving flask. (6) Constant-temperature 
water bath. (7) Hot-plate. (8) Three-way stopcock (for discharging aqueous solution). 
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Fig. 2 — Semicontinuous extractor used in the separation of U^̂ ' from thorium. (1) Con
denser. (2) Aqueous inlet. (3) Aqueous outlet (to waste). (4) Extractor (1.1 liter aqueous 
capacity). (5) Receiving flask. (6) Constant-temperature water bath. (7) Sintered-glass 
disk (coarse). (8) Hot plate. 
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a b 
CONC. SALTING AGENT-

Fig. 3 — General graph of the fraction of each ion removed by the solvent as a function 
of concentration of salting agent. 
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THEORETICAL CONSIDERATION OF ETHER EXTRACTION 
OF URANYL NITRATE FROM AQUEOUS SOLUTIONS CONTAINING 

VARIOUS METAL NITRATE SALTING AGENTS 

By Leonard I. Katzin and Nison N. Hellman 

[Editor's Note: Contribution from the Chemistry Division, Argonne 
National Laboratory, Based on Report ANL-4087. Prepared for pub
lication Nov. 20, 1947.] 

ABSTRACT 

It is pointed out that the extraction of uranyl nitrate from aqueous 
solution by immiscible solvents such as diethyl ether is probably ac
companied by a change in solvation. A quantitative theory of the 
extraction mechanism is developed in which the effects of solvation 
are included. Comparison is made between the theory and currently 
available data. 

1. INTRODUCTION 

Many water-immiscible organic liquids such as alcohols, ethers, 
es ters , and ketones dissolve uranyl nitrate and act to extract it from 
aqueous solutions.* The distribution coefficient is a function of the 
concentration of uranyl nitrate^ and can be improved by the addition 
of other nitrates to the aqueous phase.^'* Although much empirical 
information has been gathered on distribution coefficients between 
specific organic and water phases, no adequate theory for the solvent 
extraction of uranyl nitrate has been developed by which these data 
may be correlated or extended. This situation results from the con
dition that, despite its experimental simplicity, the solvent extraction 
of an inorganic salt from concentrated salt solutions is a theoretically 
complex process and the actual chemistry involved has not been deter-
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mined. It is the purpose of this paper to propose a chemical mecha
nism for the diethyl ether extraction of uranyl nitrate and to test this 
mechanism in a quantitative analysis of certain data pertaining to the 
system. 

The uranyl nitrate —diethyl ether system was chosen for study be
cause the solubility of uranyl nitrate in diethyl ether has long been 
known and this system is probably the best known solvent-uranyl 
nitrate system available. The suitability of the proposed extraction 
mechanism will be judged by the ability of a derived thermodynamic 
function to reproduce quantitatively the experimental data on the ex
traction of uranyl nitrate by diethyl ether. In order to simplify the 
application of known thermodynamic solution data, we will consider 
the extraction of uranyl nitrate from solutions sufficiently acid to 
avoid hydrolysis, and also free of interfering ions. 

2. PROPERTIES OF URANYL NITRATE IN SOLUTION 

In order to formulate a reasonable uranium-extraction mechanism 
which is consistent with the chemical nature of uranyl nitrate, the 
following properties exhibited by uranyl nitrate in aqueous solutions 
and in solvent extraction must be borne in mind. Uranyl nitrate is a 
strong electrolyte, acting as if it were completely dissociated in water. 
Robinson, Wilson, and Ayling,* from their studies of the activity coef
ficients of bivalent metal nitrates, concluded that it was unlikely that 
there was any intermediate ion formation for uranyl nitrate. Uranyl, 
magnesium, cobalt, copper, cadmium, calcium, strontium, and barium 
nitrates were studied; at any concentration the mean-activity coef
ficient of uranyl nitrate was consistently the highest. Therefore, even 
when uranyl nitrate is present in low concentration in strong nitrate 
solutions, it might be expected that the uranium exists largely as 
uranylion. 

Although the solubility of uranyl nitrate is appreciable in anhydrous 
ether, it r ises rapidly with the addition of water to the system.^ Thus 
the ether phase in equilibrium with anhydrous U02(N03)2 contains 8.78 
per cent by weight of uranyl nitrate at 20°C, whereas ether in equi
librium with crystalline U02(N03)2.6H20 and a saturated water layer 
contains 45.27 per cent by weight of uranyl nitrate. The ether phase 
in the latter case also contains 13.56 per cent by weight of water, as 
compared to normal solubility of water in ether of 1.3 per cent by 
weight. The enhanced solubility of water in ether, despite the de
creased activity of water in the highly concentrated aqueous phase, 
along with the increased uranyl nitrate solubility in ether in the p re s 
ence of water, suggests that the uranium extracted from an aqueous 
into an ether phase may be both ether and water solvated. This hy-
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pothesis is substantiated by the composition of the compounds ob
tained on the evaporation of an ethereal solution of uranyl nitrate 
hexahydrate. Von Unruh,* on evaporating such a solution in vacuum 
or dry air , obtained fluorescent yellow-green crystals whose com
position was U02(N03)2.3H20.C4HioO. Further evidence as to the nature 
of the uranyl nitrate in ether comes from the observation that, when 
an excess of crystalline uranyl nitrate hexahydrate is shaken with 
ether, two liquid layers are formed and an elevation of temperature is 
noted.'' This is indicative that the uranyl ion is associated with less 
than six molecules of water in concentrated ether solution. The at
tachment of both water and solvent to the uranium in the solvent phase 
necessitates consideration of water and ether as components in the 
extraction reaction, and, since the change in the number of molecules 
of water associated with each extracted uranium molecule may be 
large, relatively small changes in the water activity may be amplified 
through a power relationship to a large effect on the extraction equi
librium. 

The addition of nitric acid decreases the solubility of uranyl nitrate 
in water and changes the hydrate in equilibrium with the solution." 
The solubility of uranyl nitrate as a function of nitric acid concen
tration shows points of discontinuity, the solubility reaching a mini
mum and then rising for each lower hydrate with which it can be 
brought into equilibrium. The changing degree of hydration of the 
equilibrium solid phase may be indicative of a changing degree of 
hydration of the uranyl ion in the aqueous phase. If it is assumed that 
water enters into the solvent-extraction reactions, then changing de
grees of hydration may change the power relationship with which 
water activities enter into calculations at different solution salt con
centrations, greatly complicating the analysis. In the practical case, 
however, solutions of water activity as low as 0.45 are not used, so this 
problem need not be considered further. 

3. MECHANISM OF ETHER EXTRACTION 

We assume a mechanism for the ether extraction of uranyl nitrate 
which involves a competition of water and ether for uranyl nitrate. 
In the aqueous phase the following pertinent reactions a re postulated: 

U(xH) + 2 N = (UN2)(xH) (1) 

(UN2)(xH) + yE = (UN2)(yE)(zH) + (x - z)H (2) 

[UÔ "*" will be designated by U; NO3" will be designated by N; HjO will 
be designated by H; ether will be designated by E; activities will be 
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designated by a; molalities will be designated by m; forms present in 
the ether will be designated by primes. The hydrolysis reaction for 
uranyl ion is neglected in these considerations because at acidities 
above O.IN it removes an inappreciable portion of the uranium from 
the solvent-extraction reactions.] 

Ki = 

The following equilibrium constants can be written: 

*(UN,)(xH) 

K2 

au(xH) ̂ N 

(̂UN,)(zH)(yE) ^H 

(̂UNj(xH) ^E 

(3) 

(4) 

It is further assumed that (UN2)(yE)(zH) has a distribution markedly 
in favor of the ether (experimental distribution coefficients greater 
than 100 have been found) and that the other forms of uranium are 
essentially not extractable. The ratio of concentrations of uranium in 
the water and ether phases following equilibration may then be r e 
presented by 

R 
™(UN,)(zH)(yE) •*" "̂ (UNjXxH) "̂  ™U(xH) 

m; 
(5) 

'(UN,)(zH)(yE) 

with the equilibrium condition being 

^™^̂ UN,)(zH)(yE) ~ ^™'̂ '\uN,)(zH)(yE) 

Algebraic combination of Eqs. 3 to 6 leads to the equation 

(6) 

R (f) 
.,/' Q ( X - Z ) 

y (UN,)(zH)(yE) ̂ H 
+ 

zH)(yE) K2a^r(UN2)(xH) 

m 
1 +-

U(xH) 

m (UNjXxH). 
(7) 

4. EVALUATION OF PROPOSED MECHANISM 

In testing the suitability of the derived equation, a number of ap
proximations must be made to evaluate quantities which a re difficult 
or impossible to compute from the presently available data. Since 
corrections to some of these details may be possible later when more 
data are available, it is worth while to proceed with such an evalua
tion with a clear understanding of the limitations involved. 
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The experimental data on distribution of uranyl nitrate between 
aqueous and ether phases come from a study by Hellman and Wolf* 
(Table 1). Their experiments consisted in putting radioactive trace 
amounts of uranium as uranyl nitrate in solutions of a bulk nitrate 
salt (concentrations from IN to ION), 0.5N in nitric acid, equilibrating 
with an equal volume of diethyl ether, and determining the fraction of 
the radioactive t racer extracted by the ether. The extraction of bulk 
salt was in most cases undetectable, although extreme concentrations 
of cupric nitrate did give t races extracting. Since the experiments 
cited concerned only t race concentrations of uranyl nitrate and inap
preciable amounts of the bulk salt extracted, the important factors 
affecting the activity of the ether in the ether phase should be the 
amount of water dissolved and the amount of nitric acid extracted. 
With pure ether and water alone, about 1.3 per cent by weight of 
water dissolves in ether, amounting to perhaps 5.1 mole per cent. 
Addition of salt to the water phase in equilibrium with the ether de
creases the vapor pressure of the water and its concentration in the 
ether phase. The originally low extraction of nitric acid increases as 
salt concentration increases, but it never approaches the 5 mole per 
cent of water. It seems legitimate therefore, within the accuracy of 
the experimental data involved, to consider the activity of the ether 
in the system as essentially constant. 

If one further makes the explicit assumption that the formula of the 
extracted hydrate-etherate is trihydrate-monoetherate, in conformity 
with some of the earlier cited data on the compounds crystallized 
from ether, and that in the aqueous phase the uranium is closely co
ordinated with only six molecules of water, the activity of the ether 
may be taken as constant (and unity), and the activity coefficient of 
the water, appearing in the same term of Eq. 7, will then be raised 
to the power 6 minus 3, or 3. Furthermore, since the hydrate-etherate 
appears to only trace concentrations in essentially pure ether, its 
solution may be considered to be ideal, and its activity coefficient 
therefore constant in that medium. 

The activity of water in a given salt solution, in the form of the 
partial pressure of water above the solutions in question, can be ob
tained from the li terature; by convention the activity is taken as the 
ratio of the partial pressure to the vapor pressure of pure water at 
the same temperature. 

The ratio of ionic uranyl to that in the form of uranyl nitrate is 
difficult to obtain directly. The choice must be made first as to 
whether to consider the salt a weak or strong electrolyte. If it is a 
weak electrolyte, under the experimental conditions outlined (trace 
concentrations of uranyl nitrate in high concentrations of bulk nitrate). 
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one would expect it to be largely in the form of the undissociated 
salt. Under such circumstances the ratio in question becomes very 
small, and the last, bracketed term in Eq. 7 reduces to unity. In the 
alternative case of a s t ro i^ electrolyte which is largely dissociated 
at all nitrate concentrations, apparently "undissociated" molecules 
will be related in frequency of appearance to the statistical juxta
position of a uranyl ion and two nitrate ions. The value of the ratio of 
ionic to molecular form should then be a function of the inverse 
square of the nitrate ion activity, and the te rm in brackets may then 
be reduced to the second portion alone, most of the uranium being in 
the ionic form. 

The practical expedient was adopted of calculating the two extreme 
cases of no dissociation and essentially complete dissociation. For 
the latter case, as outlined, the activity coefficient of the undissociated 
molecule cancels out, leaving the ionic-activity coefficient product in 
the denominator. To evaluate the coefficient product, the assumption 
is made that it is equal to the cube of the mean-activity coefficient of 
uranyl nitrate. Examination of data compiled by Harned and Owen' on 
the behavior of HCl in bulk chloride solutions indicates that, to a good 
approximation, the mean-activity coefficient of t race concentrations of 
an electrolyte in a bulk salt solution of given ionic strength is equal 
to the geometric mean of the mean-activity coefficient of the bulk salt 
and that of the trace electroljrte present alone at the same ionic 
strength. Illustration of how this rule approximates the t race mean-
activity coefficient is shown in Table 2, calculated from data given by 
Harned and Owen. Data given in this same work indicate that in con
centrated salt solutions the activity coefficients of minor constituents 
are essentially constant where their concentration is less than 0.01 to 
0.1 molal. Accordingly, this geometric mean relationship has been 
used to obtain mean-activity coefficients for trace uranyl nitrate. 
Mean-activity-coefficient values were extrapolated from a graph of 
logy± against ionic strength (Fig. 1). [Activity coefficients for lithium, 
calcium, magnesium, copper, and uranyl nitrates were taken from 
Robinson and coworkers;^'*" aluminum nitrate, from Pearce.** Nitric 
acid to 3M was taken from Lewis and Randall,*^ values for higher con
centration being calculated from partial pressure of water (Interna
tional Critical Tables data). Manganous nitrate activity coefficients 
were obtained from water part ial-pressure data of Ewing, Click, and 
Rasmussen," using the KCl data of Robinson and Sinclair," and 
Harned et al.® to determine a base line value at 1,14 molal. Ammonium 
nitrate data were similarly calculated from solvent part ial-pressure 
data of Gibson and Adams'^ at 20.3°C, without attempting correction 
to 25°C. Water-activity data not directly obtained were calculated 
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from the data of Robinson et al. 5,io,i4j values are given in Table 3. 
A graph of log R against log (aH/y±)'(l/niN)^ is given in Fig. 2. 

For evaluation of the activity coefficient of the undissociat d uranyl 
nitrate, in considering the case of uranyl nitrate as a weak electrolyte, 
it is helpful to rearrange Eq. 3 into the following form: 

>'(UNJ(xH) = Ki 
mu^N 

™(UNj)(xH) 
VuVS (8) 

As a first approximation one might take the activity coefficient of 
the undissociated molecule as unity, since salt effects on neutral 
molecules are in general not large. The second term of Eq. 7 thus 
becomes reduced to a function of the cube of the water activity which 
obviously fails to describe the data. Another sort of approximation 
may be made, namely, that the molality function in brackets, Eq. 8, 
is constant. This amounts to saying that a reasonably good " d i s 
sociation constant" is obtained from considering the molalities with
out recourse to activities. In this case the ionic-activity product is 
reduced to the cube of the mean-activity coefficient, as was done 
above. A graph of the data on this basis is shown in Fig. 3. 

The problem of the activity coefficient of the neutral uranyl nitrate 
can also be approached from the conventional direction of salting-
out of neutral molecules, for which the following approximate relation 
often holds:' 

log y = kjLt (9) 

The quantity fx is the ionic strength, and k is a constant, different for 
each salt and each neutral molecule. To substitute a value for k is not 
practical, since there is no criterion for predicting values. It is 
therefore necessary to ignore the factor of the activity of the water 
and to plot logarithm of R against ionic strength. The graph is shown in 
Fig. 4. 

5. DISCUSSION 

From consideration of Eq, 7 it is seen that a graph of the logarithm of 
R against the logarithm of the function log (an/>'±)^(l/mfj)^ should give 
a straight line at an angle of 45 deg if the neglected te rms are really 
negligible. If they are not, the graphs should be flattened correspondingly. 
Figure 2 shows a scattering, but individual salt lines show a straight-
line tendency. The slopes are all less than 45 deg. In spite of the 
scatter, the lines for lithium, copper, magnesium, and manganous 
nitrates show very good agreement, with an essentially uniform slope 
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and position, the spread of the group being less than a factor of 1.5 
in R over a considerable range of R. Considering the e r ro r s inherent 
in the data and in terms which are the cube of extrapolated values, the 
concurrence of the results is striking. The behavior of nitric acid is 
actually in agreement with that of the four salts mentioned above, since 
it is known that nitric acid extracts into ether and no correction has 
been applied to either the water concentration of nitric acid or the 
ether activity. As expected, the nitric acid point at low concentration 
of acid, where these corrections would be least, falls in the range of 
the four salts showing agreement. Distinct disagreement with the 
trend of these five nitrates is shown in the case of ammonium nitrate, 
which shows a slightly flatter slope, lying a factor of 3 in R above the 
main group, and calcium and aluminum nitrates, which lie below the 
main group. Even these, it should be reiterated, show slopes not ex
ceeding 45 deg. A possible explanation for the deviations will be 
mentioned below. 

As in the case of Fig. 2, Fig. 3 should show a line at 45 deg, or, if 
neglected quantities interfere, a flatter line. In addition to the rather 
more evident kinks in individual lines, there is an evident lesser uni
formity of slope. Several lines, such as those for calcium and mag
nesium nitrates, and in the early region, lithium nitrate, show slopes 
definitely steeper than the limiting 45 deg. In the lower concentration 
region, both nitric acid and ammonium nitrate become grouped with 
the majority concentration, but magnesium and lithium nitrates become 
distinct deviates. Aluminum and calcium are still far from the norm. 
In our estimation Fig. 2 gives a cleaner and less questionable ap
proximation to the theoretical requirements than Fig. 3, lending sup
port both to the strong electrolyte nature of uranyl nitrate and the 
relationship deduced (Eq. 7) for the extraction of uranyl nitrate by 
ether. 

It will be pointed out, of course, that Fig. 4, which is another rep
resentation of the hypothesis that uranyl nitrate is a weak elec
trolyte, does give an appearance similar to that generally reported 
for salting-out studies — a family of lines, with slopes dependent on 
the salt used, relating the logarithm of the activity coefficient of the 
neutral molecule and the ionic strength of the salt solution.' However, 
this graph does not necessarily furnish evidence for the status of uranyl 
nitrate as a weak electrolyte. This is seen upon analyzing the factors 
which enter into evaluation of Eq. 7, as plotted in Fig. 2. The activity 
of the water in the salt solution is a function (although not precisely 
logarithmic) of the ionic strength; the mean-activity coefficient for 
uranyl nitrate is taken from a graph (Fig, 1) which itself shows a loga
rithmic relationship of activity coefficient and ionic strength; the 
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nitrate concentration is proportional to the ionic strength; and these 
factors all come in as squares and cubes. It is therefore clear that 
obtaining curves crudely of the type expected from ionic-strength 
graphs can be no real criterion of the weak electrolyte nature of uranyl 
nitrate. 

Inspection of Fig, 1 shows further that of the salts used, in the high-
ionic-strength region, all give reasonably straight-line extrapolations 
with positive slope except ammonium nitrate. This salt gives an al
most straight-line salting-in graph. It is possible that the ammonium 
nitrate-extraction line of Fig, 2 lies above the general group because 
the hydrate-etherate is salted in instead of out. The tendency of cal
cium and aluminum nitrates to fall below the main group could be due 
to unusually powerful salting-out action on the hydrate-etherate, but 
this seems less likely. 

It therefore appears that the hypotheses and calculations leading to 
and embodied in Eq. 7 are compatible with the evidence available on 
the extraction of uranyl nitrate by organic liquids. The hypothesis 
further gives qualitative explanation of phenomena such as the de
crease of extraction of the uranyl nitrate when high enough concen
trations of copper nitrate and thorium nitrate are used to extract ap
preciably into the ether phase.* The effect is due to lowering of the 
ether activity and also changing the activity coefficient of the uranyl 
nitrate extracted into it. A more exact evaluation of the relations 
derived must await very careful experiments designed specifically to 
yield a quantitative test of Eq. 7. 

6. SUMMARY 

On the hypotheses of (a) strong electrolyte behavior of uranyl ni
trate, (b) reaction of ether with hydrated uranyl nitrate to give a com
pound containing one molecule of ether with loss of three waters, and 
(c) extraction of the resulting hydrate-etherate into the organic phase, 
an equation has been derived for the distribution of uranyl nitrate be
tween water and ether. Test of the relationship has been made with 
data available for the extraction of t race concentrations of uranyl ni
t rate from strong salt solutions. Within the limits of accuracy of the 
data used, the relationship shows distinct promise. 
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Table 1 — Extraction of Trace Uranyl Nitrate from Salt Solutions 0.5N in Nitric Acid 
by Equal Volumes of Diethyl Ether (Hellman and Wolf, 1945) 

Agent 

HNO, 

LiNO, 

NH^NO, 

Ca(N03), 

Normality 

3 
5 
7 

2 
3.5 
5.5 
7.5 

3 
5.5 

10 

2.4 
3.6 
4.9 
7.5 

Per cent 
extracted 

23 
52 
62 

10 
36 
74 
81 

8 
25 
59 

13 
32 
63 
99 

Agent 

Mg(NO,), 

Mn(NO,), 

Cu(N03)2 

A1(N0,)3 

Normality 

1.5 
2.6 
3.6 
5.5 

2.5 
5.0 
7.5 

2.5 
5.0 
7.5 

10.5 

2.0 
4.0 
6.0 

Per cent 
extracted 

3 
18 
38 
99 

18 
74 
87 

12 
69 
91 
87 

18 
54 
96 

Table 2—Calculation of Mean-activity Coefficient for Trace Concentrations 
of a Salt in the Presence of a Bulk Salt 

Bulk salt 

LiCl 
NaCl 
KCl 
CsCl 
SrClj 
BaC^ 
AlCl, 
CeClj 

y± of HCl* 
(M = 3) 

1.32 
1.32 
1.32 
1.32 
1.32 
1.32 
1.32 
1.32 

r i of bulk salt 
(M = 3) 

1.17 
0.72 
0.58 
0.48 
0.46 
0.39 
0.38 
0.34 

*Data taken from Harned and Owen. 

y± of HCl 
(O.OIM) 

1.29 
1.07 
0.84 
0.67 
0.88 
0.72 
0.85 
0.70 

y± calc 

1.24 
0.97 
0.87 
0.79 
0.78 
0.72 
0.71 
0.67 

tCalculated by formula y± = V(y± HCl) (yt bulk salt). 
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10 
[ - 1 I I I I I I I 

y+ 1.0 — 

0.1 I I I I I I I I I I I I I 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Fig. 1 — Logarithm of mean-activity coefficient against ionic strength for various ni
trates. H, nitric acid; Li, lithium nitrate; NH4, ammonium nitrate; Ca, calcium nitrate; 
Mg, magnesium nitrate; Cu, cupric nitrate; UO,, uranyl nitrate; Al, aluminum nitrate; 
Mn, manganous nitrate. For sources of data, see text. 
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Fig. 2—Logarithm of distribution coefficient, water/ether, of trace uranyl nitrate 
between various nitrate salt solutions and diethyl ether, against logarithm of the prod
uct: (water activity)' (mean-activity coefficient, uranyl nitrate)"' (nitrate ion molality)" 
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Fig. 3 — Logarithm of distribution coefficient, water/ether, of trace uranyl nitrate be
tween various nitrate salt solutions and diethyl ether, against logarithm of the product, 
(water activity)' (mean-activity coefficient, uranyl mtrate)"' 
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Fig. 4 — Logarithm of distribution coefficient, water/ether, of trace uranyl nitrate be
tween various nitrate salt solutions and diethyl ether, against ionic strength of the salt 
solution. 
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Paper 3.11 

INFLUENCE OF VARIOUS NITRATES ON DIETHYL 
ETHER EXTRACTION OF LOW CONCENTRATIONS OF 

URANIUM FROM THORIUM 

By Nison N. Hellman and Michael J , Wolf 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CB-3664. Prepared for publication Oct. 29, 1946.] 

1. INTRODUCTION 

The production of Û ^̂  by neutron irradiation of thorium*' ^ presents 
the problem of isolating and purifying uranium from thorium when 
present at concentrations less than one ten-thousandth that of thorium. 
The known solubility of uranyl nitrate in diethyl ether suggested the 
possibility of using a solvent-extraction process, and preliminary 
work by Fontana' proved the feasibility of such an extraction and 
purification procedure. 

Upon shaking an aqueous solution of uranyl nitrate with ether, the 
uranyl nitrate distributes itself between the aqueous and ether phases. 
The completeness of extraction which occurs in a single equilibration 
of ether and aqueous phases is generally controlled by varying the 
concentration of a nitrate salt in the aqueous solution, the extraction 
being low in dilute solutions and reaching a maximum in more con
centrated solutions. In connection with the development of a solvent 
process for extraction of U '̂̂  which was undertaken in this laboratory,* 
studies were made of the influence of various nitrates on the extrac
tion of thorium and uranium into ether. It was the purpose of these 
studies to determine the most favorable salting agent and the optimum 
concentration of that agent to achieve separation of uranium from 
thorium. The influence of HNO3, NH4NO3, LiNOj, Ca(N03)2, Mg(N03)2, 
Cu(N03)2, Mn(N03)2, La(N03)3, Al(N03)3, and Th(N03)4 at various con
centrations was determined (Table 1 and Figs. 1 to 10). 
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2. EXPERIMENTAL WORK 

The experimental methods for this investigation were the same as 
those employed by Hyde and Wolf* for a survey of solvents for ex
traction of U^'*. The procedure consisted in shaking 5 ml of ether 
with 5 ml of aqueous phase of appropriate composition with respect 
to salting agent, thorium, and U '̂* t racer . This was done in a g lass-
stoppered 15-ml centrifuge cone. After 10 min of shaking, the tubes 
were centrifuged to effect a clear separation of the layers . A 2-ml 
aliquot was then taken from the ether layer; the ether was evaporated 
over water; and the resulting aqueous solution was analyzed for thori
um and uranium. The thorium analyses were performed by the p re 
cipitation of the oxalate by oxalic acid in IN hydrochloric acid and 
the subsequent oxidimetric determination of the oxalate by titration 
with eerie sulfate. Uranium analyses were made by measuring the 
alpha activity of the extracted U***. Five to eight thousand counts per 
minute of t racer (52 per cent counting yield) were used in each ex
periment. It was found that the variation in the amount of t racer from 
100 to 100,000 c/min in 5-ml volume did not change the percentage 
extraction. In those studies where thorium was present (except those 
in which thorium nitrate served as a salting agent) i ts concentration 
was held at IN. Nitric acid was present in 0.5N concentration in all 
experiments. 

All the salts tested were able to induce uranium of better than 60 
per cent. The most effective salting agent at high extraction levels was 
Mg(N0s)2. It was found that HNO3, LiNOj, Cu(N03)2, Mn(N03)2, La(N03)3, 
and A1(N03)3, which are capable of effecting appreciable salting of 
thorium as well as of uranium into ether, would produce markedly 
greater uranium extraction if thorium were absent. The divergence 
of the percentages of uranium extraction in the presence or absence 
of thorium becomes most marked at the total nitrate concentration at 
which the thorium begins to salt detectably into the ether. This suggests 
"counter salting" of the uranium from ether by other salts or acid 
which may also have been extracted into the ether. A similar expla
nation may apply to the decrease in uranium extraction encountered 
with thorium, aluminum, and copper nitrates at high nitrate concen
trations. 

In the absence of thorium the extraction effects of these salts on 
uranium, judged by the maximum extraction they induced within the 
concentration ranges studied, a re as follows: 

Mg(N03)2 > Ca(N03)2 > A1(N03)3 > LiN03 > Cu(N03)2 > Mn(N03)2 

> La(N03)3 > HNO3 > NH4NO3 
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In the presence of thorium the sa l t s , rated on the maximum uranium 
extraction they are capable of effecting within the l imi ts of concen
tration studied, are as follows: 

Mg(N03)2 > Ca(N03)2 > Mn(N03)2 > La(N03)3 = A1(N03)3 

= Cu(N03)2 > Th(N03)4 = NH4NO3 > HNO3 = LiN03 

The relative effectiveness of these sa l t s in producing moderate (30 
to 50 per cent) extraction of uranyl nitrate into ether in the absence 
of thorium nitrates i s as follows: 

A1(N03)3 > Mg(N03)2 " Mn(N03)2 > LiN03 > La(N03)3 

> Cu(N03)2 > Ca(N03)2 > HNO3 > NH4NO3 

In the presence of thorium nitrate the sa l t s , rated on their effective
n e s s in producing moderate (30 to 50 per cent) extraction, are a s 
follows: 

A1(N03)3 > Mg(N03)2 > Ca(N03)2 > Mn(N03)2 = Cu(N03)2 

> HNO3 > LiN03 = La(N03)3 = Th(N03)4 > NH4NOS 

Though the percentage extraction effected by these various sa l t s 
will change with different extracting solvents , it i s expected that the 
relative salting abil it ies will remain the same . 

Thorium extraction apparently i s not detectable until the nitrate 
concentration i s 3N to 5N, the exact normality depending on the salt . 
Ammonium, calcium, and magnesium nitrates effect practically no 
extraction of thorium within the concentration ranges studied, l e s s 
than 1 per cent being extracted by the ether at the nitrate concentra
tion g iv i i^ 60 per cent extraction of uranium. Nitric acid, A1(N03)3, 
Cu(N03)2, and Mn(N03)2 are marked in producing thorium extraction, 
a s much as 54 per cent extraction occurring with Cu(N03)2 at U N 
total nitrate. 

The relative effect of these sa l ts in producing thorium extraction 
i s as follows: 

Cu(N03)2 > Mn(N03)2 > HNO3 > La(N03)3 = LiNOs > A1(N03)3 

> Th(N03)4 > Ca(N03)2 > Mg(N03)2 > NH4NO3 

Mg(N03)2 and Ca(N03)2 are expected to show an abrupt increase in the 
amount of Th(N03)4 which i s extracted from solutions of total nitrate 
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concentration just above those studied. Mg(N03)2 i s expected to be a 
stronger salting agent than Ca(NOs)2 at these higher nitrate concen
trations. 

A somewhat more complete study of the extraction of thorium by 
ether was made for solutions containing only thorium nitrate, am
monium nitrate, and nitric acid (Table 2 and Figs. 11 to 13). The ex
traction of thorium into ether was found to vary with nitric acid con
centration, thorium concentration, and total nitrate normality. It i s 
interesting to note that there is apparently a minimum total nitrate 
concentration which must be exceeded before the thorium begins to 
extract detectably into ether and that beyond this point the extraction 
occurs at an exponentially increasi i^ ra te . The effect of increasi i^ 
either acid or thorium concentration above the minimum is to in
crease continually the percentage extraction of thorium. Nitric acid 
i s the more marked in i t s effect. 

In the solvent-extraction process as usually conducted, the uranyl 
nitrate i s reextracted from the ether by washing the ether with water. 
Nitric acid extracted from the original salted phase by the ether 
would be reextracted along with the uranyl nitrate and would accumu
late in the wash water, acting there as a salting agent and seriously 
interfering with the reextraction of uranium. To evaluate the difficulty 
to be anticipated an investigation was made of the nitric acid extrac
tion into ether from solutions of ammonium nitrate, thorium nitrate, 
and nitric acid. The results on the extraction of nitric acid are sum
marized in Table 3 and Fig. 14. Up to 65 per cent of the nitric acid 
in the aqueous layer is extracted by ether as the total nitrate con
centration reaches 12N. Varyii^ the acid concentration between the 
limits 0.5N and 2N has no marked influence on the percentage of acid 
extracted by the ether; the absolute amount of acid extracted in this 
range being of course proportional to i ts original concentration in the 
aqueous phase. Thorium nitrate salts out more nitric acid into the 
ether than does the stoichiometrically equivalent amount of ammonium 
nitrate. In extractions of U^ '̂ by ether us i i^ ammonium nitrate as a 
salting agent, the total nitrate concentration i s generally 8N to ION. 
Under these conditions it can be assumed that the extraction of nitric 
acid is roughly about as complete as the uranium extraction. Data 
obtained by Tanret® indicate that salts which were found to be s t ro i^ 
salting agents for uranyl nitrate are also strong salting agents for 
nitric acid. It is therefore expected that, in general, the extent of 
nitric acid extraction by ether will roughly parallel the extent of 
uranyl nitrate extraction from an aqueous phase when there is an ap
preciable quantity of free nitric acid present. Hence, unless adequate 
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provision is made, the nitric acid thus extracted may seriously in
terfere in the reextraction of uranium from ether into a second 
aqueous phase. 

3. SUMMARY 

As juiced by these data Ca(N03)2, Mg(N03)2, and NH4NO3 would be 
very suitable salting agents for extraction purposes, where it is in
tended to free the uranium from thorium. Aluminum nitrate might be 
used also but would require more careful control of its concentration 
in order to achieve maximum uranium extraction at total nitrate 
normalities so low that thorium extraction has not become marked. 
It would be desirable to maintain low acid concentration in the aque
ous phase which is to be extracted, in order to reduce both thorium 
and nitric acid extraction. It was found in experiments in this lab
oratory with a countercurrent extraction apparatus* that feed solu
tions adjusted to pH 1.5 give optimum extraction of uranium and 
purification from thorium. Lower acidities result in too marked a 
decrease in uranyl nitrate extraction, probably resulting from hy
drolysis of the uranyl nitrate into a nonextractable form. 
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Table 1—Extraction of Uranium and Thorium by Ether 
as Influenced by Various Salting Agents 

Salting 
agent 

Total nitrate 
normality 

Thorium 
normality 

Uranium 
extracted, % 

Thorium 
extracted, ̂  

HNO, 

LINO, 

NH4NO3 

Ca(NO,)j 

Mg(NO,)3 

7 
7 
5 
3 
7 
5 
3 

7.5 
7 
5 
5.5 
2 
7.5 
5.5 
3.5 
2 

12 
9 
7 
5 
3 

10 
5.5 

7.50 
5.25 
4.0 
2.75 
7.50 
4.87 
3.62 
2.37 

5.5 
4.14 
3.15 
2.17 
5.5 
3.60 
2.58 
1.50 

47 
36 
40 
10 
62 
52 
23 

53 
66 
31 
25 
22 
81 
74 
36 
10 

59 
57 
47 
30 

8 
59 
25 

96 
59 
25 
11 
99 
63 
32 
13 

99 
44 
18.5 
9 

99 
38 
18 
3 

21 
3.3 
0.1 

19 

1.2 
0.8 
0.5 
0.1 
0.0 

1.2 
0.1 
0.0 
0.0 

0.31 
0.00 
0.0 
0.0 
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Table 1 — (Continued) 

Salting Total nitrate Thorium Uranium Thorium 
agent normality normality extracted, % extracted, % 

Mn(NO,). 8.5 1 72 43 
8.5 1 70 
7.0 1 65 
6.0 1 5.5 
3.5 1 21.0 0.0 
7.5 0 87 
5.0 0 74 
2.5 0 18 

Cu(NO,), 11.0 1 38 52 
8.0 1 62 19 
5.0 1 50 0.5 
3.0 1 12 0.0 
10.5 0 87 
7.5 0 91 
5.0 0 69 
2.5 0 12 

La(NO,), 6.5 1 39 2.1 
4.5 1 18 0.2 
4.5 1 18 
2.5 1 5 0.0 
6.0 0 93 
4.5 0 61 
2.5 0 14 

AKNOj), 7.5 1 57 17.6 
5.5 1 63 2.8 
2.5 1 13 0.0 
6.0 0 96 
4.0 0 54 
2.0 0 18 

TMNOj)^ 11.0 52 11.4 
9.0 58 8.0 
5.0 32 0.14 
3.0 8 0.0 
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Table 2—Extraction of Thorium by Ether as Influenced by Thorium, 
Nitric Acid, and Total Nitrate Concentration 

Initial concentrations in aqueous phase. 

nitrate* 

10 

9 
9 
9 

9 
9 
9 
9t 
9 
9 
9 

9 
9 
9 

8 

6 
6 
6 

6 
6 
6 

6 
6 
6 

3 
3 
3 

3 
3 

3 
3 
3 

nuroicuiiy 

Nitric acid 

1 

0 
0 
0 

0.5 
0.5 
0.5 
0.5 

1.0 
1.0 
1.0 

2.0 
2.0 
2.0 

1.0 

0.0 
0.0 
0.0 

1.0 
1.0 
1.0 

2.0 
2.0 
2.0 

0 
0 
0 

0.5 
0.5 

1.0 
1.0 
2.0 

Thorium nitrate 

9 

1 
2 
3 

1 
2 
3 
3 

1 
2 
3 

1 
2 
3 

7 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 

1 
2 
1 

% thorium extracted b; 
equal volume of ether 

30 

0.00 
0.11 
0.25 

0.00 
0.32 
0.30 
0.20 

0.25 
0.52 
0.77 

1.15 
2.45 
3.40 

6.40 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

0.00 
0.49 
1.03 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 
0.00 

*The difference between the total nitrate concentration and the sum of the 
nitric acid and Th(NO,)4 concentrations was made up with NH^NO,. 

tA 50-cc batch stirred with electric stirrer 10 min. All other data on 
5-cc quantities shaken by hand. 
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Table 3—Extraction of HNO, by Ether from Aqueous Solutions of 
Varying Acid, Ammonium Nitrate, and Thorium Concentrations 

Solution composition 

0.5N HNO3, l.ON Th(N03)4, 
varying NH^NO, 

l.ON HNO3, l.ON Th(N03)4, 
varying NH4NO3 

2.ON HNO3, l.ON Th(N03)4, 
varying NH4NO3 

l.ON HNO3, O.ON NH4NO3, 
varying Th(N03)4 

Total nitrate 
concentration of 
aqueous phase 

2.5 
4.5 
6.5 
8.5 

10.5 

3 
5 
7 
9 

11 

4 
6 
8 

10 
12 

2 
5 
8 

10 

% HNO3 extracted 
by equal volume 

of ether 

14 
26 
36 
50 
62 

18 
31 
42 
56 
63 

27 
36 
46 
57 
64 

11 
41 
78 
77 
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TOTAL AQUEOUS NITRATE NORMALITY 

12 

Fig. 1—Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of nitric acid to make 
up the aqueous phase to the indicated total nitrate concentration, o , uranium extrac
tion, a, uranium extraction (solution also containing IN thorium nitrate). • , thorium 
extraction (solution also containing IN thorium nitrate). 

2 4 6 8 10 
TOTAL AQUEOUS NITRATE NORMALITY 

Fig. 2 — Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of ammonium nitrate 
to make up the aqueous phase to the indicated total nitrate concentration, o, uranium 
extraction, (t, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 
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2 4 6 8 10 

TOTAL AQUEOUS NITRATE NORMALITY 
12 

Fig. 3—Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of lithium nitrate to 
make up the aqueous phase to the indicated total nitrate concentration, o, uranium ex
traction. 9, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 
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TOTAL AQUEOUS NITRATE NORMALITY 

12 

Fig. 4 — Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of cupric nitrate to 
make up the aqueous phase to the indicated total nitrate concentration. O, uranium ex
traction, a, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 



187 

2 4 6 8 10 
TOTAL AQUEOUS NITRATE NORMALITY 

12 

Fig. 5 — Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of calcium nitrate to 
make up the aqueous phase to the indicated total nitrate concentration, o , uranium 
extraction. 9, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 
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2 4 6 8 10 
TOTAL AQUEOUS NITRATE NORMALITY 

12 

Fig. 6 — Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of magnesium nitrate 
to make up the aqueous phase to the indicated total nitrate concentration, o, uranium 
extraction, a, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 
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100 

2 4 6 8 10 
TOTAL AQUEOUS NITRATE NORMALITY 

Fig. 7 — Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of manganous nitrate 
to make up the aqueous phase to the indicated total nitrate concentration. O, uranium 
extraction. 9, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 
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2 4 6 8 10 
TOTAL AQUEOUS NITRATE NORMALITY 

Fig. 8 — Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of lanthanum nitrate 
to make up the aqueous phase to the indicated total nitrate concentration, o, uranium 
extraction, a, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 
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2 4 6 8 10 
TOTAL AQUEOUS NITRATE NORMALITY 

Fig. 9—Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of thorium nitrate 
to make up the aqueous phase to the indicated total nitrate concentration. 9, uranium 
extraction (solution also containing IN thorium nitrate). • , thorium extraction 
(solution also containing IN thorium nitrate). 
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2 4 6 8 10 
TOTAL AQUEOUS NITRATE NORMALITY 

Fig. 10 — Extraction of uranyl nitrate and thorium nitrate by equal volumes of ether 
from solutions containing 0.5N nitric acid and varying normality of aluminum nitrate 
to make up the aqueous phase to the indicated total nitrate concentration, o, uranium 
extraction, a, uranium extraction (solution also containing IN thorium nitrate). • , 
thorium extraction (solution also containing IN thorium nitrate). 
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CONC. Th(N03)4 (TOTAL NITRATE = 9N) 

Fig. 11—Influence of varying thorium nitrate concentration on the extraction of thori
um nitrate by an equal volume of ether from aqueous solutions containing nitric acid, 
thorium nitrate, and ammonium nitrate, with the total nitrate concentration at 9N. 
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Fig. 12—Influence of varying nitric acid concentration on the extraction of thorium 
nitrate by an equal volume of ether from aqueous solutions containing nitric acid, 
thorium nitrate, and ammonium nitrate, with the total nitrate concentration at 9N. 
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Fig. 13 — Influence of varying total nitrate concentrations on the thorium nitrate ex
traction by equal volumes of ether from aqueous solutions containing various concen
trations of thorium nitrate, nitric acid, and ammonium nitrate. 
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Fig. 14 — Extraction of nitric acid by ether as influenced by the ammonium nitrate, 
thorium mtrate, and nitric acid concentration of the aqueous phase, o, extraction of 
nitric acid from solutions containing 0.25M thorium nitrate, 0.5N m t n c acid, and 
varying concentrations of ammonium mtrate . A, extraction of nitric acid from solu
tions contaimng 0.25M thorium nitrate, l.ON nitric acid, and varying concentrations of 
ammonium nitrate, x , extraction of nitric acid from solutions contaimng 0.25M thori
um nitrate, 2.0N nitric acid, and varying concentrations of ammonium nitrate. • , ex
traction of nitric acid from solutions containing IN nitric acid and varying concentra
tions of thorium nitrate. 
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Paper 3.12 

A SURVEY OF SOLVENTS FOR EXTRACTION OF U^" AND P a " ' 
FROM NEUTRON-IRRADIATED THORIUM 

By Earl K. Hyde and Michael J . Wolf 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CB-3810. Prepared for publication Apr. 30, 1947. 
The uranium extraction was done by E. K. Hyde, and the protactinium 
extraction was done by M. J . Wolf. ] 

ABSTRACT 

A survey of organic solvents has been made to determine their 
ability to extract t race concentrations of uranium and protactinium 
from aqueous nitrate systems, with their possible use in a solvent-
extraction process for U^^' production in mind. 

The extraction effected by a number of the best solvents, particu
larly ketones, has been studied under a variety of conditions. The r e 
sults a re presented in curves, tables, and text discussions. 

1. INTRODUCTION 

The preparation of U^'' involves the irradiation of thorium with 
neutrons. The absorption reaction and the subsequent decay a re as 
follows: 

^Th«^(n,y)^Th«3 ^Th«3 _ £ - . ^^pa233 - £ - ^^u^-

The separation of the t race concentrations of U^̂ ^ thus produced from 
the large bulk of the thorium may be effected by one of the following 
schemes: 

Scheme 1. Separation of U^*'directly when the Pa^^^ has completely 
or nearly completely decayed. 

197 
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Scheme 2. Separation of both Pa^^ and U^^ away from thorium be
fore complete decay of Pa^^, followed by (a) a separation of U^' and 
Pa'"^ and (b) the complete decay of Pâ ^̂  into U"^. 

Scheme 3. Separation of Pâ ** alone at an early date after short ir
radiation so that no significant amount of U^^ has formed, following 
which the Pa^" is permitted to decay. 

Scheme 3 has little to recommend it for large-scale preparations 
233 

but is useful for the preparation of small samples of very pure U . 
A number of processes for the chemical separation of protactinium 
from thorium have been considered. Schulze' has studied a fluoride 
volatilization method; Katzin and Stoughton^ have studied a manganese 
dioxide precipitation method; and Steahly and Stoughton' have studied 
an iodate precipitation method. Several others have made similar 
studies. 

Solvent extraction applied according to scheme 1 or scheme 2 is 
the type of process which has received most consideration for large-
scale production of U^'^ Some of the reasons for this are the follow
ing: A solvent-extraction process is comparatively simple, an im
portant feature when operations must be carried out by remote control 
because of the biological hazard from the highly radioactive solutions. 
A solvent-extraction process can be made quite specific. Previous 
studies on the solvent extraction of heavy elements from nitrate solu
tions have shown that excellent separation from the lighter element 
impurities and from radioactive fission products can be achieved. 
Chemical procedures might well require many steps to effect the 
same degree of separation. A solvent-extraction process could proba
bly be operated with considerably higher recovery of the products. 
With a suitably designed countercurrent extraction column, nearly 
complete recovery of the final products could be expected, while losses 
in a process based on precipitations would be difficult to keep below 
several per cent. 

The solvent extraction of uranium, particularly by ethyl ether, has 
been studied extensively by others. Much of the information available 
is not directly applicable to the extraction of trace concentrations of 
uranium from gross amounts of thorium because most of the studies 
do not consider the behavior of thorium and most of them deal with 
the extraction of gross amounts of uranium. 

Fontana was the first to study the use of ether extraction in U '̂̂  
isolation.* Hellman and Wolf̂  made a thorough laboratory study of the 
ether extraction of trace concentrations of uranium with the require
ments of this problem in mind. Based on their studies extensive labo
ratory operations have been carried out by Hagemann, Studier, and 
Katzin,® by Hagemann,^ and by others. These studies completely dem-
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onstrate the feasibility of large-scale production of U^'' by scheme 1 
using an ethyl ether extraction process . 

The only serious objection to the ethyl ether process is the obvious 
one of the inflammability of the solvent, but experience in commercial 
production of uranium has shown that this is not an insuperable ob
stacle. It was desirable, however, to find alternate solvents. 

This report gives the results of a study of the ability of organic 
solvents, other than ethyl ether, to extract t race concentrations of 
uranium and protactinium from nitrate solutions, with a view toward 
their possible use in the separation of U^'^ by one of the schemes dis
cussed above. Very little or no information on the solvent extraction 
of protactinium had been reported up to the time of this study; the 
discovery of good solvents for protactinium nitrate may find many 
applications other than the specific one under consideration. 

A solvent suitable for U *̂* isolation must have acceptable physical 
characterist ics; a low distribution coefficient (solvent to aqu^us ) for 
thorium nitrate, radioactive daughters of thorium, fission products, 
and inert impurities; and a high distribution coefficient for uranyl 
nitrate. If scheme 1 is to be used, a low extraction coefficient for pro
tactinium salts is necessary, whereas for scheme 2 a high extraction 
coefficient for protactinium salts is necessary. In addition to these 
requirements the commercial availability of the solvent must be con
sidered. 

In preliminary studies those solvents which have undesirable physi
cal characterist ics, such as high water solubility, high viscosity, long 
settling t imes, and dangerous inflammability, and those which exhibit 
chemical instability toward aqueous nitrate solutions were eliminated 
from consideration. Solvents surviving these preliminary tests were 
examined for their ability to extract trace concentrations of uranyl 
and protactinium nitrates and gross amounts of thorium nitrate. Those 
solvents found to extract more than a few per cent of thorium nitrate 
were eliminated from further study regardless of their ability to ex
tract uranium and protactinium, A few of the most promising were 
tested under a variety of conditions. 

2. EXPERIMENTAL PROCEDURE 

Concentrated stock solutions of thorium nitrate, nitric acid, ammo
nium nitrate, and several other nitrate salts were prepared. The 
proper amounts of these solutions and of distilled water were de
livered from burets to a 15-ml, calibrated, glass-stoppered centri
fuge cone to make 5 ml of solution of a desired composition. To this 
solution U^̂ ^ t racer (5,000 to 10,000 c/min at 52 per cent counting 

0 
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yield) or Pa tracer (10,000 to 300,000 c/min at 10 per cent count
ing yield) was added. 

After shaking the solutions for 5 min with 5 ml of solvent, the 
layers were cleanly separated by centrifugation, and aliquots of the 
solvent were pipetted into separate centrifuge cones for analysis. 

To a 2-ml aliquot was added excess saturated oxalic acid in IN 
HCl to precipitate thorium oxalate. The oxalate, and hence the 
thorium, was determined by dissolving the washed precipitate with 
slight heating in an excess of standard eerie sulfate and back-titrating 
with standard ferrous ammonium sulfate to the ferroin end point. 

The method of separating and determining the tracer contained in 
an aliquot of the solvent varied. In most of the uranium experiments 
the technique was to reextract 0.5 ml of the solvent with 0.5 ml of 
distilled water in a 5-ml centrifuge cone, freeze the aqueous layer in 
a dry ice-acetone bath, and discard the stripped solvent layer. Then 
the water layer was evaporated on a platinum disk, and the alpha-
disintegration rate was measured in a standard-pulse ionization 
chamber. This method was very successful when the solvent extracted 
very little thorium (2 per cent or less). When thorium extraction was 
moderately high, it was necessary to separate thorium. To the water 
extract of the solvent aliquot obtained by evaporation of the solvent 
over water (if it was volatile enough), by steam distillation, or by use 
of the above freezing technique, a few drops of 6N HF were added to 
precipitate ThF^. The supernatant solution was evaporated on platinum 
disks and counted. A 10 per cent correction was applied for uranium 
lost on the thorium fluoride. 

In the protactinium experiments separation of the thorium was un
necessary. The protactinium in 0.25- to 2.0-ml aliquots of solvent 
was returned to an aqueous solution by volatilization or steam distilla
tion of the solvent. In the case of a few high-boiling solvents such as 
o-nitroanisole and nitrobenzene, these methods were too slow, and 
the solvent was extracted twice with water. In all cases the aqueous 
phase left after removal of the solvent was evaporated directly on a 
platinum plate or on a 1-in.-diameter watch glass. The dry samples 
were counted on the standard Geiger-Mueller beta counter. Evapora
tion of aliquots of solvent directly on watch glasses by the aid of a 
heat lamp was unsatisfactory. 

In every experiment in which thorium nitrate was a constituent of 
the aqueous layer, a "blank" run on a solution identical except for 
the absence of tracer was necessary to determine the extent of ex
traction of thorium-decay-product activities. This correction could be 
quite high for a solvent which extracted much thorium nitrate. 
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In the protactinium experiments nitric acid extraction was estimated 
on a separate aliquot of the solvent layer by direct titration with stand
ard alkali, using phenolphthalein or methyl orange indicator. In the 
presence of appreciable quantities of thorium the acid was determined 
by potentiometric titration using a Beckman pH meter and glass elec
trode. The first inflection point in the titration curve, which occurs 
between pH 2 and pH 3, indicating the point where thorium begins to 
interfere, is taken as the end point of the acid base titration. This end 
point necessitates a correction of about 3 per cent to the experimental 
values. More frequently the nitric acid extraction was determined by 
adding an excess of standard sodium hydroxide to the aliquot of solvent 
and back-titrating with standard acid to the phenolphthalein end point. 
The amount of base used up by the thorium could be corrected for, 
since, from potentiometric titration of known thorium nitrate solu
tion, it had been determined that one equivalent of thorium reacts 
with 0.89 equivalent of hydroxyl ion. 

In some of the protactinium experiments it was possible to check 
the reliability of the results by studying the material balance of the 
beta-active t racer . Reasonably good material balances were secured 
by evaporating and counting 20-/il samples of the aqueous salt layers . 
In dry residues from concentrated salt solutions, however, the e r ro r 
due to self-absorption was appreciable. 

3. EXPERIMENTAL RESULTS 

The results of a preliminary survey of a wide range of solvents 
with the composition of the aqueous phase arbitrari ly standardized at 
2N thorium nitrate, IN nitric acid, and 3N ammonium nitrate are listed 
in Table 1. The more promising solvents were subjected to more 
detailed study; the results a re presented in curves and tables. Note 
that all extraction figures refer to equal volumes of solvent and aque
ous phase. 

4. DISCUSSION 

4.1 General Comparison of Solvent Classes. The data of Table 1 
reveal that ethers (other than ethyl ether), halogen compounds, and 
nitro compounds are not useful for the extraction of either uranium 
or protactinium. 

The Cellosolve derivatives in general are good extracting solvents 
for uranium, but they are unsatisfactory because they extract too 
much thorium. In addition, undesirable physical character is t ics , such 
as long settling times and a tendency to form emulsions, argue against 
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their use. The best Cellosolve derivative is dibutyl carbitol, but the 
data of Table 2 show that even it extracts too much thorium. 

The alcohols are only mediocre extracting solvents for uranium, 
and such extraction as they do show drops off rapidly with the length 
of the carbon chain. A number of the longer-chain alcohols, however, 
are excellent solvents for protactinium. Special mention may be given 
n-heptanol, 2-ethyl hexanol, and n-octanol. Because of its very low 
thorium extraction, 2-ethyl hexanol was selected for more complete 
study; the results are presented in Fig. 21. These long-chain alcohols 
are open to some objection because of their physical characteristics. 

The esters as a class are fairly promisii^, but, since the extraction 
of uranium seems to drop off markedly with increasing molecular 
weight, only the acetates and propionates need be given serious con
sideration. A trend toward higher protactinium extraction with in
creasing length of the alcohol half of the ester is apparent. However, 
the percentage of protactinium extraction does not reach a high figure. 
It would be difficult to effect a clean-cut separation according to either 
scheme 1 or 2 using an ester. 

Esters suffer from the further objection of being susceptible to acid 
hydrolysis. The curves of Fig. 3 show that this hydrolysis tends to 
increase both uranium and thorium extraction. The ester is about 25 
per cent hydrolyzed under the conditions of the higher extraction. 
Several experiments carried out to determine whether the addition 
of ethyl alcohol or acetic acid to ethyl acetate or other solvents would 
raise the uranium extraction gave inconclusive results. 

As a class the ketones excelled all the other solvents investigated. 
The lower-molecular-weight ketones, as well as the alicyclic ketones, 
extract too much thorium; but the three ketones methyl n-amyl ke
tone, methyl isobutyl ketone, and diisopropyl ketone are excellent. 
Of these diisopropyl ketone is the best. 

4.2 Analysis of the Extraction by Ketones. The extraction ef
fected by the three ketones mentioned above was studied under a 
variety of conditions. The important features of the data presented 
in the curves and tables will be pointed out in the following analysis. 

(a) Influence of Nitric Acid on Extraction. Nitric acid has mark
edly different effects on the extraction of uranium, thorium, and pro
tactinium. As long as the total nitrate concentration is maintained 
constant, the extraction of trace uranium is insensitive to changes in 
acid concentration for concentrations above O.IN. Thorium extrac
tion, on the other hand, is quite sensitive to acid concentration, and 
the percentage extraction can be increased severalfold by raising 
the acid concentration from O.IN to IN. Table 3 and Figs. 8 and 9 
illustrate clearly these differing behaviors. The extraction of trace 
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protactinium is the most sensitive of all to acid concentration. When 
the acidity is low, very little extraction occurs even in the presence 
of a high concentration of a powerful, neutral salting agent. When the 
acidity is raised to IN, the use of the same salting agent results in 
80 per cent extraction (see Fig. 19). Even without the assistance of 
neutral salting agents, high extraction can be attained in nitric acid 
solutions (see Fig. 14). 

In the studies made at low acid concentrations it was noted that 
appreciable amounts of free nitric acid were liberated, presumably by 
hydrolysis of thorium nitrate. Where nitric acid was introduced with 
the t racer to the extent of 0.06N (curve 2, Fig. 19), electrometric pH 
determinations on relatively concentrated salt solutions showed that 
the hydrogen-ion activity was in all cases greater than 0.06N and rose 
markedly with increase in salt concentration. At high salt concentra
tions such measurements may be considerably in e r r o r , but the gen
eral trend of the observations is confirmed by ketone extraction data 
on the same solutions (Fig. 12). At the higher salt concentrations 
more acid was extracted into the solvent layer than had been added to 
the aqueous layer. 

To counteract this r i se in acid concentration due to hydrolysis, a 
ser ies of solutions was prepared in which the acid concentration was 
carefully adjusted to pH 1.4 to 1.6 with ammonium hydroxide (curve 
3, Fig. 19). Less than 1 per cent of the protactinium t racer was ex
tracted from these solutions. 

Advant^e could be taken of the differing effect of nitric acid con
centration on uranium and protactinium extraction to separate ura
nium from protactinium and thorium by operating at a pH of 1.5 and 
then, by raising the acidity to IN, to separate protactinium from 
thorium with the same solvent. 

(b) Effect of Neutral Salting Agents on Extraction. Nitrate salts 
added to the aqueous layer have quite different effects on the shape 
of the extraction curves for protactinium, thorium, and uranium. 

Increasing amounts of various nitrate sal ts , keeping the acid con
centration constant at l.ON, resul ts in an abrupt r i se in the pro
tactinium-extraction curves. The curves level off to a maximum of 
70 to 80 per cent at a total nitrate concentration of 2N to 3N for diva
lent and trivalent cations and at a total nitrate concentration of about 
5N for a monovalent cation. High protactinium extraction can be ob
tained without a high aqueous salt concentration. 

This is in contrast to the uranium-extraction curves, which r ise 
more gradually and show a greater dependence on the nature of the 
neutral salting agent. The leveling off at a maximum extraction is 

•^* reached until the total nitrate concentration is greater than 5N. 
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This maximum is higher and is reached earlier when di- and trivalent 
cations are used than when ammonium ion is used. 

The thorium-extraction curves rise only gradually as the total ni
trate concentration is increased until a certain concentration is ex
ceeded, after which the extraction goes up rapidly. When the higher-
valent salting agents are used, this rapid rise comes at a lower total 
nitrate normality, and the extraction of thorium reaches a higher 
value. 

(c) Extraction of Nitric Acid. Considerable nitric acid is extracted 
by the ketone from the aqueous layer with which it is in contact. The 
nature and concentration of the neutral salt and the concentration of 
the acid in the water layer influence the amount of acid which will be 
extracted (see Fig. 18). The extraction of nitric acid probably has an 
important role in the extraction of heavy element nitrates. 

(d) Reextraction from the Solvent. The reextraction of uranium and 
thorium from a ketone solution is readily effected by contact of the 
ketone with pure water or with dilute acid. Protactinium can be re-
extracted in the same way, but because of a steep rise in the curve of 
protactinium extraction vs. acidity (see Fig. 14) not much acid may be 
used in the aqueous wash solution. The effect of acid reextracted 
from the ketone must also be considered. The effect of reducing the 
acid concentration of the water layer on the reextraction of pro
tactinium from diisopropyl ketone is shown in Table 4. With a 10/1 
ratio of ketone to water, the distribution coefficient is only one-half 
as great as with a ratio of 1/1, where the acid is more highly diluted. 
When the nitric acid concentration is still further reduced by a pre
liminary water extraction of the solvent layer, the distribution co
efficient rises to 86. 

However, the use of pure water for the reextraction of protactinium 
has one disadvantage. It has been found that protactinium so removed 
cannot be extracted again upon acidifying and salting the aqueous 
solution and contacting it with an organic solvent because of a con
version of the protactinium to an unextractable state. Prolonged 
treatment with hot concentrated acid is necessary to reconvert the 
protactinium to an extractable condition. 

5. SUMMARY 

Preliminary examination of the ability of a large number of organic 
solvents to extract trace amounts of uranyl nitrate and protactinium 
nitrate from nitrate solutions revealed a number of promising sol
vents, principally aliphatic ketones. The influence of the concentra
tion of nitric acid and the nature and concentration of nitrate salts 
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in the aqueous phase on the extraction effected by these solvents was 
studied in detail. In addition, the extent of extraction of gross amounts 
of thorium nitrate and nitric acid was studied. 

Consideration was given to the application of these solvents to the 
large-scale production of U^^'from neutron-irradiated thorium. The 
choice of a solvent and of extracting conditions requires a careful 
consideration of the factors studied above; the experimental results 
indicate that some sacrifice in extraction must be made if clean sepa
ration from thorium and other impurities is to be effected. 
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Table 1 — Preliminary Survey: Uranyl Nitrate and Thorium Nitrate Extraction 
under "Standard" Conditions* 

Solvent 

Ethers 
Ethyl ether 
n-Propyl ether 
Dibutyl ether 

Cellosolve derivatives 
Diethyl cellosolve 
Dibutyl carbitol 
Benzyl cellosolve 
2-Ethyl butyl cellosolve 

Alcohols 
n-Butanol 
Me-Butyl carbinol 
Diethyl carbinol 
Heptanol 
Methyl n-amyl carbinol 
Diisopropyl carbinol 
n-Octanol 
2-Ethyl hexanol 
Heptadecanol 

Ketones 
Methyl ethyl ketone 

+ 15% xylene 
Methyl n-propyl ketone 
Methyl isobutyl ketone 
Diisopropyl ketone 
Methyl n-amyl ketone 
Cyclohexanone 
Methyl cyclohexanone 

%U 
extraction 

35 
2.2 
1.6 

55 
59 

59 

44 
30 
24 
24 

3 6 - 5 0 
11.6 

47 

53 
57 
56 
47 

%Th 
extraction 

0.0 
0.0 
0.0 

24 
2.7 

21 
7 

5.2 
0.6 
0.7 
0.65 
4.7 
0.0 
0.5 
0.0 
0.0 

22 

11 
20 

0.3 
0.9 

11 
Large 

%Pa 
extraction 

0.19t 
0.10 
0.05 

0.15t 

71.5t 

74.8 
72.1 
31.7 

20.9t 
48.7t 

3.0t 
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Table 1 — (Continued) 

Solvent 

Esters 
Ethyl acetate 
n-Propyl acetate 
Isopropyl acetate 
sec-Butyl acetate 
n-Butyl acetate 
Isobutyl acetate 
n-Amyl acetate 
Methyl propionate 
Ethyl propionate 
Ethyl butyrate 
2-Ethyl butyl acetate 
Diethyl malonate 
Methyl benzoate 

Halogen and nitro compounds 
Tnchloroethane 
Trichloroethylene 
Chloroform 
2-Nitropropane 
Nitrobenzene 
o-Nitroanisole 

Miscellaneous 
Dimethyl dioxane 
Isophorone 
Mesityl oxide 

% U 
extraction 

43 
50 
54 
39 
39 
21 
31 

10-20 
22 
10 

9 
22 

7.5 

0 
1.5 
0 
3.5 
2.1 
3.5 

34 

% T h 
extraction 

0.6 
1.3 
1.2 

0.06 
0.02 
0.3 
0.2 
0.03 
0 
0.02 

0 

0 
0.2 
0 

Trace 
Trace 
Trace 

3.8 
27 
12.7 

% P a 
extraction 

0.26t 
9.1 

11.9 
22.2 
10.6 
0.18 

31.9t 
0.06 
0 

0 

0.25 
0.10 
0 

*1N HNO3, 3N NH,NO„ 2N Th(NO,),. 
tlN HNO„ 2N NH^NO,, 2N Th(NO,)^. 
tlN HNO„ 2N Al(NO,)„ 3N Th(NO,),. 

Table 2 — Extraction Data for Dibutyl Carbitol 

ll 

Th(NO,), 
norm 

3 
3 
3 

3 
3 
3 
3 

1 
2 
3 

nitial aqueous composition 

HNO, 
norm 

0.5 
0.5 
0.5 

0.0 
0.5 
1.0 
2.0 

0.5 
0.5 
0.5 

NH^NO, 
norm 

0 
3.5 
6.5 

4.0 
3.5 
3.0 
2.0 

5.5 
4.5 
2.5 

Total 
NOJ norm 

3.5 
7.0 

10.0 

7.0 
7.0 
7.0 
7.0 

7.0 
7.0 
7.0 

Extraction 

% Th 
extracted 

0.08 
2 

14.5 

0.6 
2.0 
2.7 
9.1 

0.75 
0.83 
2.0 

% U 
extracted 

28 
52 

47.5 
52.5 
59.4 
58.2 

43.8 
52.0 
52.5 
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Table 3 — Effect of Acid Concentration on Extraction by Methyl n- Amyl Ketone 

Th(N03), 
norm 

HNO3 
norm 

NH^NO, 
norm 

Total 
NOr norm 

% T h 
extraction 

% U 
extraction 

0.05 
0.9 
1.4 
3.6 

37 
47 
44 
45 

•Beckman pH reading 1.0 to 1.5. 

Table 4 — Reextraction of Protactinium from Diisopropyl Ketone into Water 

Composition of 
aqueous layer 

2N sodium sulfate 
2N sodium sulfate 

Ratio of 
volumes, 

water 
ketone 

0.1 
1 

Initial conditions 
ketone layer 

Th(N03), 
miUieq./ml 

0.153 
0.153 

HNO3 
miUieq./ml 

1.18 
1.18 

Pa distribution 
coefficient, 

water 
ketone 

15 
30 

3 4 5 6 7 8 
TOTAL NITRATE NORMALITY 

10 

Fig. 1 — Extraction of U'" tracer, o , and thorium, D, by isopropyl acetate from 
aqueous solutions 2N in Th(NO,)^, IN in HNO,, and varying normality m NH,NO,. 
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3 4 5 6 7 8 
TOTAL NITRATE NORMALITY 

10 

Fig. 2 — Extraction of U^'tracer, o, and thorium, n, by n-propyl acetate from 
aqueous solutions 2N in Th(N03)4, IN in HNO,, and varying normality in NH,NOy 

3 4 5 6 7 8 
TOTAL NITRATE NORMALITY 

10 

Fig. 3 — Extraction of U"' tracer, o, and thorium, n, by ethyl acetate from aqueous 
solutions IN in Th(NO,)4, IN in HNO,, and varying normality in NH^NO,. o and • , 
separation of phases immediately after equilibration. b( and^i 20-hr contact of phases 
before analysis. 
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3 4 5 6 7 8 
TOTAL NITRATE NORMALITY 

Fig. 4 — Extraction of thorium by methyl n-amyl ketone. Composition of aqueous 
phase: o, IN in Th(NO,)<, varying normality in Mg(NO,)2; n, 2N in Th(NO,)4, IN in 
HNO3, varying normality in NH^NO,. 

3 4 5 6 7 8 
TOTAL NITRATE NORMALITY 

Fig. 5 — Extraction of U"' tracer by methyl n-amyl ketone. Composition of aqueous 
phase: o, IN in Th(NO,)4, varying normality in Mg(NO,)„ pH 1.0 to 1.5; a, 2N m 
Th(NO,)„ IN in HNO,, varying normality in NH^NO,. 



210 

TUU 

90 
o 
UJ 8 0 
1 -

^ 7 0 
( t __ 
H 60 
X 

w 50 
1 -

" 3 0 
tc 
^ 20 

10 

_ 1 1 1 1 1 
~^ 

rf 

— >^ 
— y ^ - ^ 

— X^^ 
^^ 

— ^XX^ 

l ^ ' ^ 1 1 1 

1 1 1 1 n 
_̂  ^ ^ _-̂ —""•—^ ^ n 

-̂̂ "̂  ^—"' ^ ^ ^ ' ^ D 

^^^^^"^ ^^JOr 

^"""^ 

1 
^_J 

1 1 1 1 V 
3 4 5 6 7 8 

TOTAL NITRATE NORMALITY 

10 

Fig. 6 — Extraction of U'" tracer by methyl isobutyl ketone. Composition of aqueous 
phase: O, IN in Th(NO,),, varying normality in Ca(NO,)j, pH 1.0 to 1.5; n, IN in 
Th(NO,)4, IN in HNO,, varying normality in NH,NO,. 

3 4 5 6 7 8 9 
TOTAL NITRATE NORMALITY 

10 11 

Fig. 7 — Extraction of thorium by methyl isobutyl ketone. Composition of aqueous 
phase: O, IN in Th(N(^)4, varying normality in Ca(NO,),; n, IN in Th(NO,)<, IN in 
HNO,, varying normality in NH^NO,. 
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3 4 5 6 7 8 
TOTAL NITRATE NORMALITY 

Fig. 8 — Extraction of U^" tracer by diisopropyl ketone. Composition of aqueous 
phase: (̂  , IN in Th(NO,)„ IN in HNO,, varying normality in Ca(NO,)2; o, IN in 
Th(NOJ<, varying normality in Ca(NO,)j, pH 1.0 to 1.5; A, IN in Th(NO,),, varying 
normality in Mg(NO,)2, pH 1.0 to 1.5; n, IN in Th(NO,)4, IN in HNO,, varying nor
mality in NH4NO,(D-s, low count due to self-absorption); x, IN in Th(NO,),, varying 
normality in Al(NO,),, pH 1.0 to 1.5. 

3 4 5 6 7 
TOTAL NITRATE NORMALITY 

Fig. 9—Extraction of thorium by diisopropyl ketone. Composition of aqueous phase: 
^, IN in Th(NO,)4, IN in HNO,, varying normality in Ca(NO,),; o, IN in Th(N0,)4, 
varying normality In Ca(NO,)„ pH 1.0 to 1.5; • , IN in Th(N03)„ IN In HNO,, varying 
normality in Mg(NO,),; A, IN in Th(NO,),, varying normality in Mg(NO,),, pH 1.0 to 1.5. 
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3 4 5 6 7 8 
TOTAL NITRATE NORMALITY 

Fig. 10 — Extraction of thorium by diisopropyl ketone. Composition of aqueous phase: 
D, IN in Th(N0,)4, IN in HNO,, varying normality in NH^NO,; x, IN in Th(NO,)„ vary
ing normality in Al(NO,)„ pH 1.0 to 1.5. 
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4 6 8 10 
TOTAL NITRATE NORMALITY 

Fig. 11 — Extraction of Pa*" tracer (curve 1) and of thorium (curve 2) from solutions 
3N in Th(NO,),, 2N in Al(NO,),, and varying normality in HNO,. 

4 6 8 
TOTAL NITRATE NORMALITY 

Fig. 12 — Extraction of HNO, by diisopropyl ketone indicating hydrolysis of Th(NO,)̂ . 
Composition of aqueous phase: 3N In Th(NO,)̂ , varying normality in Mg(NO,),, 0.06N 
in HNO, added. 
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4 6 8 
TOTAL NITRATE NORMALITY 

Fig. 13 — Extraction of Pa"' tracer by diisopropyl ketone. Composition of aqueous 
phase: curve 1, IN in HNO„ varying normality in NH^NO,; curve 2, IN in HNO,, varying 
normality in Mn(NO,)j; curve 3, IN in HNO,, varying normality in A1(N0,)3. 
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4 6 8 
NITRIC ACID NORMALITY 

Fig. 14 — Extraction of Pa"* tracer by diisopropyl ketone from dilute HNO,. 
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100 

2 4 6 8 
TOTAL NITRATE NORMALITY 

Fig. 15 — Extraction of Pa^" tracer (curves 1 and 2), thorium (curve 5), and nitric acid 
(curves 3 and 4) by diisopropyl ketone. Composition of aqueous phase: curves 1, 4, and 
5, IN in HNO,, 3N in Th(NO,)̂ , varying normality in Ca(NO,)j; curves 2 and 3, IN in 
HNO,, varying normality in Ca(NO,),. 
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100 

4 6 8 
TOTAL NITRATE NORMALITY 

10 

Fig. 16 — Extraction of Pa"' tracer (curves 1 and 2) and thorium (curve 3) by diisopropyl 
ketone pretreated by contact with a tracerless aqueous solution of the same composition. 
Composition of aqueous phase: curves 1 and 3, IN in HNO,, IN in Th(NOj)4, varying 
normality in Mg(NO,)2; curve 2, IN in HNO,, varying normality in Mg(N0,)2. 
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4 6 8 
TOTAL NITRATE NORMALITY 

Fig. 17 — Extraction of Pa"' tracer (curves 1 and 2), thorium (curves 5 and 6), and nitric 
acid (curves 3 and 4) by diisopropyl ketone. Composition of aqueous phase: curves 1, 4, 
and 5, IN in HNO,, 2N in Th(NO,)4, varying normality in NH^NO,; curves 2, 3, and 6, 
0.5N In HNO,, 2N in Th(NOj4, varying normality in NH^NO,. 
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0 2 4 6 8 10 
TOTAL NITRATE NORMALITY 

Fig. 18 —Extraction of nitric acid by diisopropyl ketone. Composition of aqueous phase' 
curve 1, varying normality m HNO,; curve 2, IN in HNO3, varying normality in NH4NO3, 
curve 3, IN in HNO,, varying normality in Ca(NO,)2; curve 4, 0.5N in HNO,, 2N in 
Th(NO,),, varying normality in NH^NO,. 



220 

100 

4 6 8 
TOTAL NITRATE NORMALITY 

Fig. 19 — Extraction of Pa"' tracer by diisopropyl ketone. Composition of aqueous 
phase: curve 1, IN in HNOj, 2.5N in Th(NOs)4, varying normality in Mg(NO,),; curve 2, 
0.06N in HNO, added, 3N in Th(NO,)4, varying normality in Mg(NO,)j; curve 3, 3N in 
Th(NO,),, varying normality in Mg(NO,)„ pH 1.5. 



221 

6 8 
TOTAL NITRATE NORMALITY 

Fig. 20 — Extraction of thorium by diisopropyl ketone. Composition of aqueous phase: 
curve 1, IN in HNO,, 2.5N in Th(N0,)4, varying normality in Mg(NO,),; curve 2, 0.06N 
in HNO, added, 3N in Th(NO,)̂ , varying normality in Mg(NO,),; curve 3, 3N in Th(NO,)4, 
varying normality in Mg(NO,)j, pH 1.5. 
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2 4 6 8 
TOTAL NITRATE NORMALITY 

Fig. 21 — Extraction of Pa'" tracer (curve 1), thorium (curve 3), and HNO, (curve 2) 
by 2-ethyl hexanol from aqueous solutions IN in HNO,, 3N in Th(NO,)4, and varying 
normality m Ca(N03)2. 
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Paper 3.13 

SOLVENT EXTRACTION OF U^'^ FROM HIGHLY 
RADIOACTIVE MATERIAL; A REMOTELY CONTROLLED 

LABORATORY-SCALE APPARATUS 

By French Hagemann 

[Editor's Note: Contribution from the Metallurgical Laboratory, 
the University of Chicago. Based on Report CC-3526. Prepared 
for publication May 22, 1946.] 

ABSTRACT 

Remotely controlled apparatus for separation of Û ^̂  from neutron-
irradiated thorium "oxycarbonate" on the scale of ^k kg of carbonate 
per day has been developed. Using countercurrent solvent extraction, 
with diethyl ether as the solvent, a thorium-uranium separation fac
tor of 10' and decontamination factors for beta and gamma activity 
from 10^ to 10' have been obtained with 99.5 per cent recovery of 
uranium. 

1. INTRODUCTION 

Irradiation of thorium with slow neutrons produces U^̂ ^ according 
to the following reactions: 

Th=^="(n,r)Th='='̂ — Pa^"'' - ^ ~ U' ' ' ' 

Seabo/g, Gofman, and Stoughton* first isolated microgram amounts 
of U^'^ from thorium which had been bombarded with neutrons from 
the Berkeley cyclotron by separating Pa^*^ and allowing it to decay to 
U233 .pjjg fjpgj milligram quantities of U '̂̂  which were made avail
able by the use of the pile as a high-intensity neutron source were 
separated directly by a batch ether extraction process.^ As greater 
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quantities of material became available, the need for a more effi
cient and less tedious method of separation became apparent. To this 
end laboratory-size equipment was developed for dissolution, filtra
tion, neutralization, and countercurrent solvent extraction. This 
equipment could be operated behind substantial lead shielding and per
mitted continuous separation of U^ '̂, present in concentrations of less 
than 50 ppm, from irradiated thorium oxycarbonate on the scale of 
V2 kg of carbonate per day. The apparatus to be described has been 
used successfully over a period of many months and has proved con
venient, safe, and efficient. 

The separation process for which the apparatus was designed is 
outlined in Fig. 1. 

Since each can of thorium oxycarbonate, after irradiation in a 
graphite-moderated pile for several months at a power level of about 
4000 kw, has associated with it some 50 curies of beta and 25 curies 
of gamma activity, due chiefly to 27.4-day Pâ ^^ (reference 3), ade
quate shielding of the extraction apparatus is imperative if the ma
terial is to be handled within a few months after removal from the 
pile. It has been found^ experimentally that the half thickness of the 
activity is approximately Ve in. "of lead; 2 in. of lead have provided 
sufficient protection in this apparatus. This shielding necessitates 
remote-control operation of the process up through the extraction of 
uranium into diethyl ether, at which point the activity has been re
duced to a safe level. 

Solvent extraction by means of a packed column employing the 
countercurrent principle has been adopted as more suitable than a 
batch process because of the advantages with regard to efficiency of 
separation and adaptability to continuous remote-control operation. 

The aluminum, thorium, and ammonium nitrates formed in the so
lution and neutralization steps furnish sufficient salting-out effect 
upon uranium* so that additional salting agents are unnecessary. The 
distribution coefficient for uranium between the ether and aqueous 
phases, C(ether)/C(aqueous), lies between 1 and 2 for the feed solu
tions used; that for thorium lies between 10"' and 10"*. The pH of 
the feed solution is rather critical for good thorium-uranium sepa
ration. The amount of thorium extracted increases rapidly with de
creasing pH, while the amount of uranium extracted decreases mark
edly when the pH exceeds about 1.7. The optimum value lies in the 
range pH 1.4 to 1.6. Extraction of A^NOj),, NH^NOj, and protactinum 
are negligible under these conditions, and decontamination factors 
(ratio of initial to final Geiger-Mueller counts per minute per unit 
weight of uranium) for combined beta and gamma activities of 10' 
to 10* are obtained. 
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The amount of thorium which is extracted by the ether is reduced 
considerably by utilizing a short " s c r u b " section at the top of the 
extraction column. Using 4 ft of packed extraction section and 28 in. 
of scrub section, with 9N NH4NO3 as the scrub solution and a solvent 
to feed to scrub ratio of 6 : 2 : 1 , less than 0.0001 per cent of the thori
um in the feed is extracted by the ether, corresponding to about 99 
per cent purity for the separated uranium. If the scrub section is not 
used, about 0.1 per cent of the thorium is extracted at a solvent to 
feed ratio of 2 / 1 . Extraction of uranium is greater than 99 per cent 
in both cases at feed throughputs up to 600 ml /h r . 

The uranium is recovered from the ether by reextracting counter-
currently into pure water. Since the rate of flow of water necessary 
for essentially complete recovery of uranium is V20 of the feed flow 
rate , a volume reduction of twentyfold is effected in the extraction 
process . The aqueous uranium solution is evaporated, and final pur i 
fication is carried out on a 1- to 10-ml scale. 

The extremely high distribution coefficients for uranium between 
sulfate solutions and ether permit reextraction of a large amount of 
ether by a small static volume of (NH )̂2SO^ solution. Using 3N 
(NH^)jSO^ as the "str ipping" solution, volume reductions of several 
hundredfold may be obtained. In this case separation of uranium from 
the sulfate solution by precipitation with ammonium hydroxide is 
necessary before final purification can be carr ied out. 

2. DESCRIPTION OF APPARATUS 

A diagrammatic sketch of the apparatus is shown in Fig. 2. Appro
priately placed m i r r o r s , not shown in the drawing, permitted obser
vation of the parts of the equipment surrounded by lead shielding. The 
lead partitions between the components of the apparatus allowed nec
essary repairs or adjustments in one section while active material 
was present in the others. Stopcocks and joints in that part of the sys 
tem handling aqueous solutions were lubricated with Apiezon N; 
those in the solvent line with a starch-glycerol paste. 

2.1 Dissolver. A 6-liter flat-bottomed flask with a 55/50 standard 
taper joint sealed on the neck served as the dissolver. Heat was sup
plied to the flask by a small hot plate controlled by a Variac outside 
the lead cave. A small water-cooled condenser fitted with a standard 
taper joint was attached to the flask to prevent evaporation losses 
during the dissolution process . 

2.2 Filtration Assembly. The large end of the filter tube, which 
was 15 to 20 cm long and 15 mm in diameter, was packed with a l ter 
nate layers of glass wool and diatomaceous filter aid. The upper end 
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of the tube was connected by a short length of Tygon tubing to a semi-
ball joint which connected with the line leading to the 3-liter round-
bottomed suction flask. The ball joint was held in place by a spring 
clamp fashioned from a large battery clip. New filter tubes were p re 
pared outside the cave and then placed in position with the aid of long-
handled tongs. 

2.3 Neutralization Flask. Adjustment of the pH of the feed solution 
was made in a 5-liter flask fitted with an electrically driven stainless 
steel s t i r r e r . Reagents were introduced through an addition tube not 
shown in the drawing. Samples of the solution were removed through 
the sampling port for pH measurements; by use of a single-drop glass 
electrode these measurements could be carried out on samples small 
enough to make shielding unnecessary. 

2.4 Extraction Column. The countercurrent extraction column 
was 22 mm I.D. and was packed with Vs in. I.D. glass helices supported 
on nichrome or stainless steel wire spi ra ls . The packed extraction 
section was 4 ft in length, and the packed scrub section was 28 in. 
Semiball joints permitted easy disassembly for cleaning and repacking. 
The solvent-aqueous interface was controlled manually by adjustment 
of the position of the raffinate overflow. 

2.5 Recovery Columns. The countercurrent recovery column was 
18 mm I.D. and was packed to a height of 3 ft with Va in. helices. The 
interface was controlled manually. 

A semicontinuous batch column of 16 mm I.D. was used with(NH4)2-
SO4 as a stripping solution. It was packed with 26 in. of Vs-in. helices 
and was provided with a stopcock at the bottom to permit drainage. 

2.6 Pumping System. Feed and scrub solutions and solvent were 
pumped to the extraction column by means of a bellows-type metering 
pump, which is described elsewhere. ' Corrosion of the brass pump 
par ts by the aqueous solutions was prevented by filling the bellows 
units with carbon tetrachloride. In the case of the radioactive feed 
solution the necessity for shielding the pump was eliminated by main
taining the carbon tetrachloride-aqueous interface within the lead 
cave. Solvent and aqueous solutions were delivered to the column under 
pressure , thus eliminating the extra height which would be necessary 
for gravity feed. Air-ballast reservoi rs constructed from 300-ml 
round-bottomed flasks served to smooth out the pulsating discharge 
from the pumps. 

Rotameters (Fisher and Porter tubes No. 000 for the aqueous so
lutions and No. 0000 for the ether) fitted with stainless steel floats 
were used to measure rates of flow. The meter tubes were connected 
into the line with semiball glass joints to facilitate removal for clean
ing. 
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The rate of introduction of water into the countercurrent recovery 
column was controlled by displacement of water from a cylinder by 
means of a plunger which was lowered at a constant rate of about 
0,025 in./min by a suitably geared electric motor. The rate of flow 
could be varied by using plungers of various diameters; a plunger 
25 mm 0,D, gave a flow of 20 ml/hr , 

2.7 Solvent Recovery Apparatus. A 2-liter round-bottomed flask 
fitted with an efficient water-cooled condenser was used for distillation 
of the washed ether pr ior to recycling. The flask was heated by a 
Glas-Col heating mantle controlled with Variac. 

3. PROCEDURE 

3.1 Loading. The aluminum cans containing the active thorium 
oxycarbonate were loaded directly into the dissolving flask with long-
handled tongs; a bed of powdered solid CO^ in the bottom of the flask 
served to cushion the fall and to prevent breakage. The transfer was 
done behind temporary lead shielding in the case of extremely active 
material . Up to five cans, each containing about 200 g of carbonate, 
could be handled at one time. 

3.2 Dissolution. After the COg had evaporated (the evaporation 
was speeded by use of a heat lamp and a s tream of air) , the condenser 
was attached to the flask, and the aluminum jackets and contents were 
dissolved in nitric acid. Once started, the reaction of the nitric acid 
and aluminum is extremely vigorous and difficult to control. The best 
procedure has been found to be to first add about 250 ml of water, 
containing a small amount of mercuric nitrate to act as a catalyst, 
followed by 25 to 50 ml of concentrated HNOj. The mixture was a l 
lowed to stand for a short time, with heating if necessary, until the 
reaction started. After the initial reaction subsided, concentrated 
HNO3 was added in small portions until further addition produced no 
violent reaction. Sufficient acid could then be safely added to give an 
excess over the amount calculated to dissolve the thorium oxycar
bonate and aluminum of 30 to 50 ml of 16N HNO3 per 100 g of car 
bonate. The mixture was boiled until the thorium had gone into so 
lution, leaving only a slight flocculent residue of silicious impurity 
(chiefly from the aluminum can); several hours of boiling were usu
ally required. The solution was then diluted with water to a volume 
of about 300 ml per 100 g of ThOCO, and allowed to cool. 

3.3 Filtration. The solution was filtered by application of suction 
from a water aspirator to the suction flask, thus drawing the liquid 
through the filter tube. A properly packed tube would filter cleanly 
at the rate of about 1 liter per hour. When packed too tight the filter 
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tended to clog rapidly, and if it was packed too loose the filtration 
was incomplete. Used tubes were stored inside the lead shielding 
since a large amount of the beta and gamma activity, particularly 
that due to Pa^' ' , remained adsorbed on the insoluble material . 

3.4 Adjustment of pH. After proper adjustment of stopcocks by 
means of a special long-handled tool the filtered solution was t r ans 
ferred to the neutralization flask by application of p ressure to the 
suction flask. Ammonium hydroxide and water were added in an 
amount such that the pH as measured by the glass electrode was 
1.4 to 1.6, and the final solution volume was approximately 1000 
ml per 200 g of ThOCO,. The resulting solution was about 2.5N to 
3.0N Th(NOb),, 2.0N to 2.5N A1(N03)3, ^^ to 2N NH^NO^, and 1 0 " ' N 
U02(NOj)2. The 9N NH4NO3 used as the scrub solution was also ad
justed to pH 1.4 to 1.6 by addition of nitric acid. 

3.5 Solvent Extraction. The solvent-aqueous interface was main
tained at the top of the extraction column. When ether was made the 
continuous phase, the extraction efficiency was low owing to prefer
ential wetting of the packing by the aqueous phase, resulting in a 
decrease of contact a rea between the two phases. 

Flow rates were set at 2 to 2.5 parts of solvent to 1 part of feed 
when the scrub section was not used and at 6 parts solvent to 1 part 
of scrub to 2 par ts of feed when the scrub was used. Under these 
conditions throughputs of 600 ml/hr in the first case and 400 ml /hr 
in the latter were well below the flood points. Once the ra tes were 
set and the interface adjusted, little or no further attention was r e 
quired. 

The interface in the countercurrent recovery column was also 
maintained above the packed section. At a flow rate of 20 ml /h r for 
the water and 1200 ml /hr for the ether effluent from the extraction 
column, the recovery of uranium was 99,5 per cent. 

When the semicontinuous recovery column was used it was filled 
with 70 ml of 3N (NH )̂2SO^ solution. This amount of solution would 
extract all the uranium (and thorium) from the ether up to the point 
where thorium ammonium sulfate started to precipitate in the col
umn. For 0.1 per cent thorium extraction or less , as was the case 
when the scrub section was not utilized, the uranium from 15 to 25 
l i ters of feed solution could be completely extracted in one 70-ml 
filling. 

3.6 Solvent Recovery. The washed ether was distilled before 
recycling. A layer of water was kept in the distilling flask to p r e 
vent the small amount of nitric acid carr ied over by the ether from 
becoming so concentrated as to react with the ether. Any uranium 
which was not removed in the recovery column was recovered from 
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this water layer. The entire extraction process could be operated on 
2 l i ters of ether, with sufficient make-up to take care of evaporation 
losses . 

3.7 Final Separation and Purification. The water solution of ura
nium from the countercurrent recovery column was evaporated to 
dryness, and the final purification was effected by smal l -scale batch 
ether extractions and suitable precipitation procedures designed to 
give the degree of purity desired. 

When (NH4)2S04 solution was used for reextraction, an excess of 
NH4OH was added. The precipitated (NH4)2U2 0^ and Th(0H)4 were 
centrifuged and washed, dissolved in nitric acid, and reprecipitated 
to ensure removal of any sulfate carr ied down in the first precipi
tation. After dissolution in nitric acid final purification was carried 
out as above. 

4. DISCUSSION OF RESULTS 

The data given in the tables indicate the results which have been 
obtained with the apparatus in actual use. The figures given in 
Table 1 a re for a run on material which had been removed from the 
pile seven months prior to extraction. Rates of flow were 500 ml /hr 
for the feed and 1200 ml /hr for the solvent. The scrub section was 
not used, and reextraction was in 3N (NH4)2S04 solution. 

Table 2 gives results on material which had a four-month "cool ing" 
time. The scrub section was used, and the flow rates were 400 ml/hr 
of feed, 200 ml/hr of scrub, and 1200 ml/hr of solvent. Uranium was 
recovered by countercurrent reextraction into water at a flow rate of 
20 ml of water per hour. 

Direct assay of the feed solution or the raffinate for U''̂ ^ by alpha 
counting was impossible because of the high salt concentration and the 
presence of considerable amounts of alpha-emitting thorium daughters. 
The procedure used for the raffinate was to extract a 1- to 5-ml 
sample with three double portions of ether, wash the ether with 7N 
Ca(N03)2 or ION NH4NO3 solution, evaporate over water, plate, and 
count for alphas. A blank obtained by a similar extraction of a solu
tion having the same composition but with no uranium present was 
subtracted, and a correction was applied for yield which was deter
mined by extracting a similar solution "sp iked" with a known amount 
of V^^\ 

The values of alpha counts per minute for the feed solutions given 
in the tables were calculated from the total amount of U^'* recovered 
plus the loss in the waste s t reams . 

The thorium separation factor was calculated by dividing the thori
um/uranium ratio of the feed solution by the ratio of thorium to ura 
nium in the product obtained from the recovery column. 
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Table 1 

Feed 
Raffinate 
Ether effluent from 

extraction column 
Ether effluent from 

recovery column 

Acid con
centration 

pH = 1.6 

0.0035N 

Thorium 
concen
tration 

~2.8N 
~2.8N 
0.0009N 

None de
tectable 

Uranium loss in extraction column 
Uranium loss in recovery column 
Thorium separation factor 
Decontamination factor 

Alpha 
c/min/ml 

63,000 
111 

25,800 

2 

0.18% 
<0.01% 

1.2 X lO' 
6.2 X 10' 

Geiger -Mueller 
c/min/ml 

2.72 X lO'' 

100 

23 

Table 2 

Feed 
Raffinate 
Ether effluent 

Acid con
centration 

pH = 1.4 
pH = 1.9 
0.0041N 

from extraction 
column 

Ether effluent 
from recovery 
column 

Product effluent 
from recovery 
column 

0.00026N 

Thorium 
concen- Alpha 
tration c/min/ml 

~2.6 96,000 
~2.6 292 

31,700 

158 

l%*of 1 .9x l0« 

u"' 

Geiger-Mueller 

Uranium loss in extraction column 0.46% 
Uranium loss in recovery column 0.50% 
Thorium separation factor 1.7 
Decontamination factor 8.1 

X 
X 

c/min/ml 

1.76 X 10" 

4,100 

2,400 

48,000 

10' 
10" 

* Spectrographic analysis by F. Tompkins. 
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I r radia ted ThOC03 
in Al cans, ~200g per can 

HNO3, Hg(N03)2 catalyst , 
heat 

Solution containing Th, Al, and U as n i t ra tes , 
excess HNO3, insoluble impuri t ies 

Fi l t ra t ion 

Clear solution 

i NH4OH, H2O 

Feed solution, pH = 1 4 to 1.6 

Diethyl ether extract ion 

Ethereal uranyl n i t ra te 
solution 

1 
Raffmate, p and y 
active, to s torage 

Reextraction 
(in pure HjO) or [m 3N (NH4)2S04] 

U02(NO,)2 and Th(N03)4 
impurity m water 

U02(N03)2 and 
Th(NO,)4 

impurity in 
3N (NH4)2 SO4 

Washed e ther 
to be recycled 

NH4OH 

(NH4)2U2Q, + Th(OH)4 

HNO3 

Purification by s m a l l - s c a l e batch ex
t rac t ions and precipi ta t ions 

Fig. 1—U*"-separation process. The thorium oxycarbonate used was a mixture of 
oxycarbonate and partly hydrated oxides containing about 82 per cent of thorium. 
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Fig. 2—Remote-control extraction apparatus. 
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The decontamination factor was calculated by dividing the Geiger-
Mueller counting rate per milliliter of the feed solution by the amount 
of such activity held up in the recovery column per milliliter of feed. 
A correction was made for the Geiger-Mueller activity associated with 
the U^^' itself.' For the geometry and absorber used, this correction 
amounted to 25 Geiger-Mueller counts per 10,000 U^" alphas. 

The results obtained for material which was extracted only one week 
after removal from the pile were similar to those illustrated in the 
tables, except that a much smaller percentage of the beta and gamma 
activity which was extracted by the ether was reextracted in the r e 
covery column. Although this difference has not been investigated 
experimentally, it is probable that it may be accounted for by the 
presence of relatively ether-soluble short-lived fission products, 
such as iodine, which would have decayed away in the material which 
had been out of the pile for several months. 

The high pH value of the raffinate from the extraction column in
dicates considerable extraction of nitric acid from the feed solution 
during passage through the column. Since the distribution coefficient 
for uranium C(aqueous)/C (ether) s tar t s to decrease appreciably 
around pH 1.8, it appears likely that some improvement in extraction 
efficiency would be obtained by preacidification of the solvent in order 
to maintain the acidity of the aqueous phase throughout the column. 

The 0.5 per cent loss in the countercurrent recovery column could 
be reduced by increasing the water flow rate or by lengthening the 
column; however, since the uranium carr ied in the washed ether can 
be recovered, this loss is only apparent. 
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Paper 3.14 

A LABORATORY METERING PUMP 

By French Hagemann and Nison N. Hellman 

[Editor's Note: Contribution from the Argonne National Labora
tory. Based on Report CN-3639. Prepared for publication Oct. 7, 
1946.] 

ABSTRACT 

A laboratory metering pump of the bellows type is described with 
variable ra tes of flow of 0 to 8 l i ters per hour. 

The efficient operation of a countercurrent solvent-extraction 
column demands a means of continuously delivering solvent and so
lutions to the system at ra tes of flow that can be accurately varied 
and controlled. On a laboratory scale the ra tes of flow required may 
range from a few cubic centimeters to several l i ters per hour. 

A mechanical metering pump has many obvious advantages over 
devices which depend upon stopcocks or constant head for control of 
flow. In the absence of a suitable commercially available model 
meeting these requirements, a pump has been designed and construc
ted which has proved very satisfactory in actual use. 

The details of construction a re shown in Fig. 1. The three bellows 
units, which are readily replaceable in case of failure, a re mounted 
so that all a re driven by the same electric motor. The b rass bellows 
a re soft-soldered to the standard brass flare fittings. Connection to 
the glass system is made with the aid of a neoprene gasket. 

Independent variation of the discharge rate of each unit is accom
plished by raising or lowerii^ the plug upon which the bellows re s t s , 
thus varying the displacement of each stroke. An inner spring a s 
sembly returns the bellows to its original position at the completion 
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of the cycle. Adjustments may be made during operation to any rate 
of flow from 0 to about 8 l i ters per hour, and once set the ra te r e 
mains essentially constant. 

Corrosion of the metal parts is prevented, when acid aqueous solu
tions are being handled, by filling the bellows unit with carbon te t ra
chloride. Noncorrosive solvents or solutions are put into the pumping 
unit. 

Pumping is effected by transmission of the motion of the liquid in 
the bellows to the set of glass check valves. The pulsating discharge 
may be smoothed out in the case of gravity feed by pumping into an 
open line which contains a suitable constriction. When the pumping 
is done against a slight pressure , an air-bal last tank serves to give 
an even flow. 

This pump has been in actual use for more than 500 hr , handling 
acid salt solutions and diethyl ether at r a tes from 200 to 2000 ml/hr 
without requiring attention and with no failure of the bellows. 
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_SET SCREWS TO STROKE_ 
ADJUSTING PLUGS 

BALL JOINT 

STROKE ADJUSTING 
PLUG 3 REQ'D 

BALL BEARING 

SHAFT TO MOTOR 
REDUCTION GEARS 

40 RPM 

SECTION ON t 
CHECK VALVE 

6 REQ'D 

SECTION A-A 
BELLOWS PUMP 

M A T ' L : BODY A N D FITTINGS, BRASS 
RODS AND PINS, STEEL 

Fig. 1 — Bellows-type laboratory metering pump. 



Paper 3,15 

ISOLATION OF THE FIRST MILLIGRAM QUANTITIES OF U '̂* 

By French Hagemann, Martin H. Studier, and Leonard I, Katzin 

[Editor's Note: This paper was a contribution of the Argonne Nation
al Laboratory and is based on Report CB-3703.] 

ABSTRACT 

A description is given of the preparation of the first milligram 
quantities of U '̂* by means of a batch-by-batch ether extraction of the 
nitrate. The remotely operated apparatus is illustrated. 

A half life of 1,61 x 10' years is reported for U^ ' from direct 
weighing-counting measurements. 

1, INTRODUCTION 

It was reported in 1934 that neutron bombardment of thorium gave, 
among others, a beta activity of about 15 min half life.' Later it was 
confirmed that this activity was associated with the thorium fraction 
itself,^'* and the half life was more accurately determined as 24 min.^ 
A beta activity of about 25 days half life which was found to grow in 
this material was annovmced' in 1938 to be Pa"^. Doubt about the 
identity of these activities, which arose from the discovery of fission 
by Hahn and Strassmann," was removed by the work of Von Grosse, 
Booth, and Dunning'' and Seaborg, Gofman, and Kennedy.* Seaborg, 
Gofman, and Stoughton* followed the complete chain, 

T h ^ « ( n , y ) T h " = ' ^ j | ^ Pa"^ ^ ^ U"^ 

and showed that U**' was an alpha emitter with a half life of about 
1.2 X 10' years . 
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Uranium^" was isolated by the last-mentioned workers in micro
gram amounts from thorium nitrate which had been irradiated with 
the neutrons formed when beryllium was bombarded with deuterons 
in the Berkeley 60-in. cyclotron. Production of much larger amounts 
of U '̂* has been made possible by the use of high neutron fluxes in 
the chain-reacting uranium pile. This paper describes the method 
used for the isolation of the first milligram quantities of U*'* which 
were produced by irradiation of thorium in the graphite-moderated 
pile at the Clinton Laboratories.^" 

2. EXPERIMENTAL WORK 

The thorium was irradiated in the form of a mixture of basic ca r 
bonate and partly hydrated oxide. Thorium "carbonate" furnished by 
the Lindsay Light & Chemical Co. was found by analysis to contain 
relative amounts of carbon dioxide, water, and thorium dioxide which 
were consistent with a composition of 50 per cent ThOCOj-HjO and 
50 per cent of an equimolar mixture of hydroxide and oxide. Am
monium carbonate was also present. By heating this material for 
24 hr at 200°C the carbonate content was reduced to about 20 per cent, 
most of the remaining 80 per cent consisting of oxide. The product 
contained 82 to 83 per cent thorium by weight and was found to possess 
the necessary properties of stability to heat generated in the pile and 
solubility in nitric acid. 

The heat-treated carbonate was formed into pellets 1.1 in. in diam
eter and about 1 in. high by means of a special die to which pressures 
of 25 to 40 tons/sq in. could be applied. A solution of stearic acid in 
acetone was used as a lubricant for the die. The resulting pellets 
weighed about 50 g each and had a density of 3 to 3.5 g/cc . The 
pellets were packed, four to a can, into aluminum cans, which were 
then welded shut and placed in the pile. 

There a re 20 curies of beta activity associated with each milligram 
of Pa^'* and approximately half as much gamma activity.*^ Since the 
material from which the U '̂* was to be extracted had been irradiated 
for about seven months at a neutron flvix of the order of 2 x 10*'/sec-
cm* and had been removed from the pile less than two half lives of 
Pa"* before the extraction, several tenths of a milligram of Pa"* 
were expected to be present in each can. This made some shielded, 
remotely controlled extraction procedure necessary. 

Seaborg, Gofman, and Stoughton* did not isolate U" ' directly. They 
wished to obtain a product free from other isotopes of uranium. Since 
the quantity of thorium which was bombarded contained milligram 
amounts of natural uranium impurity, they separated the few mic ro -
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grams of Pa"* which were produced upon MnOj ca r r i e r , purified it 
from uranium, and allowed it to decay to U"*. 

However, direct separation of the uranium was feasible for the pile-
irradiated material under discussion since the quantity of U"* formed 
was much larger than the relatively small amoimt of U"* impurity in 
the thorium (less than 1 ppm). Ether extraction of the uranium (as 
uranyl nitrate) from the protactinium and the bulk of thorium was 
chosen as the most adaptable procedure after consideration of ex
periments by Fontana." Dissolution of the thorium carbonate to
gether with the aluminum jacket in nitric acid furnished a solution 
containing thorium, aluminum, and ammonium nitrates which had 
sufficient "sal t ing-out" effect upon uranium, such that about 65 per 
cent of the latter was extracted by an equal volume of ether. The 
extracted uranium was accompanied by less than 1 per cent of the 
thorium and negligible amounts of protactinium and fission products. 
The apparatus used for dissolving the material and performing the 
extraction is shown in Fig. 1 and is described below. 

Absorption in lead of the gamma radiations from the irradiated 
carbonate was determined roughly by measuring the intensity of the 
radiation penetrating various thicknesses of lead placed over two cans 
of the material . As seen in Table 1, the half thickness for this mixed 
hard radiation is about Ve in. of lead. In accordance, the extraction 
apparatus was surrounded by a shield constructed from dovetailed 
lead brick 2 in. thick to provide adequate protection from radiation. 

Later a lead absorption curve on a sample of pure Pa"*, determined 
by using a Geiger-Mueller tube wrapped in lead to eliminate scat
tered radiation, indicated the presence of a gamma ray of 328 Kev 
energy. There was no evidence of a 1.5-Mev gamma ray as reported 
by Stoughton;^^ this was probably a scattering artifact. An 80-Kev 
gamma ray and L x-rays were also detected. 

3. DESCRIPTION OF APPARATUS 

The solution flask A was a 6-liter flat-bottomed flask fitted with 
a removable condenser and delivery-tube assembly. The extraction 
flask B was constructed from a 500-ml Kjeldahl flask. Measured 
volumes of aqueous solution could be introduced into the extraction 
flask by means of the calibrated buret so that the liquid surface level 
was just below the tip D. A 20-liter bottle H, placed inside a stone 
crock as a safety precaution, served as a storage vessel for ex
tracted solution. The apparatus was observed indirectly throi^h 
suitably placed mi r ro r s for remote-control operation. 
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4. PROCEDURE 

The general procedure was the following: The solution flask, with 
condenser head removed, was filled about one -third full with powdered 
COj ice. By means of long tongs one or two cans of irradiated ma
terial were dropped into the flask upon the cushion of ice. Following 
evaporation of the dry ice, the condenser head was set in place, and 
concentrated nitric acid diluted with an equal volume of water was 
added through the condenser. The acid contained about 0.1 g of 
mercuric nitrate to act as a catalyst for the dissolution of the alumi
num jacket. After the aluminum was partly dissolved, sufficient nitric 
acid to give an acid concentration of 2N to 3N after complete solution 
of the thorium was added, and the mixture was refluxed until only a 
flocculent precipitate of SiOj (impurity in the aluminum) remained 
undissolved. The solution was then made up to the desired final 
volume and total nitrate concentration and allowed to cool. 

The solution of the first can to be extracted was made up to a 
volume of 2 liters with ammonium nitrate solution so that the final 
concentration was about IN in nitric acid, 1.4N in thorium nitrate, 
I.IN in aluminum nitrate, and 5.5N in ammonium nitrate. 

Other experiments at this time** indicated that the same uranium 
extraction could be attained without the addition of ammonium nitrate 
if the aluminum and thorium nitrate concentrations were increased 
and that reduction of the acid concentration markedly reduced the 
amount of thorium extracted. For the subsequent extractions the 
final volume of solution was reduced to 1 liter per can, and the ex
cess nitric acid over O.IN to 0.2N was neutralized with ammonia. 

By application of air pressure through the top of the condenser, 
160-ml portions of solution were transferred to the extraction flask. 
Each portion was extracted three times with 250-ml portions of 
ether. The two phases were stirred for 3 to 5 min and allowed to 
stand for a few minutes to allow separation; then the ether layer was 
removed into a Kjeldahl flask by applying suction at F (Fig. 1). Each 
ether portion was extracted with a 100-ml portion of water, then 
reextracted with 50 ml of water, and reused to extract the active 
solution. A fresh 50-ml water wash was used for each batch of 
active solution, but the same 100-ml wash was used for several 
batches. Separation of the ether from the water washes was ac
complished by immersing the flask in a dry ice-acetone mixture, 
freezing the aqueous phase, and pouring off the ether. 

The water washes containing the U"* were concentrated by evapora
tion; after sufficient ammonium nitrate had been added to make the 
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solution ION, the washes were reextracted with ether. Repetition of 
the extraction two or three times was sufficient to purify the uranium 
completely from thorium and protactinium. 

Ten cans of the irradiated thorium were worked up in this manner 
and yielded 48 mg of U"* (as determined by radioactive assay using 
21,100 dis/min/jig as the specific activity of pure U"*) as the uranyl 
nitrate free from chemical impurities. 

Samples of the material were reduced electrolytically in HCl solu
tion with platinum electrodes, the anode being separated by an as
bestos fiber to prevent reoxidation by the liberated chlorine, and the 
uranium was precipitated as UF4 by addition of HF solution. The 
precipitate was centrifuged, washed with water and alcohol, and 
finally ether- and air-dried. Mass-spectrographic analysis of these 
samples by Dempster and coworkers** showed the material to be 
96.4 per cent U*** and 3.6 per cent U***. The presence of the latter 
isotope is due to natural uranium impurity in the thorium oxycar-
bonate starting material. 

Determination of the specific activity of this material by Hyde** 
gave a value of 20,360 dis/min//xg, which, after applying a correction 
for the isotopic purity of the material, gives 1.61 x 10* years for the 
half life of U"*. The value 1.2 x 10* years determined by Seaborg, 
Gofman, and Stoughton" by measuring the alpha-activity growth from 
a measured amount of Pa"* of known half life is reasonably close to 
this more acciurate figure. 

Table 1—Absorption of Radiation Following Primary Filtration 
through 3 to 4 Cm of H,0 and H In. of Lead 

Lead thickness, Radiation intensity, 
in. arbitrary units 

H 195 
H 95 
V. 46 
4̂ 19 

% 16 
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Fig. 1—Apparatus for extraction of U*". (A) Solution flask. (B) Extraction flask. 
(C) Buret. (D) Tip. (E, F) Points at which suction is applied. (H) Aqueous-waste 
storage vessel. 
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Paper 3.19 

A CONTINUOUS-BATCH SOLVENT-EXTRACTION APPARATUS 

By French Hagemann 

[Editor s Note: This paper was a contribution of the Argonne Na
tional Laboratory and is based on Report CN-3640.] 

ABSTRACT 

Apparatus is described for extraction by immiscible solvents which 
permits continuous replacement of both solvent and solution to be ex
tracted. 

Devices for extraction by immiscible solvents have been described 
by WoUner and Matchett.* These consist of a mixing chamber, in 
which the solution to be extracted is dispersed in the solvent, and a 
connected separation chamber from which the extracted solution is 
bled at the same rate as the feed solution is introduced into the mixing 
chamber. However, since the volume of solvent in such a device is 
small and fixed in amount, the recovery of solute is incomplete ex
cept when the distribution coefficient of the solute is greatly in favor 
of the solvent phase. 

A modified apparatus (Fig. 1) has been designed. It utilizes two 
separation chambers and allows continuous replacement of the solvent, 
as well as of the solution to be extracted, thus permitting more com
plete extraction of the solute. Solvent and feed a re introduced continu
ously directly into the mixing chamber A. A high-speed stainless 
steel centrifugal-type s t i r re r efficiently disperses the two phases, 
drawing the liquid from the bottom of the chamber and forcing it 
through the small side tubes. The less dense phase separates in 
chamber B and overflows at the same rate as it is fed into the mixer. 
Disengagement of the heavier phase takes place in chamber C. The 
sliding joint D was constructed from a 2-ml pyrex hypodermic syringe 
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by sealing tubing onto the inner and outer barrels and blowing a hole 
in the bottom of the inner barrel. The joint permits adjustment of the 
level of the overflow from chamber C, which controls the volume of 
liquid in the mixing chamber. 

The apparatus has been used to extract small amounts of uranium 
with diethyl ether from aqueous solutions containing thorium, aluminum, 
and ammonium nitrates and has performed satisfactorily. At flow rates 
up to 500 ml of feed solution and 1000 ml of ether per hour the equilibra
tion of feed and solvent has been efficient, as indicated by recovery 
of the amount of uranium calculated from experimentally determined 
distribution coefficients, and the separation of the two phases has been 
clean and sharp. 
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Fig. 1 — Continuous-batch solvent-extraction apparatus. (A) Mixing chamber. (B) 
Collecting chamber. (C) Collecting chamber. (D) Sliding joint. 
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Paper 3.20 

STUDY OF THORIA SLURRIES 

By Nison N, Hellman 

[Editor's Note: This paper was a contribution of the Metallurgical 
Laboratory at the University of Chicago and is based on part of 
Report CC-3056.] 

The neutron irradiation of heavy water - thorium oxide s lurr ies for 
the purpose of producing U^^ offers nuclear and engineering ad
vantages in pile design. The feasibility of piles using such a slurry 
system res t s upon the possibility of producing a slurry of thorium 
oxide which possesses stability toward radiation and would possess 
the proper physical and chemical characterist ics necessary for 
trouble-free operation. Preliminary investigations were therefore 
made of the chemical and physical nature of water-dispersed thorium 
oxide systems. 

The physical requirements for a satisfactory thoria s lurry are as 
follows: 

1. Density of thoria in the slurry such that it would contain 1 g of 
Th per milliliter (equivalent to 1.13 g of ThOj per milliliter). 

2. Low settling velocity, in order to prevent the development of a 
cake in stagnant portions of the apparatus or, in the case of a 
tempbrary shutdown, to prevent the blockage of the circulating 
system. 

3. Fluidity sufficiently great to permit easy, efficient, and rapid 
pumping. 

4. Time stability or the ability of the slurry to maintain its good 
character for protracted periods of time (several months) under 
intensive radiation. 

5. Nonerosive nature, so that the circulating system would not be 
worn away, weakening the apparatus and introducing impurities into 
the system. 
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The chemical characterist ics of a satisfactory slurry are as 
follows: 

1. Stability to heat and radiation. 
2. Stability toward peroxide formed from the water as a result of 

radiation. 
3. High chemical purity with respect to neutron-absorbing elements. 
4. Noncorrosive nature. 
Thorium oxide may be obtained from the ignition of its oxyacid 

salts or from the hydroxide. Material prepared at low temperatures 
may be amorphous; crystalline material may be obtained from higher 
temperature ignitions. Thus precipitated hydroxide dried at tempera
tures up to 340°C is amorphous, but oxide obtained by ignition of the 
hydroxide at 1050°C, or the nitrate or oxalate at 750°C, is crystalline 
with the same radiograms in all cases .̂  Thoria is hygroscopic and 
absorbs gases, although calcination at very high temperatures some
what reduces this tendency. Thorium oxide crystals belong to the 
cubic system. The specific gravity of thoria has been variously 
reported from 9.2 to 10.2, the deviations being attributable to en
trained air or moisture and to the presence of impurities in the 
oxide. 

Assuming that the specific gravity of thorium oxide is about 10.2, a 
slurry which contained 1 g of thorium per milliliter would contain 
about 11 per cent by volume ThOg. According to data obtained by 
workers under C. F . Hiskey in a section studying UO3 hydrate 
s lur r ies , the smallest particle size^ from which s lur r ies (11 per cent 
by volume) suitable for pumping in circulating lines can be formed 
is approximately 1 /i. Slurries of this concentration formed of finer 
particles would, according to these data, be too viscous. Because of 
the importance of variables affecting the properties of the surface in 
controlling the properties of systems composed of particles of this 
size range and smaller , this 1-fi limit is only a rough indication of 
the magnitude of a lower limit to the particle size which would be 
suitable. 

The settling rates of particles of various size are of interest be 
cause of the primary importance of having a stable s lur ry . The 
settling velocities given in Table 1 were calculated for 25°C by means 
of a Stokes' law sedimentation formula, assuming the density of the 
hydrated ThO^ particles to be 9. Again it would appear that a de
sirable s lurry from the standpoint of settling rate should consist of 
particles about 1 ^ in radius. 

A further consideration necessitating fine particle size lay in the 
need for a nonerosive s lurry . Hiskey and coworkers^ showed that 
suspensions of quartz containing particles above 5 ix for aluminum 
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and above 30 fi for 18-8 stainless steel cause excessive erosion. It 
was concluded therefore, on the basis of the requirements for a thoria 
s lurry, that experimental studies would be confined to systems com
posed of thoria particles less than 10 jn in radius. 

Experimental investigations of thoria s lurr ies were to be made 
using two different types of thoria. One type was a special grade of 
calcined thoria of high purity purchased from the Lindsay Light & 
Chemical Co.; the other was a fused thoria containing considerable 
carbide impurity, obtained from the Norton Company. The calcined 
thoria from Lindsay was a fine powder, more than 50 per cent by 
weight passing a 325-mesh sieve. This material was ground further 
by ball milling with steel balls overnight; after this treatment the 
material was composed entirely of particles less than 10 ju in size. 

The fused thoria was coarse, average grain size being about 1 to 
2 mm. This material was first crushed in a muUite mortar to pass 
a 100-mesh sieve. Then one portion was ground by means of mortar 
and pestle to pass a 325-mesh sieve (less than 50 ^i). Another portion 
was ball milled overnight using steel balls. After this treatment the 
material completely passed through a 325-mesh sieve. The fused 
thoria was then boiled in 6N nitric acid for 2 hr in order to destroy 
thorium carbide. The thoria was washed free of nitric acid by four 
washings with a double volume of water and six washings with a 
double volume of 95 per cent ethyl alcohol. 

It was intended for these preliminary studies to consider three-
size fractionated systems composed of particles 1 to 10, 0.1 to 1, 
and less than 0.1 ji in radius. Fractionation of the 1- to 10-fx ma
terial was accomplished by sedimentation. The fine dry thoria 
preparations were suspended in water and st i rred for 1 hr by a high
speed s t i r r e r in order to break up any temporary aggregates. The 
material was then given a brief but thorough st irr ing and allowed to 
settle for a period long enough (as calculated by Stokes' law) for all 
particles greater than 10 ii in radius to settle the distance from the 
top of the suspension to the bottom of the container. The supernatant 
suspension was then decanted, and the residue was made up again with 
water. This process of s t irr ing briefly, settling, and decanting was 
repeated 10 to 20 times in order to completely free the suspension 
from particles greater than 10 jn radius. The collected supernatants 
were combined and in turn s t i r red briefly and allowed to settle, this 
time for a period long enough for all particles of greater than 1 fi 
radius to settle through the length of the suspension. After repeated 
dispersions (20 to 30 times) a residue was obtained which was com
posed of particles 1 to 10 /x in size. 

It was observed that, although suspensions of the mortar-ground 
fused thoria and of the ball-mill-ground calcined thoria behaved 
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similarly, dispersing well in water and flocculating in 95 per cent 
ethyl alcohol, the ball-mill-ground fused thoria flocculated in water 
and would disperse in alcohol. The reason for this unusual behavior 
is not clear . 

The collected supernatants from the 1- to IO-/1 fractionation are 
the starting material for securing the 0 .1 - to 1.0-/J, material . Sedi
mentation is accomplished by centrifugation in an International No. 2 
centrifuge equipped with a head carrying 250-ml bottles. Calculations 
of settling rates were made using an integrated form of Stokes' law. 

The supernatants from the centrifugation contained a small yield 
of material less than 0.1 jx in radius. This was flocculated by acidi
fying the solution with nitric acid (~1N) and allowing it to settle. The 
flocculent sediment was then redispersed in water and washed with 
alcohol by a centrifugation-decantation technique in order to free it 
of nitric acid. 

The water-wet fractions were next washed with absolute methyl 
alcohol and then with toluene and finally dried from toluene at 70°C. 
This treatment was intended to provide a dry, fluffy powder of the 
same size distribution as that present in the dispersed state. 
Electron-microscope pictures of this material showed that the 
fractionations were generally successful. In the case of the less than 
0.1-ji material it appears that pronounced aggregation occurred. 

The experimental observations on the three-size fractionated 
systems will be discussed separately. Physical observations in
clude measurement of density, settling volume, and viscosity. Chemi
cal studies were barely begun at the time work had to be concluded 
and consist of fragmentary studies of the effect of peroxide on thoria 
s lu r r ies . Data were secured only on the Lindsay calcined thoria 
systems, the size separation of the fused thoria just being concluded 
at the time work was stopped. 

Systems Composed of Thoria, 1 to 10 M in Radius. Slurries of ma
ter ia l this size are characterized by a rapid settling rate and low 
surface activity. The data for Lindsay calcined thoria are given here . 
The density of the thoria is about 9.1 ± 0.2. The kinematic viscosity 
of the s lur r ies up to a concentration of 1.5 g of ThO^ per milliliter, 
the limit studied, is about equal to that of water; thus a s lurry containing 
1 g of ThOj per milliliter has a relative viscosity about twice that of 
water. Settling is so rapid that turbulent currents are produced in the 
suspension which limit the rate of settling. In concentrated suspensions 
the thoria settles as a mass , the upper boundary moving with a rate of 
about 10 cm/min. The settling volume is about 1.2 ml/g . The sedi
ment is a hard, difficultly dispersable cake. From a physical stand
point this is not a very desirable s lurry material because of its rapid 
settling rate and cake-forming property. 
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Tests in which peroxide was used on these slurries produced little 
effect. Treatment with even 30 per cent H2O2 did not cause any notice
able change in settling rate, settling volume, or viscosity. Decom
position of the peroxide by thoria is vigorous if the system is allowed 
to become warm. One anomalous peroxide treatment will be described 
in detail because of its unusual results. In this test a 150 per cent 
excess of peroxide with respect to conversion of all the thoria into 
thorium peroxide was added to a slurry with rapid stirring. The final 
concentration was about 1 g of thoria per milliliter of suspension, and 
the suspension was stirred overnight. The resulting product was an 
extremely granular material (average grain size about 0.5 mm) 
formed by aggregation of the finer material. On drying, these 
granules broke up easily although they were stable against vigorous 
stirring when wet. No tests at higher than room temperatures were 
conducted of peroxide-thoria systems. 

Systems Composed of Thoria, 1 to 0.1 /x in Radius. Slurries of ma
terial this size are characterized by moderately slow settling rate 
and the initial appearance of some surface active properties. For the 
Lindsay calcined thoria the density was again 9.1 ± 0.2, no decrease 
in density being observed for this finer material. The kinematic 
viscosity of the suspensions up to 1.2 g of ThOj per milliliter, the 
limit studied, was again equal to that of water; relative viscosity in 
a system containing 1 g of ThOg per milliliter was about twice that 
of water. 

This material was slow settling in concentrated suspensions; thus 
in a slurry containing 1.0 g of ThO^ per milliliter the upper boundary 
of the massively settling material moved at a rate of about 1 cm/hr. 
The settling volume is about 2.6 ml/g, more than twice as great as that 
for the 1- to IO-/1 material. The sediment is fluffy and readily 
dispensable. The sedimentation is analogous to the shrinkage occurring 
in the syneresis of a gel, in that fractures occur in the sediment; yet 
no thixotropy could be revealed by measurement of viscosity at 
various shearing rates. Systems of this type would be, from a physi
cal standpoint, very suitable for slurries, being of low enough viscosity 
to pump, yet relatively nonsettling and readily dispersable. A sample 
in suspension for four months showed no apparent change in prop
erties. 

The stability of this material toward peroxide also appears good. It 
promotes the decomposition of peroxide at a faster rate than the coar
ser material. Treatment even with 30 per cent peroxide, which was 
kept cool to prevent excessive frothing, appears to decompose the 
peroxide slowly without the thoria undergoing any change. If the r e 
action was allowed to proceed at a rapid rate, frothing occurred. No 
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detailed high-temperature studies of this stability toward peroxide 
were made when this work was closed. 

Systems Composed of Thoria, Less Than 0.1 jx in Radius. Experi-
mental studies of this fraction were limited by the extremely small 
amount of material available. Slurr ies containing 1.59 g of Th02 per 
milliliter are stiff; however, s lur r ies containing 1.0 g of ThOj per 
milliliter a re quite free flowing. An insufficient amount of material 
was available to permit viscosity measurements. This material is 
nonsettling and coats the wall of tubes or glassware very tightly. It 
apparently does not react with peroxide, though it will decompose 
peroxide, frothing if reaction is vigorous. Judging from electron-
tnicroscope pictures, it is probable that the material for these tests 
may well be about 0.5-/1 aggregates of very fine material instead of 
a disperse system of less than 0 . 1 - ^ thoria; hence generalizations on 
these data a re restr icted. 

It appears from these preliminary results that s lurry systems 
might offer considerable promise of sufficient physical and chemical 
stability to be suitable for pile purposes. No judgment on their 
suitability toward radiation can be made until tests a re made of these 
s lur r ies under intensive radiative bombardment. 

Table 1 —Set t l ing Veloc i ty of Various Sizes of Thoria Particles 
in Water at 25*0 Calculated by Means of Stokes' Law 

Particle radius, T ime required to 
II sediment 10 c m 

0.1 1438 ht 
1.0 86.3 min 

10.0 51.0 »ec 
20.0 12.75 sec 
50.0 2.04 sec 
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Paper 6.1 

ANALYSIS OF ORE RESIDUES FOR IONIUM AND PROTACTINIUM 

By Leonard I. Katzin, Q. Van Winkle, and Jacob Sedlet 

[Editor's Note: This paper was a contribution from the Argonne 
National Laboratory and is based on Report CC-3744.1 

1. INTRODUCTION 

With the availability of large amounts of pitchblende-ore residues, 
resulting from the processing of uranium for atomic power develop
ments, it has been possible to consider the recovery of long-lived 
members of the uranium and actinium radioactive decay ser ies in 
appreciable amount. In addition to being of intrinsic interest these 
materials are of use as radiation sources and as sources of other 
isotopes. This report deals with analysis of some residue fractions 
which have not previously been considered as sources for protactin
ium (Pa^**) and ionium (Ttf*") but which may prove to be convenient 
sources of these materials. 

The isotope Pa*** occurs in nature approximately to the extent that 
radium (Ra"^) occurs, which is about 0.15 ppm in pitchblende ore 
containing about 60 per cent by weight of UjOg. The sum total of this 
material which has been extracted and purified, according to l i tera
ture reports , is probably not significantly more than 2 g, considerably 
less than the amount of radium recovered. 

After initial manipulations pitchblende ores are usually treated with 
sulfuric acid and sodium nitrate, giving an acidic solution of uranyl 
salts (and other salts) with an insoluble residue in which is found the 
radium. Some polonium, ionium, and protactinium dissolve with the 
uranium. A fraction at least of the protactinium presumably remains 
with the insoluble gangue since protactinium has been obtained from 
such material. Von Grosse* and Graue and Kaeding* used the ultimate 
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residues following removal of the radium as their sources of pro
tactinium. 

The acid solution of uranyl nitrate is treated with excess sodium 
carbonate to precipitate some of the nonuranium materials appearing 
in solution, the uranium remaining in solution as the carbonate com
plex. It is to be expected that the protactinium dissolved in the first 
step should precipitate with the other hydroxides and carbonates at 
this point. The behavior of ionium is less definite, since thorium 
forms a soluble carbonate complex under the proper conditions. It 
seems likely that there might be at least a partial precipitation at this 
point. The analytical data bear out this presumption. 

The carbonate solution of uranium is then treated with NaOH to p re 
cipitate uranium, and the uranium is dissolved in acid and reprecipi -
tated with ammonia. It is to be expected that any protactinium and 
ionium present in the carbonate solution would follow the uranium 
through these s teps. The ammonium diuranate is next calcined to 
ttjOg, the oxide is dissolved in nitric acid, and the concentrated nitrate 
solution is extracted with ether. The ether solution of uranyl nitrate 
i s washed repeatedly with portions of water until no further UXi ac
tivity (Ttf**) can be detected. After steps are taken for recovery of 
additional uranium from the washes and original solution, the residual 
solutes are combined and saved together with any insoluble residue 
from the treatment of the oxide with nitric acid. It is therefore to be 
expected that this residue may be a r ich source of ionium if an appre
ciable portion survives the carbonate precipitation. 

In the classical isolations of protactinium,*"* the start ing material 
was the ultimate residue remaining after extraction of radium following 
preliminary removal of uranium. These residues were obtained from 
the Joachimsthal mine in Czechoslovakia. Since these were residues 
from extensive chemical t reatments , it might be expected that the 
isolation of protactinium from them might be beset with difficulties 
in addition to those resulting from the chemical nature of the p ro 
tactinium. Therefore it was considered highly worth while to investi
gate a less refractory source. The carbonate precipitates from the 
uranium process were chosen since they represented the probable 
si te of any protactinium that might have dissolved in the original acid 
treatment and since they had already been in solution and were ex
pected to be amenable to redissolution with simple acid treatment. 
The ionium content of this fraction similarly would be more readily 
isolated than that in the original ore or the radium residues. As 
has already been stated, another possible source of ionium is the r e s 
idue of the ether extraction procedure. 
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The analyses of these fractions, to be reported in this paper, show 
that the carbonate fraction is indeed a relatively rich and readily 
worked source of both protactinium and ionium and that the ether 
extraction residues contain ionium essentially free of protactinium or 
polonium. Their ionium content Is something over 6 ppm. The data 
further show that more than half the protactinium and ionium may be 
dissolved in the initial acid treatment of the ore and appear in the 
carbonate fraction. 

2. EXPERIMENTAL WORK 

Several analytical procedures for determination of protactinium in 
ores which made use of coprecipitation have been reported in the lit
erature. One procedure, first employed by Hahn and Meitner and de
veloped further by Wildish,* makes use of tantalic oxide as a carrier 
for protactinium. Another procedure developed by several workers 
has involved coprecipitation with titanium, especially by hydrolysis 
of the hydroxide from salts such as the sulfate. Von Grosse* has 
pointed out the inadequacy of tantalum carrier and has suggested in
stead the use of zirconium phosphate. Through dissolution of this 
precipitate in hydrofluoric acid, precipitations of carriers for con
taminating radioactivities can be made to give radiochemical purifi
cation of the protactinium. A manganese dioxide carrier has also 
been used.^ Work in the Manhattan Project laboratories showed fur
ther the usefulness of thorium and zirconium iodates and other pre
cipitates which can be used in special circumstances.* 

The principal long-lived alpha activities present in the fractions 
examined (excluding the uranium isotopes) are radium, polonium, 
ionium, and protactinium. The polonium, short-lived in comparison 
to the others, is still of appreciable half life (140 days) and is sup
ported by its long-lived parent lead isotope RaD (22 years). Radio
chemical analytical procedures must therefore be capable of distin
guishing these four isotopes where they occur together and of always 
distinguishing the last three. 

The procedures finally adopted depend primarily on the following 
behavior of trace concentrations of the activities in question: 

1. Barium sulfate will carry radium quantitatively, but it will not 
carry protactinium; thorium Isotopes are partially carried. 

2. Zirconium phosphate will carry protactinium (and thorium) well 
under the proper conditions and will not carry radium. 

3. Manganese dioxide formed in situ from manganous ion and per
manganate will carry polonium quantitatively in both the presence and 
absence of fluoride. 



255 

4. Manganese dioxide will carry protactinium except in the presence 
of fluoride. 

5. When Th*** is added to a detectable concentration, manganese 
dioxide car r ies no significant amount of ionium activity. 

6. When thorium is precipitated with hydrofluoric acid (thereby 
precipitating the isotopic ionium), neither protactinium nor polonium 
is carried appreciably. 

7. A silver wire will collect polonium from a halogen acid solution. 
Three types of residues have been analyzed so far. These consist 

of the carbonate fraction discussed earl ier (three samples), the ulti
mate sulfate residue mentioned (one sample), and the residue of ether 
extraction (one sample). 

2.1 Carbonate Residues. These consisted of two samples from one 
process and a third sample from a process operated by a different pro
ducer. Treatment with concentrated nitric acid yielded a gelatinous 
residuum composed mainly of silica; the readily soluble portion and 
the residue were analyzed separately. 

Following separation by centrifugation the gel was treated with HF 
and perchloric acid. The perchloric acid was eventually fumed off, and 
the remaining solid matter fused with alkali carbonate. The carbon
ate melt was leached with hot KOH solution (0.05M) to remove any 
tantalum present, and the leaches were discarded. The remaining 
solid was dissolved by fusing it with KHSO4 and dissolving it in normal 
HCl. After the addition of some Pa^^^ to act as t racer for the protac
tinium, radiochemical analysis was carr ied out. 

2.2 Sulfate Residues. The solid material was fused with NaOH and 
the melt was leached with dilute hydrochloric acid, dissolving about 
18 per cent of the solids. This solution was analyzed separately. The 
remaining solids were fused with carbonate, and the melt was leached 
with water which was discarded. The solid carbonates then dissolved 
completely in dilute HCl. Following addition of Pa"* t racer the two 
solutions were analyzed separately. 

2.3 Ether Residues. A uniform sample was dried and then fused 
with carbonate. A water leach of the melt was discarded. The residue 
was treated with HF and HNO3 several t imes and evaporated to dry
ness each time. Following a final evaporation the material was 
dissolved in HNO3, leaving a white granular residue insoluble in 
HNO3 or HF (probably alkaline-earth fluoride). The acid solution 
was analyzed further. Unfortunately the fluoride residue, which 
may have been composed in part of thorium fluorides, was d is
carded. Another analysis, carried out subsequently by C. C. Bard, 
gave complete solution. The value from this analysis is found in 
Table 1, 
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2.4 Analytical Results. A summary of the analytical findings for 
the residue samples investigated is fovmd in Table 1. The exact values 
of the analyses are not significant and should be considered only as an 
indication of relative orders of magnitude. This is necessitated in part 
by analjrtical imcertainties and in part by the inhomogeneity of the ma
terial itself. The variability from the latter standpoint is necessarily 
quite large. Decay of polonium is another source of variability. Ma
terial balances are not complete, as can be seen. This is due in part 
to analytical failures and in part to radioactivities other than those 
being reported (short-lived activities and, in the case of sample 5, 
radium and its daughters). 

The carbonate fractions are seen to contain on the order of 0.3 to 
0.35 ppm of protactinium, which is mainly bound with the acid-insoluble 
siliceous portion of this fraction. The ionium, present to some 15 to 
20 ppm, is found in the readily soluble portion of the fraction. Infor
mation furnished about the carbonate fraction* is that it is 215 parts 
out of 580 parts by weight of the crude ore, i.e., 37 per cent. For 
pitchblende which is 65 per cent U30g by weight, this indicates that on 
the order of two-thirds the original protactinium content of the ore 
was dissolved in the sulfuric acid-nitric acid treatment and precip
itated by the carbonate treatment with more than three-fourths of the 
ionium content following the same path. The apparent high level of 
ioniuin in the sulfate residues is in part at least a reflection of the 
fact that much of the soluble portion of the ore has been removed, 
giving a bulk concentration. For example, removal of the uranium 
alone increases the concentration about threefold. It is interesting 
to note that the radioactivity surviving to the ether residues is prac
tically entirely ionium (together with a certain amount of uranium). 
It is difficult to assign a concentration factor for this material, but it 
must be rather large owing to the previous treatments. 

On the basis of the results obtained a number of milligrams of pro
tactinium and approximately 0.5 g of ionium (with three times as much 
Th"*) have been obtained in pure state, from a carbonate fraction.^"* 
The yields obtained for the protactinium corresponded to 50 to 60 per 
cent of the material indicated by preliminary analysis. No attempt 
was made to obtain complete recovery of ionium. 
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Table 1 —Analyses of Radioactivity in Uramum-process Residues 

1 

2 

3 

4. 

5. 

Sample origin 

. Carbonate 
precipitate from 
65% African pitch
blende No. 3-1 

. As above, but 
another shipment. 
No. 3-2 

. As above, but 
from another pro
cessor, No. 7 

. Sulfate residue, 
65% African pitch
blende, No. 1 

Residue of 
ether extraction 
of uranium. No. 8 

Fraction 

HNOjSOl. 
SUiceous 

residue 

HNOj sol. 
SUiceous 

residue 

HNO, sol. 
Gelatinous 

residue 

Sol. HCl af
ter NaOH 

Sol. HCl af
ter Na,CO, 

HNO,-HF 
soluble 

Insoluble 
fluoride* 

Total alpha 
activity at 

50%, c/min/g 

4.5 X 10» 
3.5 X 10* 

2.2 X 10* 
2.4 X 10* 

4.4 X 10» 
7 xlO* 

6.0 x 10» 

2 X10» 

1.4 x l0» 

Protactinium 

of activity 

<0.3 
40 

<1 
75 

Ppm 

<0.03 
0.27 

<0.04 
0.35 

% of 

Ionium 

activity 

78 
<20 

<5 

Ppm 

16 
<0.3 

<0.05 

% of 

Polonium 

activity 

20 
25 

20 

Micro-
curie/g 

0.08 
0.008 

0.004 

25 

S3.6 

<0.2 

<0.05 

0.38 

40.4 

<0.08 

<0.01 

£94 
10 

90 

5 - 1 0 

S19 
0.3 

24 

5 - 9 

-100 

4 - 6 
>50 

0 - 5 

0 - 5 

0.02 
>0 03 

0-0 .03 

0 -0 .1 

•Not Analyzed. 
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Paper 6.2 

EXTRACTION OF PROTACTINIUM FROM CARBONATE-
INSOLUBLE RESIDUES OF URANIUM ORES. I. ISOLATION 

AND PURIFICATION OF PROTACTINIUM USING HF 

By Kurt A. Kraus and Q, Van Winkle 

[Editor's Note: This paper is based on Report CC-3365 (Feb, 26, 
1946) and covers work carried out in the winter of 1944-1945 at the 
Metallurgical Laboratory of the University of Chicago.] 

ABSTRACT 

A method of isolation of milligram amounts of protactinium (Pa^^') 
from a uranium ore residue was developed and is described in detail. 

1. INTRODUCTION 

The work reported here was undertaken for the purpose of isolating 
a small amount of protactinium (Pa^^^), an alpha emitter with a haK 
life of about 32,000 years,^ 

Following a suggestion by Katzin^ a "carbonate res idue" was used 
as raw material for the isolation, since this material combined a rea
sonably high protactinium content with fair solubility, as was shown by 
Katzin, Van Winkle, and Sedlet.* This carbonate residue is formed in 
the processing of uranium ores when nitric acid-sulfuric acid ex
tracts of the ore are treated with sodium carbonate. In this procedure 
advantage is taken of the solubility of uranium in alkaline solutions as 
the carbonate complex. Since the initial treatment of the ore involves 
the use of sulfuric acid, the radium content of the carbonate precipi
tate is low. The laboratory had been advised that, during the acid 
treatment of the ore, approximately one-third the protactinium would 
go into solution.* Katzin, Van Winkle, and Sedlet showed that in the 
carbonate treatment the protactinium is carried by the carbonate pre
cipitate and, since this precipitate contains material which once was 
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in solution, re-solution for isolation purposes would only be a minor 
problem. Thus the use of this residue appeared to be a great im
provement over the use of the "Ruckruckstande" which served as 
raw material in previous large-scale isolations of this element,*'' 
since these residues consist, in essence, of the most insoluble mate
rials in the ore, being the residues which remain after nitric and 
sulfuric acid treatment of the ore and after radium removal. 

The isolation procedure for protactinium which was used by Von 
Grosse' appeared to be unduly cumbersome since it involved a large-
scale sodium hydroxide fusion, repeated zirconium phosphate precipi
tations followed by potassium carbonate fusions, bisulfate fusions, 
and fractional crystallization of the chlorides of zirconium and pro
tactinium. It was hoped to develop a flow sheet where the use of z i r 
conium phosphate could be avoided. Furthermore, fusions of sodium 
hydroxide with large quantities of material seemed to be very unde
sirable and necessitated the use of equipment which was not immedi
ately available in the laboratory. In addition, it appeared advantageous 
to apply to this problem the studies on the extraction of protactinium 
by organic solvents which were under way at the Metallurgical 
Laboratory.^ 

In preliminary work, difficulties were encountered in the analysis 
for protactinium. An assay of the total alpha activity present was in
decisive, since approximately 95 per cent of the alpha activity of the 
carbonate residue was due to polonium and ionium which can be dis
tinguished from protactinium only through differences in their r e 
spective ranges. [Using a sensitive instrument such as a "pulse ana
lyzer" for range measurements, the difference in ranges can readily 
be used for analytical purposes. Such an instrument was not available 
when this work was carried out. ] In the absence of a sensitive instru
ment for range measurements a chemical separation of protactinium 
from other alpha emitters was necessary before an alpha assay for 
protactinium could be carr ied out. Unfortunately, the chemical sepa
rations* (e.g., with manganese dioxide or zirconium phosphate as 
ca r r ie r s for protactinium) were not always clean-cut. In several in
stances manganese dioxide and zirconium phosphate failed entirely 
to coprecipitate protactinium. In view of these difficulties a t racer 
solution of Pa^'*(a beta emitter with a half life of 27.4 days) was added 
to the solutions in large enough quantity to permit substitution of beta 
assaying for most analyses for Pa^*^ during the isolation. 

2, SUMMARY OF ISOLATION PROCEDURE 

The main steps in the isolation of protactinium from the carbonate 
residue were the following: 
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1, The carbonate residue was treated with an excess of nitric acid 
which dissolved approximately 80 per cent of the solid material and 
left 95 per cent of the protactinium in the insoluble residue. Approxi
mately 90 per cent of the ionium and polonium went into solution. 

2, The washed residue from the nitric acid treatment was treated 
with hydrofluoric acid in the presence of sulfuric acid at elevated tem
perature. During this treatment over 90 per cent of the protactinium 
went into solution while (with the particular residue used here) only a 
small proportion of the bulk of the residue dissolved. 

3, The hydrogen fluoride and fluosilicic acid (from silica in the 
residue) were removed from the solution by fuming (not to dryness) 
with sulfuric acid. Some solid material which separated during this 
process could be readily dissolved by dilution with 2M HNO3. 

4, Manganese dioxide was precipitated from this solution to carry 
the protactinium. The MnO^ carried practically all the polonium ac
tivity but less than 10 per cent of the protactinium. The reason for 
the failure of manganese dioxide to carry protactinium is not clear; 
it is possible, however, that some residual fluoride ions may have 
inhibited the carrying. Carrying of protactinium from this solution by 
zirconium iodate was successful, 

5, Concentration of protactinium with respect to zirconium was 
achieved by first fractionally dissolving zirconium iodate with an ap
propriate reducing agent, leaving the protactinium with the residual 
undissolved zirconium iodate. Using hydroxylamine nitrate and nitric 
acid, 70 per cent of the original zirconium iodate was dissolved, while 
95 per cent of the protactinium remained with the undissolved zi rco
nium iodate fraction. The remaining precipitate was then completely 
dissolved with hydroxylamine nitrate and nitric acid. The protactinium 
was removed from this solution by partially precipitating the z i rco
nium iodate, 

6, Protactinium was separated from zirconium (and other impurities) 
in the above solution by solvent extraction, using diisopropyl ketone. 
Four cycles were used, with each cycle consisting of (a) extraction of 
protactinium into ketone from 8N HNO3, (b) extraction of protactinium 
from the ketone by 0,1M oxalic acid, and (c) destruction of the oxalic 
acid with diammoniumhexanitratocerate, 

7, Final purification was carr ied out by precipitating protactinium 
as a peroxide, dissolving the peroxide in hydrochloric acid, and ex
tracting the protactinium with diisopropyl ketone from the hydrochloric 
acid solution. 
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3, DETAILS OF ISOLATION AND PURIFICATION 

3.1 Bulk Reduction with HNO3. Six kilograms of carbonate residue 
were treated with 12 liters of concentrated nitric acid after wetting 
with 3 l i ters of water. After gas evolution had ceased, the suspension 
was heated for 12 hr. After cooling, hydrogen peroxide was added to 
dissolve any MnOg which was present. 

This procedure was used mainly to achieve bulk reduction. Eighty 
per cent of the material went into the nitric acid solution together 
with a considerable amount of alpha and beta activity (3 x 10* alpha 
dis/min and 7.5 x 10' beta dis/min/kg of carbonate residue). However, 
practically no Pa went into the solution, the alpha activity being due 
mainly to polonium and ionium. 

3.2 HF Leaching. The nitric acid insoluble residue was transferred 
to two 1-liter platinum dishes and treated with hydrogen fluoride in 
the presence of 200 ml of concentrated sulfuric acid. After digestion 
at elevated temperature for approximately 48 hr, the HF solution was 
separated from the insoluble material and was found to contain 
2.2 x 10* alpha dis/min and 3.5 x 10* beta d i s /minAs of carbonate 
residue used. The total volume of the HF-H2SO4 solution was 3.4 
l i ters . A second leach with HF in the presence of 150 ml of concen
trated sulfuric acid was carried out (with a 48 -hr digestion period) 
from which 2,4 l i ters of fluoride solution was obtained containing 
5.5 X 10* alpha dis/min and 2.4 x 10' beta dis/min/kg of carbonate 
residue. The remaining residues (400 g) still contained 16 x 10* alpha 
dis/min but not more than a total of 80 iig of Pa, This residue was 
assayed by potassium acid sulfate fusion and dissolution of the melt 
in dilute HNO3, From a portion of the resulting solution, zirconium 
phosphate was precipitated in the presence of Pa^** t racer . The p re 
cipitate was then assayed for Pa by range measurements with mica 
absorbers. 

3.3 Removal of HF. There are indications*'* that in the presence 
of sulfuric acid protactinium can be heated safely with HF without loss 
through volatile fluorides. A number of further tests were carried 
out, showing that the same holds true for the HF solution under con
sideration. The hydrogen fluoride was removed by evaporating the 
HF solution in the presence of sulfuric acid and allowing the sulfuric 
acid to fume for some time, A considerable amount of materials sep
arated during this process, most of which could be redissolved by 
treating the small remaining volume of sulfuric acid with dilute nitric 
acid. The resulting 2M HNO3 solution had a volume of 1100 ml. Less 
than 1 g of insoluble and inactive material was left behind. 
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3.4 Precipitation of MnOg. It was originally contemplated to carry 
the protactinium from this nitric acid solution by the use of MnOg, 
which had previously been shown to be a good carr ier for Pa (refer
ences 10-12). Two successive precipitations were carr ied out, the 
first one carrying approximately 50 per cent of the alpha activity and 
the second one carrying another 10 per cent. The MnOg precipitates 
were worked up extensively, but finally it was shown that they did not 
contain more than 10 per cent of the total amount of Pa in the solu
tions. The reason for the failure of MnOg to carry is not understood. 
It is possible (though unlikely, in view of the prolonged fuming) that a 
residual amount of fluoride remained in the solutions and inhibited the 
carrying. [The possible interference of sulfate ions with carrying was 
not investigated.] The MnOg (1 mg/ml) precipitations were carried out 
at elevated temperatures (100°C water bath) by first adding a three
fold excess of manganous ions and then slowly adding the calculated 
amount of potassium permanganate solution. 

The MnOj was first dissolved with hydrogen peroxide in the presence 
of dilute HNO3. Such treatment, however, was found to be undesirable, 
since it lead to insoluble materials, which had to be fused to make 
them soluble once again. When hydroxylamine was used for dissolving 
MnOg precipitates, no insoluble residues were obtained. The insolu
ble precipitates were not analyzed but probably contained some of the 
elements of the fourth and fifth row of the periodic table. These are 
probably mainly zirconium, niobium, tantalum, and titanium, which 
was found to be a very persistent impurity in spite of the fact that it 
forms a soluble peroxy acid. Much less difficulty was encountered in 
the removal of vanadium with peroxide. 

The MnOj precipitations were carried out hot, and this is probably 
the reason why so many of the ions mentioned above were present. 
They were probably hydrolyzed during the heating process to give the 
insoluble acids. If Pa is to be carried by Mn02, precipitations at room 
temperature appear preferable since such precipitates were later 
generally found to carry Pa as well as precipitates formed at elevated 
temperatures, 

3.5 Zirconium Iodate Carrying. After the failure of MnOg to carry, 
sufficient Pa^** t racer was added to the solution to make it the pre
dominant beta emitter. An additional small-scale test on the carrying 
by MnOg confirmed the previous results; less than 10 per cent of the 
beta t racer was carried, A test of the extractability of the protactin
ium with diisopropyl ketone also failed. However, zirconium iodate 
previously introduced as a car r ie r for Pa (reference 11) was found to 
carry 98 per cent of the Pa^** t racer together with approximately 95 
per cent of the alpha activity of the solution. The zirconium iodate 
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precipitated from the solution only after the iodic acid concentration 
exceeded about 0,15M, The final precipitation was carried out from 
0.3M iodic acid, 

3.6 Self-concentration of Protactinium on Zirconium Iodate, Zir
conium iodate can be readily dissolved by the addition of appropriate 
reducing agents such as iodide ions or hydroxylamine. When the work 
was carried out, it was planned to solvent extract the resulting solu
tion. Since this procedure had been worked out only for nitrate solu
tions at that time, hydroxylamine nitrate [prepared from hydroxy
lamine chloride with silver nitrate and hydroxylamine sulfate with a 
slight excess of barium nitrate] was used for dissolving the iodate. 
Reduction with iodide was not attempted, since the amount of iodine 
liberated would have been very much larger than with hydroxylamine. 

The iodine which resulted from the reduction of the iodate was r e 
moved by extraction with toluene. 

After approximately 70 per cent of the zirconium iodate had been 
dissolved with hydroxylamine without dissolving an appreciable amount 
of protactinium, the supernatant was removed by centrifugation. The 
residual zirconium iodate was dissolved, yielding a solution whose 
volume was only 1 per cent of the volume of nitric acid solution from 
which the iodate was precipitated. 

Iodic acid was added slowly to the zirconium-Pa solution until 95 
per cent of the protactinium had been carried; this was achieved when 
approximately 30 per cent of the zirconium had precipitated. The r e 
sulting zirconium iodate was removed by centrifugation and dissolved 
in hydroxylamine nitrate in the presence of IM HNO3 to yield a clear 
solution of approximately 2 ml volume. The zirconium iodate p re 
cipitation therefore affords an exceedingly potent method for volume 
reduction and yields readily soluble precipitates (e,g., niobium, tan
talum, and zirconium do not become insoluble). Its use thus eliminates 
cumbersome fusions. 

3.7 Solvent Extraction with Diisopropyl Ketone. Solvent extraction 
with diisopropyl ketone has been found' to be exceedingly efficient and 
to permit extraction of 70 per cent of the protactinium from approxi
mately 2M nitric acid in one equilibration with an equal volume of 
ketone in the absence of any other salting-out agents. [For some tests 
on the extractability of zirconium, see Sec. 5,] Tests on the final 
solution described in Sec, 3.6, however, showed that not more than 
15 per cent of the protactinium could be extracted under these con
ditions with an equal volume of ketone. It is very unlikely that enough 
fluoride or sulfate ions could have been present to inhibit extraction, 
since all precipitates had been washed thoroughly. 
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With micro experiments it was found that an increase in the nitric 
acid concentrations of the solutions raised the extraction efficiency to 
20 per cent for equal volumes of solvent and solution. When the main 
volume of the solution was worked up, the increase in nitric acid con
centration caused fairly violent reaction with the excess hydroxyla
mine present and caused the solution to heat up considerably. The 
efficiency of extraction dropped to 3 per cent. It is believed that the 
heating of the solution was responsible for this drop in the efficiency 
of the extraction. 

It is highly probable that this low extractability of protactinium is 
due to a hydrolytic polymerization (formation of colloidal hydroxide). 
Such polymerization would be expected to occur more readily in a 
more concentrated protactinium solution (the solution in question had 
a concentration of 0,2 mg Pa/ml), and thus t racer experiments could 
very easily differ considerably from experiments carried out at high 
concentration, A further indication that the low extractability is due 
to polymerization is that heating decreases the extractability since 
hydroljrtic polymerization would also be expected to increase with 
heating. 

By adding large quantities of zirconium nitrate and nitric acid it 
was possible to raise the efficiency of extraction to 15 per cent per 
equilibration with an equal volume of solvent. Only about 75 per cent 
of the protactinium was extracted in this way (using a total of 200 ml 
of solvent), since the efficiency of extraction tended to decrease con
tinuously. 

To avoid an excessive increase in the volume of the solutions during 
the stripping of the solvent with an aqueous solution, the extraction of 
the solvent was carr ied out with 0. IM oxalic acid rather than with 
water. Before reextraction of the aqueous layer with diisopropyl ke
tone, the oxalic acid in the aqueous layer was first oxidized with 
eerie ions [(NH4)2Ce(N03)g], the solid eerie salt being added slowly to 
the solution until the reaction was complete, as evidenced by a per
manent coloration of the solution. 

No exact data regarding the distribution coefficients for the later 
equilibrations can be given. Data for better controlled experiments 
can be found in a separate paper,** The following qualitative observa
tions were made: 

During the equilibration of the ketone with a strongly acidic solu
tion, a very considerable proportion of the acid is extracted into the 
solvent phase, as had been demonstrated by Wolf,' The first ketone 
extraction of the solution was made from an aqueous layer which had 
been made approximately 8M in nitric acid in an attempt to increase 
the abnormally low extraction of the Pa, The acid concentration of 
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the ketone layer must therefore have been very high. This acid ap
peared to reextract into the aqueous phase during the stripping of the 
solvent with the result that, even in the presence of oxalic acid, the 
distribution coefficient was such as to leave most of the protactinium 
in the ketone layer. After a sufficient decrease of the acid concentration 
is achieved through successive equilibration with the aqueous phase, 
the distribution coefficient changes rapidly, and the bulk of the pro
tactinium can be collected in a very small volume of oxalic acid solu
tion (5 to 10 per cent of the ketone volume). Thus theoretically the vol
ume reduction for an extraction cycle using oxalic acid and eerie ions 
(for oxidation) should be very high (fivefold or higher), but it is usu
ally lower because of the high acid concentration of the starting solu
tion. During the first extraction cycle, for instance, a volume reduc
tion by a factor of only 2,5 was obtained. This factor increased to 4 
during later extraction cycles. A consideration of the distribution 
coefficients for nitric acid solutions and nitric acid-oxalic acid mix
tures leads to the theory that the optimum concentration (for maximum 
volume reduction) of the nitric acid in the aqueous phase is near 2M 
HNO3. 

A total of four extraction cycles was carr ied out. During the later 
cycles losses appeared which in the fourth cycle (where the volume 
had again been reduced to about 5 ml) amounted to approximately 50 
per cent of the protactinium present. After it was ascertained that 
the difficulty was due to the deposition of protactinium on the walls of 
the vessels , the extraction was stopped. 

This deposition of protactinium on the walls of the vessel may be 
due either to the precipitation of protactinium oxalate (which is r e 
ported to be insoluble)** or to hydrolysis of protactinium in the nitric 
acid solution, 

3,8 Further Purifications, The protactinium which had deposited 
on the walls of the containing vessel was collected through the use of 
hydrogen fluoride, and the resulting solution was brought to a small 
volume (less than 0,1 ml) by evaporation in a small platinum dish and 
fuming in the presence of perchloric acid. During this procedure the 
protactinium precipitated out, and all attempts to dissolve this residue 
in nitric acid (including concentrated nitric acid) failed. 

The insolubility of the protactinium at this stage was at first at
tributed to a possible "meta acid" formation on heating. The insolu
ble and refractory material was readily soluble in hydrofluoric acid, 
and an attempt was made to crystallize the ammonium fluoride double 
salt from the solution. This double salt would be expected to be solu
ble in nitric acid, and the difficulties due to a meta acid should have 
been circumvented. At this stage in the purification a further solvent 
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extraction was planned which would necessitate the removal of fluo
ride ions. For this reason in two attempts H3BO3 and A1(N03)3, r e 
spectively, were added in rather large quantities to complex excess 
fluoride ions. In the mixture of complexing agent and nitric acid the 
fluoride was at first soluble, and it was possible to begin a solvent 
extraction. However, after a very short period of time, of the order 
of a minute, most of the protactinium precipitated from the nitric acid 
solution, making it impracticable to carry on further solvent extrac
tions. This precipitation almost certainly was due to hydrolysis. Pa 
apparently not being sufficiently complexed by nitric acid to prevent it. 

In view of this great insolubility of protactinium in relatively con
centrated nitric acid, further attempts at solvent extraction were 
made from hydrochloric acid solutions instead. However, it developed 
that even concentrated HCl is only a fair solvent for protactinium. 
From early experiments it appeared that not more than about 300 
mg/ml dissolved at room temperature. At elevated temperature this 
solubility appeared to increase, solutions containing at least 500 
mg/ml having been obtained. This change in solubility with tempera
ture for protactinium in HCl solution appeared to be reversible. Thus 
it appears very doubtful that the limited solubility in HCl solution is 
due to hydrolysis of Pa to the hydroxide, since, for these elements in 
general, increase in temperature makes the hydroxide more insoluble 
rather than more soluble and the reactions are generally not r eve r s 
ible. This difference in the hydrolytic properties of Pa in HCl and 
HNO3 solutions must be due to complexing of Pa by chloride ion, A 
further indication that in HCl solutions extensive hydrolysis of Pa is 
inhibited is that solvent extraction of Pa from the HCl solutions was 
fairly successful even at high Pa concentrations. 

While the material was prepared for its final solvent extraction, it 
was necessary to collect it several times by means of hydroxide pre
cipitations. These precipitations were carried out in excess ammonia 
at room temperature, and the "solubili ty" of protactinium under these 
conditions was surprisingly high. Ammoniacal supernatants containing 
as much as 50 to 100 mg of Pa per liter were observed. Von Grosse^^ 
reported that protactinium can be quantitatively precipitated from 
basic solutions after heating. Thus our observations involving solu
bilities at room temperature are not necessarily at variance with his 
observations. 

The final isolation of protactinium was thus very much complicated 
by the difficult hydrolytic behavior of protactinium, a behavior which 
is much more similar to tantalum as commonly stated in the l i tera
ture^^'''' than to neptunium(V) and plutonium(V). With these latter ions 
no difficulties occur in preparing fairly concentrated solutions even in 
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dilute nitric acid or hydrochloric acid solutions. This difference in the 
behavior of these various ions of oxidation number five therefore sug
gests fundamental differences in the structure of these ions in solution. 

3.9 Final Isolation and Purity of Protactinium. Final purification 
of the protactinium was carried out by solvent extraction by diiso-
propyl ketone from concentrated hydrochloric acid solution. No data 
are available regarding the purity of the protactinium at this step. 
However, a small amount of titanium seemed to be present, as mdi-
cated by a yellow coloration on addition of peroxide. The extractions 
were quite efficient, usually more than 70 per cent of the protactinium 
being extracted by an equal volume of solvent. An attempted stripping 
of the solvent with 5 per cent hydrogen peroxide in aqueous solution 
failed, owing to the apparently high solubility of the peroxide in diiso-
propyl ketone in the presence of high concentrations of HCl. To sepa
rate the protactinium from the solvent, the solvent layer was equili
brated with an ammoniacal water solution. The resulting protactinium 
was radiochemically and chemically pure except for a contamination 
of about 0.75 per cent of zirconium. 

4. CONCLUSION 

The method developed for the isolation of protactinium from the 
carbonate residue of uranium ores appears to be considerably less 
cumbersome than other methods described in the literature. It was 
found possible to isolate protactinium without going through any salt 
fusions or sodium hydroxide fusions. The method of isolation, as 
finally developed, involves relatively few steps: (1) bulk reduction of 
the carbonate residue by nitric acid treatment, (2) HF leach of the 
residue, (3) removal of the resulting HF by fuming, (4) carrying and 
volume reduction by zirconium iodate, and (5) solvent extraction with 
diisopropyl ketone. The purity of the material obtained in this way 
seems to be satisfactory, both radiochemically and chemically. 

The choice of the carbonate residue as the starting material in the 
isolation of protactinium should be considered seriously in spite of 
the fact that those carbonate residues which have been studied did not 
contain a much larger concentration of protactinium than the original 
ore (1 kg of uranium contains approximately 0.3 mg of protactinium). 
The main advantage in using the carbonate residue for the isolation 
results from the relative ease of dissolving it and from the absence 
of radium. A number of different carbonate residues have been ana
lyzed; and the concentration of protactinium appears to vary consid
erably, though not as much as the total alpha activity. Using four 
different residues (whose source could not be established), the fol
lowing assays were obtained in this laboratory: 



269 

Total alpha activity, dis/min/kg x 10* 10 8 4 3 
Conductivity of Pa, ppm 0.3 0.26 0.22 0.3 

Practically no analyses have been carried out for impurities 
throughout the whole isolation procedure. The relative merit of the 
various steps is therefore in doubt. Nevertheless, various impurities 
have been identified or tentatively identified during the isolation from 
qualitative considerations. Thus, for instance, it was shown that a 
small amount of titanium carried through to practically the last ex
traction, since a peroxide solution of protactinium showed the typi
cally yellow color of titanium. 

During the isolation an MnOg precipitation had been carried out, 
which was later shown to be unnecessary. The MnOg precipitations, 
however, may have contributed very greatly to the final purity of the 
protactinium isolated, since a large amount of titanium and vanadium, 
for example, coprecipitated with it. Furthermore, the manganese 
dioxide precipitates must have carried practically all the polonium in 
the solution and probably also the ionium. This becomes clear if it is 
borne in mind that the bulk of the alpha activity was carried along with 
the manganese dioxide and that in the next step, the zirconium iodate 
precipitation, practically all the residual alpha activity was carried 
together with practically all the beta activity (Pa^^^ tracer) of the solu
tion. Since, from this step on, the ratio of alpha and beta activities was 
practically constant (after correction for decay of Pa^^^), the conclusion 
could be reached that any ionium that might have been present was 
carried by manganese dioxide although it appears more probable that 
any ionium which was not dissolved in the initial HNO3 treatment of 
the ore residue was retained by the residue during the fluoride t rea t 
ment, at which time it was probably carried by the insoluble fluorides. 

If, as is suggested, the isolation of protactinium is carried out with
out a manganese dioxide precipitation, polonium (and perhaps ionium) 
would be expected to be present at the time the zirconium iodate is 
precipitated. Probably both these alpha emitters would be at least 
partially carried by the zirconium iodate, and the main responsibility 
for purification would fall on the solvent-extraction step. In view of 
the great solubility of protactinium in the solvent at relatively low 
acid concentrations, no difficulties would be expected from ionium. 
Polonium in the presence of nitric acid would still be somewhat ex
tracted, together with the protactinium. However, it could then be 
separated by washing the solvent layer with about IM nitric acid,** 
During this washing relatively little protactinium would be lost, pro
vided the acidity of the solution was not permitted to drop to too low 
a value. Furthermore, polonium could usually be readily removed 
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from HCl solutions by inserting a silver str ip and permitting the so
lutions to stand overnight. 

The general method of isolation of protactinium will more or less 
depend on the success of the solvent extraction. Although in the iso
lation described here difficulties were encountered in the solvent-
extraction step owing to the special hydrolytic properties of protac
tinium, the use of solvent extraction still appears to be feasible even 
with macro (rather than tracer) concentrations of protactinium if HCl, 
rather than HNO3, solutions are used. 

5. SOLVENT EXTRACTION OF POLONIUM, ZIRCONIUM, 
AND NIOBIUM BY DIISOPROPYL KETONE 

The following experiments were carried out to test the usefulness 
of solvent extraction by diisopropyl ketone in the purification of pro
tactinium from polonium, zirconium, and niobium. It was found that 
the extractability of zirconium and niobium is small enough to permit 
their separation from protactinium. Furthermore, it was found by 
solvent extraction that polonium can, under certain conditions, ex
tract to a very large extent from HCl solutions. An appreciable ex
traction was also found for polonium in a nitric acid solution. 

5.1 Polonium, (a) Nitric Acid Solutions. A Po^'" t racer solution 
in nitric acid (IM HNO3) was equilibrated with an equal volume of 
diisopropyl ketone, using as a salting-out agent IM Mn(N03)2. The 
ketone layer contained 7 per cent of the polonium. 

(b) Hydrochloric Acid Solutions. A Po^^° tracer was extracted from 
3M, 6M, and 9M hydrochloric acid solutions without the addition of 
further salting-out agents by equilibration with equal volumes of diiso
propyl ketone. The results are summarized in Table 1. 

Such very large extractability of polonium from HCl solutions might 
be very useful in the isolation of polonium from other materials, a l
though of course it means that no purification of protactinium with 
respect to polonium can be expected by solvent extraction with diiso
propyl ketone. 

The different result obtained with IM HNO3 may easily have been 
due to the lower concentration of acid, although a further investigation 
of nitric acid solutions would be in order. 

5.2 Zirconium and Niobium. Only a mixed t racer solution of z i r -
conium®* and niobium®^ was available for the tes ts , containing approxi
mately equal activities of zirconium and niobium. The extractions 
were carried out from 3M, 6M, and 9M HCl solutions by equilibration 
with equal volumes of diisopropyl ketone. The results are summarized 
in Table 2, 
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From this table it may be seen that up to 6M HCl the extractability 
of either zirconium or niobium is negligible and that therefore purifi
cation from both zirconium and niobium can be expected by solvent 
extraction with diisopropyl ketone from HCl solutions. 
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Table 1—Extraction of Polonium from HCl Solutions 

Initial cone. HCl, molarity 3.0 6.0 9.0 

Po extracted into ketone, % 69 95 98 

Table 2 — Extraction of Mixed Zr'*-Nb' ' Tracer from HCl Solutions 

Initial cone. HCl, molarity 3.0 6.0 9.0 

Mixed t racer extracted into ketone layer, % 0.3 1.3 10 
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Paper 6.3 

EXTRACTION OF PROTACTINIUM FROM CARBONATE-INSOLUBLE 
RESIDUES OF URANIUM ORES. II. "GEL PROCEDURE" FOR 

ISOLATION OF PROTACTINIUM 

By Raymond G. Larson, Leonard I, Katzin, and Eugene Hausman 

[Editor's Note: This paper was a contribution from Argonne National 
Laboratory and is based on Report ANL-4091,] 

1. INTRODUCTION 

Isolations have been made of protactinium (Pa^**) from the ultimate 
residues of uranium ore processed for recovery of radium.^'^ This 
material is highly refractory and difficult to work. Katzin, Van 
Winkle, and Sedlet* have shown that this starting material is a re la
tively poor one from the standpoint of protactinium content and that 
the first carbonate precipitate in the recovery of uranium from pitch
blende ores is a better source of the protactinium. In this carbonate 
material , which is relatively readily soluble (having once been in 
solution), the protactinium is present to some 0.2 ppm. A small-
scale isolation of protactinium from this source by Kraus and Van 
Winkle^ has been made in which an important step is reduction of the 
silica content by evaporation with hydrofluoric acid. For large-scale 
work, this sort of procedure and large-scale fusions, such as Von 
Grosse*'^ and Graue and Kaeding^ were forced into, are to be avoided. 
With the process to be described in this paper bulk reduction is 
achieved by leaching the soluble nitrates from the silica gel which 
forms in the material and to which the protactinium adheres. The 
silica is destroyed by aqueous alkali, and the protactinium is concen
trated and purified by solvent extraction.® 

2. EXPERIMENTAL WORK 

The nature and previous history of the carbonate residue used as 
starting material have been described before.* Preliminary experi-
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ments showed that treatment of the carbonate residue with strong 
nitric acid left a gel after the neutralization was completed. After 
thorough leaching with nitric acid, the gel was treated with hydroflu
oric acid and shown to dissolve completely, indicating that it was 
silicic acid. The large bulk of the protactinium alpha activity was 
found to have remained with the silicic gel, rather than to have been 
extracted by the leaching process. 

On the basis of this observation a more detailed study was made of 
the effects of different variations of the procedure, on the basis of 
which the following assay method for the P a " ' content of the carbon
ate residue was evolved. The sample of carbonate residue was treated 
with Pa^^ t racer solution and nitric acid to form a slushy gel. After 
leaching the gel with dilute nitric acid until 99 per cent of the d i s 
solved-solids content was removed, ca r r ie r amounts of lanthanum ni
trate were st irred into the gel. The gel was then destroyed with sodi
um hydroxide leaving a residue about 5 per cent or less of the bulk of 
the gel. The lanthanum hydroxide formed served as a ca r r i e r for the 
precipitated protactinium. The separated solid was redissolved with 
dilute nitric acid at ice-bath temperatures, and the solution was ex
tracted with diisopropyl ketone. A portion of the ketone extract was 
then mounted for determination of alpha and beta activity. A range 
analysis for identification of the alpha activity was made with the aid 
of the differential pulse analyzer. 

Using the value for the protactinium content of the ketone extract so 
obtained and correcting the extraction value by the distribution of the 
P a " ' t racer, it is possible to estimate a value for the protactinium 
content of the original residue. Assuming the loss of protactinium in 
the leaching processes and other treatments i s given by the loss of 
P a " ' t racer , the content may be as high as 0.24 ppm in the carbonate 
material (two analyses of 10-g samples). However, it is certain that 
exchange between the protactinium isotopes in the early sts^es of the 
procedure is poor, so the amounts of Pa^'' lost may be much less than 
the t racer indicates. The value 0.2 ppm is probably fairly representa
tive. The alpha and beta activities of the original carbonate residue 
were about 2 x 1 0 ^ and 2 x 10* c/min/g, respectively. The Pa^' ' alpha 
activity was probably about 5 per cent of the total, based on the above-
mentioned analysis. The other alpha activity was largely ionium, with 
some polonium also present.* 

The semiworks flow sheet which evolved from these findings was 
essentially the same as the assay method: 

1. With 15 kg of carbonate residue in a stainless steel tank of about 
150 l i ters capacity, stir in 15 l i ters of distilled water and follow with 
18 l i ters of concentrated nitric acid, added over a period of about 
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^2 hr. The slushy gel which is formed should be allowed to settle for at 
least 8 hr. 

2. Leach the gel five times with two volumes of IN nitric acid solu
tion. Stir about 1 hr and allow to settle at least 8 hr for each leach. 
Siphon off clear supernatants. 

3. Add 7V2 g of lanthanum as the lanthanum ammonium nitrate and 
st ir about 15 min. Add solid sodium hydroxide to a concentration of 
10 per cent. The mixture should be st irred for about 1 hr and allowed 
to settle at least 8 hr. Siphon off the clear supernatant. 

4. Slurry the hydroxide residue into a container for transportation 
to laboratory and further processing there. 

The semiworks operations were performed with little difficulty. 
The dissolving of the carbonate residue was accompanied by some 
foaming, which caused no trouble. After initial settling of the gel 
there was only 5 per cent of clear supernatant. The leaching of the 
gel with IN nitric acid solution gave slightly cloudy supernatants dur
ing the last two or three of the five leaches. 

Control assays for Pa^'' activity were made by two methods. In one, 
solvent extraction with diisopropyl ketone was used, with Pa^'' t racer 
added to estimate the proportion of P a " ' being extracted. Uranium 
and some ionium would also be extracted and thus make results unre
liable. The other method was that of precipitating thorium fluoride as 
a ca r r ie r of ionium; the hydrofluoric acid supernatant was then treated 
with a manganese dioxide precipitate which car r ies polonium but not 
protactinium from hydrofluoric acid solutions. The residual alpha 
activity was ascribed to Pa^''. By this method uranium would also be 
associated with the Pa^'' activity. It was estimated that perhaps 15 
to 50 per cent of Pa^*' activity was lost in the nitric acid leaches. 
When cloudy supernatants were obtained, the estimated Pa^'' loss was 
in the higher part of this range. It is possible that the actual Pa^'' was 
nearer the lower limit, since some uranium alpha activity is present 
in the solution. No loss of alpha activity occurred in clear alkaline 
supernatants. 

The hydroxide residue from three semiworks runs, representing 45 
kg of carbonate residue, was processed in the laboratory as follows: 
After several washes with 5 per cent sodium hydroxide solution, to 
obtain more complete removal of residual sodium silicate, the hydrox
ide residue was leached with 3N nitric acid at ice-bath temperature. 
The nitric acid leach was then solvent extracted with diisopropyl ke
tone [distribution coefficients were rather low]. The P a " ' was pre
cipitated from the ketone by treating it with sodium hydroxide solution, 
A small amount of lanthanum hydroxide in the aqueous layer was used 
as a ca r r i e r in this concentration step. The lanthanum hydroxide p re -
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cipitate was dissolved with nitric acid at ice-bath temperature and 
solvent extracted again with diisopropyl ketone. The protactinium hy
droxide was this time precipitated from the ketone by addition of ex
cess concentrated ammonia solution. 

The hydroxide precipitate was further purified by hydrolysis in IN 
nitric acid at hot-water-bath temperature. Four IN nitric acid 
leaches of the precipitate were made. The residual protactinium oxide 
was evaporated to dryness in a platinum dish, treated with concen
trated hydrofluoric acid, and again evaporated to dryness. The hydro
fluoric acid residue was then dissolved in 6N hydrochloric acid and 
stored in a wax-lined glass cylinder. 

At the time of writing approximately 2 to 3 mg of protactinium has 
been obtained in relatively pure form. About 0.7 mg is in a repurified 
HCl solution for which a spectrochemical analysis reported definite 
impurities of 1.5 per cent iron, 0.15 per cent calcium, and 0.035 per 
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cent magnesium. Another 4 mg of Pa has been obtained in a less 
pure condition. This accounts for perhaps 75 per cent of the Pa^^' ex
pected to be in the carbonate residue worked up. 
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Paper 6.4 

EXTRACTION OF PROTACTINIUM FROM CARBONATE-
INSOLUBLE RESIDUES OF URANIUM ORES. 

in. MANGANESE DIOXIDE PROCEDURE 

By Roy C. Thompson, Q. Van Winkle, and John G. Malm 

[Editor's Note: This paper was a contribution from the Argonne 
National Laboratory and is based on Report CC-3789.] 

ABSTRACT 

A procedure is described by means of which 20 mg of protactinium 
was obtained in pure form from 200 kg of uranium residues. The 
procedure employs MnOj as a coprecipitating agent to secxire initial 
concentration of the protactinium by a factor of about 1000. Final 
purification is achieved principally by a nonaqueous solvent-extraction 
technique utilizii^ diisopropyl ketone. 

1. INTRODUCTION 

A nmnber of procedures have been described and employed for the 
isolation of protactinium from natural materials.*'' Except for the 
procedure described in Paper 6.3, this volume, all these methods 
suffer the disadvantage of large-scale fusions and/or hydrofluoric 
acid treatments. They are all quite tedious and usually involve the 
reworking of many fractions if satisfactory yields are to be obtained. 
The process to be described in this paper is one which requires, in 
addition to ordinary laboratory equipment, only a 50-gal tank capable 
of withstanding the action of IN nitric acid and equipped with an effi> 
cient stirrer. All operations are of the simplest type; large-scale 
heating, centrifugation, and filtration operations have been avoided. 
This simplification has been obtained, to a certain extent, at the 
expense of yield. However, the comparatively readily available start-
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ing material employed reduces the importance of yield considerations. 
It is also true that the performance reported in this paper, indicating 
a recovery of about 50 per cent of the protactinium originally present, 
is certainly not the best of which the method is capable. Under the 
exigencies of wartime pressure, time was not taken to study carefully 
the factors affecting yield in each step of the process, the rapid 
attainment of the pure protactinium being of greater interest than the 
development of the best possible process. 

The starting material employed is the carbonate-insoluble material 
present in the initial solution of pitchblende. This "carbonate res idue" 
has been described in detail as to composition and chemical behavior 
in preceding papers of this series.*'* The protactinium content is 
about 0.2 ppm. Concentration of protactinium is achieved by its co-
precipitation with manganese dioxide from a solution of the carbonate 
residue. This precipitate is dissolved, and the protactinium is again 
coprecipitated with a smaller amount of manganese dioxide. This 
procedure is repeated a third time; it resul ts , imder the best condi
tions employed, in about a thousandfold concentration of the pro-
tactiniiun with a 65 per cent yield. After several steps to remove 
specific impurities the protactinium is isolated and purified using 
absorption, diisopropyl ketone extraction, and precipitation techniques. 
The exact sequence of operations is outlined in the concentration 
flow sheet (Fig. 1) and described in the sections which follow. 

2. SOLUTION OF CARBONATE RESIDUE 

The carbonate residue contains appreciable quantities of silica. If 
this residue is dissolved in nitric acid, the resulting solution will 
eventually set to a semisolid gel unless diluted to impractical vol-
vunes. It was found that, by treating the residue with 40 per cent 
sodium hydroxide, sufficient silica was removed to prevent subse
quent gel formation. In large-scale practice this operation was per
formed in a 40-gal stainless steel tank equipped with a heavy-duty 
s t i r re r . Ten kilograms of carbonate residue was charged per batch; 
20 li ters of water and then 8 kg of solid sodium hydroxide were 
added. The heat of solution of the sodium hydroxide raised the tem
perature to about 80°C, and it maintained itself at about 60 "C for the 
duration of the treatment. The thick slurry was st irred intermittently 
for short periods. Excessive st irr ing prolonged the subsequent 
settling time of the metathesized residue. After about 4 hr the slurry 
was diluted to 100 l i ters with water and mixed well, and the residue 
was allowed to settle overnight. The supernatant was withdrawn, and 
the residue was washed once with water by decantation. The residue 
was then dissolved by addition of concentrated nitric acid to an 
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acidity of IN. A small fraction remains insoluble. The solution is 
transferred to another tank, and the next charge of carbonate residue 
is added on top of the Insoluble material from the first. Since there 
was no appreciable build-up of insoluble material in this tank after 
the processing of over 200 kg of carbonate residue, it may be assumed 
that essentially all the material is brought into solution after 
repeated alkali and acid treatments. 

The solution which results occupies a volume of about 50 liters. It 
can be caused to gel only by raising the acidity to about 5N. 

3. CONCENTRATION OF PROTACTINIUM 

Preliminary coprecipitation tests from carbonate residue solutions 
indicated that the protactinium present in the process solution was 
not behaving like protactinium in pure tracer solutions. Thus pre
cipitation of such substances as manganese dioxide"' and bismuth 
phosphate' which carry protactinium quantitatively from pure tracer 
solutions gave very erratic results varying from no carrying at all 
to 50 to 60 per cent as a maximum. This sort of behavior has often 
been encountered with impure protactinium preparations and is 
quite reminiscent of the behavior of niobium and tantalum in complex 
mixtures. As has previously been observed,' the carrying of the 
protactinium is considerably improved by precipitation (along with 
other alkali-insoluble material present) as the hydroxide, followed 
by reacidification and separation of the carrier precipitate. Using 
such a procedure and conducting the alkaline digestion at temperatures 
of 75 to 100 °C, protactinium was carried upon manganese dioxide to 
the extent of from 75 to 90 per cent. 

In the procedure eventually adopted for routine operation, solid 
sodium hydroxide is added immediately following manganese dioxide 
precipitation. A rather thick hydroxide slurry is thus obtained which 
is agitated for 2 to 4 hr. The heat of solution of the sodium hydroxide 
is sufficient to maintain the mixture at temperatures in excess of 
60°C. After the digestion at a hydroxide ion concentration of about 
IN, concentrated nitric acid is added to dissolve the hydroxides and 
to result in a IN acid solution. The heat evolved during the neutrali
zation aids in the flocculation of the manganese dioxide. Difficulty 
due to the formation of colloidal manganese dioxide was encountered 
in the first concentration cycle only when the alkaline slurry was 
allowed to stand longer than 4 hr and cool to near room temperature. 
Considerable difficulty with colloidal manganese dioxide was encoun
tered in the second and third cycles. Addition of sulfuric acid to a 
concentration of O.IM was foimd to almost entirely eliminate this 
occurrence. The first manganese dioxide precipitate was separated 
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by decantation. The second and third precipitates were small enough 
to allow centrifugation in 200-ml bottles folloAvlng initial decantation. 

No difficulty was encountered in dissolving the manganese dioxide 
precipitates if the acid concentration did not fall too far below 
IN and if stoichiometric quantities of sodium nitrite were added. 
A considerable amount of white residue carried down with the 
manganese dioxide remained insoluble in the sodium nitrite solution. 
This consisted partly of insoluble sulfates. Spectrographic analysis 
showed the principal cations in this insoluble residue to be calciimi 
and silicon, with iron, manganese, sodium, barivun, tin, titanium, 
and vanadium also present in significant amoimts. The amount of 
protactinium lost in these residues amounted to about 8 per cent of 
that originally present in the starting material. 

The IN nitric acid solution of the third manganese dioxide precipi
tate, upon standing for days or weeks, deposited a gelatinous white 
precipitate which contained most of the protactinium. This process 
was accelerated, and the carrying of protactinium was made essen
tially quantitative by increasing the acidity to about 5N and heating 
the solution in a boiling-water bath. The precipitate thus obtained 
was separated, dissolved in concentrated hydrofluoric acid, and 
fumed to dryness with perchloric acid in a platinum dish. This 
operation effected the complete removal of silicon which, if allowed 
to remain even in very small amounts, would have interfered with 
subsequent solvent-extraction operations. 

The residue from the hydrofluoric acid treatment was suspended 
in a small volume of ION nitric acid, and an approximately equal 
volume of 30 per cent hydrogen peroxide solution was added slowly 
with warming and s t i r r i i ^ . The material insoluble upon such t rea t 
ment retained the protactinium nearly quantitatively. Considerable 
amounts of titanium were removed in the supernatant, but titanium 
remained the principal constituent of the insoluble material . 
Zirconivmi was also present in appreciable concentration, but nio
bium and tantalum, which might have been expected to concentrate 
along with the protactinium, were not detectable spectrographically. 

In processing most of the material the residue from nitric ac id-
hydrogen peroxide treatment was leached repeatedly with a solution 
5N in nitric acid and 0.3N in hydrofluoric acid. All the protactinium 
along with about half the total solids was removed in these leaches. 
The leaches were evaporated to dryness with perchloric acid, and 
the residue was again treated with nitric acid and hydrogen peroxide 
to remove titanium. The bulk reduction accomplished in this 
repetition of the hydrogen peroxide treatment was hardly sufficient 
to justify the time required. This is especially true in view of the 
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fact that titanium and zirconium, which constitute the great bulk of 
material remaining with the protactinium after the manganese dioxide 
cycles, are so efficiently removed by the use of anion-exchange resins 
and solvent-extraction procedures employed in the subsequent purifi
cation of the protactinium. Furthermore, the protactinium present 
in the residue following the second hydrogen peroxide treatment was 
not readily leached from the mixture by even concentrated hydro
fluoric acid. This behavior considerably complicated the ensuing 
purification steps. 

4. ISOLATION OF PROTACTINIUM 

The chief impurities present with the protactinium, following the 
concentration procedure described above, are titanium and zirconivun. 
It is perhaps improper to speak of them as impurities since they 
actually constitute 99.9 per cent or better of the material in hand. 
Two properties of protactinium were the principal factors in effect
ing its separation from this material. These were (1) its ability to 
form a stable complex anion with fluoride ion, which is readily 
absorbed in a column of amber lite IR-4 anion-exchange resin,* and 
(2) its extractability into diisopropyl ketone from strong nitric'° or 
hydrochloric acid solutions.* 

The residue from the second peroxide treatment was treated with 
about 20N hydrofluoric acid; this effected the solution of somewhat 
more than half the bulk material. About 50 per cent of the pro
tactinium, however, remained with the insoluble residue. Qualitative 
tests showed the major constituent in the acid solution to be titanium, 
whereas the major constituent in the insoluble residue was zirconium 
(probably present as an insoluble fluozirconate). In the following 
discussion hydrofluoric acid solution will be referred to as the 
"titanium fraction" and the insoluble residue as the "zirconium 
fraction." It should be borne in mind that after the first hydrogen 
peroxide treatment the protactinium was completely soluble in hydro
fluoric acid, and the necessity for working up a zirconium fraction 
would have been eliminated had a second peroxide treatment been 
avoided. 

The zirconium fraction was brought into solution by metathesis 
with 2N sodium hydroxide followed by solution of the hydroxides in 
IN nitric acid. The zirconium and protactinivun hydroxides were re -
precipitated once and washed with O.IN alkali to remove the last 
traces of fluoride ion, which, if present, would have interfered with 
subsequent solvent-extraction operations. 

A similar hydroxide precipitation procedure might have been 
employed to separate fluoride from the titanium fraction. Instead, 
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however, advantage was taken of the stability of the protactinium 
fluoride complex ion in order to effect, a partial separation of the 
protactinium from titanium. The concentrated hydrofluoric acid 
solution of the titanium fraction, about 500 ml, was diluted to 2.5 
liters with water, and the solution was passed through an anion-ex-
change adsorption column. The column (constructed of 100-ml 
lusteroid tubes with the bottoms removed, sealed end to end with 
Duco cement) was 30 cm in diameter, and the resin bed was 45 cm 
long. Twenty- to thirty-mesh amberlite IR-4 was used as the ad
sorbent. The solution was passed through the column at the rate of 
1 liter/hr, and 99 per cent of the protactinium was adsorbed. The 
column was then rinsed with 700 ml of water and 500 ml of O.IN 
nitric acid with no loss of protactinium. The protactinium was eluted 
with IN nitric acid, 90 per cent of the protactinium present coming 
off with only a few per cent of the titanium. The remaining 10 per 
cent of the protactinium was eluted with about 50 per cent of the 
titanivmi. The protactinium (about 10 mg) was obtained in a volume 
of 1 liter of IN nitric acid containing about 140 mg of titanium. 
The hydroxides of protactinium and titanium were precipitated and 
washed to remove the last traces of fluoride ion. Solution of this 
hydroxide precipitate in 100 ml of 3N nitric acid resulted in the 
formation of a colloidal titanium solution imsuitable for solvent ex
traction. Addition of hydrogen peroxide to a concentration of 0.3 per 
cent converted the titanium to the brilliant red titanium peroxide 
complex ion, and it was possible to extract the protactinium from 
this solution using diisopropyl ketone. 

Conditions for the extraction of tracer concentrations of protac
tinium into diisopropyl ketone have been described in a previous 
paper.'" Conditions for the extraction of macro concentrations of 
protactiniimi from solutions containing relatively high concentra
tions of impurities were found to be somewhat more critical. Com
monly employed salting agents such as manganese or calcium ni
trates result in the formation of colloidal solutions from which the 
protactinium cannot be extracted. Best results were obtained by 
using only nitric acid as a salting agent. In the absence of peroxide 
and using equal volumes of aqueous and ketone phases, 65 per cent 
or more of the protactinium extracts into the ketone phase at 
acidities of 4N to 6N, From the 0,3 per cent peroxide solutions of 
the titanium fraction, adequate extraction was obtained only at 
acidities of 7N or higher. From 4.5N HNO3 the extraction was 3 per 
cent, and from 5N HNO3 it was 14 per cent. From 6.7N HNO3 the 
extraction amounted to 65 per cent. It was also found necessary to 
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avoid heating dilute nitric acid solutions of impure protactinium 
since precipitates often formed which were not readily dissolved. 

A set of five 250-ml centrifuge bottles was used for the solvent 
extraction. Bottle 1 contained the impure protactinium in nitric 
acid solution of sufficient strength to salt at least 65 per cent of the 
protactinium into an equal volume of ketone. Bottles 2 and 3 con
tained 75 ml of 0.3 per cent hydrogen peroxide in water. Bottles 4 
and 5 contained 75 ml of 3.0 per cent peroxide in water. The solu
tion in bottle 1 was equilibrated with successive portions of 
diisopropyl ketone. To prevent extraction of nitric acid from bottle 
1, this ketone was preequilibrated with a water solution of the same 
acidity. The equilibration was accomplished by vigorous mechanical 
stirring for 2 to 3 min. Each portion of ketone after removal from 
bottle 1 was equilibrated successively against the solutions in bottles 
2, 3, 4, and 5, Nitric acid and impurities are removed from the 
ketone by the aqueous layers of bottles 2 and 3, Then, with the acid 
concentration in the ketone reduced to a low value, equilibration 
against 3 per cent peroxide in bottle 4 results in an essentially 
quantitative removal of the protactinium from the ketone layer and 
in its precipitation as the white peroxide. When nitric acid has ac
cumulated in bottle 4 to such an extent that an appreciable amovuit of 
protactinium is observed to be passing over into bottle 5, bottle 4 is 
removed and replaced in the system by bottle 5, which in turn is re
placed by a fresh solution of 3 per cent hydrogen peroxide. Nitric 
acid accumulates in bottles 2 and 3, and these solutions are replaced 
by fresh solutions after equilibration with several portions of ketone. 

The peroxide slurries from bottle 4 were approximately IN in 
nitric acid. They occupied a combined volume of about 250 ml, and 
the solubility of the protactinium peroxide was about 1 mg per liter. 
The peroxide precipitate was separated by centrifugation, washed 
with a solution of O.IN nitric acid and 3 per cent hydrogen peroxide, 
and dissolved in 50 ml of 8N nitric acid by heating for 45 min at 
lOCC. A spectrographic analysis on a portion of this slightly turbid 
solution showed the following impurities: Zr, 0.75 per cent; Si, 0.75 
per cent; Ca, 0.25 per cent; and Mg, 0.05 per cent. 

After standing for several days a solid phase separated from the 
8N nitric acid solution. The solubility was about 0,3 mg of protac
tinium per milliliter. This precipitate was redissolved in additional 
acid, and the entire batch was repurified by another diisopropyl 
ketone extraction. The impurities mentioned above were completely 
eliminated by this treatment. A total of slightly more than 20 mg of 
pure protactinium was obtained by this procedure. 
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5. ANALYTICAL CONTROL AND PROCESS PERFORMANCE 

Of the alpha activity present in the original carbonate residue, 
about 5 per cent was due to protactinium; most of the res t was at
tributable to ionium; and a few per cent to polonium. To follow the 
course of the protactinium in the early concentration stages would 
therefore have required separation of the protactinium from the 
ionium and polonium before measurement of alpha activity. Proce
dures for this separation have been described, but they are rather 
time consuming and were therefore not employed routinely. It was 
possible to determine the percentage of the alpha activity present in 
the third manganese dioxide precipitate which is attributable to pro
tactinium, polonium, and ionium by measuring the energy distribu
tion of the alpha particles in a pulse analyzer." Such a determina
tion was not possible earlier in the process because very thin 
samples must be prepared in order to avoid self-absorption. The 
results of such pulse analyses on the third manganese dioxide pre
cipitate from the first four 10-kg batches are shown in Table 1. 

The radiochemical assay values quoted in Table 1 were obtained 
using a simplified procedure which proved quite useful for the 
particular purpose. A small portion of the manganese dioxide p re 
cipitate was dissolved in 1 ml of IN nitric acid containing 1 drop of 
6 per cent hydrogen peroxide solution. One milligram of thorium is 
added as a drop of a thorium nitrate solution, and thorium fluoride 
is precipitated by making the solution 4N in hydrofluoric acid. After 
digestion for 5 min at room temperature the thorium fluoride is 
separated by centrifugation. The ionium present is practically quanti
tatively removed by this precipitation, while protactinium and poloni
um remain in the supernatant. An aliquot of the supernatant is 
evaporated on a platinum disk which is heated to redness in the flame 
of a Meker burner. Separate tests using pure polonium and pure pro
tactinium t r ace r s have shown that, when evaporated from fluoride 
solution and ignited in this manner, more than 95 per cent of the 
polonium and less than 2 per cent of the protactinium is volatilized. 

Throughout the isolation procedures protactinium is the only alpha 
emitter present, and analytical control is therefore no problem. 

The total performance of the process is indicated in Table 2, which 
lists the losses encoimtered through the concentration steps. No 
significant losses were encoimtered in the isolation steps since all 
waste solutions were easily reworked. It must be remembered in 
considering Table 2 that it includes data from several early runs in 
which very large losses were sustained. Thus the protactinium 
recovery from batches 5 and 6 were 16 and 14 per cent, respectively. 
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These very low yields were occasioned by large losses in the first 
manganese dioxide precipitation which was performed at too low a 
temperature and remained largely coUoldally suspended. A more 
just appraisal of the behavior of the process is afforded by a con
sideration of the last six batches which were processed, in which an 
average of 65 per cent of the protactinium originally present was 
recovered through the concentration steps. 
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Table 1—Alpha Activities Present in Third MnO, Precipitate 

Batch 
No. 

1 
2 
3 
4 

Distribution of a 
according to pulse 

lo, % 

60 
49 
20 

2 

Po,% 

6 
5 

40 
35 

activity 
analysis 

Pa, % 

34 
46 
40 
63 

Protactinium present, mg 

Pulse analysis 

0.50 
0.68 
0.95 
0.71 

Radiochemical 
assay 

0.57 
0.70 
0.92 
0.83 

Table 2 — Protactinium Balance Sheet through Concentration Steps 

% Mg 

Losses 

In MnOj supernatant (by difference) 44.5 20.1 
In insoluble residue from solution 4.6 2.1 

of 1st MnO, precipitate 
In insoluble residue from solution 2.7 1.2 

of 2d and 3d MnOj precipitate 
In HNOj-HjOj supernatant 1.1 0.5 

Total losses 52.9 23.8 
Recovered through concentration steps 47.1 21.2 

Pa content of 225-kg carbonate residue (0.2 ppm) 100 45.0 
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, 

'— 

Alkaline supernatant; 
wash; discard 
0.0% of Pa 

Insoluble residue; 
recycle <10% of Pa 

-1 

Carbonate residue; 10 kg 

Alkaline slurry; 
25 liters; 4 hr; 
elevated temperature 

Acid solution; 
- 5 0 liters; IN [ H + ] 

Acid supernatant; 
1 N [ H * ) ; discard 
~25% of Pa 

Insoluble residue; 
discard <5% of Pa 

. 
-

. 
MnOj-hydroxide slurry; 

- 2 0 0 g of MnO,; 
IN [OH]; 4 hr; 
elevated temperature 

MnOj precipitate 

Manganous solution; 
5-10 liters; IN [H+] 

H,0; NaOH; solid 

H,0 

Cone. HNO, 

Mn(NOJj (100% excess) 

KMnO, 

NaOH; solid 

Cone. HNO, 

NaNOj, HNOj 

T 
Two additional MnO, precipitation cycles were 
performed, the amount of MnO, precipitated 
being reduced by a factor of 10 in each succeed
ing cycle. Total Pa losses in supernatants and 
insoluble residues were <10% of Pa 

Manganous supernatant; 
~8N [H+]; 
discard <0.2% of Pa 

Peroxide supernatant; 
-ION [H*]; 
discard - 1 % of Pa 

*-

Manganous solution (m); 
100-200 ml; IN [H+] 

Hydrolyzed residue; 
Si, Ti, etc. 

Silica-free residue; 
chiefly Ti 

Residue 1-3 g of Ti, 
Zr, etc.; - 1 mg of Pa; 
-50% of original Pa 

Cone. HNO,; boil 

HF, HClOi evaporation 

HNO,, HjOj 

I 
Isolation procedures 

Fig. 1 —Process flow sheet for 10-kg batch. 
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Paper 6.6 

HALF LIFE OF Pa^^' 

By Q. Van Winkle, Raymond G, Larson, and Leonard I. Katzin 

[Editor's note: This paper was a contribution from the Argonne 
National Laboratory and is based on Report ANL-4095.] 

1. INTRODUCTION 

The half life of protactinium (Pa^^^), the parent of actinium in the 
actino-uranium decay ser ies , has been determined by a number of in
vestigators. Values have been reported which range from 12,500 to 
32,000 years.^ ' ' In view of the indirect methods used in the determi
nations and their wide scatter, a redetermination of the protactinium 
half-life value has been made through direct determination of the 
specific activity with the aid of modern methods for counting alpha 
particles. A value of 34,300 ± 300 years has been found, using the 
formula Pa^Osfor the ignited oxide of protactinium. 

2. EXPERIMENTAL WORK 

Two samples of protactinium oxide were used in the half-life deter
minations. The first was taken from material which had been isolated 
and purified by Larson, Katzin, and Hausman;* the second was taken 
from a preparation which had been isolated and purified by Thompson, 
Van Winkle, and Malm.^ These samples were given an additional 
purification by precipitating protactinium as the hydrated oxide from 
0.5N to IN nitric acid either by heating on a boiling-water bath for 
5 min (sample 1) or through precipitation with hydrogen peroxide 
added to 3 per cent concentration (sample 2). 

Samples of hydrated oxide were slurried into platinum crucibles 
using IN nitric acid and then dried and ignited to constant weight in 
a muffle furnace at 700 to SOO'C. Weighings were made on a semi-
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micro balance with a sensitivity of 0.15 scale divisions per 10 jUg. 
After ignition to constant weight the oxide was made soluble by adding 
concentrated hydrofluoric acid and evaporating to dryness. The 
dried material was dissolved in 6N hydrochloric acid solution 
(sample 1) or IN nitric acid (sample 2) and made up to volume. 
Aliquots of these two solutions were evaporated on platinum counting 
disks for determination of the alpha-emission rate. Results are based 
on four aliquots of sample 1 and six aliquots of sample 2. 

Aliquots from both sample solutions were analyzed spectro
graphically for impurities in the protactinium. 

Determinations of alpha-particle emission rate were made with a 
counter having a mixture of argon and carbon dioxide at atmospheric 
pressure flowing through the chamber. The counter has been de
scribed by Jaffey.* Its effective counting yield is 51.7 per cent, and 
its coincidence loss has been estimated as 1.26 per cent per 
100,000 c/min, 

3, RESULTS 

The data obtained have been summarized in Table 1, The values 
appearing in line 2 for the weight of oxide were obtained by correcting 
the weight in line 1 for the impurities revealed by the spectrographic 
analysis. The corrections were made on the basis of the corresponding 
oxides. Sample 1 contained 1.5 per cent iron, 0.15 per cent calcium, 
and 0.035 per cent magnesium by weight. Impurities in sample 2 
were less than the minimum detectable amounts, so no correction 
was made. Assuming a formula for the oxide of PajOs, the half 
life of the protactinium is calculated, using the relation XT = In 2, 
where X is the disintegration constant and T is the half life. Since 
the two samples give the same half-life value within experimental 
e r ro r , the rather more precise value of sample 2 is taken, namely, 
34,300 ± 300 years . 

The largest uncertainty in the measurements may actually be the 
structure of the ignited protactinium oxide. We are indebted to W. H. 
Zachariasen for a study of the x-ray structure of the powder. 
Although the patterns obtained are complex, there seems to be evi
dence for a possible Pa02 structure. If the composition of the ignited 
material is actually the dioxide composition, the half-life value given 
would be low by approximately 3 per cent. 

4. DISCUSSION 

The value reported in this study for the Pa*^' haU life, 34,300 
years, is higher than any appearing in the li terature. The closest cor-
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respondence is found with the 1932 value of Von Grosse, namely, 
32,000 years.* This value was obtained from presumedly pure macro 
amounts of the isotope; the values given in the earl ier literature are 
based on growth into purified uranium of the protactinium. These 
early determinations depend on measuring current intensities in an 
alpha electroscope, knowing the number of ion pairs produced for 
both protactinium alphas and U *̂* alphas, and knowing precisely the 
ratio of activity of U *̂* and U *̂* in natural uranium. The method is 
beset with corrections and imperfectly known constants, and it is 
inherently inaccurate. Correction of the original data with more 
recently established values for the constants involved fails to raise 
the values to the level reported here, although a certain amount of 
consistency between different determinations by similar techniques 
can be found. The determination of Von Grosse with macro amounts 
of the isotope eliminated some sources of e r ro r , but the determi
nation again was dependent on knowledge of the number of ion pairs 
produced per alpha particle and comparison with alpha emission of 
uranium as measured in an electroscope. A source of e r ro r unknown 
to Von Grosse is the fact that one-eighth the alpha particles emitted 
by protactinium differ in energy from the res t by some 300 Kev.'''* 
The determination by direct counting of alpha particles, as carried 
out in the experiments reported here, is therefore the least 
questionable of the procedures used. The uncertainty of the ex
perimental value is probably well below 1 per cent. A revision of 
approximately 3 per cent must be made in the value if it is shown 
that the protactinium oxide obtained under the experimental conditions 
described in this paper is PaOg rather than the expected PagOs-
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Table 1 —Half-life Data of Pa"" 

Sample 1 Sample 2 

Weight of ignited oxide, mg 
Corrected weight of oxide, mg 
Solution volume, ml 
Aliquot (A) 
Average counting rate (corrected) 

of aliquot (51.7% counting yield) 
Specific activity, c/min/g of Pa 
Half life, years 

0.72 
0.705 
5.00 

25.0 
153,500 

5.11 X 10" 
34,700 

2.86 
2.86 

49.63 
50.35 

128,100 

5.18 X lO*" 
34,300 
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Paper 6.7 

SOLUBILITY OF PROTACTINIUM IN COMMON ACIDS 

By Roy C. Thompson 

[Editor's Note: This paper was a contribution from the Argonne 
National Laboratory and is based on Report CC-3637.] 

ABSTRACT 

A preliminary study of the solubility of protactinium in nitric, 
hydrochloric, sulfuric, perchloric, and hydrofluoric acids leads to the 
conclusion that such solubility as is exhibited in acid solution may be 
attributed largely, if not entirely, to the formation of complex ions. 

1. INTRODUCTION 

A preliminary study has been made of the solubility of protactinium 
in nitric, hydrochloric, sulfuric, perchloric, and hydrofluoric acids. 
The purpose of this study was only that of supplying the preliminary 
data necessary before an extensive program on the solution chemistry 
of protactinium could be undertaken. In no case was the solid phase 
studied, and the period of equilibration was in some instances too 
short to allow the attainment of final equilibrium. The results should 
nevertheless be of considerable practical interest. 

2. EXPERIMENTAL WORK 

The protactinium employed had been isolated from uranium extrac
tion residues.! Spectrographic analyses were not performed on all the 
samples employed; however, all the material had been purified ex
haustively by diisopropyl ketone extraction which has been demon
strated to yield spectrographically pure material. ' The reagents em
ployed were not specially purified but were of the best grade commer
cially available. 
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Equilibrations were performed in small glass tubes such as pictured 
in Fig. 1. The volume of each tube below the constriction was of the 
order of 0.1 ml. About 0.5 mg of protactinium was employed in each 
run, and the liquid volume was of the order of 0.05 ml. Continuous 
agitation of the solid phase was achieved by mounting the tubes hori
zontally on the perimeter of a wheel rotated slowly by an electric 
motor. A strip of "parafilm" was wrapped around the tube and ground-
glass cover to ensure a tight seal. No attempt was made to regulate 
the temperature of the tubes during equilibration. However, the room 
temperature during the course of the experiments was not observed 
to vary by more than 1.5°C from 24.5°C. The tubes were centrifuged 
in an air-driven microcentrifuge. The tube covers were removed 
during this operation, and the open end was sealed with parafilm to 
prevent evaporation. The protactinium concentration in the superna
tant was determined by evaporating an aliquot on a platinum plate and 
counting alpha disintegrations. All calculations were based on a half 
life of 34,400 years.* Except as otherwise indicated, samples were 
taken at intervals until a constant value for the solubility was obtained. 
Acidities were determined by microtitration of a sample (usually 
0.010 ml) removed at the conclusion of each run. [Titrations were 
performed by Ralph Bane of the analytical group.] 

Each run was set up initially in one of three manners: 
1. A suspension of protactinium hydroxide in water was introduced 

into the tube, the water was evaporated, and the residue was dried for 
1 hr or more under an infrared heat lamp. Acid of the approximate 
desired normality was then added. 

2. A previous run using the same acid was diluted to the approxi
mate desired normality. 

3. A previous run was evaporated to dryness, and the residue was 
washed with water and dried for 1 hr or more under an infrared heat 
lamp. Acid of the approximate desired normality was then added. 

3. RESULTS AND DISCUSSION 

The results of these investigations are given in Table 1. In only one 
Instance (run 3) was an obviously colloidal solution encoimtered. The 
very low solubility in even concentrated perchloric acid, together 
with the increasingly greater solubility in acids of increasing com
plexing ability, suggests strongly that whatever solubility is exhibited 
by protactinium in acid solutions may be attributed to the formation of 
complex ions. It is interesting to note that in the case of both nitric 
and sulfuric acids a maximum solubility is attained at an intermediate 
acidity. This is especially noticeable in the case of sulfuric acid. Only 
one run was made with HF, and the results can be considered of only 
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qualitative significance since the experiment was conducted in glass. 
It should be noted that often, when attempting to dissolve completely 

protactinium in strong nitric acid, much lower apparent solubilities 
have been observed than those indicated in Table 1. In these cases, 
however, most of the protactinium dissolves in a small amount of acid, 
as would be predicted from the values in Table 1, and the addition of 
more acid results in very little additional solution of protactinium. 
This suggests that a small portion of the protactinium may exist in a 
state which has a much lower solubility. Since a relatively large excess 
of the solid phase was present in all the solubility tests reported in this 
paper, it is probable that the more soluble state was always present 
in excess, and consequently the results obtained are applicable only 
to this more soluble state, not necessarily to protactinium in general. 



Table 1 —Solubility of Pa in Common Acids 

Run 
No. 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 

Acid 

HC10< 
HCIO, 
HCIO4 
HCl 
HCl 

HCl 
HCl 
HNO, 
HNO3 
HNO, 

HNO, 
HNO3 
HNO, 
H,SO, 
H,SO, 

H,SO, 
H,SO, 
H2SO4 
HjSO^ 
H3SO, 

H,SO, 
HF 

N 

11.1 
7.10 
1.73 
9.61 
4.90 

3.33 
0.99 

15.3 
13.8 

9.44 

5.66 
1.88 
1.17 

32.5 
21.9 

17.9 
9.93 
8.89 
8.78 
5.66 

0.92 
0.05 

Solubility, 
g/liter 

0.030 
0.0027 

(0.044) 
0.30 
0.010 

0.0085 
0.0015 
4.2 
6.6 
5.5 

0.043 
0.0056 
0.0037 
0.093 
1.8 

0.91 
3.3 
6.8 

(1.4+)* 
(5.7+)* 

0.78 
3.9 

Time of 
equilibra
tion, days 

4 
5 
7 

24 
5 

13 
6 
4 

13 
3 

6 
13 
6 

16 
3 

24 
9 

^ 1 
3 
7 

3 
1 hr 

Starting 
material 

Hydroxide 
Dilution 
Dilution 
Hydroxide 
Dilution 

DUution 
Dilution 
Hydroxide 
Evaporation of HNO, 
Dilution 

DUution 
Hydroxide 
Hydroxide 
Evaporation of H^SO, 
Dilution 

Hydroxide 
Dilution 
Dilution 
Evaporation of HNO, 
Hydroxide 

Dilution 
IN HNO, 

Remarks 

Colloidal solution M.W. ~l-20x io« 
Solution after 4-hr equilibration = 1.2 mg/ml 

Solution after 2-day equilibration = 0.20 mg/ml 

Solution after 5-hr equilibration = 5.10 mg/ml 

Solution after 1-day equilibration = 0.57 mg/ml 
Solution after 1-day equilibration = 0.80 mg/ml 

In glass, solution at 4 days = 0.93 mg/ml 

*These runs had not attained equilibrium when discontinued. 
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GROUND-GLASS JOINT 

Fig. 1 —Sample of small glass tubes used in equilibrations. 
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Paper 6.11 

CHEMISTRY OF PROTACTINIUM. I. SOME OBSERVATIONS 
ON SOLVENT EXTRACTION OF PROTACTINIUM 

By Kurt A. Kraus and Q. Van Winkle 

[Editor's Note: This paper was a contribution from the Metal
lurgical Laboratory and is based on Report ORNL-239,] 

ABSTRACT 

Protactinium was found to be extractable from hydrochloric acid 
solutions by organic solvents (diisopropyl ketone). Addition of per
oxide or oxalate decreases the extractability. However, even in the 
presence of these complexing agents, good extraction can be obtained 
if the acid concentration is sufficiently high. 

1. INTRODUCTION 

During an investigation of isolation procedures of milligram 
amounts of protactinium (Pa^^*), a number of collateral observations 
have been made on the chemical properties of this element in various 
aqueous and nonaqueous media. Since this work has not been contin
ued, it appears desirable to publish the results at this t ime, although 
many of the observations can only be considered to be of preliminary 
nature. 

2. SOLVENT EXTRACTION OF PROTACTINIUM FROM 
HYDROCHLORIC ACID SOLUTIONS 

Hyde and Wolf* found that protactinium could be readily extracted 
by diisopropyl ketone in the presence of nitric acid, provided the 
nitric acid concentration was larger than about IM. These experi
ments had been carried out on a t racer scale. Experiments at macro 
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concentrations (of the order of milligrams and grams of Pa '̂* per 
liter), however, showed^ that often protactinium cannot be extracted 
readily from nitric acid solution and that it tends to hydrolyze and 
precipitate from these solutions. Since the solubility of protactinium 
in nitric acid solution is apparently very low and since the precipitate 
which results in such solutions is qvdte refractory, solvent extraction 
from nitric acid does not appear to be feasible at high Pa concentra
tions. 

The extractability of protactinium from hydrochloric acid solutions 
was of interest, and a tracer-scale investigation indicated that pro
tactinium can be readily extracted. The experiments were carried 
out with Pa*̂ * tracer [beta emitter, half life (Tî ) = 27.4 days] on a 
50-^1 scale using equal volumes of aqueous and organic phases. 
Typical results are summarized in Table 1. It can be seen that in 
hydrochloric acid solutions as low as about 2M the solubility of pro
tactinium in the solvent is sufficiently high for most purifications 
with distribution coefficients D (concentration of Pa in organic phase 
divided by its concentration in the aqueous phase) larger than unity. 

As mentioned above, in the extraction of Pa from HNO3 solutions, 
difficulties are encoimtered when macro concentrations of Pa are 
involved. These difficulties are probably due to hydrolytic poly
merization of the Pa, which makes the Pa inextractable. Complexing 
of Pa by nitrate even in practically concentrated HNO3 appeared not 
to be sufficiently strong to prevent this. 

It is of interest that similar difficulties were not foimd with HCl 
solutions of Pa where the distribution coefficients for tracer solu
tions and for solutions of macro concentrations were approximately 
the same. Thus it appears that Pa is considerably more strongly 
complexed by chloride ions than by nitrate ions and that chloride 
ions more effectively inhibit its hydrolysis and hydrolytic polymeri
zation. 

The high extractability of Pa^from HCl and HNO3 solutions (at low 
Pa concentration in the latter case) suggests strongly that Pa can be 
present in an ionically dispersed form vmder some conditions since 
it is not expected that a polymeric form of Pa would readily extract. 
This conclusion also is based on the observation that extraction of 
Pa becomes difficult under conditions where polymerization is likely* 
and that extraction of Pu(rv) by organic solvents is also inhibited by 
polymerization.' 

3. EXTRACTION OF PROTACTINIUM FROM 
PEROXIDE SOLUTIONS 

Addition of hydrogen peroxide to protactinium solutions was foimd 
to decrease its extractability by diisopropyl ketone. Typical results 
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illustrating this effect are shown in Table 2 and Fig. 1. In these 
experiments 5M HCl solutions of Pa**' were equilibrated with equal 
volumes of solvent on a micro scale. The extractability was deter
mined as a function of time, and the data were extrapolated back to 
zero time to correct for the decomposition of the hydrogen peroxide. 
The chaises in extractability on addition of hydrogen peroxide are 
similar to those expected from the fact that protactinium forms an 
Insoluble peroxide if its concentration is sufficiently high. Since the 
decrease in extractability is , however, only moderate, it appears 
possible that a soluble peroxide complex of Pa exists which is ex-
tractable. This conclusion is also supported by the observations that 
Pa can be extracted from a slurry of its peroxide. 

The extractability of protactinium from peroxide solutions is highly 
dependent on HCl concentration, as i s shown in Table 3 and Fig. 2, 
where the extractability of Pa**' tracer is shown as a fimction of HCl 
concentration at constant peroxide concentration (3 per cent H2O2). 
The experiments reported in Table 3 were carried out using the same 
technique as was used for the experiments in Table 2. 

4. EXTRACTION OF PROTACTINIUM FROM 
OXALATE SOLUTIONS 

Since the extractability of protactinium by diisopropyl ketone is 
very high even at acidities as low as IM HNO3, reextraction of Pa by 
water from the organic layer often becomes difficult. The organic 
layer usually extracts large amounts of acid from the aqueous layer 
so that on reextraction with an aqueous layer of low acidity sufficient 
acid is reextracted into the aqueous phase to make the distribution 
coefficient quite unfavorable. It was shown in a previous paper * that 
addition of oxalate to the aqueous layer decreases the distribution 
coefficient sufficiently that reextraction of Pa by water is feasible 
with IM HNO3. The distribution coefficients in oxalate solutions, 
however, are highly acid dependent, as i s shown in Table 4 and Fig. 
3. Therefore at HNO3 concentrations larger than about 2M more 
than 25 per cent of the Pa can be extracted in one equilibration with 
an equal volume of ketone. 

To prepare the aqueous oxalic ac id-Pa solutions for reextractions 
by the solvent, it was suggested* that the oxalic acid be oxidized 
with a suitable oxidizing agent, e.g., Ce(rV). The observed rapid in
crease of the distribution coefficients of Pa with acidity in the pres
ence of oxalate, however, indicates that this procedure was imduly 
cumbersome. It appears to be sufficient for solvent extraction of the 
oxalate solutions to increase the acidity of the aqueous layers, e.g., 
to about 5M. 
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In similar experiments, carried out somewhat later, considerably 
higher extractabilities were observed (Table 5). The reason for the 
discrepancy is not definitely known since the experiments at either 
time were quite reproducible. [Note: It is possible that different 
solvents were used in the two ser ies of experiments (Tables 4 and 
5) since it is believed that at one time a batch of diisopropyl ketone 
was used which was actually a mislabeled batch of diisopropyl 
carbinol. As a matter of fact, all the experiments described with 
diisopropyl ketone in this and a previous* paper may have been 
carried out with the carbinol. Since this material is not now 
available for recheck and analysis, this point cannot be resolved. 
However, more recent experiments with diisopropyl carbinol ' showed 
consistently higher distribution coefficients for HCl solutions than 
those given in Sec. 2, this paper, making it probable that the bulk of 
the experiments in this paper were actually performed with the ke
tone and that only those given in Tables 5 and 6 were performed with 
the carbinol. ] Similarly, a test of the extractability as a function of 
time indicated that essential equilibrium was established after a few 
minutes' shaking (Table 6). 

Table 1 — Extraction of Pâ ŝ from HCl Solutions 

Molarity of HCl 0.8 2.4 4.8 7.2 9.6 

Pa In ketone, % 
D 

10 
0.11 

55 
1.2 

72 
2.6 

71 
2.5 

73 
2.7 

Table 2—Change of Extractability of Pa^" in 5M HCl with Peroxide Concentration 

H p „ % 0 1.0 3.0 5.0 

Pa in ketone, % 
D 

72 
2.6 

45 
0.82 

24 
0.32 

16 
0.19 

Table 3 — Extraction of Pa"' from HCl-3 Per Cent ttjO^ Solutions 

Molarity of HCl 1.0 3.0 4.0 5.0 7.0 

Pa in ketone, % 
D 

0.5 
0.005 

1.0 
0.010 

7.0 
0.075 

24 
0.32 

45 
0.82 
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Table 4—Extraction of Pa '" from O.IM OxaUc Acid Solutions 

Molarity of HNO, 1.0 2.0 3.0 4.0 6.0 8.0 

Pa In ketone, % 
D 

0.3 
0.003 

24 
0.32 

43 
0.75 

52 
1.1 

69 
2.2 

71 
2.4 

Table 5—Extraction of Pa»» from O.IM Oxalic Acid Solutions* 

Molarity of HNO, 2.0 4.0 6.0 8.0 

Pa in ketone, % 
D 

4.0 
0.042 

60.66 
1.7 

88.90 
8.1 

89.90 
8.5 

*See Note, Sec. 4, this paper. 

Table 6—Extraction of Pa»" from O.IM Oxalic Acid Solutions 
as Function of Time* 

2.6M HNO, 
5.3M HNO, 

5 

17.1 
85 

20 

17.8 
90 

Time, mln 

60 120 

18 16.6 
86 

210 Average 

17.4 
85 87 

•See Note, Sec. 4, this paper. 
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2 4 6 8 10 
INITIAL MOLARITY OF HCl 

Fig. 1—Extractability of Pa''" from HCl-HjOj mixtures (diisopropyl ketone). 
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w 

2 3 4 
MOLARITY OF PEROXIDE 

Fig. 2 —Extractability of Pa" ' from HCl-HjO, mixtures (5M HCl). 
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2 4 6 8 
INITIAL MOLARITY OF HNO3 

Fig. 3 —Extractability of Pa"' from HNOj-H^CjO^ mixtures (O.IM HjCjOj. 
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Paper 6.12 

CHEMISTRY OF PROTACTINIUM. IL A METHOD OF ANALYSIS 
OF ORE RESIDUES FOR PROTACTINIUM 

By Kurt A. Kraus and Allan Garen 

[ Editor's Note : This paper was a contribution from the Oak Ridge 
National Laboratory and is based on Report OHNL-300. The a s 
sistance of F. L. Moore in the initial stages of the work is grate
fully acknowledged. A brief description of the method has previously 
been given in Report CL-KAK-26, May 1947.] 

ABSTRACT 

A rapid method for the analysis of ore residues for Pa*'* is de
scribed. The method involves HF leach of the residue, zirconium 
iodate precipitation, solvent extraction, and differential a-range 
analysis. 

1. INTRODUCTION 

Using some of the steps of the isolation procedure for Pa*'^ [alpha 
emitter, Tŷ , = 34,400 years (Von Grosse gave Tŷ  = about 32,000 
years)]*'*from ore residues, which was previously described,' a rapid 
analytical procedure for Pa*'* was developed. Although the general 
applicability of the method has not been tested, it appears that it 
should be useful for the analysis for Pa^'* in general, without major 
modifications. 

2. DESCRIPTION OF METHOD 

The analytical procedure essentially consists of three parts : 
1. Leaching of the protactinium from the ore residues. 
2. Concentration of protactinium and removal of sufficient ex

traneous material to prepare a " th in" counting plate, using added 
Pa*" tracer to estimate chemical yield. 
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3. Alpha-range analysis to determine the proportion of protactinium 
alphas to total alphas in the final sample. 

The amount of residue needed for analysis is determined by the 
amount of activity needed for satisfactory range analysis, which 
amounted to about 2000 dis/min for the analyzer used in this work. 

[Note: We are indebted to J. H. Parsons for all range analyses.] 
The weighed samples were placed in a platinum dish, moistened 

with a minimum amount of water, and treated with about 3M HNO, 
until gas evolution (due to carbonates in the residues) stopped. To 
the suspensions, sufficient Pa*" 0 emitter, Ti^ = 27.4 days)* was 
added as tracer to "drown out" the natural beta activity of the sam
ple. In this way beta assay could be used to estimate the protactinium 
yields. Concentrated hydrofluoric acid and a drop of concentrated 
sulfuric acid were added to the mixture, and the suspension was heated 
under an infrared lamp for about Vz hr to leach out the bulk of Pa*'* 
from the ore residue and at the same time to provide a medium in 
which exchange between Pa*'* and the added Pa*" t racer should occur. 
After cooling, the suspension was centrifuged, and the residue was 
washed with hydrofluoric acid and then discarded. To remove hydro
fluoric and fluosilicic acids, the supernatant and washings were heated 
under a heat lamp until strong fumes of SO3 came off. During the 
heating some material separated from the solution. However, most 
of it could be dissolved with a small amount of 5M HNO3 in about V2 
hr at room temperature. After this time the mixture was centrifuged, 
and the residue was discarded. The supernatant usually contained 
more than 75 per cent of the protactinium of the HF extract, as in
dicated by beta assay. The effectiveness of the hot hydrofluoric acid 
treatment for extraction of Pa*'* from the ore residues had previously 
been established' and was rechecked several t imes. 

Concentration of the Pa from these extracts was achieved by carry
ing it on zirconium iodate, using about 0.1 mg of Zr per milliliter of 
solution. The zirconium iodate was dissolved in a minimum quantity 
of concentrated HCl. A silver strip was inserted to remove polonium 
(Po**°, a emitter, Tŷ  = 140 days). ' Contact of the solution with the 
silver strip for 1 hr was usually sufficient, although at t imes over
night contact appeared necessary. 

Further purification, particularly from zirconium, was achieved 
by solvent extraction of the hydrochloric acid solution using di
isopropyl carbinol. In general, more than 80 per cent of the pro
tactinium was extracted with one equilibration of solvent (using equal 
volumes of aqueous and nonaqueous phase) if the hydrochloric acid 
solutions were 2M to 4M. The carbinol was evaporated directly onto 
a platinum plate for alpha and beta analysis as well as for range 
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measurements. The total beta count of the sample was used to 
estimate chemical yield throughout the analysis, and the concentration 
of Pa*'* was obtained from combination of total alpha count of the 
sample and range analysis. The latter gives the ratio of protactinium 
alphas to total alphas. In general, it was found that more than 90 
per cent of the alpha activity of the "f inal" plates was due to Pa*'*. 

The bulk of the or activity of the ore residues was due to polonium 
and ionium (Ttf'°, Ti/̂  = 83,000 years)." For satisfactory Pa*'* range 
measurement they should be removed as completely as possible if an 
instrument of rather limited resolution power is used, since the a 
energies of the three isotopes are not very different:" 

j^230 

Po**" 
Pa*'* 
Pa*'* 

about 4.7 Mev 
5.30 Mev 
about 5.00 Mev (85 per cent) 
about 4.72 Mev (15 per cent) 

As mentioned ear l ier , Po was removed from an HCl solution by 
permitting it to deposit on a silver s t r ip . The other steps in the 
analysis, including the solvent-extraction s tep , ' do not cause sepa
ration from Po. The ionium was probably held back in the original 
hydrofluoric acid treatment of the ore residue, at which time it would 
be expected to be carried by the insoluble fluorides. However, the 
solvent-extraction step also would cause effective purification from 
ionium. 

For satisfactory range analysis two requirements should be met: 
1. The material on the final counting plate must be essentially 

weightless to permit high resolution of the a energies. 
2. A considerable fraction of the alpha activity of the final sample 

should be due to Pa*'* to give sufficient precision. 
The rather simple analytical procedure described yielded final 

samples which were very satisfactory from both points of View. As 
mentioned earl ier , more than 90 per cent of the alpha activity was 
due to Pa*'*; and, in general, the plates did not contain any visible 
amount of extraneous solid materials. 
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Paper 7.1 

DISSOLUTION OF THORIUM METAL AND THORIUM DIOXIDE 
IN HNO3-HF AND HN03-(NH4)2SiFg MIXTURES 

By Frederick W. Schuler, Frank L. Steahly, and Raymond W. Stoughton 

[Editor 's Note: This paper was a contribution from the Clinton 
Laboratories and is based on Report CC-3576.] 

ABSTRACT 

A satisfactory method has been found for dissolving thorium metal 
and thorium oxide in heat-treated 25-12 stainless steel vessels with
out excessive corrosion of the vessels . The dissolution medium con
sists of strong HNO3 containing a small amount of fluoride or fluo-
silicate. The fluoride required has no harmful effects on a subsequent 
solvent-extraction step for a separation of uranium isotopes from the 
dissolved thorium. 

1. DISSOLUTION OF Th AND ThOa IN HNO3 
CONTAINING FLUORIDE OR FLUOSILICATE 

In view of the interest in thorium in connection with piles for pro
duction of U*" (resulting from neutron capture followed by two suc
cessive beta emissions), it was desirable to find a convenient method 
for dissolving metallic thorium and the dioxide, since the anticipated 
methods of separation of the U*" from thorium involved starting with 
an aqueous solution of thorium nitrate. Because of the desirability, 
from an engineering standpoint, of using stainless steel vessels , it 
was hoped that a medium for the dissolution of the metal could be 
found which would not excessively corrode stainless steel. Although 
the basic carbonate, which is soluble in nitric acid, had been used in 
small-scale irradiations, it was not considered satisfactory for large-
scale bombardments because its heat conductivity would not permit 
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sufficiently rapid removal of the tremendous amounts of energy given 
off by the initial (n,y) reaction, the two successive beta emissions, and 
the small amount of U^^ fission. Satisfactory substances seemed to 
be the metal itself and a slurry of the dioxide. 

According to the literature, the metal was said to be readily soluble 
in aqua regia, more slowly so in hydrochloric acid, and rendered 
passive by pure nitric acid. The dioxide was said to be insoluble in 
HCl or HNO3 and converted to the sulfate by hot concentrated H2SO4. 
The sulfate is only moderately soluble in water. 

Since solvent extraction appears to be the most attractive method 
for separat i i^ the U^̂ ^ from the thorium after irradiation of the latter 
and since the contemplated process involved the extraction of the U^̂ ^ 
from an aqueous thorium nitrate solution, it was desired that the tho
rium be converted to the nitrate in the dissolution step or to a com
pound which could in turn be readily converted to the nitrate. With 
this goal in mind the experiments now to be described were carried 
out during the fall of 1944. Nitric acid containing small amounts of 
fluoride as HF and HgSiFg was tried as the first likely possibility. It 
was hoped that with low fluoride concentration the dissolution prop
erties of the solvent would be satisfactory without the danger of ex
cessive corrosion of the vessel or of the precipitation of thorium 
fluoride. 

1.1 Dissolution of the Metal. A 90-g slab of thorium metal, cut 
from a larger piece made at Iowa State College under the direction 
of F. H. Speddii^, was obtained for dissolution-test experiments. This 
slab of metal was cut into a number of small slices with which the 
dissolution tests were carried out. The results of these tests are 
given in Table 1. 

From a comparison of the rates of solution in Expts. 3 to 7 it is 
seen that the dissolution rate is approximately proportional to the HF 
concentration at constant concentration of HNO3 and at constant weight 
of metal. That the HF acts as a catalyst, rather than, for example, 
forms a permanent complex with the dissolved thorium, is seen 
from Expts. 6 and 7, where the final molar ratio of fluoride ion to 
thorium ion is about 0.03. 

A rough qualitative picture of the effect of the ratio of metal surface 
to weight can be seen by comparing Expts. 10 and 6 and also 5 and 9. 
From Expts. 5, 8, and 11 it is seen that HNO3 containing a small 
amount of HF or HjSiFg [in this case the fluosilicate was added as 
(NH4)2SiFB] will dissolve thorium metal as rapidly as pure HNO3 
dissolves uranium metal. 

1.2 Dissolution of ThO;. A very pure grade of finely divided ThOj 
(i.e., particles of the order of 50 /i in diameter) was obtained from 
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the Lindsay Light & Chemical Co. of West Chicago for the dissolution 
experiments with the dioxide. Each experiment involved havii^ 0.5 g 
of ThOj and 10 ml of HNO3 in the reaction vessel, heating the solution 
to 97°C where HF was used and to about 80°C where (NH4)2SiFg was 
used, and then adding the fluorine-containing reagent and heating at 
100°C until all the oxide had dissolved. The recorded time is the 
time between the addition of HF or (NH4)2SiF6 and the complete solu
tion of the oxide. The results of these tests are given in Tables 2 and 3. 

According to the results of Table 2, at constant but low concentra
tions of HF, thorium dioxide is appreciably more readily dissolved 
in 16N HNO3 than in 8N HNO3. To be sure that this ThOg was not 
readily soluble in pure HNO3 (in order to test the method of dissolu
tion on a somewhat larger scale), three 10-g samples of ThOz were 
treated with 28 ml of 16N HNO^ (i.e., three times the stoichiometric 
amount required to convert ThOa to the nitrate) as indicated in Table 
4, with the results shown there. 

The higher temperature is believed to be chiefly responsible for 
the shorter dissolution time required for sample a as compared to 
that for sample b, although the difference in pyrex and stainless steel 
vessels may also have been a contributing factor. 

A 0.5-g sample of ThOj was heated in an evaporating dish in a 
Meker-burner flame until the evaporating dish had been held at red 
heat for several minutes. After this treatment 5 ml of an 8N HNO3-
O.OIN HF mixture failed to dissolve the sample in 30 min at 100°C, 
showing that this heat treatment caused the ThOg to be more difficult 
to dissolve. The HF concentration was raised to 0.02N, after which 
the sample dissolved during 30 min additional heating at 100°C. A 
similarly heated 10-g sample of ThOg did not dissolve in 22 ml of an 
8N HNO3-O.OIN HF mixture (this quantity of HNO3 should result in a 
IN HNO3 solution after complete solution of the oxide) in 1 hr at 100°C 
or in 30 min additional treatment at this temperature after the HF 
concentration was raised to 0.02N. At this point 5 ml of concentrated 
HNO3 was added, and the vessel was kept at 100°C overnight, result
ing in complete solution of the oxide. 

To test the effect of lowering the temperature on the dissolution of 
ThOj in HN03-(NH4)2SiFg mixtures, each of three 0.5-g samples of 
our stock Th03 was treated with 5 ml of the acid mixtures at different 
temperatures: 100, 76, and 50°C. The results are presented in Table 5. 

The results of Table 5 showed that, if it were necessary for reasons 
such as excessive corrosion, the dissolution of thorium dioxide could 
be carried out at a feasible rate at temperatures as low as around 
75°C. 
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1,3 Larger Scale Dissolution of the Metal, The conditions chosen 
for dissolving thorium metal involved heating concentrated nitric acid 
containing 0,05M HF near the boiling point (see Sec, 2 for corrosion 
results). Several larger scale dissolution experiments have been con
ducted in the Oak Ridge National Laboratory Technical Division by 
F, L, Steahly, J. O. Blomeke, D. C. Overholt, and R. N. Leuze.^ They 
found that thorium metal wafers 1.1 in. in diameter and Vz in. thick 
(85 to 90 g each) were essentially completely dissolved in a 5 per 
cent excess of 40 to 60 per cent HNO3 containing 0.05M HF in 23 to 
30 hr. Actually a small amount of black thorium oxide remained un
dissolved, but this oxide should not be present in future metal produc
tion at Iowa State College, according to F. H. Spedding. With a 15 per 
cent excess acid 16 hr was required. 

Since the rate of dissolution decreases as both the HNO3 concentra
tion and the metal surface area decrease and since it is desirable to 
finish with a low concentration of HNO3 (rather than having to neu
tralize), it was considered more expedient to keep an excess of metal 
in the dissolver and to digest to a rather low concentration of free acid, 

A sufficient quantity of a solution made up of 60 per cent HNO3 and 
0.05M HF was added to dissolve 86 g of a 175-g piece of metal, and 
the mixture was heated to boiling. It was found that 47, 74, and 86 g 
of metal had dissolved alter Vz, iVz, and i^h hr digestion, respectively, 
showii^ a considerable decrease in required time with excess metal 
present. It was found that some of the HNO3 goes to NOj as well as to 
NO; thus the metal dissolved per mole of HNO3 consumed must be 
empirically determined. 

2. CORROSION OF STAINLESS STEEL BY HNO3-HF AND 
HN03-(NH4)2SiFe MIXTURES AT HIGH TEMPERATURES 

After finding a suitable medium for dissolvii^ thorium metal and 
thorium dioxide, it was necessary to determine the corrosion rate of 
this medium on materials from which dissolver vessels could be made. 
It was expected that heat-treated 25-12 stainless steel would be the best 
of the more common structural materials, with substances like nio
bium, tantalum, and platinum more resistant to corrosion though per
haps prohibitively costly for large-scale work. 

A number of small-scale corrosion tests were carr ied out in the 
Technical Division.at Oak Ridge National Laboratory under the general 
supervision of M. D. Peterson.*"* Some of the results of these experi
ments are given in Table 6. 

The figures given in Tables 6 and 7 are the maximum values ob
tained for each set of conditions and were obtained from weight losses 
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of the samples over 21- to 72-hr test periods. There was no evidence 
that pitting would be an important factor. 

These results show that, at constant fluoride concentration, the cor
rosion rate decreases when thorium ion is present and as the HNO3 
concentration is decreased; and they suggest that under actual dissolv
ing conditions a lower corrosion rate may be obtained than those indi
cated by Table 6, In order to show that this was actually the case, the 
results in Table 7 were then obtained by Peterson and Burris.^ Fur
ther corrosion studies by these two authors showed that the solutions 
resulting from the dissolution of thorium metal [in this particular 
case 2,5M Th(N03)4, l.OM HNO3, 0.05M H F ] showed very little cor ro
sion at 40°C on 18-8 stainless steel that had been heat-treated and on 
18-8 and 25-12 stainless steel that had not been heat-treated. The 
actual figures obtained showed 0.00001 to 0.00002 in. per month for 
the first 64 hr of contact and considerably less for successive ex
posures of the same steel samples. Hence stainless steel that has 
not been heat-treated may be used for equipment other than the dis
solver. 

3. EFFECT OF FLUORIDE ION ON THE SEPARATION OF URANIUM 
FROM THORIUM BY SOLVENT EXTRACTION 

While it was not supposed that small amounts of fluoride ion in an 
aqueous solution of high nitrate concentration would noticeably affect 
either the extraction of uranyl ion into organic solvents or the effi
ciency of its separation from large amounts of thorium by solvent ex
traction, it was nevertheless necessary to verify this supposition. The 
presence of O.OIN HF in an aqueous phase IM in A1(N03)3, IM in HNO3, 
and 0,25M in Th(N03)4 and containing U^^^ t racer was found to have no 
effect on the uranium-thorium separation. It was desirable to deter
mine at what concentration of fluoride the separation would be affected 
and whether the separation could be improved by the holding of the 
thorium in the aqueous phase at, for example, a fluoride-to-thorium 
ratio of unity [see Sec, 4 for complexing of Th(IV) by fluoride]. 

Batch-extraction experiments were carried out on a 3-ml (in each 
phase) scale in which only the HF concentration was varied. The aque
ous phases consisted of 0.87M Th(N03)4, 0.83M A1(N03)3, and IM 
HNO3; i.e., 7M total NO3 with enough U^^'to act as uranium t racer , 
enough Th^** to act as thorium tracer , and enough HF present to give 
HF/Th(rV) ratios of 0, 1, or 2. The high nitrate concentration was 
chosen in order to make work possible under conditions where a sig
nificant fraction of both the thorium and uranium was extracted. These 
experiments were carried out before the required radiochemical ana
lytical techniques were perfected, and as a result it can be seen (Table 
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8) that, where the values from duplicate runs were obtained, the agree
ment is not as good as desired, though it was satisfactory for the 
purpose of these tes ts . The solvent used was diethyl ether. 

It appears from Table 8 that, up to a fluoride-to-Th(IV) ratio of 
about unity, HF concentration has little effect on the extraction of 
either uranyl or thorium; at a ratio of 2 the extraction efficiencies 
of both these metallic ions are decreased. 

4. ON THE MECHANISM OF THE CATALYTIC 
DISSOLUTION BY FLUORIDE 

Essentially nothing is known about the mechanisms of the catalytic 
effect of HF or fluosilicate on the dissolution of thorium in nitric acid. 
As mentioned earlier (see Table 1), under a given set of conditions 
the rate of dissolution was approximately proportional to the first 
power of the HF concentration. 

Hindman and McLane" of the Metallurgical Laboratory of Chicago 
have evidence for a monofluoride complex of Pu(IV) ion, i.e., PuF"*"̂ , 
with a dissociation constant of the order of 10"''. This evidence was 
obtained from a study of the absorption spectra in solutions contain
ing fluoride, and these authors believe that complexes involving more 
than one fluoride per Pu(IV) also exist. Other work at the Metallurgi
cal Laboratory'' showed that on adding fluoride to solutions of U(IV) 
no precipitate was obtained until after 2 moles of fluoride per mole of 
U(IV) had been added, indicating the existence of the complex UFj . 

The authors of this paper found similarly that no precipitate was 
obtained until after 2 moles of fluoride had been added to solutions of 
Th(IV), again indicating Th(IV)-F" complexes. Perhaps some sort of 
thorium-fluoride complex enters into the mechanism of the catalytic 
dissolution of thorium metal and dioxide. 

5. ON OTHER MEDIA FOR THE DISSOLUTION OF Th AND/OR ThO^ 

Although HNO3-HF and HN03-(NH4)2SiF8 mixtures were found to 
be satisfactory dissolution media for thorium metal, it was considered 
desirable to try other media, both out of scientific curiosity and be
cause another mixture might be satisfactory on a large scale. Both 
perchloric and phosphoric acids were found to attack metallic thorium 
very slowly. Adding small amounts of H2SO4, Hg(N03)2, KI, Na2S04, 
Co(NOs)3, or Fe(N03)3 to nitric acid did not noticeably increase the 
rate of solution of the metal in this acid. Nor did the use of metallic 
platinum vessels (with the thorium metal contactli^ the platinum) 
appear to increase the rate over that obtained in pyrex-glass vessels. 
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Bohlmann and Kennedy have reported an apparent increase in solu
bility in mineral acids of ThOj samples after pretreatment with stror^ 
NaOH solution. 

6. SUMMARY 

1. Thorium metal and dioxide have been found to dissolve quite 
readily in strong HNO3 containing a small amount of fluoride or fluo
silicate. 

2. A recommended set of conditions involves concentrated HNC^ 
containii^ 0.05M HF and temperatures near the boiling point. 

3. The corrosion rate on heat-treated 25-12 stainless steel under 
the recommended dissolving conditions is only of the order of 0.0003 
in. per month. The corresponding corrosion on tantalum is less than 
0.00001 in. per month, i.e., too low for detection. 

4. The low concentrations of fluoride in the solutions resulting after 
dissolution do not affect a subsequent separation of uranium from the 
dissolved thorium by solvent extraction. 

5. The mechanism of the catalytic dissolution of Th or ThOj by 
fluoride may involve complexes of thorium with fluoride, 

6. Other media for the dissolution of the metal were tried without 
success. 
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Table 1—Dissolution Times for Th and U Metals in Stainless Steel Vessels 
at Approximately 100°C in S Ml of Dissolution Medium 

tpt. No. 

1 
2 
3 

4 

5 

6 

7 

8 

9 

10* 

l i t 

Metal 

Th 
Th 
Th 

Th 

Th 

Th 

Th 

Th 

Th 

Th filings 

U 

Wt.,g 

0.35 
0.70 
0.51 

0.48 

0.53 

0.48 

0.46 

0.37 

2.15 

0.38 

0.53 

Solution for 
dissolving metal 

Cone. HNOj 
4N HNO, 
Cone. HNOj 

+ O.IN HF 
Cone. HNO, 

+ 0.1NHF 
Cone. HNO, 

+ 0.05N HF 
Cone. HNO, 

+ 0.012N HF 
Cone. HNO, 

+ 0.012N HF 
Cone. HNO, 

+ O.OIM (NHJjSiF, 
Cone. HNO, 

+ 0.05N HF 
5 ml 8N HNO, 

+ 0.012NHF 
Cone. HNO, 

Time for dissolving 

30 % of metal in 90 min 
3 % of metal in 90 min 
Complete 

Complete 

Complete 

Complete 

Complete 

Complete 

Complete 

Complete 

Complete 

in 13 min 

in 17 min 

in 21 min 

in 65 min 

in 72 min 

in 20 min 

in 90 min 

in 6 min 

in 30 min 

*The temperature of this experiment was about 90°C. 
tin this ease 7 ml of dissolution medium was used. 

Table 2 — Dissolution of 0.5-g Samples of ThOj in 10 Ml of HNO^-HF 
at 100°C in Pyrex-glass Vessels 

HNO, 
normality 

8 
8 
8 
8 

16 
16 
16 

HF 
normality 

0.011 
0.0082 
0.0055 
0.0027 
0.011 
0.0055 
0.0027 

Time for 
complete solution, 

min 

11 
13 
15 

Not dissolved in 5 hr 
3.5 
3.5 

5 
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Table 1 —Dissolution Times for Th and U Metals In Stainless Steel Vessels 
at Approximately 100°C In 5 Ml of Dissolution Medium 

cpt. No. 

1 
2 
3 

4 

5 

6 

7 

8 

9 

10* 

l i t 

Metal 

Th 
Th 
Th 

Th 

Th 

Th 

Th 

Th 

Th 

Th filings 

U 

Wt..g 

0.35 
0.70 
0.51 

0.48 

0.53 

0.48 

0.46 

0.37 

2.15 

0.38 

0.53 

Solution for 
dissolving metal 

Cone. HNO, 
4N HNO, 
Cone. HNO, 

+ O.IN HF 
Cone. HNO, 

+ 0.1NHF 
Cone. HNO, 

+ 0.05N HF 
Cone. HNO, 

+ 0.012N HF 
Cone. HNO, 

+ 0.012N HF 
Cone. HNO, 

+ O.OIM (NH4)2SIF, 
Cone. HNO, 

+ 0.05N HF 
5 ml 8N HNO, 

+ 0.012N HF 
Cone. HNO, 

Time for dissolving 

30 % of metal In 90 min 
3 % of metal In 90 mln 
Complete In 13 mln 

Complete In 17 mln 

Complete in 21 mln 

Complete In 65 min 

Complete In 72 mln 

Complete in 20 min 

Complete in 90 mln 

Complete In 6 min 

Complete in 30 mln 

*The temperature of this experiment was about 90°C. 
tin this case 7 ml of dissolution medium was used. 

Table 2 — Dissolution of 0.5-g Samples of ThO, In 10 Ml of HNO,-HF 
at 100°C In Pyrex-glass Vessels 

HNO, 
normality 

8 
8 
8 
8 

16 
16 
16 

HF 
normality 

0.011 
0.0082 
0.0055 
0.0027 
0.011 
0.0055 
0.0027 

Time for 
complete solution, 

min 

11 
13 
15 

Not dissolved in 5 hr 
3.5 
3.5 

5 
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Table 3 — Dissolution of 0.5-g Samples of ThO, in 10 Ml of HNO,-(NH^jjSiF, 
at 100°C in Pyrex-glass Vessels 

HNO, 
normality 

(NHJ,SiF, 
normality 

Time for 
complete solution, 

min 

16 
8 

16 
8 

0.010 
0.010 
0.015 
0.0027 

9 
6 
9 

9.5 

Table 4 — Dissolution of 10-g Samples of ThO^ m HNO, Media 
(28 ml of 16N in each case) 

Sample Conditions 

a HF added to 0.05N, and mixture 
heated in stainless steel beaker 
at 105 to 110°C 

b HF added to 0.05N, and mixture 
heated in pyrex-glass vessel 
at 100°C 

c No HF or fluosilicate added, 
mixture heated in pyrex-glass 
vessel at 100°C 

Time for complete 
dissolution 

20 mm 

50 min 

1.2 per cent dissolved 
in 50 hr 

Table 5 — Dissolution of 0.5-g Samples of ThO, in 8N HNO,-(NHJ^iF, Mixtures 

Temp., °C 
(NH,),SiF, 
molarity 

Time for complete 
dissolution 

100 

76 

50 

0.003 

0.003 

0.006 

11 min 

22 min 

Between 2 and 16 hr 
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Table 6 —Corrosion of Heat-treated 25-12 Stainless Steel by HNO3-HF 
and HN03-(NH4),SiF, Mixtures in Presence and Absence of Thorium 

Solution 
composition 

HNO, 
HF 

HNO, 
HF 
Th(NO,), 

HNO, 
HF 

HNO, 
HF 
Th(NO,)« 

HNO, 
HF 
Th(NO,), 

HNO, 
HF 
Th(NO,), 

HNO, 
HF 
Th(NO,), 

HNO, 
(NHJ,SIF, 

HNO, 
(NH,),SIF, 
Th(NO,)4 

HNO, 
(Na,),SlF. 
Th(NO,). 

Molarity 

16.0 
0.1 

16.0 
0.1 
0.5 

16.0 
0.01 

16.0 
0.01 
0.05 

7.9 
0.05 
1.5 

10.4 
0.05 
1.9 

13.0 
0.05 
2.4 

16.0 
0.003 

8.0 
0.003 
0.5 

8.0 
0.003 
0.5 

Temp., °C 

105 

105 

105 

105 

110 

UO 

110 

105 

105 

76 

Corrosion rates. 
In./month 

0.02 

0.003 

0.0086 

0.0016 

0.0001 

0.0004 

0.004 
(0.00004 
for tantalum) 

0.008 

0.0015 

0.0002 
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Table 7 — Corrosion of Heat-treated 25-12 Stainless Steel and of Tantalum 
by HNO,-HF-Th(NO,)4 Mixtures during the Dissolution 

of Thorium Metal at 110°C 

Solution ^ J J „ 
Corroded Exposure 

Composition Concentration material time, hr 

HNO, 
HF 
Th(NO,), 

HNO, 
HF 
Th(NO,), 

HNO, 
HF 
Th(NO,), 

HNO, 
HF 
Th(NO,), 

(60-15)% 
0.05M 

(0.0-3.0)M 

(60-3)% 
0.05M 

(0.0-6.2)M 

(60-8)% 
0.05M 

(0.0-3.0)M 

(60-8)% 
0.05M 

(0.0-3.0)M 

25-12 
stainless 
steel 

25-12 
stainless 
steel 

25-12 
stainless 
steel 

Tantalum 

29 

21 

26 

26 

Corrosion rate, 
in./month 

0.00030 

0.00026 

0.00020 

0.00000 

Table 8 — Effect of HF Concentration on the Separation of Uranium from Thorium 
by Solvent Extraction into Diethyl Ether from 0.87M Th(NO,)4-

0.83M Al(NO,)3-lM HNO, Aqueous Solution 

Mole ratio 
HF/Th(IV) 

0 
1 
2 

Distribution ratio (ether/solution) 

Th U 

0.23; 0.28 
0.22 

0.145; 0.15 

1.8 
1.2; 1.9 

0.53, 0.81 

REFERENCES 
1. F. L. Steahly, J. O. Blomeke, D. C. Overholt, and R. N. Leuze, Report MonC-125. 
2. W. H. Baldwin, N. R. Glarum, and K. P. Seltzer, Report CN-2199, Nov. 29, 1944, 

Table 1. 
3. W. H. Baldwin, N. R. Glarum, and K. P. Seltzer, Report CN-2834, June 20, 1945, 

Table 1. 
4. W. H. Baldwin, N. R. Glarum, B. W. Bailey, G. T. Hewitt, and K. P. Seltzer, Report 

MonC-39, Apr. 19, 1946, Table 4. 
5. M. D. Peterson and L. Burns, Report MonC-97, Apr. 16, 1946, Table 1. 
6. J. C. Hindman and K. McLane, Report CN-2689, Mar. 3, 1945, p. 22. 
7. W. M. Manning, private communication. 
8. E. G. Bohlmann and K. K. Kennedy, private communication. 



Paper 7.2 

A STUDY OF THE PEROXIDES OF THORIUM 

By John W. Hamaker and Charles W. Koch 

[Editor's Note: This paper was a contribution from the University 
of California, Berkeley, and is based on Reports CC-3016 and CC-
3770.] 

ABSTRACT 

Thorium peroxides were prepared in ammoniacal and acid media 
and from nitrate, sulfate, chloride, and perchlorate solutions. The 
water-washed solids were analyzed both wet and dry, and analyses 
were made for sulfate, nitrate, chloride (also chlorine in perchlorate), 
peroxide oxygen, hydrogen, and thorium. In all cases sulfate, nitrate, 
chloride, or perchlorate was present in the washed peroxide. The 
peroxides formed in nitrate, chloride, and perchlorate solutions were 
quite variable in composition but had very approximately the formula 
Th(0")3 2(A")o_g(0"")o „.2,5H20, where A" stands for the anion in 
question. X-ray powder photographs by Zachariasen of thorium 
peroxide nitrate showed very poor crystallization, and this charac
teristic is probably associated with the indefinite composition of the 
solid. Thorium peroxide sulfate i s a definite compound with the 
formula Th(00)S04.3H20, Its x-ray pattern, which was too complex 
to be analyzed, showed that the material is crystalline. 

1. INTRODUCTION 

In connection with work of the project, it became desirable to under
stand the nature of the thorium peroxides that are precipitated when 
thorium solutions are treated with hydrogen peroxide. Accordingly, 
a large number of samples were prepared and analyzed; the results 
are collected in this paper. The peroxides were formed under a 
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Variety of conditions; in alkaline, neutral, and acidic media and in 
nitrate, sulfate, chloride, and perchlorate solutions. 

2. ANALYTICAL PROCEDURE 

The precipitated peroxides were washed, in most instances, with 
water and either analyzed wet or dried and then analyzed. In some 
cases only a portion of the material was dried, and both wet and dried 
portions were analyzed. The wet samples were analyzed for peroxide 
oxygen and for thorium; the dried solids were analyzed for residue 
(ThOa), hydrogen, peroxide oxygen, sulfate, chloride, and nitrate, 
whichever constituents were present. 

2.1 Analyses of Washed, Undried Precipitates. The peroxide con
tent of the wet material was determined either by direct titration in 
acid solution with potassium permanganate or by the addition of 
excess eerie ion and back-titration with ferrous ammonium sulfate 
using ferroin (o-phenanthroline-ferrous complex) as an indicator. The 
solution resulting from the peroxide oxygen determination was then 
analyzed for thorium. Where permanganate was used in the peroxide 
titration, thorium was precipitated as the oxalate by the addition of 
excess oxalic acid, washed free from manganous ion, and ignited to 
Th02. In the four instances where cerium and iron were present from 
the analysis for peroxide oxygen, the phenyl arsonate separation 
procedure was used.* In all other cases where the cerium titration 
had been employed, the supernatant solution and washings from the 
precipitated thorium peroxide were saved, and thorium oxalate or 
hydroxide was precipitated from them. The total thorium used was 
carefully measured, and the thorium in the peroxide was thus de
termined by difference. Because of the difficulties of microgravi-
metric analyses, this work was done on a macro scale. This is in 
contrast to the combustion analyses which employed a microanalyti-
cal technique. 

2.2 Combustion Analyses of Dry Peroxides. In the combustion 
analyses of the dry material, hydrogen, residue (ThOj), sulfate, and 
chloride were determined simultaneously using a modified micro 
carbon-hydrogen apparatus.* The sulfate and chloride determinations 
were adapted from the procedure of Belcher and Spooner' in which 
sulfur and chloride are caught on silver gauze as silver sulfate and 
silver chloride. 

The nitrate content was determined by means of the micro Dumas 
apparatus using a carbon-hydrogen combustion tube instead of the 
ordinary Dumas tube. The sample was introduced in a platinum boat 
and was not subjected to the usual procedure of mixing with powdered 
copper oxide since no oxidation was necessary. For the same 
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reason a packing of reduced copper replaced the standard packing of 
coarse copper oxide and reduced copper. Nitrogen analyses on lead 
nitrate using this method gave nitrogen concentrations of 8.40 and 
8.41 per cent (theoretical, 8.45 per cent). 

The peroxide oxygen in most dry thorium peroxides was deter
mined by the addition of an excess of eerie ion and back-titration 
with ferrous ion using ferroin as an indicator. Only thorium peroxide 
chloride was sufficiently reactive to permit direct titration with 
potassium permanganate. A dry combustion method for peroxide 
oxygen content was also devised. It employs the same apparatus as 
described above for the nitrogen determination, but it uses no packing 
in the combustion tube. By this method the oxygen given off on heating 
the sample is collected and measured in a microazotometer. Nitrate 
does not interfere with this method, and peroxide chlorides have 
been run successfully; but when sulfate is present care must be 
taken not to overheat, since the reaction SO3 — SO2 + VjOj will take 
place, thus yielding a high peroxide oxygen value. The sulfate is 
quite tenaciously held, whereas the peroxide will decompose at a 
relatively low temperature. The peroxide content of thorium peroxide 
perchlorate cannot be determined by this procedure because the 
perchlorate is not sufficiently stable. In Table 1 are listed the 
percentages of peroxide oxygen for a thorium peroxide nitrate and a 
thorium peroxide sulfate as determined by both the wet and dry 
methods. The estimated maximum deviations for the above-described 
methods of analysis a re : H, CI, S, N, and peroxide oxygen, ± 2 per cent; 
ThOj, ± 1 per cent. These are relative per cents, e.g., if a sample is 
reported to contain 15.0 per cent nitrogen, the true value should lie 
between 14.7 and 15.3 per cent. 

3. THORIUM PEROXIDE NITRATE PRECIPITATED 
FROM AMMONIACAL SOLUTION 

Many of the peroxides of thorium that are reported in the literature 
were formed from ammoniacal solutions;* thus the first ser ies of 
peroxides was prepared in ammoniacal media. The general procedure 
was as follows: A dilute solution of thorium nitrate and of hydrogen 
peroxide was cooled to 0°C and made alkaline with ammonia. The 
gelatinous precipitate which formed immediately on the addition of 
base was washed very thoroughly with ice water (12 times) and dried 
by exposing to high vacuum. The results from analyses of these 
preparations are given in Table 2 together with the conditions of forma
tion. Residue (ThOj), hydrogen, and peroxide oxygen were determined 
directly. Nitrate and oxide oxygen contents were calculated on the 
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assumption that only those two constituents were present in addition to 
the ones determined. 

It is possible to represent peroxide oxygen in one of two ways, namely, 
as equivalents of peroxide oxygen or as moles of active oxygen. This 
latter designation is almost universally used in the literature and e s 
sentially means moles of nascent oxygen as formed in the hypothetical 
reaction HgOj = HjO + O. In this case active oxygen represents two 
equivalents of oxidizing power per mole, but no indication is given of 
reducing power by such a nomenclature. Moreover, it does not show 
the charge associated with peroxide ion. For these reasons this 
nomenclature was not used, and peroxide oxygen content has been ex
pressed in te rms of the number of peroxide oxygen atoms per mole of 
metal. This is equal to the number of equivalents of peroxide oxygen 
or twice the number of moles of peroxide per mole of metal. The 
formula ThgO^ therefore would have three equivalents of peroxide 
oxygen per thorium, which means that three of the plus charges of 
thorium are satisfied by peroxide oxygen atoms and there is one-half 
an oxide oxygen atom needed to fully neutralize the thorium, i.e., 
2Th(0")3(0 )yj. In writing the formula in this manner it i s not meant 
that O"" is actually present in the compound; the peroxide is undoubt
edly in the form of two oxygens linked together, i .e., OO"". 

Similarly, the hydrogen and oxide oxygen present in the compound 
can be represented in two ways. They can be written in the formula 
as separate constituents or combined to form water. Thus the formula 
Th(0")2 io(NO^)o.4o(0"")i.93(H'*')2.38 Is equivalent to the formula 
Th(0")2.io(N03)o.4o(0"")o.75.1.18H20, and it is completely arbitrary as 
far as the analyses are concerned as to which formula is chosen to 
represent the composition of the compound. In the calculations for 
this report, as much as possible of the H"*" and O"" were combined to 
form water in the manner shown by the second formula. This does not 
mean, of course, that the hydrogen is necessarily present in the 
compound as water. Also, the peroxide groups have been represented 
as having no hydrogen ions attached, but this is only an arbitrary 
representation. 

No analyses wei^e made for ammonium ion. However, it should be 
noted that the presence of ammonium ion would raise the hydrogen 
content very markedly. The hydrogen-to-thorium ratio was actually 
found to be lower for these compounds than for similar compounds 
precipitated from neutral and acid solutions (Tables 3 and 4) where 
ammonium ion was not present. 

In addition to the washing procedure given above, an attempt was 
made to wash with alcohol and ethyl ether after washing with water. 
The material thus obtained could not be freed of carbon (several 



322 

per cent) by exposure to high vacuum for 2 hr or by exposure to air 
for as long as several days. Schwarz and Giese* report a similar 
effect with zirconium peroxide and petroleum ether, acetone, and 
methanol. For these reasons all organic washes were excluded in 
this work. 

An examination of Table 2 will disclose that the peroxide content 
varies erratically but depends to some extent on the severity of the 
drying treatment. The two samples that were air-dried (2 and 9 days, 
respectively) contain definitely more peroxide oxygen as well as more 
hydrogen than the samples that were vacuum-dried. There is little 
difference in peroxide oxygen content between the samples dried on 
high vacuum for 16 hr and those dried on high vacuum for 60 hr. 
The single sample dried on house vacuum over calcium chloride is 
not in agreement with the other results since the peroxide oxygen 
content is lower but the hydrogen content is not. It should be pointed 
out that the water content reported is not the minimum water con
tent achieved but represents the state of hydration when at equilib
rium with the atmosphere. All these peroxides pick up water when 
exposed to air after vigorous drying, and they were allowed to come 
to equilibrium with the air before analysis. This was necessary 
since, for analysis, the material was weighed out into open com
bustion boats. The calculated nitrate content of the samples varies 
quite markedly. 

4. THORIUM PEROXIDE NITRATES PRECIPITATED 
FROM "NEUTRAL" SOLUTION 

The next series of thorium peroxide nitrates was formed from 
neutral solution. A dilute solution of thorium nitrate was treated 
with hydrogen peroxide and either heated or allowed to stand to bring 
down the gelatinous peroxide. This peroxide is far more gelatinous 
than that formed in ammoniacal solution, and in several cases the 
entire solution set into a gel. As before, the material was washed 
with water very thoroughly (12 times) and dried. The data for this 
ser ies are summarized in Table 3. 

Compared with peroxides obtained from ammoniacal solution, 
these samples contain more peroxide oxygen (about 2.9 peroxide 
oxygen atoms per Th instead of about 2), and at equilibrium with 
atmospheric water vapor they contain more hydrogen (about 4.4 H per 
Th instead of about 2.4). Even when vacuum-dried and stored at 
room temperature, these compounds are found to decompose slowly, 
losi i^ about 10 per cent of their peroxide oxygen in 1 week. The 
nitrate content is much more uniform than before, indicatii^ that the 
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fluctuation in the first ser ies is real , since in both instances the 
nitrate content was calculated rather than determined directly. There 
seems to be roughly 0.5 nitrate ion for each thorium. 

5. THORIUM PEROXIDE NITRATE PRECIPITATED 
FROM ACID SOLUTION 

Next a ser ies of peroxides was prepared in acid media. When 
formed under these conditions, the thorium peroxide is compact and 
white instead of gelatinous and transparent. When formed at elevated 
temperature, the individual particles are well-formed pellets which 
give a suggestion of some structure. Washing with water appears to 
break up these particles to some extent. The results for this ser ies 
of compounds are presented in Table 4. 

Nitrate i s present to the extent of about half an ion per thorium 
atom, and the experimental values stay quite close to that rat io. 
However, the experimental e r ror in the analyses is estimated at 
±2 per cent (see Sec. 2.2), and values do vary from 0.50 by more 
than this per cent. With the exception of four samples, all peroxide 
oxygen contents lie between the limits of 3.22 and 3.14 atoms per 
atom of thorium. This constancy held (within 3 per cent) although the 
precipitation conditions varied very widely: 2.0M to 0.5M H"*", 3.3M to 
0.4M H2O2, and room temperature to 100°C. The four samples (4, 5, 
6, and 7) contained less peroxide and differed from the others in that 
they were washed with 3 per cent hydrogen peroxide instead of water. 
Possibly the hydrogen peroxide present during the drying process 
set up a catalytic mechanism for decomposition because the material 
slowly evolved a pui^ent gas, probably NO2 or O3. This gas was not 
noted in any other samples. In this connection it is significant to note 
that Pissarjewsky^'* reported the evolution of ozonized oxygen when 
thorium peroxide was treated with concentrated sulfuric acid. This 
was true when the peroxide was prepared from nitrate solution or 
from sulfate solution, which would seem to indicate that ozone was 
being evolved and not NO or NOg. Pissarjewsky mentions no special 
test for ozone, so he probably judged from the odor. 

In about one-half the samples a determination was made of the water 
take-up during exposure to air following drying. It i s interesting to 
note that the dry material contains 1.5 water molecules per thorium. 
In view of the vigorousness of the drying conditions, it does not seem 
likely that this residual water could be removed without decomposing 
some of the peroxide oxygen in the compound. It will be recalled that 
in the case of peroxides formed from ammoniacal solutions the water 
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content after exposure to air was lower than corresponding values in 
this series but that the peroxide oxygen content was also lower. 

It was of interest to know the peroxide oxygen content of the washed, 
undried precipitates. A large number of peroxides were prepared, 
washed liberally with water, and analyzed wet. The results are re 
ported in Table 5. Four of these peroxides (samples 8, 9, 10, and 11) 
have already been reported (Table 4) as the dry compounds since a 
portion of the washed precipitates had been removed, dried, and 
analyzed. In these four cases the peroxide content of the wet material 
was higher than, or at least equal to, that of the dry material and was 
also more variable (6.5 per cent maximum deviation as compared 
with 1.3 per cent maximum deviation). 

Conditions were widely varied in an attempt to get a peroxide con
tent as high as possible. The limit under the conditions tried appears 
to be 3.5, but it is difficult to get a value that high. Most peroxide 
values fall below that mark. Even when conditions are duplicated, 
peroxide values will vary widely (see samples 14 and 15, Table 5). 
High peroxide oxygen values occur for hydrogen peroxide concentra
tions from 3.3M to O.IM. The washii^ of the precipitates was 
thorough, and in view of the relatively compact nature of the precipi
tates it is felt that the results do not vary because of hydrogen 
peroxide holdup but because of actual variations in the nature of the 
precipitates. These variations may occur during washing or durii^ 
precipitation or during both processes. It is of interest to note that, 
if peroxide oxygen is present to the extent of 3.5 atoms per thorium 
and there is 0.5 nitrate per thorium, the thorium charge of +4 is 
completely satisfied. 

6. THORIUM PEROXIDE SULFATE 

The last three samples in Table 5, precipitated in the presence of 
sulfuric acid, represent an entirely different type of compound, as is 
indicated by the peroxide-to-thorium ratio of 2.0. The solid is quite 
dense and so stable that it requires prolonged heating with excess 
eerie solution to decompose it (20 to 30 min). This peroxide usually 
requires heating to precipitate it, which is not generally true of the 
peroxides precipitated from nitric acid (also hydrochloric or per
chloric aci(0. Samples of the solid were prepared, dried, and 
analyzed; and the results are presented in Table 6. The analyses 
correspond closely to the formula Th(00)S04.3H20. The peroxide-
to-thorium ratio is the same for wet and dried material, so there is 
no decomposition during drying. In this regard it is interesting to 
note the tenacity with which the three water molecules are held in the 
compound. 
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7. THORIUM PEROXIDE CHLORIDE AND THORIUM 
PEROXIDE PERCHLORATE 

Thorium peroxide chloride is definitely unstable. In the three 
samples which were prepared a strong odor of chlorine accumulated 
in the container when the material was allowed to stand. From 
Table 7, where data on these samples are presented, it will be seen 
that the peroxide oxygen content drops at about the same rate as in 
samples 1 and 2, Table 3, over a period of 1 week. The thorium 
peroxide perchlorate results are also presented in Table 7. This 
compound does not liberate chlorine as far as could be detected. 

8. DISCUSSION 

A summary of the thorium peroxides reported in the literature is 
given in Table 8. From an examination of the table it will be evident 
that the formula ThjO^, usually written for thorium peroxide, is in
correct. Although it is a very approximate representation of the usual 
peroxide oxygen content (three equivalents of peroxide oxygen per 
thorium atom), it omits the anion that is associated with the compound. 

The first report of thorium peroxide nitrate by Wyrouboff and 
Verneuil states definitely that nitrate was present in the compound, 
and later work by Calzolari also shows the presence of nitrate. 
Schwarz and Giese, however, ignore nitrate completely and hence 
count it as water which they determined by difference. Pissarjewsky 
makes the unsupported statement that there was no nitric acid in the 
peroxide obtained from neutral solution of thorium nitrate. Under the 
same conditions in the experiments reported here approximately 0.5 
nitrates per thorium were found consistently in the washed and dried 
peroxide. This value of 0.5 is lower than the value of 1 reported by 
Wyrouboff and Verneuil, but these authors give no information as to 
the method of precipitation nor as to the method of analysis of the 
single sample. The value of 1.0 nitrate per thorium reported by 
Calzolari represents the nitrate content of the unwashed precipitate. 
This work would seem to require checking before it can be relied 
upon; but if it i s correct it would indicate that nitrate is removed 
during the washing process, about one-half of it being washed out. 
This might explain why the nitrate values that were obtained in the 
studies reported in this paper are somewhat variable. 

The method employed by Calzolari to arrive at the composition of 
precipitated thorium is rather unique. A solution containing a known 
weight of thorium was treated with an accurately determined excess 
of hydrogen peroxide. The supernatant solution was analyzed to de-
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termine the unconsumed hydrogen peroxide and also the acid liberated 
in the formation of thorium peroxide. It was assumed that the thorium 
peroxide precipitates completely. The ratio of peroxide oxygen to 
thorium was then calculated from the peroxide oxygen analysis. The 
maximum amount of acid formed is four hydrogen ions per thorium, 
and this is diminished if any anion such as nitrate i s present in the 
peroxide precipitate, e.g., 

Th+* + s/zHjOj + y4H20 + VaNOj- = Th(0-)3(N03-)o.5(0--)o.25 + ^ H * 

The anion (nitrate, sulfate, etc.) content can therefore be calculated 
from the acidity of the supernatant solution. Calzolari analyzed his 
thorium salts so that he knew them to be neutral salts or could, in 
the case of the chloride, apply a correction for an admixture of basic 
salt. In the case of thorium nitrate he found an excess of nitrate 
which he assumed was due to nitric acid. If, instead, this excess was 
due to e r ror in nitrate analysis or to the presence of a neutral nitrate 
salt, his data represent 0.85 nitrate per thorium atom instead of 1.0. 
He worked at low temperatures, 4 to 5°C, to minimize the decompo
sition of hydrogen peroxide, and he states that over a period of 15 
hr there was no significant loss of peroxide oxygen. He did not check 
the assumption that thorium peroxide is quantitatively precipitated; 
but if any thorium did not precipitate he should have observed a 
gelatinous precipitate when titrating the supernatant solution with 
KOH. In the studies reported here the precipitate was observed to 
form before reaching a methyl red end point. Calzolari added 
considerable neutral salt (such as ammonium nitrate) with the 
hydrogen peroxide, and this probably ensured quantitative separation 
of thorium peroxide by coagulating any colloid. Thorium peroxide 
has a considerable tendency to form a colloid, as shown by the 
readiness with which it peptizes when washed with water. If any 
thorium did not precipitate, the ratio of peroxide oxygen to thorium 
would have been low. 

The composition of thorium peroxide nitrate shows a definite 
variation with the acidity at the time of precipitation. In the work 
reported in this paper some samples of thorium peroxide were 
precipitated by adding ammonia to a thorium nitrate solution which 
contained hydrogen peroxide. When washed and dried, these samples 
contained approximately 2 peroxide oxygens per thorium and be
tween 0.14 and 0.72 nitrate per thorium (see Table 2). The com
position of the dry peroxides prepared by the above procedure is not 
reproducible. It is not known whether the variation occurs in the 
precipitation, the washing, or the drying treatment. There are no 
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references in the literature to thorium peroxide nitrates formed in 
ammoniacal solution. 

The samples of washed and dried thorium peroxide nitrate, given 
in Table 3, contain roughly 3 peroxide oxygens and 0.5 nitrate 
per thorium atom. These were prepared by adding hydrogen peroxide 
to a solution of thorium nitrate. This solution is initially low in acid, 
but as the precipitation proceeds the acidity increases owing to the 
liberation of H"*" in the formation of the solid. Pissarjewsky and 
Calzolari both precipitated the peroxide under these conditions. They 
found between 3.0 and 3.3 peroxide oxygen atoms per thorium. Their 
samples were analyzed wet, and, since the peroxide content they found 
was somewhat higher than reported here, this may again indicate 
some decomposition of peroxide oxygen on drying. However, if the 
washing treatment used in this investigation was more severe than 
that employed by Pissarjewsky, more peroxide may have been r e 
moved in washing. Schwarz and Giese found 2.9 peroxide oxygens per 
thorium in a similarly prepared sample that was dried with liquid 
ammonia. In view of the presence of ammonia in the compound, it is 
difficult to interpret this result . 

Calzolari reported 1.0 nitrate per thorium in the above compound, 
which is higher than the value of roughly 0.5 reported in Table 3. 
Calzolari 's method of analysis should yield the composition of the 
unwashed material, and this difference may indicate loss of nitrate 
from the compound on washing and drying. 

There are no results reported in the li terature concerning the 
precipitation of thorium peroxide nitrate from solutions initially con-
tainii^ nitric acid. The analyses given in Table 5 show a composition 
of 3.16 to 3.53 peroxide oxygens per thorium in the wet, water-washed 
precipitates. In Table 4 the dried material contains 2.91 to 3.22 
peroxide oxygens and 0.5 nitrate per thorium. The composition is 
variable. 

In the literature the peroxides prepared from thorium sulfate do 
not correspond to Th(00)S04.3H20, reported in this work, which has 
a peroxide oxygen-to-thorium ratio of 2. Thorium peroxides prepared 
in sulfate solutions by various investigators contain more nearly 
3 peroxide oxygens per thorium. Sulfate contents of 0.46, 0.44, and 
0.00 sulfates per thorium reported by Calzolari and by Cleve do not 
correspond to Th(00)S04.3H20. The reason for this lack of cor re 
spondence is that the peroxide sulfates reported in the li terature were 
formed in weakly acid or ammoniacal solution. In work discussed in 
another paper in this volume' it was found that thorium peroxides 
precipitated from weakly acid sulfate solutions were quite different 
from Th(00)S04.3H20 in behavior and composition. These peroxides 
correspond to the thorium peroxide sulfates reported in the li terature. 
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The thorium peroxide chlorides prepared by Calzolari contain some
what less chloride than those listed in Table 8. This may possibly be 
due to the rather incomplete washii^ which was necessitated by the 
extreme tendency of the precipitate to peptize when washed with 
water; but it should be pointed out that conditions of precipitation 
differed in that Calzolari prepared his peroxides from a thorium 
chloride solution containing some basic chloride whereas the peroxide 
chlorides in Table 8 were prepared from a solution IM in hydrochloric 
acid. The peroxide contents of the dry samples in Table 8 are some
what lower than peroxide contents in Calzolari's samples, which were 
wet. 

There are no reports in the literature of thorium peroxide per
chlorate. The one sample given in Table 8 is the same general type 
of compound as thorium peroxide chloride. 

In connection with the tendency of all thorium peroxides to peptize 
when washed with water [Th(00)S04,3H20 is an exception], it is in
teresting to note that Calzolari was able to produce a colloid of 
thorium peroxide chloride. By dialyzing the material he was able to 
remove practically all the chloride without greatly chai^ng the 
ratio of peroxide oxygen to thorium. After 10 days dialysis, 0.26 chlo
ride and 3.0 peroxide oxygens were present per thorium, and after 
50 days dialysis, 0.03 chloride and 2.9 peroxide oxygens were present. 
Therefore chloride apparently can be removed from the material while 
the peroxide is firmly held by the thorium. Possibly colloids could be 
produced from thorium peroxide nitrate and perchlorate solutions, 
and it would be interesting to see if the anion could be removed by 
dialysis. In fact, from the tendency to peptize, it might be expected 
that, if a solid thorium peroxide nitrate, chloride, or perchlorate 
were water-washed by dialysis, the material would peptize com
pletely to yield a colloidal solution. It would seem that this colloidal 
behavior of thorium peroxide should be investigated further since 
there are many indications of colloidal effects in the behavior of the 
thorium peroxide system. 

9. X-RAY PATTERNS 

We are indebted to Professor Zachariasen for taking x-ray powder 
photographs of several of the thorium peroxide preparations reported 
here. He found' that Th(00)S04.3H20 gave a pattern of sharp lines 
indicating a well-crystallized, definite compound, and this conclusion 
is in agreement with the consistency of the analytical resvilts. The 
pattern was too complex to be interpreted from a powder photograph. 

The thorium peroxide nitrate samples submitted for x-ray analysis 
were precipitated from nitric acid solution. Zachariasen* reports 
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that the compound is very poorly crystallized. He s ta tes : "Only a 
few broad diffraction lines occur. These lines seem to correspond to 
a two-dimensional hexagonal la t t ice ." The poor crystallization is in 
agreement with the fact that the composition of this solid was found to 
be irreproducible even under what were believed to be identical 
conditions of precipitation. 

The variability in the nitrate, peroxide, and oxide oxygen content of 
thorium peroxide nitrate samples (precipitated from nitric acid 
solution) would indicate that these ions are capable of replacing each 
other at certain positions in the crystal lattice. Starting with 
Zachariasen's interpretation of the x-ray data, the compound might 
then be visualized in terms of a two-dimensional hexagonal lattice 
containii^ only peroxide and thorium, perhaps in the ratio of 3 per 
oxide oxygen atoms to each thorium atom. This lattice would provide 
the structural framework of the compounds. The two-dimensional 
lattices would then have their excess positive charges neutralized by 
any of several negative ions, i.e., NO3, O , OH", OOH , OO 
(also HjO could be attached). The absence of any x-ray pattern 
correspondii^ to structure in a direction perpendicular to these 
planes indicates that the planes are not bonded to each other in any 
regular fashion. According to the above picture, this compound of 
thorium peroxide consists of sheets composed of thorium and per -
oxide, with negative ions, whose identity is readily varied, attached 
to the surface of the sheets. 

Table 1 —Peroxide Analyses by Wet and Dry Methods 

Peroxide oxygen, % 

Thorium peroxide Wet method Dry method 

Nitrate 14.31 14.38; 14.56; 14.36 
Sulfate 7.75 7.74; 7.72 
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Table 2 — Thorium Peroxides Precipitated by Making a Solution of Thorium Nitrate and Hydrogen Peroxide Alkaline with Ammonia 

mple 

1 

2 

3 

4 

5 

6 

7 

8 

Initial 
[Th**], 
moles / 

liter 

0.12 

0.12 

0.12 

0.0148 

0.0148 

0.0148 

0.0148 

0.0148 

Initial 
[H,0,], 
moles / 

liter 

0.8 

0.8 

0.8 

0.24 

0.24 

0.24 

0.24 

0.24 

Initial 
[NH,], 
moles / 

liter 

0.48 

0.48 

0.48 

0.135 

0.135 

0.135 

0.135 

0.135 

Approx. 
final 

[NH,], 
m o l e s / 

liter* 

0.05 

0.02 

0.09 

0.078 

0.081 

0.079 

0.080 

0.081 

Drying 
conditions 

16 hr on 
high vacuum 

48 hr on 
house vacuum 
over CaCl, 

9 days 
air-dried 

16 hr on 
high vacuum 

2-3 days 
air-dried 

60 hr on 
high vacuum 

60 hr on 
high vacinim 

60 hr on 
high vacuum 

ThO„ 

% 

81.52 

82.94 

69.85 

84.47 

71.45 

85.46 

84.05 

81.99 

H,% 

0.73 

0.98 

1.55 

0.84 

2.04 

0.74 

0.78 

0.75 

Peroxide 
oxygen. 

% 

10.44 

7.08 

10.29 

9.74 

9.50 

9.34 

8.76 

10.11 

Formula calculated 

Th(0-),..„(N0,-)„.„(0--)„.„.1.18H,0 

Th(0-)..„(N0-)„„(0--),.„.1.56H,0 

Th(0-),.«(NO,-)„.„(0--)^«.2.94H,0 | 

Th(0-),.„(NC^-)„.„(0--)„.„.1.31H,0 

Th(0-),.,.(NO,-)„,„(0--)<,.„.3.74H,0 

Th(0-),.„(NO,-)„„(0"")o„.1.02H,0 

Th(0-),.„(NO,-)„.„(0--),.„,.1.23H,0 

Th(0-)^jN0,-)„.„(0--)„.„.1.21H,0 

*In the reaction between Th** and H,0„ H* is liberated, neutralizing some of the NH,. 
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Table 3 — Thorium Peroxides Precipitated from "Neutral" Solution Containing Nitrate 

Sample 

1 

It 
2 

2t 
3 

4 

5 

InitUl 
[Th**] 
moles / 

liter 

0 0146 

0 015 

0 18 

0 202 

0 202 

Initial 
[H,0,], 
moles / 

liter 

0 477 

0 244 

1 43 

0 32 

0 32 

Final 

[H"]. 
moles/ 

liter* 

0 049 

0 051 

0 53 

0 70 

0 71 

Precipitating 
conditions 

Room temp 
overnight 

Heated to 
60° C toppt , 
allowed to 
cool slowly 

Room temp 
overnight 

Room temp 
overnight 

60°C for 
1 hr 

Drying 
conditiCHis 

42 hr on 
high vacuum 

42 hr on 
high vacuum 

16 hr on 
high vacuum 

16 hr on 
high vacuum 

16 hr on 
high vacuum 

ThO,, 

% 

75 34 

74 96 
73 84 

72 05 
74 59 

73 84 

74 52 

H,% 

0 99 

1 18 
1 15 

1 35 
1 34 

1 25 

1 28 

Peroxide 
oxygen. 

% 

13 16 

11 87 
13 46 

12 20 
12 68 

12 91 

13 15 

Formula calculated 

Th(0-)2 ,.(NO;)„ „{0--)„ „ . l 74H,0 

Th(O-), „(NO,-)„ „(0--)„ „ 2.08H,O 

Th(0-)3 „,(N0,-)„ „(0--)„ , , .2 06H,O 

Th(O-), „(NO,-), „(0--)„ „ 2.48H,0 

Th(O-), „(NO,-)„ „(0--)„ „.2.37H,0 

Th(O-), „(NO,-)„ „(0--)„ „.2.22H,0 

Th(O-), „(NO,-)„ 4,(0")o ,„ 2.26H,0 

*In the reaction between Th** and H,0„ H* is liberated 
tSecond analysis performed after sample was exposed to air for 1 week 
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Table 4 — Thorium Peroxides Precipitated from Nitric Acid 

(Dried on high vacuum for 16 hr and analyzed after equilibrium established with water vapor In air) 

Formula calculated 

Th(O-), ,,(NO,-), „(0--)„ „ 2 58H,0 

Sample 

1 

2 
3 
4 

5 

6 

7 

8* 

9* 

10* 

11* 

InitUl 
[Th**] 
moles/ 
liter 

0 0513 

0 021 
0 021 
0 021 

0 021 

0 021 

0 021 

0 022 

0 05 

0 05 

0 05 

Initial 
[H,0,], 
moles/ 
liter 

3 33 

3 33 
3 33 
3 33 

3 33 

3 33 

3 33 

0 64 

0 40 

0 40 

0 40 

Final 
[H*], 

moles/ 
liter 

2 0 

2 0 
2 0 
2 0 

2 0 

2 0 

2 0 

0 44 

0 5 

0 5 

0 5 

Precipitating 
conditions 

Room temp , 
separated 
immedUtely 

40°Cfor2hr 
40°Cfor2hr 
100°C for 2 

hr, washed 
wlth3%H,0j 

80°Cfor 2 
hr, washed 
w i t h 3 * H , 0 , 

60°C for 2 
hr, washed 
with 3% HjO, 

40°Cfor2 
hr, washed 
with 3% H,p, 

Room temp 
overnight 

Room temp 
overnight 

Heated to 90°C, 
held for 2 hr 

Heated to 90°C, 
held for 2 hr 

ThO,, 

% 
71 44 

75 09 
75 41 
72 66 

73 07 

73 82 

73 30 

72 75 

73 69 

72 71 

72 45 

H, % 

1 39 

1 26 
1 15 
1 46 

1 48 

1 39 

1 44 

1 37 

1 29 

1 36 

1 27 

Peroxide 
oxygen, 

% 
13 63 

14 40 
14 48 
12 98 

13 21 

13 26 

12 92 

13 99 

14 12 

14 10 

14 05 

NO-', so; 
% % 

9 11 

7 13 

6 65 

7 30 

8 50 

8 24 

8 59' 

8 64 

Th(O-), „(NO;)„ „(0--)„ „ 2 21H,0 
Th(O-), „(NO,-)„ „(0--)o „ 2 02H,O 
Th(O-), „(NO,-)„ „(0--)„ „ 2 74H,0 

(0 49 calc ) 

Th(0- )2 «(NQ,-)„ „(0--)„ „ 2 75H,0 
(0 44 calc ) 

Th(O-), „(NO,-)„ „(0--)„ „ 2 60H,O 
(0 43 calc.) 

Th(O-), „(NO,-)„ «(0--)„ „ 2 68H,0 
(0.46 calc.) 

Th{0-)3 „(NO,-)„ «,(0--)„ „ 2 49H,0 

Th(O-), „(NO,-)„ „(a- )„ „ 2 31H,0 

Th(O-), „(N0,-)„ „{0--)„ ,, 2 48H,0 

Th(O-), „(N03-)„ „(0--)„ „ 2 3IH3O 

Change 
m weight 

due to H,0 
uptake in air, HjO/Th* 

% 

4 78 

4 07 

4 07 

3 90 

dry 

1 50 

1 47 

1 62 

1 49 

*The wet analyses for samples 8, 9, 10, and 11 are found In Table 5 
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Table 4 — (Continued) 

Sample liter 

12 0 04t 

13 

14 

15 

16 

InitUl Initial Fmal 
[Th*«], [H^O,], [H*], 
moles/ moles/ moles/ Precipitating ThO ,̂ 

liter liter conditions % H, % 

0 038t 1 92 

0 156 

0 156 

0 156 

1 6 0 64 Room temp for 72.47 1 44 
1 hr, heated 
to70°C, 
stirred IVi 
hr at 70° C 

0 62 Room temp for 73 40 1 39 
1 hr, diluted, 
heated at 
40° C for 
1 hr 

0 73 0 94 H^O, added 
over 1 hr at 
70° C, di
gested 3 hr 
at 70° Ct 

0 73 0 94 Room temp 
overnight! 

0 73 0 94 Room temp 
overnight t 

73 54 1 31 

72 97 1 38 

73 24 1 34 

Peroxide 
oxygen. 

14 01 

14 07 

14 31 

13 95 

13 92 

NO"' 
% 

so;-
Formula calculated 

Th(O-), „(NO,-)„ „ ( 0 - ) „ „ 2 eSHjO 

Th(O-), „(NOi )„ „(0--)„ „ 2 50H,O 

7 75 0 21 Th(0-),„{NO,-)„„(SO;-)„„(CT-)„„ 

2 36H,0 

8 32 0 00 Th(O-), „(NO;)„„(SOr)ooo(0")„„ 
2 50HjO 

7 71 0 00 Th(O-), ,,(N03-)„ „(S0;-)„ „(0--)„ 3, 
2 42HjO 

Change 
in weight 

due to H2O 
uptake in air, HjO/Th**, 

% 

4.05 

4 79 

4 56 

dry 

1.55 

1 54 

1 50 

tThe stock solution consisted of IM Th** in 16M HNO3 
JThe stock solution of Th** was precipitated as the hydroxide twice and redissolved in HNO3 
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Table 5 —Analyses of Wet Thorium Peroxide Precipitates Formed in Acid Solution 

Sample 

1 
2 

13 

19 

20 

Initial 
[Th-"], 
moles/ 
liter 

0.177 
0.079 

0.091 

Initial 
[H3O3]. 
moles/ 

liter 

0.268 
0.109 

0.151 

0.074 3.72 

0.187 

0.137 

0.44 

Final 
[HNO3], 
moles/ 

liter 

0.92 
0.66 

0.78 

4 
5 

6 

7 

8* 
9* 

10* 
11* 
12 

0.074 
0.074 

0.074 

0.167 

0.022 
0.05 
0.05 
0.05 
0.0166 

0.124 
3.7 

0.124 

3.3 

0.64 
0.40 
0.40 
0.40 
3.94 

0.63 
0.05 

0.62 

0.89 

0.44 
0.5 
0.5 
0.5 
0.45 

0.66 

14 
15 
16 
17 
18 

0.077 
0.077 
0.163 
0.163 
0.187 

0.31 
0.31 
3.3 
3.3 
0.44 

0.64 
0.65 
0 87 
0.87 
1.61 

1.61 

0.70 

Final 
[H3SOJ, 
moles/ 
liter Precipitating conditions O'/Th** 

Room temperature for 2 hr 3.20 
H3O3 added over 2 hr, stirred over- 3.30 

night at 40°C 
All HjOj added at once, stirred over- 3.53 

night at room temperature 
Heated to 100*0 and stirred 2 hr 3.52 
Hydroxide precipitated, then HjOj 3.18 

added and stirred overnight at 0°C 
Heated to 40°C and stirred overnight 3.37 

Precipitated rapidly, washed im- 3.34 
immediately 

Stirred at room temperature overnight 3.21 
Stirred at room temperature overnight 3.16 
Heated to 90°C and stirred for 2 hr 3.37 
Heated to 90°C and stirred for 2 hr 3.29 
Stirred 0°C overnight, precipitated 3.27 

within 1st hr 

Precipitated rapidly, digested at 40°C 3.49 
overnight 

Stirred at 40°C for 42 hr 3.26 
Stirred at 40°C for 42 hr 3.45 
Stirred at 40*C overnlghtt 3 44 
Stirred at 40'C overnlghtt 3.42 
Stirred at room temperature 3.27 

overnlghtt 

Stirred at room temperature 3.25 
overnlghtt 

HjOj added at 70°C over 1 hr, stirred 3.29 
at 70°C for another 2 hr 

21 
22 

23 
24 

25 
26 
27 
28 

29 

30 

31 
32 

0.137 
0.143 

0.143 
0.143 

0.143 
0.143 
0.143 
0.2 

0.2 

0.074 

0.074 
0.074 

2.76 
2.95 

2.95 
2.95 

2.95 
2.95 
2.95 
8.0 

8.0 

0.124 

0.124 
0.124 

0.70 
0.78 

0.78 
0.75 

0.76 
0.75 
0.75 
3.12 

3.12 

0.328 

0.147 
0.148 

0.093 

0.185 
0.185 

Same 
HjOj added at room temp, over 1 hr, 

stirred for 40 hr at room temp. 
Same 
Same 

Same 
Same 
Same 
H3O, added, stirred at 75-80°C for 

3 h r t 
Same 

HjOj added slowly, stirred overnight 
at 50° C 

Same 
Heated to 100°C and stirred for 2 hr 

3.29 
3.44 

3.46 
3.27 

3.28 
3.25 
3.25 
3.26 

3.26 

1.93 

1.99 
1.995 

*These are samples 8, 9, 10, and 11 of Table 4. 
tThe Th** was evaporated with concentrated HNO3 before H3O3 was added 
{Thorium hydroxide was precipitated, washed, and redissolved in nitric acid. 
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Initial Initial Initial Initial 
[Th*^] [H,Q.], [HNO,], [H,SOJ, 
m o l e s / moles / moles / moles / 

liter liter 

Table 6 —Analyses of Thorium Peroxide Sulfate [Th(00)S0,.3H,0]* 

Perox ide 
Precipitating 

conditions 

0.5 0.25 Heated to 40° C; 
HjOj, added; 
heated to 67° Ct 

Stirred at room 
temp. 2H hr 

Stirred at 50° C 
overnight 

Nitrate fumed out 
with H,SO.; H,0, 
added; stirred at 
70 -90°C for 2 hr 

•Samples dried In high vacuum for 16 hr. 
tTreated in this manner to bring down precipitate. Stirred 2 hr at 67° C. 

Sample 

1 

2 

3 

4 

liter 

0.21 

0.04 

0.021 

0.038 

liter 

3 3 

0.8 

0.68 

2.26 

0.25 

0.20 

0.21 

0.31 

ThO,, 

% 
63.91 

63.35 

63.38 

64.03 

H, % 

1.58 

1.65 

1.55 

157 

oxygen, 

% 
7 64 

7 62 

7.60 

7.75 

SO, 

% Formula calculated 

Th(O-), „(S0;-)„ „(0- - )„ „.3.27H,0 

Th(O-), „(S0,-)„ ^(0- -V„.3 .44H,O 

Th(O-), „(SO,--)„ „(0- - )„ „.3 20H,O 

21.80 Th(O-), „(S0,--)„ „(0-- )„ „.3.24H,0 
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Table 7—Analyses of Thorium Peroxide Chloride and Thorium Peroxide Perchlorate in the Absence of Foreign Anions 

Initial Initial Initial 
[H,0,], [HCl], [HCIO,], 
moles/ moles/ moles/ 
liter liter liter 

0 80 

1 1 

1 1 

04 

1 0 

1 0 

1 0 

Precipitating conditions 

Stirred at room temp. 2 hr, 
washed twice 

^ O , added slowly, stirred 3 hr at 
room temp s washed twice only 
because of peptization 

Stirred overni^t at room temp,, 
washed 4 times 

HjOa added slowly, stirred at room 
temp. 3 hr, washed 4 times 

ThO., 

% 

75 85 

75 92 

76 35 

H, 

1 35 

1 26 

1 29 

Peroxide 
oxygen, 

% 

12 27 

14 38 

13 71 

14 50 

CI, 

% 

5 95 

6 87 

so; 
% 

0 33 

65 90 1 39 12 87 

Formula calculated 

Th(O-), „ (Cr) , „(0--)„ „ 2 35H,0 

Th(O-), „(Cl-)„ „(0--)„ „ 2 20H,O 

Th(O-), „ 

6 87 0 33 Th(o-), , . ( c r ) . „(so;-) , „,(o--)„ „, 
2 24H,0 

4 92 Th(O-), „(C10;), „ (0 - ) „ „ 2 79H,0 

peroxide oxygen after standing for 1 week 
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Table 8—Thorium Peroxide Solids Reported in the Literature 

Author 

Bolsbaudran 
Chem. News, 51: 148 
(1885) 
Compt. rend., 100: 605 
(1885) 

Cleve 
Bull. soc. chim. 
France, (2) 43: 
53 (1885) 
Ofvers. K. Vet.-
Akad. Fdrh, 3-14 
(1885) 

Pissarjewsky 
Z. anorg. Chem., 25: 
378 (1900) 

Z. anorg. Chem., 31: 
359 (1902) 

Schwarz and Glese 
Z. anorg. u. allgem. 
Chem., 176: 209-232 
(1928) 

Wyrouboff and Verneull 
Bull. soc. chlm. 
France, (3) 19: 
219 (1898) 

Calzolarl 
Gazz. chim. ital., 
42 (2): 21 (1912) 

Conditions of precipitation 
and analysis 

Composition from analyses 
reported 

Th salt + H,0, + NH,, wet Th(0-)3.„. , .„ . , .„ . , . „ 
Average = 3.60 

Th(SOJ, + H,0„ wet Th(0-),.„(SO--)„.„(0--),.„. 
xll ,0 

Th(SOJ, + H,0, + NI^, wet Th(O-), „(SO;-)o(0--)„ „.xH,0 
Th(SO,), + H,0, + NH,, dry Th(O-), ,.(SO;-)„(0--)„.„.xH,0 

Th(S04), + H,0, + NH„wet Th(0'),.o 
Same sample dried 4 Th(0")2, 
days 
Same sample stored wet Th(0~),„ 
4 days 

Th(N03), + H,Oj, wet 

Th** + HjOj + NH, 

Neutral nitrate solution 
Acid sulfate solution 

Not given 

4-5°C; thorium salt + 
H2O2 composition of un
washed precipitate de
termined indirectly 
from analysis of super
natant solution* 

Th(O-),.,., ,.„ 

"Confirms Th,0, of older 
authors" 

Th(0-),.„(NH,)„.„ 
Th(0-),.„(NH,)„.„ 

Th(0-),.o„(NO,-)..„ 

'Analysis of thorium salt used is as follows: 

NOf/Th+* = 4.16 
NO;/Th+* = 4.16 
NOj/Th** = 4.16 
N(V/Th+* = 4.22 
SOiT'Th** = 1.998 
SO;/Th+* = 1.998 
SO;/Th+* = 1.996 
Th(cr),.„(o--)„.„ 
Th(Cl-),.„(0--)„.„ 

Th(0-),..(NO,- ),.„(H+)„.j.xH,0 
Th(0-),.,(NO,-). „(tf-)o.,.xH,0 
Th(0-),.,(NO,-), 
Th(o-),(Nq,-)i.o 
Th(o-),.4(so;-)„.„(o--)o.,.xH,o 
Th(0-),.,(SO,--)o.4.(0'")„.,.xH,0 
Th(o-),(so;-)„.„ 
Th(0-),..(Cl-)„ „(0"")„.2.xH,0 
Th(0-),.,(Cr)o.i,i(0")o.,.xK,0 
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Paper 7.3 

A STUDY OF THORIUM PEROXIDE SULFATE 

By John W. Hamaker and Charles W. Koch 

[Editor's Note: This paper was a contribution from the University 
of California, Berkeley, and is based on Report CC-3638. ] 

ABSTRACT 
Thorium peroxide was precipitated from thorium nitrate solutions 

containing varying amounts of sulfate ion and of hydrogen ion. The 
washed solids were analyzed both wet and dry. Analyses were made 
for thorium, peroxide oxygen, sulfate, nitrate, and water contents. 
X-ray powder photographs of the dried samples by W. H. Zachariasen 
showed the presence of only two phases. When precipitated from high 
sulfuric acid, the solid phase was isomorphous with Th(00)S04.3H20. 
More weakly acid solutions whose sulfate content was varied over 
wide limits [SO4 "/Th(IV) (in solution before precipitation) = 0.005 to 
67.0] yielded a solid, isomorphous with thorium peroxide nitrate and 
containing 3.0 to 3.8 peroxide oxygen atoms for each thorium atom. 
The sulfate content of this latter phase varied continuously between 
the limits SO4 "/Th(IV) = 0.34 to 0.01 with nitrate ion present when 
the sulfate content was very low. This continuous variation in com
position is in agreement with the previously proposed structure of 
this phase. 

In a previous study of the peroxides of thorium* it was found that 
the insoluble peroxide formed in IN H2SO4 corresponded closely to 
the empirical formula Th(00)S04.3H20. Work done by Koshland, Dam, 
Kroner, Moore, and Spector,* using O.IN H2SO4, showed the formation 
of a compound which contained 3 peroxide oxygen atoms for each tho
rium atom. A compound similar to that prepared by Koshland and 
coworkers has been reported in the literature.*"* 
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The available data indicated therefore that the concentration of 
sulfuric acid determines which of the two types of compound is to be 
formed. In high concentrations of sulfuric acid, Th(00)S04.3H20 is 
formed, whereas at lower concentrations a quite different compound 
is formed containing considerably more peroxide oxygen. These 
data, however, did not show the effect of variation in the relative 
proportions of sulfate and hydrogen ions, so a ser ies of experiments 
was performed in which the sulfate and hydrogen ion contents were 
varied individually and over wide limits. 

In these experiments an acid solution of thorium nitrate containing 
a known added quantity of sulfate was treated with hydrogen peroxide, 
and the mixture was st irred overnight. The precipitated peroxide was 
then washed with water and divided into two portions. One portion was 
dried in a vacuum desiccator for approximately 2 days and analyzed 
completely by microcombustion methods, whereas the second portion 
was analyzed for peroxide oxygen and thorium immediately after 
washing and without any drying treatment. The methods of analyses 
used are described in a previous paper. ' 

In most cases hydrogen ion in the precipitation solution was sup
plied by sulfuric acid, but, where the sulfate content used did not per
mit the addition of this amount of sulfuric acid, the deficit was made 
up with nitric acid. In order to vary the sulfate content, ammonium 
sulfate was added. The experimental results are summarized in 
Table 1. They are presented in two ser ies : Series A, in which the 
stoichiometric amount of sulfate in the solution is kept constant 
while the amount of hydrogen ion is varied, and Series B, in which the 
sulfate content is changed with no variation in the hydrogen ion con
tent (there was, however, a change in the hydrogen ion concentration 
since H+ + SO4" = HSOJ). 

In Series A we seem to have a transition from one of the two types 
of peroxide to the other. The peroxide formed from the solution with 
the highest concentration of hydrogen ion (sample 155, formed from 
2.ON H+) was quite different in appearance from the other two samples 
formed at lower acidities. It was flocculent rather than gelatinous and 
was far more dense. It had the general appearance of Th(OO)S0!4.3H2O 
while the peroxides formed at lower acidities resembled thorium 
peroxide nitrate. From Table 1 it will be seen that the composition of 
sample 155 is nearly that of samples of Th(00)S04.3H20 previously 
prepared and analyzed. If a correction is applied for the loss of per 
oxide oxygen on drying, the composition may be represented by the 
formula Th(0-)i ,9(804 ")o.8e(0"")o.i5.3.05H20, which is to be compared 
with Th(0-)i.gg(S04--)o.94(0--)o.o7.3.44H20 (reference 1). The sample 
obtained in the experiment reported here was formed with only an 
equivalent quantity of sulfate present in the solution, whereas all other 
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samples of Th(00)S04.3H20 were precipitated in the presence of a 
large excess of sulfuric acid. This difference is probably responsible 
for the comparatively low sulfate content in this case. The loss of 
peroxide oxygen by sample 155, upon drying, is in sharp contrast to 
the stability exhibited by all samples of Th(00)S04.3H20 prepared 
previously and perhaps indicates an important difference. 

W. H. Zachariasen subjected the dried peroxides to x-ray analysis' 
and found only two phases represented. In sample 155, he found only 
phase I, i.e., the phase corresponding to Th(00)S04.3H20, whereas in all 
the other samples only phase H, corresponding to thorium peroxide 
nitrate, was detected. Thus sample 155 is in fact isomorphous with 
Th(00)S04.3H20, whereas the rest of the peroxides are isomorphous with 
thorium peroxide nitrate. Any other phases which may be present in 
the dry material are evidently insufficiently crystalline or present in 
too small an amount to be detected by x-rays . 

For phase 11 the variations in hydrogen and sulfate ion concentrations 
have little, if any, effect on the peroxide oxygen content of the precipi
tates. With few exceptions the undried material contains approximately 
3 peroxide oxygen atoms for each thorium atom. The exceptions occur 
at very low sulfate contents (omitting sample 151, which was digested 
at 85°C). These cases are not surprising, however, since earlier work* 
has shown that thorium peroxide precipitated from nitric acid contains 
up to 3.5 peroxide oxygen atoms per thorium atom and in these cases 
nitrate is present in great excess over sulfate. 

These observations are in agreement with the structure that has 
been proposed for phase II in a previous report.* On the basis of x-ray 
powder diffraction patterns, Zachariasen has suggested that in this 
phase the thorium atoms are arranged with hexagonal symmetry in two 
dimensional sheets. From this and other evidence, it has been postu
lated that these sheets consisted of only thorium and peroxide atoms 
in such a ratio that the layers had a net positive charge and were 
therefore neutralized by various anions such as nitrate, sulfate, hy
droxide, etc. In no case, including the work reported here, has the 
peroxide content of an undried precipitate with phase H structure been 
less than 3 peroxide oxygen atoms for each thorium atom, and so it has 
been concluded that this is probably the ratio in the sheets of thorium 
and peroxide. The presence of more peroxide in certain cases is 
interpreted as being due to OOH (or 00—) between the layers of 
thorium and peroxide oxygen atoms. 

Sample 125 in Table 1 duplicates an experiment reported by Kosh
land and coworkers^ in which thorium peroxide formed from solutions 
containing a deficiency of hydrogen peroxide was found to contain 3 
peroxide oxygen atoms per thorium atom. Under such precipitation 
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conditions it might be expected that only the layers of thorium atoms 
would contain peroxide oxygen since there was not enough peroxide 
to go around. This would support the suggestion that the layers con
tained 3 peroxide oxygen atoms for each thorium atom. 

The composition of the dry solids in Series B is of interest because 
of the trend that is observed in sulfate content. As the sulfate content 
of the solution increases continuously, the sulfate content of the solid 
likewise changes continuously, first increasing, then decreasii^, and 
finally increasing. The fact that the sulfate content changes continu
ously although only one phase was found to be present is in agreement 
with the structure for phase II which was discussed above. As would 
be concluded from that structure, sulfate, nitrate, hydroxide, perhy-
droxide, and other anions seem to be loosely bound in the compound, 
and it i s apparently relatively easy to replace one type of anion with 
another. The relative proportions of the various anions can vary 
continuously, and the amount of any one ion in the compound can 
therefore vary continuously between limits set by the total amount of 
"loosely bound" anion. 

The peroxide content of a dried solid indicates only the stability of 
the solid under the drying conditions that were used. From Table 1 
it will be observed that the stability in Series B is inversely propor
tional to the sulfate content—the more sulfate, the less peroxide. This 
is in contrast to Th(00)S04.3H20, which is very stable but has a 
higher sulfate content. 

Inspection of Series B in Table 1 will show that the highest sulfate 
content was 0.34 S04"/Th^* and that hydroxide ion is therefore present 
in all the samples. The variation in the sulfate contents observed in 
Series B can be regarded as a variation in the ratio of sulfate to hy
droxide ions in the compound. In the first few samples (130, 128, 127, 
and 124), however, perhydroxide and nitrate ions are also taken up 
because only a very small amount of suKate was available in the 
solution. 

The exchange of sulfate and hydroxide ions can be represented by 
the equation (Thp^roxide soiid)-S04 + 2 0 H - = (Thpe^oxide soiid)-20H + SO4--, 
and accordingly the sulfate content of the solids in Series B, Table 1, 
should be determined by the ratio (SO4 ")/(OH")^ in the precipitation 
solution. By using the ion product for H2O and the constant for the 
sulfate-bisuUate equilibrium, this is shown to be proportional to the 
product (H''")(HS04"). The peroxide concentration was kept constant 
throughout these experiments, and perhydroxide displaces sulfate by 
the same equation; therefore product (H+)(HSOJ) was calculated for 
all cases both before and after precipitation of thorium peroxide. 
These two cases differ because hydrogen ion is released and sulfate 
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is absorbed when the compound is formed. A value of 0.012 was used 
for the bisulfate constant, and no effort was made to correct for the 
hydrolysis of thorium. It was assumed, in order to calculate the con
ditions after precipitation, that thorium peroxide was completely 
precipitated. In view of the high peroxide concentration this is prob
ably not greatly in e r ro r . The results of these calculations, together 
with the sulfate-to-thorium ratio of the dried solids, are given in 
Table 2. 

The first point to be noted is that before precipitation the product 
(H''')(HSOi') for sample 155 is the largest of any on the table and that 
likewise the solid contains considerably more sulfate than any other 
precipitate. After precipitation this is not the case, since the value of 
the product (H''")(HS04") is lower than, for example, the values which 
apply to sample 156 both before and after precipitation. Nevertheless, 
sample 156 contains considerably less sulfate than sample 155. The 
possibility exists that most of the thorium precipitated as phase I 
[Th(00)S04.3H20 type structure] until the product (H+)(HS04-) dropped 
to a certain critical value lying between 9.6 x 10"^ and 1.5 x 10"^, 
after which phase U (peroxide nitrate type structure) separated. It 
would be expected that the admixture of phase II would explain the low 
sulfate content [SO4-/Th(IV) = 0.86 instead of 0.94].* However, if the 
material consisted of 13 per cent Th(0")3(S04 ")O.3(OH-)Q^ and 87 per 
cent Th(0")i.9g(S04 ")i,.94(OH")o.i3. it would contain on the average 0.86 
sulfate ion per thorium atom, but it would contain 2.12 peroxide oxygen 
atoms per thorium atom, which is 6 per cent higher than what was 
actually found. It seems possible therefore that the precipitation of 
thorium stopped when the critical value of the product was reached, 
leaving a certain amount of thorium unprecipitated. The high concen
tration of hydrogen peroxide present would make incomplete precipi
tation unlikely except that the acidity of the solution was higher than 
in any other experiment in Table 1. 

With the exception of samples 150, 153, and 154, the trend of sulfate 
content of the other solids is consistent with the product (H''")(HS04) 
calculated for the composition before precipitation but not the values 
calculated for the solutions after precipitation. Thus the product 
(H"'")(HSOj) before precipitation r i ses to a maximum at sample 129, 
which also represents a maximum in the sulfate content of the solids. 
Both the product (H+)(HS04) and the sulfate content of the solids fall 
off together until sample 149, after which the relation fails since the 
sulfate content of the solid r i ses while the product continues to de
crease. The product (H+)(HSO-) for the solution after precipitation 
reaches a maximum at a later point and so does not fit the facts 
accurately. With regard to the last region which does not agree with 
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the thermodynamic predictions, data reported by Britton'' are appli
cable. He reports potentiometric titrations of thorium with hydroxide 
which show the first visible precipitation of thorium hydroxide to occur 
at 0.007M H*. Table 2 will show that the pH is high enough in the case 
of samples 154, 153, and 150 that there may have been some colloidal 
hydroxide in the solution before precipitation. He concludes moreover 
from the shape of the titration curve that the first hydroxide precipi
tate from thorium sulfate solutions contains greater than 0.3 sulfates 
per thorium. It seems possible therefore that there was some en-
trainment of sulfate by this mechanism and that there is sulfate p res 
ent in the solid peroxides although at equilibrium there ought to be 
little or none. It has been found in unpublished work that, even after 
119 days of dialysis with water, 30 per cent of the sulfate initially 
present remains in this type of thorium peroxide sulfate, so it is quite 
unlikely that stirring overnight was sufficient to bring the solid into 
equilibrium with the solution. The fact that no nitrogen was found in 
these samples shows that there was no adsorption of the cation NH+. 

Attention should be called to sample 151 in Table 1. This sample 
differs from the other samples in that it was digested at 85°C for 4 hr. 
As a result it contains more peroxide oxygen than other samples p r e 
pared under somewhat comparable conditions. This behavior is in 
agreement with that reported for plutonium peroxide sulfates precipi
tated from heated nitrate solutions.^ 
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Table 1 —Analyses of Thorium Peroxide Sulfates' 

Sample 

129 
156 
155 

130 
128 
127 
126 
124 

125: 

129 
143 
144 
145 

149 
150 
151 
153 
154 

Initial 
[Th*«], 
moles/ 

liter 

0.056 
0.055 
0.049 

0.057 
0.057 
0.057 
0.057 
0.057 

0.084 
(defi
cient In 

H,0,) 
0.056 
0.056 
0.055 
0.054 

0.051 
0.052 
0.051 
0.049 
0.044 

Initial 
[H,0,], 
moles/ 

Uter 

3.27 
3.2 
2.9 

3.3 
3.29 
3.29 
3.29 
3.29 

0.097 

3.27-
3.2 
3.2 
3.2 

3.1 
3.1 
3.0 
2.8 
2.6 

Initial 
J[H*], 
moles/ 
litert 

0.114 
0.51 
2.02 

0.070 
0.067 
0.067 
0.079 
0.079 

0.116 

0.114 
0,066 
0,066 
0.066 

0.062 
0.064 
0.064 
0.064 
0.064 

Initial 
z[so;-]/ 

[Th**]t 

1.0 
1.0 
1.0 

0.005 
0.053 
0.3 
0.7 
0.7 

0.7 

1.0 
1.5 
2.0 
3.0 

4.9 
9.1 

19.9 
41.1 
67.0 

ThO„ 

% 

73.02 
74.37 
65.34 

72.36 
73.19 
74.07 
76.51 
76.82 

74.02 

73.02 
74.49 
76,44 
76,98 

79.58 
76.77 

75.86 
74.99 

H, 

% 

1.34 
1.34 
1.51 

1.28 
1.36 
1.36 
1.21 
1.36 

1.23 

1.34 
1.39 
1.29 
1.34 

1.39 
1.36 

1.42 
1.36 

Dry analyst 

Peroxide 
oxygen. 

% 

8.42 
12.70 
6.92 

14.88 
14.48 
14.20 
9.78 
9.78 

9.04 

8.42 
8.68 
8.74 
9.40 

12.22 
12.92 

12.08 
12.56 

s 

NO„ 

% 
Series At 

0.0 
0.0 
0.0 

Series Bt 

7.75 
5.71 
0.0 
0.0 
0.97 

0.44 

0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

so,. 
* 

8.93 
9.21 

20.49 

0.27 
0.48 
5.27 
5.33 
4.58 

9.14 

8.93 
7.76 
6.23 
4.80 

2.25 
3.45 
5.07 
6.27 
7.86 

Wet 
analysis 

Peroxide 
oxygen 

Th 

3.05 
3.10 
1.99 

3.40 
3.78 
3.49 
3.08 
3.08 

3.08 

3.OS 
3.04 
2.96 
3.08 

3.02 
3.17 
3.61 
3 05 
3.12 

Formula calculated lor dry compound 

Th(0-). „(N0,-)„ «,(S0,-)„ „ ( 0 -
Th(0-), ..(NO,-), „„(S0,-)„ « ( 0 -
Th(o-), „(tK>;\, «,(S0,--)„ „ ( 0 -

Th(o-),„(N03-)„„(so;-)b„.(o-
Th(0-), .,(NO,-)„ „(SOr\, 0 , (0-
Th(0-), „(NO,-)„ «(SO.-)„ „ ( 0 -
Th(o-). „(No;)„.„(so;-)„ „ ( o -
Th(0-), ,„(N0,-)„ «(S0,-)„ „ ( 0 -

Th(o-). „.(No;)„ o,(sor\, M ( O -

Th(o-), „(No,-)„.„oo;-)„ . , ( 0 -
Th(0-), „(NO,-)„.«(SO.-)„ „ ( 0 -
Th(0-).,.(NO,-)„«,(SO:-)„M(0-
Th(o-), „.(No;)„ oo(so;-)„ 1,(0-

Th(o-). „(No,-)„ „(so;-)i, 0 , (0-
Th(0-). „(No;)„ oo(SO.-)b i , ( o -
Th(o-). „(N0,-)„ oo(ao;-)b , . ( 0 -
Th(o-). „(NO,-)„ „(so;-)„ „ ( o -
Th(0-)..,.(NO,-)„ ^(SOrX 2.(0--

•)„ ,,.2 43H.O 
-)„ .,.2.38H.O 
-)„ „.3.05H.O 

•)„ „.2.34H.O 
-)„..„.2.46H,0 
•)„ „.2.41H.O 
•)„ ,..2.09H.O 
-)„ „.2.34H.O 

•)„ ...2.20H.O 

-)„ „.2.43H.O 
•)„ „,2.47H,0 
•)„ „.2.22H.O 
•)„ „.2.30H.O 

)„ „.2.31H.O 
)„ „.2.34H.O 
-)„ „.2.26H.O 
•)„ „.2.48H.O 
•)„ „.2.40H.O 

Phase from 
x-ray analysis 

n 
n 
I 

n 
n 

11 
n 
II 
n 
n 

•Thorium nitrate was used as a source of thorium, 
tThe summation symbols are used to indicate stoichiometric concentration, not the true concentration of the ionic species indicated 
IPreclpitation conditions for all samples except sample 151, Series B, consisted in stirring at room temperature overnight. Sample 151, Series B, was heated at SSX̂  

for 4 hr. 
SConsidered separately from the rest of the series. 
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Table 2 — H-̂ , HSO*", and SO4-" Concentrations in Solution Before and After Precipitation of 

Thorium Peroxide* 

ample 

129 
156 
155 

130 
128 
127 
126 
124 

129 
143 
144 
145 
149 

150 
153 
154 

[H*] 

0.068 
0.456 
1.97 

0.070 
0.064 
0.053 
0.046 
0.046 

0.068 
0.017 
0.0119 
0.0069 
0.0037 

0.0018 
0.00039 
0.00027 

Before precipitation 

[SO,-] 

0.0085 
0.0014 
0.00030 

0.00004 
0.00048 
0.0032 
0.0083 
0.0083 

0.0085 
0.035 
0.056 
0.103 
0.192 

0.411 
1.97 
2.88 

[HSO,-] 

0.048 
0.054 
0.049 

0.00024 
0.0025 
0.0139 
0.0316 
0.0316 

0.048 
0.049 
0.054 
0.059 
0.058 

0.062 
0.064 
0.064 

[H-̂ ][HSQ.-] [H+] 

Series A 

3.3 X 10-' 
2.4 X 10-' 
9.6 X 10-' 

0.223 
0.637 
2.13 

Series B 

1.7 X lO"' 
1.6 X 10"* 
7.4 X 10-* 
1 . 5 x 1 0 - ' 
1.5 X 10- ' 

3 . 3 x 1 0 " ' 
8.3 X 10-•* 
6.4 X 10"* 
4.1 X 10-* 
2.2 X 10-* 

1.1 X 10-* 
2.5 X 10-» 
1.8 X 10-» 

0.264 
0.280 
0.260 
0.228 
0.226 

0.223 
0.158 
0.128 
0.089 
0.033 

0.010 
0.001 
0.0008 

After precipitation t 

Isor] 

0.002 
0.001 
0.000 

0.00008 
0.00025 
0.002 
0.002 

0.002 
0.006 
0.009 
0.019 
0.067 

0.254 
1.82 
2.75 

IHSO4-] 

0.044 
0.035 
0.007 

0.0055 
0.028 
0.029 

0.044 
0.078 
0.101 
0.143 
0.183 

0.219 
0.212 
0.201 

[H-^][HSO4-] 

9.8 X 10-' 
2.3 X 10-' 
1.5 X 10"' 

5.3 X 10-* 
1.4 X 10-' 
6.4 X 10"' 
6.6 X 10"' 

9.8 X 10-' 
1.2 X 10-' 
1.3 X 10-' 
1.3 X 10-' 
6.0 X 10-' 

2.2 X 10-' 
2.1 X 10"* 
1.6 X 10'* 

S04-7Th 
in dried 
peroxide 

0.34 
0.34 
0.86 

0.01 
0.02 
0.20 
0.19 
0.16 

0.34 
0.29 
0.23 
0.17 
0.08 

0.12 
0.23 
0.29 

*A11 concentrations In moles per liter. 
tComplete precipitation of the solid was assumed. 
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Paper 7.4 

NOTE ON ELECTROLYSIS OF THORIUM CHLORIDE 
FROM FUSED SALTS 

By E. D. Eastman, A. E. Stickland, and B. J. Fontana 

[Editor's Note: This paper was a contribution of the University of 
California, Berkeley, and is based on Reports CC-1740 and CC-3635.] 

A tungsten rod served as cathode. This was dipped into a porous 
alundum cup containing a potassium chloride-sodium chloride equi-
molar mixture to which was added approximately 10 mole % thorium 
chloride (see Report CC-1222 by A. E. Stickland, Berkeley, Dec. 31, 
1943, for method of purification of thorium chloride). An impure tho
rium strip served as the anode. It was immersed in a potassium 
chloride-sodium chloride equimolar mixture outside the porous 
alundum cup. The outer container was a quartz tube 1 in. in diameter. 

The electrolysis was carried out at 665°C in a helium atmosphere. 
A current of 0.4 amp was passed for 40 min at about 1.7 volts. The 
voltage remained essentially constant throughout the electrolysis. 
The cathode deposit was a mass of small crystals having a metallic 
luster. The deposit was freed from the fused salt by washing with 
water and was dried in vacuo. The weight of the cathode deposit was 
approximately 0.2 g, and analysis revealed the following composition: 
87 per cent Th (as free metal), 13 per cent ThOj. The oxide may have 
resulted from the water washing. The current efficiency was approxi
mately 33 per cent. 
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Paper 7.5 

NOTE ON METHODS OF PURIFICATION AND ANALYSIS 
OF ANHYDROUS THORIUM CHLORIDE 

By E. D. Eastman and A. E. Stickland 

[Editor's Note: This paper was a contribution of the University of 
California, Berkeley, and is based on Reports CC-1222 and CC-3636. 
Prepared for publication by C. D. Thurmond, following demise of the 
senior author.] 

Water, ammonium chloride, and hydrochloric acid are removed 
from impure thorium tetrachloride when vacuum heated to 200°C. On 
being transferred to a quartz container and reheated in a vacuum to 
temperatures up to 1000°C, the thorium chloride sublimes to the cool
er portions of the container, leaving a residue which generally con
sists of thorium oxide. Some oxychloride may remain. 

A rapid determination of oxide and oxychloride impurities in tho
rium tetrachloride may be made by extracting the tetrahalide with 
absolute ethyl alcohol. Attempts to isolate the pure tetrachloride 
from the alcohol failed since the compound ThCl4.4C2H50H was 
formed and charred a great deal when heated slowly up to 250°C 
under a partial vacuum. 
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Paper 7.6 

A PHYSICAL STUDY OF THE THORIUM-HYDROGEN SYSTEM 

By R. W. Nottorf, A, S. Wilson, R. E. Rimdle, A, S. Newton, 
and J. E. Powell 

[Editor's Note: This paper was a contribution of Iowa State College 
and is based on Report CC-2722.] 

ABSTRACT 

The thorium-hydrogen system has been studied by vapor pressure 
and x-ray methods. Both reveal two hydrides of thorium, one of com
position ThHj and one of ThH^j^ort- (The latter appears identical 
with the reported ThHg.) 

The dissociation pressure of the two hydrides has been deter
mined as a function of temperature and composition, and AH (forma
tion) has been found for the hydrides. 

The lower hydride (ThHj) is isomorphous or pseudoisomorphous 
with ThCg, ZrH2, and ZrCg, with a pseudotetragonal body-centered 
unit containing two metal atoms. The higher hydride is cubic. The 
structure has been reported previously. 

1. INTRODUCTION 

The reaction of thorium metal with hydrogen to form thorium hy
dride was first reported in 1891 by Winkler,' who claimed to have 
produced ThHj from thorium metal containing ThOg and some mag
nesium. Matignon and Delepine^ claimed the production of ThH4 and 
ThHj.g from metal containing 26 per cent ThOg, while Sieverts and 
Roell^ and Katz and Davidson* were unable to get hydrogen contents 
of more than approximately ThHg i based on the weight of free thori
um in the sample as determined by chemical analysis. The latter 
workers^'* made extensive dissociat ion-pressure-composit ion-tem-
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perature studies on the thorium-hydrogen system and plotted hydrogen 
content of the solid as a function of temperature at constant hydrogen 
pressure. They found a rapidly decreasing hydrogen content with in
creasing temperature in the 100 to 200°C range, then a slower de
crease, and a sharp drop in the hydrogen content between 800 and 
1000°C, They also plotted isotherms (dissociation pressure plotted 
as a function of hydrogen content of the solid at constant temperature) 
and obtained widely varying results, depending on whether hydrogen 
was added to, or removed from, the solid. These workers favored the 
concept that the thorium-hydrogen system was of the solid-solution 
type and similar to the palladium-hydrogen system. 

The first positive evidence that the association of hydrogen with 
thorium metal involves compound formation rather than the formation 
of a solid solution was presented by Zachariasen.^ A sample of com
position ThHg proved to have a unique cubic structure not related to 
that of thorium metal. The structure excludes the possibility that this 
hydride is an interstitial compound or a solid solution of hydrogen in 
metal. 

2. PHYSICOCHEMICAL STUDIES OF THORIUM HYDRIDE 

2.1 Decomposition-pressure-Composition-Temperature Studies. 
Equilibrium-pressure studies of thorium hydride have been made as 
a function of temperature and composition. The equilibrium pressure 
was approached from both sides by studying the pressure developed 
(a) when thorium hydride was decomposed into a vacuum and (b) when 
hydrogen at a higher pressure was added to the system and the p re s 
sure was reduced to the equilibrium pressure by the reaction of the 
lower hydride or metal with the excess hydrogen added. 

The apparatus in which the equilibrium-pressure studies were made 
is shown diagrammatically in Fig. 1. The sample bulb was of quartz 
with a quartz-to-pyr ex seal in its neck. The bulb and its manometer 
system contained as small a volume as possible to permit a rapid 
approach to equilibrium. The actual volume was 16 to 22 ml, depend
ing on the position of the mercury in the manometer. This smaller 
system was connected to a larger glass manifold to which were at
tached a manometer, an Ace compact-type McLeod gauge, a gas-
storage bulb, a uranium hydride bulb for generating hydrogen, and a 
vacuum connection through a mercury pump to a Cenco Pressovac 
pump. The volumes of the various parts of the system were deter
mined by filling them with a dry inert gas at a known pressure and 
temperature, evacuating through the Pressovac pump, collecting the 
gas at the exit from the pump, and measuring the volume by water 
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displacement from a Mariotte bottle. The volume of water displaced 
is a measure of the volume of the system if allowance is made for 
temperature and pressure differences, hydrostatic head, and water-
vapor pressure . 

The sample of thorium hydride in the quartz bulb was heated by a 
resistance furnace, the temperature of which could be controlled to 
an accuracy of ±2°C by the temperature-control apparatus described 
in a report by Newton, Nottorf, and Powell.' 

Two techniques were used to obtain the equilibrium pressure as a 
function of composition at various temperatures. The first, yielding 
the results plotted in Fig. 2, was to assemble the apparatus with a 
known weight of clean thorium metal in the sample bulb and to convert 
the sample to its hydride of highest obtainable hydrogen content. This 
was done by filling the system with a known amount of hydrogen, cal
culated from the volume, pressure , and temperature of the system, 
and heating the sample to start the reaction. Usually reaction began 
at 300 to 350°C, but most samples were heated to 450 to 500°C and 
then allowed to cool slowly by shutting off the power to the furnace. 
The system was refilled with measured amoimts of hydrogen, if nec
essary, to maintain an excess of hydrogen pressure as the system 
cooled. The hydrogen content of the solid phase was taken as the total 
hydrogen content of the system less the unabsorbed hydrogen in the 
gas phase. At this highest hydrogen content the sample was isolated 
from the main volume of the system by closing the connecting stop
cock, and the sample was heated. The "equilibrium p r e s s u r e " at this 
composition was then measured at various temperatures, holding each 
temperature constant to±2°C. At high temperatures the dissociation 
pressure reached the maximum pressure measurable, so the com
position of the sample was changed by withdrawing an appropriate 
amount of hydrogen from the system through a Pressovac pump and 
measuring it by water displacement from a Mariotte bottle. The sys
tem was then cooled to room temperature, and a new series of read
ings was made at the new composition, again with progressively 
increasing temperatures. Thus all p ressure values in Fig. 2 were 
obtained by dissociation of preformed hydride. 

When necessary to measure low pressures , 0 to 5 mm, the McLeod 
gauge was used. In this case the gas occupied the necessarily larger 
volume, but the connecting stopcock was again closed as soon as the 
pressure could be measured on the small manometer. When the d is
sociation pressure was large, the hydrogen in the gas phase was sub
tracted from the total content of the system in order to find the com
position of the solid phase. 
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The pressure values plotted in Fig. 2 are constant values reached 
after standing at the given temperature, or they are ranges through 
which the pressure fluctuated when the temperature was held constant. 
In most cases in the ThHj-ThH^-Ha system (a; = 3.75 or 4), nearly 
constant readings were obtained after 1 to 5 hr heating at a constant 
temperature. In the Th-ThHj-Ilj system, constant pressures were 
obtained in from 5 to 10 min. 

The isotherms in Fig. 3 were obtained in a different way. In this 
case the temperature was held constant throughout the experiment. 
Powdered metal, obtained by pumping hydrogen from a thorium hydride 
sample at temperatures as high as 950°C, was used as a starting 
material. Hydrogen was admitted in appropriate amounts to establish 
the desired composition, and after each addition the system was al
lowed to stand until the pressure became static. These additions were 
continued until hydride formation was complete. Then by a similar 
process of isothermal decomposition of the hydride the composition 
was taken back to powdered metal. Of course, since the two different 
hydrides had to be studied in different temperature ranges, it was 
necessary to change the temperature when going from the Th-ThHg 
range to the ThHa-ThHj, range. 

Constant pressure values were reached at the end of 5 to 10 min 
in the Th-ThHg system at 700°C, and pressures obtained on formation 
of the lower hydride equaled those obtained by decomposition. With the 
ThHj-ThHj system at 300°C, the approach to constant pressure was 
much slower; a nearly constant reading was reached only after the 
system had stood from 30 min to 24 hr. It can be seen from Fig. 3 
that even after these times the formation pressures of the higher 
hydride were much greater than the decomposition pressures . 

2.2 Thermodynamic Propert ies of the Thorium Hydrides. The 
dissociation-pressure curves of Fig, 2 can be analyzed to give the 
heats of reaction for each of the steps in hydride formation. The 
graphs of log P vs. 1 / T are shown in Fig. 4 for the composition r a 
tios 0.5 H/Th and 1.5 H/Th; they are shown in Fig. 5 for the compo
sitions 2.4 H/Th and 3.2 H/Th. The slope, 

d l o g P 
d(l/T) 

gives A H / 2 . 3 0 3 R , where H is the heat of formation per mole of hy
drogen added and R is the molar gas constant. In this manner the 
heats of reaction were calculated for the reactions shown in Table 1. 

The dissociation pressures of the two compounds a re given by the 
following equations, calculated for the center of the flat regions of the 
isotherms: 
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Th-ThHj system 

7700 
log P (mm) = - ~ ^ + 9.54 

ThHg-ThHj system {x = 3.75 or 4) 

4990 
log P (mm) = -—• + 9.50 

It is to be noted from the calculations of AH that the differential 
heat evolved upon hydrogen absorption is greater at an H/Th ratio of 
1.5 than at 0.5 and that it is greater at an H/Th ratio of 3.2 than at 
2.4. Figures 4 and 5 illustrate this difference in AH graphically. 

2.3 Effect of Impurities on Thorium Hydride Formation. The 
maximum amount of hydrogen which a thorium sample will absorb 
varies with the sample and its method of preparation. Thorium metal 
used in this experiment was all produced by the bomb reduction of 
ThF^ by calcium, using ZnCLj as a booster.'' Some of the material was 
recast in BeO crucibles, in which case it was essentially free of Zn 
but contained combined thorium, as analyzed by hydrogen evolution 
upon solution in HCl. The combined thorium was probably oxide. To 
avoid oxide solubility in thorium, the clean metal "b iscu i t " from the 
reduction was heated in a high vacuum at a temperature less than the 
melting point of thorium to distill out the zinc and leave pure thorium 
residue. After heating to 1100°C, a spongy thorium with a fibVous 
structure remained. It contained approximately 0,03 per cent Zn. 
After heating to 1600°C, the metal was still somewhat spongy and po
rous, but its macro appearance was much more solid than fibrous. It 
still contained a small amount of zinc. 

The recast thorium formed a hydride of maximum hydrogen 
content ThHj.ig, the 1100°C biscuit formed ThHj.ja, and the 1600°C 
biscuit formed ThHj.ga, ^^^ based on total weight of metal sample 
taken. The continued increase in amount of hydrogen reacting leaves 
little room for doubt that the higher hydride, with completely pure 
metal, has a formula ThHj^j or ThH4 (see Sec. 3.4). In a partially 
completed pressure isotherm from a cast thorium sample, the p re s 
sure values were much less sharp, and the " f la t" portions of the 
curves were narrower, more sloping, and, in general, much more poor
ly defined. It is probable that the previous investigators have worked 
with thorium of this type and so did not detect the more subtle char
acteristics of the purer thorium-hydrogen system. 

In this laboratory it was foimd that thorium samples could be con
verted to hydride, completely decomposed under a vacuum at 900°C, 
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and converted completely to hydride again. This is contrary to p r e 
vious reports^'* which indicate that heating to a high temperature les 
sens the amount of hydrogen a sample can absorb. Explanation for the 
other behavior could lie in the impurity of their samples or the pos
sibility that previous investigations had decomposed their samples 
only to ThHa. The total amount of hydrogen which a given sample will 
absorb when cooled slowly to room temperature in hydrogen does not 
depend on previous heating to high temperatures, except when the 
temperatures are high enough to cause reaction of the metal with the 
walls of the vessel. Powdered thorium reacts immediately with Hj at 
room temperature, becoming red hot. At room temperature ThHa 
reacts very slowly with Hj, but the rate gradually increases, and after 
a few minutes the sample begins to get warm, which increases the 
rate rapidly. 

3. X-RAY STUDIES OF THORIUM HYDRIDE 

3.1 Preparation of Samples for X-ray Study. For x-ray investi
gation of the Th-H system a series of powder samples of known Th-H 
compositions was required. Each sample was sealed in a small glass 
or quartz capillary without having ever come into contact with air. 
The purest thorium hydride is nearly as pyrophoric as UH3, and con
tact with air places an uncertainty on the composition of the sample 
even if the sample does not burn outright. 

The apparatus in which the samples were prepared is shown dia
grammatically in Fig. 6. It was of pyrex glass and consisted essenti
ally of a special reaction bulb attached through a stopcock and ground-
glass joint to a vacuum system. The system included a manometer, 
a connection to a hydrogen supply, and a connection to a mercury 
pump backed by a Pressovac pump. To the reaction bulb, which was 
of about 15 ml volume, were attached from 5 to 7 capillary " t e a t s . " 
These were made from 4-mm pyrex tubing by blowing a small, thin-
walled bulb in one end and pulling the thin-walled section into a capil
lary by the use of a small pyrex cane and a medium soft flame. The 
capillaries were selected to a diameter of 0.2 to 0.3 mm and sealed 
off at 3 to 4 in. The 4-mm base tubing, cut V2 to % in. long, was 
then sealed to the reaction bulb. A pyrex-wool plug kept the thorium 
metal and hydride from being shaken or blown from the bulb into the 
vacuum system. A resistance furnace, whose temperature was con
trolled by a Variac and measured by a thermocouple, surrounded the 
bulb and capillary system. 

To prepare a ser ies of x-ray samples, a known amount of thorium 
metal (approximately 7 g) was placed in the bulb, to which leak-free 
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capillaries had already been sealed. The glass-wool plug was put in 
place and anchored by indentations in the glass, and the bulb was 
sealed to the connecting stopcock. The volumes of the entire system 
and its parts were determined by filling to a known pressure with an 
inert, dry gas and evacuating, the gas being collected as previously 
described. 

The metal was then heated to 400 to 450°C under a vacuum and shut 
off from the vacuum system by closing the connecting stopcock. The 
rest of the system was filled with hydrogen at measured pressure and 
temperature and in known volume, and this measured hydrogen was 
allowed to react with the sample. The initial reaction heated the sample 
to bright red heat, and the incoming hydrogen had to be controlled by 
the adjustment of the stopcock to keep the pyrex bulb from getting too 
hot. When the initial violence of the reaction was past, the furnace 
was turned off, and the sample was slowly cooled while more measured 
hydrogen was added to the system to keep sufficient pressure to com
plete the reaction. When the sample had cooled to room temperature, 
the excess hydrogen in the system was measured and evacuated. 

Thorium metal prepared by different methods breaks up with dif
ferent characteristics when it is converted to hydride. Cast thorium 
seems to exfoliate much like uranium, except that it throws off fine 
particles to a distance of several inches. The pure spongy thorium 
often did not break up by itself but could be partly broken up by shak
ing the sample vigorously. X-ray samples were taken by closing the 
stopcock to the bulb, removing it from the vacuum system, and shak
ing fine powdered hydride into the capillaries until the tip of one held 
a sample to a depth of 5 mm or so. The rest of the hydride was 
shaken back into the bulb, and the sample capillary was sealed off 
close to the bulb on the 4-mm base of the capillary. A fairly small 
soft flame was used to prevent the vacuum from sucking a hole in the 
seal. The sample was again shaken to the very tip of its capillary, 
which was sealed off at the desired length by the use of a micro flame. 

Successive samples were prepared by shaking the hydride back from 
the other capillaries into the main bulb, reconnecting the bulb to the 
vacuum system, heating the furnace to the proper temperature, and 
removing the desired amount of hydrogen. The hydrogen removed was 
measured by water displacement from a Mariotte bottle as previously 
described. 

Decomposition of ThHj requires a high vacuum at the highest tem
perature pyrex will stand (about 575°C), and the hydrogen removal in 
this region must be done with a great deal of care to avoid collapsing 
the sample bulb and attached capillaries. 
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3.2 X-ray Studies of the Thorium-Hydrogen System. Samples 
prepared as described above were examined by x-ray diffraction. The 
phases found at various hydrogen compositions are recorded in Table 
2, along with the relative intensity of the maxima of the phases. The 
latter a re roughly a measure of the relative proportions of the ob
served phases. 

The x-ray evidence indicates that the composition of phase A lies 
between ThHj ĝ and ThHj.n, whereas the composition of phase B must 
be greater than ThHg. Phase A, the lower hydride, is isomorphous 
with ThCg (see below), and hence there is good reason to believe that 
the composition is ThHg on x-ray grounds alone. The chemical work 
presented above also supports this composition, so that there is little 
doubt that the ideal composition of the lower hydride is ThH^. 

Phase B is identical with Zachariasen's hydride. Neither x-ray 
data nor chemical data, however, give an unequivocal answer to the 
question of the composition of the higher hydride, though it is greater 
than ThHg, as previously reported,^ and may be either ThHj 75 or ThH4. 
This question is discussed in more detail below. It is concluded 
that the composition ThH3 ĵ is possibly the more likely. 

X-ray diagrams of both lower and higher hydrides are too diffuse 
for precision determinations of the lattice constants, so x-ray data on 
the solid solubility of the hydrides with each other or with thorium are 
meager. Variability of the spacing of the higher hydride is great 
enough to suggest solid solubility or solubility of hydrogen iii the higher 
hydride, but poor correlation of the hydride spacii^ with hydrogen 
composition may mean that impurities in the metal and hydride are 
responsible for the variability of the hydride spacing (Table 3). 

3.3 The Structure of ThHg. Reflections at low scattering angles 
of ThHg may be indexed on the basis of a body-centered tetragonal 
unit (Table 4), a = 4.09 ± 0.03 A, C = 5.02 ± 0.03 A, Z = 2, 0= 8.36. 
Maxima at higher angles cannot be measured with accuracy, but the 
measurements are sufficiently accurate to indicate that the above 
unit is a pseudo unit. 

The pseudo unit and structure of ThHg are quite like the ThCj unit 
and structure reported in the literature.* Recently this laboratory 
reinvestigated the structure of ThCg, and it appears that the reported 
structure of ThCg is a pseudo structure. It is believed that ThHg and 
ThCj are isomorphous, and, since better x-ray data can be obtained 
from ThCg, the structure will be reported when the investigation of 
ThCj is complete. 

For the present it appears that the pseudo structure reported above 
is a very close approximation. (It may be that ThCg and ThHj are 
orthorhombic with a«b . ) The pseudo structure is represented in Fig. 
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7. There are 14 thorium neighbors about each thorium atom, 8 at 
3.83 A, 2 at 4.09 A, 4 at 5.02 A. (The packing would be cubic closest-
packed if a = c.) 

The hydrogen positions are a matter of speculation as far as the 
x-ray data a re concerned. The ThC2 structure has, however, been 
interpreted in terms of Cj radicals arranged normal to the c axis of 
the unit, as shown in Fig. 7. This accounts in a satisfactory way for 
the fact that the c axis is approximately equal to the cubic edge of 
thorium metal, whereas the other two dimensions have been expanded. 
A similar structure may be presumed for the hydride. In terms of a 
face-centered unit the metal has a = b = c = 5.07 A, whereas the hydride 
has a = b = 5.78 A, c = 5.02 A. 

Zirconium hydride (ZrHj) and ZrCj are reported to have structures 
isomorphous with that of ThCg.* 

Ignoring Lorentz polarization, adsorption, and other factors which 
change continuously and fairly slowly with angle, the intensity of the 
maxima from ThHj should be proportional to the multiplicity factor. 
In Table 4, multiplicity factors are given for the observed maxima 
assuming a tetragonal unit. In general, the observed intensities of 
neighboring maxima are proportional to the multiplicity factor, but 
there are some exceptions. This is not surprising since the given 
structure is a pseudo structure. 

Some reflections beyond those listed in Table 4 have been measured. 
The measurements at higher angles are not reliable and are not listed. 
The pseudo unit becomes increasingly imsatisfactory in accounting for 
both the number and positions of maxima observed at greater angles. 

X-ray spacings for ThHg are so unreliable that nothing certain can 
be said about the solubility of thorium or higher hydride in ThHj on 
the basis of x-ray data alone. Vapor-pressure data on this point a re 
discussed in Sec. 4. 

3.4 The Higher Thorium Hydride. Zachariasen has presented a 
detailed account of the x-ray data and the structure of the higher 
hydride. In brief his results a re as shown in Table 4. 

The hydride is body-centered cubic, a,, = 9.09 ± 0.02 A. There are 
16 Th atoms per unit, so that p = 8.25, assuming 3 hydrogen atoms 
per thorium atom. The thorium positions are 

(0 0 0) (1 1 1) + ( x x x ) , (x + i , x + i , x + i ) , 

(X + 7 , I - X, T - X), (X + i , 2 - X, X) 

With X = 0.215 ± 0.010. 
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In Table 2 evidence is presented that the composition of the higher 
hydride is greater than ThHj. In Sec. 2 chemical evidence indicates 
that the hydrogen-thorium ratio is greater than 3.5. Since the ideal 
composition is complicated by the impurity of the thorium metal, par 
ticularly with respect to oxide, it is difficult to determine the ideal 
composition chemically. It is interesting in this regard to examine 
the x-ray evidence. 

The positions which Zachariasen has found for the Th atoms are 16 
equivalent positions limited to the space group T'd-143d. The positions 
available to hydrogen therefore almost certainly conform to this space 
group. By suitable choice of combinations of the 12-, 16-, 24-, and 48-
fold positions of T^d, hydrogen sites can be chosen for 48, 52, 56, 60, 
64 and higher numbers of hydrogen atoms. These correspond to ThHg, 
ThHjas, Thg 5, Thj 75, and ThH4. Ratios between these values cannot 
correspond to the ideal composition of the hydride. Since compositions 
well over ThHg 5 have been achieved, it appears that the ideal com
position is either ThHj ^ or ThH4, requiring sites for 60 or 64 hydro
gen atoms. These cannot be distinguished on the basis of x-ray data, 
but if the maximum observed composition is lower than the theoreti
cal composition because of impurities in the metal, the ideal compo
sition ThHj „ (60 H atoms per imit) seems the more likely. The high
est composition of thorium hydride thus far prepared is ThHg gj- The 
largest impurity in the thorium used is oxide, estimated to be 2 per 
cent or so. All impurities are certainly too small to be responsible 
for cutting the H-Th ratio from 4 to 3.62, though they are of a magni
tude to cut the ratio from 3.75 to 3.62. 

It has previously been reported that the higher hydride has a var i 
able x-ray spacing.*" Recently an examination of the spacing as a func
tion of hydrogen content was made, and a summary is presented in 
Table 3. It is unfortunate that the x-ray maxima are too diffuse to 
permit a more exact determination of the lattice constant. However, 
no direct relation between composition and lattice constant can be 
established, and it seems likely that the impurities in the metal and 
hydride are responsible for the variations observed. It is possible 
that oxygen (or oxide) influences the spacing, since some correlation 
has been noted between the oxygen content of the thorium and the 
spacing of the hydride prepared from it. 

4. DISCUSSION 

4.1 The Nature of ThH^. The structure of ThHa has been shown to 
be very similar to, if not isomorphous with, the structure of ThCj and 
ZrCj. The latter compounds are generally classed as interstitial 
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compounds or interstitial solid solutions. They are derived from a 
cubic closest-packed metal structure by introducing Cg radicals into 
the octahedral interstices. In the ThC^ structure the Cj radicals are 
all parallel to a single cubic face, and alternate Cj radicals are at 
right angles to each other and at 45-deg angles with two of the cube 
axes (Fig. 7). This increases these two axes, so that the resultant 
structure is tetrahedral. 

At the composition ThCj all the octahedral interstices are occupied 
by Cj groups. Similarly at ThHj all the octahedral interstices should 
be filled with Hj groups, but the lower hydride phase should be stable 
over a considerable composition range of lower hydrogen content if 
ThHg is to be regarded as an interstitial solid solution. Actually the 
composition range of the lower hydride phase seems rather narrow, 
from both x-ray and vapor-pressure studies (Table 2 and Figs. 2 and 
3). 

What variation there is in the composition of the lower hydride 
phase seems to increase with temperature. Thus from Fig. 4 it ap
pears that, as the temperature is increased, the lower hydride phase 
becomes stable at lower hydrogen contents. Because of this there is 
a greater ratio of pressures at two different temperatures at the high
er hydrogen compositions, and consequently AH (formation) of ThHa 
appears to decrease (becomes more negative) with composition, as 
noted in Sec. 2.2. 

It has been assumed, because of the similarity of ThCj and ThHg, 
that Hg groups are involved in the lower hydride structure. Actually 
the evidence for Hg groups is slight, since even for the carbides hav
ing a ThCj structure the positions of the carbon atoms are mostly a 
matter of conjecture. Indeed, it is difficult to understand the nature 
of the ILj groups, if they exist. The lower hydride does not appear to 
be a solution of hydrogen molecules in thorium metal. If the Hg group 
is an ion, it should presumably possess a negative charge, yet H^~ 
is impossible, and Hj" would require a rather unstable and ra re three-
electron bond. 

4,2 The Higher Thorium Hydride. The higher thorium hydride 
has a structure unrelated to that of the metal. In this case there is 
no doubt that the hydride is a true compound. Nevertheless, it appears 
that the higher hydride may be stable over a moderate composition 
range. 

X-ray diagrams of hydrides of over-all composition above ThRj 2 
appear to be one phase (Table 2). Decomposition and formation p res 
sures of the higher hydride diverge quite widely, and both decompo
sition and formation pressures at a given temperature increase with 
hydrogen content of the higher hydride. As in the case of the lower 



361 

hydride, the composition range of stability of the higher hydride seems 
to increase with temperature, leading to an apparent increase of AH 
(formation) with composition (Table 1). 

Table 1—Heat of Formation of Thorium Hydride 

Reaction 

Th + Hj = ThHj 

ThH, + ( f - l) H, 

[x = 3.75 or 4) 

= ThH, 

Composition 
(H/Th) 

0.5 
1.5 
2.4 

3.2 

AH, 
cal/mole 

At composition stated 

- 34,720 
- 35,670 
- 19,120 

- 19,490 

Average 

- 35,200 

- 19,300 

Table 2 

Composition Phases and intensity 

ThHo 92 Th (medium) + A (medium) 
ThH, 24 Th (weak) + A (medium) 
ThHj 50 Th (weak) + A (strong) 
ThH,;„ A 
ThH,^ A 
ThH2.11 A (strong) + B (very weak) 
ThH2 4, A (medium) + B (medium) 
ThHj.s, A (medium) + B (medium) 
ThHj„ A (weak) + B (strong) 
ThHs ,2 A (weak) + B (strong) 
ThH,;„ B 
ThH,„2 B 
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Table 3 — Higher Hydride Lattice Constant vs. Composition 

Composition 

ThH,,, 
ThHj.ssg 
ThH,.„ 
(ThHj) 

ThH3.„5 
ThH,.,, 
ThH3.„ 
ThHj.so 
ThH3.53 
ThH3 „ 
T h H / 
ThHjt 

Lattice constant, A 

9.10 + 0.02 
9.12 + 0.02 

9.110 ±0.02 
9.09+0.02 

(reference 5) 
9.10 + 0.02 
9.1210.02 
9.13 + 0.02 
9.17 + 0.02 
9.10 + 0.02 
9.10 10.02 
9.14 ± 0.02 
9.15+0.02 

•Prepared at 1800 psi Hj. 
tFrom Hg amalgam. 

Table 4—Observed X-ray Maxima for ThHj. Sirf 6 Values for CuK Alpha Radiation 

Sin^ 9 , , ,,. ,. ., 
Multiplicity 

Indices* 

(101) 
(110) 
(002) 
(200) 
(112) 
(211) 
(202) 
(103) 

(301) 

(004) 
(222) 
(213) 

(312) 
(321) 

Observed 

0.0602 
0.0727 
0.0940 
0.1449 
0.1660 
0.2055 
0.2379 
0.2469 
0.3138 
0.3480 
0.3570 

(0.3778)? 
0.3808 
0.3916 
0.4259 
0.4540 
0.4934 

Calculated 

0.0596 
0.0722 
0.0938 
0.1444 
0.1660 
0.2040 
0.2382 
0.2462 

0.3483 

0.3752 
0.3826 
0.3916 

0.4548 
0.4928 

Intensityt 

VS 
M 
W 

M-
M 

MS 
M 
W 

w 
(VVW)? 

VW 
M 

M 
M 

fact 

8 
4 
2 
4 
8 

16 
8 
8 

8 

2 
8 

16 

16 
16 

*For body-centered, tetragonal unit. 
t w , weak; VW, very weak; WW, very very weak; M, medium; MS, medium strong; 

VS, very strong. 
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TO VACUUM 

Fig. 1 —Apparatus for measuring the dissociation pressures in the thorium-hydrogen 
system. 
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Fig. 5—Dissociation pressures of the ThHj-ThHj system (x= 3.75 or 4) at various 
temperatures. 
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/ I E 
Fig. 6—Apparatus for the preparation of thorium hydride samples for x-ray studies. 

Fig. 7 —Approximate structure of thorium hydride (ThH^). The positions of the Hj rad
icals are doubtful, but they are chosen to correspond to the proposed carbon positions 
in the isomorphous ThCj structure. 
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Paper 7.7 

COMPLEX IONS FORMED BY THORIUM AND IRON WITH 
FLUORIDE IN ACID SOLUTION 

By Harold W, Dodgen 

[Editor's Note: This paper was a contribution of the University of 
California, Berkeley, and is based on Report CC-3597.] 

1. INTRODUCTION 

Fluoride ion has long been known to form complex ions with many 
cations, e.g., Al"*"', Fe"*"*, and ZrO++. This can be demonstrated quali
tatively by dissolving a precipitate of lanthanum fluoride in a solution 
containing one of the above cations. 

Since the purpose of this paper is to present results on the com
plexing of ferric ions and thorium ions by fluoride in acid solution, it 
is of interest to examine the evidence for complexing of ferric iron by 
fluoride. 

Pe te rs ' measured the freezing point and electrical conductivity of 
ferric fluoride solutions and concluded that FeFj was almost undisso-
ciated. The observed molecular weights of FeFj from the freezing 
points of solutions containing 1.921 and 0.954 g of FeFg per 100 g of 
H2O were 118.2 and 112.7, respectively; the theoretical molecular 
weight of FeFg is 113. The molar conductivities at dilutions of 6 and 
96 l i ters/mole were 10.0 and 24.2 reciprocal ohms per centimeter, 
respectively. 

Other evidences for almost no dissociation of FeF3 are the absence of, 
or the very great inhibition of, the reaction of ferric ion with Fe{CN)e^ 
and CNS~; the hydrolysis of ferric ion; and the precipitation of cal
cium fluoride.* 

Petersen^ observed a heat effect of 0.58 Kcal/mole of FeFj when HF 
was added to neutral ferric fluoride solution. He attributed this to the 
formation of a ferric fluoride anion or a weak acid of such an ion. 
Pe ters ' found that the electrical conductivity of a solution containing 
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NaF and FeFa was less than that of the separate solutions and that in 
a solution of NagFeFg the iron moved with the fluoride toward the 
anode. The observation* that some of the chemical reactions of ferric 
ion are even more suppressed in an NaF—FeFs solution than in pure 
FeFg solutions could be explained by the shifting of an equilibrium, 
but the experiments cited above do seem to indicate the existence of 
a ferric fluoride anion. The existence of solid salts of the type 
Mel (FeF4), Me^ (FeFg), and Me^ (FeFg) is an indication, but not a 
proof, that ferric fluoride anions exist in aqueous solution. 

Low and Pryde* developed a microanalytical procedure for fluoride 
based on the change of potential of an Fe"''̂ -Fe'*""'" half cell when fluoride 
was added. They found that the cells behaved very well and that the 
potential change for a given amount of fluoride added was very repro
ducible. They noticed that their data could not be accounted for by the 
formation of FeFg^ and failed to notice that it could be accounted for 
quantitatively by the assumption of the equilibrium 

Fe+^ + HF =: FeF++ + H+; Ki 

The value of Ki calculated from their data is 162. This may be com
pared with the value 189 which was determined in the research r e 
ported here. Both constants are for an ionic strength of 0.5; however, 
Low and Pryde's experiments were done in 0.5M KCl plus O.OIM HCl, 
and thus the analysis of the data involved large corrections for hydrol
ysis and chloride complexing of the ferric ions, which introduces an 
uncertainty of about 25 per cent in the Ki. The experiments in this 
work were carried out in NaC104—HCIO4 solutions. 

In this paper the potential of the Fe''"^-Fe++ electrode is studied as 
a function of the HF and H"*" concentration, and it is shown that the 
data can be interpreted quantitatively by assuming the existence of 
the complexes FeF^+j FeF+, and FeFg. 

While developing a method of analysis for thorium based on the p re 
cipitation of thorium fluoride, it was noticed that thorium apparently 
formed complex ions with fluoride. The procedure being used was the 
titration with NaF of a solution containing Th"*"*, Fe^^, and Fê "*" and 
the measurement of the potential of a gold electrode inserted in the 
solution. When the precipitation of ThF4.4H20 was complete, the po
tential would change suddenly by a large amount owing to the com
plexing of Fe"*"̂  by the excess fluoride. During the titration there was 
no precipitate formed, and there was only a very small change in 
potential up to the point where about 2 moles of NaF per mole of Th"*"* 
had been added. At this point a precipitate started forming, and there 
was a discontinuity in the potential; the potential then changed con
tinuously until the big change at the end point. When the titration was 
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finished, thorium nitrate was added to the solution until there was 
slightly less than 2 moles of fluoride per mole of thorium; the p r e 
cipitated thorium fluoride dissolved after stirring and heating, and a 
light beam passed through the solution showed no Tyndall effect. This 
seemed to be very good evidence for the existence of a thorium fluoride 
complex. 

After the Fe"'"'-Fe'*"*' electrode had been studied, it was possible to 
interpret the data for cells containing thorium by assuming the exist
ence of the complex ions ThF"^', ThF^"^, and ThFj . The solubility 
product of ThF4.4H20 was also determined. 

2. EXPERIMENTAL PROCEDURE 

The type of cell used for the electrometric titrations is shown in 
Fig. 1. The containers R and F and the caps with entrances for the 
s t i r re r s , etc., were made from large ground-glass joints of about 
5 cm diameter. The cofttainers held about 100 cc of solution when 
filled to the level shown in the diagram. 

The gold electrodes were made of gold sheet and gold wire; they 
had a surface area of about 8 cm . After they had been made, they 
were cleaned with warm aqua regia, and it was found that it was not 
necessary to clean them again. When not in use, they were stored in 
distilled water. 

The two halves of the cell were connected by means of an agar-
agar-NaClOi salt bridge. The NaClQ^ solution used in making the 
salt bridges was 1.6M. The high salt concentration in the salt bridge 
was used in an effort to minimize junction potentials. In order to 
eliminate effects due to junction potentials, the two halves of the cell 
were always identical in composition initially. In order to minimize 
the change in composition of the side which was being titrated, the 
total volume of solution added was only 5 cc as compared to 100 cc 
for the initial volume. In a typical experiment (data in Table 5) the 
initial composition was 0.398M NaC104, O.lllM HCIO*; and the final 
composition was 0.395M NaClO*, 0.090M HCIO4, 0.016M HF. A net 
junction potential of 0.7 mv was calculated from the Henderson equa
tion for the two junctions: 

NaC104 = 0.398M 
HCIO4 = O.lllM 

NaClO^ = 1.61M NaC104 = 0.395M 
HCIO4 = 0.090M 

This result indicates that the junction potentials were probably 
negligible. 

The buret used for adding the NaF solution had a capacity of 5 cc 
with 0.02-cc divisions. As a result of the comparison of two succes-
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sive calibrations it is believed that the volumes added were accurate 
to ±0.002 cc for volumes up to 1.5 cc and ±0.C05 cc for volumes from 
1.5 to 5 cc. The tip of the buret was made from capillary tubing. In 
actual operation the meniscus was set on one of the lines, and the tip 
of the buret was dipped in the solution after each addition. 

Since ferrous iron is slowly oxidized by oxygen of the air , an inert 
atmosphere of CO2 was kept over the solutions in the cells. A CO2 
generator was made by placing solid CO2 in a Dewar flask. The CO2 
from the generator was bubbled through a solution of the same com
position and at the same temperature as the solution in the cells. The 
degree of oxidation over a period of several hours was checked by 
titration with Ce^* and was found to be less than 1 per cent. 

The stock sodium perchlorate solution was prepared by weighing, 
dissolving in distilled water, and diluting to a known volume in a volu
metric flask G. Frederick Smith Chemical Company's anhydrous 
NaC104. For keeping the ionic strength constant, NaC104 was used, 
instead of LiC104 or KCIO4, because LiF is only sparingly soluble and 
KF forms double salts with thorium fluoride.^ Also NaF apparently 
does not form double salts with thorium fluoride.' 

The HCIO4 stock solution was prepared by diluting G. Frederick 
Smith Chemical Company's 70 per cent HCIO4. The stock solution was 
standardized by titration against NajCOg, HgO with KI, and NaOH which 
had been standardized against potassium acid phthalate. The three 
methods agreed within 1 per cent; the HgO value was taken as the most 
reliable, and it is believed it was valid to ±0.1 per cent. 

The ferrous-ferric perchlorate solutions were prepared from 
G. Frederick Smith Chemical Company's ferrous perchlorate. A so
lution containing O.IM HCIO4 and O.IM Fe(C104)2 was prepared, and 
then the ferrous iron was partially oxidized to ferric iron with HgOg. 
The ferrous iron concentration was determined by titration with KMn04 
which had been standardized against Na2C204. The total iron concen
tration was determined by the Zimmermann-Reinhardt method; the dif
ference between the total iron and the ferrous iron concentrations was 
taken as the ferric iron concentration. The acid concentration in the 
ferrous-ferric perchlorate solution was determined by the procedure 
developed by Schumb, Sherrill, and Sweetser.'' The ferrous-ferric so
lution was always opened in a CO2 atmosphere in order to prevent 
oxidation by atmospheric oxygen. A solution which had been opened 
many times over a period of two months was reanalyzed for ferrous 
iron and found to agree within 0.1 per cent with the original analysis. 
It is believed that the Fe"*""*" and Fe"*"̂  concentrations were good to 
0.1 per cent and the HCIO4 concentration was good to 0.3 per cent. 
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The sodium fluoride used was prepared by distilling concentrated 
HF from a platinum still onto C.P. NaHCOa in a platinum crucible. 
The material in the crucible was evaporated to dryness on a steam 
bath, ground in a mortar, heated to 300°C for 2 hr, and then stored in 
a desiccator. The standard solutions were prepared by weighing the 
anhydrous NaF, dissolving the NaF in distilled water, diluting to a 
known volume, and then storing in a wax-lined bottle. 

After several attempts to prepare thorium perchlorate failed, it 
was decided to use thorium nitrate. A good-quality thorium nitrate 
was ground to a powder in a mortar and then weighed, dissolved in 
distilled water, and diluted to a known volume. At the same time 
aliquots of the solid were weighed into crucibles and ignited to Th02 
in order to determine accurately the percentage of thorium in the 
solid. 

The procedure for carrying out a titration was as follows: The 
containers R and F were filled by transferring the desired volumes 
of the stock solutions with calibrated pipets. The HCIO4 concentration 
varied from about 0.03M to about 0.3M; enough sodium perchlorate 
solution was always added to make the ionic strength approximately 
0.5. Enough distilled water was added each time to make the initial 
volume about 100 cc. After the NaC104, HCIO4, and H2O had been added, 
the caps with the s t i r r e r s and electrodes in position were placed on 
the containers; the two halves of the cells were connected with the 
agar-agar salt bridge; and the whole cell was placed in a thermostat 
regulated at 25.00 ± 0.01°C. After the air had been swept out of the 
upper part of the cells by COj, the ferrous-ferric perchlorate was 
pipetted into each half of the cell. The s t i r r e r s were started, and the 
potential of the cell was followed for V2 to 2 hr. In principle the initial 
potential of the cell should have been zero, but in almost every case a 
potential of from 0.1 to 0.5 mv was observed. The titration was not 
started until this small potential had remained constant for 20 to 30 
min. After the initial potential had become constant, the buret was 
placed in position, the s t i r rer was started, and an aliquot of NaF 
solution was added. The s t i r re r was shut off after it had been running 
5 to 7 min, and the potential of the cell was measured with a Leeds & 
Northrup type K potentiometer. The readings were very steady and 
showed no signs of drifting. The average time between additions of 
an aliquot was 8 to 10 min. 

The experimental results on cells which contained no thorium are 
given in columns 1 and 2, Tables 2 to 7. The curves in Fig. 2 are 
graphs of the data in Tables 2, 3, 6, and 7. They demonstrate the effect 
of acid concentration on the variation of AE with HF concentration. 
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The procedure for carrying out a titration for a cell with thorium 
present was identical with the procedure when no thorium was present. 
The experimental results for cells with varying concentration of tho
rium nitrate are given in columns 1 and 2, Tables 8 to 11. All the 
experiments with thorium in the cells were carried out with an acid 
concentration of approximately 0.05. In Fig. 3 graphs of the data for 
cells with various thorium concentrations are given. The upper curve 
is a graph of the data in Table 4, a titration with [H+],, « 0.05 and with 
no thorium present. 

In order to make sure that CO2 had no effect on the Fe^ '-Fe^^ po
tential, a cell was prepared in which one side was swept out with 
nitrogen and CO2 was bubbled in the other side. The CO2 had no effect 
on the potential. 

3. ANALYSIS OF THE DATA FOR IRON 

In analyzing the data it is necessary to consider the following 
equilibria: 

F e - . HF = F e F - . H- K, = ^^^f^ (D 

FeF++ + HF =: FeF2+ + H+ Kj = ,^_^+A\J, (2) 
[FeF2+][H+] 

[FeF++][HF] 

Fe+ '+H20 = Fe(0H)++ + H+ K^ = ^-^^^^L^JLIU (3) [Fe(0H)++][H+] 
[Fe+='] 

H F r H + + F - K 4 = M F 1 (4) 

H F . F - Z H F ; Ks = [ i f ^ (5) 

In the above equilibrium constants, brackets are used to designate 
concentrations in moles per liter. Activity coefficients are included 

in t h , K; e.g., K. = K ; ^ ( ^ ^ f ^ l j | 0 ^ w h e r e KJ Is the e ,„ , l lb-

rium constant at zero ionic strength. All the experiments were per
formed at an ionic strength of 0.5, this value being chosen because 
most electrolytes have a small rate of change of activity coefficient 
with ionic strength at this ionic strength'and because Bray and 
Hershey* have shown that equilibria of the type in Eq. 3 show almost 
no rate of change with ionic strength at nx = 0.5. 
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At the acid concentrations used in the experiments, equilibria 3, 4, 
and 5 are shifted predominantly to the left and hence enter into the 
analysis of the data more or less as "correct ions"; because of this 
fact it is not necessary to know the values of these constants with high 
accuracy. Two values of KH are given in the literature; K^ = 0.0060 
was reported by Bray and Hershey,' and KH = 0.0035 was reported by 
Lamb and Jacques. '" Bray and Hershey's value was chosen arbitrarily. 
When it is corrected to /i = 0.5 by means of the activity coefficient 
function also given by Bray and Hershey, KH = 0.00185. Roth" reviewed 
the literature, studied equilibria 4 and 5, and gave K^ = 0.00024 and 
K^ = 33 as the best values for these constants. By assuming that y(HF) = 
1 and y ± (HF) = y ± (HCl), K4 = 0.00042 at /j. = 0.5 was estimated. Since 
AZ* for equilibrium 5 is zero, K, = 33 was used at |Lt = 0.5. 

Equilibria 1 and 2 are assumed to exist, and it will be shown that the 
data can be interpreted quantitatively on the basis of these equilibria. 
It is also assumed that Fe"'""'" is not complexed by fluoride ion. This 
assumption and the possibility of interpreting the data by assuming 
equilibria other than 1 and 2 will be discussed at the end of this section. 

It will be noted that equilibria 1 and 2 are not volume dependent, 
whereas equilibria 3, 4, and 5 are volume dependent. During the t i t ra
tion the volume increased by 5 per cent. This change is within the 
accuracy of KH, K4, and Kg, and it is therefore neglected. All concen
trations were calculated with respect to the initial volume. 

The quantities observed in a titration are [F" ]X , the total concen
tration of fluoride in the solution, and AE = E - E^, where E^ is the 
potential of the half cell when no fluoride is present and E is the 
potential when the total concentration of fluoride is [F']J. The initial 
hydrogen ion concentration [H'*"]O and the total ferric iron concentra
tion [Fe+'lij, are also known. The concentration of ferric ions [Fe"*"̂ ] 
may be calculated as follows:'* 

E - E O - ^ T [Fe+»]y[Fe(C104)3] ,g. 
^ - ^ H F ^" [re-]y[Fe(C104)2] ^'^ 

E = E < ' - 5 T i n l F £ M F e ( C 1 0 ^ ^^. 
^° ^ nF '"[Fe++]y[Fe(C104)2] ^' 

Since the ionic strength is the same and the composition of the solu
tion has changed only slightly, the activity coefficients will be essen
tially equal in Eqs. 6 and 7. Since it has been assumed that ferrous 
ion is not complexed by fluoride, the Fe'*'"'' concentration will be the 
same in Eqs. 6 and 7. Subtracting Eq. 7 from Eq. 6 
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AE = E - E„ - R T 
nF 

I n r 
Fe+^ 
Fe+3 (8) 

Changing to base 10 logarithms and taking —=̂  In 10 
nr 

log 
[Fe+^] _ - A E 
[ F e H o " 59.14 

59.14 mv at 25°C 

(9) 

where AE is in millivolts. 
The concentration of ferric ions when no fluoride is present, 

[Fe"'"']o, is not equal to [Fe'̂ ^ l̂x because the solutions contain FeOH"''"''. 
By considering equilibrium 3 it is found that 

[Fe+3]„ 
= 1 + 

Kf 

[H^lo 
(10) 

From Eqs. 9 and 10, [Fe"^^]/[Fe'^*]T, the fraction of the total ferric 
iron present as ferric ions, can be calculated as a function of [F" ]X. 

The ratios [Fe'^']/[Fe'*'']T and [F"]T/[Fe+*]T are given for'the various 
experiments in columns 3 and 5, respectively, of Tables 2 to 7. 

In order to obtain the concentration of ferric iron present as fluo
ride complexes, [Fe"'"']c, 

[Fe+^1c 
[Fe+=»], 1 -

[Fe+^] [FeOH++] 
[F e-^T [ F e ^ T 

(11) 

is derived from the stoichiometric relation for iron, and by consider
ing equilibrium 3 

[Ft 
[Fe+ = 1 -

JT 
1 + KH 

[H+] 
[Fe+^] 

[Fe+^T 
(12) 

Since KH/[H' '"] had a maximum value of 0.057 and [H"*"] changed by only 
4 per cent for the experiment at the lowest hydrogen ion concentration 

(see Table 2), the quantity 1 + 
[H+] 

was constant to within 0.3 per 

cent. For the experiments at higher acid concentration the change in 
this quantity was of a similar order of magnitude or smaller; hence 

^ ^ [H+] ~ ^ ^ [H+]„ 
(13) 
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Combining Eqs. 13 and 10 and inserting the result in Eq. 12 

Fe +3 is 
Fe+% 

1 Fe«]o 
(14) 

This quantity is given in column 4, Tables 2 to 7. 
In order to calculate Kj and Kg, [ H F ] , as well as the distribution of 

[Fe'''*]c between [FeF++] and [FeF^], must be known; since these quan
tities depend upon the values of Kj and K2, it is necessary to use a 
method of successive approximations. In principle a graph could be 
made of [Fe"'"^]^ against [ F " ] T , and K^ and K^ could then be determined 
by fitting a curve to the points, but it is easier to use a method of 
successive approximations in this case. 

From stoichiometric considerations 

[ F - ] T = [ H F ] + [F"] + 2[HF2-] + [FeF++] + 2[FeF+] 

and when equilibria 4 and 5 are applied 

[HF] I.[ij]*2K.K.gff)=[F-],- [FeF++] + 2[FeF+]2 

From equilibrium 2 the relation 

[FeF++] + 2[FeF+] = [Fe^% 
1 + 2K2 

{1 + K2J 

[HF]] 
[H+ll 
HF]] 
H+]] 

(15) 

(16) 

(17) 

may be derived. When Eq, 17 is inserted into Eq. 16 

[HF] . K4 oir V [HF] 2K4K, ĵĵ -j = [ F i x - [Fe+=']c 
1 + 2K2 

1 +K2 

Ml 
[HFll 
[H+]l 

The quantity 1 + ^ + 2K4K, ^ 

(18) 

shall be designated by a. Under 

the experimental conditions used, this quantity ranged from 1.002 to 
1.024, and for any given experiment it was very nearly a constant, as 
may be seen by inspection of column 9, Tables 2 to 7. For this reason 
Eq. 18 may be written in the simplified form 
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[HF]a = [ F i x - [Fe+=']c 
1 + 

[HF]g 
WT. 

1 + 
[HF]a (19) 

where a is very nearly unity and a constant for any given experiment. 
From equilibria 1 and 2 

K2 
1 [Fe+^jc 
Kj [Fe+^] 

H+] +12 

HF]^ 
H+] 
HF] 

may readily be obtained; by dividing through by a 

^ / «. \ [Fe-^^]c [H+]^ _ [H+] 
a \ K J [Fe+3] [HF]^a [HF]Q! 

(20) 

(21) 

From the stoichiometric relation for hydrogen ion 

[H+] = [H+]o - [HF] (22) 

A first approximation to [ H F ] a was obtained from the equation 

[HF]a«[F- ]x- [Fe+= ' ]c (23) 

This gives [HF]a to within 10 per cent as may be seen by comparing 
columns 4, 5, and 6, Tables 2 to 7, The first approximation to Ki /a 
was obtained from a graph of 2[Fe"''^]c - [F~]x against AE. The equation 

2[Fe+^]c - [ F i x = [HF]a 
Ki[Fe+^] 

a[H+] 
- 1 (24) 

may be derived from equilibrium 1 and the stoichiometric relation 
K, [H+] 

for fluoride. From this equation it is apparent that 
a [Fe+^] when 

2[Fe''"']c - [ F " ] X is zero. This procedure gives a value of K^/a within 
2 per cent of the final adjusted value. Having a good value of K^/a and 
approximate values of [HF]a, Eqs, 21 and 22 were used to obtain an 
approximate value of Kg/a. Next, Eq, 19 was applied to obtain better 
values of [HF]a, and then the procedure for obtaining Kj/a was r e 
peated. Finally K^/a was adjusted slightly to make K^/a as constant 
as possible. In practice it was found that the third approximation to 
[HF]a was practically identical with the second approximation to [HF]a; 
this rapid convergence is due to the fact that [HF]a is comparatively 
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insensitive to a change in Kg/a, The physical reason for this rapid 
convergence is the fact that most of the fluoride added to the solution 
simply reacts with hydrogen ion to form HF; a small percentage r e 
acts with ferric ions to form complexes, and a very small percentage 
is present as F " ions and HF^ ions. 

The values of r .L , r^rTsT' ^"'^ calculated by successive ap-
[Fe Jx L* e Jx a 

proximations are given in columns 6, 7, and 8, respectively, of 
Tables 2 to 7. The corresponding adjusted value of K^/a is given at 
the top of the table. It will be noted that the first three or four values 
of Kj/a are not very accurate. The physical reason for this is that 
most of the ferric iron in this region is present as FeF++, the relative 
amount of FeF j being very small. Mathematically, Kg/a is given by 
the difference between two large and almost equal numbers; hence a 
comparatively small er ror in their determination will produce a large 
percentage error in K^/a. The largest percentage error in [F"].p/[Fe''"^]x 
also occurs in this region. 

In Table 1 the values of Kj and Kg determined at different acidities 
are summarized. The value of K^ given is the average of the values 
enclosed between the underscores in column 8, Tables 2 to 7, There 
seems to be a trend with [H"*"] concentration. It could be accounted for 
by the behavior of activity coefficients in mixed electrolytes," but 
most of the variation could be removed by using the smaller value of 
KH given by Lamb and Jacques.'" When all the values are averaged, 
Ki = 188.5 and Kg = 10.35. By extrapolating to zero HCIO4 concentra
tion the values Ki = 194 and Kg = 10.7 are obtained. 

In Tables 3 and 4 the last four or five values of K^/a show an in
crease of about 20 per cent, which is outside the experimental er ror . 
This increase is probably due to the formation of FeFj; hence the 
equilibrium 

FeF2+ + HF = FeF3 + [H+] K, = [̂ Ĵ Ĵ|j[g^^^ (25) 

is becoming important. 
From the stoichiometric relation for iron and equilibria 1 and 2 the 

following equation can be derived: 

[Fe+'']T KH , „ IMIJ + K K. 
[Fe+^] [H+] - 1 + K, [jj+^ + K , K 2 M (26) 

H+] 

In Fig, 4 a graph of log I ̂ ^ 3 j " ^ against log nj+] is given. 
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The solid curve was drawn using K^ = 188,5 and Kg = 10.35 in Eq, 26. 
Considering equilibrium 25, an equation analogous to Eq. 26, 

[Fê ĴT KH , ^ ^ IMF] , K K M ! . K K K M ! 
[Fe+ ]̂ IH+] " "̂  ^1 O n ' ^ [ii+]' ' ^ ^ [a+Y (27) 

can be derived. By fitting Eq, 27 to the points which deviate at the 
upper end of the solid curve in Fig, 4, a value of Kg = 0,58 was ob
tained. The dashed curve in Fig, 4 was drawn from Eq, 27 using 
Ki = 188,5; K2 = 10.35; K3 = 0,58, 

In analyzing the experimental data it has been assumed that the 
complexes FeF+"'", FeF+, and FeFg exist. In the introduction good 
evidence for the existence of FeFg was presented. By inspection of 
some of the initial points in Tables 2 to 7 it is observed that the total 
iron complexed, (Fe"*'̂ )c, is greater than one-half the total fluoride 
added; from this it can be concluded that FeF"*""*" must be present. This 
leaves the possibility of fitting the data by assuming that only the two 
complexes FeF++ and FeFg are present in the solution. Equations 
similar to those used in the earlier part of this section were developed, 
and it was found that Kg varied from -20,000 to +4 when K^ was equal 
to 460, This variation could not be corrected by a change in Kj, 

Pe te r s ' studied the electrical conductivity and freezing points of 
separate solutions of FeClg and NaF and of the combined solutions. 
He concluded that FeFg was essentially as dissociated as FeCIg. The 
activity coefficients of FeClg indicate that it is completely dissociated.'^ 
Even when allowance is made for a reasonable amount of experimental 
e r ror in Peters ' s measurements, it can still be demonstrated that the 
complexing of Fe^^was not important in the experiments reported 
here. By allowing for a reasonable experimental er ror in Pe te r s ' s 
freezing-point data and by considering an equilibrium of the type 

Fe- . F- = FeF- K' = 0?^^ 

K' < 30 is obtained. Since the experiments reported in this paper 
were performed in acid solution, the equilibrium must be written 

F e - . HF = F e F - . H - K = [ | f | ; ^ 

Introducing the acid constant of HF, K < 0,013, In the experiments 
[ H F ] 

reported here the maximum value of TTT+T was about 0.5; hence 
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FeF+] 

.̂̂ .1 - < 0.006. In view of this result it is felt that there is justifica

tion for the conclusion that the complexing of ferrous ion was not 

important in these experiments. 

4. ANALYSIS OF THE DATA FOR THORIUM 

Since the equilibrium constants for equilibria 1 and 2 are known, 
the following quantities can be calculated for the cells with thorium: 
[ H F ] / I H + ] ; [ H F ] + [F-] + [HFg'] = [HF]a; and [F-Jye = [FeF++] + 2[FeF+], 
the total fluoride complexed by ferric iron. The total fluoride complexed 
by thorium is then given by 

[F-]xh = [ F " ] T - [HF]a - [ F i f e 

The quantity [HF]/[H' ' " ] was calculated by solving the equation 

[Fe+'Jc 
[Fe+3] = K, •ri+l + K-1 H+] K2 

H F ] ^ 

Wf 

(28) 

(29) 

after [Fe"''^]c/[Fe-'] had been calculated from the observed change in 
potential and Eqs. 9, 10, and 14. Since all the experiments with thorium 
were carried out in approximately 0.05M HCIO4, Kj = 191 and K2 = 10.6 
were used in Eq, 29; these are the average values of K^ and Kg given in 

[HFI* 
Tables 3 and 4, The term K^KjKg \„+-L which should have been included 

in Eq. 29 was neglected because [HF]/tH''"] was never large enough for 
an appreciable amount of FeF, to be formed. The values of [ H F ] / [ H + ] 

are given in column 3, Tables 8 to 11. 
The equation for calculating [HF]a can be obtained by solving [H+](, = 

[H+] + [ H F ] for [ H F ] and is 

[ H F J « - - - ^ 

^ ^ [HF] 

(30) 

The definition of a is given in Sec. 3. 
From [F"]Fe = [FeF++] + 2[FeF+] the following equation for [F"]Fe 

is derived: 

[F ipe = [Fe+']c + KiKg[Fe+^] 
[HF]! 
[H+]* 

(31) 

Substituting [HF]a and [F ' JFB into Eq. 28 the values of [F"]xh given 
in column 4, Tables 8 to 11, are calculated. 
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In column 5, Tables 8 to 11, [F"]xh/[Th^]x, the total fluoride com
plexed by the thorium divided by the total thorium concentration, is 

tabulated. In Fig. 5 [F"]xh/[Th'''*]x is plotted against log \^T]-

Several qualitative features of the curve should be noted. The abrupt 
breaks in the curve represent the points at which the solution has be
come saturated with respect to ThF4,4H20. These points shift with the 
total thorium concentration as they should, since the solubility product 
of thorium fluoride is volume dependent. The average number of fluo
rides per thorium r ises above 2, indicating that a complex ion ThF^ 
is present. Finally the points for different total thorium concentrations 
where no solid is present fall on the same curve as they should since 
the equilibria which determine the shape of this curve are not volume 
dependent. The scattering of points below [F"]xh/[Th**]x = 1 is due to 
the fact that the equilibrium constant for the formation of ThF"^^ is so 
much greater than that for the formation of FeF++ that almost no po
tential change is observed until about 1 fluoride per thorium has been 
added to the cell. 

Assuming the equilibria 

Th+'* + HF = ThF+^ + H+ 

ThF"^* + HF = ThF++ + H+ 

^ , [ThF+^][Hi 
* '̂ " [Th+i[HF] 

^ , [ThFr][H+] 
^ ~ [ThF+^][HF] 

(32) 

(33) 

ThF++ + HF = ThF+ + H+ Ki = 
[ThFr][H+] 
[ThF2++J[HF] (34) 

then 

[F"]xh = [ThF+'] + 2[ThF++] + 3[ThF+] 

and when Kj, K^, and K̂  are introduced 

[F-]xh = [Th+i K̂  i£L£j . ov V I- •* • ^Tf' Tf' K"' 
JJ+] + 'SKi Kg rjj+i2 + ^'^1 ̂  '^ 

KFY 
[a^Y 

(35) 

(36) 

From the stoichiometric relation for thorium and equilibria 32, 33, 
and 34 

[Th+*]x = [Th+*] 1 +K[ 
HF] , , 
JJ+] + K.1 *^ 

H F ] ! ^ ^ , ^ , ^ , [HF]! 
g+]2 + ^1 ^ J^ [H' '"] ' 

(37) 
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In deriving Eq. 37 it was assumed that the degree of hydrolysis of 
the thorium is negligible in a 0.05M HCIO4 solution. This is indicated 
by the fact that a 0.24M Th(N03)4 solution shov/s a pH of 2.4 on a 
Beckman pH meter. 

Dividing Eq. 36 by 37 

[ F i v iTh 
Ki 

H F ] 

H i 
2KiK^ 

^ ' [ H i 

HF] 

+ KiK^ 

H i ^ 
+ 3KiK^K^ 

HF]= 

Wv 
[Hi^ + Ki K̂  K̂  r Ml 

H+]^ 

(38) 

Equation 38 was made to fit the data plotted in Fig. 5 by taking three 
points and solving the equations simultaneously for Kj', K̂  , and K^. 
The values obtained were K̂  = 4.5 x 10*, Ki = 649, and iq = 31.6, 
The curve drawn through the experimental points in Fig, 5 is a graph 
of Eq, 38 using the above values of the K's, By picking different points 
and solving simultaneously, the values K( = 3,80 x 10*, K̂  = 659, and 
K̂  = 30,6 were foimd. The curve drawn from these K values did not 
fit the experimental points at the lower end of the curve. The final 
values of the K's were K[ = 4,5 ± 0.5 x 10*, K^ = 650 ± 15, and iq = 
32 ± 2. 

An attempt was made to fit the experimental curve using combina
tions of the equilibria 32, 33, and 34 two at a time, but it could not be 
done. 

After the break has occurred in the curve, it is necessary to con
sider the equilibrium between the solid thorium fluoride and the com
plex ions in solution. It has been shown that the thorium fluoride p r e 
cipitate obtained under the conditions of this experiment is ThF4.4Hg0 
(reference 6); hence the solubility product is defined by the equilibrium 

ThF4.4Hg0 + 2 [Hi = ThF++ + 2HF + 4H2O 

ThFg++ [ p ^ l (39) 

The ion ThFj+ was used in defining the solubility product because it 
is the predominant species at the point of precipitation. When the 
solid is present, the stoichiometric relations for fluoride and thorium 
become 

[Fixh = [ThF+i + 2[ThF++] + 3[ThF+] + 4[ThF4] (40) 

and 
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[Th+*]T [Th+*] + [ThF+i + [ThF+i + [ThF+i + [ThF4] (41) 

Multiplying Eq, 41 by 4, subtracting Eq, 40 from it, and introducing 
equilibria 32, 33, and 34 

[ThF2++] = 4[Th+*]x - [Fixh 

4 [H+]" 3_ [ H i 
K{Ki [HF]= ' " 'K^ [ H F ] 

2 + K̂  HF] 
(42) 

H i 

Using the values of Kj , K̂  , and K̂  given above, the concentrations of 
[ T h F ^ i given in column 6, Tables 8 to 10, were calculated employing 
Eq, 42, The solubility product is given in colunm 7, Tables 8 to 10, 
It should be noted that the average value of Ks increases by about 
9 per cent in going from the experiment with the highest thorium con
centration to the one with the lowest thorium concentration. This 
may be due to the fact that the initial ionic strength was inadvertently 
allowed to decrease in the same direction. However, this explanation 
does not seem very sound because the points where no solid is present 
do not show any such trend. The probable explanation is that the trend 
is caused by some unknown systematic e r ro r . The best value is taken 
as Ks = 5.9 ± 0.4 x lO'^. 

In Fig. 5 the curves drawn through the precipitation points 
were calculated using the individual averages for Kg. The equation 
for the curve may be obtained immediately from Eq. 42 and is 

[FJTh 
[Th+*}r 

[Hi^ 
K;K2' [HF] ' ' Ki 

i)j.2.K^ HF] 
Hi 

Ks [H+]^ 
[Th+*]x[HF]=' 

(43) 

In summary the equilibria assumed and the equilibrium constants 
determined for them at 25°C and an ionic strength of 0.5 are given in 
Table 12, 

5. ANALYSIS FOR THORIUM BY FLUORIDE PRECIPITATION 

The cells described in the experimental section may be used for 
analysis for thorium. By carrying out titrations beyond the point 
where 4 fluorides per thorium had been added, it was found that the 
maximum in a graph of A E / A CCVS. CC of NaF corresponded to 4 fluo
rides per thorium. In two titrations the observed volumes of NaF 
were 34.45 and 19.3 whereas the theoretical volumes for 4 fluorides 
per thorium were 34.32 and 19.35, respectively. 

An objection to this type of titration as an analytical procedure for 
thorium is that 5 min is required between successive additions of 



386 

NaF solution; this would make a titration on an unknown solution r e 
quire from Vz to 2 hr, depending on the accuracy required. The time 
required for titration can be shortened by observing the point at which 
precipitation of thorium fluoride begins. Precipitation occurs when 
approximately 2 fluorides per thorium have been added to the solution; 
hence an estimate of the volume of NaF required for a sample may be 
made rapidly. Using this procedure it would be possible to determine 
the thorium concentration in a sample in less than % hr and with an 
accuracy of well under 1 per cent. 

Naturally this procedure cannot be used when ra re earths, alumi
num, scandium, zirconium, or other substances which react with 
fluoride are present. 

Table 1 — Summary of Results on Iron Fluoride Measurements 

[Fe-̂  
Mo 

0.52 
0.49 
0.53 
0.50 
0.51 
0.52 

[Fe++]T 

0.576 
0.576 
2.42 
0.576 
2.42 
2.42 

[H% 

0.0325 
0.0533 
0.0536 
0.1110 
0.1119 
0.2781 

K, 

193 
190 
192 
187 
187 
182 

K̂  

10.6 
10.6 
10.6 
10.2 
10.5 
9.62 

Tab 

2 
3 
4 
5 
6 
7 

Av. 188.5 10.35 

Table 2 —Results of 0.0325M Acid* 

(K, = 193; Kj = 10.6; KJa = 190) 

0.3675M 
NaF,cc 

AE, 
mv 

[Fe^'l W^^'V [ F - ] T jHFja [H+ 
[Fe+'k [Fe+']T [Fe+']T [Fe+^lr [Fe+'k a 

0.101 
0.203 
0.304 
0.406 
0.506 
0.606 

12.40 
25.67 
37.96 
48.80 
57.61 
65.55 

0.5838 
0.3577 
0.2158 
0.1416 
0.1004 
0.0737 

0.3830 
0.6320 
0.7719 
0.8504 
0.8939 
0.9221 

0.556 
1.118 
1.674 
2.236 
2.787 
3,338 

0.160 
0.433 
0.790 
1.209 
1.655 
2.121 

49.5 
49.2 
48.8 
48.4 
48,0 
47.5 

21 
6 ^ 

10.2 
10.7 
10.4 
10.6 

1.013 
1.013 
1.014 
1.014 
1.014 
1.014 

•initial conditions: [NaClOj = 0.490M; [HCIO^IO = 0.03245M; [Fe^^lr = 0.0006539M; 
[Fe++] = 0.00136M. 
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Table 3 —Results at 0.0533M Acid* 

0.3675M 
NaF,cc 

0.101 
0.162 
0.223 
0.284 
0.345 
0.406 

0.506 
0.606 
0.806 
1.004 
1.305 

1.705 
2.208 
2.812 
3.815 
5.015 

AE, 
mv 

10.50 
16.86 
22.93 
28.86 
34.08 
39.00 

46.24 
52.65 
63.51 
72.47 
83.73 

96.35 
110.06 
123.67 
142.93 
162.33 

(K. 

lFe«] 
[Fe^'lT 

0.6200 
0.5012 
0.3957 
0.3141 
0.2563 
0.2116 

0.1596 
0.1243 
0.08148 
0.05749 
0.03708 

0.02269 
0.01330 
0.00783 
0.00370 
0.00174 

= 190; Kj = 

F e « r 
Fe+»T 

0.3356 
0.4813 
0.5905 
0.6749 
0.7347 
0.7810 

0.8348 
0.8713 
0.9157 
0.9405 
0.9616 

0.9765 
0.9862 
0.9919 
0.9962 
0.9982 

= 10.6; KJa 

IF-]T 
IFB^JT 

0.557 
0.893 
1.229 
1.565 
1.901 
2.238 

2.789 
3.340 
4.442 
5.535 
7.19 

9.40 
12.16 
15.50 
21.02 
27.62 

= 188) 

iHFla 
iFe+'lx 

0.212 
0.389 
0.596 
0.825 
1.076 
1.341 

1.795 
2.263 
3.248 
4.250 
5.800 

7.904 
10.57 
13.85 
19.26 
25.79 

[Hi 
[Fe"]T 

81.3 
81.1 
80.9 
80.7 
80.4 
80.2 

79.7 
79.2 
78.3 
77.3 
75.7 

73.6 
70.9 
67.7 
62.2 
55.7 

K j 
a 

39 
13.6 
10.5 
11.6 
10.4 
10.3 

10.4 
10.7 
10.6 
10v6 
10.5 

10.5 
11.0 
11.2 
11.7 
12.1 

a 

1.008 
1.008 
1.008 
1.008 
1.008 
1.008 

1.009 
1.009 
1.009 
1.010 
1.010 

1.012 
1.013 
1.015 
1.019 
1.024 

•initial conditions: [NaClOj = 0.440M; [HClClo = 0.05328M; [Fe+']T = 0.0006539M; 
[Fe++]o = 0.001136M. 
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Table 4 —Results at 0.536M Acid* 

(Ki = 192; Kj = 10.6; Ki/a = 190) 

0.3675M 
NaF, cc 

0.061 
0.122 
0.183 
0.243 
0.304 
0.406 

0.506 
0.706 
0.905 
1.205 
1.605 

2.107 
2.711 
3.416 
4.115 
5.015 

AE, 
mv 

6.91 
13.30 
19.81 
25.81 
31.46 
39.88 

47.12 
59.35 
69.17 
81.24 
94.57 

108.77 
123.00 
137.18 
149.64 
164.08 

*Initial conditions 
[Fe-1„ = 0.000257M. 

fFe«l 
iFe+'lr 

0.739 
0.576 
0.4472 
0.3540 
0.2840 
0.2046 

0.1544 
0.09585 
0.06540 
0.04090 
0.02432 

0.01399 
0.00804 
0.00463 
0.00285 
0.00163 

i: [NaClOj] 

[Fe+'lc 
[Fe+'lr 

0.2355 
0.4040 
0.5373 
0.6338 
0.7061 
0.7883 

0.8403 
0.9008 
0.9323 
0.9677 
0.9748 

0.9855 
0.9917 
0.9952 
0.9971 
0.9983 

= 0.478M; 

[Fe+'R 

0.357 
0.714 
1.070 
1.421 
1.778 
2.374 

2.960 
4.130 
5.29 
7.05 
9.39 

12.32 
15.85 
19.97 
24.08 
29.33 

[HClO l̂o 

iFe+'K 

0.118 
0.295 
0.502 
0.735 
0.994 
1.465 

1.956 
2.983 
4.04 
5.67 
7.92 

10.74 
14.19 
18.24 
22.30 
27.50 

= 0.05359M; 

\»x 
lFe«JT 

86.0 
85.9 
85.7 
85.4 
85.2 
84.7 

84.2 
83.2 
82.1 
80.5 
78.2 

75.4 
72.0 
67.9 
63.9 
58.7 

[Fe+'lT 

Ik 
a 

173 
22 
13.5 
11.1 
10.4 
10.0 

10.0 
10.6 
10.7 
10.9 
10.7 

11.2 
11.6 
11.9 
12.2 
12.6 

a 

1.008 
1.008 
1.008 
1.008 
1.008 
1.008 

1.009 
1.009 
1.009 
1.010 
1.011 

1.013 
1.015 
1.017 
1.020 
1.024 

= 0.0006220M; 

Table 5—Results at O.lllM Acid* 

0.3675M 
NaF, cc 

0.041 
0.081 
0.122 
0.203 
0.406 
0.606 

0.806 
1.105 
1.406 
1.805 
2.308 

2.913 
3.615 
4.315 
5.015 

AE, 
mv 

3.08 
6.09 
8.95 

14.59 
26.77 
36.46 

44.55 
54.33 
62.48 
71.54 
81.19 

91.12 
101.10 
109.69 
117.28 

(K, 

[Fe+'l 
[Fe+'lr 

0.8725 
0.7762 
0.6945 
0.5554 
0.3468 
0.2379 

0.1736 
0.1186 
0.0864 
0.0607 
0.0417 

0.0283 
0.0192 
0.0138 
0.0102 

= 187; K,= 

[Fe+']c 

0.1130 
0.2111 
0.2942 
0.4334 
0.6474 
0.7582 

0.8235 
0.8794 
0.9122 
0.9383 
0.9576 

0.9712 
0.9805 
0.9860 
0.9896 

10.2; Ki/a 

a 
0.226 
0.446 
0.672 
1.118 
2.237 
3.340 

4.442 
6.09 
7.75 
9.95 

12.71 

16.05 
19.92 
23.78 
27.62 

= 186) 

[HFla 
[Fe+'lr 

0.112 
0.232 
0.372 
0.669 
1.536 
2.483 

3.475 
5.00 
6.58 
8.68 

11.35 

14.71 
18.40 
22.20 
25.99 

[H+L 
[Fe+'k 

169.7 
169.6 
169.4 
169.1 
168.3 
167.3 

166.3 
164.8 
163.2 
161.1 
158.5 

155.1 
151.4 
147.6 
143.8 

K» 
a 

84 
50 
18 
15.3 
11.0 
10.2 

10.5 
10.3 
10.1 
10.1 
10.1 

10.0 
10.4 
10.4 
10.4 

a 

1.004 
1.004 
1.004 
1.004 
1.004 
1.004 

1.005 
1.005 
1.005 
1.005 
1.006 

1.007 
1.007 
1.008 
1.009 

'Initial conditions: [NaClQ,] 
[Fe++] = 0.001136M. 

0.398M; [HClOj, = O.lllOM; [Fe+'k = 0.0006539M; 
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Table 6—Results at 0.112M Acid* 

0.3675M 
NaF, cc 

0.101 
0.203 
0.304 
0.506 
0.706 
1.004 

1.5006 
2.111 
2.913 
3.815 
5.015 

AE, 
mv 

7.55 
14.72 
21.23 
32.20 
41.31 
51.77 

65.41 
78.32 
91.92 

104.24 
118.18 

*Initial conditions 

[Fen = 0.000257M. 

(K.= 

jFe"] 
[Fe«jT 

0.7335 
0.5530 
0.4307 
0.2810 
0.1970 
0.1310 

0.07705 
0.04663 
0.02744 
0.01700 
0.00988 

i: [NaClOi] 

187; Kj = 

F e « c 
Fe+'T 

0.2543 
0.4360 
0.5623 
0.7144 
0.7998 
0.8668 

0.9216 
0.9526 
0.9721 
0.9827 
0.9900 

= 0.398M; 

10.5; K,/a 

[F-1T 
[Fe"]T 

0.591 
1.187 
1.778 
2.960 
4.130 
5.875 

8.815 
12.35 
17.05 
22.32 
29.32 

[HClO l̂o = 

= 186) 

[HF]a 
[Fe«]T 

0.331 
0.734 
1.181 
2.166 
3.174 
4.815 

7.604 
11.01 
15.60 
20.78 
27.69 

0.1119M; 

[H+] 
[Fe+'Jx 

179.5 
179.1 
178.6 
177.6 
176.6 
175.0 

172.2 
168.8 
164.2 
159.0 
152.1 

[Fe«]T 

Ki 
a 

6 
8.4 
9.4 
9.9 

11.9 
10.6 

10.3 
10.4 
10.6 
10.5 
10.7 

a 

1.004 
1.004 
1.004 
1.004 
1.004 
1.004 

1.004 
1.004 
1.004 
1.005 
1.005 

= 0.0006220M; 

Table 7—Results at 0.278M Acid* 

0.3675M 
NaF, cc 

0.203 
0.406 
0.706 
1.205 
2.006 
3.014 
4.015 
5.015 

AE, 
mv 

8.19 
15.11 
23.80 
34.88 
47.90 
60.21 
69.90 
77.75 

(Ki = 182; Kj = 9.6; K,/a = 181) 

[Fe-^'] [Fe^^lc [ F J T JHF]a 
[Fe+'JT [Fe«]T [FB+'IT [FB+'I 

0.7200 
0.5515 
0.3932 
0.2566 
0.1540 
0.09525 
0.06535 
0.04812 

0.2750 
0.4447 
0.6041 
0.7428 
0.8450 
0.9041 
0.9342 
0.9516 

1.188 
2.374 
4.130 
7.05 

11.73 
17.63 
23.48 
29.32 

0.908 
1.912 
3.484 
6.22 

10.72 
16.49 
22.24 
28.00 

_LH!L 
iFe 

446.1 
445.1 
443.5 
440.8 
436.3 
430.5 
424.8 
418.9 

a 

18 
8.4 

10.2 
9.54 
9.50 
9.63 
9.69 
9.52 

1.002 
1.002 
1.002 
1.002 
1.002 
1.003 
1.003 
1.003 

'initial conditions: [NaClOj] 
[Fe++]„ = 0.000257M. 

0.239M; [HClO l̂o = 0.2781M; [Fe'^'lr = 0.0006220M; 
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Table 8 — Data at 0.0536M Acid and 0.00477M Thorium* 

0.3675M 
NaF, cc 

0.406 
0.806 
1.205 
1.506 
1.805 
2.107 
2.409 
2.711 
3.014 
3.416 
3.815 
4.215 
4.615 
5.015 

AE, 
mv 

0.19 
0.32 
0.70 
1.67 
3.82 
7.01 

11.91 
15.28 
15.63 
17.01 
18.46 
20.05 
23.23 
28.18 

i^x... 
0.40 
0.68 
1.49 
3.63 
8.64 

16.75 
31.06 
42.28 
43.52 
48.56 
54.08 
60.40 
74.06 
98.25 

[F-kh X 10* 

14.70 
29.22 
43.60 
54.21 
64.35 
74.26 
83.61 
93.47 

104.4 
118.5 
132.6 
146.6 
160.0 
172.7 

[F-l™ 
[Th+-]T 

0.308 
0.612 
0.914 
1.136 
1.348 
1.556 
1.752 
1.959 
2.187 
2.483 
2.778 
3.071 
3.352 
3.620 

[ThF++]xlO* Ks X 10' 

30.1 
27.0 
23.3 
19.3 
15.0 
10.8 
6.5 

5.39 
5.11 
5.48 
5.63 
5.46 
5.93 
6.3 

Av. 5.61 

*Initial conditions: [NaClOi] = 0.478M; [HClOilo = 0.0536M; [Fe'̂ l̂x = 0.0006220M; 
[Fe*\ = 0.000257M; [Th+^Jj = Th(NO,)4 = 0.004773M. 

Table 9 —Data at 0.0536M Acid and 0.0012M Thorium* 

0.3675M 
NaF, cc 

0.101 
0.203 
0.304 
0.406 
0.506 
0.606 
0.706 
0.806 
0.905 
1.004 
1.105 
1.205 
1.406 
1.805 
2.610 
5.015 

AE, 
mv 

0 
0.08 
0.47 
1.91 
4.41 
8.11 

13.06 
18.79 
25.13 
26.73 
28.21 
30.05 
34.83 
50.54 
84.63 

140.69 

'"^J X 1( 
[H+] "" " 

0.17 
0.99 
4.18 

10.01 
19.85 
34.72 
55.3 
82.9 
90.8 
98.4 

108.3 
136.7 
261.7 
775 

3058 

-kh X 10* 

7.36 
10.89 
14.10 
16.88 
19.27 
21.25 
22.95 
64.29 
27.30 
30.40 
33.33 
38.67 
45.40 
47.41 
45.30 

[F-kh 
[Th+*]T 

0.616 
0.912 
1.179 
1.411 
1.611 
1.777 
1.919 
2.031 
2.282 
2.542 
2.788 
3.232 
3.797 
3!964 
3.762 

[ThF++] X 10* Ks X 10» 

'Initial conditions: [NaClOi] = 0.478M; [HClO^l, = 0.0536M; 
[Fe++]o = 0.000257M; [Th+*k = Th(NOj)< = 0.001196M. 

7.35 
6.27 
5.24 
3.31 
0.812 
0.095 

Fe^'lr 

Av. 

6.06 
6.08 
6.15 
6.18 
5.54 
5.9 

5.99 

= 0.0006220M; 
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Table 10 —Data at 0.0559M Acid and 0.000237M Thorium* 

0.3675M 
NaF, cc 

0.041 
0.101 
0.203 
0.304 
0.406 
0.506 
0.606 
0.706 
0.806 
0.905 

AE, 
mv 

0.25 
2.41 
9.74 

18.67 
27.53 
35.39 
42.33 
48.02 
52.39 
56.89 

[P?-»-
0.52 
5.32 

24.38 
54.8 
94.7 

140.0 
188.5 
237.5 
280.1 
328.3 

[F-]Th X 10* 

1.39 
2.78 
3.95 
4.53 
4.94 
5.24 
5.53 
6.10 
7.09 
7.79 

[F-lTh 
iTh-Jx 

0.587 
1.173 
1.667 
1.912 
2.086 
2.212 
2.333 
2.574 
2.992 
3.290 

[ThF++] X 10̂  

1.15 
0.78 
0.53 

Ks X 

6.5 
6.2 
5.7 

10' 

1.004 61.02 378.0 8.47 3.575 0.30 (4.4) 
1.406 75.63 598 10.76 4.55? 

Av. 6.1 

'Initial conditions: [NaClQ,] = 0.473M; [HCIO4], = 0.0559M; [Fe+'lr = 0.0006160M; 
[Fe++]„ = 0.0002545M; [Th+^h = ThtNO,)^ = 0.0002369M. 

Table 11 —Data at 0.0536M Acid and 0.000239M Thorium* 

0.0735M 
NaF, cc 

0.101 
0.203 
0.304 
0.365 
0.406 
0.506 

0.606 
0.706 
0.806 
0.905 
1.004 

1.205 
1.406 
1.805 
3.014 
5.015 

AE, 
mv 

0.04 
0.15 
0.45 
0.73 
1.20 
2.23 

3.44 
4.91 
6.34 
7.98 
9.62 

13.13 
16.80 
24.09 
43.15 
62.94 

lî -"-
0.33 
0.99 
1.57 
2.61 
4.90 

7.70 
11.30 
14.96 
19.41 
24.04 

34.97 
47.76 
78.0 

196.4 
403 

[Fixh X 10* 

1.42 
2.05 
2.40 
2.53 
2.90 

3.21 
3.43 
3.68 
3.85 
4.02 

4.31 
4.53 
4.88 
5.55 
8.18 

[F-hh 
iTh^^lT 

0.595 
0.857 
1.002 
1.057 
1.212 

1.343 
1.436 
1.539 
1.610 
1.682 

1.803 
1.896 
2.042 
2.322 
3.422 

*Initial conditions: [NaClO^] = 0.478M; [HCIQ,!, = 0.0536M; 
[Fe+'lx = 0.0006220M; [Fe**]^ = 0.000257M; [Th+«]T = TMNO,)^ = 
0.0002390M. 
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Table 12 

Equilibrium K (25''C, M = 0.5) 

Fe+' + HF = FeF++ + H+ 
FeF++ + HF = FeFj+ + H+ 
FeFs+ + HF = FeFj + H+ 
Th+* + HF = ThF+' + H+ 
ThF+' + HF = ThFj+ + H+ 
ThF++ + HF = ThF+ + H+ 
(ThF^.4H20)a + 2H+ a ThF++ + 2H+ + 4H2O 

189 ± 3 
10.4 ± 0.3 
0.58 ± 0.06 
45,000 ± 5000 
650 ± 15 
32 ± 2 
5.9 ± 0.4 X 10" 

Fig. 1 —Cell used for the electrometric titrations. 
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Fig. 2 —Graph of the effect of acid concentration on the variation of AE with HF con
centration (cells containing no thorium). 



w 
394 

150 

100 

bJ < 

2 3 
CC OF 0.3675M NaF 

Fig. 3 —Graph of the effect of thorium concentration on the variation of AE with HF 
concentration (acid concentration, approximately 0.05). 
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Paper 7.8 

PREPARATION OF BINARY COMPOUNDS 
OF THORIUM FROM THORIUM METAL 

By Henry Lipkind and A. S. Newton 

[Editor's Note: Work done at Iowa State College. Based on Report 
CC-2935. Prepared for publication June 19, 1945.] 

ABSTRACT 

The reactions between thorium hydride and various gases to produce 
finely divided anhydrous thorium compounds have been found to go 
smoothly in the temperature range 250 to 350°C. Reactions with chlo
rine, hydrogen chloride, bromine, hydrogen bromide, hydrogen fluo
ride, hydrogen iodide, phosphine, hydrogen sulfide, and water have 
been carried out. No reaction was observed with methane or carbon 
dioxide. 

1. INTRODUCTION 

As recently as 1937^ a patent was issued for the preparation of 
thorium halides by passing a halogen over thoria intimately mixed 
with carbon. The reaction was carried out at very high temperatures, 
600 to 900°C in quartz chambers, and the pure halide was obtained by 
sublimation from the crude. This i s a classical method employed long 
ago by Berzelius. 

The recent availability of relatively pure thorium metal has made 
possible the production of many thorium salts from the metal via the 
hydride just as has been done in the case of uranium and the ra re 
earths.^ 

If a piece of thorium metal is converted to the hydride, then the r e 
action can be carried out with the hydride, or the hydride can be de
composed and the powdery metal allowed to react, or there may be a 
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combination of the two. In any event the purity of the final product will 
depend upon the purity of the metal employed. The greatest impurity 
in the thorium cast at Ames is ThOj (about 0.5 per cent). By using this 
relatively pure metal in making compounds, the need for any further 
treatment of the salt, such as sublimation or extraction, is eliminated. 

At the time of writing, experiments show the existence of two hy
drides,^' but, since this does not appear to influence the reactions to be 
described below, ThH4 will be used to represent the intermediary 
stage. The identities of the product compounds were established by 
x-ray and/or chemical analysis. 

2. EXPERIMENTAL WORK 

2.1 General Experimental Method. The thorium metal sample was 
soaked in carbon tetrachloride to remove all oil, then rinsed in ether, 
and finally dried in vacuum. It was found that washing the metal with 
dilute hydrochloric acid did not improve the hydride formation. The 
cleaned piece of metal was enclosed in 25-mm glass tubing 20 cm 
long. Both ends of the chamber were plugged with glass wool, drawn 
down to 9 mm, and sealed to a three-way stopcock. The chamber was 
heated by a resistance furnace. After it was set up, the system was 
thoroughly flushed with hydrogen at room temperature, and the tem
perature was raised to 350 to 400''C for the hydride formation. The 
hydride was best obtained in a powder form by cooling the system and 
bringing it back up to 400 °C repeatedly, shaking the chamber at the 
same time. After the hydride was completely pulverized, the flow of 
hydrogen was continued for a short time, and this was followed by the 
reagent gas at the desired temperature. When the reaction was 
thought complete, the system was allowed to cool in the atmosphere 
of the reagent gas; when the temperature of the system fell below 
100°C, it was flushed with nitrogen. 

2.2 Reaction of HCl and Cl^ with Thorium Hydride. Berzelius 
prepared thorium chloride^ by the action of chlorine on ThOg and ca r 
bon at 750°C; Smith and Harris* by the action of PCI5 on ThOj; Kruss 
and Nilson^ by passing HCl over Th at red heat; Matignon^ by passing 
CI2-S2CI2 over ThOj and by passing CCI4 over ThOg; and Moissan'' by 
passing Clg over ThCj. All these methods were run at high tempera
ture and depended upon sublimation of ThCl4 at 850°C for purity. 
Rosenheim et al.^ prepared the hydrated chloride from the fractional 
crystallization of ThOj in alcoholic hydrochloric acid. Ephraim' 
recommends the direct action of Clj on Th, subliming the chloride 
away as it is formed. 
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In the method described here, HCl was passed over the hydride at 
350°C for 3 hr. When the reaction appeared complete, the HCl was 
turned off, and the system was allowed to cool in an atmosphere of 
helium (although it could have been allowed to cool in an atmosphere 
of HCl and then flushed by any inert gas). A greyish-white product 
resulted. 

From the 16.40 g of Th taken, 25.87 g of ThCl4 was produced, which 
is 97.88 per cent of the theoretical for ThCl4. Chemical analysis 
showed that 98.08 per cent went into solution in HjO to give ThClg gj. 
The insoluble material was identified as thorium dioxide. 

The x-ray pattern was compared visually with the pattern of urani
um tetrachloride, with which thorium chloride is isomorphous. 
Maxima were checked and no extra maxima were observed. The r e 
action can be represented by the following equation: 

ThH4 + 4HC1 -^52!^ ThCl4 + 4H2 

In the reaction with chlorine, the chlorine was diluted to 1 part in 
10 of helium and was allowed to pass over the hydride at a slow rate. 
The reaction went slowly at 250°C but rapidly at 400°C. The final 
product was greyish-white, soluble in water with a hiss, and very 
hygroscopic. The equation for the reaction is 

ThH4 + 2CI2 -^^ ThCl^ + 2H2 

If the chlorine is not diluted the reaction goes very vigorously, 
causi i^ the reaction chamber to glow and producing pellets of hydride 
covered with molten chloride which prevents the reaction from going 
to completion. No analysis was made on this chloride. 

2.3 Reaction of HBr and Br^ with Thorium Hydride. The methods 
in the li terature for preparing thorium bromide are similar to those 
already given for the chloride. Bourion^" prepared it by the action of 
S2CI2 and HBr on Th02 at 135°C; Young and Fletcher" prepared it by 
the action of BT^ with Nj as a ca r r i e r on Th02 + C at 800 to 900°C. It 
can be made by direct synthesis from the e lements ." 

The method used at Ames was carried out as follows: Hydrogen 
bromide was generated by bubbling hydrogen through bromine, and the 
gases were allowed to pass through platinized asbestos heated to 400°C. 
The reaction of the HBr on the hydride proceeded smoothly at 350°C, 
at which temperature an even flow of the gas was maintained for 4 hr. 
The system was cooled and the product was weighed. 

From the 10.945 g of Th used, 25.90 g of ThBr4 was produced; 
the theoretical value for ThBr4 is 26.042 g. Conversion was 92.4 per 
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cent complete; 0.768 g did not go into solution. The dissolved portion 
(93 per cent) analyzed to give a Br/Th ratio of 3.39. 

ThH* + 2Br2 ^^^X ThBr4 + 2H2 

In the bromine reaction, the bromine was carried by nitrogen. The 
optimum temperature for this reaction was around 400°C; it gave a 
product which was greyish white and analyzed to give a Br/Th ratio 
of 3.39. 

ThH4 + 2Br2 - ^ ThBr4 + 2H2 

2.4 Reaction of HF with Thorium Hydride. Thorium fluoride has 
been prepared" by the action of HF on ThOz and of PbF2 or HgFg on 
Th02. Berzelius obtained the hydrate by the action of HF solution on 
Th02.^ Chydenius" obtained the same by adding the acid to ThCl4, 
and Chauvenet^* obtained the hydrate from Th(N03)4 and AgF solutions. 
Moissan' prepared the anhydrous fluoride by the action of fluorine on 
ThCl4, Chauvenet" prepared it by passing HF over ThCl4 and ThBr4, 
and Duboin^* did the same by melting KThFg with an excess of KCl. In 
the preparation described here, HF was passed over the hydride at 
350°C for 2 hr in a nickel apparatus. The action with fluorine was not 
tried. 

From the 24.80 g of Th taken, 32.90 g of ThF4 was produced; the 
theoretical value for ThF4 is 32.95 g. The analysis shows a complete 
conversion, giving a F/Th ratio of 4.0. 

The preparation of thorium fluoride is represented by the equation 

ThH4 + 4HF -^50:^ ThF4 + 4H2 

2.5 Reaction of HI with Thorium Hydride. Thorium iodide has 
been prepared by the action of any one of the following: HI, Sil4, CI4, 
BI3, PI5, or S2I2 (+I2) on ThOa (reference 17), by the action of L, vapor^* 
on Th; the hydrate has been obtained by extraction of the mother liq
uor resulting from the reaction of alcoholic hydriodic acid on thoria.* 

The preparation of the iodide at Ames is given by the following 
equation: 

ThH4 + 4HI -^55^ Thl4 + 4H2 

HI was generated by the action of P2O5 on hydriodic acid, and the HI 
was passed over the hydride at 350°C. The metal gained 86.59 per 
cent of the theoretical weight for Thl4. The product was yellowish and 
gave an I/Th ratio of 3.67 on analysis. 
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2.6 Reaction of Phosphine with Thorium Hydride. Thorium phos
phide has been made by direct combination of the elements, although 
Montignie^" claims that he could not make it by direct combination, 
displacement, or by reduction of the phosphate. It has, however, been 
identified by Zumbusch^^ and by Meisel.^^ 

Phosphine reacts with hydride according to the equation 

3ThH4 + 4PH3 - i ^ ^ ^ Th3P4 + I2H2 

Phosphine was generated by the action of strong potassium hydrox
ide solution on yellow phosphorus. The reaction chamber was main
tained at 400°C while the phosphine passed over the hydride. The 
product had a dark steel- gray appearance and was virtually insoluble 
in all standard laboratory reagents. 

X-ray analysis revealed a strong body-centered cubic structure 
with ao = 8.624 ± 0.02 A, which checks excellently with that found by 
Meisel^^ for Th3P4. 

2.7 Reaction of H2S with Thorium Hydride. ThSj was prepared by 
Berzelius ' by the action of S or H2S over heated thorium, by Moissan 
and Etard^' by the action of S over ThC2, and by Kruss and Volk^* by 
the action of H2S on ThCl4 plus KCI4. Picon^^ prepared ThSj by the 
action of H2S on Th02 in a graphite crucible at 600°C. The colors for 
thorium sulfide have variously been described as yellow, black, and 
dark brown. 

The hydride method of preparing sulfide is represented by the 
equation 

ThH4 + 2H2S — ThS2 + 4H2 

Two experiments were carried out in preparing the sulfide. In one 
case H2S was passed over the hydride at 300°C, and in the second 
case it was passed over at 400°C. In both cases , the gain in weight 
was that which would be given by conversion to ThSj. The sulfides 
were dark brown. X-ray analysis gave very weak Th lines, strong 
ThSg lines, and no other lines that could be identified in any of the 
other phases reported in the Th-S system by Meisel.^^ 

2.8 Reaction of Water and Thorium Hydride. The hydride was 
formed in the usual manner. The apparatus was so arranged that 
steam could generate directly into the chamber held at 100°C without 
condensing. The initial 12.671 g of metal gave 12.884 g of hydride. 
After 6 hr, when 150 cc of HjO had passed over, the product weighed 
14.329 g. This i s 99.38 per cent of the theoretical ThOj, indicating 
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that steam over hydride forms the oxide. The presence of oxide was 
confirmed by x-ray analysis. The equation for the reaction is 

ThH4 + 2H2O - i ^ ^ ^ Th02 + 4H2 

2.9 Reaction of COg and Thorium Hydride. The hydride was 
formed in the usual manner. The initial 11.73 g of metal gave 11.90 
g of hydride. Carbon dioxide was passed over the hydride at 350°C 
for 47 hr to give a product weighing 12.0 g. X-ray examination 
showed no carbide or oxide. Hence thorium hydride is stable in an 
atmosphere of carbon dioxide up to at least 350°C. 

2.10 Reaction of Methane and Thorium Hydride. Methane gas was 
purified by passing it through a Vycor chamber containing uranium and 
uranium carbide heated to 900°C. The methane passed over the hy
dride for 2IV2 hr at 500°C. The initial 6.8369 g of thorium gave 
6.9430 g of hydride. The final product weighed 6.8868 g, thus losing 
from the hydride. X-ray examination showed the product to be prin
cipally a subhydride of the composition ThHg. Thus a dehydrogena-
tion of ThH4 took place in an atmosphere of CH4 at 500°C. 

3. CONCLUSION 

Thorium hydride, or the powdery metal obtained from the decom
position of the hydride, has been shown to be very useful in preparing 
anhydrous thorium salts by its reaction with various gases. 
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PRECIPITATION OF THORIUM OXALATE 
FROM NITRIC ACID SOLUTIONS 

By A. S. Ayers 

[Editor's Note: Work done at Iowa State College. Based on Report 
CC-2962. Preparedfor publication Oct. 5, 1945.] 

1. INTRODUCTION 

It has been known for a long time that thorium is precipitated by 
oxalic acid in acid solutions, but a survey of the l i terature showed no 
study of the limits of the acidity and oxalic acid excess which yield 
quantitative results . Spitzin reports on the solubility of thorium oxa
late in varyi i^ concentrations of several acids,^ but the effect of an 
excess oxalic acid is not included. Since solutions presented for analy
sis sometimes contain more than the recommended 2 per cent mineral 
acid,^ it would be advantageous to be able to remove quantitatively the 
thorium without otherwise altering the solutions. This was especially 
of interest in solutions containing bismuth, since it was hoped that 
small amounts of thorium could be precipitated in nitric acid solutions 
containing large quantities of bismuth. In removing the bismuth first 
by a bismuth oxychloride precipitation, there is every opportunity for 
carrying of the thorium. 

2. EXPERIMENTAL WORK 

Standard solutions of thorium nitrate were made from reagent-grade 
thorium nitrate and analyzed by evaporatii^ aliquots to dryness and 
igniting in platinum. Aliquots of these solutions were acidified with 
known amounts of nitric acid, diluted to known volumes, and heated 
almost to boiling. A small amount of filter pulp was added, and a 
weighed amount of oxalic acid was introduced. The oxalic acid con-
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centration was varied from the theoretical amount to six times that 
quantity (500 per cent excess). The nitric acid content ranged from 
O.ON to 2.6N. The samples were allowed to cool to room temperature 
and then were filtered throi^h Schleicher & Schiill Co. White Ribbon 
paper (or its equivalent). Some authors recommend allowing the 
thorium oxalate to stand for 10 to 12 hr,^ but the use of filter pulp 
permits filtration after 1'/̂  to 2 hr with accurate results . The p re 
cipitates were dried, charred at a low temperature, and then ignited 
in platinum in the muffle at 1000°C. Ignition at lower temperatures 
(700 to 800°C) produces an oxide that is slightly hygroscopic; higher 
temperatures prevent this. The results obtained are tabulated in 
Table 1. 

3. CONCLUSIONS 

Reproducible results were not obtained at oxalic acid concentrations 
higher than 0.45N in the solution after precipitation. It may well be 
noted here that the density of the precipitate depended upon the nitric 
acid concentration; at 1.5N to 1.8N nitric acid the moist precipitate 
occupied approximately one-half as much space on the filter as at 
0.4N to 0.6N nitric acid. This is of importance in the handling of large 
quantities of thorium. The variation of the low-concentration nitric 
acid samples can be explained by noting that a soluble complex oxalate 
is formed from thorium oxalate in neutral or slightly acid solutions. 

A graphic representation of the results is presented in Fig. 1; here 
normality of nitric acid is plotted against grams of thorium dioxide 
recovered, with a different curve for each value of the normality of 
the excess oxalic acid used. 

4. RECOMMENDED PROCEDURE 

An aliquot containing about 1.5 g of thorium (as metal) is taken for 
analysis since this is the maximum amount that can be handled readily 
in an analysis. This is diluted to a volume of 200 to 300 ml and heated 
to boiling. A small amount of macerated filter pulp is added, and the 
oxalic acid is st irred in as crystals . If the solution is 0.2N in HNO3, 
100 per cent excess oxalic acid is adequate; l.ON HNO3 requires 200 
per cent, and 1.8N requires 400 per cent excess. The solution is r e 
moved from the hot plate, allowed to cool to room temperature, and 
then filtered through a medium-speed ashless filter paper. The p re 
cipitate and paper are placed in a weighed platinum crucible, dried at 
110°C, charred at 300°C, and ignited at 1000°C. The conversion factor 
of Th/Th02 is 0.8785. 
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Table 1—Results of Oxalate Precipitations 

HNO, 
normality 

0.1* 

0.2* 
0.3* 
0.4* 
0.1* 
0.3* 

0.4* 
0.4* 
0.6* 
0.4* 
0.6* 

0.2 
0.4 
0.6 
0.8 
1.0 

0.0 
0.2 
0.4 
0.6 
0.8 

1.0 
1.2 
1.4 
0.6 
0.8 

1.0 
1.2 
1.4 
1.6 
1.4 

1.6 
1.8 
2.0 
2.4 
2.4 

Excess 
H^CjO,, % 

0 

10 
10 
10 
25 
25 

25 
50 
50 

100 
100 

125 
125 
125 
125 
125 

240 
240 
240 
240 
240 

240 
240 
240 
350 
350 

350 
350 
350 
350 
450 

450 
450 
450 
450 
450 

Normality of 
H^CjO, in 

supernatant 
liquid 

0.000 

0.0058 
0.0058 
0.0058 
0.0145 
0.0145 

0.0145 
0.029 
0.029 
0.058 
0.058 

0.125 
0.125 
0.125 
0.125 
0.125 

0.236 
0.236 
0.236 
0.236 
0.236 

0.236 
0.236 
0.236 
0.348 
0.348 

0.348 
0.348 
0.348 
0.348 
0.445 

0.445 
0.445 
0.445 
0.445 
0.445 

Recovery, 

99.45 

99.80 
99.70 
99.70 
99.85 

100.00 

99.50 
99.50 
99.55 

100.0 
100.20 

99.85 
100.00 
99.30 
99.55 
99.45 

100.15 
100.10 
100.00 

99.85 
100.05 

100.05 
99.90 
99.55 
99.95 

100.05 

100.00 
99.95 

100.00 
99.80 

100.00 

99.90 
100.00 

99.30 
99.55 
98.30 

99.80 

99.75 
99.50 
99.50 
99.80 
99.95 

99.50 
99.40 
99.50 
99.45 

100.15 

100.00 
99.80 
99.80 
99.80 
99.85 

99.80 
100.10 
100.00 

100.00 

% 

99.90 

99.50 
99.45 
99.75 

100.10 
99.75 

99.75 

99.85 
99.90 

*These values are for samples of 0.7671 g of ThOj, while the 
remainder are for 1.3046 g of ThOj per sample. All sample volumes 
were 200 ml. 
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Fig. 1 —Thorium recovery versus nitric acid normality at various oxalic acid concen
trations. 

REFERENCES 
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Paper 7.10 

NOTE ON THE EFFECT OF HYDROCHLORIC ACID 
CONCENTRATION ON THE HEAT OF SOLUTION 

OF THORIUM TETRACHLORIDE 

By E. F. Westrum, J r . , and H, P. Robinson 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on work reported in MUC-GTS-1808. Prepared for publication 
June 27, 1945.] 

The need of checking certain calorimetric techniques' provided an 
opportunity to make heat-of-solution measurements on a very pure 
sample of anhydrous thorium tetrachloride which was sublimed in a 
quartz tube in high vacuum to eliminate any oxychloride present. 
About 50 per cent of the material was sublimed, sealed off, and load
ed into the sample bulbs within a dry box. The analytical section 
analyzed this material as 62.8 per cent Th and 37.8 per cent CI 
[analysis by B. Holt, reported by R. W, Bane, Report MUC-JIW-530, 
May 15, 1945] (theoretical, 62.07 per cent Th and 37.93 per cent CI). 
Although the analysis totals more than 100 per cent and therefore can
not be regarded as proof of the absence of oxychloride, it is estimated 
that the presence of as much as 2 per cent of oxychloride would affect 
the heat of solution less than several tenths of 1 per cent. 

As might be expected, the observed rate of change of the heat of 
solution with concentration of HCl is considerably larger than that of 
a trivalent ion of similar radius.* 

The value of Chauvenet^ for the heat of formation of ThCl^ is based 
upon heats of solution of Th in about 3.6M HCl and ThCl4 in water 
(- 56.7 Kcal/mole). Our data indicate that the neglect of the effect of 
the HCl concentration in the combination of these thermochemical data 
makes the value of Chauvenet for the heat of formation about 9 Kcal too 
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large. Similarly distorted values appear among many of the heats of 
formation of thorium compovmds tabulated by Bichowsky and Rossini.* 
A redetermination of the heat of formation of ThCl4 is considered very 
desirable. 

Table 1 —Heat of Solution of ThCl, in Hydrochloric Acid* 

Molarity 
of HCl 

1.000 

6.000 

9.000 

Weight of acid 
(vacuo), g 

192.25 

212.25 

217.25 

ThCl4 (vacuo), 
millimoles 

0.7081 
0.8827 

1.0258 
1.2323 

1.4136 
1.4256 

evolved, 
cal 

40.66 
50.68 

45.30 
54.54 

49.39 
49.74 

Heat of solution 
Kcal/mole 

57:43 
57.41 

57.42 ± 0.1 

44.16 
44.27 

44.27 ± 0.1 

34.94 
34.89 

34.93 ±0.1 

•Operating conditions: temperature, 25.0°C; molecular weight of ThCl4, 
373.95. 

REFERENCES 

1. E. F. Westrum, Jr., and H. P. Robinson, Paper 6.51, A Semi-microcalorimeter for 
Precise Thermochemical Measurements, in National Nuclear Energy Series, Divi
sion IV, Volume 14 B, McGraw-Hill Book Company, Inc., New York, 1949. 

2. W. Klemm, Z. anorg. u. allgem. Chem. 249: 23 (1942). 
3. E. Chauvenet, Ann. chim. et phys.. Series 8, 23: 425 (1911). 
4. F. R. Bichowsky and F. D. Rossini, "The Thermochemistry of the Chemical Sub

stances," p. 104, Relnhold Publishing Corporation, New York, 1936. 

Editor 's Note 

The indexes for Par t s 1 and 2 are com
bined and are included in Par t 2. 
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Paper 8.1 

PRECIPITATION OF THORIUM OXALATE 

By Henry Lipkind and A. S. Newton 

[Editor's Note: Work done at Iowa State College. Based on Report 
CC-2395. Prepared for publication Feb, 19, 1945.] 

ABSTRACT 

The conditions necessary for the precipitation of thorium oxalate in 
a crystalline form which will filter well have been investigated. The 
effect of nitric acid, calcium nitrate, and methyl isobutyl ketone on 
the precipitation is discussed. 

1. INTRODUCTION 

The plans discussed here for the purification of thorium^ involve 
the extraction of thorium nitrate with hexone, the re-extraction of the 
thorium nitrate from hexone to water, and the conversion of the tho
rium to the desired salt from the product solution. 

If metal is to be produced, the thorium nitrate must be precipitated 
as some salt and converted to anhydrous thorium fluoride. A consid
eration of the properties of the possible salts for precipitation, i.e., 
fluoride, hydroxide, oxalate, and carbonate, all of which can be con
verted to anhydrous ThF4 with HF, led to the conclusion that the oxa
late was the most easily filtered (or centrifuged) precipitate of the 
above materials. Under suitable conditions thorium oxalate precipitates 
in a crystalline state which is easily filtered or centrifuged in a basket 
centrifuge and is thus easily washed. Under other conditions, the oxa
late precipitates as an almost gelatinous precipitate which cannot be 
filtered well, leaving a wet slurry on the filter paper or in the centri
fuge basket. As an example, a precipitate of thorium oxalate from a 
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solution 0.196M in thorium nitrate, IM in HNOs, and saturated with 
hexone gave a precipitate which was impossible to filter to a dry 
cake, and much of the precipitate ran through the filter. The residue 
on the filter was a pasty mass which was difficult to handle. 

Therefore it became necessary to investigate the conditions under 
which thorium oxalate could be thrown down as a crystalline precipitate 
if the oxalate was to be precipitated from the product from the purifi
cation columns. The procedure in all cases was as follows: The solu
tion containing Th(N03)4, Ca(N03)2, and HNO3 in various proportions 
was made up at room temperature, and the H^CgO^ was added. Experi
ments showed that there was no difference in the results from 
adding the oxalic acid as the dihydrate crystals or as a warm satu
rated solution. A 5 per cent excess of oxalic acid was shown to be 
sufficient to precipitate all the thorium; consequently this excess was 
used in all experiments. In cases where the thorium nitrate was sat
urated with hexone or was heated, this was done before adding the 
oxalic acid. 

The ease of filtration of the precipitate with suction on a Buechner 
funnel was taken as a criterion of desirability of the precipitate. The 
point of demarcation between desirable and undesirable precipitates 
was fairly sharp; thus minimum concentrations of each of the various 
components necessary to give a desirable precipitate could be readily 
determined. 

2. EXPERIMENTAL WORK 

2.1 Thorium Nitrate and Nitric Acid. The concentration of nitric 
acid was varied from IN to 6N. The concentration of thorium was 
varied by stages from 0.1 g of ThCNOj)^ per cubic centimeter (0.184M 
Th+*) to 0.5 g of Th(N03)4 per cubic centimeter (0.919M Th+*). The 
experiments were carried out at both 25 and 75°C. The results given 
in Table 1 represent the minimum concentration of constituents which 
will give a desirable precipitate of thorium oxalate as described p re 
viously. 

No acidities of HNO3 below IN were investigated; thus at 75 °C much 
lower acidities might give a desirable precipitate at concentrations of 
Th+* greater than 0.5M. 

2.2 Thorium Nitrate, Nitric Acid, and Methyl Isobutyl Ketone. The 
satisfactory conditions found in Table 1 were still found to be sat is
factory when the solution was saturated with hexone before the oxalic 
acid was added. In no case did the ketone in any way affect the char
acter of the oxalate precipitate, and in all cases the ketone was ap
parently washed out of the thorium oxalate with water. It was found 
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that, if the solution was heated to 80°C in the presence of hexone, the 
nitric acid reacts to form isobutyric acid (as evidenced by the odor). 
This could not be completely removed from the thorium oxalate by 
washing. However, in 6N HNOs at 75 °C the rate of oxidation of the 
hexone was too slow to be noticeable, but this represents the safe 
upper limit of temperature that can be used without the formation of 
isobutyric acid. 

2.3 Thorium Nitrate, Nitric Acid, and Calcium Nitrate. The effect 
of the presence of Ca(N03)2 in the solution of Th(N03)4 upon the precip
itation of Th(C204)i was studied along two lines: (1) the concentration 
of calcium nitrate that is necessary to bring about the desired oxalate 
precipitate and (2) the amount of calcium that is carried down in this 
precipitate. The following concentrations were employed: IM and 2M 
HNOs, 0.184M and 0.368M Th+^, and Ca(N03)2 from O.IM up. The studies 
were made at 25 and 75°C. The resul ts a re as follows: 

(1) IM HNOs, 0.184M Th+* at 25°C requires 0.3M Ca(N03)2 
(2) IM HNOs, 0.368M Th+* at 25''C requires O.IM Ca(N03)2 
(3) 2M HNOs, 0.184M Th+* at 25°C requires 0.2M Ca(N03)2 

These represent the minimum necessary concentrations for HNO3, 
Th+*, and Ca^"^ at 25°C. It was found that at 75°C the minimum con
centration of Ca(N03)2 which gave a good precipitate with IM HNO3 
and 0.184M Th+* was O.IM Ca(N03)2. 

These experiments were carried out with mantle-grade thorium 
nitrate which contained 120 to 140 ppm of calcium. Sample 1 above 
had 2500 ppm of Ca in the precipitate, equal to 1.213 per cent of the 
amoimt of calcium added. Sample 3 contained 2000 ppm of Ca in the 
precipitate, equal to 1.358 per cent of the amount of calcium added. 

In all experiments the oxalic acid was added as solid and as solu
tion with no difference in the resul ts . Again an excess of 5 per cent 
of oxalic acid proved enough to give quantitative precipitation of the 
thorium. 

The study with added Ca(N0^)2 is summarized in Table 2, in which 
are given representative concentrations which yield a satisfactory 
precipitate of thorium oxalate. 

3. DISCUSSION OF RESULTS 

The studies tabulated above show that the character of the precipi
tate is controlled by the ionic strength of the solution. This may be 
somewhat controlled by (1) controlling the HNO3 concentration in the 
feed to the column, (2) by changing the flow rate of the reextraction 
water to increase the HNOs and Th(NOs)4 concentration in the product 
solution, and (3) by adding HNO3 or Ca(N03)2 to the product solution 
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before adding the oxalic acid. With present plans for concentration and 
rates , the product solution should give a satisfactory precipitate of 
Th(C204)2 at room temperature. 

The presence of calcium oxalate in the thorium oxalate is not ob
jectionable if it does not exceed a few per cent since calcium is used 
in the reduction and this will increase the amount of slag only slightly. 
Satisfactory reductions have previously been carried out with as much 
as 3 per cent Na in the ThF4, showing that inert materials (in this 
case, NaF) in the slag do not interfere in the reduction. 

Table 1—Minimum Concentrations for Satisfactory Precipitation of 
Thorium Oxalate 

Normality of HNO, necessary to 
yield a desirable precipitate 

At 25°C At 75°C 

Concentration 
of Th(NO,)^, 

g/cc 

0.1 
0.2 
0.3 
0.4 
0.5 

Concentration 
as Th+« 

(molarity) 

0.184 
0.368 
0.514 
0.737 
0.919 

Table 2—Representative Concentrations Which Yield a Satisfactory 
Precipitate of Thorium Oxalate in the Presence of Calcium Nitrate 

Concentration 
of Th+« 

(molarity) 

0.184 
0.184 
0.184 
0.368 

Concentration 
of HNOj 

(molarity) 

1 
1 
2 
1 

Concentration 
of Ca(NO,)j 
(molarity) 

0.3 
0.2 
0.1 
0.1 

Temperature, 
°C 

25 
70 
25 
25 

REFERENCE 
1. F. H. Spedding, A. Kant, J. M. Wright, J. C. Warf, J. E. Powell, and A. S. Newton, 
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Paper 8.2 

A METHOD OF RECOVERING THORIUM 
FROM SLAG MATERIALS 

By Oliver Johnson and R. W. Fisher 

[Editor's Note: Work done at Iowa State College. Based on Report 
CC-2401. Prepared for publication Mar. 23, 1945.] 

ABSTRACT 

A method of recovering thorium from slag from the bomb process 
of producing thorium has been developed. Hydrochloric acid and 
sodium hydroxide are the only chemicals required in quantity. Ma
terials required for a representative slag are given. 

1. INTRODUCTION 

The slag from the reduction of thorium fluoride with calcium, 
using zinc chloride as a booster, contains the following substances: 
Ca, CaO, Th02, Fe, ZnFa, CaFg, Zn, Th, and unreduced ThF4 . It is 
desired to extract the thorium from this slag and precipitate it in a 
form suitable for reconversion to anhydrous thorium fluoride. 

2. EXPERIMENTAL WORK 

It has been found that a water leach serves to disintegrate the slag 
material very well. Since much heat is produced in the reaction, the 
slag is added to water. There is evolution of hydrogen and acetylene, 
and a thick slurry is formed. All the thorium remains in the solid 
phase. The filtrate which is saturated with calcium hydroxide can be 
discarded. 
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A treatment of the above residue by concentrated hydrochloric acid 
dissolves all free thorium metal, thorium hydroxide, iron, calcium 
oxide, and zinc sal ts . The insoluble material is calcium fluoride, 
thorium fluoride, and thorium oxide. 

The filtrate is made IN to 3N in hydrochloric acid, and thorium is 
precipitated by adding oxalic acid. Before this precipitation of thori
um oxalate, a small amoimt of nitric acid is added to keep iron in 
ferric form and to prevent coprecipitation of ferrous oxalate. Com
plete precipitation of thorium oxalate requires 12 hr. 

Several methods have been tested to recover the remaining thori
um from the acid-insoluble residue. A sample of slag was digested 
with concentrated sulfuric acid for 5 hr , and the resulting slurry was 
poured into cold water. The filtrate contained only about 5 per cent 
of the total thorium in the residue. 

Digestion of the acid-insoluble residue in 60 per cent perchloric 
acid proved to be very effective. Five grams of the residue dissolved 
in 10 ml of concentrated perchloric acid in 2 hr of heating. The cost 
and unavailability of large quantities of perchloric acid prohibit the 
use of this method on a recovery process , but it does constitute a 
convenient method of assaying slag for total thorium content. 

Fusion with ammonium oxalate was studied as another possible 
method. The fusion must be carried out in a nickel or monel cru
cible at 550°C, and the weight of ammonium oxalate required is four 
times that of the slag. There is considerable frothing during the fusion. 
To dissolve the melt completely, it must be removed from the c ru
cible and boiled with aqua regia in a pyrex beaker. Although the r e 
agents required are not costly, the process is not readily adaptable 
to large-scale operations. 

Digestion with ferric nitrate solution and ferric n i t ra te -n i t r ic acid 
mixtures did not dissolve the slag residue. 

Experiments using a metathesis reaction with a 50 per cent sodium 
hydroxide solution a re the most promising of the methods. This 
process converts the thorium salts to the less soluble thorium hy
droxide. After a 4-hr boiling, the thick slurry is diluted with water 
to about four times the volume and filtered. The residue, which still 
contains all the thorium, is extracted with 6N hydrochloric acid. A 
second treatment with sodium hydroxide can be carried out on the 
residue if assay shows it to contain much thorium. From a limited 
number of experiments it appears that one such treatment will be 
sufficient. This method is practicable because the sodium hydroxide 
treatment can be carried out in an iron vessel and the chemicals r e 
quired are relatively inexpensive. 
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3. PROPOSED PROCESS FOR RECOVERY 
OF THORIUM FROM SLAG 

The data given below are for a representative slag sample weigh
ing 1 kg. 

Step 1. Leach with 1 liter of water. Filter and discard the filtrate. 
Step 2. Treat the residue from the water leach (1220 g when dried) 

with concentrated hydrochloric acid. Concentrated hydrochloric acid 
in the amount of 3300 ml or 7.32 lb is required. Filter — the filtrate 
contains thorium and is IN to 3N in HCl. Add 10 ml concentrated 
nitric acid. Add a solution containing 70 g of oxalic acid (100 per 
cent excess) and let stand for 12 hr. Eighty-one grams of the oxalate 
(equivalent to 46.2 g of thorium) is produced. 

Step 3. The acid-insoluble residue (230 g) is mixed well with 200 
g of flake sodium hydroxide, and water is added to give a volume of 
approximately 400 ml. It is gently boiled for 4 hr. It is then diluted 
to 1 to 2 l i ters and filtered. The filtrate is discarded, and the residue 
is treated with 6N hydrochloric acid. The treatment is repeated on 
the residue obtained in the above step, using about 50 g of sodium 
hydroxide. 

The final residue of insoluble material amounted to 37 g. In the 
samples to date, the solution of this final residue in perchloric acid 
solution and precipitation, using 12 g of oxalic acid, yielded an 
amount of thorium oxalate equivalent to 8.6 g of thorium metal. 

The amount of hydrochloric acid required after the first hydroxide 
treatment is about 500 ml, and 200 ml is required after the second 
cycle. Excess hydroxide must be neutralized, and the solution must 
be made from IN to 3N in hydrochloric acid before precipitation of 
the thorium oxalate. 

4. QUANTITIES OF MATERIAL REQUIRED AND PRODUCT 
OBTAINED (PER 1000 GRAMS OF SLAG) 

The total amount of thorium recovered was 55 g (as metal), 83.5 
per cent of which came from step 2; the remaining 16.5 per cent 
came from the NaOH treatment. This amount will depend on the 
efficiency of the reduction process. 

The amount of hydrochloric acid required for step 2 was 3300 ml 
(7.32 lb); for step 3, 700 ml (1.56 lb) was required, giving a total of 
4000 ml (8.9 lb). 

The oxalic acid required was as follows: step 2, 70 g; step 3, 12 
g; total, 82 g. 

The amount of sodium hydroxide required in step 3 was 250 g. 
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Thorium oxalate has been chosen as the final precipitate of the 
thorium because it can be conveniently converted to thorium fluoride, 
because it is easily filtered, and because its precipitation offers a 
convenient separation from iron. The extent of coprecipitation of 
calcium is small. In an experiment in which 1 per cent of calcium 
was added to the solution from which thorium oxalate was to be p re 
cipitated, there was 100 ppm of calcium in the thorium oxalate. 

Oxalic acid is used as the precipitating agent rather than ammoni
um oxalate since it has been foimd to give a precipitate which is 
more easily filtered. 



Paper 8.3 

PREPARATION OF ANHYDROUS THORIUM 
FLUORIDE FOR METAL PRODUCTION 

By A. S. Newton, Henry Lipkind, W. H. Keller, and J. E. Iliff 

[Editor's Note: Work done at Iowa State College. Based on Report 
CC-2713. Prepared for publication Apr. 25, 1945.] 

ABSTRACT 

Thorium fluoride suitable for reduction to metallic thorium can be 
produced on any scale by hydrofluorinating low-burned thoria at 550°C 
in an apparatus of material which will not reduce hydrogen fluoride, 
such as graphite, nickel, monel, or magnesium. The fluoride is 
completely free from oxide. The best results have been obtained by 
using thoria made by calcining thorium oxalate at 650°C, 

The reaction of fluorine on thorium carbide and the reaction of hy
drogen fluoride on thorium hydroxide, thorium oxycarbonate, and 
thorium oxalate have been studied. A wet method of preparation has 
also been studied. 

1, INTRODUCTION 

In the preparation of thorium metal by a bomb reduction procedure,^ 
it is necessary to have thorium fluoride free from water, thorium 
oxide, and oxides of other elements. Commercial sources of thorium 
fluoride gave poor results at best in the reduction, so it was necessary 
to investigate the preparation of a better grade of thorium fluoride than 
was obtainable commercially at the t ime. The problem was assigned to 
this group, and it was suggested that dry HF be tried on thorium salts 
(similar to the uranium fluoride process). 

Concurrently with the investigation of the methods of preparation, 
the methods of reduction have been improved, and a satisfactory method 
of analysis for thorium and fluorine has been worked out. Therefore, 
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some of the early results obtained might be better than they appeared 
at the time since the methods then available (reduction methods and 
analysis) for classifying the material as satisfactory or not were them
selves quite unsatisfactory. At present a very satisfactory method for 
analysis of thorium fluoride is being used.^ It involves the hydrolysis 
of the fluoride with superheated steam at 900°C, condensation and 
collection of the HF, and titration with a base. The thorium is then 
determined on the oxide left. The main cri ter ia used in classifying a 
method of preparation as suitable were purity of product (particularly 
oxide content), yield on reduction, and bulk density of the product. 

2. EXPERIMENTAL WORK 

2.1 Reaction of Thorium Carbide and Fluorine. Thorium carbide 
can be prepared by the reaction of carbon and thorium oxide at high 
temperatures. The carbide was reacted with fluorine at temperatures 
up to 550°C in a nickel apparatus. The finely pulverized charges of 
carbide were spread out in a layer y\ in. deep in a nickel boat, and the 
whole apparatus was placed in a nickel reaction tube. The fluorine was 
introduced at 350°C and the temperature raised to 550°C and main
tained at that temperature for 6 hr. The reaction 

The2 + 6F2 - ThF4 + 2CF4 

was not complete, and there was some free carbon or thorium carbide 
mixed with the white fluoride. Conversions of 80 and 89 per cent, r e 
spectively, were obtained in two experiments using 100-g charges. The 
product gave pellets of thorium metal on reduction, using calcium and 
an iodine booster, but was not considered satisfactory. 

2.2 Reaction of Commercial Thoria with Anhydrous Hydrogen 
Fluoride. Commercial thoria was found to be too high-burned to react 
readily with hydrogen fluoride at temperatures up to 700°C. Heating 
at 700°C for 3 hr gave only 90 per cent conversion of a 10-g sample of 
thoria. The product was sintered and discolored. 

2.3 Precipitation of Thorium Fluoride. Thorium fluoride was p re 
cipitated from a thorium nitrate solution with hydrofluoric acid using 
paraffin-lined beakers. The product was filtered and then dried at 
100°C for several days; this was followed by drying at 500°C and at 
reduced pressure for several hours. The analysis gave Th, 76.11 per 
cent; F, 23.94 per cent. Theoretical values for ThF are Th, 75.33 per 
cent; F, 24.67 per cent. 

Probably some hydrolysis has taken place since the thorium analy
sis is high and the fluorine analysis low. The method is difficult, how-
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ever, and the product is bulky; hence it was not deemed suitable 
for production. 

2.4 Reaction of Commercial Thorium Hydroxide and Anhydrous 
Hydrogen Fluoride. Mantle-grade thorium hydroxide obtained from 
the Lindsay Light & Chemical Co. was used. It was quite impure, con
taining carbonate, calcium, lead, iron, and about 3 per cent sodium. 
It had a thorium content corresponding to 92 per cent Th(OH)4. 

Small-scale experiments showed that at temperatures around 600°C 
a product resulted which gave fair reduction to metal. Therefore a 
larger apparatus was constructed having graphite trays enclosed in a 
monel bomb; the t rays each held about 300 g of thorium hydroxide. The 
apparatus is shown in Fig. 1. It consisted of a set of 11 graphite trays 
iVz in. high, with a bottom V2 in. thick. The bottom had a notch V2 in. 
wide and Vi in. deep around it to fit into the tray below. The trays are 
5V2 in. O.D., 5 in. I.D., and the inside depth of the t rays was 1 in. Near 
the side of each tray was a connecting pipe % in. high with a Vz-in. hole 
through which the gas passed from tray to tray. The connecting pipes 
were placed on alternate sides of the apparatus so that the gas had to 
pass over the material in each tray. The whole set of t rays was placed 
on two graphite blocks inside a monel-metal shell. The monel shell 
was 18 in. high, 6 in. O.D., and 5% in. I.D. A flange 1 in. wide on the 
bottom allowed a Vs-in.-thick bottom to be held in place. A graphite 
pipe screwed into the bottom tray, and a nickel lock nut gave a tight 
connection with the monel shell. A brass fitting that was screwed onto 
the graphite pipe permitted connection of the HF tank to the trays via 
copper tubing. The top tray was fitted with a tight-fitting graphite 
cover onto which a close-fitting graphite outlet pipe was placed. The 
HF was allowed to escape from this pipe into the atmosphere. The 
whole apparatus was heated by a resistance furnace. Measurements 
with thermocouples both inside and outside the monel shell showed a 
temperature difference of less than S^C after the furnace had been at 
600°C about Va hr. 

In this apparatus, up to 3300 g of thorium hydroxide can be converted 
at one t ime; the hydroxide was packed % in. deep in each tray. The 
temperature of introduction of HF, the maximum temperature reached, 
the temperature at which the apparatus was flushed with nitrogen, and 
the time required for conversion were all studied. The results can be 
summarized by saying that temperatures from 300 to 700°C give ex
cellent conversions to the fluoride. The best product from the stand
point of physical properties and appearance was obtained by heating 
the apparatus to 250°C, introducing the HF, raising the temperature 
to 550 to 600''C, and keeping it there for 4 hr with an HF flow of about 
1 to iVz Ib/hr over the material. The apparatus was flushed with nitro-
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gen while at 550°C and allowed to cool with no gas flowing through the 
apparatus. The fluoride was discolored owing to impurities, and there 
were black specks of free carbon to be found on top of the material in 
the trays. The conversion was uniform in all trays if sufficient HF 
(about 30 per cent excess) was used. A typical analysis for thorium 
and fluorine of the material prepared from mantle-grade hydroxide is 
as follows: Th, 69.30 per cent; F, 22.80 per cent. 

This accounts for only 92.10 per cent of the material , but the F/Th 
ratio is calculated to be 4.02. Since the material contains 3 per cent 
sodium, calcium, lead, and iron as well, the other 8 per cent is prob
ably distributed among these materials. The fluorine in calcium and 
sodium fluorides is not measured by the hydrolytic method as ordi
narily run, so these do not interfere with the F/Th ratio above, even 
though they are probably converted to fluorides. 

This thorium fluoride gave yields, on metal reduction, of 87 to 93 
per cent, showing that even considerable impurities of salts do not 
interfere provided oxides and water are absent. Halides of alkali and 
alkaline-earth metals are removed in the slag. 

2.5 Reaction of Anhydrous Hydrogen Fluoride with Thorium Oxalate, 
Oxycarbonate, and Oxide. Reactions have been run with thorium oxa
late, thorium oxycarbonate, and thorium oxide prepared by the calcina
tion of the above salts. Calcination of either of the salts to the oxide 
by heating in air to 650°C increases the bulk density considerably, 
thus allowing a greater charge to be placed in the hydrofluorination 
apparatus and yielding a fluoride of higher bulk density. The calcined 
oxalate gave the most dense oxide, and up to 2500 g can be placed in 
the graphite-tray setup described in Sec. 2.4. The hydrofluorination 
was carried out as in Sec. 2.4. Typical analyses of the product pro
duced with the above raw material are given in Table 1. 

3. SYSTEM USED AT TIME OF WRITING TO PRODUCE ThF4 

Since both nickel and magnesium will effectively resis t hydrogen 
f luoride-water mixtures up to 600''C, these metals may be effectively 
used as materials of construction. If the fluoride is in direct contact 
with nickel, it will contain nickel as an impurity in the salt. However, 
magnesium can be in contact with the salt since any magnesium intro
duced into the thorium fluoride will be removed in the reduction and 
casting. The apparatus described below is modeled after that used for 
producing uranium fluoride at The Harshaw Chemical Co. The hydro
fluorination apparatus is shown in Fig. 2. It consists of an electric 
furnace wound around a 7-in. I.D. iron core (11 ohms, No. 10 chromel 
A wire, 220 volts). The temperature is controlled by a Capacitrol in 
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ser ies with the furnace. The reaction chamber is a 6-in. O.D. monel 
or nickel pipe containing three magnesium trays on which the charge 
is placed. These trays are formed from Vs-in.-thick AM2S pure mag
nesium sheet. Since magnesium becomes very soft when annealed, 
lighter material is not satisfactory. One end of the monel pipe is 
welded shut with a gas-entrance tube fitted into the center. The other 
end is closed by a recessed iron plate; the end of the monel tube fits 
into the recess in the iron plate and is sealed with a paste of calcium 
fluoride. The iron plate is held in place with two wedges between the 
plate and a crossbar attached to the monel pipe. A gas-outlet tube is 
provided in the iron plate. At least 6 in. of free space is provided at 
each end of the t rays to allow proper gas distribution in the chamber. 

The HF is provided from a cylinder heated with a water spray at 
about 27°C (4 Ib/sq in. gauge pressure) . The HF is metered by a Vie-
in. orifice in a platinum disk, which, at this pressure , gives a flow 
rate of about 3 Ib/hr. The excess HF and water are condensed in a 
washing column and washed down the drain. The whole apparatus is 
semienclosed in a hood, although, except for the washing tower, there 
is no HF escape when proper assembly has been made. A nitrogen tank 
is connected into the system for flushing the reaction chambers before 
removal from the furnaces. 

If desired, two or more of these units can be set up in ser ies , and by 
properly adjusting the time cycles of operation practically all the HF 
can be utilized. With a single chamber, about 20 per cent excess HF 
must be used to obtain complete conversion. 

The magnesium trays are packed with thorium oxide from % to 1 in. 
deep, care being taken to leave gas space above the material . In 
three t rays 5 ft long, about 25 lb of thoria constitutes a charge. There 
is little change in volume of the solid in the conversion from oxide to 
fluoride. The magnesium sheets as received are coated with a thin 
yellow film, the result of a chromate treatment by the manufacturer. 
This causes some surface discoloration of the first few batches run 
on new t rays , but after a few times the product is pure white. The 
nature of the original discoloration has not been found. It can be r e 
moved by heating the fluoride in dry air. 

The procedure is as follows: the raw material is thorium oxalate 
having a composition approximating Th(C204)2.2H20. This is calcined 
in nickel trays (bed of solid is 3 in. deep) in an electric furnace. At 
SOO'C a stream of dry air is blown through the furnace to burn all CO 
and prevent its accumulation. The temperature is raised to 650°C, 
maintained there for 3 hr, and the material can then be removed from 
the furnace. Table 2 gives some data on the calcination of thorium 
oxalate. 
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The thorium oxide is packed into the magnesium trays as described, 
and the apparatus is assembled. The reaction chamber is then placed 
in the furnace, which has been preheated to 550°C, and the HF inlet 
and discharge connections are made. The temperature, measured be
tween the furnace wall and the reaction chamber, drops about 120°C 
but returns to 550°C within 1 hr. HF is passed through the apparatus 
until a 20 per cent excess has been used. The reaction chamber is 
then flushed with nitrogen, withdrawn from the furnace, and allowed 
to cool. In about 2 hr the fluoride can be removed and the chambers 
can be reloaded. The conversion has been shown to be uniform through
out the system. Data for several batches are given in Table 3 and 
show the analysis of the product from various parts of the system. 

From Table 4, it can be seen that the weight change on hydrofluorina-
tion is a good index of the completeness of the process. When the 
weights do not check within a few ounces with a 25-lb charge, the run 
is repeated. 

The yield of metal on reduction of fluoride produced in this manner 
was consistently 95 to 98 per cent. This shows that the material is 
well-suited for the purpose. 

The impurities which might be introduced in the process are Mg and 
Ni. It was suspected that the discoloration in the early runs was due to 
carbon; hence carbon analyses were also run on the fluoride. The r e 
sults are as follows: The ThOg contained 10 ppm of Mg and 100 ppm of 
C. The ThF4 contained 14 ppm of Mg and 100 ppm of C. It is apparent 
that no significant amount of impurities has been picked up from the 
apparatus. 

Table 1 — Analyses of ThF, from Various Raw Materials 

Raw material 

Oxalate, atomic-weight grade 
Oxalate, atomic-weight grade 
Oxalate, atomic-weight grade, 

calcined 
Oxalate, mantle grade 
Oxycarbonate, atomic-weight grade 
Oxycarbonate, atomic-weight grade, 

calcined 
Hydroxide, mantle grade 69.3 22.8 2.28 
Oxalate, precipitated from thorium 0.93 

nitrate solution 
Oxalate, precipitated from thorium 1.50 

nitrate solution and calcined 
Theoretical for ThF, 75.33 24.67 

Th, % 

75.27 
75.28 
75.25 

75.50 
75.50 

F , % 

24.52 
24.63 
24.75 

24.47 
24.52 

Bulk density 
of ThF, 

0.90 

1.90 

0.67 

1.03 



425 

Table 2 — Calcination of Thorium Oxalate 

Weight of 
thorium 
oxalate, 

lb 

25.0 
24.16 
26.5 

Table 3 — An: 

Weight of 
ThOj, lb 

14.9 
14.3 
15.7 

ilysis of ThF, : 

Theoretical weight 
of ThOj from 

Th(C204).2H20, lb 

14.87 
14.35 
15.77 

Produced in Long Chamber 

Single chamber 

Area taken 

Bottom tray, head 
Bottom tray, center 
Bottom tray, end 
Center tray, head 
Center tray, center 
Center tray, end 
Top tray, head 
Top tray, center 
Top tray, end 

Batch 1 

Th, % 

75.30 
75.48 
75.30 
75.30 
75.30 
75.48 
75.30 
75.30 
75.60 

F, % 

24.91 
24.97 
25.10 
25.10 
24.83 
24.97 
24.80 
25.10 
24.01 

Batch 2 

Th, % 

75.60 
75.45 
75.40 
75.30 
75.48 
75.28 
75.37 
75.02 
75.38 

F, % 

24.32 
24.88 
24.66 
24.97 
25.10 
24.55 
24.97 
24.61 
24.65 

Batch 3 

Th, % 

75.38 
75.20 
75.38 
75.38 
75.30 
75.40 
75.40 
75.38 
75.29 

F, % 

24.59 
24.64 
24.68 
24.64 
24.83 
24.78 
24.66 
24.64 
24.80 

Two bombs in ser ies 

Run 

1 
2 
3 
4 

Bomb ] 

Th, % 

75.38 
75.46 
75.36 
75.60 

F, % 

24.63 
24.72 
25.20 
24.58 

Bon 

Th, % 

75.38 
75.36 
75.52 
75.45 

3b 2 

F, % 

24.62 
24.62 
24.42 
24.77 

Table 4 — Material Balance on Hydrofluorination of ThOa 

ThOj taken, lb 

27.25 
26.56 
20.75 
18.69 
20.50 
19.90 
18.90 

ThF, found, lb 

31.70 
30.80 
24.20 
21.75 
23.87 
22.58 
22.30 

Theoretical ThF, 
from oxide, lb 

31.77 
30.96 
24.19 
21.79 
23.90 
22.81 
22.49 
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Fig. 1—Apparatus for the conversion of thorium hydroxide to thorium fluoride. 
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(1) Nitrogen for flushing 
(2) Anhydrous HF 
(3) Copper condenser and spray column 
(4) Copper tubing 
(5) Magnesium trays 
(6) Monel bomb with tight cover 
(7) Iron core 
(8) Resistance wire in sillimanite layer 
(9) Dicalite insulation 

(10) Sheet metal shell with transite ends 
(11) Refractory plug 
(12) Leads from resistance windii^ to 

Capacitrols and power. 

Fig. 2 — Hydrofluorination apparatus for the conversion of thorium oxide to thorium 

fluoride. 
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ABSTRACT 

Thorium had previously been prepared in small quantities by the 
reduction of its halides and oxides by alkali and alkaline-earth metals, 
by the reduction of its oxide by Ca, and electrolytically. A process is 
here described by which large quantities of thorium have been pro
duced by the reduction of the tetrafluoride by calcium. It was found 
necessary to add heat to that of the reaction by carrying out simulta
neously an auxiliary reaction in the reaction chamber. The reaction 
of iodine, bromine, and various halides of volatile metals with Ca 
produced sufficient additional heat to fuse the slag and the metal. 
ZnClj proved to be the most effective "boos te r . " Conditions of r e 
duction are described for various scales of operation. The properties 
of the resultant alloy and the purity of the final product are described. 

INTRODUCTION 

The need for thorium metal for the investigation of its use as a pile 
material was understood early in the development of the project. The 
greater assurance of success and the greater possible speed of achieve
ment of the desired results by the use of uranium placed emphasis on 
the production of uranium to the exclusion of thorium. However, in-
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terest in thorium piles continued and methods for the production of 
the metal were investigated as time was available. Up to 1942 only 
small amounts had been prepared, chiefly by the reduction of the 
oxide with calcium by the method of J. W. Marden of Westinghouse. 

1. LITERATURE 

1.1 Reduction of Halides. Metallic thorium was first prepared by 
the potassium reduction of ThCl^ by Berzelius. ' A number of other 
investigators^'^° subsequently produced the metal in various states 
by the reduction of simple or double halides with alkali or alkaline-
earth metals, particularly Na. Von Bolton^ succeeded in hammering 
and rolling metal so produced into spongy wire. Lely and Bamberger^ 
sintered powdered metal into wire by alternating current. 

1.2 Reduction of Oxide. The reduction of thoria with carbon was 
attempted by Moissan and E ta rd" and later by Troost.^^ Carbide r e 
sulted in all cases . Similarly the reduction of thoria by silicon pro
duced a silicide.^' Decompositions of hydrides,^ ni t r ides," sulfides,^^ 
and other compounds were not fruitful. 

1.3 Electrolytic Methods. Thorium of 95 per cent purity was 
claimed by Moissan and Hoenigschmid^* by the electrolysis of KaThClg 
at 600°C by 3.5 amp current density at 110 volts with graphite elec
trodes. Electrolytic thorium was subsequently produced by others.""^* 

1.4 Thermite Process . The reduction of thoria by alkali metals 
failed, but alkaline-earth metals, particularly Ca, gave powdered 

20 21 4 22 23 

metal. ' The thermite reaction with aluminum or magnesium ' ' 
gave beads of thorium in the sintered mass, and Kuhne^^ claimed to 
have produced reguline thorium by adding some chlorate to the ther 
mite mixture of Goldschmidt. 

The production of thorium up to 1924 is fully summarized in 
Gmelins Handbuch,^ 

1.5 Reduction of Oxide with Ca by Marden. At the beginning of the 
project the most fruitful procedure for the production of thorium was 
the reduction of ThOa by Ca as developed by Marden.^® ThOz is mixed 
with Ca metal and CaClj and heated to red heat in a sealed bomb. Tho
rium and calcium oxychloride result. The product is leached with water 
and the thorium is obtained in powdered or granular form. The powdered 
metal is pressed into rods and sintered into a coherent form at about 
1300°C, This product can be extruded, rolled, or otherwise worked, 

2. APPLICATION OF METALLOTHERMIC PROCESS AT 
IOWA STATE COLLEGE 

The production of massive thorium metal by the process used at 
Iowa State College for the production of uranium^'' with calcium was 
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attempted. ThF^ was mixed with 20 to 40 per cent excess Ca and 
heated in a refractory-lined steel bomb until reaction occurred. Only 
powdered metal was obtained. The heat produced by the reaction added 
to that supplied by preheating the reactants was not sufficient to fuse 
the metal produced. The melting point of thorium about (1800°C) is 
much higher than that of uranium (1120°C), and the reduction of its 
tetrafluoride produced less heat than does the reduction of UF4. It 
appeared that more heat would be needed to melt the products of the 
reaction. The use of auxiliary oxidants or "boos te r s" in the produc
tion of uranium by the magnesium method^® and of such boosters in the 
small-scale production of uranium by the use of Ca (reference 30) 
suggested its use with Th. 

2.1 Heat Available and Required. The heats of reaction at 298°K 
of the reductions of some thorium halides by Ca and Mg are as follows: 

2Mg + ThF^ -. Th + 2MgF2 AH = +22 Kcal 
-550 - 5 2 8 

2Ca + ThF^ - Th + 2CaF2 A H - 3 0 Kcal 
- 5 5 0 -580 

2Mg + ThCl^ - Th + 2MgCl2 AH = +29 Kcal 
-335 -306 

2Ca + ThCl^ - Th + 2CaCl4 AH = - 4 7 Kcal 
-335 -382 

A consideration of the heats of reaction involved showed that the 
reduction of ThF4 by Ca will not produce sufficient heat to melt the 
products. Mg will not spontaneously reduce ThF4. Therefore the r e 
duction by Ca could best be accomplished with the aid of a booster 
or of sufficient preheat or both. It was found experimentally that suf
ficient heat to melt the products could not be added by preheating a 
mixture of the reactants before reaction occurs. Hence experiments 
were started with boosters. 

The incomplete fusion of the slag in the reduction of ThF^ by Ca 
indicated that the heat of reaction, 30 Kcal per mole of ThF4, had 
raised the temperature of the charge only a few hundred degrees, 
possibly from about 500 to about 1200°C, or 700 degrees. If it were 
necessary to ra i se the temperature to 1800°C, an increase of 1300 
degrees would be required, or nearly two times the heat supplied by 
the heat of reaction (the heat of reaction supplied by preheating would 
remain constant). Since the products of the auxiliary or booster r e 
action would absorb some heat, even more additional heat would be 
required. 

2.2 Use of Boosters. Iodine had been found to be an excellent 
booster in the small-scale production of uranium.^" The reduction of 
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Ij by Ca produces 129 Kcal per mole of I2. Since more than twice the 
heat of reaction of ThF4 plus Ca (30 Kcal) seemed to be needed, V2 mole 
of I2 (65 Kcal) per mole of ThF4 was tried first as a starting point for 
determining the amount of booster required.'* On the 50-g scale (to 
produce 50 g of metal as theoretical yield) only spongy metal was 
produced. On this scale the heat loss is proportionately very great 
compared with large-scale production. 

(a) KCIO3 and Th(S04)2 as Boosters. It was decided to obtain enough 
heat to fuse the products by a combination of I2 and KCIO3 as boosters.^! 

KCIO3 + 3Ca - 3CaO + KCl AH = -469.5 (at 298 °K) 
-89.9 -3(151.7) -104.3 

As a tr ial quantity 1 mole of l2and V3 mole KCIO3 were used per 
mole of ThF4, supplying 128.6 + 156.5 = 285.1 Kcal per mole of ThF4. 
This experiment was conducted in a 1^2-in. bomb, on which scale of 
operation the relative heat loss is very great, and with ThF4 contain
ing 12 per cent of unconverted oxide. In spite of the addition of sev
eral t imes the assumedly needed quantity of heat, the metal was not 
well fused. However, small pellets (up to 3 mm diameter) of a clean 
fused metal were produced. It was demonstrated that the metal could 
be produced and fused by the bomb process. Increasing the scale and 
improving the reactants would lower the booster requirement and r e 
sult in massive metal. 

Since Th(S04)2 supplies much more heat per mole of Th than does 
ThF4 on reduction by Ca (700 to 30 Kcal),'* it was thought that it might 
serve both as a booster and as a source of Th. 

Th(S04)2 + lOCa - Th + 2CaS + 8Ca0 AH = ~ -700 Kcal 
— 700 -227 -1213.6 

ThF4 + 2Ca - Th + 2CaF2 AH = - 3 0 Kcal 
-550 -580 

One-half mole of Th(S04)2 per mole of ThF4 was reduced by Ca on the 
50-g scale. No massive metal was obtained. The reaction was repeated 
with 1 mole of I2 in addition to V2 mole of Th(S04)2 per mole of ThF4, 
but again no massive metal was obtained. Far more heat was produced 
than should have been necessary to melt the products; therefore it ap
peared that the stiffening of the slag by the large amount of CaO pro
duced by the reduction of the sulfate prevented the agglomeration of 
the metal. 

(b) Successful Reduction with Iodine. More heat appeared to be 
needed and yet KCIO3 and Th(S04)2 both seemed to produce more oxide 
than could be tolerated. Iodine, however, lowered the melting point of 
the slag by the fluxing action of the iodide. Since y2 laper mole of 
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ThF^ had been found to be very inadequate, it was empirically decided 
to try 3 moles of Ig per mole of ThF4.'' Although this ratio produced 
far more heat than appeared necessary, the heat loss was so great on 
a relatively small scale that a large excess was required. A yield of 
80 per cent of pellets of ductile metal which analyzed 95 per cent Th 
was obtained with 3 I2 per mole of ThF4 on a 25-g scale, using com
mercial ThF4 supplied by the Lindsay Light & Chemical Co. and dried 
in vacuo at 500°C. The experiment was repeated with only 2 I jPer 
mole of ThF4 with no agglomeration of metal. 

Since the type of liner, liner thickness, preheating procedure, and 
other variables needed fixing for the production of optimum yield, a 
ratio of 3 moles of I2 per mole of ThF4, with 20 per cent excess Ca 
in the 3-in. bomb holding a charge of 7.5 g of ThF4, was arbitrari ly 
adopted for further experimentation. 

2.3 Early Preparation of ThF4. Erra t ic results in the prel imi
nary experiments indicated that the fault lay in the low purity of the 
thorium tetrafluoride. The salts were not dry and contained 3 per 
cent or more of oxide; hence it was decided to prepare salt for the 
reductions. Various procedures were attempted, but the best results 
were obtained by the passage*^ of HF over Th(OH)4. The hydrofluori
nation was conducted in a ser ies of round graphite t rays, each tightly 
fitted into the tray above and that below and drilled on alternate 
sides with Va-in. holes to permit the flow of gas from tray to tray 
across the surface of the charge. These trays were enclosed in a 
graphite cylinder with well-fitted heads, through which the gas was 
introduced and discharged by graphite tubes. The gas was introduced 
at the bottom of the chamber and passed successively over the sur
face of the charge of Th(OH)^ in each tray, and the excess was dis
charged at the top along with the water formed in the process. The 
entire assembly was heated in a vertical resistance furnace. HF was 
introduced at 350°C, and reaction began at once, as shown by the 
evolution of water and the complete absorption of the HF introduced. 
The temperature was increased from 350 to 680 °C in 4̂ /2 hr, at which 
time no water was given off, indicating completion of the reaction. 
ThF4 prepared in this fashion produced yields of 78 to 80 per cent 
of massive thorium, whereas the commercial fluoride produced yields 
of only 40 to 55 per cent. 

Following preliminary preparations by some of the authors, the 
preparation of ThF4 by the above process was standardized and ex
panded by Newton and Lipkind'' and has been used in producing the 
fluoride at Iowa State College in large quantities. The specifications 
of ThF4 finally adopted for production and the effects of various 
properties and of composition will be treated in detail later in this 
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paper. However, early experiments on a small scale using 3 moles 
l2per mole of ThF4 with 40 per cent excess of Ca in sintered-lime 
bomb liners produced the following yields with different lots of ThF4 
prepared by various processes from different source materials:^^ 

Source of Th]^ 

Lindsay Light & Chemical Co., 
West Chicago, 111. 

Maywood Chemical Works, 
Maywood, N. J. 

Iowa State College, 
Ames, Iowa 

Treatment (at 500°C) 

Dried in vacuo 

Dried in vacuo 

Prepared by 
HF + Th(0H)4 

Yield, % 

56-63 

4 1 - 5 5 

64-80 

After standardizing to some extent the fluoride being used, the effect 
of the type of refractory liner used in the reaction chamber was next 
investigated. Bomb liners were applied either by jolting lime in the 
bomb or by inserting sintered-lime crucibles. 

In general the use of sintered l iners with fixed conditions and mate
r ia ls gave a 10 to 20 per cent increase in yield over that of the jolted-
lime l iners. 

2.4 Other Halogens as Boosters, (a) Chlorine. Following p re 
liminary production of ThF4 by various methods, fairly uniform mate
r ial was produced from Lindsay Th(OH)4, on which reduction studies 
were made with various boosters. The use of KCIO3 ^^^ found unde
sirable because of the high viscosity of the slag resulting from the 
CaO formed in the reaction of Ca and KCIO3. The use of iodine was 
disadvantageous because of the great volume occupied by the iodine 
and its equivalent calcium in the quantities required (3 moles of I2 
per mole of ThF4) and because of the consequent dilution of the ThF4. 
Since chlorine would add much more heat per gram of chlorine used, 
and some more heat per gram of calcium used, and since the chlorine 
could be added as a gas at the time of reaction, thus occupying no 
space in the original charge, it appeared very likely that chlorine 
would have considerable advantage over iodine. 

Ca + I 2 - C a l 2 

Ca + CI2 - CaCl2 

AH = 

AH = 

-128.6 Kcal 

-190.7 Kcal 

19ft fi 
Heat produced per gram of Ca with iodine = ' =3.17 

40. Do 

190 7 
Heat produced per gram of Ca with chlorine = ' = 4.75 

40.Oo 
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1 9 Q C 

Heat produced per gram of iodine = . _ ' - = 0.821 
i O T 

190 7 
Heat produced per gram of chlorine = ' =2.69 

Hence 1 mole of calcium used with chlorine is equivalent to 190.7/126.6. 
or 1.5 moles of calcium used with iodine, which means that only two-
thirds as much calcium is required to produce the same amount of 
heat. 

It was proposed to admit the chlorine as gas into the bomb at the 
reaction temperature just prior to the expected time of reaction. To 
accomplish this a steel reservoir was constructed which held the 
necessary quantity of chlorine at tank pressure and at room tempera
ture. This reservoir was evacuated, filled with chlorine from the tank, 
and closed off from the tank by a valve. After the bomb and charge had 
been heated to reaction temperature, a few minutes before ignition 
was expected, the valve in the line from the reservoir to the bomb 
was opened, and chlorine was admitted to the reaction mixture. Re
action occurred immediately and yields of 40 per cent were ob
tained.'*'*^ The metal was spongy and further attempts failed to im
prove the yield. Because of the complexity of the assembly, the 
chlorine procedure was suspended for the time. 

(b) Bromine. Since bromine is in the liquid state at room tempera
ture, it is considerably more convenient to handle and use than 
chlorine, but less so than iodine. However, its heat production is 
greater than that of iodine, although less than that of chlorine. 

Since 3 moles of Igwere required per mole of ThF4, 2̂ /2 moles of 
Br2 per mole of ThFi should give about the right amount of heat. 
Heats of formation of CaCla, CaBr2, and Calg are -190.7 , -162.2, and 
-128.6 Kcal, respectively. 

The charge was composed of ThF4 with 20 per cent excess Ca, as 
usual, packed in a bomb with jolted liner. The bromine was placed 
in gelatin capsules or glass vials in various parts of the charge. 

Yields produced by the placing of the bromine in various locations 
are as follows: 

Per cent 
Location of bromine of yield 

1. In gelatin capsule at bottom of charge 0 
2. In gelatin capsule at top of charge 25 
3. In sealed glass vial at center of charge 21 
4. In open glass vial on top of charge 50 
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The metal produced was in all cases pellets of low yield or mossy 
lumps, with no case of a single massive ingot. There was evidence of 
excessive bromine pressure, the bottoms of the bombs in two cases 
being considerably bulged out. Because of the low yields of poor 
metal, the inconvenience of handling, and the apparent pressure , 
further investigation of the bromine reaction was suspended for the 
time being. 

3. HALIDES OF VOLATILE METALS AS BOOSTERS 

The halogens were better boosters than oxy-compounds since halides 
or mixtures of halides were lower-melting than oxides or halide-oxide 
mixtures. However, relatively low heat produced by iodine in propor
tion to its weight and bulk was disadvantageous, bromine was not sat
isfactorily controllable in the reaction, and chlorine offered mechani
cal difficulties. Moreover, the melting point of thorium is relatively 
high (about 1800°C). 

Since the melting points of alloys of thorium might be expected to 
be lower and since the halides of some metals have very low heats 
of formation, the use of the halide of a volatile metal which forms a 
low-melting alloy with thorium would help to solve both the slag and 
metal-melting difficulties.'* The desirability of using such a com
pound would be dependent on the ability to remove the alloying metal 
by vacuum heating. 

An examination of the heats of formation of the chlorides and fluo
rides of some of the more volatile metals shows that those of Zn, Bi, 
Pb, and Cd are of interest, provided the metal can be removed by 
vacuum distillation. The heats of formation and heats of reaction 
with Ca per equivalent are given in Table 1. 

From the point of view of the heats of formation the chlorides listed 
are desirable in the order Bi, Pb, Cd, and Zn. The fluorides are not 
as available but could be prepared and would produce more energy. 
The chlorides would be preferable, however, because of the formation 
of a mixed halide slag composed of chloride and fluoride, which would 
have a lower melting point. Availability, purity, and convenience in 
handling and using also must be considered. Both lead and zinc chlo
rides were found to be available in adequate purity and quantity. Since 
cadmium in so very deleterious in some connections, it was felt best 
to avoid its use, although it can be quantitatively removed by vacuum 
distillation. 

3.1 Bismuth Fluoride. Since bismuth fluoride was available, it 
was first tried as a booster. '* The salt was ground to 100 to 200 mesh 
and mixed with ThF^ and Ca in the desired proportions. These charges 
of 100 to 200 g of ThF^ contained 30 per cent excess Ca over that r e -
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quired for the reduction of the oxidants and were fired in sintered-
lime liners in steel bombs. Results obtained with the various ratios 
of BiFj to ThF^ are tabulated in Table 2. Less than 1 mole of BiFj 
per 3 moles of ThFj resulted in poor separation, but 1 to 2 moles of 
BiF3 per 3 moles of ThF^ resulted in fair separation of products. 
Yields were not encouraging, however. 

One mole of BiFj per 3 moles of ThF4 produces an alloy containing 
23 per cent by weight of Bi, however, and this presents serious prob
lems in remelting and casting. Any greater amount of Bi would be 
greatly in the way in casting and very uneconomical in the purchase 
of materials. Less than this amount appeared useless in achieving 
separation of the metal and slag. 

On remelting in vacuo at 1800°C only about one-half of the Bi was 
removed, 11 per cent by weight being found in the cast metal. More
over, the product was brittle, pyrophoric, and reactive with the mois
ture of the air . For these reasons investigation of the use of BiFj as 
a booster was suspended. 

3.2 Lead Chloride. Since the use of a fluoride produced a slag of 
a single component it appeared desirable to produce a lower-melting 
slag of two components by using a chloride booster. Lead chloride 
was available in high purity and was first tried for the purpose. The 
proportion of lead chloride to be used was investigated by mixing the 
dry salt with charges of 100 to 200 g of ThF^ with 30 per cent excess 
Ca over the theoretical value. These charges were fired in sintered-
lime liners in closed steel bombs by heating in a resistance furnace at 
about 600°C. Results obtained with various proportions of PbClj were 
as given in Table 3. 

Less than 1 mole of PbClj per 2 moles of ThF4 gave no indication 
of producing separation of metal and slag. Even 2 moles of PbCla 
per 3 moles of ThF^ gave only poor yield. One mole of PbCla per mole 
of ThF^ was necessary to give a nearly quantitative yield, and even 
this metal was not of good quality. Such a ratio represents almost 
50 per cent lead, which was neither economical nor desirable. On 
casting, considerable lead remained in the cast product. Work was 
discontinued on the use of PbClj as a booster for these reasons. 

3.3 Zinc Chloride. Zinc chloride was available in high purity as 
the partially hydrated salt. This could be dried by heating under an 
atmosphere of dry HCl. An examination of the heats of formation 
given in Sec. 3 shows that ZnClz does not produce as much heat per 
equivalent as do some of the other halides of volatile metals, but it 
does produce more heat per weight used. Moreover, it has a boiling 
point of only 900°C at 1 atm against 1500°C for Bi and 1600°C for 
Pb. Hence it would presumably be much more easily boiled out. 
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On the basis of the results with PbCL and BiFj it was decided to 
begin the investigation of ZnClg at 1 mole of ZnCla per 2 moles of 
ThF4. On 200- to 400-g charges of ThF^ with 0.5 mole of ZnClj per 
mole of ThF4 and 20 per cent Ca excess heated in sintered-lime 
liners, yields of 56 to 86 per cent were obtained in preliminary ex
periments.^^''* The alloy was a silver-white brittle mass which 
corroded rapidly on standing in air , decrepitating to a black powder. 
Separation from slag was quite sharp, and the ingots of alloy were 
very easily cleaned by chipping and brushing. They could not be 
cleaned by leaching in water, however, because the alloy was very 
reactive with water. 

The zinc used as a booster remained almost quantitatively in the 
thorium alloy in the separation of products in the bomb reaction. 
Subsequent typical analyses showed the following compositions of the 
alloy and of the charges from which they were prepared: 

Zn in charge, % Zn in alloy, % 

17.1 17.45 
12.0 11.55 

On remelting in vacuo at 1650 to 1800°C, zinc was found spectro-
graphically to have been almost completely removed (less than 200 
ppm, usually less than 100 ppm in cast metal). 

4. ESTABLISHMENT OF OPTIMUM CONDITIONS 

4.1 Booster Ratio. The determination of the optimum booster 
ratio was conducted under the conditions prescribed above (200-g 
charge, 20 per cent excess Ca, sintered liner, furnace at 600 to 
650°C)." The results appear in Table 4. Although the yield from the 
0.25-mole ZnCla mixture appeared greatest, separation had been 
incomplete, and the product contained slag. One-half mole of ZnClg 
per mole of ThF4 appeared to be the optimum ratio in which to use 
ZnClj as booster under the prescribed conditions. 

4.2 Excess Calcium. Since the excess reducing metal had been 
found to be critical in bomb reactions, a ser ies of experiments were 
conducted using 1 mole of ZnClz per 2 moles of ThF4 and varying the 
calcium excess from 0 to 30 per cent with the resul ts shown in Table 
5,̂ ® Thus it appeared that at least 20 per cent excess Ca was desirable, 
and in succeeding experimental work this quantity was used. 

4.3 Method of Preparation of Thorium Fluoride. During all this 
experimental pefiod thorium fluoride prepared in small batches by 
different procedures from various source materials had been used. 
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Having established a fairly successful and consistent process for the 
production of metal from fluoride, it was next decided to evaluate the 
methods of producing fluoride by the reduction, under fixed conditions, 
of fluorides prepared by different procedures from all available and 
usable compounds from various sources. The preparation of the fluo
rides is fully described elsewhere." 

Thorium hydroxide, oxycarbonate, and oxalate appeared to be the 
most suitable of the available compounds. The hydroxide can be 
hydrofluorinated directly with HF at 500 to 700°C. The oxalate and 
oxycarbonate can be hydrofluorinated directly, although they are best 
converted first to the oxide by calcination at 650°C and then hydro
fluorinated at 550°C. The hydrofluorination was accomplished either 
in graphite vessels or in magnesia trays in a monel chamber heated 
by a chromel-wound furnace. 

Various lots of ThF4 prepared from these source materials were 
reduced with 20 per cent excess Ca with 0.5 mole of ZnClg per mole 
of ThF4 in sintered-lime liners, as shown in Table 6. 

It appeared that the carbonate was much better than the hydroxide 
and slightly better than the oxalate as a base material for the prepa
ration of the fluoride. However, the oxalate is produced in a purifica
tion process and is much more readily available. It would be the 
product finally produced in an extraction-column purification of 
thorium such as was later used for removal of the r a re earths. Hence 
it was decided to produce all subsequent fluoride from the oxalate, 
either purchased as such or produced in the purification process. 

4.4 Variation of Conditions with Scale. The variation of conditions 
with scale of operation remained to be studied. In most bomb reduc
tions it had been found possible to decrease both the proportion of 
booster used and the excess of reducing metal. Having established 
consistent supplies of raw materials, the variation of booster ratio 
with scale was next investigated. 

On the 100- to 200-g scale, 0.5 mole of ZnClz per mole of ThF4 was 
required. On the 300-g scale, 0.33 mole of ZnClj per mole of ThF4 
produced maximum yields. On subsequent reductions in 4- and 6-in.-
diameter bombs holding charges of 6 to 30 lb of ThF4, the booster 
ratio was further decreased to 0.25 mole of ZnClg per mole of ThF4. 
Owing to occasional incompleteness in the hydrofluorination process, 
from 1 to 7 per cent of oxide may be present in the ThF4. For this 
reason 0.3 mole of ZnClj per mole of ThF4 was adopted as standard, 
and subsequent large-scale reduction has been done on this basis. 

The excess Ca was also decreased on the 6- to 30-lb scale to 15 
per cent in some cases, although again the variation of the ThF4 
caused the adoption of 20 per cent for standard procedure. 
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5. CURRENT METHOD OF PRODUCTION OF THORIUM 

Considerable quantities of thorium have been produced using the 
above procedure in refractory-lined steel bombs 2V2 in. in diameter 
by 12 in. long, 4 in. in diameter by 24 in. long, and 6 in. in diameter 
by 40 in. long which produce ingots of 1, 6, and 22 lb, respectively, 
of 93 per cent Th alloy (7 per cent Zn). 

The 2y2- and 4-in. bombs are lined with sintered l iners of highly 
calcined high-calcium lime or of electrically fused dolomitic oxide 
fired in graphite heaters in the induction furnace at 1750 to 1800°C. 
The refractory is jolted on a pneumatic jolting table into the annular 
space between a graphite mandrel and the wall of a cylindrical graph
ite crucible or form, the mandrel is removed, and the liner is fired 
in the induction furnace, using the graphite form as the heater. These 
bodies shrink from 7 to 10 per cent on firing, and consequently it is 
necessary that the mandrel and form be proportionally larger than 
the desired body. The fabrication and firing of these bodies is de
scribed fully elsewhere.^'' 

The charge consists of ThF4, Ca, and ZnClg. The ThF4 is produced 
by the hydrofluorination at 550°C of thoria made by the calcination at 
650''C of oxalate precipitated from column-purified thorium nitrate.^*'^ 
The fluoride is ground to 100 to 300 mesh in a Mikro-pulverizer. Dis
tilled electrolytic calcium, 10 to 40 mesh, is used in 20 per cent ex
cess of the theoretical quantity required for the reduction of ThF4 
and ZnCl2. The zinc chloride is dried by fusing under HCl for 3 to 4 
hr, ground and weighed in the dry room, and mixed with the charge 
immediately before introducing the latter into the lined bomb. The 
ZnCl2is used in the proportion of 0.29 ZnCla per mole of ThF4. A 
typical charge for a 2V2-in. bomb contains 450 g of ThF^, 57.5 g of 
ZnClg, and 167 g of Ca. 

The 4-in. bomb is loaded and fired similarly to the 2y2-in. bomb. 
A typical charge for the 4-in. bomb contains 8.13 lb of ThF4, 1.0 lb 
of ZnClg, and 2.9 lb of Ca. 

The procedure of loading and firing the 6-in. bomb is exactly that 
which was employed in the production of uranium by the reduction of 
UF^ by Mg. This procedure has been described in detail elsewhere^® 
but may be summarized as follows: 

The 6-in. bomb is lined with powdered refractory jolted directly 
into the bomb. Either highly burned high-calcium lime or e lectr i 
cally fused dolomitic oxide may be used. The refractory is packed 
by means of a pneumatic jolting table into the annular space between 
a chromium-plated steel mandrel and the bomb. The mandrel is then 
removed and the liner used without further burning. The charge is 
mixed in a MacLellan batch mixer and poured into the bomb through 
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a funnel reaching almost to the bottom of the bomb, in such a manner 
as to prevent damage to the liner. The charge is then covered with a 
disk of sintered refractory or of graphite, which in turn is covered 
with lime. The bomb is closed by a blind flange bolted to the com
panion flange fitted to the bomb. 

The bomb is placed in a gas-fired furnace at 1050 to 1100°F, and 
reaction occurs in 30 to 35 min. On cooling, the cover is removed 
from the bomb, the liner chiseled out by a pneumatic chisel, and the 
ingot of alloy removed by jolting the inverted bomb on a pneumatic 
jolter. 

A typical charge for a 6-in. bomb contains 30.0 lb of ThF4, 3.86 lb 
of ZnClz, and 10.7 lb of Ca. 

The Th-Zn alloy produced in the above process contains about 8 
per cent Zn when 0.3 mole of ZnClg per mole of ThF4 is used. The 
alloy is silver-white, brittle, and reactive with water and with mois
ture in the air . It seems to remain unchanged in dry air, as in a 
desiccator. Because of its reactivity it cannot be cleaned of slag by 
leaching but must be cleaned mechanically, as by chipping or brushing. 
Nor can it be exposed to undried air but must be kept in dried air , 
inert gas, or under oil. 

The alloy can be melted in vacuo or under an inert atmosphere such 
as argon. On heating the alloy in vacuo the zinc boils out, beginning 
to distill from the solid at about 900 °C and distilling rapidly at about 
1200°C. The remaining thorium may then be melted and cast into de
sired shapes. Methods of casting and properties of the cast metal a re 
described elsewhere.'''' 

6. PURITY OF THORIUM PRODUCED BY 
METALLOTHERMIC REDUCTION 

The purity of thorium for pile use is of utmost importance. Approx
imately the same purity is required as is required of uranium plus 
virtual freedom from uranium in some cases, in order that the other 
isotopes of uranium being produced will not be diluted with U^^'. 

The first step in the purification was the column extraction of 
thorium nitrate with hexone as developed at Iowa State College.** In 
this process thorium was separated from ra re earths, iron, cadmium, 
and most of the other metals by extraction of commercial thorium 
nitrate with hexone using calcium nitrate as a salting-out agent. 
Thorium was precipitated from the purified nitrate solution as the 
oxalate, by which about 90 per cent of the uranium present was r e 
moved. The oxalate was calcined at 650 °C to thoria, which was hydro-
fluorinated at 550 °C to form ThF^. Boron was removed in the latter 
step. Any residual cadmium was removed on casting the metal in 
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vacuo. As a result of these procedures large quantities of metal have 
been produced with purity within the limits listed in Table 7. 

It will be observed that boron is usually less than 0.5 ppm, the 
greater portion of which is picked up in the casting process. Cadmium 
is less than 0.2 ppm on metal from column-purified salt and probably 
less than 0.1 ppm. The method of determination is being further refined 
Determination of r a re earths is now in process. It will also be seen 
that the zinc is almost completely removed (less than 5 ppm) when 
casting conditions are satisfactory. 

The reaction of thorium with the oxide refractories, even beryllia, 
on melting introduces considerable oxide (1 to 3 per cent) into the 
cast metal. Carbon volatilizes from the graphite heater, introducing 
sufficient carbon to produce 1 to 3 per cent of carbide. As a result 
1 to 6 per cent of combined thorium may be present under operating 
conditions to date. From 0.06 to 0.2 per cent Be is also picked up 
from the crucible. The investigation of other refractories and the 
improvement of vacuum techniques are under way to decrease these 
reactions. 

The composition of the metal with respect to thorium and major 
impurities is presented in Table 8. 

The decrease of the oxygen content of thorium can be achieved by 
the use of high vacua (now in process of development at Iowa State 
College) and by better control of temperature. Reaction with the 
crucible can be decreased considerably by using the minimum temper
ature (1780 to 1800°C) necessary for free flow of metal. However, 
the zinc distilled out of the metal interferes with thermocouples to 
such an extent that measurements are frequently inaccurate and ex
cessively high temperatures are reached. The shielding of the 
thermocouple is being improved to remedy this defect. The use of 
self-induction offers some possiblity of eliminating carbon. These 
problems will be discussed in full in the paper on casting.'*" 

Table 1* 

Heat of formation of Heat of reaction 
booster per equivalent, Kcal per equivalent with '/4Ca, Kcal 

BiCl, - 3 0 -65 .4 
PbClj -42 .9 -52 .5 
CdClj -46 .5 -48 .9 
ZnClj -49.8 -45 .6 
PbFj -79.7 -63.3 
ZnFj -88 .0 -55 .0 

'AHCyaCaClj) = -95 .4 Kcal; AH('/4CaFj) = -143 Kcal. 
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Table 2 

Moles of BiF3 
per mole of ThF^ 

0.25 

0.33 
0.33 
0.67 

Yield 
(Th-Bi alloy), % 

37 

55 
67 
65 

Quality 

Poor separation, 
slag inclusions 

Clean, massive metal 
Clean, massive metal 
Clean, massive metal 

Table 3 

Moles of PbClz 
per mole of ThF^ 

0.20 
0.33 
0.50 
0.67 
1.00 

Yield, % Condition of metal 

0 No separation from slag 
0 No separation from slag 

25 Pellets 
25 Pellets 

~100 Poor, with inclusions of slag 

Moles of ZnClj 
;r mole of ThF, 

0.25 
0.50 
0.75 
1.00 

Table 4 

Yield, % 

75 
64 
62 
27 

Condition 

Slag inclusions 
Clean metal 
Clean metal 
Brittle, reactive 

Table 5 

Excess Ca, % 

0 
10 
20 
30 

Yield, 

45 
47 
83 
83 
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Table 6 

Thorium tetrafluoride 
lot No. Source Yield of alloy, % 

Hydroxide 

5 Th(OH)4 73 
6 Th(OH)^ 72 
7 Th(OH)^ fused 77 
9 Th(OH)^ blend 81 

13 Th(OH)^ blend 84 
17c Th(OH)^ predried 56 
18c Th(OH)< predried 69 

Oxalate 

14a Th(C204)2 92 

Carbonate 

14 Th(0C03) (approx.) 95 
17a Th(0C03) (approx.) 91 
17b Th(OC03) predried 94 
18a Th(0C03) predried 88.5 
18b Th(0C03) predried 91.5 

Table 7 — Purity of Cast Thorium Metal Made from Column-purified Salt 

Impurity 

C 
N 
Al 
Si 
Zn 
Fe 
Ca 
Mg 
Ba 
Na 
Mn 
Pb 
K 
Li 
B 
Cd 
U 

Lower limit, 
ppm 

500 
200 
100 
100 
<5 
40 

5 
1 

5 

0.3 

Upper limit, 
ppm 

2000 
800 
700 
700 
100 
125 
<25 
<30 
<25 

15 
7 

<5 
10 
<2 

1.5 
<0.2 

0.2 

Usual content, 
ppm 

1200 
350 
300 
300 

<5 

3 

<0.5 
<0.2 
<0.2 
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Table 8 — Major Components of Cast Thorium Metal 

Component Lower limit, % Upper limit, % Usual content, 

Thorium (free) 
Thorium (combined) 
Thorium (total) 
Beryllium 
Nitrogen 
Carbon 

94 
1 

95 
0.02 
0.02 
0.05 

99 
6 

99 
0.08 
0.08 
0.2 

97.8 
2 

99 
0.06 
0.035 
0.12 
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CASTING OF THORIUM METAL AND SOME 
PROPERTIES OF THE CAST METAL 

By W. H. Keller, Ward L. Lyon, Harry J . Svec, 
and Richard Thompson 

[Editor's Note: Work done at Iowa State College. Based on Reports 
CT-1780, CT-1784, CT-1977, CT-2943, and CT-2951. Prepared for 
publication Oct. 2, 1945.] 

ABSTRACT 

Methods of casting thorium metal produced by the metallothermic 
reduction of ThF4 by Ca with various auxiliary oxidants are described. 
Graphite was found to be reactive with thorium at the flowing tem
perature of the metal produced. Refractory oxides of the alkaline-
earth metals were found usable as ceramics; BeO was best. Casting 
was done at 1800°C. The accurate measurement of temperature in 
this region is difficult, and a W-Nb thermocouple was developed for 
the purpose. The Zn from the ZnClg used as a booster shorted out 
the couples, requiring specially fabricated BeO shielding for their 
protection. 

The metal was cast in vacuo by melting in a BeO crucible at 
1800°C and by permitting it to flow freely, without the use of a valve, 
through a hole in the bottom of the crucible into a BeO mold, also 
maintained at 1800°C. Metal was also cast by melting in situ in BeO 
crucibles without flow or pour; the melting crucible also served as 
a mold. The Th-Zn alloy (7 per cent Zn) produced by the booster 
reaction was also melted at 1200°C in argon without perceptible loss 
of zinc for the production of desired shapes of the alloy to be used in 
further casting. 

The melts were made by induction heating using graphite heaters . 
BeO, MgO, and other oxide refractories were used for insulation. 
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Carbon black was avoided because of the resultant carburization of 
the metal by the flying carbon dust. Insulation was done both by the 
use of shields and by loose-packed oxides. Cylinders, hemispheres, 
and rectangular shapes weighing from 1 to 70 lb were cast by these 
procedures. 

The cast metal when analyzed gave 99 to 99.5 per cent thorium, 
usually 97 per cent free metal. The purity of the metal is described. 
Some physical properties are presented, and the working and shaping 
of the metal are discussed here. 

Thorium was produced at Iowa State College by the reduction of 
ThF^ by Ca using ZnCl2 as an auxiliary source of heat, or booster. ' 
An alloy of Th and Zn was produced by this reaction which contained 
from 6 to 15 per cent Zn according to the amount of booster used. 
The greater portion of the metal produced contained 7 per cent zinc. 
Before this metal could be used for physical or chemical investi
gations or for fabrication purposes it was necessary that the zinc be 
removed and that it be cast into the desired shapes. Removing the 
Zn by melting in vacuo and casting the purified melt proved the s im
plest means of achieving these objectives. 

1. REFRACTORIES USED IN CASTING THORIUM 

The discovery of materials sufficiently refractory and inert for 
use in forming melting crucibles and molds was the first problem in 
the casting of thorium. 

1.1 Graphite. Since graphite is quite refractory, available in suf
ficient purity, and readily shaped by sawing, machining, drilling, etc. , 
its use would have been very desirable. Carburization usually oc
curred, however, on melting the metal in graphite. Carburization does 
not occur perceptibly until the metal is somewhat above its melting 
point, but the difficulty of exact temperature measurement and 
control in the range of 1800°C causes the necessity for very close 
control to be undesirable. Above 1800°C the reaction with graphite 
progresses readily to form the carbide.^'* The gain in carbon content 
on heating the metal in graphite is approximately 0.2 per cent up to 
1600°C, 0.6 per cent at about 1650°C, and complete carburization at 
1800°C or above if heated for a sufficient time. The carbide is very 
hard and brittle and slakes on standing in air . Further investigation 
of the use of graphite was suspended after the observation of the 
above reactions. 

1.2 Refractory Oxides. Crucibles and molds of certain of the r e 
fractory oxides were next investigated. The method of fabricating 
these bodies is described elsewhere.* Since lime and magnesia had 
been used in the melting of uranium and other metals,^"^ they were 
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first tested. Thorium reacted in vacuo with magnesia at about 1650°C 
and with lime at about 1750°C.^"* This was to have been expected 
owing to the great volatility of Mg and of Ca. Since it was found that 
temperature of about 1800°C was necessary for achieving the free 
flow of thorium, magnesia and lime were shown to be unusable. 

Thoria^'* was tried as a melting crucible with little attack at the 
melting point, but considerable attack was noted at the somewhat 
higher temperature necessary for efficient casting. The solubility 
of thoria in thorium would indicate this result. Zirconia showed little 
attack but was much more difficult to fabricate by the jolt-pack method 
than other oxides and hence was not employed in the early work with 
thorium. 

1.3 Beryllia. Although much less available than magnesia or 
lime, beryllia was found to be much less reactive in vacuo at high 
temperature because of the lower volatility of beryllium. Moreover, 
it can be fabricated into stronger ware which offers great resistance 
to thermal shock and is unaffected by moisture, and the ware retains 
its shape and shrinks more evenly on firing.* On heating thorium in 
beryllia, the in vacuo reaction was found to be negligible up to 1775°C 
and only slight at 1800°C.^"^ However, it increases fairly rapidly 
above 1800°C, and by 1900°C erosion of the melting crucibles has been 
found to have progressed as much as Vie in. 

2. CASTING TEMPERATURE IN VACUO 

2.1 Melting Point of Thorium. The melting point of thorium has 
been variously reported from as low as 1450°C (reference 9) to as high 
as 1845°C (reference 10). Values of 1672 to 1739°C are reported by 
Thompson." These discrepancies are partly due to the fact that accu
rate thermometry in the range of 1600 to 2000°C is much more diffi
cult than in lower ranges. Moreover the determination of the melting 
point of thorium offers special difficulties resulting from the physical 
and chemical properties of the metal. Further investigation is under 
way on the accurate determination of the melting point. 

In spite of the uncertainties in the melting point of thorium, how
ever, the temperature at which the metal flows readily can be empir
ically determined quite simply. By melting large masses (10 to 50 
lb) in crucibles with 1- to iy2-in. holes in the bottom, it has been 
found that the metal does not flow, even though the surface was well 
cleaned and in good vacuum, until a temperature of 1775°C is reached. 
Hence 1800°C has been adopted as the casting temperature for this 
work. 

2.2 Thermocouples. The measurement of temperature in the 
range above 1600°C offers much greater difficulty than in the range 
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of the melting point of the more common metals. The usual thermo
couples do not function above 1600°C, and optical pyrometry requires 
clear and unobstructed vision, sometimes difficult to achieve in a 
casting system. 

The W-Mo thermocouple was first used in this work. This thermo
couple passes through a minimum at 675°C, changes polarity at 
1325°C, and has a very large temperature coefficient. Thus in the 
region of interest the slope is about 120°C per millivolt. A thermo
couple made of W-Nb, however, has a much more favorable coefficient, 
about 65°C per millivolt. Consequently this couple has been adopted 
for the cas t i i^ of thorium, 

2.3 Shielding of Thermocouples. The zinc vapor that was pro
duced when the zinc was boiled out at 900 to 1300°C condensed on 
the thermocouples and caused the shorting out of the couple. For 
this reason virtually gastight shielding was required on the couple 
to the point of exit from the vacuum chamber. Besides such shielding, 
the usual insulation of the couple wires from each other was required. 
None of the commercial products, available for the latter purpose, 
made of alundum or similar refractories could withstand the temper
ature required. Hence it was necessary to fabricate special high-
temperature insulators and shields for this use. Beryllia had proved 
to be the most refractory and at the same time most strong mechani
cally and most resistant thermally of the available refractories . Hence 
two-holed BeO thermocouple insulation was formed by fastening par 
affined cotton cords in position in a hollow cylindrical graphite form, 
jolting BeO into the tubular space around the cords, and firing the 
body in the induction furnace.*^ In this procedure the cord was burned 
out as the insulator was sintered. The shields were formed by the 
usual jolting and firing process for forming crucibles.* The shields 
thus produced were fitted with stepped ends for inserting into each 
other in such fashion that a number of 8-in. lengths could be built 
into a very tight tube of any desired length. 

To protect further the thermocouples, shields, insulation, and other 
parts of the system from the zinc distillate, K-30 firebricks were 
shaped (by sawing, drilling, and buffing) to fit around the thermocouple 
shields and into the upper portion of the vacuum chamber. These 
bricks acted as condensers which absorbed a large amount of the 
zinc condensate. 

3. PRESSURES OBTAINED DURING CASTING IN VACUO 

Thorium has thus far been cast in vacuo although some remelting 
of Th-Zn alloy at lower temperatures (1200''C) has been done under 
argon. Various pumping systems have been employed, depending on 
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the scale of operation or the equipment available at the t ime. 
3.1 Vacuum Equipment. Castings have been made with such 

equipment as was available at the time of producing the required 
metal. Cenco Hypervacs, mercury diffusion pumps backed by Cenco 
Hypervacs, and an oil diffusion pump backed by a Kinney pump have 
been used for different castings. The system now in use consists 
of a Model B-8 -0 four-stage oil diffusion pump built by the National 
Research Corp., with a 100-cfm Model DVD 8810 Kinney mechanical 
pump used as the fore pump. The system has a capacity of 1200 
cfm. A McLeod gauge in the line adjacent to the vacuum chamber 
was used to measure the pressures recorded. 

3.2 Zinc Pressure during Casting in Vacuo. Considerable p r e s 
sures are developed during the remelting and casting of the Th-Zn 
alloy in vacuo. A typical curve of the changes of pressure with tem
perature and with time is presented in Fig. 1. It will be seen that 
the pressure r i ses during the early heating up to about 700°C, r i ses 
less rapidly to a maximum at 900°C, continues with slight decrease 
to about 1100°C, decreases more rapidly to 1600°C, and s tar ts to 
r ise again from 1700 to 1800°C. If the temperature is permitted to 
r ise much above 1800°C a marked r ise from 1800 to 1900°C occurs. 
The first of these r i ses (25 to 600°C) marks the degassing of the 
system. The second increase, from 600°C and the maximum main
tained from 1000 to 1200°C, marks the distillation in vacuo of the 
zinc from the alloy. The greater portion of the zinc is removed dur
ing this temperature interval, especially if the temperature is held 
in this interval from 20 to 30 min, according to the size of the charge. 
The decrease of pressure from 1200 to 1600°C marks the completion 
of the removal of zinc and the restoration of vacuum obtainable by 
the system. 

During the dezincing in vacuo the metal becomes plastic and be
comes deformed to some extent. It does not flow freely, however, 
to assume the shape of the vessel. It is left in a spongy state with 
blowholes throughout. If the dezincing is done slowly, 20 to 30 min 
being used in raising the temperature gradually from 800 to 1200°C, 
the metal changes shape very little. If the metal is heated too rapidly 
during this period.the zinc boils out explosively, and metal is blown 
from the crucible and mold. The zinc pressure decreases from 900 
to 1600°C, and at that point only about 200 ppm of zinc remains in 
the thorium. 

3.3 Beryllium Pressu re . On approaching 1800°C a second in
crease in pressure usually occurs (Fig. 1), especially if the temper
ature is permitted to approach 1900°C. In such cases the beryllia 
melting crucibles may be deeply eroded, amounting to as much as 
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Vie in. The billet of thorium obtained in such a case is covered with 
a greenish-brown glaze containing oxide and metal. The increase 
of pressure and erosion of the beryllia indicate that the reduction 
of beryllia by thorium is proceeding owing to the volatility of the 
beryllium thus produced. 

3.4 Melting of Alloy under Argon. It is possible to melt the alloy 
in an inert gas, such as argon, at atmospheric pressure . Under these 
conditions the alloy melts at about 1200°C and flows freely to assume 
the shape of the vessel . This procedure is very useful in shaping the 
crude alloy for casting by self-induction and for other purposes, as 
will be pointed out later . 

4. METHODS OF HEATING 

The charge of metal being melted or cast may be heated either by 
a graphite heater or by self-induction. Melting by self-induction r e 
quires good inductive coupling (and insulation) for reasonable speed 
of heating. Since the size of the mass being melted cannot always be 
easily adapted to the heating equipment available (the size is deter
mined somewhat by the scale of reduction), heating by self-induction 
is not always desirable or even possible in some cases . Most of 
the casting to date has been done by the use of graphite heaters . 

Graphite Induction Heater. The graphite heaters a re machined 
from cylinders of graphite. In some cases the same heater extends 
over both crucible and mold, and in other cases separate heaters are 
made for the two for the purpose of obtaining different crucible and 
mold temperatures . 

The use of cold molds has not been possible with thorium owing to 
its high melting point. Premature freezing, producing voids and cold 
shuts, results from a mold that is too cold. Successful casts of cyl
inders have been made with the mold at temperatures as low as 1600°C 
in an effort to minimize reaction of the thorium with the mold ma
terial . Usually the mold is kept at virtually the same temperature as 
the crucible. 

5. INSULATION 

The insulation of the heater and charge is much more difficult at 
higher temperatures than at the lower ones at which most metals 
melt. Insulation in an induction-heated vacuum casting system may 
be achieved by metal reflectors, by refractory shields which act both 
as insulators and as reflectors, and by loose packing. The use of 
metal reflectors has not been sufficiently experimented with on the 
scale of 100 to 200 lb at 1800°C to conclude finally as to its efficiency. 
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However, sufficiently refractory metals are not readily available in 
quantity, and this procedure has not been employed. 

5.1 Refractory Shields. The use of refractory shields concen
trically arranged around the crucible or heater is very satisfactory 
up to temperatures of 1400°C or even 1500°C. In the casting of ura
nium a double shield of sillimanite supplies adequate insulation for 
the melting of uranium at 1250°C. However, at 1800°C sillimanite 
could not be used next to the heater, nor would two layers of r e 
fractory supply sufficient insulation. 

A three-layered system of shields was used in one casting of a 
70-lb charge in the large 15-in. coil (B, C, and D of Fig, 3). Of the 
refractories available, only lime, magnesia, or beryllia can be used 
adjacent to the graphite heater, whose temperature may reach 1850 
to 1900°C. The commercial alundum and sillimanite both melt below 
this temperature. Since magnesia had been fabricated into mechani
cally and thermally strong bodies by a wet-jolting method,' it was 
selected for the fabrication of the inner shield. Alundum formed by 
plastic casting was selected for the intermediate shield, and 
sillimanite also formed by plastic casting was chosen for the outer 
shield. These shields were, respectively, 10, 11, and 13 in. in O.D. 
This insulation proved adequate in quantity, and the casting was suc
cessfully completed. The various shields touched in spots, however, 
and in these spots complete fusion occurred owing to the lowering of 
the melting points of the mixtures. As a result of the mechanical 
difficulties of fabrication of uniform wares (shrinkage on firing was 
not consistent), it was apparent that the use of fired shields with such 
close tolerance as to avoid contact would be very difficult and that 
further efforts along this line would not be profitable. 

5.2 Loose-packed Refractory. In view of the additional delay and 
the expense involved in the above procedures, the more certain pro
cedure of loose-powdered refractory between shields, or between a 
shield and the quartz vacuum envelope, was employed. Carbon black 
was investigated, but it produced so much carburization of the metal 
owing to its being blown about in the chamber during degassing, etc., 
that its use was abandoned. Magnesia was successfully employed but 
could not be used in contact with the graphite heater. Hence mag
nesia shields were built with a space of about Vt in. between heater 
and shield. The space between the shield and a second outer con
centric shield was then filled with 200- to 300-mesh high-calcined 
magnesia. In some cases no outer shield was necessary, and the 
space between the inner shield and quartz vacuum envelope was filled 
with magnesia. Some of the magnesia had a boron content (20 to 100 
ppm), and for this reason beryllia was similarly used in some situ-
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ations. Such a pack of loose insulation requires a minimum of fabri
cation, and in experimental casts , or casts for a single object which 
will not be repeated, the saving of time on ceramic fabrication is 
very desirable. 

6. SPECIAL SHAPES AND SIZES 

Since the study of thorium is still in the experimental stage a large 
number of different shapes of various sizes have been required by 
various chemical, physical, and metallurgical investigators. Usually 
only a few pieces of the same size and shape were desired. Hence 
the details of the construction of the casting equipment have varied 
from job to job to such an extent that a description of all of them 
would not be profitable. From the following descriptions of a few 
typical castings and from the general principles outlined above the 
conditions used in other cases could be reduced. 

6.1 Cylinders. A number of cylinders of various sizes have been 
required for the investigation of the extrusion of thorium. Cylinders 
2 in. in diameter and 4 in. long were typical of this shape. These 
cylinders were cast in vacuo by melting the Th-Zn alloy in beryllia 
crucible F and permitting the molten metal to flow through a l*/4-in. 
orifice in the bottom of the crucible into a beryllia mold H as shown 
in Fig. 2. No valve was used in controlling the flow of metal. The 
crucible and mold were heated by a graphite heater E. Temperature 
was measured by the W-Nb thermocouples A, J arranged to measure 
the temperature near the bottom of the charge and in the heater near 
the top of the mold. The heater was insulated by a shield D of MgO or 
BeO surrounded by a loose packing extending from the insulation 
shield to the quartz tube B. In other cases it was more convenient 
to set up the melting equipment on the water-cooled head and slip 
the vacuum jacket over the assembly. In this case it was necessary 
to use two shields, the outer shield of sillimanite, and place the loose 
packing between the two. 

The vacuum chamber consisted of a fused-quartz envelope B , about 
9V2 in. I.D., closed by a brass water-cooled vacuum head with a flange 
finished on its inner surface. A tight fit between the flanged surface 
and the ground end of the quartz tube was secured by a rubber gasket 
greased with Lubriseal. The vacuum head was equipped with leads 
for the cooling water and outlets for the thermocouples. 

A charge of the size required for a 2-in.-diameter cylinder (about 
7 lb) requires about 70 to 75 min of heating. Heated at 25 kva for 10 
min the temperature r i ses rapidly to about 600°C, more gradually to 
900°C, levels off while the major portion of the zinc is being boiled 
out, r i ses to about 1200°C in 25 min more, again increases in rate 
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of r ise to about 1600°C, and gradually decreases in rate of r ise again 
during the final heat from 1600 to 1800°C (Fig. 1). 

It is necessary to heat slowly during the interval from 900 to 1200° C, 
or the sudden evolution of zinc may sometimes blow a considerable 
portion of the charge from the melting crucible and cause damage to 
the equipment or interfere with the thermocouples. This operation 
usually requires 20 to 25 min during which time the power is decreased 
to 18 kva if necessary. 

Charges of 6 to 20 lb into 2-in, cylinders, 3- to 4-in, disks, or 
rectangular shapes have been cast under approximately the above 
conditions, 

6.2 Hemispheres. A thorium sphere 8 cm in radius was required. 
It was decided to cast the sphere in halves, machine each hemisphere, 
and surface grind the flat faces. For this purpose it was necessary 
to cast each hemisphere with a cylindrical top 1 to iy2 in. longer than 
the radius of the sphere to facilitate chucking on the lathe. This r e 
quired a charge of about 70 lb of Th-Zn alloy. The apparatus used 
for this casting is shown in Fig. 3. A beryllia crucible F was used 
for the melting, with a hole about IV2 in. in diameter for the flow of 
metal into the mold H. The beryllia mold, 17 cm I,D., with a hemi
spherical bottom was formed by jolting on a pneumatic jolter into a 
graphite form with a cylindrical graphite mandrel with a hemispherical 
base. This beryllia mold was fired in the induction furnace at 1850°C. 

The charge was heated by graphite induction heaters E, I surrounded 
by the three-shield insulation system of magnesia D, alumina C, and 
sillimanite B, described in Sec. 5.1. W-Nb thermocouples were placed 
in wells G and L. A power rate of 38 to 40 kva is required for 60- to 
100-lb charges of thorium with the above insulation in the 15-in. coil 
heated by the 70-kva Ajax Electrothermic Corp. converter. With such 
heating the temperature r i ses at about 30°C per minute to 600°C, 
25°C per minute to 800°C, 12°C per minute to 900°C, 8°C per minute 
to 1300°C, and then increases to 12°C per minute for the next hundred 
degrees after which it gradually falls off to 6°C per minute at 1800°C 
owing to increasing heat loss with higher temperature differential. 
A period of 2y2 hr is required to heat a charge of 60 to 100 lb of thori
um to 1800°C in the above system. After reaching 1800°C the tem
perature was held at that point for 30 min with a power of 30 kva. 

6.3 Melting in Situ. The melting of crude Th-Zn alloy in situ 
without any flow from one vessel to another has been used in a num
ber of cases . In this procedure the adherent slag and oxide film float 
to the top of the molten charge, and sound castings are obtained. Owing 
to the high viscosity of the metal at 1800°C, flow through orifices 
smaller than 1 in. is very difficult; hence casting into small diameters 
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by pouring is uncertain. A number of 1.1-in. cylinders 4 in. long 
were formed by melting the alloy in beryllia molds (iy4 in. I.D.) with
out pouring and by machining the resultant bodies to the desired 
dimensions. The crude metal was shaped to fit into the molds by r e 
ducing in 4-in. bombs with constricted lower sections 1 in. in diam
eter or by melting the alloy under argon at a p ressure of 1 atm at 
1200°C and pouring into graphite molds 1 in. in diameter. In this 
process no reaction occurs with graphite at this temperature. 

7. COMPOSITION AND PURITY 

7.1 Composition. The thorium metal produced by the above pro
cedures has contained from 2 to 6 per cent of combined thorium as 
oxide or carbide or both. The carbon content of the metal cast by 
the use of graphite heaters has varied from 0.02 to 0.25 per cent 
(usually from 0.07 to 0.12 per" cent), representing 1.5 to 2.5 per cent 
thorium monocarbide. The combined thorium as oxide constituted 
0.5 to 3 per cent (usually 1.5 per cent) of the total. Thus, on the 
average, 3 per cent of the thorium was combined as oxides or carbide. 
Elements other than thorium constituted about 0.6 per cent, leaving 
about 96.5 per cent of the cast mass as free thorium metal with a 
total thorium content of 99.4 per cent. Owing to the reaction with 
the refractory and with the atmosphere of the casting system and 
owing to the use of impure raw mater ia ls , the thorium content in 
some cases ran as low as 96 per cent. 

7.2 Purity. Besides the major components listed above, other 
impurities were found in the cast thorium either from the crude 
metal, the refractory, or the atmosphere. Beryllium from the cru
cible constituted the major metallic impurity, with carbon, oxygen, 
and nitrogen the major nonmetallic impurities. 

The upper and lower limits of these impurities and the usual com
position are presented in Table 1. 

The reaction of thorium with the oxide refractories on melting 
introduced considerable oxide (1 to 3 per cent) into the cast metal. 
Carbon volatilized from the graphite heater was present in sufficient 
quantity to produce 1 to 3 per cent of carbide. As a result 1 to 6 per 
cent of combined thorium may be present under operating conditions 
to date. From 0.06 to 0.2 per cent Be is also picked up from the 
crucible. The investigation of other refractories and the improvement 
of vacuum techniques are under way to decrease these reactions. 

The composition of the metal with respect to thorium and major 
impurities is presented in Table 2. 

The carbide and the oxide of thorium occur in the metal both as 
grain boundary and as intragranular inclusions. These inclusions 



456 

chip when machined and darken when permitted to stand. Improvement 
of vacuum has not been as effective as careful control of temperature 
in the elimination of inclusions. Improvement of the vacuum from 
several hundred ju Hg to 1 /i Hg failed to improve the metal at tem
peratures of 1900°C, while careful control of temperature not to 
exceed 1800°C resulted in much cleaner metal although the pressure 
was 100 to 300 ii Hg. 

8, SOME PHYSICAL AND METALLURGICAL PROPERTIES 
OF CAST THORIUM 

The complete treatment of the physical and metallurgical properties 
of thorium does not constitute a part of this paper. However, some 
of the properties investigated in the solution of the casting problem 
and some of the properties involved in the uses of the product should 
be considered here. 

8.1 Density. The cast thorium has varied in density from 11.25 
to 11.5 g/cc, varying with the amount of included material (oxide, 
carbide, slag). The density of the greater portion of the cast metal 
has been 11.48 g/cc, measured by immersion methods. X-ray de
terminations of lattice spacing have shown densities as high as 11.64 
g/cc for some of the cleaner metal. The density of the pure element 
is probably as high as 11.7 g/cc. 

8.2 Hardness. The hardness of the cast metal varies from 60 to 
80 on the Rockwell E scale, depending on the quantity and nature of 
the inclusions. This would indicate that the pure element has a hard
ness lower than 60 Re, probably considerably lower. When the metal 
is cold-rolled, the hardness is considerably increased, approaching 
95 Re as a limit. This is true regardless of the original hardness. 

8.3 Machining and Grinding. Cast thorium can be readily sawed 
with Marvel tool-steel edged blades with or without coolant. It is 
easily machined with high-speed tools at speeds of 150 to 175 rpm on 
the 4y4-in. billet, or about 160 to 190 ft/min. Surface grinding pro
duces a smooth highly reflecting surface which darkens on standing 
in air in proportion to the amount of included material . 

8.4 Rolling," The cast metal does not cold-roll well; edge crack
ing occurs up to 30 per cent reduction and is not healed on further 
reduction. Only 50 per cent of the metal was usable after 80 per cent 
reduction. On hot-rolling, however, much less edge cracking occurred 
and 90 to 95 per cent of the metal was usable after 80 per cent r e 
duction. At 800°C some edge cracking occurred, but 90 per cent of 
the metal was usable, while at 900°C only very slight edge cracking 
occurred; and on 80 per cent reduction 95 per cent of the metal was 
usable. 
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8.5 Extrusion. Two-inch-diameter billets of cast thorium were 
easily extruded at about 800°C at a pressure of 43 to 57 tons/sq in. 
Standard 4y4-in. billets were in preparation for extrusion at the time 
of writing, 

9. IMPROVEMENT OF CASTING OF THORIUM 

Further work is in process in the improvement of the quality of 
thorium metal by: (1) improving the vacuum; (2) more accurate de
termination of optimum temperature and more accurate temperature 
control; and (3) further investigation of allowable ceramic materials . 

Table 1 — Purity of Cast Thorium Metal Made from 
Column-purified Salt 

Impurity 

C 
N 
Al 
Si 
Zn 
Fe 
Ca 
Mg 
Ba . 
Na 
Mn 
Pb 
K 
Li 
B 
Cd 
U 

'er limit, 
ppm 

500 
200 
100 
100 
<5 
40 

5 
1 

5 

0.3 

Upper limit, 
ppm 

2000 
800 
700 
700 
100 
125 
<25 
<30 
<25 

15 
7 

<5 
10 
<2 

1.5 
<0.2 

0.2 

Usual content 
ppm 

1200 
350 
300 
300 
<5 

3 

<0.5 
<0.2 
<0.2 

Table 2 — Major Components of Cast Thorium Metal 

Lower limit, % Upper limit, % Usual, 

Thorium, free 
Thorium, combined 
Thorium, total 
Beryllium 
Nitrogen 
Carbon 

94 
1 

95 
0.02 
0.02 
0.05 

99 
6 

99.5 
0.08 
0.08 
0.2 

96.5 
2 

99.4 
0.06 
0.035 
0.12 
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Fig. 1 —Typical curve of the changes of pressure and temperature with time. 
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Fig. 2—Cylinder casting apparatus. 
(A) W-Nb thermocouple 
(B) Quartz tube 
(C) Port to facilitate r e 

moval of zinc vapor 
(D) Shield 

(E) Graphite heater 
(F) Beryllia crucible 
(G) Loose packing 
(H) Beryllia mold 
(J) W-Nb thermocouple 
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Fig. 3 —Hemisphere casting apparatus. 
(A) Vacuum chamber 
(B) Sillimanite shield 
(C) Alumina shield 
(D) Magnesia shield 
(E) Graphite induction heater 
(F) Beryllia crucible 

(G) Thermocouple well 
(H) Beryllia mold 
(I) Graphite induction heater 
(J) Magnesia insulating plates 
(K) Support plate 
(L) Thermocouple well 
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Paper 8.6 

A PILOT PLANT FOR PURIFICATION OF THORIUM NITRATE 
BY COUNTERCURRENT EXTRACTION 

By A. S. Newton, Oliver Johnson, W. Tucker, R. W. Fisher, 
and Henry Lipkind 

[Editor's Note: Work done at Iowa State College. Based on Report 
CC-3246. Prepared for publication Jan. 30, 1946. ] 

ABSTRACT 

A continuous countercurrent liquid-liquid extraction system has 
been constructed for the purification of thorium nitrate. The thorium 
feed solution is 3M in calcium nitrate, 3M in nitric acid, and 0.445M 
in thorium nitrate. Methyl isobutyl ketone is used as the extracting 
agent. The extraction column is 3 -in. pyrex-glass pipe packed with 
Berl saddles. The optimum extraction was obtained with the follow
ing flow rates of column solutions: feed solution, 7 to 8 gph; scrubbing 
solution, 1 gph; hexone, 15 gph; water, 3 gph. The extraction column 
has operated satisfactorily to give consistently at least 99.7 per cent 
recovery of thorium, but the exact separation factors from the impu
ri t ies in the thorium nitrate are not known. 

1. INTRODUCTION 

Exploratory work^ on the extraction of thorium nitrate with organic 
solvents indicated that the process would give a product sufficiently 
pure for nucleonic purposes. 

A continuous countercurrent liquid-liquid extraction system was 
constructed for the purification of large quantities of thorium nitrate. 
Based on the preliminary work previously reported,^ the extraction 
column was designed to operate with a nitric acid solution of thorium 
nitrate containing a salting-out agent and with hexone as the organic 
solvent. 

462 
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2. DESIGN AND CONSTRUCTION OF THE EXTRACTION SYSTEM 

The extraction system is housed in an enclosed stairwell extending 
65 ft from the basement to the roof of the building. There is a work
ing area 9 by 6 ft with steel-grating platforms at the building floor 
levels (see Fig. 1). The basement area is larger , 9 by 10 ft, with a 
concrete floor sloping toward a drain in the center which allows the 
column to be readily washed down. An adjoining room on the fourth 
floor is used for the calcium nitrate recovery system and for the 
make-up tanks. 

To prevent arcing which might cause an explosion should the con
centration of hexone vapor be too great and to protect the installations 
from the corrosive solutions used, all wiring in the lower part of the 
shaft is run through a conduit into explosion-proof and waterproof 
motors, lights, and switches. One of the large exhaust fans in the 
building provides ventilation for the shaft. Each level i s equipped 
with two showers, one inside the shaft and one outside, readily acces
sible in case of accident. In addition to these safety precautions, a 
master switch located outside the shaft at the top floor permits shut
ting off the entire electrical system without entering the shaft. Stop
ping the pumps will automatically shut down the operation of the col
umns after a short interval. 

The system includes two columns: a hexone extraction column in 
which thorium nitrate is extracted from the feed solution by hexone, 
hereafter to be referred to as column 1; and a water extraction col
umn which reextracts the thorium nitrate from the enriched hexone 
with distilled water, hereafter to be referred to as column 2. 

It was estimated that a 26-ft hexone extraction column and an 18-ft 
water extraction column would be sufficient for complete extraction 
and reextraction. Each of these columns is made up of 6-ft lengths of 
3-in. I.D. standard flared pyrex-glass pipe. Column 1 consists of 
four 6-ft lengths and two 1-ft tees, one tee 6 ft from the top for feed, 
the second 6 ft from the bottom as an extra inlet to inject nitric acid 
if necessary (see Figs. 1 and 2). Column 2 is made up of three 6-ft 
lengths. 

Each section of the pyrex pipe contains about 13 lb of y2-in. unglazed 
porcelain Berl saddle packing. These saddles are supported at the 
bottom of each section by a piece of Vi-in. stainless steel screen wo
ven into the shape of a parabloid of revolution (see Fig. 2). Each 6-ft 
section weighs 11.9 lb, and when filled with column solutions each 
section has a total weight of 41 lb. Polyfluoethylene Vs in. in thickness 
was found to be very satisfactory as gasket material between sections 
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since it resisted both the nitric acid and organic solvents used in the 
columns. 

Two 3-in. angle irons running the height of the shaft form the frame
work for the supports of the pyrex pipe column. The columns are sup
ported on spring mounts, a pair of springs at each joint between sec
tions of the pyrex pipe (see Fig. 3). The mounts are supported on 
horizontal IVi-in. angle-iron a rms bolted to the framework. The 
spring-type mount and the support of the Berl saddle packing make it 
possible to remove each section independently in case of breakage. 
The disposition of tanks, pumps, and the two columns is shown in Fig. 1. 

The scrubbing solution enters at the top of column 1, the feed solu
tion enters through a 1-ft pyrex tee 6 ft below the top of column 1, and 
the hexone enters at the bottom of the column (see Fig. 2). Hexone is 
made the dispersed phase in both of the columns because a better de
gree of dispersion is obtained than when the aqueous phase is made the 
discontinuous phase. There is also less hazard with hexone as the 
dispersed phase in the columns. The enriched hexone leaves the top 
of column 1 where it overflows into an open reservoir . From this 
reservoir it flows into the bottom of column 2 where it r i ses through 
distilled water which reextracts the thorium nitrate. The raffinate 
flows out of the bottom of column 1 up through an interface leveling 
system (see Fig. 4) and down into the raffinate storage tank. The prod
uct solution from column 2 comes out at the bottom, likewise passing 
through a leveling device and down into the product storage tank. 

The interface leveling devices control the height of the interface 
between the organic layer and the aqueous layer of the columns by 
varying the height of the raffinate or product overflow lines. The 
levels of the interfaces are fixed by the rates of flow of the various 
solutions into and out of the columns. It was found that the adjustment 
of an interface to a desired point required a more delicate control 
than was possible with the type valve available. In addition to d i s 
charge lines connected directly to the raffinate and product tanks, in
verted U loops were installed. These loops, which can be raised or 
lowered, include overflows. They are installed so that they bypass the 
outlet control valves and provide a fine adjustment, whereas the outlet 
valves provide the coarse adjustment. A small variation in height of 
the overflow results in a corresponding movement of the interface in 
the column. This movement i s controlled by a sliding vertical rod 
attached to the overflow and extending to the control platform on the 
second floor. 

The inverted U is given the necessary freedom of movement up and 
down by inserting a helix of %-in. Saran tubing on the column side 
and by having the outlet side flow into a 3-ft length of 1-in. pipe in 
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which the V4-in. pipe can slide freely. The helix is about 6 in. in diam
eter and has an over-all extension of about 3 ft, with corresponding 
effect upon the position of the interface. The depleted hexone is 
forced out of the top of column 2 and into the storage tank from where 
it is recycled. 

All column liquids are fed to the column from constant-head tanks. 
The hexone constant-head tank is 56 ft above the bottom of the first 
extraction column. This is necessary because the head of hexone 
(specific gravity = 0.80) must balance the head of the liquid in the col
umn (average specific gravity i s approximately 1.4). Feed under grav
ity head, using head tanks with overflows to maintain constant levels 
of liquid in the lines to the columns, was chosen instead of pumping 
the solutions directly into the columns. This method ensures steady 
rates of flow in all liquids entering the columns. The necessary head 
room for such an arrangement was available. 

The flow rates of feed solution, scrubbing solution, hexone, and 
distilled water are indicated by Schutte & Koerting Co. rotameters 
and are regulated from a panel on the second floor of the shaft (see 
Fig. 5). 

All storage tanks, constant-head tanks, pipe, fittings, and valves are 
of 18-8 type-304 stainless steel. The feed and scrubbing solutions are 
made up and stored in 100-gal tanks at the top of the shaft and are 
piped down to the 50-gal tanks on the second floor that supply the 
pumps (see Fig. 1). These pumps which supply the solutions to the 
4-gal constant-head tanks are single-stage centrifugal pumps of stain
less steel (Eastern Engineering Div., Eastern Industries, Inc.). Hex-
one is pumped from its 50-gal storage tank to the constant-head tank 
by a tr iple-stage centrifugal pump. The flow rates to the constant-
head tanks are adjusted by stainless steel gate valves and are regu
lated so that a small s t ream of liquid is constantly returning from the 
overflow. Stainless steel screen (200 mesh) at various points in the 
lines removes foreign matter from the solutions. All the piping is '4 in. 
except the overflow lines from the constant-head tanks, which are % in. 
Drains were installed at the bottom of each column (see Fig. 6). 

The raffinate from column 1 is collected in a 50-gal tank on the 
first floor. This tank is equipped with a mechanical mixer as an aid 
in neutralization. The product solution from column 2 is collected in 
one of three 50-gal tanks, each equipped with a s t i r r e r (see Fig.7). 

3. CALCIUM NITRATE RECOVERY SYSTEM 

The raffinate from column 1 under steady-state conditions during 
production runs is collected in a 50-gal tank on the first floor. It 
contains the following constituents in these approximate concentrations: 
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calcium nitrate, 3.75M; nitric acid, 0.15M; unextracted thorium nitrate, 
O.OIM; the ra re earth nitrates in unknown amounts; most of the other 
undesirable metal nitrates; and possibly some of the products of the 
reaction between hexone and nitric acid. 

The raffinate is neutralized by the addition of screened lime with 
constant stirring by a mixer, which precipitates thorium and ra re 
earth hydroxides. To this magma is added a filter aid (The Dicalite 
Company, Speedex grade), 6 lb to 40 gal, to facilitate filtering. This 
slurry is s t irred and fed by gravity to a 30-gal montejus in the base
ment below. Using air at 70 psi and a system of valves, the slurry is 
forced out of the montejus and up 60 ft into storage tanks at the top of 
the shaft. From these storage tanks, the slurry is fed by gravity into 
a 45-gal montejus connected to a standard 8-in. (Sweetland Waste Co.) 
leaf-type filter using No. 145CH Filter-Media filter cloth. 

The slurry is forced by air at 70 psi through the Sweetland filter 
and into storage tanks at the rate of 25 gph (see Fig. 8). This solution 
has a specific gravity of approximately 1.42 (varying under different 
column conditions) and contains 7.5 lb of calcium nitrate tetrahydrate 
per gallon. The filter cake containing the thorium hydroxide and ra re 
earth hydroxides is stored in bar re l s for future recovery of the thorium. 

A part of the calcium nitrate solution is concentrated in a steam 
evaporator to a boiling point of 132°C which is the boiling point of 
calcium nitrate tetrahydrate. This salt is drawn off in the molten 
state (melting point = 42°C) and is poured directly into the make-up 
tanks. Using calculated portions of molten salt and the calcium nitrate 
solution of density 1.42, it is possible to make up the feed and scrub
bing solutions to the desired density without the addition of water (see 
Sec. 4.1). 

All the apparatus of this recovery system, with the exception of the 
raffinate collecting tank and s t i r r e r which are stainless steel, i s of 
ordinary iron pipe or cast iron. The montejus are of 12-in. iron pipe 
with top and bottom welded on. All piping is Vi-in. black iron. Since 
the solution is slightly alkaline, the type of material is not critical so 
the cheapest or most available material is used. 

The lime is screened while being added to the raffinate to prevent 
the formation of large lumps. If this i s not done, the chunks of slaked 
lime plug up the Vz-in. lines in the system. 

4. OPERATION OF EXTRACTION SYSTEM 

The operation of the extraction system can be briefly described as 
follows: Hexone is passed into the bottom of the first extraction col
umn and allowed to rise through the scrubbing solution and thorium 
feed solution which are admitted at the upper section of the column. 
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The interface between the aqueous phase and the enriched hexone phase 
is kept about a foot from the top; enriched hexone continually overflows 
and enters the bottom of column 2. Here distilled water, entering at 
the top, washes it free of thorium and nitric acid. The technical op
erations involve making up the column solutions and analysis of solu
tions. These techniques and the results of experimental runs are de
scribed in detail in the following discussion. 

4.1 Preparation of Column Solutions. The feed and scrubbing solu
tions are made up in 100-gal stainless steel tanks according to the 
specifications given in Table 1. These give final compositions of 3M 
nitric acid and 3M calcium nitrate for both feed and scrubbing solu
tion; in addition the feed solution is 0.445M in thorium nitrate tetra
hydrate. About 4 hr of vigorous stirring is required to get the solid 
salts in solution. The final specific gravities should be 1.435 and 1.59, 
respectively, for scrubbing solution and feed solution. The final spe
cific gravities of the solutions are determined by hydrometers as a 
check on the composition. 

After a sufficient amount of calcium nitrate has been recovered (see 
Sec. 3), it is used in the feed and scrub make-ups in place of commer
cial salt. 

The recovered calcium nitrate solution has a specific gravity of 
about 1.42. In using it to make up feed and scrubbing solutions, part of 
the calcium nitrate is added directly as the recovered solution, and 
the rest is evaporated to 132°C (the boiling point of calcium nitrate 
tetrahydrate) and added directly as molten salt. These amounts can 
be readily calculated and are given in Table 1. Addition of molten salt 
instead of solid calcium nitrate tetrahydrate has the advantage of cut
ting down the time required for dissolving to about 1 hr. 

4.2 Techniques of Operation of Extraction System. The 50-gal tanks 
for feed, scrubbii^ solution, and hexone are filled by gravity through 
200-mesh stainless steel screen sediment filters. The pumps below 
these tanks are turned on, and the liquids are pumped to the constant-
head tanks for each. The distilled water is added directly to its con
stant-head tank from the distilled-water line. The flows of the three 
pumped liquids are adjusted by gate valves in the line so that there is 
an overflow from the constant-head tank to the storage tank; in the 
case of distilled water, a faucet is adjusted to give an overflow. 

When the constant-head tanks are filled, the volumes of scrubbing 
solution and feed solution in the 50-gal storage tanks are measured 
by a calibrated measuring stick. When the columns are empty initially, 
column 1 is filled three-fourths full of scrubbing solution and column 
2, three-fourths full of distilled water. At this time feed and hexone 
are introduced, and their flows are adjusted by means of needle valves 
to the desired rotameter readings. 
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At the start the interface regulators are lowered; when the columns 
are filled, a coarse adjustment of the interface is made with the bypass 
valve, and then a fine adjustment is made from time to time with the 
interface regulators to keep the interfaces near the top of the Berl 
saddle packing (about 1 ft from the top of the column). 

When the columns have been left filled from a previous operation, 
the feed and hexone flows can be started immediately upon filling the 
tanks as before. It is advisable to increase gradually the flow rates 
to the desired values in order to keep the interface within the column. 
Again the interface regulators are kept at the lowest points at the 
start of column operation, and the bypass valve is opened to adjust the 
column interface. 

When the column is being operated, a steady state is reached in 
about 1 hr. After this time only minor adjustments of the interface 
regulators are required if the flow rates are kept constant. 

During experimental runs, samples of hexone, raffinate, and prod
uct are taken when a steady state is reached. During production runs 
the analysis of thorium in each product tank is taken after the tank is 
filled. Thorium in the raffinate is checked from time to time by not
ing the precipitate formed when ammonia is added; usually the solu
tion remains clear or shows only a faint cloudiness. 

Under the conditions of column operation during production runs 
(feed solution, 7.5 gph; hexone, 15 gph; scrub solution, 1 gph; water, 
3 gph), the product tanks become filled in about 8 hr of operation. The 
product outlet is shifted to another tank when one becomes filled. 
After analysis, the proper amoimt of oxalic acid is added to precipi
tate thorium oxalate. The thorium oxalate is washed thoroughly mth 
water, centrifuged, dried, and then calcined at 650°C to form thorium 
dioxide. The oxide is hydrofluorinated, and the resulting fluoride is 
reduced to thorium metal. These precipitations and reduction proc
esses are fully described in other reports.^"* 

When the raffinate tank is filled, lime is added to neutralize the 
acid and precipitate thorium and rare earths present, and the slurry 
is sent through the calcium nitrate recovery system (see Sec. 3). 

During operation the pumps must be checked for leakage from time 
to time since the solutions are all very corrosive. To minimize leak
age due to attack on the pump packing, an alternate procedure of col
umn operation has been to fill the constant-head tanks intermittently 
and shut off the pumps until the tanks need to be refilled. The slight 
change in rate of flow due to the diminishing head of liquid can be 
taken care of by readjusting the control valve. 

In discontinuing column operation either at the end of a day's run 
or, in continuous operation, for repairs, the usual procedure is as 
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follows: Hexone and feed valves are shut off, and the column is a l 
lowed to stand until all the hexone has risen to the top of the column; 
then the flow rate of scrubbing solution is increased, which causes the 
hexone to be forced out the top of column 1. The scrubbing solution is 
then shut off. It i s essential to remove all the hexone since a reaction 
occurs when hexone is left in contact with feed or scrubbing solution. 
As soon as all the hexone has risen to the top of column 2, the d i s 
tilled water i s shut off, and the solution in column 2 is drained into the 
product tanks. 

4.3 Calibration of Rotameters. Two methods were used to check the 
rotameter calibration charts supplied by the manufacturers. The first 
was to weigh the feed solution, scrub solution, water, or hexone run-
ni i^ from the constant-head tanks through the rotameters at a given 
scale reading during a short time interval. Knowing the specific grav
ity of solution, the rate of flow could be calculated. The other method 
was to drain down the full constant-head tanks, of which the volumes 
were previously determined, at a given scale reading of the rotameters 
and to note the total time required. 

The operation of the column was tested without feed solution, i.e., 
using only scrubbing solution, hexone, and distilled water. This run 
showed that the interface regulators were near the correct height 
and that all pumps and valves operated properly. 

4.4 Experimental Runs and Optimum Extraction Conditions. In the 
experimental runs described below, the flow rates of feed solution, 
scrubbing solution, hexone, and water were varied systematically to 
determine the operating conditions which would give maximum tho
rium extraction. 

The data obtained during the experimental runs are given in Table 
2. The first run gave a product solution which was too dilute, and 
there was considerable thorium in the raffinate, but the hexone was 
completely stripped of nitric acid. The experiments following this 
were designed to find the conditions that would remove all thorium 
from the raffinate and give a product solution sufficiently concentrated 
in thorium without leaving too much nitric acid in the hexone. 

During the first three n m s there was considerable variation of the 
position of the column interfaces because the techniques of adjusting 
the interface regulators had not been worked out. 

Runs 4, 5, and 6 were made successively in 1 day with the same 
feed solution for the purpose of demonstrating the effect of variation 
of the hexone-to-feed ratio. The diminishing of the extraction as this 
ratio decreased below 2 is very clearly shown. This, coupled with 
data from other runs which are shown in Table 3 , indicates that the 
optimum hexone-to-feed ratio i s between 2 and 2.5. However, there i s 
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some variation in the amount of scrubbing solution used in these runs, 
and this may influence the over-all extraction of thorium. The amount 
the extraction is decreased by the increase of scrubbing solution is 
shown in Table 4. The effect of scrubbing solution could be due to the 
dilution of feed solution in the column and to a reextraction of thorium 
from hexone in the scrubbing section of the column. 

The time allowed for a steady state to be reached, after which sam
ples were taken for analyses, was 2 hr in all cases. A test in which 
samples were taken after 2 hr and after 2y2 hr of operation gave r e 
sults identical within experimental e r ro r , thus verifying that the 
steady-state conditions were reached after 2 hr. 

Remarks on Experimental Runs. 
Runs 1 , 2 , 3 : Mechanical difficulties were encountered in operation; 

interface heights varied widely. 
Runs 4, 5, 6: Approximately 2 hr was allowed for equilibrium. 

Hexone-to-feed ratio varied from 1.75 to 0.7. 
Run 7: Operating conditions were good. 
Run 8: Tried to reach flow rates of 7y2 gph for feed and 22 gph for 

hexone. Violent reaction occurred during run. 
Run 9: Operating conditions were good, but calcium was detected 

in product. 
Run 10: Dispersed interface, difficult to control column interface 

positions. 
Runs 11, 12, 13: Continuous difficulty with interface as in Run 10. 

Calcium in product O.IM to 0.3M. 
Run 14: Feed was introduced at top of column where the scrubbing 

solution was usually introduced (no scrub used). 
Run 15: No scrubbing solution was used; no calcium in product solu

tion. 
Run 16: Feed rate was variable; no data were taken. 
Run 17: Satisfactory run; extraction of thorium decreased toward 

end of run. 
Runs 18, 19, 20: Production runs; no equilibrium data were taken. 
Run 21: Hexone was green colored; it was therefore less efficient 

in extraction. 
The data taken during a run are illustrated by the example of Run 

7 given in Table 5 and the following data. 
Flow rates: Feed solution, 7.75 gph; scrubbing solution, 1.5 gph; 

hexone, 16 gph; water, 2.5 gph. 
Equilibrium samples: Raffinate was collected at a rate of 500 m l / 

min and when analyzed gave 0.04 g of TNT per 100 ml. Product was 
collected at a rate of 235 ml/min and when analyzed gave 53.9 g of 
TNT per 100 ml. Calculation gives a 98.5 per cent extraction of tho-
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rium. Contrary to most runs, the hexone contained 0.49 g of TNT per 
100 ml. 

Material balance: Thorium in with the feed, 29.12 lb. Thorium 
out: with product, 28.3; with raffinate, 0.46; with hexone, 0.24: total 
out, 29.03 lb. The net loss i s 0.097, which is within the e r ro r of the 
quantity measurements. 

The data obtained by Run 9 had indicated the optimum conditions. 
Before a given set of conditions for production runs was decided on, 
a few more experimental runs were made. In these experiments an 
additional difficulty, the lack of rapid separation of interfaces, was 
encountered; this i s discussed in Sec. 4.6. This difficulty still has 
not been solved, but additional experiments showed that satisfactory 
extraction could be obtained in spite of it. The following data are 
from a typical production run. 

Flow rates: Feed solution, 7y2 gph; hexone, 15 gph; distilled water, 
3 gph. The product was collected at a rate of 5 gph; the raffinate was 
collected at a rate of 7 gph. 

Product: The product contained 1.4 lb of Th per gal (40 g of TNT 
per 100 ml); the HNO3 concentration was about 3.5M. 

Raffinate: At equilibrium, Ca(N03)2 = 3.75M; HNO3 = 0.15M; TNT = 
O.OIM. 

4.5 Analyses of Column Solution. The product solution from column 
2 is analyzed by a physical method^ utilizing specific gravity and r e -
fractivity data before precipitating thorium as the oxalate. In this 
method 10 ml of the solution is placed in a glass cup in a water bath 
at 25°C, and the refractive index is measured using a Zeiss immer
sion refractometer. The specific gravity is determined with a hydrom
eter. With the specific gravity and refractometer values, it is pos
sible, using nomographs, to determine the amounts of thorium and 
nitric acid present (see Figs. 9 and 10). This rapid method of analysis 
permits the proper amount of oxalic acid to be determined and added 
soon after the product has been collected. 

More accurate analyses are obtained for the product solution as 
well as for the raffinate, hexone, and feed solutions by other methods.® 
These analyses are used for checking production runs and for deter
mining material balances. 

4.6 Difficulties Encountered in Column Operation. Early in the ex
perimental runs with the extraction column it was observed that the 
hexone gradually turned yellow and then green and that there was some 
heating of the hexone during the operation. During one run, a violent 
reaction occurred in the hexone tank and in the column itself. The 
hexone was green at the time and about 5°C above room temperature; 
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it was about IM in nitric acid and had shown no test for thorium. In 
a few moments an autocatalytic reaction took place, which gave off 
copious fumes of NOg and boiled the hexone over the top of the tank. 

It is believed that the reaction was between nitric acid and hexone 
and that the final reaction products were isobutyric acid and acetic 
acid. The intermediate green product had not been identified at the 
time of writing. It has been found that the reaction can be minimized 
by washing the hexone with distilled water after each run. However, 
since the increase of isobutyric acid in the hexone cuts down the effi
ciency of the extraction, the hexone is discarded after 20 gal of it has 
been used to extract thorium from 120 gal of feed solution. Thus, when 
there is an indication of much thorium in the raffinate as shown by a 
precipitate with ammonia, the hexone is discarded. 

Another difficulty encountered in column operation is the formation 
of white crystals on the Berl saddles in column 1. This material i s 
insoluble in water or column solutions but partially soluble in acetone. 
It is apparently an intermediate product in the reaction of hexone and 
nitric acid. It has been found that this deposit can be removed by a 
treatment with 3M sodium hydroxide followed by 7M nitric acid. 

A dispersed interface in column 1 has also made column operation 
somewhat difficult. It is due to incomplete separation of the phase, 
and the dispersed region extends over about 4 ft at the upper end of 
colunon 1. In column operation it i s possible to keep clear enriched 
hexone at the top 6 in. of the column, but the dispersed interface which 
extends 4 ft lower somewhat decreases the effectiveness of the scrub
bing section. The dispersed interface is probably due to an impurity 
in the hexone, feed, or scrubbing solution, but it has not yet been pos
sible to show the cause of the trouble. 

5. RARE EARTH SEPARATION IN LARGE COLUMN OPERATION 

The thorium nitrate used as the starting material is the mantle 
grade obtained from the Lindsay Light & Chemical Co. This mate
rial when analyzed spectrographically'' gave the following results (all 
these results are based on thorium metal): 

Ce 24 ppm Dy 0.1 ppm Y 1 ppm 
La 8 ppm P r 3 ppm Gd 0.5 ppm 
Nd 6 ppm Sm 0.8 ppm 

After this material had been processed by the extraction column, 
the following were the maximum limits of ra re earths which could be 
present: 
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Ce <0.4 ppm (not detected) 
La <0.04 ppm (doubtful detection) 
Nd <0.2 ppm (not detected) 
P r <0.1 ppm (not detected) 
Sm < 0.2 ppm (not detected) 
Y < 0.05 ppm (not detected) 
Gd < 0.04 ppm (not detected) 
Dy < 0.05 ppm (not detected) 

All these figures may be extremely high as they are the minimum 
amounts possible to detect by the analytical methods used. The actual 
analysis showed no detectable ra re earths present. 

Table 1 — Materials for 100 Gal of Column Solution 

Material 

Thorium nitrate tetrahydrate (TNT) 
Nitric acid 
Calcium nitrate tetrahydrate* 
Water* 
Calcium nitrate tetrahydratet 
Calcium nitrate solutiont 

Scrubbing 
solution, lb 

279 
590 
331 

57 

864 

Feed 
solution, 

208 
279 
590 
248 
162 

676 

lb 

•Materials used when solutions are made from calcium nitrate te t ra
hydrate and water 

tMatena l s used when recovered calcium nitrate solution is used The 
recovered calcium nitrate solution has a specific gravity of about 1.42. 

Table 2—Data Obtained with Extraction Columns 

^un 

1 
2 
3 
4 
5 
6 
7 
9 

10 
11 
13 
14 
15 
17 
21 

Scrub 

2 5 
1 
1 
0 7 
0 5 
1 
1 5 
1 0 
1 5 
4 
5 
0 
0 
0 1 
0 

Flow rates gph 

Feed 

5 
6 
6 
6 
5 4 
7 75 
7 75 
7 5 
6 75 
7 5 
4 5 

(8) 
5 
7 (?) 
7 5 

Hexone 

10 5 
10 5 
16 
10 5 
5.4 
5 4 

16 
16 
16 
16 
16 
16 
10 5 
16 
16 

Water 

3 5 
3.25 
3 5 
2 
2 
2 
2 5 
3 8 
3 5 
3 5 
3 
3 
2 5 
3 
3 

Hexone 
Feed 

2 1 
1 75 
2 66 
1 75 
1 0 
0 7 
2 06 
2 14 
2 38 
2 14 
3 55 
2 0 

2 28 
2 14 

Acidity 
of hexone 

No HNO, 
OOIN 
0 2N 
0 9 
0 2 
0 2 
1 8 
1 0 
0 85 
1 0 
1 0 
0 6 
0 2 
1 1 

Th 
extracted, % 

78 1 
83 5 
70 5 
93 4 
68 6 
31 5 
98 5 
99 3 
98 4 
90 0 
91 0 
99 7 
98 9 
99 3 
94 5 

Cone of 
product soln., 

g of TNT/100 ml 

9 0 
21 0 
10 6 
56 0 
25 2 
22 4 
53 9 
32 4 
35 0 
30 0 
23 6 
58 2 
14 6 
40 1 
51 9 
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Table 3—Effects of Variation of Hexone-to-feed Ratio in Column 

Hexone 
Run 

4 
5 
6 
9 

14 
17 
13 

Feed 

1.75 
1.0 
0.7 
2.14 
2.0 
2.28 
3.55 

Th extracted 

93.4 
68.6 
31.5 
99.3 
99.7 
99.3 
91.0 

Table 4—Effect of Scrubbing Solution on Extraction 

Hexone Flow rate of 
Run 

11 
7 
9 

14 

Feed 

2.14 
2.06 
2.14 
2.0 

sc rub, 1 

4.0 
1.5 
1.0 
0 

gph Th extracted, % 

90 
98.5 
99.3 
99.7 

Table 5 — Typical Run Data 

Initial volume 
Final volume 
Net volume 

Feed tank. 
gal 

25.0 
1.0 

24.0 

Scrubbing 
tank, gal 

27.5 
24.5 

3.0 

Product 
tank, gal 

26.0 
15.5 
10.5 

Raffinate 
tank, gal 

43.0 
20.0 
23.0 
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SOLUTION MAKE-UP AND STORAGE 

KEY 

(C) Calcium Ni
trate Solution 

(F) Feed Solution 
(H) Hexone 
(P) Product Solu

tion 
(R) Raffinate 
(S) Scrubbing 

Solution 
(W) DlsUlled 

Water 

(1) Pyrex Glass 
Column 

(2) Constant Head 
Tank 

(3) 100 Gal Make
up Tank 

(4) 50 Gal Storage 
Tank 

(5) Rotameters 
(6) Centrifugal 

Pump 
(7) »4ixer 
(8) Sediment Filter 
(9) Montejus 

(10) Filter Press 
(11) Evaporator 

^ Valve 

TO AIR 

F8I 

F2S2 

Ĵ  

F4 

m F6 

«^H] 

^ 

09 

W2 _ 

IS8 

S4 

m. S6 

H4 
SI 

CALCIUM NITRATE RECOVERY 

C4 
T0_ 

AIR 

H6 

PAW 

P^ 

C9 
CIO 

C4 

JTT, TO 
r ^ MA 

MAKE-UP 

R̂  
4TH FLOOR 

3 RD FLOOR 

2 ND FLOOR 

I ST FLOOR 

PRODUCT PRECIPITATION 
AND CENTRIFU6ATI0N 

BASEMENT 

Fig. 1—Thorium nitrate solvent extraction flowsheet. 
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Fig 2—Section of extraction column showing feed inlet tee. 
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Fig 3—Spring suspensions for support of columns 



w 

Fig. 4—Saran helix used in column interface leveler. 



Fig. 5—Rotameters and control panel. 1, feed; 2, scrubbing solution; 3. distilled water; 4, hexone; 
5, feed control; 6, hexone constant head; 7, scrubbing solution control; 8, feed constant head; 9, 
distilled water control; 10, scrubbing solution constant head; 11, hexone control. 

^••1 m^ 
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Fig 6—Bottom of column showmg drains installed 



-*^:m*7j^w^^w 

Fig. 7—Product tanks and stirrers. 
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Fig. 8—Calcium nitrate recovery system showing storage tanks and filter. 
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Paper 8.7 

EXTRACTION PURIFICATION OF THORIUM NITRATE 

By F. H. Spedding, A. Kant, J. M. Wright, J. C. Warf, 
J. E. Powell, and A. S. Newton 

[Editor's Note: Work done at Iowa State College. Based on Report 
CC-2393. Prepared for publication Feb. 10, 1945.] 

ABSTRACT 

The preparation of pure thorium metal entails three main steps: 
purification of raw materials , preparation of thorium fluoride, and 
reduction of the fluoride to the metal. This report treats the first 
step. 

The thorium is purified by extraction of its nitrate with hexone 
from a 3M calcium nitrate, 3M nitric acid solution. The separation 
from impurities, solvents, salting-out agents, extraction data and 
curves, reextraction data, etc. , are discussed. The physical proper
ties of the solutions involved are tabulated. The groundwork for con
tinuous counter cur rent extraction of thorium nitrate with columns is 
given here, and such extractions are in progress . Column extraction 
will be treated in detail in later reports . The process appears to be 
feasible for large-scale application. 

1. INTRODUCTION 

For preparing pure thorium metal the raw materials (thorium salts) 
must be purified. For nucleonic purposes the metal and salt must be 
low in impurities of high capture cross section (boron, cadmium, rare 
ear ths , etc.) and have a purity comparable to that of the uranium used 
in nucleonics. 

An extraction technique appeared to be the most promising method 
of purifying large quantities of thorium to the required degree, analo-

486 
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gous to the ether extraction for uranyl nitrate. Taking a lead from 
the Chicago group's hexone extraction of another tetravalent metal 
nitrate,^ similar operations were performed with thorium nitrate. 
Various solvents, salting-out agents, and other factors were investi
gated, and it was found that hexone best suited the need, using calcium 
nitrate as the salting-out agent. This work is described in Sec. 2. 

An outline of the process as now visualized follows: 
1. The thorium nitrate (raw material) is dissolved in a nitric acid — 

calcium nitrate solution, using the proper proportions. 
2. This solution is extracted with hexone in a continuous counter-

current extractor, thus separating the thorium from most of its im
purities (trace amounts of r a re earths, Cd, Fe, etc.). 

3. The thorium nitrate is reextracted from the hexone with water 
or dilute nitric acid. 

4. Thorium oxalate is precipitated from the water extract. 
5. The thorium oxalate is filtered and ignited to thorium dioxide. 
6. The thoria is treated with anhydrous hydrogen fluoride, yielding 

thorium fluoride. 
7. The thorium fluoride is reduced and cast to give pure thorium. 
The last four steps are discussed in separate reports.^ 
Any uranium impurity in the thorium nitrate would not be separated 

by the extraction step. The evidence available^ indicates that a sepa
ration is made during the precipitation of thorium oxalate; further ex
periments on this point are in progress . It is also possible that u r a 
nium impurities will have to be removed by ether ' '* or other solvents 
prior to the hexone extraction. This, of course, will be necessary only 
if the uranium impurity proves to be above the tolerance limit. 

Simultaneously with the experiments on the solvent extraction of 
thorium nitrate, a survey of other extraction methods was made. This 
consisted in complexing the thorium with organic reagents and solvent 
extraction of the complex. Although a feasible method could proba
bly be developed by this approach, the first few experiments proved 
less promising than extraction of the thorium nitrate itself. 

2. THORIUM NITRATE EXTRACTION 

2.1 Thorium Extractions Using Complexing Agents. A number of 
tetravalent ions form organic solvent-soluble complexes with disal i -
cylethylenediimine or i ts derivatives.^ Thus a complex of thorium 
with di-(2,3-dihydroxy-5 cr 6 teri-butylbenzal)ethylenediimine was 
extracted from an acetate-buffered solution with chloroform. The 
percentage of the thorium extracted by chloroform (aqueous and 
organic layers of equal volume) varied with the pH as follows: 
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pH Th extracted, % 

2.5 12.6 
3.8 25.0 
6.2 61.0 

Using disalicylethylenediimine itself as the complexing agent and 
chloroform, the following percentages of the total thorium were ex
tracted*" by a single treatment (aqueous and organic layers of equal 
volume): 

pH Th extracted, % 

4.5 1 
5.5 8 
6.0 5 

These results were considered too low, or at least inferior to the 
hexone extraction of thorium nitrate, and no further similar experi
ments were tried. 

An odd complex of thorium is formed with catechol and pyridine,° 
which is soluble in quinoline. This solvent was found to extract 99.5 
per cent of the thorium from a thorium nitrate solution containing 
pyridine and catechol*" (phase volumes equal). A similar test with 
lanthanum, however, showed 30 per cent extraction; hence little pur i 
fication from rare earths could be achieved. No further tests were 
made. 

2.2 Extraction of Thorium Nitrate Using Salting-out Agents. In 
general, the behavior of thorium nitrate toward extraction by organic 
solvents parallels the case of another nitrate which has already been 
studied.^ Relatively few solvents and salting-out agents were investi
gated; all those employed were previously mentioned in the Chicago 
reports.^ 

The Chicago workers found that the solvent best suited to their 
purpose was hexone (methyl isobutyl ketone) and the most suitable 
salt was ammonium nitrate. Experiments using thorium nitrate, a m 
monium nitrate, and hexone were conducted; the nitric acid strength 
was IM. Only the concentration of ammonium nitrate was changed, 
and the percentage of the thorium extracted was measured. In all 
extractions the volume of the organic phase was equal to the volume 
of the aqueous phase at the beginning, and the two liquids were shaker 
vigorously in a separatory funnel for 10 to 15 min. Unless otherwise 
indicated, the solvents were all saturated with water before use; if 
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this is not done, sometimes enough water is drawn from the aqueous 
phase to cause crystallization of the syrupy highly concentrated salt 
solution. The results of this first ser ies of extractions are given in 
Table 1. 

The data of Table 1 demonstrate the dependency of the percentage 
of thorium extracted on the salt concentration. Next, the ammonium 
nitrate strength was dropped, and the nitric acid strength was raised 
enough to maintain the total nitrate-ion concentration constant. The 
percentage extracted dropped with the salt concentration, as shown in 
Table 2. 

In order to compare several solvents, they were tested using lOM 
ammonium nitrate and IM nitric acid. The results are shown in 
Table 3. 

Nitrates other than ammonium nitrate were tested as salting-out 
agents. The results are summarized in Table 4. 

Using cupric nitrate, the color of the organic phase disclosed the 
presence of considerable copper. In the case of manganous nitrate, 
the thoria obtained in the analysis of the organic phase was brown, 
indicating that some manganese was extracted. Silver nitrate was 
considered too expensive, and of the remaining two salts the calcium 
nitrate is superior to aluminum nitrate in salting-out action, is more 
soluble, and is much cheaper. The calcium nitrate was found to offer 
some advantages over ammonium nitrate and was chosen for the r e 
mainder of the work. Some extraction of calcium nitrate does occur; 
this is discussed in Sec. 2.5. 

Some of the solvents listed in Table 3 appeared promising, namely, 
hexone, nitromethane, acetophenone, cyclohexanone, diethyl cellosolve, 
and butyl phosphate. The last was eliminated because of its probable 
slow decomposition. Acetophenone was eliminated because of its high 
density (1.03). Hexone and cyclohexanone were chosen for further 
study primarily because they were readily available and did extract 
practical quantities of thorium nitrate. By no means have the other 
solvents been eliminated; some may be far superior to hexone and 
cyclohexanone. These, as well as new solvents, will be investigated 
and reported at a later date. 

Cyclohexanone would appear to be superior to hexone because of 
its greater power to extract thorium nitrate, but this factor did not 
compensate for its disadvantages. The reasons for concentrating work 
on hexone rather than cyclohexanone were: 

1. Hexone gave a much better separation from the ra re earths (see 
Sec. 2.3). 

2. The density of hexone (0,80) is much more favorable than the 
density of cyclohexanone (0.95). Thus when thorium nitrate i s ex-
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tracted by the organic phase the density in the case of cyclohexanone 
becomes greater than unity which would complicate the operation of 
the water-filled column in which the thorium nitrate is reextracted. 

3. Cyclohexanone is much more soluble in water than is hexone. 
4. Cyclohexanone has sometimes given a precipitate when allowed 

to stand in contact with solutions containing nitric acid. The precipi
tate may be adipic acid. 

In case a solvent whose density is greater than 1 (e.g., nitromethane, 
d = 1.13) is finally chosen, then in column operation it will be neces
sary to feed the thorium-rich solvent into the top of the water - reex
traction column rather than the bottom, but this should cause little 
difficulty. 

In Fig. 1 are given some extraction curves for cyclohexanone and 
50 per cent cyclohexanone, 50 per cent hexone mixtures. The high 
extractions of cyclohexanone are shown, and it i s of interest that this 
curve has a negative slope. It should be pointed out that the curve 
for the mixed solvents, hexone and cyclohexanone (all using 3M cal
cium nitrate), lies about halfway between the two separate curves for 
each solvent alone. At one time consideration was given to using this 
50-50 mixture, combining the high extractability of cyclohexanone 
with the low density of hexone, but the faults of cyclohexanone p re 
vented this. 

Additional extraction data were obtained using hexone and calcium 
nitrate. They are shown in Table 5. 

The extraction data using 3M calcium nitrate (Table 5) are graphed 
in Fig. 2. Plotting the percentage of thorium nitrate extracted against 
thorium nitrate concentration gives separate curves for each nitric 
acid concentration. For the lower concentrations of thorium nitrate, 
the percentage of thorium extracted decreases with decreasing nitric 
acid concentration, but at 3M nitric acid the curve has a zero or pe r 
haps slightly negative slope. This characteristic should enhance the 
extraction of thorium nitrate in a continuous countercurrent column. 
Thus essentially all the thorium may be removed if the nitric acid 
strength is maintained above IM. 

Figure 3 illustrates the removal of thorium nitrate by four succes
sive extractions with each volume of hexone equal to the volume of the 
aqueous phase. Initially the solution contained 50 g of Th(N03)4.4H20 
per 100 ml of solution and was 3M in calcium nitrate and 3M in nitric 
acid. The four extractions removed 92.5 per cent of the total thorium. 
The third and fourth extractions removed smaller percentages of the 
remaining thorium, presumably because of the lowering of the nitric 
acid strength. 
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2.3 Separation of Elements of High Capture Cross Section by Sol
vent Extraction. The distribution of elements of high capture cross 
section (rare earths, cadmium, and boron) between organic solvents 
and water-sal t solutions has been studied. Chicago workers^ have 
reported previously the distribution (separation factors) for various 
elements, including boron and lanthanum, between various organic 
solvents and lOM NH4NO3, IM HNO3. Since the main concern lies with 
the distribution of elements of high capture cross section between 
organic solvents and water solutions containing the salting-out agent 
as well as thorium nitrate, this has been of interest but not of direct 
application. 

(a) Distribution between lOM Ammonium Nitrate, IM Nitric Acid 
Solution, and Organic Solvents. The distribution coefficient for the 
element noted, the percentage extracted (for equal volumes of organic 
solvent and water solutions) into the organic phase, and the concentra
tion of the element in milligrams per milliliter for the system lOM 
NH4NO3, IM HNO3 and organic solvent were determined and are given 
in Table 6. 

The distribution coefficient for cerium was found to be the same 
whether it was initially in the trivalent or tetravalent state. In the 
latter state it was rapidly reduced to the cerous state by the solvent. 

The distribution coefficient for rare earths (Table 6) refers to the 
distribution of ra re earth activity (mostly 300-day cerium in equilib
rium with its 17.5-min praseodymium daughter) between a solution 
containing initially 0.215M Th(N03)4, lOM NH4NO3, IM HNO3, and 
cyclohexanone. The presence of thorium nitrate seems to raise the 
distribution coefficient. The behavior of boron is discussed in Sec. 
2.7. 

(b) Distribution of Tracer Rare Earths between Thorium N i t r a t e -
Calcium Nitrate—Nitric Acid Solutions and Organic Solvents. The 
distribution of t racer ra re earths (described above) between thorium 
ni t ra te-calc ium nitrate—nitric acid solutions and organic solvents has 
been studied. The results show very definitely that the presence of 
thorium nitrate increases the extraction of r a re earths by the organic 
phase. This is to be expected in view of the fact that salting-out in
creases with increasing ionic charge. 

A calcium nitrate solution (3M, 1.08 ml), containing varying amounts 
of thorium nitrate and nitric acid, and 3000 div/min of rare earth 
activity (corresponding roughly to 2.1 x 10'' dis/min) were shaken with 
1 ml of organic solvent for 5 min. A 0.13-ml aliquot of the organic 
phase was then removed, and the rare earth activity was isolated by 
the following scheme: 
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0.13-ml aliquot of organic phase 

Dissolved in 5 to 10 ml of 
hot HgO; 5 mg La"*"̂  c a r 
r ie r added; HjOj 

I I 
ThgO^ HjO solution 

NH4OH added 

La(0H)3 Filtrate 
HNO3 added; solution (discarded) 

of La(N03)3 made 
to 2N to 6N in HF 

I I 
LaFg Solution 

The activity in the lanthanum fluoride thus obtained was counted by 
reading on the electroscope. This method yielded blanks (activity due 
to thorium disintegration series) of less than 0.35 div/min for con
centrations of thorium nitrate as high as 0.9M. The data are given 
in Table 7. The purification factor is defined as the ratio of the pe r 
centage of thorium extracted to the percentage of ra re earths extracted 
when equal volumes of organic solvent and aqueous solution are used, 
but in the table the ratio of the volumes is 1 to 1.08. The data for the 
percentage of thorium extracted were taken directly from the curves 
of Fig. 1 and Fig. 2. Where the thorium molarity was zero, the p e r 
centage extracted was obtained by extrapolating the curves to zero. 

It is to be noted that the purification factors for cyclohexanone are 
poor as compared to those of hexone. The purification factor for 
hexone decreases rapidly with increasing thorium concentration. 

2.4 Reextraction of Thorium Nitrate. The removal of the thorium 
nitrate from its organic solvent i s accomplished by extraction with 
water or sometimes with dilute nitric acid. For the most part these 
separations have been quite efficient, above 95 per cent of the thorium 
nitrate in a hexone solution being extracted by an equal volume of 
water. The removal is slightly poorer in the case of cyclohexanone, 
and 1.5M HNO3 is slightly inferior to water, as shown by the results 
in Table 8. The organic solutions used contained small quantities of 
nitric acid and calcium nitrate. 

2.5 Distribution of Nitric Acid and Calcium Nitrate. As Fig. 2 
shows, the nitric acid concentration is important, and its behavior 
when extracted with hexone was studied. In aqueous thorium nitrate 
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solutions, distinction can be drawn between nitric acid formed by hy
drolysis and nitric acid present in excess of this amount. This ex
cess nitric acid is called "added" nitric acid, and it i s this fraction 
whose extraction behavior is important. 

Solutions from various extraction stages were analyzed for added 
nitric acid by adding an excess of standard ammonium hydroxide, 
filtering and washing, and back-titrating the excess base with stand
ard acid, using methyl red indicator. The thorium hydroxide formed 
was ignited to thoria and weighed, and from these data the added nitric 
acid was calculated. 

Two ser ies of solutions were extracted with hexone (aqueous and 
organic layers of equal volume), and the organic layer was analyzed 
for added nitric acid. When the percentages of nitric acid were cal
culated, the voliune changes on extraction were taken into considera
tion (see Sec. 2.6). The first ser ies of solutions was 3M in calcium 
nitrate and 3M in added nitric acid; the second was 3M in calcium 
nitrate and 2M in added nitric acid. The thorium nitrate concentra
tions varied in each se r ies . Results are shown in Table 9. 

The data in this table show that the hexone extracts nitric acid 
more efficiently than it does the thorium nitrate, a fact which deserves 
serious consideration in the operation of an extraction column. 

An experiment was made to determine what fraction of nitric acid 
in hexone was reextracted when treated with water. Four solutions, 
each 3M in calcium nitrate and nitric acid and with varying concen
trations of thorium, were extracted with hexone (single treatment 
with equal volumes), and the hexone layers were reextracted with 
water (single treatment with equal volumes). The hexone, depleted of 
i ts thorium, was then titrated with standard alkali. The data are given 
in Table 10. The volume changes (Sec. 2.6) were taken into account. 

Tables 9 and 10 show that, from the acidified calcium nitrate solu
tions, nitric acid is readily extracted by hexone and that reextraction 
of the hexonewith water does not remove all the acid (with a single 
treatment using equal volumes). Thus thorium nitrate enters the 
hexone fairly easily and is reextracted by water nearly quantitatively, 
while the nitric acid enters the hexone very readily and is only re -
extracted by water with some difficulty. 

A small portion of calcium nitrate was shown to enter the hexone 
phase. Rough analyses for calcium were made on the hexone layers 
from extractions of the standard 3M Ca(N03)2, 3M HNO3 solutions, 
giving the results shown in Table 11. This small amount of calcium 
should cause no trouble since most will be separated in the subsequent 
thorium oxalate precipitation. Further, considerable calcium salts 
can be tolerated in the metal reduction without appreciable effect on 
the yields or quality. 
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2.6 Physical Propert ies of Solutions. In order to design and op
erate a countercurrent extraction column, it is helpful to have such 
physical properties of the solutions involved as densities, viscosities, 
crystallization temperatures, and volimie changes on extraction. These 
have been measured for a number of solutions and are given in Tables 
12 through 16 for the acid and salt concentrations stated. 

2.7 Miscellaneous, (a) Behavior of Boron. A cursory investiga
tion was made into the contamination of thorium nitrate solutions with 
boron from pyrex. While the degree of contamination must vary with 
time of contact, surface relationships, nature of solution, and other 
factors, a rough result was obtained by analyzing a solution from ex
traction work where pyrex ware had been used. The analytical method 
was spec t rographic ' Based on thorium, the solutions picked up boron 
corresponding to approximately 0.6 ppm. 

It was believed that any boron picked up in these stages would be 
eliminated at later stages, namely, during the precipitation of thorium 
oxalate and the preparation of thorium fluoride, where boron would be 
volatilized away as its trifluoride. This hypothesis was checked" by 
adding a known quantity of boric acid to a thorium nitrate solution 
(1000 ppm boron, based on thorium) and precipitating thorium oxalate 
(see Paper 8.1). Analysis of the oxalate showed 1.6 ppm of boron. 
This was converted to thorium fluoride, the analysis of which showed 
less than 0.1 ppm of boron. It thus appears that the use of pyrex glass 
is permissible. 

(b) Spontaneous Reaction of Thorium Nitrate-Hexone Solutions. On 
two occasions, solutions of thorium nitrate in hexone from extraction 
work began to boil spontaneously with foaming and the liberation of a 
substance smelling of isobutyric acid. One solution had been standing 
about 5 hr and the other about 36 hr before the reaction started. Each 
solution was about half a liter in quantity. The concentration of tho
rium nitrate in neither solution was known, but it was high in each. 
Evidently the nitrates [Th(N03)4 and HNO3] caused chemical oxidation 
of the ketone. 

More information was obtained by extracting a thorium nitrate solu
tion (3M in calcium nitrate, 3M in nitric acid, and 25 g Th(N03)4.4H20 
per 100 ml). This was divided into three par ts . One part was heated; 
at 95°C it turned yellow, and at 105°C it reacted suddenly and boiled 
up, giving off isobutyric acid. A second portion was allowed to stand 
at room temperature and after a day had turned yellow and smelled 
of isobutyric acid but did not boil. The third was kept at 0 to 10°C 
where it underwent no noticeable change in 5 days. 

The reaction should cause little harm if the extracts are not pe r 
mitted to stand but treated with water at once. 
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(c) Mesothorium. Mesothorium is not expected to be extracted by 
the hexone treatment and thus will appear in the raffinate from any 
column work. It may prove to be profitable to recover this material , 
which could probably be done by adding either barium or lead nitrate 
and then precipitating the sulfate. 

(d) Behavior of Uranium. It would be expected that uranyl nitrate 
is readily extractable by hexone, and such is the case. The solvent is 
said*^ to be comparable with ether. Tests showed that using a volume 
of hexone equal to that of the aqueous solution (lOM NH4NO3, IM HNO3) 
about 90 per cent of the uranium is extracted. Thus uranium is ex
tracted even more easily than thorium. 

3. CONCLUSIONS 

A process has been developed by which thorium nitrate can be pur i 
fied to a high degree. Thorium nitrate is extracted into an organic 
solvent from an aqueous solution and then reextracted by water. This 
procedure was adopted from a process used for another metal by the 
Chicago group and parallels the ether extraction purification of uranyl 
nitrate. At present the process appears to be feasible for large-scale 
application. Though satisfactory at its present stage of development, 
additional modifications, such as new solvents, may offer still more 
advantages, and work on improvements will continue. 

Table 1—Extraction of Th(N03)4 by Hexone 
from NH,NO, -HNO, Solutions 

Concentration of 
Th(N03)4.4H20, 

g per 100 ml 
of solution 

25 
25 
25 
25 
25 
25 

Molarity 

HNO3 NH4NO3 

1 0 
1 2 
1 4 
1 6 
1 8 
1 10 

Th 
extracted. 

0.15 
1.01 
2.81 
6.78 

13.7 
19.8 
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Table 2—Extraction of Th(N03), by Hexone 
from NH^NOj -HNO3 Solutions 

Concentration of 
Th(N03),.4H20, 

g per 100 ml 
of solution 

25 
25 
25 

Molarity 

HNO3 NH4NO3 

1 10 
3 8 
5 6 

Th 
extracted 

20 
16 
14 

Table 3 —Extraction of ThiNOj)^ by Various Solvents 
from lOM NH4NO3 and IM HNO3 

Solvent 

Hexone 
Nitromethane 
o-Naphthyl methyl ether 
Diethyl oxalate 
Acetophenone 
Cyclohexanone 
Diethyl cellosolve 
Butyl phosphate 

Concentration of 
Th(N03),.4H20, 

g per 100 ml 
of solution 

5.4 
5.4 
5.1 
5.2 
5.9 

25 
25 
25 

Th 
extracted 

21 
11 
0.35 
5.4 

37 
85 
70 
91 

Table 4—Extraction of Th(N03)4 from Various Salt Solutions 

Salt 

Cu(N03), 
Mn(N03)2 
AgN03 
A1(N03)3 
A U N O J ) , 

A1(N03)3 
A1(N03)3 
Ca(N03)2 
Ca(NO,)2 
Ca(NO,)3 
Ca(NO,)j 
Ca(N0,)2 
Ca(N03), 

Molarity 

Salt 

3.8 
4.2 
7 
1.7 
1.7 
1.9 
1.9 
5 
3 
3 
5 
5 
3 

HNO3 

0.5 
1.4 
1.1 
0.9 
0.9 
0.5 
0.5 
0.7 
0 
0 
0.7 
0 
0 

Solvent 

Cyclohexanone 
Cyclohexanone 
Cyclohexanone 
Hexone 
Cyclohexanone 
Hexone 
Cyclohexanone 
Hexone 
Hexone 
Hexone 
Cyclohexanone 
Cyclohexanone 
Cyclohexanone 

Concentration of 
Th(N03),.4H20, 

g per 100 ml 
of solution 

9 
25 
20 

8 
8 
8 
8 

12.5 
30 
50 
12.5 
10 
10 

Th 
extracted, 

~100 
-100 

58 
36 
95 
49 

-100 
90 
35 
50 

-100 
96 
92 
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Table 5 - -Extraction of Th(N03)4 with Hexone from HNO3 
Solutions of Various Concentrations 

-Ca(N03), 

Molarity 

CafNOj)^ 

2.1 
3 
3 
3 
5 

2 
2 
2 

3 
3 
3 

3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
3 
3 

HNO3 

0 
0 
0 
0 
0 

5 
5 
5 

1 
1 
1 

2 
2 
2 
2 
2 
2 

3 
3 
3 
3 
3 
3 
3 

0.7 

Concentration of 
Th(N03),.4H20, 

g per 100 ml 
of solution 

86 
10 
30 
50 
10 

10 
30 
50 

10 
30 
50 

10 

15 
25 
35 
45 
50 

10 

15 
25 
30 
35 
45 
50 

T h 

extracted, 

43 
11 
35 
50 
91 

50 
41 
44 

34 
45 
56 

49 
49 
50 
52 
56 

63 

60 

57 
56 

57 
59 
59 
53 

12 90 

Table 6 —Extraction of Elements from lOM NH4NO3, IM HNO3 by Organic Solvents 

Solvent 

Hexone 
Hexone 
Hexone 
Cyclohexanone 
Cyclohexanone 
Cyclohexanone 
Cyclohexanone 

Element 

La 
Cd 
B 
L a 
Ce 
Cd 

Rare earth* 

Cone, of 
element, mg/ml 

4.3 
21.6 

0.09 
15.1 
13.4 

9.2 
(Trace 

quantities) 

% extracted 
by organic 

phase 

0.1 

<0.2 
0.25 
0.47 
2.3 

0.44 
4.88 

Cone, in org. phase 
Cone, in Hfi phase 

1 X 10- ' 
<2 X 10-= 

2.5 X 10- ' 
5.1 X 10- ' 
25 X 10- ' 

4.8 X 10- ' 
56 X 10- ' 

•HjO solution initially was 0.215M Th(N03)4, lOM NH4NO3, IM HNO3. 
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Table 7—Extraction of Tracer Rare Earths from 3M Ca(N03)2-HN03-Th(N03)4 
Solutions by Organic Solvents 

Solvent 

Cyclohexanone 
Cyclohexanone 
Cyclohexanone 
Hexone 
Hexone 
Hexone 
Hexone 
Hexone 
Hexone 
Hexone 
Hexone 

Molarity 

Th(jiO,\ 

0.00 
0.215 
0.430 
0.215 
0.00 
0.215 
0.430 
0.860 
0.00 
0.215 
0.860 

HNO3 

0 
0 
0 
0 
1 
1 
1 
1 
3 
3 
3 

Th 
extracted, % 

92 
92 
91 
54 
28 
35 
42 
56 
57 
56 
54 

Rare earths 
extracted, 

4.5 
7.0 
5.4 
0.11 
0.03 
0.10 
0.31 
1.1 
0.14 
0.14 
0.47 

% 

Approx. 
purification 

factor 

23 
13 
13 

490 
930 
350 
140 

51 
410 
400 
115 

Table 8 -

Solvent 

Hexone 
Hexone 
Hexone 
Hexone 
Cyclohexanone 
Cyclohexanone 
Cyclohexanone 

-Reextraction of Th(N03)4 from Organic Solvents by Water 
and by Dilute Nitric Acid 

Approx. cone, of thorium, 
g of Th(N03)4.4H20 per 

100 ml of organic solution 

0.6 
2.5 

10 
25 

9 
15 
43 

Th extracted 
by water, 

96.5 
98.0 
96.6 
99.1 
99.0 
91.0 
93.6 

% by 
Th extracted 
I.5MHNO3, 

96.2 
99.3 
82.7 
80.0 
78.0 
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Table 9 —Extraction of Added Nitric Acid by Hexone 
from Ca(N03)2-HN03-Th(N03)4 Solutions 

Th(N03)4.4H20 per 100 ml of 
solution, g 

15 25 35 45 

Series 1. 3M Ca(N03)3, 3M HNO, 
Molarity of HNO3 in hexone 
HNO3 extracted by hexone, % 

Series 2. 3M Ca(N03)2, 2M HNO3 
Molarity of HNO3 in hexone 
HNO3 extracted by hexone, % 

1.92 
73 

1.40 
77 

1.93 
75 

1.38 
77 

1.80 
72 

1.38 
79 

1.86 
76 

1.32 
78 

Table 10—Reextraction of Nitric Acid from Hexone by Water 

Molarity of HNO3 in hexone after first extraction (data in 
Table 9) 

Molarity of HNO3 in hexone after reextraction with water 
HNO, removed, % 

Th(N03)4.4H20 per 100 
ml of solution, g 

5 

1.9 

0.29 
88 

25 

1.9 

0.62 
74 

50 

1.85 

0.72 
69 

Table 11 —Calcium Nitrate Extraction by Hexone 

Concentration of 
Th(N03)4.4H20, 

g per 100 ml 
of solution 

10 
25 
30 
50 

Molarity 

Ca(N03)2 HNO3 

3 
3 
3 
3 

3 
3 
3 
3 

Approx. per cent 
of total Ca(N03)2 

extracted by 
hexone 

<0.1 
0.2 
0.7 
0.9 

Approx. wt. ratio 
(Th extr . /Ca extr . 

<190 
240 

80 
100 
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55.1 
44.9 

0.873 

57.0 
43.0 
0.9306 

58.1 
41.9 

0.9661 

59.9 
40.1 

1.007 

61.1 
38.9 

1.047 

Table 12—Propert ies of Aqueous and Hexone Solutions* 

Th(NOj)4.4H20 per 100 ml of solution, g 

0 15 25 35 45 

Original solution [3M in Ca(N03)2, 
3M in HNO3] 

Density at 25°, g/ml 1.434 1.528 1.592 1.655 1.715 
Viscosity at 25°, centipoises 4.57 6.89 9.20 12.63 17.64 

Hexone solution (from extraction of 
50 ml of original solution with 50 
ml of hexone) 

Volume of hexone layer, ml 
Volume of aqueous layer, ml 
Density of hexone layer at 25°, 

g/ml 
Viscosity of hexone layer at 25°, 1.025 1.445 1.740 2.202 2.790 

centipoises 
Th(N03)4.4HjO per 100 ml of 7.5 12.0 17.3 21.9 

solution, g 
Thorium extracted, % 57 56 59 59 

Aqueous solution (from reextraction 
of 25 ml of above hexone solution 
with 25 ml of water) 

Volume of hexone layer, ml 
Volume of aqueous layer, ml 
Density of aqueous layer at 25°, 

g/ml 
Viscosity of aqueous layer at 25°, 1.092 1.163 1.256 1.334 

centipoises 

•The material in this table is given graphically as follows: Densities of original, 
hexone, and water-reextraction solutions for varying strengths of thorium nitrate, Fig. 
4. Densities of aqueous calcium nitrate -n i t r i c acid - thorium nitrate solutions and 
hexone-thorium nitrate solutions. Fig. 5. Viscosities of thorium n i t ra te -n i t r i c a c i d -
hexone solutions, Fig. 6. Viscosities of original thorium n i t ra te -n i t r i c ac id-water 
solutions, Fig. 7. Viscosities of thorium n i t r a t e -n i t r i c ac id -wate r solutions and hex-
one solutions from extraction, Fig. 8. 

20.4 
29.6 

1.086 

20.3 
29.7 

1.114 

20.2 
29.8 

1.145 

20.0 
30.0 

1.175 
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Table 13—Proper t ies of Aqueous and Hexone Solutions* 

Original solution [3M in CAtiiO,)^, 
2M in HNO3] 

Density at 25°, g/ml 
Viscosity at 25°, centipoises 

Hexone solution (from extraction of 
50 ml of original solution with 50 
ml of hexone) 

Volume of hexone layer, ml 
Volume of aqueous layer, ml 
Density of hexone layer at 25°, 

g/ml 
Viscosity of hexone layer at 25°, 

centipoises 
Th(N03)4.4HjO per 100 ml of 

solution, g 
Thorium extracted, % 

Aqueous solution (from reextraction 
of 25 ml above hexone solution with 
25 ml water) 

Volume of hexone layer, ml 
Volume of aqueous layer, ml 
Density of aqueous layer at 25°, 

g/ml 
Viscosity of aqueous layer at 25°, 

centipoises 

Th(N03)4.4H20 per 100 ml of solution, g 

0 15 25 35 45 

1.406 
3.89 

1.506 
6.17 

1.566 
7.98 

1.631 
10.88 

1.693 
15.19 

53.0 
47.0 
0.8519 

54.8 
45.2 

0.9056 

56.0 
44.0 

0.9407 

57.5 
42.5 

0.9803 

59.0 
41.0 

1.023 

0.882 1.227 

6.7 

1.525 

11.1 

1.946 

15.9 

49 50 52 

1.065 1.116 1.213 

2.545 

21.2 

56 

21.6 
28.4 

1.070 

21.0 
29.0 

1.098 

20.8 
29.2 

1.131 

20.5 
29.5 

1.164 

1.309 

*The material In this table is given graphically as follows: Densities of original, 
hexone, and water-reextraction solutions for varying strengths of thorium nitrate. Fig. 
4. Densities of aqueous calcium n i t r a t e -n i t r i c acid- thor ium nitrate solutions and 
hexone-thorium nitrate solutions, Fig. 5. Viscosities of thorium n i t r a t e -n i t r i c ac id -
hexone solutions. Fig. 6. Viscosities of original thorium n i t r a t e -n i t r i c ac id-water 
solutions. Fig. 7. Viscosities of thorium n i t r a t e -n i t r i c ac id -wate r solutions and hex-
one solutions from extraction, Fig. 8. 
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Table 14 — Crystallization Temperatures for 
3M Ca(N03)3, 3M HNO3 Solutions 

Th(N03)4 4H2O per 
100 ml of solution, g 

Crystallization 
temperature, °C 

1 
5 

25 
50 

<2 
<3 

10-11 
23-24 

Table 15—Proper t ies of Hexone 

Density at 25°C of hexone saturated 
with water, g/ml 

Viscosity at 25°C of hexone saturated 
with water, centipoises 

Boiling point (760 mm Hg), °C 
Freezing point, °C 
Solubility in water, % 
Water solubility in hexone, % 

2.0 ( 
2.2 ( 

0.8009 

0.5925 

118 
- 8 5 

reference 
reference 

8) 
B) 

Table 16 — Extraction of Nitric Acid from Water by Hexone*" 

Molarity HNO3 

In original 
water layer 

15.6 
12.5 
9.36 
6.24 
3.12 
1.56 
0.624 

In hexone 
after extraction 

7.01 
5.16 
3.56 
2.15 
0.797 
0.257 
0.041 

Density (at 25°C) of 
hexone solution, 

g /ml 

1.057 
0.992 
0.941 
0.890 
0.834 
0.811 
0.801 

*Nothorium nitrate was used. Aqueous and organic phases 
of equal volume at beginning, dry hexone was used. 
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Fig. 1 — Extraction of Th(N03)4.4H20 into various solvents. Varying concentrations of 
Ca(N03)2.4H20. 
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Fig. 2 — Extraction of Th(N03)4.4H20 into hexone from 3M Ca(N03)2.4H20. Varying 
HNO3 solutions. 
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Fig. 3 — Successive extractions of Th(N03),.4H20 into hexone from 3M Ca(N03)2.4H20, 
3M HNO, solution. 
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CONCENTRATION OF Th(N03)4.4H20 IN ORIGINAL SOLUTION, 

70 
G/100CC 

— Density of solutions from extraction of Th(N03)4 with hexone. o, original so-
IM HNO3, 3M CalNOj)^. n, original solution, 2M HNO3, 3M CaCNOj)^. A, original 

Fig. 4 
lution, 
solution, 3M HNO3, 3M Ca(N03)2. • , methyl isobutyl ketone solution from the extrac
tion of 50 ml of original 2M HNO3 solution with 50 ml of ketone, o , methyl isobutyl 
ketone solution from the extraction of 50 ml of original 3M HNO3 solution with 50 ml of 
ketone. 0, water solution from the extraction of 25 ml of ketone solution ( • ) with 25 
ml of HjO. V, water solution from the extraction of 25 ml of ketone solution (o) with 
25 ml of H,0. 
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2 0 

' 0 4 8 12 16 20 24 28 32 36 
ACTUAL CONCENTRATION OF Th(N03)4-4HzO IN G/100 CC OF KETONE OR HgO SOLUTION 

Fig. 5 — Density of ketone and HjO solutions of Th(N03)2, Ca(N03)2, and HNO3. • , orig
inal solution, 2M HNO3, 3M Ca(N03)2. A, original solution, 3M HNO3, 3M Ca(N03)2. • , 
methyl isobutyl ketone solution from the extraction of 50 ml of original 2M HNO3 solu
tion with 50 ml of ketone; analysis showed HNO3 concentration from 1.32M to 1.405M. 
o , methyl isobutyl ketone solution from the extraction of 50 ml of original 3M HNO3 
solution with 50 ml of ketone, analysis showed HNO3 concentration ranging from 
1 795M to 1.935M 

0 4 8 12 16 20 24 28 32 36 
ACTUAL CONCENTRATION OF ThCNOj), 4 Hfi IN G/IOO CC OF KETONE SOLUTION 

Fig. 6—Viscosity of ketone solutions of Th(N03)4 and HNO3. • , methyl isobutyl ketone 
solution from the extraction of 50 ml of original 2M HNO3 solution (Fig. 5) with 50 ml 
of ketone; analysis showed HNO3 concentration ranging from 1.32M to 1.405M. o, 
methyl isobutyl ketone solution from the extraction of 50 ml of original 3M HNO3 solu
tion (Fig 5) with 50 ml of ketone, analysis showed HNO, concentration ranging from 
1.795M to 1.935M. 
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0 10 20 30 4 0 5 0 6 0 
CONCENTRATION OF Th(N05)4-4 HjO IN ORIGINAL SOLUTION, G/100 CC 

Fig. 7—Viscosity of solutions from extraction of Th(N03)4 with hexone. o , original 
solution, IM HNO3, 3M Ca(N03)2. n , original solution, 2M HNO,, 3M Ca(N03)2. A, 
original solution, 3M HNO3, 3M Ca(N03)2. 

10 20 30 4 0 50 60 

CONCENTRATION OF Th(N03)4-4H20 IN ORIGINAL SOLUTION, G/100 CC 

Fig. 8—Viscosity of solutions from extraction of Th(N03)4 with hexone. • , methyl 
isobutyl ketone solution from the extraction of 50 ml of original 2M HNO3 solution 
(Fig. 7) with 50 ml of ketone, o , methyl isobutyl ketone solution from the extraction of 
50 ml of original 3M HNO3 solution (Fig. 7) with 50 ml of ketone. 0 , water solution 
from the extraction of 25 ml of ketone solution (•) with 25 ml of HjO. V, water solu
tion from the extraction of 25 ml of ketone solution (o) with 25 ml of HjO. 
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Paper 9.1 

THERMAL-NEUTRON FISSION CROSS SECTION OF Th^^" 

By Martin H. Studier, Albert Ghiorso, and French Hagemann 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CF-3809. Prepared for publication April 16, 1947.] 

ABSTRACT 

The fission cross section of Tĥ *® for thermal neutrons has been 
determined to be 45 x 10"^* cm^ within 25 per cent. 

1. INTRODUCTION 

The probability of neutron-induced fission is greater for isotopes 
which contain an odd number of neutrons than for those which have an 
even number, according to the Bohr-Wheeler theory. Notable examples 
are Pu^^*, U^'^, and U*'^, each of which has a very large fission cross 
section for thermal neutrons. Another isotope of the odd-number-
neutron type of nucleus is Th"®, an alpha emitter having a half life of 
about 7000 years , which is produced^ by alpha decay of U^''. It has 
been found that Tĥ ^® also undergoes fission with thermal neutrons 
with a moderately large c ross section. 

The fission measurements have necessarily been limited to sub-
microgram samples of T h " ' since only milligram quantities of U ^ ' 
have as yet become available; however, development of sensitive f i s 
sion counters and the availability of the large neutron flux produced 
by the chain-reacting pile have made such measurements feasible. 

2. CHEMICAL SEPARATION 

The samples used for these measurements were obtained by allow
ing a solution of U^'* in O.IM nitric acid to decay for a suitable length 
of time and then separating and purifying the Tĥ *® which had been 
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formed. The thorium was separated from the uranium solution by co-
precipitation with zirconium iodate; the conditions of precipitation 
were about 0.2 mg of zirconium per milliliter of solution and a final 
iodate concentration of 0.05M. Further purification was achieved by 
separating the zirconium iodate by centrifugation, dissolving in sulfur 
dioxide-water , and reprecipitating as before. A blank run with U^'' 
t r acer showed that four or five such cycles served to decontaminate 
completely from uranium. 

Sample 1 was purified by six iodate cycles. In order to reduce the 
amount of ca r r i e r to obtain a film sufficiently thin for fission count
ing, the Th^^ was finally coprecipitated with 0.1 mg of lanthanum 
fluoride and mounted on platinum. 

Sample 2 was put through three iodate cycles; then the thorium was 
coprecipitated with lanthanum fluoride (1 mg per milliliter of solution) 
after oxidizing with silver ion-persulfate. The lanthanum fluoride was 
metathesized to hydroxide with sodium hydroxide solution and d is 
solved in O.IM nitric acid. The oxidizing cycle was repeated, and the 
Th"* was finally coprecipitated with 0.1 mg of zirconium iodate and 
mounted on platinum. The purpose of fluoride precipitations from 
oxidized solution was to ensure that any accidental contamination by 
P u ^ ' would be removed as well as to separate further from U^'^. 

Sample 3 was prepared from sample 2 after fission measurements 
had been carried out. The sample was dissolved from the platinum 
plate with nitric-hydrofluoric acid mixture, put through an oxidizing 
cycle, and remounted as before, using 0.1 mg zirconium as a ca r r i e r . 

Sample 4 was prepared from samples 1 and 3. The material was 
carried through additional oxidizing and iodate cycles and coprecipi
tated with lanthanum fluoride. The fluoride was converted to hydrox
ide and dissolved in 0.05M nitric acid, and the Tĥ ^® was extracted 
with 0.15M thenoyl trifluoracetone (TTAf in benzene. The benzene 
phase was reextracted with lOM nitric acid, and the nitric acid solu
tion was evaporated on platinum, thus giving an essentially c a r r i e r -
free sample. 

3. FISSION MEASUREMENTS 

The fission measurements were carried out in the thermal column 
of the Argonne CP-3 heavy-water pile. The fission-counting apparatus 
is described elsewhere.^ Comparison was made of the fission-covmt-
ing ra tes of the Th^^' samples with the fission-counting rates of stand
ard samples of U^^ or Pu^'* measured under conditions of identical 
neutron flux. 
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Fission cross sections for Th"® were calculated from the relation 

„ rTh229N f(Th"'') ^ wt.(std.) ^ 229 ^ 
'^«ss(Th ) = T ^ i d J ^ wt.CTh"")^ A(iwO "" ""ss (std.) 

where f(Th"®) and f(std.) = observed fission-counting rates of sample 
and standard, respectively, and A(std.) = mass number of the standard. 
The values 521 x 10"^* cm^ (reference 4) for U"* and 765 x lO'^* cm^ 
(reference 5) for Pu"® were used for the fission cross sections of the 
standards for the neutrons in the thermal column of the Argonne CP-3 
pile. The weights of the standards were calculated from the alpha 
counts using 1.62 x 10^ years for the half life* of U^̂ ^ and 2.41 x 10* 
years (reference 7) for Pu^ ' . The sample weights were also deter
mined by alpha counting, using 7000 years for the Tĥ ^® half life. Since 
the U"^ parent of the Tĥ ^® contained some U^̂ ^ impurity,^ appreciable 
amounts of RdTh impurity produced by alpha decay of the U^̂ ^ were 
present in the samples. A correction for this impurity was made by 
determining the Th^^VRdTh ratio by means of the pulse analyzer." 
Since the fission cross section of RdTh has been determined to be 
negligible,® no correction of the fission-counting rate was necessary. 
The results of the measurements are summarized in Table 1. 

Examination of the data indicates that Tĥ ^® has an appreciable 
fission cross section for slow neutrons. It i s evident that this fission 
is-actually due to Tĥ ^® and not to contamination by uranium or plu-
tonium isotopes since further purification of samples 1,2, and 3 did 
not result in a decrease in the calculated fission cross section, even 
though the purification would have reduced such impurities by more 
than a hundredfold. 

The discrepancy between the cross sections observed for samples 
1, 2, and 3 and for sample 4 can probably best be explained by dif
ferences in sample thicknesses since the first three samples were 
each moimted with about 0.1 mg of car r ie r , whereas the fourth sample 
was car r ie r - f ree . Self-absorption of the fission fragments may have 
reduced the observed fission-counting ra tes of the first three samples, 
thus giving an apparently lower value for the cross section. 

These measurements were carried out during the period of improve
ment of the fission counters. The last measurement on sample 4 is 
considered to be more reliable since it was made using one of the 
later fission-chamber designs in which the sensitivity had been greatly 
increased as is evident by comparison of the fission-counting rate to 
the background. 

The most probable value of the cross section from these considera
tions is 45 X lO"^* cm^, and the possible e r ro r is judged to be about 
25 per cent. 



Sample 

Alpha activity, c/min 

(Th"» + RdTh) Th"» 

1 
2 
3 
4 
4 
4 

4,010 
27,500 
20,200 

5,590 
5,590 
5,590 

2,740 
18,800 
13,900 
3,820 
3,820 
3,820 

r I 

^11 

Table 1—Determination of Fission Cross Section of Th" ' 

Wt. of 
Th"», 
10- 'g 

1.06 
7.30 
5.36 
1.48 
1.48 
1.48 

Standards 
Fission, c/min 

Background Net 

1.5 
2.1 
3.0 

188 
510 

50 

0.9 
9.0 
9.0 

85 
417 

8300 

Alpha activity, Wt. of U^", 
c/min 10"' g 

9500 
9500 
9500 
235 
235 
235 
645 

86.84 
86.84 
86.84 

2.15 
2.15 
2.15 

0.90 

Fission, 
c/min 

1,060 
2,118 
3,040 
1,440 
6,700 

138,000 
84,000 

"t lS! 
10 

. (Th"'), 
'-" cm^ 

36 
26 
25 
44 
46 
45 
44 
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Paper 9.2 

A NEW RADIOACTIVE SERIES: THE PROTACTINIUM SERIES 

By Martin H. Studier and Ear l K, Hyde 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CC-3662. Prepared for publication Oct. 29, 1946.] 

ABSTRACT 

A new series of radioactive isotopes has been produced by deuteron 
and helium-ion bombardments of thorium. The isotopes in the new 
series are shown to be the following: 

D o 2 3 0 _ £ 1 ^ TT230 ° '^ °°Mey)_ -26 ° ' ° ^Mev)^ , 2 2 "'^ ^^ev)^ i : ^ „ 2 1 8 
*^'*- 17d " 20 8d ^ " 30 tain "' '*• 38s ^ ^ 

0(7 I M e v ) ^ " 

^ — ^ 0 019s 

R a C -TTTTT* RaD - ^ RaE ^ RaF - £ - - RaG (stable) 
1 5X10"*S 22y 5d 140d ^ ' 

1. INTRODUCTION 

Three radioactive ser ies , the thorium ser ies , the uranium-radium 
ser ies , and the actinium ser ies , are known to occur in nature. These 
ser ies are often called the (4n), the (4n+2), and the (4n+3) ser ies , r e 
spectively, after the general formula for the mass numbers of the 
isotopes in each of the three se r ies . For a long time a fourth ser ies , 
the (4n+l), was predicted and sought for, but it was not until the advent 
of artificial transmutation that such a ser ies was found.^'^ This a r t i 
ficially produced decay chain is called the "neptunium s e r i e s " after 
Np^", the long-lived parent of the se r ies . 

From time to time, individual synthetically made isotopes have been 
added to these main ser ies as extensions or as one-member branches. 
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The existence of a branch of the uranium-radium ser ies consisting not 
of one but of a whole ser ies of isotopes is reported in this paper. The 
authors propose to call this new series of synthetically made isotopes 
the "protactinium se r i e s , " after Pa^*°, its first member. 

The course of the decay of the protactinium series is as follows: 

P a ^ O — £ ! • TI230 2 _ rTiu226 " . Da222 " . p -„218 " , R - p / 
^ ^ 17d ^ 20 8d ^" 30 9mln " ^ - ^ J i m 0 019s " ^ L . 

^ ^ 1 5X10-*S 

RaD - ^ RaE - ^ RaF - ^ RaG 

In Fig. 1 the relation of the protactinium series to the uranium-
radium ser ies is presented. 

2. PRODUCTION OF THE PROTACTINIUM SERIES 

The protactinium series was originally produced by a (d,4n) reac
tion in a 100-)Lia-hr bombardment of thorium metal with 22-Mev deu-
terons and by an (a ,p5n) reaction [with probably some contribution 
from an (a!,6n) reaction] in a 30-fia-hr bombardment of thorium metal 
with 44-Mev helium ions. The bombardments were carried out in the 
60-in. cyclotron at the University of California under the direction of 
J. G. Hamilton. 

The type of nuclear reaction in which four to six particles are 
ejected has been encountered only recently, largely owing to the fact 
that the rebuilding of the cyclotron and the resultant increase in the 
energy of the ion beams have made such reactions energetically 
possible. 

Among the first to observe the (d,4n) reaction were James, Florin, 
Hopkins, and Ghiorso in a bombardment of U^*' with 22-Mev deuter-
ons. ' The (a,p5n) and (Q!,6n) reactions are probably reported for the 
first time in this paper. 

The protactinium series was subsequently produced by the following 
reactions: Pa^*^(d,p2n)Pa^*° (reference 4), Pa^''(a,an)Pa^*° (reference 
4), and Io^'°(d,2n)Pa^*'' (reference 5). The last reaction represents the 
best method for production of the protactinium ser ies . 

3. DISCOVERY OF THE PROTACTINIUM SERIES 

The nuclear reactions which produced the protactinium series in 
the bombardments of thorium metal were accompanied by numerous 
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Other reactions such as (d,n), (d,p), (a,n), (a,p), etc. In addition, some 
deuteron and helium-ion induced fission of the Th^^^ occurred. The 
resulting mixture of radioactive isotopes complicated the determina
tion of the decay scheme of the new ser ies . 

One of the first clues leading to the discovery of the new series 
was the decay of alpha activity in the pure uranium fraction of the 
thorium —helium-ion bombardment which indicated the presence of 
an isotope of uranium with a half life of approximately three weeks. 
The uranium isotopes which could conceivably be present were those 
of atomic mass 235 or less; U^^ ,̂ U^'*, and U^̂ * are all so long-lived 
(10^ years or more) that they would have shown no change in counting 
ra te . A sample of the 70-year Û ^̂  (reference 3) should show an in
crease of about 10 per cent per month from the growth of alpha-
emitting daughters. Hence it was necessary to conclude that a new 
uranium isotope of mass 231 or less was present. 

An examination of the alpha-particle energies of the activity in the 
uranium fraction a few hours after separation revealed the presence 
of five equally abundant activities with energies greater than that of 
the \f^' alpha particle. The growth of the daughters of the uranium 
isotopes of mass 232 or higher would not be appreciable within a few 
hours. This is further evidence for a uranium isotope of low mass 
followed by four daughters with relatively short half lives. 

The rate of growth of daughters was determined by observing the 
increase of alpha activity in a uranium sample very soon after purifi
cation. By extracting the uranium into ether and evaporating the ether 
directly on a platinum plate, it was possible to get the sample to an 
alpha counter within 6 min after purification. There was an initial 
rapid growth of alpha activity which essentially reached i ts maximum 
(after 4 hr) at a level of activity which was five times the activity 
present at the time of purification (see Fig. 2). This i s further evi
dence for the presence of four alpha-emitting daughters of the new 
uranium isotope. A decay curve which is complementary to the expo
nential growth of Fig. 2 may be obtained by plotting on semilogarith-
mic paper the difference between the equilibrium counting ra te and 
the observed counting rate as a function of t ime. A curve obtained in 
this manner gave a straight line with a half-life period of V2 hr (see 
Fig. 3). The fact that four alpha emitters grew in with this half life 
indicates that the first daughter of the uranium, a thorium isotope, 
has the y2-hr half life and that the others have considerably shorter 
half lives. After equilibrium had been reached, the total activity 
decayed with a half life of three weeks. 

When it was found that the uranium fraction from a deuteron bom
bardment of thorium also contained five distinct alpha activities and 
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decayed with the same half life as the uranium fraction from the 
helium-ion bombardment of thorium, the mass number 231 was elim
inated from consideration. The fact that a uranium isotope could not 
be formed directly by a deuteron bombardment of thorium but could 
only result from the beta decay of a protactinium isotope, together 
with the fact that Pa^*' is a long-lived alpha emitter (3.4 x 10* years), 
justifies this elimination. Therefore the isotope was assumed to 
be \J'^°. 

The next logical step, the search for a uranium daughter in the 
protactinium fraction, was carr ied out by isolating a protactinium 
fraction free from uranium and subsequently extracting a uranium 
fraction from this after a growth period of several days. The five 
new alpha activities and a decay of total activity were observed in 
the uranium fraction so isolated. This experiment was repeated on 
the protactinium fraction of the thorium-helium-ion bombardment 
with the same resul ts . This repetition was important since the u ra 
nium isotope in the helium-ion bombardment could have been formed 
directly by an (a,6n) reaction or indirectly by an (a,p5n) reaction 
producing Pa^^°, followed by a beta decay of Pa^'". The evidence indi
cates that an (a,p5n) reaction does occur, but it does not eliminate 
the possibility of some U^̂ " being formed directly by an (Qf,6n) r eac 
tion. It was calculated that more U^'" was isolated in the first u ra 
nium separation from the thorium —helium-ion target than could be 
accounted for by Pa^*° beta decay on the basis of the later growth of 
U *̂° into the protactinium fraction. This was interpreted as evidence 
for the occurrence of an (a,6n) reaction. Five alpha disintegrations 
starting with U^̂ ° would produce ^Pd"^* which is R a C of the uranium 
series (see Fig. 1). The energy of the most energetic of the five un
known alpha emitters is indeed identical within experimental e r ro r 
with the 7.68-Mev energy of the R a C alpha particle (see Sec. 4.9). 
If the original protactinium isotope were Pâ ^® or Pa^^', the resulting 
polonium isotopes would be Po^" or T h C with energies (8.28 and 
8.776 Mev, respectively) much greater than that of R a C . [Pa^*^ was 
subsequently discovered to be a 1.4-day alpha-emitting isotope.'] 
Furthermore, on theoretical grounds, the (d,5n), (d,6n), (Qr,p6n), and 
(a,p7n) reactions required to produce Pâ ^® and Pa^^' are not thought 
to be energetically possible with 22-Mev deuterons and 44-Mev 
helium ions. 

4. EXPERIMENTAL PROCEDURE 

The types of chemical operations performed in treating the cyclo
tron targets and in isolating the uranium and protactinium fractions 
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are briefly described below. Following this a description is given of 
the physical measurements and the chemical operations performed 
on these fractions to identify and characterize the individual isotopes. 

4.1 Milling and Dissolving. The cyclotron targets in these bom
bardments consisted of thorium-metal disks 8 cm in diameter and 
5 mm thick. The 25- by 65-mm rectangular area actually struck by 
the beam was located by inspection and by radiographs. The top layer 
of metal was removed from this area by clamping the disk in a special 
covered mount and milling off 0.030 in. The millings, which amounted 
to 15 g of thorium metal, were dissolved by the addition of 16N nitric 
acid. The reaction was initiated and kept going at a steady rate by the 
periodic addition of small quantities of hydrofluoric acid and by the 
application of heat.® 

4.2 Separation of a Pure Uranium Fraction. Half of the resulting 
solution was evaporated to thorium nitrate crystals, taken up in dilute 
nitric acid, and transferred to a 100-ml Kjeldahl flask where it was 
saturated with ammonium nitrate to make 30 ml of solution. This so
lution was shaken with 60 ml of ethyl ether to extract uranium.'' The 
phases were separated by freezing out the aqueous phase with a dry 
ice-acetone bath and pouring off the ether. The extracted uranium 
was purified from the small percentages of fission products and tho
rium accompanying it into the ether layer by shaking the ether layer 
with three successive 20-ml portions of slightly acidic ION ammonium 
nitrate wash solution in 100-ml Kjeldahl flasks. The extracted ura 
nium was stripped from the ether in a final flask containing pure 
water. The ether was put through the same sequence of operations 
several more times to ensure complete recovery of the uranium. The 
final water solution was transferred to a suitable volumetric container 
from which samples were removed for radioactivity studies and for 
further chemical treatment. 

4.3 Separation of a Pure Protactinium Fraction. With the uranium 
completely removed by ether extraction it was possible to remove a 
pure protactinium fraction from the solution left in the first Kjeldahl 
flask by a quite similar solvent extraction process employing diiso-
propyl ketone as the solvent.* Thorium, fission products, and other 
impurities were removed from the ketone layer with wash solutions 
3N in ammonium nitrate and IN in nitric acid. The protactinium was 
extracted from the ketone with dilute nitric acid solution to ensure 
the recovery of the protactinium in a state which could be reextracted 
if necessary. After transferring the protactinium to a suitable volu
metric container, samples were removed for radioactivity studies 
and for further chemical treatment. 
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4.4 Determination of the Half Life of U^°. Samples of U**" were 
prepared by extracting the uranium which had grown into an originally 
pure protactinium fraction. Several protactinium isotopes besides 
Pa^" were present. P a ^ ' , Pa^'^, and Pa^'* were formed in the deuteron 
bombardment by (d,n), (d,2n), and (d,3n) reactions, respectively. [In 
the helium-ion bombardment these isotopes were formed by (a,p2n), 
(a,p3n), and (a,p4n) reactions, respectively. The (a,p4n) reaction was 
not specifically observed.] Pa*^' offered no complications because it 
is a long-lived alpha emitter. The U*'' daughter of Pa^*' is so long-
lived (1.62 X 10' years) that the presence of Pa^'^ does not interfere 
with the preparation of a U *̂° sample. However, it does complicate, 
the characterization of the beta radiation of Pa^*° since the half life 
of Pa^^^ (27.4 days) is close to that of Pa^'° (17 days). This necessi
tated the indirect determination of this half life as described in Sec. 
4.7. The presence of the 1.4-day® Pa^'*, which decays to a 70-year 
Û *̂  daughter, made impossible the isolation of a uranium sample 
suitable for the half-life determination of U *̂° as long as it was p re s 
ent. This difficulty was eliminated by letting the protactinium activity 
decay 16 days. By this time the Pa^^^ had decayed to 0.1 per cent of 
its original value while the Pa^" had decayed by only about half. At 
the end of this period the uranium was completely removed by r e 
peated ether extraction and discarded. Pure U^'° was permitted to 
grow in for a period of one week after which another ether extraction 
was performed to remove it from the protactinium. Samples of this 
uranium were mounted on platinum counting disks for the purpose of 
following changes in alpha activity. 

It was early discovered that samples of \J^° would leave a residual 
activity in the counter upon removal. This was first thought to be due 
to an emanation, but experiments to be described (Sec. 4.6) demon
strated that it was due to recoiling nuclei from the energetic disinte
grations of U *̂° and its alpha-emitting daughters. This behavior was 
later found to be very useful (see Sees. 4.5 and 4.8), but in counting 
samples for the decay of U^° it was necessary to consider the danger 
of errat ic results due to loss of recoil atoms. This difficulty was 
resolved in two ways: (1) by permitting the sample to come to equi
librium in the counter before making a count and (2) by covering the 
sample with a light film of Zapon to prevent the recoil atoms from 
escaping. 

A U^̂ " decay curve is shown in Fig. 4. A least-squares treatment 
of the data yielded a value of 20.8 days for the half life. 

4.5 Identification of Th^^° and Determination of Its Half Life. It 
was postulated above from the characteristic growth of alpha activity 
of a sample of U *̂" (Figs. 2 and 3) that the first daughter of U^̂ ° (Th^^) 
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has a half life of approximately V2 hr. This was shown to be correct by 
a chemical isolation of the thorium. 

The thorium was isolated by coprecipitation with zirconium iodate 
which is known to be a specific ca r r ie r for thorium.^ Zirconium ni
t ra te was added to a dilute nitric acid solution of U *̂° in equilibrium 
with its daughters, and zirconium iodate was precipitated by the addi
tion of iodic acid. The precipitate was dissolved with sulfur dioxide, 
reprecipitated with iodic acid, and mounted on a counting disk. The 
rate of decay of alpha activity was determined, and a half life of 31 
min was found. 

With the Th^^' positively identified, a more accurate value of the 
half life was determined by following the decay of recoil activity left 
in an alpha counter after removal of an active sample of U^̂ " (100,000 
alpha c/min) which had been in the counter for 1 hr. An initial activity 
of over 8000 c/min decayed to the background of the counter [any con
tribution by "aggregate" recoil to the recoil activity must be negli
gible since no long-lived component due to U^° was found in the recoil-
atom decay curves] (see Fig. 5). The small amount of short-lived 
activity indicated by the beginning of the curve was later shown to be 
due to Ra^2^. The half life obtained for Th^^* is 30.9 min. This is 
slightly greater than the value obtained from analysis of the growth 
curve (Fig. 3) because in the latter case the approximation was made 
that the U *̂° activity was constant during the time of growth. 

4.6 The Emanation Isotope. It was mentioned above that the 30.9-
min contamination of the alpha counter by samples of U^̂ " was thought 
at first to be due to the emanation isotope ggEm^^ .̂ However, this was 
shown not to be the case even before the 30.9-min activity was iden
tified with Tĥ ^® by the following evidence: 

1. Replacing the air in the contaminated chamber did not remove 
the contamination. 

2. Placing in the counter an active U^̂ ° sample covered with two 
baffle plates, which permitted the escape of an active gas by an in
direct route but offered no direct path for the escape of a recoil atom, 
did not result in any measurable contamination of the chamber. 

These experiments demonstrated that the contamination was due to 
recoiling nuclei. They do not disprove the existence of an emanation 
but merely indicate that if it exists it must be short-lived. To set an 
upper limit on the half life of the emanation, a se r ies of experiments 
was performed by Fineman, Weissbourd, and Kohman.^" They a r 
ranged to flush the gas emerging from a boiling solution of U^̂ ° di
rectly into a special alpha-counting chamber. This was done without 
detecting any counts above background. From their work they set an 
upper limit of 1 sec for the half life of Em^^'. This half life was later 
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determined to be 0.019 sec by Studier by means of an electronic coin
cidence method.^* 

This short half life excludes the possibility of chemical identifica
tion of Em^**, and the evidence for the existence of the isotope is in
direct, resting on the over-all evidence for the ser ies and particularly 
on the identification of its R a C daughter by energy measurements. 

4.7 Determination of the Half Life of Pa^^°. The direct determina
tion of the half life of Pa^^° using the protactinium fractions of the 
thorium bombardments was rendered difficult because of the presence 
of Pa^^*. Hence indirect methods were used. 

A preliminary value was obtained by extracting and measuring the 
U^'° produced in equal periods of time from a sample of protactinium. 
In this manner a crude half-life value of about two weeks was obtained. 

A more accurate value was obtained by mounting a sample of Pa*'° 
on a platinum counting disk and following the rate of change of the 
alpha activity of the sample. Such a growth and decay curve is shown 
in Fig. 6. 

By substituting the half life of U *̂" determined above into the stand
ard growth equation, 

Aj - Aj 

where Nj = number of U^̂ " atoms 
NQI = number of Pa^*° atoms initially present 

t = time 
X1 = disintegration constant of Pa^'" 
Xg = disintegration constant of U*'" 

theoretical curves for various half lives of Pa^'" can be calculated 
and compared with the experimental curves. In this way, using three 
separate samples, a value of 17.0 ± 0.5 days was determined for the 
half life of Pa^'". 

4.8 Identification of Ra^^' and Determination of Its Half Life. From 
the failure to observe any alpha activity in a radium fraction that was 
isolated rapidly by chemical precipitation of a barium chloride car r ie r 
from an active solution of U *̂" in equilibrium with its daughters, an 
upper limit of 1 min was set on the half life of the radium isotope. 
Although attempts to identify the Ra*^^ chemically were unsuccessful, 
an alpha-emitting Th^* is proof of its existence. It will be recalled 
that the decay of recoil activity from a U*'° sample (Fig. 5) indicated 
the presence of a short-lived component with a half life of the order 
of Vj min. Since both Em^^' and R a C have half lives much shorter 
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than 1 sec, this activity must be due to Ra^^^. It was also noted that 
a sample of Th^^* leaves a recoil activity in an alpha-counting cham
ber after the sample is removed, and the decay of this activity was 
used to determine the radium half life. 

To get the maximum amount of recoil from a Th^^* sample, a sam
ple free from car r ie r was prepared as follows: A 0.5N nitric acid 
solution containing about 100,000 c/min of U^'° was shaken with an 
equal volume of 0.15M solution of thenoyl trifluoracetone (TTA) in 
benzene to extract the Th^^* from the aqueous solution." The benzene 
solution was evaporated directly on a platinum counting disk. By in
serting this disk in a standard alpha-counting chamber for a few min
utes it was possible, because of the recoil phenomenon, to introduce 
Ra^^^ into the chamber at a rate of several thousand counts per minute. 
The Th^^" was then removed, and the recoil activity was measured at 
intervals of 0.1 min until decay was complete. 

It was necessary to measure the activity at such short intervals of 
time because of the short half life of Ra^^^, and as a result the s ta t is
tical fluctuations were rather severe. An integral decay curve was 
plotted to minimize the scatter of points. The e r ro r which would r e 
sult from the use of the usual differential curve because the duration 
of each measurement was an appreciable fraction of a half life was 
also eliminated. By subtracting Nt (the total number of counts up to 
a given time) from N„ (the total number of counts observed on com
plete decay) and plotting the difference (N„ - Nj) on a logarithmic 
scale as a linear function of time, a straight line was obtained, the 
slope of which determined the half life. Such a curve is shown in 
Fig. 7. The half life of Ra^^^ based on four such determinations is 
38.0 sec. 

4.9 Determination of the Alpha Energies of the Members of the 
Protactinium Series. The energies of the alpha particles were de
termined with a multichannel differential pulse analyzer ." The in
strument which was used has 48 electronic channels which register 
all the alpha pulses within a selected range of energies. Each channel 
records only the pulses falling within a narrow energy band; the 48 
channels cover 48 continuous energy bands of equal width increasing 
in energy from channel 1 to channel 48. By plotting the total number 
of alpha counts per channel against channel number, a peak will be 
observed for each alpha group. The position and size of the peak 
measure, respectively, the energy and abundance of the alpha group. 

Figure 8 shows the entire ser ies of peaks in the protactinium s e 
r ies . These peaks correspond to U^*°, Th^^', Ra^^^, Em^*', and R a C . 
To determine the energies it was necessary to calibrate the instru
ment with several isotopes whose known energies are approximately 
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the same as those of the protactinium ser ies . Among these standards 
was a preparation containing R a C which served to establish the iden
tity of the most energetic alpha in the protactinium ser ies . With the 
aid of these standards the unknown energies were estimated to be 
5.8g, 6.3, 6.5, 7.1, and 7.7 Mev. 

The question of the assignment of each energy to the proper isotope 
remained. The R a C assignment was the only certain one in the be
ginning. The assignment of the energy of the U'***' alpha particle was 
made very definite by means of two experiments. 

1. An active sample of pure Pa^^" was permitted to decay to U^̂ " 
for several days. Then a rapid ether extraction was performed to 
remove uranium. A sample of the U^'° was quickly inserted in the 
pulse-analyzer instrument, and the alpha spectrum was measured 
before the daughter isotopes had time to grow into their equilibrium 
value. The alpha spectrum was redetermined after several hours 
when the daughter isotopes were in equilibrium. The 5.8g-Mev peak, 
which was prominent in the first curve, was assigned to U^'°, and its 
relation to the other peaks was established by the second curve. 

2. In a second experiment a 2-in. aluminum disk was fastened to 
the upper electrode of a standard alpha-counting ionization chamber 
and used to collect recoil atoms from a very active sample of U^̂ ° 
placed on the lower electrode. This disk was quickly removed and 
subjected to pulse analysis. All peaks except the 5.88-Mev peak were 
present, which confirms the assignment of this peak to U^^°. 

This leaves three energies to be assigned. A rigorous assignment 
is made very difficult because of the short half lives and because of 
the rapidity with which these isotopes come into equilibrium with 
each other. Experimental methods are known by which such a prob
lem may be solved, but up to the present the necessary instruments 
have not been available to perform such experiments. Hence the r e 
maining energies have been tentatively assigned to the isotopes in the 
inverse order of their half lives. Thus the following assignments are 
made: the 6.3-Mev alpha particle to the 30.9-min Th^^, the 6.5-Mev 
alpha particle to the 38-sec Ra^^^, and the 7.1-Mev alpha particle to 
the 0.019-sec Em^". 

5. CROSS SECTIONS FOR THE NUCLEAR REACTIONS 

Only rough data were collected on the yields of various nuclear 
reactions involved in these bombardments. The cross section for the 
(d,2n) reaction is about 3 X 10"^ cm*. The cross section for the sum 
of the (d,n) and the (d,p) reactions is 2.2 times this value; the ratio of 
cross sections is known more accurately than the absolute values. 
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The (d,4n) reaction has a cross section roughly one hundredth of the 
above. No data are available for the (d,3n) reaction. The data avail
able for calculating the cross sections of the nuclear reactions in the 
helium-ion bombardment are too incomplete to make trustworthy 
estimates. 
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Paper 9.3 

THERMAL-NEUTRON CAPTURE CROSS SECTION OF Th"" 
BY MEASUREMENT OF UY 

By A. H. Jaffey and Earl K, Hyde 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report ANL-4249, Prepared for publication Feb. 11, 1949.] 

1. INTRODUCTION 

A preliminary report of these experiments has been given earlier,* 
It was hoped at the time that more accurate measurements could be 
made later, but, since no experiments of this type have yet been ca r 
ried out, the preliminary work is reported here. The reaction whose 
cross section was measured is Th^*''(n, •y)Th^^'- (UY). 

The average activation cross section a of Th^^ (ionium) may be 
defined by the equation 

NuY = Nioanvt (1) 

where Nxjy = number of UY nuclei formed throughout the entire bom
bardment 

Nio = number of lo nuclei present 

nv = average thermal-neutron flux 

t = time of bombardment 

As is usual in such measurements, the evaluations of nv and of Nuy 
were subject to the largest e r r o r s because of difficulty in neutron-
flux measurements and in absolute beta counting, 

2. METHOD OF MEASUREMENT 

A sample of ionium mixed with Th^^ was sealed in a quartz tube 
and irradiated in the thimble of the Chicago heavy-water pile together 
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with gold-foil monitors. After about a half day of almost steady bom
bardment at a constant power level, the sample was dissolved, and 
aliquots were mounted. The decay of these samples was followed un
til the 25.6-hr UY was gone.^ It was continued long enough to evaluate 
the amount of the 27.4-day Pa^^' formed through the reaction 

Tit'^'in, y)Th233-g^ Pa^'s 

The amount of ionium (half life 8.1 x 10* years) in the original sample 
was determined by making a specific alpha-activity determination. 
The neutron-flux measurement involved comparison of the activity of 
the gold-foil monitor with that of a similar monitor activated in the 
standard pile. 

3. MEASUREMENT OF THE AMOUNT OF IONIUM BOMBARDED 
AND THE AMOUNT OF UY FORMED 

Following the bombardment, the sample was dissolved in acid, and 
known aliquots were evaporated on glass plates. No chemical purifi
cation was undertaken since it was felt that very little fission had 
taken place. This supposition was justified by the fact that the decay 
curve showed only two components, which were ascribable to the two 
expected activities, UY and Pa^**. 

In order to evaluate the UY disintegration rate from i ts counting 
rate , it was necessary to correct the experimental data by means of 
the following equation: 

K' 1 A' 1 AuY (PS) (ZA) 

where N{jy = number of UY atoms in one aliquot at the end of bombard
ment 

A'uY = disintegration rate of this aliquot at end of bombardment 

AuY = counting rate at bombardment end 

DS = fraction of counts due to beta particles (disintegration 
scheme correction) 

ZA = correction of beta-particle absorption curve to zero 
absorber 

G = fractional geometry at the position of the sample 

BS = back-scattering correction for the beta particles 
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To evaluate AUY, the decay of four samples was followed for several 
weeks with a mica-window Geiger-Mueller tube, at which time it was 
evident that only Pa*'* was decaying. Subtracting this component, the 
residual activity was extrapolated to zero time (end of bombardment). 
The average of four samples gave Auy = 14,000 c/min ±2 per cent 
(average deviation). 

The geometry at the shelf position at which these measurements 
were made was calibrated by the use of a secondary UX standard 
loaned by D. W. Engelkemeir, It was made from uranium oxide and 
had been calibrated against an essentially weightless sample of UX 
precipitated from a known amount of "old" uranium and mounted on 
very thin mica to reduce back-scattering.*'* The geometry value 
found by using this standard was 0.235. 

To evaluate the disintegration rate from the counting rate, it was 
necessary to determine the number of counts due to UY beta particles, 
i.e., to determine the correction DS. Absorption and coincidence 
measurements* have shown that there is apparently a single beta par
ticle (half thickness 6.1 mg/cm* in aluminum) followed by several 
gamma rays, at least one of which is highly converted. Although the 
data were not accurate enough to fix the disintegration scheme 
completely, it seems likely that only one beta particle is emitted 
per disintegration. Thus, without knowing more details of the decay 
scheme, it is possible to say that of the counts found through 3.20 
mg/cm* of absorber (including window), 73 per cent represented beta 
particles of UY. Thus DS = 0.73. 

Using 6.1 mg/cirf as the half thickness of the beta-particle radi
ation, the correction for the extrapolation of this component to zero 
absorber was found to be: ZA = 1.44. 

Because the sample was mounted on thick glass, it was also neces
sary to correct the beta-particle counting rate for back-scattering. 
Although the published dat^'' ' give some information on the amount of 
back-scattering to be expected, these data apply only to the effect of 
the back-scattering on the counting rate for finite window thickness. 
For absolute beta counting, however, it is necessary to know the effec
tive back-scattering on extrapolation to zero absorber. The difference 
between these two types of back-scattering corrections would be sig
nificant only for beta particles as soft as those found here. A discus
sion of this problem and attempts to evaluate the differences have 
been reported elsewhere.'** The conclusion' was that, for samples of 
low beta energy which were mounted on thick glass, two values for the 
back-scattering correction might be chosen, depending upon the as
sumptions made. These values were 1.13 and 1.28. Because the true 
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back-scattering correction may lie anywhere between these, the cal
culations will be carr ied through using both extreme values. 

From Eq. 2, the value of N{jy was found to be 

^ , 1 (14,000) (0.73) (1.44) ,> 
^ 0.000451 (0.235) (1.13 or 1.28) ^ ' 

For BS = 1.13 or 1.28, Njjy = 1.23 x 10» or 1.09 x 10» atoms, 
respectively. 

Although the bombarded thorium sample contained 138 jig, only a 
part of it was ionium; the remainder was Th?'*. To determine the 
fraction of Ttf'" present, the specific activity was measured by deter
mining the counting rate of a known weight of the total thorium. Using 
the half-life value of 8,1 x 10* years (the mean of available values*""**), 
the ionium concentration was found to be 24,4 per cent by weight. 
From the aliquot ratios used in dilution of the bombarded sample, each 
one of the samples measured was foimd to contain 0,0169 jxg or 4.4 x 
10*' atoms of Th*'", 

4, NEUTRON-FLUX MEASUREMENT 

Following the bombardment, the activity of the gold-foil monitor 
was measured with a calibrated ionization chamber. The dimensions 
of the gold foils (1 cm* in area and 0,001 in, thick) had been chosen 
to give high activities without introducing self-absorption. The acti
vation due to resonance absorption was subtracted by the use of a 
cadmium ratio determined previously, ' while a simple calculation 
showed that, for this thickness of gold, the self-absorption of the 
thermal-neutron activation only amounted to a few per cent. The 
chamber had been indirectly calibrated with a gold foil which had been 
irradiated in the standard pile. [The standard pile is a large rectan
gular graphite structure, into which a Ra-Be source of known neutron 
emission can be inserted. The neutron distribution has been cali
brated, so that the neutron flux at a number of positions in the pile is 
well known in t e rms of the total neutron emission of the source,] The 
details of the calibration and the corrections required have been dis
cussed elsewhere , ' ' ' The thermal-neutron flux calculated was 
1,25 X 10** neutrons/sec/cm*; the effective neutron temperature was 
400° K, The flux value is probably correct to ±15 per cent, 

5, CROSS-SECTION CALCULATION 

If NxjY represents the total number of UY atoms formed during a 
steady bombardment, it can readily be shown that 
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NUY = N{;Y Y^^t = NUY (1-22) (4) 

where t (5,53 X 10* sec) was the time of bombardment. From Eqs, 
1 and 4 and from the values of Nyy, Nj^ , and nv given in Sec. 3, the 
effective neutron capture cross section of Th*'" may be calculated as 
49 barns (for BS = 1,13) or 44 barns (for BS = 1,28), 

These values may be considered as "effective" values. Since no 
cadmium ratio was determined, an unknown amount of resonance cap
ture occurred. In addition, the thermal part of the cross section holds 
for the temperature of the neutrons in the pile (400° K). These ques
tions have been discussed in greater detail elsewhere,*'* If the r e so 
nance activation is neglected, the cross section for the monoenergetic 
neutrons corresponding to a velocity of 2200 meters /sec may be cal
culated from the relation 

(A fl.] «̂0 = ^T v ^ JlrT (5) 

where <Jo = cross section for monoenergetic neutrons at a velocity of 
2200 meters / sec 

OT = average c ross section for neutrons with a Maxwellian 
energy distribution corresponding to the absolute tempera
ture T 

To = 293°K 

For T = 400''K, % is 1,32 times 5^- Thus a^ = 65 barns (for BS = 1.13) 
or 58 barns (tor BS = 1.28). 

6. COMPARISON WITH OTHER MEASUREMENTS 

Another measurement has been made by Hyde.*' In this measure
ment, an ionium-thorium sample was bombarded in the pile. The 
amount of UY formed was determined by isolating and measuring the 
alpha activity of the Pa^*' resulting from beta decay. The integrated 
neutron flux was determined by using the Th^'^ present as a monitor. 
Absorption of neutrons by Th"^ gives r ise , after a ser ies of beta de
cays, to U^^', whose alpha activity was measured. In addition, a 
cross-check was obtained by using the second-order reaction involv
ing absorption of neutrons by Pa^'^ The number of neutrons absorbed 
by Pa^'' was measured by determining the alpha activity of the result
ing U^'^, and the flux was determined as before (i,e,, from the U^'' 
alpha activity). 
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Using 6,8 barns as the activation cross section of the Th*** monitor 
(see below), the f irst-order reaction gave 28 barns, while the second-
order reaction gave 33 barns. Because of the possibility of losing 
P^** in extracting it, Hyde considered his value to be 33 ± 6 barns. 
Since the value 6.8 barns used for Th?** is the cross section for mono
energetic neutrons of 2200 mete rs / sec velocity, i.e., a^, Hyde's value 
of 28 barns is also a^ provided TK"" has no resonance capture. (The 
amount of resonance capture in ionium is not known.) 

In order to compare Hyde's cross-section value resulting from the 
second-order reaction with his first value, the calculation should be 
corrected since Hyde used Elson and Sellers ' va lue" of 290 barns for 
the Pa^** absorption cross section. This value is an effective average 
cross section (i.e,, disregarding the possibility of resonance capture) 
for neutrons at the temperature of the pile,*^ Assuming no resonance 
capture exists, the Pa^'* value of CTQ is found to be 450 barns. It should 
be noted at this point that, if a considerable amount of resonance 
capture of Pa^'* exists, the value of 450 barns would be too high since 
only the thermal part of the cross section would be subject to the cal
culation used here,*'* However, if the 450-barn value is used, the 
second-order reaction then gives 21 barns for the ag cross section 
for Th"". If the 450-barn ao cross section for Pa"* is too high, then 
this value for the Th^'" cross section is too low. It is suggested, 
therefore, that Hyde's 28-barn result is the more reliable of hie 
two measurements. 

Thus, Hyde's value of 28 barns for % is to be compared with the val
ues 58 to 65 barns found in the measurements reported here. Evident
ly, the two methods of measurement gave seriously different results . 
There are quite a number of possible sources of e r ro r in both measure
ments, and these will now be considered. 

As pointed out by Hyde, the two cross sections used by him as 
standards may have been considerably in e r ro r . The Ttf** cross sec
tion has been determined by two different methods with the rather d is
cordant results of 7.6 barns (2200 meters /sec) by the activation meth
od*' and 6.0 barns by the absorption method (effective pile poisoning).*"' 
The average value 6.8 barns has been used and is said*' to have a 
probable e r ro r of ±20 per cent. The value of 290 barns is subject to 
a number of possible sources of e r ro r and may be off by 30 to 40 per 
cent* (probably too high). In addition, as pointed out above, the exist
ence of an unknown resonance effect would tend to bring the 2200 
mete rs / sec Pa*»* cross section down and thus raise the value of the 
Th?** cross section calculated from the second-order reaction. 

To make the resul ts of the two experiments give closer agreement, 
Hyde's value would have to be raised and/or the value calculated in 
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this paper would have to be lowered. Hyde's results would be raised 
if the value of the Th"^ cross section were greater than 6.8 barns and 
if the value of the Pa"* effective cross section were smaller than 290 
barns (for the pile). Hyde's low results might also be partially ex
plained by incomplete separation of the protactinium fraction from 
the neutron-bombarded ionium—the loss could have been as high as 
20 per cent. 

The sources of e r ro r in the present measurement are chiefly in the 
determination of the UY disintegration rate, since it was unlikely that 
the neutron-flux value was off by more than ±15 per cent. The most 
likely source of a large e r ro r i s the possibility of not properly allow
ing for counts due to radiations other than the beta particles. A more 
complete study of the decay scheme is necessary before this can be 
done more accurately. 

So many assumptions and corrections were involved in both measure
ments that there is no good basis for preferring either result. In lieu 
of more accurate work, an average might be taken. 

Table 1 shows some cross-section values for Th**", including results 
from both this and Hyde's paper. The actually measured values were 
a^ = 28 barns (Hyde) and the average Oj (400°K) = 46 barns (this 
paper); both values Involved the assumption of no resonance activation 
of Th23o. other values are calculated from these two by the use of 
Eq. 5, again neglecting resonance capture in Th^^o. 

Table 1—Th"° Cross-section Values 

Hyde 
This paper (Report ANL-4183) 

Monoenergetic 
cross section (o;,) 61 28 
at 2200 mete r s / sec , barns 

Effective average 
cross section for 
Chicago heavy-
water pile [5T (400''K)] 
(neglecting resonance), 
barns 

Effective average 
cross section for 
graphite pile 39 18 
(neglecting resonance), 
barns 



539 

REFERENCES 

1. A. H. Jaffey and E. K. Hyde, Chemical Research, Report CN-3001, May 1945, 
pp. 21-24. 

2. A. H. Jaffey, Jerome Lerner, and Sylvia Warshaw, this volume. Paper 9.30. 
3. T. B. Novey, D W. Engelkemeir, and P . S. Levy, Paper 9, Preparation of Absolute 

^-counting Standards, m National Nuclear Energy Series, Division FV, Volume 9, 
McGraw-Hill Book Company, Inc., New York, 1951. 

4. T. B. Novey and P. S. Levy, Preparation of Absolute Beta Standards and Appli
cation to the Determination of Neutron Flux, Clinton Laboratories Memorandum, 
Apr. 14, 1945 

5. L. R. Zumwalt, Absolute Beta-Counting Using End-Window GM Counter Tubes, 
Report MDDC-1346, Sept. 18, 1947. 

6. D. W. Engelkemeir, Report MUC-NS-312, Mar. 8, 1945. 
7. D W. Engelkemeir, J A Seller, E. P. Steinberg, L. Wmsberg, and T. B. Novey, 

Paper 5, Variation of the Amount of Backscattenng with Thickness and Atomic 
Weight of Backscatterer for Beta Radiation of Several Maximum Energies, in 
National Nuclear Energy Series, Division IV, Volume 9, McGraw-Hill Book 
Company, Inc., New York, 1951. 

8. A. H. Jaffey and L B. Magnusson, Paper 14.2, The Radiations of N p " ' and the Half 
Life of Pu"° , in National Nuclear Energy Series, Division IV, Volume 14 B, 
McGraw-Hill Book Company, Inc., New York, 1949; ANL-4030. 

9. A. H. Jaffey and Q. Van Winkle, this volume. Paper 9.16. 
10. G T. Seaborg and I. Perlman, Table of Isotopes, Revs Modern Phys., 

20: 585-667 (1948). 
11 E. K. Hyde, this volume, Paper 9.7. 
12. W Rail and A. J. Dempster, this volume. Paper 9.22. 
13. E. K. Hyde, Neutron Capture Cross-Section of lomum. Report ANL-4183, August 

1948. 
14. R. E. Elson and P. Sellers, Report ANL-4112, Jan. 15, 1948, p. 29. 
15 Haydn Jones, L. B Watson, T. Arnette, and I. Coveyou, Neutron Distribution in 

the Clinton Pile, Report CP-2602, Feb. 27, 1945. 
16 Leo Seren, Herbert N. Friedlander, and Solomon H. Turkel, Slow Neutron Activa

tion Cross-Sections, Report CP-2376, Nov. 21, 1944. 
17. H. Anderson, J. Tabm, and W. Sturm, Absorption Cross-Section of Thorium, 

Report CP-2301, Oct. 28, 1944, pp. 13-15. 
18. K. Way, N. Dismuke, and L Noderer, Thermal Neutron Cross-Sections for 

Elements and Isotopes, Report MonP-289, Apr. 28, 1947. 



Paper 9.4 

THERMAL-NEUTRON FISSION PROPERTIES OF Pa*** 

By French Hagemann, Martin H. Studier, and Albert Ghiorso 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CF-3796. Prepared for publication Apr. 4, 1947.] 

ABSTRACT 

The cross section of Pa*** for fission with thermal neutrons has 
been determined to be less than 1 x 10'** cm*. 

Determination of the thermal- (i.e., cadmium-absorbable) neutron 
fission cross section of 27.4-day beta-emitting Pa*** is complicated 
by the relatively large cross section for such fission of its daughter 
U***. Because of this fact it is necessary to achieve a very thorough 
separation of the Pa*** from its uranium daughter and to make fission 
measurements very quickly following this separation. 

The Pa*** used in these measurements was obtained from bombard
ment of Th*** with neutrons in the Hanford uranium-graphite pile, 
according to the reactions 

Th***(n,y)Th***^£j;- Pa*** 

The bombarded thorium metal was dissolved in nitric acid using a 
small amount of hydrofluoric acid as a catalyst.* The excess acidity 
was partially neutralized with ammonia, and the solution was salted 
with calcium nitrate to give a final concentration of 5.0N in calcium 
nitrate, 2.5N in ammonium nitrate, l.ON in nitric acid, and 1.7N in 
thorium nitrate. The bulk of the U***was removed by ether extrac
tion,* and Pa*** was isolated by a diisopropyl ketone extraction.* The 
protactinium was purified further by three manganese dioxide cycles. 
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each of which involved coprecipitation with manganese dioxide and 
dissolution of the precipitate with sodium nitrite,* After the third 
cycle the solution was made 7,ON in calcium nitrate and l.ON in nitric 
acid and exhaustively extracted with ether to effect further removal 
of uranium. The protactinium was again coprecipitated with man
ganese dioxide, dissolved in concentrated hydrochloric acid, and 
diluted to an acidity of 0.5N; the protactinium was then extracted into 
a 0.15M solution of thenoyl trifluoracetone (TTA) in benzene, JTTA 
has been found to complex protactinium at this acidity;^ however, 
attempts to remove the protactinium from the organic phase by the 
usual procedure of reextraction with strong acid were unsuccessful. 
The TTA was therefore destroyed by boiling with aqua regia, the 
solution was evaporated to dryness, and the residue was dissolved in 
9.ON nitric acid. It was found that the protactinium could be extracted 
from this stock solution by TTA. Since no other element is known 
to extract with TTA at such high acidity, this seems to be an ex
cellent method of purification. The samples which were used for 
fission measurements were prepared by extracting the protactinium 
from portions of the strongly acid solution (9N) with TTA and evapo
rating the TTA solution directly on the platinum plates which were 
used for fission counting. 

Fission measurements were made in the thermal column of the 
Argonne heavy-water pile, using the high-sensitivity fission-counting 
apparatus described by Ghiorso and Bentley.' The fission rate of each 
sample was compared with that of a standard thin sample of U*** 
measured under identical neutron-flux conditions. The measurements 
are summarized in Table 1. 

The fission cross section of Pa*** was calculated from the relation 

^- ( p . , , . f(Pa***) wt,(U***) 
WfissVt^a } - j / y a s s j ' ^ ^ j /p^233j ^ "fissVU ; 

where f(Pa^**) and f(U***) are the fission-counting rates of the Pa*** 
sample and the U*** standard, respectively. The weight of U*** on the 
standard plate was determined by alpha counting. The weight of Pa*** 
present in each sample was calculated from the U*** alpha count after 
essentially complete decay of the Pa***. The value 521 x 10"** cm* 
was used for the thermal-neutron fission cross section of U*** (refer
ence 7). ["Thermal" is used here to indicate those neutrons in the 
thermal column of the Argonne CP-3 pile.] 

Sample 1 in Table 1 was prepared by mounting directly an aliquot 
of the purified stock solution. Sample 2 was prepared by extracting 
an aliquot of the stock solution with TTA and mounting the TTA ex-
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tract . Sample 3 was prepared similarly to sample 2 except that it 
was purified further by washing the TTA extract with several portions 
of 8N nitric acid before mounting. 

The apparent cross section of Pa*** is seen to decrease with addi
tional purification until, in the case of sample 3, the cross section is 
zero within the experimental e r ro r of the measurements. The upper 
limit for the Pa*** cross section is therefore determined by the max
imum er ror in the measurements. This er ror was quite large owing 
to the high background and the relatively small samples employed. It 
is felt that 15 fission c/min should have been readily detected, which 
would place an upper limit of about 1 x 10"** cm* on the thermal-
neutron fission cross section of Pa***. 

Table 1 — Fission Measurements on Pa"* 

Fission, c/min 

Sample 

1 
2 
2 
3 

Time since 
separation 
from U"* 

24 hr 
10 min 
4 h r 

85 min 

Weight 
of P a ' " , 

10" 'g 

3 32 
2 70 
2 69 
3 12 

Back
ground 

188 
188 
116 
520 

Net 

234 
12 
28 
10 

Correction 
for U'*' 
growth 

52 
0 
7 

13 

Due to P a ' " 
or U«» 

contamination 

182 
12 
21 
<0 

U ' " standard 

Weight, Fission, 
10"' g c/min 

2 35 1440 
2 35 1440 
2 35 1450 
2 35 6610 

cThssCPa'") 
10"" cm' 

47 
3 8 
6 6 

<0 
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Paper 9.5 

DETERMINATION OF THERMAL-NEUTRON 
CAPTURE CROSS SECTION OF Pa*** 

By Leonard I. Katzin and French Hagemann 

[Editor's Note: Contribution from the Argonne National Laboratory, 
Based on Report CF-3630. Prepared for publication Sept. 15, 1946.] 

1. INTRODUCTION 

Since U*** undergoes fission with thermal neutrons with a large cross 
section,* processes for its manufacture have received intensive study. 
Since neutron production in chain-reacting units requires consumption 
of fissile material, the process of production of U*** is most economical 
when the minimum wastage of neutrons is allowed. One of the im
portant potential sources of neutron waste in the process i s the ab
sorption of neutrons by the intermediate isotope Pa***. In order to 
assess the magnitude of this source of difficulty, the measurements of 
the absorption cross section to be described were made. 

The synthesis of U*** comes about through the following ser ies of r e 
actions: 

Th***(n,r)Th*** Th*** ^ 3 ^ Pa*** - ^ U*** 

The half life of the isotope Pa*** is so long that even at the end of two 
months of irradiation with neutrons it still composes half of the r e 
action product. Thus for the first month or so of irradiation it r ep re 
sents the member of the chain which can be destroyed most readily by 
neutron reaction. Such destruction is a double loss — the loss of a 
potential U*** atom and the loss of a neutron which if not so absorbed 
would have reacted with a thorium atom to give a second U*** atom 
through the reaction chain given above. 

Although rather long from the neutron-conservation standpoint, the 
half life of the protactinium isotope is so short that it is impractical 
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to isolate it for direct measurements of its neutron-absorption cross 
section. The intense radioactivity of the material (20 gram-equivalents 
of radium per milligram) and its decay into an isotope with a large 
capture cross section make a direct determination of absorption cross 
section by the normal methods rather formidable. This problem has 
been discussed at some length by Stoughton.^ 

A type of experiment which Stoughton has not discussed, actually a 
variant on one of the methods, is described here. A foil of thorium 
may be irradiated in a high neutron flux for a period which is a fraction 
of the Pa^^^ half life (e.g., one to two weeks). Within a short time fol
lowing cessation of the irradiation (e.g., 1 to 2 days) a uranium fraction 
is separated out from the irradiated material . This uranium fraction 
will consist of Û ^̂  formed by decay of Pa^^^ during the bombardment 
and during the period before completion of the separation. In it will 
also be a certain amount of U^̂ *, formed in one of three manners. 
Par t may be formed through neutron absorption by Th^^^ to give Th^^*, 
which eventually decays to V^* through Pa^'^; part will be formed 
through absorption of neutrons by Pa^'^ to give Pa^ '̂* and thence U^^*; 
and part will come from neutron absorption by Û ^̂  to give U^'*. The 
relative proportions from the different sources will be a function of 
the cross sections for the three capture processes and the irradiation 
period. 

Since the half life of Th^^^ is only 23.5 min, it can be shown (Eq, 2) 
that half of the maximum amount of this isotope is produced within the 
first 23.5 min of a constant-intensity irradiation and that about 97 per 
cent is produced within 2 hr. Furthermore, after about 47 min i r 
radiation there are as many atoms of Pa^^^ present as Th^*' atoms, 
and thereafter the ratio of Pa^^^ to Th^^^ increases by approximately 
unity every 23.5 min. At the end of 24 hr there are about 60 t imes as 
many Pa^^^ atoms as Th^^^ atoms. It can be seen that for periods of 
irradiation on the order of a day or longer, Th^^^ must have a capture 
cross section much greater than that of Pa^^^ if it is to make a con
siderable contribution to the Û "̂* production. On the other hand, for an 
irradiation period of the order of two weeks, only 13 per cent of the 
material has become transformed into Û ^̂  of known moderate capture 
cross section, which, averaged over 14 days, corresponds to about 
93 to 94 per cent of the material being represented by Pa^*' during this 
interval. Accordingly, the experiment essentially is one of irradiating 
Pa^^^ alone, with probably minor corrections for the other two isotopes 
which can give r ise to U^'^. 

The relation between rate of formation of U^̂ * in the U^^ and the 
capture cross section of Pa^^^ can be formulated as follows: 
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? = F[cr(Pa233)N(Pa2^^) + a(U23^)N(U2^^)] (l) 
dt 

where a = neutron capture cross section of the indicated isotope present 
in amount N 

F = neutron flux of the irradiation 
For an irradiation long enough to make the proportion of material 
present as Th^^^ very small, it can readily be shown that 

N(pa233) = ̂  (1 - e'^') (2) 
A 

N(U2='3) = k t - - ( l - e - ^ ' ) (3) 
A 

where k = constant production rate of (U^̂ ^ + Pa^^^) under constant flux 
X = decay constant of Pa^'^ 

For mathematical simplicity the negligibly small destruction of Pa^^^ 
and Û 33 through fission and neutron capture is not introduced into 
Eqs. 2 or 3. The amount of U^̂ * formed can now be obtained by inte
gration. However, what is wanted for the experimental case is the ratio 
of U^̂ * to Û ^̂  in the sample following separation. To obtain the amount 
of IF^^ finally present it is necessary to add to Eq, 3 an amount given 
by the decay of Pa^^^ during the interval p following bombardment 
until the separation is made. 

- (1 - e-^0 (1 - e-^P) 
A 

The final ratio of U^* to Û ^̂  obtained is then given by 

N(U^3 )̂ _ j ; t y2a(U)[xtf + [g(Pa) - a(U)]Xt + [a(Pa) - a(U)](e-'^t _ ^) 
N(U«3)"(Xt) Xt-(e-^P) ( l - e - « ) ^^' 

With an irradiation period of 15 days and a period between termination 
of the irradiation and separation of the uranium of 2.3 days, the values 
given in Table 1 were calculated. The cross section for capture of U^'' 
was taken as 56 x 10~^* cm^ (reference 1). Table 1 indicates that the 
principal difficulty in the experiment is the determination of the con
centration of U"* in the u " l 

The direct method of approach to the problem is through mass-
spectrographic analysis. However, at the time the problem was under
taken, no method for determining such small amounts of an isotope 
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differing by only one mass unit in 233 on samples of 100- to 200-/ig 
weight was available. Other methods were therefore considered. 

The similarity of the half lives of U^̂ s and U^̂ * [1.62 x 10^ years 
(reference 3) and 2.33 x 10^ years (reference 4), respectively] and of 
the energy of their alpha radiations (4.80 and 4.76 Mev, respectively) 
rendered any simple radioactivity measurements out of the question. 
One distinctive property in which the two isotopes do differ is in the 
slow-neutron fission of U^^ .̂ Accordingly it was the property chosen 
in which to make the measurements. 

If the alpha-particle emission rate of a thin sample preparation of 
pure Û ^̂  is measured under specified conditions, and the fission rate 
of the sample with a specified arbitrary neutron flux is measured, the 
ratio of the alpha-particle emission rate to the fission rate will be a 
number characteristic of pure U^ '̂ when measurements are made 
under the same arbitrary conditions. If a small amount of Û *̂ is now 
added to the U '̂̂  sample and the measurements are repeated, the alpha-
particle emission rate will be increased in proportion to the amount of 
Û *̂ added, while the fission rate will not be altered. Accordingly, the 
alpha-to-fission ratio will be increased and will be a number larger 
than that for pure U^^ .̂ The ratio of this number to that for pure Û ^̂  
will therefore be greater than 1.00. The quantitative relation between 
the proportion of U '̂* present and the alpha-to-fission ratio change is 
developed as follows: 

(5) 

(X^mi + XjDla) 
R, fm, 
Ri X imj XiUfii 

fmj 

or 

A^iJ^ ,\Tii(lPl) ,f,v 

where R = alpha-to-fission ratio 
X = radioactive disintegration constant 

m = mass of material in the sample 
f = effective slow-neutron flux 

T = half life. 
The subscript 1 refers to U^^', and the 2 refers to U^̂ *. 

2. EXPERIMENTAL WORK 

A foil of thorium weighing 10 g was prepared from thorium salts 
which had been freed of uranium impurity to the extent of 1 ppm or 
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and unknown plates until a total of 52 pairs of measurements was 
obtained. 

Since the gains of the two sets of amplifiers were not identical, a 
correction was necessary on the apparent fission ratio. This was 
obtained by measuring a pair of plates and then interchanging their 
positions and remeasuring. If the apparent fission count ratio is con
sidered as the true fission count ratio times a chamber gain factor, 
the product of the apparent ratio, upper chamber to lower chamber, 
for the two measurements should give the square of the gain fattor. 
Division of a given coimt ratio by the gain factor gives the true fission 
ratio. Repetition for a number of pairs of plates showed the value of 
the chamber gain factor, which was about 0.95, to be stable during a 
day's measurements. 

In order to make certain that the standard plates and unknown plates 
were homogeneous within themselves, intercomparisons of alpha-to-
fission ratios were made by direct measurement. It was shown that 
although about half the plates in each group showed the same alpha-
to-fission ratio the res t showed ratios greater than the base group by 
amounts as high as 1.6 per cent for the extreme. Two factors enter 
into these variations. The more important is inhomogeneities and 
self-absorption of fission fragments in even such thin and carefully 
electroplated samples, A lesser factor may be the differences in the 
neutron absorption of the backing plates on which the samples are 
mounted. The differences apparent between plates on direct comparison 
were confirmed quantitatively by comparing the averages of the several 
plates of the second group measured against a given plate of either 
the standard or unknown group. Accordingly, a characteristic cor
rection was given to the alpha-to-fission ratio of each plate. 

The magnitude of the net corrections involved and the effect on the 
counts are shown in Table 2. As can be seen, the scatter of individual 
values is greatly reduced by these corrections. The root-mean-square 
deviation from the mean of the 52 measurements is 0.46 per cent, 
which is about the value which might have been expected from the 
statistical reliability of the individual factors in calculation of the final 
alpha-to-fission ratio between standard and unknown (alpha count, 
0,2 per cent; fission count, 0.2 per cent; chamber counting ratio, 
0.1 per cent). It seems probable therefore that the principal e r r o r s 
have been eliminated and that the figures obtained are a reasonably 
true representation of the experimental results . These final results 
give an alpha-to-fission ratio of 1.0018 for the unknown material 
compared to the standard, with a standard e r ro r of 0,0006, It seems, 
therefore, that the Û '̂* content of the high-flux material is significantly 
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better. The metal foil of 0.8 mm thickness was surrounded by alumi
num and encased in an aluminum can. Following 15.0 days of i r 
radiation at almost constant flux in a high-flux column, the thorium 
foil was separated from the aluminum encasement and dissolved in 
nitric acid to which a little hydrofluoric acid had been added. When 
the metal was completely dissolved, calcium nitrate was added to 
make the solution 5N in that salt , the acidity was adjusted to O.IN to 
IN, and the uranium was extracted in a short packed column with 
three volumes of diethyl e ther . ' The procedures to this point were 
done by remote control behind lead shielding. The activity of the ether 
extract was sufficiently reduced so that further processing could be 
done without shielding. Following concentration and further extrac
tions for purposes of purification, 315 pg of U^'' was obtained; this 
was estimated to represent about 95 per cent of the U^'^ present at the 
time of extraction (2.3 days following termination of irradiation). 

The purified uranium was then used to make a se r ies of sample 
plates. Quantities of about 2 fxg were electroplated on platinum disks® 
over an area of 3.5 cm^, and the disks were mounted on si lver-
painted lucite plates for use in the fission counter. A ser ies of counts 
was made in a high-resolution argon-carbon dioxide alpha counter at 
52 per cent counting yield,'' and the alpha-emission rate of each plate 
was determined to 0.1 to 0.2 per cent reliability, A similar set of 
plates was made from Û ^̂  produced in the Clinton pile with a longer 
irradiation at lower flux, followed by complete decay of the Pa^^^. This 
second set of five plates was used as a standard in the fission-counting 
measurements and was compared with the six plates of high-flux-
short-irradiation material. 

Fission measurements were carr ied out at the Argonne CP-3 pile, 
using the thermal-column beam of thermal neutrons. The apparatus 
consisted of two small lucite fission chambers attached to suitable 
amplifying and recording devices. The chambers were mounted one 
over the other, in relatively close proximity, so that the neutron flux 
at the two chambers was essentially identical,'' 

The measurements consisted in comparing the fission rate of a 
standard plate in the upper chamber with the rate of an unknown plate 
in the lower chamber. The counts were taken for 5.12 min using a 
scale-of-512 circuit, and the equality of counting times was assured 
by governing both circuits with a single switch. In thus taking the 
ratio of the counts in the upper chamber to those in the lower, va r i 
ations of the counting time from the semiarbitrari ly selected period 
have no importance; thus a possible source of e r ro r is eliminated. 
The measurements were repeated with various pairings of the standard 
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Table 1—Relation Between Pa^'' Neutron Capture Cross Section 
and Ratio of U"* to U " ' in Product* 

Cross section, 

cm^ X 10" 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

N334/N233 

0.00046 

0.00110 

0.00174 
0.00238 
0.00301 

0.00365 

0.0043 
0.0049 

0.0056 

0.0062 

0.0068 

*Irradiation, 15 days; post-;irradiation decay, 2.3 days. 

Table 2 — Comparison of Alpha-to-fission Ratios of High-flux Samples with Standard U '̂ 

Crude 

R (unknown) 

R (standard) 

0.9848 

0.9949 

1.0062 

1.0016 

1.0074 

1.0119 

0.9933 

0.9937 

1.0000 

1.0071 

0.9813 

0.9914 

1.0029 

1.0115 

0.9996 

1.0157 

1.0095 

1.0019 

1.0016 

1.0021 

1.0132 

1.0038 

1.0123 

1.0176 

0.9987 

1.0041 

Corr. 

0.011 

0.011 

0.001 

0.001 

-0.005 

-0.005 

0.010 

0.010 

-0.002 

-0.002 

0.011 

0.011 

0.000 

-0.013 

-0.001 

-0.016 

-0.010 

0.000 

0.002 

0.002 

-0.008 

-0.008 
-0.014 

-0.014 

0.001 

0.001 

Corrected 

R (unknown) 

R (standard) 

0.9958 
1.0060 

1.0072 

1.0026 

1.0024 

1.0069 

1.0033 

1.0037 

0.9980 

1.0051 

0.9923 

1.0024 

1.0029 

0.9985 

0.9986 

0.9997 

0.9995 

1.0019 

1.0036 

1.0041 

1.0052 

0.9958 

0.9983 

1.0036 

0.9997 

1.0031 

Crude 

R (unknown) 

R (standard) 

1.0105 

1.0123 

1.0105 

0.9886 

1.0034 

0.9950 

1.0097 

1.0132 

1.0121 

1.0287 

1.0222 

1.0032 

1.0062 

1.0093 

1.0165 

1.0002 

1.0070 

1.0059 

0.9913 

1.0037 

0.9999 

0.9876 

0.9938 

1.0114 

1.0029 

1.0157 

Corr. 

-0.011 

-0.011 

-0.011 

0.002 

0.002 

0.000 

0.000 

-0.010 

-0.010 

-0.016 

-0.016 

-0.001 

-0.001 

-0.013 

-0.013 

0.000 

0.000 

0.006 

0.006 

-0.004 

-0.004 

0.006 

0.006 

-0.010 

0.005 

-0.007 

Corrected 

R (unknown) 

R (standard) 

0.9995 
1.0013 

0.9995 

0.9906 

1.0054 

0.9950 

1.0097 

1.0032 

1.0021 

1.0127 

1.0062 

1.0022 

1.0052 

0.9963 

1.0035 

1.0002 

1.0070 

1.0119 

0.9973 

0.9997 

0.9959 

0.9936 

0.9998 

1.0014 

1.0079 

1.0087 

Mean 1.0018 
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higher than that of the standard, since the difference is equal to three 
times the standard er ror (less than 0,3 per cent chance probability). 

From Eq, 6 and the half-life values already quoted, it is calculated 
that the u^^^/u^as ^.^^^^ jg greater by 26 parts in 10,000 than the cor
responding ratio for the standard material. From Eq. 4 an apparent 
capture cross section of approximately 34 x 10"̂ •* cm^ may be calcu
lated. A correction must be made, however, for the Û *̂ content of the 
standard material, which may affect the results. Using Eq. 4, assuming 
a capture cross section for Pa^'^ equal to that of U^^, and applying the 
conditions under which the standard material is produced at the 
Oak Ridge National Laboratory (approximately five months of i r 
radiation followed by essentially complete decay of the Pa^^^), it is 
calculated that not more than two parts in ten thousand of U^̂ * may be 
expected in the U^^ .̂ It can also be shown that the reduction in flux 
through the thorium test foil due to neutron absorption is less than 
1 per cent and can therefore be neglected. The corrected ratio of 
Û '̂* to Û ^̂  for the samples is therefore 0,0028, and the corresponding 
slow-neutron capture cross section is 37 ± 14 x 10"^* cm^. 

It is hoped that recent advances in mass-spectrographic technique 
will facilitate a check of these measurements in a direct fashion. 
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Paper 9.6* 

A NEW ISOTOPE OF PROTACTINIUM: Pa^^* 

By E. K. Hyde, M. H. Studier, H. H. Hopkins, J r . , and A. Ghiorso 

The known isotopes of protactinium include Pa^^^ (UXg), Pa^^^,^'^ 
Pa"^,^ and the recently discovered Pa^^".* Evidence has been found 
for a new isotope of protactinium, Pa^^*, produced by the reaction 
Io2^<'(d,3n)Pa22». 

A 35-mg sample of the dioxide of an ionium-thorium mixture 
(26.4 per cent Io^^°, 73.6 per cent Th^^^) was bombarded with 70 )ia-hr 
of 22-mev deuterons in the Berkeley 60-in. cyclotron by Dr. Hamilton 
and his colleagues. 

The dissolution of the target and the separation of a protactinium 
fraction by diisopropyl ketone extraction were done in a manner very 
similar to that described elsewhere.* 

A search in the protactinium fraction for unidentified activities that 
might be due to Pa?^^ and Pa^^* revealed the presence of a previously 
unknown a emitter. The decay of this activity could not be followed 
directly because U^̂ ° and its daughters were growing into the protac
tinium fraction,! 

However, it was possible to follow the decay of the unknown activity 
by making frequent measurements of the a - r a y spectrum of the 
protactinium fraction with a pulse analyzer^ and by following the 
decay of the unknown peak. From such measurements a half life of 
1.4 ± 0.4 days was determined. The energy of the a particle, deter
mined by the relation of its peak in the a spectrum to the peaks of the 
protactinium ser ies , was estimated to be 5.4 mev. 

*This paper is reproduced direct from "The Transuranium Elements ," edited by 
Glenn T. Seaborg, Joseph J. Katz, and Winston M. Manning, National Nuclear Energy 
Series, Division IV, Volume 14B, McGraw-HiU Book Company, Inc., New York, 1949. 
In that volume it appears as Paper 19.17. 

tThe U^̂ ° resulted from the j3 decay of the Pa^^° formed during the bombardment by 
the reaction Io"°(d,2n)Pa='^°, as well as by the reaction Th"''(d,4n)Pa^"°. 
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The mass assignment was made by isolating and identifying isotopes 
of the neptunium (4n+l) series® from an initially pure protactinium 
fraction 1 or 2 days after the protactinium fraction had been isolated. 
Alpha emission of Pa^^' produces Aĉ ^^ and thus gives r ise to the 
whole neptunium ser ies below Ra^^^. Hence the identification of those 
products is proof for the mass assignment. The amount of Ac*'* that 
would have grown into the protactinium fraction from the Pa'^^ [pres
ent owing to the nuclear reaction Th^^^(d,n)Pa'^*] was calculated .and 
found to be entirely negligible. 

The experimental evidence for the isotopes of the neptunium ser ies 
was obtained as follows: An aliquot of the protactinium fraction was 
made IN in HF, and lanthanum fluoride was precipitated by the ad
dition of 1 mg of lanthanum nitrate. This precipitation is known to 
carry actinium in good yield but not protactinium. When this fluoride 
precipitate was slurried onto a platinum plate, it showed the behavior, 
characteristic of Ac*^*,of growing in a activity with a half-life period 
of 5 min immediately after flaming the plate to red heat to drive off 
the volatile 87'^^. The a count grew from 2,200 counts per minute to 
2,900 counts per minute with a 5-min period changing over into an 
approximately 45-min period as B i ' " grew in. A recoil-atom activity 
amounting to 56 counts per minute, which was left in the a counting 
chamber after the sample was removed, decayed with the 5-min half 
life of 87^". 

The lanthanum fluoride precipitate was dissolved in concentrated 
nitric acid, evaporated to dryness, and taken up in dilute nitric acid. 
From this solution Bî *^ was separated by coprecipitation of lead 
sulfide when 0.5 mg of lead nitrate and hydrogen sulfide were added. 
The a count of the sulfide sample decayed from an initial 280 counts 
per minute to 3 counts per minute with a half life of 45 ± 3 minutes. 
These a particles resulted from Po^^^, disintegrating at a rate de
termined by the rate of formation from its 47 -min /3-emitting parent, 

From theoretical considerations it is expected that the a decay of 
Pa^'^ is paralleled by an electron-capture decay. The low energy of 
the Pâ *® a particle was imexpected because of i ts 1.4-day half life, 
and this may indicate that the true a half life is considerably longer. 
It was not possible to prove this by observing a 1.4-day x-ray decay 
in samples of the protactinium fraction because the Pa '̂® activity was 
masked by a high background from the Pa^^^, Pa^^^, and Pa^*° radia
tions. The Pa'^^, in particular, made the measurements almost im
possible because of the near identity of the Pa^^* and Pa'** half lives. 

The nuclear reaction Th*^*(d,2n)Pa''' occurred with a cross section 
of 4 x 10"*'' sq cm in this bombardment; the reaction Io* '̂'(d,3n)Pa**® 
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occurred with a c ross section of only 0.24 x 10"*' sq cm, assuming 
that Pa*** decays solely by a emission. Since the cross-section data 
now available for bombardments of heavy nuclei with 22-mev deuter
ons indicate that (d,2n)and (d,3n) reactions should occur with approxi
mately equal c ross sections, the low value of this second figure may 
be taken as evidence for branching decay of Pa*** by orbital-electron 
capture. 

No evidence was found for the unknown isotope Pa**®, which is 
imdoubtedly formed in the bombardment by the nuclear reaction 
Io*^°(d,4n)Pa**8. 

SUMMARY 

A new isotope of element 91, Pa***, has been produced by the nu
clear reaction, Io*^°(d,3n)Pa***. This isotope emits a particles of 
5.4-mev energy with an apparent half life of 1.4 ± 0.4 days. It "is be
lieved that Pa*** decays principally by orbital-electron capture, but 
the X rays were not detected because of conflicting activities. 
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Paper 9.7 

DETERMINATION OF THE HALF LIFE OF IONIUM 

By Earl K. Hyde 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CC-3663. Prepared for publication Sept. 5, 1946.] 

The thorium isotope of mass 230, called ionium, is present in all 
uranium ores because it is a member of the uranium decay chain. Io
nium isolated from these ores is always contaminated with thorium-232. 
Hence the determination of the half life of pure ionium by measure
ments of naturally occurring ionium involves a determination of the 
isotopic composition as well as the determination of the specific dis
integration rate of the sample. 

The presently accepted value of the ionium half life was determined 
by Curie and Cotelle,^ who measured the rate of growth of radium into 
a mixed sample of ionium and thorium, the isotopic composition of 
which had been determined gravimetrically by Honigschmid and Horo-
vitz,* The radium was measured indirectly by measuring the radon in 
equilibrium with it. The value so determined was 8.23 x 10* years ; 
the limit of e r ro r was set at 3 per cent. 

This paper reports a redetermination of the ioniflm half life, measur
ing directly the specific alpha disintegration rate of an ionium-thorium 
mixture whose isotopic composition had been determined by mass-
spectrographic analysis. The value obtained in these experiments was 
8.0 ± 0.3 X 10* years. 

This determination would not have been possible without the mass-
spectrographic measurements of Wilfred Rail and A. J. Dempster. 

EXPERIMENTAL WORK 

The ionium sample was purified by a number of precipitations in
cluding a hydroxide precipitation with ammonia and an oxalate p re - . 
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cipitation from IN nitric acid. The final purification was carr ied out 
by repeated extraction with diethyl cellosolve from an aqueous solution 
ION in ammonium nitrate and IN in nitric acid.^ The ionium was r e 
moved from the diethyl cellosolve with distilled water. This extraction 
effects excellent purification of thorium from t races of all impurities* 
except one or two of the heavier element nitrates which are removed 
by the previous precipitations. 

A portion of the purified ionium was given to Wilfred Rail and A. J, 
Dempster, who determined the isotopic composition in the mass spec
trograph. In nine separate tr ials using a direct electrometer compari
son of the ions collected, they obtained a best value of 26.4 ±1 .1 per 
cent for the atom per cent of ionium in the sample. Their determina
tion is described in detail elsewhere.^ 

The main portion of the purified sample was transferred to a small 
platinum crucible, precipitated as oxalate, and ignited at 700°C to con
vert the oxalate to the dioxide. The crucible was weighed and the oxide 
dissolved in concentrated nitric acid containing O.OIN HF (reference 6) 
and transferred to a weighed 10-ml mixing cylinder. The crucible 
was reignited and reweighed. The solution was diluted to 10 ml with 
water and perchloric acid to make a solution 5N in perchloric acid. 
After reweighing the mixing cylinder, weighed aliquots of this solution 
were removed and diluted to 10 ml with 5N perchloric acid. Weighed 
aliquots of the dilution solutions were mounted on 1-in. quartz disks 
by means of the gravimetric aliquoting method described by Westrum.'' 
These samples were counted in several pulse ionization alpha-counting 
chambers, and a counting-yield factor of 52 per cent was applied.® The 
contribution of the Th*'* alpha particles to the total alpha count was 
entirely negligible. 

The specific-activity determination was checked in the following 
manner. The ionium was precipitated from the perchloric acid solu
tion as the oxalate, redissolved by passing SO2 into an aqueous suspen
sion of the oxalate, reprecipitated as the hydroxide, and dissolved in 
nitric acid. Ammonium nitrate was added to this acid solution, and 
the ionium was extracted with redistilled diethyl cellosolve. The spe
cific activity of this repurified ionium was redetermined in exactly 
the same manner as described above. 

All data and calculations are summarized in Tables 1 and 2. 
The average value of the half life derived from the two specific-

activity determinations is 8.05 x 10* years . The accuracy of this value 
is limited principally by the e r ro r associated with the mass-spectro
graphic analysis. The specific-disintegration-rate determination is 
accurate to within 0.5 per cent, while the standard er ror associated 
with the isotopic composition is 4 per cent. In addition, some uncer-
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tainty is attached to the use of a countii^-yield factor of 52 per cent 
for the ionium samples mounted on quartz since this factor has not 
been directly determined for this combination.® 

This redetermination of the ionium half life agrees, within experi
mental e r ro r , with the value reported by Curie and Cotelle.^ The fact 
that these two completely independent methods yield the same value 
increases the confidence with which the value may be accepted. 

Table 1 — Data for First Specific-activity Determination 

Wt. of dioxide, mg 

Wt. of solution, g 

wt. of aliquot, g 

Wt. of dilution 
solution, g 

wt. of aliquot 
of dilution solution, g 

Disintegrations per 
minute in aliquot 

Calculated specific 
activity, dis/min/fxg 

Average value 
of specific activity, 
dis/min/Mg 

Ionium in sample, % 

Calculated specific 
activity of pure ionium, 
dis/min//ig 

Half life of ionium, yr 

6.91 

13.311 

0.1336 0.1337 

12.991 12.665 

0.0647 

3417 

11,270 

0.0641 0.0632 0.0633 

3388 3442 3446 

11,290 11,310 11,300 

11,290 

26,4 

42,770 

8.07 X 10* 
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Table 2 — Data for Second Specific-activity Determination 

wt. of dioxide, mg 5.45 

wt. of solution, g 13.681 

wt. of aliquot, g 0.1346 0.1357 

wt. of dilution 12.905 12.834 
solution, g 

wt. of aliquot 0.0635 0.0637 0.0623 0.0632 
of dilution solution, g 

Disintegrations per 1368 1390 1344 1374 
minute m aliquot 

Calculated specific 11,370 11,510 11,220 11,320 
activity, dis/min/fxg 

Average value 
of specific activity, 

d i s /min /ng 

Ionium in sample, % 

Calculated specific 
activity of pure ionium, 
d is /min/ug 

Half life of Ionium, yr 

11,360 

26.4 

43,000 

8.03 X 10* 
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Paper 9.8 

PRODUCTS OF DEUTERON AND HELIUM-ION 
BOMBARDMENTS OF Pa*^' 

By D. W. Osborne, Roy C. Thompson, and Q. Van Winkle 

[Editor's Note: Contribution from the Argonne National Laboratory.] 

1. INTRODUCTION 

During October 1945, there became available in the Argonne Nation
al Laboratory sufficient Pa*^* to permit cyclotron bombardments to 
produce and study a number of isotopes near Pa**^ on the isotope 
chart. The isotopes in the region of Pa*^* which were known at the 
s tar t of this work are shown in Fig. 1. It was expected that bombard
ment with 22-Mev deuterons would produce the known protactinium 
isotopes Pa*^*, Pa*^", and Pa*** by (d,pxn) reactions, the known u ra 
nium isotopes U*̂ * and U*̂ ° by decay of Pa*^* and Pa*®" as well as by 
(d,xn) reactions, and perhaps activities which could be assigned to the 
unknown isotopes U*®' and U***. No neptunium isotopes were expected 
since Û ®* and U*®" are alpha emitters, and any uranium isotopes with 
masses of 231 or less would not be expected to decay by beta emis
sion. Bombardment with 44-Mev helium ions was expected to produce 
the same protactinium isotopes as in deuteron bombardment (except 
Pa ) by (a,a!xn) reactions, the same uranium isotopes (plus unde
tectable amounts of long-lived U^̂ ^ and U'^^) by decay and by (a,pxn) 
reactions, and Np*®* and perhaps unknown neptunium isotopes of mass 
less than 234 by (a!,xn) reactions. 

2. EXPERIMENTAL WORK 

The Pa^^' used in these experiments was concentrated from ura
nium ores and residues, some of it by members of the Argonne National 
Laboratory*'^ and some by A. Von Grosse and M. S. Agruss.* All the 
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Pa^^* was highly purified in the Argonne laboratory by procedures 
which included repeated ether extractions of dilute nitric acid solu
tions salted with ammonium nitrate to remove t races of uranium and 
extractions of protactinium from 6N to 8N HNO3 solution with diiso
propyl ketone, followed by several washes of the ketone with IN HNO3 
and then precipitation of the protactinium with hydrogen peroxide 
solution. 

The precipitated protactinium was dissolved in hydrofluoric acid, 
put on a small platinum interceptor target (0,85-cm* area) by evapo
ration of the solution to dryness in small portions, ignited to the 
oxide, and covered with approximately 4 mg/cm* of aluminum foil. 
The bombardments were carried out by J . G. Hamilton and coworkers 
with the Berkeley 60-in. cyclotron. In the first bombardment, 2 mg 
of Pa*®* was bombarded with 452 /na-hr of deuterons over a period of 
8 days; then 4 mg of Pa*®* was bombarded with 179 jua-hr of helium 
ions over a period of 15 days, and finally 8 mg of Pa^^* was bombarded 
with 239 |ua-hr of deuterons over a period of 4 days. At a later date, 
to look for U***, two short bombardments with helium ions were made 
and worked up by two of the authors (Osborne and Thompson) at the 
University of California Radiation Laboratory. 

For all the bombardments the maximum energies of the helium 
ions and of the deuterons were slightly less than the 44- Mev and 22-
Mev values originally expected. The maximum energies were 42 and 
21 Mev for helium ions and deuterons, respectively, as determined 
by the range of the alpha particles in air, and the energies of the 
maximum number of helium ions and deuterons as determined by ab
sorption in aluminum were 38 and 19 Mev, respectively.® 

Each of the first three targets was returned to this laboratory as 
quickly as possible, and uranium and protactinium fractions were 
isolated chemically from the deuteron-bombarded material , and nep
tunium, uranium, and protactinium fractions from the material which 
had been bombarded with helium ions. The first fraction was isolated 
1 to iy2 days after the end of the bombardment. Aliquots of the frac
tions were evaporated on platinum foils 0.005 cm thick for studying 
the alpha activities by decay measurements and by means of the dif
ferential alpha-pulse analyzer® and for studying the Geiger-Mueller 
activities by decay and absorption measurements. 

Decay and absorption measurements were also made on samples of 
unbombarded Pa*®* under the identical conditions used for measure
ments on the protactinium fractions from the bombardments in order 
to enable corrections to be made for the appreciable Geiger-Mueller 
activity of the Pa^^* in these fractions. The amounts of Pa^^* in the 
smaller protactinium samples were determined by alpha counting. 
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The decay and absorption curves were usually determined with two or 
three samples varying in activity in steps of approximately tenfold, 
and the curves were normalized to one sample by means of ratios of 
the activity taken at suitable t imes or with suitable absorbers. Beta 
and x-ray standards were counted in each series of measurements, 
and corrections were made for variations in the counting rate of the 
standards. Corrections were also made for coincidence losses . Ab
sorbers were placed as near as possible to the counter window to 
minimize the counting of scattered components. 

The instruments used for alpha counting were: an atmospheric 
alpha counter in conjunction with a l inear amplifier and scaler , an 
argon-carbon dioxide fast coimter,'and a methane proportional 
counter.® Geiger-Mueller activities were determined with end-window 
brass-wall counters with mica windows of 3.3 to 3.8 mg/cm* thickness 
and usually a filling of ethyl alcohol at 1 cm Hg and argon at 9 cm 
Hg.* Xenon-filled counters were used in obtaining decay and some 
absorption curves of the neptunium fraction in the first helium-ion 
bombardment. Each counter was provided with a shelf arrangement 
for holding samples and absorbers at standard distances from the 
window. The body of the counter was surrounded by a close-fitting 
cylindrical sheath of lead 1.2 cm thick, and the coimter assembly was 
enclosed in an aluminum-lined housing with lead walls 5 cm thick. A 
Neher-Harper quenching circuit and a Cyclotron Specialties scaler 
were used with the Geiger-Mueller counters. 

3. CHEMICAL PROCEDURES 

The procedure used to isolate the uranium and protactinium frac
tions in the deuteron bombardments will now be described briefly. It 
was necessary to destroy carbonaceous material on the target, which 
perhaps came from the oil diffusion pumps of the cyclotron, by fuming 
the material with nitric and perchloric acids, or better, by ignition 
in a muffle furnace at 750°C for about 40 min. The material was r e 
moved from the target by a combination of scraping and dissolving in 
concentrated hydrofluoric and nitric acids. The solution was evapo
rated to dryness, a little concentrated hydrofluoric acid was added, 
and the solution was evaporated nearly to dryness, so that a t race of 
fluoride remained to aid in holding the protactinium in solution. The 
residue was then dissolved in a few milliliters of 2N HNO3. A portion 
of this solution was saved, and the remainder was transferred to a 
small Kjeldahl flask, where solid ammonium nitrate was added to 
make a solution approximately IN in HNO3 and 9N to ION in NH4NO3. 
Uranium was extracted from this solution by a technique which is 
standard in the Argonne laboratory. Four to six double-volume por-
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tions of diethyl ether were used; sufficient nitric acid was added be
fore each extraction to keep the acid concentration O.IN or higher. 
The layers were separated by freezing the aqueous layer with solid 
carbon dioxide and acetone and pouring off the ether layer. Each por
tion of ether was shaken with two or three wash solutions containing 
O.IN HNO, and 9N to ION NH4NO3, and finally the washed ether was 
stripped of uranium by means of water (a fresh portion of water was 
used for each portion of ether). The water extracts, combined and 
evaporated to a small volume, constituted the uranium fraction. The 
protactinium was separated from the fluoride and the large concentra
tion of ammonium nitrate by precipitating it twice with sodium hydrox
ide or ammonia and washing several t imes with water. The protac
tinium hydroxide was dissolved in 10 ml of 6N HNO3 per milligram of 
protactinium, and the protactinium was extracted by two or three 
approximately equal-volume portions of diisopropyl ketone which had 
previously been shaken with an equal volume of 6N HNO3. The diiso
propyl ketone layers were shaken with two washes of water or IN 
HNO3 and then shaken with a wash of 3 per cent HPa solution to p r e 
cipitate the protactinium. The solution of this protactinium peroxide 
in concentrated nitric acid constituted the protactinium fraction. 

Quite often it was desired to isolate protactinium and thorium 
daughters from the uranium fraction, and the following procedure was 
generally used. The solution was made IN in HNO3 and 9N to ION in 
NH4NO3. Uranium was extracted by using several portions of diethyl 
ether and was set aside for repetition of the isolation of daughters at 
a later time. Then protactinium was extracted by means of di iso
propyl ketone. After removal of uranium and protactinium from the 
aqueous layer, thorium was coprecipitated on zirconium iodate. The 
bulk of the ca r r i e r was reduced by dissolving the iodate precipitate 
and precipitating a small amoimt of lanthanum fluoride, which carr ied 
the thorium. 

The chemical procedure for the material bombarded with helium 
ions included separation of a neptunium fraction. After ignition to 
destroy carbonaceous matter and after removal of the material from 
the target by scraping and dissolving in hydrofluoric and nitric acids, 
the solution was evaporated just to dryness, and the residue was taken 
up in dilute nitric acid. Sodium bromate was added and the solution 
heated at 100°C for 10 min to oxidize neptunium to Np(VI). A com
bined neptunium and uranium fraction was then separated by ether 
extraction, following the same procedure used to isolate the uranium 
fraction in the deuteron bombardments. The uranium-neptunium 
fraction was evaporated to dryness with concentrated hydrochloric 
acid to convert the nitrates to chlorides and was then dissolved in 
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dilute hydrochloric acid. Ammonium iodide and hydrazine hydro
chloride were added to reduce the neptunium to Np(IV), and the solu
tion was then diluted. Neptunium was extracted from this solution 
with thenoyl trifluoracetone (TTA) in benzene and then reextracted 
into hydrochloric acid. The uranium remained in the hydrochloric 
acid solution and was purified further from neptunium by an additional 
extraction. A protactinium fraction was separated by the method used 
for the deuteron bombardments. 

4. RESULTS OF DEUTERON BOMBARDMENTS 

4.1 Pa*®*. The decay of the protactinium fractions was followed 
with a mlca-end-wlndow Geiger-Mueller counter through various 
combinations of absorbers: no absorber; 2.0 g/cm* of beryllium (to 
absorb the beta radiations); 2.0 g/cm* of beryllium plus 60 mg/cm* 
of lead (to absorb the beta rays and L x-rays); and 2.0 g/cm* of 
beryllium plus 5.1 g/cm* of lead (to absorb all but the hard gamma 
radiation). After correction for the Geiger-Mueller activity of Pa*®' 
and its daughters, as determined by measurements on unbombarded 
Pa 231 under the same conditions, the decay curves could be resolved 
into two half lives, 31 to 36 hr (average, 33 hr) and 17.7 days, which 
are attributed to Pa*®* and to Pa*®°, respectively. Figure 2 shows one 
of these decay curves. The value of 33 hr for the half life of Pa*®* is 
in satisfactory agreement with Jaffey and Hyde's more accurate value 
of 31.7 hr.i" 

The radiations of the 33-hr activity were characterized by absorp
tion curves in lead, with 2.0 g/cm* of beryllium covering the sample, 
and by absorption curves in aluminum. These curves were obtained 
as soon as possible after separation of the protactinium fraction, and 
corrections were made for Pa ^^° by comparison with curves obtained 
on the same samples 9 days later (Figs. 7 to 10), when the 33-hr 
activity was much smaller than the 17.7-day Pa*®° activity. Cor rec 
tions for Pa*®' were determined by means of absorption curves on 
samples of unbombarded Pa*®' obtained at the same time under 
exactly the same conditions. 

The absorption curve in lead, with 2.0 g/cm^ of beryllium covering 
the sample, is given in Figs. 3 and 4. After correction for Pa " and 
Pa*®' the curve can be resolved into a hard gamma-ray component of 
half thickness 10.1 g/cm* (1.02 Mev), a softer gamma ray of half 
thickness 0.80 g/cm* (0.21 Mev), and a component with a half thick
ness of 11 mg/cm* (23 Kev). The last component is probably a mix
ture of L x-rays , which have energies of 13.5 to 20.2 Kev for uranium. 
No K x-rays, which would be expected from decay of 1.4-day Pa*** by 
K electron capture, were found, although 5 c/min might not have been 
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resolved. The abundances and energies of the radiations are in sa t i s 
factory agreement with those observed by Jaffey and Van Winkle" 
from a sample of Pa^^ which was not accompanied by any other ac
tivity in appreciable amoimt. 

The absorption curve in aluminum is given in Figs. 5 and 6. This 
curve was obtained 25 hr before the beryllium-plus-lead curve shown 
in Figs. 3 and 4; it was obtained on the same samples and under the 
same conditions. The tube had a 3.76 mg/cm* window, and the samples 
were at a distance of 3.69 cm below the window. The curve can be r e 
solved into a hard component; L x- rays ; a soft beta particle or con
version electron (assuming an initial half thickness of 33 mg/cm* and 
a range of about 150 mg/cm*, corresponding to a maximum energy of 
about 480 Kev, in agreement with Jaffey and Van Winkle*'); a soft beta 
particle with an initial half thickness of 6.9 mg/cm*, a range of about 
70 mg/cm2, and an energy of about 280 Kev; and a very soft beta par t i 
cle or conversion electron with an initial half thickness of about 1.9 
mg/cm*, a range of about 16 mg/cm*, and an energy of about 90 Kev. 
These results are in reasonable agreement with those of Jaffey and 
Van Winkle " except that they did not observe the 90-Kev beta par t i 
cle. It is not known at present whether this component is a spurious 
scattered component arising from the geometry or whether it is a 
beta particle or conversion electron from some other isotope such as 
Pa***. Data were not available from the other deuteron bombardment 
to check this curve. 

The yield of Pa*®* was estimated from the counts per minute of the 
330-Kev beta particle obtained from resolution of the Pa*®* aluminum 
absorption curve, assuming one 330-Kev beta particle per disintegra
tion and using a back-scattering factor'* of 1.60. From the yield 
estimated in this manner the cross section for the formation of Pa^^^ 
by the reaction Pa*®'(d,p)Pa*** was calculated to be 40 x 10"*'' cm^ 
in the first deuteron bombardment and 60 x 10"*' cm* in the second 
bombardment. 

4.2 Pa*®°. Alpha-pulse analyses soon after separation of the pro
tactinium fraction showed Pa*®* and a small amount of alpha activity 
that was due to the U*^" decay series,*® but no other alpha activity 
was observed. Repetition of the pulse analyses at later dates showed 
that the U* °̂ se r ies had grown into the protactinium fraction, estab
lishing the presence of beta-emitting Pa*^°. 

The half life of Pa*®° was determined by following the decay of the 
Geiger-Mueller activity in the protactinium fraction and also in 
samples of unbombarded Pa*®* through various absorbers. The best 
value is 17.7 ±0.5 days from the decay through 2.0 g/cm* of beryllium 
plus 5.1 g/cm* of lead (Fig. 2), the combination of absorbers through 
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which the fraction of the activity which was due to Pa was least. A 
concordant value has been obtained by Studier and Hyde,*' who followed 
the growth and decay of the alpha activity in samples of Pa**° from 
deuteron bombardment of Th*®*. From these measurements they calcu
lated a half life of 17.0 ±0.5 days for Pa*®°. Because of the abundant 
presence of Pa*®® they were unable to obtain the half life by direct 
decay or to study the radiations of Pa*®". 

The radiations of Pa*®° were characterized by absorption curves 
obtained after the Pa*®* had decayed imtll it was nearly negligible. The 
absorption of the Pa*®° radiations in lead with 2.0 g/cm^ of beryllium 
covering the sample is shown in Figs. 7 and 8. After correction for 
Pa*®' and for Pa*®* (from Figs. 3 and 4, allowing for 9 days of decay) 
the curve can be resolved into a gamma-ray component with a half 
thickness of 9.4 g/cm* (0.94 Mev), a gamma ray with a half thickness 
of 245 mg/cm* (74 or 131 Kev, probably 100-KeVK x-rays), and a 
softer component with a half thickness of 10.8 mg/cm'' (23 Key, proba
bly L x-rays). This curve agrees within experimental error with a 
berylllum-plus-lead absorption curve obtained on a protactinium 
sample from the first deuteron bombardment which was repurified 
chemically after decay of the Pa*®*. 

In Figs. 9 and 10 is shown the aluminum absorption curve of Pa*®°. 
After correction for Pa*®' and for Pa*®* (from Figs. 5 and 6, allowing 
for 9 days of decay) the curve can be resolved into a hard gamma 
component (a mixture of the 0.94-Mev gamma ray and the K x-rays 
found in the berylllum-plus-lead curve), L x-rays (79 mg/cm* half 
thickness, 14.6 Kev), a beta component with a range of about 130 mg/ 
cm* (430 Kev), a beta component with an initial half thickness of 
14 mg/cm* and a range of about 50 mg/cm* (220 Kev), and a softer 
beta component (possibly spurious) with a range of about 13 mg/cm* 
(about 80 Kev). An aluminum absorption curve obtained on a sample 
of protactinium from the other bombardment which was repurified 
after decay of the Pa*®* did not show the softest beta component but 
otherwise agreed within experimental error. 

The abundances of the various components found in the beryllium-
plus-lead and aluminum absorption curves may be compared with the 
number of Pa*®° beta disintegrations per minute determined from the 
growth of U*®°. The curves shown in Figs. 7 through 10 have been 
normalized to a sample in which there were 1.01 x 10* Pa**" beta 
disintegrations per minute at the time the curves were determined. 
The geometry was 4.2 per cent. The results are shown in Table 1, 
together with the back-scattering factors and counting efficiencies 
used in calculating the abundances. The K x-rays have been corrected 
to zero absorber assuming a half thickness of 5.0 g/cm* in beryllium. 
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The softest component has not been included in the table. It appears 
from these data that there are 9 K x-ray quanta emitted per beta 
disintegration, indicating that decay of Pa*®° by capture of a K elec
tron is 9 t imes as frequent as decay by beta emission. A more re 
liable value of 10 for the K electron/beta branching ratio of Pa*®° has 
been determined by Studier and Bruehlman** by comparing the yields 
of Th^'" and of the U^'° ser ies growing into a large sample of Pa^'" 
from deuteron bombardment of Th^^. The present data indicate that 
the 0.94-Mev gamma ray is associated with the decay by K capture 
and that there is one 220-Kev beta per disintegration to U . 

To calculate the cross section for the reaction Pa*®'(d,p2n)Pa*®°, 
the value of 10 for the K electron/beta branching ratio of Pa*®° was 
used with observations of the growth of the U*®° ser ies into the 
protactinium fraction. A cross section of 23 x 10"*'' cm* was obtained 
in the first deuteron bombardment and 37 x 10"*'' cm* in the second 
bombardment. 

4.3 Pa***. Other observers'®''® have produced this isotope by the 
reaction Th*®''(d,3n)Pa*** and have observed a peak due to this isotope 
in alpha-pulse analyses. This peak decays with a half life of 1.4 ± 0.4 
days according to the first observations*® and 1.5 ± 0.1 days according 
to later work.*® It has been estimated, mainly from consideration of 
yields, that Pa*** decays approximately 1 per cent by alpha emission 
and 99 per cent by orbital electron capture.*' 

In the present work qualitative evidence for the presence of Pa***, 
which was probably formed by the reaction Pa*®'(d,p3n)Pa*** and by 
decay of a short-lived K-capturing U*** species formed by a (d,4n) r e 
action, was obtained in the following manner. Approximately 20 per 
cent of the original solution from the first deuteron bombardment was 
evaporated to dryness and heated under a heat lamp to remove t races 
of fluoride; the residue was taken up in 6N HNO3, and all but 1 per cent 
of the protactinium and uranium was extracted away by means of 
diisopropyl ketone. The aqueous layer was made 3N in HF, and 0.3 
mg of lanthanum fluoride was precipitated by addition of lanthanum 
nitrate solution. It was expected that lanthanum fluoride precipitated 
in this manner would carry actinium but not protactinium. The lantha
num fluoride was washed with a mixture of hydrofluoric and nitric 
acids, slurried onto large platinum plates, flamed to drive off Fr**', 
and rapidly placed in an alpha counter to watch for the 5-min growth 
characterist ic of Ac**®. However, about 5 x 10* c/mln of alpha ac 
tivity (0.3 per cent of initial alpha activity) was carr ied on the lantha
num fluoride, and the 5-mln growth could not be observed above this 
background. Then a sample of the lanthanum fluoride precipitate was 
left for 40 min In an atmospheric alpha counter, and after removal of 
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the sample the background built up in the counter by recoil atoms was 
followed and was found to decay with a half life of 47 min. This is 
believed to indicate Bi*'® and Po*'® daughters of Ac**® and Pa**^ 

No evidence for Pa*** could be found in alpha-pulse analyses of the 
protactinium fractions. The limit of detection by this method, assum
ing 1 per cent alpha branching, gives a cross section of less than 
1 X 10"*' cm* for formation of Pa***. If there were 5 c/min of K x-
rays from Pa*** which were unresolved in the beryllium-plus-lead 
absorption curve of Fig. 3, the cross section for formation of Pa*** 
(assuming 99 per cent decay by K electron capture, one K x-ray per 
disintegration, and 0.5 per cent counting efficiency) would be 9 x 10"*^ 
cm*. 

An attempt was also made to find Pa *** by isolating a protactinium 
fraction from a portion of the uranium fraction of the first deuteron 
bombardment 42 hr after the initial separation. The fraction was 
examined by pulse analysis, and no Pa*** was found. This observation 
is to be expected in view of later work which has shown U*** to have 
a half life of only 58 min. *' 

4.4 U ^ . Alpha-pulse analyses of the uranium fraction soon after 
separation showed the five peaks characterist ic of the U*®" series,*® 
and the total alpha activity of the uranium fraction decayed with a 
half life close to the known value for U*®° 20.8 days (reference 13). 
The relative amounts of U*®" and Pa*®* were determined by alpha 
counting of the separated uranium and protactinium fractions and 
also by alpha-pulse analysis of the original solution of the target 
material . The yield of U* "̂ was greater than could be accounted for 
by beta decay of Pa*®", and the excess corresponded to a cross sec -
tion of 5 X 10 ' cm for the reaction Pa (d,3n)U in the first 
deuteron bombardment and 17 x 10"*' in the second bombardment. 

4.5 U*̂ *. This isotope was determined quantitatively in two ways: 
by alpha-pulse analyses of the uranium fraction after the U ser ies 
had decayed and by isolating its daughter Th^^^ from the uranium 
fraction. In the pulse analyses U*®* was not resolved from Po*'* and 
Th**®, but the Po *'" activity could be calculated from the amount of 
U*®° originally present in the sample, and the ratio of Th**®/U*®* 
activities could be calculated from the known half lives of Th**® (1.90 
years , reference 18) and of U*®* (70 years , reference 19). The Th**® con 
tent of the thorium isolated from the uranium fraction was determined 
both by following the growth of alpha activity and by pulse analyses. 
The chemical yield was measured by means of UXi (Th*^) t racer . 

The yields of U *®* seemed to be in excess of the amounts arising 
from the decay of Pa*®*. From the difference the cross section for 
the formation of U*®* by the reaction Pa*^*(d,n) was calculated to be 
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5 X 10"*' cm* in the first deuteron bombardment and 23 x 10"*' cm* 
in the second bombardment. This cross section is very inaccurate 
because most of the U*®* came from decay of Pa*®* and the determina
tion of the Pa*®* was subject to the usual e r ro r s of absolute beta 
counting. 

4.6 U*®'. A new 4.2-day x-ray activity was found in the uranium 
fraction and has been tentatively assigned to K electron capture by 
U*®'. The assignment has the following basis . From energy consider
ations the only uranium isotopes which could be produced by bombard
ment of Pa*®* with 21-Mev deuterons are U " ^ U"*, U"", and U^^', 
either directly by (d,xn) reactions or from beta decay of protactinium 
isotopes formed by (d,pxn) reactions. U^̂ ^ and U^^° had previously 
been definitely assigned to other activities by identification of daughter 
activities known in the natural radioactive series.*®'** Orbital elec
tron capture by U*** was ruled out by the failure to find Pa*** by 
alpha-pulse analysis of a protactinium fraction isolated from the 
uranium fraction 42 hr after the initial separation, as mentioned in 
Sec. 4.3. Furthermore, subsequent work by Meinke, Ghiorso, and 
Seaborg" has shown that U*** is a 1-hr K-capturing isotope. The 
possibility that the activity is an isomeric transition seems to be 
eliminated by the high yield, which is comparable with the yield of 
U*®" by the (d,3n) reaction. The remaining possibility is U*̂ *. 

The half life was determined by observation of the decay of the 
activity, as shown in Fig. 11. The half life of the long-lived tail due 
to U*®° was taken as 20.8 days (reference 13), and a calculated cor
rection for the growth of daughters of U*®° and U*®* was applied to 
the decay curve obtained through thin cellophane. [Cellophane was 
used to cover the samples of the uranium fraction to avoid contami
nation of the counter with recoil atoms from the U*®° series .] The 
average value of the half life from all the curves is 4.2 ± 0.1 days. 

Lead and aluminum absorption curves of the uranium fraction 
obtained a few days after separation are given in Figs. 12 and 13, 
respectively. The lead curve has a small component with 3.0 to 3.5 
g/cm* half thickness (0.40 to 0.43 Mev); a component with a half 
thickness of about 210 mg/cm* (70 or 123 Kev), believed to be mainly 
K x-rays which have an energy of about 100 Kev; and softer compo
nents. The aluminum curves show a component with a 5.2 g/cm* half 
thickness (170 Kev), believed to be mainly K x-rays, and softer com
ponents with half thicknesses of 192 mg/cm* (20 Kev) or l ess . A lead 
absorption curve with 2.0 g/cm* of beryllium covering the sample 
was also obtained, and a component with a half thickness of 202 mg/ 
cm* of lead (69 or 121 Kev) and softer components were found. The 
softer components may not be significant because the decay curves 
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show that approximately 25 per cent of the activity through cellophane 
was due to the 20.8-day tail at the time the aluminum absorption 
curve was determined. Because of the growth of daughters of U*®° 
and U*®* it was not possible to determine the correction by remeas 
uring the absorption curves after the U*®' had decayed. The contri
bution of the 20.8-day tail was not so important for the harder com
ponents but may account for the somewhat high values found for the 
K x-ray energy. 

The yield of U*®* was calculated from the average abundance of the 
K x-rays in the absorption curves, assuming a counting efficiency of 
0.5 per cent and one K x-ray per disintegration. The cross section 
for the reaction Pa*®*(d,2n)U^^* was 3 x 1 0 " " cm^ in the first bom
bardment and 7 x 10"^' cm^ in the second bombardment. 

In order to determine the U^̂ * alpha branching and half life for 
alpha emission, thorium daughters were isolated four t imes from a 
portion of the uranium fraction, at t imes from 42 to 475 hr after the 
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initial uranium separation. The thorium daughters, Th and Th , 
were determined by following the growth and decay of alpha activity 
in the thorium fraction; Th**®was found in all the extractions; Th**' 
was found in the first isolation, but none was found in subsequent 
thorium extractions. The Th**' found in the first thorium extraction 
probably was a daughter of Pa*®' and was extracted in small amount 
with the uranium fraction. From the limit of detection of Th **' in 
these experiments the U*®' alpha branching is less than 0.05 per 
cent, and the U*̂ * half life is greater than 20 years. 

A summary of the reactions and cross sections which were observed 
in the deuteron bombardments is given in Table 2. 

5. RESULTS OF HELIUM-ION BOMBARDMENTS 

5.1 Pa*®°. The only activity found in the protactinium fraction other 
than Pa*®* was Pa*®°. However, the portion of the Geiger-Mueller 
activity due to the Pa*®° was too small for absorption curves of this 
fraction to be useful for characterization of the radiations of Pa*®°. 
The yield of Pa*®* was obtained by chemical isolation of uranium 
from the protactinium fraction 21 days after the original separation 
from uranium, using a value of 10 for the K electron/beta branching 
ratio'* in the calculations. Pulse analyses showed only U^^° ser ies 
in this uranium fraction. From the yield of Pa^^" a cross section of 
6 X 10"*' cm* was calculated for the reaction Pa^ \a,an)Pa*®°. Some 
Pa*®* could conceivably arise from alpha branching of Np^**, but, 
since the upper limit of the alpha branching of Np^^ is less than 0.1 
per cent*' (correcting for the K branching of Pa^'", reference 14) 
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and since the observed yield of Np^^ was smaller than the Pa^^ 
yield, it follows that the quantity of Pa^'° which could have been 
formed by alpha decay of Np^^ was entirely negligible. 

5.2 U ^ . The most abundant alpha activity in the uranium fraction, 
as shown by pulse analyses and also by alpha decay, was the u " 
ser ies . The yield from all reactions corresponded to a cross section 
of 0.16 X 10'^^ cm^. All this could be accounted for by beta decay of 
Pa23o, but because of experimental uncertainties the cross section 
for the formation by the reactions Pa^^'(a,p4n)U^^° and Pa^^^{a ,an)tip"' 
- ^ U"" might possibly be as large as 0.01 x 1 0 ' " cm^ 

5.3 U^̂ .̂ After decay of the U^'° se r i e s , pulse analyses showed 
that there was U^̂ ^ in the uranium fraction, and the amount gave a 
cross section of approximately 9 x 10"^' cm^ for the reaction 
Pa23i(Q,^p2n)u232 plus possibly Pa"Maf,3n)Np"2 -^ Û â 

5.4 U ^ . About 3 per cent of the initial alpha activity of the ura
nium fraction seemed to decay with a half life of the order of 1.5 days, 
corresponding to a cross section of 7 x 10"^° cm^. In order to deter
mine whether this activity was a real one which could be assigned to 
U^^* or merely a spurious instrumental effect, two short helium-ion 
bombardments were later carried out at the University of California 
Radiation Laboratory. A combined uranium-neptunium fraction was 
separated quickly and examined with the pulse analyzer at the Radia
tion Laboratory. No alpha activities other than the Û ™ ser ies were 
found, and hence it is believed that the effect was merely instrumen
tal e r ror . Other observers have subsequently produced U^̂ ^ by bom
bardment of thorium with higher energy helium ions and have shown 
that it is a 58-min isotope which decays approximately 20 per cent 
by alpha emission and 50 per cent by capture of an orbital electron.'^ 

5.5 U ^ . The 4.2-day x-ray activity which was found in the uranium 
fractions of the deuteron bombardments was also found in the uranium 
fraction from the first helium-ion bombardment. Geiger-Mueller de
cay curves and absorption curves were essentially the same for the 
uranium fractions from all the bombardments. The total cross sec
tion for the formation of U^̂ ^ by the reaction Pa^^^(a,p3n)U^^* plus 
possibly the reaction Pa^^^(a,4n)Np^*' —• U^^' was calculated to be 
0.4 X 10"^'' cm^ from the abundance of K x-rays found in the absorp
tion curves. 

5.6 N p ^ . An activity with a hard gamma ray (about 1.9 Mev) and 
K and L x-rays which decayed with a half life of 4.4 days was foimd 
in the neptunium fraction. The radiations and half life agree with 
those found by Hyde, Studier, and Ghiorso ^̂  in the neptunium fractions 
from deuteron and helium-ion bombardments of U^̂ ,̂ which have been 
assigned^' to Np^'*. 
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Figure 14 shows the decay of the Geiger-Mueller activity in the nep
tunium fraction through various absorbers, measured on a xenon-
filled counter. A 4.2- to 4.4-day component was found in all the de
cay curves. The best value for the half life was 4.4 days obtained 
from the decays through 2.0 g/cm^ of beryllium and through this 
amount of beryllium plus 59 mg/cm^ of lead. 

The yield was determined from the K x-ray component of the ab
sorption curves, assuming a counting efficiency of 0.5 per cent and 
one K x-ray per disintegration. The cross section for the reaction 
Pa"'(a,n)Np^^ was calculated to be 1.5 x 10"" cm^ 

5.7 1.2-Day Neptunium. A neptunium beta activity with a half life 
of approximately 1.2 days was also found in the decay of Geiger-
Mueller activity through cellophane (Fig. 14). The sample was exam
ined for positrons by means of a crude magnet counter, and none 
were detected. The cross section for the formation of the 1.2-day 
activity, assuming that it was formed from Pa^^^, was only 9 x 10"^* 
cm^. The activity is believed to be due to 2.33-day Np^^* or 2.10-day 
Np "^ from a small uranium impurity in the sample of Pa^^' which 
was bombarded. 

5.8 Alpha Fission Cross Section. A rough value for the cross sec
tion for fission of Pa^^^ by 38-Mev helium ions was determined by 
measuring the yield of Ba^*", assuming the same yield curve as for 
fission of U^̂ ^ by thermal neutrons. A value of 0,3 x 10" cm was 
obtained. 

A summary of the reactions and cross sections observed in the 
first helium-ion bombardment is given in Table 3. 

6. SUMMARY 

Bombardments of Pa^^* have been carried out with 21-Mev deuterons 
and 42-Mev helium ions. The isotopes produced and identified were 
Pa"2, Pa23ô  Pa22»(?), U"^ U^^\ and U " " in the deuteron bombard
ments and Pa^^o, u^^% U " \ U^^°, and Np^^ in the helium-ion bom
bardments. Cross sections for the various reactions have been 
determined. 

A new uranium isotope with a half life of 4.2 ± 0.1 days, emitting K 
and L x-rays and a few 0.4-Mev gamma rays, has been found and 
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tentatively assigned to U . The alpha branching of U has been 
found to be less than 0.05 per cent, and the alpha half life is greater 
than 20 years. 

The radiations of Pa^^ and Np^^ have been characterized by absorp
tion measurements, and the results were in essential agreement with 
previous work. 
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Pa^^° was found to have a half life of 17.7 ± 0.5 days by observation 
of the decay of Geiger-Mueller activity through beryllium and lead 
absorbers, and it was found to have a 0.94-Mev gamma ray, K x-rays, 
L x-rays, a beta particle with a maximum energy of approximately 
430 Kev, and a beta particle with a maximum energy of about 220 
Kev. The abundances per beta disintegration into U'̂ "̂, corrected for 
counting efficiencies and back-scattering, were approximately 5, 9, 
14, 0.22, and 1, respectively. These results indicate a K electron/ 
beta branching ratio of 9. 
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Table 1 — Radiations of P a " ° from a Sample with 1.01 x 10* Pa"° 
Beta Disintegrations per Minute 

Radiation 

220-Kev beta 
430-Kev beta 
L x-rays 
K x-rays 
0.94-Mev gamma 

Radiation at 
no 

(4.2% 
absorber 
geometry), 
c/min 

660 
150 
114 

19 
21 

Back-scattering 
factor 

1.60 
1.60 
1.00 
1.00 
1.00 

Counting 
efficiency 

100 
100 

2.0 
0.5 
1.0 

Events/min 

0.98 X 10" 
0.22 X lO" 

14 X 10" 
9.0 X 10" 
5.0 X 10" 

Table 2—Reactions and Cross Sections Observed in 
Bombardment of Pa^^' with 21-Mev Deuterons 

Reaction 

Pa" ' (d,p)Pa"^ 
Pa"'(d,p2n)Pa^' ' ' 
Pa"'(d,p3n)Pa^^' 

+ Pa" ' ( c i , 4n )U" ' ' - ^Pu ' 
Pa"Hd,n)U"' 
Pa."'(d,2n)U"' 
Pa" ' (d,3n)U"° 

Cross section, cm 

Bombardment 1 Bombardment 2 

40 X IQ-" 
23 X 10'^' 
<1 X 1 0 ' " 

5x 1 0 ' " 
3 x 1 0 ' " 
5 x 1 0 ' " 

60 X 1 0 ' " 
27 X 1 0 ' " 

23 X 1 0 ' " 
7 X 1 0 ' " 

17 X 1 0 ' " 
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Table 3- - Reactions and Cross Sections Observed in Bombardment of 
Pa*" with 42-Mev Helium Ions 

Reaction 

Pa"'(a,an)Pa*™ 
Pa" ' (a ,p2n)U'^ 

+ Pa" '(a,3n)Np^^-!^U^'^ 
Pa" ' ( a ,p3n)U" ' 

+ P a " ' ( a , 4 n ) N p " ' - ! ^ U " ' 
Pa" ' ( a ,p4n)u"° 

+ Pa" ' (a ,5n)Np*^-!^U"° 
Pa"'(a,n)Np*'" 
P a " ' ( a , fission) 

c ross section 
10-" c m ' 

6 
9 

0.4 

<0.01 

1.5 
300 

Th*" 
a 

30.9 min 

Ac*" 
a 

10.0 days 

Th**' 
a 

18.9 days 

U230 

a 
20.8 days 

Pa**" 
K 

a(0.1%) 
1.4 days 

Th**« 
a 

1.90 years 

Ac**' 
/3-(99%) 
a(1.2%) 

13.5 years 

Pa*» 
(3' 

17 days 

Th**» 
a 

7000 
years 

Ac**» 

a(small %) 
6.13 hr 

U*'* 
a 

70 years 

Pa**' 
a 

3.43 X 10" 
years 

Th**" 
a 

8.3 X 10" 
years 

Np**" 
K 

4.40 days 

JJ233 

a 
1.62 X 10" 

years 

Pa*^* 
|3' 

1.4 days 

Th*»' 

r 
24.6 hr 

Np*»» 
K 

400 days 

a 
2.35 X 10= 

years 

Pa*** 

21A days 

Th*** 
a 

1.39 X 10'° 
years 

Fig. 1 —Isotopes in the region of Pa**' which were known at the beginning of these 
bombardments. 



Y 
573 

25 30 

TIME, DAYS 

Fig. 2—Decay of protactinium fraction from deuteron bombardment, through 2.0 g/cm* 
of beryllium plus 5.1 g/cm* of lead. (A) Gross decay curve. (B) Decay curve corrected 
for Pa**' Geiger-Mueller activity. Resolution is shown into a 17.7-day period (Pa**°) 
and a 32-hr period (Pa***, curve C). 
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Fig. 3 —Absorption of Pa*** electromagnetic radiations in lead. Sample covered with 
2.0 g/cm* of beryllium. (A) Total activity. (B) Absorption curve of Pa***, obtained by 
correcting curve A for Pa**" (curve C) and for Pa**' (curve D). The half thickness of 
the Pa*** hard gamma ray is 10.1 g/cm* of lead (1.02 Mev). 
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Fig. 4—AbaorptioH of Pa*'* electromagnetic radiations in lead. Sample covered with 
2.0 g/cm* of beryllium. (A) Total activity. (B) Absorption curve of Pa***, obtained by 
correcting curve A for activity due to Pa**° (C) and Pa*" (D). After subtraction of 
the Pa*** hard gamma ray (E), curve B can be resolved into a gamma ray of 800 mg/cm* 
half thickness (F) and a component with a l l mg/cm* half thickness (G), probably L 
x-rays. 
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Fig. 5 — Absorption of Pa*** radiations in aluminum. (A) Total activity. (B) Pa*** 
aluminum absorption curve, obtained by correcting curve A for Pa**° (Figs. 9 and 10, 
corrected for decay) and for Pa*" (0). Resolution of a hard gamma component and of 
L x-rays (D) with half thickness of 78 mg/cm* (14.6 Kev) is shown. 
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Fig. 6—Absorption of Pa*** radiations in aluminum. (A) Total activity. (B) Pa*** 
aluminum absorption curve, obtained by correcting curve A for Pa*'° (Figs. 9 and 
10, corrected for decay) and for Pa*" (Fig. 5, curve C). (E) Curve B less hard 
gamma and L x-rays (see Fig. 5), showing beta component with a range of about 
150 mg/cm* (480 Kev) and initial half thickness of 33 mg/cm*, assumed from 
Jaffey and Van Winkle's results." (F) Curve E less beta component with a 
33 mg/cm* initial half thickness, showing beta component with a 6.9 mg/cm* 
initial half thickness and a range of about 70 mg/cm* (about 280 Kev). (G) Soft beta 
component with an initial half thickness of 1.9 mg/cm* and a range of about 16 mg/ 
cm* (about 90 Kev). The softest component was not observed in Pa*** by Jaffey and 
Van Winkle and may be spurious or due to Pa***. 
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Fig. 7—Absorption of Pa**" electromagnetic radiations in lead. Sample covered with 
2.0 g/cm* of beryllium. (A) Total activity. (B) Absorption curve of Pa**", obtained by 
correcting curve A for Pa*" and Pa*** (Figs. 3 and 4, corrected for Pa*** decay). The 
gamma component with a half thickness of 9.4 g/cm* (0.94 Mev) is shown. 
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Fig. 8—Absorption of Pa**° electromagnetic radiations in lead. Sample covered with 
2.0 g/cm* of beryllium. (A) Total activity. (B) Absorption curve of Pa**°, obtained by 
correcting curve A for Pa**' and Pa*** (Fig. 4, corrected for Pa*** decay). (C) 0.94-Mev 
gamma ray. (D) Curve B less curve C, showing component with a half thickness of 
245 mg/cm* (74 or 131 Kev), probably K x-rays . (E) Curve D less 245 mg/cm* com
ponent, showing component with a half thickness of 10.8 mg/cm* (23 Kev), probably 
L x-rays. 
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Fig. 9—Absorption of Pa**° radiations in aluminum. (A) Total activity. (B) Aluminum 
absorption curve of Pa**", obtained from curve A by correcting for Pa*" and Pa*** 
(Figs. 5 and 6, corrected for Pa*** decay), showing hard component.(C) Curve B less 
hard component, showing L x-ray component with a half thickness of 79 mg/cm* 
(14.6 Kev). 
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Fig. 10—Absorption of Pa*'° radiations in aluminum. (A) Total activity. (B) Aluminum 
absorption curve of Pa**", obtained from curve A by correcting for Pa*" and Pa*** 
(Figs. 5 and 6, corrected for Pa*'* decay). (D) Curve B less hard gamma ray and L 
x-rays (Fig. 9). This is resolved into beta components with ranges of about 130 mg/cm* 
(430 Kev), 50 mg/cm* (220 Kev, curve E), and 13 mg/cm* (80 Kev). 
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Fig. 11 —Decay of Geiger-Mueller activity in uranium fraction from first deuteron 
bombardment. (A) Through cellophane (12.1 mg/cm* total absorber). (B) Curve A 
less calculated correction for growth of daughters of U*'° and U*'*. (C) Through 
2.0 g/cm* of beryllium. (D) Through 2.0 g/cm* of beryllium plus 77 mg/cm* of lead. 
The curves are resolved into 20.8-day and 4.1- to 4.4-day half lives. 
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Fig. 12 — Lead absorption curves of uranium fraction, resolved into curve A, 3.5 g/cm* half thickness 
(0.43 Mev); curve B, 210 mg/cm* half thickness (7C or 123 Kev); curve C, 46 mg/cm* half thickness 
(40 Kev); and curve D, 10 mg/cm* half thickness (13 or 22 Kev). 
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Fig. 13 — Aluminum absorption curves of uranium fraction, resolved into curve A, 5.2 g/cm* half 
thickness (170 Kev); curve B, 192 mg/cm* half thickness (20 Kev); and curve C, 45 mg/cm* half 
thickness (13.5 Kev). 
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Fig. 14 — Decay of Geiger-Mueller activity in neptunium fraction from helium-ion 
bombardment. (A) Decay through cellophane. (B) Half life, 4.2 days; curve A less 
long-lived tail (C) due to Pa**' contaminant. (D) Approximately 1.2-day component of 
decay through cellophane. (E) Half life, 4.4 days; decay through 2.0 g/cm* of beryl
lium. (F) Half life, 4.4 days; decay through 2.0 g/cm* of beryllium plus 59 mg/cm* of 
lead. (G) Half life, 4.4 days; decay through 5.0 g/cm* of lead. Obtained on xenon-filled 
counter. 
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Paper 9.10 

THERMAL-NEUTRON FISSION PROPERTIES OF Tĥ «̂ (RdTh) 

By Martin H. Studier and Albert Ghiorso 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CB-3792. Prepared for publication Mar. 18, 1947,] 

ABSTRACT 

An upper limit of 0.3 x 10'^* cm^ has been set for the cross section 
of Th*** (RdTh) for fission with thermal neutrons. 

Recent improvements in the design of fission counters^ have made 
possible the determination of fission cross sections with very small 
samples by utilizing the high neutron intensities available in uranium 
chain-reacting piles. With this technique, us i i^ the thermal column 
of the Argonne heavy-water pile, an upper limit of 0.3 x 10"** cm* has 
been set for the fission cross section of 1.9-year Th**® (RdTh) with 
thermal (cadmium-absorbable) neutrons. 

The Th*** was isolated from an old Ra*** (MsThI) solution by an ex
traction procedure which separated it from parent and daughter activi
t ies as well as from possible plutonium or uranium contamination. 
The reagent was a 0.15M solution of a-thenoyl trifluoroacetone (TTA) 
in benzene, a reagent which is specific for quadrivalent ions under 
the conditions of the extraction.* The aqueous MsTh solution was 0.5M 
in hydrochloric acid, O.IM in hydrazine, and O.IM in ammonium iodide. 
The hydrazine and ammonium iodide were present to reduce any plu
tonium which may have been present to a nonextractable trivalent 
state.^ The aqueous solution was extracted with three t imes its volume 
of organic phase, and the organic layer was washed with a solution 
0.5M in hydrochloric acid, O.IM in hydrazine, and O.IM in ammonium 
iodide. The Th*** was extracted from the organic phase into 5.0M 
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hydrochloric acid, and this solution was used as a stock solution for 
samples used in the fission measurements. 

The first measurements were made on a sample which contained 
4.46 X 10' dis/min (2.44 x 10"* g) of Th***. A fission rate of 200 fis
sions per minute was observed over a background of 100 fissions per 
minute. The neutron flux was determined by measuring the rate of 
fission of a known weight of U**' which has a fission cross section of 
521 X lO"** cm* under the same conditions.* The flux was found to be 
4.8 X 10̂ * neutrons/min/cm*. The cross section is then given by the 
equation 

o(fiss) = ~ 

v^ere R = observed fission rate 
F = neutron flux per square centimeter 
N = total number of atoms in the sample 

a(fiss) = fission cross section of the isotope beii^ measured 
A value of 0.63 x 10"** cm* was calculated for the fission cross sec
tion of Th***. 

Another sample of the stock solution of Th*** was put through two 
more cycles of purification as described above. A sample which con
tained 5.2 X 10''dis/min (2.84 X 10"* g) of Th*** showed a fission rate 
of 93 fissions per minute at a flux of 4.9 x lO" neutrons/min/cm*. 
This corresponds to a fission cross section of 0.25 x 10"** cm*. 

It is apparent that some fissionable contaminant was present in the 
first sample which was materially reduced in the additional purifica
tion of the second sample. Since it is not known whether the fissionable 
impurity was completely removed, it is only possible to set an upper 
limit for the fission cross section. Upon consideration of the possible 
errors in the exiieriment it is probably safe to say that an upper limit 
for the fission cross section of Th*** is 0.3 x 10"** cm*. 
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Paper 9.11 

THERMAL-NEUTRON FISSION PROPERTIES OF U*** 

By. Q. Van Winkle, R. Elson, W. C. Bentley, and Albert Ghiorso 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CF-3798. Prepared for publication Apr. 1, 1947.] 

ABSTRACT 

The thermal-neutron fission cross section of Û ^̂  has been deter
mined to be 83 ± 15 X 10"** cm*. 

Two samples of U*̂ * have been prepared by neutron irradiation of 
Pa*^^ according to the reaction 

Pa*̂ nn,y)Pa*̂ * -f^ U*** 

The first of these irradiations was performed in the Argonne heavy-
water pile on a 0.23-mg sample of Pa*^^ A bombardment of approxi
mately 7500-kwh resulted, after chemical separation, in a Û ^̂  
sample containing 58,500 alpha c/min (52 per cent counting yield) 
which, assuming a U*̂ * half life of 70 years,^ corresponds to a weight 
of 2.30 X10"* g. The second bombardment was performed in the 
Clinton pile and resulted in the isolation, from 1.23 mg of Pa*^\ of 
8.11 X 108 alpha c/min of U*̂ ^ (o.319 x 10"» g). 

The chemical procedures employed in separating a uranium fraction 
from the protactinium included the following operations. The i r rad i 
ated protactinium oxide was dissolved in hydrofluoric acid, and the 
resulting solution was evaporated to dryness in a platinum dish. The 
residue was dissolved in a small volume of 2N nitric acid. (The solu
bility of the protactinium was enhanced by the presence of a t race of 
fluoride remaining after evaporation.) This solution was made ION in 
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ammonium nitrate, adjusted to IN nitric acid, and equilibrated against 
two volumes of diethyl ether. The ether equilibration was repeated 
four t imes with fresh portions of ether. Each ether layer was washed 
twice with O.IN nitric acid-ION ammonium nitrate solution. Finally 
the Û ^̂  was removed from the washed ether layers by equilibration 
against an equal volume of pure water. This final water layer was 
evaporated to dryness, and the residue was dissolved in a small 
amount of IN nitric acid. In the case of the Argonne bombardment, 
this solution was delivered onto a platinum plate of 1 in. diameter and 
2 mil thickness and evaporated under a heat lamp. The Û ^̂  obtained 
from the Clinton bombardment was electrodeposited in a thin uniform 
layer on platinum foil by Britain.* 

Fission measurements were made in the thermal column of the 
Argonne heavy-water pile using the high-sensitivity fission-counting 
apparatus described by Ghiorso and Bentley.^ The 2.30 x 10"^ g 
sample of Û ^̂  gave a fission rate of 290 fissions per minute over a 
background of 125 fissions per minute. Under identical conditions of 
neutron flux a standard thin sample of Pu*^* showed a rate of 1130 fis
sions per minute per 10"' g. Assuming that all the fissions observed 
from the U*̂ * sample were due to U '̂̂  and using a value of 765 x 10"^* 
cm^ (reference 4) for the thermal-neutron fission cross section of 
Pu*^*, the thermal-neutron fission cross section of U*̂ * is 

a(fiss) = ? ^ ^ ^ X j ^ ^ ^ g X 765 x 10"** = 83 x 10" - cm^ 

A fission rate of 40,100 fissions per minute was observed for the 
second (0.319 x 10"^ g) sample of U*̂ * under conditions such that the 
fission rate of the Pu^^* standard was 1115 fissions per minute per 
10"' g. The thermal-neutron cross section calculated for Û ^̂  from 
this measurement is 

a(fiss) . ^0.100^X^232 ^ _ ^ ^ x 7 6 5 x 10"** ^ 83 x l O " - cm-

The thermal nature of the neutrons employed was confirmed by r e 
peating the measurements with the fission chamber surrounded by a 
cadmium shield 0.027 in. thick. Under these conditions fission rates 
were reduced by a factor of 100 or more. 

The possibility that the fission found is due to an appreciable 
amount of natural uranium impurity in the original bombarded Pa^^' 
is eliminated by the fact that, using starting material of the same 
purity, concordant results were obtained from bombardments of wide-
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ly differing neutron intensity. It would appear that the chijef uncertain
ty in the absolute thermal-neutron fission cross section of U*̂ * lies in 
the value of its half life (70 ± 10 yr).^ In view of this circumstance the 
cross section is given as 83 + 15 x 10"^* cm*. 
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Paper 9.12 

THERMAL-NEUTRON FISSION PROPERTIES 
OF Pa*3\ Th***, AND Th*^'' 

By Albert Ghiorso and Q. Van Winkle 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on document MB-IP-353. Prepared for publication Jan. 27, 
1949.] 

ABSTRACT 

PJ^23I^ Th***, and Th**° have been measured for thermal-neutron 
(i.e., cadmium-absorbable) fissionability by means of the high-sensi
tivity fission-pulse measuring method. Pa**^ has a definite thermal 
cross section of 

0.010 ^ °"°°^ barn; Th***, not greater than 2 x 10"= barn; and Th**", 

not greater than 0.001 barn. 

1. Pa**i 

Several samples of Pa**^ were tested for thermal-neutron fission
ability at a time when the sensitivity and reliability of the fission ion-
chamber apparatus were not very great. Values between 0.008 and 
0.04 barn were obtained with sample plates which at times were 
quite thick. 

A more recent measurement made use of the Pa**^ which was used 
in making U*** in the Clinton pile. After the U*** had been completely 
removed a thin plate containing 170 Pg of Pa**^ was prepared and 
counted. There were 4270 fissions per minute at a sensitivity such 
that 
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a (fiss) barns = 414 x — , ^si 
fissions per minute 

|Li/ig of Pa^ 

4270 
<̂  = ^^^ ^ 170 X 10" = °-°^° ^^^" 

2. Th^̂ ^ 

Only one determination of the fissionability of Th^^^ was made. 
One sample of about 500 jug was prepared from material whose past 
chemical history, and thus its purity, was known. At a neutron flux 
such that the sensitivity factor was 622, this sample had a net fission 
rate of 55 fissions per minute with a cadmium shield over the cham
ber and 73 fissions per minute without the shield in place. The dif
ference of about 20 fissions per minute due to thermal neutrons would 
correspond then to an upper limit for the fission cross section for 
Th232 of 

20 
a(fiss) = 622 x ^ - „ ^ .-e = 2 x 10"* barn 

500 X 108 

3. Th^'" 

Only one fissionability determination was made for Th^^". This i so
tope as it occurs in nature is mixed with several t imes as much Th^^ .̂ 
The sample used for measurement consisted of about 100 fxg of Th^^° 
and 350 iig of Th^^ .̂ At the same sensitivity used for the Th^*^ meas
urements the fission rate without cadmium filtering was 258 fissions 
per minute, and with cadmium the rate was 71 fissions per minute. 
By correcting for the effect due to Tĥ *̂  alone by using the preceding 
data on that isotope, it can be seen that the thermal-neutron fission 
rate due to Th^^° is equal to or less than about 200 fissions per min
ute. Its cross section then must not be greater than 0.001 barn. 



Paper 9.13 

COUNTING EFFICIENCY OF A MICA-WINDOW GEIGER-MUELLER 
TUBE FOR 0.3-MEV GAMMA RAYS 

By Martin H. Studier 

[Editor 's Note: Contribution from the Argonne National Laboratory. 
Based on Report CP-3642. Prepared for publication Sept. 5, 1946.] 

ABSTRACT 

The counting efficiency of a brass-walled mica-window argon-filled 
Geiger-Mueller tube has been measured for 0.3-Mev gamma rays and 
found to be approximately 0.5 per cent. 

1. INTRODUCTION 

The absolute measurement of gamma rays with a Geiger-Mueller 
counter is complicated by the fact that the counting efficiency [through
out this paper "counting efficiency" is defined as the probability of 
recording a ray which passes through the sensitive region of a counter] 
for electromagnetic radiation is a function of the type of tube. Although 
the counting efficiency for particle radiation is essentially 100 per 
cent, it is much lower for quantum radiation because of the low spe
cific ionization of electromagnetic radiation. For quantum energies 
above 0.1 Mev, absorption in the gas of a Geiger-Mueller tube is 
negligible, and gamma rays are counted principally as the result of 
emission of secondary electrons from the walls of the tube. ' The 
counting efficiency is then the probability that an electron will be 
ejected from the walls into the sensitive region of the tube. It is a 
function of quantum energy, atomic number of the wall material , and 
the angle with which the rays strike the walls. 
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It has been reported that the counting efficiency of tubes made of 
brass or other light material is very nearly proportional to gamma-
ray energy from 0.1 to 3.0 Mev. *'̂  Presumably it is then necessary to 
determine only one point to get a complete calibration curve for the 
counting efficiency in this range. The Geiger-Mueller tubes which 
have been used on the Plutonium Project for both routine analysis and 
research are predominantly of one type.^ It was therefore of interest 
to determine the gamma-ray counting efficiency of such a tube. 

2. EXPERIMENTAL WORK 

The tube mentioned above consists of a cylinder of Vis-in. b rass , 
2̂ /2 in. long and iVs in. in diameter. The cylinder is covered at one end 
by a thin-mica window and at the other end by a glass bell with a cen
t ra l capillary through which is sealed a piece of 0.008-in. tungsten 
wire with a bead of glass fused over the end near the mica window. 
The tube is filled to a pressure of 10 cm Hg with a mixture of 10 per 
cent ethanol and 90 per cent argon. 

In order to determine the counting efficiency for gamma rays, a 
source with a known gamma disintegration rate is required. Pa^^^, the 
loi^-lived alpha emitter from the actinium ser ies , was used as a 
gamma-ray source. This isotope was chosen because its gamma dis
integration rate can be determined directly from its alpha disintegra
tion rate. It has been shown that the alpha-ray spectrum of Pa^^' con
sists of two distinct groups differing in energy by approximately 0.3 
Mev, with the lower energy group comprising 13 per cent of the total.*'* 
From magnetic deflection experiments, Meitner® obtained the con
version-electron spectrum and deduced that two gamma rays are 
present with energies of 0.293 and 0.323 Mev, respectively. This 
makes it probable that one gamma ray of 0.3-Mev energy is emitted 
by each nucleus formed through emission of a low-energy alpha par t i 
cle to bring it to the ground state. 

A lead absorption curve was obtained on a sample of freshly puri
fied Pa^** having an alpha disintegration rate of 2.9 x 10* dis/min. 
The Geiger-Mueller tube described above was wrapped with Vi in. of 
lead, and the absorbers were placed directly over the mica window to 
minimize the effect of scattered radiation.^ The sample, mounted on 
quartz, was placed 1.8 cm from the window of the tube. From the tube 
and sample dimensions and from the distance of the sample from the 
window, it was calculated that the sensitive portion of the counting tube 
would intercept 10 per cent of the gamma radiation emitted by the 
sample. 
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The lead absorption curve (see Fig. 1) showed the presence of a 
single component with a mass-absorption coefficient /u/p of 0.394 in 
the range from 0.25 to 9.5 g/cm^ of lead. By using the data of Jones^ 
an energy of 0.308 Mev was deduced for the gamma ray. This r epre 
sents an average of the energy of the two gamma rays reported by 
Meitner since the resolution obtained by the absorption method is not 
very great. By extrapolation to zero absorber a counting rate of 170 
c/min was obtained for the 0.3-Mev ray. Using the calculated geometry 
factor of 10 per cent and 13 per cent of the alpha disintegration for 
the gamma disintegration ra te , the counting efficiency was calculated 
to be 

This represents a minimvun value for the counting efficiency for a 0,3-
Mev gamma ray because no correction has been made for the internal 
conversion of the gamma ray. Absorption curves with aluminum and 
beryllium showed the presence of 0.2-Mev conversion electrons, and 
from their abundance it was calculated that the degree of conversion 
of the 0.3-Mev gamma ray is approximately 15 per cent. Upon apply
ing this correction for internal conversion, the counting efficiency for 
a 0.3-Mev gamma ray is calculated to be 0.5 per cent. 
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Fig. 1 —Lead absorption curve of radiation from Pa"". 
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Paper 9.14 

GAMMA-RAY EMISSION BY U^̂ ^ 

By Benjamin F. Scott 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CC-3715. Prepared for publication Nov. 20, 1946.] 

ABSTRACT 

The emission of a gamma ray of 187-Kev energy by U^̂ ^ is con
firmed through comparison of the absorption in lead of the radiation 
from two specimens of enriched uranium. The gamma-to-alpha ratio 
obtained is 0.7, in agreement with the values suggested by experi
ments of others. 

1. INTRODUCTION 

A recent measurement of the ratio of the activity of U^̂ ^ to half the 
combined activities of U^̂ ^ and U^̂ * in normal uranium has been r e 
ported by Clark, Spencer-Palmer, and Woodward.' The half life for 
alpha emission of U^̂ ^ could be computed from their direct measure
ment of this ratio. They used an alpha pulse analyzer and reported 
for Ay235/[(Au"« + Au234)/2] a value of 0.0363 ± 0.0003, which was 21.3 
per cent lower than the value 0.0460 determined indirectly by Nier^ 
on the basis of analysis of the radiogenic lead isotopes from several 
minerals. It was also lower than the value given by Francis and 
Tcheng^ computed by determining the protactinium-to-uranium ratios 
in several minerals. This value, when corrected for more recent 
energy measurements and activity and abundance rat ios, is 0.0429. 

A possible explanation of the disagreement of the directly measured 
ratio with the indirectly measured one is the existence of fine s t ruc
ture in the alpha emission spectrum from U^^ .̂ A group of long-range 
alpha rays from U^̂ ^ might be masked by the activity from U^̂ * and 
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hence be undetected by a pulse analyzer. The existence of a short-
range group masked by the U^'* activity is not likely because experi
ments by the British workers showed that in uranium enriched in 
U^̂ ^ the activity ratio u^^^A^^^' was in agreement with the isotope 
ratio as determined by the mass spectrograph. This explanation de
mands that gamma radiation accompany approximately 80 per cent of 
the alpha disintegrations of U^^*. 

Information concerning the existence of a gamma ray from U^̂ * was 
reported by Studier,* who found a 170-Kev gamma component in lead 
absorption curves of uranium enriched to 82.5 per cent U^'*. This 
component was not observed in a thorium fraction isolated from this 
material or in normal uranium. Macklin^ also observed gamma 
radiation in uranium compounds that persisted after chemical purifi
cation and whose abundance seemed to correlate roughly with the 
known U^̂ * content of the various specimens with which he was work
ing. The experiments reported here substantiate the existence of 
gamma radiation of 187-Kev energy from U^^ .̂ 

2. EXPERIMENTAL WORK 

The absorption curves in Figs. 1 to 3 compare the absorption in 
lead of the radiation from two specimens of enriched uranium found 
by mass-spectrographic analysis to contain 97.0 per cent and 65.3 per 
cent of U^'*, respectively. Gamma radiation with a half thickness in 
lead of 550 mg/cm^ is shown to be emitted by a sample before and 
after extraction with ethyl ether, indicating that the radiation is due 
to uranium itself and not to decay products (Fig. 1). A comparison 
of alpha and gamma emissions shows that there is one alpha particle 
emitted by U^'^ for every 0.7 gamma quanta at zero absorber, if 
Nier 's ratio is assumed. This value of 0.7 is of course uncertain 
owing to the effects of scattering on the slope of the absorption curve 
and the uncertainties in the counting efficiency and solid-angle geom
etry assumed. In view of this uncertainty the ratio is in good agree
ment with the value expected from the pulse-analysis data cited above. 

The curves of Fig. 2 indicate that the gamma activity correlates 
closely with the amount of U^̂ * present. Figure 3, an absorption curve 
of the 65.3 per cent material after extraction with ethyl ether, shows 
that no harder radiation is detectable from 1.5 g or less of U^'*. Thus 
it seems that there is little likelihood of another large group of U^'* 
alphas. From these data the conclusion may be drawn that U^* emits 
alpha particles of 4.40 Mev (70 per cent) and approximately 4.59 Mev 
(30 per cent). 
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Fig. 1 —Lead absorption curve, 97 per cent U"'', before and after ether extraction. 
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Fig. 2—Comparison of the absorption in lead of the radiation from 97 per cent U"" 
and 65.3 per cent U"" in pyrex tubes. 
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Fig. 3—Lead absorption curve, 65.3 per cent U"", after ether extraction. 
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Paper 9.16 

THERMAL-NEUTRON CAPTURE CROSS SECTION OF Pa^'* 

By A. H. Jaffey and Q. Van Winkle 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report ANL-4283. Preliminary calculations on the work 
reported here were presented in Chemical Research — Basic Chem
istry of Pu, report for month of May 1945, Report CN-3001. Paper 
written by A. H. Jaffey. Prepared for publication May 9, 1949.] 

ABSTRACT 

By beta-ray measurement of the Pa^*^ formed in the neutron bom
bardment of Pa^'*, the average "effective" thermal-neutron capture 
cross section of Pa^^^ in the thimble of the Chicago heavy-water pile 
was found to be about 180 barns. 

1. INTRODUCTION 

Pa^'^ plays somewhat the same role in piles producing U^'' from 
Th^^^ as does Np^ '̂' in piles producing Pû *® from U^''. A closely 
analogous chain of decays and reactions exist starting with U^̂ * and 
Th^* ,̂ the analogy going so far as to result in closely similar half 
lives. The following reactions 

U238 '"•>•' . U239 £ 1 ^ VT 239 __L^ p^239 _ « _ / j x 
"̂  2.5barns ^ 23.5min "i' 2.33d *^" (long) \'-"-l 

(n,2n) 

(long) 

(n,2n) 

17237 _ £ _ M Q 2 3 7 '"-r' . JT„238 _ £ ! . p „ 2 3 8 ° . /-Ihl 
" 6.ed "y nObarns "*' 2.1d * ^ 92y ^^"1 

(Ret. 9) (Ref. 9) (Ref, 16) 

are similar to the analogous reactions 
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rTiu232 ''±11 ,. r|ih233 ? .. D Q 2 3 3 £ _ * TT233 ^ ^ /Op\ 
•••'' (i-8 3barns •••" 23 5min ^^^ 27 4d '-' (long) \'^''-) 

(Ref 11) 
(n,2n) (n,2n) 

Tĥ ^̂ UUY) i n r Pa^" ^ ^ Pa«^ Tl iT U='̂ =' - ^ (2b) 

From the known yield of U^ '̂ in the heterogeneous graphite pile and 
from the Np^"(n,>') cross section, it is possible to calculate the Pu^'* 
yield.^^ Such calculations show that the reactions (lb) a re sufficient 
to account for all the Pu^^' found associated with the Pu^**. 

It was felt desirable to determine whether the c ross section of Pa^^^ 
would turn out to be as large as that of Np^'"', thus completing the 
analogy. 

The experiment reported here involved a measurement of the Pa^^^ 
effective thermal-neutron capture cross section (see Sec. 3.1 for a 
more complete definition of this term). The measurements were of a 
fairly crude nature, and it was hoped at the time that they could be 
refined into more accurate resul ts . However, up to the time of writ
ing, no really accurate measurement has been made, and the prel im
inary work is reported here despite i ts known lack of accuracy. 

The activation cross section of a nuclide B [nuclide is defined as 
" a species of atom characterized by the constitution of its nucleus, 
in particular by the numbers of protons and neutrons in i ts nucleus"^] 
may be defined by the equation 

NA=NB<^B"^t (3) 

where N. = number of new nuclei formed from B in time t 
A 

Ng = number of nuclei of B 
nv = average neutron flux (see Sec. 3.1), neutrons/sec/cm^ 
a„ = activation cross section of B, cm^ 

The quantities subject to the greatest e r r o r s in the cross-sect ion 
measurement were N^ and nv. These uncertainties set the limit oi 
the accuracy of the (n,y) cross-section measurement. 

2. MEASUREMENTS 

2.1 Method. A Pa^'^ sample was bombarded in the thimble at the 
center of the Argonne heavy-water pile for about one-half day; the 
thermal neutron flux was evaluated with a gold-foil monitor placed 
next to the sample. The amount of Pa^*^ formed was determined by 
counting its beta radiations with a Geiger-Mueller counter. 
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2.2 Chemical Operations. Twelve micrograms of Pa^*^ was p re 
cipitated in a quartz tube with ammonia, washed with water and meth
anol, dried at 100°C, and sealed in the tube for bombardment in the 
Argonne pile thimble. After bombardment, the material was slurried 
out of the quartz tube with 8N HNO3 and transferred to a small plati
num dish, in which the slurry was evaporated to dryness under a heat 
lamp. Concentrated HF was added, and the resulting solution was 
again evaporated to dryness under a heat lamp; this treatment con
verted the Pa^*^ to a soluble form. The dried residue was dissolved 
in 8N HNO3, and the solution was transferred to a calibrated volu
metric flask. Samples were prepared by taking aliquots and evapo
rating them on glass plates. 

Some time after this experiment, the amount of Pa^^^ in these al i
quots was determined by solution from the plate and separation from 
the daughter activities grown in. Pa^^^ (27.4-day beta emitter) t racer 
was added to two plates and all activity (beta and alpha) was removed 
with concentrated HgSO^ and HF. The solution was fumed with added 
HF and HgSO^ to complete exchange between the Pa^'^ and the Pa^'^ 
t racer . The HF was removed, and the entire solution was evaporated 
to dryness, after which the Pa was dissolved in concentrated HCl and 
extracted with diisopropyl ketone. The activity was separated from 
the ketone, mounted on a plate, and counted. The Pa^^^ yield gave a 
measure of the chemical yield (75 per cent). 

2.3 Measurement of the Pa^^^ Formed. The beta activity of the 
Pa^^^ on the glass plates was measured with two mica-window Geiger-
Mueller tubes, and the decay was followed for about five half lives. 
The half-life value determined from this experiment and other work 
was reported elsewhere,^ giving a result of 1.32 days. The decay of 
five samples was followed until the residual activity (due to Pa^^^) 
leveled off and showed no further decay. The constant activity was 
subtracted, and the Pa^^^ activity was extrapolated to zero time (end 
of bombardment). All counts were corrected for coincidence of counts 
(resolution losses). On tube 1 (window thickness 2.77 mg/cm^), the 
average of the extrapolated activity was 71,800 ± 2000 c/min (aver
age deviation); on tube 2 (3.59 mg/cm^), it was 63,000 + 1250 c/min. 

To determine the Pa^^^ disintegration rate from the zero-time 
counting rates , it was necessary to correct for (1) contributions to the 
counting rate by radiations other than beta part icles, (2) extrapolation 
to zero absorber, window and air absorption, (3) geometry (assuming 
isotropic beta-particle emission), and (4) back-scattering frgm the 
"infinitely thick" glass mount. 

To determine the fraction of the recorded activity due to Pa^^^ beta 
particles, absorption curves were determined, and an attempt was 
made to unravel the decay scheme. These measurements have been 
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reported elsewhere. ' It was not possible to determine the decay 
scheme from the absorption curves obtained, and as yet the decay 
scheme is not accurately known. An analysis of the absorption curves 
showed a number of components, the most abundant of which was ap
parently a beta particle with an initial half thickness of 5.8 mg/cm^ 
(approximately 280 Kev). A relatively small part of the counts in the 
Geiger-Mueller tube was due to other components, which included L 
x-rays and a hard gamma ray; the 5.8 mg/cm^ component accounted 
for 90.0 per cent of the counts. The assumption that this component 
is due solely to a beta particle and that the other components are not 
was made in order to calculate the correction due to other radiations. 
While this assumption could not be confirmed without a complete 
decay-scheme analysis, it was probably the most reasonable one that 
could be made with the data available. 

The zero-absorber extrapolation was calculated by using the 5.8 
mg/cm^ half-thickness value for the beta-particle radiation and total 
absorber values (window plus air) of 3.08 mg/cm^ for tube 1 and 3.90 
mg/cm^ for tube 2. 

The geometry of the first shelf was calibrated by the use of two 
secondary UX standards loaned by D. W. Engelkemeir. These were 
made of uranium oxide and had been calibrated against practically 
weightless samples of UX precipitated from known amounts of "o ld" 
uranium and mounted on very thin mica (to reduce back-scattering).*'^ 
Tube 1 was found to have a geometry of 26.0 per cent (average of 26.5 
per cent from one standard and 25.4 per cent from the other), while 
tube 2 had a geometry of 24.0 per cent (average of 23.8 and 24.2 per 
cent). 

The problem of evaluating the increase in counting rate due to back-
scattering is difficult in the case of radiation as soft as that of Pa^*^. 
Experimental values are available for the increase in counting rate 
of samples when mounted on various materials.^'^ For samples 
mounted on glass, the correction factor for radiation of 0.2 to 0.3 
Mev is 1.13. However, this factor simply represents the increase in 
counting rate over that occurring with the sample on an infinitely thin 
mount and does not necessarily give the increase in the extrapolated 
zero-absorber ra te . Since back-scattered radiation is degraded in 
energy, the initial part of the absorption curve for the back-scattered 
fraction should be steeper than that of the primary radiation, as 
should be the absorption curve for the combined radiations. Since the 
back-scattered radiation of soft betas would be preferentially ab
sorbed in the mica window and air, it would be expected that the back-
scattering correction at the zero-absorber extrapolation would be 
larger than the value 1.13. On the basis of this reasoning, Jaffey and 
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Magnusson^" calculated a back-scattering correction of 1.2^ for 0.2-
Mev beta radiation in Np^'^. However, the Np^'^ disintegration rate 
calculated was too low by 13 per cent since it gave too low a value 
for the Pu^'^ half life. This fact casts suspicion on the validity of the 
calculated back-scattering correction, although the e r ror in the Np '̂® 
disintegration rate could be due to other factors. Because of this un
certainty, the back-scattering correction is believed to be uncertain 
and probably lies between 1.13 and 1.28. In the absence of further 
information, the average value 1.20 was used. 

Correcting for zero-absorber extrapolation, decay scheme, geom
etry, and back-scattering, the disintegration rate per sample was 
found to average 309,000 dis/min (301,000 on tube 1 and 316,000 on 
tube 2). Using a half-life value of 1.32 days, this corresponds to 8.5 x 
10^ atoms of Pa^'^ at the end of the bombardment. 

2.4 Amount of Pa^'^ Bombarded. The alpha counts of an aliquot of 
the Pa^'^ solution were measured to determine the amount of Pa^'^ 
bombarded. Because there was later some suspicion that the result
ing value might be incorrect, the samples that were used for counting 
the Pa^'^ were (dissolved and analyzed for Pa^ ' \ as described in Sec. 
2.2. Although the results checked within 5 per cent of the original 
value, the results of the analysis were used to give the value of Ng = 
0.0369 Mg of Pa^*' (1920 c/min). 

3. NEUTRON FLUX 

3.1 Equations and Definitions. The development of the equations 
to be used here has been discussed elsewhere* and will be summa
rized here. 

n(E) = neutron density as a function of the energy E of the neutrons 
T = " tempera tu re" of the neutrons 
V = velocity of neutrons of energy E(v = V2E/̂ m) 
n = total neutron density 

n(E)v = neutron flux of "monochromatic" neutrons of energy E (4) 
a(E) = cross section per atom as a function of E 

EQ = 0.025 ev (energy for which v = VQ = 2200 meters /sec) 
To = 293°K (temperature at which kT = EQ) 
CTQ = value of o (E) at energy Ep 

The thermal part of the neutron distribution may be approximately 
expressed as a Maxwellian distribution: 

n (E)dE= ^f^^ VEe-EA^dE (5) 
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The total neutron flux for any distribution is 

{nv)tot = l" n(E) V dE (6) 

If the flux is entirely thermal, the total flux can be calculated from 
Eqs. 5 and 6, in which there is very little contribution to the integral 
beyond the Cd cut off (approximately 0.25 ev). The total thermal flux 
then is 

M t h = j [ n ( E ) v d E = ^ ; — (7) 

Using the notation of Eq. 3 for bombarded and produced nuclides, 
when the bombardment is constant, (i.e., the neutron density n is 
constant), 

NA=NBt/,*<T(E)n(E) v d E (8) 

It is often useful to use this equation in a nonintegral form (e..g., Eq. 
3), and this is done by defining an average cross section (a), such that 

NA = Ngta /„" n(E) v dE = Ngt a (nv)̂ ^^ (9) 

If the bombarded nucleus absorbs only thermal neutrons, then an 
average thermal-neutron capture cross section may be defined by a 
corresponding equation: 

NA=NBtat,(nv)^^ (10) 

Equation 10 may also be used when the bombarded nucleus will also 
absorb neutrons which are above thermal energies, but the bombard
ing neutrons are restricted to thermal energies (as in thermal 
columns). 

Another useful concept is that of the average effective thermal-
neutron capture cross section. This concept is convenient to use 
when most of the neutron capture occurs in the thermal-neutron r e 
gion, but part of it occurs above this region. In this case, the flux 
considered is not the total flux but only the thermal-neutron flux, and 
the average cross section (CT̂ )̂ is defined by 

NA = NBta,; (nv)^, (11) 

It should be pointed out that the average cross sections defined in 
Eqs. 9, 10, and 11 a re functions of the temperatures of the thermal-
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neutron distributions since both the capturing power of the nuclei and 
the neutron flux will vary with the neutron-energy distribution. Since 
the temperatures of the thermal neutrons depend upon the pile used 
for measurement, the value of the average thermal-neutron capture 
cross section may vary from pile to pile. However, if only thermal-
neutron capture is involved, if the temperature of the neutrons in the 
various piles is known, and if the substance involved is a " l / v ab
sorber , " i.e., c;(E) «: l /v , then it is possible to compare cross sec
tions by the relations 

a ( E ) = a o ^ ° (12) 

CTo(nVo) = ffth (nv)th (13) 

(̂ th)T, = "̂o f ^ (14) 

where T^ = temperature of pile 1. 
If the activation due to nonthermal neutrons is not involved (e.g., 

by taking Cd differences), these equations can usually be used for 
comparison since the assumption of l / v absorption within the ther
mal region is generally at least approximately true. 

3.2 Measurement of Neutron Flux. A complete description of the 
method has been given by Jaffey and Magnusson.® The method involved 
the measurement of the activity of a gold-foil monitor irradiated with 
the sample. The gamma activity of this foil was measured with an 
ionization chamber which had been calibrated with a similar gold foil 
exposed to a known neutron flux. The source of the absolute neutron-
flux calibration was the so-called "s tandard" (sigma) graphite pile, 
which contained a Ra-Be neutron source whose total neutron emission 
had been independently measured. The accuracy of the absolute neu
tron-flux calibration depended, among other factors, upon the accuracy 
of the total neutron emission rate of this Ra-Be source, which was 
considered to be within ±10 per cent. The activities of the gold foils 
bombarded in the standard pile and in the heavy-water pile were com
pared after correction for differences in cadmium ratios (due to 
resonance activation differences) and for the change in the average 
thermal-neutron cross section resulting from differences in the neu
tron temperatures of the two piles. 

By this method, the neutron flux for this bombardment was found to 
be 11.5 X 10" neutrons/sec/cm^. Since the total bombardment time 
was 824 min, the total time-integrated thermal-neutron flux (nvt) to 
which the sample was exposed was 5.69 x 10̂ ® neutrons/cm^. 
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The neutron flux measured in this experiment corresponds to the 
(nv)j[, of Eq. 7 and refers only to the thermal part of the flux. Since 
no cadmium ratios were taken on the Pa^*^ activation, the cross sec
tion calculable from the data represents an average effective thermal 
cross section as defined in Eq. 11. 

4. CALCULATION OF CROSS SECTION OF Pa^" 

Since the half life of Pa^*^ is fairly short, it was necessary to cor
rect for decay during bombardment. It can be readily shown that, for 
constant bombardment, 

NA = N ; 1 " ^ = N ; (1.158) (15) 

where N^ = total number of Pa^^^ atoms formed during time t (824 min) 
N^ = number of Pa^*^ atoms present at zero time (bombardment 

end) 
X = 0.000365 min"' 

From Sees. 2.3, 2.4, and 3.2 and Eq. 15, 

N^ = 8.5 X 10» 
Ng = 9.6 X 10" 

(nv)tht = 5.7 X 10'» 

and substituting these into Eq. 11, the resulting value for the average 
effective cross section of Pa^'* is 

«)4oo"K = 180 barns 

5. COMPARISON WITH OTHER RESULTS 

Four other measurements" '^^ '" have been made of the Pa^'* capture 
cross section with quite discordant resul ts . All the measurements 
involved another method of evaluating N^ (the number of Pa^'^ atoms 
formed) through the isolation of the uranium fraction by ether extrac
tion and the alpha assay of the U '̂̂  formed through the decay of Pa^'^. 
Table 1 summarizes the pertinent aspects of these measurements. 

It should be pointed out that the cross sections measured by Sellers 
et al.i '̂*® are for 400°K thermal neutrons, since the value used for 
the cross section of the monitor (Np^''') was 172 barns, the average 
effective thermal-neutron capture cross section in the heavy-water 
pile.* Within the approximation that only thennai activation occurs 
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and that both the monitor and sample are l / v absorbers, il can easily 
be shown from Eqs. 10 and 14 that no matter what the actual temper
ature of the pile thermal neutrons the cross section measured is for 
the temperature at which the monitor cross-section value was meas
ured. However, since epithermal activation was not excluded either 
in the sample or in the monitor, the cross section calculated from 
Eq. 11 is not necessarily the effective thermal cross section that 
would have been measured in the heavy-water pile because of the 
difference in neutron-energy distributions and the resulting probable 
difference in epithermal neutron capture in the monitor and sample. 

In view of the wide discrepancies found between these measure
ments, it might be worth while to evaluate possible sources of e r ror 
in each experiment. 

In the Van Winkle measurements,** the efficiency of extraction of 
U"**̂  from the Pa^** was not determined, except for that in the Clinton 
bombardment; the loss in the wash solutions was measured and found 
to be small. The presence of unsuspected uranium-complexing agents 
in the original solutions could have decreased the V' yields, which 
could account for the low cross-section values. 

The neutron-flux values were determined through previous calibra
tions of pile power versus flux and through the use of measured power 
dissipation during the bombardment time. The use of the calibration 
in the case of the heavy-water pile might have been somewhat in e r 
ror owing to gradual changes in the power-flux conversion factor 
since the calibration time (about 2 yr previous) and owing to possible 
shadowing effects in the neighborhood of the thimble, resulting from 
neutron absorption by control rods and strongly absorbing samples 
in the thimble. Although these effects are in the correct directions 
to help explain the discrepancy in the cross-section values, no infor
mation is available as to the magnitude of these effects at the time of 
bombardment. In any case, it is probable that the decrease in flux 
possible would not explain the large discrepancy. 

The flux in the Clinton bombardment was also determined from a 
previous power-flux calibration.*^'" The calibration was expected to 
have an e r ro r of 15 to 20 per cent because of uncertainties in the flux 
of the standard pile used, but it was probably also in e r ro r because 
of the neglect of resonance capture in the monitors used. Because of 
the difference in the resonance capture of the silver monitors in the 
standard pile and the reacting pile, the flux value resulting would be 
expected to be too high. This would be in the correct direction in ex
plaining a low cross-section value. In addition, the pile loading was 
changed** between the time of calibration and the time of measure
ment, which would change the flux distribution in the pile. It can only 
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be said that the Clinton flux had considerable uncertainty, with some 
possibility that it was too high. 

The measurements of Sellers et al.* '̂*® may be considered some
what more reliable than those of Van Winkle. Although the chemical 
yield of U '̂̂  was not determined in the Clinton bombardment, it was 
evaluated in the Hanford activation. The amount of U '̂̂  in the Pa^'* 
was evaluated by alpha-particle-energy resolution in the multichannel 
pulse analyzer*'' before extraction and compared with the yield of Û *̂  
from the separation process . Since the two values checked, there is 
assurance in this case as to the Pa^'^ yield. In both experiments, the 
e r r o r s in flux measurements would seem to depend primarily upon 
the accuracy of the accepted cross section* of Np^*'' and upon the 
amount of e r ro r introduced by differences in resonance activation of 
Np^''' in the two piles. 

The Pa^'* cross-section value reported here depends on a neutron-
flux determination with a gold monitor. This procedure is identical 
with that used in determining the standard Np^*'' c ross section* used 
by Sellers et al. , and the flux values derived are therefore at least as 
reliable as those deduced from use of the secondary Np^'' standard. 
The er ror introduced through the uncertainty in the evaluation of the 
absolute Pa^'^ beta emission rate i s unknown but i s probably less than 
20 per cent. 

It may be that the resonance capture of Pa^'* is large enough and 
sufficiently different in the various piles that comparison of the ef
fective cross-section values between the heavy-water and graphite 
piles is not easily possible. However, assuming that such differences 
are smaller than the discrepancies found here, there is the problem 
of evaluating from these data an estimate as to the best value to use 
for the Pa^** cross section. Although Van Winkle's results a re lower 
than the others and although it is possible to guess why low results 
could have been measured, the relative consistency of his two values 
makes it undesirable to discard them. In the absence of real cr i ter ia 
for evaluating the validity of the various determinations, a weighted 
average might be the most suitable value to use. Rather arbitrari ly 
assigning the value 0.5 to each of Van Winkle's two values and the 
value 1 to the others, the averaged value for the average effective 
thermal-neutron capture cross section of Pa^'* in the heavy-water 
pile was calculated to be about 200 barns . 

6. DISCUSSION 

It was not possible to calculate accurately the yield of U '̂̂  by the 
path in Eq. 2b, but, by using the known cross sections in Eqs. 1 and 2 
and by assuming that (1) the cross sections for U'*'*(n,2n)U^*' and 
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Th^*^(n,2n)Th^'* are about the same and that (2) the concentration of 
fast neutrons in the graphite capable of causing an (n,2n) reaction is 
approximately 0.1 (the concentration in the uranium slugs), it is pos
sible to calculate the u^'Vu^'* activity ratio and to compare it with 
the ratio found for U^'' produced in the thorium carbonate in the 
Clinton graphite pile^° (u^33/jjj232 J,^^^Q ^ ^0 ppm). The calculated 
^232^^233 activity ratio, 1.6 x 10"*, checks very closely with the only 
experimental value .̂ * Within the limits of er ror of the experiments 
and calculations, it is probable that the path in Eq. 2b predominates 
just as it does in the Pu^^' formation. 

These resul ts indicate that just as Pu^** will always be found in 
Pu^'* made at high power levels, so will U^^ be found in U^*' made 
under these conditions. In the U '̂̂  case, it is possible to decrease 
the fast-neutron concentration by increasing the amount of moderator 
between the thorium blanket and the fissioning material, whereas this 
is not possible in the case of Pu^'* formed in a natural u ran ium-
graphite pile. 

ACKNOWLEDGMENTS 

We wish to thank Mary Novick for analyzing the samples for their 
Pa^** content and D. W. Engelkemeir for the loan of his beta-counting 
geometry standards. 



615 

Table 1 — 

Authors 

Report 

Pile 

Neutron-flux 
monitor 

Thermal-neutron 
temperature 
in pile* 

Activity 
measured 

Chemical yield 
determined 

Average effective 
thermal-neutron 
capture cross 
section m e a s -
uredjt barns 

Neutron 
temperature 
for cros s 
section given 

Cross section 
corrected to 
400°K, barns 

Pa"' Capture Ci 

Jaffey and 
Van Winkle 

This paper 

Argonne 
heavy-water 

Gold-foil 
comparison 
to standard 
pile 

400°K 

(betas) 

Not necessary 

180 

400 °K 

180 

ross-sect ion Measurements by Various Methods 

Van Winkle 

ANL-4281 

Argonne 
heavy-water 

Flux vs . power 
calibration 

400°K 

U232 

(alphas) 

No 

107 

400°K 

107 

Van Winkle 

ANL-4281 

Clinton 
graphite 

Flux vs . power 
calibration 

550°K 

U232 

(alphas) 

No 

105 

550°K 

123 

Sel lers 
et al. 

ANL-4282 

Clinton 
graphite 

Np'"' 

550°K 

U232 

(alphas) 

No 

230 

400°K 

230 

Se l lers 
et al. 

ANL-4282 

Hanford 
graphite 

Np^" 

550""K 

U232 

(alphas) 

Yes 

290 

400° K 

290 

*The temperature of the thermal neutrons in the Argonne heavy-water pile has been found 
to be 400° K,° while that in the lattice of the Clinton graphite pile has been found to be 
550°K.'^ The temperature of the neutrons in the Hanford graphite pile is probably not very 
different from that in the Clinton pile because of the similarity in construction. 

tResonance activation not measured for Pa^". 
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Paper 9.16a 

SOME MEASUREMENTS OF THERMAL-NEUTRON CAPTURE 
CROSS SECTION OF Pa"* 

By Q. Van Winkle 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CF-3892 by A. H. Jaffey. Prepared for publication 
May 20, 1949.] 

1. INTRODUCTION 

After the discovery* that Pa^^* had a fairly large thermal-neutron 
capture cross section, it was proposed that some Û ^̂  be made, for 
t racer purposes, by irradiating Pa^^* in a pile and allowing the Pa^^^ 
formed to completely decay. Samples of Pa^** were irradiated in the 
Chicago heavy-water pile and in the Clinton pile for this purpose, and 
the Û ^̂  was extracted. Although the experiments were not designed 
for the purpose of measuring the Pa^^* capture cross section, some 
values could be calculated from the Û ^̂  yield, provided the neutron 
flux was known. Values for the neutron flux were secured from the pile 
operators, and the cross section was evaluated as described below. 

The capture cross section (a) of a nucleus may be defined by the 
equation 

Ni = Nza nvt (1) 

where Ni = number of nuclei changed by the bombardment 
Ng = number of target nuclei 
nv = neutron flux during the bombardment time t 

2. EXPERIMENTAL WORK 

rdment, 0.23 mg of Pa"^ in t 
was sealed in a quartz tube and bombarded for a little over 4 days 

In the first bombardment, 0.23 mg of Pa^^^ in the form of the oxide 
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in the thimble of the Argonne heavy-water pile. After removal of the 
sample from the pile, the Pa^^ was allowed to decay completely, the 
Pa^'* was dissolved, and the if'^ was extracted. 

In order to convert the Pa^'* to a soluble form, the sample was 
slurried out of the quartz tube with 8N nitric acid, evaporated to dry
ness, and then treated with concentrated HF. After drying, the Û *̂  
was extracted from the Pa^'* by the foUowii^ procedure: 

The sample was taken up in nitric acid, and the solution was made 
ION in ammonium nitrate. Twice the volume of ether was shaken with 
the solution, which should have extracted about 75 per cent of the Û ^̂  
into the ether layer. After separation of the ether layer, three more 
such equilibrations of the original solution were made, each process 
presumably removii^ about three-fourths of the remaining U^'^. Each 
ether sample was then treated twice with equal volumes of a wash solu
tion containing O.IN nitric acid and ION ammonium nitrate in order to 
remove t races of Pa^'*. The same wash solutions were used for all 
the ether samples in order to minimize loss of uranium into the washes, 
and for the same reason the ether layers were washed in the order of 
uranium concentration (i.e., first ether layer washed first, etc.). By 
this method, over 95 per cent of the U '̂̂  should have been extracted 
into the ether layers with none of the Pa^'*, provided no disturbing 
factors were present such as uranium-complexing agents (e.g., sulfate). 
This matter was not tested, however, and the IP^^ was extracted from 
the ether by equilibrating the ether layers with equal volumes of plain 
water. 

All the water layers from the ether extraction were combined and 
evaporated to a small volume, and the entire sample was mounted on 
a plate. 

This sample was found to contain 60,700 c/min in an alpha counter. 
Correcting for possible 5 per cent loss of uranium in the wash solu
tions, the irradiation yield would be 63,900 c/min. The sample was 
analyzed with an alpha-energy pulse analyzer ,2 and it was found that 
only the V^^ peak was evident, indicating reasonably good separation 
from Pa23i. The total number of atoms of U^̂ ^ on the plate (assuming 
complete chemical extraction) is equal to the number of Pa^^^ atoms 
formed during the bombardment, decay of the U^̂ ^ being negligible. To 
translate the counting rate of the U^̂ ^ into the amount present, the Û ^̂  
half-life value was taken as 70 ± 3.5 years.^'* The total number of U^̂ ^ 
(and hence Pa^^z) atoms formed, using 52 per cent as the geometry of 
the alpha counter, was found to be 6.53 x 10*^. 

The amount of Pa^^* used was measured prior to the bombardment 
by counting the number of alpha particles emitted from a known frac
tion of the total sample. Using the value 5.17 x 10* c/min/jig of Pa^'* 
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determined^ for the 52 per cent geometry, the weight of Pa^*^ was 
found to be 0.231 mg or 6.02 x lO" atoms. 

In a second bombardment, 1.23 mg of Pa^^^ was precipitated as the 
hydroxide, dried to an oxide, and enclosed in a platinum thimble, which 
was then bombarded in the Clinton graphite pile for about a month. 
After decay of the Pa^^^, the Û ^̂  was extracted as described above. 
Although no check was made on the amount of uranium left in the origi
nal Pa^^* solution, the wash solutions were checked and found to con
tain 5 per cent of the total Û ^̂  extracted. Correcting for this loss, the 
total counting rate of the Û ^̂  was found to be 1,13 x 10^ c/min, which 
corresponds to 11.54 x 10'* atoms of Pa^^^ formed. 

The amount of Pa^^^ used was measured both before and after the 
bombardment, using alpha assay as the analytical method. Both meas
ures gave the value 1.23 mg, which corresponds to 3.21 x l o " atoms. 

3. NEUTRON-FLUX DETERMINATION 

The equations and definitions pertinent to the discussion have been 
developed elsewhere^ and have also been summarized by Jaffey and 
Van Winkle.i 

The neutron-flux determination at the Argonne heavy-water pile 
depended upon two factors: (1) the measured power dissipation of the 
pile during the time of bombardment and (2) the calibration of flux 
versus power carr ied out about 2 yr previous. The log of the pile 
operator showed that the sample received a bombardment correspond
ing to 7660 kw-hr. A calibration made by Wattenberg'' and corrected 
by Jaffey and Magnusson* gave the calibration factor as 300 kw, equiva
lent to 11.0 X 10" neutrons/sec/cm^. Thus the total bombardment was 
equivalent to 10.1 x 10'^ neutrons/cm^. 

As described by Jaffey and Van Winkle,' this was a thermal-neutron 
flux for a pile temperature of 400°K (the temperature of the heavy-
water pile). 

The neutron-flux determination for the Clinton pile depended upon 
the same two factors. The log kept by the pile operator^ showed that 
the sample was irradiated in a position at which the flux was 60 per 
cent that at the center of the pile during a time in which the integrated 
total pile power was 3,157,000 kw-hr. The pile calibration has been 
described by Jones et al.* Using the neutron density reported there 
(1.47 neutrons/cmVwatt) and the appropriate "ave rage" velocity 
(3.40 x 10^ cm/sec) , the thermal flux at the center of the pile was 
found to be 5.00 X 10^ neutrons/sec/cmVwatt . The average velocity 
was calculated by the use of the equations described by Jaffey and Van 
Winkle' and a neutron " tempera ture" of 550°K.* At the position of 
bombardment, the neutron flux was then 3.0 x 10* neutrons/sec/cm^/ 
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watt. With this calibration value, the integrated thermal-neutron flux 
for the entire bombardment was found to be 3.41 x lO'* neutrons/cm^. 
The calibration may have had three sources of e r ro r : (1) adequate 
corrections were not made for resonance capture in the monitors 
used, (2) the neutron emission of the Ra-Be source used in the calibra
tion was uncertain between 10 and 15 per cent) and (3) the loadii^ 
pattern of the pile was changed'" between the time of calibration and 
the time of bombardment, which may have introduced a change in the 
neutron-flux distribution, 

4. CROSS-SECTION VALUES 

Using the following values for the determinations (Sees. 2 and 3) — 
first bombardment: Nj = 6.5 X 10 '^ N^ = 6.0 x 10" , nvt = 1.01 X lO"; 
second bombardment: Ni = 1.15 x 10" , Nj = 3.21 x 10'*, nvt = 3.4 x 10'*— 
and substitutii^ these values into Eq. 1, the cross-section values are 
a = 107 barns for the Argonne heavy-water pile, 400°K, and a= 105 
barns for the Clinton graphite pile, 550°K. 

The two values are not directly comparable, but if it is assumed 
that the resonance capture of Pa^^' in both piles is negligible the 
values may be corrected for the neutron temperature differences. 
Using the equations described by Jaffey and Van Winkle,' the second 
value may be corrected to 400°K and may be found to be 123 barns. 
For the same temperature (400°K) the two measurements lead to the 
cross-section values a= 107 barns for the Argonne heavy-water pile 
and a = 123 barns for the Clinton graphite pile. 

A discussion of other measurements of this cross section may be 
found in Paper 9.16. 
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Paper 9.17 

A SIMPLE ELECTRONIC DEVICE FOR MEASUREMENT OF SHORT 
HALF LIVES: THE HALF LIFE OF Em^" 

By Martin H. Studier 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CC-3790. Prepared for publication Mar. 12, 1947.] 

ABSTRACT 

A simple electronic device consisting of a ser ies combination of a 
resis tor and condenser, a standard alpha counter, and an oscilloscope 
has been devised to measure short half lives. The half life of Em^^* 
has been determined as 0.019 sec. 

1. INTRODUCTION 

During the investigation of the protactinium radioactive decay series^ 
and the (4n+l) series,^ alpha emitters with half lives of less than 1 
sec were found. Since chemical isolation was not possible, indirect 
methods were necessary to determine the periods of the isotopes. A 
simple electronic circuit which can be used to measure the time in
tervals between the emissions of successive alpha particles was de
vised. In the decay chain A ° • B — ^ C, let A be the (loi^-lived) 
parent of B, the half life of which is to be measured. The instant that 
the atom A emits an alpha particle the atom B is formed, and the time 
elapsing until B emits an alpha particle is the lifetime of B. An aver
age of a number of measured time intervals between the successive 
disintegrations of A and B gives the mean life of B which is equal to 
1/X where A is the decay constant of B. The half life is then given by 
0.693/A. 
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2, EXPERIMENTAL WORK 

A schematic diagram of the circuit which was used for the meas
urement of the short time intervals between pulses is shown in Fig. 1. 
A res is tor Rj in series with a condenser Cj was connected between the 
plate and cathode of one of the tubes Ti in the first trigger pair in the 
scaling circuit of a standard alpha counter. The horizontal deflecting 
plates of an oscilloscope were connected across the condenser Cj and 
through a potentiometer P which was included in the circuit to control 
the horizontal position of the fluorescent spot on the oscilloscope 
screen. The scaling pair was of the Eccles-Jordan type^ with 6C5 
triode tubes. Such a trigger pair exhibits two stable states in which 
one tube is conducting while the other is nonconducting. A pulse fed 
to the grids of the pair will cause the tubes to reverse from the one 
stable state to the other in a few microseconds. Because of the poten
tial drop across the plate res is tor , the plate voltage of a tube in the 
conducting state is much lower than that in the nonconducting state. 
When a pulse is fed to the grids of the scaling pair, there is a sudden 
change in the plate voltage of tube T̂  which is reflected in a change in 
voltage across condenser C^. 

The circuit was operated as follows: The potentiometer P was ad
justed until the fluorescent spot was at the extreme right of the os
cilloscope screen when tube T^ was in the conducting state. A pulse 
caused by alpha disintegration in the ionization chamber of the counter 
caused tube T^ to change to the nonconducting state with a consequent 
sudden r ise in plate voltage. Condenser Ci charged through Ri and R2 
at a rate dependent on the time constant (Ri+RjjCi. As the voltage 
across the condenser increased, the spot moved across the screen. 
If another alpha disintegration occurred during the period of the sweep, 
the stable states of the trigger pair again reversed and the spot r e 
turned to its original position as the condenser discharged. The dis
tance that the spot traveled across the screen was a measure of the 
time interval between the two successive alpha disintegrations. Such 
"coincidences" were observed visually with the aid of a calibrated 
screen. A sine wave from an oscillator was put in the vertical de
flecting plates of the scope to give a moving band which was more 
easily observed than a moving spot. Resistor Rj and condenser Ci 
were so chosen that the period of the sweep was about 0.2 sec. If a 
single alpha disintegration occurred, the spot moved across the screen 
and off the other side. It could be brought back to its original position 
by shorting out condenser C^ with the switch S. 

A time calibration of the sweep is dependent on the time constant of 
the circuit, the voltage difference between the conducting and noncon-
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ducting states of tube Ti, and the sensitivity of the oscilloscope. The 
time constant (Rj+R2)Cj was 0.1658 sec, the voltage difference was 235 
volts, and the sensitivity of the oscilloscope was 43 volts/in. The 
equation for the instantaneous potential difference between the horizon
tal deflection plates of the oscilloscope was 

V = 235(l-e- ' /"•"") 

From the above equation and the sensitivity of the oscilloscope a cali
bration curve was constructed relating time with sweep distance. 

It is necessary to consider the possibility of chance coincidences 
between alpha particles arising from the background of the sample and 
counter. The relative number of such random coincidences can be 
minimized by usi i^ low-counting-rate samples and low-background 
counters. Although it may not be feasible to completely eliminate the 
background effect, corrections can be made for random coincidences. 
Since the time distribution of particles emitted from a long-lived 
radioactive substance is purely random, the probability that n particles 
arrive in time t is given by the Poisson equation, 

x V 
n! 

where x is the average number of particles which arr ive in time t. In 
the experimental apparatus the emission of an alpha particle s tar ts 
the sweep on the oscilloscope. Since for a purely random distribution 
the probability of a future event is not affected by the previous occur
rence of an event, the chance that another particle arrives during the 
period of the sweep is given by the Poisson equation. Thus it is only 
necessary to determine the number of random alpha disintegrations 
to correct for random coincidences. 

In order to obtain a high ratio of true coincidences to random events 
a high geometry factor is essential, A geometry factor approachii^ 
100 per cent was obtained by mounting the samples on a very thin 
film of Zapon supported on a 0,002-in. wire ring about 1 cm in diameter. 
The samples were supported in a vertical position between the paral
lel plate electrodes of the ionization chamber of the counter. 

The half life of Em^" was obtained by measuring the time interval 
up to 0,2 sec between successive alpha particles from a sample of 
U^'" in equilibrium with its daughters. The decay chain is as follows:^ 

U230 _ 2 _ x h 
20.Sd 
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The half life of RaC' is so short that in most cases the arr ivals of 
alpha particles from Em^^* and RaC' were recorded as a single event. 
When the pulse due to the RaC' alpha particle was resolved it resulted 
in " t r i p l e " coincidences; thus if the Râ ^̂  alpha particle s tar ts the 
sweep, the Em^" alpha particle reverses it, and the RaC alpha par t i 
cle reverses it again. Only about 3 per cent of the total observed coin
cidences were such triple coincidences, and they were neglected. It 
can be seen from the above decay chain that half of the alpha particles 
will be observed as true Ra^^^ - Em^^* coincidences. The half life of 
Ra^^^ is so long by comparison with the sweep time that relatively few 
Th^ °̂ - Ra'̂ '̂̂  coincidences occur. Those that do occur will result in 
triple coincidences. The total random counting rate is that due to \J^^° 
and Th^^', or half the total counting rate. (The background of the 
counter was negligible.) Since two alpha particles are involved in each 
coincidence, the total number of random events will be twice the num
ber of coincidences. The average total disintegration rate of the 
sample was 12.3 per minute. The probable number of random coinci
dences was calculated for the observed time intervals and subtracted 
from the recorded number of coincidences. The correction varies 
almost linearly with time over the range represented by the period of 
the sweep. About 4 per cent of the total coincidences observed within 
0.2 sec were estimated to be due to random events. 

Figure 2 shows the frequency distribution of the observed time in
tervals after correction for random events. The total number of ob
served coincidence periods equal to or less than a given time interval 
is plotted against the time interval. The integral curve so obtained is 
exponential within the e r r o r s of the experiment and represents the 
decay of Em^'*. The mean interval is 0,027 sec corresponding to a 
half life of 0.019 sec. 

The same value was obtained by the following graphical analysis. 
Since the maximum interval observed is greater than 10 half lives 
of Em^", essentially all the coincidences which occurred were ob
served. By subtracting Nt (the number of coincidences observed with
in a given time interval) from N„ (the total number of observed coin
cidences) and plotting this number N„ - Nt against the time intervals 
on semilogarithmic paper, a straight line was obtained as shown in 
Fig, 3. The slope of the line is a measure of the half life of Em^^*, 

It is difficult to evaluate the reliability of the above data because 
of the uncertainty of the human e r ro r involved in the observations. 
However, it is believed that the half life is not in e r ro r by more than 
0,002 sec. 

The apparatus described above was also used to determine the half 
life of At^" (0,017 sec). The details of the experiment are described 
in another paper,^ 
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ECCLES-JORDAN CIRCUIT 

INPUT I 4 
PULSE 

Fig. 1 —Diagram of electronic circuit used to measure short time intervals between 
successive pulses. 
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Paper 9.18 

HALF LIFE OF Th^" (RADIOACTINIUM) 

By S. Peterson and Albert Ghiorso 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CB-3791. Prepared for publication Mar. 10, 1947.] 

ABSTRACT 

Direct decay of Th^̂ ^ has been measured by periodical purification 
from daughters of portions of a solution containing Tĥ ** and by 
measuring the ratio of the two activities with the pulse analyzer. The 
half life is 18.6 ± 0.1 days. 

Because of the complicated growth and decay of activity in sam
ples of Th*^^ (RdAc), previous measurement of the half life^ has de
pended upon an involved mathematical analysis of carefully deter
mined activity-time curves. Use of the multichannel differential 
pulse analyzer^ which can measure individual alpha activities in a 
mixture affords a method with fewer inherent e r ro r s . 

Since the alpha-particle energies of Th^^'' overlap those of its 
daughter Ra^" (AcX), simply following decay of Th^^'' using the pulse 
analyzer is unsatisfactory. However, samples of the activity mixed 
with isotopic standards can be purified from daughter activities with 
measurable yields and thus afford a good measure of the rate of de
cay. 

Thorium iodate was precipitated from an approximately 3M nitric 
acid solution containing t racer activity of Th^^'' and long-lived Th^^" 
(ionium). The precipitate was dissolved in nitric acid through the 
use of sulfur dioxide and reprecipitated with iodic acid to purify 
from isotopes of radium and actinium. The second precipitate was 
dissolved and diluted to a thorium concentration of 0.5 g per liter 
in 3M nitric acid. Eleven times over a period of 76 days, the tho-
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rium was precipitated from a 50-microliter portion of the solution, 
and each sample was reprecipitated a sufficient number of times to 
ensure complete separation from isotopes of radium. Table 1 gives 
the results obtained in this series of experiments. 

The final iodate precipitate was mounted on a platinum disk, and 
the alpha particles from Th*^'' and Th*^° were counted simultaneously 
in the pulse analyzer. The ratio of the two activities was found both 
graphically and by least-squares analysis to decrease exponentially 
with a half life of 18.6 ± 0.1 days. 

Table 1—Decay of T h " ' Activity 
in Sample Containing Th^'° 

Time, 
days 

1.01 
4.17 
7.15 

11.13 
15.04 
19.10 
31.1 
40.0 
50.0 
62.2 
76.1 

Th^VTh^" 
ratio 

1.654 
1.420 
1.309 
1.121 
0.9835 
0.8464 
0.5327 
0.3859 
0.2663 
0.1676 
0.0979 
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Paper 9.19 

THERMAL-NEUTRON FISSION PROPERTIES OF Th^" 

By S. Peterson and Albert Ghiorso 

[Editor 's Note: Contribution from the Argonne National Laboratory. 
Based on Report MB-IP-352. Prepared for publication Jan. 27, 1949.] 

ABSTRACT 

The thermal-neutron fission cross section has been determined 

for Th^" as (lOOO ^^^^ X lO'"" cm^ 

A preliminary study has been made of the thermal-neutron fission 
properties of Th^^'' (radioactinium, 18.9-day alpha emitter). The 
Th^^^ was separated by coprecipitation with zirconium iodate, con
centrated on cerous fluoride, and finally purified by extraction into 
a solution of thenoyl trifluoroacetone (TTA) in benzene. The sample 
was evaporated on a 2-mil platinum foil for fission measurements. 

Fission measurements were made in the thermal column of the 
Argonne heavy-water pile using the high-sensitivity fission-counting 
apparatus described by Ghiorso and Bentley. 'The fission rate of the 
sample was compared with that of a standard thin sample of Pû ^® 
measured under identical neutron-flux conditions. The thermal nature 
of the neutrons was confirmed by repeating measurements with the 
fission chamber enclosed in a cadmium shell 0.027 in. thick. Under 
these conditions fission rates were reduced by a factor of 100 or 
more. 

The results of a number of measurements of Th^^^ samples are 
given in Table 1. The weight of Th^^^ present in each sample was 
calculated from the disintegration rate and half life. Thermal-
neutron fission cross sections were calculated using a value of 765 x 
10"^* cm^ (reference 2) for the thermal-neutron fission cross sec
tion of Pu"^. The method of calculation is illustrated as follows for 
the first entry in Table 1. 
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(̂̂ -̂) = ^^ulsF - 386^9 - ''' - ''-' 
= 500 X 10-2* cm^ 

The earlier measurements on samples 1 and 2 are obviously less 
reliable because of higher backgrounds and lower sensitivity of the 
fission-counting apparatus. There is an apparent increase in cross 
section with decay of the Th^^^. This cannot be attributed to a high 
fission cross section of the daughter Ra^^', however, because meas
urements have set an upper limit of 100 x 10"^* cm^ for this cross 
section. Because of low counting rates and thick samples (high fission 
fragment self-absorption) the experimental er ror in these measure
ments was quite high, and limits on the thermal-neutron fission cross 

section have been set at 11000 (iooo^^^??Uio 
500/ 

- 2 4 , 
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Table 1 — Fissionabillty of Tĥ '̂' Samples 

Sample 
No. 

1 
2 
2 
2 
2 
2 
3 
3 

Time since 
purification, 

days 

1 
1 
1 

11 
21 

9 
19 

Weight of Th^" 
(X 10-'^ 

880 
97 
97 
96 
22 
15 
33 
23 

g) 

Fiss ion, 

Back
ground 

510 
338 
105 
130 

50 
40 
50 
40 

Net 
total 

235 
200 

77 
93 

280 
491 
280 
484 

c /min 

Per 10"° g 
of Pu"' 

386 
1530 
1090 
1150 
8900 
8450 
8900 
8450 

CT(fiss) Trf" 
(X lO^^cm^) 

500 
980 
530 
610 

1040 
2810 

690 
1810 
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Paper 9.20 

HALF LIFE OF Pa^^^ 

By A. H. Jaffey and Earl K. Hyde 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report ANL-4102. Prepared for publication January 1948.] 

INTRODUCTION 

The half life of Pa^^^ has been measured* on samples of Pa^^ p re 
pared by two different reactions: Th2^^(d,2n)Pa^'^ and Pa2*'(n,y)Pa^^. 
The half life was determined only incidentally in the course of other 
experiments and is of but limited accuracy. However, it is being r e 
ported here because a value of greater accuracy has not as yet been 
published. 

Both samples of Pa^^^ had long-lived contaminants which had to be 
subtracted in order to get the Pa^^^ half life. In the bombardment of 
Th'^^ Pa^"^ was also formed by the reactions Th^2(d,p)Th233 - 1 Pa^^^ 
and Th^^2((ĵ n)pa233^ -pĵ g long-lived activity in the Pa''^^ formed by the 
Pa2^'(n,v) reaction was due to the P a ^ ' itself. Because Pa^^' has two 
alpha particles with energies differing by about 300 Kev,' the differ
ence in energy is released in the form of gamma rays, which are 
partially converted. Thus Pa^^' gives a rather sizable amount of ac
tivity on the Geiger-Mueller counter. 

1. EXPERIMENTAL WORK 

The purpose of the first experiment was to examine the products of 
the deuteron bombardment of thorium. Some thorium metal was bom
barded with about 20-Mev deuterons at the Berkeley cyclotron. The 
protactinium fraction was chemically isolated by several repetitions 
of a solvent-extraction separation using diisopropyl ketone to extract 
the protactinium. The chemical operations are discussed in greater 
detail elsewhere in this volume.^ The decay of samples prepared at 
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each stage of the separation was followed on a mica-window Geiger-
Mueller counter.^ 

The second experiment involved the bombardment of Pa^^' with neu
trons in the center of the Argonne heavy-water pile in order to deter
mine the Pa^^' (n,y) c ross section.* In this case, the cross section 
was so large that the amount of extraneous activity due to the slight 
fission of Pa^^' was considered negligible, and no purification was 
carried out. Aliquots were counted, and the decay was followed with 
a mica-window Geiger-Mueller counter. Toward the end of the decay 
of the Pa^^^, the Geiger-Mueller tube started to fail, and the decay 
curve was continued with a new mica-window Geiger-Mueller tube. It 
was possible to count the samples on both tubes several t imes before 
the first tube finally failed. The ratio of these counts was used to 
correct the data subsequently taken with the second tube. The tails of 
the decay curves consist of data taken with the second tube corrected 
to what they presumably would have been had the first tube been used. 
This procedure may have been slightly in e r ro r owing to the difference 
in window thicknesses (3.4 and 2.7 mg/cm^, respectively) and other 
possible differences. However, since the Pa^^' contributed only a 
small fraction of the initial count, a slight e r ro r in the measurement 
of its activity would hardly affect the half-life determination. 

Because of their high initial disintegration rate, the samples were 
at first counted on the second shelf of the standard Geiger-Mueller 
tube support,^ and later , as they decayed further, they were counted 
on the first shelf. The second-shelf counts were normalized to the 
first shelf by taking several ratios between the counts at the f irst-
and second-shelf positions at t imes when the counting rates were 
suitable. 

In both experiments, the resolution losses were corrected for, and 
the split-pair technique described by Kohman^ was used to evaluate 
the properties of the Geiger-Mueller tubes. The Geiger-Mueller tubes 
used were the brass-walled mica-window type described elsewhere,^ 
which were quenched by Neher-Harper circuits. These were used 
with the Cyclotron Specialties Company scaler. 

2. RESULTS 

For the Pa^^^ samples coming from the thorium-plus-deuteron bom
bardment, the half-life values determined were somewhat less p r e 
cise than those determined from the decay of pile-produced Pa^^^, 
i.e., the deviation of the points from the straight line was greater. 
Table 1 shows the half-life values for various samples, while Fig. 1 
shows the decay of a typical sample. 
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There is no evidence that more than one purification cycle was nec
essary for isolating the protactinium fraction. A decay curve obtained 
on an unpurified sample showed no clean decay: The apparent half life 
changed with time. This was probably due to deuteron-induced fission 
activities. 

For the Pa^^^ formed by the Pa^^^ (n, y) reaction, Table 2 shows the 
half-life values for various samples, and Fig. 2 shows the decay of a 
typical sample. 

The deviations shown in each table represent the mean deviation of 
the individual values from the average. The two values for the half 
life are 32.3 ± 0.4 hours (from Tĥ ^̂ H- d) and 31.2 + 0.2 hours (from 
Pa^^' + n). Although the data in Table 2 are more precise, both half-
life values are averaged since there is the possibility of consistent 
e r r o r s in either measurement. 

The half life from these experiments may be taken to be 31.7 hr or 
1.32 days. 

3. RESULTS OF OTHER EXPERIMENTS 

The half life of Pa^^^ was first reported by Ckifman and Seaborg to 
be 1.6 days. Their Pa^^^ was formed® by deuteron bombardment of 
Th^^^ in the Berkeley cyclotron and was purified by two complete 
cycles, each cycle involving precipitation with zirconium phosphate, 
solution in HF, and low-temperature precipitation with zirconium 
hydroxide. The protactinium was finally electrolyzed onto a copper 
cathode. The longer half life found in this experiment may have been 
due to incomplete separation from fission products or activities 
formed from impurities in the thorium. It has been found in this lab
oratory that purification with diisopropyl ketone is more effective in 
purifying protactinium from such radioactive impurities than precipi
tation with zirconium ca r r i e r s . 

Pa^^2 has also been made' by the reaction Pa^^' (d,p) Pa^^^, and the 
haK life was found to be 33 hr. In view of the fact that this determina
tion of the half life was complicated by the presence of the two long-
lived impurities Pa^^" (17.7 days) and Pa^^', the agreement with the 
present experiment is quite satisfactory. 
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Table 1 — Half-life Values from Pa*'̂  Formed by Th''" (d,2n) 

Number of purification 
cycles involving di

isopropyl ketone ex
traction 

Half-life 
values for 

various 
samples, hr 

32.0 
31.5 
33.3 

32.3 
32.3 
33.4 
32.3 
32.0 

31.8 

Relative 
precision* 
of decay 
curve 

Good 
Fair 
Good 

Good 
Good 
Fair 
Good 
Fair 

Good 

Average value 
for half life, hr 

32.3 ±0.5 

32.4 ±0.3 

31.8 

32.3 ±0.4t 

*Represents the degree of coincidence of the points with the decay curve. 
Curves labeled "Good" are arbitrarily given twice the weight of those la
beled "Fair." 

tDirect average taken for all the decay curves without regard to purifi
cation cycles. 

Table 2 —Half-life Values from Pa"^ Formed by Pa"' (n,y) 

Average, hr 
Half-life values for 
various samples, hr 

31.4 
31.3 
31.3 
30.8 
31.3 31.2 ±0.2 
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Fig. 1 —Decay of Pa from Th*'' + d (Pa"'' + Pa*"). 

FINAL FAILURE OF 6EIGER TUBE 
(SUCCEEDING POINTS TAKEN ON 

ANOTHER TUBE AND NORMALIZEQI 

Pa23^ ACTIVITY — 

I _L J L 

1 , 0 0 0 , 0 0 0 

1 0 0 , 0 0 0 UJ 

10 ,000 

1 0 0 0 
100 150 2 0 0 250 3 0 0 350 

TIME, HR 
400 450 500 550 600 

Fig. 2—Decay of activity from Pa"'(n,y) (Pa"*). (A) Total activity. (B) Pa*" 
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Paper 9.22 

IONIUM CONTENT OF A MIXED SAMPLE 
OF IONIUM AND THORIUM. 

PART OF A DETERMINATION OF THE HALF LIFE 
OF IONIUM 

By Winfred Rail and Arthur J. Dempster 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report CP-3398. Prepared for publication Jan. 8, 1946.] 

ABSTRACT 

This paper describes the mass-spectrographic measurements of 
the ionium content in a mixed sample of ionium and thorium separated 
from uranium ores . One milligram of the oxide was used and two 
methods were employed—photometric measurement of the mass 
spectra and direct electrometer comparison of the ions collected. 

Because ionium of mass 230 is an isotope of thorium of mass 232, 
preparations of ionium separated from uranium deposits are always 
mixed with unknown amounts of thorium. The half life has previously 
been deduced indirectly from the amount of radium formed in labora
tory samples of purified uranium over a considerable period of t ime. 
Using four uranium samples that had stood for 15 to 20 years , Soddy 
deduced values of the half life of ionium varying from 72,000 to 78,000 
years . 

With the mass spectrograph, however, it is now possible to deter
mine the p e r c e n t ^ e of ionium present in a mixed sample of ionium 
and thorium separated from uranium ores and thus to make possible 
the direct determination of the half life from the specific activity of 
the sample. 
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1. PHOTOGRAPHIC COMPARISON OF IONIUM 
AND THORIUM ISOTOPES 

Doubly charged ions at masses 115 and 116 were photographed, and 
their intensities were compared by means of a Moll microphotometer 
with singly charged palladium ions at masses 104, 105, 106, 108, and 
110 whose intensities are known from the accurate measurements of 
Sampson and Bleakney. 

The accuracy of this procedure was checked by remeasuring the 
known intensities of the platinum isotopes in the same manner. The 
photographs were made in order to obtain a general idea of the re la
tive intensities of the ionium and thorium isotopes and to see that no 
other ions were present that could complicate the electrometer com
parison. 

It turned out that the ratio was about 3 to 1, well-suited to photo
metric measurement, and, by good luck on the exposure time, a very 
good plate was obtained. The blackening curve for the plate drawn 
through the densities of the palladium ions is given in Fig. 1. The two 
densities for ionium and thorium are indicated and give a ratio of 
2.75 to 1. This gives for the sample: ionium, 26.7 per cent; thorium, 
74.3 per cent. The er ror is probably less than 3 per cent. 

Test of the Photometric Procedure. The slope of the photographic 
blackening curve is known to depend on the mass of the ion and probably ~ 
the velocity. The curves drawn for the strontium and for the barium 
isotopes with lower velocity, taken from photographs on the same 
plate, show slightly different slopes.^ Aston gives curves showing 
only a slight change for heavy ions from krypton to mercury. The 
velocity of the ions is given by v = (e/m)r, so that it is the same for 
the same radius of curvature r if the value of e /m is the same. Thus 
doubly charged thorium and platinum ions would be expected 
to have a blackening curve very close to that for singly charged palla
dium ions of half the mass . This was tested for platinum and found to 
be approximately true. The agreement of the slopes indicated that any 
e r ro r due to photometry is probably less than 4 per cent. 

2. ELECTROMETER COMPARISON OF IONIUM AND THORIUM 

After obtaining a good photograph for photometry, the res t of the 
1-mg sample was used in making electrometer comparisons of the 
isotopes. Ions of the two masses were collected simultaneously in two 
Faraday chambers through a pair of slits 0.40 mm wide and spaced 
0.88 mm apart (the separation of the two ion beams). The charges 
collected were observed by two new Lindemann electrometers and 
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exactly compensated by negative charges whose ratio was fixed by 
two four-dial resistance boxes. The ratio of the thorium to the ionium 
in nine readings and the percentages deduced are given in Table 1. 
The variations give an idea of the accuracy of the comparison. 

No measurements were made of the scattered ions from one mass 
position to the other. If such scattering were present, the value for 
the percentage of ionium should be lowered perhaps to 26.0 per cent. 

In general, the electrometer comparisons confirm the photometric 
measurements. 

Table 1 — Results of Electrometer Comparison of Ionium and Thorium 

Th/Io ratio Ionium, % Thorium, % 

2.56 
2.78 
2.55 
2.90 
2.82 
2.80 
2.96 
2.82 
2.73 

28.1 
26.5 
28.2 
25.6 
26.2 
26.3 
25.3 
26.2 
26.8 

71.9 
73.5 
71.8 
74.4 
73.8 
73.7 
74.7 
73.8 
73.2 

Av. 2.78 26.4 73.6 
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Fig. 1 —Thorium and ionium densities plotted on palladium blackening curve. 
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Paper 9.23* 

ABSORPTION STUDY OF RADIATION CHARACTERISTICS 
OF 6.8d U^" 

By E. L. Brady and W. Rubinson 

An absorption curve of the radiations of U*" over the range 0.2 to 1,700 mg/cm* of 
aluminum has been resolved into four components: one y (or x-ray) component and 
three 0 components with Feather ranges of 660, 60, and 22 mg/cm* of aluminum, cor
responding to energies of 1.5, 0.25, and 0.12 Mev. A lead absorption curve has been 
resolved into three components with half-thicknesses of 4.8, 0.78, and 0.26 g/cm* of 
lead, corresponding to y-ray energies of 0.53, 0.23, and 0.14 Mev. 

The half-life of U*" has been found to be 6.8 + 0.1 days. 

1. INTRODUCTION 

The product of the (n,2n) reaction on U^^'.U^" was discovered in 
1940 by Nishina, Yasaki, Ezoe, Kimura, and Ikawa,^ who also estab
lished the mass assignment of 237. The maximum energy of the p 
radiations was reported to be 0.26 Mev by McMillan^ from absorp
tion data. As a first step in the study of the yield of U '̂̂  in fission 
material,^'* a study of the radiation characterist ics of this species 
was undertaken. 

2. ISOLATION OF ACTIVITY 

A disk of uranium metal about 2 in. in diameter and Va in. thick was 
bombarded with 16 Mev deuterons at the Berkeley cyclotron for 5,000 
/la-hr. The metal was then dissolved in HNO,, and portions were 
taken for analysis. It was found that after three precipitations as 
sodium uranyl acetate further reprecipitations caused no change in 
the absorption characterist ics of the radiations in aluminum or lead. 
The conditions of precipitation were as specified by Connick et al.* 

*This paper is reproduced direct from "Radiochemical Studies: The Fission Prod
ucts," edited by Charles D. Coryell and Nathan Sugarman, National Nuclear Energy 
Series, Division IV, Volume 9, McGraw-Hill Book Company, Inc., New York, 1951. In 
that volume it appears as Paper 321. It is based on Report CC-724, June 21, 1943. 
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3. RESULTS 

The activity observed with 13, 44.6, and 110.5 mg/cm^ of total ab
sorber (self-absorption, cellophane, air gap, and mica window amount
ing to 13 mg/cm^, and aluminum absorbers of 31.6 and 97.5 mg/cm^) 
decayed with a 6.8d half-life* over a period of five half-lives. The 
UXj (Th^'*) activity was small compared to the activity available at 
the start of the measured decay period and was subtracted when it 
became appreciable compared to the 6.8d U^ '̂ activity. The decay 
curves are shown in Fig. 321.1. 

A lead absorption curve of U^ '̂' was taken with 1,100 mg/cm^ of 
aluminum above the sample at all t imes to reduce Bremsstrahlung; 
the lead absorbers were placed directly on top of the aluminum ab
sorber. It was found that the observed intensity was not lowered when 
an aluminum absorber was also placed below the sample, and there
fore the bottom part of the usual aluminum sandwich used in deter
mining lead absorption curves was omitted. The curve obtained is 
indicated by A in Fig. 321.2. The hard component of this curve was 
assumed to be given by curve B, representing a half-thickness of 
4.8 g/cm^ of lead, which corresponds to a y-ray energy of 0.53 Mev. 
On subtraction of curve B from the experimental points, there is ob
tained the set of points (triangles) through which curve C was drawn. 
This curve represents a half-thickness of 0.78 g/cm^ of lead, cor
responding to a y-ray energy of 0.23 Mev. The residual activity 
(squares) is fairly well represented by curve D, which has a half-
thickness of 0.26 g/cm^ of lead, corresponding to an energy of 0.14 
Mev. The counting ratio of these y rays after correcting for absorp
tion in the aluminum is 1 : 6 :15. 

An aluminum absorption curve taken over the range 13 to 1,700 
mg/cm^ of aluminum (Figs. 321.3 and 321.4) shows the presence of 
a y (or x-ray component and two 0 components with Feather ranges 
of about 660 and 60 mg/cm^ of aluminum, corresponding to energ ies 
of 1.5 and 0.25 Mev.t An aluminum absorption curve determined in 
the low-absorber counter^ over the range 0.2 to 22 mg/cm^ of alu
minum (Fig. 321.5) shows the presence of a still weaker component 
with a Feather range of 22 mg/cm^, corresponding to an energy of 
0.12 Mev. The counting ratio of these three components (in the order 
1.5, 0.25, and 0.12 Mev) is 1:67 :126. 

*Editors' Note: The half-life of 6.8 days has been confirmed by A. Turkevich (Re
port CC-1331, Feb. 7, 1944) and C. W. Stanley, A. W. Adamson, and W. B. Leslie (Re
port CN-2833, June 16, 1945). 

tEditors' Note: Later work on the radiations of 6.8d U*" is reported by D. W. 
Engelkemeir and A. Turkevich, Paper 322, this volume. 



^ 

645 

12 18 24 30 
DECAY TIME, DAYS 

Fig. 321.1—Decay curves of U*" corrected for UX, activity, o, total absorber, 13 
mg/cm*. A, total absorber, 44.6 mg/cm?. a, total absorber, 110.5 mg/cm". 
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B subtracted from curve A. n, curve C subtracted from A points, curve D. 
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component subtracted. 



649 

4 0 

30 

25 

20 

\ 
s, 

-

FEA 

1 

Vv 
\ 3 

1 

THER ANALYSIS 

1 1 1 

" * ^ ^ 3 ^ - 0 — 

1 1 1 

-

— 
— 
~~' 

0.2 0.4 0.6 0.8 
FRACTION OF RANGE 

FEATHER RANGE = 22 MG/CM^ 
(0.12 MEV) 

6 12 18 24 
TOTAL Al ABSORBER, MG/CM^ 

30 

Fig. 321.5 — Aluminum absorption curve of 6.8d U^"; data taken in a low-absorber 
counter. O, original points. A, harder components subtracted. 



650 

REFERENCES 

1. Y. Nishina, T. Yasaki, H. Ezoe, K. Kimura, and M. Ikawa, Phys. Rev., 57: 1182 
(1940). 

2. E. McMillan, Phys. Rev., 58: 178 (1940). 
3. E. L. Brady, A. H. Jaffey, A. Turkevich, and H. Finston, Paper 323, this volume. 
4. W. Rubinson, A. Turkevich, H. Finston, C. W. Stanley, A. W. Adamson, and W. B. 

Leslie, Paper 324, this volume. 
5. R. E. Connick, C. S. Garner, J. N. Gofman, R. J. Prestwood, and A. C. Wahl, Re

port CN-391, Dec. 15, 1942. 
6. Introduction to Part I, this volume. 
7. N. Elliott, W. H Sullivan, N. R. Sleight, E. M. Gladrow, S. Raynor, and M. S. Freed-

man, Paper 8, this volume. 

Editor 's Note 

In the references cited above, "this vol
ume" refers to the volume of the National 
Nuclear Energy Series mentioned in the 
footnote at the beginning of this paper. 



Paper 9.24* 

FURTHER STUDIES OF THE RADIATION 
CHARACTERISTICS OF 6.8d U^" 

By D. W. Engelkemeir and A. Turkevich 

studies of the nuclear radiations of 6.8d U by absorption in aluminum, copper, and 
lead, together with coincidence measurements, give proof of the presence of many 
conversion electrons accompanying the decay of this nuclear species. There appear to 
be 50, 220, and about 450 Kev y rays, besides the x-rays of N p ^ ' (about 14 and 95 Kev), 
and at least three nuclear particles are emitted, e" of 0.1 and about 0.3 Mev and 0" of 
about 0.3 Mev. No simple decay scheme seems consistent with the admittedly crude 
data on the relative intensities. 

1. INTRODUCTION 

The use of the (3-emitting 6.8d U^" to monitor nuclear reactions^ 
as well as its frequent use as a uranium t racer has been continually 
handicapped by the presence of low-energy particles given off in the 
decay of this species. During the course of the applications of this 
activity for Project problems, some data were accumulated on the 
absorption characterist ics of the radiations in various substances as 
well as a few measurements made with two Geiger-Mueller counters 
in coincidence. These data are presented here, although no decay 
scheme seems deducible. 

The samples of U^" were prepared from pile-irradiated uranium 
and were purified from fission-product and Np^^* activity by conven
tional chemical methods.* This procedure also purified the uranium 
of UXi (Th^**) and UXj (Pa^^*); the specific activity, about 10^ disinte
grations per minute (dis/m) per milligram of uranium at the start , 
decayed with a 6.9d half-life over a 1-month period (Fig. 322.1).t 

*This paper is reproduced direct from "Radiochemical Studies The Fission Prod
uc t s , " edited by Charles D. Coryell and Nathan Sugarman, National Nuclear Energy 
Series, Division IV, Volume 9, McGraw-Hill Book Company, Inc., New York, 1951 In 
that volume it appears as Paper 322. It is based on Report CC-2739, Feb 23, 1945, 
and unpublished work. 

tMore extensive work^ indicates that the hall-life is 6.8 days. 
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The samples used for j3-ray measurements were usually weightless 
or nearly so. However, for some of the y-ray measurements, sam
ples weighing as much as 0.8 g of uranium were used. In these sam
ples, and toward the later stages of decay of the U^ '̂', the observed 
activities were compared with samples of unirradiated uranium of 

12 16 20 24 

DECAY TIME,DAYS 

Fig. 322.1—Decay curve of U"'. 

comparable weight and chemical treatment in order to correct for 
the contribution from UXi and UXg. For the coincidence work, the 
samples were frequently repurified by sodium uranyl acetate pre
cipitation to free them from the UXj and UX2 that had grown in. 

2. PARTICLE-ABSORPTION CURVES 

The absorption characteristics of the electrons were studied with 
two types of counting equipment. In the first case a conventional 
thin (2.7 mg/cm^) end-window Geiger-Mueller counter was used with 
the sample on the top shelf and aluminum absorbers in the small 
space between the sample and counter. The sample was mounted on 
thin mica placed on cardboard. The aluminum absorption curves 
obtained on a sample containing about 1 mg of uranium separated 
from two irradiations performed 5 months apart were the same, 
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and both were in satisfactory agreement with the published curve of 
Brady and Rubinson.^ The absorption curves and their analysis ac-

100 200 300 400 

TOTAL Al ABSORBER, MG/CM 

500 600 700 
Z 

Fig. 322.2—Aluminum absorption curve of U"' indicating r background. 

cording to usual methods of repetitive subtraction are given in Figs. 
322.2 to 322.4. 

Subtraction of the y-ray background accentuates what maybe in
terpreted as an x-ray (Fig. 322.3). This component was called a 
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"hard j3 r a y " by Brady and Rubinson.^ The interpretation as an x-ray 
is based on its low apparent intensity and on the fact that its absorp-

o 

< 

10' 

5 — 

10 
Ty^ = 67 MG/CM' 

(13.5 KEV X-RAY 

0 100 
TOTAL Al ABSORBER, MG/CM 

200 300 400 
2 

Fig. 322.3—Aluminum absorption curve of U*" after y subtraction. 

tion characteristics in aluminum (see below) agree quite well with 
those expected for the L x-rays of neptunium (about 14 Kev). 

Subtraction of this component leaves what may be considered as 
the particle-absorption curve (Fig. 322.4). It appears to be complex. 
The main portion seems to have a Feather range of about 60 mg/cm^ 
of aluminum and a corresponding energy of 0.25 Mev. 

The particle-absorption curve has at least one softer component, 
which, on these curves, seems to blend into the main curve above 
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10 mg/cm^ of added absorber. This soft component was investigated 
more thoroughly by use of the low-absorber counter* constructed by 

10'̂  

10-

o 

< 2 

10' 

10 

FEATHER RANGE == 60 MG/CM'^ 
(0.25 MEV) 

9 - 2 0 0.2 0.4 0.6 0.8 1.0 
FRACTION OF RANGE 

10 20 30 40 50 60 70 

TOTAL Al ABSORBER, MG/CM^ 

Fig. 322.4 — Aluminum absorption curve of U^" after subtraction of the y and x-ray 
components. 

Raynor and Freedman. The combined results of two determinations, 
together with the result of a subtraction of the contribution of the 
0.25 Mev i3 ray, are given in Figs. 322.5 and 322.6. This subtraction 
was made using a half-thickness of about 7 mg/cnf for the 0.25 Mev 
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10-

TOTAL Al ABSORBER, MG/CM^ (CURVE C) 

2 4 6 8 10 12 14 

CONSIDERED AS ^ RAY 
FEATHER RANGE = 20 MG/CM"^ 

(Eg « 0.12 MEV) 

ESTIMATED 0.25 MEV 
/3 COMPONENT 

10 15 20 25 30 35 

TOTAL Al ABSORBER, MG/CM^ (CURVES A AND B) 

Fig. 322.5-—Aluminum absorption curve of U^" taken in low-absorber counter, o and 
X, original points from two experiments, curve A. • , soft component, curve C (after 
subtraction of |3 component, curve B, from curve A), treated as a ^ component. 

(3 ray, deduced from the more conventional type of absorption curve 
(Fig. 322.4). 

It is noteworthy that there appear to be no particles cut out by the 
first 0.5 mg/cm^ of absorber. This would indicate no very soft con-
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ELECTRON RANGE = 8.6 MG/CM"̂  
Eg « 0.08 MEV) 
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TOTAL Al ABSORBER, MG/CM^ 

14 16 

Fig. 322.6 — Aluminum absorption curve of soft component of U'^' (curve C of Fig. 
322.5) treated as an absorption curve of conversion electrons. Note that in this figure 
a linear scale is used for the ordinates. 

Table 322.1—Summary of Absorption Measurements in Aluminum 

Radiation 

Soft electrons, e~, or 
soft p particles 

Main fi particles, 0" 
X-rays 
y component 

Energy, 

80 
120 
250 

13.4 

Kev 
Counting ratio relative 

to p particles 

1.8 
1.8 
1.000 
0.019 
0.004 



658 

version electrons. The range of the soft component would appear to 
be 20 mg/cm^ if a Feather analysis is applied, corresponding to 
an energy of about 120 Kev (Fig. 322.5), or about 9 mg/cm^ if it is 
interpreted as being due to conversion electrons (Fig. 322.6). The 
conversion-electron range corresponds to an energy of about 80 Kev, 
but this value must be considered as very uncertain. 

The results of the absorption measurements of Û *̂  in aluminum 
are summarized in Table 322.1. 

o 

o 
< 

1000 1500 2000 2500 3000 3500 

TOTAL Al ABSORBER, MG/CM^ 

Fig. 322.7 — Aluminum absorption curve of U . Carbon absorber against windows of 
counter. 

3 . PHOTON-ABSORPTION CURVES 

Absorption curves were determined under special conditions in 
order to learn more about the electromagnetic radiation associated 
with the decay of U *̂̂ . The experimental results follow. 
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3.1 Aluminum Absorption Curve. An aluminum absorption curve 
was taken with the counter window facing upward with enough carbon 
absorber against the window to cut out the main (0.25 Mev) /3 ray. 

o 
>-" 
1-

> 
o 

10' 

Ty = 90 M G / C M ^ 

(15.2 KEV 

0 100 200 300 400 500 600 

TOTAL Al ABSORBER, MG/CM^ 

Fig. 322.8—Aluminum absorption curve of U^" after subtraction of y component 
(Fig. 322.7). 

After subtracting the y component (Fig. 322.7), a photon component 
(Fig. 322.8) of about 90 mg/cm^ half-thickness (about 15 Kev energy) 
remains. This is taken to be an x-ray of neptunium. Its counting 
ratio relative to the y ray under these conditions is taken to be 
1.48/2.55 or 0.58. Since, however, this curve was determined on a 
very heavy sample of UsOg, the self-absorption of the x-rays must be 
considerable. 
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3.2 Lead Absorption Curve. A lead absorption curve was deter
mined on the usual counting apparatus with the sample on the second 
shelf and absorbers on the first shelf until it could hold no more, and 
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10-

o 

10' 

- O 

o 
o 

1 
24 28 

ADDED Pb ABSORBER, G/CM^ 

Fig. 322.9 — Lead absorption curve of electromagnetic radiation of U"'. 

then the absorbers were put on the second shelf. Figure 322.9 indi
cates the resulting absorption curve and its analysis into a component 
of about 0.45 Mev as well as a very well established 0.22 Mev y ray 
(Fig. 322.10). The slight upswing at the start of the latter curve is 
consistent with photons in the neighborhood of either 55 or 95 Kev. 
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The counting rates of the y components, when corrected for absorp
tion in the sample, are 2,000 (for the 0.22 Mev y ray) to 60 (for the 
0.45 Mevy ray). 

>-

> 

O 

< 

2 

10' 

5 

2 

10^ 

5 

2 

\0 

5 

2 

1 

- 1 
o 

^ 0 

— \ 

i 
— 

^ 

1 

1 1 

\ o 

1 1 

.̂ v, 

\ 

\ 

1 1 1 

= 0.77 G/CM^ 

(0.22 MEV) 

\ 1 1 

—1 

H 

1 
— 

H 

8 10 12 14 

ADDED Pb ABSORBER, G/GM^ 

Fig. 322.10 — Lead absorption curve of electromagnetic radiation of U"' after sub
traction of hard y ray (Fig. 322.9). 

3.3 Copper Absorption Curves. Copper absorption curves were 
determined on the counter with the window facing upward with either 
an aluminum absorber (395 mg/cm*) or a carbon absorber against 
the window to cut out the ^ rays. The sample used (as in the lead 
absorption curve) was very heavy, containing about 0.4 g/cm^ of ura-
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nium. The curve established with carbon against the window is indi
cated in Fig. 322.11, which shows its analysis into three components. 
The weakest of these was established more reliably from another 
curve with the aluminum absorber against the window. This, how-
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Fig. 322.11—Copper absorption curve of electromagnetic radiation of U^" (carbon 
absorber used to absorb the 0 rays). 

Table 322.2 — Results of Absorption Measurements in Copper 

Half-thickness, g/cm'' 

0.33 
1.13 
5.1 

Energy, Kev 

55 
90 

240 

Relative 
counting rate 

60 
120 

73 

Relative 
counting rate, 

corrected* 

425 
204 

90 

'Corrected for self-absorption in the sample and in the aluminum absorber. 

ever, gave a poorer determination of the hardest component. The 
results of this analysis are summarized in Table 322.2, which also 
corrects the relative intensities for self-absorption in the sample. 
These data show that photons of both 55 and 90 Kev are present. 
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4. SUMMARY OF RESULTS AND DISCUSSION OF ORDINARY 
ABSORPTION CURVES 

The relative intensities of four types of radiations, electrons, 
iS rays, x-rays, and y rays, corrected for sample absorption as well 
as for estimated counter efficiency (relative to j3 rays), are presented 
in Table 322.3. Because of the well-known difficulties of estimating 
efficiencies, it is possible that some of these results a re in e r ro r by 
factors of 2 or 4. 

Table 322.3—Relative Intensities of Various Components of 6.8d U '̂ 

Component 

Soft electrons 
0 ray 
X-ray 
y ray 
X-ray 
y ray 
y ray 

Energy, Kev 

80-120 
250 
- 1 4 

50 
- 9 5 

-220 
-450 

counting rates from 
absorption curves* 

Al 

1.8 

1.0 
0.019 

0.004 

P b 

2000 
60 

Cu 

425 
204 

90 

Relative 
counting rate 
from com
bined data 

1.8 
1.0 

0.019 
0.023 
O.OU 
0.005 

1 5 X 10"= 

Relative 
counter 

efficiency 

1.0 
1.0 
0.006 
0.0015 
0.0014 
0.003 
0.006 

Relative 
intensities 

1.8 
1.0 
3.1 

1.5 
0 8 
0.17 
0.0025 

*Corrected for absorption in the sample and in absorbers used to stop the ^ rays. 

The long-held suspicion that the decay of U is accompanied by 
conversion electrons seems well established by these resul ts . Not 
only is there definitely a soft component to the particle-absorption 
curve, but the photon-absorption curves have two components that can 
be identified with the K and L x-rays (14 and 95 Kev) of neptunium. 
The high intensity of the soft-particle component, as well as the great 
(quantitatively uncertain) yield of both K and L x-rays , means that the 
number of conversion electrons must be of the same order as the 
number of disintegrations. 

Besides these x-rays , there appear to be photons of 50, 220, and 
440 Kev that must be ascribed to nuclear processes . The high inten
sity of the 50 Kev radiation, as well as the apparent absence of e lec
trons of energy less than 50 Kev, indicates that this radiation is un
converted and may be in ser ies with all the disintegrations. This 
leaves the 220 and the 440 Kev y rays to account for the conversion 
electrons. Their low intensity is compatible with having appreciable 
amounts of both converted. It is to be noted, however, that conversion 
of the 220 Kev y ray in the K shell would give r ise to electrons of 
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about 110 Kev (of about the same energy as the so-called "soft com
ponent" of the particle-absorption curves), whereas the 440 Kev 
y rays would give r ise to electrons of at least 330 Kev, about as hard _ 
as the "main-par t ic le" component. 

5. COINCIDENCE MEASUREMENTS 

In view of the complexity of the radiation indicated by ordinary 
absorption measurements, it seemed desirable to check the results 
by means of coincidence-counting techniques. In particular, it was 
thought that the internal conversion of some of the nuclear y rays 
evidenced by the presence of x-rays of neptunium might be confirmed 
if coincidences between the primary j3 ray and the conversion elec
trons were observed. 

5.1 Part icle-Part icle Coincidences, (a) Experimental Ar range-
ment of the Apparatus. The counters (Fig. 322.12a) were placed in 
such a way that the sample could " s e e " each counter, but the counters 
could not " s e e " each other. A lead sheet with a rectangular hole cut 
in one edge was placed between the two counters to reduce the scat
tering of particles from one counter into the other, which would give 
r ise to spurious coincidences. The entire assembly was mounted . 
inside a large shielded box from which the air could be displaced with 
helium in order to reduce the amount of absorbing material between 
the sample and the counters. 

The counters were of the thin-mica —end-window type with b rass 
shells Vi6 in. thick; they were filled with 9.0 cm of argon and 1.0 cm 
of alcohol. The resolving time, t, of the counters and their associated 
circuits was 1.65 x 10"* min. The efficiency of each counter was 
measured by counting a thin calibrated UXj —UXj sample in the stand
ard position. The efficiencies of the two counters were the same and 
equal to 0.0172 after correcting for absorption of the UXg i3 particles. 

The number of spurious coincidences due to scattering was es t i 
mated by placing samples of pure /3 emitters in the standard position 
and measuring the ratio of the coincidence rate to the sum of the 
single counting ra tes for |3 particles of different energies. This ratio 
was so small for a 0.25 Mev i3 particle (about 2 x 10"^) that no cor
rection was made for coincidences from this cause. Corrections 
were made for the cosmic-ray background and for the accidental 
coincidence rate which ar ises from the finite resolving time of the 
circuit. 

(b) Results. When a thin sample (about 1 mg/cm^) of U"^ is placed 
in the particle-particle coincidence arrangement, a large coincidence 
rate is observed which may be attributed to the simultaneous emis-
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sion of two or more part icles. The possibility that some of the ob
served coincidences are )3-y coincidences was considered. The count
ing efficiencies of the nuclear y rays or the K or L x-rays observed 
in ordinary absorption measurements are much too low to account 

-̂IN. LEAD SHEET-

SAMPLE 

i-IN. LEAD SHEET 

SAMPLE 

ADDED ABSORBER 

ALUMINUM 

TOP VIEW SIDE VIEW 
COUNTERS REMOVED 

Fig. 322.12a — Particle-part icle coincidence arrangement. Distance from sample to 
counter, 4.0 cm; window 1, 4.0 mg/cm'' of mica; window 2, 3.7 mg/cm^ of mica. 

SAMPLE 

\J=^ 
INITIAL GRAPHITE OR 
ALUMINUM ABSORBER 

Fig. 322.12b — Particle-photon coincidence arrangement. Distance from sample to 
counter 1, 0.8 cm; distance from sample to counter 2, 1.0 cm. 

for the observed coincidences. The M x-rays of neptunium, because 
of their high absorption coefficients in argon, might be expected 
to have high counting efficiencies. Calculation of the efficiency of 
counter 1 on the basis of one M x-ray per disintegration leads to a 
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value which is too low by a factor of 4 to account for the high coinci
dence rate. 

Experimentally, the possibility that a large fraction of the observed 
coincidences are between (3 rays and M x-rays is ruled out since no 
evidence is found for components in the particle-particle coincidence 
absorption curve which have half-thickness values approaching those 
expected for the more prominent M x-ray lines. The half-thickness 
values in aluminum for the most intense M x-ray lines are given in 
Table 322.4. The energies were obtained by extrapolation from the 
values for uranium. 

Table 322.4 — Estimated Absorption Characterist ics of M X-rays of Neptunium 

Line Energy, Kev Half-thickness in Al, mg/cm^ 

Ma, 3.26 1.17 
Mp_ 3.43 1.36 
M^\ 3.68 1.65 

An aluminum absorption curve of the radiations entering one of the 
counters when the total absorber in the path of the other counter is 
kept fixed at 21.5 mg/cm^ is given in Fig. 322.13. It represents the 
absorption curve of all radiations which are coincident with particles 
of range greater than 21.5 mg/cm^ of aluminum. The complex ab
sorption curve may be analyzed into two hard components of low 
intensity and two soft components of high intensity. The two hard 
components, D and E, can probably be attributed to photon-particle 
coincidences. Component D has a half-thickness of 67 mg/cm^, cor
responding to an energy of 13.8 Kev. This is probably the L x-ray of 
neptunium (13.9 Kev). Component E was drawn in quite arbitrari ly. 
The slope that appears to fit the data best does not correspond to that 
found in any of the other absorption curves. Because of the uncer
tainty in the points obtained with thick absorbers, no significance is 
attached to the discrepancy. The two soft components are attributed 
to particle-particle coincidences because of their high intensities. 
Feather analyses give values of about 10 and about 80 mg/cm^ for the 
ranges of components A and B. 

Component A gives a very unsatisfactory Feather graph for range 
estimation, but it has the shape that would be expected for conversion 
electrons, which give a linear fall with amount of absorber. Ac
cordingly, component A was replotted on a linear scale (Fig. 322.14). 
A straight line was obtained which extrapolates to give a range of 
12 mg/cm^. If only particle-particle coincidences are being ob-
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served, components A and B are coincident with a third particle, C, 
with a range greater than 21.5 mg/cm^. Not much can be said about 

TOTAL Al ABSORBER, MG/CM"̂  (CURVES A AND B) 

10 20 30 40 50 60 70 

FEATHER ANALYSIS 

200 400 600 800 1000 1200 1400 

TOTAL Al ABSORBER, MG/CM^ (CURVES D AND E) 

Fig. 322.13 — Particle-part icle coincidence absorption curve of U^". Constant total 
absorber of 21.5 mg/cm^ of aluminum on counter 2. Thickness of absorber varied on 
counter 1. o , original points, n , first subtraction. A , second subtraction. V, third 
subtraction. Vertical ba r s indicate standard deviation. Components A and B treated 
as (3 particles for Feather analysis. 

the range of particle C except that it is probably so near that of 
particle B that it is not resolvable from the absorption curve. It 
should be noted that particles A and B may or may not be coincident. 
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5.2 Particle-Photon Coincidences, (a) Experimental Arrangement 
of the Apparatus. The two end-window counters used in the particle-
particle coincidence experiments were placed face to face, with the 
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Fig. 322.14 — Linear graph of the soft-particle component of coincidence absorption 
curves for range estimation, o , component A of Fig. 322.13. a , component A of 
Fig. 322.15. 

samplebetween them (Fig. 322.12b). The sample was evaporated on 
a thin-mica sheet which was mounted on a card with a circular hole 
larger than the sample cut in it. An absorber of sufficient thickness 
to stop the particles was placed between the sample and counter 2. 
The absorber was graphite if only particles were to be absorbed or 
aluminum if absorption of the L x-rays was also desired. Additional 
absorbers could be placed between the sample and either counter. 
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Fig. 322.15—Aluminum absorption curve of particle component of particle-photon 
coincidences in U^^'. Constant absorber of 104 mg/cm^ of graphite on counter 2. Alu
minum absorber added to counter 1. O, curve C, original points. • , curve B, hard 
component subtracted, n , curve A, component B (main /3) subtracted. Components A 
and B treated as /3 particles for Feather analysis. 



670 

(b) Results. An aluminum absorption curve of the particles of the 
particle-photon coincidences is given in Fig. 322.15. A fixed absorber 
of 104 mg/cm^ of graphite was kept against the window of counter 2, 
and aluminum absorbers were placed between sample and counter 1. 
The absorption curve was analyzed into two components having 
Feather ranges of about 13 and 74 mg/cm^ which correspond to the 
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Fig. 322.16 — Ratio of particle-photon coincidences to particle-counting rate in U " ' 
for varying amounts of aluminum absorber added to particle counter. 

two components observed in ordinary absorption curves and particle -
particle coincidence absorption curves. As an alternative treatment, 
the softer component. A, is also plotted on linear scale in Fig. 322.14 
(together with the A component of Fig. 322.13). A line with a definite 
curvature is obtained which seems to extrapolate to give a range of 
about 11 mg/cm^. 

A graph of the /3-y coincidences per j3 ray (Fig. 322.16) gives a 
straight line with a slight upward trend at low values of added ab 
sorber. If this trend is real it indicates that the low-energy particles 
are coincident with photons of higher counting efficiency than the 
high-energy part icles. 
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An aluminum absorption curve of the y radiation of the j3-y coinci
dences is given in Fig. 322.17. The total absorber between sample 

TOTAL Al ABSORBER, MG/CM"^ (CURVES A AND B) 

100 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 700 

10" 

HARD COMPONENT 

HARD COMPONENT 

SHIFTED DOWN ONE CYCLE 

500 1000 1500 2 0 0 0 2500 3000 3500 

TOTAL Al ABSORBER, MG/CM'' (CURVE C) 

Fig. 322.17—Aluminum absorption curve of photon components of particle photon 
coincidences in U^". Total absorber on counter 1, 5.0 mg/cm^ (kept constant). Ab
sorber on counter 2, 175 mg/cm^ of graphite placed against the window. Aluminum 
absorbers placed between sample and graphite absorber. O, original points. D, hard 
component subtracted. 

and counter 1 was kept constant at 5.0 mg/cm^. The initial absorber 
against the window of counter 2 was 175 mg/cm^ of graphite. Addi
tional aluminum absorbers were placed between the sample and the 
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graphite. Subtraction of a hard component from the absorption curve 
gives a straight line showing a half-thickness of 90 mg/cm", co r r e 
sponding to an energy of 15.3 Kev. This component is probably the 
L x-ray of neptunium (about 13.9 Kev) arising from internal conver
sion of a y ray in the K or L shell. 

A copper absorption curve of the y radiation of jS-y coincidences 
is given in Fig. 322.18. The total absorber between the sample and 
counter 1 was kept constant at 5.0 mg/cm^ of copper. An initial ab
sorber of 556 mg/cm^ of aluminum was placed against the window of 
counter 2 in order to preferentially filter out the L x-rays . Additional 
copper absorbers were placed between the sample and the aluminum 
absorber. The absorption curve may be analyzed into two components 
with half-thicknesses of 200 and 1,620 mg/cm" of copper, correspond
ing to photon energies of 47 and 102 Kev. The 102 Kev component is 
probably the K x-ray of neptunium (about 100.2 Kev) arising from the 
K conversion of a y ray. 

A lead absorption curve of the y radiation of the /S-y coincidences 
taken under the same conditions as the copper absorption curve is 
given in Fig. 322.19. The absorption curve may be analyzed into a 
component with a half-thickness of 73 mg/cm" (48 Kev) and another 
component with a half-thickness of 265 mg/cm" (80 or 140 Kev). The 
ambiguity as to the energy corresponding to a half-thickness of 265 
mg/cm" ar ises since the region of the K-absorption edge of lead is 
involved. The number of points determined on this curve is too small 
to attach any great significance to the energy of the harder compo
nent. It is to be noted, however, that the same energy is obtained for 
the soft component as for the soft component in the copper absorption 
curve. 

5.3 Discussion of Results of Coincidence Measurements. The 
presence of conversion electrons seems to be demonstrated quite 
conclusively by the results of the particle-particle coincidence meas
urements as well as by the presence of K and L x-rays of neptunium 
which are observed in both the ordinary and the fi-y coincidence ab
sorption curves. 

The particle-particle coincidence measurements can be interpreted 
on the basis of two particles, with energies of 0.09 Mev, A, and 0.30 
Mev, B, and a third particle, C, with an energy between 0.12 and 0.30 
Mev. The lower energy limit is set by the energy of a particle with a 
range greater than 21.5 mg/cm", and the upper limit is set by the fact 
that no particles of energy greater than 0.30 Mev in appreciable in
tensity were detected. Since particle C had a transmission through 
21.5 mg/cm" of absorber high enough to give a high coincidence rate 
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Fig. 322.18—Copper absorption curve of photon componen*s of particle-photon coin
cidences in U^". Total absorber on the ^ counter, 5.0 mg/cm'' (kept constant). Ab
sorber on the y counter, 556 mg/cm* of aluminum placed against window. Copper 
absorbers placed between sample and aluminum absorber, o, original points, D, 102 
Kev component subtracted. 

with the particle of 0.3 Mev energy, its energy probably lies between 
0.2 and 0.3 Mev. We must therefore consider the hard-/3 component 
of the ordinary (3-absorption curve to be actually a mixture of two 
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components of nearly equal energy. Since particles B and C are co
incident, at least one of them must be a conversion electron and must 
arise from K or L conversion of the 440 Kev y ray or from L con-

02 

Tŷ  = 265 MG/CM' 

(80 OR 140 KEV) 

200 400 600 800 1000 1200 1400 

TOTAL Pb ABSORBER, MG/CM'̂  

Fig. 322.19 — Lead absorption curve of photon components of particle-photon coinci
dences in U"'. Total absorber on the 0 counter, 5.0 mg/cm* (kept constant). Absorber 
on the y counter, 556 mg/cm* of aluminum placed against window of y counter. Lead 
absorbers placed between sample and aluminum absorber, o, original points, n, 80 
Kev component subtracted. 

version of the 220 Kev y ray. A high conversion coefficient for the 
440 Kev y ray would explain the low intensity of the 440 Kev y ray 
and the high intensity of high-energy conversion electrons. Com-
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ponent A could be the primary 13 ray, but it seems more likely that 
it is the K conversion electron of the 220 Kev y ray and that either 
component B or C is the primary (3 ray.* 
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Paper 9.25* 

YIELD OF 6.8d U"" AT THE ST. LOUIS CYCLOTRON 

By E. L. Brady, A. H. Jaffey, A. Turkevich, and H. Finston 

The yield of 6.8d U*"' in uranium irradiated with neutrons from 12 Mev deuterons on 
beryllium and lithium targets at the St. Louis cyclotron has been determined in two 
experiments. 

Experiments have been performed to determine the production of 
U"'^ from the (n,2n) reaction on U"^* when uranium was irradiated 
with fast neutrons at the Washington University cyclotron at St. Louis. 
A uranium-metal sample of about 1 kg was placed close to the beryl 
lium target and irradiated for 23 days for a total of 62,000 jita-hr of 
12 Mev deuterons on the target. The uranium was backed by a very 
large mass of uranyl nitrate being irradiated for Pu"^' production.' 

The metal was dissolved in HNQj, and a determination of the num
ber of fissions that occurred was made by an assay of 12.8d Ba"°. A 
sample of U"*̂  was obtained by precipitating the uranium twice as 
sodium uranyl acetate according to the procedure of Connick et al." 
Activity measurements of the U"^' sample were made with an end-
window Geiger-Mueller counter. In order to obtain the U"''' coimting 
rate at zero absorption, an aluminum absorption curve of the mounted 
sample was determined. By superposing this curve on the absorption 
curve obtained with a low-weight sample, the extrapolation to zero 
absorber was obtained. The results of this experiment indicated that 
one atom of U"'' 'was formed for every 5.7 fissions that occurred, and 
it was estimated that the result was in e r ror by not more than a 
factor of 3. The principal source of uncertainty was the extrapolation 
of the activity of the U" '̂' sample to zero absorber. It is also possible 
that the chemical procedure did not adequately purify the uranium, 

*This paper is reproduced direct from "Radiochemical Studies: The Fission Prod
uc t s , " edited by Charles D. Coryell and Nathan Sugarman, National Nuclear Energy 
Series, Division IV, Volume 9, McGraw-Hill Book Company, Inc., New York, 1951. In 
that volume it appears as Paper 323. It is based on Report CC-920, Sept. 15, 1943, 
and Memorandum MUC-GTS-446, Feb. 11, 1944. 
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and a portion of the observed activity may have been due to fission 
products or to Np*'*. 

In later experiments a yield of one atom of U"" for every 5.8 fis
sions was obtained for a lithium target at the St. Louis cyclotron, 
and one atom for 83 fissions was obtained using a beryllium target. 
These results represent the average in an 85-lb stack of uranium 
metal placed directly in front of target but again backed by a large 
amount of uranyl nitrate. ' These numbers are subject to the same 
e r r o r s as occurred in the earl ier experiments in the calculation of 
the absolute disintegration rate from the observed activity. The data 
of these and the earl ier experiments are summarized in Table 323.1. 

Table 323.1—Yield of U " ' from Neutrons of Beryllium and Lithium Targets 

Yield of U*^', Fission rate . 
Target per cent of fissions fissions/min/g of uranium//la 

Be 17 
Be 1.2 3.8 X 10' 
Li 17 2.4 X 10» 

The discrepancy in the two sets of results for the beryllium target 
is surprisingly large. The effect of the smaller amount of neigh
boring metal in the first case would be to lower the yield of U" '̂' 
relative to the number of fissions. However, the asymmetry of the 
primary fast-neutron distribution [those neutrons giving r i se to the 
(n,2n) reaction] would tend to make the yield of U"" larger . A com
parison of the yield from neutrons from the beryllium target with the 
yield from neutrons from the lithium target is in agreement with ex
pectation, namely, a smaller yield of the (n,2n) reaction was expected 
for beryllium neutrons than for lithium neutrons because of the 
higher energy of neutrons from the lat ter . 

REFERENCES 
1. T. P. Kohman, A. Turkevich, A. H. Jaffey, C. D. Coryell, D. W. Engelkemeir, N. 

Elliott, T. B. Novey, H. S. Brown, and N. R. Davidson, in " T h e Transuranium Ele
ments ," National Nuclear Energy Series, Division IV, Volume 14 B, Paper 2.3, Mc
Graw-Hill Book Company, Inc., New York, 1949. 

2. R. E. Connick, C. S. Garner, J. N. Gofman, R. J. Prestwood, and A. C. Wahl, Re
port CN-391, Dec. 15, 1942. 



Paper 9.26* 

YIELD OF 6.8d U^" IN PILE URANIUM 

By W. Rubinson, A. Turkevich, H. Finston, C. W. Stanley, 
A. W. Adamson, and W. B. Leslie 

The amount of 6.8d U*" produced by the (n,2n) reaction on \f" has been determined 
for uranium in the Clinton Pile in several experiments. The apparent "fission yield" 
seems to be about 0.2 per cent in the uranium-metal slugs and perhaps a little lower 
in samples placed in the graphite moderator. 

Experiments are reported here on the determination of the yield of 
6.8d U'̂ ^̂  in uranium metal from a graphite-metal pile. The first at
tempt to determine the extent of the (n,2n) reaction on the U"** isotope 
in normal uranium in a pile was made by Rubinson' with a uranium 
sample from the first chain-reacting pile at the Metallurgical Labo
ratory. The uranium was irradiated at a pile power of 50 watts for 
5 hr, after which time it was separated from the fission products by 
ether extraction. Because of the very soft radiations and low yield of 
U" '̂' and because of inadequate removal of UX^ (Th"^*) activity, it was 
impossible to determine the yield of U"^' in the sample. 

The yield of Û ^̂  in the uranium-metal slugs of the Clinton Pile was 
determined by Turkevich after the metal had been irradiated in the 
pile for 10.9 days. After 19 days of decay it was dissolved in HNO3, 
and portions were taken for analysis. Progress of decontamination 
of the fission products from uranium was followed by determining the 
ratio of /3-to-a activity in the solutions. Toward the end of the chemi
cal operations, this ratio had fallen to about 24 from an original value 
of greater than 6,000 and was shown to be unchanged either by ether 
extraction or by sodium uranyl acetate precipitations. This constancy 
of the j3-to-a —activity ratio indicated radiochemically pure uranium. 

*This paper is reproduced direct from "Radiochemical Studies. The Fission Prod
u c t s , " edited by Charles D. Coryell and Nathan Sugarman, National Nuclear Energy 
Series, Division IV, Volume 9, McGraw-Hill Book Company, Inc., New York, 1951. In 
that volume it appears as Paper 324. It is based on Reports CC-529, Mar. 13, 1943; 
CC-1331, Feb. 7, 1944; CC-1767, June 12, 1944; and CN-2833, June 16, 1945. 

678 



679 

Six uranyl acetate precipitations, interspersed with several LaFj 
scavenging precipitations, an ether extraction, and several Fe(0H)3 
and Nb205 scavenging precipitations at controlled pH were required. 
It was found that Np^^* was the most serious contaminant, and much of 
the above laborious procedure could have been avoided by using spe
cial methods to remove this activity. 

The final solution was evaporated on mica in samples of various 
thicknesses, the thinnest being about 0.2 mg/cm^. It was thus thin 
enough for both reliable (3- and a-activity measurements. The former 
were done with standard mica-window (2.7 mg/cm^) Geiger-Mueller 
tubes. The invariance of the j3-to-ar ratio in the later chemical op
erations and the decay and absorption curves of the radiations, which 

Table 324.1—Summary of Calculation of Rate of Production of U^" in 
Clinton Pile Metal 

a activity of sample (geometry factor of 50 per cent), c/m 84 
p activity of sample (geometry factor of 30.1 per cent, 

7.6 mg/cm'' of absorber), c/m 
f3 activity corrected to 100 per cent geometry factor, c/m 
p activity corrected to zero absorber , ' c /m 
^ disintegration ra te , d i s /m/mg of uranium 
(3 disintegration rate at end of irradiation (20.44 days of 

decay), d i s /m/mg of uranium 
Saturation activity, d i s /m/mg of uranium 
Rate of production of U^", a toms/min/mg of uranium 
Fission rate,* fissions/min/mg of uranium 
Ratio of rate production of U^^' to fission rate 

*Determined as the saturation activity of 12.8d Ba"° divided by the fractional fission 
yield,' 0.061. 

agreed excellently with those of Brady and Rubinson,^ indicated that 
the activity isolated was 6.8d U"''. The ^- to-a ratio, after suitable 
corrections, gives a basis for estimating the yield of the (n,2n) r eac 
tion per gram of uranium in the sample used. These data are given 
in Table 324.1. 

As is evident from Table 324.1, the correction to zero absorber 
amounted approximately to tripling the specific activity; this cor rec 
tion was made by extrapolating along the known absorption curves^ 
and by assuming that there was only one recorded particle per nu
clear disintegration. The number of fissions per milligram of u ra 
nium was estimated roughly by radiochemical assay of 12.8d Ba"° in 
the original metal solution. The assay gave 2.55 x 10' disintegrations 
per minute (dis/m) per milligram of uranium for Ba^*" 26.9 days 

3.73 

2.98 
4.44 
4.44 

4.1 

1365 
4040 
X 10* 

x l O ' 
x l O ' 
xlO^ 
x l O ' 
0.011 
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after the end of the irradiation, or a corresponding fission rate of 
4.1 X lO' fissions per minute per milligram. A comparison of this 
value with the production of U^" from Table 324.1 gave a 1.1 per cent 
apparent fission yield for U" ' . The term "fission yield" as used here 
refers to the yield of U " ' per fission occurring in the metal. 

The uncertainty in this result was realized to be due, in large 
measure, to the above-mentioned correction to zero absorber, but it 
was thought that the determination of the yield of the (n,2n) reaction 
per milligram of uranium was accurate to within a factor of 2. Later 
work' on the radiations of U^ '̂' indicates that about half the particle 
radiations of U^ '̂' a re conversion electrons; consequently the above 
yield should be divided by 2 to give a yield of about 0.6 per cent. 

A repetition of this experiment by Finston and Turkevich* with the 
same technique gave a result of 0.4 per cent for the fission yield of 
y237 rpjjjg value was thought to be more reliable because the exposure 
of the metal in the pile was monitored more satisfactorily by the ac
tivity of 12.8d Ba^*" than was done previously. The result still a s 
sumed the doubtful extrapolation and interpretation of the absorption 
curve of U^^ which was used earl ier and, if corrected for conversion 
electrons, ' would give a yield of about 0.2 per cent. This is consid- _ 
ered to be the most reliable estimate of the yield of U^ '̂' in Clinton 
Pile uranium. 

During a study of the Szilard-Chalmers method of concentration of 
U**', another opportunity presented i tse l f ' to estimate the yield of U^*' 
as 0.3 per cent of the number of fissions. The sources of the activity 
were samples of uranyl nitrate irradiated for 16 hr in the Clinton 
Pile. Purification of the samples was accomplished by three precipi
tations of the uranium as sodium uranyl acetate, a uranyl peroxide 
precipitation, an ether extraction, and two more sodium uranyl ace
tate precipitations. 

The specific disintegration rate was obtained from the known ge
ometry factor for /3 counting and from the assumption that the effect 
of the 6 mg/cm* of air and mica window of the Geiger-Mueller tube 
reduced the counting rate twofold. The fission yield of 0.3 per cent 
was estimated by comparing the specific activity of the U^*'' with the 
fission rate estimated from the neutron flux in the irradiation hole in 
the pile. This value should be lowered to about 0.15 to 0.2 per cent 
because of the effect of conversion electrons. 

The quantity measured in the last experiment is not rigorously 
comparable to the other yields reported here, but it gives an estimate 
of the amount of U**'produced in uranyl nitrate irradiated in experi
mental holes in the graphite moderator, where the number of fast 
neutrons is expected to be lower than in the uranium metal. 
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Paper 9.27* 

DETERMINATION OF Th^^* (UXJ ACTIVITY (II) 

By N. E. Ballou and D. N. Hume 

A procedure is described for the radiochemical determination of Th^** (UXJ activity 
in the presence of fission products. The method makes use of thorium as a car r ie r 
for its isotope UXj. Precipitations of thorium as the fluoride, hydroxide, lodate, and 
oxalate are performed to isolate UX^. 

1. INTRODUCTION 

The precipitation of thorium with HF and KF (probably as KgThFg) 
removes Th^^ (UXj) from uranium and the fission products except 
the ra re earths, zirconium, and the alkaline earths.*'^ The addition 
of zirconium holdback car r ie r markedly reduces the coprecipitation 
of zirconium.^'' Large amounts of UÔ "*" cause some UO2F2 to come 
down with the fluoride precipitate; this is readily removed by washing 
the precipitate with 6M HF. 

The solution of the thorium precipitate is accomplished by warm
ing with HNO3 and H3BO3. The precipitation of Th(0H)4 removes the 
alkaline-earth contamination. Additional decontamination from all 
the fission products except zirconium and niobium (columbium) is 
brought about by the precipitation of Th(I03)4 from a 4M HNO3 solu
tion.* The precipitation of thorium with oxalic acid serves as an 
additional separation from zirconium and niobium and also converts 
the thorium to a weighable form. 

2. PROCEDURE 

Step 1. To 5 ml or less of uranium and fission-product sample in 
a lusteroid tube, add 1 ml of cone. HNO3, 20 mg of standard thorium 

'Th i s paper is reproduced direct from "Radiochemical Studies; The Fission Prod
ucts, "ed i ted by Charles D. Coryell and Nathan Sugar man, National Nuclear Energy 
Series, Division IV, Volume 9, McGraw-Hill Book Company, Inc., New York, 1951. In 
that volume it appears as Paper 310. It is based on Report CN-1312, May 15, 1945. 
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car r ie r , and 10 mg of zirconium holdback ca r r i e r . Dilute to 20 ml 
and add 3 ml of cone. HF and 3 ml of 6M KF. Centrifuge, and wash 
with 5 to 10 ml of 6M HF. 

Step 2. Dissolve the precipitate with 2 ml of 6 per cent H3BO3 and 
2 ml of cone. HNO3 (Note 1). Dilute to about 15 ml, add 5 mg of ba r 
ium holdback car r ie r , and precipitate with 3 to 4 ml of eonc. NH4OH. 
Centrifuge, and wash with 20 ml of H2O. 

Step 3. Add 8 ml of cone. HNO3, 10 drops of 3 per cent H2O2, and 
20 ml of 0.35M HIO3 to the precipitate. Cool, and let the Th(I03)4 p r e 
cipitate stand for 5 min (Note 2). Centrifuge, and wash the precipitate 
with 10 ml of a mixture of 3M HNO3 and 0.03M HIO3. 

Step 4. Dissolve the Th(I03)4 precipitate by the addition of 2 ml of 
cone. HCl, dilute to about 20 ml, and pass in SO2 until the solution 
becomes colorless. Add 5 ml of eonc. NH4OH and centrifuge. 

Step 5. Dissolve the hydroxide precipitate in 8 ml of cone. HNO3, 
and add 5 mg of Ce(III) ca r r i e r , 0.5 ml of 3 per cent HgOj, and 20 ml 
of 0.35M HIO3. Cool, and let the Th(I03)4 precipitate stand for 5 min. 
Centrifuge, and wash with 10 ml of 0.035M HIO3. Add 2 ml of eonc. 
HCl to the precipitate, dilute to 20 ml, and pass SOj into the solution 
until it is colorless. Precipitate Th(OH)4 by the addition of 5 ml of 
cone. NH^OH, and centrifuge and wash the precipitate with about 
20 ml of H2O. 

Step 6. Dissolve the precipitate in 1 ml of 6N HCl, add 15 ml of 
HjO, heat the solution to boiling, and add 15 ml of sat. H2C2O4. Cool 
the Th(C204)2 precipitate in an ice bath for 10 min, and filter it on a 
weighed filter-paper disk. Wash with alcohol and ether, and use the 
same technique for drying and weighing as in the ra re -ea r th pro
cedures^ (Note 3). Count without excessive delay (Note 4). 

Notes. 1. Additional H3BO3 and HNO3 may be necessary if much 
lanthanum was present in the original sample. 

2. Hydrogen peroxide reduces cerium to the Ce(III) state, in which 
it is not precipitated from strongly acid solutions by IO3. 

3. The precipitate is weighed as Th(C204)2.5H20. The ca r r i e r must 
be standardized in the same manner. 

4. The thorium precipitate should not be allowed to stand very long 
before the activity measurements are made, since the i3-active d is
integration products of thorium contribute an increasingly larger 
fraction of the total activity with time. 

3. DISCUSSION 

The procedure has been tested by using car r ie r - f ree t r ace rs of 
cerium, yttrium, ruthenium, strontium, zirconium, and tellurium. 
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The final thorium oxalate precipitate was contaminated to the extent 
of 0.06 per cent of the gross added t racer activity. 
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Paper 9.28 

GAMMA RADIATION OF U^^' (Th^'') 

By R. L. Macklin 

[Editor's Note: Contribution from the Clinton Engineer Works, 
Carbide and Carbon Chemicals Corporation. Based on Report K-97. 
Prepared for publication April 1947. Presented at the AEC Informa
tion Meeting in Chicago, 111., on Apr. 21, 1947.] 

ABSTRACT 

Evidence for the existence of a gamma ray accompanying the alpha 
decay of U^'' is presented. The energy of the gamma ray, as deter
mined by several independent absorption measurements, is 162 Kev. 
The radiation is thought to occur with about 80 per cent of the disin
tegrations as indicated by alpha-ray-range measurements. 

In a sample of pure uranium the three isotopes U*̂ *, U^'', and U'̂ '® 
spontaneously emit alpha particles and are thereby transformed into 
the thorium isotopes Th^'°, Th^'S and Th^**. In the case of U^*' most 
of the alpha particles emitted are accompanied by a weak gamma ray 
of 162-Kev energy. The remainder of the U '̂* alpha rays correspond
ingly have 162 Kev more energy. The best information currently 
available gives a branching ratio of 4 to 1 for these two alpha rays 
from U"̂ *' and hence a yield of 80 gamma rays per 100 alpha disinte
grations. 

This gamma ray was first noticed in a product sample from the 
gaseous diffusion plant in April 1946.^ By reference to the unusual 
history of such a sample and comparison with another sample p re 
pared by the electromagnetic process it was possible to prove fairly 
conclusively that the gamma radiation accompanied the decay of U *̂*. 
Since the low specific activity of U*'̂  and its contamination with the 
more active Û *'* make a direct proof of the U^'" gamma-ray origin 
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by coincidence methods unlikely, it Is perhaps useful to outline the 
methods used in 1946. 

Uranium for the gaseous diffusion plant is first purified by extrac
tion of the uranium nitrate from aqueous solutit)n. In the next purifica
tion step the uranium, as UF4, is treated with gaseous fluorine, and the 
UFg formed is distilled away. 

In the diffusion cascade the UFg gas is distilled into the system near 
the "bottom" (heavy-fraction end). Then it passes through or past a 
very large number of porous plates. 

The discovery of a constant gamma activity (about 1000 c/min) in 
a top product sample (1 kg of UFg solid in a V4-in.-wall nickel con
tainer) superimposed on a growing UXj and UXg gamma activity (ex
trapolating to an additional 300 to 400 c/min at equilibrium) permitted 
several possible explanations. 

1. A small fraction of the UXj (nonvolatile fluoride) passed through 
the porous plates of the cascade as a dust, giving r ise to the observed 
activity. 

2. The constant gamma activity was associated with the very slow 
alpha decay of Û ** or U^*'. 

3. There was a gamma activity associated with the decay of UY 
(suggested by Booth of Columbia) whose typical growth period was 
masked by the decay of radon and its active deposit. 

To rule out the first of these possibilities an old sample of feed 
material containing UX^ and UXg at equilibrium was distilled through 
a single porous plate considerably coarser than those used in the dif
fusion cascade. The residual activity of the distilled material (ap
proximately 1 kg of UFj) was about 24 c/min and increased with the 
half-life period of UXj to about 500 c/min at equilibrium. Since the 
product sample contained roughly two thirds as much U^*', parent of 
UXj, as the feed sample, the counting rate of UXj and UXg in equilib
rium with it should be about 340 c/min. Thus the initial activity of 
1000 c/min should have decreased to about 340 c/min as a limit if it 
were due to UXj compounds in the sample. The observed increase to 
about 1300 to 1400 c/min indicates that less than 10 per cent of the 
equilibrium amount of UXj was present in the product samples. Since 
less than 4 per cent was present in the normal sample after a single 
distillation through a porous plate, it seems logical to infer that con
siderably less than 4 per cent remained in the product sample which 
passed through many more plates with considerably smaller pore 
size. Thus the possibility given in item 1 above was ruled out. 

With the first possibility ruled out, a simple experiment to decide 
between the remaining two was desired. While better sample prepa
ration and counting would unquestionably have sufficed since the UY 
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half life is 1 day and that of radon almost 3 days, problems of t r ans 
ferring enriched uranium made this undesirable. A new sample of 
UFg frozen down in a nickel container as before was drawn from a 
point somewhat below the top of the diffusion cascade. Since radon 
is swept more rapidly to the top of the cascade than UFg but not en
tirely removed with the Nj, HF, and other very light gases in the 
purge cascade, it should tend to concentrate rather sharply in the 
top cells of the main cascade. The fresh sample drawn below should 
have contained only about 20 per cent as much radon (if any was 
present) as the sample from the top of the cascade. But this sample 
showed no appreciable drop in initial activity per kilogram, and hence 
it appears that no effective quantity of radon is present in either the 
top sample or that withdrawn below the top. This ruled out the third 
explanation previously mentioned, and it was therefore concluded that 
the gamma radiation observed accompanied the alpha decay of either 
U234 o j . u235_ 

To determine whether the gamma rays were due to U '̂'* or U^'^, 
two samples of about 1 g each were obtained. One was UgOg obtained 
from the diffusion cascade product. The other was UF4 derived from 
the electromagnetic-separation-plant product. The two samples con
tained nearly equal percentages of U '̂*, but their U '̂̂  content differed 
by a factor of 3. Utilizing the previous experiments to evaluate the 
effect of UXj and UXg present, the ratio of gamma counting rates of 
the two samples was predicted. Under the assumption of gamma radi
ation from U^̂ * the total-gamma-activity ratio was calculated to be 
^ . 6 3 . For U^ '̂ gamma radiation a corresponding ratio of 2.32 was 
derived. The ratio observed was 2.31, reproducible to 1 or 2 per cent. 
Thus the constant gamma activity was shown proportional to the U '̂* 
content of the sample. 

Absorption measurements were made on the 1-g sample of UF4. 
These showed a prominent gamma-ray component at about 162 Kev. 

A pair of samples from the top and bottom of the diffusion cascade 
was prepared, and absorption measurements with both lead and alu
minum were made at K-25 and later (July 1946) at Oak Ridge National 
Laboratory. By subtracting the rates observed for the two samples a 
net counting rate proportional to a known weight of Û *̂  was obtained. 
The 162-Kev radiation was fully confirmed (see Fig. 1). Two weaker 
radiations were found, corresponding to L and M x- rays . No curva
ture indicative of beta radiation was discerned. The intensities of 
these three radiations were comparable, but a reliable estimate of 
absolute intensity has not been available from these measurements. 
The absolute calibration of the counters used is being considered. 
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The possibility of an obscured K x-ray line of intensity comparable 
with that of the observed L and M x-rays has been removed by recent 
observations on a thin 16-mg sample of highly enriched material. The 
L and M lines were observed to have a very high intensity, while the 
165-Kev line was less intense by a factor of about 1000. No K line 
was observed. 

The yield of gamma rays per alpha ray from U*'* can be estimated 
from K-25 counting data as being between 10 and 100 per cent, de
pending on the value assigned to counter efficiency at 165 Kev. A 
more precise estimate is available, however, from previous work 
with alpha-range-selecting counters. This technique has been used 
by Kovarik and Adams, Curtis, Fr isch, and others. The work of 
Clark, Spencer-Palmer, and Woodward^ in England with normal and 
enriched uranium is of particular interest. They found the usual 
three alpha groups and attempted quantitative measurement of each. 
Upon comparing their data for the activity ratio of U**" to U^" (3,60 
per cent) with other determinations, particularly Nier ' s 4.6 per cent, 
they found a significant discrepancy. The alpha-particle emission 
rate in the 4.52-Mev group was only 79 per cent as large as the total 
U*** disintegration ra te . A measurement of the U**' alpha rays in a 
slightly enriched sample showed no increase over normal. A search 
for a fourth alpha-ray group proved unsuccessful. The possibility of 
a U^*' alpha-ray group obscured by the Û ** rays (4.71 Mev) was con
sidered along with the possibility of a neptunium 235 branched-chain 
disintegration. The gamma ray of 165 Kev since discovered indicates, 
of course, that there was a weaker alpha-ray group at about 4.69 Mev, 
An experiment to locate and record this group directly was being 
considered at the time of writing. 

As a U*'* detector this gamma ray is far from ideal. In the absence 
of anything better, however, it is being applied as a means of detecting 
localized accumulations of U*̂ * inside equipment not conveniently 
amenable to direct observation. 
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Paper 9.29 

RADIATIONS OF Pa^*^ 

By A. H. Jaffey and Q. Van Winkle 

[Editor's Note: Contribution from the Argonne National Laboratory, 
Based on Report ANL-4193. Prepared for publication Oct. 4, 1948. 
Preliminary calculations were reported in Report CN-3001, May 1945, 
pp. 19-21.] 

ABSTRACT 

p^232 ^3^3 discovered by Gofman and Seaborg,* who reported it to be 
a beta- and gamma-ray emitter with a 1.6-day half life. In the course 
of another experiment,^ further investigation was made on Pa^^^. From 
this work and other results , the half life was determined to be 1.32 
days (reported elsewhere).^ Although the results of the measurements 
on the Pa^'^ radiations are only preliminary, they are being reported 
here since no further work has been done at this laboratory. 

1. EXPERIMENTAL WORK 

1.1 Chemical Operations. The Pa^'^ was precipitated in a quartz 
tube with ammonia, washed, dried at 100°C, and sealed in the tube for 
bombardment in the Argonne heavy-water pile. Subsequent to bom
bardment, the solid was dissolved, and samples were prepared on 
quartz plates. The Pa^'^ formed was found to be relatively free of all 
radiochemical contamination except that due to Pa^'^. 

1.2 Apparatus. The absorption curves described in the following 
paragraphs were measured with brass-walled thin-mica-window 
argon-alcohol filled (10 cm Hg total pressure) Geiger-Mueller count
ers.* The circuits were of the scale-of-eight Cyclotron Specialties 
type with Neher-Harper quench circuits. 
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1.3 Experiment, Absorption curves were measured with aluminum 
and lead, and, after complete decay of the Pa^^^ activity, similar meas
urements were made on the residual activity due to Pa^*^. This back
ground was subtracted before correcting the absorption curves for 
decay during measurement. A half-life value of 1.32 days was used 
for these corrections. Losses at high counting ra tes were corrected 
by calibration of the Geiger-Mueller tubes through the use of the 
paired-source technique. 

2. RESULTS 

2.1 Hard Gamma Radiation. The lead absorption curve in Fig. 1 
shows a gamma ray with a half thickness of 10.8 g/cm^. According 
to Heitler 's curves^'^ relating half thickness to energy, this value 
should correspond to a gamma-ray energy of 1.10 Mev. It has been 
proposed elsewhere'' that the absorption method used in this experi
ment tends to give high values for the half thickness. In this method, 
the sample is placed about 5 cm from the Geiger-Mueller tube, whereas 
the lead absorbers are placed next to the window of the tube. As more 
absorbers are added, they are placed in contact with the absorber next 
to the window. This procedure minimizes scattering of gamma radia
tion around the absorbers into the Geiger-Mueller tube and also 
guarantees that the electrons (photoelectrons, Compton electrons 
and electron pairs) formed in the absorbers always have the same 
geometry relative to the Geiger-Mueller tube. However, the geometry 
at an absorber is fairly high, so that a secondary gamma ray emerging 
from a Compton scattering process has a relatively good chance of 
being detected by the Geiger-Mueller tube. Hence the counting rate 
falls off more slowly with addition of absorbers than it would with 
very low (i.e., beam) geometry, where every scattered gamma ray 
is scattered out of the beam. It is for the beam case that Heitler 's 
curves are calculated, so that for given gamma-ray energies the 
method used here would give higher half thicknesses than does Heitler. 
As pointed out by Jaffey and Magnusson,'' the effect is even worse for 
absorbers of lower atomic weight. This is borne out by an aluminum 
absorption curve of the Pa^^^ sample; the measured half thickness 
(16.7 g/cm^) corresponds (Heitler) to an energy of 1.9 Mev. An eval
uation^ of the quantitative aspects of the discrepancies indicates that 
the Pa^'^ gamma-ray energy is probably between 1.0 and 1.05 Mev. 

2.2. Other Quantum Radiation. X-rays . Figures 2 and 3 show lead 
and aluminum absorption curves, respectively, determined with the 
sample 3.5 cm from the Geiger-Mueller tube and with a 1.9 g/cm^ 
beryllium absorber over the sample. The lead or aluminum absorbers 
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were placed next to the Geiger-Mueller window. The beryllium ab
sorber was used to cut out beta particles and electrons with a min
imum of x-ray absorption. 

The lead absorption curve in Fig. 2, after subtraction of the hard 
gamma-ray component, analyzes into two components with half thick
nesses of 900 and 6.8 mg/cm^, respectively. The former corresponds® 
to a gamma-ray energy of about 225 Kev, while the latter occurs in 
the region of the L absorption edges of lead. As a result, the answer 
is multivalued, and any or all of the energies® 11,3, 13,2, and 19,2 Kev 
would correspond to the half thickness 6.8 mg/cm^. 

Subtraction of the hard gamma-ray component in the aluminum ab
sorption curve (Fig. 3) leaves two components, 112 and 37 mg/cm^, 
which correspond' to the energies 16.5 and 11.3 Kev, respectively. 

The low-energy components found in both the aluminum and lead 
absorption curves are probably L x-rays (presumably of U^'^). It has 
been shown elsewhere'' that, if a synthetic aluminum absorption curve 
is drawn for the five most intense components of the L x-rays , this 
curve can be arbitrari ly analyzed into two components with half thick
nesses of about 120 and 40 mg/cm^, respectively. The softer com
ponents of the aluminum absorption curve evidently have this s t ruc
ture and hence are probably L x-rays . The component having a half 
thickness of 6.8 mg/cm^ of lead probably corresponds to the L x-rays, 
which have energies of 13.6 to 20.3 Kev.* 

The lack of agreement between the lead and aluminum absorption 
curves on the 225-Kev component is somewhat disturbing. It is pos
sible that it could have been missed in the aluminum curve since this 
absorption curve was carried out only to 6 g/cm^ of aluminum. Be
cause of the low counting rate of the 225-Kev gamma ray (from Fig. 
2, about one-seventh that of the hard gamma ray) and the large alumi
num half thickness (5.85 g/cm^), it would have been quite possible to 
miss this component. 

2.3 Beta Par t ic les . Figure 4 shows the aluminum absorption 
curve for a Pa^'" sample mounted fairly close to the Geiger-Mueller 
tube. After subtraction of the hard gamma ray, the first component 
to be "peeled off" proved to have a half thickness of 78 mg/cm*. The 
most suitable interpretation is that this component i s due to the L 
x-rays and that the inability to get the apparent two components found 
in Fig. 3 is due to the insufficiency of points in this region. The value 
78 mg/cm^ seems to be an average of the two half thicknesses found 
in Fig. 3. This interpretation is further substantiated in Sec, 2,4 
where abundance considerations a r e discussed. 

The next component (Fig. 5) has an initial half thickness of about 
33 mg/cm^. On the assumption that it i s due to another beta particle 
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or to a conversion electron, i ts range is roughly 150 mg/cm^, which 
corresponds to an energy oi 480 Kev.*'^" It might also be an L x-ray 
component. However, this assumption can probably be eliminated on 
abundance considerations (Sec. 2.4). 

The final component (Fig. 5) has an initial half thickness of 5.^ 
mg/cm^ and a range of about 70 mg/cm^ (280 Kev).''^° It is , apparently, 
the major beta-particle constituent of Pa^*^. 

2.4 Abundance Considerations. Table 1 gives the relative abun
dances of the components found in Figs. 4 and 5, and Tables 2 and 3 
give the relative abundances of those in Figs. 3 and 2, respectively. 

The absorption in the beryllium absorber was calculated as follows: 
1. The energies of the most intense components of the L x-rays of 

uranium* are 13.6, 13.5, 17.3, 16.5, and 20.3 Kev, and their relative 
intensities* are 100, 11, 49,4, 28, 12, 

2. The relative efficiency of detection of each component was taken 
as being proportional to its mass-absorption coefficient® in argon (the 
major constituent of the gas filling). 

3. The beryllium absorption coefficient of each component was de
termined, and, using as weighting factors the relative intensities and 
the relative detection efficiencies, it was calculated that 0.43 of the 
total x-ray counts passed through the beryllium absorber. Thus x-ray 
counts through the beryllium absorber required correction by the 
factor 2.3. The value 2.3 is a lower limit since the presence of heavy-
element impurities in the absorber would have resulted in greater 
x-ray attenuation. 

The efficiencies for detection of the quantum radiation were deter
mined as follows: 

1. Jaffey and Magnusson'' found the detection efficiency of the L 
x-rays of Pu in a similar argon-filled Geiger-Mueller tube to be about 
2 per cent. Since the energies of the uranium L x-rays are almost the 
same, the same value is used here. 

2. They also found the detection efficiency of a 1.2-Mev gamma ray 
in the same type of Geiger-Mueller tube to be about 1.3 per cent. 
Since the efficiency of a Geiger-Mueller tube for gamma rays is ap
proximately a linear function of energy in this energy region,^^'*^ the 
efficiency for a 1.0-Mev gamma ray may be taken to be approximately 
1 per cent. 

3. Studier" found the efficiency of a similar Geiger-Mueller tube 
to be about 0,5 per cent for a 0,3-Mev gamma ray. 

2.5 Summary. Although the absorption data a re not sufficiently 
good to establish clearly the decay scheme, it seems likely that for 
each soft beta particle there is one hard gamma ray and one L x-ray. 
The data from Tables 2 and 3 indicate only one x-ray per gamma ray. 
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For this reason, the component with the half thickness 33 mg/cm^ 
(Table 1) is probably not an x-ray but a conversion electron (or an
other beta particle). 

The large number of L x-rays , with no indication of K x-rays , sug
gests that there may be a soft gamma ray (less than 100 Kev) which 
is almost entirely converted in the L shell. This seems to be true'' 
also of Np^'*, which is an analogous nuclide. The resulting conversion 
electrons would be so soft as to be absorbed in the mica window and 
hence would not be detected. 

A single beta particle (approximately 0.28 Mev) in coincidence with 
a hard gamma ray (1.0 to 1.05 Mev) and with a soft gamma ray (less 
than 100 Kev) almost completely converted in the L shell would ex
plain most of the radiations. Just how a 0.48-Mev conversion electron 
or beta particle (5 per cent abundance) and a 0.23-Mev gamma ray 
(30 per cent abundance) fit in is not at all clear. Further work, in
cluding coincidence measurements, is necessary to clear up this point. 

Table 1 — Relative Intensities of Radiations as Taken from the 
Aluminum Absorption Curves in Figs. 4 and 5 

Type of radiation 

Soft beta particle 
Electron (or x-ray) 

L x-ray 
Hard gamma ray 

Radiation at 
zero-absorber 
extrapolation. 

c /min 

20,000 
820 

520 
160 

Estimated 
counting 

efficiency 

1.0 
1.0 or 

0.02 
0.02 
0.01 

Radiation 
corrected for 

efficiency. 
c /min 

20,000 
820 or 

41,000 
26,000 
16,000 

Radiation, 
(corrected) 
relative to 

hard gamma ray, 
c / m m 

1.2 
0.05 or 

2.6 
1.6 
1 0 

Table 2—Relative Intensities of Radiations as Taken from the 
Aluminum Absorption Curve of Be-Covered Sample (Fig. 3) 

Type of radiation 

Hard gamma ray 
L x-ray 

Radiation at 
zero-absorber 
extrapolation. 

c/min 

735 
675 

Estimated 
counting 

efficiency 

0.01 
0.02 

Radiation 
corrected for 

efficiency, 
c/min 

73,500 
33,750 

Radiation 
corrected for 

absorption 
in Be, c/min 

73,500 
77,625 

Radiation, 
(corrected) 
relative to 

hard gamma ray, 
c/min 

1.0 
1.05 
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Table 3—Relative Intensities of Radiations as Taken from 
Lead Absorption Curve of Be-Covered Sample (Fig. 2) 

Type of radiation 

Hard gamma ray 
Soft gamma ray 
L x-ray 

Radiation at 
zero-absorber 
extrapolation, 

c/min 

740 
112 
555 

Estimated 
counting 

efficiency 

0.01 
0.005 
0.02 

Radiation 
corrected for 

efficiency, 
c/min 

74,000 
22,400 
27,750 

Radiation 
corrected for 

absorption 
in Be, c/min 

74,000 
22,400 
63,800 

Radiation 
(corrected) 
relative to 

hard gamma ray 
c/min 

1.0 
0.3 
0.85 

5000 

10 15 20 25 30 35 40 45 50 

LEAD ABSORBER, G/CM^ 

Fig. 1 — Lead absorption curve for Pa^'' obtained with the sample mounted 5 cm from 
the Geiger-Mueller tube. 



LIL 

0 0 0 

5 0 0 

2 0 0 

1 0 0 

5 0 

2 0 

1 i 
f— 

\ 

X 
'— 
— 

— 
— 

1 1 1 1 
TOTAL ABSORPTION 

CURVE 
•^ •O Q_ 

T , / = 6 . 8 M G / C M 2 

\ (11.3,13.2,19.2 KEV) 

VQ 

\ ~——i^ 
\ "̂  

°\ 
\ (SCALE I I ) 

\ 

1 1 l\ 1 

1 1 1 1 
(SCALED 

a 0 

HARD GAMMA RAY 

T ,^=900MG/CM2 

——_js_(225 KEV) 

^ ^ — - , - - - . 

1 1 1 1 

1 1 

— - ^ 
• 

1 1 

1 
CONTINUED OUT 
TO 14 G/CM2 — ^ _ 

— 

z 
(SCALE I ) ~ 

— 
— 

1 
SCALE I 100 200 300 400 500 600 700 800 900 1000 
SCALE U 10 20 30 40 50 

LEAD ABSORBER, MG/CM^ 

1250 1500 

Fig. 2—Lead absorption curve for Pa^^ determined with the sample mounted 3.5 cm from the Geiger-
Mueller tube and with a beryllium absorber (1.9 g/cm') over the sample. 



1000 

500 

2 0 0 

o 100 

i 1 

I I I I I I I r 

GAMMA 

CURVE CONTINUED 
OUT TO 6 G/CM2 " 

I I I I I I I I I 
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 

ALUMINUM ABSORBER, MG/CM^ 

Fig. 3—Aluminum absorption curve for Pa '̂̂  obtained with the sample mounted 3.5 cm from the 
Geiger-Mueller tube and with a beryllium absorber (1.9 g/cm'') over the sample. 



sn 
50,000 

20,000 

7^ 

2 

O 

10,000 

5000 

2000 

1000 

500 

200 

100 

50 

20 

10 

HARD GAMMA RAY 

CONTINUED OUT TO 
2.2 G/CM^ 

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 
ALUMINUM ABSORBER, MG/CM^ 

Fig. 4—Aluminum absorption curve for 9 Pa^'^ sample mounted on quartz 1.0 cm from the Geiger-
Mueller tube (mica-window half thickness, 2,77 mg/cm''). 



^?=f 
50,000 T T 

T, =5.8 MG/CM2 

I I I I I I 1 - 1 

RANGE 
~150 MG/CM^ 

(~480 KEV) 

50 60 70 80 90 100 
ALUMINUM ABSORBER, M G / C M ^ 

140 

Fig. 5—Aluminum absorption curve for a Pa^^^ sample mounted on quartz 1.0 cm from the Geiger 
Mueller tube (mica-window half thickness, 2.77 mg/cm^; mica plus air absorption, 3.94 mg/cm^). 



700 

REFERENCES 
1. J. W. Gofman and G. T. Seaborg, this volume. Paper 2.4. 
2. A. H. Jaffey and Q. Van Winkle, this volume. Paper 9.16. 
3. A. H. Jaffey and E. K. Hyde, this volume, Paper 9.20. 
4. A. H. Jaffey, T. P. Kohman, and John Crawford, A Manual on the Measurement of 

Radioactivity, Report M-CC-1602, January 1944; Report MDDC-388. 
5. W. Heitler, "Quantum Theory of Radiation," Chap. V, Oxford University P re s s , 

New York, 1936. 
6. A. H. Compton and S. K. Allison, "X-Rays in Theory and Experiment," D. Van 

Nostrand Company, Inc., New York, 1935. 
7. A. H. Jaffey and L. B. Magnusson, Paper 14.2, The Radiations of tip"' and the 

Half-Life of P>u^", in National Nuclear Energy Series, Division IV, Volume 14 B, 
McGraw-Hill Book Company, Inc., New York, 1949; Report ANL-4030. 

8. A. H. Compton and S. K. Allison, "X-Rays in Theory and Experiment," pp. 645, 
788, D. Van Nostrand Company, Inc., New York, 1935. 

9. L. E. Glendenin and C. D. Coryell, Paper 11, Relationship between the Range and 
Spectrographic Energy of Beta Part icles, in National Nuclear Energy Series, Di
vision IV, Volume 9, McGraw-Hill Book Company, Inc., New York, 1951; Report 
ANL-NS-2. 

10. L. E. Glendenin, Determination of the Energy of Beta Part icles and Photons by 
Absorption, Nucleonics, 2: 12-32 (1948). 

11. Wendell C. Peacock, Study of the Absolute Efficiency of Gamma-Ray Counters 
with Application to Nuclear Spectroscopy, Ph. D. thesis , Massachusetts Institute 
of Technology, 1944. 

12. A. Roberts, L. G. Elliott, J. R. Downing, W. C. Peacock, and M. Deutsch, Phys. 
Rev., 64: 268-275 (1943). 

13. M. H. Studier, this volume, Paper 9.13. 



Paper 9.30 

REPORT ON RADIATIONS OF UY 

By A. H. Jaffey, Jerome Lerner, and Sylvia Warshaw 

[Editor's Note: Contribution from the Argonne National Laboratory. 
Based on Report ANL-4247. Prepared for publication Feb. 2, 1949. 
Some of this material has been reported previously.'"*] 

1. INTRODUCTION 

In the course of a cross-sect ion measurement^ on the Th^^(n,y)Th^^^ 
reaction by direct determination of the Th^^^ (or UY) disintegration 
rate, it was found necessary to have some information on the UY decay 
scheme. Such information was necessary in order to evaluate the 
fraction of the counts measured which were due to disintegration beta 
part icles. Some preliminary work has been done on the decay scheme 
by the use of absorption methods. The poor resolution of these methods 
enabled the determination of only the gross features of a decay scheme, 
which were sufficient for the purposes of evaluatir^ disintegration 
rates (with the aid of suitable corrections). The results obtained here 
indicate that further work is necessary to determine the correct 
scheme. 

As indicated above, UY can be made through the absorption of neu
trons by ionium, or it can be isolated from uranium samples since it 
is the daughter of U " ' decay (U^̂ ^ -^ Th" ' ) . P r io r to World War II 
the usual source of UY was natural uranium. By separating the thorium 
fraction from a large amount of uranium, it is possible to get a rea
sonable amount of UY. 

Unfortunately, UY so separated always has large amounts of UX^ 
(Th^^) and UX^ present, even when short periods (1 to 2 days) of growth 
are used in order to increase the relative concentration of the short
lived (25.6 hr) UY over that of the 24.1-day UXj. Most measurements 
made on UY separated from natural uranium were made by difference. 
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The UX radiation was measured after the decay of the UY, and, after 
correcting for the UXj decay, these measurements were subtracted 
from the measurement on the original UX + UY radiations. [UX refers 
to the combination of UXj and its short-lived descendant UXg (Pa^^).] 

Because of the difficulties in such measurements, most of the work^" 
prior to the war gave incomplete results . A soft component was found, 
although the observed aluminum half thicknesses varied considerably 
[3.2 mg/cm^ (Erchova); 6.2 mg/cm^ (Antonoff); 6.2 mg/cm^ (Kirsch); 
and 7.6 mg/cm^ (Nishina)]. Erchova also found a harder component 
with a 35 mg/cm^ half thickness, while Antonoff found a very soft com
ponent (0.75 mg/cm^ half thickness) which he ascribed to alpha radia
tion. 

With the availability of sources of concentrated U*", it became pos
sible to isolate UY samples with much smaller amounts of UX con
tamination. Such samples have been studied'"' at this laboratory and 
by Knight and Macklin. Measurements reported early from this labo
ra tory ' on a UY preparation separated from uranium containing 65 
per cent U ' ' ' showed the presence of a number of radiations, including 
a soft beta of 5.6 mg/cm^ aluminum half thickness, L x-rays with half 
thicknesses ranging from 40 to 120 mg/cm' aluminum, and a very soft 
radiation with a half thickness of about 1.4 mg/cm^ aluminum. The 
abundance of the very soft radiation was almost twice that of the beta-
particle component. In addition to the L x- rays , a harder quantum was 
found, for which the data were too poor to determine the energy, al
though it was suspected that it might be a K x-ray. The quantum radi
ations were proved to be such by measurement through sufficient 
beryllium absorber to cut out all beta part icles. Several suggestions 
were made for possible decay schemes. 

Knight and Macklin* found the soft beta particle and determined a 
value of 7.0 mg/cm^ for the aluminum half thickness. In additon, they 
found two more components with half thicknesses of 820 and 104 mg/ 
cm^, respectively, which they ascribed to a 34-Kev gamma ray and to 
a 16-Kev L x-ray. Knight and Macklin suggested a decay scheme in
volving a beta decay (7 mg/cm^ component) followed by a 34-Kev 
gamma, which was highly converted, thus giving r i se to L x- rays . 
They ascribed the very soft component found in this laboratory to a 
mixture of conversion electrons and M x-rays . 

More recent investigation in this laboratory has shown that this 
decay scheme is probably incomplete. The work described in this 
paper summarizes both the earl ier experiments and the more recent 
measurements. Since both the results described here and those of 
Knight and Macklin suggest a single beta particle followed by a num-
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ber of other radiations (conversion electrons, x - rays , and gamma 
rays), the determination of the true disintegration rate from the count-

- ing rate is probably not seriously affected by the details of the disin
tegration scheme. 

2. CHEMICAL SEPARATION PROCEDURE 

The enriched uranium sample used contained about 95 per cent Û ^̂  
by weight, which meant that the u^^VU^^* activity ratio was approxi
mately 100. Since, at equilibrium, the UY/UX activity ratio would be 
the same, a thorium sample directly separated from the uranium could 
have been used. However, to ensure that the UX activity would not 
seriously interfere even after the sample had decayed somewhat, the 
thorium fraction was completely separated, the uranium was purified, 
and the daughters were allowed to grow in for 1 or 2 days. The tho
rium daughters were then separated from the uranium; the resulting 
UY/UX activity ratio was increased by a factor of 12 to 15 over the 
equilibrium value. 

In the first purification of the uranium, the thorium fraction was r e 
moved by precipitation with a LaFg car r ie r , after which the uranium 

- was separated from the fluoride ion by precipitation as the hydroxide 
and further purified by a hexone (methyl isobutyl ketone) extraction 
from lOM ammonium nitrate. Followir^ the growth period, the tho-

- rium daughters were separated by precipitation with LaFj ca r r i e r . To 
complete the separation from uranium, two more purification cycles 
were used, involving precipitations with zirconium iodate and LaFg 
ca r r i e r s . Following the solution of the LaFj, the activity was separated 
from the lanthanum salt by extracting the thorium activity with thenoyl 
trifluoracetone (TTA) in benzene solution. The nitric acid extract 
from the TTA contained essentially car r ie r - f ree UY, and the samples 
were prepared from this solution. 

3. MEASUREMENTS 

The results are summarized in Table 1. The best value for the 
aluminum half thickness of the soft beta component is about 6.1 mg/ 
cm^. According to the data summarized by Libby* this corresponds to 
an energy of 0.20 Mev. The results obtained here also indicate that 
the harder radiations are due to L x-rays and several gamma rays . 

An aluminum absorption curve gave two components with half 
thicknesses 47 and 108 mg/cm^, respectively, which correspond to 
12.3 Kev and 16.3 Kev, respectively. These energies are in the region 
of the Pa L x-rays, which could be excited if a gamma ray following 
the beta decay were internally converted. Although the L x-rays of 
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Pa range from 13 to 20 Kev, an aluminum absorption curve of the 
mixture of components can be (somewhat arbitrarily) "resolved" into 
two components, as shown in the case of Np^^* decay by Jaffey and 
Magnusson.'" Thus the identification of these two components with 
L x-rays arising in UY decay seems reasonable. In addition to the 
L x-rays , the aluminum absorption curve showed a component with a 
half thickness of about 800 mg/cm^ (34 Kev). All these components 
were proved to be quantum radiations by measuring them in a magnetic 
field strong enough to bend away all electrons and also by measuring 
them through a beryllium absorber sufficiently thick to absorb all 
emitted electrons (1900 and 235 mg/cm^). 

Lead absorption curves showed components with half thicknesses 
of 4.5 and 40 mg/cm^, which were shown to be quantum radiations by 
bending away electrons with a magnetic field. Since the first value 
lies in the midst of the lead L absorption edges, the 4.5 mg/cm^ com
ponent could correspond to 9.6, 13,4, or 16.5 Kev. Evidently, this is 
the L x-ray observed in the aluminum curve. The harder component 
corresponds to an energy of 38 Kev, which checks fairly well with the 
results of the aluminum absorption curve. Silver and copper absorp
tion curves similarly showed L x-rays and a gamma ray whose energy 
is either 34 or 38 Kev. 

In addition to these components, harder quantum radiations of lower 
intensity were apparent in the absorption curves determined with alu
minum, lead, silver, and copper. Agreement on energy values was 
quite poor, but it seemed fairly certain that there was a gamma ray 
with an energy lying between 60 and 70 Kev and one with an energy at 
or above 100 Kev which could possibly be ascribed to a K x-ray. 

A soft component was observed in a low-absorption counter'^ with 
a half thickness (aluminum) of 0.9 to 1.0 mg/cm^ and an abundance 
about twice that of the 6.1 mg/cm^ component. The same radiation 
was also observed in absorption curves obtained with ordinary mica-
window Geiger-Mueller tubes with fairly thin windows. When a beryl
lium absorber or a magnetic field was used to remove electrons, the 
half thickness increased to about 1,25 mg/cm^. It is possible, then, 
that the 0.9 mg/cm^ component represents a mixture of soft conver
sion electrons and M x-rays . 

For x-rays , a 1.25 mg/cm^ half thickness may be due to a 1.3-Kev 
or a 3.4-Kev x-ray (multivalued because of the K absorption edge of 
aluminum). The x-rays from the Pa^^^ daughter of UY range from 2.4 
to 4,9 Kev, which is consistent with these results , considering the 
experimental er ror in the half-thickness measurements. If the soft 
conversion electrons were 0,5 to 0,7 mg/cm^ in half thickness, their 
energy would l ie ' between 45 and 55 Kev, If these electrons were due 
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to conversion in the L shell, the converted gamma ray would have an 
energy of approximately 60 to 70 Kev (16 Kev taken as average Pa 
binding energy in the L shell), which apparently checks with the obser
vation of a low-intensity gamma ray of about this energy. If the soft 
electrons had been due to conversion of the 35-Kev gamma, as sug
gested by Knight and Macklin,® their energy would have been about 20 
Kev, which corresponds* to an aluminum half thickness of about 0.15 
mg/cm^. No such component was observed in the low-absorption 
counter (minimum absorption 0.3 mg/cm^). 

It is further unlikely that the large number of conversion electrons 
observed were due to conversion of the 35-Kev gamma ray since, 
after correcting for counting efficiencies, the abundances of the L x-
rays and the gamma ray seemed to be equal (Table 1). The ratio (at 
zero absorber) of the L x-ray counts to the counts due to the 35-Kev 
gamma ray was found to be approximately 10. Taking the average 
energy of the L x-ray to be 16 Kev, the half thickness in argon of this 
radiation would be 42 mg/cm^, while the corresponding half thickness 
for a 35-Kev gamma ray is 380 mg/cm^. For low-energy quanta, most 
of the counts in a Geiger-Mueller tube are those arising from absorp
tion of the quanta in the gas of the tube; thus at low efficiencies the 
counting efficiency for a given type of such radiation is inversely pro
portional to the half thickness for absorption in the gas. Neglecting 
the small effect due to the alcohol, the absorption of a 16-Kev x-ray 
in an ordinary argon-alcohol filled Geiger-Mueller tube relative to 
the absorption of a 35-Kev gamma ray would be 380/42 = 9.0. The 
agreement between this value and the ratio of observed counts sug
gests that the number of L x-rays and 35-Kev gamma rays is approx
imately the same, with a relatively small percentage (if any) of con
version of the gamma ray. 

It also seems likely that the number of beta particles is about equal 
to the number of L x-rays emitted (Table 1). Using an argon-alcohol-
filled Geiger-Mueller tube, the ratio of the 6,1 mg/cm^ (beta) compon
ent counts (at zero absorber) to the x-ray counts was found to be about 
30, If it is assumed that the number of L x-rays is approximately 
equal to the number of beta rays , the efficiency for counting the L x-
rays of Pa is found to be about 3 per cent. This value is not unrea
sonable, since Jaffey and Magnusson'" found a value of 2 to 2,5 per 
cent for the L x-rays of Pu from the decay of Np^^ ,̂ [Since the L x-
rays of Pa are lower in energy than those of Pu, the absorption co
efficient in argon of the former would be greater , and hence the count
ing efficiency would be higher.] 

As mentioned above, the very soft component may be a mixture of 
soft conversion electrons and M x-rays . The absorption coefficients 
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of the M x-rays in argon are quite large; thus their counting efficiency 
is high. It is fairly reasonable to assume, then, that somewhat less 
than half of the soft component counts are due to M x-rays , and the 
remainder of the counts are due to conversion electrons. 

Some coincidence measurements were made, but they proved re l 
atively little because of the very low counting efficiencies for the 
soft gamma rays involved. In these measurements, two Geiger-Mueller 
tubes were used with a permanently fixed absorber over one, and 
coincidences were measured as a function of the aluminum absorber 
thickness in front of the other tube. In one measurement, 475 mg/cm^ 
of beryllium was used as the permanently placed absorber; in another, 
1000 mg/cm^ of aluminum was used. The former cut out electrons 
but allowed the L x-rays and gammas through; the latter cut out L x-
rays as well as electrons. The results showed that the 6,1 mg/cm^ 
component and the L x-rays were in coincidence with radiation 
that could penetrate 475 mg/cm^ of beryllium or 1000 mg/cm^ of alu
minum; i,e,, the beta particle and L x-rays were in coincidence with 
some gamma rays. 

The half life of UY was measured using a thin-walled glass Geiger-
Mueller tube: This type of tube has been found to have more repro
ducible characteristics than the mica-window tubes available. The 
tube was frequently checked with a standard, and most of the counts 
were within the expected statistical deviation of 0.3 per cent. Because 
this glass tube had a minimum absorption of about 30 mg/cm^, it 
attenuated the UY beta radiation by almost five half thicknesses (a 
factor of about 30). As a result , the hard radiation of UX^ was found 
to give a long-lived tail in the decay curve. Although the UXg con
centration was quite a small fraction of the total activity, the severe 
attenuation of the UY beta rays made the UX radiation (which was 
only partially attenuated) a sizable part of the total counts measured. 

A better decay curve was determined by using 1230 mg/cm^ of 
beryllium to cut out all beta rays . Under these conditions only the 
quanta emitted in the UY decay were measured, although a nondecaying 
residuum of several counts was found after the UY decayed out. This 
was ascribed to incomplete separation of U^̂ ^ and U *̂*, both of which 
emit quantum radiation.^^"'^ The resolution losses were determined 
by using the paired-source technique^* and were found to be 0,42 per 
cent per 1000 c/min. Two separate preparations of UY were made 
from the U '̂̂  sample. Sample 1 (initial counting rate about 700 c/min) 
was counted down to background (about six half lives). Sample 2 
(initial counting rate about 3600 c/min) was also counted down to back
ground (about eight half lives). The half lives were calculated using a 
least-squares method; sample 1 gave a value 25,56 ± 0.06 hr, and 
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sample 2 gave 25,73 ± 0,06 hr, (The deviations represent the standard 
deviation calculated from the dispersion of the data,) The results 
probably justify a half-life value of 25.64 ±0-1 hr. 

4, SUMMARY 

The results described indicate that the following components are 
probably present with approximately equal intensity (within perhaps 
25 per cent): 0,20-Mev beta rays , L x-rays , M x-rays , 50-Kev con
version electrons, and 35-Kev gamma rays . In addition there seems 
to be evidence for the existence of a highly converted gamma ray in 
the range 60 to 70 Kev and of a low-intensity gamma with an energy of 
100 Kev or greater . Despite the scanty evidence, it may be possible 
to combine these data into a consistent decay scheme, A tentative 
scheme is suggested in Fig, 1, Associated with the conversion are L 
and M x-rays and conversion electrons. The order of the two softer 
gamma rays is , of course, uncertain. 

At zero absorber, using argon-alcohol-filled mica-window Geiger-
Mueller tube (Table 1), the very soft component (presumably M x-rays 
and conversion electrons) had almost twice as many counts as the 
beta-ray component. The counting rate of the L x-rays was about one-
thirtieth that of the beta rays , the 35-Kev counting rate was about 
one-tenth that of the L x- rays , while the counting rates of the other 
gamma rays were somewhat lower yet. 

The half life of UY was measured as 25.64 * 0-1 hr. 

Table 1 — Radiations of UY 

Probable type 
of radiation 

Mixture of M 
x-rays and 
conversion 
electrons 

Beta rays 

L x-ray 

Gamma ray 

Gamma ray 

Gamma ray 

Aluminum 
half thickness, 

mg/cm'' 

~1 

6.1 

47 
108 

800 

Energy 

2.5 to 5 Kev 
~50 Kev 

0.20 Mev 

12.3 Kev 
16.3 Kev 

35 Kev 

60 to 70 Kev 

100 Kev or 
greater 

Relative radia
tion at zero 

absorber, c/min 

~2 

1.0 

0.03 

0.003 

Small 

Small 

Approx. 
relative 

abundance 

~2 

1.0 

1 

1 
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UY. 

\ ̂ ^ 0 (0.20 Mev) 
\ \ 
A 

35-Kev gamma 
(relatively 
unconverted) 

Pa '̂ 

60- to 70-Kev gamma 
(highly converted) 

Approximately 
100-Kev gamma 

Fig. 1 —Decay scheme of VY. 
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Paper 9.31 

UPPER LIMIT TO ABSORPTION CROSS SECTION OF Û ^̂  

By H. Finston and A. Turkevich 

[Editor's Note: Contribution from the Argonne National Laboratory, 
University of Chicago. Based on Report CP-3166, June 15, 1945.] 

ABSTRACT 

A sample of uranium containing 1,32 ^ 10"* atom % of U^ '̂ was ex
posed for about 7 days to a flux of 8.2 x lO* neutrons/sec/cm^ in the 
thermal column of the Argonne heavy-water pile. No U^ '̂' above that 
produced in a blank sample has been detected. This indicates a 
maximum absorption cross section of about 30 barns for U '̂®. 

1. INTRODUCTION 

The isotope U^^' is formed to the extent of about 15 per cent of the 
Plutonium yield in thermal piles, and yet its nuclear characterist ics 
are still largely undefined. Attempts have been made to determine 
its half life and radiations, but, except for reasonable certainty that it 
is an alpha emitter of long (10'' to 10' years) half life, the search has 
been unsuccessful. Likewise the absorption properties for thermal 
neutrons are of interest. Because of this, an attempt was made to 
determine the cross section for the (n,y) process on U^^*. The sample 
used had a very low concentration of U^^', but it was felt that even an 
upper limit to this cross section would be of value, at least until more 
accurate determinations could be made as richer samples became 
available. 

The results of a preliminary experiment of the type to be described 
here were announced sometime ago (Report CS-2420); an upper limit 
of 150 barns was set on the thermal-neutron absorption cross section 
of Û ^®. This experiment has been repeated here more carefully, and 
it is now felt that 30 barns is a reasonably safe upper limit. 

709 
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The experiment consisted in counting the beta rays of the 6.83-day 
U237 which should be formed on absorption of a thermal neutron by 
^236 rpĵ g procedure was complicated by the following conditions: 

1, The extremely low concentration of U^ '̂ present in the sample of 
uranium available (1,32 x lO"* atom %) , This made it imperative to 
increase the sensitivity of the experiment by coimting infinitely thick 
samples of UgOg. 

2, The formation of U^" by (n,2n) on Û ^̂ * with fast neutrons. This 
made it necessary to work far out in the thermal column of the Argonne 
heavy-water pile to reduce the number of fast neutrons, with resultant 
loss of thermal-neutron flux. In spite of the precautions taken, the 
(n,2n) reaction caused by neutrons arising from fissions in the sample 
itself caused a background effect which had to be determined and 
which actually limited the sensitivity of the experiment. 

3, The counting of thick samples necessitated working out a pro
cedure involving cleaning out the UX before counting and even then 
correcting for the UX and UY which grew in before counting. 

4, The soft beta radiations of U^ '̂'. It has long been suspected that 
there are conversion electrons besides the primary beta rays in the 
disintegration of this nucleus. Coincidence work' has established this. 
The decay scheme appears to be too complicated to be analyzed, but 
it has been estimated from Engelkemeir 's data that the count from a 
very thin sample through about 5 mg total absorber approximates 
(aside from geometry) the number of disintegrations. This figure 
could easily be in e r ro r by 50 per cent. 

2, EXPERIMENTAL PRELIMINARIES 

A technique of mounting and counting U30g samples was developed 
and standardized for this experiment. The uranium was cleaned of 
disintegration products by several sodium uranyl acetate precipitations 
and then was brought down several t imes with H2O2 and ignited to 
UjOg. Standard 33-mil aluminum mounting cards were made with a 
well in the center (2 cm in diameter and 16 mil deep). About 100 mg 
of the UgOg was weighed out into these, slurried up evenly with a few 
drops of water containing a little aerosol, and baked dry under a heat 
lamp. The powder was finally bound with a little collodion solution 
(about 0.2 mg/cm^). The samples were counted on the top shelf of the 
standard mica-window Geiger-Mueller counter. The total absorber 
consisted of cellophane, 3.3 mg/cm^; air , 0.6 mg/cm^; and mica 
window, 4.3 mg/cm^. The "geometry factor" was about 26 per cent. 
The reproducibility of this mounting technique was tested with UX 
radiations and found adequate (within a few per cent either way). 
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Usually about 4 hr passed after the UX + UY cleanup before the 
samples were counted. Because of the size of the samples, they had 
thus acquired of the order of 200 to 300 counts/min before counting. 
Although most of this was hard UXj beta rays, an important portion 
(a few hours after cleanup) was due to UY (daughter of U^̂ )̂ which, 
because of its 24.5-hour half life, grows in much more rapidly than 
UXi. UY has a weak beta ray with a half thickness of about 6.8 mg/cm^. 
A top-shelf aluminum absorption curve on a normal 114-mg UjOg 
sample which had been treated in the standard fashion is shown in 
Fig. 1. It was obtained 3 hr after cleanup. The ratio of counts through 
zero added absorber to that through 139 mg/cm^ aluminum is about 
2.6. This ratio gradually falls to about 2.1 after the UY begins to 
saturate and the UXj grows in (about 1 day). 

Besides conversion electrons, 6.83-day U^ '̂' has a main beta ray of 
about 7 mg/cm^ half thickness.^ The count through 134 mg/cm^ is but a 
few per cent of the count through zero added absorber. An absorption 
curve of a sample of about 100 mg of UgOg containing appreciable 
amounts of U^ '̂' and cleaned up and mounted in the standard fashion 
is shown in Fig. 2. It i s evident that the count through 139 mg/cm^ 
aluminum may be used as a measure of the UX + UY correction to 
the U^ '̂' count at zero absorber. 

Making the UX-UY corrections in the above indicated manner, the 
counting yield of the thick samples for U^ '̂' beta rays was determined 
by counting samples of U30g of various sizes containing known amounts 
of IP^''. The counts were referred to the U^ '̂' count present in a thin 
(0.0375 mg/cm^) sample of UjOg mounted on mica and counted without 
cellophane on the top shelf of the counters. The "effective counting 
weight" of a thick sample is the counts per minute divided by the 
counts per minute per milligram of a thin sample, and it is plotted in 
Fig. 3 as a function of sample weight. It is evident that above 90 mg of 
U30g the count of U^ '̂' is independent of weight and equivalent to 
19.0 mg of a thin sample. All samples counted in the cross-section 
determination contained between 95 and 115 mg U30g. As indicated in 
Sec. 1, the counts per minute of the thin sample divided by the ge
ometry (0.258) is identified with the disintegrations of U^''' per 
minute. 

The uranium sample enriched in U^ '̂ came from a slug X-11 which 
had undergone a 2.06 x 10^ kw-hr bombardment at Oak Ridge National 
Laboratory, extending over 123 days and ending Apr. 8, 1944. The 
U^" from the (n,2n) reaction was allowed to decay, and decontamination 
from fission products was accomplished by ether extractions, specific 
decontaminations, sodium uranyl acetate precipitations, and p re 
cipitations with Superoxol. The specific decontaminations consisted of 
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precipitations of uranium in the presence of holdback ca r r i e r s . It was 
shown that the standard procedure reduced the beta activity of this 
sample as low as it did normal unirradiated uranium. 

The concentration of U^̂ * in this sample was determined in the fol
lowing manner. 

By an analysis made at Oak Ridge National Laboratory, it was 
determined that the bombarded metal contained 5.7 xlO"® g of 
plutonium per gram of uranium, or 1.43 X 10" atoms of plutonium per 
gram of uranium. Since the ratio of captures in U^^' to fissions in 
thermal piles i s 0.88, this means that, during the course of production 
of plutonium, the number of Û ^̂  atoms (per gram of uranium) under
going fission was 

1.43 X I0i« - ^ ; 3 ^ = 1.63X10^3 

Since 0.17 of the neutron absorptions by Û ^̂  resul ts in the formation 
of U^'' by neutron capture, the number of U^^' atoms (per gram of 
uranium) formed by capture is 

1,63 X 10»« X ^ = 3.34 X 10̂ = 

The number of atoms per milligram of uranium is 3.34 x lO^^ 

Atomic % U - = ^ • ^ ^ ^ ^ t o 2 x y ' ° ° = 1-32 >< 10^ 

3. EXPERIMENTAL PROCEDURE 

The irradiated uranium was prepared as UjOg; 1 g was weighed out, 
dissolved in HNO3, evaporated to dryness, dissolved in 5 cc of DgO 
(to minimize reactions produced by neutrons from fissions in the 
sample), and sealed in a quartz tube. A sample of ordinary uranium 
was identically prepared to be used as a blank for the U^*'' to be 
derived from the (n,2n) reaction on U*^'. The samples were labeled 
and placed 3 in. apart on the axis of the thermal column of the Argonne 
heavy-water pile. They were 64 cm from the tank. The samples were 
given an irregular 7-day bombardment (a log of the bombardment was 
kept) ending at 17:11 on Mar. 10, 1945. After the irradiation, aliquots 
of the samples were reserved for flux determination by analysis for 
12.8-day Ba"° known to be formed in U**̂  fission with a yield of 
6 per cent.* The remainder of each sample was freed of fission prod
ucts by ether extractions, separation of specific fission products, 
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sodium uranyl acetate precipitations, and precipitations with Super
oxol. The samples were shown to be free of fission products by in-
variance of the beta/alpha ratio to chemical operations known to r e 
move various fission products. At the end of the chemical operation, 
a small amount of a weak beta ray of the same half thickness as U^*'' 
was still evident in the absorption curve of the radiations. This must 
be U^*'' since all fission products having beta rays of similar energy 
were removed by specific decontamination procedures. 

The U^*'' samples, now freed of fission products, were recleaned of 
UX by sodium uranyl acetate and Superoxol precipitations and moimted 
in the standard fashion described above. They were counted without 
added absorber and through 139 mg/cm^ aluminum absorber to correct 
for the contribution of uranium decay products. This procedure was 
repeated at intervals of about 2 days in order to follow the decay of 
the U^". 

4. EXPERIMENTAL RESULTS 

Table 1 gives the results for the sample containing U *̂* (sample 1) 
and the blank (sample 3). Indicated are the total counts with and 
without added absorber and the net U^*'' count. Even at the s tar t the 
Û 37 w^g Qjĵ y about 50 per cent of about 200 c/min gross , and there 
is no (experimentally established) difference between the two samples. 
The decay curves of the two samples are shown in Fig, 4. Although 
the points fluctuate badly (especially at the end), mainly owing to the 
low counts, they show some trend about a 7-day decay. It is con
cluded that this activity is U^*'' produced by fast neutrons since it is 
the same in the two samples. 

The flux to which the samples were exposed was determined by 
radiochemical analysis of aliquots of the samples for 12,5-day Ba"". 
From the uranium concentration, the thermal-neutron fission cross 
section, the fission yield of Ba**" (6,1 per cent), and from the log of 
the bombardment (fraction of saturation was 0,273), the flux was 
calculated in standard fashion. It came out to be the same (8.24 x 10^ 
neutrons/min/cm^) for the two samples. 

As the data indicate, there is no difference between the blank and 
the uranium containing U**' within experimental e r ro r . The wri ters 
feel that 80 c/min excess of U^*'' at the end of bombardment could have 
been detected. Assuming this value, the calculation may be made to 
convert this to an absorption cross section of U^'*. It is believed that 
this cross section is less than 30 barns with an uncertainty of possibly 
100 per cent due to the insensitivity of this experiment and the un
certainty in the nature of the radiations of U^*''. The calculation 
follows: 
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With the assumed activity due to U**'' formed by neutron capture by 
U^'* at end of bombardment (through 5 mg/cm^ total absorber) as 
80 c/min, the value corrected to 1.0 mg of uranium [l/(19.0 x 0.849)] 
is 5.0 c/min. [This is taken to be numerically equal to the number of 
disintegrations in the sample (see Sees. 1 and 2).] The activity cor
rected for geometry (1/0.258) is 19.4 dis/min. Calculated from the 
log of the bombardment, Â ĝ  (fraction of sat. = 0.3908) is 50 dis/min. 

Afla ^ N235 X g(fiss) X Yea 
•'^237 ^ 2 3 6 ^ "^236 

^ _ Nu x a(fiss) X Ysa x A237 
N236 X Aga 

_ 2.53 X 10" X3.9X 0.061 x 50 
^̂ 236 - 3.34 X lO'^ X 2.96 x 10^ " 

where A237 = disintegration rate of U^*'' in the sample after an infinite 
bombardment at standard pile power 

Aga = disintegration rate of 12.8-day Ba*'*" in the sample after 
an infinite bombardment at standard pile power 

N235 = number of atoms of Û *̂  in sample 
N236 = number of atoms of U^*' in sample 

a(fiss) = thermal-neutron fission cross section of U 
2̂36 = thermal-neutron capture cross section of U^̂ * 
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Table 1 — Counting Data on Samples Taken About 4 Hr after UX + UY Cleanup 

Sample 1 (U^") 

Date 
(1945) 

3 /14 
3/16 
3/19 
3/20 
3/21 
3/25 
3/27 
3/29 

3/14 
3/16 
3/19 
3/20 
3/21 
3/25 
3/27 
3/29 

T ime 

19:00 
15:20 
16:05 
01:40 
15:50 
22:25 
14:10 
13:55 

19:00 
15:20 
16:05 
01:40 
15:50 
22:25 
14:10 
13:55 

Wt. of 
U3O,, mg 

99.9 
106.1 
109.9 

114.1 
115.1 
114.5 
112.6 

97.1 
110.8 
108.5 
113.7 
113.6 
114.4 
115.0 
112.7 

Count 
through 

zero abso rbe r , 
c /m in 

216 
223 
169 

205 
209 
183 
154 

Count 
through 

139 mg/cm^ 
Al, c /min 

33 
55 
45 

59 
83 
58 
40 

Sample 3 (ordinary uranium) 

199 
211 
182 
218 
225 
215 
174 
154 

37 
60 
47 
68 
60 
71 
55 
50 

TT237 • 

c /min 

130 
80 
52 

51 
( - 7 ) 

32 
50 

102 
55 
60 
41 
69 
30 
31 
24 

U237 

A - l t co r rec ted 
s t a n d - (A-1 = 3700), 

a rd c /min 

4087 
3727 
3532 
3726 
3770 
3783 
3804 
3612 

118 
80 
55 

50 
( - 7 ) 

31 
51 

93 
55 
63 
41 
68 
29 
30 
25 

*The factor 1/0.384 was used to c o r r e c t the count through 139 mg/cm^ aluminum to 
the UX + UY contribution at zero abso rbe r . 

t T h e A-1 s tandard was used to c o r r e c t for var ia t ion in counting efficiency of Ge ige r -
Mueller tubes . 
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30 60 90 120 150 
ADDED Al ABSORBER, MG/CM^ 

180 

Fig. 1—Absorption in aluminum of radiations from an infinitely thick sample (114 mg) 
of U,0,; 3 hr after cleanup. 
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30 60 90 120 150 
ADDED Al ABSORBER, MG/CM^ 

180 

Fig. 2—Absorption in aluminum of radiations from an infinitely thick sample (~100 
mg) of U,0, containing U"'. 
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Fig. 3—Effective counting weight of U'" in thick samples of U3O3, 
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Fig. 4 — U " ' d e c a y . 
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