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Electron Capture and the Auger Effect in  the Heaviest Elements 

Pe te r  Rygaard Gray 
Radiation Laboratory and Department of Chemistry 

University of California, 'Berkeley, California 

August 1955 

ABSTRACT 

.The Auger effect in the heaviest elements has been investigated. 

K,: Auger 'yields for ytterbium, polonium, and uranium of 
( ' 3  

0. 064 * 0. 01, 0. 058 * 0. 005, and 0. 033 * 0. 010, respectively, were ob- 

tained. The K Auger electrons of ytterbium and polonium were resolved 

into two groups, K-LL and K-L,X, according a s  two o r  one L electrons 
. . . . 

were involved. T,he ratios of the intensities of the K-LX electrons to 

the K-LL electrons :for ytterbium and polonium' were found to be 

0.64 * 0.05 and 0. %.* 0.03, respectively. A summary of measure-  

ments of K fluorescence yields and K Auger electron intensity ratios 

i s  given. 

The nuclear decay properties of several  nuclides i n  the heaviest 

236 
elements have been investigated. The electron. . capture . decay of Np , 

~ t ' l l ,  poZo7,  and. 13rn211 has been studied . .. and decay schemes have been 

proposed. In addition, the alpha spectrum of ~ t " '  has been observed. 

Log ft values have been calculated for 18 electron-capture nuclides 

in  the heaviest elements whose decay schemes a r e  known or  can be 

inferred from beta decay. These log ft products have been used to 

classify the electron-capture transitions a s  to forbiddenness. A 

logarithmic plot of the electron capture partial half-life versus  .neu- 

trino energy has been made for both the allowed and forbidden species. 
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I. INTRODUCTION 

A. The Auger Effect 

h the study of the orbital electron capture process in the heaviest 

elements, i t  often becomes necessary to know the number of K electron 

shell vacancies produced by the capture process a s  well a s  by internal 

conversion of gamma radiation. Reorganization in  such an ionized 

atom with a vacancy in the K electron shell  can take place in either of 

1 
two. ways. F i r s t ,  a transition .may occur during which an  electron from 

a higher energy level fills the vacancy, and the excess energy i s  emitted 

a s  the characteris t ic  electromagnetic radiation (K x-rays)  of the ele-  

, ment. Secondly~".qqradiationless4' .reorganization may take place by the 

transfeAence of the excess energy to an electron in a higher energy 

level and the subsequent ejection of this electron from the atom. These 

ejected electrons a r e  h w n  a s  ~ . ~ k ~ e r  electrbns, and the.process of 

their radialionless emission i s  known a s  the Auger, effect. 

If the magnitude of this effect i s  known, a determination of the 

number of K shell vacancies can be made by a count of either the K 

x-radiations o r  the K Auger electrons. The K Auger coefficient i s  de- 

fined a s  the number of K Auger electrons emitted per K shell vacancy. 

A more widely-used t e rm  is the K fluorescence yield Wf, defined a s  the 

number of the K x-radiations emitted per K shell vacancy. It i s  obvious 

that the sum of the K Auger coefficient and the K fluorescence yield i s  

unity. 



2 - 
Recently, a compilation of K f l ~ o r ~ s c e n c e  yields became available 

'.i 

which unfortunately contained no information on W above polonium f 

. ( Z  = 84). Because of the rather extensive research now being conducted 

on the heaviest elements, data on the Auger effect in the translead region 

would be highly desirable. This study attempts to remove an inconsis- 

tency in the value of Wf for polonium3 and extend our knowledge of the 

Auger effect to atomic numbers greater  than 84. 

B. Electron Capture 

Since the characteristic features of positive and negative electron 

emission and. orbital electron capture a r e  so similar ,  they a r e  all 

classified a s  beta decay. Stability considerations for beta decay require 

only that a parent nuclide be heavier than, that i s  unstable toward, a 

neighboring isobar with the resultant transformation of a neutron into a 

proton or vice versa.  There a r e  then three broad types of beta decay: 
4 

- 
(1) n + p + e %- rj (negatron emission). 

Negatron emission i s  observed thruuglluut the periodia aystem by n11r.1 ei 

with neutron-to-proton ratios greater than those of the beta-stable 11uclei 

of a given element: 

( 2 )  p + n + e' 4 rj (positron emission) . 
Positron emission i s  observed in elements below mercury ( Z  80) by 

nuclei with neutron-to-proton ratius smaller  than those of: the bet.+ - 
stable nuclei of a given element. Recently positron emission was de- 

tected fo r  the f i rs t  time ,in .elements heavier than bismuth when the - ../ 

2 34 
positron emission/electron capture branching ratio of Np was ob- 

5 -4 served to be 4.6 x 10 : 



( 3 )  p 9 e -  + n 9 q (electron capture) 

Electron .capture i s  observed throughout the periodic system by: nuclei 

with neutron-to-proton ratios smaller than the beta-stable nuclei of a 

given element. Electron capture predominates relative to positron 

emiss.ion i n  the heav'iest element region. 

The energetic conditions for electron capture require only that the 

parent atom, zA, be heavier than i ts  neighboring isobar, (Z - 11A9 by 

an amount equal to the binding energy of the electron in the particular 

shell from which capture occurs. When electron capture has taken place, 

the disintegration energy in excess of the binding energy of the electron 

in its shell i s  dissipated a s  kinetic energy of the emitted neutrino and 

the recoil nucleus. K ,  as a r.esult of the electron capture process, the 

daughter nucleus i s  lef t , in  an excited state, gamma radiation will be 

emitted. The resultant vacancy in  the electron shell i s  filled by an 

electron from a higher-energy level, the excess energy being emitted as 

the characteristic electromagnetico radiations (K, L, etc. x-rays of the 

element. Thus, although the electron-capture process i s  easily detected 

by observing the characteristic x-rays, no simple method is known for 

the determination of the .decay energy because the emitted particle, a 

neutrino, has only been observed indirectly, due to i t s  extremely weak 

interaction with matter.  

. A few experimental determinations of electron-capture decay energies 

have been made but almost entirely in  the region of the lighter elements. 

positxon emission c,ompetes with electron capture, the electron-capture 

decay eneigy can be readily calculated from a knowledge of the maximvm 

energy of the positron and the decay scheme. The continuous gamma 
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- 
spectrum accompanying electron capture has also proved useful in a few 

optim um instances 6 9  7 9  for the determination of t h e  electron'-capture 

decay energy. Usually; the neutrino ca r r i e s  off the entire decay energy, 

'but i t  may also be shared with a photon. The maximum'energy of this 
" 

photon spectrum corresponds to the situation when the entire energy i s  

car r ied  off by the photon: the determination of the endpoint of the 

. photon spectrum is thu.s.an. a.c.curate measurement of the decay energy. 

Allotl~er rncthod of measuring electron-capture decay energies i s  the 

precise determination of the reaction thresholds such a s  that of the 

(p, n) reaction. While the determination of the (p, n) reaction threshold 

is not applicablc i n  the heaviest elements because the energetic thres  - 
hold l ies  below the' value for t'he potential ba r r i e r  betw.een a proton and 

the  target nucleus, other reaction thresholds such a s  that of the (a, p3n) 

reaction may be of value in the heavy-element region for  the determina- 

tion of electron-capture decay energies.  

In the heaviest elements, refinements in alpha- and negatron-decay 

s ysternatic s 9 2  log enable calculation of electron-capture total decay 

energies to be- made. However, due to 'the uncertainties 'in many of the 

decay schemes and the difficulty of cvaluating the relative effects of K, 

L, etc . ,  electron capture, only very limited correlations of the elec- 

t ron  capture, half -iife energy reations, and system.atics, have been 

12 
made. These limited. data have been treated b y . ~ h o m p s o n ,  Feather ,  13 

Hoff and Thompson, l4 Major and Biedenharn, l5 and Glass,  Thompson, 

and seaborgll  in  attempts to obtain fundamental information about the 

nature of the electron-capture decay process i n  the heaviest elements. 

T.heir resul ts ,  however, a r e  quite fragmentary'and indicate that a more 

thorough .study.of the process i s  necessary before successful theoretical 



conclusions can be drawn. This investigation i s  then a. continuation of 

this program of a detailed study of the orbital-electron-capture process 

in the heaviest elements, involving especially- the study of electron- 
\ 

capture decay schemes. 

I!. EXPERIMENTAL METHODS 

A. Production and Purification of Isotopes 

- Two milligram and 10 microgram samples of ~m~~~ (greater  than 

99 percent thulium) in the form of thulium oxide were irradiated with 

slow neutrons in the Materials Testing Reactor at the Reactor Testing 

Station, Arco, Idaho, for periods of 24 hours and 10 days, respectively. 

170 
Tm , a 129-day negatron emitter was formed by the (n, Y) reaction. 

The 2 milligram sample was purified by ?on-exchange techniques using 

16 
ammonium lactate a s  the eluant to separate the thulium from the 

other r a r e  earths present a s  less  than 1 pe,rcent impurity. Approxi- 

9 m ately 2 x 10 disintegrations per minute of ~m~~~ (less than 10 per - 
cent of the 2 milligram sample) was sublimed onto 0.00025-inch thick 

platinum using a high ieometry  sublimator17 for use in the double- 

focusing beta speclrurneter. 

Sources for the permanent-magnet beta spectrographs were pre- 

pared from the 10 microgram sample of ~ . m ~ ~ ~ ~  Approximately 10 
8 

disintegrations per minute of ~ . m ~ ~ ~  were electrodeposited on15 -mil 

18 
platinum wires by the e1e.ctrodeposition process suggested by ,Harvey 

and modified by .Smith. 19 

AtZo9 and At2" were prepared by the bombardment of bismuth 

m.etal which had been melted onto a 0.010-inch aluminum plate i n  a 

layer approximately 0. 050-inch thick. These targets were clamped 
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in  a water-cooled,target holder and mounted's0 as  to intercept the full . 
deflected heliumkion beam of the 60-inch cyclotron of the Crocker - 

Radiation Laboratory. AtZo9 was prepared by an (a, 4n) reaction on the 

~i~~~ target  using the full-energy beam of helium ions (48 Mev). Small- 

211 
e r  amounts of AtZ1' and At were produced also by (a, 3n) and 

211 
(a, 2n) reactions, respectively. At , essentially f ree  of other 

asLaLille isotopes; was prepared by an. (a, 2n) reaction on the Bi 209 

target  by artenuali~lg llic Ilclium-ion boaan to. 2Y Mcv with 0. 001-indl 

platinum foils. 20 In al l  bombardments, the helium-ion beam was 

limited to 15 microamperes to prevent loss  of astatine due to over-  

heating ,of the bi.smuth'targ,et. 

The requirement that the astatine be present in a narrow line source 

necessitated rnodifkatibns of the methods of Barton, e t  - al. - 21 which 

utilize the high volatility of astatine i n  the zero  valence state as  com- 

pared to bismuth, .lead, and.polonium. It was found that temperatures 

a s  high..as. 700° C could be used without contaminating the astatine with 

bismuth, lead, o r  :polonium. . A line source was prepared f u r  Llle 

double-focusing beta spectrometer by employing a 0.001-inch copper 

plate with a 3/8 x 1/16-inch s l i t  as  a collimating plate over a thin 

2 
.. ,6157 micrograms/cm ) palladium leaf. In la ter  experiments, silver 

le af was substituted 'for the palladium to utilize the greater  affinity 

21.1 
of s i l ve r  for  astatine. 2 2  Sources of At fa r  the benl-crystal spectro- 

meter  were  prepared similarly with the exception that the copper 

collimating plate was removed, the astatine activity being cd1lecte.d 

on the .entire surface of the s i lver  leaf. The 'silver. leaf was then 

packed in:thin (0. 015 inch) Py rex  capillaries.  . . . 
-- 



An alternate method was also employed for preparing samples of 

~ t ' "  for the bent-crystal sp.ectro&eter and permanent-magnet spectro-  

graphs and ~t~~~ for the alpha-particle spectrograph. The bismuth 

.target material  was melted in a quartz tube in  a vacuum system. A 

s t ream of nitro'gen (1 to 2 mm pressure)  prevented the astatine from 

condensing on the glass  surfaces of the system. The astatine was 

collected on a liquid nitrogen cooled finger, coated with a thin layer  

of ice which contained a smal l  amount of perchtoric acid. The layer  

of ice was melted into 'a small  centrifuge cone. Fifteen-mil s i lver  

wires,  approximately 1 1/16 inch long, were placed in  the melt, and 

the  solution was s t i r r ed  for approximately 1 hour. ' The astatine depqs - 
.i.t,s on the wire in a manner thought to be analogous ,to the preparation 

of f 31 si lver  wire sources. l 9  These wires were then mounted directly 

i n  the bent-crystal spectrometer,  permanent-magnet beta spectro-  

graphs, and alpha-particle spectrograph. 

N~~~~ was produced by a (d, n)  reaction by the bombardment of 

uranium foil containing greater  than 99 percent u~~~ with 12. 5-Mev 

deuterons from the 60-inch cyclotron of the Crocker Radiation Lab- 

o mtnry.  The activity level u l  Llle N~~~~ formed by the (d, 2n) reaction 

was expected to be low because of i t s  long half -life (410 days). After 

separation and purification, 23 a source of N~~~~ for the double- 

focusing beta spectrometer was prepared by the evaporation of a drop 

236 
of distilled water containing the Np activity from thin palladium 

leaf backing. 

~rn '"  was pre'pared by the spallatiod of thorium foils with 340- ' 

Mev protons in the internal beam of the 184'-inch cyclotron. Preparat ion 

211 
of the Em sources was not begun until approximately 12 hours after 



- 
the end of the irradtation to allow the shorter'-lived emanation isotopes 

to decay. With the exceptions of Em2" (16-hour half -life) and Em 222 

( 3 . 8  -day half -life), the longest-lived 'emanation isotope known i s  

Em2" (2 .  7-hour half-life). ErnZZ2 was not expected to interfere with 

211 
the Em  measurement.^ since. the initial activity level of the Em 

222 

211 
a t  the end of the irradiation is l e s s  than 1 percentZ4 of the Em . a 

2 11 
Elm source3 for the permanent-magnet beta spectrographs, the 

rriagaetic -lens beta ~pec t rome te r ,  snd  the puf se analyses of gamma 

r ays  and x-rays were prepared by the glow-di..scharge technique. 2 4 

The Em211 activity was deposited on 0. 015-inch platinum wires for use 

i n  the permanent -magnet beta spectrograph. For the magnetic -lens 

beta .spectrometer and the gamma-ray and x-ray pulse analyses, 

. sources of Em2" were deposited on one side' of 0; 001- and 0. 005-inch 

aluminum plates by suitable masking of the plates. 

207 Po  was prepa.red by tpo  methods. In the f irst ,  i t  was recovered 

a s  the alpha daughter of ~ m ~ "  which exhibits branching decay, 25 per-  

cent alpha decay to .PoZQ7, and ' I 5  per=efit electron-criylura decay 25 

to AtZL1* After separating the Em2'' prepared by the spallation of 

thorium. with 340-Mev protons, the 5.7-hour poZo7 aftivity was 

allowed to grow for approximately 12 hours. The Po 'O" and At 211 

were then removed from the vacuum system with a few milliliters of 

concentrated hydrochloric acid. After dilution to 6 N HC1, the Po 207 

211 r 

and At were extracted with-.stirring for five minutes into a mixture 

containing 20 percent tributyl phosphate and 80 percent dibutyl ether. - 
b 

211 
. The organic layer containing the po207 and At and smaller  amounts 

of lead and bismuth was scrubbed two times with 6 N HC1 to remove - 
the lead and bismuth. The poZo7 and At2'' were back-'extracted out 

of the organic layer with concentrated nitric acid. 



207 
The ~ t ' "  contamination in  the Po  . . was not objectionable because 

i t s  gamma-ray and conversion-electron spectra '  have been thoroughly 

studied. 
26, 27 

Sources for the permanent-magnet beta spedtrographs 

were prepared by placing 15-mil silver wires,  approximately 11/16 inch 

long, in the re-extract  and s t i r r ing  for approximately 1 .hour. .Polon- 

ium and astatine deposit on the wire in a m'anner which i s  thought to be 

131 
analogous to the preparation of I silver wire sources.19 Sources for  

gamma-ray.and x-ray spectroscopy were prepared by the evaporation 

of a drop of the re-extract  on platinum plates. 

207 
, Po  , free. of astatine contamination, was prepared by the.h.elibm- 

ion bombardment of lead chloride, enriched in pbZo6, : in the 60-inch 

cyclotron of the Crocker Radiation Laboratory. A special target 

assembly, a pistol-grip target holder which has been discussed e lse-  

28 
where,, was used for the irradiation. The helium-ion beam was 

attenuated to approximately 40 Mev with a 1-mil platinum foil. The 

206 p,0207 was formed by an (a, 3n) reaction on Pb  . Because of their 

207 208 long half-lives relative to P o  , 2. 9'-year Po formed by.an: (a, 2n) 

reaction and approximately 100-year poZo9 formed by an  (a, n) reac -  

tion were expected to exhibit low activily level's.. . .. 

. PaZo7 was recovered from the lead chloride target  by a modifi- 

cation of the method of Treiman, et al .  29 which uses the .glass  wool - - 
adsorption of colloidal polonium hydroxide a s  a means of separating 

polonium from lead and bismuth. The lead chloride target  was dis-  

solved in hot, weak hydrochloric acid (pH of 4.3) containing the glass 

wool. After dissolution was complete, the solution and glass wool were 

, heated for 15 minutes. The glass wool was removed and thorough1.y 

washed with hot water.  The poZo7 was removed by leaching with 



207 concentrated hydrochloric acid. After dilution to 6 N HC1, the Po 
- 

- 
was further purified by the solvent extraction method described above. 

The overall chemical yield of po207 was estimated to be approxi- 

mately 25 percent. Sources for the magnetic-lens beta spectrometer 

were prepared by the evaporation of a drop of the nitric acid.re-extract 

on 0.025-inch platinum. 

B. Instrumental Methods 

Various ,types of beta-ray spectrometers -or spectrographs were 

used to analyze the conversion and Auger electron lines and the beta 

spectra.  A double-focusing, p rf2, magnetic, beta-ray spectrometer,  17,30 

was especially useful for the intensity measurements necessary in the 

study of the Auger effect. A side-window, Geiger -MUller counter 

with a thin window of vinyl plastic supported on a grid of 0.0005 -inch 

diameter .tungsten wire was used a s  a detector. The courieer was filled 

to a regulated pressure  of 15 cm total counter gas pressure  with a 

mixture of argon (83  percent) and elhylelle (17 percent). The t r a n s -  

mission factor for 20-kev electrons through these thin windows was 
w 

about 100 percent. High resolution (approximately 0.7 percent) allowed 

i,ntensity measurements of c'bnversion and Auger electroil lines to be 

made. Because of the lack of a precise field-measuring device, 

absolute energy determinations w e r e  not good with this i n s t r ~ ~ m e n t .  - 
However, energy differences between electron lines were considered 

good. Nuclides which have been useful in calibrating the instrument a r e  - . 
137 1131 

cs , 
2 41 , Ta182, ~ r ~ ~ ~ ,  and Am 

Prec.is.e energy determinations were m.ade. on the permanent -magnet 

180° spectrographs. l9 . The very high resolution (0.15 percent  on the 



50-gauss spectrograph and 0; 2 percent on the 100-gauss spectrograph) 

allowed the separation of individual Auger electron lines a s  well a s  

conversion electron. l ines of gamma rays  with very similar  energies. 

Since the 'electron lines a r e  well resolved, relative intensities of the 

electron lines can be obtained although perhaps not quite a s  accurately 

a s  with the double-focusing beta spectrometer. '  The two permanent- 

magnet spectrographs allowed the study of electron lines with energies 

up to approximately 275 kev. 

A third type of beta-ray spectrometer used extensively was a 

magnetic lens -type spectrometer  with somewhat lower resolution 

(5 percent) but considerably higher transmission. This allowed the 

study of nuclides whose activity level was too low for use in  the double- 

focusing beta spectrometer.  The use of an anthracene crys ta l  detector 

sealed to a photomultiplier tube limited the instrument to electrons with 

energies greater  than approximately 150 kev. 

The K x-rays and gamma spectra of ~ t ' l l  were studied with a 

10-inch, bent-crystal spectrometer of the Cauchois type. T.his instrud 

rnent has been described by Barton, e t  al. 31 and further modifed by - - 
~ r o w n e ~ ~  and Jaffe. 

2 3 

Gamma-ray and x-ray spectroscopy was accomplished using a 

sodium -iodide (thallium activated) crys ta l  detector, 1 x 1 l/2 inches 

i n  diameter,  i n  optical contact with a Dumont-6292 photomultipler 

tube. The fluorescent radiation from the crys ta l  detector was converted 

t o  electronic pulses i n  the photomultiplier tube. After amplification, 

the pulses were sorted according to energy in 'a  50-channel'differential 

pulse analyzer.  33 Gain and bias controls permitted the study of any 

predetermined energy interval. Gamma-gamma coincidence studies 



- 
incorporated the above equipment with a second, single-channel, pulse - 

34 
height analyzer a s  described by Stephens. - 

L x-rays and gamma rays in the 10 to 60 kev range were measured using - 

a xenon-filled (90 percent xenon and 10 percent methane at 1 atmosphere) - 
proportional counter connected to the 50-channel pulse analyzer. 

Alpha-emitting nuclides were studied in a 48-channel, differential, 

alpha-,particle pul.se analyzer 35 when discrimination of. energies was' 

3 6 desired. An alplia=pasticle specti-agraph was used to dcterminc the 

2 09 precise energy of the alpha particles of At . 
Radioactive decay of alpha-emitting nuclides was followed with an 

a~gon-f i l led  ionization chamber connected to a standard amplifier 

scalar .  Beta-decaying samples were measured on a windowless pro- 

portional counter with a continuous methane flow. This instrument was 

especially useful for electron-capture isotopes because of a favorable 

counting efficiency for low-energy electrons. 

A. The Auger Effect 

1. Tm 170 _ rn170 

The summary -of K fluorescence yields published recently by 

2 
, Broyles, et al. contains no information on the elements between - - 
praseodymium ( Z  a 5 9 )  and platinum (Z = 78). Data on the Auger 

- 
effect in this region would seemingly be quite useful as  an aid to the 

extrapolation of the Auger coefficient to the heaviest elements. - 
~m~~~ ( Z  = 70) appeared to be an ideal isotope to study in this region. 

17 0 
decays to Yb by the emission of two beta groups. A 968- 

kev (maximum .energy) beta group in 76 percent abundance decays t o  



170 
the ground.sta.te of yb , and a 884-kev (maximum energy) beta group 

(24 percent) decays to an excited level in yb170 84.4 kev above the 

ground state. This.excited state decays to the state by the 

emission of electric quadrupole radiation of 84.4 kev. 37 Although 

170 
Tm . i s  a shielded nucleus and decay by electron capture must.-be 

considered, an upper limit of 0.2 percent for this mode of decay has 

been se t  by Jaffe. 23  heref fore, the only K electron shell vacancies 

produced during the decay of ~ r n l ~ '  a r i s e  from the K shell  internal 

conversion of the 84.4 -kev gamma ray. 

Since the K Auger coefficient i s  the ratio of the number of K Auger 

electrons emitted to the total number of K electron shell vacancies, 

the K Auger coefficient of ytterbium can be readily determined i f  the 

intensities of the K Auger electrons and the K shell internal conversion 

electrons of the 84.4-kev gamma ray  a r e  known. In order  to make 

. . 
such a determination, a sample containing approximately 2 x lo9 dis-  

integrations per minute o f ' ~ . m ~ ~ ' ~  was sublimed onto 0. 00025-inch 

platinum a s  a source for the double-focusing beta spectrometer .  . . 

The K Auger and internal conversion electron spect rum obtained 

i s  shown i n  Fig. la. The K Auger electron, spectru,? i s  shown in 

g rea te r  .detail in Fig. lb. While the K. Auger electrons. are;present in  ' 

. . 

low intensity, two groups corresponding to the K-LL and K-LX 

(where X re fe r s  to the summation of the M, N, etc. , atomic orbi tals)  

groups of l ines a r e  clearly resolved. 

Relative intensities of the electron lines a r e  listed in Table I. 

The K Auger coefficient of ytterbium was found to be 0.064 + - 0. 01 

" and the ratio of the groups of K Auger lines to be K-LL:K-LX = 1.00:O. 64 

+ 0. 05. The probable e r r o r s  given were obtained from a consideration of - 
the statistical e r r o r s  of the individual points. 
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Fig. l a .  Electron spectrum of Trn 
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17 0 Fig.  lb. K Auger electron spectrum of Tm . 



Electron Lines from Trn170 BetaDecay 

Conversion ,Intensity 

Gamma energy Electron energy S'hell (arbitrary units) 
(kev) (kev) 

23. 0 YbK 100 

74. 8 YbL 3 14 

82.4 YbM 7 2  

94. o Y ~ N  9.6 

K x-rays 40.3 - 43.5 K-LL 3 . 9  

48.6 - 51.8 K-LX 2. 5 

Table I1 compares the relative intensities of the internal conver- 

sion electron lines of the 84.4-kev gamma ray  with those found by 

Graham, et al. 37 
- - 

. Table 11 

Relative Intensities of Conversion Electron 
'Lines of 84.4-kev Gamma Ray in the Decay 

' 

of. Tm170 

Ratio Graham, et a1-37 This work - - 

K / T  0. a6 * 0. 04 0 . 3 2  * 0.03 

3 7 
Graham, et al. did not resolve the N conversion electrons from - - 

the M conversion electrons, andatherefore, their values for the ratios 

containing M should read (M4-N). 



. , . .  . .  . 

At2" was fir st made by Corson, et - a1. - 40 in bbmbiirdmerits of 

bismuth targets  with .32-Mev helium ions. They suggested that At 
211 

(7.3-hour half-life) showed branching decay, 60 percent electron 

211 
capture to Po  , and 40 percent alpha emission to ~ 3 ' ~ .  The 

branching decay has subsequently been measured to be 59.1 percent 

211 
electron capture and 40.9 pe.rcent alpha emission. 41 Po  decays 

41 
by alpha emission with a half -life of 0. 5!2 second and i s ,  therefore, 

in  equilibrium with the At211- The piZo7 daughter has a half -life which 

is long enough (8.0 years)43 so that i t  may be neglected when studying 

26 
~ t ' l l .  A careful study has been made by Hoff and Mihelich, et  al. 

27 - - 
211 

of the At electron-capture decay. No gamma radiation was found, 

'with the possible exception of a 671 * 5-kev gamma r ay  in  very low 

abundance (0. 37 percent of the astatine electron-capture decay). 

Although the assignment of this gamma r a y  to At2'' i s  doubtful, i t s  in- 

tensity i s  so low that i t s  contribution to the Auger effect i s  negligible. 

3 211 Germain has studied the Auger effect i n  At by impregnating 

photographic emulsions with ~ t ' "  and observing the alpha and Auger 

electron trackst  His calculated value of 0.106 for the Auger coeffi- 

cient of polonium appears to be large  when compared with other values 

2, 44 
i n  the Z = 78 to 83 region. I 

The Auger effect of astatine can also be studied with the double- 
< 

focusing beta spectrometer .  Since every ~ t ' "  electron capture is 

fol1owe.d by an  alpha emissib,n from ~b~~~~ th, number of K s.h,ell 

vacancies can be calculated by a determination of the absolute alpha 

disintegration ra te ,  If the t ransmission of t h e  spectrometer is known, 

the number of K Auger electrons and subsequently the Auger 



c.oefficient of polo&uin can be calculated by an integration of the K 

.Auger electron spectrum. . . 
. . 

The transmission of the double~ocus ing  beta .spectrome,ter was 
. .  . , 

228 
determined using a Th source. ~h~~~ decays to RaZZ4 by the 

emission of two alpha groups. A 5.423-Mev arpha group in 72 per-  

224 
cent abundance decays to the ground state of Ra , and a 5.338-Mev 

alpha group ( 2 8  pcrccnt abundance) dtcaj is  to all exci1t.d level 84. 3 kev 

224 
abovc thc ground state45. of Ra . Siuca the total conversion coeffi- 

cient (16. 5) of the 84. 3-kev gamma ray i s  .well known,. the transmis.sion 

of the double-focusing beta spectrometer can be calculated by an inte- 

gration of the conversion electron spectrum of the 84. 3-kev gamma 

r ay. 

8 
A sample containing 4. 2 x 10 alpha disintegrations per minute of 

~h~~~ was sublimed onto palladium leaf in a line source, 3/4 x 1/16 

.inch. The number of electrons in the Li M, and N conversion electron 

l ines of the 84.. 3 ?kev gamma ray, obtained by an integration of their 

1 
spectra, '  was 2. 24 x 10 electrons. 'Combining this with the total 

number of electrons expecte.d from the internal conversion of the gamma 

8 
r ay  in  the sample containing 4. 2 x 10 disintegrations per minute of 

~h~~~ gives a transmission of 0. 022 percent for the spectrometer. 

Two separate and identical studies of t he  Auger effect in astatine 

w e r e  made using the double-.fo,cusing beta spectrometer.  h the .first 

8 
study, a sample containing 7. 2 x 10 disintegrations of ~ t ~ "  was 

, 

sublimed onto palladium leaf in a .3/8 .x 1/16 inch line source, a s  a 

source for the spectrometer.  The K Auger electron spectrum Is  

shown in Fig. 2. While the resolution of the instrument does not 

allow the complete separation of the individual Auger lines, two 
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Fig. 2. K ~ u ~ e r  e l e c t r o n  spect;urn of At 
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- 
distinct electron groups a r e  clearly resolved. The f i r s t  group of 

electrons,  a t  an energy of 59 to 65 kev, was identified a s  the K-LL 

Auger electrons. The s.econd group of electrons at an  energy of 

-72 to 76 kev was identified a s  the K-LX electrons. The ratio of the 

two was found to be KLLIK-LX = .I. 00:O. 55 *, 0,. 03. The 

number of electrons i n  the K Auger line spectrum was 4, 250. After 
.- 

- correct ing for  the t ransmissibn (0.022 percent) and the bianching 

211 
decay of At (59.1 percent electron capture),  the Auger coefficient 

of polonium was calculated to be 0.049 * 0. 005. However, this 

value i s  calculated on the assumption of pare K electron capture and 
. . 

must  therefore be corrected for L electron capture. Rose and 

46 
Jackson have calculated that for  a n  element in this region of the 

periodic table the ratio of L electron capture to K electron capture 

26 
is 0.15. Hoff, using Germain's value of 0.106 for the Auger coeffi- 

J cient of polonium, experimentally determined the K to L electron 

capture rat io a s  approximately s.even, Correcting this va1u.e using 

a n  Auger coefficient of 0. 05, the experimental K to L electron cap- 

ture  ratio i s  six. After making this correct ion for L electron capture 

i n  LAt2l1, a value of 0. 058 0.005 a s  the Auger coefficient of polonium 

i s  obtained. 

211 
In the second determination of the Auger coefficient, At was 

sublimed onto palladium leaf to give a source, 3/8 x 1/16 inch, 

8 
cbntaining 2. 5 x 10 disintegrations per minute. The K Auger 

electron spec.trum obtai,ned using the double-focusing beta spec t rohe te r  

c.ontained 1,..425' e l e , ~ ~ o . n s ,  After correcting for  the transmission, the 

211 
branching rat io of. At , and the L electron capture, a .value of 

0.056 * 0. 008 i s  obtained for  the K Auger coefficient of polonium which 

i s  in  good agreement with the previous value. ,The rat io of the K 



Auger electron groups was K-LL:K-LX:= 1.00:O. 61 * 0. 08. 

These values of the Auger coefficient of polonium a re  upper limits.  

228 
Since the physical dimensions of the Th source from which the 

transmission was obtained was approximately twice the length of the 

~ t ' "  sources, this would give a lower limit to the transmission and 

hence an upper limit to the Auger coefficient. 

This result of 0. 058 for the Auger coefficient of polonium i s  in  

better agreement with the values expected in this region. A possible 

explanation of Germain's high value i s  discussed in  Section 111, B-2. 

Prec i se  energies of the K Auger electrons from ~ t ' "  were obtained 

using the 50-gauss permanent -magnet spectrograph. - Table 111 lists  

the K Auger electrons observed with their experimental energies. 

38 
Energies calculated with the Bergstrdm-Hill formula using the 

critical x-ray absorption energies from Hill, et al. - - 39 a re  included 

for  comparison. Experimental relative intensities of the K-LL electrons 

a r e  included. Intensities of the K-LX electrons were too weak for 

measurement. 

Since no experimental results a r e  available on the Auger effect 

in the elements above polonium ( Z  = 841, it  would be of interest to 

measure the Auger coefficient of some nuclide in this region. Np 
236 

had been studied previously by Orth and 0 ' ~ e l l e ~ ~ ~  who reported an 

electron capture to negat'ron emission ratio of two.. T.wo negatron 

groups of maximum *energy, 0.51 and 0. 36 Mev, respectively, were 

detected a s  were x-rays and a gamma ray of 150 kev which was 

reported to be approximately 100 percent internally converted. No 



:. ' Energies  and :Relative .Intensities of . K  Auger: 

. . E l e c t i o n s  . f r o m  . ~ t ~ l l  Decay . 

K 'auger Energy .Erie r gy , Relative inte;sity 
. . 

electron experimental  'Bergstrum-Mill 38 
( a rb i t r a ry  uni t s )  

.(kev) . . . . . .  . (kevg 

. . . . K-L .-L- 62.19. 62.10 IHI .:I.. f10 3 
* - .  , 

62.83 K - L  L, . ' 

.. .q. .UI: : 62 ;  80 9 . 4  

. . 
. K-L L -  \ - :.6 0. 3 7 4 

HI. 11. 



other gamma radiations were  observed. This isotope, then, appeared 

to be ideal for studying the Auger effect since the number of K vacan- 

c ies  could be determined through a knowledge of the decay scheme, 

the transmission of the double-focusing beta spectrometer ,  and inte- 

grations of the K internal conversion electron spectrum of the 150-kev 

gamma ray  and the negatron spectrum. The number of K Auger elec- 

t rons and, hence, the Auger coefficient could then be determined from 

an  integration of the K Auger electron spectrum. 

236 
A source of Np was studied on the double-focusing beta spectro- 

meter .  An electron spectrum was observed which was similar  to ,that 

obtained in the previous work. 
47 

However, certain lines in the 

spectrum showed greater  complexity than before. Coupled with recent 

garnma-ray a id  x-ray spe.ctro.sc:opy studies, 23 a reinterpretation of 

the data becamemecessary, and a new decay scheme was proposed. 

The electron lines designated a s  L Auger electrons by Orth and 

47 
O'Kelley were resolved into four lines which were interpreted a s  the 

L and LIII internal conversion electrons of gamma rays  with energies 11 

43. 5 * 1 and 44.2 * 1 kev. A line previously reported a s  the K conver- 

sion line of a 150-kev gamma ray  may also be interpreted a s  the unre- 

solved M conversion electrons of the 43.5- and 44.2-kev gamma rays .  

Unresolved N conversion electrons we= also observed a s  were K Auger 

electrons. 

The electron .spectrum obtained i s  shown in Fig. 3, and the 

electron data a r e  summ.arize.d in  Table IV. 

The K electron capture/negatron emission branching ratio in  the 

N~~~~ decay was determined to be  43 * 5 percent/57 * 5 percent from 

the alpha-particle disintegration ra te  ( ~ u ~ ~ ~ )  and the absolute 





- 
Table .IV . 

. .. . . . . , . 
. , .  

Electron Lines of Np 
236 

Gamma .energy Elec t ron  energy Conver.sion. 1ntensit.y 

(kev (kev) shel l  ( a rb i t r a ry  units) 

43 .5  * 1 21.1 , PULII 

. 25.4 P u L ~ ~ ~  
48 

44.2 * 1 23. 2 L~~ 

27. 0 L~~~ 

44 * 2 37. 9 PuZM 18 

and . UZM 

41. 7 PuZN 3 

and U Z N  

\ 

and ' UZM , 

(K Auger e lec t rons)  

3 (p- maximum,) . . 

* 
Incorrect ly  reported a s  10 by Passe l l .  

17 

. . 

abundance of the K x- rays  a t  the beginning of the experiment.  The 

K x- ray  intensity was c o r r e c t e d f o r  the presence of N~~~~ and a n  

estimated fluorescence yield of 97 percent. 

Through an analysis of the L x- rays ,  K x- rays ,  and relat ive in-  

tensi t ies  of the L internal  conversion electrons of the 43. 5-  and 

44.2-kev gamma rays ,  i t  appears  sa fe  to conclude that approximately 



'. 
- 

80 percent of both the negatron emission and K electron capture decay of 

236 236 Np lead directly to the ground,states of ~u~~~ and U , respectively. - 

The decay scheme i s  shown in  Fig. 4, and will be more  fully discussed 

,, 
. ~ i ~ a l u e : , o f  the K Auger coefficient .. . bf .uranium cannow be obtained' 

through a knowledge of the .decay scheme and the relative intensities of 
. . 

the electrons. . A knowledge of the t ransmission .of the spectrometer i,s ., 

not necessary i n  this calculation. The relative intensity of the internal 

conversion electrons from both the 43.5- and 44.2-kev gamma rays  i s  

2 3 6  
69. Since each excited state in u~~~ and P u  i s  approximately evenly 

populated (20 percent) and the K electron capture branching i s  43 per-  

cent, . we have a relative intensity of 30 for the 43.5 -kev gamma r ay  

236 
resulting ,from the electron-capture decay of Np However, since 

th,ese'L internal. conversion electrons occur in  only .20 perce:nt of the, 

transitions, this co.rresponds to a total of 150 transitions. Assuming K 

e'lectron capture only, ali as.sumption upon .which the branching ratio 

was determined, this co~respond 's  to 150 K shell vacancies; It will be 

shown in Section 116,. B-1, that the K/L electron capture , rat io i s  la,rge. 
.. . 

Inasmvch a s  ther'c a r e  5' K ~ u ~ h r  electrons observcd relat'ivc to 
- .  

the  150.K shell vacancies, the K ~ u g e r  coefficient of'uraniuin i s  ' 

0.033 * 0.010. The limit of e r r o r  resul ts  f rom the uncertainty in the 

intensities of.the electrons and i n  the K/L electron capture ratio.  

236 
Np was f i r s t  produced by James, et al. 48 from bombardments - - 

of uranium with deuterons. . The only previou's study of the decay 
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Fig.  4. Decay scheme of N p  . 



47 scheme of N~~~~ was by Orth and 6 1 ~ e l l e y  who found evidence for  
- 

electron capture f rom Auger electron intensit ies and x - ray  abundances. 

A two-component negatron spectrum with maximum energies  0. 51 and 

0.36 Mev, respectively,  was detected, a s  were  .prominent K internal  

conversion electrons and ve ry  weak indications of the L conversion 

electrons f rom a 150-k:ev gamma ray.   he^ concluded that the gamma 

r a y  followed the soft ne.gatron component, a.nd a s  no other gamma 

r.ad.iation was detected, the electron r,aptl-~.rc populated the gr.ound 

s ta te  of the uLYb daughter. The electron capture/negatron emiss ion  

branching 'ratio was estimated a s  two. The L electron capture/# elec - 
t r o n  capture ra t io  was a l so  estimated a s  tbo.  

\ 
, . .  236 
In the present  study, Np was investigated on the double -foc.using 

beta  spec t rometer .  . An electron .spectrum was obtained which was 

ve ry  s imi l a r  to that of the previous workers .  However, some of - t h  e 

e lectron l ines  showed g,reater complexity than before.  The electrons 

designated a s  L. Auger electrons by Orth and OsKelley were  resolved 

into the  Lq and L conversion electrons of two gamma r a y s  of n~n. , . 

43. 5 * 1 kev and 44.2 1 kev, respectively.  A line previously reported 

a s  the K conversion electrons of a 150-lcev gamma ray r r~ay  a lso  be 

interpreted a s  the unresolved M conversion electrons of the 43.5- and 

44.2-kev gamma rays .  Unresolved N conversion efectrons were  a l so  

observed, as were K Auger electrons.  The electron spec t rum is shown 

i n  Fig.  3. . The electron intensity data a r e  summarized i n  Table I[V 

in  the previous section. 

The assignment of the 431 5-kev gamma r a y  to ~u~~~ and the 44. 2- 

236 
kev gamma r a y  to U is quite a rb i t r a ry .  The la t te r  is in  good 

agreement  with the energy of the 44-kev r a y  determined49 for  the f i r s t  



236 
excited s tate  of U , f rom the alpha part.ic,le fine.s,t,ruc.ture of 

240 
P u  . 

Because the intensity of the negatron spec t rum .observed on the 

double-focusing spec t rometer  was too low for a F e r m i  analysis ,  ad-  

vantage was taken .of the higher transm.ission of the magnetic ?lens 

spec t rometer  to obtain these data. The Fermi-Kur ie  plot exhibited 

a marked concavity toward the absc issa  which is indicative of a 

forbidden transit ion. The, maximum energy obtained was 518. * 10 kev. 
50 

X-ray and gamma-ray spectroscopy revealed no evidence of a 

150-kev gamma ray  in  a thorough examination of the 0-  to 200-kev . : 

23 energy region. 

. - The K electron capture/negatron emission rat io  was determined by  

observing the alpha growth of the PU236 daughter. Alpha pulse analysis 

236 
indicated that only the 5. 75-Mev alpha part ic les  of P u  were  present'. 

The alpha particle disintegration r a t e  af ter  the 22-hour Np236 had 

completely decayed, coupled with the absolute abundance of the K 

x- rays  at  the beginning of the experiment,  indicated the K electron 

236 
capture/negatron emission branching rat io  of Np , a.s 43 * 5 pe r -  

cent/57 * 5 percent. Thc K x-ra,y abundance was cor rec ted  for the 

presence of N~~~~ in  the sample and a fluorescence yield of 0.97. 

X-ray spectroscopy23 indicated that the intensity of the. L x- rays  

was 0 .6  relative to the K x- rays .  Making co r rec t ions  for  (1) a fnean 

5 1 L x- ray  fluorescence yield of 0. 5, (2)  a K x- ray  fluorescence yield 

of 0. 97, (3)  72 percent of the K shell  vacancies being .filled b y  L shell  

e lectrons,  52 and (4)  43 percent of the disintegrations being due to  K 

electron capture,  there  a r e  a maximum of 0 .48  L shel l  vacancies 

f rom internal  conversion per K electron capture decay o r  0. 21 vacancies 

per  disintegration. 



- 
From the electron intensities, the abundance of conversion electrons 

i s  about 35 . 'percent . of the negatron spectrum. since 57 percent. of the 

disintegrations take place by-negatron emission, there a r e  20 conver- 

sion electr.ons per 100 disintegrations. Thus, within the l imi ts  of . e r ro r  

of the iiitensity ,measur e.me.nts, all of the L shell vac'anci,es can be 

accounted for by the L shell internal conversion of the 43. 5- and 

4 4.2-kev gamma rays. However, since the limits of e r ro r  a r e  such 

that five to ten L. shell vacancies per 100 disintegrations could be 

arising from L electron capture, i t  appears safe to conclude that the 

lower limit for the K/L capture ratio i s  around four. 

s Since the intensities of the L electrons from the conversion of the 

43.5- and 44.2-kev gawma rays a r e  approximately equal, an upper 

limit of about ten evcnts per 100 disintegrations populate each of the 

236 
f irst  excited states of P U ~ ~ ~  andU 

A decay scheme, consistent with the available data, i s  given in 

The equal intensities of the L and L convcroion e1ecfran.s I!. XU. 
suggest that both gamma rays a r e  E2 transitions. This i s  consis-tent 

with the usual assignmerit in .this region for  even-even nuclides of 
. .. . . . , 

. . 

zero spin .and e+en parity for the ground state and spin 2 with .even 

parity for the f irst  excited state. 

produced by Corson, e t  - al. - 40 in bombardments of bismuth 

with 32-Mev helium ions, was the f irst  isotope of astatine to be identi- 

f i e d .  It wassuggested that the 7. 5 - h o u r ~ t ~ "  decays 40 percent by 

emission of a 5.89-Mev alpha particle to ~i~~~ and 60 percent by 
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211 ele'ctron capture .to  PO^" (AcCq). The Po , in turn, decays ;with a very 

207 short half-life to stable Pb  by the emission of a 7..43-Mev 'alpha 

particle. . Further  studies. by .Car son, et  al. , 53 
- - using .critical abso'rption 

methods showed that the electromagnetic radiations observed at 90 kev 

were polonium K x-rays. The branching rdtio of ~ t ~ "  has subsequently 

been measured to be 40.9 percent alpha emission and 59.1 percent 

211 
electron capture. 41 Po  , the electron capture daughter, has a half - 
life of 0. 52 second; 42 and i s ,  therefore,  in equilibrium with the At 

211 

after a few seconds. The alpha emission daughter, I3iZo7, has a half- 

207 
life (8.0 years)43 that i s  long enough so the decay of Bi may be 

211 
ignored when studying ~ t ' l l .  The decay of At may be shown diagram- 

matically as:  

211 
= 8. 0 years )  Bi 207 o (40.9%) At (tl/2 = 7.20 hours)  

I I 

(stable) pbZo7< . PoZ1' itll2 = 0. 52 second) . 
de 

2 6 27 
Hoff and Mihelich, et  - al. - have recently studied the dec.ay of 

211 
At Hoff was able to se t  an upper limit of 0.5 percent of the total 

disintegrations for the total abundance of any electromagnetic radia-  

tion other than x-rays,  with the exception of radiations with energies 

nearly identical to. those of the polonium x-rays. Mihelich, et  al. 
27 

- - 
reported no electromagnetic radiations with the possible exception of * 

a weak (0. 37 percent of the total ~ t ' "  disintegrations) gamma ray  of 

671 kev which was not in prompt coincidence with either alpha particles 

' or  K x-rays.  



-39 - - 
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Due to ,the abnormally high. value of the Auger coefficient of polonium 

211 
determined by Germain3 as  the results of a study of At , a reinvestiga- ' 

tion of this nuclide appeared to be warranted. . Germain studied the 

Auger effect in astatine using a photographic emulsion technique. The 

emulsion was impregnated with At2" and after developing, the number 

of po211 alpha tracks which had an Auger electron a t  one end of the 

t r ack  was determined. It was observed in selecting random fields of 

211 
view that out of a total of 1849 Po  tracks examined, 171 were found 

to have Auger t racks.  After correcting for L electron capture in 

~ t ~ l '  a value of 0.106 was obtained for the Auger coefficient of polonium. 

This value when compared with the expected value for polonium 
2 

(approximately 0. 05) i s  about two t imes too large.  

If a gamma ray, of comparable energy to the K x-ray group, were . , . ..- . - . . 
present  i n  approximately 5 percent of the disintegrations of At211, the 

L internal conversion electrons of this gamma ray  would be indistinb 

guishable .from the K Auger electron tracks in the photographic emul- 
. . 

sioris. Because of the low resolution ( 7  to 10 percent) of the s u d i u i ~ ~  

i odide (thallium activated) scintillation crys ta ls  used in the gamma 

and x-ray spectroscopy of AtZ1', .',gamma ray  of energy 6 0  to 100 kev 

in low abundance would probably not be resolved from the abundant K 

x-,rays (80 to 93 kev). ,h this study advantage was taken of the high 
. . 

1-tsolution of the 10-inch bent-crystal. spectrometer to  examine th.e K 

x-ray  region more  closely. 

A sample containing greater  than lo9  disintegrations per minute of 
. . 

At2" was sublimed onto very thin silver leaf, packed into a 15-mm 

glass capillary, and mounted on the spe ctrometer .  One line was ob- 
\ 
! .  

served which can be ascribed to a gamma ray  of 62.35 * 0.5 kev. 



The gamma ray  i s  shown with the K x-ray spectrum in  Fig. 5 .  The four 

K x-rays observed and their energies and relative intensities a r e  listed 

in Table V, together with the gamma ray.  The relative intensities have 

been corrected for self absorption in  the sample, reflectivity of the 

crys ta l ,  and absorbers  in the path between the sample and the detector. 

Insufficient activity prevented. a study of the L x-ray energy region 

Table V 

Electromagnetic Radiation Following the 

Decay of At 211 

Energy 'Energy Corrected 
. .. : , .. T obs.erved accepted relative intensity 

Line Transition (kevl (kev) (arbi t rary  units) 

~t~~~ was also studied on the permanent-magnet beta spectrographs. 

Bes ides  the K Auger electrons, a 46. O * 0. 3-kev electron line was ob- 

served. On subsequent investigations on the same instrument,  however, 

this 46-kev electron line was either not observed or  was observed in 

varying intensities relative to the K Auger electrons. The 46-kev 

electrons a r e  probably L shell internal conversion electrons from the 

62.3-kev gamma ray  observed on the bent-crystal spectrometer.    he 



Fig .  5. Spectrum of 'K x- ray  e n e r g y '  . ' 

. . 
" 211 . . 

reg ion  of At . 



possibility that they .are  K shel l  internal conversion electrons of a higher 

energy gamma r a y  cannot be  discounted, howe.ver, although no e lec t ro-  

magnetic radiation in  the 'energy region between the K x-rays and 150 kev 

has been observed. .+l 

While the varying r'elative intensity of .  these electrons i s  ve ry  

puzzling, i t  i s  believed that t hey-a re  not due to impuri t ies  in  the s a m -  

ple. since weak 46-kev' e lectrons .have been observed in the electron 

211 
spectrum of ~ r n ' "  which decays to At by electron capture.< (see  

Section IIX-B4). A 46-kev electron line, asc.ribed to the N shel l  

conversion,electrons of the ra ther  prominent 47-kev gamma r a y  i n  the 

decay of At2" to po2l0  have been observed by Mihelich, e t  - al. - 27 The 

210 
electrons seen  in  the ~ t ~ "  decay a r e  definitely not due to  At con- 

211 
tamination. The r a t ioo f  At2" to  At produced in  a bombardment c a n  

. ... . . . , 

b e  calculated by determining the iqtensity of the po2l0  (138-day alpha 

e m i t t e r )  af ter  a l l  the AtZ1' (7.2 hour)  and At2" (8. 3 hour)  have de- 

cayed. In the experiments above, the ~ t ~ ~ ~ / ~ t ~ ~ ~  rat io  ha.8 been 

- 6 
measured  to be l e s s  than 10 , . 

As only one electron line was observed, i t  i s  suggested that the 

gamma r a y  i o  intcrnally co11veste.d in Lhe L electron shell. 'l'he LI I .  

. shel l  e lectron binding e,nergy.of,bismuth (16.,4 kev) is in agreement  

with the energies  of the electrons and gamma r a y  observed. This 

wo.uld,indicate that the 62. 3 -kev gamma ray  follows .the alpha branching 

6f At2'' to ~ i , ~ ~ ~ .  However, no complexs t fuc tu re  i n t h e  alpha branch-  

2 6 
ing decay of At2" has been observed. 

While as.sign.ments of the 46. 0-kev electrons and the 62. 3-keu 

gamma r a y  cannot be  made, i t  i s  possible that these electrons. ,were 



3  
observe$ by. .Germain, and mi,sinterp:r eted _as .K .Auger electrons, giving 

- 
* 1 

,an abnormally high value to the K Auger.:,coefficient. - 
211 40 

The half-life of At has also been redetermined'. Corson, e t  al. - - - 
and Kelly and s eg r sZo  have reported the half-life of ~ t ' l !  to be 7.5 hours. 

Hall and, ~ e m p l e t o n ~ ~  have reported 7. 3  hours for the half -life and 

~ e u m a n n  and perlman41 report  7,. 2 hqurs. . Especially purified bis - 
mvth was bomba,rded with 29-Mev helium ,ions in the 60-inch cyclo- 

, t s ~ n  of the Crocker Radiation Labor'atory. The radioactive alpha 

211 
decay of an At sample mounted on silver to minimize loss of as ta-  

. tine by evaporation was followed for 12 half-lives in .an  argon-filled 

ionization chamber (5Z'pe,rcent counting .effiCiency). As  shown in 

Fig. 6 the radioactive decaycurve  of ~ t ~ "  i s  straight over the 12 half- 

211 
l ives.  . T.his experimentally determined half -life of. At i s  " 

207 
P u  w a s  f i r s t  praducod by Tornp1,eton. t.t a1.  '' i n  hornbardrnrnta ol  - - 

lead with 40-Mev helium ions. Electromagnetic radiation, whose 

energy was determined by aluminum absorption to be 1 . 3  Mev, was 

observed to decay:with a ,half-life of 5. 7 f 0.. P hours.. :Weak alpha 

activity -was also obsereed. T.he alpha particle e.mission/el,ectroll .cap - 
- 4 

Lure brancking ratio.wae estimated to be a..,ppr.oxi,mately 10 The 
f 

56- 
alpha particle energy has subsequently been measured to be 5.10 * 0.02 Mev.. 

In the present study, poZo7 has been produced a s  the alpha emission - 

daughter of ~ m ' l l  and also by bombardment of PbC12, enriched in 

206 
P b  , by 40-Mev helium ions. . The electromagnetic radiations of this 

. isotope have been studied on the sodium iodide (thallium activated) 
r- .I.. 



ELAPSED TIME (HRS.) 

211 
I?ig.' 6. Half -life determination of At 



t 

crystal  spectrometer.  - s he gamma-ray spectrlim (above 400 kev) is - 
. . 

*' 

shown in ' r i g .  7. . The energies of the gamma rays and, their relative 

intensities a r e  listed .in. T.able VP. The lower encrg.y ele.ctro.m.agnetic 

radiation i s  expected to be in low in!e.ns,i&y because of. internal .conver - 
sion of. the gamma rays.  The .Compton backgr.ound from the higher 

energy gamma rays and the intensity -of the K x.-rays makes the resolu- 

tion of these lower energy gamma rays difficult. 

Table 

207 
Electromagnetic Radiations .of Po 

Energy Relative intensity 
(kev 1 (arbitrary units) 

Data. on the low-energy (20  to. 25.0 kev) internal conversion electrons 

w.ere obtained on the permanent magnet spectr.0graph.s. T.he higher 
s 

energy conversion electrons (above 150 kev) were observed on the 

magnetic -lens spectr,ometer . The electrons observed on the perman- 
, 

ent-magnet spectrographs a r e  listed in Table VIP together with their 

relative intensities. 



207 ,Fig. 7 .  Gamma spectrum of Po . . 



~ a b i e  VII 

Low Energy. Internal Conversion 
207 

Electrons in  the Decay of P o  

Gamma r a y  Conversion Electron , . Relative inte'ksity 
energy 
(kev) shel l  energy 

Bkev) 
( a r b i t r a r y  units ). 

The L shel l  conversion electrons of the 249.4- and 297. 0-kev 

gamma radiat ion were  too weak to be .detected. .. 

'Data on. the electrons observed on the magnetic,-lens spec t ro-  

m e t e r  a r e  l isted in  Table VIII? s ince the resolution obtained with the 

.magnet ic  -lens spec t rometer  was quite low (5 percent),  the L shel l  

co~ lvcr%io l~  electron3 of the 297-, 629-, an.d 924-kev gamma rays  

(expected ' in  v e r y  low abundance) would not be resolved f rom the low- 
. . 

energy  tailing of the K conversion electrons of the 407-, 746-, and 

995-kev gamma rays ,  respectively.  The K conversion electrons of 

the low inter.iity, 500-kev gamma rAy .&ken in  the gamma spec t rum 

would not be  resolved f rom the L conversion electrons of the.407-kev 

* .  . . .  . . .  . . .. . 

. .. . . . . .. . . . . .  



gamma ray .  The conversion electron spectrum obtained on the magnetic- 

lens  spec t rometer  corrected for decay is shown in  Fig.  8a,  b ,  and c. 

Because of the c:omplexity of the conversion electron spec t rum i n  the 

energy region 150 to 900 kev and the possibility of other  polonium i so -  

topes being present,  the spectrum was observed a t  different t imes  to 

detect the decay of the conversion k1ectro.n~. This spec t rum i,s shown 

in  Figs.  9a and b. 

High Energy Internal Conversion Electrons 

i n  the Decay of P o  
207 

Electron 
Gamma Ray Conversion energy Relative intensity 

(kev) . shel l  (kev) ( a rb i t r a ry  units) 

249 '  . BiK 15 8:9 11.1 

BiL 235 

29 7 BiK 29 7 8. 0 

347 BiK 256 2 9 

407 BiK 3 16 100.0 

Bi L 393 16 
I 

629 BiK 538 3.2 

BiK 655 

Bi L 732 

BiK 833 

BiK 904 

Bi L 9 81 

BiK 1062 



ENERGY 

207 
Fig. 8a.) Electron spectrum of P o  . 

i 



207 
: . Fig .  8b. Elect.ron spectrum of P o  . 
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207 
Fig. 8c. Electron spectrum of Po . , , 



. . ENERGY 

Fig.  9a. Radioactive decay of the conver- 

.207 
sion electrons of PO 

. :.. . , 



ENERGY 

Fig: .9b. Radioactive decay of the conver - 
207 

sion electrons of Po . 



Since the K shell  conversi.on, e1,ectrons of the 249- and 297-kcv 

garrlrna rays  were observed on the permanent-magnet spectrograph and 

also on the magnetic-lens spec.trometer, the relative intensities of the 

electrons on both spectrometers  may be related to ,each other. The 
. . 

intensity of conversion electrons a r e  listed relati've to the K shell con- 

version electrons of the ,407 -kev gamma ray  (100) in  Tables VIH and 

VIIP. 

The K/L conversion electron ratios a s  obtained experimentally on 

the magnetic-lens spectrometer a r e  listed in  Table HX together with 

the theoretical M/L ratios of various multipoPe o rder  transitions calcu- 

57 lated using the tables of Rose, et al. The multipole order  assignment - - 
favored by the experimental resul ts  of Alburger and pryceS8 on Pb 206 

i s  also indicated. 

On the ba.sis of these K/L rat ios i t  would appear tha! the 250- 

and 995-kev gamma rays  a r e  E2 transitions. The 347-, 407-, and 

746-kev gamma rays  cannot be assigned unambiguously from these data, 

but they may possibly be El,  MI, o r  MI(+ E2) admixtures. 

The relative intensities of the 407-, 746-, and 995-kev gamma 

radiations for various rnultPpole o rders  were calculated from the 

57 t;heoreticaP total internal conversion coefficients and the relative in-  

tensities of the conversion electrons. The.se .data a r e  shown in Table X. 

The theoretical gamma-ray intensities can be compared with the 

experimental relative intensities listed in Table VI. The only consis- 

tent possible assignments a r e  E2 transitions for  the 995- and 746-kev 

gamma r'ays and an E2(9 Ivll) admixture for the 407-kev radiation. 

Moreover, the.data would predict the 407-kev radiation to be 87 percent 
, , 

E2 and 13 percent Ml. , ... 
. .. 



Table  IX 

207 
K+'L Convers ion Elec t ron  Ratios i n  the Decay of P o  

Gamma r a y  K/L Theoret ical  K/L Meltipol'e o r d e r  favored 
energy  Exper imenta l  El E2 E 3  M1 M2 M3 by 4-lburger and ~ r ~ c e 5 ~  



Theoretical Intensities of Gamma Rays in  the Decay of 

Po  
207 

Theoretical intensity of gamma r ay  
Gamma r ay  (arbi t rary  units) 

energy (Based on (relative intensfty of conversion electrons)  
(kev) E l  E2 E3 M1 M2 M3 

The 60-kev gamma radiation is an E2 tra'nsition also since the 

L and LllI conversion electrons a s  observed on the permanent- 
- .  I1 

magnet spectrographs a r e  in equal intensfty while the L electrons 
I 

a r e  v'ery -much weake.r. 17' 57 A decay scheme consistent with these 

data i s  shown in. Fig. 10. 

Making the assumption that there is no electron capture directly 

to  the ground state of BiZo7, the populationof the excited states  by 

the capture process in po207 c a n  be estimated by a knowledge of the 

multipole o rders  of the gamma radiations and the intensities of the 

conversion electrons. Since the intensities of the 297-, 629-, and 

924-kev gamma rays  and their conversion electrons a r e  very weak, it 

i s  estimated that there i s  no more  than 1 percent of the electron cap- 

ture  populating the 3072-kev level. The 60-, 347-, 249-, and 500-kev 

transitions a r c  also very weak, and i t  i s  assumed the 1495- and 2088- 

kev levels a r e  not directly populated. The percentage with which each 

level in Bi207 i s  populated by the electron capture of poZo7 i s  included 

. in  Fig. 10. 



. .. . . 
207 

Fig. ,  10. .' Decay scheme of -Po . 
. . 



The scheme a s  presented r equ i re s  poZo7 to have an  electron cap-  

tu re  decay .energy i n  excess'of 3 Mev. While no closed decay energy 

11 
cycles  a r e  available for , th i s  region, an  est imate of the decay energy 

can  be  calculated by s e v e r a l  methods.' The bes t  es t imate i s  probably 

given by the use of neutroq-binding energy cycles a s  shown in  Fig. l la.  

There  a r e  two paths through which the electron capture-decay energy 

can  be  estimated using this  cycle. If,the n5utron and proton binding 

A 
energies  of Z a r e  known o r  can be est imated,  the electron-capture 

decay energy is given by: 

A s imi lar  path giving the same  decay energy requi res  a knowledge of 

A-1 
the neutron and proton binding energies  of (Z  - l)A-l and Z , 

respectively.  Again: 

If the neutron and proton binding energies  have been calculated 

o r  estimated correct ly ,  the electron capture--dlecay energy will be the 

s a m e  fo r  both paths. 'The m a s s  difference of the neutron and proton 

(n - .p) i s  equal to  0. 78 Mev. The cycles  involving .the electron capture 

of P o  207 and 13iZo7 require  a knowledge of the binding energies  ~f the 

l a s t  neutron and proton i n  poZo8, the l a s t  neutron in poZo7$ and the 

l a s t  proton in  ~i~~~~ The neutrdn and protonbinding energies  of 

P o  208 and ~i~~~~ respectively,  have been calculated through their  

use in 0the.r cycles .  l1 The  neutron binding energy of poZo8 and the 

proton binding energy of poZo7 must  be  estimated using extrapolation 

11 
of the data of Glass,  . et al. The values used for. the calculation - - 
a r e  : 



. ~ i g .  lla. , Neutron binding energy cycle 

(general). 
. . 

. ' Fig. llb. Neutron binding energy cycle of 



Neutro'n binding energies:  ,. , 

Bi 206-207 = 8 .  07 Mgv ( ~ S i c u l a t e d )  , . 

P.0 207-208 = 8 # 5 0  + ,- 0. 3 Mev (est imated)  " 

. . . . . . Proton  binding energies:  

, . 

~ i ~ ~ ~ - ~ ~ ~  = 5'1'03 Me; icalculated) 

2 0 6 - 2 0 7  = 4.45 + 0 .5  Mev (ea t imi ted)  Bi - 

T.he neutron binding energy cycle used for the estimation of the 

207 
electron-capture decay energy of P o  i s  shown in  Fig.  llb. The 

. . . . 

value of the electron-capture decay energy i s  calculated to  be  

2. 80 + 0.45 Mev. The energy necessa ry  for  the electron-capture . .  - . . .  . . 

207 
decay,of P o  (3.09 Mev) . . a s  required by the decay scheme is within 

the calculated l imi ts .  It would appear that the total decay energy i s  . 

.. .- . 
approximately 3.15 Mev. 

207 
Other es t imates  of the decay energy of P o  a r e  given by Bohr- 

11 Wheeler parabolas which involve l a r g e  uncertainties i n  t h i s  c a s e  

because of the closed shel l  effects. po2O7has  two protons i n  excess  

of the 82-neutron closed shel l  and three  neutrons l e s s  than  the 126- 
. . 

neutron closed shell. Es t imates  of the energy using Bohr-Wheeler 

parabolas give 3 .5  + - 2 Mev a s  the decay energy. Using beta  sys te-  

rnaticsl.' with constant 2, a value of 3.,5 f 0. 5 is obtained f o r  the 

decay .energy. 
. . . , - 

. ' . . 

,211 
E m  was first  produced by MpmyerZ4' 25 i n  bombardments  of 

thorium foils with 340-Mev protons. .The m a s s  assignment was made 

211 
by observing the growth of the electron-capture daughter, At . Two 



alpha group energies of 5.847 and 5.778 Mev were measured together 
I 

with their abundances, 35 and 65 percent, respectively. The observed - 
half-life of ~m~~~ was 16 * 1 hour, and the electron-capture/alpha 

emission branching ,decay ratio was 2. 8 * O ?  3. Electromagnetic radia-  

tions of 65, 80, and 150 kev were observed in- high abundance, and 

weaker 400- and 600-kev radiations were detected and assigned to 

by virtue of their 16 -hour half -life. 

6 1 
Stoner and Asaro haveinvest igatedthe alpha emissionbranching 

of ~ r n ~ "  more  thoroughly. Alpha particle-gamma radiation coinci- 

dence studies revealed three gamma r a i s ,  69, 15.4, and 254 kev, to.  

be in coillcidence with alpha particles.  . Subseq~rently, on the alpha- 

particle spectrograph, a third alpha group of 5.615 Mev was detected 

in 1.. 5 pert ent abundance. 

211 
.., In th.e pres&nt study,, E m .  was produced by bombarding thorium 

211 
with 340-Mev protons and col1,ecting the-Em on 15-mil wires o r  

.. 24 . , 

aluminum plates by a glow-disc'harge .technique. 
. . 

The =lectromagnetic radiations were obseived 'on a sudiuLu iodide  

(thallium-activated) crystal  spectrometer.  A sample spectrum is shown 

in Fig. 1Za. Fig. 12b i s  a spec t run~~  of the high.-cnergy gamma radia-  

tions showing the very weak 1800-kev gamma ray,  and Fig. 12c sh.ow,s 

the 32- and 68-kev gamma rays  observed on the sodium iodide 

crys ta l  spectrometer .  The 32-kev g a m m a  r a y  was also seen on the  - 
methane proportional counter. The electromagnetic radiations ob - 
served a r e  listed in Table XI. The relative intensities of the more  

prominent higher energy gamma r ays  a r e  included. Because of their 

low abundance and the generally high Compton background, intensity 

data on the lower energy radiations a r e  not listed. The 150-kev gamma 



211 
, Fig.  12a. Gamma spectrum of Em . 

. . . .  . ,,.. . . 
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211 Fig. 12b. Gamma spectrum of Em 



. . . . 

211 Fig. .1,2c. :Gamma spectrum ,of Em .. 



. . 
. . 

I 
r ay  reported by ~ o m ~ e r ~ l  in high abundance was notobserved, 

. ~ . ,. 

although several  radiations not previously reported were seen. 

. . Table XI  
. , 

211 
Electromagnetic. Radiations df -  Em 

Gamma ray energy Energy 
(kev 1 (arbitrary units) 

32 * 5 5 - 
I > 

6 8 *  5 - - 
84 * 5 (K x-rays)  - - 

The electromagnetic radiations i n  coincidence with the various 

gamma rays  were measured. These measurements were complicated 

by the fact that a Compton background from the higher energy radia- 

tio,ns i s  present beneath .each peak and may act a s  the gating photon. 



i 

- 
This makes rnany.of the results difficult to interpret.  ,111 T.able XII, the 

, * 

-. 
unambiguous results a r e  listed. 

Table XI1 

Gamma-Gamma .Coincidence 'studies on Em 
211 

Gating photon Gamma rays in coincidence 
(kev (kev) 

435 220, 520, 670,1140,1360 

The gamma rays not listed a r e  either not in coincidence, o r  .the 

results were not readily interpretable, or  the appropriate region of 

the spectrum was not examined. Figure 13 shows the gamma spectrum 

in coincidence with the 675-kev 'photon. Of special interest i s  the 

675 -kev gamma radiation in high abundance in coincidence with 

itself. 

. .  he internal conversion electrons were observed on the permanent- 

magnet spectrographs (20 to 250 kev) and on the magnetic -lens spectro - 
. . .m.eter (150 kev and higher). Table XII1,lists the conversion elec.trons 

,. seen on the permanent-magnet s'pectrographs together with intensities.. . . 

Since the L conversion electrdhs of the 169-kev gamma ray  were keen , 

on both instruments, all the electron 'intensities a r e  listed relative to 

the K.shel1 conversion eiectrons of the 680-kev gamma ray (100). 



CHANNEL 

. _ . I  . . 

Fig. 13.  Gamma rays in coincidence e t h  . , 
* .  . . . '  

. . a  67 5 -kev radiation. , . ., .. 
, . . : . . .  



Table XI11 

Internal Conversion Electrons of E m  
211 

Observed on the Permanent  Magnet Spectrographs 

Elec t ron  Assignment Gamma r a y  Relative intensity 
energy energy ( a rb i t r a ry  units) 

(kev 1 tkev) 

,' 

46.39 - - - - -45 

67. 87, PbNII . . 68.72 .17 
. .. 

68.58 P o 0  68. 71 <lo 
11, 

. -  . 73.18' AtK 16 8.91 44 

15 1. 86 -At,LII 16 8.64 34 

154.42 At L 1 ~ ~  16 8.63 33 

164.44 At M ~ ~ " ~ ~ ~  16 8 .5  <lo 

93.43 AtLI 1 13.91 19 

59-62 K-LL Auger - - <lo 
electrons 

75-78 K-LX Auger - - <lo 
electrons 

The conversion electron spec t rum bbtained on the magnetic-lens 

spec t rometer  is shown in Fig.  14a, b,  and c. The electron data a r e  

given i n   a able XIV. The experimental K/L conversion electron rat ios  

& r e  l isted in  Table XV together with theoret ical  K/L ra t ios  calculated 



211 .Fig. 14a. Electron spectrum of Em . . 
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211 
' Fig. 14b. Electron s p e c t r u m  nf .Em - 
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211 
Fig. 14c. Electron spectrum of Em 



Table XIV ..> 
Internal Conversion El'ectrons of E m  

211 
- 

Observed on the Magnetic-Lens Spectrometer  

Elec t ron  Assignment . Gamma . r a y  Relative intensity 
energy energy . ( a r b i t r a r y  units)  
akev (ke-v) ' 

. . 

15 5 AtL 
/ 

200 AtK 
+ 

2 17 AtL 232 10 

256 unassigned - - 6 

168 AtK 

249 AtL 

AtK 

.. .AtL, 

AtK 

AtL 

AtK 

: AtL 

.AtK 

AtL 

AtK 

AtL 

AtK 

AtL 

1278 AtK 13 74 1. 0 

13 5.9 AtL :-': :. 13 74 . . .  0.14 



Table XV 

K/L Conversion Electron Ratios in  t5e Decay of Em 
211 

Gamma r a y  Theoretical K/L ratio Multipole o rde r  
energy K/L ratio favored by Pryce  

(kev 1 experimental E l  E2  E 3  Mf M2 M3 and ~ l b u r ~ e r 5 8  

169 0.6 5. 2 0.44 0. 08 5 .7  2.4 - - - - 
264 ' 5'. 0' . 5. 9 1. 1 10. 29 "5.6 -. 3. 5 1.. 9 M1 o r .  M1(+-E2). 

. :  . . 
I 

. 3.3 3 6 . 3  5 . 9  ' 1. 65 :O. 52 5 .7  ' 3. 8 2:4 MI or  ~ 1 ( +  E2)  

5 .4  2; 24 0.96 5.4 -3.9 2.7 . E 2  a r  E 3  445 lo ? P 

. 4  

E2 5 .6  3.5 .2.1 4.9 4 .2  3.4 W 680 3.5 I 



for various multipole o rders  using the theoretical .. conversion . . coefficients 

?, 57 
of Rose, .et al. The multipole o rder  assignment. favored by the experi- - - 

58 mental resul ts  of Alburger and Pryce  a r e  included for comparative 

purposes. 

The 68- and 169-kev gamma rays a r e  undoubtedly E 2  transitions 

by virtue of the relative L shell conversion electron data observed 

on the permanent-magnet spectrographs. The L and LpII shell  con- 
I1 

version electrons a r e  in  equal abundance, while the' L shell c.onver- I 

sion electrons a r e  in much lower abundance. 17' 57 Assignment of the 

other  gamma radiations cannot be made unambiguously. The K/L 

rat ios suggest that the 445- and 680-kev radiations a r e  also E 2  

transitions, and the other gamma rays a r e  MI(+ E 2 )  admixtures. F rom 

the relative intensities of the conversion electrons and the total con- 

version coefficients. for  various. multipole o.r der  transitions the 

theoretical intensities of the gamma rays  can be calculated and com- 

pared with the experimental values. Since intensity ratios must be 

used, a s  only relative intensities a r e  known, only those gamma rays  

whose intensities a r e  listed in Table XI can be compared. T.he only 

seemingly consistent resul ts  obtainable by this method a r e  made if 

i t  i s .assumed that the 445-kev gamma ray  i s  an E 2  transition (a 

probable assignment on the basis  of the K/L ratio).  If the 445-kev 

radiation i s  E2, .  then the 865- and 1131-kev gamma rays a r e  E 2  also, 

and the 946-kev radiation i s  an MI(+ ~ ' 2 )  admixture. The 680-kev 

gamma ray  would be an M2 transition i f  only one gamma ray  of that 

energy were present. However, since 480-kev radiation in high 

abundance i s  found in  coincidence with itself, it appears that two 

gamma rays of very nearly identical energies a r e  present,  .and hence 

the multipole order  assignment above i s  .not meaningful. 



1 

Before attempting to present an electron-capture decay scheme for 

Ehn211? it  would be well to pbint,out t h e  following sums, which should be 
-. 

useful in  the construction of a decay scheme. 

The s ix  gamma rays ,  with the exception of the very weak 1800-kev 

radiation, a r e  the most abundant radiations observed, and although 

an unambiguous decay schdme probably cannot be' presented, i t  i s  be - 
l ieied that  these seven gamma rays in the sums above constitute the 

cor rec t  skeleton, The 68.70-kev gamma ray  occurs in the alpha- 

particle emission branching of ~ m ' "  to poZo7 a s  evidenced by the 

a ddition of polonium electron binding energies to the conversion elec - 
t ron energies. The two main alpha groups of 5.847 and 5.778 Mev 

a re  separated by 69 kev. While the third alpha group decays to a 

state 232 kev' abokethe gtouid, state of P o 2 F 9  it  would appear that 

most of the 232-kev radiation observed belongs in  the electron-capture 

branching because of intensity considerations. The third alpha group 

is present in only 1. 5 percent abundance, and the intensity of the 

232-kev radiation observed i s  very much higher. Since there apparently 

a r e  two 680-kev transitions with very nearly identical energies and the 

gamma-gamma. coincid,ence s tudie .~  .indicate that all the more abundant 

radiations a r e  in coincidence with a 680-k.bv photon, it i s  suggested 
a 

. - 
that one of the 680-kev gamma rays is ag rouf ids t ake : , t i an~ i t ion  while. 

th.e major skeleton mentioned above lies ab0v.e it. A decay scheme - 
- 

s 

consistknt with these data i s  shown in Fig. 15. The major skeleton of 

the decay scheme, containing most of the more  abundant radiations, 

i s  shown in solid lines. The radiations which a r e  quite ambiguous 



211 Fig. 15. Energy levels of 'At . 



a re  shown with dotted lines. These dotted transitions indicate only a 
x 

L 

possible s ~ h e m e ,  many others being conceivable. 

From the data available, estimates of the relative population of the 

211 
levels of At by the electron capture of ~ m " '  a r e  not possible. 

However, since the 1374-, 1131-, and 865-kev transitions a r e  in  high 

abundance, the relative population of the  2491-kev level must be high, 

possibly 75 percent. 

211' 
Agalp, tRe t.stai electron-capthir'e decay energy - .  of Em can only be 

estimated by the use of neutron-binding energy. cycles. l1 The cycle 

which includes the electron c.apture of. Em2" i s  shown in Fig. 16. The 

211 
proton and neutron binding energies of ~m~~~ and At , respectively, 

have been calculated through their use in other cycles. However, 

21 2 
either the neutron binding energy of- Em or  the proton binding energy 

:A? 

211 
of Em must be estimated before the electron-capture decay energy 

of Em211 can be evaluated. Using the data compiled by Glass. et al . ,  
11 

- - 
the values used 'in the calculation are :  

Nkutron binding energies 

~ t ~ ~ ' ~ - ' ~ ~ ~  = 7'0 72 Mev (calculated) 

Em 212-213 = 9 + - 0.5 Mev (estimated) 

. Proton b.inding energies 

AtZ1" - Ern211 = 40 22 + - 0 .  3 Mev (estimated) . 
211 

The estimated electron-capture decay energy of Em using these 

neutron binding energy cycles i s  2.63 + - 0.3 Mev. The decay scheme . 

a s  presented in Fig. 15' requires a decay energy of at least 2.51 Mev, 



'F ig .  16. . Neutron binding ene rgy  .cycle 



-. 
A general decay scheme showing the genetic relationships of 

:. 

~ . m ~ "  which lead finally to stable pbZo7 and. ~l~~~ i s  shown in F ig .  17. 

An activity, characterized by .a 5. 5-hour half -life and an alpha 

part icle  of 5.65 Mev was assigned to AtZo9 by Barton, et  al. 
21, 62 

- - 
T l ~ e  d l p h  parlicle t t r~~issiun/electron capture branching ratio was 

2.7 
estimated as U. U5. Mihelich, et al. observed conversion electrons 

f rom gamma rays  of. 83. 8, 91.1, 195., .5,48, and 784'kev, ,which were 

assigned to AtZo9 by vir tue of their 5.5-hour half -life. 

In the present study a source of AtZo9, prepared, by the bombard- 

#. ment of bismuth with 46-Mev helium ions, was examined on the alpha- 

63 
particle spectrograph. Woff, et al. had previously studied At 209 - - 4 

on this ins,trument, but because of insufficient activity (50 alpha 

t racks  (5.642 Mev) attributable to ~t~~~ were observed) nothing w a s  

determined of the alpha fine s tructure.  In order  to establish whether 

the gamma radiation should be assigned to the electron-capture 

branching decay of ~t~~~~ the presence o r  absence of complex structure 

in the alpha-particle emission must be ascertained. 

Two exposures' were made of the AtZo9 alpha spectrum on the alpha- 

particle spectrograph. The f i r s t  exposure contained 5600 tracks due 

to a 5.642-Mev alpha group, and the second exposure of the same 

sample taken approximately 12 hours later  contained 2000 t racks  due 

t o  an  alpha group of 5.642 Mev. Since At2" was produced in  the 

bombardment also, the energies of the ~ t ' "  (5.519, 5.437, and 

5.355 Mev) and po2l0 (5.298 Mev) alpha t racks  were used a s  internal 

standards of the energy. The alpha spectrum obtained i n  the second 



' ~ rn~ ' ' (16  hr.) 

. , .. . 

. . 
211 Fig. 17. General .decay scheme of Em . 



T 

exposure is shown in  Fig. 18. A limit of 2 1/2 percent of the total . 
alpha disintegrations can b'e se t  for the presence of other alpha groups - 
in  ;he alpha branching decay of ~t~~~ unless their energies correspond 

i 

210 
to the same energies of the alpha groups of and Po There- 

f o r e ,  all the gamma radiations observed in the decay of ~t~~~ seem 

209 to occur in the electron-capture branching decay to Po . 

A. The 'Auger Effect 

The f i rs t  attempt to outl.ine a theory of the Auger effect was by 

wentzelb5 :in 1927. Using s twg-electron atom of high nuclear cha~rge. 

. Wentzel was. able .to show that the reciprocal of the lifetime of a K .shell 

vacancy.; with respect to an Aug.er transition in which-an L electron 

i s  emitted should be independent of Z .  Since the reciproc.al of the 

e.ffective liie of an  .excited K ,state with .respect to radia.tion of x-rays 
. , 1 4 

i-s approximately proportional to Z , . WK, the K .fluorescence yield 

may be expressed as:  

Such an expression, however, can only be qualitatively correct  

because any complete and accurate theory of the Auger effect would be 

based on a proper theory of quantum electrodynamics since the effect 

66 
involves the interaction of several electrons rather than only two. - 
Such a theory in a $atisfactory state does not exist at  present. 

Using the expressions derived by Wentzel, h 5  calculations of the 
- 

* 

fluorescence yield have been made by Burhopb7 and Pincherle 
68 

69 using .a nonrelativistic theory and by Massey and Burhop using a 

relativistic the0 ry, ,Ip these calculations, hydrogen-like, single - 
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electron wave functions were used, the effective nuclear charge being 
* ? 

determined by the application of Slatervs rules. 70 The use of screened, - 
hydrogen-like wave functions in the relativistic :c.alc ulations' increases - 
the calculated Auger probability for  elem.ents of high atomic number. 

The calculations involved a r e  very  laborious and have only been 

carr ied  out for a few cases. . The relativistic value of the K Auger yield 

for mercury for cxaimple, is 0. 06 wldle lhe nonrslativistic value i s  

only .onebhali as gyeat., OF 0. 03.  ~ e l a t i v i s t i c  effects a r e  of some im-  

portance fo r  elements of atomic number a s  low a s  47 where the re la-  

tivis,tic value of the Auger yield is still approximately 20 percent larger  

than the nonrelativis tic value. 

Table XVI compares the experimental values of the Auger yield of 

ytterbium, polonium, and uranium with the calculated theoretical values 
\ 

69 ofMasseyandBurhop.  Theexper imenta l resu l t sa reonly inqua l i t a -  

t i v e  .agreement with the theoretical values a.s was expected. .Until a 

more  accurate theory of the ~ u g e r '  effect becomes available, quantita - 
.tiv'e agreement will probably not be possible. 

Table XVI 

Comparison of the Experimental and Theoretical 
'V.alu.es of the Auger. Yield of Ytterbium, 

Polonium, and U'r,anium 

Atomic 
number 

Auger yield 
exp e r im.e nt al' theoretical 69 

- -- - 

ytterbium 70 0 . 0 6  0. 08 

polonium .84 0.06 (upber l imit)  0.. 045 

uranium 92 0. 03 0. 04 



Several summaries  .of the magnitude of the Auger effect have been 

72 
published. The summaries of ~ r e n d s l '  in  1935 and Backhurst i n  

1936, for example, . cover the contemporary data on fluorescence yields 

v.ery .well but .do not include any measurements on the heavier elements. 

Not until the complete summaries of ~ u r h o ~ ~ ~  (data though 1950) and 

Broyles, e t  al. became available did the f i r s t  collected data on 
- - .  

elements of atomic number grea ter  than 56 appear. A new, and it 

i s  hoped, complete summary of the data through June 1955 i s  given 

i n  Fig. 19. Since the only new data a r e  for elements with atomic 

numbers 56 and' larger ,  a complete reference l is t  i s  not included a s  

L 
Broyles, et  al. have c o v e ~ e d  the reference material  of their availa- - - 
ble data very.thoroughly. The new values of the fluorescence yields 

f o r  elements heavier than cesium ( Z  .= 55) a r e  listed in Table XVII. 
. . .  , . 

The 'value i s  followed by a 1owe.r-case let ter  referr ing to a l i s t  of 

workers who obtained these values and an indication of how the mea- 

su rements were made. 

A least-squares fit to all  these data would require a study of al l  

the methods used so that proper weights could be assigned to the 

different values. This has not been attempted here, 'but an estimated 

curve has been drawn through the points taking into consideration the 

estimated reliability of the various values. Below Z = 50 the curve 

i s  essentially the same a s  that presented by Broyles, - et  al . .  - and 

their analyses of the reliability of the values will suffice he re  also, 

Above Z = 50 the curve var ies  slightly f rom Broyles, e_t - al.  . because 

of the additional data on this heavy element region which has become 

available. . 
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Fig .  19. Graphica l  s u m m a r y  of f l u o r e s c e n c e .  . 

yields .  



. . Table XVIJ . . . . .  . , 

Recent. Data on Fluorescence Yield Values , , , ,. 

. . 

Element  Atomic number K fluorescence yield Reference 

56 . \ bar ium 0. 85 a 

lanthanum . .  57 . . 0.94 b 

. .  ce r ium-  . . 58.059' . ' 0. 90 c 
' praseodymium 

ytterbium 7 0. 0.94 d 

lead 82 . 0.96 , e 

bismuth 83 

polonium . 84 0.94 g 

uranium 92 0.97 g 

. . 

a. T. Azurna, J .  Phys.. Soc. Japan - 9, 443 (1954), cohversion electrons;  

. . magnetic spec t rometer .  

b. C. H. P rue t t  and R .  G. Wilkinson, Phys.  Rev. 96, - 1340 (1954); 

conversion electrons,  e lectron capture isotope, magnetic spec t rometer .  

c .  C. I. Browne, J. 0. Rasmussen,  J. P. Surls ,  and D. F. Martin,  

Phys.  Rev. 85, - 146 (1952); e lectron capture isotope, magnetic 

spec t rometer .  

d. This work, conversion electrons,  magnetic spec t rometer .  

e. A. H. Wapstra, Ph. D. Thes is ,  University of Amsterdam (published 

by G .  van Soest, Amsterdam, 1953); e lectron capture isotope, con- 

vers ion  electrons,  magnetic spec t rometer .  

f .  M. Mladjenovic and H.. ~ l t l t i s ,  ~ r k i v  f t ( r .kys ik  9 - , 41 (1955); con- 

vers ion  :electrons., ,magnetic s.pectromete'r. 

g. This worK, electron capture isotope, magnetic spec t rometer .  



The experimental values support in  a qualitative way the theoretical 

variation of the fluorescence yield with atomic number, but none of the 

curves yet suggested, theoretical o r  semiempirical, i s  in satisfactory 

agreement with .all the data- T.he relation. . 

7 4 
given by ~ r e n d s ~ '  and recommended by Tellez-Plascencia . gives the 

best fit of those that have been p'roposed. If an expression .of the form 

4 
i s  valid, a plot of l/wK versus 1 / ~  should be linear with a slope of 

(b/a). As shown in Fig. 20 the exper.imenta1 results a r e  well repre-  

sented by a straight line drawn through the most reliable of the experi- 

mental values. The values of a and b which bes t  represent the experi- - - 
6 

mental points a r e  0.98 and 0.98 x 10 , respectively. The expression 

of the K fluorescence yield then becomes: 

Since the a ~ a i l a b l e ' t h e o r ~  and experimental results on K fluoresence 

and K Auger yields agree that for elements of low atomic number 

W < < I  and aK i 1 and for elements of high atomic number WK r 1 and 
K ' 

a < .<I ,  i t  would appear that the directm.easurement of the K.Aug,er . K '  . . 

yield . w n ~ ~ l d  he mnrp a r r i i r a t c  than a direct determination of the 

fl.uoresc&fice h e l d  f o r  element's of atomic number greater '  than 30 

since .a > 0. 5 fo r  these elements.. In general, this,  has b.een done K " .  

experimentally and exclusively for  elements of atomic number greater  

than 56. It i s  believed that the magnetic spectrometer measurements 

a r e  the most accurate for the region in which they have been made. 



Fig. 20. Variation of l/wK with 1 / ~  
4 

in  the heavier elements. 



These data a r e  indicated by underlining the experimental points in 

Fig. 20. 

In addition to the values of the K fluorescence yields there a r e  

sufficient experimental measurements of the K-LX to K-LL Auger elec- 

tron intensity ratios available to indicate approximately the variation of 

this ratio with atomic number. The available data on the Auger electron 

intensity ratios are listed in Table XVHU and shown graphically in  

Fig. 21. 16. is i~l terest ing to compare these experfmentai ratios of the , 

intensities of the groups of Auger electrons to those obtained from the 

68 
calculated probabilities of Pincherle using the expressions derived 

b y  Wantzel. 65 This calculated intensity ratio i s  K-LL:K-LX = 1. 0010. 716 

and should be independent of atomic number. As seen from Fig. 21, 

the experimental ratios a,re not co,nstant, but appear to increase with 
7' 

increasing atom.ic fiumber.. . For  the heavier elemenas, the r.atios 

approach the value obtained by, Pincherle when transition probabilities 

a r e  used. 

It may be of interest  also to compare the values of the relative 

intensities of the individual K-LL.Auger electrons of polonium ~ 4 t h  the . 

other available data a s  well a s  with the theoretical relativistic inten- 

69 si t ies  of Massey and Burhop and the nonrelativistic calculations of 

Burhop. 67 This cornparison is given in  Table XIX. 

The experimentally determined relative intensities of polonium a re  
- 

not i n  agreement with the theoretical predictions but agree fairly well 

with the other heavy element va.lues. The .values ca1c:d ated by, Burhop 
67 

a r e  for Z.=,47 but should be almost'independent of Z i n  the nonrelativistic 

theory. It i s  apparent, hawever, that the experimental results of 

7 8; 
Johnson and Foster  for  Z = 47 a r e  in  somewhat better agreement with 



~ x ~ e r i m e n t a l  Ratios of K-LX to K-LL Transitions a s  
Measu~ed  by Various Observers 

Element Atomic number K-LX/K-LL Reference 

germanium 32 

strontium 38 

silver 47 

si lver 47 

c'admium 48 

indium 49 

cesium 

barium 

barium . 56 0.5 80 

ytterbium 70 0.64 81 

platinum 78 0. 56 82 

mercury 80 0. 71 2 

mercury-thallium 80-81 0.53 17 

bismuth 83  >O. 4 83 

bismuth 83 >O.  57 84 

bismuth 

polonium 

polonium 

theoretical value for all atomic numbers: 0. 716 68 
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Fig .  21. G:raphical s u m m a r y  of t h e  r a t i o .  

of K-LX to K-LL Auger '  

t r ans i t i ons .  



.Table XIX 

Experimental and Theoretical Relative Intensities 

of K Auger Line's 

K Auger Lines 

Element Z K-LILI K - L ~ L ~ ~  K- L ~ L ~ ~ ~  K - L ~ ~ L ~ ~ ~  K-LIIILIII K-LIILII Reference 

xenon 54 weak m oderate moderate strong moderate - - 19 

gold 79 1.0 1. 7 1. 2 1.4 0.8 0 .3  85 

mercury 80 1.0 1. 2 0.7 1. 4 0 . 6  0 .2  38 

. bismuth 83 1.0 - 1. 8 1..1 1.6 0. 8 <'O. . . .2 '44 

bismuth 83 1.. 0 1. :3 1. 3 2'.3 ' 1 . 3  (0. 2 86 

.polonium 84 1. O 1.4 ..o. 6 1. .3 0.7 <O. 1 . . 81: 

theor etic.al. 
1. 0 1. 1.3 2. 26 4.'03 2.30 0. 38 73 nonrelativistic. 

theoretical 79 1.0 5:. 5 5.3 - - - - - - 
r 2lativi'stic 69 



,? 
these nonrelativistic intensities than a r e  the values of the heavier. 

8.. \r: 

elements. - 

B. Electron -Capture 

Before a correlation of the experimental results with the theoretical 

aspects of electron capture can be made, .  Fe rmi9s  theory .of beta decay 
87 

must be introduced. The lifetimes of nuclei which a r e  unstable towards 

beta decay are  gnve~nrtd by selection r u l e a  whioh dopcnd upon tkc 

spin and parity of the initial and final nucle1.1~. Since the half -lives of 

beta-decaying isotopes depend sensitively on the energy available in 

the process, the half-lives alone do not reflect these selection rules. 

Fermi,  however, introduced a function f(Z, E ), dependent on the B 
charge Z and the maximum kinetic energy of the electron o r  the 

. neutr i no energy in  the electron-capture process, such that the pro- 

duct f t  of this function with the half -life, t ,  i s  a measure of the matrix 

element and the strength of the interaction. The theoretical approach 

involved a point interaction between the neutrons and protons and the 

e.lectron and neutrino fields in the .form of products of the nucleon, 

electron, and neutrino wave functions, and an interaction constant, 

G. Such products of the four compoent relativistic wave functions, 

using the four -dimensional Dirac matrices,  a and f3, can be formed 

in  several ways. However, according to the D i r a ~  theory only five - 
88 These a r e  different expressions a r e  relativistically invariant. 

usually called the scalar ,  polar vector, tensor, axial vector, and 
- 

pseudoscalar interactions. These interactions give r i se  to different 

selection rules. . The selection rules. following from scalar  inter-  

action, where the nucleon does not change i t s  spin in  a .beta . . 



transformation, were considered by Ferrni. ,I-Iowever, there is  good 

evidence that these selection rules a r e  not always followed. . Gamow 

and Tel1ere9 were the f i r s t  to consider the tensor interaction in a 

modification .of. Ferrni's theory .in which .a 'spin .change of the nucleon 

can occur. in an "allo.wed" transition. 

Br ief ls for  allowed transitions, the probability. P ( W )  of emission 

of an electron with energy W must have the form: 

Here, g should be constant, the same for all  transitions. It depends 

on various fundamental constants and is a measure of the strength G 

of the interaction. M i s  the nuclear matrix element and F(Z,  W)  i s  

the Square of the value of the relativistic eigenfunction of the elec- 

tron in the Coulomb field of the nucleus at the origin. F ( Z ,  W )  depends 

on the energy W and the charge Z. The total transition probability, 

and thereby the lifetime, i s  obtained by integrating the above equation 

over all possible energies from 1 to W the energy of the most 
P ' 

emergetic electron. This integral i s  denoted by f(Z, W ) and: P 

The function f increases rapidly with increasing endpoint energy, - 
W It can be evaluated numerically for all values of Z, and it  de - P ' 
pends on Z and the maximum kinetic energy E only. The half-life, t ,  P 
i s  then obtained by: 

The product ft is generally used in the discussion of experimental 

data: 



The ft product is then a measure of the inverse square of the matrix 7, 

+ 

element and of the interaction constant. Large values of ft correspond - 
.to small matrix elements and forbidden transitions. ., . . . 

K electron capture i s  governed by the same matrix elements a s  

beta decay. The transition probability for  K electron capture *depends 

on the energy in a different manner since the. phase volume and the 

electron eigenfunctions a r e  different. However, i t  i s  possible to con- 

~ t r u c t  analogouoly to thc n~cthod uocd for beta dccay a function f (E, Z )  K 

such that f t has the same meaning a s  the ft above for beta decay, 90 IC 

It is obvious that the ft product is independent of the energy r e -  

lease  and nuclcar charge for allowed transitions. Because M has been 

assumed independent of the energy, the expression for ft above strictly 

applies only to allowed spectra. For  such nuclides the product ft should 

be a constant. An ft  value can be computed, however, for any transi-  

tion of known energy and half -life. This is a useful procedure because 

it  provides an immediate orientation as  to whether the transition is 

allowed o r  forbidden. Presumably the ft values of forbidden transitions 

a r e  considerably larger than those of allowed transitions. Therefore, 

a comparison of the "degree of forbiddennessgP of different transitions 

can be made on this basis,  Although the ft values should be a constant 

for  a definite degree of forbiddenness, a ,c onsiderable variation in  the 

matrix elements is to be expected a s  a consequence of variations i n  

nuclear structure. Nevertheless, the experimental ft values do divide 

into fairly distinct groups, and .it i s  usually possible to account for  the 

separation by assigning to each group a definite order of forbiddenness. 

A correction to the ft values sometimes becomes necessary i f  the spin 

of the initial nucleus is less  than the spin of the level to which the 



decay occurs.  The ft value must then be multiplied by a statistical 

fac tor ,  2 + 1 ) 2  t 1 )  In general, this will not result  i n  an  
1 

appreciable increase of the ft value. 

The selection rules of F e r m i  and Gamow and Teller; together with 

the approximate ft-value groupings for the beta transitions a r e  given i n  

Table XX. 

Calculations of ft values for electron-capture isotopes of the 

heavy elements have been made where the decay scheme, the electron- 

capture partial  half-life, and the decay energy were available. 

~ t ' "  appears to decay entirely to the ground state of po211 with no 

transitions populating excited levels. The observed 62-kev gamma ray  

211 
,and 46-kev electrons a r e  not thought to be due to At decay to an . 

excited level in  po211 because of intensity considerations. The log ft 

value of the ground state troansition was calculated to be 5 .9 .  Although 

this ft value would seemingly indicate an allowed transition, i t  i s  

probably f i r s t  forbidden with a A1 = 0 , l  yes assignment. The ft values 

211 
for transitions near closed nuclear shells (At has three protons in  

excess of the 82-proton closed shell  and has  exactly a closed shell of 

126 neutrons) appear to have abnormally low ft values. 

Table XX 

Selection Rules for Beta Decay ' 

Classification Par i ty  A1 
change Fe rmi  Gamow-Teller Log ft 

( sca la r )  ( tensor)  

allowed 

1st 'f,orbidden yea 091 0, 1, 2 6 98 
n o O 4 - 0  . 

2nd forbidden no 1, 2 2, 3 12 and 
0 4 0  higher 

L 



a?, 
F rom nuclear shell model theory, decay between ground states of 

- 
P; 

all nuclei heavier than mass  143 should be at least  1st forbidden since it  - 
involves a change of parity. 91 This is then consistent with our assign- 

ment of ~ t ' "  a s  1st forbidden although the f t  value i s  slightly low. The 
* 

211 ground state spins of *tZU and Po have not been directly determined, 

but from nuclear shell model considerations, the assignment of h 

211 
9/2 

and -g9 /2  
to AL'" and P o  , iespectively, appear reasonable. 

-. 236 aighty percent of the electron-capture transitions 0% Ng decay 

to the ground state and 20 percent to a 44-kev level of U236a The log f t  

value for the ground state transition i s  7.0 which i s  consistent with a 

A1 = 0 , l  yes type of. transition. This i s  in agreement with the require- 

ment noted above that decay between ground states should be forbidden. 

The log ft of the transition to the excited level i s  7. 6, again consistent 

with a A1 = 0 , l  yes assignment. Since the electron-capture daughter 

236 
of ~ p ~ ~ ~ ,  U , has an even-even nucleus, the spins and parities of the 

ground state and f i rs t  excited level are  0t and 2+, respectively. 92 

Therefore,  a suggested assignment of the spin and parity for the 

236 
ground state of Np i s  I-. 

poZo7 decays to highly excited levels of J3i2O7. The three excited 

levels of ~i~~~ populated to the largest  extent have log ft values 

(beginning with the lowest-lying populated state)  of 7.1, 6. 3, and 6. 7, 

respectively. These ft values a r e  consistent with .A1 = 0 , l  yes 

207 . assignments. T.he 3.1-Mev 1,evel of Bi is ,only popu1ated.b~ .approxi- 

mately 1 percent of the transitions. This small  population coupled with 

th.e uncertainty bf the decay energy available (it i s  not known definitely 

whether enough energy is available for K electron capture a s  well a s  

L. electron capture since the decay energy was estimated from neutron 



binding energies) makes an estimation of the log ft va1ue:for this t rans i -  

tion meaningless. 

Intensity considerations indicate that all  or  most of the electron- 

211 
capture decay of ~m~~~ proceeds to the 2.5-Mev level of At . Since 

.there i s  an  uricertainty i n  the decay energy.'available for  the electron- 

211 
capture decay of- Em , the energy .of the neutrino emitted i s  not well' 

defined. Because of these limitations, the log ft value cannot be 

calculated precisely, but appears to be l e ss  than 5. 5. This would 

,211 
indicate that the Em electron-capture decay is allowed. 

13 
~ h o m p s o n ' ~  and Feather  in  early studies of the electron-capture 

p.rocess i n  the heavy elements attempted to classify a number of 
:. . , 

electron-capture isotopes according to the allowed or  forbidden nature . . 3' 

of their transitions by plotting the partial  half -lives a s  a function of 
, >7 

energy. Their correlations, however, were very  limited by a lack of 

15 ' .: 
experimental data. Major and.  Biedenharxi,..: Bake .exte&dded, these  . : o . , .  

studies to the lighter nuclei whenever data were  available. They con- (. .. , .: '>-<: 
. .~ 

clude that .the scat ter  ,of data on such .a diagram .does not permit the, 

differentiation into degrees of forbiddenness. More recently, .Gla.ss, 

et - al. - l1 and Hoff and ~ h o m ~ s o n ' ~  have attempted similar  correlations 

in  the heavy elements. Hoff, et  al. used the more  fundamental indi- - - 
cation, the ft value, to determine the nature of the electron-capture 

transitions. Hpwever, Hoff was stil l  somewhat limited by the lack of 

experimental data. Only a relatively few isotopes had been studied 

thoroughly enough so  their complete decay schemes were known. 

Many other electron-capture nuclides whose decay schemes were not 

known were included under the as  sumption of ground state transitions. 

As pointed out by Hoff, such an assumption was obviously not 



realistic,  but no s>ther method 'was available for.. treating the data. 

In addition to the isotopes studied experimentally by the author, 

the electron-capture decay schemesof a number of electron-capture 

nuclides in  .the heavy .element region have been s.tudied recently. Some 

o.f the data used previously have subsequently been changed. Therefore, 

a new survey .of these isotopes appears to be warranted. Since there 

is no basis  for assun3ing grouud sta le  Lransitions ifi the unstudied 

isotopes, only those uuclides whose electron-capture decay schemes 

have been experimentally s t n d i e d  n r  C B ~  reasonably be inferred from 

.the negatron o r  alpha dec'ay to the same daughter nuclides a r e  included.. 

These nuclides together with.their decay energies, partial half -lives, 

and log ft values a r e  listed i n  Table XXI. 

From these data, it i s  apparent that most of the nuclides can be 

considered as  either allowed or  f irst  forbidden A1 = 0 , l  yes. While 

the ~m~~~ transitions have f t  values which a r e  large enough to suggest 

a A1 = 2, yes assignment, A1 = 1, yes i s  a preferable assignment. This 

14 
point has been covered adequately by Hoff. Only four transitions a r e  

apparently second forbidden or  higher. This i s  not surprising since the 

precise amount of electron capture branching to various excited levels 

i s  often very  difficult to determine, and the highly forbidden transitions 

would be masked by the predominant allowed decay. 

A plot of the logarithm of the partial electron capture half-life 

versus  the logarithm of the neutrino energy for  the allowed transitions 

i s  shown in  Fig. 22. Only those transitions of Tab1 e XXI which have 

211 
log ft values l ess  than 6.0 a r e  considered allowed. At i s  an excep- 

t ion as discussed above. The limits on the neutrino energy indicate 

K and L electron-capture energies, the actual neutrino energy lying 
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Fig. 22. Log of the part ial  electron 

capture half-life v e r s u s  log of ' 

the neutrino energy for  allowed 

e lec t ron capture.,  



Table  XXI 

Log f t .  Values f o r  Nuclides. Whose E l ec t ron  .Capture 
Decay..Schem.es a r e  Known o r  Can  b e  In fe r red  

Neutrino ene rgy  
Available e n l r g y  Level  to  which decay t l imi ts  allow f o r  K and P a r t i a l  e l ec t ron  

f r o m  decay cyc les  p roceeds  L e lec t ron  cap ture )  cap ture  half-life Log 
Isotope (MeV) (MeV) (Mev 11 (seconds)  f t  Ref. 

6 Bi206 
3.70 3 .4  (50%) 0. 21 - 0. 285 1 . 1  x 10 * 6. 3 58 

. P o  
209 1.93 0.90 0 .94  - 1. 02 

10 .9  -Mev level  popu1ate.d i n  
0. 5% of to ta l  t r ans i t i bns )  

~ t . ~ ~ ~  3.93 2.. 92 (76%) 0 .92 - 1.00 

3:04 (24%) 0. 80 - .O. 88 
*t211 0 .76  ground s t a t e  . Q. 67 - 0 .75  

Ino y r a y s  observed)  

E m  
211 

- 2 . 6 .  2.49 ("loo$) 0.1 - 0. 36 
230 Pa. 1. 32 0 .94 (-100% ) 0. 27. - -0'. 36 

( y  r a y  obse rved :~  
u231 

0. 34 0.23 (50%)  0.09 
ground s t a t e  (50%) 

(decay of ~ h ~ ~ ~ )  0.23 - 0.32 



Available e n e r g y  L e v e l  t o  which deca'y Neutrino e n e r g y  Partial e l e c t r o n  Log Ref. 
f r  o m  d e c a y  c y c l e s  p r o c e e d s  ( l imi t s  al low f o r  K and c a p t u r e  half - f t  

I so tope (MeV) (MeV) L e l e c t r o n  c a p t u r e )  l i fe  ( s e c o n d s )  

1. 86 1. 57 
(y r a y  o b s e r v e d )  

0.. 17 ground s t a t e  
(no. y r a y s  obse rved)  

0.91 0 .04 (20%) 
ground s t a t e  (80%)  

0 .48  ground s t a t e  
(no y r a y s  o b s e r v e d )  

Am 242 
0 .65  0 .04  0.49 - 0.59 2 .7  x 10 

10 11. 7 17, 23 
242m 

Am 0 .68  ground s t a t e  (50%)  0 .52 - 0.62 5. 8 x 10 7 .1  23 
5 

0 .04 (50%)  0.56 - 0.67 5 . 8  x 10 
5 

7 . 2  

C m  
241 

0. 89 ground s t a t e  (65%)  0.76 - 0.87 4 . 7  x 10 
6 

8 . 4  96 

0 .47 (28%)  0 . 2 9  - 0 . 4 0  1. 1 x 10 
7 

8. 0 

0.59 ( 7 % )  0. 17 - 0. 28 4 . 3  x 10 
7 

8 .1  



,-- '6 
somewhere between these limits, depending on the ratio of K and L - 

5 

electron .capture, ,. T.he theore.tica1 expre,ssion for the probability of - 
allowed electron .capture predict's , a  .slope' of two for such .a plot. A 

reference line has been drawn with the predicted slope. While the data 

a r e  limited, only s ix  transitions being classed a s  allowed, an 

approximate adherence to the theoretical slope i s  indicated. 

A-similar plot  f o r  the forbidden electron-capture transitions i s  

shown in Fig. 23, Although nn l iniql i~ slope for this type of plot i o  

predicted by theoretical considerat ions, the slope shnn3d he between 

two and three. The data fit a line of slope approximately three as  

indicated by the figure. ~m~~~ with i t s  larger  ft values and ih& very 

207 .242 fall well highly forbidden t.ra&itions of B i  , po209, and Am 

away from th.e line. 

It i s  quite apparent that a continuing program of the study of the 

electron-capture process i n  the heavy elements is succeeding in  

r correlating electron-capture data with theoretical considerations. It 

is  expected that further refinements of experimental data will bring, 

about even better verification of the dependence of half-life on energy. 



Fig.  23.  Log of the par t ia l  electron 

capture half-life ve r sus  lug of 

the neutrino energy for  forbidden 

e l  ec t ron capture.  
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