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INTERNAL CONVERSION OF GAMMA RADIATION 
IN 'THE L SUBSHELLS 

Thomas Oliver Passel1 
Radiation Laboratory and Department of Chemistry 

University of California, Berkeley, California 

March 30, 1954 

ABSTRACT . . 

Electron spectra from conversion of low energy nuclear 

gamma radiation: (up, to around 3150 kev) in severa l  isotopes of . 

'the heavier elements have been investigated using.a double 

1 
focusing beta spectrometer previously described.;. The follow- 

\, 

241 
in,g isoto,pes. were studied: Am , Am 242m 242 228 , Cm , P a  , 

198m 236 
T1 , N~~~~~ and Np Decay ~ c h e r n e s ,  some 

tentative, .have been proposed fo r , some of the above, nuclides. 

241 
Miscellaneous data on the following isotopes, Pu  , 

240 223 
Pu , ~ m ~ ~ ~ ,  and F r  , a r e  summarized in ~ ~ ~ e n d i x  I. 

A twin lens coincidence beta spectrometer, .-  now in the 
. . . . .  . 

a.ssembly stage, i s  briefly described in Appendix 11. 

Agreement of experimentally determined 'k conversion 

ratios with the most recent theoretical calculations were 

generally very good'except for  the clectric dipole case,  where 

about twice the expected' (L 9 L ) conversion was found. 
I I1 . . .  . . ' .  

. . 
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I. INTRODUCTION 

A study of conversion electron spectra i n  the heavier elements 

.was undertaken with the following objectives in  mind: 

1. The assignment of the multipolarity of transitions between 

nuclear energy states by comparison of 'L'*L .L I' I11 

coriver sion ratios with theoretical values. 

2. The .comparison of multipolarities assigned in this manner 

with those assigned froni other types of ,experiments.. 

3. The elucidation of a more  complete decay scheme for each 

of the nuclides studied. 

11. EXPERIMENTAL APPARATUS AND TECI-INIQUES 

A. , The Double-Focusing Beta Spectrometer 

The instruinent used in these investigations has been previously 

1 
described so only the few modifications made a r e  described here.  

Briefly, however, the double focusing spectrometer consists of a 

pancake-shaped i ron magnet about 3 feet in diameter and about 

1 foot in  thickness with the center hollowed out so that the gap between - 
. , 

the top-and bottom pole pieces i s  smaller  at  the center than a t  the u 

periphery. Thus, in addition to a co-axial magnetic field there  exists 

a co-radiql component of magnetic field. The focusing pr 'sperties of 

these two components df magnetic field (hence the name double -focusing) 

0 
a r e  such that a n  image of the sample i s  formed a t  an  angle of 255 

from the sample position. A Geiger counter at this image position i s  
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. 
used a s  a ,detector. The magnetic '.fiePd'is varied 'by.cliangirig the'. '. : 

cur ren t  passing through the coil -which i s  .situated .jlist hiiji'dC: +the. .' .. . 

hollowed-.out portion, but outsidehthe vacuum chamber. . .The 'top -'. 

half of the qspancakevv may be u'nbolted and r.emoved fok; making ' . . 

.adjustments inside the c.hamb'er: Most of the changes made were .' 

in  connection wiJh the associated equipment. such a s  t h e  vacuum 

pumping system, the. counter, the c'ounter gas supply, the .scaling 

, . . . .  
unit, and the technique of sample preparatio'n. ' ' . . 

1. The vacuum pumping system-. -- ,When a thinplast ic .counter  
. ., 

window rupture-s o r  'a counter becom.es s'fatigued"; i t ' i s  necessary-to 

.reduce the vacuum chamber to atmospheric press 'ure and to ra i se  

the 700 pound top half of the i ron "pancake" using:an overhead block 

:and tackle in  order  to gain:access. to the counter. ..Therefore a 
" 

2-inch modified Crane valve. was placed between,the vacuum chamber 

and .the diffusion.pump, allowing the lat ter  't0'b.e kept .operati@ while 

this operation i s  ca r r i ed  out. An additional forepump i s  used after. 

~.eas.s&mbly until .a p'ressure i s  reached a t  whi'chsthe diffeision pump 

. . 
can' again .be opened to the system: 

. '.2. The. counting system; - --End window'hounteri Gere hot very  

reliable so it was decided.ear .1~ to tr'y tlie side' whdow type. It was' 

. . 
rumored that the lat ter  type were fa r  Pess 'subject~to counter'gas . .. 

, ,., 

contaminants, counter wi're type, and counter .wall i r regulari t ies;  

and that i f  a length to diameter ratio of four o r ' l a rge r  w.ere maintained, I 

usable .Geiger voltage plateali.s,could be '  expected. . All five side window 

counters designed and put; ill u i e  counted satisfactorilji even though 

almost none of the traditional recipes for  making counters was 



strict1.y followed. That i s ,  no particular effort was made to keep 

the inside counter wall or  central wire scrupulously clean-or f ree  

from irregulari t ies .  ,Tungsten, molybdenum, platinum, and stain- 

l e s s  steel  central wires were tr ied with equal success. Stainless 

steel  i s  ,recommended since it  i s  of reasonable cost and i s  easily 

soldered. Brass  was used for the counter body for three of the 

counters and copper for the fourth. Brass i s  recommended. 

One of the more formidable problems in low energy beta 

spedtrometry is  the making of counter windo.ws. The window must . .  

L 
be of a thickness .less .than ,100 p,g/cm and preferably below 

2 
50 p,g/cm if  i t  i s  to have 100 percent transmission for electrons with 

energies below 20 kev. It must, of course, also be able to with- 

stand the counter gas pressure  of about 10 to 15 cm of mercury.  

Support grids upon which a r e  laid several  layers of formvar, 

nylon, collodion, o r  plastic films a r e  commoniy used, but these 

grids often mask a s  .much as  40 percent of the usable counter window 

area .  With the kind assistance of Mr. Ear l  Hostetter of this laboratory 

a window grid was designed which masks less  than 6, perc.ent of the 

usable window area .  The grids were made on the same principle a s  

those designed by Mr. Hostetter for producing the electrostatic field 

L - 
in a time-of-flight isotope separator.  In the present application, * 

0. 0005-inch diameter tungsten wire was pressed into a small,  grooved, 
L 

copper cylinder which had been soldered to a brass disk of an 'I, 

appropriate size. The b ra s s  disk contained an O-ring groove for the 

vacuum seal  to the counter. 



. . .  
F o r  -the window material.-itself the write.*' h'as' had cons'iat'erlit ' ' 

success with..a ,vinyls chloride! - .v'iriyl acetate '  ccipolymer No'. .'I080 '. - : 

supplied by the Industrial' ~ las f ' i c - s  Corporation,. Oakland,. ' ~ a l i f o r h i a ;  

The films were made in the traditional manner of allowilig a .drop ' . ' ' 

of the liquid plastic (diluted. 1:l.with No. '1080 thinner).'to :spread on 
, 

a water surface. Distilled water to which a very  smal l  amount 

of concentrated ammonia had been added seemed to give the best  

resul ts  although the conditions did not seem to be critical.. One 

three-1ayer.window made in  this fashion :lasted for  'over a year of. . '  

consta:nt use a t  15 c.m total counter gas ~ts'rthidkness 

was such that the t ransmission .factor f a r  2.0.kev electrons was 

about 100 percent and the: cutoff was approximately . . 4 kev. One 

factor in the unusually long life of this window may be the pract ice 

of keeping the .counter fi1:led with gas only when in use. ' 

.The use of a 10 percent .ethylene - 9'0 perc'ent argon gas 

mixture for. the counter has been c'ontinued'and gives satisfactory 

counter operation even with a s  much a s  1 percent a i r  contamination. 

Of course,  it i s  more  desirable to keep a i r  contamination a t  a 

minimum. The more  a i r  contamination the higher the total gas p ressure  

necessary  to maintain the same Geiger region voltage plateau. The 

present  counter has a 100 volt plateau at l2..5 cm total gas 'pressure .  

3 .  Energy calibration of the speck?ometer. -- The residual 

magnetic field -in-the iron . of . the spectrometer  can be reproduced 

with some,:degree of confide.nce by carrying.out a magnetiaatipn . -  
. . . . 

.cycle,hefore . . each e q e r i m e n t .  . . The cycle consis.$s of ~ c v e ~ s i i i g  the 
. . , .  . . .  . . 

direction of the current  and operating a t  maximum curre.nf for  three  , 

, . , . : . \ " .. . . ' . . 



to f:ive minutes;, then for four times a s  long a time: operating .at 

maxim.um current  with c.urrent flow in  the same direction.'as!.is to .. . - 

be,,used in the ,experiment; This i s  .followed by a momentary . .:.. . ' . .  . ! 

demagnetization with 1. 5 amperes of alternating current.  .Even . .  

with this cycle. of .operations, s ev,eral disturbing shifts. have b e e n  

noted in certain energy regions,. Until such time a s  the spectr.0- ' 

meter i s  equipped with a precise.field measuring device, the , 

instrument, in the writer s opinion, will be primarily useful for 

conversion line ratios and energy differences at  high resolution.. 

Nuclides which. have been. useful in calibrating the instrumenth , 

4. Semi-automatic operation. --The. magnet current  can ,be 

varied continuously very slowly by a moto'r and gear sys tem.  This 

makes possible the use of a traffic counter set. to stamp at intervals 

of time small  enough to allow the assumption of. a point count for 

each stamp and long enough to allow the collection of enough counts 

for  reasonably good statistics.  This system was. used .to collect 

228 230 
the data described below for Am241, ~ m ~ ~ ~ ,  P a  and P a  

. . B. Sample Pr epiration 
I i 

Probably the most critical of al l  techniques9 in beta spectrometry 

i s  the prepar'ation of the radioactive samples. .:A much used' sample - 
making Procedure i s  the evaporation of a drop of water containing the 

radioactivity on backings of plastic films similar to those used for 

counter windows.   he' writer has had generally more favorable 

results using thin gold, pa'lladium, oi- aluminum leaf. a he advantages 

of these metal leaves have,been two. ~ h e ~ a l l o w  the'ieakage of 



electric charges ar is ing from radioadttve decay  which.an in'sulatikg plastic 

film would build up ,to spectra-distorting proportions, and they m'ay 

be more-strongly heated than.the plastic films. Thethicknesses of 

these w e r e  found to be 87, 157, and177 p,g/cmF, ' respettively, by 

.weighing a known a r ea  of leaf. .   he strength of two layers  of gold'. 

leaf i s  about equal to one of the palladium or  -aluminum. . The double 

layer of gold leaf has been used with intermittent sliccess a s  a bacxing 

for  samples, contained in reagents such a s  ,concentrated HF. Cases , 

where the gold leaf failed may have been due to the choice of inferior 

leaves. Much more  consistent success was obtained with the 

alum.inum a n d  palladium leaf so long a s  solutions of <0.1 N HN03 and' - 
<1 M HC1, respectively, were used to t ransfer  the radioactivity to - 
the backings. Even these solutions weakened the leaf, however, and 

i t  i s  recommended that the activity be t ransfer red  to distilled water 

before evaporating from these backings. In cases  .where a macro, 

amount (of the order  o f  severa l  mil l igrams) of mater ia l  had, to be 
, 

mounted, a .O. 00025-inch thick platinum counting d isk  was .used since 

sample thickness has .a  greater  distorting effect on an electr.on . 
. , 

spectrum than does the backing thickness. . . . .  . 

At the present  t ime a high geometry sublimator i s  in  use in  

- 
which the aluminum and palladium leaves a r e  especially useful. , . , . . 

,.- 
High geometry i s  achieved by,the use of a V-shaped filament. 

. , 

C Sublimation of the radioactivity onto the .thin metal  foils. assures .both  
. . . . 

a uniformly thin deposit and a thin backing. The metal  foi1s.hav.e an  
' . .  

advantage over plast jc  f i lms in their ability to withstand the heat uf a 
. . . . .  

nearby filam.ent more  readily. The investiga$ions of the T1 
198m 

. , . . . . and 
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238 
., . .Np., , spectra, were performed:with samples sublimated onto- . . .  , .  

. . . ,  palladium ,leaf. . . . . .  : .. . .  . . . . 

The new sublimator i s  mounted inside a &ove box for. work 

with the high,level activities. necessary in beta spectrometry. Of 

course, c a r r i e r  f ree  chemistry must stil l  be carried.out.on the 

radioactive,sample to eliminate a s  much extraneous mass  .as.pos.sible. 

This -mass .does not readily sublimate onto the leaf and there.by 

greatly reduces the sublimation yield. It may, of course,.. *in . 

certain instances be possible to use the sublimation process a s  a 

means of separating certain e1ement.s from others, but to the writervs 

knowledge no extensive study has been made of its potentialities 

along this line. . . 

I1 I. EXPER'IMENTAL .DATA 
3 

A. ' Americium 241 

1 .  L lines 'of 59.6, 43.4, 99, and 3 3 . 2  kev gamma rays;  -- 
8 

The electron spectrum of a sample of -2 x 10 alpha counts per 

241 . 
minute of Am on an aluminum leaf backing i s  shown in Figs. la  

and Ib. The electron data a r e  summarized in Table 1. The Am 
241 

241 was obtained very pure by milking from'the Pu parent. 'The 

sample was evaporated onto the backing from .a solution of the 
. . 

activitiy in distilled water. since sample's of intkns'e alpha activity 

such a s  this one'can not be flamed to make the material adhere to + 

V 

the'hacking, great  ca re  must be used in transferring the s akp le s  

between the glove box where these sa.mples . . a r e  prepa;red and the 
. . 

spectrometki-. ~ h k  newer tgchhique of high geometry sublimation 

redtides this great  l-iazii-d'siri=e iri t k s  case the activity forms a 

uniform, adherent layer. 



The L lines of the 59.6 kev gamma . ray  a r e  indicated by 

the numbers 9 and 11 in  .Fig; la'. . It i s  s.ee'n that-in the case  of the 
... . . .  . . . . . . , . 

L '-L line the normally almost Vertical forward edge.giv-ei the ". ' I .I1 , .  . . I :  

indicati.on'of a hip, about one -seventh of 'the way down from th2pea.k. 
. . .  . . ,  . .. 

. . . . . .. . 

  his may be interpreted a s  evidence that the abundance of the LII ,, 

, . .  

line i s  perhaps somewhat l e s s  than that of the 4 line. The LIII line 

was clearly resolved. The abundance of the L - L  line was corrected 
I I1 

for  the presence of the other spectral  line known to occur.at the same 

energy, namely the 43.4 line. A s imi lar  correction was made for 
M . . 

the 43.4 line since it coincides in energy with the 59.6 The 
N L~~~ 

abundances of the 43. 4M and 43.4 lines were inferred from the , N 

43.4 zL  abundance and the L/M and L/N rat ios observed for the 

44.1 kev gamma ray  i n t h e  decay o f . ~ m ~ ~ ~ ~  Of course,  the chief- , 

difficulty in pr0curin.g reliable abundance measurements lies in the 

uncertainties involved with the extrapolation of the low energy tai l  

of a given line.   he author's policy has been to use well resolved 

lines a s  models for determining the tai l  of a line which was not so 

well resolved. In this case  the 59.6 line was so used. The 
L ~ ~ l  

(LI + L ~ ~ ) / L ~ ~ ~  ratio for  the 59.6 kev gamma r ay  i s  4.4 * 1. This 
. . 

value i s  .in fa i r  agreement with the value of around 6 obtained by 
' 

3 .' 
Wolf son. I 

F r o m  an  experiment using ~ 1 2 3 ~ ~ :  t h e  trahsniission 6 f  the 

spectrometer  was determined (see Section 111-C). From this value of 

the t ransmission (0.3 percent), an absolute alpha count of the Am 
241 

sample, and the assurnptiond 0.40 59.6 ke9 pllutons p a r  alpha, the . 

total conversion coefficient of the 59.6 kev,gamma was determined to 

be 0.92 a ,O. 1. A previous .1~ reported v d u e  for the total conversion 



. , Table 1 * .  : I 

. . 
. . , Americium 241 Electron Lines , , . . / . _.  . - . . 

Designation ... Gamma '. , .Electron Conversion ~ntensity' 
in Fig. la :energy .:.energy shell . . : .7 

. . e-/a . ., 
(kev) (kev 

(Figure lb) 99 .5  * 1 7 7 . 9  
L~ - L~~ 0 . 0 0 0 6 2  

81. 5 L--- I11 0.00037 - 



. ., 

Fig. la-Electron spectrum of ~ m ~ ~ ~ .  



Fig. lb-Electron spectrum of ~m241. 



1 
coefficient i s . 4 .  5. OqKllley reports the total L c o f i v e ~ s f b ~ ~ ~ o e f f i c i e ~  . 

*, ' 

to be. about 0.7 which compares very  favorably wcth'oh value of .' .. 

0.72 +' 0. 07. The 59. 6 k e  v r ay  i s  given an El aisignment ' ' '  

. : . 
on the basis of 'its total 'E conireriion doeffieient. 

) 

Three lines of'the spectrum were assignable toithe L LI19 and 

L~~~ 
lines, rksp&ctively, of a 43:4 '* 0.5 kev gamma'ray.  There a r e  

large uncertainties in the abundances listed in Table. l i  but i t  appears 

that the cqnversion ratios a r e  not inconsistent with the interpretation 

6 
of the gamma a s  a mixture of E2 and M1 radiation. As c a n  .be seen . . 

from Fig. la , '  a line assigned a s  26; SN (line 5) appears superimposed 

on the tail'of the line assigned a s  43.4- ...... (line 6). . From the very 
%I[ 

uncertain abundance of this 26.4 N line and the assumption that the 

M/N ratio i s  the same for the 2'6.3'kev a s  for the 59. 6.kev transition 

(both have been given ~ l ' a s s i ~ n n i e n t s ) ,  the abundance of the 26. 4M 

(line 3)  line may be.calculated. This balue i s  then subtractedfrom the 

value obtained for  the one line whichrep'resents boththe 26. 4M and 

43.4 (line 3) to give the intensity of the 43.4 .line. In spite of the 
L1 H1 . . 

very large uncerta.inties involved, it  i s  felt that 'a not insignificant fraction 

of the 43.4 kev transitions a r e  conveiting in the LI shell. Since no 

gamma quanta of this energy have been observed to a very lo& limit, 

(4 percent of the 59.6 kev phdton), 4, 7 the assignment camiot be El 'nor 

can it  be of Lery high rnultipolarity since 'al l  of the alpha particles a r e  in 

5.. 
fast coincidence (<0.15 withthe 59.6kev photon. ~ h u s w e  a r e  

left with a very strong probability thai the r,adiation.is either 'E2 or  a 
,, . . .  . mixture of Ml and E2. 



Lines assignable as  the .L  9 L I 119 . L1ll~ 
and M lines of a 99.5 * 1 

kev gamma r a y  - ,  .,.. y e r e  observed as.,shown in  Fig.  lb. The (LI t L ~ ~ ) / L ~ ~ ~ ,  

rat io i s  1. 7. Jaffe,has observed a 102 kev gamma ray  on a scintillation 

3 
spectrometer .  Wolfson r.eports electron lines of a gamma ray  af . . 

8 
99 kev with an (LI + L ~ ~ ) / L ~ ~ ~  ratio of about 2. Church reports a 

gamma r ay  converting in neptunium in a sample containing ~m~~~ of 

98. 9 * 0; 3 kev, which he assigns a s  E2 from the L ~ ~ / L ~ ~ ~  ratio. Since 

6 
the expected (LI + L ~ ~ ) / L ~ ~ ~  ratio i s  1. 85, the E2 assignment i s  

reasonably certain. 
. - 

Assignment of lines of the 33.. 2 kev gamma ray  was ,more difficult. 

7 
Since Jaffe has determined the energies of one of the two cascading 

' . 

gamma rays  de-exciting the 59.62 kev level in N~~~~ to be 26.38 0.04 

kev, the energy of the other by difference would be (59.62 * 0.06) - 
(26. 38 * 0. 04) = 33.24 *. 0.10 kev. The fact that the 26.4 kev and 

33. 2 kev gamma rays  paral lel  the 59.6' kev gamma i.ay has be-en 

9 established by the complex alpha spectrum,. As can be seen f rom 

Table 1 and Fig. la ,  l ines assignable to the L Is LII' MI' MIII, and NI 

co,nversion of the 33.1 kev gamma ray  have been found. The M1 

assignment was made f rom the fac t  that the LI/LIi ratio was >5 and 

that no line appeared where one would expect the. 33.1 Of course,  the 
L ~ ~ ~ ,  

presence of A.uger lines in that region preclu'de our setting. any sor t  of , 
- 

l imit  on L conversion. Line intensities below about 17 kev a r e  
I11 - 

attenuated because of absorption in  the window of the detector. Since L 

the 33. 2 . line. appears  a t  10. 6 kev, it i s  evident that only the order  of 
L~ 

magnitude of abundances a r e  reliable. The fact  that the line assigned 

a s  33.1 stands out so prominently in spite of the increased window 
L~ 



absorption gives one added confidence in the M1 assignment; This 

assignment i s  cons.istent with the designation of both the 59.6 and - 

26.4 kev gamma rays  a s  .El transitions. 
4 -  241 237 

2. Decay scheme of Am -- levels in  Np . --  A decay scheme 

including al l  the presently available data i s  shown in Fig. 2. The 

positions of the 33.2, 59.6,' 103, and 159 kev levels were established 

f rom the complex alpha spectrum. More recent worklo on this alpha 

spectrum indicates that the presence of a previously reported9 alpha 

group 11 kev below,the level marked 0 in  Fig. 2 i s  duelto an  instrumental 
1 .  

237 11 
effect. The 270 kev levei  i s  found in  the beta decay of U . 

. . 

Jaffe has observed gamma rays  of -210, 168, 128, and 102 kev in a 

7 
scintillation spectrometer 'stu'dy.. The alpha g ~ o u p s  populating the 

270 kev.and 438 kev levels would'have . . been in  too smal l  abundance to 
, ...... . ...  

' . 
have been observed by Asaro. There . . i scbnsiderable  .doubt about the 

,. . 
3 ' .  . 

position of the 168 and 128 kev gamma ray? although t h  indicated ones 
'i ' . : .  

I .. 
. . 

seem quite reasona.ble: . . 
. . .  . . 2 :  , . .5 . . . .  . 

. . The 411 line (line 10) of a 56.4 kev :gamma was observed a s  shown in * .  . ' I  

: . . :- 1' ,. . . ., 
Fig. l a  and from i t s  abundance one can de.duce . .. a to ta l  a.bundance of the 

4 . . ', ' > 3 , .  -. , . 

56.4 kev transition (assuming E2 character  which.i.s cons;istent with 
'; I I 

.I . . ... . . ' 
failure to observe the gamma quanta4' 7).  he 56 . key ,.. . . tran;ition i s  very 

- 
likely an  E2 since i ts  L peak was observed. Of cow.,se,: it i s  not at  al l  

I11 
'i .. 

impossible that the 56.4 kev transition includes a significant fraction of - 
-' M1 radiation since the LI$peak could s o t  be resolved. 

5 .  ... ,, , . . ,, :,!i '<, :j,."--'.. . '*- . :. <.;.: 

The maximum intensity possible f o r  this gamma transition i s  

0. 0142 pe r  alpha .since only 1.42 percent of the alphas populate the 

158.. 5 kev state level, . The 99.5 * 1 kev gamma r ay  i s  the other 



Fig. 2-Decay echerne of ~ m ~ ~ ~ .  



possible means of de-exciting the 158. 5 kev level. The total abundance 

of the 99; 5 * 1 kev transition; i. e . ,  photons plus electrons per  alphg, was 

determined to  be 0.0018 f rom ihe  value of 0.40 * 0. 015 59.6 kev photons 

7 
p.er alpha, the 59.6 kev gamma conversion coefficient of 0.92 * 0.10, 

and a scintillation spectrometer experimental value of 0.00056 photons 

7 
per &ha. Thus we may conclude that the 56.4 kev - 43.4 kev 

gamma cascade i s  the'chief means whereby the 158.5 'kev level i s  

de-excited, but that the 98.9 kev crossover transition i s  not of 

ins.ignificant abundance. The limits of e r r o r  on the absolute abundance 

of the 56.4 kev trans.itionDs electrons ar.e sufficient to encompass the 

value of 0. 012 per  alpha; which i s  the required value imposed 'by the 

alpha population to the 158. 5 kev level and the abundance of the 98.9 

kev transition, 
% . '  

.. - The 26.4 kev transition has been assigned E l  character  on the 

basis  of i t s  total conversion coefficient. This value (4. 75 * 1. 5) was 

.deduced f r ~ m ~ a l p h a  populations of each level, the value of 0.40 -+ 0. 015 

59.6 kev photons pe r  alpha: the total conversion coefficient bf the 59.6 kev 

gamma ray  (0.92 * 0. lo) ,  the value of 0. 04 26.4 kev photons'per alpha 

deducedfrom the  work of Beling and co-workers, and the assumption 

that the decay scheme shown in  Fig. 2 i s  co'rrect for  a l l  s tates  below 

the 158.5 kev level. F rom this value of the total conversion coefficient , 

and the L,/M.. + N ratio of the 59b 6 kev E l  transition (assuming they are 
- - the sam.e fol: both transitions),  the total E conversion coefficient may 

be calculated to be 3.  75 * 1.2. This rules out an  MI o r  E2 assignment 

and is - in fair  agreement with that expected for  an  E l  assignmeilt (2. 3). 
6 

. . .  



Ass.uming the assignments of E2,character  {with a possible . , .  , 

admixture of MI) for the 98.: 9,'::43. 4, ,and 56. 4 kev.transitio.ns, E l .  

character  for the 59.6 and 26.4 key, transitions, and.Ml character  for 

the 33.1 kev transition a r e , co r r ec t ,  we may speculate as,  to spin . . 

designations for the levels . in N ~ ~ ~ ~ . .  .The ground state spin has been 

measured and found to be 5/2. 12' l3 ,If the pari ty of the ground state i s  

assumed to be odd, the11 the pari ty of the 33.1, 59.6,. 103, and 158.5. 

kev levels must be oydd, even, even, and even, respectively. If the f i r s t  

excited state i s  the only observed level of an  odd parity l'rotational 

14 
bandfs and the next three  higher levels a r e  . p a ~ t  of an even par.ity 

'Pbandq', .then the levels . . a r e  a s  follows: 

The 128 and 168 kev gamma rays  which have been observed in  

- 6 
very  low abundance (0.000056 per  a1ph.a and 6 .3  x 1.0 pe r  alpha, . . 
respectively)7 might possibly rapre,sent the transitions f rom the 11/2+ 

level (expected a t  227 kev above ground) of the even pari ty band to the 

103 kev and 59.6 kev levels respecllvely. 'I'he next h i g h ~ r  rregativc 
- - - - --. - - -. - - - --_ 

pari ty level ' is expected about 76 kev above the ground state. This level 

has not been observed f rom the alpha decay, but i t s  ab,undance i s  expected 
- 

. . . . . 
to  be low f rom the tr'ends in hindrance factors .  

14 
. . . .  . 

~ l e c t r o n  lines were observed which could be assigned to the LI-LII 
:. . , 8 

conversion of gamma rays  of~l68.§.  and 209.8 kev. However, these lines 

were of such low and uncertain ihtensity that no detailed arguments can 



be made from t h e  data with any reasonable confidence. An unassigned 
' . ?  ! . . ' .  . . % 

' . I  ' .  
. - .  

electron. line .of 118 kev. was..also observed. . 

'B. Americium 242m 'and 242 . - 

. . .. . . 

1.:' L lines of the 41. 0 and'the 43. 3 kev transitions in  the decay 

242me --The two isomerg of ~m~~~ with half-lives of 16 hours of A m .  

and about 100 years ,  respectively, were , f i r s t  observed 'as neutron 

capture products of Am 241 a 15-17 The low energy electron lines and 

beta spectrum of the 16-hour i somer  were studied previously by OsKelley 

et a1:l8 Their work is summarized in Figs. 3 and 4. -- 
The sample used in the present  investigation was produced by a 

neutron bombardment of ~m~~~ in  the MTR reactor  a t  Arco, Idaho. 
- .  

The low energy line spectrum observed f - r ~ m . ~ & i s  sample appears  in 

Fig. 6. The general f e a t i r e s  of this spectrum and it's interpretation 
. . 

were discussed by Hoff. l9 However, a revised se t  of abundances for 

the various lihes will be presented, inasmuch a.s the relative L shel l  

conversion coefficients a r e  of p r imary  interest  here. This. revised l is t  

of line abundances appears in Table 2. It was obtainedfrom the ' same  

data  off" used, but i s  based upon a more  detailed analysis of the line 

shapes. It i s ,  however, s t i l l  subject to very  large uncertainties for 

severa l  reasons. The f i r s t  i s  the uncertainty in the exact level of 

- 
scattered electron background. It i s  here  assumed to be equal to the 

,' 
level of the spectrum at  O,3G axxlperes. 4 second factor i s  the unknown 

- 
abundance of L Auger electrons which accentuate the intensity of the low 

energy tai l  of the 17.3 kev line. The third and probably most serious 

factor i s  the uncertainty involved in determining the low energy tai l  of 

unresolved lines. 



Table 2 
. I ;  , , .. . . .: . . 

. . 242m , _ .<.. . . .  
~ e v i s e d  Intensities 'of Am . ~ l e c t r o n  Lines 

Gamma Electron Conversion Revised 
energy energy . 's he 1.1 ' intensit ies ~ . (kev) (Arbi t ra ry  Units) . 

' :, ...  ' 
I ' . . '  , . - % _  

C m L  
X-rays  . .. 

39.9 CmN (PuM? 100 

CmM and N 



l:w3::; 1 
CONV.) 0 

Fig. 3-Decay scheme of ~ m 2 4 2 m  proposed by 
O'Kelley -- et al.l8. 

- 



Fig. 4- Electron spectrum observed by O'Kelley @.la. 



I ( a m p e r e s )  

Fig. . 5 ; -Electron spectrum of ~ m ~ ~ ~ ~ .  
" .  



With such uncertainties a s  these involved, the arguments based 

upon line intensities must be cautiously used. The L YL. conversion 
11 I11 

ratios a r e  1.37 i .0..4 and 1 .4  i 0.4 for  the 41.0 and 43.3 kev gamma 

rays  respectively. Of course, the fact that the %I and LIII conversion 

electrons a r e  of largest  intensity indicates the radiation i s  quadrupole 

o r  higher multipole electric radiations since El and al l  magnetic 

radiations a r e  expected to exhibit marked L conversion lines. Thc 
I 

assignment of E2 character  to both the 41. 0 and 43, 3 kev radiations 

i s  consistent with the regularities noted among f i rs t  excited states 

of even-even nuclei '09 21 and the theoretical c'alculations of 

Gellman et  al. 
6 

'2. Miscellaneous data on Am 
242m 242 

and Am . --The beta 

242 
spectra of both the isomers  of Am were run with separate samples. 

Both gave straight line Fermi-Kurie plots within the limits of 

242111 
experimental e r ro r .  The end point o f  the 16 h v u r  All, bcta 

spectrum occurred at  620 * 10 kev while that of the long-lived Am 
242 , 

occurred at 585 -+ 10 kev, No electron lines were observed in the 

long-lived ~m~~~ spectrum which could not reasonably be ascribed to , 

the ~ m ' "  and cm212  also present in the sarllyla. 

The integrated intensley of the All1 24Zm beta opoctrum st  the 

t ime the electron spectrum shown in Fig. 5 was taken amounted to 

"1900 * 500 arbi t rary  units. . This gives the value 0. 7 * ' O .  2 for the 
. . 

fraction of the Am 242m 
beta decay populating the f i r s t  excited state of 

~m~~~~  off's'^ estimate of this fract ion was larger ("1. 0) since he 

included the Pow-energy shoulder of the 41,O line with the abundance 

of that line. The subtraction of this shoulder from the 41.0 line 
L 1 ~  



abundance i s  reasonably justified by the expected prgsence.of L .Auger 

lines in this .region. Using the value of 0. 57 for the L she.11 
11 

fluorescence yield given by ISinsky2' (which gives 0.. 43 for the L. 
I1 

Auger yield), the expected abundance of al l  the L Augers fr,om the 
I1 

L line abundances would be about 500 a rb i t r a ry  units. The presence I1 

of L Augers in the same region from L electron capture19 added to .I I 

the abundance of this line also. . Thus, .  one can conclude that there a r e  

present  sufficient L o r  L Auger electrons to account for the abundance I I1 

'a.ssigned to the line in  question. 

3. Decay scheme of Am 
242 

242m and Am . --Some very  recent 

coincidence experiments performed by stephensZ3 a t  this laboratory 

indicate 48 * 5 percent and 52 * 5 percent branchings of Am 242m beta 

242 
decay to the f i r s t  excited and ground states  of Cm , respectively. 

These experiments lend added support to the necessity for a r-einterpreta- 

tion of the 41. 0 . line intensity. . Similar experiments performed by 
L~~ 

stephensZ3 on the long-lived ~m~~~ indicate a branching of 42 * 5 per -  

242 
cent for  i t s  beta decay to the f i r s t  excited'state of Cm , the remainder 

again populating the ground state. The limits of e r r o r  quoted above 

for  the percent of branching do .not include possib.le e r r o r s  from 

uncertainties in  l).the value 0.'5 used for  the L Auger yield and, 2.) the 

value (0. 8 used for- the fraction' (L conversion electrons)/(total conversion 

electrons) for  the. 41. 0 * 2 kev. gamma transition. 

8 
. Recent experiments performed by Church give energies of 

42. 2 .* .'0.3 and 44.6 * 0. 3 kev, respectively, for  the gamma rays  

following Am 242m beta and electron capture decay, respectively. These 

agree  with the values reported he re  within the limits of our absolute 



e r r o r  which because of calibration difficulties was *2 kev. Consistent 

with the work of the author, Church also failed to observe any 

electron lines which could be ascribed to the isomeric transition. 

.The abs.ence of 'any electron 1ines.ascribable to.the isom.eric :: 

7 
trans.ition and the low intensities of americium L x-rays . leads one 

to set  a n  upper limit .of about 6 percent on the relative,intensity of the 

i someric  transition. churchZ4 interprets  this absence of any observeable 

, isomeric transition a s  indicating a spin difference of a t  least  three  . . 

between the two isomers .  This interpretation i s  not a t  a l l  co.nsistent 

with the recent res,ults of ~ t e ~ . h e n s . ~ ~  which. shows that both i somers  
. ,  . . . 

beta decay pr imar i ly  to the ground (Ot) and f i r s t  excited states  (2-k) of 

~m~~~~ This peculiar situation leads one to think that the spin of both 

i somers  might be zero  and.that they have different pari t ies .  This i s  

reasonably consistent with the ft values only i f  the Gamow-Teller 

selection rules a r e  assumed to apply. A gamma transition between 

a 0t and a 0- state  i s  absolutely forbidden both to emission of orbi tal  

electrons and to emission of gamma quanta. 

Of course, another consequence of Stephens' resul ts  i s  that the 

beta spectrum maximum energies observed for  each isomer  quite 

probably correspond to the beta group populating the ground states  of 

242 
Cm -. in  each case.  ..Thus the revised.decay scheme given.by .Hoff 19 

must again be revised in  light of these rnore,recent  experiments. 

There a r e  sufficient .uncertainties remaining, however,, so a s  to 

preclude the drawing of: a unique decay. scheme.. ' . . '  .. , 



C. Curium 242 

1. L lines of 44.1 * 0.5 and 102. 0 * 1 kev gamma rays. -- 
Previous studies on the electron spectra -have been made by Prohaska, 25 

26 1 
Dunlavey and Seaborg, and OtKelley. Prohaska found coincidences 

between electrons of 37 .  5 and 25 kev and alpha particles.  Using the 

ph.otographic emulsion technique, Dunlavey and Seaborg observed 

L and -M ele.ctrons corresponding to a gamma ray  of about 45 kev in  

.coincidence with alpha particles.  Using the same  instrument a s  the 
. . 

author, OBKelley observed L and M electrons corresponding to a . 

9 gamma r'ay of 43 kev. Asaro has investigated the complex .alpha 

242 
spectrum of Cm using a magnetic spectrograph. The present  

study was undertaken with the purpose of obtaining L /L con- 
I1 I11 

version ratios f o r  the 44.1 and the 102. 0 kev gamma rays.  

242 
Two samples were made from about one microgram of Cm 

The curium had been obtained from neutron bombardments of Am 
241 

and was chemically very pure. Both samples were evaporated from 

.solution on a palladium le.af backing. 

The electron spectra obtained with the two samples a.re presented 

9 in Figs. 6a and 6b. The more  intense sample ( about 5 x 10 alpha 

disintegrations per  minute) 'was i sed ' fo r  the very low 'intensity electron 

lines f rom 'the 102 kev transition. The lines of the more  abundant 

44 kev transitions were run on an  accurately alpha counted sample of 

8 .  
2.1 x 10 disintegrations per  minute. . F r o m  the integrated abundance of 

the lines of the 44 kev transition (assuming 100 percent conversion ), 9 

a know.l.edge, of the limiting inherent resvlution of the spectrometer a t  

the t ime of the experiment (1 percent), the accurate alpha count of the 



.. . ' i  . Fig. 6a-Electron spectrum of ~ m ~ ? ~ .  



Fig. 6b- Electron spectrum of ~m242. 



sample, and a knowledge of the alpha population to the levels in 

242 
Cm (see  Fig. 71, .;tr.he t ransmission of the instrument can be 

calculated. The value thus obtained was 0.3 percent of 4 ~ .  

Table 3 presents  the data obtained from the two samples of 

~m~~~~ The line abundances were normalized on the 44.1 line 
N 

which was observed for both ~ a r n p l ~ s . .   he L ~ ~ / L ~ ~ ~  tonveibion 

rat io of the 44.1 kev gamma r ay  calculated f rom the data i s  1.43 4 0, 2, 

Uncertainties in delermining the low energy tai ls  of the incompletel:~ 

resolved LII and LUI lines a r e  .the chief reason for the large limits of 
. . 

e r r o r  quoted above. ' ~ h e ' p r e s e n c e  of L ~ u g e r  electrons in the region 

of the low eaergy ta i l  of t h e  44.1 line adds even more  uncertainty to 
L~~ 

the abundance of this line, 

Table 3 , 

' cu r ium 242 Electron Lines 

Cam m.a Eleclruil ~ o n v o r s i s n  Ah11.ndance 
ti='+ns ition energy shell  (Arbitrary Units) 

(kev) 1. 

The LII and L l ines of the 102. 0 kev transitions a r e  seen to be 
I11 

in  roughly the same  intensity from the present  work. The e r r o r s  a r e  

quite la rge  in  these relative intensity measurements.  This same 

238 
gamma transition has been investigated from a sample of Np by 



27 238 
Sltitis et al. , and by the author (see Np ). As can be seen from - - 
Fig. 6b, the scattered electron background'is very high. This high 

scattered electron background i s  due to the very high intensity of 

electrons f rom the 44.1 kev transition relative to those of the 102.0 kev 
- - 

. L-I  
transition. SlLtis et  al., report  an  L ~ ~ / L ~ ~ ~  rat io for the 102. 0 kev 

transition of 1. 55. . . . . 

2 .  . . . 23 8 
2. Decay scheme -- le.vels in Pu  . --The present  work i s  

c o d i s t e n t  with an E2ass ignment  for 'both the' 44.1 kev and 102.0 kev 

, . transitions. The high total conversion coefficients (640 and 5, 
. .  . , 

9 respectively ) definitely rule oi t  .EI a s  s ignmei ts  arid the absence 

2 7'. ; .. 
of appreciable L conversion in 'each case  rule out any magnetic I 

multipole assignments.  since , 'the .. kfetimes of the f&?i two . . :. .excited . ..<: . 
.. . . . . ' *$;:,,.'. , .... 

states  of ~u~~~ have been found by coincidence experimenti dn' Np 238 28 
,. . . . . . 

i . . '  

to be of the order  of micro  seconds, it can be assumed that the t w o .  .. 
.. : 

I . 

radiations emitted in the decay of these two.excited states  a r e  El, E2, . . 

M1i o r  M2. Thus we can consider the E2 assignment . . established for 

both the 102.0 and the 44.1 kev transitions. ' Work by the author on Np 238 

. g .  .. . , . If  

23 8 . . " >  

(see\ ~p ) se ts  a low limit on the amount of MI radiation adkixed 

> .  . 
with the well-established EZ.'radiations.> 

27 
The energies determined by SlLtis et al., for  these two gamma 

. . -- 
- 

ray$ -were 44.1 * 0.1 kev and 102.1 i 0. 2 kev. These values a r e  in  

excellent agreement with those obtained in the present- study, namely - . .  . 
. . .  -. 

44.1 * 0; 5 kev and 102.1 * 1 kev. The limits 'o'f e r r o r  in  the latter . . 

, 
values were b'ased upon uncertainties in  calibration of the spectrometer.  

The use of  three significant f igures i s  justified by .the much.smaller  . 

uncertainties in  energy differences. 
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. . 

The author was. not able .to ass ign.a  number of klectron l ines  of low 

intensity, two of which a r e  shown in  Fig. 6b. It is'riot impossible, - 

energy-wise';' that some of these',lines a r i s e  from an unknown amount 
. . . . . . . . ., 

. . , . - 
of ~m~~~ corkamination o r  from the  157 kev radiationobserved by 

242 
~ s a r o ~  in Cm decay. The abundance of the line (not shown) which. 

might be assigned a s  one of the .L lines of a 157 kev gamma r a y  i s  

of about th'e intensity e ~ ~ e c t e d ' f r o m '  the' work of Asaro. 9 

A decay scheme which ilicorporates the latest  available data 

i s  shown in  Fig. 7. The spin of the second excited state could equally 

well be O t  or  2 t .  

D. Neptunium 238 

1. L lines of the 44.1 and 102.0 kev gamma rays.  --Neptunium 238 
. . .  . . . .  . - .  

. . ., . . . . .  . 29 . - . . .. . . .. 
was f i r s t  produced by seaboig, et al. . in  bombardments of uranium -- 

, ..- . . 

with 16 Mev deuterons. Of the four groups of workers who have 
. . . .  

subsequently investigated the .radiations of Np 
238 27, 28, 30, 31 

two 

27, 28 
have used .methods similar  to those used in the present  study.. 

The purpose of the pr.esent investigation was to obtain more. 
. . . . 

accurate measurements.  of .the L.conver sion ratios for the 44.1 kev 

- and 102.0 kev gamma rays. . . 

. . 

The sample of Np238 used'was produced by neutron bombardment . 

- 
of around one milligram of ~ p ~ , ~ ~  in  the MTR reactor  a t  Arco, Idaho. 

Chemical pur.ification was achieved by using procedures which included - 
. . .  

an  oxidation-reduction cycle and a final anion column separation. It 

should be noted that a significant amount of ~p~~~ was by the 

2.3 9 
second order  neutron capture reaction in  this bombardment. The.Np 

was detected by the observation of certain of i ts  more  intense electron 



239 lines. (See. Fig , ,  8). The unmarked lines a r e  those from Np . 
. . . I -  

The N~~~ sample was prepared b y  sublimation of the activity . . . . , 

from a tantalum filament onto a palladium leaf backing. Samples p r e -  

pared in thi-s way were invisible. .. 

. . A momentum plot of-part  of the low energy electron spectrum of 
. . 

.Np238 i s  shown in Fig. 8. Lines of the ,102. 0 kev gamma a r e  not shown.' 

The striking feature of the spectrum is  .the absence of low energy tails 

o n t h e 4 4 . 1  a n d 4 4 , l  lines. The use. of the suhlima.tinn ta';. .hniq~~e 
L ~ ~ l  

of sample preparation is. responsible for the absence of the low energy 

tails.  The electron line data a r e  summarized in Table 4. . 

Table 4 

Neptunium 238 Electron Lines 

Gamma Electron Conversion 1nt:ensity 
energy energy shell (Arbitrary Units ) 
(kev) . (kev) 



Fig. 8-Electron lines of ~ ~ 2 3 8 .  



The value (obtained in  the present study) of 1.26 * 0.05 for the 

44.1 kev : L ~ ~ / L ~ ~ ~  ratio i s  in  reasonably good agreement with the 

value 1. 35 obtained by Sl l t i s  et al. 27 and in only fa i r  agreement with -- 
the value 1.43 obtained for the same transition following cmZ4' alpha 

decay. It should be noted that in the present study there was almost , 

no uncertainty in the delineation of the low energy tai ls  of the 44.1 
=II 

and 44.1 1.ines. In none of the previous investigations' was this 
L~~~ 

uncertainty absent. Thus the line intensity detcrmiriations in the-present , . 
. . 

work a r e  subject to much smaller  e r r o r s  than those of previous studies. 

Because of the presence of lines of the N~~~~ impurity and 

K Auger lin'es in the same energy region, the measured intensities of 

the 102 and 102 lines a r e  somewhat unce'rtain. However, the value 
L~~ LI I~  

1.62 * 0. 2 for the 102.0 kev L ~ ~ / L ~ ~  ratio i s  in good agreement with the 

27 
value given by ' ~ l i i t i s  et al. (1.56), but in poor agreement with the value -- 
(about 1) obtained f o r  the same transition following ~ n , 1 ~ ~ ~  alpha decay. 

242 
The poor agreement with'the Cm results dan probably be ascribed to 

the use of an inferior method of sample preparation and the large uncer - 
242 

tainties in line shapes i n  the Cm .investigation. 
'* . - ! I'. . , ,. 

As indicated in Table 4; limits of c3 and 4 5  percent can he 

se t  for the amount of E convirsioll ul Lllz 44.1 kcv and the 102. 0 key 
I .  . , 

gamma rays,  respectively. These values a r e  in agreement with the 

6 
calculations of Gellman et aJ. fo r  electric .quadrupole radiations. -- 
Thus an  E2 assignment fo r  both these gamma rays i s  justified. The 

absenc.e of app rec i ab l e ' l  conversion in each case rules out the Ml and 
I 

E l  assignments. 

The pr.esent.workconfirms the ~ ~ i n ' a s s i g n m e n t  made for the f i r s t  

two excited states of ~u~~~ made by ~ s a r o ~  and Sltltis et  al. -- 27 A 



unique decay scheme cannot be dr iwn which i s  consistent with.all the 

available data; HoweGer, it i s  felt that the ground, f i r s t  excited, and 

second excited states  in ~u~~~ have been established a s  shown in F ig ,  7, 

with the possibility existing that the second excited state has a spin of 

O t  or  2 t .  

E. Thallium 198m . . 

1 .  :L.lines:of the-48: 4, 261. 5 , .  and 284 kev gamma rays.  -- .A 

198 1.9-hour isotope of thallium was f i r s t  observed and assigned to T1 

32 
by Orth et aP: . Recently this. activity has been independently assigned -- 

' by  two different groups o'f investigators to the decay of an i someric  

state. The previous1.y unobserved. ground state decays by 'electron . 

capture to H~~~~ with a half-life of 5. 3 * 0. 5 hours. 

Michel and ~ e m p l e t o n ~ ~  df this laboratory produced these 

197 . 
activities b y  the Au  (d, 3 n ) ~ l ' ~ ~  reaction in  the lab6ratory-'s 60 -inch 

cyclotron. Mass s.eparation was made on a time-of-flight isotope 

2 19 8 
separator  and the' 1. 75-hour and 5. 3'-hour ac'tivities shown to be T1 

Bkrgstrtlm, : Hill, and ~ e ~ a s ~ q u a l i ~ ~  a t  the Unitersi ty of Illinois 

produced the same activities by bombarding 'mercury with 11.5 -Mev 

deuterons..' .Among the many' electron lines they observed were severa l  

approximately 1.9-hour',lines assignable to two gamnia rays  converting 

- in thallium with energies of 282.4 and 260.7 kev, and a third gamma ray  - 
of 48. 7 kev whose assignment was not unambiguous: The authors . 

- 

suggested that a l l  three  gamma rays  were in cascade from an.' i somer ic  

state having the unusual1y:high spin ,of 9 with odd parity. Because of the 

unusual decay scheme suggested, the ambiguity of the 48,7 kev gamma 

ray 's  assignment, and the uncertainties in the photographically determined 



intens.itie.s,, . . . further  work on this isomer was.thought to be desirable. 
' i  . . .-. . . .  

1n.this - .  .inves.tigation 1, mil gold foil was bombarded in the . . . . - . . .  . . 
laboratorpg,s 60-inch cyclotron with . . 40 Mev helium ions', to produce the 

T1198m - 
. . by the Qd,,.3n) peaction, This choice of foil thickness and , 

I ! . . 

199 bombarding energy was effective in minimizing the production of T1 . 
The thalliuzxl was chemically separated from the gold target  

. ' by the following process:  1) the gold was diss.olved in  aqua regia 
. . . . ,  . 

t 3  leaving the gold. and ,th?llium i,n solution, a J  A U ' ~  and T1 :ions, 

respectively; . . 2)  sulfur dioxide g a s  wa.s bubbled thfough the solution 

to reduce the  ~ , l , ' ~  to T!" and the gold to the metal; 3) the solution 

wag, cenikifuged and supernatant containing ~ 1 "  and t races  o f  Au t 3  

. car r i ed  through varying purification procedures including an  ethyl 

acetate extraction and an  anion. ccjlurnn separation; 4 )  the final step 
. , 

i n  the gu rification pr.ocedure was the us;e of a column containing 

  ow ex' A-2 anion, resin.  Hydrochloric acid was used a s  the eluant, 
. . 

The .solution containing.tha1lium was passed through the column in  

4- 6 M HC1 after f i r s t ,  oxidizing the T1 to ~ 1 ' ~  with persulfate. The Tlt3 - 
sticks a t  the top under these conditions. Successively more  dilute 

hydrochloric acid solutions were used for  washing out impurities,  5) the 

~ 1 ' ~  was finally stripped f rom the column with water saturated with 

sulfur dioxide gas. This ca r r i e r - f ree  solution was used to make the - 

spectrometer  samples.  
- 

. The only sample prepared which gave well resolved electron 

peaks was one in  which the thallium was.vaporized onto, :.. palladium - 

leaf f rom a tungsten filament. The palladium leaf had a thickness of 

2 
157 pg/csn . This vaporized sample had. the .dimensions 1 mm x 6 mm. 



The experimental data a r e  summarized in Table 5. The spectrum 

itself i s  shown in  Figs:9a L.nd.9b. The K ' - ~ u ~ e r ' l i n e s  a r e  discuss.ed 
, . . . . . . . . 

b' :: :. 
. .. 

elow. . The .E Augii '  1i.nts.iwere also observed, but no.in£krences can 

be made therefrom because.,of. the large and uncertain.window 
. . . . ,. . . . . . . . . . . . . . . , . . .  

absorptibn correction necessary a t  such low energies.  In Table 5 

the gamma ray  energies a r e  also given. Except for  the 48.4 'kev 

34 
gamma ray,  the energy values of the Illinois group a r e  more  accurate 

and will be used in the following discussion. 

It should be mentioned that there was initially present  a very 

smal l  percentage of 7.4 hour The only ~1~~~ electron line which 

coincided with any .of those f rom'  T1 198m was the 50. 0 . This line was 
L~ 

of insignificant abundance a t  the t ime the 48.4' and 48.4 lines of 
L~~ L~~~ 

~l~~~~ were  observed, but s eve ra l  hours later i t  was a useful calibration 

point for determining the  energy of the 48.4 kev .gamma ray. 

The ra'tios'given in  Table 5 depend considerably upon the half-life 

assumed when.the decay corrections were made:. The limits of e r r o r  

do. :not. necessari ly 'encompass tho'se introduced by the unknown 

uncertainty ?n half -life. We used a .half-life value of 1. 75 hours,  which 

was measured by Michel and ~ e m p l e t o n ~ ~  on a separated sample. 

Bergstrllm and c o - ~ o r k e r s ~ ~  found that the 260.7 kev gamma r ay  

was definitely the cascade initiator, being of the M3 o r  M4 type with a 
. . .  

possible admixture of 'electric radiation. Ohr K/L ratio (1. 0) i s  in - 

excellent agreement with that for pure M4 radiation. 35.-37 According 

38 
to the curves of Tra l l i  and Lowen, where L ~ ~ / L ~  i s  plotted a s  a 

'2  
function of z:--/E, the isomeric transition would be of M3 type (LIU/LI = 

0.80 fo r  M3 .and 1.4 for  M4). However, these curves a r e  based on 



' Table. 5 

Thallium 198m Electron Lines , . - 

Gamma Elec t ron  Conversion ' Abundance . Conversion- 
.shell , energy energy (Arbi t ra ry  ratio s 

(kev 1 (kew) Units ) . .1 



Fig. 9a- Thallium 198m electron spectrum. 



, 
Fig. 9b - Thallium 198m electron spectrum. 



> .  
L .. .- approximate calculations and were performed for  Z = 35. Mihelich 39 

has reported a summary of experimental L /E convers ion. , ra t i~s  111 I .  

for  some M4 transitions in the region of atomic number around thallium. 
. . - 

Fig. 10 shows this data with the inclusion of our value of 0.68 * 0. 07 

,for the 260.7 kev gamma r ay  of T1 198me It i s  apparent that a smooth 

curve .could be drawn through the experimental points shown., 
. .. , 198m . . 

s.upporting an  M4 isomeric transition fo r .T l  

The experimental mean life of the 260.7 kev gamma :ray may 

be calculated using the theoretical K conversion coefficients for M4 

' 40' 
radiation from the table's of Rose et ali (181, obr 2 60. 7K/(/2 260 -- 
ratio (Oa44),..and the half-life of the, isomeric s tate  (1.75 ~ O U T  s). The 

-. . . 

5 
mean life thu's calculated i s  3. 7 x 10- . seconds. The theoretical value 

one obtains using the nomogram of Weisskopfqs lifetime-energy-spin 

5 formula prepared by ~ o n t i l b e t t i ~ '  i s  5 x 10 seconds. This agreement 
. .- 

ma.y be fortuitous.. However, the-M4 a.ssignment i s  reasonable from the 

comparisons which have been made with existing theories and empirical 
. .  . . . 

correlations. 

Because of the high intensity of the ~1~~~ 50. 0 line, ~ e r ~ s t r ( l m  et al. 34 
L T 

-- 
were'unable to resolve the.48:4 . :line.. As a resul t  they designated 

. . . . L~~~ : , , . . .  . . 
t h e 4 8 . 4  l i n e a s 4 8 . 7  T h e t w o l i n e s o b s e r v e d i n t h i s s t u d y c a n  

L ~ ~ .  L~ 
. - only be a n  41-L111 pair ,  and using the 50. 0 line of ~1~~~ a s  a standard, 

L ~ .  
one a r r ives  at an  .energy of 48.4 * 0.2 kev for the gamma ray. The - 

41/~111 ratio i s  in better agreement with E2.(1.6) than with E l  (about 1. 8) 

o r  MI (about 900), although only M1 can be ruled out on this basis .  The . , 

El assignment was eliminated by a scintillation spectrometer experiment.  
. . 

which determine.d the total conversion coefficient of the gamma ray  to be 



Fig. 10 -Experimental LIIJ,/LI ratios for M4 
transiti0ns.h the region of atomic nimbers near 
80 versus .energy in kev. 



-s- 

greater  than 10.  heref fore, the E2 assignment s e e m s t o  be the bidy. , 

reasonable one. - 
The Illinois group has s h ~ w n  the 260.7 and 282.4 kev' gamma rays  

' 

- 
to be converting in thallium.. Coincidence lreasurements performed by 

stephensZ3 of this laboratory have shown the 282.4 kev gamma ray  to 

be in coincidence with K x-rays. . Thus it appears that the 282.4 kev 

and 260. 7 kev gamma rays a r e  in cascade.. Assuming 'no electron 

capture from excited states  of ~1~~~ the K conversion coefficient of 

the 282.4 kev gamma ray can be calculated from the intensity ratio 

The value ( O b  24) thus obtained may 

indicate a mixture of E2 (0.  076) and M1 (0.52) radiations. 40 The high 

K/L ratio (9 * 1) .of this :gamma r ay  supports an  M1 as,signment. 37 
. ' . . 

If the, 48.4 kev gamma ray  i s  emitted in cascade with the other 

two and i s  assumed to be E2 radiation, the total intensity of i ts  conversion 

electrons should equal the total intensity of those of the 260. 7 kev gamma 

ray. As can be seen f rom Table 5, these intensities a r e  equal within 

experimental e r r o r .  This does not exclude the possibility of an 

approximately 50 percent electron capture branching f rom the 1. 75 

19 8 hour isomeric state,  with the 48 kev t r ans i t io l  taking place in Hg 

The LII-LIII binding energy differences a r e  too similar  in mercury  
. . , .- . 

. . . .  . - and thallium t o  allow an assignment on that basis.  However, i f  e l ec t ron  

capture were occurring, one would expect gamma rays  f rom levels i n ,  
- 

, Hg198 in  high intensity with a 1. 75 hour half -life. A scintillation 

spectrometer  experiment gave no indication of such rays.  Thus, 

i t  may be concluded that the three. gamma rays  ate very probably 

emitted in  cascade a s  suggested by the Illinois group. 
34 ' 



2. . Spin assignments -- Decay .scheme of ~ 1 ~ 9 8 ~ ~ .  -:?If pnel.as.qumeg 

that the assignments of multipolarity a r e  corr.ect and that-the :three-!:. ..:. 

gamma r,ays a r e  in cascade,: . , a tentative decay scheme can.be . . . 

constructed (see Fig. 11) in .which the spin difference between the 1.. 75 
. . 

198m 
hour. T1 and the 5 .3  hour ~l~~~ can be a s  high a s  7with  a parity- . 
change. The fact that no crossover radiation was observed supports 

this large spin difference. , The positions of the 2.82b.4 kev and the ' . 

48.4 kev transitions m a y  be .as shourn i n  ' F ig ,  1-1 -.9 or  reversed.  Thc . 

spin alternative to the left in Fig. 11 is  based on the .assumption of a , 

198 34 
.2- ground state for T1. . , , , .The.alternative to the right i s  based on 

the assumption of a coupling between the spins of the 81st proton and 

the 117th neutron. The 260. 7 kev .M4 t r a n ~ ~ t i o n  would then represent 

a transition of the 81st proton from an h 11/2 to a dg/2 configuration, the 

117th neutron remaining in an f configuration; the 282..4 kev M1 9 E2 
5/2 

Lr~ansleion .may perhaps repres.ent a transition of. the .same proton 

. between the d 
3/2 

and s1/2 configurations, the neutronagain remaining , 

in the f 5 / ~  
configuration; the 48. 4 kev E2 transition then. repre.sents a'. 

transition of the  odd neutron from the f to :a plI2 configuration, 
5/2 

the proton remaining in an s configuration, This interpretation, of 
1/2 

course,  i s  extremely speculative. . . 

19 8 Also shown in Fig. 11 i s  the electron capture decay from Pb . 

which' was observed by Neumann and Perlmanl 42.  ,,If the 25 minute 

~b~~~ parent of T1 198rn i s  the 0+ ground state of ~ b ~ ~ ~ ,  then T1 19 8m. 

19 8 must:have. a ].ow sp,in and T1 . must,have. a high spin. 'The assignment' 

of a high spin to i s  i n  sharp .disa-greement with the interpretation 

of i ts  electron capture ,decay ,given by Besgstrdm and. co.-workers. 34 
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Fig. 11 -Decay scheme of Tllg8m. 
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19 8 ~ h e s e  workersv data indicate that the electron capture decay of T1 

goes predominantly to the 2+ f i r s t  excited state of ~g~~~~ ~ h u s  of the 

two isomeric s tates  of ~1~~~ the 1. 75 hour T1 198m most probably has 

the higher spin. The fact that other even-ev.en lead isotopes have high 

spin i somers  suggests that ~b~~~ might also have one. F o r  example, 

44 
the i someric  s tate  of pb204 has been suggested to be 6+43 o r  7-0 

Very r e c e n t l y ' ~ a e d e r  and ~ a p s t r a ~ ~  have found indication of a 9- 

46 
i someric  state in  ~b~~~~ Alburger assigned the isomeric level in 

F206 a s  7:- 

IT l?b198m has a s imilar  high spin, d i r e c t  electron capture decay 

198m 
f rom a high spin Pb  to a high spin ~1~~~~ 6ould be possible. . 
It may, therefore, be concluded that there  i s  indeed another case  of 

19 8 
i somerism in Pb . 

3. Auger electron spectrum. - - T h e  K Auger electrons emitted 

in  the K eiectron capture of the 5.3 hour T'1I9$ daughter of T1 19 8m 

were investigated, Although some K x-rays of thallium were present  

f rom the K conversion of the 260.7 kev and the 282.4 kev gamma rays,  

grea ter  than 70 percent of those present  were those of mercury.  Because 

of the presence of the K Auger lings of two adjacent elements the . 

assignment of resolved lines beco'mes somewhat ambiguous. However, 

reliable relative intensities of the K k  E KL Y and KX Y (where X - 
P q 9  P q  P q 

and Y re fe r  to. the ,M, N, etc. atomic orbi tals)  groups of lines can be 

obtained f rom the data. 'These relative intensities would correspond to 

those for an atomic number between 80 and 81. 

The K Auger spectrum uncorrected for decay i s  shown in Fig. 12. 

'The decay corrections were not la rge  since al l  the lines wer,e observed 

within d period of 1. 5 hours.  Using a half-life of four hours for  decay 



Fig. 12 -K Auger electrons of ~ l ~ ~ ~ - ~ 1 ~ ~ ~ ~ ~  



-54- 

correct ions,  the ratio. KL L :KL Y :KX Y becomes 1. 0:O. 53*0.05: 
P 9 .  P 9  P 9  

0.063 * 0.02. The half-life used for decay corr'ection was taken a s  the . . - "  

observed decay period of one of the initial points on the spectrum. 

~ r o ~ l e s ~ ~  repor ts  the value I. 0:O. 710.15 for the K L  L :KL Y 
P q  P q  

of mercury .  The limits of e r r o r  of BroylesD and the present  work 

mutually encompass the ratio 1. 0:O. 56. . Thus the present. work i s  in 

fa i r  agreement with BroylesP results. .  However, it i s  not in good 

agreement with the theoretical calculations of Pincherle,  48 Pincherle 's 

value for  the K L  L :KL Y :KX Y ratio i s  1. 00:O. 716:O. 103 using non- 
P Q .  P 9  . p q  

relativistic unscreened, hydrogen-like wave functions. These ratios 

a r e  supposed to be good for  al l  atomic numbers. However, since 

relativistic effects a r e  much greater  a t  la rger 'a tomic  numbers one 

would not e*ect close agreement with Pincherle 's  values. Massey and 

Burhopb9 have found that consideration of relativity increases  the 

theoretical KLL Auger yield. If s imilar  relativistic effects have 

l e s s  influence on the K L  Y and KX Y Auger yields, the discrepancy 
P q P q 

between the resul ts  of the present  work and the calculations of 
+ .  

48 
Pincherle would be resolved. 

F. Protactinium 228 

1. L 1ine.s ass.igned to 57. 8 and 130 kev gamma rays.  -- 
Protactinium 228 wae f i r s t  produced by Ghiorso et a l e  'O in  bombard- 

ments of thorium with 80 Mev deuterons. These workers found the 

EC/Q branching ratio to be about 50. No previous work has been 

reported on the electrbn spectrum of s ince the  investigators 

mentibned above studied only the alpha particle radiations of these 

isotopes. 



228 23.0;. and. 
A sample of P a  also containing some P a  , 

'229 
Pd  was obtained f rom a bo'mbardment of thorium with'll'5 Mev 

protons..  Because of the presence of a visible amount .of solid" 

mater ia l  in the final protactinium fraction, i t  was decided to use.a  

0.001-i~ic'h thick platinum counting disk for the sam@le backing. ' 

Because of the presence 'of P~~~~~ paZ3', and P a  
232 nb,. 

unambiguous assignments can be made for  four prominent lines 

appearing a t  22, 26, 30, and 33 kev. However, relatively certain 

assignments can be made for four electron lines a t  38. 2, 41. 5, 110, 

and.114 kev, respectively. As seen in Table.6 these lines have been 

a s  Signed to gamma r a y s  in ~h~~~ which have been previously observed 

5'1 
in ~c~~~ b i t a  minus decay. The gamma rays  a r e  also observed in 

' u ~ ~ ~  alpha decay. The 41/~111 ratio for each gamma r ay  i s  io'nsistent 
a 

with an  E2 as.signment. 
6 

Table 6 

228 
Electron Lines from P a  Decay 

; Gamma Electron Intensity e'/ p-?$isintegration 
' energy energy (Arbitrary of A C L L O  f rom Ref. 51 

(kev) Units ) (kev) 

2. Decay scheme of ~a~~~~ --It i s  of i n t e r i s t  to note that the 

228 
electron capture decay of P a  populates directly o r  indirectly the 

"8 
fir.st 'tw6 excited states  of ~ h " "  in  about the same ratio. of intens'ities 

.52  
3 . ~  does the be tadecay  of ~c~~~~ 51 The closed cycles calculation 



of the . .. . decay . energy for  is 2.06 Mev. Since this .value i s  not :- . . . . 

228 . . 

f a r  different fr.om .the decay energy exhibited by Ac , , . i t  i s  not'.. . . . . 
. . >  

improbable that  the electron capture of ,paZZ8 populates . theexcited . . . -  

. .. . . - 
states of ~h" '  in much the same manner, a s  ~ c ~ ~ ~ ~ ,  Thus the  

, 

similarities noted above for the f i r s t  two excited states..are not 

:* .._. , _ . .. ,G,. Protactinium 23.0 . . . . . . . . .  .. . . . . 

1. Electron spectrum. -- ~r.ota,ctinium 2&9- was.. firs.f.id:entified, . . : . -..'. 
. . . . . .  - 

- 
, . 

by Studier and ~ ~ d e ~ ~  i n  bombardments of ~h~~~ with d&uteions< . The . . 
. . . . 

E C , / ~ -  branching ratio is about 92:854 and alpha-branc hingbcc u r i  to ., 
. . .  

the extent of 0.003 percent. 55 Measurerhents of the, electron and gamma .. , ' , 

56 
radiations. were made by Osborne e t  a l , .  . by absorption techniques. -- . . - .  . . .  .. . . . . . 

... . 

'The.y repor t  a. .r-ap'of 0. 94 Mev.and K.and Ed, x ~ r a y s . .  with.the . .. 
. . , .  . .  . . -  - .56. . , .  - '  . -. . . . .  ._ . . . . 

. . .  . 'I . 
relative abundances 14:9':5. 0 sbo r i e  . et ai-. ale0 obs;er'ved beta : . - ., .; . .  .:. .. 

. .:.- - . . . - . . . .  . . - .  . . 

with energy maxima at  0, 22 Mev and 0.43 Mev with relative 

intensities of around four to one. ... . . 
. , 

The present work was undertaken to study' in greater  detail ,the . . 
, - 

electron and radiations emii ted  in the decay of paZ300 The. 

activity was produced by the reaction ~ h ~ ~ ~ ( ~ ,  3 n ) ~ a ~ ~ '  using around 

100 Mev protons from the laboratoryDs 184-inch synchro-cyclotron. 
- .  . 

The ~a~~~~ PaZZBa and also produced. in the bokibardment were ' . . - 

allowed to decay for about -one month before chemical separations were.  . - - 
. . . . 

performed. The was separated f rom the thorium f a r  get by . . '1 
-, . . .  
57,58 

di -isoprop yl-ketone extraction techniques . %:.. It was apparent some 

t ime after the beta .spectrometer samples were made that, for some reas.on 

a l a rge  amount of ~r~~ a n d . ~ b ~ ~  activity had followed protactinium in the 



. . . . . . .  
. , : , z ? ,  ' 

chemical separation. The samplk .i1s,&'8 also contained an  unknown 
,. . ? , 
::.::, . .... . _:_ . .  .. . . . .  . ,amount of the U230 decay chain:'. '.:. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  .. . . . .  ... . . . . .  . . " .: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
The san?ple':@ak' . . m6bqted. on, a,  double layer. ,of: gold leaf .by , ,;.., . ' .. '. . . I  . . . . .  ..i. . 

. . .  ' ,  . . ;. . ,  . .  
evaeorationbf B ~ H F  solution cohtdiiing the aet~.yity. . . . .  The &tkLial 

. . . .  , ._  . . . . . . . .  . " . . . . . . . .  . . . .  

was visible on the gold leaf so the reason for the relatively poor 
I .  . . . . 

resolution obtained i s  probably sample thickness and not back-scat ter-  
. . .  

ing. The spec.tra were obtained .using the semi-automatic system 
. . , . 

described previously. . . 
t .  

A beta continuum underlying the electron lines corresponds : 

well with that which would be expe.cted f rom the beta.part icles  of ,Zr 95 
. . 

and ~ b ~ ~ .  The presence of these .nuclides in high abundance was 

shown by gamma scintillation spectrometer  studies which wi l l  be 
, . . . . 

discussed below. The lines for which the interpretation i s  fairly 

certain a r e  listed in  Table 7. Since electron capture 2s about ten . . .  . . . . 

t imes a s  frequent.. as:  be& minus decay.in.this .nuclide;.. all .  of the l ines  

..... 230 , . ,  . have been assigned to gamma transitions in  Th 

.The electron lines a s  signed (see Table 7) to 52. 2 and 52. 2 
, .  

M N 

also fit  energywise,with the expected L and L lines of a 69 kev 
.I1 I11 

gamma ray. A line appears  in the spectrum which might be ass'igned 

to the M + N line of this gamma ray.  Thus the high abundance of the 

lines assigned a s  52. 2 and 52. 2N relative to the 52. 2 and 52.2 
M L~~ L~~~ 

lines i s  perhaps due to the presence in the sample of considerable U 2300 

However, this explanation i s  not consistent with the relatively high 

intensity of the line postulated a s  69 
M + N9 nor with the absence of 

226 9 
lines f rom the 110 kev gamma ray  of; 'l'h . . It i s  possible that the 

approximately 69 kev gamma r ay  follows the beta decay of although 

the f i r s t  excited state  of u~~~ i s  expected to be at a lower energy. 
2 1 



23 0 E l  ectron Lines of Pa' 

G a m m a  Electron ' Conver siori : Intensity 
. energy . .energy shell 

. . . . (Arbitrary units) 
. (kev) . 

. . 
. . .(kev) 

5 2 . 9  ThN 

ThL 

ThL 

284 " ThL 1 . 0 * 0 . 2  ' 

.8 1 

See text. 
. . 

. . 



The most reasonable explanation of this discrepancy i s  that se l f -  

absorption within the sample i s  attenuating the L 
I1 and 41r lines 

with respect  to the M and N lines, 

The K and L lines of gamma rays of 293 10 kev and 305 * 10 kev 

decay with the half-life of within the l imits  of e r r o r  of the ' 

measurement.  The K/L ratios of each a r e  large (about 10 and about 6, 

respectively) which i s  indicative of M1 or  E l  radiation. The high 

intensity of the electron peaks of these radiations with respect  to those 
. . , 

of the 52 kev gamma ray  make the M1 assignment seem more  likely. 

The beta spectrum & was not observed with any reaponable 

certainty because of the ielat ively high intensity of the ~r~~ and ~ b ~ ~ .  

beta spectra.  The maximum energy of t h e ~ a ~ ~ ' 0  beta spect rum i s  
' . "  52 

expected to be 430 kev from closed cycle calc,ulationss.- 

2 Scintillation spectrometry of gamma rays. -- The gdmma 

rays  emitted by paZ3' were observed iri the 50-channel scintillation 

spectrometer  of this laboratory.   he spectra obtained a r e  shown in 

Figs.  13a and 13b. In agreement with the absorption exp,eriments of 

56 
Osborne c t  a l . ,  a gamin* ray  of 940 * 2b kev thorium K x-rays, and -- 
thorium L x-rays were observed. In addition to these radiations, however, : 

gamma rays  with energies 305 * 10 kev, 1000 * 40 kev, 1060 * 30 kev, 

1180 * 40 kev (?), '  460 * 15 kev, and 540 * 20 kev were observed. Of 

course,  one o f  the more  prominent peaks i n  the spectrum was that from 

95 
. . 

- the 721 kev gamma r ay  of ~r~~ and the 745 kev gamma r a y  of Nb . 
The assignment of thc 750 kev peak to thes.e activities was proved by its 

asymmetry  and by i ts  increasing intensity relative to other peaks in 

the spectrum with time. A summary of the data on the gamma rays  i s  

given in Table 8. The corrected intensities were calculated using the 



C H A N N E L  

' Fig. 13a-Gamma spectrum of 



Fig. 13b-Gamma spectrum of pa230. 



curve of counting efficiency for sodium iodide crystals  given by 

59 -Mc %au.ghlin and OtKelley. 
I 

Protactinium 230 Gamma Rays 
- 

7 P . . 
. .. Gamma Uncorrected corrected" 

energy relative intensity intensity 
(kev) (Arbitrary Units) 

. . 
14 * 4 (L x-rays)  1800 

94 * 5 (K x-rays)  

305 * 10 
. ( . 

460 * 15 

540 * 20 

2000 

460 

100 

Low Low 

* . . 
.See text., 

230 3.  J3ecay scheme of . ~ a ' ~ ~ O - - l e v e l s  i,n Th . -- From the present 

work no unambiguous decay scheme can be drawn. However, reason- 

ing f rom relative intensities of gamma rays and electron lines separately, 

the following inferences can be made: 1) at least  40 * 10 pepcent of the 
- 

electron capture decay populates one o r  a pair of levels about 940 kev 

above the ground state; 2) at  least 40 percent of the electron capture 

dis.integrations give r i se  to a 310 * 10 kev gamma ray. This gamma ray  

i s  very likely of MI or  El  character from the K/E conversion ratio; . .  . .  

. .. 
3 )  a s.ignificant fr.action of the electron capture' disintegrations directly or  
. . . . . . 

indirectly, pophate the f i r s t  excited state of ~ h ~ ~ ~ ;  4) no appr'&citible ' 
. . . .  



fraction of the electron capture decay gives r i s e  to gamma radiation 

of the energy difference between the second and f i r s t  excited states 

9 of ~h~~~ (120 kev). 

H. Neptunium 23'6 

1. L i  -- 
60 

Neptunium 236 was f i r s t  produced and mass  assigned by James,et  al. - .- 
f rom bombardments of uranium with deuterons. In the present  study, 

uranium foil containing j 9 9  percent u~~~ was bombarded with 12.5 Mev 

deuterons in the 60-inch cyclotron. of this laboratory. The chemical 

separation and purification included an oxidation-reduction cycle and a 

final anion exchange column separation. . The sample for  the present 

investigation was prepared by evaporation of a drop of distilled water 

containing the activity from a palladium Pea. backing. 

The only previous study of the radiations of 22-hour . N ~ ~ ~ ~  i s  that 
b 

of Orth and OqKelley. 61 These workers report  an  EC/P- branching 

ratio of around 2, a two component beta spectrum with maximum 

energies of 360 and.510 kev, respectively, and a 150 kev gamma ray. 

An electron-spectrum was .observed in the present  work .which was 

61 
B 

s.imilar to that observed in the previous work. . However, certain lines 

in the spectrum showed greater  complexity than before. The appearance 

of this compl~x i ty ,  coupled with the resul ts  of recent scintillation 

62 
spectrometer  studies requires a reinterpretation of the .electron data. 

The lines .designated'as L Augers by OfKelley wer.e resolved into 

four lines which c,orrespond wel.1 energywise to the L and %I lines .II 

.of gamma rays  with .energies 43:5'* 1 kev arid 44. 2 * 1 kev, respectively. 

These energies depend upon the a rb i t r a ry  assumption that the slightly 



more intense pair of L l ines  a r i s e  f rom conversion in  plutonium 

following beta decay, and that the l e s s  intense pair  a r i se  from 

conversion in uranium following electron.capture. The electron data 
. . 

are.  summa.rized in Table 9. 

Table 9 . . 

236- - -  . . - .  . . . . . .  . . 

Electron- E n e a  of: NQ . . . 
. . . . . . .._ . . ' 

. . .  . . .  : 
L 

. . 

C- 
. - .  , . .  

- Gamma: .. , Elec t ron  stan. . ,.Intensity. . . ' .  . . .  . . 
-. - . . ~&b~tiar~~, .U,~ts . - ) : . . { : '  ..:- ' .  ,-' : ' . . , . . ener:gy. ene.rgy : . . .  . . . - . . . . .  . . . - 

' , -  --  .- .... (.. - . . " . . . . .  . . .  
(kev-) - "  . . 

. -  - (k.w)(- : - , '  - . . r. . . . .  - ' .  . . . . . . .  .. . , .. 
............ - - - .  . . - .  ., 

. ,:. 
. . . .  _ . . . .- 

K x-rays 
- 

and 

. and. 

. a 

. .- . . .  51' The line designated I50 hy 0rth:.md- OPKeZle.y+ .also.. may.be. inte.r - - . -  . - 
... . .  K- _ ._ . - .  . . -.- 

. . . . . . .  . . . . . . . .  
pr eted'as tbe' ~ n r e s o l v e d  XM~conve.r.s~on 1ine.s. of the.-43..-5;-and- 44.;. 2"kevi '':. 

. . 
-.. 

. - . . 
gamma- rays:. A line also- appeased: :be. t&s.signed. to the. . . : .  . . . . .  . . 

. . .  

ume kolved Lim: of the-twa gamma -ray% . K Auger . b e s  we.r:e.- also- . . 
. . . - . . 

- - - . . .  . . . . - .  
. . C .  

., . . .- - - 
observed. . . .  
. . 

. - 



236 
2. Decay scheme of Np . --The beta spectrum was observed 

both on the double focusing spectrometer  where the intensity was too . . 
- 

low for a Fe rmi  analysis and on a magnetic lens spectrometer.  A 

f - Fermi.analysis  by OsKelley of the data from the magnetic lens spectro-  
. . 

meter  gave a maximum beta energy of 518 * 10 kev. 63 The Fermi-Kurie 

plot exhibited a marked concavity toward the abscissa which i s  

indic,ative of a .forbidden b e t a  transition. .However, i t  i s  not impossible 

that the forbidden shape was caused by sdme variation in counting 

'efficiency of the detector used. 

Scintillation spectrometer .experiments performed by Jaffe et al .  
62 - - 

indicate that approximately 1.66 t imes a s  many K x-rays a s  L x-rays 

236 
are' emitted in.Np decay. No significant amount of gamma radiation 

was observed. - A 4-rr count of the beta particles from the same sample 

b used in  the scintillation spectrometer experiments gave ~ ~ . E c / P -  ratio 

of (43 * 3):(57 * 31, assuming only K electrons a r e  captured. F rom the 

relative K and L x-ray  intensities, the numb'er of K and E vacancies 

produced per  100 disintegrations can be calculated by using the following 

64 * assumptions: 1) that 72 percent of the K vacancies a r e  filled by E electrons , 

2) that the K Auger yield , is 0,03 a t  the atomic number 92; 3) that the 

L Auger yield i n  this region of atomic number i s  0. 5;22 4) that 43 percent 

of the disintegrations take place by capture of K electrons; 5) that the - 

intensity of the K -%rays i s  1.66 t imes that of the L x-rays. . ~ r o m  this 
- 

calculation one ,can conclude that for  each 100 disintegrations, 21 L 

vacancies a r i s e  from either L electron capture o r  gamma ray  conversion. 

F rom the ve ry  approximate values of electron intensities one can 

conclude that the abundance of conversion electrons i s  about 35 percent 
. I  , . : .  



. . .  
. . . .  , 

' >: .. . . . 
that of the beta spectrum. Since 57 percent {bf the:Asi.&tegidtio.nstake ' ' 

. . .: . . . . . .  - . .  . . . :  . . _. . ,?.  place by beta particle. emi.s:sion-- 9 .  one.-,$s, l&d. tb:'a :~a:~~&j:of:~~O;"'&oiivf:~~I1~:i..: .::. ' - .  .: .::: ',. . . . -  . 
. . - 

. . . .  .. - 

e.lectrons per 100 disintegrations. . Thus within..the..liim:its.. dfz-6r:ror:bf' >: ' . ' .. 
. . _. . ,. . 

- .  
these intensity measurements, 'all df the ~:.iracaricies arising by means . ' 

. . . . 
. - .  

qther than by the: filling of K v,kcanci& +- &.is&-&om'i.L.cbnver s . i ~ n . . ~ f  _ . .  . the 
. .  . . . 43. 4 and 44. 2 kev gamma rays.  However, .the-limits df 'er$o:<:,are'-.. : ' . . 

. . . . .. . . _  .. , . 
. .  . 

. , ,  
such that a s  'many a s  5.to 10 ~ . v a c a n c & s  .per 1 0 ~  disirkegrations 

may be arising f rom L capture. appears safe to coG1ude'. t ha t i t~e '~ .  . -  

. , 

lower limit for the K/E capture ratio i s  around 4. 

. The intensities of the L lines of the 43.4 and the 44. 2"lrev .- . . - 

gamma r a t s  a r e  roughly c o ~ p a r ~ b 8 e .  Thus one. can se t  an upper- . . 
. . .  

limit of about 1.0- &vents. per  PO0 disintegrations wliich populate each of ' . .. . . .. 
2 3 6 . ~ ~ ~  U2,36 . . the f i r s t  excited states of Pu. The 'intensities given i n  

Tab1.e 9 a r e  subject to considerable uncertainty, but the valkes sho:uld 
4 

be 'reliabl'e to *25 percent. 

The interpretations of the 'data fromthe present study a r e  in 

sharp disagreement with those of Orth a i d  O'Xelley. 61' One rea'son'fo.% 
.. . 

, . 

the l a rge  discr-epancy-betmeem the two s e t s  of.data m a y b e  the different 

234 
upper... k i t  o f  1.. O for the. K/L capture ratio. for ,Np : : Since 

L3 4 
considerable amounts of Np were present in the samples of Np 

238 

inveltigated by Orth and OnKell&y, one would expect their K/L 
. . .  . . . . 

capture ratio to be : sokewha t : i~e r rd r .  . Alsb, the absorption methods 
. . 

. . 
which they use-d are.  less  r&able. far .int.e&i.ty measurements than the 

s:dint i l lat ih Spkdt:kometeG .uk-ed--in-the. pr-e.sent study; The discrepancy 

in  the interpretation of the' electron line s p e c . t r ' ~  :resulte.d f rom 



spectrometer calibration uncertainties in the low energy region a t  

the time the previous .experiments were performed. 

A decay .scheme which is  .consistent with the available data 

i s  shown in Fig. 14. 

IV. DISCUSS.ION OF RESULTS 

A. Theoretical Calculations 

The use of the t e rm ."conversion coefficient" i s  misleading. 
, . 

Theoretical interpretation of the processes of r'adiative (emission of 

gamma quanta) and noi-radiative (emission of orbital electrons.) 

transitions indicate that the.y may be considered nearly independent of 

each other. 6 5   hat is ,  if radiative transitions in nuclei a r e  assumed 

to a r i se  from a radiator (electric dipole, electric quadrupole, magnetic 

dipole,. etc. 1 located a t  the center of the nucleus, then it i s  found that 
%. I 

the radiative emission rate i s  almost independent of the non-radiative ,: 

. ,. : . . <.. 
, . 

emission rate for a given transition. Thus a ,nuclear transi t ion'rate i s  
. . 

the sum of the ra tes  of gamma and electron emission,, the two.processes. . 

occurring side by side with nearly independent rates and there i s  little 

i f  any so-called .!'conversiohgs of gamma radiation into .electron !'radiations'. 

The reasoning leading to the above conclusions i s  briefly a s  

65 follows: If the nucleus were stripped of i ts  orbital electrons, the 

total nuclear transition rate would 'equal the rate of emission of gamma 
. - 

quanta. However, in the presexice of the orbital electrons, the nuclear 

transition rate i s  augmented by the possibility of another mode of 

nuclear de-excitation, namely orbital electron emission. The emission 

of orbital electrons a r i ses  f rom the interaction of the radiation field of 

the nuclear radiator with the orbital electron cloud. This interaction 
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thus provides a .mechanism in addition to gamma .emission for the . . 

occurrence of the nuclear transition. 

The so-called ssconversion coefficient", then, has been most 

commonly defined a s  the orbital electron emission rate divided by the 

gamma emission rate. Some writers,  however, stil l  use the term 

qEconversion coefficientgs, to indicate the fraction of the total' nuclear 

transitions which take place by orbital electron emission. 'The former,  

commonly us'ed definition will be used in this discussion. 

Theoretical calculations of L conversion coeffi-ients 'for the 
. . 

66 67, 6 
heavier elements have been performed by Fisk and Gellman et al. -- 
Since the calculations made by Gellman et  al. 

'67, 6 --  a r e  more extensive 

than any previously made for this region of atomic number, and were 

made using exact relativistic equations, the author has chosen to 

present comparisons of experim.enta1 values with these calculations 

only. Figures 15a through 16i a r e  based on these calculations, No 

exact calculations exist at present for L shell conversion coefficients 

( f0r .Z >8,0) where the effects of screening were taken into account. 

However,' ~ e i t z ~ ~  has foui~d the screening correction for the K she l l  

, conversion coefficient to be a positive one to thirteen percent of the 

slunscreenedlq values. Whether the same o r  a larger  screening 
. . . . . .  . . .  . . 

correction holds for any of the L, shells remains to be seen. Rose:. 
- . . 

. . 
. -. et  al. -, P9 believe the screening corr-ection will be aipreci=ble fo r  the 

.... - .  . ... . . . . . . . . . . . .  :- 
, .. 

- .  -. . . . . - . I;-,, s-h .e~s , ,  eq-eciallyiat high.. atomic: numb.er. 
. . . .  - 

. . . . - .  ...... . B: Ehpirfqag Cb,r_r-elatiw.. . . .  
. - . . .  

.- . . . . . . . . . .  - . . . .  
. . . . 

~ihLlich7'O. hag-te.vi'ewed. .- the - experi.Aitddata . . . . . .  on. . . .  L.~~-ey:sion 
. . . . .  ... . . , . , .  ., 

. . - .. . . . .  
: - . r i t ibs tlirbugl ear ly  i952. , ' -~is  pult ipolari ty.  assignments based upan . . . . .  . . .  . . - - . . 

. . . .  . . . . . . .  . . . . . . . .  ear l ier ,  l'ess extensive,' 'grid in sdme cas'is.  1ek.s exact calculations a r e  . '.. . .  : 
.... 

. . ..... . . .  . . . . . .  1 . 
. . - .  . . . ,. . . 

, . . 9 

. ,  . 
. . .  

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



Fig. 15a - LI: LII! LIII ratios based on the calculations 
of Gellman et a1.6 ,, - -  . . 

. . 



Fig. 15b - LI: Ln: LUI ratios based on. the calculations 



Fig. 15c -LI: L ~ I :  LII ratios based on the calculations 
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K E V  

Fig. lea-Curves for interpolating the .tables of Gellman 
et a1.6. -. - 



8 8 , K F V .  . .  , , - . . .  . . ,  . 
Fig. 16b-Curves for interpolating the tables of Gellman .' 

6 et al. . -- 



K E V  

Fig. 46c.-Curyes for interpolating the tables ,of Gel!man 
a. -' . . >  , . 



K E V  

Fig.. led-Ci;lrves4for inter'polating the'. tables of Gellman . 
et 'a1.6. . . 
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Fig. l6e -Curves for interpolating' the ,tables of Gellman 
. , .* . . 
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Fig. i6f-curves for interpolating the tables of Gellman 
. . 

.et a1.6. . , -- 



Fig., 16g - Curveti-'far. in'terp6lati.ng : t ~ e .  GbMe of..~ellmanL :':; 
. . . . .. . 

, , 
. . 

et ai.6: . s ... . . ; ' .  . .. -- '. 



Fig. 16h-Curves for interpolating the tables of Gellman 
et a1.6. -- 



. .,. 
Fig. l6i -Curves for interpolating the tables of Gellman 
et a1.6. -- 



in good general agreement with those which would be predicted by a 

6 
comparison with the more  recent tables of Gellman e t  al. - -- 

Swan and ~ i l l ~ ~  have found experimental data on several  electric - 

quadrupole radiations to be in reasonably good. agreement with the 

predictions of Gellman et al. 6 -- 
~ i h e l i c h ~ ~  has summarized experimental conver sibn ratios 

for M4 transitions in a recent paper. These data a r e  the bas,es for Fig. 10 . 
(see T1 lgam) in which the author has compared results for an M4 

transition in this work with those reviewed by Mihelich. 

C. Comparison of Experimental. Data with Predictions. - 
1. Electric dipole transitions. -- The 59.6 and 26.4 kev gamma 

transitions which occur in the alpha decay of A~~~~ have been characterized 

with reasonable certainty a s  electric dipole radiations. 5 9  The 59.6 kev 

gamma Fay has a total conversion coefficient of 0.92 * 0.1 and a total L 

conversion coefficient of 0. 72 t 0. 07. From the L + LII:LIII ra t io  of 4. 4, 
I 

the LIII conversion coefficient i s  0.17. This value i s  in excellent agreement 

6 
with the value 0.15 ,from interpolation of the tables of Gellman et al. The -- 
sum of the conversion coefficients for  the L and LII subshells i s  0.72 - 0.17 = 

I 

0. 55. This value i s  .in very poor agreement with the value 0. 32 from inter-  

polation of the tables of  ellm man et a l e 6  Some, but certainly not al l  of the -- 
difference between these' values can be ascribed to e r r o r s  inherent in Inter- 

- 
polation. The only obvious explanation for this discrepancy i s  the possibility -I 

that the screening correction for either o r  both the L and subshells i s  a 51 - 
68 ..: a , 

much la rger  percentagewise thad those found by ~ e i t z  for the. K shell. 

A prior i  the screening correction would be expected to be very 

similar  percentagewise for the L 111 (p and LIII(~3/2) shells. This 

seems borne out by the good agreement of L / L  ratios of E2 transitions 
I1 I11 



. 6  
with the 'qunscreened'~ calculations of Gellman et al. Similarly, the -- 
percentagewise screening .correction for the I+ (slI2) shell might be 

expected to be of different magnitude.from those of the L and LIU I1 

shells. Thus LIiLII:LIII ratios for radiations (El  and al l  magnetic 

6 
radiations) which convert appreciably in the L shell would not be 

I 

expected to agree a s  well with the unscreened ratios as  those convert- 

ing only in the L II and LIII shells (EZ, E3, E4, etc. ). That this is 

so i s  borne out by the data on the 59.6 kev E l  gamma ray under 

consideration here and the 46.5 kev M1 gamma ray following RaD 

decay. 

6 
The (LI + L ~ ~ ) / L ~ ~ ~  ratio expected for the 59.6 kev gamma ray 

i s  1.9. The experimentally determined value i s  4.4. From the above , 

considerations it  would seem that the screening effect for the L shell I 

changes the P'unscreened'g conversion coefficient by a factor of about 3. 

This, of cburse, assumes that the percentagewise screening correction 

of the LII shell i s  the same a s  that of the LIII shell. 

I L 
Wu et al, have obtained an accurate E 'E * L  ratio for the -- I' 11" I11 

46.5 kev M1 radiation following RaD beta minus decay. The value 

(140:lO. 7:l. 0) they obtain i s  in very poor. agreement with that (915:99:1.0) 

6 
calculated from the tables of Gellman et al. It seems that both the 

-. - 
L and L intensities a r e  about seven times the expected intensities 

I1 I 

with respect to the LIII intensity. This would indicate that the screen- 

ing correction for the L shell i s  more similar to that of the LI shell 
I1 

than it  i s  to that of the L shell. Thus one might conclude that perhaps 
111 

a screening effect i s  not the only effect operating in these two.cases to 

al ter  the LI:LII:LIII ratios from-those expected. 6 



? 

The 26.4 kev gamma ray  i s  given an .El ass.ignment from .its 
. . . . .  

deduced total L conver'sion coefficient of 3. 75 .* 1. 2. The value obtained . . . . . .  . .  /i 

6 
f rom an extrapolation of the tables of Gellman .et al. is 2.3. The -- 
difference'b.etween these values ' is  probably not significant since - 

extrapolation of the theoretical curves involves great  uncertainty. It 

i s  interesting, however, that the experimental value is larger than the 

theoretical. value a s  in the case of the 59.6 kev gamma transition. 

2. Magnetic dipole radiation, --The only transition given an M1 
P 

assignment was the 33.1 kev gamma ray  of ~m~~~~ Although this assign- 
. . 

ment i s  by no.means certain, i t  appears to be the only one consistent 
. . 

with a l l  the available data. The experimental value for  the L ratio I" .I1 

of >5 i s  to be compared with the theoretical value of 10 obtained by 

6 
extrapolating the tables of Gellman et  al. Failure to observe the L -- 111 

6 
line i s  consistent both with theoretical and empirical evidence70 on 

o t l ~ e l  M1 Irans i l iu~~s .  

3. Electric quadrupole transitions. -- Most of the gamma 

transitions for which data is reported in this thesis have been given 

.E2 assignments. Conversion has been observed in the L I1 and 

shells only. In two cases  ( N ~ ~ ~ ~  and ~ l ~ ~ ~ ~ )  limits can be set  fo r  

the relative amount of L conversion. The experimental L 
I . I I '~ I I I  

ratios a r e  compared with the theoretical ones in Table PO. 

Of course, the theoretical values a r e  not necessarily accurate 

6 -  
because of ,the fact that only three values were determined by GelPman et al.  . -- 0 

fo r  each E shell and given 2. Thus the interpolations a r e  subject to 

e r r o r s  of significant magnitude, The accuracy of the various 

experimental ratios a r e  given in the section on experimental data. 

Within the conservative limits of e r r o r  of both the interpolated 



theoretical values and the experimental ones, the agreement in every 

case i s  good. 1n.the three cases (7, 8, 11 in Table 10) where a 
z 

resolution of the lines was sufficiently good to set l imits on L 
I 

- 
conversion, the upper limits s e t  a r e  about equal to the values 

.interpolated from .the tables of Gellman et al. 
6 - .- 

Table 10 

summary of Data on.Electric Quadrupole Tr.ansitions 

Gamma a observe din 
decay of: 

3. 43.3 * 2, Am 
242m 

4. 57.8 * 1 Pa' 
228 

5. :.I30 * 2 P a  
228 

6. 52.2.A 1 230 
Pa' 

8 
'See Section 111-H. . 

It i s  clear that a theoretical calcu1,ation of L.conversion 

.coefficients at  smaller intervals of energy and atomic number i s  

required i f  one des i res  a quantitative check .of theoretical ratios of 

. . L conversion. The best values in Table 10 a r e  those' for the 44.1 key 

gamma r a y  of N~~~~ a i d  the  48.4 kev gamma. r ay  of ~ 1 ~ ~ 8 ~ ~  The 



l imits.  of er ror ,  of these, two . . .  values . .ar,e pr,obably .less, than those of.  
' 

the interpolated theoretical ones. These two determinations should' 

provide an,excellent .check for a more extensive set  of theoret.ica1 . . 

6 
calculations than those of Gellman et  al. -- 

4. Mixtures of magnetic dipole and electric.  qua.drupd1e 
i .  

radiation. --Only two transitions of al l  those investigated gave any,..,: I : 

reasonable indication of being an .MI-E2 mixture, The f i rs t  i s  the 
. .  . 

. . 241 ' 
43.4 k'ev transition io1,lowing Am alpha decay.' . . Rere the L .L ' .E I" 11." 111 

ratio was 0.5:l. 0:L. 0. If a l l  the LI conversion ar ises  from the M1 

radiations present, a 20 percent Ml, 80 percent E2 mixture i s  

indicated. However, the uncertainty in the i;atios. i s  rather large 

because of the fact that the 43.4 kev L lines were situated on the low 

energy ta i l  of the 59.6 kev L lines in the spectrum. 

.198m , 

The other case i s  that of the 282.4 kev gamma r ay  of TI. 

Here  the.deduced K cdnversion coeffic'ient (0.24) was lower than that 

expected (0.52) from the tables of Rose & for pure M1 radiation. 
. . .  

Since theexpected conversion coefficient4' f o r  E 2  radiation of this . 

same energy i's .0.076, a 64 percent. E2 - 36 percent Ml  mixture i s  :. 
! 

indicated. \ c 2 ,  . 

5. .Higher multipoie radiation. --The only transition of higher 
' .. , 

multipolarity which .was investigated was the 260; 7. kev gamma ray  of . . 

~l~~~~~ As can bc seen in Fig. 10 the L 111 /L . I  ratio for this gamma 
. .. 

. . 

ray  would fit on a smooth curve with those of other M4 transitions. in, 
. . . . ... 

the same region.of atomic number. The conversion of magnetic ' 

. . . . 
radiation in 'the L ahd L she l l s  a's predicted b y ' ~ r a l l i  and 

I 111 i . .. . 
~ o w e k ~ ~  'seems pubstahtiatid. ' o t h e r  cr i ter ia  of comparison (K/L ' 



C 

' . .  
ratios and lifetime) a r e  in excellent ag;-'eement with those of well 

known M4 transitions (see Section 111-E). Thus qualitative 
1 - 

38  comparisons with the theory (for Z = 35)  of Tra l l i  and Lowen 

* - and quantitative comparisoris with theoretical lifetimes, 41 and 

37 /L  j 9  ratios lead to an  M4 empirical correlations of K/L and L~~~ I 

assignment for this transition. 
. . 

6. Conclusion. -- The resul ts  of the investigations presented . 

in  this thesis thus indicate very  good agreement with the theoretical 

' 6 .  
predictions of Gellman et al. except for the one case  of electr ic  -- 
dipole radiation. The unexpectedly large LI and/or L conversion 

..I1 

coefficients found may poisib'ly a r i s e  from a .large screening effect 

on these shells. Such a large screening effect for E shells would not 

have been, expected f rom the calculations of Reitz6'8 for  the K sheli. 

It may be that screening i s  not the only .effect altering the E ' L  'k I' 11' . In  

ratios in this case. 
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APPENDIX P 
241, 24.0 'Miscellaneous Data on the, ,Isotopes, Pu 

, 

150 223 , P m  , and, Fr 
- 

,241 
1. Plutonium 241, 240. -A The beta spectrum of Pu  . from, a 

r- - 0 .  5 mg sample of pile . irradiated plutonium was observed on the double 

..focusing beta spectrometer.  A mass  analysis of the. sample indicated . 

the following isotopic composition: 

Mass number P.ercent by mass  

239. 23 .86  

2  The sample .was mounted on ' a  single gold leaf (87 pg/cm ) o  

. A Fermi-Kurie plot of the beta spectrum i s  shown in  Fig. 17. 
. ;.' 

The fact that the ,plot i s  straight back to about 12 kev probably does 
. . . . , , :::i 

not indicate that the counter window t ransmits  100 percent of. a l l  

e'lectrons down to 12 kev. Previous experiments seemed to indicate 

that the window .transmitted electrons down .to about 17 kev with 

100 percent efficiency. The delay of the sharp  downward turn of 

the plot i s  ascribed to extensive self-absorption and back scattering 

in the sample. These effects tend to accentuate the lower energy 

- portions of a beta spectrum and'hence in this case  presumably 

compensated the loss 'due to window absorption as fa r  down a s  12 kev. 
- 

Y The window energy cut-off determined f rom this Fe rmi  -Kurie 

plot i s  about 4. 5 kev. Thus the com,mon supposition that the energy of 

t l ec t r sns  transmitted 100 pcrcent i s  between four and five t imes  the 

window cut-off energy seems substantiated. 



Previous work on this  isotope has characterized i t  a s  a 14 year  

73\76. 
beta emit ter  with a maximum beta energy of 20.5 kev. Its decay 

by alpha emission has been observed and the energy redorted 'as  

4. 9165 and 4.893 Mev. The maximum beta energy determined f rom 

this 'experiment i s  20,5 *'l kev, in excellent agreement with Freedman 

' 76 
et al. 
- 4 8  

In addition to the beta  spectrum, a reasonably definite indication 

of the E and M lines of a 43 * 3 kev gamma ray  was observed. This 

' gamma r ay  very probably a r i s e s  from ~u~~~ alpha decay to the f i r s t  

236 
excited state  in 'IT This assignment i s  based on i t s  abundance and 

energy. Other values given for this gamma r a y  a r e  49.6 kev. 76 47 kev. 
76 

9. 4 8  kev, 76 45.0 * 0.2 kev, 77 and 4 4 t  2 kev. 

7 2. Promethium 150: --A sample of -10 disintegrations per  minute 

of pmI5O was obtained from a p r o t o n  bombardment of neodymium enriched 

in Illass 150 in  the laboratory's 60-inch cyclotron. The neodymium was 

bombarded a s  the oxide in  a pistol grip holder. The beta spectrometer 

sample was prepared by simply taking up the oxide a s  a s l u r ry  in . 

conductivity water and evaporating.the ma te r i i l  on a 0. 001 inch  platinum 

plate.   he mass  of the neodymi.um oxide on this sample was of the order  

of two mil l igrams.  . . .  

The half-life of this isotope has been determined a s  2. 7 hours by 

Long and Pool9 78 F i sher ,  79 and Kurbatov and Pool. 80 Beta part icles  

of 2.. 01 Mev (about 70 percent)  and 3.00 Mev (about 30 percent)  and gamma 

rays  of 1.4 Mev and 0.3 Mev have been reported by   is her. 79 An 

absorption'measurement reported by Long and gives the beta 

. . 
energy a s  2.4 Mev. 



0 10 20 
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Fig. 17.- Fermi-Kurie plot of ~u~~~ beta spectrum. 



Be.cause of the low intensity of the sample and the relatively 

-150 
short half -life, only one electron line of P m  was characterized. - ' 2 ,  

No electron line of any appreciable abundance appeared below this 
5. -> 

line a t  290.6 kev. This line was interpreted a s  a K conversion.line of 

a 337 * 2 kev gamma ray  (a slight indicatio'n of an  L line was observed):' 
. . .  . . . 

The region in which the  l line occ,urred was not swept with sufficiently 

close intervals to allow a relative abundance measurement to be made. 

8 1 
Hibdon and Muehlhause have reported gamma rays from the 

, . 

neutron capture of ~m~~~ to be 336. 7 ktev and 440. 2'kev. The energy of 

the former  i s  in  excellent agreement with the above value from this 

experiment. Thus it  app,ears that a significant proporti&n &f the beta 

decay of prnl5O decays through the level giving r i s e  tothi ;  337 kev 

gamma ray.. 

~ c h a r f f - ~ o l d h a b e r "  has interpreted the 336.7 kev gamma ray 

a s  the transition beiween the f i rs t  excited state of sm15' and the 

ground state. From the observation of a 440.2 kev gamma ray,  the 

second excited state i s  supposedZo to be at  777 kev. . From the data on 

~m~~~~ i t  can be said that the 440 line i s  l ess  than about 1/3 of the K 

33  7K line. Recent experiments at this laboratory indicate that several  

high-energy gamma rays ((around 1. 5 Mev) of high intensity a r e  also 

82 emitted in beta decay. Thus one might reasonably conclude 

that the pr imary route of decay i s  to levels about 1. 5 Mev o r  higher 

above the ground state from which a r e  emitted the several  high. energy 

gamma rays, a significant fraction of which cascade through the f i r s t  

excited' state to ground. Apparently the second excited state i s  involved 

to a sm'aller extent in these cascades than the f i r s t  excited state. It i s  



i 
of interest to note that this pattern of decay i s  noted among other 

odd-odd beta emit ters  in the medium and heavy .elements where . ' 
i;' - 228 

suff ic ientdecayenergyexis ts ,  for example. ~ ~ ~ ~ ~ a n d A c  , 

- 3. Francium 223 (AcK). - - severa l  experiments were 

attempted to determine the beta spectrum of ~ r ~ ~ ~ .  The sample 

was prepared by E. K. Hyde of this laboratory using a procedure ; 

83 
involving a silicotungstic acid precipitation. The activity was 

milked from a 20 rnillicurie source of ~c~~~ which had originally 
. .. 

been made in  a p i l e  bombardment of ~a~~~ by the reacticns: 

226 227 
Ra ( n , y ) ~ a 2 2 7  Pz,.,L Ac . 

1622 y 41. 2 min 22.0 y 

The ~r~~~ a r i s e s  f rom the 1.2 percent alpha decay branching of . 

~c~~~~ The half-life of ~r~~~ i s  21 minutes. 
84 

~ i e v i o u s  work on the beta spectrum of ~r~~~ indicates a beta 

energy of 1.2 Mev. 85-87 
The data here  obtained indicates a two- 

component beta spectrum, the most abundant component having an . 

energy of 1.'O * 0.1 Mev. Because of the much lower intensity of 

the higher energy component the limits of e r r o r  for its..energy a r e  

grea ter  than 0.1 Mev. The value obtained was 1.3 0.15 Mev. The 

large limits of e r r o r  quoted a r e  due primari ly to spectrometer 

,% 
calibration uncertainties a t  the time of the experiment. 

L 

Electron lines which might .be assigned to gamma rays  with 

?- 

3 )  energies 45 * ? kev and 230'* 20 kev, were observed in a very fast 

sweep of the spectrum. Recent work by ~ ~ d e ~ ~  using a s.cintilla~ion 

spectrometer shows, that gamma transitions occur a t  the energies 

49.8 * 0.2, 80 kev, 215 kev, and 310 kev. Previous workers had 

found by absorption methods gam.ma transitions .of 90, 
87 89' 90 -330, 



. . 

and 48.'6 kev. 8'7 
. . . . . . .  .. . . 

From the high intensity of the 49.8 kev photon relative to the 
' 1: . . . . . . 

beta particle'ss8 it  i s  quite reasonable t o  assume that, i t  is of ' ~ l  
. . 

c h a r a c t e r  ~ ~ d e ~ ~ f o k d  . .  . that none of the pther gamma rays observed 
. . . . . . . . 

a r e  in coincidenc'e with the 49.8 kev gamma ray. A unique decay 
. . . . 

,223' 
scheme cannot be constructed for  Fr without further information. 

I '  . . 

APPENDIX I1 . . 
. . . . 

A Twin Lens Beta Spectrometer for  Coincidence Measurements 
. , 

A. Purpose and Design of the Instrument 

The decision to construct a back-to-back double beta spectro- 

meter  was based upon the ueefmPness of such an instrument in elucidat- 

ing decay schemes, especially amdig heavy element isotopeg where ' 

a large proportion of the gamma transitions take place"pri'marily k i t h  

theeject ion of 'orbital eBedtrdns. Thus this unit was design2il to-.be an 

e.lectron-electron eoincidenee spectrometer,  consisting essentially of 

two thin lens beta spectrometeis  connected a t  the sample e,nd'so that 
. . 

both could si~ul ' taneous8y receive radfat ibh from the' s a k e  sample, 
. . .  

yet opera$e independently. The design a r i ived  at  'was a,modificafion 
. . 91 

of one desciibed by KO Siegbahn. A schematic d iagrdk of the 

instrument and a block d i a g ~ a k  of i t s  associated equipment' i s  'given 

1 .  

in Fig. 18. 

Be ~ r i e f  Description of ~ a j o r  . ~ b & ~ o n e n t s  - 
1. Lens coils. -- The Pens coils a r e  designed for Pow voltage - 
P 

bigh current ,  ' motor -generator power and 'hence '&equir e cooling. The 

cooling system i s  s i m ' i ~ i r  to that described by Freedmkn. ' 92 units  
. , 

consibting df copper tubing sandwiched between two copper plates 
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S C A L E  I lo"eF.4 I S C A L E  I 1002'4 I 
Fig. 18 -Block and schematic diagram of twin lens beta 
spectrometer and associated equipment. 



were built pancake fashion at  two positions between the coil windings. 

Copper cooling coils a r e  also soldered to the external surface of 

the lens spool. The coils a r e  supported independently on a welded 

aluminum stand. 

2. Tr immer lenses. -- A smaller lens coil near the sample is  

connected in se r ies  opposition with the lens on the same side to ' 

cancel the effect of that spectrometer on the other. 

3 .  Vacuum chamber. --The vacuum chamber was made by - 
rolling and welding 0. 250 inch aluminum alloy sheet. It i s  supported 

a t  each ertd by a three-point.suspension coming from the coil mount 

and in addition, at  the center by a two point mount coming from the 

aluminum stand. The latter i s  necessary for the making of initial 

adjustments. 

4. ~ a m ' p l e  entrance section. -- The sample vacuim lock 

entrance i s  contained on an independent section of the vacuum charriber 

and may be altered o r  removed easily without changing the two remain- 

ing longer sections. T ~ L s ,  if i t  i s  desired later  to make the 

instrument an electron-electron angular correlation instrument, the 

sample entrance section may be changed to a bellows and a new support 

stand made, no change being .necessary in the longer vacuum chamber 

sections o r  other c.omponents. Th.e sample entrance section also has, 

a t  180" f rom the sample, ,an entrance for  a light pipe in case triple; 
,- 

TL, alpha-electron 'or photon-electron coincidence experiments a r e  desired. 

A single channel recording pulse -analyzer. has been built to ac.commodate 

such experiments. 



5. Counting equipment. -- The counters, amplifiers,  and 

coincidence circuits have been designed for resolving t imes down to 

0.1 psec. The detectors a r e  ordinary side window counters to be used 

a s  low pressure  proportional counters. Should it be desirable to change 

to a scintillation counter system, alternate end plates have been 

constructed for the vacuum chamber to accommodate a standard 

laboratory photo-tube, light-pipe assembly. To take full advantage 

of the shorter  resolving t imes of a scintillation counter, however., a 

new pair of amplifiers and a new coincidence circuit  would beb required. 

The advantage of the present  system over the scintillation counter's i.s 

that it counts with 100 percent efficiency down to energies below.20: k6v 

whereas the counting efficiency of most scintillation counter ' i y s t e m , ~  

declines rapidly below 100 kev. 

6. Automatic counting control. -- One of the two spectrometers  

may be automatically operated step -wise over any given spectrum 

while the other remains focused on only one energy region. Thus' the 

long time counts often necessary may be taken without the presence of 

a human operator.  The automatic count control may be se t  to. collecX 

any given number of counts a t  each of 100 points' a t  la rge  o r  smal l  

intervals  on any par t  of the s,pectrum. An over-ride system insures. 

against the s.ystemls spending more  than any given maximum ti.me 

(<30 minutes) a t  any point on the spectrum. The design of this 

system i s  a copy of that designed by Olsen and 0 ' ~ e l i e ~ ~ ~  of the 

California Research and Development Company. 



: : .  ,: 

Each  end of the  spectromet&r h i s  been designedto fra.*s'mit 

. _ : 1 >  . ' 
about 1 percent o f  the tot.al e l ~ c f i ~ n r a d i ~ t i o n '  froin %he':sanip& at  ady' , %  

. . . .. . .. . 
given energy at  a resolution of abolit 2 percent i f  ring focksifig is &:ed.. 

Without ring focu'sing the Pesoluti'on will probably be clos e.r t ~ . 3  .or"4 '  

percent .  The lat ter  'is sufficient resolution f o i  a great  many experiments 

. . . , 

which the instrument i s  expected to . ' 

I .  . . 

. . . .  . . . .> . . '  . . . .  
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