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Electron Capture Studies in Shielded Nuclei 

Harold J'affe 
Radiation Laboratory and Department of Chemistry 
University of California; Berkeley, California 

April 5, 1954 

ABSTRACT 

A· search for electron capture in shielded nuclei has been under-

taken using, in most cases, a 10 inch bent crystal spectrometer to 

detect the characteristic x-rays. Electron capture decay has been 

confirmed in Am242m, Ir192 , Tl.204 and Np236 and detected for the first 

t . . Am242 d Sbl22 lme ln an · • Relative abundances have also been determined. 

U l . "t f th t f d h b t · N 238 A llOm pper lml s or is ype o ecay ave een se ln p , g , 

Ag110 , cs134 , Tb160 , Tml70 and Sb124 • Certain features of the gamma 

ray spectra and decay schemes of several of the above nuclides have 

been studied. 

241 
An apparent discrepancy in the gamma ray spectrum of Am has 

been resolved and several new transitions have been observed. 

A reported anomaly in the L x-ray energies of uranium has been 

shown to be due to an instrumental effect. 

-5~ 



Electron Capture Studies in Shielded Nuclei 

Harold Jaffe 
Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

April 5, 1954 

I • INTRODUCTION 

A shielded nucleus ZA is one which has two stable neighboring 

isobars, (Z = l)A and (Z + l)A. Such nuclei are always composed of 

an odd number of neutrons and an odd number of protons, and conse= 

quently have an even mass number, A. The two neighboring isobars are 

of the even=even type, and because they are both stable isotopes ZA 

A ' A 
will decay to (Z + 1) by beta decay (negatron emission) and to (Z = 1) 

by positron emission, electron capture or both. The extent to which 

these three modes of decay compete is governed mainly by the respec= 

tive maximum energies of the emitted particle and parity and total 

angular momentum, or spin, changes involved in the transition. In the 

case of electron capture the neutrino is the emitted particle referred 

to above. 

The only energetic requirement for the beta decay process is that 

the atomic mass of the parent nuclide exceeds that of the daughter. 

Electron capture further requires that this mass difference be equivalent 

to an energy larger than the binding energy of the particular electron 

that is captured. Positron decay is onlypossible when the mass differ= 

ence exceeds twice the electron mass or 1.02 Mev. 

=6= 



It is generally accepted that the ground state of an even-even 

nucleus has zero spin and even parity. 
1 2 

Recently it has been shown ' 

that the first excited statesof such nuclei usually have two units of 

angular momentum and even parity4 Marked regularities have been 

observed in these and higher levels. 2 '3' 4 Since it is to be expected 

that competing modes of decay of a shielded nucleus populating 

equivalent spin states of the daughters would be of equal "order of 

forbiddenness" it should be possible to correlate, at least qualitatively 

or semiquantitatively, the relative rates of the three types of 

transitions with decay energy data. Of course some information is 

usually needed concerning the excited levels of the respective 

daughters. 

The determination of beta decay energies is straightforward, but 

the corresponding measurement in electron capture is generally difficult 

to make. One of the easiest meth<;JdS is by closed decay cycle calculatioqs, 

but this is only applicable in the heavy elements where alpha radioactiv±:ty 

occurs. In lighter elements, if positron emission competes with electron 

capture the electron capture energy is readily determined from a 

knowledge of the decay scheme and the maximum kinetic energy of the posi~ 

trans. Several measurements have been made5' 6'7 of the cont~nuous gamma 

ray spectrum accompanying electron capture. Generally the entire decay 

energy is carried by the neutrino in electron capture, but occasionally 

it may be shared with a photon. The maximum energy of the resultant gamma 

ray spectrum equals the neutrino energy in the absence of this effect. 

This method is applicable only: in certain optimum cases and is hampered 

by the relatively small probability for emission of continuous gamma 

radiation. Another method of measuring electron capture decay energies 
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is by precise determinations of the (p,n) reaction threshold. This 

allows calculation of the mass difference between two neighboring iso-

bars. Of course, high precision mass spectrometry by the matched 

doublet technique can give the same information. 

The detection of electron capture in shielded nuclei depends, as 

a rule, upon identification of the characteristic x-rays of the daughter 

emitted when the electron vacancy caused by the capture event is 

filled. Throughout this research the x-ray energies tabulated by 

Compton and Allison
8 

and corrected by Dauben9 for the latest values of 

the physical constants were employed. In the heavy elements (Z > 92) 

the energies were determined by a Mosely extrapolation of the data on 

thorium and uranilim listed by Siegbahn.
10 

Two additional problems arising from previous work performed in 

this ±aboratory were studied and are discussed in the appendix. The 

first of these deals with major discrepancies in the gamma ray spec

trum of Am241 as determined by bent crystal spectrometer experiments
11 

on the one hand and proportional counter studies12 on the other. The 

second concerns an apparent anomaly11 in the energy of the uranium L 

x-rays excited in the beta decay of Pa232 and Pa233. 

II . EXPERIMENTAL ME'Y.i:!ODS 

In order to detect and identify the characteristic x-rays of an 

electron capture daughter a 10 inch bent crystal spectrometer of the 

Cauchois type was employed. This instrument has been described by 

Barton et ~. 13 and somewhat modified by Browne. 11 The experimental 

approach was essentially the same used by the previous workers. The 

sample in solid form was powdered and mounted in a thin pyrex capillary. 



-9-

.The diameter of the capillary was about 0~015 inch and undoubtedly 

represented the limiting factor in the obtainable resolution. The 

capillary was secured in a groove on. a lucite holder and this was 

mounted and aligned in the sample carriage. 

A 0.008 inch thick topaz crystal elastically bent to a 10 inch 

radius was used-to diffract the incident electromagnetic radiation. 

The 303 planes whose spacing was determined as 1.356 A in the Unbent 

11 
crystal were employed and the energies in kev were calcUla~ed 

using a conversion factor based upon the latest values of the physical 

. . 14 
constants reported by Dumond and Cohen. 

The detector, mounted behind a collimator, consisted of a Nai 

(thallium activated) scintillation crystal with a RCA 5819 photo-

multiplier tube. A standard scaler and traffic counter were used 

to record the data. 

In .general the sample arm moved about the focal circle at a 

rate of 4° per 400 minutes. ·Faster sweeping rates were possible 

but usually not profitable except in the study of activities of 

relatively short half-life. Photon lines were manifest by peaks in 

a plot of counting rate versus angular position. The latter was 

read from a graduated scale mounted about the focal circle. The 

Bragg angle andconseq_uently the energy, was determined by observing 

the angular position of a line on both sides, of the undiffracted 

beam or midpoint. Limits of error were calculated only taking into 

account the angular uncertainties. An accuracy of 0.01° in the 

Bragg angle was considered the limit of the instrument. 



The latter portion of the appendix describes some experiments 

which indicated the graduations on the above mentioned scale wt:!·re·' 

somewhat non-uniform. Consequently, a new scale was accurately 

machined. and mounted on the spectrometer. The Np238, Np239, and 

238 ' 
Pu spectra. were taken using the old scale and consequently the 

energy determinations in certain regions may be in error by an amount 

greater than the stated limits. 

The line intensities were subject to correction for self absorp= 

tion in the sample, reflectivity of the crystal, and absorbers in the 

path between sample and detector. The self absorption correction was 

based on an equation reported by Dixon15 for cylindrical samples. It 

was necessary to know the absorption coefficients of the sample as a 

function of energy and in some cases these had to be estimated from 

ll II · 1116 Junsson's universal absorption curve. If the energy of a line 

is very close to.the Kedge of the bulk sample matter or in the 

region of its three L edges; this correction 9an. become quite severe 

and uncertain, Consequently, in those experiments where the activity 

could be obtained in essentially weightless form .a low Z carrier was 
• 

used, 

Lind~ ~. 17 have found that the variation of reflectivity 

from a quartz crystal as a function of energy was inversely proportional 

to the square of the energy. Browne observed that lines widely spaced 

in energy maintained the same intensity ratio when reflected from both 

quartz and topaz indicating the same energy dependence for the latter 

crystal. 
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The correction for absorbers in pa-th was based on the measured 

thickness of the matter in the path of the radiation and values of 

the absorption coefficients of this ma:tter taken from the data ·listed 

in Compton and Allison.18 This compilation was also used whenever 

possible in making the self absorption correction. 

The useful range of the bent crystal spectrometer was 10 to 

approximately 110 kev. Millicurie ~ctivity levels were generally re-

quired. 

In order to obtain absolute abundances of various x-rays and gamma 

rays, small samples were often counted in a 4rc methane flow proportional 

counter to determine the disintegration rates. These were then examined 

with other instruments to be described shortly. A Tygon film covering 

a thin aluminum plate with a 0.25 inch center hole. served as the sample 

mount. The activity was placed over the hole so that the film was the 

Only backing material. The major portion of the Tygon on aluminum 

was removed by scraping to avoid electrostatic charge build up and its 

adverse effect on the proper functioning of the' 4rc counter~ 

In order to determine absolute line intensities samples of known 

disintegration rates were frequently studied with a Nai (thallium acti

vated) crystal detector, 1.08 x 1.25 inch diameter, sealed to a Dumont 

6292 photomultiplier tube. The output of this tube, after suitable 

amplification; was led to a 50 channel differential pulse height analy

zer, thus allowing observation of the electromagnetic energy spectrum. 

The counting efficiency of a.·sadium iodide crystal of the above dimen

sions has been determined by McLaughlin and O'Kelley.19 A geometry 

factor was·measured by observing the intensity of the 59.6 kev radiation 

:.a, .• ~ 
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associated with a known amount of Am241 . The absolute abundance of this 
; . ·.·. 12 

gamma ray has been determined as 6.40 ± 0.015 photon per alpha parti-

cle and i'ts d~teeiion efficiency i.s 100 per~ent ·.in 'a<.cryst8.Lcif the above 

dirnen:sion's •. ·Sui table co~rebtions whH~h ~~re · e~perimeiitally determined 

i. ~er'e ~pplie~ for the escap~ p'eJk ~ffebt -reshlting r'rom the .l'b'ss: of an 

i'odine K x:::.r~y r~6m the ~ris't~L ': Such ~'ort~ctfcins are otii§ important 

in the energy r~~ion below;15o' kev. The sCintillation spectfometer 

·' ... ,: w~~ ·calibrated. using. the w~li ·~~owri' gamma -~ays 6f · A1n241 , · Cdl09, · and 

u235 as standards.:i.n the ·low'energy region and those o:f·csl37-: co60 , 

. '.. 22 . ' ' 
and Na in the high region. 

:"' .: 

A pro:P6ttio.nal. counter tube c~ntaihinei· 9d perc.eht xenon and 10 per-

cent metha~~ (1 atmosphefe 'total pressure) was corinectedtd the 50 
: ••• l ' . 

channel analyzer and used to determine the absolute x-ray abundance in 

several experiments. A counting efficiency curve based on the L x-rays 

241 .: • . 20 
of the Am decay has been d~t~rmined for this counter by Hoff. His 

data was corrected usi~g'the more recent. intensity \1-~lues of Beling, 

·et al. 
21 

The radiation~ of A:m
241 were also used as an energy standard, 

along with the silver K x-rays following the decay of Cd109. 

·III. EXPERIMENTAL RESULTS 
'· 

,_· .. .A. Np2}8 . 

238 . 238 The 2.1 .day Np q.eoays to Pu py negatron emission. Several 

levels of the daughter are po~ulated, a_n~ gamma rays and internal 

conVersion electrons have been observed. 22 ' 23 Closed decay cycles24 

indicate approximately 120 kev are available for electron capture to 

... 238 
beta 'stable U . With such a small disintegration energy at this Z 

one might expect the dominant mode of electron capture to be L capture. 
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Neutron irradiated neptunium oxide was dissolved and brought to 

2 M HCl concentration. The neptunium was reduced to the IV state with 

formic acid and extracted into 0.4 ~ thenoyltrifluoroacetone (TTA) in 

benzene. The organic phase was washed twice with 2 M HCl and then the 

neptunium was back extracted into 10 ~ HN0
3

• The aqueous solution was 

separated and evaporated.to dryness and the neptunium was taken up in 

2 M I!Cl. After two such cycles HF was added to the purified product in 

2 M HCl and the fluoride was precipitated. ,Approximately 1 milligram of 

neptunium was powdered and mounted for the bent crystal spectrometer • . · 

Five plutonium x:"'rays arising from the beta decay were observed. 

The data are listed in Table 1. A diagram of L x-ray nomenclature is 
. I , 

shown in Figure 1. 

Line 

Pu Ly-6 

Pu Ly-1 

Pu L(31 

Pu L(3z 

Pu Lal 

Table 1 

238 L X-Rays Following the Decay of Np 

Transition 

L2-04 

L2-N4 

L2-M4 

L3-N5 

L3-M5 

Observed 
energy 

(kev) 

22.28 ± 0.04 

21.49 ± 0.02 

·18.37 ± 0.01 

17.36 ± 0.03 

14.32 ± 0.02 

Siegbahn 's 
extrapolated 

energy 
(kev) 

22.13 

21.38 

18.27 

17.25 

14.28 

Corrected 
relative 
;intensity 

13 

36 

100 

13 

27 
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N7 N7 

~ ~· 
Ns N5 

N4 N4 

N3 N
3 

N2 N2 

,NI Nl 

Ms M5 

M4 M4 

M:s M3_ 

M2 M2 

M1 M1 

olg .I~ ... : "" I~ 
cw - !! cw - . 

~.1':. I~ tl tl 'I!.. 'I!. 

:~ ~ 

Fig. 1. Diagram of L x-ray nomenclature. 
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The relative quantum yields (photon intensities) of the L2 and L
3 

shells from these data are 

A correction has been applied for the intensities of the L 2 and L
3 

x-rayS 

not observed. , This correction is based on the abundance ratios of the 

L x-rays from each of the various L shells observed in the decay of 

Am
241 (see Appendix, Table 17). It is assumed that these ratios do 

not change rapidly with atomic number. 

By far the majority of the observed x-rays arise from L conversion 

of a 44.3 kev gamma ray23 ' 25 in the plutonium daughter. This transition 

. . 242 26 is also observed followlng the alpha decay of Cm . Ih order to 

obtain the ratio of the L2 and L
3 

vacancies one must cor~ect the ob-

' served x-ray intensities for fluorescence yield (fraction of the vacan= 

cies from a given shell that are filled by a radiative transition). 

Kinsey
27 has calculated these L shell yields using experimental data 

on total level widths combined with theoretical estimates of the radia-

tion widths. His results extrapolated to Z == 94 indicate 0.61 and 0.43 

for the fluorescence yield of the L2 and L
3 

shells, respectively. Using 

these fi~res the L vacancy ratio is 

L2 :L
3 

~ 2:1 • 

(The amount of L1 excitation is unknown but presumed to be smalL) This 

is to be compared to the value of 1.4 determined by Slgtis, Rasmussen 

and Atterling; 23 and 2.0 from the data of Freedman, et a1. 22 as modified 

by Mihelich. 25 The gamma ray giving rise to these L vacancies is an 

l t · d 1 t ·t· 26 e ec rlc qua rupo e ransl lOn. The theoretical conversion coeffici-

ents
28 

would indicate a ratio of approximately 1.1. 



No·x..,ray .lines of the electron capture daughter were observed. 

From the abSolute L x-ray abundance ca.lculated from conversion line 

data, and the maximum undetectable intensity o~ several uranium x-rays 

estimated from the observed spectrum it is possible to set an upper 

limit of 4 percent for L1 electron capture and 2 percent for L2 
238 capture in Np • . The actual amount of L capture is probably rrnich 

less than this because of the small available energy. 

Am 242m 

The 16 hour Am 242m is an ideal isotope for study with the bent 

crystal spectrometer. Indeed, the first detailed investigat'ion of 

this activity29 included the use of this instrument and the :Proposed 

decay scheme, which consists of electron capture, isomeric transition 

and ~· .. decay, was based mainly on the identification of the L x-rays 

of the three daughter nuclei. Several factors;, including the fact 

·that the first excited states of the two even .. even daughte'rs as 

deternl::i:ned by beta ray spectroscopy seemed. SG>mewhat out' of line with 

the trend in this region, 2;3 prompted the reinvestigation of this 

isotope. 

Am
241 in the form of the oxide, was neutron irradiated for five 

days in the Materials Testing .Reactor at Arco, Idaho. A"-small portion 

of the sample was dissolved in HCl and several fluoride and hydroxide 

p·recipitations were carried out to separate the· americium from the 

major fraction of the fission products. A Dowex-50 cation exchange 

column with 13 !1 HCl allowed the removal of rare earth Aicti:V:±ties. 
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The americium was then oxidized to- the hexapositive state using acid 

persulfate and curiUm. was removed by ·a LaF 
3 

scav'e:hge. · .. The purified 

americium was reduced with hydrazine and anotb.erfluoride:.Ohyciroxide 

precipitation cycle was carried out. The'final productwas·converted 

to the oxide by heating and approximately 1.5 milligrams was mounted 

for the bent crystal spectrometer sample. Slightly more than·2 half-

lives elapsed between the time of removal ;from the reactor and the 

mounting Of the sample. The very high specific acitivity allowed a 

more detailed analysis of the spectrum than was previously possible. 

The electromagnetic radiation in the region of 13 to 60 kev was 

examined with the bent crystal spectrometer. The 100 kev reg;ion of the 

K x•rays from K electron capture was not investigated because of time 

limitations and also because it was found that the intensity of the 

K x-rays relative to the Am
241 59.6 kev gamma ray in the sample could 

be readily determined with the scintillation spectrometer. Since the 

59.6 kev line was also observed on the bent crystal spectrometer the 

number of K x-rays relative to the L x-rays could be c~:tlculated. 

The data on the K and L x-rays associated with the decay of the 

16 hour Am
242m are listed i~ Table 2. The intensities have been 

corrected in the usual fashion. L x-rays of neptunium arising from 

the decay of Am
241 in the sample were also observed. A portion of the 

spectrum .showing the L complex is given in Figure 2. 
0: 

There is some ambiguity in the assignment of the americium L~1 
and the plutonium L~3 lines. In the former case the energy of the 

curium L~5 (L
3
--o4 , 5

) ~s expected to be. 18.86 kev. From the ratio of 

the 1~5 to ~l observed in the decay of Am
241 

and the abundance of the 
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Table 2 

. 242m X-Rays Followlng the Decay of Am 

Line Transition Observed Siegbahn' s Corrected 
energy extrapolated relative 

(kev) energy intensity 
(kev) 

em lcx2 L3-M4 14.75 ± 0.03 14.74 4 

Cm I.cx1 L3-M5 14.97 ± 0.03 14.96 27 

Cm L(32 L3-N5 18.09 ± 0.02 18.10 16 

em Lf31 L2-M4 19.47 ± 0.02 19.38 100 

em Lrl L2-N4 22.79 ± 0.04 22.63 40 

Cm Ly-
3 Ll-N3 23.30 ± 0.06 23.25 6 

Cm Ly-6 L2-04 23.62 ± 0.12 23.46 12 

Am lcx2 L3-M4 14.44 ± 0.06 14.41 l 

Am lcxl L -M 
3 5 

14.61 ± 0.03 14.61 4 

Am Lf31 L2-M4 18.89 ± 0.02 18.80 6 

Pu lcx2 L3-M4 14.08 ± 0.03 14.08 2 

Pu lcxl L3-M5 14.28 ± 0.03 14.28 10 

Pu Lr32 L3-N5 17.29 ± 0.03 17.25 9 

·Pu Lf31 L2-M4 18.33 ± 0.02 18.27 27 

Pu Lf3
3 Ll-M3 18.62 ± 0.04 18.52 

·' 7 

Pu Ly-1 L2-N4 21.46 ± 0.04 21.38 16 

Pu Ly
3 Ll-N3 22.06 ± 0.10 21.97 7 

Pu Ly-6 L2-04 22.24 ± 0.10 22.13 7 

Pu K x-rays 102 37 
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curium Ia:1 it was possible to correct the intensity of the americium 

Lt3
1 

to ~he figure listed. The contribution of the curium Lt3
5 

to the ob= 

served line was 17 percent. 

The calculated energy· of the curium Lt34 (L1-~). is 18.57 kev and thus 

it IIiay contribute to the plutonium Lt3
3 

li.ne. The chosen assigrlm.ent 

is based ori the assumption that the L
1 

lines of plutoniUm. are more 

interise than those of curium because of L1 electron capture. : Since 

little L
1 

conversion is expected from the low energy first excited 

state transitions in even-even nuclei the total intensity was assigned 

to the plutoniUm line. 

There is considerable uncertainty in the abundance of the americium 

L X"'rays. It was observed that all these lines decayed· to some extent 

and then remained constant with time. The latter effect is undoubtedly 

due to self eicitat.ioh of the bulk Am241 in the sample, and a correction 

for this effect has been applied to the intensities.' However, the 

presence of x=rays with the Am
242m decay capable' of exc':i..ting the americium 

L2 and L
3 

shells indicates the ob'se:fv-ed relative abundances are merely 

upper limits. At least part of the americium L
3 

lines are' due to 

fluorescence· excitation bythe intense ·cu~ium Lt3
1 

which is only 1 kev 

above the americium 1
3 

edge (18.52 kev). · Greater intensity of the 

americium lines found in the earlier study29 was very likely due to 

greater sample mass and other;effects which increased the amount of 

fluorescence excitation. 

The relative L shel~: quantum yield~ of the two even=even daughters 

are: 
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Cm L2 :L
3 

= 160:50 

Pu L2 :L
3 

= 50:20 

These figures are based on the observed intensities and were 

corrected for the abundance of the L lines not observed using the 

data on Am241 (see Appendix, Table 17). The L1 quantum yield has 

been omitted because of uncertainties in line assignments and low 

abundance. 

. : ·27 
Using fluorescence yields based on Kinsey's es:tunates one ·c¢an 

calculate the relative L shell vacancies. However, the possibility 

of nonradiative transitions which shift an electron vacancy from one 

L shell to another must be considered.· Such transitions were suggested 
. . ' 

by Coster and Kronig30 to explain certain x-ray satellite lines. The 

L1-L
3 

shift with the ejection of an M electron should be, accord;i.ng 

to Kinsey, the most prominent mode of filling the L1 shell. Pr~vious 

data obtained in this laboratory11 and also the work on Am.241 indi-
·: 

cates the ~gnitude of the Coster-Kronig coefficient is smaller than 

the estimat~d value. Because of these uncertainties, the following 

vacancy ratios were calculated ignoring this effect. The fluorescence 

yield of the plutonium K shell is estimated as 98 percent.31 ,32 

Cm L2 :L
3 

= 250:110 

Pu K:L2 :L
3 

= 40:80:50 • 

A correction must now be applied for the L vacancies in plutonium 

due to emission of K x-rays. Extrapolating the relative intensities 

of the K series radiations as listed by Compton and A1lison33 one finds 

approximatefy 25 percent of the K vacancies give rise to L2 holes and 



.50 percent to L
3 

holes at.Z = 94. Taking this into account the 

corrected ratio of K vacancies to L vacancies in plutonium is as 
) . ' -~ 

follows: 

Pu K~L2 :L3 = 40~70:30 
.. ., .. ·. .. 4 

The beta ray spectro~ete~ studies by Passell3 indicate the 
. . . ' ' ' ; .. - . ' ' \ ' . . ~ .:. . 

. presence of two highly converted gamma rays and a beta spectrum of 

628 kev maxim~ ~ne~gy. His line data are summarized in Tabie.3. 

';Table 3·· 

. 242m 'Conversion· Lines from the Decay of Am · · 

· ·Electron energy · · · conver.sion 'shell 

17.3 

22.0 

25.5 

Cm L2 

em L
3 

Cm~ 

Cm M4-M
5 

Cm N (or Pu M'l ) 

PwL2 

Pu Lc3 

Ga.rnma·ray 
energy 

(kev) 

46.9' 

4LO 
·:1-: 

Best energy 
(kev) 

41.4 41.0 

40.6 

4L6 

43.2 

43.6 

·. ·.· 

43.4 

The L x-ray intensities lead to a ratio of curium to plutonium L 

c6nve~sion of 3.6, assupting only K·o':r' L1 electron capt~e~ This is 

to be compared to the value of 2.) determined from the conversion elec-

tron abundances. 

· Beta L x-ray cOincidence stUdiEHf on ·Ani242m by ~rank Stephens35 

show 55 percent decay to the ground state and 45':Perceritto the first 



• 

-23-

excited state of Cm242 • Using this information, the reported branching 

ratio of 4.2 ~-/EC,36 and the above conversion ratio, the electron 

capture branching ratio to the ground state and first excited state of 

Pu242 is 1. This implies a K/11 capture ratio of 0.2. Close cycle 

calculations indicate the electron capture energy of Am242 is.0.66 Mev. 

If the isomeric transition is 35 kev as discussed below, the electron 

242m . . 
6 capture energy of Am 1s o. 9 and 0.65 Mev to the ground state and 

242 . . I . f:i,rst excited state of Pu , respectively. Such a low K 1 capture rat1o 

is very unusual for this amount of energy and certainly requires further 

study. An appreciable Coster-Kronig effect or 12 and 1
3 

capture would 

tend to increase this value. 

The 12 to 1
3 

quantum yield of the americium lines is 3:2, and the 

calculated vacancy ratio is 1:1. On the basis of 1 conversion alone the 

isomeric transition occurs in 6 percent of the decays. However, this 

figure must be considered an upper limit because of fluorescence 

excitation. 

Two gamma rays were observed on the bent crystal spectrometer and 

the results are compa;red to the beta spectrometer data of two investiga-

tors in Table 4~ · 
Table 4 

Gamma Rays Observed in the Decay of Am242m 

Observed energy Passell's34 Church's37 · Intensity 
(kev) energy energy relative to 

(kev) (kev) Cm 1~i 

42.3 ± 0.2 41.0 42.2 0.7 500. 

44.8 ± 0.2 43.4 44.6 0.6 200 

There were indications of a line at 43.6 kev, but this is very 

likely due to an.instrumental effect. Because the entire spectrum was 
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e~amined at the slowest sweeping rate it was not possible to observe 

~hese lines more than 0r1ce on each side of the spectrometer midpoint. 

The energies are .in good agreement with those deduced from the electron 

lines, •. 

The L shell conversion coefficients in Table 4 were calculated 

from the L vacancies and the intemitie~ of the two gamma rays. L1 

conversion was not taken into account~ The two gamma rays are very 

likely electric quadrupole transition::; on the basis of comparison of 

these conversion coefficients with the theoretical values calculated by 

28 Gellman et al. and represent the first excited state transitions in 

the two even-even daughters. The first excited state of Cm242 had been 

. 246 38 infe]:'red as about 40 kev·from the alpha decay 6f Cf • 

At present it appears that the separation between the two Am242 

isomers is about 35 kev. This assumes that the measured beta particle 

energies of the two isomers are the respective ground state transitions. 

Since ~ L x-ray coincidence experiments indicate comparable population 

of the ground and,first excited state of Cm242 by both isomers the 

assumption is reasonable. 

c. Am242 

The present study of Am242m indicated that the conversion line 

assignments in the work of oiKelley et ~. 29 were somewhat in error. 

. 39 242 . O'Kelley had suggested that the long lived Am electron captured 

to the same state as the 16 hour isomer on the basis of persistence 

of several electron lines which were thought to be due to L shell 

conversion in plutonium. These lines had decayed and then remained 
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constant wfth·time. 
. 34 

The beta ray spectrometer study by Passell 

ciearly indicated that the lines in question were M conversion electrons 

th 16 h . d 1 .t 1· f ~~241 Th of e our activity supen.mpose upon e ec ron J.nes o .t1.1l! • us 

an experiment was undertaken using the scintillation counter to 

determine if K electron capture did compete with beta decay in the 

242 long-lived Am • 

Approximately 107 alpha counts per minute of intensely neutron 

irradiated americium was obtained from Drs. S. G. ThOmpson and E. K. Hulet. 

Mass analysis of this material had given the following isotopic abundances. 

Am241 90.4 percent 

Am242 1.13 

Am243 8.51 

Am243 is in equilibrium with the 2.3 day Np239 which has associated 

with it prominent plutonium K x-rays. Since the object of this experi-

ment was to try and detect any plutonium K radiation which might be 

associated wi'th t·he Am242 decay the neptunium was sep~rated from ameri-

cium by ion exch~nge techniques. The efficiency of the separation 

was readily determined on the scintillation counter by the absence of 

the prominent Np239 radiation in the 200-300 kev region. 

In order to facilitate detection of the plutonium K x-rays it was 

necessary to employ absorbers to decrease the intensity of the 59.6 kev 

gamma ray of Am241 • Using 700 mg per cm2 of silver absorber, radiation 

at 105 kev was easily detected on the scintillation counter. The line 

had the structure expected for a K x~ray multiplet where the high energy 

components are accentuated by absorption. It was also possible to see 
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the 75 kev gamma ray of Am243 on the high energy side of the Am241 gamma 

ray. A typical spectrum is shown in Figure 3, 

Making suitable corrections for absorption, escape peak, and the 

presence of the Am243 gamma ray the ratio of 59.6 kev gamma ray to K 

x-rays was calculated as 

'i59 .6" :K x-rays = 100:1.7 . 

When the sample was in equilibrium with Np2 39 the x•ray peak intensity 

was increased by about a factor of two. 

From the measured mass abundance of Am241 and Am242 , the half~life40 

241 12 of Am , and the. absolute abundance of the 59.6 kev gamma ray the 

partial half-life for K electron capture in Am242 was calculated as 

850 years. The half-life of Am242 is about 100 years, 41 indicating a 

~ to K capture ratio of approximately 9. 
l., 

242 Passell has measured the beta energy of Am as 588 kev. Beta L 

x-ray coincidence studies by Stephens35 indicate comparable population 

242 of the ground state and the first excited state of Cm so this energy 

is very likely the. disintegration energy. Closed cycle calculations24 

indicate 660 kev are available for electron capture to the ground state 

of PU242. 

D •.. Irl92 

A very complex array of gamma radiation is associated with the 

beta decay of the 74 day rr192. Cork ·and co•workers42 studying the 

conversion electron spectrum were the ;first to detect evidence of 

electron capture by noting that several transitions had K and L 
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conversion· lines whose separation was characteristic of osmium rather 

·.than platinum. Also several Auger transitions were found which could 

be ascribed to the electron capture daughter. Seventeen gamma rays 

were-inferred from the-electron line data and 14 of these were arranged 

iri a reasonable decay ;3cheme involving 5 excited states of platinum 

and 3 of osmium. 

· Muller, , et al. ~ 3' U:sirig a 2 meter bent crystal· spectrometer were 

able to detect the K series radiation of the electron capture daughter 

as well as the platinUm x-rays from internal conversion following the 

beta decay. They observed 11 of the lines reported by Cork and because 

of their very high precision they were able to substantiate many of the 

cascade ... cross ov~r conditions required by the proposed decay scheme. 

·aamma-gamn:t.a coincidence experiments44 , 45 are also in agreement with 

this scheme. 

Mims and Halben 46 investigated the possibility of positron emission 

by Ir192 using a gamma~ga:mma coincidence apparatus to detect annihila= 

tion radiation. They were able to set a limit of 8 x 10~3 percent for 

this mode of decay • · 

In an effort to determine the extent to which Ir192 u.ndergoes 

electron capture a quantity of this activity was obtained from the Oak 

Ridge National Laboratory. The K lines of osmium aL\d platinum were 
a 

observed with the bent crystal spectrometer but because of poor resolu~ 

tion it was difficUlt to obtain good relative intensit·ies,, . Muller 

reported a value of l. 3 fOr the platinum to 69:mium K x-ray ratio and this 

figure will be used in caTculations to follow. 

A sample of Irl,92 was ·counted :Cn the 41f collnter and then the 

electromagnetic radiation was examined with the scintillation counter. 
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The observed lines, all multiplets, and intensities per beta are listed 

in Table 5 along with part of Mulleris.data. (The actual 4:rr count was 

corrected for the abundance of electron capture after the branching 

ratio was determined in order to get the true beta disintegration rate. 

It was assumed that the COU!fting efficiency for electron capture was 

100 percent but an error of a factor of 2 in this figure will only 

lower the intensity values by about 4 percent.') Since. Muller 1 s 

relative intensitie.s are only stated, as being good over a narrow energy 

range the two sets of data have been combined in column 5 .of the Table. 
' . . . . 

The gamma rays below 295 kev were seen.with the scintillation spectra-

meter but intensity measurements were not possible because of the 

presence of a large Compton.continuum. 

A K x-ray peak was also observed and its·intensity measured as 

0.13 photon/f3-. Correcting this for fluorescence yield32 one obtains 

0.14 K va,cancy/f3- •. Using Muller 1.s measured platinum to osmium x;..ray 

ratio there are 0.08 platin_um and 0.06 osmium K vacancies per beta. 

Bashilov and co•workers47 have determined the abundances of the K 

conversion lines per beta particle and these are listed in column 6. 

The sum of the conversion lines or .platinum. (including several not listed 

in Table 5) is 0 .• 076, in good ag17eement with the above value of 0. 08. 

The K. vacancies of osmium due to conversion are 0.005, indicating 

0.055 K electron capture events per beta disintegration. 

ColUI!in 7 lists the K conversion cpefficients calculated from 

columns 5 and 6. Adjacent to.this is the possible type of transition 

according to Rose•s
48 

theoretical K.conversion coefficients. The 

latter values are listed in Table 6 for El; E2, E3,. and Ml transitions. 

.. 



Table 5 

Gamma Rays Following the Decay of Irl92 

Scintillation ·.·Intensity Muller Muller AJ'JJ.tnd~~G@'_ K conversion ·c;c Transi-
counter energy photon/(3 et al.43 et al. Electron/(347 ticiil 

(kev) --- --·-· Photon/(3 energies relative type 
(kev) intensities 

295.94 380 0.30 0.016 0.053 E2 

3lq 1.37 308.45 370 0.29 0.015 0.052 E2 

- 316.46 990 0.78 0.034 0.044 E2 

467.98 300 0.46 
.. 

0.0077 0.017 E2 I 
470 0.49 w 

484.75 ll 0.017 0.0005* 0.029 E2 0 
I 

588.40 11 0.10 0.00045 0.0045 El 

600 0.27 6o4.53 14 0.13 0.0014 O.Oa..1 E2 

612.87 _-5 0.045 0.00056 0 •. 012 E2 

205.74 75 0.0043* 

201.31 10 0.00065* 

136.33 4 

*Conversion in osmium. 



Table 6 

Theoretical K Conversion Coefficients of the 
Irl92 Gamma Rays 

Energy El E2 E3 

296 2.3 X 10-2 
6.5 X 10-2 0.18 

308 2.0 X 10 -2 5.8 X 10-2 ' 0.16 

316 l.9x 10-2 
5.6 X 10-2 0.15 

468 8.4 X 10 .. 3 2.3 X 10-2 
5.8 X 10-2 

485* 6.8 X 10-3 l.9x 10-2 
4. 7 X 10-2 

588 5.0 X l0- 3 1.4 X 10-2 
3-3 X 10 .. 2 

605 4.8 X 10-3 lr3 X 10-2 
3.1 X 10-2 

613 4.6 X 10-3 1.3 X 10-2 
3.0 X 10-z 

*conversion in o'smium. 

Ml 

0.30 

0.28 

In light of Muller's relative intensities it appears reasonable 

\ 

that the gamma ray sequence in the electron capture daughter as 

suggested by Cork should by reversed. This would place the first 

excited state of Os192 at 206 kev which is more in line with the trend 

of these levels in the lighter osmium isotopes. 2 

On the basis of the multipolarities iisted in Table 5 the first 

three levels of Pt192 form a 0+-2+-2+ sequence. The next two undoubtedly 

have even spin and parity, but more data on the lower energy transitions 

are required. These levels may both be 4+. The state at 1201 kev has 

odd parity on the basis of the El assignment to 588 kev transition. 
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The modified decay scheme of Cork ~ al. is shown in Figure 4. 

Several other gamma rays have been observed,44 , 47 but these are of low 

intensity and are ami tted from the decay scheme. Three beta groups of 

0.67 Mev (44 percent), 0.54 Mev (40 percent),.s.and 0.24 Mev (16 percent) 

have beenreported by Bashilov. It is thought that the maximum 

energy group populates the 919 kev level indicating a beta disintegra-

tion energy of 1.59 Mev. 

It is very interesting to note the analogy between the levels of 

os192 and Pt192 • Both the relative energies and the relative :i.ntensi-

ties of the gamma ray transitions in each daughter are qualitatively 

the same. Most likely the spin and parity assignments of the detected 

osmium levels·are the same as the corresponding ones in platinum. 

The partial half•life forK electron capture is 3.7 years on the 

.. 2 ' '-
basis of a 5.5 x 10 K/~ branching ratio. 

E. .A.gllOm and AgllO 

The radiations associated with the 270 day AgllOm have been the 

subject of many experimental studies. Siegbahli,49 and Cork~ ~.5° 

have shown that a highly converted 116 kev g;amma ray is the isomeric 

transition to the 24 second Ag110 on the basis of the energy separa

tion of its K and L shell conversion electrons. Miskel, 51 by rapid' 

eil:ec.t~0ly:tic separation, was able to prove the genetic relationship 

between the two isomers. The main mode of decay of the upper state, 

however, is to high energy excited levels of ca110 by the emission of 

two beta groups of 88 and 530 kev maximum energy, respectively. The 

short iived Ag110 which is in equilibrium with its long lived parent 

• 
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decays by em.ission of two beta groups of over 2 Mev energy. From the 

abundance of these hard transitions Siegbahn estimated approximately 

6 AgllOm . ·percent of the undergoes an isomeric transition. By the 

same method Anton 1 eva and co-workers52 arrived at a figure of 2 percent. 

The electrOn capture dec~y of AgllOm to stable Pd110 has not bee!f 

reported. Deutsch53 has set a limit of 3 percent for K electron 

capture on the basis of failure to observe any K radiation. A,limit 

of.0.05 percent has been set on the (3+/!3- ratio46 by measurement of 

annihilation radiation coincidences. 

110m . . A sample of Ag was obtaJ.ned from the Oak Ridge National 

Laboratory and mounted for the bent crystal spectrometer. On sweeping 

the 20 kev region four lines were observed and the energies 19arld 

relatiye intensities of two of the 'four lines ar~clisted in Table 7. 

The intensities of the ~2 radiations were not calculated because of 

poor resolution from. the KQ:1 but were of the expected magnitude. A 

careful examination of the region of the palladium Kai yielded negative 

results and a lim.it of 15 percent of the .silver KQ:1 intensity can be 

set for this line. The spectrum is shoWn in Figure 5. 

Table 7 

K X-Ray.s Following the Decay of Ag 110m 

Observed c:n.r:Accepted Corrected 
Line Transition ener~ ener~ relati:ve 

..,~···-· .-... (key (kev intensity 

Ag Ka2 Ag K-L2 22.06 ± 0.06 21.99 

.Ag ~'1 Ag K-t:
3 

22 .• 19 ± 0.03 22.16 2.1 

ca K&·· .. ' '2 Cd K..:L2 23.05 ± 0.12 . 22.;98 

Cd Ka 1 Cd 'K-L
3 

23.21 ± 0.04 23.17 1 
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'The source of the silver K series radiation is the K conversion of 

· the. 116 kev isomeric trans:i;tion •. The. cadmium lines are due to K 

· · · · · f th · f 11 · th b t d of AgllOm. convers1on o . · e numerous gamma rays o. owJ.ng e e a ecay 

' In order to detennine absolute intensities of the K :x-rays a small 

sample. was prepared on a Tygon filin; courtted in the 4:n: counter, and 

then examined in the calibrated proportional counter, When an 

absorber of 470 rng/cm
2 

·Of beryllium was us.ed to remove the. electrons 

· associated with the decay, a broad x•ray peak was ob.served at 22.5 kev 

and its corrected intensity was found .to be 0.037 photon::: per disinte

gration, Using a figure of 0.81 for the K shell fluoreseence yield,32 

this datum indicates 0.045 KVacancy per disintegration. 

The 116 kev gamma ray is thought to be an M4 transitiOn arid ·as 

such would be essentially completely converte·d. From the relative 

intensitie.s in Table 7 and the proportional counter data one calculates 

0.031 silver K vacancy per disintegration. The K/L+M conversion ratio 

. . ~9 52 . . 
has been reported ' ae; .aJ:>proximately l. 5, indicating 0.05 isomeric 

·tr-ansition per disintegration •. This is in excellent agreement with 

' ' Siegbahnis estimate·~ 

From the intensity limit of the palladium Kc:ti ·line and the number 

of. Silver K vacancies., a limit of 0.5 percent can be .set on ·the number 

.ofKelectron capture events per disintegration. This corresponds to 

a partial half'-life for this mode of decay greater than 159 years. 

The number of cadmium K vacancies is 0.014 per disintegration. It 

·is difficult; however, to:compare this figure with data reported in the 

literature~ The K conversion coefficient of the prominent 656 kev 

-3 49 . gamma ray has been found to be 2. 5 :x 10 , and the author has de:bennined 
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.the intensity of this radiation as approximately.lOOpercent per beta 

decay by 41t' counting and scintillation spectroscopy. However, corres-

pondi:ng information is not availa,.ble on other lines. In order to get 

an esti~te of the number of cadmium~ vacancies the conversion elec-

tron spectrum given in Figtire l of reference 49 was crudely integrated 

and. the area,. of· the cadmium K lines. was compared to the area of the K 

conversion line of the 116 kev isomeric transition. The result 

indicates the silver to cadmium conversion ratio was roughly 1.7 and 

in, view of the method of integratiOn this is felt to be in excellent 

agreement with the measured ratio of 2.1. 

Since the isomeric transition occurs in 5 percent of the decays of 

A 110m g · and the limit 0 • 5 percent has been set on tb,e number of K 

electron_capture events per decay, a limit of 10 percent can be placed 

110 on the amount of K electron capture by the 24 second Ag • 

F. Cs134. 

The 2.3 year Cs134 is known to decay by beta ·particle emission to 

' 134 stable Ba . Many gamma rays are associatedwith the decay and these 

have recently been interpreted in te.rms of a new level scheme for Ba134 • 54 

The search for decay to Xe134 has led to negative results. 

Waggoner;· Moon and Roberts 55 in a .study of the conversion electron 

spectrum of cs134 suggested that a 1.002 and 1.135 Mev electron line 

might be due to gamma ray transitions in Xe134 , and set a limit -of ___ _ 

4 percent on the amount of electron capture in Cs134 on the basis of 

thei!.' intensity. Both t4ese transitions have been incorporated in the 

new level scheme of Ba134 . Siegbahn and peutsch56 tried to detect the 
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xenon K x-rays in a proportional counter and set a limit of 5 percent 

on the amount of K electron capture 0 Mims and Halben:46 using a gamma

gamma coincidence apparatus found that the ~+~~- ratio was less than 

Oo009 percento 

A high specific activity sample of Cs134 (20 curies/gram) was 

obtained from the'Oak Ridge National Laboratory. The cesium in 

chloride solution was dried on a platinum plate, powdered, and mounted 

in the usual fashion for the bent crystal spectrometero .The capillary 

contained approximately 10 millicuries of the activity. 

Careful sweeps of the spectrum revealed only two weak "barium lines. 

The energies of the radiations are listed in Table 8" Because of the 

low intensity of these lines and the relatively high background from 

the abundant gamma rays associated with the decay of Cs134 a limit of 

cinly 1/3 the intensity of the barium K x-rays could be set for xenon 

K lines in the spectrum. 

Table 8 

K X•Rays Following the Decay of cs134 

Line Transition Observed energy Accepted energy 
(kev) (kev) 

Ba Kq2 K·L 2 3lo80 ± Oo07 31.80 

Ba Kal K-L 
3 

32.16 ± 0.08 32.18 

A small sample of the activity was 4rc counted and then examined 

with the proportional counter.. Use was made of beryllium absorbers 

to remove the beta particles and two lines were observed which 
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corresponded to the barium Ka and K() radiation· at 32.2 and 36.5 kev, 

respectively. It was somewhat difficult to correct the observed 

intensities for counting efficiency because the Kt3 group is above the 

K absorption edge of the xenon counter gas while the ~ group is below 

it. By considering only the Ka radiation and employing the Ka/K() ratio 

for this atomic number as obtained from Compton and Allison33 the 

intensity of the K x-rays was calculated as 0.6 percent per disinte

gration. Broyles3l has determined the fluorescence yield of the K 

shell of barium as 0.87 and thus the number of K vacancies is 

0.7 percent. As stated above, the limit on the intensity of the 

xenon x-rays from the decay of Cs134 was l/3 the number of barium.K 

x-rays. Since the fluorescence yields will be roughly the same a 

limit of 0.2 percent can be set on the occu~nce ·of K electr_on capture. 

This corresponds to a partial half-life of greater than 1100 years. 

The .. observed number of K vacancies is consistent with the available 

data on the relative intensities and K conversion coefficients of the 

134 prominent gamma rays of Cs . , and the decay scheme and beta group 

abundances of Cork and co-workers.54 ,57 

G. Tl204 

204 The oeta decay of Tl has been the subject of many studies but 

it 9,as only been recently that_ evidence for electron capture has been 

obtained. Mitchell and Caird58 detected electromagnetic radiation of 

approximately the energy of the K x-rays of mercury in Tl204 and upon 

comparison with a source of mercury x-rays concluded that this 

isotope did undergo electron capture. Lidofsky, Macklin and Wu, 59 
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at the same time, also reported the presence of mercury K radiation on 

the basis of critical absorption experiments~ der Mateosian and 

Smith7 incorporated Tl204 in a, Nai (thallium activated) scintillation 

crystal -and observed the x-ray peak in the spectrum. ' Under the · 

conditions of the experiment, such a peak·would only be expected if 

the radiation were not im prompt coincidence with the beta group. The 

latter author-s determined a branching ratio of 0 ;015 ± 0.005 K capture 

per beta disintegration. In an effort to characterize the observed 

•• ' r 

radiation definitely the following experiments were performed. 

Ten niillicuries of Tl204 was received from the Oak Ridge National 

Laboratory. Because of the relatively low specific activity (450 milli

curies/gram) 'about 1 millicurie was used for· a bent crystal spectrometer 

sample. Although the intehsi ties were low, two lines were observed and 

identified. The results are ·listed in Table 9. · Because of resolution 

difficulties' only approximate reiative ir{tensities coUld be determined. 

Table 9 

204 Mercury K X-Rays Following Decay of Tl 

Line Transition Observed energy Accepted energy 

(k~v) '(k~v) 

Hg Ka2 K-L 2 68~79 ± 0.27 68.90 

Hg Ka:1 K-L
3 70.93 ± 0.19 70.83 

Approximate 
relative 
intensity 

1 

2 

Aside from very weak indic~tions of, the mercury K~ group no other 

electromagnetic radiation was observed. ·.A search was made of the 

~x-ray regions with negative results. 



-41-

Two small samples were prepared and 4n counted. The K ~-rays were 

observed on the scintillation counter and their intensity was deter-

· mined as 1.67 ± 0 .l percent relative to the 4n count (the error is the 

average deviation in two runs). The 5906 kev radiation of Am241 was 

employed as both an energy and intensity standard. Taking .into 

account the 95 percent K shell fluorescence yield of mercury32 the 

percentage K capture in Tl204 is 1. 76 ± 0 ol. 

When these samples were examined with a proportional coi.mter the 

L x-ray multiplet at ll kev was easily detected. Upon correction of 

its intensity for counting efficiency, counter wall absorption, and 

470 mg/cm2 of beryllium employed. to remove the beta particles, the 

··.abundance of the L x-rays was found to be 0. 55 percent per disinte-

gration. Employing a weighted L fluorescence yield based upon Kinsey's 

estimates the total number of L vacancies. is 1.8 percent. When, the 

L vacancies due to. the K x-rays are taken into account one arrives at 

the following K/L electron capture ratio in Tl204 

K/L == 3 

der Mateosian and Smith were able to detect the continuous gamma 

ray spectrum associated with the electron capture decay and found an 

endpoint of about '250 kev. This energy plus the K.absorption edge 

of mercury gives a disintegration energy of 333 kev. 

H. Tbl60 

160 . 160 
Tb . decays by beta particle emission to stable Dy . The 

transition is very complex and has been reported to involve three beta 

groups60 of 0.86 (43 percent), '0.52 (~l percent), and 0.40 (16 percent) 
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61 Mev energy, and 12 gamma rays. Of the latter, 5 are quite prominent 

and their energies are listed in Table 10 below. The other transitions 

· are assumed to be weak because the other workers, 60 ras well ·as the 

author, failed to detect them. 

Table 10 

Prominent Gamma Rays Reported in the Decay of rb160 

·.r, ,,._ 
J~ Line 

r·l 
r2 
r3 
r 

4 
r. 

5 

: ~ 

,,, 
(, 

.Energy II_;,.,\ 

(kev) 

.86,5 

196.4 

297.8 

876 

962 

A search for evidence of. positron emission has yielded negative 
' ' 66 ' 

results and there is no information in the literature con~erning 

poss~ble electron capture to Gd160 . 

· Several milligrams of very pure ,Tb4o
7 

pdwder were irradiated 

in the Materials Testing Reactor at Arco, Idah~, for an 8 day period. 
,, 

About 1 milligram of this material was packed in a capillary and 
. ' 

mounted on 'bhe bent crystal spectrometer. 

Four K series x-rays of dyspros.ium were observed and the 
.. 

measured energies and intensities are listed in Table 11. 

J.i. 
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Table ll 

K X-Rays Following the Decay of Tb160 

Line Transition .Observed. energy Accepted Corrected 
(kev) energy relative 

(kev) intensity 

Dy Ko:z K-1 2 45.27 ± 0.12 45.19 50 

Dy ko:l K-L · 
3 

45.98 ± 0.08 45.98 100 

Dy Kl31133 K-M2M
3 

52.13 ± 0.15 52·09-52.18 35 

Dy K132 K-N N 
2 3 

53.46 ± 0.33 53.49 12 

T~e relative ,intensities. of the K13113
3 

and K132 are somewhat 

uncertain beca~se of the self absorption correction. According to 

the paper by Hill, Church and Mihelich62 the K edge of terbium is at 

52.00 kev and thus these·two lines are subject to considerable absorp-

tion. An attempt has been made to correct for this effect but the 

magnitude of the absorption jUmp at the K edge could only be estimated. 

It is of interest to c~mpare the K x-ray intensities with those 

obtained by the interpolation of the data in Compton and Allison.33 

At Z = 66 the latter indicate the following ratios 

which is in remarkable agreement with the data in.Table ll. Since no 

self absorption correction has been applied to Compton and Allison's 

data this correction is either very small in electron bombardment 

x-ray sources or the agreement here is only fortuitous. 

A careful search of the region of the gadolinium ~l line indi-

cated no detectable quantity of this radiation. There was evidence, 

. 
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however, of terbium K series lines presumably due to fluorescence 

.excitation in the sample. The maximum intensity of the gadolinium 

Ka1 line is 4 per.cent of the dysprosium K(:x1 . 

Two gamma rays were observed on the bent crystal spectrometer. A 

relatively weak 48.75 ± 0.22 kev line was. detected in the early 

sweeps of the K x-ray region. It was noticed that this line decayed 

relative to the x-rays with a half-life of 4 to 10 days. Cork et al. 63 

have observed conversion electrons from a 49,0 1\,ev gamma ray in the .· ; ' . .· . .,. ., . 

decay of the 6.8 day Tb161 and this isotope, formed by two successive 

neutron captures in the high flux reactor, is presumably the source 

of the observed radiation. The x-ray intensities listE;d ~n Table 12 

were determined after the decay of this second order product. , 
.I 

Table 12' 

EfiEirgie~ and Abundances of. the Radiations. 
Observed in the Decay of Tbl60 

Line 

K x-r:ays 

r 
l 

r 
2 

r 
3 

r 
4 

r 
5 

r 
•6 

r· 
7 

Energy Intensity 
(kev:) · (photons/[3-} 

43 0.16 

87 0.12 

195 0.05· 

.;290 0.14 

'890 . 0'.34 

960· 0.34 

1180 0.25 

1270 0.11 
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A gamma ray of 86.91 ± 0.29 kevwas ·observed in an abundance of 

132 relative to the dysprosium K(x
1 

and is f l in Table 10. No other 

lines could be detected above this energy on the bent crystal spectra-

meter. 

If one assumes that f 1 is the main source of K x-rays a K 

conversion coefficient can be calculated, The assumption appears to 

be substantiated by the magnitude of the K conversion electron peak 

of r;_ relative to that of other gamma rays as reported in the litera

ture.60 Employing a 91 percent fluorescence yield32 to obtain the 

number of K vacancies leads to a value of ~ == 1. 7 which can be com

' pared to 1.65 ± 0 ~ 2 determined by McGowan 64 and 1. 5 calculated from 

scintillation counter data to be presented below. 

160 A small sample of Tb was 4rr counted and then examined on the 

scintillation· counter._.· The .observed lines and their approximate 

intensities per beta particle ar~ listed in Table 12. The two highest 

energy lines have not been .previously reported, but were readily 

detected on the. scintillation counter, A portion of the high energy 

. spectrum is shown in Figure 6. 

Preliminary gamma-gamma coincidence studies indicated that at 

least one of the two new lines is in coincidence with f1 . No other 

gamma radiation appears to follow or precede these hard transitions. 

The results on the other gamma rays are not as yet too clear. 

in coincidence with f 1 , while r
5 

is not. It appears as if both 1 4 

and r5 are in coincidence ~ith at least one of the other low energy· 

lines. More work· is definitely needed on this decay scheme, but from 

the gamma ray intensities it appears that all the beta particles 

160 populate levels at least 960 kev above the ground state of Dy . 
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Fig. 6. High energy gamma rays in the decay. o:f 
Tbl6o. 
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From the measured abundance of the dysprosium K x-rays and the 

limit of 4 percent of this figure as the maximum intensity of gadolinium 

K radiation one obtains an upper limit of 0.0064 electron capture x-ray 

per beta particle. Correcting this for fluorescence yield the abundance 

of K capture in Tb160 is less than 0.7 percent, indicating a partial 

half-life of greater than 30 years. The number of dysprosium K 

vacancies can be calculated from the absolute x-ray intensities and 

is 0.18 per disintegration. If rl is the major source of these 

vacancies its K conversion coefficient is 1.5. 

Neutron irradiation of thulium yields the 129 day isotope of mass 

170. This activity decays by emission of two beta groups of 968 

(76 percent) and 884 (24 percent) kev maximum energy, respectively. 65 

The latter group leads to an 84 kev level in the ytterbium daughter 

which decays by gamma ray emission and internal conversion. 

Graham, Wolfson and Be1165 have sought evidence for electron 

capture and positron decay to stable Erl70 but were unable to detect 

such transitions. They set a limit of 0.01 percent for positron 

emission and by beta-gamma coincidence studies they were also able to 

set a limit of 0.3 percent forK electron capture. 

A sample of Tm2o
3 

that had been neutron irradiated in the 

Materials Testing Reactor at Area, Idaho, was made available by Mr. Peter 

Gray and Dr.'s. G. Thompson. The activity had been chemically purified 

by ion exchange techniques. The thulium was precipitated as the hydrox-

ide and mounted as previously described on the bent crystal spectrometer. 
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Four x-ray lines were observed and their energies and relative 

intensities are listed in Table 13. Again it must be said that the 

self absorption correction for the K~1~3 and K~2 lines is uncertain 

because of their proximity to the thulium K edge. Also, the possi-

bility exists that a small part of the observed ytterbium Ka
2 

peak 

is due to the thulium Ka1 caused by fluorescence excitation. A very 

small peak which could be the thulium Ka2 was observed. This might 

explain why the ytterbium Ka1/K(x2 ratio is somewhat smaller than its 

usual value of 2, 

Table 13 

K X-Rays Following the Decay of Tm170 

Line Transition Observed energy Accepted e.tJ. Covrected 
(kev) cenergy• relative 

(kev) intEmsitY,.., 

Yb Ka2 K-L 2 51.17 ± 0.20 51.34 60 

Yb Kal K-L 
3 

52.24 ± 0.11 52.36 100 

Yb K~l~3 K-M2M
3 59-38 ± 0.21 59.15-59.38 40 

Yb K~2 K-N2N
3 

61.25 ± 0.6 60,88 15 

A careful examination was made of the region of the erbium K(x1 but 

nothing above background variations was found. The maximum::_intensity 

of this radiation that could have escaped detection is estimated as 

about 5 percent of the ytterbium Ka1 · 

One line was observed on the bent crystal spectrometer which could 

be ascribed to a gamma ray and it is shown with the K x-ray spectrum in 

Figure 7. Its measured energy was 84.12 ± 0.27 kev which is in excellent 
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agreement with the conversion electron value of 84.1. 65 The intensity 

of this line was 210 relative to the ytterbium K(x
1

. ·. Since the internal 

conversion of this gamma ray is the only source of K x-rays its K 

conversion coefficient will be givenby 

I(K x-ray intensities) 

where fK is the K fluorescence yield of ytterbium and can be estimated 

as 0.92. 32 The result is ~K = 1.? ~hich can be compared to the value 

of L5 determined by McGowan, 64 1.6 by Grahain et al., 65 and 1.5 deter-

mined on the scintillation counter as described below. 

A small sample of Tml70 was 4n counted and examined with the 

scintillation counter. Only the x-ray peak at 52 kev and the gamma 

peak at 86 kev were observed. By integrating these two lines and 

correcting for the escape peaks the intensities were found to be 

3.7 percent and 2.6 percent, respectively, relative to the 4n count. 

Taking into account the fluorescence yield the K conversion coefficient 

of the gamma ray is 1.5. The inten~ity of the gamma ray can be com-

pared to the value of 3 percent found by Graham, Wolfson and Bell. 

From the absolute abundance of the K x-rays and the limit set on 

the erbium K(x1 relative to the ytterbium Ka1., ·the abundance of K 

electron ·capture is less than 0.2 percent per beta disinteg~ation. 

This corresponds to a partial half-life of greater than 170 years. 

J. 

The 60 day Sb124 decays by beta emission to several excited 

i24 states of stable Te . This activity has received considerable 
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study57 and a level scheme of the tellurium daughter has been proposed. 

Recently reported coincidence studies by Langer and Starner
66 

have 

verified certain aspects of this scheme. 

Langer, Moffat and Price67 attempted to find evidence forK 

electron capture to Sn124 by studying the Auger electron spectrum ~ut 
with no success. These authors also found no evidence for positron 

emission. 

A sample of Sb124 was received from the Oak Ridge National 

Laboratory and was mounted for the bent crystal spectrometer. Un-

fortunately no lines could be detected because of low specific activity. 

A small portion of the sample was then counted in the 4n counter 

and examined with the proportional counter. 
2 

When 1 gram/em of 

beryllium was used to absorb the beta particles a small Ka peak was 

observed at 27 kev. There was also an indication of the Kf3 group on 

the high energy side of this line. These radiations are undoubtedly 

the x-rays of tellurium from gamma ray conversion. The expected 

energy of the tellurium~ group is 27.5 kev while that of the tin 

Ka group is 25.2 kev. 

Integration of the observed peak and correction for absorber and 

counting efficiency yielded an abundance of K x-rays of about 0.4 per-

cent relative to the 4n count. The K fluorescence yield at this Z 

is approximately 0.85,32 and applying this factor a K vacancy 

abundance of 0.5 percent was calculated. Hutchinson and Wiedenbeck
68 

have measured the intensity of the K conversion line of the promi

nent 603 kev gamma ray associated with the decay of Sb124 and found 

o:oo36 K conversion electron per beta particle. Tomlinson et al. 69 
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have :found the otherK lines tope about 16 perceni:; of t~;is, giving 

a total of approximately 0.4 K vacancy of telluriumpeJ::l?e;ta particle. 

Thus a limit, .of 0.1 p~rcent,,can be set forK elect~_on C§.pture in 

. Sb124 . This corresponds: to -a partial half:-li::fe of gre?-;t1er tp:an 

l70·years. 

! _: .• K •. Sbl22 

.<· ... 1 _, 

...• ~· .. i ·, .... . 

122 
The radiations associated witP. the 2.8 413-Y' Sb • have been studied 

by Glaubman and Metzger. 70 These. authorp have :r;epqrted :thpee beta 

groupsjl.94 (26 percent), 1.36 (69 percent), apd 0.73{5 1 p!=r~ent) Mev. 

They have also observed gamma rays of 0.563 (73 percent)_, 0~692 

( 3. 5 percent), and 1. 25 Jo ;8{perc~~nt}(!:M~Y. Gt;munfi..,g~a) coincidence 

studies showed the. first two gamma rays were· in c:asc:ade. -;':['he weak 

1.25 Mev ,radiation -was assume,d to be the .cross;-over t_rartsition. 

These data were interpreted in te-rm,s of two ,excited states, .in Te
122

, 

.0.563 and 1.25 MevabdvE::;! the ground state, and.be;ta transitions to 

, these levels. and the , gr.ound st_ate. · The.re ,yere also; ip.q.icatio:ps of a 

gamma ray at· 1.15 _Mev in 1 percent abundance •. , •No rnen;tion wa,s made of 

122 possible .elec-tron· capture to Sn i/ _ 

_ The 0. 563 :Mev trans;i tion ,is the_ .Q,omi;na:nt. -feat11r~; ,~n tp.e gamma ray 

spectrum, according to Glaubman and ~et.~ger and- has,- a :measured K 

conversion coef'f·icient qf 0 .0049.. From tb,e mea,s1,l:red -.inten,sit;.y of the 

gamma ray the,re should be:O .0036. K vacancY{c'( .per bet:a particle. Since 

the other transitions are both lower in·abundance and higher in energy 

one,might -expect little additional K conversion. It then se.e'med 

·_reasonable to expect .no-more than approximately 0.4 percent ~ 
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vacancy: due to conversion in tellurium or 0.34 percent K x-ray from 

this source. 

Neutron irradiated antimony metal was obtained from the Oak Ridge 

National Laboratory. Since the specific activity was quite low it did 

not seem feasible to examine the x-rays on the bent crystal spectra-

meter. The antimony was dissolved in HN0
3 

+ Br2 solution and 

several small samples were taken for 4n: counting. On examination 

with the scintillation counter a fairly intense x-ray peak was ob-

served at about 28 kev. Integration of this peak yielded an 

intensity of 2.6 percent relative to the 4n: count. A more careful 

exami~ation with the proportional counter showed a broad line at 

24.5 kev whose integrated area corresponded to 2.5 percent of the 4:n: 

count when corrected for counting efficiency and beryllium absorber. 

On iqtensity grounds alone it seemed obvious that K electron 

capture was competing with the beta decay to the extent of several 

percent~ Alsq, the proportional counter measurement indicated the 

x-ray energy was closer to the tin Ko: radiation (25.2 kev) than to the 

tellurium K lines (27.5 kev). ~o further check the nature of the a: 
radiation critical absorption experiments were performed on the 

scintillation spectrometer using palladium, silver and cadmium foils. 

The K absorption edge of these elements as well and the K series 

line energies of tin, antimony and tellurium are listed in Table 14~ 

. It was indeed found that palladium behaved as a critical ab-

sorber while silver and cadmium did not. The prepence of the excited 

K radiation from the absorbers did, however, prevent the experiment 

from being as clear cut<as desired. Absorption curves taken on the 

50 channel gamma ray analyzer are shown in Figure 8. 
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Fig. 8. Critical absorption of the K x-rays in 
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Table 14 

Critical Absorption Data for the K X-Rays Following 
the Decay of Sbl22 

Absorbers 

Element K edge 62 Element KCx2 KCxl Kf3lf33 Kf32 

Pd 24.36 Sn 25.04 25.27 28.46 29.11 

Ag 25.54 Sb 26.11 26.36 29.72 30.34 

Cd 26.71 Te 27.20 27.47 30.99 31.69 

After these experiments were performed a sample of enriched 

antimony metal (99.4 percent Sb121) was irradiated in the Materials 

Testing Reactor, Arco, Idaho, for about • 32 hours. The high specific 

actiyity Sb122 thus formed was examined with the bent crystal spectra-

meter and the observed lines are listed in Table 15. 

· Table 15 

K x~Rays Following the Decay of Sb122 

., 

Line Observed energy Accepted energy 
(kev) (kev) 

Sn Ka2 '25 .08 ± 0.05 25.05 

Sn Kal 25.28 ± 0.02 25.27 

. Sn; .Kf31 f33 
28.48 .. ±. 0.03 28.44-28.49 

Sn Kf32 2·9.09 ± 0.06 29.11 

~ " . . ,Sb Kaz 26.14 ± 0.05 26.11 . ...~. 

Sb Ka~ 26.39 ± 0.02 26.36 

Sb Kf3l~3 2.9. 74 ± 0.07 29.72 

Te Ka2 27.26 ± 0.05 27.20 

Te Kal 27.52 ± 0.03 27.47 

Te Kf31 f33 
30.96 ± 0.07 30.99 
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The tin x-~ays arise from electron capture in Sb122 while the 

tellurium lines are due to K shell conversion of gamma radiation 

following the beta decay of this nuclide. The presence of antimony K 

radiation can be ascribed to fluorescence excitation in the sample. 

A portion of the spectrum is shown in Figure 9. 

The ratio of tin to tellurium K x-rays in 6:1. This figure 

coupled with the measured total abundance of K x-rays mentioned above 

leads to a value of 0.022 tin x-rayr and 0.0036 tellurium x-ray per 

disintegration. From these intensities and the fluorescence yield 32 

of.0.84 at this Z the number of tin and tellurium K vacancies per 

disi.ntegratidn are 0.026 and 0.0043, respectively. The former 

figure corresponds to a partial half-life of approximately 110 days 

forK .electron capture. 

It is possible that the unassigned 1.15 Mev gamma ray found by 

Glaubman and Metzger and not placed in their decay scheme may be 

associated with the electron capture decay. From the correlation of 

the first excited states of even-even nuclei2 one might predict an 

ene~ of about 1;3 Mev for the lowest excited level ,in Sn122 • This 

· ( 116 Snl20) value is based on a two point linear extr~polation Sn and 

and could be in error by a considerable amount. If the t .15 Mev 

level is in Sn122 , 0.01 K electron capture event; populate this state 

on the basis of the reported intensity of the gamma ray and the 

122 
remaining 0.016 event lead to the ground state of Sn . 

; 
\ 
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The decay of the 22 hour Np23 has been studied by Orth and 

O'Kelley,7l These authors found evidence of electron capture from 

Auger electron intensities and x-ray abundance determined by absorp-

tion techniques. A rather intense electron line was observed and 
! ~' :. i 

•.; ,· 

assigned as the K conversion peak of a 150 kev gamma ray. Very weak 

indications of the L line were also found. Two beta groups of 

maximum energy 0.51 and 0.36 Mev were detected and it was concluded 

that the gamma ray followed the soft beta component and the electron 
' ',:' .. 6 

capture populated the ground state of the u23 daughter. The elec-

tron capture to beta emission branching ratio was estimated as 2. 

A~;roxi:rnat~ly' 500milligrams of u235 (99+ percent pure) in the 

form o; ~ metal foil of 21 milligram~/crn2 ~urface densit~ was born-
) . ' 

barded for a total of 940 microampere hours of deuterons on the 60-

inch cyclotron. Ab.sorbers were employed to give a deuteron energy of 

12 Mev. The Np236 ~as formed by the following reaction 

U235(d,n)N:p236. 

B~cause of its: long half-life, the 13-ctivity. level of Np235 formed by 

~theJ (d,2n) reaction is expected tq be small compared to the desired 

The target was dissolved, in HCl with a few drops_ of H2o2 , and 

small amounts of formic acid and KI were then added to reduce 

neptunium to the quadrivalent state. After sui table adjustment of 

,the HCl concentration, the solution was put on an ion exchange column. 

Under the experimental conditions most fission products passed 

through the resin while uranium and neptunium remained. The latter 
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were then eluted with dilute HCl and treated with H202 to destroy the 

I ion. The solution was boiled with formic acid to bring the neptunium 

back to the (IV) state and the HCl concentration was adjusted to 2 M. 

The neptunium was then extracted into 0.4 !:!_ TTA in benzene, washed 

twice with 2 M HCl and back extracted into 8 M HCl. The extraction 

cycle was repeated and the neptunium was again contacted with the ion 

exchange resin giving the purified product. 

Because of an unusually low cross section72 there was insufficient 

activity for a study of the x-ray spectrum on the bent crystal spectro-

meter. Several small samples were prepared and examined on the 

scintillation counter. L x-rays at about 17 kev and K x-rays at 

100 kev were observed as well as many low intensity lines up to 

1.57 Mev. The latter radiation has been observed in the decay of 

Np234 ;73 and after following the decay of the K x-ray peak con-

eluded that an appreciable amount of this activity was present. The 

Np234 was not too much of a handicap because a suitable correction 

could readily be made for its presence. 

A thorough examination of the 0-200 kev region revealed no indi

cations of the reported 150 kev gamma ray. Passe1174 studying the 

beta spectrum, found that the line originally assigned to the K con-

version of the 150 kev transition was actually a multiplet and could 

be· interpreted in terms of two gamma rays of about 44 kev. By analogy 

242m . to the decay of Am 1t was assumed that these two gamma rays repre-

sented the first excited states of the Pu236 and u236 daughters. If 

the lower energy line is due to conversion in plutonium the gamma ray 
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energies are 43.4,aJ?:d 44_.2 kev, res:;;ec:tively. The l.s.tter is in good 

agreement with the energy of 44 kev deten:dned for the first excited 

state of u~3~: from the a~phEJ. particJ,.e fine stru.cture of Pu
240

. 75 'I'he 

electron intensities of these tvw transitions \.Jere found to be 
' • • . ' J. . ~ ' ' 

.... comparable. 

In qrder to determine the K cat:ture/beta branching ratio the 
.. .'' .. ,. . . '·· .. 

·,.1 

alpha .particle gro~h of }Ju
2

3
6 

was observed in the sarn.e sample used 
·, 'I 

for t~e scintillation counter expe~iment~· The growth curve gave a 

. ,parent .half-li,fe of about 24 hours and alpha pulse analysis indicated 
.. 

l 5 P''l236 · on y the . 75 Mev· alpha particle:;; of L were present. From the 
''. '··. ' . . .; 1; ' ' ':: ·j·:_ ,, :! '. 

236 alpJ::ta particle disintegrati()n rate after the Np . had decayed and the 

absolute ab~dance ?f the K x~r.ays at ~he beginning of the experiment 
:,. ; 

a ~~a~ching ratio 9f K/~-
.·• ,·_ . ' . ' .. ! 

43. ± 5%/57 ± 5% was calculfited. The K 

x-ray:s ):lav;e been ~orrec;ted f(Jr the presence of Np
234 

and an estimated 
' ., ' • ·, •• •' ' ~.. • !, 

97 percept fluorescence yield. _· ~~ .. ,:~.>-.:·-:····.~ ... : __ -_! l,. ·"' ·: . . ·.·· ..... ,·. ·,· . ~ ·. \ ,· • ··-; i_:: ':,' 

... The .. intensity of .the L x-rays v;:as 0.6 relative to th~ K series 
.¥:;). \.··~-- . .:..-·t~j. '·. ~-:·.:, .: . . '.:· 1 .... ! 

.l.ines. Correcting this figure for the mean L shell fluorescence yield 
·::,_.' '.' .: .. ' '.: ·.:·,· ,' :.: ,,1'' ". :: . .'·:J(.• ''j: ~- .. ~ ~·:·;,':·~. {I'~ ';'·;' ,' 

of about 50 percent
2

7 .the numbe-r of L vacancies is lJ 2, perK vacancy .. 
• ' : .• •':., ' r ' ' (' ' ) 

Since .each K vacancy gives rise to rou.g)J.ly 0.72 L.vacancy at this 
•• : • •, I •I, ' • ~:, ': i_, • ·. \.' • ' ' '·I• ·•· '; .' 1 ) '' ._\ I '·; ; 

z33 th~re,·!'lre. at maxi;rnur~·O ._48 L vacancy from conversion per K capture 
" _.., •• J • • ' ' • 1 ' • 

eV~:t;J.~ or _0 ~ ~1, v~cancy per <;li~integratto;n. Thi.$ figure is an upper 
' • ! . 

limit .... on thrr amount of. L conversion because. L electron capture has 
•. · • . ,. 'I:) . ' ,· .. : ' ' ,' - • ~ '". • . ·) :' . J • :·. ., < :. ' ' • .- '> 

been ignored. Since no abu..-r1dant gamma rays which could be ascribed 

. , ;!:-P: the pp
236 

were observed. on the, s~:;i.ntill~:tion C()w'lter it appears safe 

t() qonclude. approximately 80 r;,~rcent of bC?th ~he beta d~cay and K 

electron capture lead to the ground stats; of the respective daughters, 
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the remaining transitions populating the low lying first excited 

states. The decay scheme is shown in Figure 10. 

IV. DISCUSSION OF RESULTS 

As mentioned earlier, the extent to which electron capture com-

petes with (3 decay in a given nuclide depends upon the'respective 

decay energies of the two types of transitions and the spin and parity 

changes that occur. Decay to similar states of the two even-even 

daughters of a shielded nucleus should thus depend mainly upon the 

energy; the matrix element for the two transitions heing similar. 

. . '. 76 It has recently been pointed out by de-Shalit and Goldhaber, however, 

that unusua+ decay rates may occur in regions of.the.closed shells 

because of mixing of the nuclear level conr'iguration. 

The ft values. or comparative half-ltres cif the two tr'ansi tions is 

a convenient criterion for comparing the respective rates of decay to 

similar daughter levels. This product should be independent of energy 

and, except for closed shell effects, be approximately the same for 
., 

both electron capture and beta decay. The ft values employed below 

were determined using the nomogram of Moszkowski, 77 and the compilation 

of King, Dismuke, and Way. 78 The f 1 functions for· · ,;61 = 2, yes" 

transitions were calculated from l'Yiiill3hal:d.s equations 79 and the paper by 

D .d so avl son. In order to compare log f 1t values for electron capture 

and beta decay it is necessary to divide Marshak's B (l) factor by 
c 

2~ to obtain f 1EC. 

Closed cycle calculations24 indicate 0:12 Mev is available for 

electron capture in Np238
0 The beta decay studies show that the first 



: ; .~ 

EC 

. ~ :_ ·. 

SPIN 
a .. 

PARITY ENERGY 
, 2 + 4 4. 2 ...;..'' -· ,;,;,.._.;.__"'-

, 0 + ·. ' 0 _.,....,,....,...,.'T"'7""l,.-l 

F:i.g. 10. 

-62-

SPIN 
a 

ENERGY PARITY 

'-----43.4 2+ 
""""7"'7'"r"T'TTT.1, 0 0 + 

MU-7253 



-63-

excited state of,Pu238 is populated by a transition whose log ft is 

8.4. If this transition, is of the "L\1 2,yes" type then the log f 1t 

is 8.0. Electron capture to the first excited state of u238 
would 

involve a decay energy of roughly 0.08 Mev and on~y L or higher shells 

could be involved. If the electron capture were to have a. log f 1t of 

8.0 the partial half-life for L capture would be approximately 

Boo years. This would correspond to an electron capture/beta branching 

ratio of <10-3 percent and is consistent with the much larger limits of 

4 and 2 percent for 11 and 1 2 capture dete:i:'miried from t.he bent <;!rystal 

spectrometer data" 

Stephens' coincidence data on Am242m indicates comparable beta 

242 decay to the ground and first excited statffiof Cm . The analysis 

of the x-,ray data shows that electron capture populates the corres

'242 
ponding states of Pu to the same relative abundance. Using the 

measured beta energy and branching ratio the log ft ~or both beta 

groups is about 6.9. The log ft for electron capture to the correspond-

ing states can be calculated from Marshak's equations and is 7.2. Thus, 

the comparative half-lives of these .two types of decay differ by only 

a factor of 2 using allowed f functions. A disturbing point, however, 

is the very low K/L capture ratio mentioned above. This aspect 

requires further study. 

The long lived Am242 beta decay has a log ft of 11.4 to be compared 

with the value of about 11.8 for K electron capture calculated from 

the measured partial half-life and the closed cycle decay energy. The 

former value takes into account the equal branching to the ground and 

first excited states of Cm242 . At present the relative population of 
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the electron capture daughter levels is not known. These ft values 

may indicate a second forbidden transition but not one of the type 

"tl "" 3, no. It The log f 2 t of the beta decay for such a transition 

would be about 9 and Davidson80 has shown that a. ~~~I ::: 3,no" decay 

phould have a log f
2

t of approximately 12. 

Th . f i:h t Am2~2 . . '11 kn e splns o e wo lsomers are s·tl un .own. From the 

data accumulated in this laboratory it appears as if both activities 

decay in a very similar fasJJ,ion except for half-life. Since the trend 

of excited states in this region indicates the presence of several 

higher spin levels that could' energetically be reached by either isomer 

and radiations from these are not observed, it is thought that both 

activities hav.e relatively low spin. However, the long isomeric 

transition must be explained. It is tempting to suggest a 0- and 

O!t- assignment to the 16 hour and long lived activity, respectively, 

but this brings on difficulties with the calculated ft values. At 

present the problem of spin and parity assignments must be left unre-

solved._ 

S . f . 1 b] . J-h - 192 0 192 lnce no in ormation lS a·vai a .e concernlng ·~. e J.r ·- s mass 

difference it isnot possible to calculate a log ft for electron cap

ture in Ir192 . According to Bash:i.lov et a.~ .. 4 7 the most energetic -·- --. 
beta group of Ir192 populates the fourth excited state of the 

platinum daughter. The electron capture leads to the third and 

probably lower excited states of osmium. Evaluation of these facts 

will require additional data. 
•. 

Precision mass spectrometricjmeasurements-by Halste.d81 indicate 

Pd110 is heavier than Cd110 by 1.08 ± 0.26 millimass units or 
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1.00 ± 0.24 Mev. Siegbahn49 has reported the beta disintegration 

AgllOm energy of as 3.02 Mev and this coupled with the above mass 

difference indicates 2 Mev is available for electron capture and 

positron emission. One can understand the absence of these types of 

d . t f th 5 . . t f A 110m 82 ecay ln erms o e - spln asslgnmen o g . In the decay 

to cadmium the lowest level populated directly by beta particles is 

2.48 Mev above the ground state. The excited states of Pd
110 

are 

not known but are probably not too much lower in energy than the 

corresponding cadmium levels. Thus electron capture would undoubtedly 

involve a more highly forbidden transition than the beta decay because 

a lower spin state would have to be populated. Positron emission may 

only be energetically possible to the ground and first excited states 

of Pd110 . A transition to the latter, whose position can be estimated 

110 as about 0. 5 Mev above the ground state of Pd · from G. Scharff-

2 Goldhaber's paper, would be third forbidden and could hardly compete 

with the beta decay. 

110 49 The 24 second Ag ground state presumably has a spin of 1+ 

and is unstable with respect to Pd110 by 1.9 Mev. From the bent 

crystal spectrometer data a limit of 10 percent can be set on the 

abundance of electron capture in the decay of the short lived isomer. 

Likewise thepositron abundance is less than 1 percent. Both beta 

f A 
110 1 t h d d f. t ·t d t t groups o g , popu a ing t e groun an lrs excl e s a es, 

110 
respectively, of Cd are allowed transitions. The former (2.82 Mev) 

has a log ft of 5.1 and the latter (2.24 Mev) has a log ft of 4.4. 

110 K electron capture to the ground state of Pd with a log ft of 5.1 

would have a partial half-life of approximately 5 hours, or an abundance 
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of 0.13 percent per beta decay. From the tables of Feenberg and Trigg83 

one can estimate the positron competition as about 10 percent of the 

electron capture or 0.01 percent per beta decay. Both these values 

are well below the set limits. K electron capture to the first 

excited state of Pd110 with a log ft of 4.4 would have a partial half-

life of about 2 hours or an abundance of 0.3 percent per beta decay. 

Positron competition to the first excited state is only expected to 

be about 1 percent of the electron capture decay or the order of 

0.003 percent. These estimates are also within the experimental 

limits .• 

. 134 134 
There is no available data concerning the Cs -Xe mass 

·. ' 84 _.· 
difference. K. Way, however, has compiled beta systematics curves 

•,' . 

from which one can estimate this difference as approximately 1 Mev. 
·. . 82 ' . . .. . 134 

Goldhaber and Hill have suggested that the spin of Cs is 4. 

The first excited s~ate (2+) ofXe134 is expected to be about 1 Mev2 

134 . ' . 
above the ground state of Xe and thus one would not expect any 

electron capture to this level on energy grounds alone. Electron 

capture or positron decay (if energetically possible) to the ground 

state of Xe134 would i~volve a spin change of 4 and would certainly 

have a very long partial half-life. Qualitatively, therefore, neither 

electron capture nor positron emission can compete with the beta 
.. 134 

decay of Cs . The low experimental limits are in agreement with 

this conclusion. 

4 204 
The beta decay of T1

20 
to the ground state of Pb is believed 

to be a "& = 2,yes", transition 7, 59 indicating the ground state of 

. Ti 204 is 2-. The log f 1t of the beta decay is 9.1, employing a 



half-life value of 4.0 years. 85 The log f 1t forK electron capture 

using the measured K capture ablindance and the reported decay energy 

of 333 kev7 is 8.3, indicating a difference of a factor of 5 in 

comparative half-lives. The observed K/L capture ratio of 3 can be 

compared to the theoretical value of 1.1. However, in view of the 

severe absorption corrections on the low energy L x-rays this dis-

crepancy is not very meaningful. 

H d D ,~. th85 h d th Gd160-2s,e80 and ogg an UCAwor ave measure e 

Dy160-2se80 mass differences from which one can arrive at a value of 

160 160 3.3 ± 1.0 millimass units for the Gd -Dy mass difference. This 

corresponds to 3.0 ± 0.93 Mev. From the intensity of the hard gamma 

160 rays following the beta decay of Tb it appears that the highest 

energy beta group (0.86 Mev) populates a level at least 0.96 Mev 
.. ~0 

above the ground state of Dy . Since the 1.2 Mev lines are at most 

only in coincidence with the 87 kev radiation the beta disintegra-

tion energy of this terbium isotope is in the range of 1.8 to 2.2 Mev 

and is probably closer to the former. It is therefore evident that 

very little if any energy is available for electron capture in Tb160 • 

On the basis of the above information·ud160 may be unstable with 

respect to Tb160 and decay to it with a very long half-life. At any 

rate the low limit for K electron capture can easily be understood. 

There are no published experimental data from which one can 

calculate the energy available forK electron capture in Tm17°. 

·. 84 
K. Way's beta systematics curvesonly indicate a small energy but 

with large uncertainties. 170 The beta decay to the ground state of Yb 

has a log ft of 9.0. If the 0.2 percent limit set forK electron 
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,capture did represent the amount ,of capture then the electron capture 

energy for a transition of log ft of 9.0 would only be 150 kev. This 

160 '160 
energy represents an upper limit for the Tb -Er mass difference 

'if the comparative half-liVes for transitions to the ground state of 

the two .daughters are equal. 
' 81 

Precision mass spectrometry by Halsted indicates the 

124 124 Wall,87 Sn -Te mass difference is equivalent to 2.0 ± 0!2 Mev. 

by measuring the Q value for the ground state (d,p) reacti~n on 

sn124 and Te124 and combining these data with the decay energies of 

sn12
5 and Sb125 arrived ,at a value of 2.4 ± 0.1 Mev for this difference. 

Since the .beta disintegration energy of Sb124 is 2 .. 90 Me~ 7 this nuclide 

is unstable with respect to electron capture to Sn124 by approximately 

0. 7 Mev. 
' . 124 

The ground state of Sb is thought to be 3- on the basis of 

' 82 beta-gamma angular correlation studies. The first excited state of 

Sn124 is.pro~ably of the order of 1 Mev above the ground state and 
. ' ' ~4 

consequently only electron capture to the ground state of Sn is 

energet~cally possible. Such a transition would be third forbidden 

and would not compete to an appreciable extent with the beta decay. 

This is consistent with the limit of 0.1 percent set for K electron 

capture. 

122 122 Halsted's data·on the Sn -Te mass difference coupled with 

the beta disintegration energy of 1.94 Mev for Sb122 indicate the 

latter is unstable with respect to Sn122 by 1.4 ± 0.2 Mev. The spin 

of Sb122 is 2-. Thereason for the difference in spin of Sb122 and 

Sb124 probably lies in the spin of the odd proton of these nuclides. 
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The odd proton in Sb121 is in a d
5

/
2 

state while that of Sb123 iS .in 

a g
7

/ 2 state. de-Shalit and Goldhaber76 have suggested an explanation 

of this on the basi~s of configuration mixing. Becaus.e o'f the .2 .. 

ground state and the large available energy electron capture occurs 

in Sbi22 . If the weak 1~15 Mev radiation observed by Gl~ubman and 

Metzger70 represents the first excited state of sri122 , K electron 

capture populates this level l percent per disintegration and the 

gr;und ~t~te L6 percent per disint~gration (th~ cont~ibut~cin of L 

'c~~ture is probably small). The log ft forK capture to:·the,.l.l5 Mev 

ievel is 6'.'6 which can be compared to the value of 7 ~5 for lhe 

cbrrespondin.g beta t~ansi tion to Te122 . ' Since the ground· s'tate of 

... :: . 122 . . . ·' . ; . It .! . - .. It 

Sn lS 0+ the K electron capture to it will be a ~ ; 2,yes 

transition. ,The log :f1t for this decay, assuming an abundance of 

1.6 percent, is 7.8 while the corresponding beta group to the ground 
. . . 122 . ' .. 
state of Te has log f 1t of 8.6. 

Po.sitron emission can only occur in decay to the ground state of 
. ·' . . ' ·.· 8. 

sn122 . Feenberg and Trigg'~ 3. c~rve for fEC/f f3+ indicates an. abundance 

of less than 1 percent o:f the ele~tron capture for an'ene;gy of 

1.4 Mev at Z ; 50. Therefore, one might expect the order of 0.01 per-

+ . 122 
cent f3 in the decay of Sb 

Closed cycle ck.lculations lead to an estimate' of 0.92" Mev 

available for electron capture in Np236 . On the basis of the experi-

mental branching ratio and t~e beta disintegration energy of 0.51 Mev 
. ' . : . ' 2 6 

the log ft for the transition to Pu 3 is·6.7. Likewise the log ft 
.· 236 ·. . 

forK electrqn capture to U is 7.0. Both these values iguore the 

small branching to the first excited state of the respective daughters. 



A spin. assignment o~ 1- to Np239 appears reasonable in light of these 

first forbidden log ft values. 

In conclusion it can be· .stated that the presence or absence of 

electron capture in the shielded nuclei studied is consistent with 

the reported or inferred disintegration energy and/or the suggested 

spin of the parent coupled with current ideas about the excited 
=t . . . ., 

levels of even-even nuclei. When electron .capture decay occurs to a 

state equivalent to one populated by the beta decay the comparative 

half-lives were found t~,_agree within a factor of 8. Further refine-
. -

ments in the electron capture decay energy of these nuclides may 

lead to better agreement. 
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VI • APPENDIX 

Am
241 Ao 

The gamma ray and L x-ray spectrum associated with the decay of 
. ·• 241' .• . .. 

the 470 year Am · has been investigated with a bent crystal spectro-

11 12 meter and a proportional countero In the former experiment 

gamma rays of 26.43, 33o36, 38.00, and 59.78 kev were observed while 

only the 26.4 and 59.7 kev radiations were detected with the proper-

tional counter. A 33 kev transition is called for by the decay scheme 
- . -· 26 

of Asaro, Reynolds, and Perlman. In an attempt to resolve this 

discrepancy a reinvestigation of these radiations was undertaken 

using the bent crystal spectrometer. 

It was noted in several preliminary experiments that the intensity 

of the 33.4 and 3800 kev gamma rays varied considerably with respect 

to the 26.4 and 59.6 kev radiationsin different samples, while the 

latter two lines maintained the same intensity ratio. Interestingly 

enough the anomalous lines correspond q_uite well in energy to the 
.I. 

dominant K x-ray transitions of lanthanum, the usual carrier for 

americium. With this in mind pottions of our samples were spectroscopi-

cally analyzed and a lanthanum impurity amounting to as much as 20 per-

cent of the americium was found. Thus it seemed reasonable to ascribe 

at least the bulk of these two lines to fluorescence excitation in the 

impurity. Likewise, several lower energy lines which Browne noted 

correspond closely to the extrapolated energy of the dominant americium 

L x-rays are undoubtedly due to fluorescence excitation in the sample. 

These same-conclusions were reached independently by Newton and Rose. 88 
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Approximately three milligrams of carefully purified americium in 

the form of the chloride was obtained from Professor B. B. Cunningham. 

Spectroscopic analysis proved this material to be 99 percent pure with 

roughly Oo5 percent lanthanum. The americium was precipitated as the 

fluoride, flamed to the dioxide and mounted for the bent crystal 

spectrometer. 

Fifte.en neptunium L x-rays and 2 americium L x-rays were observed. 

The data are summarized in Table 16. 

The intensities of these lines were corrected for absorbers in 

~ath, reflectivity efficiency, and self absorption. 

The americium x-rays are due to fluorescent excitation of the 

.sample by the 26. 3 and 59.6 kev gC!Jl]IIla. rays, the L131 and T.a1 being the 

Radiation most prominent lines from the L2 .and L
3 

shells, respectively. 

from the L1 shell of americium is not observed because of the low 

fluorescence yield and the more uniform intensity distribution of the 

L1 x-rayso 

The large ni.lmber of L x-rays observed in this experiment makes it 

worth-while to calculate the relative intensities of the x-ray line.s 

arising from a given L shell vacancy. These are listed in Table 17 along 

with Browne t.s d8. ta on Pa233 and the figures listed in Compton and 

Allison for.urartium.33 Because of resolution difficulties in the 
' . 

L13 -L134 and Ly- -Ly- -Lr6 mu1tiplets the intensities of these lines are 
2 2 3 . 

somewhat doubtful. 

The quantum yield ratios of the neptunium x-ray!;) calculated from 

the x~ray intensities are 



.Table 16 .. 
L x~Rays Observed in 241 ihe Decay of Am 

Line Trans:i tion Observed Energy Siegbahn's extrapolated Corrected 
(I:cev) energy (kev) relative 

intensity 

Np Ia· . 2 L3-M4 13.79 ±. 0.04 13.76. 7 

Np Io:l L3 ... M5 13.98 ± 0.04 13.94 64 

Np LTJ L2.-M1 15.90 ± 0.06 15.85 2 

Np Lf36 L3-N1 16.15 ± 0 .. 06 16.11 1 

Np Lf32 L3-N5 16.89 ± 0.02 16.88 13 

' Np Lf34 L1-~ 17.10 ± 0.02 . 17.06 16 

Np Lf35 L3..:04,5 17.58 ± 0.06 17.51 3 

Np Lf3l L -M4 2 17.78 ± 0.01 17.74 100 

Np L133 Ll-M3 18.02 ± 0.02 17.98 13 

Np ly . ,5 L2-'Nl 20.15 ± 0.08 20.09 2 

Np Lr1 L2-N4 20.82 ± 0.02 20.77 34 

Np Ly-2 Ll-N2 21.12 ± 0.04 21.09 8 

Np Ly3 L ,.oN . 
. 1 3 21.31 ± 0.04' 21.34 7 

Np Lr6 L2-04 21.51· ± 0.04 21.49 10 

Np lr4 _r, 
4 Ll-02,3 22.19 ± 0.04 22.19 3 

Am Io:l L3--M5 14.66 ± 0.03 14.61 10 

Am Lf31 L -M4 2 . 18.76 ± 0.04 ' 18.80 6 

.. 



-75"" 

Table 17 

Relative Intensities of the L X ... Rays Arising from a Given L 
Vacancy 

Vacant shell Line Transition Relative intensity of x- Percentage 
radiation from this shell abundance 

vacancy in Am241 
241 

Am Pa233 c arid A 

Ll L(34 Ll-M2 123 135 98 35 

L(33 Ll•M3 100 100 100 28 

Lr:.1o L1..;M4 7 0 

L(39 Ll-M5 ~-- 10 0 ,.,_. 

\ 

Lr2 Ll•N2 58 55 36 17 
I 

Ly3 Ll-N3 49 66 33 14 

Ly4 Ll•03 21 24 0 6 

L2 LTJ L2-Ml 2 2 2 1.5 

L(31 L2-M4 100 100 100 67 

Lr5 L2-Nl 2 1.5 0 1.3 

Lrl L2-N4 134 36 24 23 

Ly6 L2-04 10 15 4.4 7 

L3 L£ L3-Ml 3o4 

la2 L -M4 3 . 12 13 11 8.5 

Iul L3 .. M5 100 100 100 72 

. L(36 L3-Nl 2 2 1.6 1.5 

L(32 L3-N5 20 35 28 14 

L(37 L3-ol 0.4 

L(35 L3-04,5 5 6.4 4 

• 



'i .. .. 

• 

Employing Kinsey 1 s figures for the fluorescence yields of the 

3 L shells but ignoring the Coster-Kronig effect for the moment, the 

L vacancy ratios are 
!·t 

I.1 ~L2 ~L3 = 1.0 ~0. 9:0.76 
•• ! I ' ;, .• ' '-~ 

Aside .from the gamma ray ,study on the bent crystal . f:lpectrometer 

use .:was made of the Nai. (thallium activat~d) scintillation spectrometer. 

A sample .of 2.5 microg:r:ams of t:p.~ pu;ri~ied americium was used for this 

latter investigation. In order to examine the energy region above 
. ' . 

. 60 kev an absorber of ~ .• 1 grams of silver was employed ,to decrease the 

intensity of the 59.6 kev ::Line. Under these conditions four new gamma 
-~ ' . ' r 

. rays were observed. The data re summarized in Table 18~ . The first 

three entries were detected with the bent crystal spectrometer and the 
' .· . ; . 

rernaininglines .v;ere observed with the scintillation count~r. 

Table 18 

Ganirri.a Rays Following the Decay of .Am
241 

Gamma ·ray eri'e'rgy 
(kev) 

26.38 ± 0.04 

59.65 ± 0 .1.}' 

.• 59.62 ± o .o6 ·(2n.d 

102 

'1.28 

168· 

207 

order} 

Intensity· 
(photon/alpha) 

0.04 

'0.40 

...:·-

5<6 X lo-4 

5'.6 X 10-5 

6.4 X l0-6 

7;6 X 10-6 

Inten:sity per 
100. ~p L~1 

·• ... t;: 

( .. --
'·-~ 

. ··,r.: 
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All intensities were. measured relative to the 59.6 kev transition 

and its intensity has been determined as 0.40 ± 0.015 photon per alpha 

t . 1 12 par lC e. A careful :search of the 30-40 kev region on the bent 

crystal spec'trometer yielded negative results. The max~mum intensity 

Of any radiation in this region is 2 percent of the 59.6 kev gamma 

ray or 0 .008 photon per alpha particle. A portion of the spectrum 

Observed with the bent crystal spectrometer is shown in Figure 11 and 

the scintillation counter spectrum is shoWn in Figure 12. 

The 102 kev gamma ray agrees with the expected energy of the 

neptunium K x-rays. In an att.empt to determine whether the line was 

a gamma ray or the K x-ray multiplet the width of the peak was compared 

with the K x-ray peak found in the long liV~d Am242 • 'The width of the 

iatter was more than 50 percent larger than that of the former and 

thus it is certain that at least the bulk of the 102 kev radiation is' 

of nuclear origin. Gamma-gamma coincidence studies by Frank Stephens89 

indicate this gamma ray is in coincidence with the 60 kev radiation. 

Several low intensity conversion lines fTom a 99.0 kev gamma ray have 

been observed ~7 ,90 

The 128 kev transition has :not been previous.ly reported. It is 

interesting tc note that the alpha particle fine structure of Am241 

26 indicates two levels separated by 126 kev. 

Both a 165 and a 201 kev gamma ray have been observed in the beta 

d f U237 91 Th th . . th Am241 t . ecay o . us elr appearance ln e . gamma ray spec rum 

is not too surprising in view of the fact that the daughter of both 

<!€cays is Np237. Because of the extremely low intensity of these 

transitions coincidence studies were not possible. The decay scheme 
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33.4 Kev 

+ 

29.81 
Kev 

\ 
: I .1 
~ \X 10 

oL-~~~~~.00~------~6.~5~o------~s~.~ono------,s~.~son-----~s~.o~o~----~~~s5oo-~ 
SPECTROMETER SCALE MU-7285 

Fig. 11. Spectrum of the 25-70 kev region in the 
241 decay of Am , 
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Fig. 12. Scintillation counter spectrum of Am241 . 
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of Am241 is shown in Figure 13. The level pr~viously reported 11 kev 

below what is now called the ground state of 'Np237 has been omitted o'n 

the basis of recent experimental work.92 Several lines not discussed 

above are included in the decay scheme as the basis of electron line 

studi~.s .. 37, 90 

The relative intensities listed in Tables 16 and 18 allow one 

to calcUlate the ratio of L x-rays to 59.6 kev gamma rays. The 

number . thus obtained is 0. 8., This is to be compared with the value 

' 21 
of 1 .• 0 determined by Beling et ~· 

The conversion coefficient of the 59.6 kev gamma ray has been 

determined as 0.92,9° and its absolute abundance as 0.40 photon per 

alpha particle. Since· essentially ·every decay passes through this 

state and the total number of 59.6 kev transitions is 0.77 :per alpha 

particle, the intensity of the 26.4 kev .transition is 0.23 :per alpha 

particle. From the measured photon intensity the total conversion 

coefficient of the 26.4 kev gamma. ray is 5. Clearly these two radia-

iions originating from the 59.6 kev level are both electric dipole 

transitions cin the basis of their low conversion coefficients. 

One can now discuss the possibility of observing 33.2 kev photons 

from the tran:sitibn called for by Asaro ts alpha particle fine struct11re. 

'rhe intensity of this transition is for all intents the same as that of 

the 26.4- kev precursor. We know from the fact that both the 26.4 and 

the 59.6 kev transitions are ·electric dipole and populate tp:e initial 

and final states, respectively, of the 33.2 kev transition that the 

latter gantnia. ray must involve no parity change and a spin change of 

1 or 2 Uriits of angular momentum. A magnetic dipole transition of 



/ 
I 

I 

267~ 

l'r 
207 

Fig. 13. 

/ 
I 

I 

I 
I 

I 
I 

-81-

a 1 
I 

I 
I 

I 
I 

I 

/ 

"/ 
I 

I 

I 

I 
I 

I 

I 
I 

I 

I 
I 

I 

241 Decay scheme of Am . 

MU-7288 

.. 



this energy would have· an L conversion coefficient of 'about 100 

according to the theo~etical calculations .
28 

Electric quadrupoie 

radiation would be more highly converted. Thus from 0.23 transition 

one might expect to have less than 0.002 33.2 kev photon as aL is 

less than the total conversion coefficient. Th:i:s is consistent with 

failure to observe the radiation· is these e:xperiments. 

Passell90 has arrived at a rough figure for the L1 to L
3 

con-

. . ., .241 
version ratio in the decay of Arn and finds 3:1. · Coupled with the 

calculat'ed L vacancy ratio's this indicates an upper limit of 

approxiinately 40 percent for an L1 ~ L3 
Coster-Kronig transition. 

1t mu~t be realized that this limit is very crude because of the 

. 11 
difficultY of resolving the L1 and·L2 conversion line.s. Browne's 

. 210 . ' '6 . data on Pb indicates a value of 1 percent for such· a.transition 

at Z ·== 83 which ~a~ be compared to the predic.ted value' of 76 percent. 27 
, ' I . . 

These discrepancies withKinsey':s estimates indicate, as Browne has 

pointed out, the large uncertaintie.s in the various Auger transition 

probabilities of this type'~ High r~solution beta spectroscopy coupled 

with the 'use' of the bent' crystal spec'trometer should allow the accurate 

determination of the magnitude of the Coster-Kronig coefficient and 

lead to more reliableL shell fluorescence yields. 

B. !,\fp239 

The 2·.33 ·ciay Np239 which decays by beta emission to Pu239 has 

been reported57 to have several low en~rgy gamma:: rays as determined by 

beta spectrometer studies. Aside from the inherent interest in these 

the possibility of'producing large quantities of this isotope in a 



nuclear reactor by the following reaction 

U238( . )u239 n:1r 
_..;...13 __ ~ Np239 

23.5 min 

affords an opportunity to study the L x-ray spectrum of the 

plutonium daughter. The L x:~rays arise from the filling of the various 

L shells vacated by conversion of several of the low energy gatmna 

rays. 

Uranium metal was neutron irradiated in the Oak Ridge reactor. 

The sample was di.ssolved in HCl and the neptunium was reduced to the 

(IV) state by heating with formic ac.id. After adjusting the HCl 

concentration to 2 ~the neptunium was extracted into 0.4 M TTA in 

benzene, washed twice with 2 M HCl and then back extracted into -
10 M HN0

3
. The sample was evaporated to dryness and taken up into 

2 .~ RCl and the cycle was repeated. Finally 0. 5 milligram of Fec1
3 

was added and the iron was precipitated a·s the hydroxide carrying the 

neptunium activity. This material was powdered and packed in a pyrex 

capillary fQr the bent crystal spectrometer. 

In an attempt to increase the resolution of the spectrometer a 

new collimator was employed throughout this experiment. The collimator 

was constructed of wolfram plates 0.010 inch thick spaced 0.010 inch 

apart at the end of th.e collimator close.st to the topaz crystal. In 

later experiments it was found that warpage of the wolfram plates 

was causing appreciable absorption. Unfortunately when this effect 

was noted it was no longer featdble to rerun the spectrum. Consequently 

the relative intensities of the various lines ar.e not thought to be too 

reliable unless the energies are close together. 

·. 
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The data on the K and L x-rays observed in the decay of Np239 

are summarized in Table 19. For comparison the energies of several 

· · 242m . -. 
plutonium L line.s observed in the decay of Am are included. The 

latter experiment was performed after the new and more accurately 

graduated spectrometer scale was incorporated on the instrument. 

The x-ray energies obtained by a Mosely extrapolation of the data 

tabulated py Siegbahn for uranium and thorium are also listed. 

The K x-ray energies have been obtained from the extrapolated values 

of the absorption edges.62 

It will be noticed that the energy of the plutonium Ka1 is 

considerably higher than the calculated value while good agreement 

is obtained with the Ka2 . A possible explanation of this is the 

presence of an unresolved gamma ray of approximately 105 kev.57 

However, it is felt that the bulk of this line is due to the plu-

tonium Ka1 because of the presence of the Ko;2 line/ Also, from data 

listed in Compton and Allison33 the :K(x1/KQ;2 intensity ratio in lighter 

elements is 2, and apparently very insensitive to Z. The ratio 

observed here is 2.2. 

Because of the collimator absorption it is not 'meaningful to 

calculate the quantum yields and vacancy ratios. An initial attempt 

to do this yielded insufficient L
3

vacancies to account for all the 

Ka1 radiation. 
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Table 19 
; 

of' Np239 X;"R'ays Following the Decay 

'Line Transition Ob:s·e'rved energy Energy Sie·gbahn 's Corrected 
(kev) o:os·erve.d in extrapolated relative 

deca~ of' energy intensity 
Am2 '2m (kev) 

(kev) 

Ia2 L3""M4 14.13 ± O.Oj 14 .. 08 ± 0'003 14.08 6 

Ia1 L .;M 
3 5 14.33 ± 0.0.2 14.28 ± O.Q3 14.28 36 

L[3 2 
L ~N 
3 5 17 .3'2 ± 0 .. 01 17,.29 ± 0.03 17.25 24 

Lt'4 Lf..:.~ 17.6'2 ± 0 •. 03 -.~ 17.o56 6 

L[35 L3-04:t5 18,02 ± 0 .• 01 .. ~ 17-95. 5 

Lf3 1 L2"'7M4 18.36 ± o •. o1 18.33 ± 0.02 18t27 100 

L[3 ·3 L-""M 1 3 18.6.0 ± 0.01 ~-i-io 18.52 7 

r,--5 L2-Nl 20.75 ± 0.03 ........ 20.68 2 

Ly-1 L2-N4 '21.50 ± 0.0.2 21.46 ± 0.04 21.38 37 

r-rz Ll..:.N2 21.8.2 ± 0.02 ... ;... 2L70 5 

Lr3 L-N .. 
1 3 22.07 ± 0.04 22.06 ± 0.1 21.97 5 

·Lr-6 L2-o4 22.25 ± 0 .• 02 22.24 ± 0.1 2'2.13 9 

Lr4 Ll ... o3 2.2.97 ± 0.04 :.-_~ 22.88 2 

K(x2 K.:-L2 100.0 ± 0.4 -~ 99-50* 110 

Kal K-L
3 105.6 .± 0.5 .-- 103.69* 240 

*:CalcUlated f'rom the extrapolated energy-62 of' the K and L edges. 
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Two gamma rays were observed in the spectrum. and their energies 

and intensities relative t.o the plutonium L~1 X""ray are given in 

Table 20. 

Table 20 

Gamma Rays Observed in the Decay of· Np239 

Gamma ray energy' 
(kev) 

57.60 ± 0.3 

61.83 ± 0 .J 

Intensity 

_5 

25 

It is not possible to use the data reported above for the calcula-

tion of conversion coefficients of. any of the numerous gamma rays which 

are,associated with the decay. However, the intensity of the two 

observed linea indicates they are probably dipole radiation. 

c. Pu238 

In the study of the electromagnetic .radiation associated with both 

Pa232 and- Pa233 Bro·wn··e11 b · d h·ft i th- · f th · i o serve. a s 1 n e energy _o e uran urn 

1~1 line (L2 ~M4) relative to the energy observed by electron bombardment. 

Although the discrepancy was small (60 volts) it appeared to be well 

outside of the experimental error. The uranium L~1 wa'B also observed 

in the alpha decay of Pu
239 in very low intensity and its measured energy 

was in better agreement with the literature value. Since both protactin-

:ium isotopes are beta emitters it appearedworth--while to investigate 

another alpha active plutonium:isotope. 
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In an effort to resolve the apparent discrepancy a study of low 

energy electromagnetic radiation associated with the alpha decay of 

Pu238 was undertaken., An intense source of Pu
238 was obtained from 

Professor Bo Bo Cunningham and the fluoride was precipitated and 

mounted in the usual fashion. 

Table 21 presents theenergies and. the relative intensities of the 

observed uranium L x·--xays. Only L2 and ·L
3 

lines were seen. The source 

of these x •rays is the L shell conversion .of a 4 3. 8 kev gamma ray in the 

uraniUIIi daughter. This radiation has been shoWn to. be an electric 

quadrupole t~ansition93 and according to the theoretical conversion 

'28 . . 1 coeffi.cients shoUld predominantly excite the L2 and L
3 

evels. 

Table 21 

L X-Ray.s Following the Decay of Pu
238 

Line Transition Observed energy Browne's 11 Siegbahn's Corrected 
(kev) enerf extrapolated relative 

Pa23 energy intensity 
(kev) (kev) 

u Ly6 L2-04 .20.91 ± 0.05 20.85 ± o.o4 20.85 11 

u Lrl L -N4 2 20 .. 22 ± .0.03 20.75 ± Oo02 20 .• 16 41 

U Lf31 L ""M 2 4 17.28 ± 0.01 17o27 ± Oo01 17.22 100 

u Lf32 L •N 
3 5 

16.46 ± 0.02 16)t-9 ± 0.02 16.43 15 

Ulct -1 L3-M5 13.63 ± 0.02 13.65 ± 0.01 13.61 19 

. The agreement of the energy of the uranium L131 with that found in 

previous eXperiments is excellent. An examination of the original data 

on the L x•rays in the Pu
239 'decay showed that within the experimental 
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error the L131 energy agreed with both these data and the electron 

bombardment studies. Thus it was thought possible that the apparent 

shift was due to an instrumental effect. Since other x-tays have 

been seen on this instrument in good agreement with published energies 

a reasonable explanation seemed to be a non-linearity in the spectra-

meter scale from which the Bragg angle was determined. Such a situa-

tion could give r:i.se to. an error in a narrow region without affecting 

the remainder of the energy spectrum. To test this hypothesis another 

experiment to be described shortly was planned. 

The quantum yield ratio of the two L shells can be calculated 

from the above relative intensities after correction for the fraction 

of the L
2 

and L
3 

x-·rays not observed. The result is 

L2:L
3 

= 4:1 . 

Asaro93 has found that the absolute intensity of L x-rays in the 

decay of Pu
238 is Ool3 per alpha disintegration. Combining this with 

the above ratio and Kinsey's fluorescence yields the absolute number 

of vacancies can be calculated as 

L
2 

= 0 ol6. vacar1eyjalpha particle 

L
3 

= 0.065 vacancy/alpha particle • 

The absolute abundance of the 43o8 kev gamma ray.has been determined 

as 3.8 x 10-4 and 4.2 x 10-3.93,94 Because of the experimental method 

used the former figure should be more accurate. Employing this 

intensity the following L conversion coefficients were calculated: 

o:r·· = 170 .w3 ·aLtotal = 590 • 
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The total L conversion coefficient is in good agreement with the 

predicted value of about 700 for an E2 transitio~ of this energy at 

Z ::; 92, but the L2 to L
3 

ratio is roughly 2.5 times the theoretical 

value. 

It should be mentioned that two other gamma rays have been ob

served by Asaro in the decay of Pu238 • However, the population of 

the levels from which they originate are so small that the L vacancies 

due to their conversion are completely negligibleo 

A careful search was made of the 40-50 kev region in an attempt 

to detect the 43.8 kev radiation but without success. This was to be 

expected from the observed x-ray intensity and the reported low 

abundance of the gamma ray. 

Do Fluorescence Excitation in Uranium 

The 470 day Cdl09 decays by electron capture57 to a metastable 

state of Ag109. The half-life of this state is 39 seconds so that it 

will be in equilibrium with the cadmium parent. From the high K/L 

capture ratio of Cd109 and the large K conversion coefficient of the 

isomeric transition it is evident that abundant K series radiation of 

silver will' accompany the decay.· The energy of the silver KQ:1 line 

(22.16 kev) which is the dominant feature in the K multiplet is only 

slightly greater than the uranium L2 absorption edge (20.94 kev) and 

is expected to be, fairly efficient in ex.ci ting fluorescence in this 

shell. The uranium L~1 , excited in this fashion and observed on the 

spectrometer, could certainly indicate the reality or instrumental 

nature of the above mentioned energy discrepancyo 
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To these ends a 20 mil silver foil was bombarded on the 60 ... inch 

cyclcit~on with 19 Mev deuterons f~r a total of l,ioo microampere hours. 
.. . ' 

The short-lived silver activities were allowed to decay for about two 
- ' .. ' . . . . 

months. At that time the silver wa.s dis.solved in nitric acid and the 

chloride 'Was precipitated.. The supernate contained approximately 

. \ x 109 disinte.grations per mirtute of Cd109'. To this solution was 
i .. ,. 

adQ.ed. several milligrams of uranium in the form of the nitrate and 

u.ranium hydroxide was precipitated.. Under these conditions 8o percent 

of the cad:miU:Iii.·followed the uranium~ The precipitated was darkened by 

a small amount of f!ilver which had not been completely .removed" The 

sample was dried under ~eat lamp and mounted for the spectrometer. 

The silver K(x1 line 'Was ob.s.erved a.nd in_. addition a relatively 

weak uranium L131 was detected. The energy of the latter was deter

mined on two separate alignments of the spectrometer and is listed 

in Table 22. 

Table ~2 

Fluore·scent Excitation of Uranium by Cd109 Radiation 

Line 

Ag I<(xl 

Observed energy 
(kev) 

22.23 ± 0 .. 04-

17. 29 ± 0 .·02 

17.28 ± 0.02 

Literature 
energy9 

(kev) 

17.22 



f.; 

Since the L~1 energy .obtained by fluorescence excitation in the 

ur.anium agreed so well With that determined in previous e:Xper:tments 

it was clear that the discrepancy was of an instrumental nature. To 

c.orrect this effect a ne\V spectr01neter scale was machined and very 

accurately graduated. The old scale was replaced by this new one 

and it w;8:'s aligned so a:e;~ to be concentric wi tb, the sample arm to . 

0.0001 inch. 
. 109. .· . 

Re ... ·eX:8Jllin:ation o.f the Cd · "'llranium spectrum gave the 

AgJ\al 22.19 ± C .• Olt-

17.2'+ ± 0 .. 02 • 

Both lines a!'e still sqmewhat too high in energy but check with the 

published valtie.s within . experimental error. 
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