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Electron Capture Studies in Shielded Nuclei

Harold Jaffe
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 Ameem 1292 g2% na wp23© and detected for the first

he 25 Relative abundances have also been determined.

Upper limits for this type of decay have been set in Np238, Agllom,

Agllo, Cslsh, Tbl6o, Tm;7o and Sblzno Certain features of the gamma

time in Am2 and Sbl-2

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 1L x-ray energies of uranium has been

shown to be due to an instrumental effect.



Electron Capture Studies in Shielded Nucleil
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, (2 - 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
will decay to (Z + l)A by beta decay (negatron emission) and to (Z - l)A
by positron emissioﬂ, electron-capturé or both. The extent to which
these three modes of decay compete is go&erned mainly by the respec-
tive maximum energies of the emitted particle and parity and total
angular momentum, or spin, changeé involved in the transition. In the
case of electron capture the neutrino is the emitted particle referred
-.to above,

The only enérgetic requirement for the beta decay process is that
the étomic 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 qaptured° ‘Positron decay is only possible when fhe mass differ-

ence exceeds twice the electron mass or 1.02 Mev.
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It is generally accepted-that the ground state of an even-even
nucleus has zero spin and even parity. Recentlybit has been shownl’2
that the first excited statesof such nuclei usually‘have two units of
angular momentum and even parity. Mérked regulérities have been

observed in these and higher levels(,z'&’)+

Since it is to be expected
that competing modes of décay 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 léast.qualitatively
or sémiqﬁantitatively, thevrelative rateé of the th%ee types of
“transitions with decay-eﬁergy data. Qf course some>information is
usﬁally needed concerning the excited levels of the respective
daughters. |

Th¢ determination of beta decéy enérgies'ig stfaightforyard, but
the correSponding'measurement in eiectron capturé is»geﬁerally difficult
to make, One of the easiest mefhg@s is by closed deégy cjcle calculations,
but this isvonly applicéble invthe heavy elemenfs where albhé radioéctivi&y
occurs,., -In lighter elements; if positron eﬁiésion competés'ﬁith electron
capture the electron capture energylis readily determined froﬁ a
knowledge of the decay scheme and the ﬁaximgm”kinetic eﬁé?gy Qf the posi-

‘ . . , : 56,7 . el

trons. BSeveral measurements have been made of the continuous gamma

ray spectrum acéompanying electron capture.’ ngerally‘ﬁhe_eﬁfire decay
enefgf is carried by the'neu£rino in_eléctron capture, 5ut Qccasiohally

it may be shared with a photon. The maximum énergy of the resultant gamma
ray spectrum equals tﬁe neutrino energy in the‘absence of thié 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 decéy energies



.Wis_by precise determinations of the (p,n) reaction threshpldo 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 samevinformation. |

The detection of electron capture in shielded nuclei depehds, as
a rule, upon identification of the characteristic x-rays of the daughter
- emitted when»the electron vacancy caused by the capture eventvis
filled. Throughout this research the x-ray energies tabulated by

9

Compton and Allison8 and corrected by Dauben” for the latest values of
the physical coﬁstants were employed. In the heavy elements (Z > 92)
the energies were determined by a Mosely extrapolation of the data on
thorium and uvranium listed by Siegbahnnlo

Two additional problems arising from previous work performed in
this 2aboratory were studied and are diséussed in the appendix. The
first of these deals with major discrepancies in the gamma ray spec-
trum of Amz_hl as determined by bent crystal spectrometer experimentsll
on the one hand and proportional counter studies12 on the othér° The
second concerns an apparent anomalyll in the energy of the uranium L

232 233

x-rays excited in the beta decay of Pa and Pa

17. EXPERIMENTAL METHODS
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«gz §£.13 and somewhat modified by Browne,ll 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.
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.The diémeter of the capillary was about 0,0lS'inchland undoubtedly
" represented the limiting factor in the obtainable resolution. The
caplllary was secured in a groove on a lucite holder and this was
mounted énd 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'p1an65.whose spacing was determined as 1.356 A in the unbent
éryétalll were employed and the energies in kev were calculated
using a cohverSion factor based upon the latest values'oflﬁhe physical
constants reported by Dumond and Cohenelh

The detector, mounted behind a collimatcr,vconsisted”df'a Nal
(thallium activated) scinfillation’crystal with a RCA 5819 ﬁhoﬁo-
multipliér tube. A standard scaler and tfaffic cQunter'were used
to record the data.

In general the sample arm moved about the focal cifcle éﬁ a
rate of 4° per 400 minutes., Faster sweeping rates were possible
but usually not profitable except in the stﬁdy-of aCtiQities of
relatively short half-life, Photon lines were manifest by peeks in
a plot of counting rate versus angular position. The lattéf was
read from a graduated scale mounted about the focal circle. The
Bragg angle and. consequently the energy, was determined_by observing
>the angular position of a line on both sidésiof the undiffracted
beam or m.idpoiht° Limits of error.were calculated only taking;intp
account the angular uncertainties. An accuracy of 0,0l?_in the

Bragg angle was considered the limit of the instrument.

19
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.. ‘The latter portion of the appendix describes some experiments
which indicated the graduations on the above mentioned scale were:
somewhat non-uniform, Consequently, a new scale was accurately

8, 162, oo

machined and mounted on the spectrometer. The sz
'Pu238 spectra were takén‘using the old scéle and_consequently the
_eneréy:determinations in certain regions may be in erroruby 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 qbsorption gorrection was

15

based on an equation reported by Dixon ™~ for cylindrical sampies, 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

16

~J8nsson's "universal absorption curve,” If the energy of a line
. is very close to.the K edge of the bulk sample matter or in the
region of its three L edges; this correction]can‘become quiteAseVere
andvuncertainc Consequently, in those expériments where the activity
could be obtained in essentially weightless form a low Z carrier was
~used. - .

Lind.gzhglolY have found that the variation of réflectiyity
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 path was based on the measured
thickness of the matter in the path of" the radiatioh and values of
the absorption coefficients of this matter taken from the data listed
in Compton and Allison,18 This compilation was also used whenever
possible in making the self absorption cérrectione’

The useful range of the bent crystal spectrometer was 10 to
approximately 110 kev, Millicurie éctivity‘levels were generally re-
quired.

Tn order to obtain absolute abundances of various x-rays and gamma
rays, Small samples were often counted in a Umx methane flow proportional
countér to determine thé disinfegration-rates, These were then examined
with oﬁher inétruments'to be described shortly}” A.Tygon film covering
a thin alﬁminum 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 s counter:

In order to determine absolute line inténs%ﬁies samples of known
, disintegrafion rates were frequently studied with a Nal (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 sodium iodide crystal.df the above dimen-

19.

sions has been determined by McLaughlin and 0'Kelley. A geometry

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

s
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b1

associated with a known amount of Am? . The absolute abundance of this
:éamma-ray has Beén detérmiﬁédlz:asno;hd + 0.0l5‘ph5tbn'berwalpha parti-
éié and‘fﬂs'détééfioﬁ efficienc& ié'léO'pefpentlin;aﬁcfysféiJéfﬁtheuabove
ﬂdiﬂeﬁéibﬁéo“$Sui£$bie7é6;fe6%16ns which %%ré;éipefimeﬂtéily detérmined
i“ﬁefé éppliéé for the'éébépéipéék éffeéf“fésﬁifihg“ffoﬁ the 1oss of an

: fgdiﬁé K i:ré& ffgm tﬁéwgf§étélﬂ”:Suéﬁ”ébr?@ctiéhé are oﬁl&IiﬁbOrtant
“'{n the éhéréyhrégioﬁ‘béiowti5byké§;v'Thefééinfiiiétidn spectrometer
Zhl)_cde9

““ﬁéé;éaiibfatedﬁusihg.tﬁé wéii'khowhEQémmé fayé éfyﬁﬁ. 7, and
1232 a5 standards in the Tow energy region and fﬁéée:df’CSlBYQ 0060)

‘ éﬁd Nézz in:tﬁéfhigﬁfreéioniz

A prdﬁérgidnél:countéff%ube:can%éiﬁiﬁé‘90 péfééﬁﬁtkéhén and 10 per-
cenﬁ.mefhaﬂéz(i aémbsphefézﬁéfél pfessufé)‘wéé coﬁnecfedxtg'thé.BO
channel analyzer and used to determine the ;bSOidfeux;%ay‘abﬁﬁdénce in

several experiments. A counting efficiency curve based on the L x-rays
of the Am“*' decay has been determined for this counter by Hoff.20 His
rﬁaﬁa wasl¢¢fr¢¢ted usiﬁgytﬂé more récent;intEnsity“Vélues of Beling,

2l vThe;radiationé.of Am?hl were also used as an energy standard,

aléhg'ﬁi%h tﬁé sii&ér K‘x—féyé féiiéﬁiﬁg‘thé dééa&.éf Cdlog°

EE_a_]__

-IIT. EXPERIMENTAL RESULTS
A Ngizé‘
The 2.1 day Np2§3 decays to Pu23$ byznegatronugmi§sion. Several .

- levels of the daughter are populated, and- gamma. rays and internal

22,23

“conVersion electrons have beenh observed., Closed decay cyclesZh

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
Z,M HC1 concentration. The néptuniumvwés reduced to the IV state with
formic acid and extracted into O.4 M thenoyltrifluoroacetone (TTA) in
benzene. The organic phase was washed twice with 2 MvHCl and then the

neptunium was back extracted into 10 M HNO The agueous solution was

3°

separated and evaborated,to dryness and the neptunium was taken up in

2 M HC1. After two such cycles HF was added to the purified product in

2 M HC1 and the fluoride was precipitated,i Approximately.; milligram of

neptunium was powdered and mounted for the bent crystal spg;trometer.
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

shown in Figure 1.

Table 1 .
. » 238
L X-Rays Following the Decay of Np-
Line Transition Observed = Siegbahn's Corrected
energy extrapolated ‘relative
(kev) energy - - - intensity
' (kev) -
Pu LT6 L,-0, 22.28 £ 0.04 22.13 13
. . e _
Pu Ly, L, N_u 21.49 +0.02 21.38 36
Pu Lg, LMy 18.37 + 0.01“ 18.27 - 100
Pu Lg, LNy 17.36 £ 0.03 17.25 13
oy VR . . . _ -
Lal L3 M5 14.32 + 0.02 14.28 27
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Fig. 1. Diagram of L x-ray nomenclature.
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The relative quantum yields (photon intensities) of the L, and L3

shells from these data are

LZ:L = 3:1 .,

3

A correction has beén applied for the intensities of the L2 and L. xe-rays

3

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

Am2HY (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

23,25

in the plutonium daughter. This transition
242 26

of a 4h.3 kev gamma ray

is also observed following the alpha decay of Cm In order to

obtain the ratio of the L2 and L vacanciés one must correct the ob-

3

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‘fesults.extrapolated to Z = 94 indicate 0.61 and 0.43
for the fluorescence yield of thé L2 and L3 shellé, respectively. Using
these figures the L vacancy ratio is

" LyiL, = 2:1 . |
(The amount of L, excitation is unknown but presumed to be small) This
is to be compared to the value of 1.4 determined by S14tis, Rasmussen
and-Atterling,z3 and 2.0lfrom the data of Freedman, et §£°22 as modified

by Mihelich.25

The gamma ray giving rise to these L vacancies is an
electric guadrupole transition,26 The theoretical conversion coeffici-

eht328 would indicate a ratio of approximately 1.1,
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NO:Xéray,lines of the electron éapture daughter were observed.
From the absolute L x-ray abundance calculated from conversion line
data, and the maximm undetectable intensity of several uranium x-rays

estimafed,from,the>observed spectrum it is possible to_sét an upper

, electron capture and 2 percent for L,

limitfof1h‘percent»for'L

- capture in”Np238,;.The actual amount of L capture is pfobably mich
less than this because of the small available energy.

B. Apoten

v2h2m

‘The 16 hour - “" is an ideal isotope for study with the bent
crysfal spectrometer. Indeed, thé first detailed invesﬁigatibn of
thisg activityzg iﬁcluded the use of this instrument and the proposed
decay schéme,-which;coﬁsists of electrcn:Capturé,*iSOmeric'transition
and B deécay, was based mainly on the idéntification of the L x-rays

"df‘thé‘fh?ée'daughter’nuclei. Sevéral'factors;”inélu&ing the fact

‘that thévfirst.excitéd’Statés of the two even-even daughters as

 determined by beta ray spectroscopy seemed somewhat out' of line with

the trend in this’région,2’3‘proﬂptédvthefreiﬂVestigatiOn of this
isotope.
Am~ ™ in the form of the oxide, was neutron irradiated for five

déyé:iﬁfﬁﬁe:Materials Testing{Reactdr at Arco, Tdaho. A small portion
of thetéaﬁﬁle was dissélved:in_HCl'and several fluoride and hydroxide
ipTecipitétibns were carried out to séparaté'the‘émericiuﬁffrom the
":major'fractioh of the fiésionfproducts;  A-DoWex55O'catidn exchange

column with:13 M HC1 allowed the removal of ‘rare eafth;actEVitiesf:.
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The emericium was then oxidized to the hexapositive state using acid

persulfate and curium was removed by 'a LaF scavehge.'“The-purified

3
americium was reduced with hydrazine and another' fluoridée-hydroxide
" precipitation cycle was carried out. The final prOduct*was”cngerfed_
to the oxide by heating and approximately l.S.milligrams-wes mounted
for the bent crystal spectrometer sample; Slightl&”more than 2 half-
lives elapsed between the fime of removal from the reactor-and the
mounting of fhe sample. The vefy 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
.exemined_with the bent¥crystal spectrometer, Tﬁe 100 kev region of the
K x=rays fyom K electron capture was nof investigated Because of time
limitatione and also because it was found that fhe intensity of the

4l 59.6 kev gamma ray in the sample could

K'x—raye relative to the Am2
be readily determined with_the scintillation spectrometer. Since the
59.6 kev line was aiso oeserved on the bent cryetal spectrometer the
number of K x-rays relative to the L x-rays could be calculated;

The data on the K and L x-rays associated With the decay of the
16 hoﬁr Am?kzmﬂare listed i; Table 2. The ineensities have been
corrected in the usual fashion. L x-rays of neptunium arieieg from
the qecaj of Amzul in the sample were_alsq obeerved, A pgytion of the
spectrum showing the Id eomplex is éivenvin_Figure ?h o

There ie some ambiguity in the aesignment‘ef_the americium LBl
end the plutonium Lgs_lines. In'ﬁhe former case the energy.of the

curium Lps (L3'='-O4 5) is expected to be 18.86 kev. From the ratio of

the Lss to L;l observed in the decay of Amz)+l and the abundance of the
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Fig. 2. Iy x-rays of curium, americium, plutonium,
and neptunium from Amzl.1Ll and Am21+2m_
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Table 2
X-Rays Following the Decay of Am'on
Line Transition Observed Siegbahn's Corrected
energy - extrapolated  relative
(kev) energy intensity
(kev)
Cn Ly, LM, 14.75 + 0.03 b7 4
Cm Loy L3-M5 14.97 £ 0.03 14.96 27
Cm Lg, L3-N5 18.09 + 0.02 18.10 - - 16
Cm Lg, LZ—MLL 19.47 + 0.02 19.38 100
Cm Ly, L,-N, 22.79 £ 0.0k 22.63 40
Cm LYB Ll-N3 23.30 £ 0.06 23.25 6
Cm Lyg L,-0,  23.62 * 0.12 23.46 12
Am Lo Lo-M,  1b.bk s 0.06 1.4l 1
Am‘lul LMy 14.61 = 0.03 14 .61 L
AmLg, LM, 18.89 0.02 18.80 6
Puly, — Ly-M, 14.08 + 0.03 14.08 2
Pu Loy LMy 14.28 + 0.03 14.28 10
Pu Lg, Ly-Ng 17.29 * 0.03 17.25 9
Pu Lgy L,-M,  18.33 +0.02 18.27 27
Pulg,  Ly-My  18.62 £ 0.0k 18.52 T
Pu Ly, | L,-N, 21.46 t‘o.ou 21.38 16
Pu Iy, L,-N,  22.06 % 0.10 21.97 T
Pu Ly, L,-0,  22.2k % 0.10 22.13 7
Pu K x-rays 102 ’

37
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curium Lxl,it was possible to qprrect the.intensity of the americium
Lp, to the figurel;spéd;' Theﬂéontribution of ‘the curium Ig, to the ob-
served line waé 17 éérceﬁtob | )

The calculated enefgyJOf'tHe'curium'LBa (L1=M2)iis 18.57 kev and thus
it may coﬂtributé to thé‘plufbnium'LB3 line. The ého;en assignment
'is based on the aséumpfionffhat the'Li lines'of’piﬁféﬁiﬁm are more
‘intense than those of éuriumAbecauéé‘of-Ll electron capture. - Since
little ﬁl conversion is expected from the low energy fifsf excited
“ state frahSiﬁidns:in”événéeven>hﬁc1ei the totaI‘inﬁénsity was assigned
" 4o the pluténiim line.
' There is considerable uncertainty in the ‘abundance of the americium
L xerays. It was observed that all these lines décayed to:some‘extent
and ‘then remained constant with time. The latter effect is undoubtedly

2kl

due to self excéitation of the bulk Am in the sample, and & correction

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

2hom

presence of x-rays with ‘the Am decay capable of exciting the americium

Lo and L3 shiells indicates the observed relative abundances areé merely
Upper lifits. At least part of the amériéium“Lé"lihes are’ due to |
fluofescéﬁce'excitatibﬁ by‘the intéhse'cufium LBl whiéh“ié“only 1 kev
above the americium'LS edge (18.52 kev). Greater intensity of the

29 was very likely due to

americium lines found in-the: earlier study
greater sample mass and other effects which increased the amount of
fluorescence excitation.

The relative L shel%”quantum.yieldg of the two even-even daughters

are:
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cm L 160150

it

2:L3

Pu LZ:L3

- 50:20 .

These figurés are based oﬁ the observed intengities and were
corrected for-thg abundance of the L lines not observed using the
data on‘Amzul (seg Appendix, Table717). The Ll quantum yield has
been omitted becguse of uncertainties in line assignmenfs and low
 abundance.

Using fluorescence yields based on Kinsey's. eStimatééZTvOnercan
calculate the relative L'shéll vacancies. However, the possibility
~of nonradiative transitions which shift an electron vacagéy from one
L shell to another mustjbevconsidered.' Such transitioﬁs were suggested

by Coster and Kronig30

to explain certain x-ray satellite lines. The
Ll-L3 shift with the ejection of anvM electron shoﬁld be, acco?ding
to Kinsey, the most prominent mqde of filiing the Ll shell, Prgﬁious
data obtained in this laboratoryll and alsc the quk on A@?Fl indi-
cates the magnitude of the Coster-Kronig coefficient»is smaller than

the estimated 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.3l’32
Cm LZ:L3 =.250:110
Pu K:LZ;L3 = 40:80:50 .

A correction must now be applied for thé’L'vacahcies in plutonium

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

33

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

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

I
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50 percent to L3 holes at Z = 9ho Taking this into account the
corrected ratlo of K vacancies to L vacanc1es in plutonlum is as
follows:"

CPu KL L ml+07o3o

: . 3 .
The beta ray spectrometer studles by Passell3L+ 1nd1cate the
vpresence of two hlghly converted gamma rays and a beta spectrum of

628 kev max1mum,energy Hls llne data are summarlzed in Table 3

“Table 37

‘Conversion Lines from the Decay of - Am.2hzm o
'7‘E1ectron°energy - Conversion shell =~ Gamms'ray =~ Best energy
_energy (kev)
;-(keV)" o
17.3 Cm i.é A uo 9‘f
22.0 Cm L, T o
3.5 5 dm MZ_ S ui;uuh,_ T
36.5 Cm M, Mg 40.6
39.9 Cm N (or Pu M2) 41.6
720,90 i Pwlg oo e o3z o
- 3.4
25.5 Pul b3.6 - oL

The L X-ray intensdties leadvtola ratdo of‘curium to plntonium L
conversion of 3.6, assumlng only K or L electron capture° This is
to be compared to the value of 2, 5 determlned from the conversion elec-
tron abundances.

2h2m

" Beta L x-ray coincidence studi&s on Am by’Frank'.‘Ste'phens35

- show 55 percent decay to the ground stateé and 45 percent to the first
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excited state of Cm?hz. Using'this.informétioh, the reported branching

36

ratio of 4.2 6-/EC, and the above conversion ratio, the electron

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

Puzu2 is 1. This implies a K/Ll capture ratio of 0.2. Close cycle

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

If the isomeric transition is 35 kev as‘di5cussed below, the electron

capture energy of AmZth is 0.69 and 0.65 Mev to the ground state and

- first excited state of Pu2h2, respectively. Such a low K/L capture ratio
is very unusual for this amount of energy and certainly requires further

study. An appreciable Coster-Kronig effect or L2 and L, capture would

3
tend to increase this value.

The L, to LS quantum yield of the americium lines is 3:2, and ﬁhe
calculated vacancy ratio is 1:1. On the basis of chonversion alone the
isomeric transition ocaufs in 6 percent af the deéays. However, this
figﬁre must be considered an upper limit because of fluorescence
excitation.

Two gamma rays were observed on the bent crystal spectrometer and

the results are compared to the beté spectrometer data of two investiga-

tors in Table 4. -

Table 4
Gamma Rays Observed in the Decay of Am
"Observed energy PaSSell's3LL ' Church‘s?’7 " Intensity o
(kev) energy. energy . relative to
o (kev)  (kev) Cm Lg;
k2.3 £ 0.2 41.0 42.2 0.7 500
+

4y.8

0.2 Cob3 .6 0.6 200

There were indications of a line at h3.6 kev, but this is very

likely due to an.instrumental effect. Because the entire spectrum was
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examined at the slowest sweeping ratg it was not possible to»dbservé
,phesgAlines more than once on egcﬁ side of the spegtrometer midpoint.
;Thelqngrgies arexin gquiagreement,with those deduced from the electron
lines. .

.. -The L shell conversion coefficients in Table 4 were calculated
from the I vacancies and the intersities of the two gamma rays. Ll
conversion was not takenAinto account; The two gamma rays are very
likely electric quadrupole tragsitions on the basis of comparison of
these conversion coefficients ﬁith the.theoretiéal vaiues calqulated by
Gellman et §£°28 and represent the first excited state transitions in

42

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

inferred as about 40 kev from the alpha decay bf.Cf2h6,38

At present it appears that thé separation between the two Am242
isomers is about 35 kev. This assumes that the medsured beta particle

" energiles of the two isomers are the respective ground state transitions.
Since B L x-ray coincidence experiments indicate comparable population

- of the ground and first excited state o‘f'Cm.z42 by both isomers the
‘assumption is reasonable.

c. Amzuz

The present study of Am?uzm'indicated that the conversion line

29

assignments in the work of O'Kelley et al. were somewhat in error.
O'Kelley39 had suggested that the long lived Am21¥2 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 with time. The beta ray speCtrometer.study by Passell3)+
clearly indicated that the iines iﬁ quéstion were M cénversion electrons
of the 16 hour activity superimposed upon electron lines of Amzulo ‘Thus
‘an experiment was undertaken using the scintillation counter to
determine if K electron capture.did competé with beta decay in the
long-lived Amzuz.'

Approximately lO7 élpha counts per minute of iﬁtensely neutron

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

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

Amzu:L ~ 90.4 percent
Am?le 1.13
An?*3 8.51
243 . . 1 peans . ‘ oo 239 .. ; .
Am is in equilibrium with the 2.3 day Np- -~ 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 De

LLZ'decay the neptunium was separated from ameri-

associated with the Am’
cium by ion exchange 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 detectibn of the plutonium K x-rays it was

‘necessary to employ absorbers to decréase the intensity of the 59.6 kev
gamma ray of Am?ul. Using'700 mg pef cm2 of silver aﬁsorber, radiation
at 105 kev was easily detected bn.the écintillation counter. The line

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

components are accentuated by absorﬁtion. It was also possible to see



T

241

2k3 on the high energy side of the Am gamma

~ the 75 kev gamma ray of Am

\

ray. A typical spectrum is shown in Figure 3. AN

Making suitable corrections for absorption, escape peaks;and the

43

presence of the Am? gamma. ray the ratio of 59.6 kev gamma ray to K

x=rays was calculated as

"59,6":K x-rays = 100:1.7 .

When the sample_was in equilibrium with Np239 the x-ray peak intensity

was increased by about a factor of two.

42 40

41 , the half-life

-From the measured mass abundance of Am? and Am2

41

of Am? yand the absolute abundance of the 59.6 kev gamma rayl2 the

partial half-life for K electron capture in Am?)‘L2 was calculated as

42

850 years. The half-life of Am2 is about 100 yea::'s,hl indicating a

B_ to X capture ratio of approximately 9.

2k2

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

x~-ray coincidence studies by Stephens35 indicate comparable population

42

of the ground'state and the first excited state of sz s0 this energy

is very likely the disintegration energy. Closed cycle calculationszbr
indicate 660 kev are available for electron capture to the ground state

of Puzgz.

D. “1r192

A very complex array of gamma radiation is associated with the
: : 192 : ‘ 42 .
beta decay of the T4 day Ir . Cork and co=-workers studying the
conversion electron spectrum were the first to detect evidence of

electron capture by noting that se&eral transitions had K and L
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conversion lines whose~Separati§n was characteristic of osmium rather
“than platinum. Also several Augér transitions were foundbwhich could
be ascribed to the electron capture daughter.  Seventeen gamma rays
were inferred from the electron line data and 14 of these were arranged
in~a”reasonab}e'aecay scheme- involving 5 excited states of platinum
and 3 of osmium., - |

'Mullef;:gz §£a¥3;uSing-a 2 meter bent crystal spectrometer were
“able to detect the K series radiation of the electrén 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 over conditions required by the proposed decay scheme.
' Gamma ~-gamma, c:oinci:deric'e"ez’q')e:c'im.en’cslm’b'5 are also in agreement with
' -this scheme.

Mims and Halbenu6 investigated the possibility of positron emission
by Irl92 using a gamma=gamms coincidence apparatus to detect annihila-
‘tion rediation. They were able to set a limit of 8 x 1073 percent for
‘this mode ‘of decay.-

92

- . In an effort to determine the extent to which Irl_ undergoes -

- electron capture a quantity of ‘this activity was obtained from the Oak
'RidgéfNational'Laboratory,r The %j"lines-of'dsmium aqd~platinﬁmFWeré
observed with the bent crystal spectrometer but bécaﬁSe*of‘poor resolu=
tion it was difficult to obtain good relative intensities, . Muller
reported a value of 1.3 for the platinum to 0$mium,K-Xiray'ratio and this
figure will be used in calculations to follow.

o192

A sample of Ir~° was counted in the lx ‘counter and then the

electromagnetic radiation was examined with the scintillation counter.
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The observed lines, all muitiplets, and intensities per beta are listed
in Table 5 along with part of Mullgr*s.dgta.__(The actuai by count was
corrected for the abundance of electron capture éfter the branching
- ratio was determined in order to get the true beta disintegration rate..
It was assumed that the cbunting efficiency for electron capture was
100 percenf but an error of a factor of 2 in this figure will only
,lower»theintéﬁsity values by about 4 percent.) Since Muller's
relative intensities are only stated as being good over a narrow,energy
range the twb_Sets.of data have been combined in column 5 of the Table.
The gamma,rays'below 295 kev were seen with the scintillation spectro-
meter but inténsity 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
6.13 photqn/B“. éorrecting this for fluorescence yield32vone obtains
0.14 K vacancy/B‘;: Using Muller's,measured*platinum:to osmium x-ray
ratioc there are 0.08 platinum and 0.06 osmium K vacancies per beta.

b

Bashilov and co~workers ' have determined the abundances of the K
conversion lines ﬁer beta particle and these are listed in column 6.
The sum of the conversion lines of platinum (including several not listed
in Table 5) is 0.076, in good agreeﬁent with the above value of 0.08.
The X vacaricies of osmium due to conveision are 0.005, indicating
0.055 X electron capture events per beta. disintegration.

Column 7 lists tﬂe K conversion.cpefficients calculated from
columnSIS’and 6._ Adjacent to. this is the péssiblevtype-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 »Intehsity Mulle£3 Muller Abundance: X conversion o Transi-
counter energy photon/g et al.*3 et al. g ' i tion
(kev) energies relative Photon/p Electron/p T type
(kev) - intensities

_ _ 295 .94 380 ! 1 0.30 0.016 | 0.053 E2

310 - 1.37 308.45 3710 0.29 0.015 0.052  E2

| T 316.46 990 0.78 0.034 - 0.0hk E2

! ‘ 467.98 00 . o.k6 °  0.00 0,01 E2

0 0.49 7.9 3 7 017

- 484,75 11 0.017 0.0005% 0.,029. E2

| 588.40 11 0.10  0.00045 0.0045  E1

600 0.27 60k .53 1k - 0.13 0.0014 0.011 E2

' 612.87 L5 0.045 0.00056 0.012 E2

205. 74 5 - 0,004 3% e m

- - . 201.31 10 - 0.,00065% . e

| 136.33 4 - -- -~ -=

_OE_

*Conversion in osmium.
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Table 6

Theoretical K Conversion Coefficients of the
' 1r192 Gamma Rays

Energy El E2 E3 M1
| | -2 -2
296 2.3 x 10 6.5 x 10 ° 0.18 0.3k
308  2.0x107°  5.8x107% 0.16 0.30
316 1.9x 1070  5.6x 1077 0.15 0.28
168 8.4 x1070  2.3x10% 5.8x107%- 0.10
485% 6.8 x 100  1.9x 10  4.7x 107° 7.0 x 1072
588 5.0 x 1073 1.4 x107%  3.3x 107% 5.5 x 1072
605. 4.8x107° 1,3x107° 3.1x107° 5.2 x 107
613 b6 x 1073 1.3.x 1072 3.0 x 10 “ 5.0 x 1072

*Conversion in osmium.

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 be reversed., This would place the first

192 at 206 kev which is more in line with the trend

excited state of Os
of these levels in the lighter osmium isotopes.2
On the basis of the multipolarities listed 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 mbdified decay scheme of Cork\ggugi. is shown in Figure b,
. Beveral other gamma rays have been Observed,hu’u7 but these 'are of low
intensity and are omitted from the decay scheme., Three beta groupsvpf
0.67 Mev - (4h percent), 0.54 Mev (4O percent);zand 6,24 Mev (16 percent)
havé’been:reported by Bashilov. It is thought that the'maximum‘
energy group populates the 919.Kév ievel indicating a betavdisintegra-
tion energy of 1.59 Mev.,

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

igz2

192 ", Both the relative energies and the relative intensi-

‘Os and Pt

ties of the gamma réy transitions in each daughter are qualitatively
" the same.  Most likely theVSPin and parity assignments of the detected
osmium levéls’are the same és the corresponding ones in platinum.

The partial half«life for K eléctron capture is 3.7 years on the

2

basis of a 5.5 x 107 K/g branching ratio.

E. Ag 0" and ag™0

The radiations associated with the 270 day_Agllom have been the
49 50

subject of many experimental studies. Siegbahn, and Cork et al,

have shown that a highly converted 116 kev gamma ray is the isomeric

transition to the 24 second Agllo on the basis of the energy separa-

51

tion of its K and L shell conversion electrons, Miskel,”” by rapid

electrolybic separation, was able to prove the genetic relationship

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

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

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

110

short lived Ag which is in equilibrium with its long lived parent
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Fig. 4. Decay scheme of Irlgz.
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decays by emission of two beta groups of over 2 Mev energy. From the

abundance ‘of these hard transitions Siegbahn estimated approximately
110m

6 percent of the Ag undergoes an isomeric transition. By the
same method Anton‘eva and corworkers52 arrived at a figure of 2 percent.
The electron capture decgy of Agllom to stable'Pdllo has not béen

reporteao‘.Deufsch53 has setva limit of 3 percent for K electron
capture on the basis of failure to observe any K radiation. A limit
of O. 05 percent has been set on the B8 /B rat10u6 By measurement of
‘anmihilation radlatlon coinecidences.

-A sample of Ag 110m was obtained from the Oak Ridge National
Laboratory and mounted for the bent crystal sPeétrémeter, On sweeping
the 20 kev region four lines were observéd'and the energies,gadd
relative inténsities.of two of the four linesfafgglisted'in Table 7.
The intensities of the‘Kd2 radiations were not calculated becéuse of
poor resolution from the Kdl but were of .the expected magnitude. A
careful examination of the fegion of the palladium.mzl yielded negative
results and a limit of 15 percent of thé silver Kal'intensity cen be

set for this line. The spectrum is shown in Figure 5.
I )

Table T

K X-<Rays Following the Decay of Agllom
: Observed cncAccepted Corrected
Line Transition energ 'energg . relative
(kev (kev‘ intensity

1]

Ag Ky,  Ag K-L,  22.06 £ 0.06  21.99 S

Ag Ky  Ag KL, 22.19 £0.03  22.16 - 2.1
CaKg, © CdK-L, 23.05 £0.12 22.98 m
Cd Koy ‘Ca'K4L3 23.21 + 0.0k 23.17 1
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Fig. 5. K x-ray spectrum in the decay of Agllom
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© -t The: source of the ‘silver X series radiation is the K conversion of

“the 116 kev isomeric transition.. The cadmium lines are due to K
eonversion of the numercus. gamma rays following the beta decay of Agllom.
i In"orﬁér to determine dbsolute intensities of the K x-rays a small
sample.was prepared on a Tygon film, counted in the 4x counter, and
-then;examinéd'in'the calibrated proporticnal counter. When an
absOrber'ofu470-mg/cm?~of beryllium was used to remove the electrons
-associated with the decay;'a‘broad.x—ray peak was observed at'éZ,S kev
and its corrected intensity was found to be 0.037 photon: per disintes
gration. Using a figﬁre of 0.81 for the K shell fluorescence yield,32
this datum indicates 0.045.K vacancy:per disintegration.
" The 116 kev gamma ray is thought to be an Mk tﬁansitiOn’dﬁdﬁas
such would be esséntially‘Completely:converteda From the relative
intensities in Table 7 and the proportional counter data one calculates
0.031 silver K'vacanéy per disintegration. The K/L+M conversion ratio
has been'reportedA9552 agnapproximately 1.5, indicating 0.05 isomeric
‘“transition per disintegration.  This is in eXcelleht agreemerit with
= Siegbahn‘S'estimate;~'
‘From the intensity'limit:dfythébpalladium.Kdigline~andvthe;HHMber
of . silver K vacancies, a limit offO;S.peréent c¢an be set on}the’number
~of K. electron capture events per disintegration. This corresponds to
a partial halfhiife for this mode of decay greaterbthan 159 years.
- The. number of CaamiumiK vacancies is 0.014% per disintégration. It
+is -difficult, however, to .compare this figure with data reported in the

literature, The K conversion coefficient of the prominent 656 kev

gamma ray has been found to be 2.5 x 10~3,h9'and the autho? has determined
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.the intensity of this‘raQiation-as approximately 100. percent per beta
decay by 4x counting and scintillation spectroscopy. However, corres-
pOnding information is not gvailable on othér lines, 1In order to get
- an estimate of the number of cadmium K vacancies the conversion elec-
tfon spectrum given in Figure 1 of reference 49 was crudely integrated
and the areg of - the cadmium K lines was compared to the area of the K
conversion line of the 116 kev isomeric transition. The resulﬁ
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

110m
g .

A and the 1imit 0.5 percent has been set on the number of K

eleetron capture events ﬁer.decay, a limit of 10 percent can be placed

on the amount of K electron capture by the 24 second Agllo.

F. 05}3%_

- The 2.3 year‘Cslsh is known.fo decay by beta particle emission to

134

stable Ba . Many gamma rays are associated. with the decay and these

134 54

-,havé~recently;be9n_interpreted in terms of a new level scheme for Ba

The search for decay to Xel3h

55

has led to negative results.
Waggdnér, Moen and Roberts

134

spectrum of Cs

in a study of the conversion electron

suggested that a 1.002 and 1.135 Mev electron line
T -

might be due to gamms ray transitiOHS‘in_Xel. , and set a limit of

34

4 percent on the amount of electron capture in‘Csl on the basis of

their intensity. Both these transitions have been incorporated in the

‘new level scheme of Bal3h, Siegbahn and Deutsch56 tried to detect the
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Xendn K x-rays in a proportional counter and set a limit of 5 percent
on the amount of K electron capture. Mims and Halbenu6 using a gamma-
gamma coincidence apparatus found that the 5+/B_ rafio was less than
0.009 percent,

A high specific activity sample of-Csl3u

(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 spectrometer. .The. capillary
contained approximately 10 millicuries of the activity.

Careful sweeps of the spectrum revealéd only two weak harium lines.
The enérgies 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‘Csl34 a limit of

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

K lines in the spectrum,

Table 8
. , L , 134
K X~Rays Following the Decay of Cs "
Line Transition Observed energy Accepted energy
N (kev) (kev)
Ba Ky, K-L, 31.80 * 0,07 31.80
Ba Ky, K-L3' 32.16 £ 0.08 "32.18

A small sample of the activity was bx 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



~corresponded to the barium Ky and K5 radiation at 32.2 and 36.5 kev,

respectively. It was somewhat difficult to correct the observed
intensities for counting efficiency because the K5 group is above the
K absorption edge of the xenon counter gas whi;e the Kd group is below
it. By considering only the &# radiation and employing the Ka/K6 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, Broyles31 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

134

xenon x~rays from the decay of Cs was 1/3 the number of barium.K

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

limit of 0.2 percent can be set on the occurpnce-of K electron 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

prominent gamma rays of CslBA, and the decay scheme and beta group
abundances of Cork and co-workers.SLF’57
. 1o

Ol

The beta decay of_Tl?- has been the subject of many studies but

it has only been recently that evidence for electron capture has been

58

obtained. Mitchell and Caird”’  detected electromagnetic radiation of

approximately the energy of the K x-rays of mercury in leoh and upon
comparison with a source of mércury x-rays concluded that this

59

isotope did undergo electron capture. Lidofsky, Macklin and Wu,
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at the sameztime; also reported fhe‘presence of mercury K radiation on
" the basis of ‘critical absorption experiments. der Mateosian and

Smith ! incorporated leOLL in a Nal (thallium activated) scintillation
cr&stal'and observed the x-ray peak in the spectrum.’ Under the-
conditions of the experiment, such a peak would only be expected if
'ﬁhe\radiation were not im prompt coincidence with the beta group. The
latter authors determined a Branching ratio of 0:015 % 0.005 K capture
per beta disintegration. In an effort to characterize the observed
fadiatiénrdefinitely‘thé following experiments were performed.

Ol

" Ten millicuries of le was réceived 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’speétrometer
' sém.ple° Althoﬁgh the intensities were low, two lines were obseérved and

identified. The results are listed in Table‘9u“'Because of resolution

diffiéulties only approximate relative intensities could be détermined.

Table 9

Mercury K X-Rays Following Decay of leou
Line Transition Observed energy Accepted energy Approximate
S , . (kev) S ;'“(kev)‘ P : relatiYe
» o _ intensity
Hg K, K-L, - .. 68.79 t0.27 »68.90 R 1
Hg Ko, K-Ig 70.93 + 0.19 70.83 2

Aside from very weak indications of the mercury Ka'group no other
electromagnetic radiation was observed. 'A search was made of the

L x-ray regions with negative results.
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~Two small samples were prepared and 4x counted. The K x-rays were
observed on the scintillation counter and their intensity was deter-
‘mined as 1.67 + 0.1 percent relative to the by count (the erfor is the
average deviation in two rums). Thé 59.6 kev radiation of Amzul was
employed as both an energy and intensity standard. Taking .into
account the 95 percent K shell fluorescence yield of m_ercury32 the
»ﬁercentage K capture in TlZOh is 1.76 £ 0.1.

When these samples were examined with a proportional counter the

L x-ray multiplet at 11 kev was easily detected. Upon correction of

its intensity for counting efficiency, counter wall absorption, and

h?O_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 leoLL
gL -3

der Mateosian‘and Smith were aBlé tb detec£ the continuous gamma
.ray sﬁectfumvaééociated with £he‘eiéc£ron capture deéay and found an
" endpoint of about 250 kev. This enéigy plus the K absorption edge
of mercury gives a disintegration eﬁefgy of 333 kev;.

q. Tb160

Tbl6O decéys by'beta particle emission to stable Dyl6o. The

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

groups6o of 0.86 (43 percent),;O.SZ (51 peféent), and 0.40 (16 percent)
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Mev energy, and lZ.gamma rayé.él Of the latter, 5 are quite prominenf
and their energies are listed in Table 10 below. >The other transitions
~-are assumed to be weak Because the'other.workers,6orés well ‘as the
vauﬁhbr, failed to detect them.

Table 10

Prominent Gamma Rays Reported in the Decay bf Tb}6o
SRR Line . .. C n\,Energy I

v (kev)
r, 865
I‘z | 196.4
':. FS | “ | o 5? .:5;297.8
o 876
Ils : Tz

A:sgarch for evidence of- positron emisgioh has”yielded negative
results6o apdvthere is no information in the literature concerning

. possible electron capture to Gd; .

- Several mi;}?gramslof ygry pﬁ?e:i§u§7:powé§;yyere:irragigtéé
in the Materials ?esting’Reaétor at Arco, Idahg, for an 8 day period.
About 1 milligraﬁ of this mateéial.ﬁas pé;kéa.in a capillary and
moﬁﬁted'oﬁ bhévﬁént crys£al épectfbméfé;.v | . |

'L:%ouf K‘sérieg.kiré&;'of d&éprosiﬁmt%é;é:6béer§ed:and'the"

méééuféd'enefgies'and intensities afériisted in Table 11.
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Table 11 :
. 160
K X-Rays Following the Decay of Tb
Line . Transition .Observed . energy Accepted = -Corrected
‘ (kev) energy relative
(kev) intensity
Dy Ka, K-L, ¥5.27 + 0.12 45.19 50
Dy Kgy  K-Lpo 4598 £0.08  45.98 100
Dy Kgipg ,K MMy 52.13 + 0.15  52.09-52.18 35
Dy Kg,  K-NN, 53.46 * 0.33 53.49 12

The relafi&e(intensitiesyof the K6163 and KBZ are somewhat
uncertain because of the self absorption correcticn. According to
the paper by Hill, CHurch and Mihelich62 the K edge of terbium is at
52.00 kev and thﬁe,these;twe lines are subject ﬁo considerable absorp-
tion. An attempt has been made to correct for this effect but the
maghitudejef'tﬁe absorpfion jump at the K edge could only be estimated.

It is of 1nterest to compare the K x- ray 1nten51t1es with those
obtained by the interpolation of the data in’ Compton and Allison. 33
At 7 = 66 the latter indicate the following ratios |

Kal Kdz K6163'KBZ = 100: 50 33 12

whlch is 1nvremarkable agreement w1th the data in, Table ll Since no
self absorptlon correction has been epﬁlled to'Compton and Allison's
data.this eerreefioﬁ ie'either &ery small‘in electron bombardment
X-ray sources er the agfeemeﬁt he;e'is.onlyAfertuﬁtous. |

A careful search of the regioﬁ of the gadolinium.Kal line indi-

cated nc detectable quantity of this radiation. There was evidence,
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hqwever, of terbiumeK.series lines‘presumably due~to flgorescence
'1exeitatipn in the sample. The maximum intensity of the gedolin;um
K, line is h‘pekcent of the dysprosium Ky, .

Two gamma rays were observed on the bent crystal spectrometer. A
relatiyeltheek A8.75 t 0.22 kev line wasg deteeted in ﬁhe eerly
sweeps Qf the K x-ray regiog.__It'was»notieedyphat this }ine Qecayed
relative_to.ﬁhevxfrayslwith a halfflife of & tQ lQ daysz ‘CQrk et 2;,63
_have obserVed eonvepsion»electrensvfrom a 49,0 gev gamme. ray infthe
@ecay of thel6.8 day $b16l and this isotope, foymed by two suceessive
neutron ceptures.in the high flux reacto?, is presumaply the:sQurce
~of the;observed radietien, The_x—ray inteneities,lisﬁed_;nvTable 12

were determined after the decay of this second order product.

. Table 12’

.Eﬁérgiéﬁ and ‘Abundancesof the Radiationsg @
Observed in the Decay of Tbl60
Line Energy Intensity
. ... (kev) (pHotons/B7)..:

K x-rays ' k3 0,16
Ifl 87 - 0.12
e 200 0k
r. . - .
L 890 0434
v"F5' © 960 T 0.3Y
*Ig ’ 1180 - 0.25
ET: 1270 Y 0.1l
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A gamma ray of 86.91 * 0.29 kev was observed in an abundance of
132 relative to the dysprOSium.Kdi'and is Fl in Table 10. No other
lines could be detected*above this energy on the bent crystal spectro-
meter.:

“If- one assumes that ri’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 C

l;relative to that of other gamma rays as reported in the litera-

‘ture}6o"EmplOying a 91 percent fluorescence yield32 to obtain the
numbér of K vacancies leads to a value-of o = 1.7 which can be com-

- pared to 1.65 + 0.2 detérmined by"McGowan6LL and 1.5 calculated from
scintillation counter data to be presented below.

A small sample of-Tbl6Q was 4n counted and then examined onlthé‘
scintillation counter.. The'observed lines and their approximate
intensities pé£ ﬁéta‘particle'afe listed iﬁ Table 12. The two highest
energy linesyhévé_hot been»previously reported, but were readily
detected on thejAscintiilétic.):n”éounter° ‘Avportion of the high energy

- spectrum is shown in Figure 6. |

Preliminary gemma-gamma coincidence studies indicated that at
least one of the two new lines is‘in coincidence with Ii. No other
gamma radiation appears to follow or precgde these hard transitions.
The results on Fhe,other gapma rays are not QS'yet too clear. IL is
in coincidence with fi, while fg is not. It appears as if both FL
and F5 are in,goincidence yith-at least one of thevother 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

populate levels at least 960 kev above the ground state of Dyl6o.
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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 Tbl6O is less than 0.7 percent, indicating a partial
half-1ife of greater than 30 years. The number of dyspfosium K
vacancies can be calculated from the absolute X-ray‘intensities and
is 0.18 per disintegration. If [T is the ma jor source of these

1

vacancies its K conversion coefficient is 1.5.

I. Tmt 0

Neutron irradiation of thulium yields the 129 day isotope of mass

170. This activity decays by emission of two beta groups of 968
65

(76 percent) and 884 (24 percent) kev maximum energy, respectively.
The latter group leads to an 84 kev level in the ytterbium daughter

which decays by gamma ray emission and internal conversion.

65

have sought evidence for electron

70

Graham, Wolfson and Bell
capture and positron decay td stable Erl 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 als§ able to
set a limit of 0.3 percent for K electron capture.

A sample of Tm203 that had been neutron irradiated in the
Materials Testing Reactor at Arco, 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 corregtion for the K5153 and Kﬁz lines is uncertain
because of their prbximity to the thulium K edge. Also, the possi-
bility exists that a small part of the observed ytterbium Kaz peak
is due to the thulium Kal caused by fluorescence excitation. A very
small ﬁeak which coﬁld be the thulium Kd2 was observed., This might
explain why the ytterbium Kdl/KJZ ratio is somewhat smaller than its

usual value of 2.

Table 13
v . 170
K X-Rays Following the Decay of Tm
Line Transition Observed energy  Accepted euCorrected
(kev) . cenergy’ relative
(kev) intensity,
Yb Kg, K-L, 51.17 + 0.20 51.3k4 60
Yo Ky K;~L3' 52.24 * 0,11 52.36 100
Yb K5163 K-M2M3 59.38 £ 0.21 ‘ 59.15-59.38 ° 40
Yb Kg, K-N2N3 61.25 + 0.6 - 60,88 15

A careful examihation was made of the region of tﬁe erbium Kdl buf
nothing above background variations was found. The maximum:intensity
of this radiation that could ﬁave escaped detection is estimatéd as
about 5 percent of the ytterbium le.

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 speétrum in

Figure 7. Its measured energy was 84.12 * 0.27 kev which is in excellent
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Fig. 7. K x-rays and gamma rays in the decay of
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65

" agreement with the conversion electron value of 8h4.1. The intensity
of this line was 210 relative to the ytterbium Kdl,f Since the internal
conversion of this gamma ray is the only source of K x-rays its K

conversion coefficient will be given: by

S (K x-ray intensities)

O =

(fK) (v intersity)

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

. . S
as 0,92.3 The result is Qe = l.§ which can be compared to the value
of 1.5 determined by McGowan,6u 1.6 by Graham gg‘g£°,65 and 1.5 deter-
mined on the scintillation counter as described below.

70

A small sample of Tm; was 4x counted and examined‘with the
scinfillation counter. Only the x-ray péakrat 52 kev and_thé gamma,
'peak a£ 86 kev Weré observed. By integrating ﬁhesé two linés and
corgecting for the escape peaks thevintensitiés were found to be
3.7 percent énd 2.6 percent, respecgiyely, relative fo thé h%vcountn
Taking into acéounf ﬁhe fluorescence yield the K conversion coefficient
of tﬁe gamma ray is 1.5; The.intengity of the gamma ray caﬁ.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 théﬁlimit set on
the erbium.Kdl felatiye to tﬁe ytterbium.ﬁdi;“fhe‘abﬁqdénce of K
electron capture is less than 0.2 perceht per beta disiﬁtegratione

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

5. spizh

The 60 day‘Sbth decays by beta emission to several excited

12k

' 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 Starner66 have
verified certain aspects of this scheme.

67

Langer, Moffat and Price attempted to find evidence for K

electron capture to Sn;zu by studying the Auger electron spectrum out
with no success. Thése authors also found no evidence for positron
emission.

A sample of Sblzu was received from the Oak Ridge National
Laboratory and was mounted fof the bént crystal spectrometer. Un-
fortﬁnately no lines could be detected because of low specific activity.

A smail portion of the sample was then counted in the 4x counter
and examined with the proportional counter. When 1 gram/cm2 of
beryllium was used to ébsorb the beta particles a small &1 peak was
observed at 27 kev. There was also an indication of the Kg group on
ﬁhe.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_Kd group is 27.5 kev while that of the tin
.Kd group is 25.2 kev.

' Integration of the observed peak and correction for absorber and
countingvefficiency yielded an abundance of K X-rays of about 0.4 per-
centvrelative to the by count. The K fluorescence yield at this Z

3z

is ap@roximately 0.85, and applying this factor a K vacancy

abundance of 0.5 percent was calculated. Hutchinson and Wiedenbeck68

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

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

69

0;0036 K conversion electron per beta particle. Tomlinson et al.
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.havevﬁbund the other K lines to be about 16 percent of this, giving

a total of approximately O.4 K vacancy of tellurium per-beta particle.
: .Thus a limit-of O,1 percent-can be set for,Kfeleqt:pn‘ggptufe in

12k

S, This corresponds:to a partial half-life of .greater: than

170 years., . oo

' K,,»Sb%za

‘ The radiations associated with the 2.8 @ay=85l?2 have been studied

by'Glaubman,andaMetzgér;7o

These authors have reported three beta
groups; 1.9% (26 percent), 1.36*(69,percent)},and'0.73={5gpergent) Mev .
They have also observed gamma rays of 0;563 (73 percent), 0,692
(3.5 percent), and 1.25 {(0:8(petcent)sMey. Gamma-gemma,coincidence
studies showe@-the;first two gamma rays were' in cascade. - The weak
1.25 Mev .radiation.was. assumed tofbe theuéross}over»transition.

~These data,were>interpréted-in_terms of two_exqited:states,;n Telzz,

.0.563 and 1.25 Mev-.above the ground state, and beta transitions to
‘these,levelsjand'thewgrouhd,state; 'There .were .also indications of a
gamma,ray'at~l.15;MEV~in_l percent-abundance‘,gNo mentioﬁewgg made of

122

-possible electron capture :to Sn™ "o o L o g
,Thew0.563gMev tranaition_isgtheudémiﬁantnfeaturquih;the;gamma ray
-spectfﬁm~aCCQrding to Glaubman and,Metzger andihasfawmgasuréd:K
conversion:coefficient Qf 0.0049. - From thq«measgredﬁintengity of the
gamma, rayuthere should,be%O.QO36ijvacanciégkper beta particle. Since
- the otherztrahsitions aré both -lower in-abundance and highef in énergy

.one~might -expect little,additioﬁal K conversion. It_then seemed

 reasonable to expect: no.more. than approximately 0.4 percent K



vacancy » due to conversion in tellurium or 0.34 percent K x-ray from
this source. |
Neutron irradiated»anfiﬁony metal was obtained from the Ozk Ridge
National Laboratory. Since the specific activity was quite low it did
not seem feasible to examine the xFrays on the bent crystal spectro-

meter. The antimony was dissolved in HNO, + Br2 solution and

3
several small samples‘were taken for 4n counting. On examination
with the scintillation counter a fairly intense x-ray peak wasg ob-
served at about .28 kev. Integration of this peak yielded an
intenéity of 2.6 percent relative to the hn‘coﬁnt. A more careful
examination with the proportional counter showed a broad line at
24 .5 keév whose integrated area corfesponded to 2.5 percent of the kx
coﬁnt when corrected for counting efficiency and beryllium absorber.
On intensity grounds alone it seemed obvious that K electron
' capture was competing with the 5eta decay to the extent of several
percent. Also, the proportional counter measurement indicated the
X-ray energy was closer to the tin K, radiation (25.2 kev) than to the
tellﬁrium’ K, lines (27.5 kev). To further check the nature of the
' radiation critical absorption experiments were performed on the
scintillation spectrometer using palladium, silver and cadmium foils.
" The K absorption edge of these eleﬁents as well and the K series
‘line energies of tin, antimony and tellurium are listed in Table(lk;
. It was indeéed found that palladium behaved as a critical ab-
sorber while silver and cadmium did not. The presence 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
the decay of Sblzz.
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Table 1k
Critical Absorption Data for the K X-Rays Following
the Decay of Sblae
Absorbers
Element.‘K éd 862 Eleme t“ﬂ S K K
g ment. Koz Koy B1B3 B2

Pd 2k .36 Sn 25.04 25.27 28.46 29.11
Ag 25.5k4 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 enfiched

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

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

2

activity Sblz thus formed was examined with the bent crystal spectro-

meter and the observed lines are listed in Table 15.

'K X-Rays Following the Decay of Sbic

.+ Table 15

" Observed energy

2

Line Accepted energy
(kev) (kev)
Sn Kg, 25.08 % 0.05 25.05
Sn Koy 25.28 £ 0.02 25.27

- Sn.Kp,pg 28.48.£ 0.03 . 28.44-28.49

SnzKﬁz_‘n 29.09 + 0.06 29.11
fiL . 8b Kg, 26.1% * 0.05 26.11
Sb Kdi 26.39 = 0.02 26.36
8b Kgl@3 29.74 + 0.07 29.72
Te Kyyp 27.26 £ 0.05 27.20
Te Koy 27.52 * 0.03 27.47
Te K5153 30.96 £ 0.07 30.99
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The tin x-rays arise from electron capture in Sb']T22 while the
tellurium lines are due to K shell cénversion of gamma radiation
foilowing 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 shqwn 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
lééds to a vélﬁe of 0.022 tin x-ray: and 0.0036 telluriuﬁ,x—ray per
disintegration; From these‘intensities and the fluorescence yieid32
of 0.84 at this Z the number of tin and tellurium K vacanciés per
diSintegratidn are 0,026 and 000043,‘re5pectively, The former
figure corresponds to a partial half-life of approximately ilO days
for K electron capture.

It is possible that the unassigned 1.15 Mev gamma ray,fdund by
Glaubman and Metzger,and ﬁbﬁ placed in their decay scheme may be
associated with the electron capture decay. From the correlation of
the firs£ excited states of even-even nucleiz-one might predict an

energy of about 1.3 Mev for the lowest excited level in Snlzz. This

116 120
al n )

value is based on a two point linear extrapolatidn (sn nd S

and could be inerror by a considerable amount. If the 1.15 Mev

level is in Snlzz, 0.01 K electron capture event: populate this state

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

remaining 0.016 event lead to thevground state of Snlzz. '
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Fig. 9. K x-ray spectrum in the decay of'Sblzz.
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The decay of the 22 hour Np 236 . has been studied by Orth and
O'Kelley.7l' These authors found ev1dence of electron capture from
Auger electron 1nten51t1es and X~ ray abundance determlned by absorp-

) tlon technlques. A rather intense electron llne was observed and
a551gned as the K conversion peak of a 150 kev gamma ray. Very weak
_ indidations of the L line were also found. Two beta groups of

max1mum energy O 51 and O. 36 Mev were detected and it was concluded

that the gamma ray followed the soft beta component and the electron
236

i

capture populated the ground state of the U daughter ”he elec~

tron capture to beta em1s31on branchlng ratlo was estlmated as 2.

Approx1mately 500 mllllgrams of U 235 (99+ percent pure) in the
form of a metal f01l of 2l mllllgrams/cm2 surface dens1ty was bom—
barded for a total of 9&0 mlcroampere hours of deuterons on the 60-
llnch c&clotrony Absorbers were employed to glre a deuteron energy of
12 Mev. The Np23C was formed.by the following :eaction |
UZ,BS(d:n)NP?B_é . .
_ Because.of its:long half-life, the‘activity.level;.of_Np235 formed by
~the, (d,2n) reaction is expected to be small compared to the desired

product.:

The target was dissolved in HC1l with a few drops of H Op, and

neptunium to‘the.quadrivalent state. After suitable adjustment of
the HCLl 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 dilﬁte HC1l and treated with HZOZ to destroy the

I~ ion. The solution was boiled witb formic acid to bring the neptunium
back to the (IV) state and the Ho1 concéﬁtration was adjusted to 2 M.
‘The neptunium was then extracted into 0.4 yLTTA in benzene, washed
twice with 2 M HC1l and béck extracted into 8erHCl. The extraction
cycle was repeated and the neptunium was again céntacted with the ion
exchange resin giving the purified product;

Because of an unusually loﬁ‘cross séCtion72 there wéé ihsufficient
activity for a study of the x-ray spectrum on the bént crystal spectro-
meter. Several small samples were prepared and examined on the
séintillation counter. L x-rays at about 17 kev*énd K x-rays at
100 kev were observed as well as many low intensity iinés up to

1,57 Mév. The lafter radiation has been observed iﬁ the decay of
Np23n,73'and after followingbthe decay of fhe Kvx-ray peak con-
cluded thét an appreciable amount of this actiVity was présenﬁ. The
sz'34 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-

0

cations of the feported 150 kev gamma ray. Passell ' 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

to the decay of Amz)+2m it was assumed that these two gamma rays repre-

236

sented the first excited states of the Pu and U236vdaughters. Iir

the lower energy line is due to conversion in plutonium the gamma ray
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A e

energies are h3.4pagd_h4f2 keve respectively. The latter is in good

agreement with the energy of 4L kev determined for the first excited

state of U?3i:fr0mtthe a%pha:partiq%e fine structure of Pu240°75 The
3electrqq€inten§ities of thesgvtwp transitiong were found to be

%Lcompa?ableﬂ

| Iﬁ Qrdér to determlﬁe the K cap Ure/beta Dranchlﬁg rat¢o the

2 36

was observed in the same sample used

Sad

‘ alpha partlcle growth of Pu
for the 501ntlllat10n counter experlmenus - The growth curve gave a

,Lparent half llfe of about Zh hours and al phavpulse analysis indicated
k p AR 7T
v only the S.IQ‘Mev.alpha particles of Pu 230 were present. From the

~alpha particle disintegration rate after the Np23§_had decayed and the
absolute abundance of the K x-rays at the beginning of the experiment

- a branching ratio pﬁ_K/B-‘; 43 £ 5%/57 + 5% was calculated. The K

PR RN

234

x-rays have been corrected for the presence of Np - and an estimated
97,P§?C¢Ht fluorgscgnee.yield._:;: e

_,fThehiQEensity”oftthe L x-rays was,Q.6irelativ¢,to«the K series

.%;pgg, Correctlng thla flgure for the mean L Sh?*i fluorescence yvield
,_‘of-gbggﬁ 50 P?FC¢QP.7che Hgmbgrlofh%zvaganéi?§;is‘ljg_per‘K vacancy.
‘Sichﬂeachtg_vgcagcy‘give§ rise to ypug§1¥ O.jZ_;zyagapcy at this
Z;? phgrefgrg,at maximpq Q?48uLHva9éncyvfrpm~copv¢rsign per K capture

_ eveq@}oy thl:vacancy per_diginﬁegra@iOp:_'?h;g figuyg is an upper
_ linit.on the amount of L conversion because L electron captire has
been ig;ored‘ Since no abundant gamma rays which-qogld_be ascribed
,K}Q:ﬁhe yp236 were,observed,on,the:sgintillagion counter it appears safe

tg_gong;ude,approximatelyIBO percent of both the beta decay and K

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

states. The decay scheme is shown in‘F;gure 10.

IV. DISCUSSION OF RESULTS

As mentioned earlier, the eXtent tothich electronlcapture com~
petes with ﬁ— decay in a giveh ﬁuclide depends ﬁpdn thé"reépective
decay energies of the two types of transitions and the spin and parity
changes that éccur. Decay to similar states of“%ﬁe”two eveﬁ—even
daughters of a éhielded nucleus should thus dépénd mainiy uﬁon the
energy; the matrix element for the two transitions being similar.
It has recently been pointed out by de-Shalit and'Goldhabéf,76 however,
that unusual décay rates may occur in régions of the closed shells
because of mixing of the nuclear level configﬁréﬁion;j

The ft valuegor comparative half-ijkﬁ Of the two transitions is
a convenient criteribn for comparing the réspéCtivé'rateé 6f decay to
similar daughter levels. This product shduld be:iﬂdepéndent of energy
and, except for cloSed shell effects, be approXimately‘the same . for
both electron capture and beta decay. The ft Valﬁeé'empioyed below

7

were determined using the nomogram of MosikéWski, ahd'thé compilation

78

of King, Dismuke, and Way. The f, functions for — "Al = 2, yes"

1
transitions were calculated from.Mmsnﬂdslequétibns79 and ﬁhe paper by

t valides for electron capture

(1)

: 8 . ' :
Davidson. O. In order to compare log fl

and beta decay it is necessary to divide Marshak'é}B; 'faétor by
2k to obtain flEC'

Closed cycle calculationth indicate 0.12 Mev ié aVailéble for

electron capture in Np238° ' The beté decay S£udies.sh0w that the first
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38

excited state of\Pu2 is populated by a transition whose log ft is
8.4. If this transition is of the "AI = 2,yes" type then the log flt
is 8.0. Electron capture to the first excited state of U238 would
involve a decay energy of roughly 0.08 Mev and only I or higher shells
could be involved. If the electron cappure were t0 have a log flt of
8.0 the partial half-life for L capture would bevapproximately

800 years. This would correspond to an electron capture/béta branching
ratio of <lO-3 percent and is éonsistent with the ﬁuch larger limits of
4 and 2 percent for Ll and L2 capture determined from the bent crystal
spectrometer data.

242m

Stephens' coincidence data on Am indicates comparable beta

decay to ﬁhe_ground and first excited states of szuz. The analysis
of the x-ray data shows that electron capture populates the corres-

2h2 to the same relative abundance. Using the

ponding states of Pu
measured beta energy and braﬁching ratio the log ft Bor both beta
groups is about 6.9. The log ft for electroh 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.v This aspect

requires further study.

k2 beta decay has a log ft of 11.4 to be compared

The long lived Am2
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 szhz. 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
HAI,z 3?.nQ:"' The log fzt‘of the”beta'decay for such a transition
wou;d be about 9 and Davidson80 has shown that a "AI = 3,no" decay
xspogld have a log fzt of abproximately 12,
The_spins of the two Amzé"2 isomers are stil; unknown. From the

. data accumuiated in this laboratory it appears as if both éctivities
decay in_a very similar fasnion exceptkfof half-1ife, Since the trend
of excited states in this region indicates the presénce of several
higher spin levels_that‘could‘enefgeticélly_be reached by either isomer
and radiations from these are not observed, it is thought that both
a;tivities have relatiVely lOW‘spino However, the long isomeric
Htransit@on must be explained. It is tempting to sgggest a 0~ and

O a;signment to the 16 hour and long lived activity, respectively,
but this brings on difficultiés with the calculated ft values. At
present the problem of spin and parity assigrments must be left unre-
solved. . |

192, 192

Since no information is svailable concerning the Iir mass

difference it is not possible to calculate a log ft for electron cap-
, : . b ‘ : a i :

192 k7

ture in Ir 7", According to Bashilov et al.,

192

_beta group of Ir

the most energetic
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.

- ' . R 81
Precision mess spectrometricvi.measurements by Halsted = dindicate

110 10

Pd is heavier than Ca’ by 1.08 * 0.26 millimass units or



-65-

¢ .
¢

(

1.00 £ 0.2k Mev. Siegbahnhg has reported the beta disintegration
110m | o :

energy of Ag 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

110m 82

decay in terms of the 5- spin assignment of Ag 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 Pdllo 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 Pdllo. A transition to the latter, whose position can be estimated

as about 0.5 Mev above the ground state of Pdllo from G. Scharff-
Goldhaber's paper,2 would be third forbidden and cbuld hardly compete
with the beta decay.

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

and is unstable with respect to Pdllo by 1.9 Mev. From the bent
crystal spectrometer data a limit of 10 percent can be set on the
abundance of electron capturé in the decay of the short lived isomer.
Likewise the positron abundance is less than 1 pércent. Both beta
groups of Agllo, populating the ground and first excited states,
respectively, of cat® are aliowed 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.k,

K electroé capture to the ground state of Pdl:l'O with a log ft of 5.1

would have a partial half-life of approximately 5 houré, or an abundance



-66-

4’of d.l3'percent per.beta decay° From the tables of Feenberg and Trigg83

one can estlmate the p051tron competltlon as about 10 percent of the
electron capture or O Ol percent per beta decay, Both these values

are well below the set llmlts K electron capture to the first

excited state of Pd O W1th a log ft of h h would have a partlal half-

life of about 2 hours or an abundance of 0. 3 percent per beta decay.
Positron competltlon to the flrst ex01ted state is only expected to
be about l percent of the electron capture decay or the order of
\.O 003 percent . These estlmates are‘also w1th1n the experlmental

: llmlts..'

134 _ 13k

lThere is no available data concerning the Cs -Xe mass
‘ difference K Way,&L however, has complled beta systematlcs curves

from whlch one can estlmate thls dlfference as approximately 1 Mev.

Goldhaber and H1118 have suggested that the spln of Cs 134 is.lL°

The first excited state (2+) of Xe 134 is expected to be about 1 Mev

13k

above the ground state of Xe and thus one would not expect any

' electron capture to th1s level on energy grounds alone Electron
capture or p081tron decay (1f energetlcally pos51ble) to the ground

state of Xe1311L would 1nvolve a spln change of b and would certainly
have a very long partlal half llfe, Qualltatlvely, therefore, neither

electron capture nor p081tron emission can compete w1th the beta

13k

.‘decay of Cs The low experlmental llmlts are in agreement with

thls conclu81on

The beta decay of Tl 20k to the ground state of Pb 204 is believed

1559 .

to be a "Al 2 yes trans1t10n

TizolL is 2-. The log f t of the beta decay is 9.1, employlng a

1ndlcat1ng the ground state of
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85

half-life value of 4.0 years. The.log f.t for K electron capture

1
using the measured K capture abundance and the reported decay energy

of 333 kev7

is 8.3, indicating a difference of a factor of 5 in
comparative half-ljves. 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.

Hogg and DuckWorth85 have measured the Gdl6o—28e$o and
160 .. 80 S ) B
Dy -28e ~ mass differences from which one can arrive at a value of
3.3 £ 1.0 millimass units for the Gdl6o-Dyl6o mass difference. This

corresponds to 3.0 % 0.93 Mev. From the intensity of the hard gamma
rays following the beta decay of Tbl6o it appears that the highest

energy beta group (0.86 Mev) populates a level at least 0.96 Mev
' 160

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 Tbl6o.

On the basis of the above_information'Gdl6o may be unstable with

60

respect to Tbl and decay to it with a very long half-life. At any

rate the low limit for K élsctron capture can easily be understood.
There are no publishea experimental data from which one can

calculate the energy available fof K electron capture_in Tm;Yo.

K.-Way'sah beta systematics curves only indicats a small energy but

| | 170

with large uncertainties. The beta decay to the ground state of Yb

has a log ft of 9.0. If the 0.2 percent limit set for K -electron



zcapture did represent the amount of capture then the electron capture

energy for a tranS1tion of log ft of 9.0 would only be 150 kev. This

energy represents an upper limit for the Tbl6o Erl6o mass difference

if the comparative half-lives for tmxwitions to the ground state of

v the‘two,daughters are Equal,‘

Precision mass spectrometry by Halsted81 indicates the

hSnlgthelzk mass difference is equivalent to 2.0 * 012 Mev. Wall,87

by measuring the Q value for the ground state (d,p) reaction on

Snlzn and Telzu and combining these data with the decay energies of

Sn125 and Sb125 arrived at a value of 2 h O 1 Mev for this difference.

Since the ‘beta disintegration energy of Sb 24 lS 2.90 Mev57 this nuclide

_1s unstable w1th respect to electron capture to Sn124 by approximately
0.7 Mev.. | _ o | |
The ground state of Sb 12k is thought to be 3;von the basis of

beta- gamma angular correlation studies. 82 The first excited state of
_ SnlzlL is- probably of the order of 1 Mev above the ground state and
consequently only electron capture to the ground state of S 12k is
energetically 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 h electron
capture. | » |

Halsted's 'data ‘on the Sn Z_TelEZ mass difference coupled with
the beta d1s1ntegration energy of l 9h Mev for Sb indicate the

latter is unstable with respect to Sn 122 by 1.4 % O 2 Mev. The spin

_of‘Sblzg'is 2-. Thereason for the difference in spin of 5b 1ez and
Sb124 probably lies in the spin of the odd proton of these nuclides.
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The odd proton in Sb121 ig in a’ds/2 state while that of Sblzs'
a E/z state. de=~Shalit and Goldhaber 0

ig «n
have suggested an explanation
of thisIOn the basis of configuration mixing. Because of the 2«

ground state and the large available energy electron capture oceurs

'bln Sb 2.. If the weak l lS Mev radlatlon observed by Glaubman and

'MetzgerYO represents the first excited'state'of thzz, K electron

capture populates this level l percent per dlslntegration and the

(AR

u'ground state 1. 6 percent per dlslntegratlon (the contrlbutlon of L
| capture is probably small) The log ft for K capture to the l 15 Mev

"level is 6 6 which can be compared to the value of 7 5 for, the

correspondlng beta tran31t10n to Telzzt; Slnce the ground state of

Sn122 1s 0+ the K electron capture to 1t w1ll be a AI ,yes

7 trans1t10n The log f t for th1s decay, assuming an abundance of

1
1.6 percent, is 7.8 while the correspondlng beta group to the ground
-state of Te'?? has log f t of 8.6.

Pos1tron emission can only occur 1n decay to the ground state of
v‘_ Snlzzr Feenberg and.Trlgg‘ 33 curve for fEC/f + 1nd1cates an abundance
of less than l percent of the electron capture for an energy of
l h Mev at 7 = 50 Therefore, one m;ght expect the order of 0 01 per-
. cent B in the decay of Sb 2 .. o :
B Closed cycle calculatlons lead to an estlmate of O 92 Mev

236

available for electron capture in Np On the basis:ofrthe experi-
'mental branchlng ratlo and the beta dlslntegratlon energy of 0.51 Mev
the log ft for the trans1t10n to Pu236 is 6.7. Likewise the log ft

| for K electrqn capture to U 236 is 7,0,‘ Both these'values'ignore the

small branching to the'firstnexcited~state'of the respective daughters. -
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36

A spln a551gnment of l to Np appears reasonablebin light of these
first forbldden log ft values. o : '-

In conclu31on it can be stated that the presence or absence of
'electron capture 15 the shlelded nuclelbstudled is conslstent with
the repotted or inferted dlslntegratlon energy and/or the suggested
spln of the parent coupled w1th current 1deas about tbe excited
,levels of even-even nuclel. When.electron capture’decay occurs to a
_state equlvalent to one populated by the beta decay the comparative
half-llves were found tor agree w1th1n a factor of 8 Further refine-

ments 1n the electron capture decay energy of these nuclldes may

lead to better agreement
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VI. APPENDIX
A !

'The gamma.ray and L x—ray‘spectrum assoc1ated with the decay of
the MTO year Amgul has been 1nvest1gated w1th a bent crystal spectro-
.meterll and a proportlonal counter.,12 In'theﬂformer‘experiment
gamma, rays of 26,h3, 33. 36 38.00, and 59 78 kev were observed while
only the 26 b and 59.7 kev radlatlons were detected w1th the ~propor-
tlonal counter. A 33 kev trans1t10n is called for by the decay scheme
of Asaro, Reynolds, and Pe:r'lman.z6 In an attempt to resolve this
dlscrepancy a relnvestlgatlon of these radlatlons was undertaken
us1ng the bent crystal spectrometer.‘
| It was noted in several prellminary experlments that the intensity
‘of the 33 h and 38 0 kev gamma rays varled con51derably w1th respect
; to the 26 4 and 59 6 kev radlation51n dlfferent samples, whlle the
‘(latter two lines malntalned the same 1nten51ty ratlo. Interestlngly
enough the anomalous lines correspond qulte well in energy to the
domlnant K X=- rayﬁtrans1t10ns of lanthanum, the usual carrier for
americium, W1th thls in mlnd portlons.of our samples were spectroscopl-
cally.analyzed and a lanthanum 1mpur1ty amountlng to as much as 20 per-
-cent of the amerlclum was‘found; Thus 1t seemed reasonable to ascribe
»at least the bulk.oflthese two'lines to»fluorescence-excitation in the
imburlty; leeuise; seyeral lower energy lines nhich Broune noted
correspond closely to the extrapolated energy of the dominant americium
h x-rays are undoubtedly due to fluorescence encitation in the sample.

88

These same .conclusions were reached independently by Newton and Rose,



-73-

-Approximately.three_milligrams of carefully purified americium in
the form of the chlofide was obtained from Professor B. B. Cunningham.
Spectroscopic analyeis proved this material to be 99 percent pure with
roughly 0. 5 percent lanthanum. The americium was.prec1p1tated as the
fluorlde, flamed to the d10x1de and mounted for the bent crystal
spectrometer.

Fifteen neptuniumeLIXerays and 2 americium L'i;rajsvwere observed.
The data are summarized in Table 16. ’. |

'fhe'intensities of these lines were COrfecfed for aosorbers in
path, refleotivity efficienoy, end self'absorption.

The americium x-rays are due to flﬁoresceot excitetion of the
sample by the 26.3 and 59 6 kev gamma rays, the LBl and Ial being the

most promlnent lines from the L and L shells, respectlvely. Radiation

3

from the Ll shell of americium is not observed‘because of'the low
fluorescence yield and the more unlform 1ntens1ty dlstrlbutlon of the

Ll b raysu

The large number of L Xerays observed in this experiment makes it

worth-while to calculate the relative intensities of the x-ray lines

arising from a given L shell vacancy. These are listed in Table 17 along

233

w1th Browne s data on Pa and the figures listed in Compton and

Allison for uranium.33 Because .of resolution difficulties in the
'LBZ-LBh'and erhpr3-pr6.multiplets the intensities of these lines are
somewhat doubtful.

The quantum yield ratios of the neptunium x-rays calculated from

the x~ray intensities are

Ll:L-Z:L3 = 1:3.2:1.9 .
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.Table 16
L X~Rays ‘Obs’erved in ﬁlé Deéay of‘ 'Amzb'l
- Line Transitlon Observed Energy Siegbahn's extrapolated Corrected
- (kev) energy (kev) relative
) A intensity

Np Loy, LM, 13.79 £ 0.0k 13.76 . 7
Wp Iy Lg-M; - 13.98 £ 0.0k 13.9% ' 64
Np L LM, 15.90'# 0.06 .- - 15.85 2
Np Lpg  Ly-Ny 16.15 + 0.06 S -16.11 1
Np Lp, L3_N5" 16.80 £ 0.02 - 16.88 | 13
Np Lg, LM,  17.10 £0,02 - . -17.06 | 16
Np Lg, Lg=0y 5 17.58 £ 0.06 - 17.51 3
Np Lgy L-M,  17.78 ¢ 0.0 - - CAT.TA 100 |
Np L63 Ll—M3 18.02 + 0,02 17.98 13
Np Lyg L,"N; 20.15 £0.08 © 20.09 N
Np Ly - LN, Y 20,82 £ 0,02 L 20.77 3k
Np Ly, LN, 21.12 £ 0.04 - 21.09 8
Np Ly _LléN3f- 21.31 £ 0,04, . 21.34 7
Np Iy L,=0,  21.51 £ 0.0% - . 21.49 10
Np LTH'XQ 10, 5 22.19 % 0.0k 22.19 3
Am Ty 'L3-M5 -~ 14,66 £0.03 . 14,61 10

+ 0.0k +18.80 6

Am Lg,  LoM, - 18.76




Table 17

Relatlve Intens1tles 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 _ 7 in Am@

AmZMl”  pa®33  Coand A

L ~ Ley, L, -M, 123 135 98 35
Ig; LM, 100 100 1200 28
oo LM, - T o -
Leg Ly Mg - 10 o s
Lrz L, 58 55 36 17
ILY3 Ll'N3 49 66 33 1k
Ly, 170, 21 24 0 6

b2 g Lp 2 2 2 15
Lo, L,-M, 100 100 100 67
brs Ty 2 1.5 0 1.3
Lry L-N, 34 36 2k 23
Lyg L-0y 10 15 b.b 7

L, L, Ly-M) -- -- 3k -
Lo, L3~Mh. 12 13 - 1 8.5
Lo, Ly <M, 100 100 100 T2
Leg L3'N1 2 2 1.6 1.5
ey Ly-Ng 20 35 28 14
Lﬁ7 ' L3'Ol »_;...‘ - 0.k -
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Employlrg Klnsey s flgures for the fluorescence ylelds of the
3 L shells but 1gnoring the Coster-Kronlg effect for the moment the
; L vacancy ratios are | o

s

L1 2 3 = 1. o 0. 9 o 76

vAsidelfrom.the_gamma yay{study on‘the.bentrcr&stalvséectrometer

s .gse:was‘made of The Nell(thallium actiyeted) scintillationMspectrometer.
A sample of 2.5 micrograms of the$puyifled americlumzwes_gsed for this
latter investigationﬁ in order to eXamipg the epergy_region above
“60.kev an absorberiof lfl gramsvof.sllye;_was employed}to decrease the
intensity of the 59l6_key line, Uhde;ithese conditions fogr'new ganmma,
rays_werer.obse__x_'yed_° ‘The_@atev;e:sgmmariged‘in Table l81r The first
three entries were detectedeith'the bentucrystal‘spectyometer and the

. remaining. lines were observed with the scintillation counter.

) Table 18
Gammz Rays Following the Decay of An
.Gamma ray energy A Intensity =~ =~ Intensit§vper
(kevy ~ (photon/alpha) . 100 Np Lg,
26.38 % 0.0k o.0h 357
59,65+ 0,13 - 0 oMo s 00 360
'59.62 * 0.06 (20d order)" - R T
102 sexr0Th o
128 - e 56 x 1070 .-
168 - 6 x 1070 R
207 f 76 % 10“6 . ' CoLe

L7
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All intengities were‘measured relative to the 59.6 kev transition
and its- intensity has been determined as 0.40 * 0.015 photon per alpha
particle.l2 A careful'Search:of the 30-40 kev region on the bent
crystal spectrometer yielded negative results. The maximum intensity
Qf'any radiatiqn in this region is 2 percént of the 59.6 kev gamma

. ray or 0.0dS'photén per alpha partiéle. A portion éf the spectrum
observed with the bent crystal spectrometer is shéwn in Figure 11 and
the scintillétion counter spectrum is shown in Figure 12. |

- The 102 kev gamma ray‘agfees with the expected energy of the
'neptuniumAK X—rays. in an attempt to determine whether the line was
a gamma ray or the K x-rgy multiplet the width of the peak was compared

242

with the K x-ray peak found in the long lived Am“ “. 'The width of the

latter 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 coincidénce studies by Frank Stephens89
indicate this gamma ray is in coincidence with the 60 kev radiation.
Several low intensity conversion lines from a 99.0 kev gamma ray have
been observed37’9o
The 128 kev transition has not been previously reported. It is

intéresting t0 note that the alpha particle fine structure of Am?hl

26

indicates two levels separated by 126 kev.”
Boﬁh a 165 and a 207 kev gamma ray have been observed in the beta
deéay of v237.9l Thus their appeafance in the Amzhl gamma, ray spectrum
is not too surﬁrising in view éf the fact that the daughter of both
37

decays is sz . Because of the extremely low intensity of these

transiticnscoincidence studies were not possible. The decay scheme

A
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of Am? L ig shown in Figure 13. The level previously reported 11 kev

31 has been comitted on

below what 1s now called the ground state of'Np2
the‘basiS'pf recent experimental worki92 Several lines not discussed
above are included in the decay scheme as the basis of electron line
studtes, 3790

| The relative intensities listed in Tables 16 and 18 allow one
to calculété 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
of 1.0 determined.by‘Béling.gibgl,zl

The conversion coefficient of the 59.6 kev gamma ray has been
determined as O-,92,~90 and its absolute abundance as 0.40 photon per
alpha particle, FSince'essentially every decay passes through this
state and the total number of 59.6 kev transitions is O.77 per alpha
particle, the intensity of the 26:h kev transition is 0.23 per alphs
particle. PFrom the Weasured photon intensity the total conversion
coefficient of the‘ZG,h kev gamma ray is 5. Clearly these two radia-
fions originating from the 59;6.ke§ilevéi are both electric dipole
transitions on the basis of their low conversion coefficients.

One can now discuss the’ﬁoésibility bf observing 33.2 kev photons
from the transition called for byyAsarofs alpha particle fine structure.
The intensity of this transitioﬁvié fér all iﬁtents the same ag that of
the 26.% kev precursor. We know’from:the fact that both the 26.4 and
“the 59,6’ke; transitions are electric dipole and populate tﬁe initial
and final states, respectively; of the 33.2 kev transition %hat the
latter gemma ray must involve no parity change and a spin change of

1 or 2 units of angular momentum. A magnetic dipole transition of
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this energy would have an L COnvefsidh coefficient of about 100
according to theAﬁheofetical calculations,28 Electric quadrupole
radiation would be:more“highly coﬁvertéd. Thus from 0.23 transition
one miéht éXpect to have less than’0.00Z 33.2 kev photon as o is
less tﬁaﬁ the tofél.conversioh coefficient. This is consistent with
failure to observe the radiation is these experiments. -

90

" Passell”” has arrived at a rough figure for the‘Ll to L, con-

o L 3
version ratio in théidecay of Am? l'and finds 3:1. Coupled with the
calculated I vacancy ratios this indicates an upper limit of

3

1t must be realized that this 1limit is very cirude because of the

approximately 40 percent for an L, => L., Coster-Kronig transition.

aiffiCulfjldf résolving:the*Li and L, conversion lines. Browne's
data, bh_PbZlo indicates & value of 16 percent for sﬁchVautransition
_at'Zl='83 which ¢an be compared to the predicted value of 70 percent.27
Thesé"disérepanéies with Kinsey's estimates indicate,’és Browne has
pointed'éut, the‘iarée uncértainties in the various Auger transition
probabilities of thié’typei- High resolutiodn beta spectroscopy coupled
with fhé‘ﬁséfof'théjbent—éfyStal spectrometer sShould allow the accurate
determination of the magnitude of the Coster-Kronig coefficient and

" lead to more reliable T shell'fluorescénce'yie'ld'so

B. NpZY
The 2.33 'day Np which decays by beta emission to Pu has
beeﬁ?repbrtedE7 to have several low enérgy gamma rays as determined by
‘beta sﬁeétrometér'étddiés; Aside from the inherent interest in these

the possibility of producing large quantities of this isotope in a
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" nuclear reactor by the following reaction
U238(n,r)ﬁ239 B Np239
23.5 mwin .

affords an opportunity to study the L x-ray spectrum of the
plutonium daughter. The L xarayS‘arise'from the filling of the various
1 shells vacated by conversion of several of the low energy gamma
rays.

Uranium metal was neutron irradiated.in the Oak Ridge reactor.
The gample was dissolved in HC1 and the neptunium was reduced to the
(IV). state by heating with formic acid. After adjusting the HC1
concentration to 2 M the neptunium was extracted into O.4 M TTA in
benzeney washed twice with 2 M'HC1l and then back extracted into

10 M HNO The sample was evaporated to dryness and taken up into

3"
‘24M’EC1 and the cycle was repeated;v Finally 0.5 milligram of F.eCl3
wag added and the iron was precipitated as the hydroxide carrying the
neptunium activity. This material was powdered and packed in a pyrex
capillary fgf 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 éf the collimator closest to the topaz erystal. 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 feggible to rerun the spectrum. .Consequently

the relative intensities of the various lines are not thought to be too

reliable unless the energies are c¢lose together.
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The data on the K and L x—réys observed in the decay of'l\hpz?’.9
are summarized in Table 19. For'cdmpariSOn the energies of several

plutohium L. lines observed in the decay bf Am2u2m

are included. The
latter expériment was performed after the new and more accurately
graduated spectrometer scale vas incorporated on the instrument.
The x—fay energlies obtained by a Moséiyfextrapolation of the data
tabulated by Siégbahn for uranium and thorium are also listed.
The K x-ray energies have been obtained from the éxtrapolated values
of the absorption edges.,62

It will be noticed that the energy of the plutonium Kdi is
considerably higher than the ealculated value while‘good agreement
is obtained with the Ky,. A possible explanation of this is the
presenée of an unresolved gamma ray of approximatély 105 kev.57’
Howevef,‘it is felt thatrthe bulk of this line is due to the plu-
'tonium.K'al because of the presence of the Kdz line. Also, from data
listed in Compton and Allison™> the Ky /Ky, 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 nét”meaningful to
calculate fhe quantum yields and vacancy ratios. An initial attempt
to do this yielded insufficient L. vacancies to account for all the

3
,Kal_radiationa
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T.ablfevi9
X~Rays Following the ﬁecay of ‘Np239
‘Line Trans:.tion Observed energy Energy Siegbahn's Corrected
(kev) - observed in extrapolated relative
decay of energy intensity
Am2H2m (kev)
(kev) i}

I, LM, 14,13 £ 0,03 14,08 % 0.03 1%.08 6
Ioy LM 14,33 + 0.02 14.28  0.03 1%.28 36
'Lgé Lo-Ng . 17.32 £ 0.01 17.29 % 0.03 17.25 o
Lg), Ly <M,  17.62 £ 0.03 wx 17;56 6
'Lgs 3—0LU5 18,02 * 0,01 - 17.95 >

Ly LMy 18.36 + 0.01 18.33 + 0.02 18,27 100

CIpy Ly 18.60 £ 0.01 2= 18,52 7
'Lr5 L24N1 20.75 + 0.03 - - 20.68 2
Ly L,-Ny, 21.50 £ 0,02 21.46 £ 0.0k 21.38 37
Lys L;~N, 21.82 % 0.02 e 21.70 5
LT3 Ll-:N3 22,07 + 0,04 22,06 * 0.1 21.97 5
Lyg L,-0), 22.25 £ 0.02 22.24 % 0.1 22.13 9

Ly, 70, 22.97 £ 0.0k - 22.88 2
Kap, — K-L, 100,60 % 0.h s 99.50% 110
Koy KoLy 105.6 % 0.5 e 103.69% 240

*Calculated from the extrapolated 'eriéryéz‘ of the¢ K and L edges.
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Two ganma rays were observed in the spectrum and their energies
and'intensitieé relative to the plutonium Lgi x-ray are given in

;Tabie'zd;“

Table 20
- Gemma Rays Observed in the Decay of'Np239
Gamma ray energy’ ' - Intensity
(kev)
57.60 + 0.3 D -2
+ 0.3 | | .25

61.83

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

dbserved.lines.indiqates they are pfobably dipole radiation.

c. pu?3®

Tn the study of the electromagnetic radiation associated with both

232 and Pa233'Brownell:obserVed a shift in the ehergygof the uranium

Pa
Lgy line (LzéMﬁ) relative to the energy observed by electron bombardment.
Although the discrepancy was small (60 volts) it appeared to be well
cutside of the experimental error. The'uraniumLBl was also observed

in the alpha decay of Pu239 in very low intensity and 1ts measured energy
was in better agreement with the literature value. Since both protactin-
ium isotopes are beta emitters it appearé&'WOrthaWhilé to investigate

" another alpha active plutonium ‘isotope.



In an effort to resolve the apparent discrepancy a study of low

energy electromaghetic radiation associated with the alpha decay of

238

Pu238'was undertaken. An intense source of Pu was obtained from

Professor B. B. Cunningham and'the_fluoride was precipitated and
mounted in the usual fashion.

Table 21 presents the-énergies and the relative intensities of the
observed uranium L x=rays. Only L2 and'L3 lines were seen. The source
of these x-rays is the L shell conversion of a 43.8 kev gamma ray in the
uranium daughter, This radiation has been shown to. be an electric

93

quadrupole t;ansition and according to the theoretical conversion

coefficiehtSzB should predominantly excite'the,L2 and L, levels.

3

Table 21

L X-Rays Following the Decay of pu?30

‘Lire  Tranmsition Observed energy Browne'sll Siegbahn's Corrected

(kev) ener%y extrapolated relative
: Pa23 : energy intensity
(kev) (kev)

U Lyg L,-0), 20.91 + 0,05 20.85 £ 0.0k 20.85 11
U Lyy Ly=N), 20.22 + 0.03 20.75 % 0.02 20.16 b1
Ulg Lzé@u 17.28 + 0.01  17.27 + 0.01 17.22 100
.U Lg, ,L33N5. 16.46 £ 0,02 | 16.49 £ 0.02 16.43 15
ULy LMy 13.63 £0.02 13.65 £ 0.01 13.61 19

-The agreement of the energy of the uranium Lﬁl with that found in
previoﬁs experiments ig excellent. An examination of the original data

on the L x=rays in‘the'Pu?39'decay showed that within the experimental
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error the Lﬁl energy~agreed w1th both these data and the electron
bombardment studles. Thus it was thought p0581ble that the ‘apparent
shift was due to an 1nstrumental effect Slnce other x-rays have
been seen on this instrument in good agreement with puolished energies
a reasonable explanation seemed to be a non-linearity in the spectro-
meter scale from which the Bragg angie was determined. Such a situa-
tion could give rise to.an error in a narfOW'reglon without affecting
the remainder of the energy spectrum. To test this hypothesis another
.exPeriment to be described‘shorfly was planned.

The quantumvyield ratio of tne two i shells can be calculated
from the above relatlve intensities after correctlon for the fraction

of the L, and L., x-rays not observed. The result is

2 3
L23L3 = 41 ,
93.

Asaro”” has found that the absolute intensity of L x-rays in the
decay of Pu238 is 0,13 per alpha disintegration. Combining this with
the above ratio and Kinsey's fluorescence yields the'absolute number

of vacancies can be calculated as

Ly

Il

Oolo,vaoancy/alphavparticle

L 0.065.vacancy/alpha particle .

1l

3

‘The absolute abundance of thé 43.8 kev gamma ray has been determined

-4 and 4.2 x 10m3°93’94 Because of the experimental method

as 3.8 x 10
used the former figure should be more accurate. ' Employing this
intensity the following L conversion coefficients were calculated:

ay, =420 © @1

2 Ly = 170 OLigrgy = 20 -
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The total L conversion coefficient is in good agreement with the
predicted value of about 700 for an E2 transition of this energy at

Z = 92, but the L2 to L3 ratio is roughly 2.5 times the theoretical
value. ’

It should be mentioned that twd other gamma rays have been ob-
served by Asaro in the decay of Pu238. However, the population of
ﬁhejléyéls from‘which they originate are so small that the I, vacancies
dﬁe to fheif convefsion are completely négl'igible°

A caréfui search was made of the 40-50 kev regién in an attempt
to detect the hé.é ké§‘radiation but without success. This was to-be

expected from the observed x-ray intensity and the reported low

abundance of the gamma ray.

D. Fluorescence Excitatiod in Uranium !

57

The 470 day Cdj'09 decéys by electron capture”’ to é metastable
stéte of Aglo9. The half-lifé of this state is 39 seconds so that it
will be in equilibrium with the cadmium pdfent. From the high K/L
-capture ratio of Cd109 and the large K conversion coefficient of the
isomeric transition it is evident tﬁat abundant K series radiation of
-silver will accompany the decay. The energy of the silver Kil line
(22.l6=kev) which is the dominant feature in the K multiplet is only
slightly greater than the uranium L, absorption edge (20.9% kev) and
is expected to be fairly efficient in exciting fluorescenc¢ in this
_shell. The uranium LBl’ excited in this fashion and observed on the

spectrometer, could certainly indicate the reality or instrumental

nature of the above mentioned energy discrepancy.
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‘To these ends aKZO mll 31lver f011 was boMbarded on the 60«~inch
jc&clotron w1th‘19 Mév deuterons for a total of 1, lOO mlcroampere hours.
The short llved silver actlvitles were allowed to decay for gbout two
‘months At that tlme the 51lver was dlssolved in nltrlc ac1d and the
chlorlde Was precipitated The supernate contalned approximately

_,5 X 109 disintegrations per mlnute of Cdlo9;

To this solution was
ﬁ7added;several milligrams of uranium in the fﬁrm of thevnitrate and
uranium.hydrexide’was.precipitatedb Undef theéé cenditioﬁs 80 percent
of the cadmium followed the uranium. The precipitated was darkened by
a small amount of silver which had not been completely removed. The
sample was drled under heat lamp and mounted for the spectrometer

The silver Kdl line was observed and in addltlon a relafively
weak uranium_Lﬁl‘Was detecteda The energy of the latter was deter-
mined on two separate alignments of the spectrometer and is listed

in Table 22.

Table 22
Fluorescent Excitation of Uranium by cat®? Radiation
Line Observed energy Titerature
(kev) energy”
(kev)
Ag Ky 2‘2,,23 + 0.04 22.16

17.29 % 0.02
j£) 'Lgl 17.22
17.28 + 0.02
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Since the Lp, energy obtained by‘fluqréscen¢e excitation in the
uranium agreed so well with vthat det-erﬁlir;‘ea' in p.r..eviOu's experiments
it was clear ‘that the discreﬁancy was of’anriﬁstrumen£al nature. To
correct this effect a new spectrometer fcélglwas:machiped énd very
accurately graduated; The old scalé was feplaced by this new one
and it was‘aligﬁed'so as £o be c0ncentric with‘thé sémple'arm to
0,000lvinch. ReﬂEXQmination.of_tﬁe C&logéuféniuﬁ>§pectrum‘gave the

following results:

Ag Ky~ 22.19 £ 0.0k .
U Lgy ‘17.24 % 0.02

Both liﬁes;are sfill somewhat too high in energy but check with the

published values within experimental error.

[
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