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INTERNAL CONVERSION OF GAMMA RADIATION
IN THE L SUBSHELLS .
Thomas QOliver Passell 4
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

March 30, 1954

ABSTRACT

Electron spectra from conversion of low energy nuciear
gamma radiation (up to around 350 kev) in several isotopes of
the heavier elements have been investigated using a double
focusing beta spectrometer previously described.‘i&l The follow-

ing isotopes were studied: Am241, Arh242m, Crn242, Pa’228,

Pa'230, T1198m’ Np238, and Np236. -Decay schemes, some
tentative, have been proposed for some of the above nuclides.

Misc-ellaheous data on the following isotopes, Pu241,

Pu240, Pmlso, and_Fr22'3, are summarized in Appendix L
A twin lens coincidence beta spectrometer, now in the

assembly stage, is briefly described in Appendix II.
Agreement of experimentally determined L conversion

ratios with the most recent theoretical calculations were

generally very good except for the electric dipole caée, where

about twice the expected ((LI + -LH) conversion was found.
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INTERNAL CONVERSION OF GAMMA RADIATION
: IN THE L SUBSHELLS

: “Thomas. Oliver Passell. N
- Radiation Laboratory and Department of Chem1stry
University of California, Berkeley, California
~ March 30, 1954
I. INTRODUCTION
"A study of conversion electron spectra in the heavier elements
- was undertaken with the following objectives in mind:

1. The assignment of the multipolarity of transitions between -
nuclear energy states by comparison of LI:L LIII
conversion ratios with theoretical values.

- 2.. The comparison of multipolarities assigned inthis manner
with those assigned from other types of experiments.

3. The elucidation of a more complete decay scheme for each
of the n.uclides studied.

- II. EXPERIMENTAL APPARATUS AND TECHNIQUES
A. The Double-Focusing Beta Spectrometer

The instrument used in these investigations has been previously
described1 so only the few.mbdific;,.altions made .a1.-’;:-: descriBeci here.
vBr_iefly‘, however, the double focus,ing spectrémeter consists of a
pa_ncake-sh;tped iron magnet about 3 feet in diameter and about
1 foot in thickness with the center holldwed o.ut éo that.the; gap between
the fop aﬁd bottom pole pieces is smailer at the cente.i' than at the
periphery. Thus, in ad.dition to é. cb=axié.1 magﬁefié field there exists
a co=-radial component of magnetié field. The focusing prot)erties of
these two componeﬁts of .magnet‘ic field (h}encé the name ddub1e=focusing)
aré such that an imz;ge éf the sample is'flovrmed ét an angle o'f 255°

from the sample position. A Geiger counter at this image position is
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used as a ,detector. ,The magnetic field is 'va__ri:ed by ‘cha_nging the
current passing through _th'e coil which is situated ju.s;t inside the
hollowed-out portion, bu_t .‘fo.utsi'dwe- the vacuum chamb.er, The top
half of the “pancake' may be unbolted and removed for making
‘adjustments inside the chamber. Most of the changes made were
- in connection with the associated equipment such as the vacuum
pumping system, the counter, the counter gas supply, the scaling
‘unit, and the technique of sample pre‘paration.

1. The vacuum pumping system. == When a thin plastic counter

window r.'up:ture's' or ‘a counter becomes ‘fatigued', it is necessary to
reduce the vacuum chamber to atmospheric pressure and to raise
the 700 pound top half of the iron ''pancake’ using an overhead block
and tackie in order to gain a‘cce's,s' to the counter. Therefore a
"‘.Z;inc’h'modified Crane valve was placed between the vacuum chamber
‘and :th‘e diffusion pump, allowing the.l_a_tter to be kept operating while
this operatlon is carr1ed out. An add1t1ona1 forepump is used after
reassembly unt11 a pressure is reached at which the diffusion pump
can -aga_m be opened to the 'Sy's'tem.

2, The countmg system. -~ End window counters were not very

rel1ab1e 80 1t was decided early to try the side window type. It was
rumored that the latter type were far less subject to counter gas
contam1nants, counter .w1re type, and 'counter ‘wa11_1rregula,r1t1es;

and that if a length to diameter ratio of four or larger were maintained

.usable Ge1ger voltage plateaus could be expected All five side window

| counters de51gned and put in use counted satlsfactorlly even though

a_lrno‘st none of the traditional recipes for making counters was

i
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strictly followed. .That_t is, no particular effort was made to keep

the ,inside counter wall or central wire scrupulously clean or free

from irregularities. Tungsten, molybdenum, platimim,— and stain-

less steel central wires were tried with equal success. ‘Stainless
st.eel is recommended since it is of rsasonab_1e~ cost and is easily
soldered. Brass was used for the counter body for three of the
counters and copper for the fourth. Brass is' recommended.

One of the more formidable problems in low energy beta

. spectrometry is the making of counter windows. . The window must
‘be of a thickness less than 100 ;.l,g/cmZ and preferably be‘low.

A 50';.1,g/'cm'2 if it is to hav;e 100 percent transmission for electrons with
energies below 20 kev., It must, of course, also be able to with-
stand the counter gas pressure of about 10 to'15 ¢cm of mercury.

Support grids .upsn which are laid several layers of formvar,
nylon, collodion, or plastic films are éommonly-used, but these
grids . often mask as much as 40 percent of the usable counter window
area., With the kind ass.istancs of Mr. Earl Hostetter of this laboratory
a window grid was designed which masks less than 6 percent of the
usable window area. The grids were made on the same principle as
those designed by Mr. Hostetter for producing the electrostatic field
in a time-of-flight isotopevseparator. % -In the present application,
0.0005-inch diameter tungsten wire was pressed into a small, grooved,
copper cylinder Whiéh_ had been soldered to a brass disk of an
appropriate size. The brass disk contained an O-ring groove for the

vacuum seal to the counter.
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- For the window material itself the writer-has had -con_sis,tenf
s‘ﬁucc‘-esé with a vinyl chloride - vinyl acetate copolymer No. 1080
supplied by the Industrial Plastics: Corporation, Oakland, California.
‘The films were made in the traditional manner of allowing a drop
-of the liquid plastic (diluted 1:1 with No. 1080 thinner) to spread on
-a water surface. Distilled water to which a very small amount
of concentrated amm’or;ia had been added seemed to give the best
results although the conditions did not seem to be critical. One
thr’ee;-lafe‘r window made in this fashion lasted for over a year of
“constant use at 15 cm total counter gas pressure. Its thickness
was such that the transmission factor for ‘Z.O‘kev.el.e‘ctrons was
about 100 percent and the cutoff was approximately 4 kev. One
factor in the unusually long life of this window may be the practice
- -of keeping the -counter filled with gas only when in use.

" The use of a 10 percent -‘chylene - 90 percent argon gas

" mixture for the counter has been continued-and gives satisfactory
counter operation even with as much as 1 percent air contamination.

Of course, it is more desirable to keep air contamination at a

" 'minirhum, The more air contamination the higher the .to,tal gas pressure

necessary to maintain the same Geiger region voltage plateau. . The

. present counter has a 100 volt plateau at 12. 5 cm total gas pressure,

3. ‘Energy calibration of the spectrometer, -~ The residual

‘maghnetic field in the iron of the spectrometer can be reproduced
-with some degree of confidence by carrying out a magnetization
cycle before each experiment. The cycle . consists of rever.sing" the

direction of the current and operating at maximum current for three
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to fiive minutes; then for four times as long a time operating at
maximum current with current flow in the same direction as is to
be used in the experiment, This is followed by a momentary
demagnetization with 1.-5 amperes of alternating current. Even
with this .cycle of opgr‘ations, several -disturbing shifts have been
noted in certain energy regions. Until such time as the spectro-
‘ mbeter is' equipped with a precise field measuring device, the
instrument, in the writer's opinion, will be primarily useful for
conversion line ratios and energy differences at high resolution.
Nuclides which have beén useful in calibrating the instrument

137 11'31 Ta’182 192 241

are.Cs , Ir , and Am ..

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

varied continuously very slowly by a motor and gear system. .This
makes possible the use of a traffic counter set to stamp at intervals
of time small enough to allow the assumption of a point count for
‘each stamp and long enough to allow the collection of enough counts
for reasonably good statistics. This system was used to collect

41 242 228 230

the data described below for Arn2 Cm ', Pa' ", and Pa

B. Sample Preparation

" Probably the most critical of all techniques in beta spectrometry
is the preparation of the radioactive samples. A mﬁuch used sample-
‘making procedure is ﬁhe evaporation of a drop of water containing the
radioactivity on backings of plastic films similar fo those used for
‘counter windows, The writer has had generally more favorable
results using thin gold, palladium, or aluminum leaf. The advantages

of these metal leaves have been two. They allow the leakage of
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electric 'charges arising from radioactive decay which an insulating plastic .
film would build up to spectra=distorting proportions, and they may
be more strongly heated than the plastic films. The thicknesses of
these were found to be 87, 157, and 177 p,g/cmz, 'r'e_spectively, by "
‘weighing a known area of leaf. The strength of two layers of gold
~leaf is about equaly" to one of the paila,dium or aluminum. The double
- ‘layer of gold leaf has been used with intermittent s?u.,cc'e_'ss as é backing
for.samples contained in réa.g‘en_ts such as concentrated HF. Cases
.where the gold leaf failed may have been due to ,thé choice of inferior
‘ l.ééa,ve"'s.: ‘Much more consistent success wé,s obtained with the
aluminum and palladium leaf so long é,s s-oluﬁons of <0.1 N HNO3 and |
- <L.M HCI, respectively, were used to transfer the radioactivity to
- the backings. ‘Even these sdlution's"we‘akened the leaf, however, and
it is recommended that the activity be transferred to distilled water
‘-before evaporating from these backings: In cases where a macro
‘amount (of the order of se\}eral milligr'an‘ié) of m‘avteyrial had to be
"mounted, a 0,00025<inch thick platirium cOuﬁting disk was used since
sample .thjic'kne:s.s has - a greater distorting ‘effect on an electron
spectrum thah does the backing thickness.
- At the present time a high geo_m:etry;suﬁlimator is in use in
which the aluminum and palladium leaveées are especially useful.
- High geometry is achieved by the use of a V-shaped filament.
Sublimation of the radioactivity onto the thin metal foils as s.qre-s both
2 uniformly thin deposit and a thin .ba,c:king. The metal foils héve an .
advantage over 'pléstic films in their ability to withstand the heat of a

~nearby filament more readily. - The investigations of the Tl198m and
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'Np'238 spectra were performed with samples sublimated onto

- palladium leaf.

The new sublimator is mounted inside a glove box for 'v.vork

- with fhe high level a‘c'tiviti-es necessary in beta spectromﬁetr'y.- Of
course, carrier free chemistry must still be carried out on the
radioactive sample to eliminé,te as much extf,aneous mass as possible,
This mass.does not readily sublimate onto the leaf and thereby
greatly reduces the sublirna.tion yield. It may, of course, in

, certain instances be possible to use the sublimation process as a
means of separating certain elements from others, but to the writer's
knowledge no éxtens_ive study has been made of its potentialities

‘along this line,

II1I. EXPERIMENTAL.DATA

“A. Americium 241

1. L lines of 59. 6, 43.4, 99, and 33.2 kev gamma rays. ~--

The eléctron spectrum of a sample of ~2 x .108 alpha counts per
minute of Am241 on an aluminum leaf backing is shown in Figs. la

- and Ih The electron data are summarized in Table 1. The Arn24‘1
was oBtain.ed very pure by milking from the Pu241 parent. .The
sample was evaporated onto the backing from a solution of the
activitiy in distilled water. -Slince samples of intense alpha activity
such as this one can not be fla‘m‘ed to make the material adhere to |
the backing, great care must be used in transferring -the_samples‘
between the glove box where these samples are prepared and the
spectrometer. The newer technique of high geometry sublimation

reduces this great hazard since in this case the activity forms a

uniform, adherent layer.
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#“The'ILilines -of the 59. 6 kev gamma ray are indicated by
the numbers 9 and 1l in Fig. la. It is seen that iri'the casé of the
LI=Lthe the normally almost vertical forward edge gives the

" indication’of a'hip, about one¢=-seventh of the way down from the peak.

- ' THis may be interpreted as evidence that the abundance of the LII

“line-is perhaps somewhat less than that of ‘the" Lihne The L 11ne

i+ was clearly resolved. The abundance of the “La. eLl line was ,corrected

> a‘;b'iindanc'e's of the 43.4

- for the presence of the ‘other "s-peCtr'a_l 'llne'kn'bwn ‘to occur-at the same
ehergy, ‘namely the 43. 4 line. : A similar-correction was made for

'-""'the 43, 4.: liné since it c01nc1des in ehergy with the 59.6.° . The
N Lm

M»a'nd 434N lines 'were inferred from the

43, 42L abundance and the L,/M and L/N ratios‘observed for the
44.1 kev gamma ray in the _de_q'ay-o.f‘.Cm,Z%z. .Of course, the chief

difficulty in proc’u_r_ing ,_:'e_liabl_e abundance measurements lies in the

— uncerta;ntles involved w1th the - extrapolatlon of the low energy tail

TeutlE

o1 - the transmission (0.3 percent), an absolute alpha count of the Am

, .of a. glven 11ne. The author s pohcy has been to use well resolved
lines as models for determ1n1ng the ta11 of a line which was not so

well resolved In this case the 59. 6L ~ line was so used. The
:III o '

o (L 4L I)/L'III[ ratio for the 59.6 kev gamma ray is 4.4 + 1, This
, ;velge, ,1_.s; in fair agreement with the value of around 6 obtained by
- ,Y%Ql,f_.sqnf-v, B S |

, . . 242 - .
»From an.experiment using :Cm .~ the transmission.of the

-, 8pectrometer was.determined (see Section IlI-C),, From.this value of
241

o sample, and the assumption of 0.40 59. 6 kev photons per alpha, 4 the

.. total q/.e;xjyuerv_s;'i_onA__e}oefﬁ'cie_nt..pf_';he‘ns‘),._é kev. gamma was determined to

be 0.92 £+ 0.1. A previously reported value for the t.otz}_l' ‘,conv-ersion V

.
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~Np238 spectra were performed with samples sublimated onto
palladium leaf.
The new sublimator is mounted inside a glove box for work

-'with the high level a,ctiviti.es necessary in beta spectrometry. Of
-course, carrier free chemistry must still be. carried out on the
radioactive sample to eliminate as much extraneous mass as possible,
This mass does not readily sublimate onto the leaf and thereby
. greatly redu_cés the sublimation yield. It may, of course, in

certain instances be possible to use the sublimation process as a
means of separating certain elements from others, but to the writer's
>know.1edge no extensive study has been made of its potentialities

‘along this line,

II1. EXPERIMENTAL DATA

- A, Americium 241

1. L lines of 59.6, 43.4, 99, and 33. 2 kev gamma rays, --

‘The electron spectrum of a sample of ~2 x _108 alpha counts per
minute of Am?* on an aluminum leaf backing is shown in Figs. la
and Ib The electron data are summarized in Table 1. The Amzzl1
was obtained very pure by milking from the Pu"?'41 parent, .The
sample was evaporated ont'o. the backing from a solution of the
activitiy in distilled water. - Since samples of intense alpha activity
such as thi's one can not be flamed to make the material adhere to
the backing, great care must be used in transferring .the’samples‘
between the glove box where these samples are prepared and the
spectrometer, The newer -tecﬁnique of high geometry sublimation

reduces this great hazard since in this case the activity forms a

uniform, -adherent layer.
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~1% -/ «!The Llines of the 59. 6 kév'gamma ray’ are indicatéd by
the numbers 9 and 1l in Fig, la. It is seen that in'the’ ‘case of the
LI=LH liné the normally almost. v*é‘-;;ical‘ f6rward edge gives the

. indication of a hip, about oné-severth of the way down from the peak.
" “This may be interpreted as evidénce that the abundance'of the Ly

<+ i -line ié perhaps somewhat 1és§ than that of the 'Lflihé; 'The Ly line

v was cléarly resolved. The abundante of the L,-L, line was corrected

I
~ for thHe presence of the other spectral line'known'to dccur at the same

ie¥ i énergy, namely'the 43.4,, liné. ‘A similar’ correctién was made for

M
©onTithe 43, 4. line since it coinéides in ‘energy with the 59.6 . The
. N . Ly
sordigbundances of the 43. 4, and 43, 4N lines weré infeérred from the

43. 44, abundance and the L/Mand L/N ratics observed for the

242

44.1 kev gamma ray in the .decay of Cm" Of course, the chief

difficulty in procuring .reliable abundance measurements lies in the

.o uncertainties involved wi-th the extrapolation of the low energy tail

.- of.a given line, The author's policy has been to use.well resolved
. .lines as models for determining the tail of a line which was not so

.. well resolved. In this case the 59.6 - line ‘was so used. The

Lo

ALy _-.IJ_,I:IJ)/I’;?IH& ratio for the 59. 6 kev gamma rayds 4.4+ 1. This
.:value is in fair agreement with the value. of around 6.;obtained by
 Wolfson,> . L
. . . 242 o
1. i.-From an experiment using-Cm . . the transmission of the
. ir, Spectrometer was determined (see Section III-C). .From this value of
e x.,.f‘;.hé;I.tra,,ggmgisls‘ion (0. 3 percent), ;a;n.“abs,é)l;utevalpha count of the Am'241
¢ 2., -Sample, and the assumption.df 0.40.59. 6 kev photons per. alpha, * the

b e ,_;Qﬁa;l:zz.CQ-nIV?I?.S_i_on coefficient of the 59..6 kev gamma was determined to

~be 0.92 £ 0.1. A previously reported value for the total conversion
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Table 1

Americium 241 Electron Lines

Gamma

Designation _.Electron Conversion Intensity
in Fig. la energy ‘énergy shell e~/a
(kev) (kev) ‘
5 26.3 25.0 Ny 0.0068
1 33.1 10.6 LI 0.067
2 11.5 L.II
7 27.3 MI 0.018
8 28.7 MI_II 0.0012
31.7 NI 0.004
3 43.4 20.8 LI 0.017
4 21.8 -LII 0.035
6 | 25.8 'lﬁ"III 0.039
10 56:.4 38.8 | LIII '0.0015
9 59.6 37.1 LI=LII. 0.236
11 42,0 LIII. 0.‘054
12 : 54.4 ‘ MII 0.064
13 - 59,2 N 0.014
(Figure 1b) 99.5%x 1 77.9 LI-=LH 0. 00062
81.5 LHI 0. 0003.7
95 M

0.00031
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Fig. la. Electron spectrum of Am

-
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Fig

. Ib. Electron spectrum of Am

241
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coefficient is <1, 5. > O'Kel,l,ey'1 reports the total L conversion coefficient
to be about 0.7 which §Ompar‘es very favorably wiﬁh our value of
0.72 % 0.07. The 59. 6 ke v gamma ray is given an El assignment
on the basis of its total L, conversion coefficient.

. Th‘.r'ee' l_irlxeﬂs of the spectru‘rﬁ were assignable to the I':'I’ Lip and
L

large uncertainties in the abundances listed in Table 1, but it appears

lines, respectively, of a 43.4 % 0.5 kev gamma ray. There are

that the conversion ratios are not inconsi,ste.nf with the interpretation
of the 'g'a_mma as a ,rnixtmire of E2 Aand. Ml radiation. 6 As can be seen

- from Fig. la, a line assigned as :2.6& 3N»((1ine 5) appears superimposed

on the tail of the line assigned as 43. 4L» - {line 6). From the very
) - TIIL ’

uncertain abundance of this 26.4 N line and the assumption that the
M/N ratio is the same for the 26.3 kev é;'s for the 59. 6 kev transition

- (both have been given El assignments), 5 th’e abundance of t:hé 26. 4M

. (line 3) line may be caicula_ted. . This .,,valu’e is then subtracted from ;’th,e
value obtained for the one line which represents both the 26, 4_M and

43, 41.. ((lme 3) to give the intensity of the 43. 4L Iine., In spite of the

L -I
very large uncertainties 1nvolved, it is felt that a not 1n51gn1f1cant fraction

gamma quanta of this ,en.ergy have been observed to a very low limit,

of the 43. 4 kev transitions are .converting in the L. s‘hell.. ‘Since no

(<1 percent of the 59. 6 kev photon), 4,7 ‘the assignmenficéjnnot be El nor -
‘can it bg of ve;r'y high multipolarity since all of the ‘alpha’pa,r‘tic.l,es are in
fast coincidence (<0.15 ép,,se,c)s with the 59. 6 kev photon. bThus we are
left w_ith a very s,tfong probability that the.r'adiation is either EZ or a

mixture of Ml and E2.
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Lines assignable as the L._ + LH’ DIH’ and M 1ihed 0f'a'99.5 + 1

I
 kev gamma ray were observed as shown in Fig. *IE.‘ii‘fv'T:Hé!“???("}ILI + LII))/LIII

ratio is 1. 7. Jaffe has observed a 102 kev gamma ray on a scintillation
spectrometer. 7 onlfson3 reports electron lines b‘f".ai,garr{mé ray of
ratio of about 2. .Ch-drch's'i“éi)o‘rts a

III
_ , . s . . . soa 4 241
gamma ray -converting in neptunium in a sample containing Am of

99 kev with an'((LI + vLH))/L

+'98.9 % 0.3 kev, which he assigns as E2 from the L ratio. Since

o/ L
st i the expected6 (LI + LH)/LIH ratio is 1. 85, the E2 assignment is

eyl reasonably certain.

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

" Since Jaffe? has determined the energies of one of the two cascading

237

© gamma rays de-exciting the 59. 62 kev level in Np to be 26.38 + 0. 04

“kev, the energy of the other by difference would be (59. 62 + 0. 06) -
(26.38 £ 0.04) = 33.24 + 0.10 kev, The fact that tl;le 26.4 kev-and
33. 2 kev gamma rays parallel the 59. 6 kev gamma‘ tay has been
established by the éomplefz alpha spectrum. 9 As can be seen from

Table 1 and Fig., la, lines assignable to the L., L

I I’ 7 I I

conversion of the 33.1 kev gamma ray have been found. The Ml

M., M.., and N

assignment was made from the fact that the LI/LH' ratio was >5 and

that no line appeared where one would expect the 33,1L . Of course, the
II1
presence of Auger lines in that region preclude our setting any sort of

limit on LIH conversion. Line intensities below about 17 kev are

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

the 33, ZL line appears at 10. 6 kev, it is evident that only the order of
1 ‘
magnitude of abundances are reliable., The fact that the line assigned

as 33. lL stands out so prominently in spite of the increased window
I
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‘absorption gives one added confidence.in the Ml assignment, This
 assignment is consistent with the designation of both the 59. 6 and
26.4 kev gamma rays as El transitions.

2. Decay scheme of Am241 -- levels in -Np237,. == A decay scheme

including éll the presently available data is shown in Fig. 2. The
positions of the 33,2, 59.6, 103, and 159 kev levels were established
from the complex alpha spectrum. ? M‘ore recent w,o.r'k10 on this alpha
spectrum indicates that the presence of a previously r'eported9 'a,lpha
group 11 kev below the level marked 0 in Fig. 2 is due to an instrumental
e_ffect. The 270 kev level is found in the beta decay of _U237, 11

Jaffe has observed gamma rays of ~210, 168, 128, and 102 kev in a
scintillation spectrometer study. 7 The alpha groups populating the
270 kev and 438 kev levels would have been in too small abundance to
_have been,goﬁserved by Asaro. 9 There is considerable doubt about the
position of the 168 and 128 kev gamma _.i'ays although the indicated ones
seem ‘quite reasonable.

.~ The LII_I line (line 10) of a 56.4 kev-gamma was observed as shown in
Fig. la -and ffom its abundance one can deduce a total abundance of the
56.4 kev tr'a‘.nsition (assuming E2 character which is consistent with
failure to observe the gamma -quanta4’ 7)). The 56 kev transition is very

likely an E2 since its L I peak was observed. Of course it is not at all

11

_impossible that the 56. 4 kev transition includes a significant fraction of
Ml radiation since the L, peak could not be resolved.
The maximum intensity possible for this gamma transition is

0. 0142 per alpha since only 1. 42 percent of the alpha‘s populate the

158, 5 kev state level., The 99.5 % 1 kev gamma ray is the other
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possible means of de-exciting the 158, 5 kev level. The total abundance
of the 99.5 £ 1 kev transition; i.e., photons plus electrons per alpha, was
determined to be 0. 0018 from the value of 0.40 * 0. 015 59. 6 kev photons
per alpha, 7 the’59. 6 kev gamma conversion coefficient of 0.92 % 0. 10,
and a scintillation spectrometer experimental value of 0. 00056 photons
per alpha. 7 Thus we may conclude that the 56.4 kev - 43.4 kev

gamma cascade is the chief means whereby the 158.5 kev level is
de=exc.ited, but that the 98. 9 kev cross;0ve1; transition is not of
ins,ig_riificavnt abundance. The limits of error on the absolute abundance
of the 56.4 kev transition's electrons are sufficient to encompass the
value of 0, 012 per alpha, which is the required value imposed by the
alpha population to the 158. 5 kev level and the abundance of the 98.9
kev transition.

The 26. 4 kev transition has been assigned El character on the
basis of its total conversion coefficient. This value (4. 75 + 1. 5) was
deduced from alpha populations of each level, the value of 0.40 £ 0, 015
59. 6 kev photons per alpha,4' the total con\}ersion coefficient of the 59. 6 kev
gamma ray (0.92 = 0.10), the value of 0.04 26.4 kev photons per alpha
deduced from the work of Beling and c'o-wor.kers, 4 and the assumption
that the decay scheme shown in ‘Fig. 2 is correct for all states below
the 158. 5 kev level. From this value of the total éon.version coefficient
and the L/M--.+ N ratio of the 59. 6 kev El transition (agsuming they are
thé same for both tr‘a.nsitiéns), the total L. conversion coefficient may
be calculated to be 3.75 £ 1.2. This rules out an Ml or EZ2 assignment

6

and is in fair a,gi'eement with that expected for an El assignment (2, 3).
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Assuming the assignments. of E2 character (with a possible
admixture of M‘_l); for the 98.9,.:43.4, and 56.4 kev {t;ansition.s, El
character for the 59.6 and 26. 4 kev fransitions, and Ml character for
the 33.1 kev transition are correct,, we may .speculate as to spin

designations for the levels in Np237. The ground s'tafe'spin has been
12,13 ' '

m.eaéured and found to be 5/2. If the parity of.the ground state is
assumed to be odd, then the parity of the 33,1, 59.6, 103, and 158.5
kev levels must be odd, even, even, and ex%gn, respectively. If the first
excited state is the only §bserved level of an odd parity ''rotational
band”l4 and the.next three higher levels are part of an even 'Eé,rity
"band’', then the levels are as follows:

9/2+-—-—-=———<iésﬁé

7/24 ———~103.0

5/24 ———————o 59.6

7/2- ' 33.1
0

5/2=‘

The 128 and 168 kev g‘amma>rays Whi"ch have béeﬁ obsérved in
very low abundance (0. 000056 f:e;'_ alpha and 6 3 x 10_‘=6 per alvpha,A
respgectively).7 migh’; possibly vrepr‘esent the transitions from the 11/2+
level (expected at 227 kev ai)ove ground) of the even parity band to the
103 kev and‘59. 6 kev levels respectivélyc‘ The next higher negative
parity level is expected about 76 kev above fhe gréund state’. This level
has .not been observed from the alpha decay, but its abundé.nce is expected
to be low f»r‘om the trends in hindrance factors. 14 | |

Electron lines were ’observed which could be as signed to the I..I-LII
conversion of gamma rays of 168.5 and 209. 8 k.ev‘. However, these lines

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



© - of Am

S 2 3:’=

‘ be made from the data-with any reasonable .confidence: ' An unassigned
electron line of 118 kev'was also observed.

B. Americium 242m and 242"

1." 'L lines of the 41.0 and the 43.3 kev transitions in'the decay

'2'4'2m‘; -« The two isomers of Amz"42v with half-lives of 16 hours

and sbout 100 years, respectively, were first obsérved as neutron

241 15-17

capture’'products of Am - The low energy electron lines and

' - beta speéctrum of the 16-hour isomeér were studied"previbus,ly by O'Kelley '

: daté. .Hbff

: E_E:a‘;l_lg Their work is summarized in Figs. 3 and-4.
- The sample used in the present investigation was produced by a

241 in the 'MTR*reaéto’r'-'a"_t Arco; Idaho.

neutron bombardment of Am
‘The low energy line spectrum observed fromifhis sample appears in
Fig. 6. The genéral features of this spectrum and its interpretation
were discussed by H'off.“19 "How:ever'., a'revised set of abundances for
- the various lines :wi«li_ be presented, inasmuch as the relative L shell
conversion coefficiénts are of primary interest here. This reviséd list
of 1ii¥é abundances 'éipp‘ea'.f.s in Table 2. - 1t was 6biéihéaf'fr0m the same
19 ised, but is based upon a more detailed analysis of the line
i.'sh'aﬁes.' It vi's, however, still ‘s‘,ubjye:c,t t0very lar gél uncertainties for
'é:ex:/élzv;'a"l"r"e»/a._so‘ns‘;': ‘The first is the ari'ée'rt\';ihty’i‘ﬁ;"fh'e‘ éx'a,c;: level of
‘ .s.c.aflc‘éi;'édveliectron backgro'..md',- It is here ‘aLés't.l'méd:to: be '.éq'ual to the
level of the spectrum at 0.38 al;npe_r'e‘-'s.v, A second factor is the unknown
é.buﬁdahce of L Auger. électr;ns v's'/hic.hv'a,cvc':vehtli:ai{:ve‘ the intensity of the low
energy tail of the 17,3 kev iiﬂe. ‘The thlrd and p-robivablyv most serious
' .f.a_c::tor'is' the ﬁncertainty; involved in detevrmi'hing the low energy tail of

unresolved lines.
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Table 2
. . " 242m .
Revised Intensities of Am Electron Lines
- Gamma _ Eléctron Conversion Revised

energy "~ energy shell intensities
(kev) (kev) ' (Arbitrary Units)
41.0 17.3 CmLII 520

22.0 cmL.III 380

35.5 CrnMII

6 . 380

36.5 CmMIII or M_IV

39.9 CmN (PuM?) 100
43.3 . 20.9 PuLII 210

25.5 - PuLIII 150
CmL ~16.5 CmM and N 500

X-rays
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With such uncertainties as these involved; the arguments based

upon line intensities must be cautiously used.: The "LI

ratios are 1.37 £ 0.4 and 1.4 £ 0.4 for the 41.0 and 43. 3 kev gamma

17L111 conversion

rays respectively. Of course, the fact that the LII and LIII' conversion
_electrons are of largest intensity indicates the radiation is quadrupole
or higher multipole electric radiations since El and all magnetic
radiations are expected to exhibit marked,l_..I conversion lines. 6 The
assignment of E2 character to both the 41. 0 and 43, 3 kev radiations

is consistent with the regularities noted among first excited states’

20,21

of even-even nuclei : _and the theoreti.cal c_alqula.tions of

Gellman et al.

2. Miscellaneous data on Am?742m and Am242, --The beta

spectra of both the isomers of Am242= were run with separate samples.

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

experimental error. The end point of the 16 hour Am242m beta

+ spectrum occurred at 620 + 10 kev while that of the long-lived Am242
occurred at 585 % 10 kev. No electron lines were observed in the

long-lived Arnz'42 spectrum which could not reasonably be ascribed to

the Amzl.l1 and Cm242 also present in the sample. -

The integrated intensity of the Am242m.beta spectrum at the

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

~1900 + 500 arbitrary units.  This gives the value 0.7 % 0. 2 for the

fraction of the Am2«4tZm beta decay populating the first excited state of

Cm242. Hoff'519 estimate of this fraction was larger (~l.0) since he

included the low-energy shoulder of the 41,,;"0L line with the abundance
) II
of that line. The subtraction of this shoulder from the 4l. OL line
II
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- ‘abundance is.r‘ea-sonably‘justified by the expected presence of L Auger

lines in this region. Using the value of 0.57 for the “I;.I-I shell

fluorescence yield given by Kinseyz.; (which gives 0.43 for the LII

Auger yield), the expected abundance of all the Loy Augers: from the

: LIII‘line --abundances would be about 500 arbitrar-y units. The presence
of Ly Augers in the same region from L, electron captdrelg:-added to
the abundance of this line also. .Thus, one can conclude that there are

present sufficient L. or LI ‘Auger electrons to account for the abundance

I 1
assigned to the line in question.

242m 242

3. Decay scheme of Am and Am ", --Some very recent

-

coincidence experiments performed by 'Stepheh523 “at this laboratory
indicate 48 % 5 perceht and 52 %+ 5 percent branchings of Am24~2m beta
- decay to the first excited and ground states of Cm-242,f respectively.

These experiments lend added support to the necessity for'a reinterpreta-

. tion of the 41, OL line intensity. Similar experiments performed by
11 .

‘Step‘hens2'3 on thye'ldnge-live'd: Am242 indicate a branching of 42.+ 5 per-
cent for its beta decay to til'e first excited state of Cm242, the rema_ipder
again populating the ground state. The limité of error quoted above
for the percent of branching do not include possible‘ errors from
- -uncertainties in 1) the value 0.5 used for the L Auger yielci and, 2) the
value 0.8 used for- the fraction {L conversion 'electro"ns)/((total conversion
electrons) for the 41. 0 £ 2 kev gamma transition.

- . Recent experiments performed by ’Churchs give energies of
42.2 £:0.3 and 44. 6 :I: 0.3 kev, respectively, for the garhma rays

242m

following Am beta and electron capture decay, respectively. These

agree with the values reported here within the limits of our absolute
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error which because of calibration difficulties was +2 kev. Consistent
with the work of the author, C'hu‘rch als’o fa,iled to obs.er-vé any
electron lines which could be ascribed tothe isomeric transition.

The absence of any electron lines ascribable to the isomeric
transition and the low interisities of americium L x-=rays7‘1eads one
to set an upper limit of abouf 6 percent on the relative:intensity of the
isomeric transition. Church24 interprets this absence of any observeable
isomeric transition as indicating a spin difference of at least three
between the two isomers. This interpretation is not at all consistent
with the recent results of Stephens23 which shows that both isomers
beta decay primarily to the ground (0+) and first excited states (2+) of
.Cm242. This peculiar situation leads one to think that the spin of both
isomers mi’gh’; be zero and that they have different parities. This is
reasonably consistent with the ft values only if the Gamow-Teller
selection rules are assumed to apply. A gamma transitiori between
a 0+ and a 0- state is absolutely forbidden both to e-missi_on of orbital
electrons and to emission of gamma quanta.

Of course, another consequence of Stephens' results is that the
beta spectrum maximum energies observed for each isomer quite
probably correspond to the beta group populating the ground states of
,Crnzé]:2 in each case.  Thus the revised decay scheme given by Hoff19
must again be revised in light of these more recent experiments.

There are sufficient uncertainties remaining, however, so as to

preclude the drawing of a unique decay scheme.
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C. Curium 242 -

1. Llines of 44.1% 0.5 and 102.0 '] kev gamm3 t&ys. --

Previous studies on'the electron spectra haveé been made by Prohaska, >

+ Dunlavey and Seaborg, 26 and O'Kelley. 1 prohaska found coincidences
- between electrons of 37.5 and 25 kev'and alpha particles.: Using the
.photographic emulsion technique, . Dunlavey'and Seaborg observed

~ Lrand M electrons corresponding 'to a gamma ray-of about-45 kev in

" coincidence with alpha particles.  Using the same instrument as the
3. author, O'Kelley observed L and M electrons corr-eSponding toa

v gamma ray of 43 kev. Asa.r*fo9 has investigated the complex alpha

; spe’ctru‘mvof.ch’Z'42 using a magnetic spectrograph.  The present

- study was undertaken with the purpose of obtaining LII/ 11 con-

. “version ratios for ‘the 44.1 and the 102. 0 kev gamma rays.

_ 242
.. Two samples were made from about one microgram of Cm .

241

i The curium had been obtained from neutron bombardments -of Am

" and was chémically very pure. Both samples were evaporated from

a solution on a palladium leaf backing.
The electron spectra obta,ined'with'-thé two samples are presented

in Figs. 6a and 6b. The more intense sample { about 5 x 109';a1pha

. disintegrations per minute) was used for the very low ‘intensity electron
lines from the4102.kev transition. The lines of the rnorje abundant
44 kev transitions were run on an -accurately alpha counted sample of
2.1x 108- disintegrations per minute. . From the integrated abundancg of
the lines of thé 44 kev transition (assuming 100 percent conversion ),
a knowledge of the limiting inherent resolution of the spectrometer at

the time of the experiment (1 percent), the accurate alpha count of the
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sample, and a knoWlxéd‘ge:of the alpha population to the levels in
Cm 42 {see Fig. 7), :the: transmission of the instrumeént can be
calculated. ‘The value thus obtained was.0. 3 pe‘rc‘ent' of 4.

. Table 3 presents the data obtained’fromithe two:samples of
‘ C‘mz-é;z... - The line abundances were hermalized on the. 44. 1, line

N

which was observed for both samples. The L conversion

II/LIII
- ratio of the 44:1 kev gamma ray calculated from the data is 1.43 % 0. Z.
+ . Uncertainties in determining the low-energy tails of the incompletely

resolved :LII and. .LI‘II

- .error quoted above. .The presence of L :Auger. e'liectrons&'n,the region

lines are the chief.reason for the-large limits of

... of the low energy tail of the 44.1.+ line adds éven more uncertainty to

Lpo
-.-the abundance of this line, i <.« = .« oty o0 e iy

Deer it v s o ¢ Table 3. e T T

;. Curium 242:.Electron-Lines | .- ./ -0 oo ¢
.Gamma . . . ,. Electron - | ... . Conversion.. .-. Abundance
transition energy shell (Arbltrary Units)
(kev). ... o dkev), o L J
e A% L Lo 20070 o Rulyp oo oo oo 12
f : 226,04 o, . Pulgg . Vo 8.4
439,00, v PU-MII o, oL 0 hal
; 428 R TR 'PuNII . 0.9
102.0 S RT9eT g o Puliyp s £0.001
~ Co 84.0, DT PuLIII T N ~0. 001
The LI and LII lines of the 102, 0 kev transitions are seen to be
A “y PRI S T O A i .A I RV R
1n roughly the same 1ntens1ty from the present work The errors are
' [N RN P 3 T . . 3

qu1te large in these relatlve 1nten51ty measurements ThlS same

s L PR
gamma transition has been investigated from a sample of Np238 by
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- Slitis et 11;2,7 and by the author (see sz“'és-), As can be seen from

Fig. 6b, the scattered electron background is very high. This high
scattered electron background is due.to the verby high intensity of
electrons from the 44.1 kev transition relative to those.of the 102. 0 kev
_transition. Slitis et a1. 2" report an L/ LHI=raﬁo:‘for the 102. 0 kev
transition of 1.55. l |

2. Decay scheme -- levels in Pu238.- -=The present work is

consistent with an E2 assignment for both the 44.1 kev and 102.0 kév
- transitions. The high total conversion coefficients (640 and 5,
respe&:‘tively9) défi'n'i"teiy rule out El assignments and the absence
of appreciable‘LI'; cbhveréiqﬁ27 in each case rule out any magnetic
multipole assignments. 6 ' Since the lifetimes of the first two excited
states of Pl1‘23:,8 have been found by coincidence experiments on .NpZS‘8 28
to b‘eb of the order ‘of micro vs“econds, it. can be as sumed that the two
: I;é,sl‘iations.erhitted in the decay of:fhésé two>excitea‘ .si:é;t'ég are El, E2,
_ Ml, or M2.: Thué we can consicier-the E2 assigrimeht;_"'esta,blished for

both the 102. 0 and the 44.1 kev transitions. Work by the author on Np23 8
{see. Np238) sets a low limit on the amount of Ml radiation admixed
with the well-established E2 radiations.

The energies determined by Sl¥tis et 3};,27 for these two gamma

_i-‘aYs were 44,1+ 0.1 kev and 102.1 % 0.2 kev. These values are in
excellent agreement with those obtained in _the pfesent study,‘ namely
44.1% 0.5 ];c'ev and 102.1 £ 1"kev. Y’I‘he limits of error in the latter
' ;r'a.lues were based upon uhcerfé.inties in "céli‘bratibn of fhe spectrometer. |

The use of three 'signi_ficant- figures is justified by the ‘much smaller _

uncertainties in energy differences.
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The author was not able to assign a number of electron lines of low
intensity, two of which'are shown in Fig. 6b. It is not impossible,
energy-wise, that some of these lines arise from an annown amount
of Cm243‘conta,mination or from the 157 kev i"adiation observed by
As.aro9 in .Cm24-2 decay. The abundance of the line (not shown) which
might be assigned as one of the L lines of a 157 kev. gamma r.ay is
of about the intensity expe‘cted from the work of Asaro.

A decay scheme which incorporates the latest available data
is sh.(')”wr.1 'in"Fig. 7; v:The spin of the seéond excited state could equally
well be 0+ or 2-3—.'

D. Neptunium 238

1. Llines of the 44.1 and 102, 0 kev gamma rays. --Neptunium 238

was first produced by Se‘aborg -Staa__l_o_zg in bombardments of uranium
with.,16 Mev deuterons. Of the four groups of workers who have

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

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

The purpose of the present investigation was to obtain more
accurate measurements of the L conversion ratios for the 44. 1 kev
and 102. 0 kev gamma rays.

The sample of Np‘238 used was produced by neutron bombardment
of around one milligram of Np237 in the MTR reactor at Arco, Idaho.
Chemical pur.ification Was-:achieveci by using procedures which included
an oxidation-reduction cycle and a final anion column separation. It

39

should be noted that a significant amount of sz was produced by the

9

. . . 23
second order neutron capture reaction in this bombardment. The Np

was detected by the observation of certain of its more intense electron
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lines. (See Fig. 8). The unmarked lines are those from Np239.

The-sz':)'8 sample was pr‘epared by sublimation of the activity
from a tantalum filament onto a palladium leaf backing. Sarﬁples pre-
pared in this way were invisible,

A momentum plot of part of the lo'w energy electron spectrum of
N[::Z?’8 is shown in Fi.g. 8. Lines of the 102. 0 kev gamma are not shown.

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

on the 44.1 and 44.1 lines. The use of the sublimation technique
Ly L

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

tails. The electron line data are summarized in Table 4.

Table 4
Neptunium 238 Electron Lines

Gamma Electron - Conversion Intensity

energy energy shell (Arbitrary Units)
(kev) (kev)

44,1 % 0.5 21.0 PuLI <5
21.8 PulLy, 156
26.0 _ PuL,III 124
38.7 PuMII 37
39.7 Pu'MIII_ 27
42.6 PuZ N 20

102.0 %1 78.9 | PuL, <2
79.7 PuLII 6.5
83.9 Pul 4.0

111
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The value (obtained in the present study) of 1. 26 * 0. 0~5“f_9rv the
44.1 kev :LII/L-"III ratio is in reasonably good agreement with the

value 1. 35 obtained by Slidtis et al. 21 and in only fair agreement with

the value 1. 43 obtained for the same transition fol_low_ing(}’mzl}_2 alpha

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

no uncertainty in the delineation of the low energy tails of the 44. lL
. » II

and 44.1 lines. In none of the previous investigations was this

L

uncertainty absent. Thus the line intensity determinations in the present

work are subject to much smaller errors than those of previous studies.

239

Because of the presence of lines of the Np impurity and

K Auger lines in the same energy region, the measured intensities of
the 102 and 102L

Ln 111
1.62 £ 0. 2 for the 102.0 kev.LH_/L

lines are somewhat uncertain. However, the value
T ratio is in good agreement with the
.__yalue given by Sldtis et al, 2'_7 (1. 56),_ but in poor agreement with the value
 (about 1) obtained for the same transition fo].lowing,_CmZ42 glpha decay.
The poor a‘greement,with the CmMz2 results can probably be ascribed to
thg use of an inferior method of sample pre’_parationand the large uncer-
tainties in ‘line shapes in the Crn242vinvestigation, |

As indicated in Table 4, limits of <3 percent and <15 percent can be

set for the amount of L. conversion of the 44.1 kev and the 102. 0 kev

I
gamma rays, respecti_vély. These values are in agreement with the
calculations of Gellman et al. 6 for electric quadrupole radiationsk.
Thus an E2 assignment for both' these gamma rays is justified. The
absence of appfeciable LI_ conversion in each case rules out the Ml and

-El as:signments. |

The present work confirms the spin assignment made for the first

two excited states of Pu."238 made by Asaro’9 and Sldtis et al. 21 A
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unique decay schem'e cannot be drawn which is consistent with all the
ﬁvailable_da_ta. However, it is felt that the ground, first ex_cifed, and.
second ékcited states in Pu238 have been established as s,hoWh in Fig, 7,
with the possibility existing that the second éxcited state has a spin of
0+ or 2+, -

E. -Thallium 198m

1. L lines of the 48,4, 261.5, and 284 kev gamma rays. -- A
| 198

‘1. 9-hour isotope of thallium was first observed and assigned to Tl
by Orth et al 32 Recently this activity has been 'iﬂdépendently assigned
by two differen;:' groups of investigators to the decay of an isomeric
state. vThe previously unobserved ground state decays by electron
capture to Hg 'O with a half-life of 5.3 * 0.5 hours.

Michél and Témpl‘eton3'3 of this laboratory produced these
éé’tivities by the Au197(d, Z’;n)Tl‘l98 reaction in the 'la'.,b'ofaltory's' 60finch
cyclotron.’ Mass s;epaiation was made on a fimé-of—flight i‘s"'ovtope
"se"para't‘:orz and the 1. 75-hour and 5. 3-hour activities shown to be T1,198. :
‘Bergstrm, Hill, and DePasqua1i34 at the University of Tlinois
produced the same'a-ctiviti-.es by bombarding mercury with 11.5-Mev
deuterons. Among the many electron lines they observed were several
. approximatelf 1. 9-hour lines assignable to two gamma rays .'c:&nverting
“in thallium with energies of 282.4 and 260.7 kev, and a third gamma ray
of 48. 7 kev whose assignment was not unambiguous:. The 'a@thbrs :
suggested that all three gamma rays were in cascade from an.isomeric
state having the unusually high spin of 9 with odd parity. Because of the

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

ray's assignment, and the uncertainties in the photo r'aphically determined
y g ' [ g
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intensities, further work on this isomer was thought o be desirable.
In this investigation 1 mil gold feil was bombarded .in the

laboratory's 60-inch cyclotron with 40 Mev helium ions to produce the

Tll98m by the (d, 3n) reaction. This choice of foil thickness and

bombarding energy was effective in minimizing tlhe production of T1199.
The thalliufn was chemically separated from the gold target

by the following process: 1) the gold was dissolved in aqua regia

leaving the gold and thallium in solutién_ as Au+3 andTl+3 ions,

respectively; 2) sulfur dioxide gas was bubbled through the solution

to reduce the Tl-{-3 ’cole.l-1 and the gold to the metal; 3) the solution

+3

was centrifuged and supernatant containing TITI and traces of Au

carried through varying purification procedures including an ethyl

. ;acetate extraction and an anion column separatjon; 4) the final step

in the purification procedure was the use of a column containing
Dowex A-2 anion resin. Hydrochloric acid was used as the eluant.

The solution contaihing thallium was passed through the column in

3 +3-

6 M HCl after first oxidizing the T1' to T1'> with persulfate. The TI
sticks at the top under these conditions. Successively more dilute
hydrochloric acid solutions were used for washing out impurities, 5) the
.Tl+3 was finally stripped from the column with water saturated with
sulfur dioxide gas. This carrier-free solution was used to make the
spectrometer samples.

The only sample prepared which gave well resolved electron

peaks was one in which the thallium was vaporized onto .. palladium

leaf from a tungsten filament. The palladium leaf had a thickness of

157 p,g/cmz. This vaporized sample had the dimensions 1 mm x 6 mm.
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The experimental data are summ_ariz’ed_in'Table 5. The spectrum
itself is shown in Figs. 9a and 9b. The K Auger lines are discussed
below. The L Auger lines were also observed, but no inferences can
be made therefrom because of the large and uncertaiﬁ window
absorption correction necessary at such low energies. In Table 5
the gamma ray energies are also given. Except for the 48.4 kev
gamma i-.ay, the energy values of the Illinois group34 are more accurate
and will be used in the .followin-g discussion.

It should be mentioned that there was initially present a very

99 199

The only Tl electron line which

198m

small percentage of 7.4 hour Tl1

was the 50.0, . This line was
. . i
-of insignificant abundance at the time the 48.4 and 48. 4 lines of

' Lo Lm

were observed, but several hours later it was a useful calibration

coincided with any of those from: Tl

- Tl198rn

point for determining the energy of the 48. 4 kev gamma ray.

The ratios given in Table 5 depeﬁd considerably upon the half-life
assumed when the décay corrections were made. The limits of error
do not necessarily encompass those introduced by the unknown
uncertainty in half-life. We used a half-life value of 1. 75 hours, .which
was measured by Michel and Templeton33 on a separated sample.

Bergstr8m and co-sworke‘rs‘?’4 found that the 260.7 kev gamma ray
was definitely the cascade initiator, being of the M3 or M4 type with a
possibl,e admixture of electric radiation. Our K/L ratio (1.0) is in
excellent agreement with that for pure M4 radiation. 35-317 According
to the curves of Tralli and Lowen, 38 where LIII/LI is plotted as a
function of ZZ/E, the isomeric transition would be of M3 type ((LIH/ L=

0. 80 for M3 and 1.4 for M4). However, these curves are based on
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Table 5

Thallium 198m Electron Lines

~Gamma Electron Conversion - Abundance Conversion
energy energy shell (Arbitrary ratios
(kev) (kev) Units)
43, . . . = 1. .
3.4+0.2 (33.1) T1 L, <1.5 LII/LIII 1.11 + 0.1
33.7 T1 LII 37.3
35.8 T1 LIII 33.6
45.2 T1 M
I 18.9
45.6 T1 MIII
47. 4 Tl NI 5.3
261.5% 2 177 T1 K 44.3 K/L=10=%0.1
246 T1 LI 26.0
249 T1 L.III 17.8
257 TIMN 11.9
284 % 3 199 Tl K 19.1 K/L=9%1
268 2.1

T1 L,I




-45-

Fig. 9a. Thallium 198m electron spectrum.
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'Fig. 9b. Thallium 198m electron spectrum.
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39

approximate calculations and were performed for Z = 35, Mihelich

has reported a summary of experimental L /LI conversion ratios

111
for some M4 transitions in the region of atomic number around thallium.

Fig. 10 shows this data with the inclusion of our value of 0.68 £ 0. 07 .
198m

for the 260. 7 kev gamma ray of Tl It is apparent that a smooth

curve could be drawn through the experimental points shown,

supporting an M4 isomeric transition for~T1198m.

The experimental mean life of the 260. 7 kev gamma ray may
be calculated using the theoretical K conversion coefficients for M4
radiation from the tables of Rose et i; 40 (18), our 260. 7K/E 260
ratio (0. 44), and the half-life of the isomeric state (1. 75 hours). The
mean life thus calculated is 3,7 x 105, secoﬁds° The theoretical value
one obtains using the nbrﬁogr’am of Weisskopf's lifetime-energy-spin
formula prepared by .'Monta.lb.ei:ti-‘]t1 is 5 x 105 seconds. This agre.ément
may be fortuitous. However, the M4 assignment is reasonable from the
comparisons which have been made with existing theories and empirical

correlations.
s . 199 . 34
Because of the high intensity of the Tl 50.0, line, BergstrYm et al.
r
were unable to resolve the 48, 4L ~ line. As a result they designated
: II1
the 48. 4L line as 48. 7L . The two lines observed in this study can
I

199

—II .
only be an L I-=L I pair, and using the 50. OL line of T1

11711

one arrives at an.energy of 48.4 % 0.2 kev for the gamma ray. The

as a standard,

LH/LIII ratio is in better agreement with E2 (1. 6) than with El (about 1. 8)
or Ml (about 900), although only Ml can be ruled out on this basis. 6 The
El assignment was eliminated by a scintillation spectrometer experiment

which determined the total conversion coefficient of the gamma ray to be
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greater than 10. Therefore, the E2 assignment seems to be the only
reasonable one.

The Illinois group has shown the 260.7 and 282. 4 kev gamma rays
to be converting in thallium, Coincidence measurements performed by
'S‘cephens23 of this laboratory héve shown the 282.4 kev gamma ray to
be in coincidence with K x-rays. Thus it appears that the 282.4 kev
and 260, 7 kev gamma rays are in cascade. Assuming no electron

198 the K conversion coefficient of

" capture from excited states of Tl
the 282. 4 kev gamma ray can be calculated from the intensity ratio

((ZSZK))/(Z()O -~ The value (0. 24) thus obtained may

K+L+M... )
indicate a mixture of E2 (0.076) and Ml (0. 52) radiations. 40 The high
K/L ratio (9 £ 1) of this gamma ray supports an Ml assignment.

If the 48.4 kev gamma ray is emitted in cascade with the other
two and is assumed to be E2 radiation, the total intensity of its conversion
electrons should equal the total intensity of those of the 260. 7 kev gamma
ray. As can be seenfrom Table 5, these intensities are equal within .

experimental error. This does not exclude the pdésibili_ty of an

approximately 50 percent electron capture branching from the 1. 75
198

hour isomeric state, with the 48 kev transition taking place in Hg

The L bindiﬁg energy differences are too similar in mercury

1t
and thallium to allow an assignment on that basis. However, if electron
capture were occurring, one would expect gamma rays from levels in
'_Hg198 in high intensity with a 1. 75 hour half-life. A scintillation
spectrometer experiment gave no indication of such gamrﬁa rayé. Thus,

it may be concluded that the three gamrha rays are very probably

emitted in cascade as suggested by the Illinois group.
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2. Spin assignments -- Decay scheme of T1198m° -=If one assumes “

that the assignments of multipolarity are correct and that the three
gamma rays are in cascade, a tentative decay scheme can be
constructed (see Fig. 11} in which the spin differ:ancé between the 1,75
hour Tllgsm and the 5.3 hour T1198'can be as high as 7 with a parity
change. The fact that no crossover radiation was observed supports
this large spin .difference. The positions of the 282. 4 kev and the

48. 4 kev transitions may be as shown in Fig. 11 -~ or reversed. The
spin alternative to the left in Fig. 1l is based on the assumption of a

198 34

2- ground state for T1 The alternative to the right is based on

the assumption of a coupling between the spins of the 8lst proton-and
the 117th neutron. The 260.7 kev M4 transition would then represent

a transition of the 8lst proton from an hll/Z to a d3/2 configuration, the
117th neutron remaining in an f5_/2 configuration; the 282.4 kev Ml + E2
transition may perhaps represent a transition of the same proton
between the d3/2 and SI/Z configurations, the neutron again remaining

in the f configuration; the 48. 4 kev E2 transition then represents a-

5/2

transition of the odd neutron from the f5/2 to a p]_/z configuration,
the proton remaining in an 51/2 configuration. This interpretation, of

course, is extremely speculative.

Also shown in Fig. 1l is the electron capture decay from Pb198

which was observed by Neumann and Perlman. 42 If the 25 minute

198 98m 198 i 198m

is the 0+ ground state of Pb™ ", then Tl

Pb parent of Tll

must have a low spin and T1198 must have a high spin. The assignment

198

of a high spin to T1 is in sharp disagreement with the interpretation

of its electron capture decay given by Bergstr8m and co-workers.
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1
These workers' data indicate that the electron capture decay of Tl 78

goes predominantly to the 2+ first excited state of Hgl%, Thus of the

two isomeric states of '1‘1198 the 1. 75 hour T1198m mogst probably has

the higher spin. The fact that other even-even lead isotopes have high
198

spin isomers suggests that Pb

the isomeric state of PbF has been suggested to be 6+%3 oz 7-.

might also have one. "For example,
44

Very recently Maeder and Wapstra45 have found indication of a 9-

4
isomeric state in szoz, A]lburger"é assigned the isomeric level in
Pb206 as 7=,
198m c . . . .
If Pb has a similar high spin, direct electron capture decay

198 198m

from a high spin Pb Mo a high spin T1' would be possible.

It may, therefore, be concluded that there is indeed another case of

isomerism in Pblgso

3. Auger electron spectrum'. --The K Auger electrons emitted

in the K electron capture of the 5.3 hour T1198 daughter of Tll98m

were investigated. Although some K x=rays‘of thallium were present
from the K conversion of the 260.7 kev and the 282, 4 kev gamma rays,
greater than 70 percent of those present were those of mercury. Because
of the presence of the K Auger lines 6f two adjacent elements the
assignment of resolved lines becomes somewhat ambiguous., However,
reliable relative intensities ;)f the KI, L. , KL, Y and KX Y. {(where X
P q P q P q

and Y refer to the M, N, etc. a.torni.p orbitals) groups of lines can be
obtained from the data. These relative intensities would correspond to
those for an atomic number between 80 and 81.

The K Auger spectrum uncorrected for decay is shown in Fig. 12.
The decay corrections were not large since all the lines were observed

within a period of 1.5 hours. Using a half-life of four hours for decay
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Fig. 12. K Auger electrons of T11
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corrections., the ratio KLqu:KLqu:KXPYq becomes 1. 0:0, 53+0. 05:
0.063 £ 0.02. The half-life used for decay correction \;;a_ls_ taken as the
observed decay period of one of the initial pdints on fliéﬂsp‘ecti'urn.

| Broyles47 reports the value 1. 0:0. 70, 15 for ‘the KL-qu:KLqu
of mercury. The limits of error of Broyles? and the present work
mutually encompass the ratio 1.0:0. 56, Thus the pfesént wbr}k is in
fair agreement with,Broyle.s' results. However, it is not in good
agféemént with the theoretical calculations of Pincherle. 48 Piricherle's
value for the KLqu:KLqu:KXqu"ratio is 1. 00:0. 716:0. 103 using non-
relativistic unscreened, hydrogen-like wave functions. These ratios
- are supposed to be good for all atoﬁic numbers. 7 However, since
relativistic effects are rhuch greater at larger atomic numbers one
" would not expect close agreement with Pincherle's vélues; _.Mé.,ssey and
Burhop49 have found thé.t consideration of relativity increases the
theoretical KLL Auger yield. If similar relativistic effects have
less influence on the KLqu and KXqu Auger yields, the discrepancy
between the results of the present work and the. calculations of

Pincherle‘.18 would be resolved.

F. Protactinium 228

1. L lines assigned to 57.8 and 130 kev gamma rays. --

Protactinium 228 was first produced by Ghiorso et al. 50 in bombard-
vm,ents of thorium with 80 Mev deuter'oﬁS, -These workers found the
EC/a bran‘ching ratio to be about 50. No. previous work has been
reported on the electron spectrum of Pazzs'since the .inve;_tigators
mentioned above studied only the alpha particle radiations of these

isotopes. -
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A sample of Pa.z‘?'8 also containing some Pa232, P.a'239, ,and

Pa'22'9 was obta,iried from a bombardment of thorium with 115 Mev

protons. Because of the presence of a visible amount of solid
material in the final protactinium fraction, it was decided to use a

0. 00l-inch thick platinum countirig disk for the sample backing.

229 230 232
a n

Because of the presence of Pa y P , and Pa o

unambiguous assignments can be made for four prominent lines
appearing at 22, 26, >30, and 33 kev. However,. relatively certain
assignments can be made for four electron lines at 38,2, 41.5, 110,
and 114 kev, respectively. As seen in Table 6 these‘line-s have been
‘assigned to ’gamma rays in Thz'28 which have been previously obs-e-r-ved‘

N

in Ac228 beta minus decay. 51 The gamma rays are also observed in

2 .
U 32 alpha decay. The LII/LIII ratio for each gamma ray is consistent

with an E2 assignment.
Table 6

Electron Lines from Pa'228 Decay

Gamma _Electron Tntensity  e-/p- disinteg-ration
‘energy energy (Arbitrary of Ac228 from Ref. 51
(kev) . (kev) Units)
57.8 £ 1 38.2 28+ 5 0.238
, 41.5 205 0,202
130+ 2 110 3+£0.5 0.033
114 2%0.5 0,023

2. Decay scheme of Pa'zzs.‘=‘=_1t is of interest to note that the

electron capture decay of Paz'28 populates directly or indirectly‘ the

first two excited states of Thz28 in about the same ratio of intensities

228 51

. s Z
as does the beta decay of Ac The closed cycles ,calculat1on5
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of the decay energy for ‘]?’a228

is 2.06 Mev. Since this value is not
far different from the decay energy exhibited by ACZZS, (it is not
improbable that the electron capture of Pat‘z‘28 populates the excited

_ states of Th®%® in much the same manner as Aczz8

‘Thus the
similarities noted above for the first two excited states are not

surprising.

G. "Protactinium 230

1. Electron spectrum. -~ Protactinium 230 was first identified

by Studier and Hyde53 in bombardments of Th232 with deuterons. The

, EC/Q- branching ratio is about 92:854 and alpha branching occurs to

the extent of 0.003 percent. >3 Measurements of the electron and gamma
__.radiations were made by Osborne et al. 56 by absorption techniques.
. They report a gamma ray of 0.94 Mev and K and L x-rays vwith,the

A_r‘_e.la‘ptive abundances 14:9:5. Osborne, et 2._1.'56 also observed beta
-particles with energy maxima at 0. 22 Mev and 0.43 Mev with relative
intensities of around four to one,

| The present work was undertaken to study in greater detail the

electron and gamma radiations emitted in the decay of Pa230. The
activity was produced by the reaction Th232(p, 3n)Pa23O using around
100 Mev protons from the laboratory's 184-inch synchro-cyclotron.
The Pa232, Pa’228, and Pazz9 also produced in the bombardment were
allowed to decay for about one month before chemical separations were
performed. The Pa230 was separated from the thorium target by

57,58

di-isopropyl-ketone extraction techniques. It was apparent some

time after the beta spectrometer samples were made that for some reason

95

a large amount of Zr”“~ and va95 activity had followed protactinium in the



T well w1th that wh1ch wou,ld be expected from the beta pa,rt1c1es of Zr

57~

Qe L Lo e i gemi sty T
chemical separation. The sample used also contained an unknown

[ e R I S I

amount’ of the I:I:230‘ decaycham

The sample was mounted on a dou.ble la.yer of gold leaf by
evaporatlon of an HF solution conta1n1ng the act1v1ty, The material
‘was visible on the gold leaf so the reason for the r'elat'i‘\}e’ltvy' pgor
resolution obtained is probably sample thickness and n:o't back=scatter=
ing. The -spectra were obta1nedus1ng the semi-automatic system
“"descrlbed prevmusly |

A beta contlnuum under1y1ng the electron llnes corresponds

95

.95 - ST

““and Nb The presence of these nuchdes in h1gh abundance was
‘Shown by garina scintillation specirometer studies which will be

' "discussed below. The 11nes for ‘which the 1nterpretat1on is fa1rly

" cetrtain are 'li"sted 1n—Table 7. ‘Since electron capture is about ten

times as frequent as beta mi'nué decay in this n’ucli'de, all of the lines
have been as signed to gamma trans:.t1ons in Th230

The ‘eléctron lines assigned (see Table 7) to 52. ZM and 52.2

~also f1t energYW1sew1th the expec‘tedt LII and’ LIII lines of a 69 kev
gamma ray.,v A line ap’p‘ears 'in the l's‘pec'trlim 'whiich:"m.'ight be assigned
‘to the M + N l1ne of thls gamma ray Thus the h1gh abundance of the

lines a.SS1gned as 52 ZM and 52. ZN relat1ve ‘to the 52, ZLH and 52. ZLIH

'11nes is perhaps due to the presence in the sample of ‘considerable U230,
However, ‘this explanatmn is not c0ns1stent with the r'elat1vely high

"'intensity of the line postulated as 69M + N nor 'V;’ifh the ‘absence of

lines from the 110 kev gamma ray of Th226., 4 1t is p0551b1e that the

appr0x1mately -69 kev gamma ray follows the beta .'d'ecay 'Of Pa230 although

the first excited state of U230 is expected to be at a lower energy.
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Table 7

-Electron Lines of Pa23'0

Gamma Electron Conversion -~ Intensity -

energy energy shell (Arbitrary Units)
(kev) (kev) C v
52.2 %1 33.3 ThI‘fII 1.5 £ 0.7
35.9 ThLIII 1.0+ 0.5
48.5 ‘ThM 1.4%0.5
52.9 ThN 1.020.5
90 - 94 76.7 ThL 0.2 0.1
293 £ 10 183 ThK 1.0+ 0.5
: 276 ThL : | 0.1 +0.05"
-.305 £ 10 1‘)-4 ThK 5.7+ 0.5
284 - ThL - 1.0+ 0.2
302 | ThM + N 0.2 +£0.2

k3 .
See text.
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The most reasonable explanétion of this discrepancy is that self-

b

absorptmn w1th1n' the sample is affenuaﬁng the L and LIII lipes
-w1th respect to the M and N 11nes

The K and L lines of gamma rays of 293 +10 kev and 305 = 10 kev
decay with the halfmlifg of_-_aPa.ZaO within the limits of érror of the
measurement. The K/L ratios of each areé large (about 10 and about 6,
r.éspectively) Wh_ich is indicative of Ml or El radiation. The high
ini:ensity- of the electron peaks of these radiations with respect to those
of the 52:kev gamma ray make the Ml assignment seerﬁ‘-mor-e likely.

,.The beta spectrum of Pa'230 was not observed with any reasonable

certainty because of the re¢latively high intensity of the Zr95 and Nb95

beta spectra. The maximum energy of the P'a230"beta- spectrum is

expected to be 430 kev from closed cycle c:‘alcu.la'cions}rsf2

- 2. . Scintillation spectrometry of Pa2,30'_' gamma rays. -- The gamma

. 'rays émitted by Pa’ " weré obseivedin the 50-channel scintillation
spectrometer of this laboratory. The spectra Q'bfaine:d are shown in

Figs. 13a and 13b, '_I_n agreement with the absorption experiments of
Osborne et al., 56 a gamma ray of 940 = 20 kev thorium K x-rays, and
thorium L x-rays were observed. In addition to these radiations, howex}er,
gamma rays with energies 305 £ 10 kev, 1000 + 40 kev, 1060 + 30 kev,

1180 + 40 kev (?), 460 % 15 kev, and 540 + 20 kev were observed. Of
course, one of the more prominent peaks in the spectrum was that from
the 721 kev gamma ray of Zr95 and the 745 kev gamma ray of Nb95.

The assignment of the 750 kev peak to thes,é activities was proved by its
asymmetry and by its inc;'easi‘ng intensity relative to other peaks in

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

given in Table 8. The corrected intensities were calculated using the
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curve of counting efficiency for sodium iodide crystals given by

McLaughlin and O'Kelley. 59

Table 8

Protactinium 230 Gamma Rays

Gamma Uncorrected , Corrected™
-energy. relative intensity intensity
(kev) (Arbitrary Units)
14 + 4 (L x-rays) 1800 1800
94 £ 5 (K x-rays) 2000 _ 2000
305 + 10 460 820
460 +£ 15 100 . 360
540 + 20 Low | Low
940 + 20 . 50 . 830
1000 = 40 7 » 130
1060 + 30 7 140
1180 + 40 (?) 1 , 20
>kSee text.

2
3. Decay scheme of Pa’2J0=-g=levels in Th230. -=From the present

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

ing from relative intensities of gamma rays and electrbn lines separately,
the following inferences can be made: 1) at least 40 + 10 percent of the
electron capture decay populates one or a pair of levels about 940 kev
above the ground state; 2) at léast 40 percent of the electroﬁ éapture
disintegrations give rise to a 310 + 10 kev gamma ray. This gamma ray

| is very likely of Ml or El character from the K/L conversion ratio;

3) a significant fraction of the electron capture disintegréttions directly or

indirectly populate the first excited state of Th230; 4) no appreciable
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fraction of the electron capture decay gives rise to gamma radiation

of the energy difference between the second and first excited states

230

of Th (120 kev). 9 ‘

H. Neptunium 236 - _

1. L lines assigned to 43.4 kev and 44. 2 kev gamma rays. -=-

60

, Nepfunium 236 was firs,t produced and mass assigned by James et al,
_ from bombardments of uranium with deuterons. In the prresent study,
uranium foil containing >99 percent U235 was bombarded with 12.5 Mev

deuterons in the 60-inch cyclpi;ron of this laboratory. The chemical
separation and purification included an oxidation-reduction cycle and a °
final anion exchange column'sép-araj:ion. The sample' for the present
investigation was prepared by evaporation of a drop of distilled water
‘Containing the activity from a palladium leaf backing.
The only previous study of. the radiations of 22-<hour ’Np236 is that
‘of Orth and O'Kelley. 61 These workers report an EC/B” branching
" ratio of around .2,".a two component beta spvectru_m with maximum
energies of 360 and 510 kev, respectively, and a 150 kev gamma r'ay.
An éleétfén' spectrum waé observed in the present work which was
s_ir;:;iia‘r té that obse;ved in the previ.o'us' work. 61 -However, certain linés
1n the‘ spe.ctrufn shéwed greater éompl,exity than before. Thé appearance
véf this:complexity-, .coupled with _fhe\res ults of recent scintillva,_ti‘o.n
-s;pe;:fro,rhefe.r .;.stu.cvlie_sé'2 réquires a reinterpr-efation of the electron data.
The lines ;désigﬁated as L Augers by O'Kelley‘ were resolved into
.fourilines w‘hic.:h. vcorrAespond well energywise to 'the L.‘II. and LIII lines
v'of gamrﬁa rays With energiesﬁ ;43., 5 + 1 kev and 44, 2 £ 1 kev, respectively.

These .energie,s depend upon the érbitrary. assumption that the slightly
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more intense pair of L lines arise from conversion in plutonium
following beta decay, and'that the less intense pair arise from
conversion in uranium following electron capture. The electron data

are summarized in Table 9.

Table 9
Electron Lines of Np'236
Gamma v- . E_Iéctron A Conversion Tntensity '
energy energy ’ - shell (Arbitrary Units)
(kev) _(kev) | .
43.5 %1 21.1 PuL )
_ 25.4 PuLIII
44,221 23.2 UL > | 48
| 27.0 | UL.II_I/
44 = 2 37.9 PuzM 18
and UZM
43 £ 1 41.7 PuzZN 3
and UZN
K x-rays 88 £ 5 UZL | 10
and UZM
500 + 30 200

(8" maximum)

The line designated ISOK by Orth and O'Kelleyél‘also may be inter-
preted as the unresolved ZM conversion lines of the 43.5 and 44. 2 kev
gamma rays. A linealso appeared which may be assigned to the
unresolved N line of the two gamma rays. K Augef lines were also

observed.
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v of the ,;di!‘s',integr:ations take place by.capture of K electrons; 5) that the
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g, Decay scheme of sza.éy'-'=!='."I'h'<ie Bétai‘éf’é‘é&“m was observed

"both dn the double focus1ng spectrometer where the 1ntens1ty was too

" low for a Ferrhi"aﬁalysis ‘and on a'r'n‘é.'gri'etic' lens ’SPectrometer. A

_Fermi analysis by O'Kelley of the dat"a." from the rraé.gnetic lens spectro- .

meter gave a max1mum beta energy of 518 + 10 kev. 63 The Fermi-Kurie

/({

plot exh1b1ted a rnarked concav1ty toward the absc1ssa whlch is

“

a ,_,1hd_1’c:at.1ye of a _fonhldQen b eta trans_;t;_on. .However,‘ »,1t is not impossible

~-that the forbidden shape was caused by some variation in counting

efficiency of the dé'te'ctor used.

Scintillatécﬁ's‘p.‘ectrom-eter ‘experiments performed by Jaffe et al,
ihchcate that apﬁro'iirhat'ely 1.66 times a‘s many K x-rays as L x-rays
are emitted in szsé\ decay No 51gn1f1cant amount of gamma radiation
wis observed, A 4 count of the beta part1c1es from the same sample
used in the sc1nt111at10n spectrometer experiments gaVe an.EC/B~ ratio
of {43 % 3):(57 % 3)), assurrung only K ‘electrons are captured . From the
relative K and L x=ra.y A1nten31t1es, the number of K and L vacancies
pr.’oiduced per 100 dls1ntegrat10ns can be calculated by us1ng the following

assumptions: 1) that 12 perc‘ent of the K vacancies are filled by L, electrons

Z)Jthat the K Auger yield is 0, 03 at the re:,i:o'l'rlic number 92; 3) that the

L Auger yield in this _regio,r,i :O.f'att.:),rnic ritirr)ber is 0. 5;22 4) that 43 percent

. intensity of‘the, K. x~rays is. 1. 66 times. that.'of the L x~-rays. From this

..~ calculation one .can conclude that for each 100 disintegrations, Zi L

vacancies arise from either:L electron capture or gamma ray conversion,
From the very approximate values of electron intensities one can

conclude that the abundance of conversion electrons is about 35 percent

°
b
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- ti:;at of the beta'spectrum, Since 57 perce__nt of the disintegrvat‘ioﬁs take
place by beta particle emission, one is led to a value of 20 conversion
electrons per 100 disintegrations.. 'i‘hus within the limits of error of
these intensity meaéuremen’cs, all of the L vacancies arising by meér’ls
other than by the filling of K vacanc_ie.s‘ arise from L conversion of the
43,4 and 44. 2 kev gamma rays. However, the limits of error are
such t_h_at as rﬁany 'as 5 to 10 L vacanci:es per 100 disintegrations
%nay be arising from L capture. It appears safe to conclude that the

lower limit fér the K/L capture ratio is around 4. v

The intensities of the L lines of the 43.4 and the 44.2 kev °
g’alrp'miav rays are roughly c‘ompa.ra;ble. Thus one can set an upper

limit of about 10 events per 100 disintegrations which populate each of

6

) vthel_ first excited states of Pu236‘and U23 - The intensities 'given in
‘Ta_bl‘e 9 are subject to cons}de;able uncerta‘.ibnty, but the yalges should
be _r“eliabﬁlle to £25 percent,

T_he interpretations of the data_; vfrém the present study are in
sharp disagréement with those of Orth and O‘Kelvley.v61 One reason for
the larg.e disére_pancy between ti:le two sets 9f data may be the different
_v telatiye amoqnt Qf Np234 present in each case. Hoff19 reports an
upbgar limit of 1. 0 for the K/L, caiatq.re ratio for:Np23»4, Since
considerable .a‘mount:s of NpZ34 were present in the samples of Np236
investigated by Orth and O'Kelley, one would expect their K/L
‘capture__raﬁto td be somewhat in error. Also, the absorption methods
which they used are less “reliable for inténsity measurements than the

scintillation spectrometer used in the present study. The discrepancy

in the Ainterp'retatvion of the electron line spectrum resulted from
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. spectrometer calibration uncertainties .in the low energy region at
the-time the previous experiments were performed. -
. A.decay scheme which is consistent with the available data

.is shown.in Fig. 14.

9

s .7 v o 1V, DISCUSSION OF RESULTS -

A. Theéoretical Calculations :

e The usé of the tefm Mconversion coefficient! is misleading.
T Thedrétical interpretation of the processes of radiative (emission of
gamma quanta) and non-radiative (emission of orbital electrons)

" transitions’indicate that théy may be considered nearly independent of

“'each other:®> That is, if Tadiative transitions in nuclei are assumed
e to'arisé from a’radiator (e‘l'é'c,tr&'ict ‘dipole, electric quadrupole, magnetic
”dtip'ol"e‘,' etc. ) 10‘-’cate<i at the center of the nucleus, then itv is fOuna that
‘the radidtive emission rate is almost ind'ep‘;e'ndent' of the non-radiative

emission rate for a given transition. Thus a nuclear transition rate is
the sum of ‘the rates of g'ar'r':ima' and electron emission, the two processes
OC'curring sidé by side with nearly i;idepend'eﬁ't rates and there is little
ifj‘an'y' so-called "'conversion' of gamma radiation into el_ect.ron ""'radiation'.
{T'he reasoning leading to the above conclusions is briefly as
fdlldws:és\ If the nucleus were stripped of its orbital electrons, the
total niclear transition rate WO',ulld eQual the rate of emission of gamma
‘quanta.- However, ‘in,the'presenc"-‘e of the orbital electrons, the nuclear
"3 transition rate is daugmented by the possibility of another miode of
" ndclear ‘de-éxcitation, namely orbital electron emission. The emission
. of orbital eléctrons arises from the intef'a_ctidn of the radiation field of

the nuclear radiatér with:l.the orbital electron cloud. This interaction .
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thus provides a mechanism in addition to gamma .emission for the
occurrence of the nuclear transition.

The so-called. ''conversion é-oefficient", then, has been most
commonly defined as the orbital electron emission rate divided by the
g;amm.a_emiss.ion rate. . Some writers; however, still use the term

: ”c-onv‘eréion coefficient' to indicate the fraction of the total nuclear
transitions which take place by orbital electron emission. - The former,
commonly used definitior will be used in this discu'ss’ion.

: Theoretic#l calculations of L. conversion .coeff-:.iﬁients for the

67,6

heavier elements have beé,ﬁ "pe'rfOrrned by Fiské'6 and Gellman et al,

ﬁSinee;the_ealc.uiatio.ns_m.ad.e*b,y_G.ellman_it':_gi. ’

are more extensive

than any pr.'evik,o.gs..lir. rﬁ-ade for this region of atomic number, and were
‘ . {na.(;e u~sii1gil'e3;é.c.f relat1v1st1c equa_.t'iops, ‘the author has chosen to
presentcomparlsons .of experiméntal va_l“u.es with these calculations
only:” Eiﬁgu’l:es 15a through 16i ér_ye based on these calculations. No
exact "‘c=a,l"cula,tions exist at pféé,éﬁt for L shell conversion coefficients
(for Z >80) where the effects of screening were taken into account.
However, R_eitz68 has found the screening correctién for the K shell
conversjion coefficient to be a positi?e one to thirteen percent of the
"unscreened' values. Whether the same or a larger screening
correction holds for any of 'thé L..shglls remains to be seen. Rose
et 2.,69 ‘believe the screening cor‘rection will be appreciable for the
L. shells, especia‘.'llir.at‘:‘ hlgh atomAivc ni1ln;;ber.

. B. Emp,irica,l. Correlations

Mihelich70 has reyiewed the experimental data on L conversion
ratios through early 1952. His multipolarity assignments based upon

earlier, less extensive, and in some cases-less exact calculations are
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in good general agreement with those whichr would be predicted by a
comparison with the more recent tables of Gelli’hah_é_E al.

Swan and Hill "* have found experimental datab"‘on several electric
quadrupole radiations to be in reasonably good agreement with the.
predictions of Gellman et al.. |

M‘ihelicvh39 has summarized experime‘ntal conversion ratios
for M4 {:ra,nsitions in a recent paper. These data are the bases for Fig. 10
((ée'e T1198m) in which the author has compared 1;eSl11tS for an M4

transition in this work with those reviewed by Mihelich.

C. .Comparison of Experimental Data with Predictions.

1. Electric dipole transitions. -« The 59. 6 and 26.4 kev gamma

" transitions which occur in the alph‘a decay of Am241' have been characterized

5,9

" with reasonable certainty as electric dipole radiations. The 59.6 kev

, ‘gamma ray has a total conversion coefficient of 0.92 % 0.1 and a total L

conversion coefficient of 0.72 £ 0. 07. From the L_+ L :L ratio of 4. 4,

I II" 111

the L_ . conversion coefficient is 0.17. This value is in excellent agreement

111
A : ' ¥ 6
with the value 0.15 from interpolation of the tables of Gellman et al. The

sum of the conversion coefficients for the LI and LII subshells is 0.72 - 0.17 =
0.55. This value.is in very poor agréement with the value 0. 32 from inter-
p;)lé,tion of the tables of Gellman et al. 6 Some, but certainly not all of ther
difference between these values can be ascribed to errors inherent in inter-
polé,tion, The only obvious explanation fox; this discrepancy is the possibility
that the screening correction for either or both the LI and LII subshells is
much larger percentagewise than those found by Reit'z68 for the K shell,

A priori the screening correction would be expected to be very

similar percentagewise for the LH((pl/Z) and LIII(p3/2) shells. This

seems borne out by the good agreement of LII/LIII ratios of E2 transitions
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with the "unscreened" calcula.i_:ieps_ .of Gellme.n. et al. 6: ASim,i_larly, the

)

percentagew1se screemng correctmn for the LI 1/2) shell might be

expected to be of d1fferer;f_ magnitude from those of the L. and L

I III
shells. Thus L LII LHI ratios for radiations (El and all magnetic
, radiations) which convert appreciably in the LI shellé would not be

expected to ‘a}gree as well with the unscreened ratios as those convert-
ing only in the L;; and Ly, shells (E2, E3, E4, etc.). That this is
so is bofnevout:by-the data on the 59. 6 kev E1 gamma ray under

considerat_iop here and the 46.5 kev Ml gamma ray following RaD

o decay

The <(L + L I)/L ratio expe‘ctedé for the 59. 6 kev.gamma ray

111

_ 1s'19 ~The _expervllme.ntal_ly de_telj.mined value is 4. 4,_ .From the above

; xco)ru;sideira‘tijons it would seem that the screening effect for the LI shell

., -.changes the ""unscreened' conversion coefficient by a factor of about 3.

oy

~ This, of course, assimes that'the percentagewise screening correction

... of the LII shell is the same as that of the Loy s.hell.

oL Wu. et.al. 72 have obtained an accurate LI LII L. i1 ratio for the

"46.5 kev Ml radiation following RaD beta minus decay. The value

e )({14_0:10. 7:1, 0) they obtain is in very poor ‘agreement with that (915:99:1. 0)

_calculated from. the tables of Gellman et al. 6 It seems that both the

—— o e

. L~I‘I and ,I#_I'rintens;ities_ are about seven times the expected intensities

w1th ;je.epgect to the LIH

ing correction for the LIIshe_ll is more similar to that of the L_I shell

intensity. This would indicate that the screen-

. .than it ,is‘to .that,ﬂof the L shell. Thus one might conclude that perhaps

o alter the L <L

X1

a screen1ng effect is not the only effect operating in these two cases to

I II'LIII ra.t1os from those expected.
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The 26.4 kev gamma ray is given an El assignment from its
deduced total L conversion coefficient of 3.75 £ 1. 2.  The value obtained
from an extrapolation of the tables of Gel_lma,n&'gii.:é is 2.3. The
difference between these values is probably not significant since |
extrapolation of the theoretical curves iﬁvolves_sgreat unc‘erta,_inty. It
s interesting, however, that the experimental value is larger than the
theoretical value as in the case of the 59. 6 kev gamma transition.

2. Magnetic dipole radiation. -=-The only transition given an Ml
| 241 |

”:assignment was ,th‘e 33.1 kev gamma ray of Am Although this assign-
ment is by no means vc-ezftain, it appears to be the only one consistent
s.with-all the a,vé,ilable data. The experimental value for thé Li:LII ratio
of >5is to be compared wifch the theoretical value of 10 obtained by

- extrapolating the tables of Gellman_c_a_t i{ 6 Failure to observe the LIII
line is consistent both with theoretic'é_lé and empirical evidence70 on

other Ml transitions.

3. Electric quadrupole transitions. -- Most of the gamma

transitions for which data is reported in this thesis have been given
EZ2 assignments. Conversion has been observed in the LI‘I and LIII
shells only. In two cases (Np238 and T1198m) limits can be set for
the relative amount of Ly conversion." The experimental L,II:LIII
ratios are compared with the theoretical ones in Table 10.

Of course, the theoretical values are not necessarily accurate
because of the fact that only three values were determined by ’Gellmar:;it al.
for each L shell and given Z. Thus the ihterpolations are'v subject to
errors of significant magnitudé, The accuracy of the various
experimental ratios are given in the section on experimental data.

Within the conservative limits of error of both the interpolated
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- theoretical values and the experimental ones, the agreement in every
‘case is good, In the three cases {7, 8, 1l in Table 10) where a

" resolution of the linés was sufficiently good to set limits on .LI

conversion, the upper limits set are about equal to the values

{-interpolated from the tables of Gellman et al.

.Table 10

.~ Summary of Data on Electric Quadrupole Transitions

~Gamma .Obsﬁerved in  Experimental Theoretical
" ‘energy = decay of: L‘fLII:LIII Li:LII:LIII
o dkev) Lo (E2) ~
01, 99,51 . . Am2H :2:1 0. 016:1. 85:1
2. 4l.0%2. - . AmZT™ 41,3731 0. 034:1. 0:1
L 3. 43.3%2° . AmZim 1.4:1 0. 04:1.1:1
» o4, B7,8 &1 Pa{zvz'»? :1.4:2 0.075:1. 6:1
5. 010%2 - Pa2®® 150 0. 018:1. 8:1
6. 52,21 pa30 o :Lsd o 0.06:l.3:1
| 238 ,
7., 44.1'x 1. Np / <0.04:1.26:1 0.04:1.1:1
8 102,01 -  Np~® <0.3:1.6:1  0.17:1.8:1
9. 42,4 %1 Np230 o aa® 0.04:1.1:1
10. 4421, o Np23® a0 0.04:1.12

<0.05:1.11:1. 0 0.05:1.3:1

%;S"ee vS:eﬁction I11-H.

. __It ir_s c;lea,r th_at a the-oretica_l calculation of L conversion

. coefficients at smaller intervals of energy and atomic number is

required if one desireé a quantitative check of theoretical ratios of

Li conversion.’ Th_e be‘;st values‘_in_Tabl_e 10 are those for the 44.1 kev

198m

gamma ray o_f”Nplzl?”.8 and the 48.4 kev gamma ray of Tl The
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limits of error of these two values are probably less than those of
the interpolated theoretical ones. These two determinations should
provide an excellent check for a more extensive set of theoretical
calculations than those of Gellman et al. 6

4. Mixtures of magnetic dipole and electric quadrupole -

radiation. == Only two transitions of all those inve‘stigate.d gave any
‘reasonable indication of being an M1-E2 mixture. The first ié the
-43,-4 kev transition following _Arnz'41 alpha decay. Here the LI:LH:LIII
ratio was 0.5:1. 0:1, 0_. - If all the LI conversion arises from the Ml
radiations present, a 20 percent Ml, 80 percent E2 mixture is
indicated. However, the uncertainty in the ratios is rather large
because of the fact that the 43.4 kev L lines were Asituated on the low
‘energy tail of the 59. 6 kev L lines in the spectrum.
‘The other case is that of the 282.4 kev ganma ray of T1198m. '

Here the deduced K conversion coefficient (0. 24) was lower than that

expected (0.52) from the tables of Rose gt al. 40 for pure Ml radiation.

Since the expected conversion coeffiéient4o for E2 radiation of this
same energy is 0.076, a 64 percent E2 - 36 percent Ml mixture is

* indicated.

5. Higher multipole radiation. -=The only transition of higher

multipolarity which was investigated was the 260.7 kev gamma ray of
Tll98m, As can be seen in Fig, 10 the LIII/LI ratio for this gamma
“ray would fit on'a smooth curve with those of other M4 transitions in
the same region of atomic number. The conversion of magnetic

radiation primarily in the LI and LIII shells as predicted by Tralli-and

3 . ; . . .
Lowen 8 seems substantiated. Other criteria of comparison (K/L
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ratios and lifetime) are in excellent agreement with those of well

‘known M4 transitions (see Section III-E). Thus qualitative
.comparisons with the theory (for Z = 35) of Tralli and Lowen38
and quantitaﬁve comparisons with theoretical lifetimes, 41 and

? and L][H/LI39 ratios lead to an M4

4 e_mpirical correlations of K/L3
~assignment for this transition.
... 6., Conclusion, -= The results of the investigations presented
_in_ this thesis thus indicate very good agreement with the theoretical

i+ predictions of Gellman et i&-é except for the one case of electric

dipole radiation... The unexpectedly large _I;.I and/or I'-'II conversion

4., coefficients found may possibly arise from a large screening effect

-1 =-onthese shells. Such a large screening effect for L shells would not

have been expected from the calculations of Reitz68 for the K shell.

L It may be that,screening .is not the only effect altering the L'I::LH:LHI

. . ratios in this case. Tt : - —
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APPENDIX I

241, 2409 Pml50, and Fr223

1. Plu_tonium 241, 240. -- The beta s‘pectrumA of P\leﬂ from a

0.5 mg sample of pile irradiated plutonium was observed on the double

fecusing beta spectrometer. A mass analysis of the 'sva':m;p'le indicated

“'the following isotopic composition:

‘Mass number Percent by mass
239 . 23. 86
i 240 © 49.43
241 16.93
242 9,78

':'-I‘-l'-i"e'.s'a_rhp'lé was mounted on a single gold leaf (87 pg/cmz)n‘

A Fermi-Kurie plot of the befca spectr\im is shown in Fig. 17.

" The fact that the plot is straight back to about 12 kev probably does

“not indicate that the counter window transmits 100 percent of all

electrons down to 12 kev. Previous experiments seemed to indicate

‘that the window transmitted electrons down to about 17 kev with

100 percent effic.ie'ncy., The delé.y of the sharp downward turn of

the plot is ascribed to extensive self-absorption and back scattering

in the sample. These effects tend to accentuate the lower energy
portions of a beta spectrum and hence in this case presumably
compensated the loss due to window absorption as far down as 12 kev.
The window energy cut-off determined from this Fermi-Kurie
plot is about 4.5 kev., Thus the common supposition that the energy of
electrons transmitted 100 percent is between four and five times the

window cut-off energy seems substantiated.
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Previous work on this isotope has characterized it as a 14 year

73=76
beta emitter with a maximum beta energy of 20.5 kev., Its decay

by alpha emission has been observed and the ener gy reported as

65 9

4.91 7 and 4.893 Mev., ° The maximum beta energy determined from

 this experiment is 20.5 * 1 kev, in excellent agreement with Freedman

76

et al.

In addition to the beta spectrum, a reasonably definite indication
of the L, and M lines of a 43 * 3 kev gamma ray was observed. This

garhma ray very probably arises from Pu'240 alpha decay to the first

36

excited state in U This assignment is based on its abundance and

76

energy. Other values given for this gamma ray are 49. 6 kev, 76 47 kev,

48 kev, 76 45.0 £ 0. 2 kev, (A and 44 * 2 kev, 9

2. Promethium 150, -=A sample of ~107 disintegrations per minute

of Pmlso was obtained from a proton bombardment of neodymium enriched
in mass 150 in the laboratory's 60-inch cyclotron. The neodymium was
bombarded as the oxide in a pistol grip holder. The beta spectrometer
sample was prepared by simply taking up the oxide as a slurry in
conductivity water and evaporating the material on a 0. 001 inch platinum
plate.  The mass of the neodymium oxide on this sample was of the order
of two milligrams.

The half=1i.fe of this isotope has been determined as 2.7 hours by
Long and Pool, 78 Fisher, 7 and Kurbatov and Pool. 80 Beta particles
of 2.0l Mev (about 70 percent) and 3. 00 Mev (about 30 percent) and gamma,

rays of 1.4 Mev and 0.3 Mev have been reported by Fisher. 79

An
absorption measurement reported by Long and P'ool78 gives the beta

energy as 2.4 Mev.
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Fig. 17. Fermi-Kurie plot of Pu’®!

beta spectrum.
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Because of the low intensity of the sample and tﬁé i-elatively
short half-life, dnly one electron line of Pm150 was ch'aracterized.
' No électron line of any appreciable abundance appeared below this
liﬁe at 290:6'kév. This line was intefpr'eted as a K conversion line of
a 337 = 2 kev gamrﬁa ray (a slight indication of an L line was observed).
‘ Tﬁe region in”which the L line occurred was not swept v?ith suffiéiently‘
closew ihtérvais to allow a relative abundance mea,sﬁrement to be made.
- Hibdon and Muehlhaus.e81 have reported gamma rays from the

149 to be 336.7 Kev and 440. 2 kev. The energy of

meutron capture of Sm
the former is in excellent égreement with the above value from this
experiment. Thus 1t appears that a significant proportion of the beta
decay of "Prir)l50 decays through the level giving rise to this 337 kev
gamma ray. |

o Scha,:r’ffv-Croldhaber20 has interpreted the 336.7 kev gamma ray

150 and the

" as the transition between the first excited state of Sm
'g‘round state. From the observation of a 440. 2 kev gamma réy-, the
second excited state is su.pposed20 to be at 777 kev. . From the data on
Pml’SO, it can be said that the 44OK line is less than about 1/3 of the
3.37K line. Recent experiments at this laboratory indicate that several
“high-energy gamma rays (around 1.5 Mev) of high intensity are also
emitted in Prn150 beta decay. 82 Thus one might reasonably conclude
~ that the primary route of decay is to levels about 1.5 Mev or higher
‘above the ground state from which are emitted the several high energy
"’garxima rays, ‘a significant fraction of which casvcade‘through the first

excited state to ground. Apparently the second excited state is involved

to a smaller extent in these cascades than the first excited state. It is
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of interest to note that this pattern of decay is noted among other

oddmodd beta emitters in the medium and heavy elements where
suff1c1ent decay energy ex1sts, for example, Np238 and Ac228
3. Francw.m 223 (AcK). -=Several exper1ments were

. attempted to deterrnme the beta spectrum of Fr223. The sample

N

- was prepared by E. K Hyde of th1s laboratory using a procedure
1nvolv1ng a sﬂlcotungstlc acid prec1p1tat1on 83 The activity was

mllked from a 20 millicurie source of Ac:227 which had originally

226

be_en made 1nva pile bombardment of Ra by the reactims:
Zé(ri, y)Ra227 [3_)/\ Ae227.
1622 y 41,2 min  22.0y

.. w;v"I‘;rlfxe,vEI‘rz,Z_?ﬂarises from the l. 2 percent alpha decay branching of
Ac227° The half-life of Fr223 is 21 minutes. 84

- Previous work on the beta spectrum of ]§‘r223 indicates a beta
energy of 1. 2. Mev-_‘,_gsn87 The data here obtained indicates a two-
., component beta spectrum, the most abu.ndatnt component having an
energy of 1.0 = 0.1 Mev. Because of the much lower intensity of
the higher energy component the limits of error for its energy are
.greater than 0.1 Mev.. The value obtained was 1.3 = 0.15 Mev. The
large limits of error quoted are due primarily to spectrometer
ca}ibration_?uncertainties at the time of the experiment.

.. Electron lines which -might be assigned to gamma rays with
energies 45 £ 7 kev and 230 + 20 kev, were observed in a very fast
sweep of the spectrum. Recent work by Hyde88 using a scintillation
spectrometer shows that gamma transitions occur at the energies
49.8 £ 0.2, 80 kev, 215 kev, and 2310 kev. Previous workers had

found by absorption methods gamma transitions of 90, 89,90 ~330, 8_7
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and 48. 6 kev. 81

-From the high intensity of the 49. 8 kev photon relative to the
beta ]_:»:3.1*'ticltes88 it is quite re‘a,éohable to assume that it is of El
character. - Hyde88 found that ndne of the other gamma rays observed
are in coincidence with the 49, 8 kév gamma ray. A unique decay
scheme cannot be constructed for -Fr.223 without further information.

- APPENDIX II
A Twin Lens Beta Spectrometer for Coincidence Measurements

A. Purpose and Design of the Instrument

The decision to canstruct a back-to=back double beta spectro-
meter was based upon the usefulness of such an instrument in elucidat-
ing decay schemes, especially among heavy element isotopes where
a large p’r'oﬁortion of the :gamma transitions take place primarily with
the ejection of orbital electrons. Thus this unit was designed to be an
electron-electron coincidence spéctrometer, .consis_ting essentially of
two thin leps beta spectrom'éters connected at the sample end so that
both could simultaneously receive radiation from the same sample,
yet operate independently. The design arrived at was a modification
of one des,c‘ribed by K. Siegbahn. 91 A schematic diagram of the
instrument and a block diagram of its associated equipment is given
in Fig. 18.

B. Brief Description of Major Components

1. Lens coils. -~ The lens coils are designed for low voltage -
high current, motor-generator power and hence require cooling. The
cooling system is similar to that described by Freedman. 92 Units

consisting of copper tubing sandwiched between two copper plates
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Fig. 18. Block and schematic diagram of
twin lens beta spectrometer and associated

Jequipm ent.



~96-

were built pancake fashion at two positions between the coil windings,
Copper--céoli:ng coils are also soldered to the external surface of

the léns spool. The coils are supported independently on a welded
aluminum stand.

2. Trimmer lensés. -- A smaller lens coil near the sample is

éonnected in series opposition with the lens on the sé.rne side to
cancel the effect of that spectrometer on the other.

3. Vacuum chamber. -- The vacuum chamber was made by

“rolling and welding 0. 250 inch aluminum alloy sheet. It is supported
- at'each end by a three-point suspénsion coming from the coil: mount
‘and in addition, at the center by a two point mount coming from the

' aluminum stand. The latter is necessary for the making of initial
adjustments.

4,  Sample entrance section. -= The sample vacuum lock

élltrance is contained on an independent section of the vacuum chamber ~
and may be altered or removed easily without changing the two remain-
ing longer sections. Thus, if it is desired later to make the
instrument an electron-electron angular correlation instrument, the
-sam"ple‘ entrance section may be changed to a bellows and a new support
stand made, no change being necessary in the longer vacuum chamber
sections or other components. The sample entrance section also has,
at 180° from the sample, an entrance for a light pipe in case triple,
alpha-electron or photon-electron coincidence experiments are desired.

A single channel recording pulse-analyzer has been built to accommodate

such experiments,
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5. Counting equipment. == The counters, amplifiers, and
c‘o1nc1dence C1rcu1ts have been des1gned for resolving times down to
0 1 pseca -‘The de_tectors_are ordinary side window counters to be used
as low-press‘ure proportio nal counters, .Should it be desirable to change
to a sc1nt111at1on counter systemg alternate end plates have been
constructed for the vacuum chamber to accommodate a standard
laboratory photo-=tube, 11ght=-p1pe assembly . To take full advantage
of the shorter resolv1ng t1mes of a scintillation counter, however, a
| ne\‘;v 'p'arr of .amplrﬁers and a new c01nc1dence c1rcu1t would be, required.
| The adv,*antage of the present system over the sc1nt111at10n counters is
that at counts W1th 100 percent efficiency down to energies below 20 kev

whereas the countlng eff1C1ency of most scintillation counter systems

decllnes rap1dly below 100 kev.

6».:» Automatic counting control. -= One of the two spectrometers
mlay be auto'mat1cally operated step =wise over any given spectrum

wh11e the other remains focused on only one energy region. Thus the
long t1m_e counts voften necessary may be taken wlthout the presence of
a human vop—erator.- "I‘_he automatic count control may be set to collect
any give.n‘ numher of counts at each of 100 points at large or small
intert/als on any part_ of the spectrum. An over-ride system insures

“':‘against the system's spending more than any given maximum time
((<30 m1nute's) at any p01nt on the spectrum The design of this

93

system is a copy of that designed by Olsen and O'Kelley '~ of the

Cahforma Research and Development Company
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'C. .Expected Operating Characteristics

Each end of the spectrometer has béen“de.si‘g‘_n“e‘& to transmit
about 1 percent of the tot‘al electron réd‘iation frorl;x th‘ev ’ksa.rvnple at any
given energy at ajresdiqti’o.n of about 2 percent if r'ing“foc_u.sin-g is used.
. Without rivng focusing the-fesolutioh will probably vbe clgser to 3 or 4
réercént.l .The lé.tter is :svt.xff.i_cient ‘resolution for a .greét many experiments

s

which the instrument is expected to perform.
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