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RADIOACTIVITY OF INDIUM-109 AND TIN-109
Michael D. Petroff » _

Radiation Laboratory and Department of Physics

- University of California, Berkeley, California

October -2, 1956
ABSTRACT

An investigation of the beta and gamma radiations from the 4.3-
hour radioactive isotdpe Inlo9 has been made with a magnetic-lens beta-
ray spectrometer. On the basis of the observed positron spectrum and ‘

the measurement of the conversion coefficients of the more intense

109

gamma rays a decay scheme for In

is proposed. The épins and
109 ' '

that are involved in the decay scheme are
discussed in relatlon to the known 1eve1s of Cdlll° The investigation

1nc1uded the measurement of the half life of a 58 -kev isomeric trans1t1on

in Cd 09 which yielded a value of 12+ 3.x 10 -6 second.

The investigation of the products of alpha- part1c1e bombardment of
cadmium enriched in Cd.lo6 has resulted in the as signment of an 18-
minute electron capture and positron. and gamma act1v1ty to the 1sotope

109. The information obtained on the rad1oact1v1ty of this isotope is

nucleon-number indium isotopes.

\
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- INTRODUCTION

The extenswe 1nforrnation accumulated on nucle1 since the d1s- -

covery of the means of art1f1c1ally producmg rad10act1ve 1sotopes con-

| s1sts prinmpally of life tlmes, spins of ground states, d1s1ntegrat10n

energles and energies of the observed particles and y rays that are

‘emltted Desp1te ‘the wealth of such 1nformation, the conversmn co-

eff1c1ents and K/L ratios of y tran51tions observed in the decay of a

' particular 1sotope have been measured only 1n relatively few cases
: Consequently, as51gnments of spin and par1ty to the exc1ted states of

' nucle1 have been done for only a small part of all the nucle1 that can be

produced artific1ally Still fewer are cases where the spins and par1t1es
of the excited states of two or more neighboring odd- or even-A nuclei
have been‘thoroughly investigated. The information from such .group's

of neighboring isotopes is of considerable value to the refinement of
theoretical models for which evidence is otherwise drawn almost ex-
clusively from the properties of the ground states of nuclei. If one con-
siders that the evidence for strong interactions found in nuclear reactions
is derived from the properties of the compou_nd nucleus, which is always
formed in a state of high excitation ene rgy, one would then expect that

the energies of the first: few excited states of a nucleus can be described
by a refinement of the shell. model, which appropriately considers the
effect of interactions between the nucleons of an intermediate character.
In particular, when we consider ne1ghbor1ng ‘odd-A nuc1e1 in the region

of magic numbers, a refinement of the shell model by inclusion of the
interactions between protons and neutrons has been used with some success
to explaln the energy trends of certain levels when the nucleon number of
the nucle1 being considered changes. by two protons or two neutrons.

In this connection, the information on the levels of Cd109

109

obtained from

the study of the radioactivity of In may be of importance, as the levels

of the neighboring Cd111 have been thoroughly studied through the decay

of In]ll,l and Ag“.l. A possible theoretical approach consists of fitting

the parameters of a given model to'the»experimental levels of Cd111 and
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checking the val1d1ty of the model by comparlng with the observed levels
of Cd109

effect of deletlng two neutrons from the Cd

109

the theoretlcal levels pred1cted upon cons1derat10n of the

111 =~ ‘
nucleus

The study of the rad1oact1v1ty of Sn has not been carrled out

to the same extent as that of Inlo9 because of the short half 11fe w1th

.wh1ch it decays Nevertheless, 1nformat10n obtalned in thls work is of

51gn1f1cance in that 1t 1nd1cates an 1somer1c state of In109 w1th a- half

llfe less than two mlnutes This 1somer appears to be of the same type
113 ' 115 '
' as occurs in In and I

109 and Sn109 has y1e1ded 1mportant in-

formatlon on two more 109 1sobars in add1t1on to what is known about

the decay of Cd109 '~g109, nd Pd109

The 1nvest1gat1on of In

a
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RADIOACTIVITY OF INDIUM 109

Brief Summary of Earher Expe rlments ‘

" The 4. 3-hour inlo? act1v1ty was first observed by Bradt and
Tendamz_ as a product of a- part1c1e bombardment of s11ver Mallary
109 by proton and deuteron bombardment of

cadmlum enrlched in Cd106 nd Cdlog._ As a result of their exper1-

and Poole3 produced In

ments the mass number 109 a531gned to thls 1nd1um activity was

def1n1te1y estabhshed The positron and conversion- electron spectra
109 were also observed by McGlnms4 in the course of hls investi-

gatlon of inlll. The work of the observers mentioned above served to

109

determme that In decays to Cd 09 by electron capture and p051tron
em1551on with a maximum p051tron energy of 0.75 Mev and that y transi-
tions, with the energles 0.058, 0.205, 0.347 and 0. 427 Mev are involved
in the decay. In the course of 1nvest1gat10n of other In and Sn isotopes
some results different from those of McGinnis were obtained. > A

109

further study of In was undertaken to augment and to check the in-
formation obtamed in the earher experiments with the aim of estabhsh-

1ng the decay scheme

General Experimental Procedure and.Apparatus

109

In was produc'ed by bombarding' silver foil with o pa-rticles

from the University of California'éo'-,inch cyclotron. The 48-Mev

. ;'alpha beam was degraded by means of copper foil to approx1mate1y

26 Mev so as to max1m1ze the (a, 2n}) y1e1d 1n accordance with Ghoshal's

cross- sectlon measurements of the (a, 2n) reactlon for silver. 6‘ Since
07
natural silver cons1sts of an approx1mate1y equal mixture of Ag1 and

Ag109, both In;OQ and In1<11 are produced by the (a, 2n) react1on In

109

order to study weak Y trans1t10ns in the decay of in ) wh1ch would

otherwise be obscured by the In111 spectrum targets of AgCl with the.

silver enriched in Aglo7 to 99%, were also used to produce;.Inlog.
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The indium activities prodiuced in the boribardments were chemically
separated with the aid of i_n,diilrh-_ca‘grriér. 5 In several bombardments the
chemical separation was completed less than 40 minutes after the end

of the bombardment to look for the'possibility,tha't: Inlo9

may'have an
isomeric state with 'a half life shorter than ‘t‘h:e ground state.
The principal piece of equipment used to study the radiations

109

from In was a magnetic-lens B:ray spectrometer of the type described
by Siegbahn. 7-“This spectrometer was constructed by‘Haiyward8 and -
‘subsequently improved with the introduction of a ring baffle near the
 detector, 9‘givi’ng a resolution of 1.5%. A Geiger tube dete'ctvo'r,. designed
' to maintain unifofm characte ristics over long pe'fiods. of time and high
counting rates, was a modification-that appr'e’cviarbly raised the per-"
‘formance of the spéctrometer. The Y's‘p'ectrum"'was. studied with NaI(T1)
érys tals mounted on 6292 ‘photomultiplier tubes and a unit 'c'onsisti‘ng of
‘'two pulse -height anélyzer circuits with a ‘coincidence output. A épe‘cial
1.5-mm-thick Nal crystal was used for x-ray detection and pulse -height
analysis: The y spectrum was also measured by means of an extérnal
.gold  converter placed over the source in the B-ray spectrometer. B-y
coincidence‘ experiments were done with stilbene and anthracene crystals

mounted on 6292 photomultiplier tubes.

Experimental Results

The Positron Spectrum QfIndiurrﬁi-lO‘)

© A Fermi plot of thé positron spéctrium is shown in Fig. 1. After

--subtraction of background and the 2.-25-M'ev'cornp.on’ent due to the 5-hour
ppttom 109 Lositrons is 0.795 % 0.010 Mev
(see Fig. 2¢) . I |

energy for an(a,2n) ‘reaction, ‘thé (a, n) cross section is of the order of

, theé maximum energy of In

nll_Or_,n is.also present, since at the optimum bombarding

1/4 of the (a, er1) cross section.
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The fraction of Inlo9 decays associated with povsitro'n emission

was evaluated by a comparison of two areas derived from data obtained

‘with the same source in the B-ray spectrometer. One was the area

under the momentum distribution of the positron spectrum, and the other
was the area calculated from the K and L conversion electron lines of
the 0.087-Mev transition in the decay of the 470-day Cd' 07

Inlog, Both areas were evaluated from curves obtained by dividing the

daughter of

points of the observed spectrum by their momentum positions. Since
109 is known to decay by electron capture tS the first excited 7/2(4)
state of Ag109 at 0.087 Mev above the 1/2(-) ground sEate, ,10 and the
conversion coefficient has been measured as 6, the area under "
mcl)gnentum distribution of the K and L conversmn electrons after ail(}gthe
In 9

nuclei in the source. This number is equal to the number of In

‘nuclei had decayed can be used to evaluate the number of Cd
109
nuclei’ in the source immediately after the chemical separation. If.
Aq and A, are the positron and the 0.087-Mev transition areas re-
spectively, corrected for decay to the time of the chemica’l.sepa:at’ion,
109 . .4 Cd109

conversion coeff1c1ent of the 0.087-Mev trans1t10n then the fraction of -

109

t; and t, the corresponding half lives of In , and a the

decays occurrmg through positron emlssmn is given by

Altlo'

Axtale+ 1)

"Such an analyéis gives a value of 0.063 + 0:006 for the positron decay

fraction. With this value, the 4‘_.3—h'o_ur half life and the 0.795-Mev

maximum positron energy,log ft is"equal to 4.95 + 0.01 and hence the

decay is in the class of allowed P trans1t10ns

‘Theoretical calculations 1nc1ud1ng the screemng effect, 1 which
have proved to coincide with experimental results within.a margin of
5%, indicate that for a 0.795-Mev allowed 6 &e’cay of indium the
ratio. of electron capture to positron emission should be 8.9. Compari-

son of this theoretical value with the positron decay fraction suggests
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Fig. 1. Fermi analysis of the positron spectrum of In"~". The
%", "data were taken 4.5 hours after the chemical separation of indium
- and 6 hours after the e_nd of thebombar_dment.l
»
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109

Ferm1 plot of the In 031tror1 spectrum after subtractlon

of the In110 2 25 .Mev positron spectrum:

A.
B.
C
D

Without correction for the screening effect
With correction for screening;
After subtraction of the extrapolated
0.795-Mév positron contribution; -
Contribution of a 0.368 -Mev positron spectrum
for a branchlng ratio B1(0.795)/B7(0. 368) = 50.
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that there may be branching in the B decay of Inlog.

The Fermi analysis
given in Fig. 2 wshows that ‘after subtraction of the 0.795-Mev component
the resulting curve could be interpreted as due to an édditional positron
spectrum with a maximum energy of approximately 0.30 Mev. However,
if theoretical values of ratios of electron capture to positrbn emission
for a 0.3-Mev B decay are consid‘éréd, the points on this resultant curve
appear at least four times too high. One must conclude that most of the
remainder curve is due to backescattering as a result of source thickness
and backing. If the indicated statis'ti:cal error is kept in mind, it is not
difficult to see that the experimvental curve is consistent with appreciable
: 109 ab"ou.tj 0.40 Mev above the

level to which the 0.795-Mev positron decays take place. On the basis

electron-capture decay to any levels in Cd

‘of these considerations it is entirely possible that in addition to the
allowed B decay, which is readily observed, there are other allowed
electron-capture branches, with ratios of electron capture té positron

109 41 the

emission greater than 200, to higher excited states of Cd
region 0.4 Mev above the level populated by the observed positron decay.
To illustrate this point, and withv_a‘:view of the later discussion of the

109

decay scheme of In , the positron contribution of an ige.l-ectron capture .
" and positrorn decay to a lqv,e'lb 0.427 Mev'abo{re‘ the level populated by the
obrse.rved positron decay is shown in Fig. 2. This contribution was cal-
culated assuming a t'heoreti(:al branching fatio for allowed positron de -

cays 6(0.795)/6(0.368) approximately equ_al to 50.
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Garrima Transitions in the Decay of Indium-109

Figures 3 and 4 show the conversion-electron spectrum of indium
sources made from Aglo7 C1 bombarded with a particles. . The assign-
ment of observed lines to the decay of In109 is based primarily on the
4.3 -hour halfb life with which they were observed to decay. Table I
summarizes the information obtained from the conversion -electron
spectrurn, the y-ray'spectrum shown in Fig._ 5, the electron spectrum
(see Figs. 6 and 7) obtained \%}Hen-an_.'e‘icternal gold_converter was used,
and other exp'e-rime'nts designed to 's.t‘udy the vi'ndividual transitions in
more detail The eXperiments' pertaining to the results presented in
Table I are discussed in'Appendix 1. v ‘

In addition to the Yy transitions -shown in Table I a nurnber of- other
transitions were observed. From the strongest source prepared after
the bombardment of Aglo.7 the conversmn electron spectrum 1ndlcated
the presence of very weak trans1t1ons w1th the followmg energ1es
0.516, 0.530, 0.618, 0.710, 0.805, and 1.15 Mev. Slnce -these trans1t1ons

do not appear in the known decay of In110rn and their half life is _of the

109

order of 4 hours, they must belong to the decay of In A more de-
tailed and accurate study of these transitions would re_quire source
strengths beyond the limit imposed by the__rnaximum-bearn current of
the cyclotrons hence no informaticn, as to their rnultipolarities was 'ob_-
tamed | ” ' o E
The 0.058-Mev transition. was found to have a 12 +3x 10 6-second
half life associated with it. The expenmental arrangement used in the .

half-life determination is descr1bed in: deta11 in Appendlx I
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TablélL
"~ Summary of the analysis of the y and conversion -electron spectrum of
‘ \ ' Indium-109 = : -
.-Relative Relative
Tran- inten- inten- : .
sition 'sity of .sity of . Conver- E Multi -
" energy conversion gamma sion co- K/L | polar-
(Mev) electrons rays . |efficient ratio | ity
0.0580 0.49 £ .03 | £0.01} »5 . | 0,85 ‘E2
- +.0005 : . S +.08
0.205+ .001} 1.0 1.0 0.07 £ .01 e M1
o ' e +0.4 -
0.227 £ .001| 0.02 £0.007 0.038 £ .020| 0.04 £ .02 -——- Ml
‘ : or EZ2
0.285 + .002| 0.0145 - R 5.0 | Ml
‘ ' © +.003 or EZ2
0.325 £.003| 0.0065 = | -cceec | e-ca-- ——- S
' " +.002 ‘
0.347 £ ..003| 0.0135 0.04 + .01 0.020 % .008| 5.1 - E2
. - +.002 : ’ +0.5 '
0.427 + .003| 0.017 £ .002| ..0.09'%.02 0.014 £ .005 8.0 Ml
ST . : ' o +1:0 o
0.632 +.005| 0.018 4 .004| "0.42%.20 |0.0032 - M1

or E2
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The Decay Scheme of Indi'ur‘él 2109

The present knowledge of the spms of the 1evels of odd A indium
and cadmium isotopes prov1des suff1c1ent materlal to predict that the
‘ground state of In109 has a spin of 9/2(+) and that the spin of the ground
state of- Cd109 is; in the order of likelihood, 5/2(+) or 7/2(+) (see
Appendix II). Consistent with this, the expe rimental information obtained

109

in the study of the positron spectrum of In and the Y transitions as

summarized in Table I permits the proposal of a decay scheme which

109

assumes that the ground state of In has a spin of 9/Z(+ and the spin

of the ground state of Cd 09 ; is 5/2(+).: “This:decay scheme is shown in
Fig. 8, from wh1ch it is clear that the flrst excited state of Cd1 9 is an
isomeric state which decay's with the 12x 10 6-sec half life. For the
109 the experimental data were sufficiently
accurate to allow the asmgnment’ of energies, spins, and -pariti;e's with
 certainty.. The next two levels in the decay scheme are based.on .

- measurements that have a large margin of error.r However, as all

other alte'rnatives eithe’i' were in conflict with even a broad inter -
'pretat1on of the shell model or led to greater dlsagreement with
theoretical transition probabilities, the ass1gnments are believed to be -
quite reliable. ‘A d1scuss1on of the con51derat10ns 1ead1ng to the decay
scheme in Fig. 8 is contalned in Append1x III.

' It is of considerable 1nterest to compare the spms and ene rgies

of the levels of Cd109
the levels of Cd'!l. |

| The decay schemes of Inlll_and Ag“l have been studied by ,

"several investigators. 412,13 a0y consequence of their work the spins

and parities of the first five levels of Cd111 are well established (see

.Flg. 9). All the spins of the first four levels of Cd109

, as indicated in Fig. 10 w1th what_;s known about

, as proposed in

Fig. 8, are also found amo_ng‘the first five levels of Cd“l. The re-

109 and Cd“l
not larger than changes observed in other neighboring pairs of odd A
isotopes. 14 The Cd111 11/2( ) level may have as its counterpart the

0.530 -Mev level of Cdlog.

lative energy variation of corresponding levels in Cd

Unfortunately the spin of this level could not

be inferred because the transitions associated with this level are very weak.

¢
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Fig. 9. The decay schemes of Ittt and Ag'l'll'.
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Transitions involving the second 7/2(+) etate (0.632 Mev) in Cdlog,
109

, are not necessarily

expected to have their analog in the decay of InM1 and Aglll. . If there

111 it should be, as in Cdlog, on the order

- which are readily observed in the decay of In

is a second 7/2(+) state in Cd
of 0.43 Mev above the first 7/2(+) st‘ate'. - Electron-capture decay of

In 111 to this state would either be energetically impossible or extremely
weak, since the 2.8 day half life for ‘an allowed transition indicates that
the ene rgy available for electron capture to the first 7/2(+) state is
about 0.40 Mev. Similarly, the decay of Ag111 to this level requires
~.a third-forbidden B~ transition to compete with a first-forbidden

v transition} hence, the effects of the poss1b1e second 7/2 ) state would
" not be observed. In view of these considerations, the spins assigned

. to the levels of Cd1 9

are quahtatwely consistent with what'is known
~about the levels of Cd ' '

111

109 and Cd111 appears |

The energy behavior of the levels of Cd

to ‘be in rough agreement with the configurations for the levels of
‘ Cd 109 suggested by the shell model (see Appendix III). In Fig. 10 the
: energ1es of the observed states of Cd 0.’g'and,_ C_dﬂlll_ar_e"plotted' re -
lative to the 1/2(4) .,s.tate. As a f1r_st approxirnation to the expected
behavior of the various.levels, the dotted lines in Fig. 10 represent
| the energy behavior of independent particle statee with an additional
interaction ex1st1ng only between palrs of neutrons which can couple
to give a total spin of zero. . A delta funct1on attractive potential has
'. been effectively used to explain such couphng ‘properties, 15 with the

‘result that the pairing energy varies with the angular momenta of the

coupled particles according to the relation

AE=—2J’+1‘
' 2A

c,

where A 1is the number of nucleons and C has an empirical value on
the order of 25 Mev. The energy of a given configuration is then
equal to the sum of the single-particle energies of the nucleons in the

configuration and the coupling energies of the paired nucleons. The
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. single -particle energ1es were chosen so as to yield a best fit the Cd 09
levels. For neutron numbers below 59 the order of the levels indicated
~in Fig. 10 1is _]ust the smgle part1c1e 1eve1 order, and it is in reasonable
agreement with the Suess, Haxel and Jensen level scheme 16 The
"energy behavior represented by the dotted lines in Fig. 10 predlcts that
the level order of Cd'%? and calll

Cld113 the 5/2 and 7/2 levels should experlence a conslderable energy

should be the same, whereas in

change away from the spin 1/2 ground state. A more rea11st1c model
must include interactions between zll the nucleons, although the greatest‘
lowering of the ene rgy of a given state is still expected to be associated
with the interaction between pairs of particles with the same angular
momentum coupling to a total spin of zero. Furthermore, the average
potential experienced by a given nucleon is not spherically syr_nrnetrical',
consequently, the wave function of a certain spin state is a linear com-
bination of wave functions of particles in a spherically symmetric
potential well c_orrespcnding to different configurations with the same
spin. A consideration of these effects has been used to explain the.
experimentally observed smooth movement of energy levels with
changes in nucleon number. In line with this and with regard to Fig. 10,
a more realistic behavior should be one in which the sudden discon-
t1nu1t1es in the 5/2 and 7/2 lines between Cd 111 and Cd113 are smoothened
out over a greater range of odd neutron numbers. The experimental
points for the spin 5/2 and 7/2 levels are in agreement with such a be -
havior. Figure 10 merely explains the relative energy trend with in-
creasing neutron number of the spin'-S/Z, 7/2, and 1/2 levels in the
immediate region of 61 and 63 neutrons. Very little significance can
be attached to 'the,dotted lines outside this region, which predict, for.
‘instance, that the spin'3/2 and 11/2 levels should lie on a horizontal
line." Ne\-/ertheless it is encouragmg that the lines connectmg the two
3/2 states and the 11/2 states are closer to being horizontal than the
lines connecting the 5/2 and 7/2 states.
The above discussion suggests the." following conclusions:
1. The spins of the levels of Cd 09 4 nd Cd111 are in agreement with

the general shell -model level scheme and the strong pairing effect,
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Wthh has ove rwhelmmg emp1r1ca1 ev1dence to support it.

2. The states of Cd 109 and Cd 1 involve considerable configuration
mixing as expected for odd neutron numbers between magic numbers.
In line ‘with this the observed transition probabilities are not expected
to fo.llow single particle estimafes cl>os;e1y: |

3. The 11/2 level. of Cd 09 is expected to have an energy about 0.50
Mev above the ground state, 1nd1cat1ng that the 0 530 -Mev level m

Fig. 8 has a spin of 11/2( )
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RADIOACTIVITY OF TIN-109
Beta-decay -systema-ti-cs17 of Sn and In isotopes predict that the

109 6 10199 should

be on the order of 3.5 Mev. Guided by the assumption that the decay in
109

disinté’gration energy associated with the de_cay of Sn
question is allowed, as in .Sn“‘l; a search for Sn was undertaken

with the expectation:that the half life woﬁld be on the order of 10 minutes.
The reaction chosen for the production of this isotope _VQa.s Cd-lo'6

(o, ri)Srilog. Since'Cd106 has a natural abundance of only 1.2%, it was
ﬂnecess.ary to use cadmium enriched in Cd1"0v6_. The -targets were
bombarded for 15-minute periods and chemical separations of the tin
activities were completed about 12 minutes after the-end of the bom -
bardment, The tin sources were studied'with_ the'beta;,ray;-s-pe'ct_rom;
eter. and in . most cases the first readings were taken about 10 minutes
after the chemical separatién had been completed.. An analysis of the
conversion electron spect-r_é. I(F,ig.. 11) of several sources_.-efsta‘_b’lisﬁed

that Snlo9 has a half life of 18 minutes and that the i-f‘ol‘low-ihg Yy rays

must be attributed to the decay o'f»Snv-logz

y-ray energy v Relative
: ‘ intensity of
conversion

. , electron
1.12 o © o 0.027
0.887 0.:012
0.658 | 1,000
0.521 0.014
0.335 | '0.098

The assignment of these y r-ays"tO‘S_nvlo'g_fo'llows from the agreement
Dbetween ‘the 18 -minute half life associated withithese y rays and the

observed 18-minute growth of '_the'0.205;M'eV-convefsion-e‘le-c-tr_on_

109

peak of‘In (Fig. 12.) The conversion electrons of a 0.078 -Mev
‘transition were also observed to have a half life of 18 minutes, and it
" was at first believed that this transition occurred in the dec:a.y.of‘Snlo9
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Fig. 12, The decay of Sn1 ? and the growth of In109

A. The decay.of the 0.658 -Mev gamma rays of Snlo9

B. The growth and the decay of the K-conversion line of the
, 0.205-Mev transition of Inl09; 109

C. The decay of snl09 calculated from the growth of In” "7
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However, further experiments cast serious doubt on the assignment

109

of the 0.078-Mev transition to the decay of Sn in spite of the apparent

equality of its half life to that of the other transitions. In the course of

109 two different quaiities of cadmium enriched in Cle()»

106 . nd 15% cal®®, with the

remaining 25% made up of the other isotopes of cadmium in approximately

the studvy of Sn

were used. One consisted of about 60% Cd

!

the ratio of their natural abundance. The other cadmium had the follow-

_ ing composition:

Isotope v o Perce;ntage

106 ©19.94

108 | 0.6

110 S 7.21

111 | | 139.16

112 - . 11.85

113 - . 4.14

114 . 1525

e 1.80
The ebxperiments on the basis of which the activity of Snlo9 was first
reported were done with the cadmium enriched in Cdlo6 to 60%. It was

found that the intensity of the conversion electrons of the O.O_78-Me§1
transition was about e¢qudl to the intensity of the conversion electrons of
the 0.658-Mev transition. But when the latter type of cadmium was '
bombardéd,v the ratio of the conversion-electron intensity of the 0.078 -

- Mev ﬁransition to that of the 0.6_58;Mev transition was approximately 20,
For both t?pes of cadmium the conversion-electron ratios of the 0.658 -Mev
transition to the 0.205-Mev transition in the decay of In109 were in all -
cases, the safrne. Furthe'_rmore,' -when the t_ar_géts were bombarded

with higher-energy 'a particles, so that the (a, 2n) reaction predominated,
the intehsity of the 0.078-Mev transition relative to the 0.658 -Mev
transition was higher by a factor of about 5 than when the bombardment
energy was such that the (a,n) reaction was predominaﬁt. These re-

sults indicate that the 0.078 -Mev transition does not belong to the decay
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of Snlog. The fact that the yield of the activity giving rise to the

0.078-Mev transition is largest when cadmium having the relatively
large vamounts of isotopes with mass numbers above 108 is used
suggests the possibility that it is due to an isomeric state in one of -
the tin isotopes with mass numbers above 111. The existence of such
an isomeric state has further corroboratlon in a previously reported
18 -minute activity induced when tin is exposed to slow neutrons.

This act1v1ty was reported in 1939, -however, ‘and no further mention
of it has appeared in the ]literature since then. Also the observation
was made with a G.eiger counter; hence, aside from the 18-minute
half life, there is no additional evid_ence to identify vit with the 0.078 -
Mev transition. An attempt to detect the difference between the half ,
life of Sn'0?
dicated that Sn
nation of the half life of Sn

and the activity related to the 0. 078 -Mev transition in-

109 has a slightly shorter half life. The best determi-

109 was done with a NaI(T1) crystal and
puise-height analyzer set to count-y rays above 0.60 .Mev, and yielded
- a value of 18.1 # 0.3 minutes. The, oh_servation of the decay of the
L conversion electron peak of the 0.078-Mev transition in the B-ray
spectrometer resulted in a value of 19 £ 1 rmnutesx

The study of the positron spectrum of Sn - (Flg 13) was compli-
cated by several factors. Owing to the presence of appreciable amounts,
of Cd108 in the target material the 35-minute Sn‘“l was also pro-
4ducedlég the bombardments. " At the optimum energy for the production
of Sn

cross section hence Snlo8 is also produced. > When we take into

‘the (a; 2n) cross section is of the order of 1/4 of the (a, n)

account the time that elapses between the end of the bombardment :

- and the first spectrometer readings, which was uSuaHy about 25

109

act1v1ty is further reduced relative to xhe coénflicting

109

minutes, the Sn

Snt]l'11 activity * Thus, together w1th the Sn

‘ Snll]l positrons with the maximum energy of 1.5 Mev, the growth of

'Inm‘8 positrons correspondmg to the 9 minute decay of Sn]'o8 and

p051trons we obse: rve,

the1r subsequent decay with 40 mmute and 55 minute periods, the
. associated maximum positron energ1es being 3.5.and 1.4 Mev.5.
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Flg 13 The p051tron spectrum of tin sources taken
approx1mate1y 25 minutes after the end of the bombardment.
.The approximate initial decay rates of the dlffe rent regions
- of the spectrum are indicated. '
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 In view of these difficulties it was not possible to determine the positron

109

spectrum of Sn .- Nevertheless, the folIowing conclusions can be
drawn: The maximum energ_y of the positron spectrum is greater than
2.5 Mev. There is a lower-energy component with a maximum energy
‘between 1.3 and 1.8 Mev. . The ratio of electron capture to positron

emission is between 3 and 6. The log ft value assoc1ated with the higher-
energy positrons must be.greater than 5. 7, whereas the log ft value of
the lower-energy positrons can be as low as 4.8.

- The intensity of the conversion electrons of the 0.658-Mev

trans1t1on when compared with the intensity of the conversion. electtons

109

of the 0.205-Mev transition in the decay of In indicates that the con-

version coefficient of the 0.658-Mev transition is greater than 0.02. The

109 decay

lower limit of 0.02 corresponds to th'e case in which every'Sn
is accompamed by the emission of one 0. 658 -Mev' y ray. - The y-ray
‘spectrum of Sn (Flg 14) obtalned with a 1" by 1.5" NaI(T1) crystal
and a contmuously recordlng pulse -helght analyzer shows that the rat1o :

109

of the number of 0.658-Mev y rays to the number of Sn decays is

0.30 £ .10. This value is based on a con51derat10n of the efficiency of
the crystal and the helght of the 0. 658 -Mev peak relative to the he1ght
'of the 0.205-Mev. Inlo-g 109

de'c‘:ayed When thls value: is taken into account the conversion coefficient

.peak that remains after most of the Sn has

of the 0.658 -Mev tran51t1on is 0.07 % 02 Theoret1cal conversion co-
eff1c1ents of an M4 and an ES5. tran51t1on f1t thls ‘value. The E5 transition

is unhkely because the theoretical s1ng1e -part1c1e estimate of the half

19

life assomated with such a trans1t10n is much greater than 18 minutes.

The s1ng1e partlcle estimate of the M4 transition half life is 10 seconds.

. An emp1r1ca1 est1mate on the basis of the known M4 transitions of In113

and In115 1nd1cates a half life of 1 minute. An attempt to measure the
half life of the 0. 658 -Mev transn:lon by performmg chem1ca1 separatmns
of the indium from the tin act1v1ty and observmg the decay of y rays in
the region of 0.658 Mev showed that the half’ 11fe is shorter than 2
minutes, Ana1y51s of the y and convers1on-e1ectron spectrum of Sn109
_alvso indicates that the 0.335-Mev transition is either an M1 or an ]15:029

trensition. Since the y-ray intensity of the other transitions of Sn

was not obtained, nothing can be said about their multipolai‘ity.
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- The experimental information preéerited above is far from

‘sufficient to establish the decay scheme of Snlo.g. - However, some useful
conclusions can be reached when it is compare‘d with the expe firlnental

* information on other is.otop'es of-tin -and indium.. -The ground states of

‘Sn 113 Sn 11'5' Sn 117 nd Sn119 all have a spin of. 1/2, 2Q"\a'vherer;\s
Sn 111 has a ground state spin of 7/2(+). The.assignment of the spin to
Sn111 nd.Sn 134 is based on the observed log ft values and shell -model

considerations.  In this connection it is helpful to refer to Fig. 12,

- which depicts a similar trend of the -ground -state spins of-cadmium.

One would not expecf the behavior of the levels of odd-A tin isotopes to be
very different fromjth'e behavior of the levels of odd-A cadmium isotopes
when the comparison i made between tin and ca_d_i'niurh isotopes with the
same neutron number.  Thus, the change of spir:i‘f'rom 1/2 to 7/2 in tin
and from 1/2 to 5/2 in cadmium occurs between the neutron number 63
and 61 in both cases. ‘The spin of 7/2 for Sn' Ml in contrast to 52 for 01109
109 the 7/2 level is only 0.205 Me(;/c)

above the spin 5/2 ground state. Extending this'discussion to:Sn™.~,

is not unreasonable, since in Cd

one would expect a ground - state spin of 7/2(+) or p0551b1y 5/2(+). Here,
109

a comparison of the. radioactivities of Sn’ ‘and Sn 1 can be used to

-decide between the two poss1b111t1es - The work of'McGinnis4 establishes
that: Sn1 ‘decays directly to the ground state of- In11 by electron capture
and the emission of positrons with a maximum-energy of 1.5 Mev, ‘and

“the log ft value for this'decay is 4.8 McGinnis also reported that no
conversion:elec-tron lines could be identified w1th.the decay of Snl.11

" His failure fo observe conversion -electron: liﬁes.-doe,s not rule out the

poss'ibility of some eleetren-capture' and positron-emission branching to

" excited states’witﬂ spins 5/2(+), 7/2(+), and 9/2(+) which are expected

* to be more than 0.50 Mev above the ground state. v:Th'eii y. rays associated

with the above possibility would be relatively high -enér‘gy M1 or E2

transitions with very small conversion coefficients. In view of the

- difficulty of taking a conversion- eleetroh'speCtrum'of a-35 'rhinut'e activ.-

ity with a B-ray spectrometer,’ they could eas11y have escaped detection.

‘Admitting appreciable decay of Sn 11 to the above -mentioned excited

111, one would not expect this decay to measurably in-

111

states_of In

volve the 1/2(-) state of In - -which is very probably the first excited
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state, as in In113 and ,Inl- 1'5.- These considerations on: the‘decay of Sn111

permit prediction of what one would expect.to observe-in. the..decay.of

109 109

if the spin of the ground state of Sn™ " .were 7/2(4). Owing to the

. greater disintegration energy, f-decay branchmg to the h1gher excited

109

states of In would be enhanced so that the conversion- electron spec -

trum resulting from the decay of these excited states would be stronger

than in Sn-lvll. - The 1/2(-) state of Inlog,wo.uld still not be. expected, to
be measurably involved in the decay. - The log ft value of the highest-
energy positron decay mode would be, as:in _Snlll,- about 4.8. . The = . = .~

109

observed-decay of Sn is significantly different from the expected

decay with the spin of 7/2(+) for the grouknd state.. .A strong conversion-

electron line correspondlng to a 0,658-Mev M4 transition is observed

109

in the decay of Sn” ', and - the 1og ft value of the higher-energy -

decay'mode is greate‘r than 5.7, The presence of an M4 transition

indicates that the 1/2(-) state of 'Iin'_l-og‘ is involved in the decajr to a

large extent, and the log. ft value 'greete'r:;-than‘5.7 suggests that the
decay of Sn:109 to the ground state of In109 is forbidden. - When a spin
of 5/2(+) for the ground ._"state_of,Snlio?' is considered it is possible to

' 109

fit the information obtained for Sn- into a decay scheme (Fig. 15).

This decay scheme represents one way of accounting for the observed
' M4 transition and the log ft value greater than 5.7 for the hlgh -energy

component of the p051tron spectrum “One is led to conclude that of the
! ,9, 5/2(’+) is the proper
choice. The .change. 1n the ground state spin. in going from Sn111 to

109
Sn-

levels is very small in both Sn

. two p0551b111t1es for the ground- state spin of Sn

indicates that the energy d1fference between the 5/2 and the 7/2

10? and- Snlll.,-_ as the change 1n the

.energy-difference between the- two 1eve1s in Cd109 nd Cd is small

. (Fig. 10). The decay scheme (Flg 15) ‘requires that the first excited
99 be 1/2(-) and be 0.658 Mev above the ground state. If
we examine the energies of the spin 1/2(-) states above the 9/2(+)

ground states in Inl13 and In 115,_We find -that the presence of the 1/2( -)

state of In

state 0.658 Mev above the ground state is not unreasonable: |
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Isotope : Energy of the

, : 1/2(-) state
: (Mev)
Inlo9 0.658
11l L
Inil3 0.392
115
In”

0.335

A possible explanation of the above trendis in the interaction between
protons and neutrons...The interaction energy is expected to be largest
when the orbital angular momenta of the proton and the neutron are
equal. The mixed neutron configurations of the indium isctopes are
expected on the basis of the shell model, to include progresswely
stronger admixtures of conf1gurat1ons conta1n1ng paired th/2 neutrons

as the neutron number increases. The lh neutrons will interact

more strongly with the 1g9/2 protons thanlv}/(ti the Zpl/Z protons. _
Consequently, the 1/2( -) state, Whlch contains more gg/2 protons than
‘the 9/2(+) ground state, is depressed relat1ve to the 9/2(+) as the neu-
tron number increases. With these considerations in mind, the.. ob-
served decay of Sn-109 suggests that In111 has an M4 isomer with a
half life of several minutes. Some exblanatmns for the absence of
information on this possible 1somer are. mentroned in Appendlx II in
connection with the discussion of the ground state spm of I'n109 The-
- foregoing discussion lends further support to the ass1gnment of a spin
of 9/2(+4) to the ground state of’ Inlog,. and 1nd1c_ates that it would be
worth while to investigate the possibility that thé isomeric state of Inll1

may have been overlooked because of the shortness of its half life.
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SUMMARY AND CONCLUS IONS

. ’ I R - f T =
The p051tron convers1on electron, and Y- ray spectra of Ile9

and Snlo9
spectrometer with the following results:
1. 1'%
the maximum energy of 0.795 Mev. The associated log ft value is
4.95 and the branching ratio pt/E.C. is 0.068 = .006. In addition to
the four previously reported Y transitions, ten more were assigned to

the decay of'Inlog.. ’I_‘he‘energies, /intensities, conversion coefficients,

were stud1ed with a [3 ray spectrometer and NaI(Tl) crystal

decays by electron capture and positron emission with

and K/L ratios were measured where it was possible, and the results
are given in Table 'I -The energies of the trans1t10ns not listed in

Table I are given on page 12,

2. A12x3x10 6-sec: isomeric state of Cd‘109 was observed in
109 g

the decay of In The energy of the transition is 0.058 Mev, ?nd its

- multipolarity is probably E2.

109

3. Sn ‘decays with a half life of 18 minn_tes by electron capture

and positron emission. The positron spectrum is complex, and the high-

energy component has a maximum energy greater than 2.35 Mev. Five

109

y rays were observed in the decay of Sn (page 26). The conversion

coefficient of the 0.658 -Mev 'y ray is 0.07 + .02.
4. A 0.078-Mev y transition with a half life of 18 min, whlch is -

also p'-roduced from cadmium by an (a,n) or an (a, 2n) reaction, must be

assigned to a ti_n isotope other than Sn109 in the region of mass numbers

greater than 112%"

| The well-established theoretical calculations of conversion co-
}efficients, K/L rafio's, single -particle transition probabilities’,v and
shell-model considerations were used in the analysis of the experlmental

109 must be assigned a ground state of

09

results. It was found that In
- 9/2(+) and the ground state of Cd

spins of some of the excited states of Cd

a spin of 5/2(+). The energles and.

109 were also’ estabhshed and

are_presented in the decay scheme of Inlog (Fig. 8). The most reasonable

spin assignrnent to the ground state of.Sn109 is 5/2(+).
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109 109

and Sn and

.to the levels of Cd 09 appear to be consistent with the present exper1-

The spins ass1gned to the: ground states of In

. mental mforrnatlon on the spms of the other 1sotopes of 1nd1um,

cadmium, and tin.
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12 APPENDIX

I.. The Gamma T ransitions inif-'t-‘henDec'agf "'6f3.1-ﬁdii1fr§-109

The exper1menta1 1nformat10n on. the y transitions occurring in

. the decay of In 9 from which.most of:the results presented in Table I

...,are derived is discussed below. . .Each subtitle gives:the: energy .of the

- transition under cons1derat10n

B :0.205.Mev: The conversion coefficient :of_'v:t;h‘e 0.205-Mev. transition

was measured by means of a Z-mg/_cmz' gold converter ccalibrated for
efficiency in terms of the known conversion coefficient of the 0.172-Mev
‘transition in the decay of it 4 This measurement yielded a value

of 0.070 £ ,010. The determination of the K/L ratio of this transition
was complicated by the presence of a weak Kfcon\}ersion line of the

109

0.227-Mev transition in In , which cannot be resolved from the L -
conversion line of the 0.205-Mev transition. A careful analysis of the
conversion-electron spectrum resulted in a K/L ratio of 7.6 * 0.4.
Theoretical values of the internal conversion coefficient for M1 and E2
transitions are 0.06 and 0.095 respectively. 21 The expe rimenfal value

is in close a’greement with an M1 transition. va one uses empirical
curves of K/L ratios, 14 the observed K/L ratio of 7 agrees more closely
‘with an M1 transition for which K/L is 8. The curves give 4.7 for an

E2 transition. One can conclude that the 0. 205-Mev trans1t10n is pre-
dominantly M1 with a possible mixture of E2.

109

The fraction of In decays resultlng in the 0.205-Mev transition
was measured by the same rhethod as used for evaluating the positron
deca\y ratio. It was found that 75% of inlog decays involved this transi‘tJion.
From coincidence measurements utilizing the positron-apnihilation ‘
radiation and from a PB-y coincidence spectrum obtained with a stilbene
crystai mounted on a photomultiplier tube, the positrons :of _Inlo9 were
fouﬁd to be in coincidence with the 0.205-Mev y rays. From these re-
sults it appears that the Cd'109 level that decays by the 0.205-Mev transi-

tion is populated through the 0.795-Mev positron and electron-capture
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‘decay mode. If the theoretical electron capture to:positron branching
‘ratio of 8.9 is accurate, then 83%.of the 0.205:Mev transitions are
.connected with this mode of electron capture. and p051tron decay. ' The
. remainder must be assoc1ated with electron capture to-higher excited

109

states .of Cd , which decay to the level giving rise-to the 0.205-Mev

transition.

.0.058 Mev. The :conversion-electron.ispe'ctrum due to this transition
is about 0.49 % .03 in intéhsity relative to the strong 0.205-Mev con-
: Version-electron spectrum. However, attempts to observe 'y rays of
this tvransition with .a NaI crystal were not successful, indicating that
the conversion coefficient is very large: ,An estimate of the maximum
conversion coefficient for which a y peak. could be detected above the
, ‘,high Cornpton background is approximately 5. Since no peak doe to
2 0.058-Mev y ray was observed the convers1on coeff1c1ent must be
greater than 5. The percentage of In 4_9 decays resulting in this tran- :
sition is on the order of 2. 5%. v
_ ‘ The K/L ratio:.of the 0.058-Mev tran51t10n was, found to be 0.85 =+
08 Empirical_cu_rves of K/L __ratiosbl'4 give the followmg values for this

~energy:

. Trans1t10n L , K/L ratio
Ml e _

The E2 transition is the closest to the expe r1menta1 value Hov've':ve r,
an M3 or an E3 tranS1t10n 1s st111 w1th1n the d1str1but10n of the empirlcal

pomts from which the curves are derived. The theoretical conversmn
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coefficient for _all ﬁhese transitions is lerge-r,_ than 5. - A consideration
of the expected lifetimes for these transitions can be used to determine
‘the m‘ultipolar_ityrqf the 0.058-Mev transition. Theoretical transition
probabilities, 19 conversion c‘oefficients,,-22 -.a_nd lifetimes associated

with the possible m_ultipqlarities for the 0.058 -Mev transition are listed

below.
Multi - "~ . -y Transition . - Conversion. - ~ Mean life
polarity . probability - coefficient ' (sec)
E2 -~ = 5x ‘"10’4-‘ ‘ 14 e 1.4x 10—6
E3 - 6‘x'10_3 15 1
4 :

M3 2x107% - 400 122

The mean lives quoted above are expected to coincide "\;Jith'expe rimental.
values only within a factor of 100. However, they are sufficient to
'relia:bl'y d'i's'ting'ui'sh an E2 transition from an'E3 or an M3 transition if
the half life is measured. ' ' A

This transition was. expected to be in delayed co1nc1dence with
K x-rays-and ve ry probably with one or more of the y rays observed

109

in the decay of In A y- or x-ray detector and pulse -he1ght analyzer
‘was connected to the tr1gger input of a Tektromx 514D osc1lloscope The:
:deflectmn input’ of the osc1lloscope was coupled to a pulse helght analyzer
receiving pulses originating in the detection of 0.030- and 0.055-Mev

" Kand L conversmn electrons of the 0.058- Mev trans1tlon To accomplish
th1s a spec1al detector was designed in order to insure sufficient dis-
crimination between the low-energy conversion electrons and all other
more intense radiations, including the" conversmn electfons from the

- 0.205-Mev trans1t1on, pos1trons, and all the x- and y-rays accompany1ng

the decay of Inl"og.

An anthracene crystal of a thickness of approximately
0.1 mm was mounted on the face of a 6292 Dumont vphotvorh_ultiplier. A
weak source was depcsited' on an 8 mg/cm2 aluminum, foil, which was

' placed about 3 mm above the face of the photomult1pher Opposi'te this

detector Were placed a NaI crystal and photomult1p11er, serv1ng as the

4
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detector for the other channel, and making a lighttight seal over the
chamber containing the source and anthracene crystal. The effective-
ness of the low-energy electron detector is demonstrated in the curves
of Fig. 16. The upper curve gives the pulse-height distribution with
the 'souree facing the anthracene crystal, the low-energy electrons

free to impinge upon it. When the foil holding‘the source was turned
over so that 8 mg/cm2 of aluminum intervened between the source and
the detector, the pulse-height distribution had a greatly diminished

low -energy component, since this amount.of aluminum is sufficient to
stop 0.065-Mev electrons. It was hoped that this arrangement would .
permit observation of the L conversion electrons as a peak in the pulse- |
height spectrum, but it is not difficult to see from Fig. 16 that th‘is was
too optimistic. The pulse height corrésponding to the small light yield
from most organic scintillators for'0.055-Mevvelectrons is barely
above the pulse height of noise pulses‘at room temperature,,whtéh can
be as high as 20 kev from anthracene. An estimate of an avei‘age
number of 15 initial phot‘oelectron‘s from the sensitive vcathode reaching
the first dynode of the photomultiplier per 55-kev electron would indicate
that the resolution of the pulse -height spectrurn cannot‘be better than
50%. Furthermore, the 0.058 -Mev transition occurs in only 2.5% of |

- In 109 decays, so that K and lower-energy x rays make a comparatwely
large contribution to the low -energy part of the pulse helght spectrum
even though the efficiency of their detection is greatly reduced by the
thinness of the crystal. In spite of these difficulties it is clear that

' the area ‘betwe_en the two curvee in Fig. 16 represents detection of

the ‘O 058 -Mev transition. With the pulse-height analyzer set to admlt
to the scope input pulses whose heights fall within this area, it was
found that the pulses appearing on the scope were distributed in time

" with decreasing intensity from the origin of the sweep. The distribution
was measured by counting visually the number of pulses occu'.rring‘ in
10 -microsecond intervals at different p031tlons along the x axis of the
osc1lloscope picture. The resull:s are presented in F1g 17, where

the three sets of exper1mental points correspond to three different
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Fig. 16. The degelcbtion of the conversion electrons of the 0.058 -Mev !
transition of In'"7 with an anthracene crystal: ,
A. Pulse-height spectrum with no absorber between source
and crystal; ‘ ’ *
B. Pulse-height spectrum with 8 mg/cmZ aluminum absorber
between source and detector; '
C. Background without source;
D. Area representing detection of the 0.055- and 0.032-Mev
conversion electrons.
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regvions of the x- and y—ray spectrum that were set to trigger the
oscillescope s;wee‘p. The half life of the 0.058 -Mev transition thus
blotainedis_ 12 + 3 x '10_6' sec. ‘»The upper set of peint_s on Fig. 9 shows
that the 0.058 -Mev transition.is in dela.yed coincidence wlth one or more
‘of the y rays with ene rg1es above 0 205 Mev. Since electron capture is

109

the principal mode of the decay of In , a positive result is also ob-
tained when x-rays are made totrigger the oscilloscope sweep. The
‘ratio of counting rates of delayed pulsee for the y-ray and the x;ray
parts of the experiment are consistent wi‘th the results mentioned
before, i.e., that 2.5% of I.n;109

if the 0.058 -Mev transition is in delayed coincidence with about 8% of

decays involve the 0.058 -Mev transition,

' the y rays above 0.205 Mev in energy. . This indicates that the ratio of
the number of y decays with energies above 0. 205 Mev ‘to the number
of In: 109
the delayed counting rate to trigger rate when the y pﬁlse -height analyzer
is set on the peak of the 0.205 Mev'y ray indicates that the 0.058 -Mev

decays is on the order of 1/3. The greatly reduced ratio of

transition is not in delayed coincidence with the 0.205-Mev transition.
The counts, that are nevertheless observed can be partly explained by
the Cempton background due. to the higher- energy y rays with which
the 0.058-Mev transition is in delayed co1nc1dence but it is more
‘hkely that the transition is in delayed co1nc1dence w1th the weak 0.227-
Mev y rays, which are partially detected since’the resolutmn of the -

' cry-stal Y spectrometer was not better than 1‘5% It is si‘gnificant that
almost no delayed counts were observed with 0.8 mg/cm2 of aluminum
between the source and the detector or when the pulse -height analyzer
was set to integrate the region of pulse heights above the low-energy
component, o ’ .

For the purpose of estabhshmg the rnultlpolarlty of the 0.058 -Mev
tran51t1on, the method used in the half- l1fe determination is entirely .
adequate, since the result obtamed def1n1tely eliminates from consideration
the E3 and M3 transitions. The 0 058 Mev transition is therefore an

E2 transition.
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Fig. 1’7109The half life of the 0.058 -Mev transition in the decay -
of In : : V
A. Oscilloscope sweep triggered by the gamma rays with
energies above 0.250 Mev;
B.. Scope triggered by K X-rays; :
C. Scope triggered by the 0.205-Mev gamma rays.
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0.227 Mev. Although this transition is not seen as a‘line in the conversion

09

electron Stpé;_c,;g.rum , of-In1 7y its pre’se‘ncé is revealed when a‘_nxé'xternal
gold converter is used (seé Fig. 5).  The existence of this line also
solves an apparent paradox in earlier measurements of ‘th'e K/L ratio

of the 0.205-Mev transition. 'The K/L ratio of this transition measured
~ from spectra of the many sources preipéred in the course of the investi-

09

. gation of--In»1 variedfrom source to source, sometimes by as much as
' 20%. . S_uch a variation.was much larger than the probable ej"ror calculated
from a consideration of statistics, Geiger-tube dead ti_rﬁ“e,- and other
intripsic errors:.in the method used to evaluate the K/L ratio. For a
-given source the K/L ratio did not vary as a function of time, thus
.elim'inating.__the possibility of a weak conversion line due to coincidence

of some other activity having a different half life, with either the Kor
- . L. peak of the 0.205-Mev tranos;tioh. " The presencé of-the'_QjZ_Z?f‘Mev »

transition in the decay éf In1 solves the apparent inconsistency in the

- K/L ratio - measurements: The K;c'or'iversibr’i electrons of this transition
‘are only 0.0025 Mev lower in energy than the Li-conversion electrons of
the 0.205-Mev transition. - It is clear that the height of the composite
curve of two lines separated by a distance corresponding to this energy
difference would be a function of the width ofv the lines. The width of
observed lines deperi'ds on the thickness and area of the source in
addition to'the intrinsic resolution of the spectrometer.  With sources

. that were relatively thick and spread over a‘large area-the ‘composite
peak due to the L li.ne',of the 0.205-Mev transition and the K line of the
0.227-Mev transition was necessafily higher, relative to the K line of
the 0.205-Mev transition, than for smaller and thinner sources for Which
.the resolution was on the order of 1.5%. The bes'ti*'“vsou'rce' sh'ovwe‘d a marked
devidtion of the compdsite“ peak from the expected shape of a single L
line. The deviation was consistent with the energy of 0.227 Mev. With
these considerations in mind a quantitative énélysi’s ‘of the spéctfa gives
the result that the intensity of K-conversion electrons in'the 0.227-Mev
transition relative to the intensity of the K-conversion electron’sv of the

0.205-Mev transitién i5°0.020 £..007: ' From this result, the‘cdnve_rsion
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coefficient of the 0.227-Mev transitioniis 0.04.+ .02. For a transition
of this.energy, theoretical values.21 of conversion c.;oe._fﬁf‘i”ci‘erité_ Vof only
M1l and E2 transitio_t_is are within 0.04 + .02. o

0.285 Mev. Conclusive evid.ence for this.transition in thevdecay of In109
is found only in the conversipn-electron spectrum where the K-con-
version linev is well resolved from the neighboring lines.. When an
external gold converter is used thé K peak due to this transition falls.

on the slope of the L peak of the much stronger 0.205-Mev transition.
:The K/L ratio of this t-ran.sition- could not be »establ,ished accurately
because of the presence of a 0.325-Mev transition. It appears, however,

" to be greater than 7, indicating an M1 or an E2 transition. -

~:0.347 Mev. From the conversion ele'ctrl'on, ‘spec'trum: the K/L ratio

for this transition is 5.1 %+ 0.5, which falls in the regibn/of empirical
K/L ratios of E2, E3, or M4 trans‘ition_s. .The conversion coefficient
has been e.Stir_nated as 0.020 + .008, which is consistent with theoreﬁcal
values for either an E2 or af_1 M1 transition. When both the',K/L ratio
and the conversion coefficient ar;e considered the rnul%ipola’rity of this

transition is E2.

-0.427 Mev. . The K/L' ratio.of 8+ 1 and the estimated conversion
coefficient of 0.014.+ .005 are consistent only with an M1 transition
when theoretical valu_eé for conversion coefficients and K/L ratios are

considered..

- 0.632 Mev. . When indium sources were made from the a bombardment
of silver, _ar.,peak at about 0.625 Mev was observed, The half life of
this peak appeared to be 5 hours? hen.cl:e'it was believed that it was due
to the 5_-hou1"In110m activity, in which there is a 0.650-Mev transition. 23
Unless the shape of the line at 0.625 Mev is studied very carefully it

is easy to overlook the effects of the 0.632-Mev transition in ‘Inlog.
This is a probable reason for McGinnis's fa_Lilﬁ_re to report this transi-

tion. 4 With the expected shape of single lines . in miﬁd, a study of the
i .
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shapé ‘of this line. arzldﬂit:s"“’chavrigel with' titne revealed that'it is composed
of th_reqc.qnvé_rsiqn -e_lecti',.on lines, two with the energies 0.620 Mev and
0.632 Mev.and a half life of 4.2 + .04 hours, and the other at-0.657 Mev
with a half life of 51 + .03 hours: The f__o:‘jr,nerﬂwefer._the-refo-i’e,ﬁssigned
to Inlog.,‘_v and the-latter to_Inl.lor?..' i:The"cc‘mve‘rsi(’m,-elc_a;(:_t;rcnnvin.ltensity
léf,the,(_)v_.63.l2-MI<-_3v,At11an-si»tion reiat_ive to the K-conversion electrons .of
the 0.2f‘05,—M,ev“tra;nsition was evaluated as 0.018 % .004.. - The 0.620-Mev
qqn\{e-r_sipn line is weaker than the 0.632-Mev line:by a factor of 4. For |
. the same reason as mentioned abo{re the intensity of the 0.632-Mev

- transition could not be accurately deterrh_iried from- the spectrum ob-

: tainedwith_an_8'-mg/lcm2 gold»cqriver:ter=or.w=ith;thef,.NaI 'crysta.l
_sp,ect'z_'_orﬁlev ter. When 'the shape of the c__,ompos,it_e peak:in the Au converter
.spectrum, was taken into account, the value -of~;th.e conversion:co- ‘
efficient of the 0.632-Mev transition was nevertheless estimated as

£ 0.0032 % .0015. This would place the transition in the clags of Ml or
EZ t_‘raps‘iti;o';f»s since theoreticgl_'conversioh;_c.qefficié-ntrs for a;.'-O'.a632-Mev

;,trahéition 1nCd are as follows: .

" Multipolarity .- .~ Conversion -
' : coefficient |

M oo0s



-51-

* II. The Spins of the Ground Std,t‘e.s__ of Indium-109 and Cadmium-109

‘“The experimental informatfion on the spins of levels of ‘other
- 0dd -A indium isotopes’ proviaes sufficient material té prédict the spin

109 - o 113 115

of the ground state of In’ The spins of In and In have been

" established ‘as 9/2.‘20 il
pafity as a consequernce of its well-established decay scheme. 10 Studies

of isomerism in inditim have® shown ‘that both In113 and I"n115 have

has been assighed 4 spin-of 9/2 with even

states with the spin’ 1'/2 and odd parlty-avs the first excited state. 10 The
energy of this 1/2’(" state above ground state is '0.392 Mev for In113
and 0.335 Mev for In115. The ground-state spins' of 9/2(+) and first-
excited-level spins of 1/2(-) for nucIei with 49 protons and an even
number of neutrons comiply remarkably well with the shell -model level
'scheme for protons that was proposed by Haxel, Suess, and Jensen.

In this scheme a closed shell occurs at 50 ‘protons; “the pl/2 and the
g9/2 ‘levels are filled last. The. spm of 9/2 and even parity result
whern one proton is missing from among the ten: ‘possible’ g9/2 protons
and the two pl/Z levels are occupied. The spin 1/2 and odd - -parity
first excited state is formed when one of the pl/Z protons changes

to the tenth ava11ab1e g9/2 orbit. Other excited states are expected to
occur at energles con51derab1y h1gher than the ground state, since
such states would either require filling the g9/2 or pl/2 1evels with a
proton already occupymg the lower p3/2 or f5/2 levels or by exciting
the odd proton in the pl/Z level to a state in the next shell. On the
bas1s of these con31derat10ns only 9/2(+) or-1/2(-) spins and par1t1es

109

for the ground state of In need to ‘be con51dered Of these two

possible spins, 9/2(+) is the more approprlate choice for the ground

109

state of In The energy difference between the two levels is expected
to vary as-a smooth functionof the even neutron number. If the 1/2( )
levél' is 0.335 Mev above the 9/2(+) ground state in In 115 and is

0.392 Mev above the ground state in. In113, then it would be 'expected

to be even higher above ground state in both In111 and In 109 The
absence of information on the possible isomer of Inll‘l.v may be connected

with the estimated short half life of less than 10 min if the 1/2(-)level is
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more than 0.5 Mev above the ground state with a‘f-'s'pin of 9/2(+). How-
ever, vt‘.h"é experiments of Lawson and Cork24 -and Bradt and "I‘e't"ldarin?‘5
were such that an isomeric state irifIr;““l-“ would have been’ detected even

" if its half life was le$s than 10 min. An explanation for thé nonexistence

of an’ M4 isomer of mlth s suggested by the order of levéls'in In115,
which is known from the decay sé¢heme of Cdl‘ls.“’"'lﬁ--1 15 has a*5/2(+)
' 111

‘state at 0.500 Mev above its ground state. It is possible that in In
the 5/2(+) state is below the 1/2(-) state, allowing the decay ‘of the

1/2(-) state by a cascade of M2 and E2 transitions to the 9/2(+) ground
state. Thus, the absence of isomerism in 'I'n‘l'-l'lf' tends-to show'that the
1/2(-) state is higher in energy than the 9/2(+) state and that this energy

difference increases with decreasing neutron number. On the basis

109

of these considera_tiohs the ground state of In must have a spin of

9/2 and even parity. . _

We now consider the ground state of Cdlog,' the daﬁghter of
In 109 " which has a 7/2(+4)
isomeric state 0.087 Mev above the 1/2(-) ground state. 10 The spin -

of 1/2 has been measured directly and the 7/2(+) spin of the isomeric

109. Cd109 decays to thé stable isotope Ag

state was™ assigned on the basis of the agreement of the 39.2-sec half
1if_e., the K/(L + M) ratio, andl the conversion coefficient with those for
the 0.087-Mev E3 transition. There is no electron-capture branching
to 1/2(-) ground state of Aglo9 in. decay of Cdlog. The QE c value
has been measured as 0.16 Mev by a reaction threshold meého.d. 26
When the 470-day half life of Cd 7

is on the order of 6.2. This value is still in the region of log ft values -

is considered, logft for this decay

for allowed transitions., The value of 6.2 also suggests that it may be
an { -forbidden allowed transition, 27 since the @llowed transitionsf‘i{ﬁ-
volving the same orbital angular momentum in the parent and daughter
have log ft values closer to 5. The possible lowest states of Cd109
can be limited to 1/2(4), 5/2(+), 7/2(+), 3/2(+) and 11/2(-) when the

lowest states of Cd111 are considerevd. Of these, 5/2(+) and 7/2(+4)

" for the ground state of Cd-109 are con‘si»stenl: with an allowed transition.

Of ‘the lattér two, the choice of 5/2(+) agrees with the £ -forbidden
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allowed transition indicated by the log ft value.. When the shell. model
is- invoked the 7/2(~|-) state in Aglo,9
(g9/2) J = 7/2 state resulting from the couphng of the. three "holes"

can be explained only as, a.

- in the g9/2 proton shell, 14 and the 5/2(+) state is a d5/ state. The
- choice of 7/2(+), which is due to.a single proton in a g7/2 state.
accordlng to the’ shell model would give rise to a stricfly allowed
transition w1th no; change in orbltal angular momentum. The ground
state of Cd 09 4 is therefore, in the order of likelihood, 5/2(+) or

- T7/2(4); -all other spins suggested by those of Cdlll are inconsistent

with the decay scheme of: Cd109
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1I1. Some Considerations Used in Dériving ‘the Décay Scheme of Indium-109

The dlscussmn in Appendlx IJI requlres that the 1nformat10n on the

decay of Inl (Flg 8) must be fltted together with a ground-state spin
" of 9/2(+ for In 109 and either'a "‘T (+) or ;Z— (+) spin for the ground state
of Cd109

."on the decay of ‘Inlog ‘are entirely consistent with a ground-state spin of.

109

Acéc’S'rdmgly, ‘the arguments presented'b’elow show that the data

—2- (+) for cd "7, as agaiﬁst 7/2(+). The decay scheme in Fig. 8 is then
derlved as follows. o ) o

“ " Since the 0.205- Mev transition is more intense than all others
combined, there must be a level 0.205 Mév above the ground state.‘
Coincidence experimerts show that the observed positron decay takes

" place to this level.” The'multipolarity of the 0.205-MeV transition is
‘M1 and the p decay is allowed, requiting the assignment of a spin of

" 7/2(4) to the 0.205-Mev level. The shell-model interpretation of the
9/2(4) 1n'9?
pé"rticle"'gé/'z prpton a'hd"g,%/z neutron states respectively implies that

the B decay is not £ -forbidden. The lgg ft value less than 5.5 is con-

ground state and the 7/2(+) C’dlq9 excited state as :single - _

“sistent with this interpretation.

" The level that decays through the C.OSS--Mev‘transition must be
" located 0.058 Mev above the ground state and must be’as'si‘gn‘ed a spin
" of 1/2(+) according to the following reasoning. The 0.058-Mev transition
. is E2 and occurs in abot_ltFZ.S%"of the I'r"i'log.
12 x 10_'6 sec. If the level in question is placed 0.058 Mev above the 5/2(+)
ground state its spin must be either 1/2(+)'>or' 9/2(+). A spin of 9/2(+)

decays, and its half life is

must be ‘ruled out as unlikely on the basis of the shell’'model, and also
. becausé an allowed p decay to this level would take place in contradiction
to the fact that the transition occurs in 6’n:1>y'2.5% of the 1n'%? decays. If
‘the level ‘giving‘ri:se ‘to’the 0.058-M¢v transitions is pla'céd eis'ewhere,
it must be above the 0.205-Mev level and its spin must be greater than
"9/2. Any other lower spins for the level would allow'it'to deéay by E1,
M1, E2, or M2 transitions to the 5/2(+) ground state with a half life

shorter than 10 6. sec.’ Accordlng to the she11 model the only spin greater
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than 9/2 that could poss1b1y be among the spins of the f1rst few excited
_states of Cd 109 is 11/2( ) An E2 transition from a state with this
spin would require a final state with a spin _9f_7/2(—).: The presence of
. such a state among the first excvit_edvleyels of Qd109 is jin_ gross contra-
diction with the shell model. On the other hand, a 1/2(+) state 0.058 Mev
above the ground state is con51stent with the fact that no 0. 147 -Mev
transition is observed in the convers1on electron spectrum of -Inllog,
since the expected branching ratio of the p0551b1e 0.147-Mev M3 transi-
tion to the 0.205-Mev M1 transition is on the order of 10 ]_‘0,

) The 0.632-Mev tran51t1on, which occurs in about 30% of In109
~ decays, requires an allowed g-decay branch in addition to_.the .one
. that populates the 0.205-Mev level. :Furthermore, this 1¢v§1 must be
0.632 Mev above the ground state, as required by the pvresence‘ of the
. observed 0.427-Mev transition, indicating that the 0.632 -Mév level
also decays to the 0.205-Mev level with the emission of a 0.427-Mev
y ray. When the 0.347-Mev the 0.285-Mev, and the 0.227-Mev transi-
tions are considered, a 1eve1 at 0.28-5 _Mev.above tﬂe g_roundrst‘ate |
becomes necessary. The multipolarities Mllor E-Z'ass‘igne_d:t.o‘the
0.227-Mev and 0.285-Mev transitions require that the spin and parity
of the 0.285-Mev level be 1./2',_- 3/2, or 5/2 even. The __dve_ca.y»‘ scheme
of Ihll,l suggests that 3/,2(+) is the most reasonablé choice. This
choice implies -that both the 0.'227_; and 0.285-Mev tr"ans>ibtior}s are M1,
and hence their branching ratio should be on the. order of 1, which'is in
agreement with the observed intensities 6f the two convérsion 1ines An
agsignment of. 5/2 +) or 1/2(4) to this 1eve1 would be in conf11ct with the
theoretical branching ratio (EZ)/(Ml) on the order of 10 -3 -as calculated
from Weisskopf's formulas for the trans1t1o.n, p_1_‘pbab111t1_es f,_o_r, Y emission.
The level O.-632 Mev above ground state must then be as signed._a spin of
7/2 and even parity, :si'nce the 0.347--Mev transition, wés”_fqlu»nvdv.tzo E2,
the 427-Mev transition M1, and the 632 -Mev trans"i-tio-n\ e.f1_t}'1e_1f Ml or E2.
The experimental branching ratio y(632): y(427): y(347) is approximately
10:4:1. We1sskopf‘s transition probablhtles indicate the ratio M1(632)
M1(427) E2(347) should be 12: 4 107 1f the trans1t1ons are to be explalned

on the basis of the single -partlcle model. Experlrnental hfetlmes for
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Ml transi‘tions'are -scarce;’' there are,” however, several examples in
.whlch observed transitions are slower thanithe theoretical estimates.
"So.far as E2 transitions are concerned there is alarge amount of in-
formatioﬁ from lifetime measuréments and: Coulémb excitation cross
sections indicating that the theoretical .tr‘an‘sitiori probabilities: for single -
particle transitions are much smaller than the ‘expérimental values for
transitions not expected to.be single -particie'»tfans‘it‘ions‘»i 14 Since the
transitions under consideration are not 5sing1e';parfic1ejtransitioris_,' the
discrepancy between the observed branching ratio and the theoretical
single -particle estimate is not suffieientlyv‘sefri‘ous” to render the spin

and parity assignments-invalid. It was ‘mentioned above that the -transifipns
are not single -particle transitions. . This is clear if we assume the
following configurations for the ground state and the first three excited

statés as suggested by the shell model:

Energy (in Mev) Spin and parity Corif’ig..ui"axmtvio‘n
: ! < .

0 4 5/2(+) g7/ d 5/
o8 . 1/2(9) g87/2: d25/2: °1/2
0.205 | O T/2(4) | | g77/2, d45/2
0.285 ‘ 3/2(+) : g87/2(125/2013/2

The second 7/2(+) state at 0.632 Mev above ground state could be any

one or a combmatmn of the following poss1ble configurations:
5 6 2 v y
g 7/2, 5/2, g 7/2 / s 1/2, g 7/2 1/2 11/2 The t,ran31t10n from
these configurations involves at least two particles when the final state
is the ground state, the 0.205-Mev state, or the 0.285-Mev st‘ate..

If the 0.632-Mev level has a spin of 7/2 and even parity, electron
capture’ ahd positron emission to this level afe allowed. The observed
intensity of the 0.632-Mev y. rays relative to the 0.205-Mev y rays is

1 0.42 + .20, and the ratio of 0.205-Mev transitions to In109 decaye is
109 decays to the 0.632-Mev

level as 0.35 + .20. The log ft value that follows from the above estimates

0.75 £ .10. This estimates tHe fraction of In

is between 5.0 and 5.5. If theoretical ratios of electron capture to
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. positron emiss_ion11 are used, the expected branching ratio -ﬁ+(0.v795)/

B

0.368) can be estimated as 32. Figure 2 shows the effect. of a positron

. spectrum with the maximum energy of 0.368 Mev in addition to the readily '

_observed 0.795-Mev spectrum.. Due to.the large statistical error in the
 points obtained after subt.raction of the 0.795-Mev.component it is
. difficult to verify the presence of the:lower-energy positron spectrum.
| The weak 'y transitions having the energies 0.325, 0.516, 0.530
~ 0.618, 0.710, 0.805, and 1.15 Mev (;L‘an be fitted into. the decay scheme
in severél ways. : One"of the 'pvc-)s'syi-.blé.way’s is shown in Fig. 8. This
would require another allowed e_l_ecf_vro‘n‘-captu,re. decay mode to a state-
1.15 Mev above the ground state. The total ;i_nfe-nsity;.of the assumed
transitions from this level indicate that not more than 10% of the In109
decays take place to this level. . L

This work was done under the .,al‘J.spiées\-_ of the. U.S. Atomic Energy

Comrmission.
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