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RADIOACTIVITY OF TIN-110, T.IN‘-IOS,‘ AND INDIUM-108
. Warren Mead"

Radiation Laboratory andb-Department' of Physics
- University of California, Berkeley, California

Augist 6, 1956
ABSTRACT,

An attempt has been made to extend the knowledge of the disin-
tegration behavior of the tin and indium isotopes of mass numbers 108

and 110. Observations made with tin vvsourc_e-s obtained by alphé. bom -

_ bardment of enriched cadmium isotopes indicate that the 4-hour tin

108

110, rather than tovSn "as previously

activity should be a_ssignéd.'to Sn
reported. 45 The decay of In-108 has been investigated, directly with

the aid of enriched Ag10‘7C1',- and é.l‘so: as the daughter activity of Snlog.

The evidence obtained s'ugg'estvs a decay scheme-for In-l 08‘ which .closely

110, The growth of a 3.5-Mev positrvon_ac‘tivity

1.08

parallels that of In

identified with the ground state of In has been interpreted in terms
of an approximately 9-minute.parén{t', and this half life has been tenta-

108

tively assigned to Sn Suggested decay schemes for these isotopes

are presented in Figs. 1l and 17,
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'RADIOACTIVITY OF TIN-110, ‘TIN:108; “AND INDIUM-108

Intrioduction.

The evolution within the last several years.of relativel'y satis;-
factory nuclear models w1th which to associate low-energy exper1menta1
data has resulted in a gradual shift of emphas1s in the field of beta and
gamma spectroscopy. In contrast to the earlier preoccupation with the
determination of half lives and transition energies as ends in themselves,
recent exper1menta1 works have been frequently concerned with prov1d-

ing evidence that may be of assistance in evaluatlng some aspect of a

"nuclear rnodel. The 1nvest1gat1on of isometism, for example, has pro-

gressed from the determination of half lives to more selective and
detailed experiments whose purpos‘e is to provvide experimental esti-

mates of the matrix elements for various transition types: These

empirical matrix elements can then be compared with theoretical

estimates that have been. calculated on-the basis of a particular nuclear
model 'Such an analys1s provides a very useful check on the apphca-
b111ty of- the model under consideration.

Among the most s1g_n1f1cant predictions bf the shell modell’-z
are those relating to the special nucléar characteristics to be expected

in the region of closed neutron or prdten shells. It seemed worth while,

v the_refc’re, to attempt to extend the knowledge of disintegration behavior

in such a closed-shell region, and to evaluate the new information in

terme of the shell model and the trends encountered by other investiga-

- tors. The closed- 'p'roton shell isotopes chosen for investigation, and .

for which dls1ntegrat1on information has been missing or 1ncomp1ete,
are Sn 110 Sn 108’ nd In 108 |
It is interesting to notice that the nuclear pfoperties,that make -

studies in a closed-shell region of particular importance often result

-in certain characteristic difficulties in connection with such an investi-

" gation. . The prevalence of isomerism, for example, complicates the

proper identification of the radiations encountered. The assignment of
tin activities to the proper mass number is further complicated by the

relatively large number of stable cadmium is_otope.'s from which tin may
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-be ‘p‘r‘c_)_df_qgc'_ec_l_by alpha bo'mbardrment.v Such difficulties appear to be -
partly responsible for the confusion that has existed with regard to the

radioactive isotopes in this region.

I
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Tin-110

_ .’The half lives of the neutron- deficient ieotopes of'ktin down
through. Snlﬂ08 are 11sted in the current 11terature, with the except1on of
i'Snllo. In attempting to determine the half life of Snllo, it is helpful to
consider the decay scheme of Inl10" pecause when‘Snlv10 is produced a
growth of the Inllo-radiations is exp'ected (Flg l.) Since it appears
likely that th_e'deca;y f'rerh Snllo-to Inllo takes place primarily in such
a way as to involve the ground state of ‘Inl_‘lo, rather than the 5+ iso-
meric state, both the 660- kev gamma ray and the 2.25-Mev positrons
should be present in the radiations resultmg frorrx Snll‘_0 * - A growth .
and decay of these radiations should be 1nterpretable 1n terms of the

decay period of Sn110

Sn110 was produced by b‘omllznardi_ry_i,g cadmium enriched irl-Cdlog'
with alpha part1c1es of about 30 Mev . The {a, 2n) reaction, leading to
Sn 10, should predominate at this energy. - After sepa'ration vof indium,
sources were prepared from the t1n fractlon and were: observed with a
magentic-lens beta-ray spectrometer, _and with a scmt111at10n counter
and contmu_ous recording pul»se height analyzer. (A brief descr1pt1on
. of the apparatus aﬁd of chemical techniques will be found in the Appen-
dix. ) | v ' |
| A gammat ray of approximately 660 kev, identified with Inllo,' :
was observed with the spectrometer and with the scintillation counter
and pulse‘ height analyzer. This gamma ray was followed. for about 35 _
hours \.;vith‘ the scintil].ation counter, and was observéd to grow in inten-
sity for about 1.5 hours, followed by a decay with a half life of about 4
hours. (F1g 2.) Subtract1on of the initial activity from the extrapolated
4-hour period yields a decay with a half life of about 65 minutes (Flg 3),‘

whlch‘has been identified with the per-1od of the ground- state of In 10.

% Bleuler et al. > have not made definite spin assignmehts for the Inl 10

isomers; the values referred to in this discussion represent possible .

assignments suggested by these investigators.
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Fig. 1. Suggested decay s§heme of SnI10 and the previously reported.
decay scheme of Inllo.' , ' s :
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A positron spectrum was also obtained (Figs. 4 and 5) and _
appears to consist primarily of positrons having an end-point energy of
about 2.25 Mev. This is in agreement with the energy previously
a551gned to the pos1trons of Inllo.,‘é A plot of the positrons of maximum
intensity (Fig. 2) also shows the effect of an initial growth, followed by
a decay of. about 4 hours.. A value of 4.0 + 0.2 hours has been assigned
to the decay period exhibited by the 660-kev line and the 2.25-Mev
positrons. )

. The assignmenf of this 4-hour period to Sn110 depends upon the
assumption that these decays ne1ther result from the 4 9-hour isomeric
level of Inl’lo, nor are apprec1ab1y altered by its presence . The possi-
bility that th1s isomeric level is involved in producing the observed .
pattern of growth and decay’ appears to be excluded for several reasons.
Bleuler et al. 3 have est1mated that the isomeric trans1t1on to the ground
state represents only about 0. 6% of the total decay, the remainder
taking place by electron capture to hlgh energy excited states of Cd110
Therefore, the isomeric state could not ‘of itself produce the growth and -
decay observed Furthermore, nelther the 121-kev 1somer1c transition
nor either of the high-energy gamma rays of Inno was observed. This
is in agreement with the assumption that the decay from the 0+ ground
'state_of Sn»1 10 would be unlikely to take place in such ai way as to involve
the 5+ isomeric state of indium in preference to the 2+ ground state.
F1na11y, when silver was bombarded to produce indium directly, the
121- and 660-kev lines were found to have half lives of about 5 hours,

' wh1ch appeared to be clearly d1st1ngu1shab1e from the 4-hour period
~observed when tin is produced -

- It is of interest to notice that the time after the chemical separa-
tion at which the maximum activity of the 660-kev gamma--»ray occurs is
in approximate agreement with that predicted by calculations for a 4-
hour activit"‘y decaying into an initially abeent 66-minute daughter.  This
indica‘tes that the chemical separation of the indium 'rvas reasonably
'effectlve ‘

Another questlon that ar1ses in connection with the as signment of

tbe 4 hour period to Sn 10 concerns the possible effect of the presence
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of Cd106 in the samples of enricheci» Cd_108° . The {@, 2n) reaction with

.Cd106 yields Sn 08,, Two previous inveefigators4’ >

. period of about 4 hours to Snlos, and a 55-minute positron activity of

about 2 Mev ta Inlos., .Since it seemed quite possible that Inlo8 might

have assigned a

~also contain a gamma ray in the 650-kev region, these similarities in
_the two pairs of isotopes appear to cast doubt on the ass1gnment of the

observed 4-hour activity to Sn11 . Therefore, a series of experiments

. was undertaken in which enriched Cd106 was bombarded, and which in- V
volved experimental procedures similar to those described above.

Observations of the tin sources obtained by bombarding enriched
'Cd106 included a decay"‘cur'vﬁe of the positron annihilation radie.tiono ‘
These data were obtained by means of a coincidence ar’rra.ngement con-
rsisting of two scintillation counters placed at 1800, each 1eading to a
pulse-height ahalyzer set to observe pulses in the annihilation region.
. The curve obtained is 51mlla.r to that reported by Mallory a.nd Pool4~—
-an initial growth followed by a decay having a half life of about 4 hours.
A pos1tron spectrum was also obtained with the beta spectrometer, ‘and
appeared to consist primarily of p051trons of about 2 Mev. However, |
the intensity of these p031trons was generally less by factors of 10 to
100 than when enriched.Cd 108. ‘was bombarded. It appears, therefore,
that they result from the small amount of. Cdlo8 present in the enriched
~Cd106, and that the 4-hour period should be assigned to Sn.uo, .rather'
than Snlosg Further investigation has served to confirm this conclusion,

The pos'itr_on decay curves obtained with the sources prepared
from the bombvar.de_di,Cdlové contained, in addition to the 4-hour half life
referred to above, indications of additional. activities with half lifes of
roughly 2 hours and 43 hooreu. Neither of these periods has been
positively identified.

An internal conversion line was seen at about 660 kev. It ap- -
peared to result in pert from Inl 10 and in pa,ft from the 650-kev line

109

. previously identified with $n Other conversion peaks observed

were generally identified with known tin or indium isotopes, and none
‘was seen that could be assigned to Snlor8 or In108° However, in order
to eliminate short-lived activities, these tin sources were not prepared

until about 2 hours after the end of the bombardment.
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‘Therefore, the failﬁre to seevra'd’iations that could be identified with
.Sn'-1 08 'or_In‘l-O*8 suggested that the half life 6f Sn108 might be relatively
short. compared with the-‘4—hou'r<per.io"d previously assigned to it.

L In-the tin sources obtained from the bombardment .of enriched
'Cdlos,. a strong i‘nfe‘rnal_-conversion peak was found .corr‘esp.onding to a
gamma ray of 283 kev. A gamma ray of 285 kev was observed by

McGinnis and assigned to ‘Inl‘OB'

. - McGinnis's tin sources were obtained
by alpha bombardment of natural'cadrglium. . With enriched.isotopes,
however, -it 'has been found that this gamma ray is always much weaker
when Cd106 is bombarded, so it appears to belong to the 110 decay

. sequence. Its de.c'ay has been followed for peri‘odé up to 61 hours and
the half life observed is the same, within-'experimental error, as that

assigned to Sn1 10. - Although both the 2.25-Mev positrons and the 283-

. kev gamma ray are much lower in intensity when»Cde is bombarded,:
the ratio of the 283-kev line to the positrons is the same as in .the sources

108 Finally, since no growth of the 283-kev

‘obtained from enriched Cd
line was observed when observations were begun 24 minutes after the
chemical separa.-tio‘n of indium, this gamma ray has been as signed to the
decay of‘Snll-O. - A portion of the decay curve of the 283-kev line is
.shown in Fig. 2. . ' _ o

Because of the relatively high intensity of the 283-kev gamma
ray,. it seems reasonable that the decay of Sn,110 rﬁay consist primarily

“of electron capture to a 283-kev excited state of Inllo. . A value of 8.0 £

1.0 has been obtained for the K/L ratio of the 283-kev line. An exam-

" ination of the empirical curves of Goldhaber and Sunyar'6 suggests the
povs,sible transition types -Ml, ‘M2, M3, or-‘EZ,_ where the transition
types in closest agreement with the measured K/L ratio are listed first,

" These empirical curves vdc'> not yield a decisive answer in'thié case,
partly because of the necessity’}of extrapolating the curves in oifder to
apply them to a gamma ray of this energy. An approximate value of the
K-conversion coefficient has also been obtained with the aid of a gold
conbve_rvter standardized in terms of the 172- and 247-kev gamma rays of
1n111“ A conversion coefficient of about 6% is obtained when the values

of the In111 conversion coefficients obtained by Mc.Ginniés'are used,

and about 3%_ with the values of Boehm et al.,? The theoretical
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conver si‘onjco‘efﬁcie’n‘t.s for-a:gamma ray;of this energy taken from the
curves-of Rosel e”t:a‘l.is... are 2.5% and.3.25% for M1 éhd 'EZntrén“s:itions,
and 11% and 12% for M2:and:E3 transitions. - A consideration of .both
the K/L: ratio and the cbnve-rsion'co-.e'ff:icient;suggestas'a.n Ml transition
as béing somewhat more likely than the other pdss‘i.bili‘ties mentioned.

| A ‘spin of 2 with évenifpari--ty has.been suggested for the ground

110

state of In ‘by Bleuler et al. 3 in consideration of ‘the fact that less

- than 3% of the 2.25-Mev-positron (an allowed transition with log (ft)

10

about 5.5) decays go to-the ground state: of Cdl (and the:remainder to

- ‘the 2+ excited state). If:this 2+ value is assumevd for 'l_th'.‘e'groun‘d state
. of Inllo, a direct decay from the 0+ ground state of Sn110
“state of indium would re'pres‘ent' a second-forbidden transition. If we

v'a'ss.ume, then, that all transitions from Sn.ll-o to Inuo involve the 283-

to the gr ound

kev gamma ray, we can obtain an estimate .of the conversion coefficient
’byvcomparing the areas under the curves of the 'Z.ZS-Mév positron spec-
trum and the 283-kev internal-conversion ‘peak, - The ratio of electron
.cé.pture ‘to positrons for the 2.25-Mev tran's\ition can be estimated from
:the theoretical values given by 'Zweife'l,'-g and is ‘approximately 0.33.
The value obtained in this way for the conversion coefficient of the 283- -
kev line is about 2%. This is in agreement with tﬁé assumption of an M1
. .transition as suggested by the-.K/lZ value and the conversion coefficient
~as measured directly. 4More significantly, the above considefations tend -
. to confirm the assignment,of a 2+ value to the '.gro;und state. of Inllo,
- An interpfe‘tatiion‘ of the 283-kev line of Snl‘lo in terms of an M1
. transition to the ground state of indium suggésts.a spin of 1 and even
parity for the excited state. . Since spins of 1+ have been assigned to the
ground states 'of'-la:t least three even-A isotopes of.indium, the occurrence
~of this'level as an excited state in In1 10 appears reasonable. . A'possiblé

- decay scheme is suggested‘ih Fig. 1.
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-Tin;los andlndﬁnn=108

Because the 4- hour period previously ass1gned to Snl-08 by
.Mallory and Pool could not be confirmed, a further investigation of

this isotope seemed 1nd1cated When enriched Cd106 was bombarded,

no activities were observed that could definitely be assigned to Sn108 -

..or In1_08,. However, because of the presence in the enriched Cd106 of
_considerable amounts of the other stable cadmium isotopes»,: -and also

- because of the overlapping of the alpha-reaction curves, it seemed
-likely that activities resulting from Snl,08l rﬁight have been overlooked
in the presence of the numerous gamma 1:ays and positron spectra
resulnng from other tin and indium isotopes.

- An alternative approach to.the investigation of Sn 08_,is to begin

‘by studying the decay of Inl»og_., An important advantage ‘of this approach
is that, silver, fro:h which: indium may be produce.d by aipha_ bombard- -
-ment, has only two stable. isotopes. It isvtherefore possible to produce
the desired indium isetopes much'.m,ore. selectively than those of tin.
An inve_stigetion of In-108 is also of direct interest because of the pos-
~+ . sibility that isomerism may be involved, as it.is: for at leaet four of the
A . other even-A isotopes of indium. ' D -

. Since the 283-kev gamma ray previously assigned to -In108 by

McGinnis5 has been reassigned to Snl'lo, there were no known gamma

-rays with which to_identify Inl"os. When.silver foil was bombarded with
40-Mev alpha particles, the conversion-pee.ks observed were generally
identified with those expected from other known indium isotopes. The
positron act_ivity.;kfollowed by means .of the annihilation radiation,

- showed an initial 55~ to.60-minute decay, followed by a decay with a

- half life of 4 to 5 hours.  Both of these periods could be identified with
m!ito o
A more helpful a proach was prov1ded by a cons1derat10n of the

decay scheme of. Aglos, which beta-decays to both Cd108 nd Pd108

. About 0.8.% of the B-decays take place to an excited state of ,Cdlos of

about 620 kev. . This transition may also occur in the decay of In108
into cadmiurﬁ, To check this possibility, a 0.3-mil silver foil was

bombarded with alpha particles of about 40 Mev. - The (a, 3n) reactic.m‘
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110 108 110

leads to both-In" "~ and In" ", therefore the 660-kev gamma ray of In
is expected to be presenf, and perhaps an additional line at about 620 keév
which could be identified withIn' %, Because a chemical separation did
not seem essential, a source for the beta4.spec£i'0m'eter was made
directly from the silver foil. In this way it was -possible. to obtain the
first readings 10 minutes affer the end of the bombardment.

- _The region frém 500 to 700 kev was carefully.examined with the
spectrometer for a_period of 12 hours following the bombardment. . Two
converted gamma rays were observed at about 637 and 660 kev. (Fig. 6;)
= Although the two lines are not eompletely resolved, the difference in
_half lives makes it clear that two separate gamma rays exist. The de-
cay of the 660-kev line consists pr1nc1pa11y of a half life.of about 5 hours,
. since 1t is fed primarily by the 4.9-hour isomeric state of In]‘10 The
637-kev. liné decays with. an initial half life of about 57 minutes into the

5-hour background resulting from the presence of the 660-kev line.

. After subtraction of this 5-hour background, the 637-kev line shows a

décay of about 52 minutes (Fig.:7), in approximate agreement with the
50- to 55-minute half life assignhed to Inl.OS‘ by the previous inve‘stiga—
4, 108

tors. - This gamma ray was therefore tentatlvely assigned to In" 7,

and is believed to represent the same transition as occurs in-the decay
of Ag108. It is of interest to notice that the decay of the 637-kev line
appears to 1nvolve only the 52-minute’ perlod |

" An- attempt to utilize the 637-kev line of In 08 to detéermine the
" half life of Snlo'8 ‘was unsuccessful because of the presence of the strong

gamma ray of Sn1 09

that occurs at about 650 kev. . Therefore, a more
extensive investigation of ]';Jnlo8 was undeft_'akeh with the aid of _eilver
‘chloride enriched (about 97%) in 'Ag107°»

’ A number of bombardments of fhe-AglO? Cl was made, using
alpha particles of about 40 Mev. The bombarding energy and the energy
range in the target materlal were var1ed in some cases in an attempt to
reduce unwanted activities; THe bombardment times were usually some-
what léss than'l hour. -‘Sine‘e/ thé chemical procedure employed was more
co’mpl.ic'ate'd-than was required for ‘preparing the tin sources, the first
readings were not obtained uiitil-about'l hour after the end of the bom-

bardment. In-addition té the (asy3n)- reaction, ‘which leads to In108, the
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adjacent reactions (a, 2n) and (a, 4n). also took place, so that the converted

09 and the Inl.O -daughter, Cd .. 0 ,: Wer_e present to an

1
. gamma rays of In
- appreciable extent.

. The following gamma ra'ys were observed to decay with periods

of about 55 minutes, and have.beenvassigned to Inl-_(.)s.: .
: P_hoton- Energy _ : Relative internal ‘
- {Mev) © - _conversion intensity ' - _K/L
1.05 - 3 |
0.878 10 .
L 0.637 S 32 | o
o 246 o o 3.7+ 0.5

' A source prepared from the bombarded Ag10 Cl was also exam-

1ned w1th a sc1nt111at1on counter and continuous recordlng pulse-height
analyzer Gamma rays were observed with energ1es of about.1.07, 0.89,
and 0 63 Mev The lower - energy lines were not separated from the 205-
_kev hne of Inl‘og
The 637-kev 11ne, which also occurs in the decay of Ag _08,, ap -
| ::vpears to be the f1rst excited state of Cd108°' The level that leads to this
transition in the decay of Ag108 has been assrgned a spin of 2 and even
parity by Perlman et al. 10 A value of 2+ for the first exc1ted states of
even-even nuclei has been found to occur in at least 80% of the cases
. inve'stigated 1 The energy of the 637-kev line agrees roughly with the
energies of the first exc1ted states of the other known even-even cadmium
isotopes, although the expected trerrdll__of 1ncreas1ng energy with de-
: creasing neutron number suggests a some\f/hat hlgher energy of about

680 kev. - o o |

- In attempting to understand the decay scherne of In 08, it is of

particular 1mportance to con51der the poss1b1l1ty that an 1sorner1c state
of indium may be involved. Isomerlsm occurs for the even-A indium
,isotopevsvfrom Inlvlo through In 16, | The similarities in the characteris-

tics of these four known 1somer1c trans1t1ons should be of assrstance in
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suggestlng the nature of the suspected isomer of Inlos; - With the excep-

tion of In -10_, the ground states of these even-A indium isotopes have

all been asslghed spins of 1 with even parity. ."As has been noted, the

: _ground»-sltate of Inllo. appears to be 2+. .The spins of the isomeric states,
two of which have been recently measured, 12 are 4 or 5 with even parity.
_The transitions are therefore M3 or E4 with no change of pvarityo In all
cases the isomeric state has the higher spin and a lo‘ng:er, half life than
the ground state. - S '

These characteristics of the known even-A indium 1somers indi-
cate that the 55-minute per1od of th_e gamma rays identified with In108
might result from an isomeric state of indium, rather than the ground
state.. This possibility is suggested by an extrapolation of the spin
c'haracteristics of the even-A indium isotopes, and of the general tend-
encies with regard to the spins of excited states of even-even nuclei..
That is, if the ground state of In Og,has a low spin, as is suggested by :
the situation for the other even-A indium isotopes, then the decay to

cadmmm would take place pr1mar11y tolow spin states. lt seems un=:'
likely, however, that all the gamma rays assigned to In108 would result
from levels with suff1c1ently low spm to be fed by the presumably low-
spin ground state of In108, The ground states of the other even-A indium
1sotopes, for example, feed at- most, one excited state of the cadmium
daughter Theése considerations suggest that the In198 state that gives
rise to the observed gamma rays has a spm greater than l or 2, and
may therefore be an isomeric state. ’ o

Further evidence for the 1nterpretat1on of the 55-minute period
in terms of an Ilnlo8 isomer was suggested by subsequent observations
~ of the radiations result1ng from Sn1v08, from which: at 1east some of the
In 108 gamma rays appeared to be absent . Such a situation would be
cohs1stent with the’ assumptron that the decay from the zero-spin
ground state of Snl(.)8 takes place in such a way as to involve the ground
state of In'los, rather than the isomeric state wh1ch alone feeds all the
levels attributed to the In108 decay -

- In cons1der1ng the poss1b111ty of isomerism in connectlon with
.Inllos, the two lower - energy gamma rays observed are of partlcular

1nterest since they mlght result from isomeric trans1t10ns - A portion
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of the internal conversion spectrum which includes these two gamma
rays is. shown in Fi.g, 8. The K/L r.atio of 3.7 obtained for the 246-kev
line may be used to obtain an estimate of the transition type by means
‘of a comparison with the empirical curves of Goldhaber and Sunyar.
The K/L values suggested'by these curves for a gamma ray of this

energy are indicated in the following table:

Transition type - . E4 E3 M4  E2 M3

K/L 1.7 3.2 3.7 5.2 6.4

In utilizing the measured K/L ratio of the 246-kev line to obtain an
estimate of the transition type, it is important to consider a possible
source of error which may have affécted the value obtained. A gamma
ray of 220 kev with a half life of about 30 minutes has been assigned to
Inlo7 by Cassatt and Meinke. 13 'Si.nce the conversion lines of Cd107
were observed, this 220-kev line’ must have been present Its K/L ratio
has not been reported, but the L.-conversion peak would c01n01de approx- I'
imately with the K peak of the 246-kev line assigned to In 08 . Although
the decay of the 246 -kev line appeared to show no evidence of a shorter-— _
lived component, .it is possible that the 220- kev line was present to a
sufficient extent to alter the apparent K/L ratio,
The empirical curves suggest that the 246-Kev. line. represents an

M4 transition. An examination of the known M4 transitions in this energy
range indicates a half life of roughly 2 days. This would require that
. only a small proportion of the decays take place to the ground state, and
this situation appears to be compatible with information obtained from
an analysis of the relative number of conversion electrons and ppsitrons,
A difficulty in corinection with the interpretation of- the 24'6—kev_ line as an
M4 isomeric transition of In108 is that M4 trahsitions do not seem to
occur in odd-odd isotopes. 14 Furthermore, an M4 transition requires
a negative parity level, none of which are found among the known even-A ,
isomers of indium. o ‘

- The two transition types adjacent of M4 in the above table, whose
K/L values are close to the measured value;, should also be considered.

. An EZ2 transition could not lead to isomerism. . The E3 possibility, which
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also requires a negative rparii:y state, 'is probebly too fast a transition at *
this energy to account for a 55-minute isomer.- ' »
- An approximate K/L ratio of 4 has been measured for the 330-
kev gamma ray. The empirical curves suggest an 'E3 transition, which
is unlikely to account for a 55—'rh‘inute».isorher." The'.possibility of an M4
transition cannot be ’ex.c'luded and such-a tfaneit'ion would be competible
with a 55-minute ha]\.f life, It should be noticed that the K line of the 347-
_kev gamma ray of In 09 falls at approx1mate1y the. same p051t10n as does
the L line of the 330-kev gamma ray of In 08, . The measured K/L ratio
- may therefore be lower than the correct value.
It is of interest to notice that the energies of the isomeric states
of the three even-A indium isotopes with known fransition energies-are
closely proportional to the numbers of neutrons of the respective isetopes,

An extrapolation of this trend suggests an energy of about 85 kev for the
08

. isomeric state of In A careful search of the 1ow -energy region

failed to reveal any additional gamma rays that could be assigned to
In 108 . However,. the presence of” the K and L conversion peaks of both
the 58-kev line of Inlog and the 94-kev line of Cd107 may have ma.sked a
. gamma rajr of low intensity. It is also possible, of eourse, that an iso-
meric state may exist from which transitions to the .ground state of
indium are negligible. ' »

- A different int'erpreta.uti.on of the 246-kev line, in terms of excited

10‘8, is suggested by the fact that the sum of the energies of

states of Cd
the 246- and 637-kev lines is equal to that of the 878-kev line, within
better than 1%. . This suggests the p.ossib.i;lity that the first two excited
states of C.d108 may B‘e 637 and 878 Mev, Vijl,ith the 878-kev gamma ray
»repfes-enting a cross-over transition from the eecond excited state to the
ground state. Such an arrangement9 however, presents several diffi-
culties, particularly if the first excited sta.t_e of 637 kev is 2+ as expected.
Both isomerism and negative parity states, required by the assumption

of an E3 or M4vtr-ansiti01"1 type for the 246-kev line, are extremely rare
among even-even nuelei, M” 15“lFurthermore,' it is difficult to explain

the required competition between the two modes of decay from the 878-

- kev level. . Transition probabilities calculated by means of the single-

particle: formuxla16 appear to indicate that the 878~ and 246-kev
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transitions from the.878-kev level would not compe‘te-sufficiently to
account for theirvobse.rv,‘ed_intensities. . Since the single-particle formula
cannot properly be applied:to an even-even nucleus, this arrangement of
excited levels .caﬁn:pt ‘be rejected on fhe basis-of such calculations alone.
. Some further evidence reia.ting to this interpretation .of the 246-kev line
has been suggested by an analysis of the Inl'o8 positron spectrum.
Mallory and Pool4 report an energy of about 2 Mev for the posi-

10,80 More recently,

_troms that they identified with the decay of In" "~
McGinnis5 obtained the value 2.3, Mev. As men.tid'n_edpteviod‘,sliyo McGinnis
obtained his sources from the bombardment c;f natural cadmium, so it
is possible that his value v&.ras‘inf‘luénced by the presence of the In“‘0
posi.trbns, A positron spectrum »obtai‘ned with a source prepared from
1i)or‘rﬂaarded Ag10.7C1 is shown in Fig. 9. The points represent the meas-
uré_,d intensities, divided bycquantities proportional to the momentum,
about 1.5 hours after the end of bombardment. The high-energy portion
of the spectrum is incomplete, since the upper limit of the l,spevctrometer
is about 2.5 Mev. Repeated observations of the spectrum indicate that '
the pbsitrons in the region of maximum intensity decay with a half life of
about 55 mimites, while the higher-energy portion of tﬁe spectrum decays,
at first, with a shorter period of 30 to 45 minutes, ’

- An analysis of the positron spectrum is complicated by the pres-

09

, the approximately 2-Mev positréns
' 110

ence of the 750-kev positrons of In1
of Inlo7, and pbssibly the 2.25-Mev positrons of In
08

Inl positrons. . A Kurie plot is shown in Fig. 10. The high-energy

» in addition to the

points'are particularly interesting because they suggest a positron compo-
nent havin.g an end-point energy greater than 3 Mev. Such an energy ap-
pears to be too high to be identified with the positrons of In107., . With the
aid of subsequent data, an attempt has been made to subtract out this
‘high-energy eomponen‘t. - The resulting Kurie plot shows a low-intensity
component of about 2.2 Mev.. When this component is subtr.acted, the

. Kurie plot (Fig. 11) is still complex, but appears fo consist largely of a
comporient—f.the majority of the positrons observed--having an end-point
energy of 1.4 +£.0.1 Mev. . The upward deviation at low energies méy be

partly due to the presence of the 750-kev positrons of Inlog. The 1.4-
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Mev positrons decay with a period of approximately 55 minutes and are
assumed to represent a pnmary mode of beta decay from the 55-minute
state of In 08 '

. In order to.obtain further information concerning the high-energy
~ positrons, an additional bombardment was made using enriched Ag107C1.
In this case, the target material contained less than 1% Aglog. - With a

source obtained from this bombardment; the decay of five points of the
high-energy positron spectrum was followed for a period of about 12 ’
hours. (Fig. 12.) These points all decay initially with half lives of

approximately 45 minutes. Subtraction of background activity suggests

a half life f'or this positren eomponent ‘of about 42 minites. The Kurie
plot obtained from these points is shown in Fig. 13, and again appears

to contain a component having and end pomt energy of roughly 3.5 Mev

The deviation, from the stra1ght line suggested by the h1ghest energy
po1nts, appears to be due to p051trons of about 2.2 Mév, wh1ch may re-
-sult from the presence of In107. , _ ) _‘
Since the h1gh—energy poSitrons have an end-point energy and

half life which suggest that they do not belong to 'Inlo or In 109 an

interpretation in terms of the In108 decay scheme is snggested, If the
55-minute state of In108 is an isomeric state, then these positrons may

represent the transition from the ground state of In108 to _thé" ground

state, or first excited state, of Cd108, In this case, these positrons

should be present among the activities resulting from Snlos,- Since they
are of hlgher energy than the other known t1n and 1nd1um positrons in
thls region, they should be dlstmgulsha.ble even in the presence of the

' many activities that result from the bombardment of enr1ched Cd106

To test thts possxblhty,- Cd 106 was 'bombarded and a source prepared ..
.frbom the separated tin fraction. The positron spectrum, particularly
the high-energy region, was observed for more than 12 hours beginning
about .i hour _after the end_of the bembardment, ,_The decay: of the point
on the positron speﬁctruvrn edrrvespon'ding‘ to an energy of 2.3 Mev is shown
in Fig. 14. Its half life appears to be 40 £ 2 minutes. The decays of
points on the spectrum representing lower energies were also followed

and were observed to decay into a longer half life of about 4 hours. This

background has been subtracted from the values used to obtain the Kurie
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plot shown in Fig, 15.  An extrapolation of the line indicated by the
highest-energy points of the Kurie plot suggests an end-point energy of
3.5+ 0.1 Mev. This is believed to represent a more accurate value than
was obtainable from the,Kurié plots referred to previously. The 1og(ft)i
value for poéitrons with this energy and half life is approximately 6;
that is, near the upI.Jer_limit for an allowed transition. Because of the
'agreement in energy and half life, it has been assumed that these posi-
trons are the same as those observed when indiﬁm is produced directly.
In_vadditio'n to the 40-minute andv 4-hour half lives, there was some indica-
tion of a lower -energy positron activity x'&ith a half life of roughly 2
hours. No definite assignment of this activity has been made.

The initial points in the decay of the positrons of 2.3 Mev seem
to indicate that a growth of the 40-minute activity has taken place. To
" investigate this g'rowth, another tin source was preparéd with which it
was possible to obtain the first réadings of the‘high.-ene'rgy positrons ,13
minutes after the chemical se_paration'and 20 minutes after the end of the
bombardment. The decay of the positrons at 2.3 Mev was followed for
about 6 hours. Figure 16.s'hows the initial growth and the extrapolated

- 40-minute decay. Subtraction yields a half life of a;p’pr'oiimately 9.5
L 108 ' '

minu‘.t’es, which has been tentatively assignedb to Sn
In order to obfaiin further evidence to aid in the proper assign-
ment of the 3.5-Mev positron activity, an additional set of two bombard-
ments was carried out. The intention was to compare the h‘igh-'-energy
positrdn intensities of sources that had been similarly prepared except
for the bombardment energy. To do this, two ""compound targets'" were
prepared. /In the first target, two quantities of about 3.4 milligrams of
-]CleéO w__ére placed in small platinum '"hats' and é.sseinbled: into a single
target-in such a way as to be separated by 1.5 milsv‘qf platinum.. The o
purpose of this érra'ngément was to obtain an alpha ehergy of approx-
' imately‘.-ZS Mev on the first quantity odelOéo and about 16 Mev on the
second. These energies were chosen with the intention of permitting a
comparison between the sourcé activities resulting from (a, n) and (a, 2n)
reactions. Following the bofnbardment, almost simultaneous chemical
separations were performed on both quantities of Cd1060., The chemical

procedures were chosen so as to yield two sources as nearly the same
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as pos'sibie. . ‘The positron activity at 2.3 Mev and several internal con-
version peaks were observed alteérnately with the two sources. " (Each
" source was inserted vsepa’.ra.tely' into the'bete-réy' spectrometer. ).
Approximately 3 minutes elapsed between the end of a reading with one
source and thé beginning of a reading with the other. The first readings |
were obtained é.bout 20 minutes after the end of the bombardment. With
the source obtained fror;n' the (a, 2n) reaction (which should produce
primarily Sn108) the high-energy pesitror}s were more intense than those
observed with thé other source and showed a decay of about 45 minutes.
The positrons at 2.3 Mev ob'se'rved with the {a,n) source decayed with a
"half 1153 of about 19 minutes.* The 1nten51ty of the 205 kev gamma- -ray

of In1 was greater by a factor of about 2.5 in the (ul.,n) source.

~ In the second bombardment the (a, 2n) and (a, 3n) reactions were

" to be compared and the energies chosen werte approx1mate1y 22 Mev and
40 Mev. The same procedure as outhned above was:followed in preparing
the two sources.‘_ In this case, the h1gh—energy‘pos1tr_ons~1n the {a, 2n)

' source were only slightly more intense than with the (a, 3n)'s'ou'1_'ce, '

. However, their intensity in the latter source was expected to be approx-
imately 10 times as great as in the forﬁqer if they had resulted from an -
(a, 3n) reaction.: These two sets of observations tend to confirm the v

’ a551gnment of the 3.5-Mev.positrons to an 1sotope of mass number 108,
The relatively high end-point energy of the 40-minute positrons

" suggests that they result from a transition from the ground state of In108
to the ground stateor first excited state of Cdlo8 . An estimate of the
.transition energy available for the decay from Inlo8 into 'Cdl'08 can be -
‘obtained by reference to the empirical curves of Way and Wood. 18 The
value suggested for the decay of Inl-oS to Cd108 is approx1mately 4 Mev.

If the energy of the first excited level of Cd10 (637 kev) is subtracted
from this total transition energy, a yalue of 3.36 Mev is obtained. The

agreement with the measured positron energy suggest's that the positrons

%* For a d1scus51on of the 18 mmute act1v1t1es observed refer to M. D.

Petroff, Who collaborated in tlju,s part of the 1nvest1_gat10n.
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observed represent a decay to the 637-kev level of CleS. ~The internal
conversion spectrum in the regidn Vof 650 kev.was examined with t}ne tin
source with which the high-energy positrons were followed. Although
several gamma rays are expected in this region, the maximum intensity
2 hours after bombardment occurred at approximately 637 kev. Since
the half life atthat time was roughly 40 minutes, it seems likely that
~the activity consisted primarily of the 637-kev line of IleB' - Assuming -
that this gamma ray results from an E2 transition, and estimating the
area under the e:sctl'apoléted curve representing the 3.5-Mev positrons,
one can compare tiese two activities, The result of this crude estimate
is consistent with the interpretation of the 3,5-Mev positrons. in tei‘ms
of a decay that takes place_primar'i'ly to the first excited state of CleS‘
It'is inte'res'tin.g»; to notice that the energy of the 40-minute posi-
" trons helps to distinguish them from positrvons belonging to the adjacent
odd-A isotopes. That is, the transi:tib’rf eﬁer.gie;-s available to the odd-A
isotopes in this region appear to be at-leést 1 Mev less than for the
even-A isotopes. : v o
The approximate e’n_érgies of ‘the two positron activities attributed

to 111-108 provide sor‘he ev-iaence_ as to.thg-gen'er,al character.—i-s.tic?s of the
Inl-08 decay sbheme; Tne sum of the lower-energy positr;on‘é and the two
hi'ghest—energ,y gamma rays is 3.33 Mev--the same, within 200 kev,

as the end-point energy of the high-energy positrons. If the 3.5-Mev
positron decay takes place jp'rimarily to ‘the 637-kev level; t.his. suggests
that the three high-energy gamnﬁa rays of 1n108 are in cascade, with the
- highest level, or one close to it, being fed by the 1.4-Mev positrons. '
| ‘Such an arrangement would be inconsistent with the possibility, men-
tioned earlier, that the 878-kev "1i'ne.a'ris'es from a level just 246 kev
above the first excited state. This suggeéts a further consideratioh of
the possibility that the 246-kev line may represent the isomeric transi-
tion. If it is an M4 transition, its half life is expected to be long com-
pared with 55 minutes. However, the enlvergy of the 1.4-Mev positrons
appears to be compatible with a - 55-minute half life, as the corresponding -
log(ft) value is about 4.8. This implies a branching ratio from the iso- ‘
meric level such that only. a few percent of the decays take place to the

ground state of indium. The observed ratio of the 1.4-Mev positrons to
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the 246-kev convers1on electrons is not inconsistent with the assumption
‘that ‘the 246-kev line is an M4 isomeric transition of In108‘., 1In this
connection, it v'vill be noticed that if the energy of the 330-kev gamma g
ray is added to the value of 333 Mev re_ferred.‘to above, and 246 kev is
~added to the 3.5-Mev positfons, the agreement between the two final
energies i5 somewhat better than befoi‘e These speculavti'ons, howevei‘,.
are not considered suff1c1ent _]ustlflcat1on for definite assignment of
either of the two low-energy lines of In" 08 »

The assumption that the positron decay from the ground state of -
I'n108 takes place pr1mar11y to the first excited state of Cd108 suggests
that the ground state of In '08 may have a spin of 2 and even parlty, as
has been assumed for In110 In this case, the beta- decay from Sn 108
is not expected to take place d1rect1y to the ground state of indium; and
therefore one or more Sn1 gamma rays may be observed, In a rapid.
survey of the internal conversion spect_rum of a tin’ source, Petroffl' |
observed three. gamma rays' which appeared to decay with half lifes of
apprexi-mately 12 minutes. It.may be. that these gamma rays 'vsheu‘ld be
identified with Sn’ °. o | -
’ ‘Some aspects of a possible. decay scheme for 5n108 and_Inlo8

are 1nd1cated in Flg 17.
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“Conclusions
, In the con51derat1on of the possible.decay- ‘schemes of the Sn 10’,
' Snl:QS, and In 08, it has been assumed:that the ground states of the even-

-A isotopes of tin and cadmium have spmsa'o_f_:zero.w_l-th even parity. This
assumption of 0+ .g'-reu'nd 'stavte‘s .fer the even-’even--nucl-ei appears to be

. consistent with the eéxperimental eyidencev, ‘and is one. of the primary.
predictions of the shell model. _ .

" “The similarities ih the knowﬁ isomers of the even-A 1nd1um Iiso—_
topes have been utilized:as.a guide in suggesting the: charlac.teristic s of
the isomers .of'InlOS., . The even-A indium isotopes previously investigated
have ground states of low spin, and ieomericﬂ, states-of relatively high
spih. ’I'he 1+ ground states of the 1'12', 114, and 116 isotopes can be
" readily under stood in terms of the shell model The spin of the ovdd
neutron (or hole) in the g7/2 level subtracts, accordmg to Nordhelm s
rule, 19 from the spin of the odd proton in the g9/2 level to yield a spin
of 1. A correct shell-model interpretation of the 2+ ground state, which
has been suggested for Inllo, and possibly Inlos, is less obvious. A
_ poss1b1e explanatmn is that the 3 or 5 neutrons in the g7/2 level comblne
-to give a spin of 5/2, which, with the odd g9/2 proton; could result in a
sp1n of 2. However, such a coupling of spins to yield a resultant spin
' that is one less than that of the odd nucleon is generally encountered
only in light nuclei. '

Of the two gamrna rays considered as possible isomeric tran31-7
tions of Inlos, the 246-kev gamma ray appears to be a somewhat more |
_re‘aspnab’le choice. I‘-_I‘owe\.zer,» no definite evidence was obtained to per-
"mit making this assignment with certainty. The gammé. rays and posi- -
tron spectra a'ssigned to 08 suggest that isom_e_ris_‘m- is involved, and
appear to be compatible with the assumption of an isomeric state of
higher spin.than the ground state, as for the other even-A indium iso-

topeé;
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" Appendik-

The principal piece of apparatus qsed in these investigations was
the magnetic-lens beta-ray spectrpmeter. . It was constructed by -
Raymond W. Hayward, Jr., 20 and is similar to the_. }spec‘trometer d'es—v'
¢ribed by Siegba.hn‘,bz'1 Its special feature is a magnetic field that is
about 30% stronger at the two foci'than at a point halfway between. A
rhagneti'c field of this form reduces spherical aberration and results in
a greater transmission factor faor a given resoiution. . Changes in the
. associated equipment made during these investigations include an im-
proved current regulator, Zz'a r’edesigned Geiger tube, 17 and a ring
bafﬂe 22 This additional baffle was used in obtaining most of the internal
conversion spectra that have been di"scus_sed,v and in some cases per-
mitted a resolution of better than 2%. _ .

The pulse-height ana1y51s equipment used in some phases of the ,
-work was designed by William Goldsworthy. 23

In :the‘..élph_'a’i:abombardments, the choice of bo'r'nba::cdingvenergy
Wa_s, in most cases, based on an exam1nat1on of the excitation curves
for alphas on silver as reported by Ghoshal. 24 The alpha-particle
"energy and the ene‘rgy range in the target material were varied some-
what during the course of the e)':cperim'ent_s in an effort to achieve maxi-
mum preduction of the desired isotopes, or to reduce unwanted activities.

The tin sources were prepa.r_ed by dissolving the target_mate_rial
in concentrated nitric acid containing tin atnd indium carriers. . The tin
was separated from this solution, presumébly "'1_n the form of SnOZI,v iyith
the aid of a centrifuge. More elaborate separations were employed in
 some cases, but the increase in purity of the sources did not appear to
be sufficient to warrant the additional time required. - Especially for
the tin sources, the chemistryﬁvas conti_.nue.l.ly simplified. in vorder‘to
obtain readings as soon as possible. The observed growth of the indium
‘daughter activities could usually be. interpfeted as evidence thet the
separation was reasonably effective. |

The AgCl targets were d1ssolved by boiling in concentrated HC1
containing indium carrier. = The Ag-Cl was then precipitated by the addi-

tion of water.. After the AgCl was removed, the solution was boiled to



-43-

.near dr.ynes.s'. Water was a-.d_ded,;-_ and sufficienvt‘NH-‘lOzH to precipitate

the indium selectively as indium hydroxide In order to speed.drying of
the sources, Wthh were ‘deposited on- tygon f11ms, the source material

' was sometimes washed with- d11ute acetone

The enriched cadmium was in the form of CdO and CdS:. Some

: '_of the Cd 6O was ‘known to coéntain 19, 94‘7 Cd106 and 0.65% Cd108
The’concentratlons of the other enriched cadmmm samples are not known
- with certalnty, but are believed to have been more highly: enrlched in the

desu'ed 1sotope than the Cd1060 referred to above.
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