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The decay scheme of neutron-rich "Cd is reported for the first time. Sources of mass-separated "Cd mere

produced using an in-beam target ion source combination. The ' 6Cd half-life ~as measured to be 0.506+0.015
sec. Of 11 y rays observed, 10 were placed in a '"In level scheme consisting of 6 excited states at 260, 308,
555, S8S, 626, and 688 keV. The level density of low-spin excited states is less than that for '"In, and most
of our levels are describable in terms of a single proton hole coupled to a single neutr'on hole. Surprisingly,
most of the P strength feeds one level in ' In at 688 keV.

HADIQACTIVITY 6Cd [froln 3~U(n,f)]," Ineasured Tg/2, E, I„, pp-coin, Ge(Ll)
detectors; In deduced levels, J, x, logft. Mass separated Cd activity.

I. INTRODUCTION

The development of an in-beam integrated target
ion source for use with the TRISTAN on. -line mass-
separator system has made possible the study of
the level structure of very neutron-rich Cd, In,
and Sn nuclei populated by the decay of Ag, Cd,
and In isotopes with half-lives as short as a few
tenths of a second. The odd-odd In nuclei are of
interest in that their low-lying states should be
describable in terms of a go/, or P, /, proton hole
coupled to an h»/„g7/2 ds/2 dg/2 or s]/2 neutron
particle (hole). In most cases the In ground and
isomeric states are describable as v(g, /, ) 'v(g, /, ).
This work was undertaken in order to extend the
systematics of low-spin states in odd-odd In nu-
clei to A = 126 by studying the decay of "'Cd.

No decay scheme for "'Cd is avai. lable, and no
information on its decay exists;in the yublished
literature. Its existence has been reported in an
internal publication' by the group Rt the GSIRIS
separator. They observed a half-life of 0.53
+0.1 sec and two y rays with energies of 261 and
428 keV. There is also no information on excited
states in "'In from reaction experiments. Some
information is available on levels in odd-odd In
nuclei from A =106 to 124. A notable feature is
the existence of a low-spin and generally one or
more high-spin isomers. In most cases the low-
spin isomer is the ground state. Its 8 ' is 2' or
greater for A = 106 through 110 changing to 1' for
& = 112through 122. Fogelberg et a/. 'postulated''
to change back to 2 ' for A = 124.

Studies of the decays of even-even Cd or Sn nu-
clei to levels in odd-odd In nuclei only provide
information on the low-spin levels. Although some
information is available on the decays of "'Sn,

Sn 'Cd "Cd, "Cd, and "Cd, excited states
in In were observed to be populated only in the

'"Sn,' "'Sn,' and ~'Cd (Ref. 2) cases. The '"In
case is of special interest since a number of low-
spin (Z=O, 1) positive parity states were postu-
lated in "In which cannot be described in terms
of the coupling of one proton hole to one neutron
hole. No In excited states were observed in the

ecays of xxsCd 5 uoCd 6 and a Cde This fact as
well as P feedings of &96'%%uz and &94/p respectively,
to the In ground states, was used to justify a J"
of 1" for the "'In and "'In ground states. ' By
analogy, Fogelberg et al.' used the observation
of strong y transitions in the "'Cd decay to justify a
J' of 2' for the "In low-spin isomeric state.

Levels in odd-odd In nuclei near stability from
A = 108 to 116 have been studied using (n, n),"
(6LI 4~) 7 (P n) $,8,9 (d p)10,11 (d d) 10 (d f) j.0 and
(n, y}"reactions. Although much information was
obtained for levels with J ~ 3, the information on
low-spin levels is quite limited. In most cases
three or less levels with J'=1' or 2' were obser-
ved between 0 and 1 MeV. Gne can obtain a 1'

d 2' tt f o (g/, ')(g/, ') d

state from (wg, /, ') (vd, /, '}, More complete data
on low-spin states are available for "'In (Ref. 3)
and l"In '0 " In both cases the number of ]+ and
2' states between 0 and 1 MeV is too large to be
explained in terms of simple two-hole excitations.
It has been suggested that the additional states can
be described in terms of three neutron hole states
coupled to a g, @ proton hole" or hole-phonon
couplings. '

Studies of low-spin levels in "4In populated in
the "4Cd decay have revealed two 1', one 2'", Rnd

one 1 states below 300 keV which are impossible
to explain in terms of single-hole excitations. "

Vle have undertaken this study of the low-spin levels
in 'In to see ii the high density of low-spin posi-
tive-pRrlty states persists Rs R neu1. x'on pail ls
added to '"I .

1978 The American Physical Society



M. I, . GARTNEH, AND JOHN C. HII I.

II. EXPERIMENTAL METHODS AND RESULTS

Sources of mass separated "Cd for this study
were produced with the TRISTAN on-line isotope-
separator located at the Ames Laboratory Re-
search Reactor. This system is essentially the
same as that described earlier, "however,
TRISTAN now has a new ion source, similar to
the one at the OSIRIS separator. ' The target ion
source combination, which contains a target con-
sisting of a few grams of "'UO„ is situated di-
rectly in the neutron beam (flux —3 x 10'n/cm' sec)
and makes possible the separation of a number of
nongaseous fission products, one of which is the
subject of this study. The details of this ion
source will be presented in a future publication.

y rays from the decay of "'Cd were observed
using Ge(Li) (large volume coaxial with 15% ef-
ficiencies) and LEPS (low energy photon spectro-
meter) detectors located near the point of beam
deposition. y singles measurements were made to
determine y- ray ene rgies and intensitie s, y-spec-
trum multiscaling was used to determine the half-
life of "'Cd, and yy-coincidence measurements
were made to determine transition placements.

Sixteen time bins, each 0.1 sec in duration,
were used for the half-life measurement. Multi-
scaling was started after the beam had been col-
lected on a movable tape for 2 sec. At the end of
the multiscaling cycle the tape was moved and a
new sample collected. This procedure was re-
peated for a total of 15 h. Figure 1 shows the de-
cay curves for the 260- and 428-keV y rays.
Weighted least-squares fits to the data yield a half-
life of 0.509+0.01 sec for the 260-keV y ray and
a ha].f-life of 0.504+0.01 sec for the 428-keV y
ray. We propose therefore that the half-life of
"'Cd is 0.506 +0.015 sec. This value is consis-
tent with the value of 0.53 sec reported by
Grapengiesser. '

Two different y singles measurements were made
to enhance the "'Cd and "'In activity, respectively.
Both experiments lasted about 15 h. The "'Cd
activity was enhanced by simultaneously collecting
the beam on the tape and counting for 2 sec and
subsequently moving the sample away from the
detector before collecting a fresh sample. 6In

activity was enhanced by collecting the beam for
6 sec, moving the tape so that the sample was
shielded from the beam, delaying for 3 sec to al-
low the "'Cd activity to die away, and then
counting for 6 sec. Representative LEPS y spec-
tra from 0 to 115 keV are shown in the top half
of Fig. 2. The part labeled (a) is the "'Cd en-
hanced spectrum, and the part labeled (b) is the
"In enhanced spectrum. In the bottom half of

Fig. 2 representative Qe(Li) y spectra are shown,
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FIG. 1. Decay curves for Gd y rays.
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FIG. 2. Spectra of y rays accompanying the decay of
Cd. (a} Cd enhanced LEPS spectrum from 0 to 115

keV. (b) 26In enhanced LEPS spectrum from 0 to 115
keV. (c) Cd enhanced Ge(Li) spectrum from 90 to
700 keV. (d} In enhanced Ge(Li} spectrum from 90
to 700 keV. The symbol * indicates Cd, a indicates
~26In, and o indicates background.
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Table I. y transitions observed in ' Cd decay.

Energy (keV)
Relative'
intensity Placement (keV)

62.93
102.8
260.09
277.4
325.3
365.82
428.11
555.40
585.6
653.08
688.23

+ 0.20
+ 0.3
+ 0.09
+ 0.5
+ 0.4'
+ 0.20
+ 0.06
+ 0.09
+ 0.5
+ 0.19
+ 0.10

16+ 3
12+ 4

1000+ 40
6+ 2
6+ 3'

23+ 6
837 + 28
48+ 6
9+ 3

12+ 4
59+ 4

688-626
688-586
260-0
586-308
586-260
626-260
688-260
555-0
586-0
unplaced
688-0

'y intensities normalized to 1000 for the 260-keV y ray.
b Values obtained from spectrum in coincidence with the 103-

keV y ray.' Values obtained from spectrum in coincidence with the 260-
keV p ray.

the part labeled (c) is the "'Cd enhanced spectrum,
and the part labeled (d) is the "'In enhanced spec-
trum. Spectra up to 7 MeV were obtained, but no

y rays above the one at 688 keV have been as-
signed to "'Cd. Hence only the Ge(Li) spectra
from 100-700 keV are displayed. "Cd peaks are
labeled with asterisks and the energies are given
in keV.

Standard sources of Na, Co, Ba, Ta, and
"'Ra were used to provide energy and intensity
calibration and map the nonlinearities of the sys-
tems. The centroids and areas of the peaks were
determined by a nonlinear least-squares method
in which the fitting function was a skewed Gaus-
sian. The energies and intensities of all but two
(277 and 325 keV) of the 11 y rays assigned to
"'Cd were obtained from the singles spectra.
Background peaks mask the 277- and 325-keV
peaks in the singles spectra. Hence ihe energies
and intensities of these y rays were obtained from
gated coincidence spectra, using the energies of
known Cd and u6In y rays to determine the en-
ergy calibration. Table I is a listing of the en-
ergies, intensities, and placements of the y rays
which have been assigned to the decay of 'Cd.

Two Ge(Li) detectors in 180' geometry were
used for the coincidence measurements. A stan-
dard arrangement of apparatus was used with
constant fraction timing and an acceptance window
of 60 ns. Beam deposition and counting occurred
simultaneously, and the tape was moved periodi-
cally to inhibit interference from long-lived pro-
ducts. Coincidence events were stored in a
buffered memory with a 4096 & 4096 channel array
and transferred to magnetic tape whenever the buf-
fer was filled. Spectra in coincidence with selected

I60—

120- 428. I

I- 565.~
&25.&'

l02+8 260 Io ~o (Ill 8

O

~o

( 120—
LLI

C
80-

(3

40-

260.I

9087 g6g 7 fl4I 4

(b) .

908.7 9697 II4I.4

900 I IOO
I

IOO 500 500 700

ENERGY (keV)

FIG. 3. Spectra in coincidence with y rays from
Cd at (a) 260 and (b) 428 keV. The symbol * indicates
Cd, and ~ indicates In.

peak and background gates were obtained by com-
puter sorting. A visual comparison of peak and
background gated spectra was made to determine
the coincidence relationships. Sample gated spec-
tra for the 260- and 428-keV y rays are shown in
Fig. 3, where the part labeled (a) is the 260-keV
gate and that labeled (b) is the 428-keV gate. The
energies are again given in keV. Table II is a
summary of the coincidence results.

HI. DECAY SCHEME AND DISCUSSION

TABLE II. yy coincidences observed in ' 6Cd decay.

Gating

energy (keV)
Definite

coincidences (keV)
Possible

coincidences (keV)

63
103
260
277
325
366
428
586

366
277, 325, 586

63, 103, 325, 366, 428
103

103,260
63, 260

260
103

260
260
586'

260'

'Not consistent with placement proposed in this work.

The y measurements described above were used
to construct the first available decay scheme for
"Cd. Our value for the "Cd ha].f-life of 0.506

+0.015 sec is considerably smaller and outside of
the range of values from about 2 to 200 sec pre-
dicted by the gross theory of P decay. '~ The half-
lives for "'Cd, "Cd, and" Cd are also con-
siderably less than the predictions of the gross
theory.

The "'In level scheme based on our y-ray singles
and coincidence data is shown in Fig. 4. It is diffi-
cult to precisely determine J"s for levels in "'In
since the strength of P feeding to the "'In ground
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FIG. 4. Decay scheme of Cd from this work.

state is not known and difficult to measure. Some
J" information can be obtained by assuming a
ground state P feeding and calculating the corre-
sponding log ft. A Qs of 4.6 MeV from the mass
tables of Garvey et a/. "was used. A discussion
pf the individual ' In levels fpllpws.

Ground state: The "'Cd ground state is O'. Odd-
odd In isotopes from ' 'In through ' 'In all have 1'
ground states. These states are described as
(ago~, ', vg, /, ')z ~+ The Z' for the "In ground
state has been postulated to be 2+ based on the de-
cay characteri. sties of bpth Cd and In. This
2' state may also be a member of the above multi-
plet. The strong y strength associated with "'Cd
decay was taken as additional evidence for J &1.
This case is a sharp contrast to that of "'Cd and
"Cd where np y strength was pbserved. Fpr

these cases the 1' for the In ground state allows
the P decay from the corresponding even-even Cd
nucleus to proceed through the In ground state
with greater than 94% of the total strength. The
case of "'Cd decay is similar to that for "'Cd in
that the associated y strength is quite large (com-
parable to that of the "'In daughter). Thus a first-
forbidden or higher P transition between the "'Cd
and "'In ground states is most plausible. As-
suming a log ft&5.9 (a P transition with log ft&5.9
must be allowed" ) then implies that the P feeding
to the ground state is less than 1%. We favor a
J' of 2' for the "In ground state. Higher spins
are improbable due to the absence of P feeding
from 8In tp the lowe. st-lying 4+ state in ~ Sn
determined in a parallel study in this laboratory.
A negative parity for the "'In ground state is un-
likely from systematics and observation of an al-
lowed P transition to the lowest-lying 2' state in' Sn. A less plausible but possible interpretation
is that J" for the ~~In ground state is 1' (0' is

rejected on shell-model grounds. )
2&0.~0+0.08-pep level. The strongest y ray and

the one with the richest y-coincidence spectrum
was at 260 keV. We thus postulate the first ex-
cited state to be at 260 keV. For a ground state
P feeding less than 93/0 the log ft for the 260-keV
level is less than 5.9. The y strength of the "'Cd
decay is probably inconsistent with P feeding to
the ground state of greater than 90%, therefore we
favor a J' of 0' or 1' for the 260-keV level.

308.0+0.6-&e V level. The existence of this level
is based on the 585- and 688-keV levels discussed
below and the definite coincidence between the
277- and 103-keV y rays. Because of the lack of
coincidence between the 277- and the strong 428-
and 688-keV rays, the 277-keV transition cannot
feed the 688-keV level. The other possibility is
that it depopulates the 585-keV level to a new level
at 308 keV. No y ray is observed between this
level and either the ground state or 260-keV level,
and no coincidence is observed between the 277-
and 260-keV y rays. A possible explanation is
that the 277-keV y ray populate. s an intermediate
spin "'In isomer which then P decays to levels in
"Sn. Similar isomers have been seen in other In

nuclei. ' The existence of this level is uncertain,
thus it is indicated by a dashed line in Fig. 4.

555.40+0.2 -ke V /evel. This level is based on
the lack of a coincidence between the 555-keV y
ray and any other y transition. We consider the
intensity of the 555-keV y ray large enough to
merit placement directly feeding the "In ground
state. A ground state P feeding of 90% gives
log ft=6.0 for the above level. Since such strong
P feeding is unlikely, as discussed above, we
favor a J' of 0' or 1' for this level.

585.4 + 0.2-ke V level. This well established
level is based on coincidences between the 260-
and 325-keV y rays and a good energy match with
the 586-keV crossover y ray. The P feeding to
this level cannot be shown to be nonzero within
our y-intensity uncertainties if internal conver-
sion of the 103-keV transition is considered. De-
population of this level to the 260-keV level im-
plies J ~3.

625.6 + 0.3-ke V level. This level is established
by coincidence between the 260-, 366-, and 63-
keV y rays. A consideration of possible converl-
sion coefficients for the 63-keV transition in-
dicates that only EI is possible. Assumption of

ilf1 for the 63-keV transition gives an intensity
into the 625-keV level that is over 50% greater
than the depopulating intensity. The level thus has
negative parity.

888.23 + 0.08-ke V /eve/. Most of the "'Cd P
strength populates this level. It is well esta-
blished by coincidences and a good energy match
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FIG. 5. Systematics of low-spin levels in neutron-rich odd-odd In nuclei.

between the various depopulating cascades. In
order for the log ft of this level to be greater than
5.9 the ground state P feeding must be greater
than 99.5/q. Since this is highly unlikely, the J"
assignment for this level is 0' or 1'. A 90%
ground state P feeding gives a log ft of 4.6 for the
688-keY level. One explanation for such a low

log ft is that a g, ~, neutron in "'Cd decays to a
g9/2 proton in ' In .

The only y ray not placed is the one at 653 keV.
It was not observed in any coincidence spectrum
but is too weak to place directly populating the

In ground state with any degree of confidence.
It is informative to compare the level structure

obtained for "'In with that of other odd-odd In
nuclides. Low-spin level structures from '"In
through "'In are compared in Fig. 5. The level
schemes for "~In, "'In, and '~In are taken from
( P, ny), ' (n, y) and (d, p),"and "'Cd decay, ' re-
spectively. Levels in Fig. 5 go up to 800 keV and
only levels with J&3 are included.

The ground states for "In through "In are 1'.
The only simple explanation for this J" is the
configuration (sg, h ', vg, t, '),+. A J" of 2' has
been postulated' for the "In ground state which
is probably mostly the same configuration. Most of
the levels in' In canbe described in terms of two-
hole configurations. Four of the seven levels could be
described as (sg,» ', vg, &, ')~. The negative parity
level at 626 keV could be (wP, g, ', vs, t, )z. We
have three levels at 260, 555, and 688 keV that
are probably 0+ or 1'. A two-hole description
can produce only one 1' and no 0' levels. Such
levels could be described in terms of three-hole

neutron states or particle states coupled to col-
lective vibrations. Levels in odd A In isotopes
have been described in terms of a Nilsson model

representation.
The density of low-spjn states in In is quite

similar to that for '"In and '"In. In contrast' In has a strikingly higher density of low-spin
levels below 300 keV. Description of this higher
level density would require contributions from
three-hole neutron or collective states at en-
ergies considerably below those necessary for
other odd-odd In nuclei. It is not clear why such
a, sudden state density increase appears, al-
though it may be associated with the fact that "4In
has two more neutron holes than "'In. In this
regard it would be of interest to obtain more
j.nformatjon on low-spin states in In, In, and
"'In. Detailed decay studies of ' Cd, ' Cd, and
"'Cd would be enlightening but would require high
intensity sources since most of the P feeding is
to the corresponding In ground states which all
have J
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