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High-spin states in ' ' In have been investigated using the Mo(' F,2pxny)' " In

reaction. In-beam measurements of y-y coincidences, y-ray excitation functions, and y-ray

angular distributions were performed with Ge(Li) detectors, one of which had a NaI

Compton suppression shield. Level schemes for ' 'In and ' 'In have been constructed up

to states with I = {29/2 ) and (16 ), respectively.

NUCLEAR REACTIONS Mo( F,2pxn y) ' In, E = 65 —105

MeV; measured E& y-y coincidences, y-ray angular distributions.

In deduced high-spin states. Enriched target. Anti-Compton
spectrometer.

I. INTRODUCTION

The indium isotopes have one proton hole in the
Z = 50 shell. From transfer reactions' the three
lowest lying states in the odd In nuclei are well esta-
blished as g9/2 p 1/2 and p3/2 proton-hole states.
The structure of the corresponding core nuclei, the
Sn isotopes, has been described by neutron quasipar-
ticle excitations (e.g., Ref. 3). In the region around
Z = 50 data also exist supporting an interpretation
of the observed level schemes in terms of a small
deformation. Low-lying low-spin positive parity
states in the odd indium isotopes have been suggest-

ed ' to be members of a rotational band associated
with the Nilsson orbital —, [431]. In the even

1+
" Sn nuclei the observation of a quasirotational

band has been reported, where the band head is

supposed to be the first excited 0+ state. Potential

energy calculations for odd In (Ref. 5) and even Sn
(Ref. 7} nuclei have actually given a minimum for
the band heads in question at a moderate prolate de-

formation (e 0.2. and 0.1, respectively). The even

Cd (Z = 48) isotopes are known to exhibit rotation-
al characteristics ' due to a small deformation.

In the odd ""In nuclei multiplets of states
have been found, ' "arising from the coupling of a

g 9/2 proton hole to a quadrupole phonon of the
even Sn core. High-spin states in 'O9In (Ref. 12)
and "'In (Ref. 13) have also been interpreted within

a hole-core coupling model.
In a recent study' of high-spin states in ' In a

rotor + two quasiparticle model has been suggest-

ed for the lower band. Level sequences of negative

parity states between 3 and 10 observed in the
odd-odd " " In nuclei were explained by the

(trg9~2} '(vh t &~2) configuration considering a two-

and three-parameter effective neutron-proton interac-
tion. ' Reference 16 investigates how the coupling
mode in the odd-odd nuclei may be influenced by
the positions of the Fermi surfaces and the deforma-
tions P and y.

In this situation it seemed interesting to extend

the.existing high-spin investigations to the neutron--
deficient region at Z = 50. This is done in this pa-

per by studying high-spin states in ' In and ' In.
Particularly for the ' In nucleus the previous infor-

mation on high-spin states was very scarce.
The present y spectroscopic study is part of a

program, extending recent studies of yrast lines in
light nuclei, ' for investigating high-spin states
in nuclei near closed shells, where coexistence of
single particle and collective behavior is expected.
In the course of this program we have recently in-

vestigated yrast lines near the closed shells Z = 20,
N=20('' Cl, K, Ca) ' Z=28, N=28
( ' Fe) andZ=50(' Sn, ' In) ' andtheP+
decay of high-spin isomers in ' ' ' In and
100,102A 26

II. EXPERIMENTAL PROCEDURE AND
RESULTS

The experiments were performed at the Emperor
Tandem at the Max-Planck-Institut in

Heidelberg. Excitation functions, angular distribu-

tions, and y-y coincidences were measured for y
transitions in ' In and ' In produced in the
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FIG. 1. Total projection y-y coincidence spectra of the reaction Mo(' F~yz) measured at E~,b ——70 MeV. The
upper part shows the spectrum taken with the anti-Compton spectrometer; in the lower part the corresponding spec-
trum of the unshielded Ge(Li) detector is displayed. Energies are given for the lines attributed to ' 'In and ' 'In and for
the ground state transitions of ' Cd and ' Sn, respectively.
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FIG. 2. Examples of y-y coincidence spectra (background subtracted) from the Mo(' F,2p2n)' In reaction at 70 MeV.
An arbitrary number of 50 is added to the intensity.
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Mo(' F~yz) reaction. The Mo target enriched to
98% in Mo consisted of a 2 mg/cmz thick Mo
layer sputtered onto a Pb backing of -50 mg/cm .

In the y-y coincidence measurements two Ge(Li)
detectors were used with eAlciencies of 26%. The
energy resolution was typically 2.3 keV at 1332
keV. One of the Ge(Li) detectors was equipped
with a NaI(Tl) Compton suppression shield giving a
Compton background suppression factor of better
than 8:1 (see Fig. 1 and Ref. 27). From statistical
model calculations with the computer code CAS-

CADE ( written by Piihlhofer ) the appropriate ' F
beam energy was chosen to be 70 MeV, to enable
a simultaneous study of io7, )osIn and iosSn. In Fig.
1 the total projections of the coincidence spectrum
are displayed. The Ge(Li) detectors were placed at
+90' with respect to the beam axis. The y-y-ht
events were stool on magnetic tape with a PDP
11/45 computer, and further analysis was done with

a DEC 10 computer. The coincidence counting
rate was kept at about 120 Hz and a total of
1.6 X 10 events were recorded. Examples of coin-
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FIG. 3. Examples of y-y coincidence spectra (background subtracted) from the Mo(' F,2pn)' In reaction at 70 MeV.
An arbitrary number of 50 is added to the intensity.
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FIG. 4. Relative yields of some @transitions in ' In
as a function of bombarding energy in the

Mo(' F,2p2ny) reaction. The intensities are normalized
to that of the 1415 keV line.
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FIG. 5. Relative yields of some y transitions in ' In
as a function of bombarding energy in the

Mo(' F,2pny) reaction. The intensities are normalized
to that of the 214 keV line.

cidence spectra corrected for accidental and back-
ground coincidences are shown in Figs. 2 and 3.

Singles y-ray spectra were recorded with the anti-
Compton spectrometer placed at 90' relative to the
beam line for beam;. nergies between 65 and 105
MeV .varied in step of 8 MeV. In Figs. 4 and 5 re-
lative excitation fui. .ctions of a number of y transi-
tions, corrected for angular distributions, are shown.
For ' In the total production yield at E»b ——105
MeV was too low to allow an accurate analysis.

T,'he angular distributions were measured at four
angles (0', 35', 55', and 90') at Ei,b

——70 MeV. The
measurements were made with the anti-Compton

The experimental data were compared to this
function in a least-squares analysis, where the mix-
ing ratio 5 was changed in steps of 1' for arctan5
between —90' and 90'. For the population of the
magnetic substates a Gaussian distribution around
m = 0 with a width u was assumed. The values of
o were varied between o ~ 1.5 —3.5.

The analysis of the angular distributions was
made on the basis of a 99.9% confidence limit. In
cases of more than one possible solution, the one
with the smallest

~

6
~

was taken. Slight variations
in cr did not change the results of the fits. The spin
assignments were made assuming that high-spin
states subsequently decay to states with lower spin.
For small nonzero values of the mixing ratio 5 the
multipolarity of the given transition was assumed to
be of mixed M (A, )E (A, + 1) type. Examples of g
fits are shown in Fig. 6. The results are summarized
in Tables I and II.

III. THE LEVEL SCHEMES

The proposed level scheme for ' In is shown in

Fig. 7. Very little was known before about high-

spin states in ' In. In a low-spin study of Dietrich
et al. the three lowest transitions seen in this work
below the 1415 keV level were observed. In a study
of the even Sn isotopes some of the strongest lines
in ' In were tentatively assigned to ' Sn in view of
excitation function results from the ' Cd + u
reaction. However, the excitation curves for the

(a,pxn) and [a,(x + 1)n] reactions are similar in

this case, which our statistical model calculations for
this reaction have also shown. Moreover, compar-
ison of the total production cross section of ' In in
the Mo(' F,2p2n)' In reaction as a function of
the beam energy with CASCADE calculations indi-
cates that the observed lines really belong to ' In,
as can be seen From Fig. 8.

9+
The ground state has been established as a —,

state, similar to the ground states of the odd" In isotopes. The two low-lying —, and —,

states known as p ~~2 and p 3/p proton-hole states
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FIG. 6. Least-squares analysis of the angular distributions of some transitions in ' In and ' 'In, respectively.

could, because of the reaction mechanism, of course
not be seen in this work.

The angular distribution coefficients of the 150,
439, and 1415 keV transitions are typical for
hI = 2 transitions, and a parity-conserving E2 as-

signment to these transitions is consistent with the
mixing ratio values obtained. Levels with I

13 +
and —, have been observed in the odd ' " In
nuclei' ' at excitation energies similar to those in'" In

For the 791 keV transition no reliable angular
distribution analysis could be performed, as it was
strongly admixed by a transition of the same energy
in ' Sn. It was not possible to regolve the 204
keV line from the very strongly seen 204.9 keV
transition known from the P+ decay of ' In. This
transition was assumed to be of M 1/E2 multipolar-

ity, which is consistent with the systematical
behavior found in the neighboring In isotopes. Fi-
nally, proper corrections were made for adrnixtures
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TABLE I. Energies (Ez), intensities (Iz), Legendre coefficients of angular distributions
(A zzQ 44), deduced multipole mixing ratios (5), minimum value of g fit, and corresponding
spin-parity combination of initial and final state for the observed y transitions in ' In.

Ez (keV) 322 2+ red J; —+ Jf

150.4

158.9

204.0

316.2

393.3

413.9

438.8

611.8

791.2

1001.4

1415.3

1429.7

1438.2

61.3

5.5

14.0'

3.3

11 9'

24 4'

3.5

17.6'

27.2

74.0

1 1.7

8.3

0.41(3)

—0.13(4)

—0.11(3)

—0.18(2)

—0.04(1)

0.33(2)

—0.19(4)

0.01(2)

0.31(2)

0.16(5)

—0.18(3)

—0.16(3)

—0.05(4)

—0.03(3)

0.04(2)

—0.00(1)

—0.06(3)

0.13(4)

0.08(2)

—0.09(3)

0.07(5)

—0.05(3)

—0.01(4)

—0.06(7)

0.26(9)

0.97(24)

0.03(8)

—0.30(11)

—0.06(3)

0.03(3')

—0.31(7)

—0.04(2)

0.01(3)

—0.13(3)

0.07(3)

—0.02(3)

—0.69(9)

—0.07(4)

0.03(5)

—0.18(4)

0.15(8)

0.01(3)

—0.89(15)

0.03(15)

—0.28(9)

0.35(22)

0.29(14)

0.03(16)

0.00(4)

4.9

4.9

5.2

0.2

4.9

0.4

1.2

1.2

2.8

1.8

1.7

2.4

2.4

0.05

0.9

4.4

4.4

4.0

4.7

1.3

2.5

4.6

1.8

2.4

1.9

2.1

5.0

21 + 17 +
2 2

23

2

25

2

21—
2

21—
2

21 21—
2 2

19 21—
2 2

17 21—
2 2

11+ 9+
2 2

7 + 9 +
2 2

13+ 9+
2 2

9 9+
2 2

21 — 17 +
2 2

19 + 17+
2 2

17 17 +
2 2

15+ 17+
2 2

13 17 +
2 2

23 — 21 +
2 2

23 + 21 +
2 2

19 21 +
2 2

17 21 +
2 2

27 — 25—
2 2

23 — 25—
2 2

13 + 11 +
2 2

9+ 11+
2 2.

17 + 13 +
2 2

13 13 +
2 2

29 — 27—
2 2

25 — 27—
2 2
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TABLE I. (Continued)

E~ (keV) 322
2'+ red J jT J'Ir

—0.03(7)

—0.39(12)

'Intensity deduced from coincidence intensities.
No coefficients given because the lines are strongly contaminated.

'Intensity corrected for admixed line (see text).

5.0

3.7

19 21 +
2 2

17 21 +
2 2

1

TABLE II. Energies (E~), intensities (I~), Legendre coefficients of angular distributions
(A 22+44}, deduced multipole mixing ratios (5i, minimum value of g fit, and corresponding
spin-parity combination of initial and final state for the observed y transitions in ' 'In.

E~ (keV) 322 2+ red J; —+ Jf"

147.1

154.0

213.6

223.7

231.4

256.9
294.6

322.6

336.1

349.8

357.9

413.9
473.6

527.2
529.2
542.5

565.3

585.5
604.8

661.7

29.1

38.3

70.9

5.3

45.5

5b

1.2

5.0

14.1

9.5

4.1

9.3

26.0
30.8
13.1

8.9

6.4b

27.5

17.6

.
—0.24(2)

—0.25(2)

—0.26(1)

—0.23(3)

—0.27(1)

—0.41(6)

—0.25(3)

—0.28(2)

—0.10(2)

—0.27(3).

—0.19(3)

—0.15(2)'
—0.26(3)

—0.08(3)

—0.22(2)

—0.10(3)

—o.o3(2)

—0.01{2)

0.01(1)

0.04(3)

0.02(1)

0.16(5)

0.05(3)

0.05(2)

—0.01(2)

0.04(4)

—0.01(3)

0.05(2)
—0.05(4)

0.08(3)

0.07(2)

—O.O8(4)

0.02(3)
—0.09{3)

0.02(3)
—0.08(3)

0.04(4)
—0.12(4)
—0.01(3)
—0.05(3)

0.02(2)
—0.06(2)

0.19(6)
—0.08(8)

0.00(2)
—0.05(2)

0.01(2)
—0.06(2)
—0.08(3)

0.04(3)
0.01(4) .

—0.06(4)

0.06{4)
—0.01(5)
—0.06(4)

0.01(4)
0.04(3)

—0.10(4)
.1.4(3)

—0.10(6)
0.09(5)

—0.02{4)
—0.03(5)
—0.01(4)

0.03(5)
0.9(2)

1.5
1.6
1.6
1.9
0.7
1.4
0.7
0.6
2.0
2.9

4.3
4.8
0.9
0.9
3.4
3.3
0.4
04
1.8
1.8

0.2
0.2
2.6
2.5
0.7
0.8
4.5
1.9
1.9

4.2
4.1

2.9
2.9
4.6

10 —+9
8 ~9

11 ~10
9 ~10
8 ~7
6 ~7

10 ~9
8 —+9

12 ~11
10 —+ 11

14 ~13
12 ~13
11 ~10
9 ~10

13 ~12
11 ~12
11 ~10
9 —+10

13 ~12
11 —+ 12

14 ~13
12 ~13

9 —.8
7 ~8

11 —+ 10
9 ~10

10 ~ 10
15 ~14
13 ~14

10 ~9
8 ~9

15 —+ 14
13 —+ 14
14—+ 14
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E~ (keV)

TABLE II. (Continued).

X red
2 J; ~Jf

1119.7

1182.7

1329.9

1396.3

21.4

15.5

15.8

—0.29{2}

0.38(3)

0.38(4)

0.30(2)'

0.05(2)

—0.08(3)

—0.16(4)

—0.10(2)

0.02(3)
—0.13{5)
—0.43(10)
—0.05(6)
—0.47(19)

0.57(18)
0.28(8)

—0.02(3)
—0.56(11)

0.02(3)
—0.7(2}

34
3.4
4.9
1.9
2.0
4.1

4.2
3.8
4.3
1.8
4.3

7 ~6+
5

—~6+
9 ~8

10~8

8 —+8
7 —+8
6~8

10 ~8
8 —+8
9 —+7
7~7

'Angular distribution could not be analyzed due to strong admixture (see text).
Intensity deduced from coincidence intensities.

'Coefficients given for unresolved doublet.

to the 393 and 414 keV transitions from lines in

Cd and ' In, respectively.

(29/2 )

611.8

4651.8

(27/2-) ~~

' 393.3
(25/2 ) '

3646 7
(23/2 )4204.0

(21/2 )$158.9 3283 8

In Fig. 9 the proposed level scheme for ' In is
shown. The high-spin isomer (58 min} state of ' 'In

has been assigned I = 6+ from a P+/EC decay
study but also I 7+ has been suggested fol
this state from linear polarization measurements.
In this work the level scheme is based on the 6+ as-
signment of the ground state. The assignment of the
1120 keV line feeding the ground state as an E1
transition is in agreement with the linear polariza-
tion data of Ref. 14. From the level scheme and
the spins established by the lines E& ——214, 1330,
1396, and 147 keV it follows (see Table II} that the
1183 keV line is a strongly mixed
(5 =——0.43} M I/E2 transition. This conclusion is

300—

2320.7

2004.5

2795.7

1854.1

1415.3

1001.4

(23/2, 25/2)

(23/2)
V~~5O. I

F~~/al

y9

ID

Y/

"07In

g (21/2+);
~vi~('+& V

13/2+

11/2+

9/2+

FIG. 7. Level scheme proposed for ' In. The widths
of the arrows are proportional to the decay intensities in
the Mo(' F,2p 2ny)' In reaction at 70 MeV.

200—

Q~ 100—

0 I

60 75 80 85 90
ELAB (~ev)

FIG. 8. Statistical model calculations of the total
yields of residual nuclei in the reaction Mo(' F,xyz) as a
function of bombarding energy compared to the experi-
mental yield of the 1415 keV line in ' In. The experi-
mental yield was normalized to the calculated value for

In at 89 MeV. Only the calculated curves for the
three strongest populated residual nuclei are shown.
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supported by the linear polarization results of Ref.
14. Except for the two E2 transitions 1330 and
1396 keV, all other lines observed are found to have

angular distributions consistent with M 1 multipolar-

ity, i.e., all states found above the 7 level at 1119.7
keV have negative parity.

For the 257, 414, and 585 keV transitions no reli-
able angular distribution information could be ob-
tained, as these lines were strongly admixed by tran-
sitions in ' Sn, ' In, and ' Sn, respectively. This
made the placement of the 257 keV line somewhat
uncertain; however, it clearly belongs to the band
with the 358, 474, and 565 keV lines. As the ma-
jority of the lines observed has M 1 character, an
M 1 multipolarity was assumed for the 257, 414,
and 585 keV transitions in the proposed level
scheme.

IV. DISCUSSION

A. '"In

For the first two excited states in ' In observed
in this work, we propose, because of the selectivity
of the reaction for high spins, the highest of the spin
values suggested by Dietrich et al. (I = —, and

13 +
, respectively). All the higher lying levels are

introduced here for the first time.
The level characteristics of high-spin states in
In and "'In have been interpreted within a

0
108y~

FIG. 9. Level scheme proposed for ' 'In. The widths
of the arrows are proportional to the decay intensities in
the Mo~&9F,2pny~iosIn reaction at 70 MeV.
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X 't—
UJ

1415 13/2+

1001 1'I/2+

1206 2+

0— 0 9/2+

107In

0+

'o8sn

FIG. 10. Positive-parity states in ' In compared with

corresponding states in ' Sn {see text).

hole-core coupling model. ' ' Figure 10 shows a
comparison of the observed positive-parity states in

In with the corresponding states in ' Sn. Cal-
culations made for the one-phonon multiplet with
the hole-core coupling model have shown fairly
good agreement with experimental results for the

'"In (Refs. 12,13) and ""In (Refs. 10,11) iso-
topes. The coupling of a g9/2 proton hole to a
one-phonon excitation of the ' Sn,core may also
adequately describe the situation in ' In as can be
seen in Fig. 10. The theoretical predictions for a
two-phonon multiplet in "'In (Ref. 13) were in
poorer agreement with experiment. This disagree-
ment was assumed' to be due to the nature of the
4& state in " Sn which cannot be considered as a
pure two-phonon state, but is more likely a two-
quasiparticle state, as this is the case also for the
6~+ state. So, the —, state in "'In was suggested
to be a hole-two-quasiparticle state. ' Similarly, a

17 + 21 +
reasonable explanation of the —, and —, states
in ' In within a hole-core coupling picture is the
coupling of a g9/2 proton hole to the excited two-
quasineutron ' Sn core states with I = 4+ and
6+, respectively (cf. Fig. 10). The dominant confi-
gurations of these two-quasiparticle core states
should be (vd 5/2), (vg7/2), and (vd 5/2)(vg7/2).

The sequence of positive parity states in ' In
shows resemblances to that in "'In. ' However, no

15 +
state has been found in ' In, and another

difFerence is the considerable lowering in excitation
energy (~700 keV) of the —, and —" states in
107

2 2

In compared .to "'In. The properties of the
positive-parity states in ' In as observed in Ref. 12
are somewhat different. There, surprisingly, no
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state has been identified. Furthermore, a long-
21 +

living (Ti&2 ——0.21 s) I = —, isomeric state de-

caying via an M 3 transition was observed, ' which
these authors could not explain within the hole-core
coupling model.

In Fig. 11 the negative-parity states identified in

In are compared to the corresponding core states
in ' Sn.' One can see also that for the negative-

parity states in ' In a hole-core coupling picture
could qualitatively account for the level sequence.

The "rotational-like" band structure of the
negative-parity high-spin states in ' In connected by
EI = 1 transitions can also be seen in ' '"In.' '
As the even Cd isotopes can be well described
within a rotational model ' one could think of ex-
plaining the features of the negative-parity states in

In by a one-quasiparticle + slightly deformed
rotor model. However, neither in ' In nor in

""in (Refs. 12,13) have EI = 2, E2 transitions
between the band members been observed.

B 10sIn

The level scheme for ' In as proposed by Elias
et al. ' is extended by many new high-spin states.
The main part of the level scheme of Ref. 14 is con-
firmed; however, their "extra" cascade formed by
the 237 and 1396 keV transitions we have preferred
not to assign to ' In. In Ref. 14 this assignment
was made only on the basis of excitation function
measurements. In this case this is a rather dubious
procedure, as at least the 1396 keV line is strongly
admixed. Also, the relative excitation function of
the 237 keV line does not convincingly look as if .

the transition deexcites a high-spin state in ' In.
The dominance of EI = 1 transitions in the level

scheme is striking. Similar to the situation in ' In,
rotational-like bands occur with only a few inter-
band transitions. This may lead to an interpretation
with a two-quasiparticle + slightly deformed rotor
model. Calculations with such a model have been
carried out in Ref. 14 and the results fairly well

4652 29/2

4—
4P

X

UJ

4040 27/2

3647 25/2

3443 23/2
3284 21/2

4257 10

4177 9

3587 7
3561 8

107In 108Sn

reproduce the lower band built on the 7 state at
1333 keV. A similar model has been found ap-
propriate to describe the features of the odd-
odd ' ' Tl nuclei ' which also have one proton
hole in a closed shell (Z = 81).

In Refs. 33 and 34 the model of the odd-odd Tl
nuclei was a deformed Hg core plus two quasiparti-
cles. Thereby each level of the ground state band in
the core nucleus would give rise to two yrast states
with a difference of one spin unit, thus leading to a
AI = 1 band in the Tl spectrum. ' Cd, which is
known to show rotor properties, would be the cor-
responding core for ' In.

As the energy gap between the band heads of the
two dominating bands corresponding to the 1396
keV transition is comparable to the excitation ener-

gy of the 2i+ state in " Sn (1212 keV), another pos-
sible interpretation, as suggested in Ref. 14, is that
these band heads are built up by a (mg9g2)

' X
(vh ii~2)

' configuration coupled to the 0+ and the
one-phonon 2+ states of the "Sn core, respectively.

It is a pleasure for the authors to thank Dr. R.
Manner for his effective help in setting up programs
for the PDP 11/45 computer.

FIG. 11. Negative-parity states in ' In compared with

corresponding states in ' Sn (see text).
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