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Hjgh spjn states have been studjed jn Rb usjng the 54Fe(28Sj 3pn)78Rb and 56Fe( Sj,~pn) Rb re-
actions at laboratory energies of 103.5 and 108 MeV. y-y coincidence and y-ray angular distribu-
tion measurements were performed. New states were found at 1511[10' '], 1908[11' '], 2929[13' '],
4143[(15 )], and 1004[8' '] keV above the bandhead state. The latter state is probably the 4' ', 5.74
min isomeric state whose excitation energy lies somewhat above 103 keV. The states populated in
this reaction group into two decay sequences which appear to be rotational bands. The moment-of-
inertia parameter fi /~ is about 20 keV. There is a close similarity to the level structure of Br.

I. INTRODUCTION

This investigation of the yrast levels in Rb is part of a
continuing study' of the collective properties of nuclei
in the mass 80 region using heavy-ion fusion-evaporation
reactions. There is increasing evidence' ' that the neu-
tron deficient nuclei with about 40 protons and neutrons
are strongly deformed and can provide new information
about rotational motion in nuclei. For example, band
crossings involving a change of signature splitting have
recently been reported in 'Kr (Ref. 10) and 'Sr.

Some evidence of band structure has been reported" in
Rb. A sequence of states was observed up to five units

of angular momentum above the bandhead. The band-
head is believed to be a 6 min isomer with J=4. The se-
quence of levels is rather similar to one seen in Br, ' '
another nearby odd-odd nucleus. It has also been com-
pared to the E"=—,

'+ band in Kr.
Rb was produced in the present work using the

Fe( Si,apn) Rb and Fe( Si,3pn) Rb reactions at
103.S and 108 MeV. y-ray angular distributions and de-

cay curves and y-y coincidence spectra were measured
with both reactions. Because Rb was produced strongly
in two different reactions, we have analyzed the two data
sets separately to provide a consistency check and a means
of estimating uncertainties. Our results on Rb agree
with those of Mariscotti et al. " and extend the two se-
quences of levels they reported up to probable spins of 8
and 15.

II. EXPERIMENTAL PROCEDURE

Si beams were accelerated to energies of 103.5 and 108
MeV with the Florida State University Super FN tandem
accelerator. The negative Si ions were stripped to a
charge state of 9+ in the terminal of the tandem. Midway
down the high-energy column they were stripped again'
to a charge state of 12+ or 13+ for the 103.5- or 108-MeV
beams, respectively. Typical beam currents on target were
5—15 nA. The targets consisted of about 400 pg/cm of
iron evaporated onto a gold foil. Natural iron (92% Fe)
was used for the Fe target, while isotopically enriched
iron (93% Fe) was used for the Fe target.

TABLE I. The relative yields of coincident y rays in the yrast decay sequences in 'Rb measured with the ' Fe( Si,3pn) Rb reac-
tion at 108 MeV. These values have been corrected for the relative efficiencies of both y detectors.

Gate
(keV) 153 155 186 245 308 366

E~ (keV)
398 406 430 552 773 805 1021 1214

153
155
186
245
308
366
398
406
430
552
773
805

1021
SUMb

116
23
66

67
a
5

54
12
34
25
81

268

48
a
7

45
8

32
25
77

191

27
48

43
30
a

18
3

17
32
25

205

66
83
63

32
50
18

27
20
26
73

200

12
24

28
10

51

25
72

60
79

26
30

26
7

46

21
62
73

332

37
44
30
19
11
33

59

47
117

23
16
19
12
9

28
13

29
54
34

46
21

142
124

23
20

20

24
94
87

38
68
47
20
22

48

72
184

27
29
52
23
15
88

40
197

45
81
21
39
22
54

'Obscured by false coincidences due to Compton scattering between the detectors.
Sum of the 155, 186, 245, 366, and 430 keV gates.
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III. y-y COINCIDENCE MEASUREMENTS

As mentioned before, we have treated the Rb data
from the two reactions separately. The results of the y-y
coincidence measurements on Rb from the Fe+ Si
reaction are summarized in Tables I and II, while those

56 28from the Fe+ Si reaction are given in Tables III and
IV. The coincidence yields in these tables have been
corrected for the energy dependence of the relative effi-
clcIlclcs of llotll detectors —thc oIlc lll wlllcll thc gate was
placed and the one in which the coincident peak yield was
integrated. The absence of an entry in these tables indi-
cates the absence of a convincing peak. In some cases,
poor statistics or contaminant lines may have obscured
peaks which would be expected to be present.

All of the entries in Tables I—IV are based on indi-
vidual coincidence spectra, except the lines labeled
"SUM." The latter come from spectra summed from the

TABLE II. The relative yields of coincident y rays in the
yrare decay sequence in Rb measured with the

Fe( Si,3pn) Rb reaction at 108 MeV. These values have been
corrected for the relative efficiencies of both y detectors.

Gate
(1 eV) 1S3 22S 377

E, (keV)
348278 S03 626

The y rays were detected with two lithium-drifted ger-
manium [Cie(Li)] detectors with energy resolutions of 2—3
keV and relative efficiencies [compared to a 7.6&&7.6 cm
NaI(T1) detector] of 19% and 27% for 1.33 MeV y rays.
Conventional fast-slow timing techniques were used for
the y-y coinridence measurements, and the results were
recorded event by event on magnetic tape for subsequent
off-line analysis. The detectors were placed at 90' to the
beam direction and the real to random coincidence ratio
was greater than 25.

To sort the y-y coincidence data, digital gates were set
on each detector for a given y ray, and the resulting coin-
cidence spectra were added together, after compensating
for small differences in the energy calibrations. In addi-
tion, spectra in coincidence with equal-width background
gates were subtracted to approximately remove the back-
ground from Compton-scattered events.

The y-ray angular distributions were measured by mov-
ing the 27% efficient detector to angles of 0', 35', S5', and
90' relative to the beam. The measured angular distribu-
tions were least-squares fitted to the series of Legendre
polynomials:

P(8)=c4p[ 1 + QpP2(cos8) +04P4(cos8) ]

y spectra were also measured at various time intervals
after the beam was removed from the target to construct
decay curves of the P-decay activities.
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FIG. 1. The spectrum of y rays in coincidence with other y
rays of 1SS, 186, 244, 366, and 430 keV produced in the bom-
bardment of Fe with Si at 108 MeV. y ra s in Rb are la-
beled with their energy in keV. Those in other nuclei are labeled
by the nucleus. The lines labeled "C" result from Compton
scattering of strong singles y rays from one detector into the
other.

4000i
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155+185+244 ~ 567~
450 keV Gates

"Rb

155, 186, 245, 366, and 430 keV coincidence gates. This
sum improves the statistical accuracy for determining in-
tensities, energies, and branching ratios as well a f
dls 1

as of
esp ayrng the data. These summed coincidence spectra

for the yrast cascade are shown in Figs. 1 and 2 for the
54F 56e and Fe targets, respectively. Similar sums were not
useful for the yrare cascade because fewer gates are in-
volved and one, the 278 keV gate, is dominated by y rays
from Coulomb excitation of the Au backing.

78The Rb level and decay scheme implied by these coin-
cidence measurements is shown in Fig. 3. The lower por-
tion of this decay scheme is in agreement with that de-
duced by Mariscotti et al. " They have reported states up
to 1105+x keV in the yrast sequence and up to 656+x
keV in the yrare sequence. We have observed all the y
rays which they reported, as well as ones at 503 and 552
keV. A possible 400 keV transition between the 553+x
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FIG. 2. The spectrum of y rays in coincidence with other y
rays of 1SS, 186, 244, 366, and 430 keV produced in the bom-
bardment of Fe with Si at 108 MeV.
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TABLE III. The relative yields of coincident y rays in the yrast decay sequence in 'Rb measured with the ' Fe( 'Si,apn) 'Rb reac-
tion at 108 MeV. These values have been corrected for the relative efficiencies of both y detectors.

Gate
(keV) 153 155 186 245 308 366

E~ (keV)
398 406 430 552 773 805 1021 1214

153
155
186
245
308
366
398
430
773
805

1021
SUM

74
20
63

60
32
47
26
15
36

230

68

30
85

86
55
62
53
26
45

243

22
29

61
16
46
19

26
24

9
136

39
51
36

25
38
16

26
19
22

170

7
38

26

57

38
45
32
35
15

18
62
28
27

115 244

29
34
19
26

33
86
14
24

179

11
18

34

10

108

38
36

25

77
24
55

144

3
12

24

16
43

28
21
30
30
39

19
47

11
41
16
37

60

85

145 181

51
34
11
22

59
51
32

304

25

188

(I5-)-—
I

I

l2 I4
I

I

4I43+X

2929+X

IO2I

and 153+x keV states has not been drawn in Fig. 3 be-
cause the evidence for it is weak. Its energy it too close to
be adequately resolved from the 398 keV y ray and it ap-
pears to be present in the 805 keV coincidence gate in only
one of the two measurements (Tables I and Ill. In addi-
tion, we have observed a number of transitions from ener-

gy levels higher than those reported by Mariscotti et al. "
The question of the spin and excitation energy of the
bandhead will be discussed in Sec. V.

The new levels are generally well supported by the ob-
served coincidence relations. There is a small possibility
that the 1021 keV transition ends on the 10 rather than
the 11 level. A 1021 keV peak was seen in the 398 keV
gate in the reaction on Fe (Table III), but not clearly for
the ' Fe target (Table I). Hence, we cannot be certain
whether the two transitions are in coincidence. If the
1021 keV transition ended on the 10 state, a 623 keV
M1 transition would be possible and would be consistent
with the decays of the other states. No evidence has been

seen for a 623 keV y ray in coincidence with other Rb
lines.

The 1214 keV transition and 4143+x keV level are
probable, but not certain. A 1214 keV y ray is seen clear-
ly in the summed coincidence spectrum on the Fe target
(Fig. 2), but weakly, if at all, on the Fe target (Fig. 1).
The 1214 keV y ray is too weak to be seen in most of the
individual coincidence gates and too weak to be used as a
coincidence gate. Hence, this transition and the level that
it implies are drawn as dashed lines in Fig. 3.

Table V presents a comparison of the y-ray energies
measured in the two parts of this experiment with the ear-
lier results of Mariscotti et al. " Where possible, the
present y energies were determined from the summed
coincidence spectra of Figs. 1 and 2. Yrare y energies
were determined from individual coincidence spectra.
The y-ray energies determined from the two reactions on

Fe and Fe are quite consistent and there is excellent
agreement between our averaged values and the results of
Mariscotti et al. " In the latter work y rays at 397.5 and
405.7 keV were reported, but not placed in the decay
scheme. They were unambiguously placed in the present
decay scheme because of the observation of crossover
transitions.

The branching ratios measured in the present work are
listed in Table VI. The y-ray intensities were determined
from the coincidence spectra, especially the summed coin-
cidence spectra where possible. The branching ratios re-

I
I(-)

805
IO(-)

398
I I

773 406
9(-)

( )
552 366

l86
6(-) 4/0 245
5(-) li55
4(-) „308
0(+)

l9 08+X

I5I I+ X

I105+ X 8(-)

738+ X 7( )

553+ X
308+ X

JINA

626 348
503 „ 278

578 2/5

1004+X

656 +X
378+ X

l53 +X
X
0

Gate
(kev) 153 225 278

E
348 377 503 626

TABLE IV. The relative yields of coincident y rays in the
yrare decay sequence in Rb measured with the

Fe( Si,apn) Rb reaction at 108 MeV. These values have been
corrected for the relative efficiencies of both y detectors.

"Rb
FIG. 3. The level scheme of Rb as deduced from the

present work and that of Ref. 11. The energies of the states and
transitions are listed in keV. The state of unknown energy "x"
is discussed in Sec. V.
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TABLE V. A comparison of y-ray energies.

Fe target
Ez (keV)

Fe target Average Previous'

20-
021

152.9
155.3
185.7
225.3
244.5
278.5
308.2
347.5
366.6
377.2
397.7
406.1

430.7
503.0
551.7
625.8
772.7
804.5

1020.4
1212.6

'Reference 11.

152.7
155.0
185.8
224.8
244.6
278.1

307.9
347.7
366.1

376.8
397.4
405.3
429.4
503.5
552.2
625.5
773.5
805.2

1021.2
1215.8

152.8+0.2
155.2+0.2
185.8+0.2
225.1+0.2
244.6+0.2
278.3+0.2
308.0+0.2
347.6+0.2
366.4+0.3
377.0+0.3
397.6+0.3
405.7+0.4
430.2+0.6
503.2+0.4
552.0+0.4
625.7+0.4
773.1+0.5
804.9+0.7

1020.8+0.7
1214.2+2.0

152.6+0.2
155.2+0.2
185.6+0.2
225.0+0.2
244.4+0.2
278.5+0.2
307.7+0.2

366.8+0.2
377.6+0.2
397.5+0.2
405.7+0.2
429.7+0.2

16-

6-
5-

60-
—50-
(D

40-
c) 8

C3 6-
C!

c'

22

20-

18-
&as

0.0 0.2 OA 0.6 0.8 1.0
Cos2 8

FIG. 4. Angular distributions of some of the Rb y rays
measured in the ' Fe + Si reaction. The smooth lines
represent Legendre polynomial fits.

ported are the averages of those obtained from the two re-
actions.

IV. ANGULAR DISTRIBUTIONS

The angular distributions of the y rays were measured
at angles of 0', 35', 55', and 90' at a beam energy of 103.5
MeV. The results for some of the Rb y rays obtained
using the Fe target are shown in Fig. 4. Also shown in
this figure are Legendre polynomial fits to the data, as
described in Sec. II. The resulting Legendre coefficients
averaged from the measurements on the Fe and Fe tar-
gets are listed in Table VII. It was not possible to mea-
sure the angular correlations of all of the Rb y rays be-
cause some were too weak to stand out clearly in the sin-
gles spectra or were overlapped by other, stronger lines.

Because of the alignment produced in heavy-ion
fusion-evaporation reactions, ' the angular distributions
of stretched E2 transitions have positive az coefficients

TABLE VI. Branching ratios in Rb.

in the range of 0.2—0.4, while those of predominantly
stretched M1 transitions have negative a2 coefficients.
The signs of the a2 coefficients in Table VII agree with
those of Mariscotti et al. " for all of the transitions they
reported. The spin assignments implied by these results
are shown in the level scheme of Fig. 3. A reliable angu-
lar distribution could not be obtained for the weak 1214
keV y ray. The tentative spin assignment of 15 shown
in Fig. 3 is based upon the energy vs J(J + I ) systematics
(see Sec. VI). The uncertainties in the a4 coefficients are
probably larger than the statistical uncertainties listed in
Table VII. It is difficult to estimate the nonstatistical er-
rors introduced by the subtraction of the Compton
scattering background under peaks. Such errors introduce

TABLE VII. Legendre polynomial coefficients for the angu-
lar distributions of Rb y rays measured with the Fe+ Si
and Fe+ Si reactions at 103.5 MeV.

E (keV)

E„
(keV)'

308.0
377.9
656.2
738.4

1003.8
1104.8
1510.5
1908.1

(keV)

155.2
225. 1

278.3
185.8
347.6
366.4
405.7
397.6

Branching

ratio
(%)

70+5
51+10
55+12
55+ 10
28+5
82+5
32+13
44+ 10

'Excitation energy above the bandhead.

Ey
(keV)

308.0
377.0
503.2
430.2
625.7
552.0
773.1

804.9

Branching

ratio
(%)

30+5
49+10
45+ 12
45+10
72+5
18+5
68+13
56+10

153
155
225
245
308
366
398
406
430
773
805

1021

—0.37+0.10
—0.23+0. 10
—0.46+0.08
—0.25+0.07

0.24+0.09
—0.15+0.08
—0.16+0.06
—0.84+0. 17

0.20+0. 11
0.24+0.08
0.30+0.17
0.14+0.07

—0.01+0.05
0.07+0.05
0.06+0.07
0.02+0.07
0.15+0.09
0.10+0.09
0.04+0.06
0.13+0.15
0.08+0. 11
0.06+0.08

—0.11+0.17
0.11+0.07
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TABLE VIII. Relative intensities of y rays from the decay of Rb.

E~ (keV)

455
562
664

I(17.66 m)

10000b
1815+15
186+ 6

I*(5.74 m)'

10000b
35+10

4734+45

I(present work)

10000b
c

4850+250

'Reference 14.
"Normalized to 10000 counts.
'No peak observed.

fluctuations in the angular distributions which affect the
higher order Legendre coefficients much more than the
lower ones.

The implication that all of the observed levels have the
same parity comes from the b.J=2 crossover transitions.
For example, if the 378+x keV state had a parity oppo-
site to that of the x keV state, the 378 keV transition
would have M2+E3 character. If the M2 transition
strength were as much as 1 W.u. , the upper state would
have a lifetime' in excess of 300 ns and the 378 keV y
ray would have been well outside the coincidence time
window. Parentheses have been placed on the parity
values of the states in Fig. 3 because the parity assignment
of the bandhead is not firm (see Sec. V).

V. THE BANDHEAD STATE

A major question remaining is the nature of the state at
the bottom of the observed decay chains, which is prob-
ably the bandhead of the yrast rotational band. Rb is
known' ' to have an isomeric state with a half-life
(t~~2) of 5.74 min, while the ground state (g.s.) has
t&&2 ——17.66 min. Mariscotti et al. " have identified the
bandhead with the 5.74 min isomeric state.

To test this identification, we have measured the decay
curves and relative intensities of some of the y rays from
the P decay of Rb. The following results were obtained
from the Si+ Fe reaction at 103.5 MeV, and similar
results were observed with the Si + Fe reaction. Decay
curves for the two strongest y rays are shown in Fig. 5,

2000-

!000—
800-
600-

400-

200—

100 I

6
t, (min)

I

12

FIG. 5. Decay curves of transitions in 'Kr produced by the
P decay of ~'Rb. The straight lines represent the expected decay
of a single activity with a half-life of 5.74 min.

along with lines representing a decay half-life of 5.74 min.
The data agree well with the 5.74 min activity, except at
longer times after bombardment. The departures from
these lines are more likely to be due to y rays of similar
energies from other nuclei, rather than to a 17.66 min

Rb component. This is especially true for the 664 keV y
ray which is produced very weakly in the decay of the
17.66 min g.s.

Further evidence that the heavy-ion reactions used in
the present work populate predominantly the 5.74 min
isomer comes from the relative intensities of the decay y
rays. Table VIII compares the relative intensities of the
455-, 562-, and 664-keV lines immediately after bornbard-
ment in the Si+ Fe reaction at 103.5 MeV with the re-
sults of Bavaria et al. ' for the two Rb activities. We
conclude (in agreement with Ref. 11) that the present re-
actions populate predominantly the 5.74 min isomer and
that the observed y decays in Rb must end on that state.

Spins of 0 for the 17.66 min g.s. and 4 for the 5.74 min
isomer have been assigned' ' in atomic beam measure-
ments. The P-decay measurements' strongly favor parity
assignments of 0+ and 4 for these states. These parity
assignments are in agreement with the Nilsson model con-
figurations proposed by Ekstrom et al. These authors
have suggested predominant configurations of
0+[+[422—,]v[422 —,']I and 4 trr[422 —,']v[301—,']J for the

Rb g.s. and isomer, based on the active particles in the
—', + g.s. of 7 Rb and the —,

'+ g.s. and —', excited state of
Kr. The measured magnetic moment of the Rb 4

state (pi ——2.56 pN) is in close agreement with the theoret-
ical value implied by the proposed configuration.

The remaining question is the excitation energy of the
bandhead. A 103 keV transition is known to be associat-
ed' ' with the Rb isomer. Two arguments show that
this could not be an M4 transition between the 4 and 0+
states. First, the internal conversion coefficient' for the
103 keV transition is about 0.3, which is consistent with
an M1+E2 transition, rather than M4. Second, the 5.74
min half-life and 8% branching ratio would imply' an
M4 transition strength of 5 X 10 W.u. , which is unrealist-
ically large. Even if one of the parity assignments were
incorrect, the 103 keV transition would have an unreason-
ably large E4 strength of 10 W.u.

Hence, an intermediate state must be involved in the y
decay of the 4 level, which then lies somewhat above 103
keV. We have followed the convention of Mariscotti
et al. " by labeling the excitation energy of the bandhead
as "x." The value of x is probably' somewhat larger
than 103 keV. A 46.8 keV y ray has also been observed'
in the decay of the 4 isomer, but its placement remains
uncertain.
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VI. DISCUSSION

Our results for Rb are in good agreement with those
of Mariscotti et al. " and extend the level structure to
higher spins. Some uncertainty remains about the nature
of the bandhead state, but it appears to be the J=4, 5.74
min isomeric state which lies somewhat above 103 keV.
Its parity is probably odd.

The level scheme of Fig. 3 is relatively simple for an
odd-odd nucleus in this region and probably results from
the selectivity inherent in the reaction process. The exci-
tation energies of the two independent sequences of decay
cascade's have been plotted as a function of J(J+1) in
Fig. 6. The relative linearity of the graphs suggest a rota-
tional band interpretation of the sequences and a tentative
assignment of J =15 for the 4143+x keV state. The evi-
dence for a yrare rotational band built on the 378+x keV
state is weaker since only three members of this possible
band have been seen. The slope of the curve for the yrast
band implies a moment-of-inertia parameter fi /~ of
about 20 keV. This represents somewhat more deforma-
tion than some nearby odd nuclei, such as Rb (Refs. 4
and 8) (24 keV), 'Sr (Refs. 1 and 3) (25 keV), Kr (Ref.
21) (29 keV), and Kr (Ref. 22) (30 keV). A similarity be-
tween the level schemes of Rb and Br has already been
pointed out. " If the Br bandhead also has a spin of 4A,
then the A' /2 value' of 21 keV is very close to that of
"Rb.

A number of the even J states lie somewhat below the
average line on the J (J + 1) plot of Fig. 6, showing a
weak signature splitting in the yrast band. A similar ef-
fect is seen' in Br and stronger signature splitting is
seen in the positive parity yrast bands of many odd nuclei
in this region.

It is not clear why M1 transitions were not seen above
the 11 state, although a similar effect may occur' in

(D

O

3
O

CQ

0)
O

2—

QJ

LLI

0

x

P
/

/
/

/

0—

100
~(~.1)

I

200

Br. Increasing transition energies and collectivity may
simply favor E2 decays more. It is also possible that the
signature splitting changes so as to raise the 12 and 14
energy levels, which would reduce the decay probabilities
to them. The signature splitting could change as a result
of a band crossing, such as has been seen in 'Sr (Ref. 3)
and 'Kr (Ref. 10). More evidence is needed to choose be-
tween these or other possibilities.

This work was supported in part by the National Sci-
ence Foundation.

FIG. 6. Excitation energies above the bandhead of the states
observed in the present experiment as a function of J(J+1).
For convenience, a scale of J is also indicated. The straight line
segments merely connect the points.
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