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Signature inversion and the first observation of a magnetic dipole band
in odd-odd rubidium isotopes: 82Rb
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High-spin states if?Rb were studied through th#zn(*0,p3n) reaction at 56 MeV beam energy via a
thin target coincidence measurement. The known sequence of positive-parity states built dnstae6at
191.3 keV was extended up to spin 14, and signature inversion was observed around spin 11. Above spin 8 the
observed properties of this band indicate a rotationlike structure. A new high-lying level sequence connected
by Al =1 transitions was identified. This magnetic dipole sequence is built on a newy (gdel at 2617.3 keV
excitation energy which is interpreted asmdgg,,)?® m(Pas. s ® vgg, four-quasiparticle state at small
guadrupole deformationS0556-281®9)04301-7

PACS numbes): 21.10.Re, 23.20.En, 23.20.Lv, 27.5@

I. INTRODUCTION A=~200 observations of loniy11 bands with only wealE2
crossover transitiongl3] have been successfully interpreted
Collective high-spin bands built on low-lying isomers using the concept of tilted rotation or the so-called “Shears
have been observed in a variety of neutron-deficient odd-odthechanism”[14]. The fastM 1 transitions are generated by
nuclei in the mass 80 region, such &’®Br [1-3] and agradual alignment of the highproton and neutron angular
76.7%b [4,5], providing evidence for the occurrence of well- momenta along th(_a direction of the total spi_n. This effect is
deformed nuclear shapes with a quadrupole deformation dyredicted to occur in weakly deformed nuclei throughout the

,~0.38. However, the deformation depends strongly on th&hart of nuclides, including the mass 80 reg|d$). Initial
occupation of the proton and neutron intruder hjglgy, ewderr]]cr? has been ::ound |r; odd-mass.f'nugaj,lﬂf and a
subshells, in particular on the lo@-orbitals. With increas- search has been performed for an identification of suetia

ing neutron number towards the neutron shell closurbl at barllzirlln asn izdg;%ddalfi? n;;;?ur?hents of 1o the around
=50 this deformation-driving feature diminishes and the ex- y sp panty 9 9

. L . " “"state and 5 to the long-lived isomeric state in odd-od¢Rb
perimental excitation spectrum can be well explained in th%vere based on a radioactive decay measureffsit Ex-

framework of the spherical shell model, as recently demonéi,[ed states in®2Rb were investigated previously with the
strated for the odd-odd nucledRb [6]. » 81Br(«a,3n) reaction[17] where six transitiongand another
For the nuclei in-between, the transitional character mayentatively were assigned to a band structure in this nucleus.
be enhanced leading to a very fragile coexistence of excitgyqever. spins and excitation energies of the levels could
tion modes based on differengedeformatﬁons. Especially, it pe given unambiguously since it was not clear at that
the odd-odd nuclefY [7] and **Nb [8] with 45 neutrons, e if the sequence was built on top of thé ground state
the intrudergg, subshell is half filled and has already lost ;. o long-lived 5 isomer. This problem was solved in
most of its deformation driving capability. The competition 5, iher experiment employing the’*Br(a,n) and
of ggj protons andjgy, neutrons in these nuclei yielded mod- 78Se(Li,3n) reactions[18,19 where the energy of the S
erate deformations qf,~0.17 for the rotationlike positive- isomer was identified to be at 68.3 keV and the known decay
parity high-spin band with the occurrence of signature inversgq ence was found to feed into this isomer. Thus, states up
sion at spin 11. In addition to the$é=45 nuclei, signature 4 5 (10)) level at 1281 keV were observed, just below the
inversion was observ%%ré the positive-parity yrast sequencegpected spin range where signature inversion may take
of the lighter odd-odd *"®*Rb isotope$4,5,9,1q at spins 9 place. Therefore, a thin target coincidence experiment has
and 10. Thus, the present investigation was motivated by thgaa carried out using a heavy-ion reaction to populate high-

quesFion how this structural effect may b%Zexhibited in thespin states. Early results have been reported elsevjaete
heavier but less-deformetl=45 odd-odd °“Rb nucleus.

Prior to the present work, there was no information available

for states withl >10 in #Rb.
. . Il. EXPERIMENTAL TECHNIQUES
Further, in several odd-mass Br, Kr, Rb, and Y nuclei, Q
fastM 1 transitiond B(M1)~0.6 Weisskopf unitkbetween A thin target coincidence experiment was performed via

high-spin states have been identiffdd,17], which are built  the %8Zn(*®0,p3n) reaction at 56 MeV beam energy. The
on highK three-quasiparticle states. In heavier nuclei with'®0 beam was provided by the Florida State University
Tandem—Superconducting LINAC facility and incident upon

a 0.8 mg cm? self-supporting metallic Zn foil enriched to

*Present address: Los Alamos National Laboratory, Los Alamos99% in 8Zn. The y rays emitted during the bombardment
NM 87545. were recorded with the Pittsburgh-Florida State Universities

0556-2813/99/5@)/71(11)/$15.00 PRC 59 71 ©1999 The American Physical Society



72 DORING, ULRICH, JOHNS, RILEY, AND TABOR PRC 59

detector array21] consisting of 8 high-purity Ge detectors at used as gate for other transitions in coincidence. A renormal-
the time. Each Ge detector had an efficiency of about 25%zation of the DCO ratios obtained from the 123 keV gate by
and was Compton-suppressed by shields made out af factor of 0.5 was applied as necessary for comparison with
bismuth-germanatéBGO). Two detectors were placed at a DCO ratios deduced frofa2 gates. Furthermore, DCO gates
forward angle of 35°, two detectors at 90 °, and four detecwere set on otheAl =1 transitions such as the 207 and 416
tors at 145°. Care was taken to adjust the electronic tim&eV as well as the 411 and 473 keV transitions. Individual
window at about 100 ns to include somewhat coincidence®CO ratios are given in Table | together with the gating
with slow Ge-detector time signals usually generated by low-conditions.
energyy rays. Also, the thresholds in the fast timing elec-
tronics were set at about 40 keV for each Ge detector to
accommodate for the known low-energy transitions at 45.6  Ill. LEVEL SCHEME OF %Rb AND SPIN-PARITY
and 64.2 keV of the positive-parity sequence. About ASSIGNMENTS
1.5x 10° prompt events were stored on 8 mm tape. After
energy calibration of each coincident event taking into ac-
count the Doppler shift of the rays, the events were sorted  The new®2Rb level scheme as deduced from our experi-
into a triangular matrix containing all prompt coincidence ment is shown in Fig. 1. The knowi8] band of positive
events(from 28 detector paijs and into a square matrix parity built on the low-lying 6 level at 191.3 keV has been
where the events from the forward and backward detectorextended up to a 1) state at 4015.9 keV. Two coincidence
were sorted against the 90° detector eve(i® detector gates, set on the 563 and the 980 keV transitions, are dis-
pairs. played in Fig. 2. The highest observed transition is a 1464.2
It should be mentioned that thé®Q,p3n)8Rb reaction keV vy ray depopulating the spin 14 state. DCO ratios have
channel is weak £8%) compared to the dominating pure been determined for th&l=1 and 2 transitions up to spin
neutron evaporation channels leading $8%Sr isotopes 14 leading to firm spin assignments. There is good agree-
which have about 22% and 37%, respectively, of the totament between the ratios determined from the 980 K/
yield. Also, the adjacent odd-mass nucle®?®b [22] was gate and the renormalized ratios deduced from the 123 keV
produced to some extent<(10%) via the ¢%0,p2n) reac- E1 gate. The small ratio for the 64.2 keM =1 transition
tion. The y-ray energies, relative intensities, and spin andmay be caused by different Ge detector efficiencies at this
parity assignments of transitions assigned®#®b are sum- low y-ray energy rather than dipole-quadrupole mixing.
marized in Table I. The yrast nature of the states and the strame 2 intra-
To help in spin assignments the square coincidence matrikand transitions provide evidence that both decay sequences
was analyzed with respect to directional correlation of ori-are signature partners, despite the detection of only two
ented nucleiDCO) ratios whenever possible for the transi- (three Al=2 transitions in the odd-spifeven-spin decay

A. Positive-parity yrast sequence

tions of interest. This ratio is given by sequence above thé'8 state. Further, an interesting feature
of this yrast band is that intense interconnectitig=1 tran-
l,,(35°,1459 gated byy, at90° sitions such as the 562.6, 620.9, and 632.0 keV transitions
Rpco= (1) have been observed only in one direction, from odd-spin to

,,(907) gated byy, at35°,145 even-spin states. For the other way around,Alhe 1 tran-
sions are weak or missing. Thus, for the (12
The interpretation of the DCO ratios is most straightfor- —.11(*)649.5 keV transition, an upper intensity limit could
ward when gating is carried out on stretcHe® transitions.  be estimated only from the 123 keV gdsee Table). How-
In this case DCO ratios of about 1.0 and 0.5 are expected fasver, this particular decay feature provides additional evi-
stretched Al=2 and Al=1 transitions, respectively. If dence for the bands being signature partiiseg Sec. IV A
dipole-quadrupole mixing is included, then the DCO ratio for  Positive parity for the 6 bandhead state was inferred
aAl=1 transition may vary between 0.2 and 1.8 dependingreviously from angular distribution and polarization mea-
on the amount of mixing and the nuclear alignment. Ambi-surementg18]. It is supported by the recently measurgd
guities may also occur since an unstretched dure O tran-  factor [25]. For the states above it positive parity is tenta-
sition is expected to have a ratio slightly larger than 1, i.e.tively given only due to the uncertainties with the 45.6 and
similar to a stretche?2 transition[23,24. 64.2 keV transitions. Both transitions hava b= 1 character
The onlyE2 transition known in®?Rb before the present based on the measured angular distribution coefficigrds
work is the 980.4 keV 107—8(*) transition [17,18.  An almost pure multipolarity oM 1 is expected because of
However, in using this transition, only a small fraction of the the low transition energies and their observation in prompt
new lines assigned t8°Rb can be analyzed. Therefore, we coincidences. However, a1 nature cannot be completely
also used the low-lying 123.0 keV 6-5 transition ruled out. The fact that the states in this band are yrast fur-
which has arE1 charactef18] as a gate. The thresholds in ther supports th11 nature of the 45.6 and 64.2 keV tran-
the Ge detector coincidence circuit were set low enough anditions and thus positive parity for the states since the yrast
the time window wide enough to have a very good coinci-bands in most odd-odd nuclei in this mass region have posi-
dence efficiency at this energy. The DCO ratio for the 123.Qive parity.
keV y ray in the 980.4 keVE2 gate is close to 0.5, as A transition at 839.5 keV was observed in coincidence
expected for a stretched dipole transition, andl 2 admix-  with the 562.6 keV line establishing a level at 1703.2 keV.
ture seems to be very unlikely based on the measured lifeFhis sidefeeding transition is not a part of the rotationlike
time of the 6" level [18,25. Therefore, this transition was yrast sequence and may demonstrate shell-model influence.
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TABLE |. Experimental results for states fffRb.

Eeve® I7P° I7e E,“ 1, Rpco' E2gate? Rpeo" Al=1gate? oL’
(keV) (keV) (keV) (keV)
191.3 6" 5 123.01) 1002) 0.503) 980  0.485) 411+473 E1l
209.2 6" 17.82)!
255.5 7(H) + 64.21) 654) 0.226) 980  0.343) 123 M1)
301.1 8+ 7(0) 45.62) 5512 (M1)
3935 (6.,77) 5- 325.41) 20(2) 0.9716) 963  1.0815 411+473 (E2)
484.0 6 5 415.71) 27(3) 0.51(4) 207 M1/E2
538.5 (6) 7(H) 283.02) 3(1) 0.81(19) 123
575.4 (5) 6" 38392 ~1
690.6 7 6” 206.61) 21(2) 0.595) 416 M1/E2
0.657) 411+473
(7—} 296.83) 3(1) 1.0512 325 (M1/E2)
7 435.23) 2(1) (E1)
6" 499.43) 2(1) 0.5815) 123 E1l
5- 622.53) ~1 (E2)
704.5 (6) (5) 129.03) ~1
495.13) 2(1)
734.0 ) 8(+) 433.13) 2(1)
6" 542.642) 3(1)
771.0 6 233.33) ~1
863.7 9(+) 8(+) 562.61) 25(2) 0.564) 123 M1
898.9 ) (6) 194.43) 2(1)
6 707.53) 3(1)
10249 (8 (7) 125.93) 3(1)
6 833.43) 7(1) 1.0416) 123 (E2)
1084.4 7 7 393.42) 5(1) 0.918) 207+416 M1/E2
6 600.95) 4(1) 0.5310) 416 M 1/E2
12108 (9 (8”’} 186.02) 2(1) 0.81(13 123 (M1/E2)
7t 955.33)  6(1) 0.8715) 123 (E2)
12815 107 9(+) 417.72)  4(1) 0.638) 123 M1
8(+) 980.41) 31(2) 1.128) 123 E2
1356.5 (8,97) 7 6661) ~1
(67,77) 963.02 182 1.1211) 325 E2
8(*) " 1055.25) 2(1) (E1)
1703.2 109 9(+) 839.52) 10(1) 0.4512) 123 M1/E2
1732.4  (9) 7 1041.84) 13(2) 0.7811) 207+416 E2)
1844.1  (9) 7" 759.13) 7(1) 0.8215 207+416 (E2)
8(+) 15431)  2(1) (E1)
1902.4 119 107 620.92) 12(1) 0.544) 980 0.527) 123 M1/E2
9(t)  1038.43) 5(1) 0.9916) 123 E2
1962.7 10M) 9" 1099.42) 4(1) 0.4310) 123 (M1/E2)
22909 111 107 587.43)  3(1) 0.5613) 123 M1/E2
2395.1 (10,117) (87,97) 1038.64) 16(2) 1.0911) 325 E2
2551.7 127 11007 261.13) ~1 (M1)
117 649.54) <1 (M1)
107)  1270.23) 12(2) 0.957) 980  0.9713 123 E2
2617.3 (1T) (107,117) 222.42) 6(1) 0.9412 325 0.698) 411+473 (M1/E2)
(97) 773.03)  6(1) 1.1519) 411+473 (E2)
(97) 885.13) 3(1) (E2)
10077 913.93) 3(1) 0.5014) 123 (E1)
2709.7 (11) (97) 977.13) 41 (E2)
30279 (12) (117) 318.03) ~1 (M1)
(11*? 410.62) 142 0.60100 325  0.539) 123 M1
3183.8 137 1+ 632.03) 4(1) 0.4912) 123 M1/E2
117 1281.44) 5(1) 0.9319) 123 E2
3501.0 (13) (127) 47312 112 0.4910) 123 M1
0.446) 207+416
40159 147 127 1464.25) 6(1) 1.1(2) 123 E2
4048.7  (14) (137)  547.13) 8(2) 0.568) 411+473 M1
0.448) 207+416
47172  (15) (147)  668.54) 3(1) (M1)

3 evel energy.
bSpin and parity of the initial state.
°Spin and parity of the final state.

Transition energy. Uncertainty is given in units of the last decimal.

°Relative y-ray intensity determined from the triangular matrix.
'DCO ratio as deduced from tHE2 gate given in next column.

9Gate energy used to determine the DCO ratio.

"Renormalizeddivided by 2.0 DCO ratio as deduced from thiel =1 gate.

'Multipolarity of the transition.

lobserved in data set of RefL8].
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FIG. 1. Level scheme of odd-oddRb as deduced from the present experiment. Spin and parity assignmefitsiod 5~ for the ground
state and the long-lived isomer, respectively, as well as assignments for some low-lying states, have been taken frbén18efs.

The 1703.2 keV level is fed by two weak transitions at 587.7seen in Fig. 3 where three samples of background-subtracted
keV and 913.9 keV. The latter one provides a link to a newcoincidence spectra are shown. Two gates, the 325 and 416

high-spin dipole sequence. keV lines, represent low-lying transitions fed through the
depopulation of the high-lying band, whereas the 473 keV
B. High-lying magnetic dipole band ray is a member of thal =1 sequence.

) i ] . The new band shows the following featuré$:The decay
This structure is unique fof?Rb and has not been seen in gyt of the lowest level at 2617.3 keV proceeds through sev-
another odd-odd Rb isotope. The band is built on the level agral transitions to positive- and negative-parity states. No
2617.3 keV. The coincidence relationships of transitions indecay preference is observed based on the relative intensities
volved in this newAl=1 high-spin level sequence can be of the transitions involved(ii) The band contains four

T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Gate 563 keV

COUNTS

Gate 980 keV

L T T T T T T T T T
1000 1200 1400 1600

ENERGY (keV)

FIG. 2. Samples of background-corrected coincidence spectra relevant for the extension of the positive-parity level sequence. The
transitions assigned t&Rb are marked with their energy in keV. Open symbols are used to indicate contaminations from known transitions:
square, 977 keV if?Rb; triangle,®%r; circle, 8%Sr.
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FIG. 3. Samples of background-corrected coincidence spectra relevant for the higlklyi sequence. All transitions assigned to
82Rb are labeled with their energy in keV. Contaminant transitions f#¢#n are labeled with open circles and lines not assigned are marked
with the letter X.

Al=1 transitions.(iii) No crossover transitions between A spin 11 assignment to the 2617.3 keV level seems to be
Al =2 states of the band were observed within our statisticalhe best choice; however, it leads to a contradiction with the
limits. spin and parity assignments of Gmade previouslyf18] to

The DCO ratios for the 410.6, 473.1, and 547.7 keV tranthe level at 393.5 keV. This level is populated via the decay
sitions clearly indicate @l=1 character. To deduce these branch containing the 963.0, 1038.6, and 222.4 keV transi-
ratios, gates were set on several low-lyiag=1 and 2 tran-  tions from the 2617.3 keV level. The coincidence relations
sitions. The ratios extracted from the established 123 ke\are certain and the energies match up quite well. The 393.5
gate contain large errors; therefore, another depopulatiokeV level decays further by a 325.2 keV directly to the iso-
path via theAl=1 transitions at 206.6 and 415.7 keV hasmeric 5 state. In case of the previously madé &ssign-
been used as well. Both transitions were assumed to be akent a spin difference of 6 would have to be carried away by
most pureM 1 in character based on the angular distributionthree transitions, including a parity change. Howevel 2
coefficient measured in Ref18]. In this case a smalE2 assignment to one of the transitions can be excluded due to
component does not affect the deduced DCO ratios muchheir observation in the prompt coincidence measurement.
Therefore, the adde@07 + 416 ke\j spectra were analyzed For example, the assumption o2 character for the 325.2
with regard to the higher-lying transitions. The results werekeV transition would imply a level lifetime of at least 630 ns
renormalized by a factor of 0.5 for comparison wid®2

gated DCO ratios. In this way, consistent results emerged for 600 4 .
the high-lying transitions supporting thel =1 nature. The T Gates 411 +473 keV, seton 907 |
uppermost 668.5 keV transition is too weak and too close in 400 - § & § o - N
energy to a tentatively placed low-lying linking transition. g v ",’ e £ 3
Therefore, no reliable DCO ratio could be extracted for it. 200 T ' -
Further, the gates set on the 411 and 473 keV transitions» . /“J“\l MJJ\M"W}W
of the high-lyingM 1 band have been added and analyzed as 0
well to deduce DCO ratios, in particular for the low-energy = 600 ' 1230 Gates 411 + 473 keV seton 35 145°
lines at 206.6 and 222.4 keV. The gated spectra from which © SN - 1
these DCO ratios were determined are shown in Fig. 4. In- 400+ § § e £ N
dividual results for a few lines are given in Table | too. The 7 g9 i N l Sl .
intensity pattern of the 206.6 and 222.4 keV lines is very 200 T ]
similar in these spectra which are gated by transitions above 1 y
both lines. Thus, it is likely that the 222.4 keV line has a 0 S L L VA £ LI o L Ll
Al=1 character too. It should be noted that the measured 100 200 300 400 500 600
DCO ratios for the 773.0 and 759.7 keV decay sequence ENERGY (keV)

depopulating the 2617.3 keV level are compatible with an

E2 nature of these transitions. However, no DCO value FIG. 4. Background-corrected sum spectra used to extract DCO
could be extracted for the 885.1 keV transition due to limitedratios for several transitions. The 411 and 473 keV gating transi-
tions are members of the new high-lying magnetic dipole band.

statistics.
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to obtain aM2 transition probability below the recom- O T T
mended upper limit of 1 Weisskopf urii26]. 30F . 2 N
The positiveA, angular distribution coefficient measured W0[ o g 0mg0-0-0"" / \ / \ / \ ]
— e}
Y ]
e]
o

previously[18] and the present average DCO ratio of 1.02 ok
for the 325.2 keV line can also be understood when a spin L ToRb ]
and parity of 7 are assumed for the 393.5 keV level. This or, P T P S R S
would lead to anE2 nature of the 325.2 keV transition.

However, the measured linear polarizat{d8] would be in
disagreement. Further, a 6assignment might be possible

30

nE A /°“'\O/.\o/ \

o
L O g

s

<
for the 393.5 keV level since strong dipole-quadrupole mix- 8 1or ¢ - ]
ing (6~ +2.3) of the 325.2 keV transition can account for = oF IRI? 1
the observed DCO ratio and the previously measured angular A L A
distribution coefficients. The 6 possibility does not, how- @ 30p o o« N ]
ever, remove the disagreement with the previously measured ;L 20} o0 \O/\/\ .
polarization. A weak line at 296.8 keV has been seen in a oL Q % ]
coincidence with the 325.2 keV transition which provides a - \ 80Rp
link to the known 7 level at 690.6 keV. Sinc&2 decay is or, L A S U S S
extremely unlikely for the 296.8 keV transition, its occur- ok o . 1
rence contradicts the earlief fassignment to the 393.5 keV L N\ 0"
level. The likelyM1/E2 character of the 296.8 keV line is 20 ¢ ]
consistent with both possible spin-parity assignments of 6 10 §
and 7 discussed above. ol o~ 82Rb

In conclusion, both spins are possible from the current D S S T T VR T T

data, with the 6 assignment somewhat favored. Further, the

strong population of the 393.5 keV level in the,f) reac- SPIN (%)

tion [18] supports the lower spin assignment with a strongly i, 5. Normalized energy difference for the positive-parity se-
mixed 325.2 keV decay to the Sisomer. However, due t0 guences inf2Rb and lighter odd-odd Rb isotopes as a function of
these assignment problems, both spin possibilities are giveiie spin of the initial state. Fullopen circles represent even-spin
for the sequence feeding into the 393.5 keV level. Also, alliodd-spin values. The experimental data were taken fréiRb,
spins for the high-lyingM 1 band are given in parentheses. Ref.[4]; "®Rb, Ref.[5]; 8%Rb, Refs[9,10].

C. Additional states feeding into the 5 isomer called the moment-of-inertia parameter within the rotational

There are additional weakly populated levels which decaynodel, is shown in Fig. 5. For comparison, also the known
mainly to the low-lying 6 ,7(*), and 8*) states, e.g., via data for ">’88Rp are plotted. In all four nuclei, a zig-zag
transitions at 383.9, 495.1, 597.6, 707.5, 833.6, and 955.Battern is inferred, with a phase change at spin 1$?Rb.
keV (see left-hand side of Fig.)1This new side structure is This happens at the same spin as in the headvied5 odd-
not connected to the other high-spin sequences. The lowsdd nuclei®4Y and ®Nb. A similar phase change or signa-
energy connecting transitions are weak in intensity. The levelure inversion is seen experimentally in most of the lighter
at 704.5 keV excitation energy decays via the 129.0 an@ddd-odd Rb isotopes but at lower spins, e.g., at spin 9 in
495.1 keV transitions. The observed coincidence of the 495.757Rb and spin 10 in®®Rb. The signature inversion ob-
keV transition with the 123.0 keV line points to the presenceserved in odd-odd?Y [27] takes place again at spin 9.
of a low-energy 18 keV transition not seen in this experi- Different explanations for signature inversion have been
ment. However, an inspection of the unpublished Lepsoffered, mainly for nuclei in the mass 150 region. This in-
GeLi) coincidence data set of R€f18] measured via the cludes the responsibility of highdintruder orbitalg 28] and
(a,n) reaction shows, e.g., low-energy lines at 17.8 and 20.4heir respective filling, shape fluctuatiof29], the influence
keV in coincidence with the 123.0 keV transition. The 17.80f the proton-neutron interactioi80], and Coriolis mixing
keV transition fits the energy difference quite well, and thuswithin an axially symmetric rotor plus two-particle model
alevel at 209.2 keV is introduced. The proposed spin assigri31]. The effect has also been seen in the 120 mass re-
ments for the side levels are partly based on DCO ratiogjion, i.e., in thewh,,,® vhyy,, bands[32—-34. It has been
deduced from the 123 keV gate. Additional weak transitiongpointed out[35] earlier that the signature inversion in the
at 132.5, 344.8, 892.2, and 1346 keV have been seen imass 80 region is related to the filling of the higtgg,
coincidence with the 123.0 keV transition but not placed intoproton andgg, neutron subshells and reflects the transition
the level scheme. from mainly single-particle excitations at low spins to more

rotational(collective motion at higher spins. In the odd-odd
IV. DISCUSSION Rb chain, the shift from spin 9 to 11 seems to be correlated
) _ _ o ) with the nuclear quadrupole deformation, which decreases
A. Systematics of signature inversion in odd-odd Rb isotopes from 757Rb (8,~0.38) towards 82Rb (8,~0.2). But

The extension of the high-spin positive-parity sequence irwithin the N=45 chain,®’Rb, %, and Nb, the signature
8Rb provides evidence for signature inversion around spirinversion remains at spin 11 indicating only moderate defor-
11. The normalized energy difference of the states, alsmation changes.
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FIG. 6. Kinematic moments of inertia for the positive-parity ~ FIG. 7. Ratio ofM1 to E2 transition strengths deduced from
bands in8Rb, 8°Rb [9,10], and 84y [7]. Solid (open symbols Al=1 and 2 transitions in the positive-parity bands #Rb and
represent signature=0 even-spin sequencexE&1 odd-spin se- 84y [7] as a function of the spin of the initial state. Points corre-
guence. A value ofK=6 has been used in the analysis. The hori- SPonding to even-spifodd-spin states are shown with fulbpen
zontal dashed line represents the moment of inertia for a rigid roSymbols.

tation of an oblate nucleus with=82 and| ;| =0.20. energies andy-ray intensities, e.g., s€88]. Experimental
values are shown in Fig. 7 for the bands®iRb and®Y. In

The regular increase in energy spacing of the yrasextracting these values, a possible but small dipole-
positive-parity band above spin 8 fffRb and its similarity guadrupole mixing for theAl =1 transitions has been ne-
with other bands in nearby odd-odd nuclei points to a rotaglected which is supported by the measured DCO ratios. In
tionlike character. To probe this similarity, the kinematic any case, a small quadrupole contribution does not change
moments of inertia of the yrast bandsifRb, adjacenf’Rb  the ratio much.
[9,10], and 84Y [7] were deduced from the experimental en- Large alterations occur in thB(M1)/B(E2) ratio, and
ergies and spins using the standard cranked-shell model fofbe band in®Rb behaves very similarly to previous obser-
malism [36] and are plotted as a function of the rotational vations for yrast positive-parity bands in adjacent odd-odd
frequency in Fig. 6. After the irregularities at low spins the nuclei, such as®Rb|[5], 82Y8[427l #4Y [7], and ®*Nb [8]. To
kinematic moments of inertia stay almost constant and somdlustrate this similarity, the*®¥ values are shown in Fig. 7
what below the rigid-body value in the frequency range offor comparison since the positive-parity band Y is

0.4 to 0.7 MeV. At higher frequencies an increase occurs irtnown to much higher-spin states and its collectivity has
the 8°Rb and #%Y values which has been associated with P€€N probed by lifetime measurements. The amplitudes may

guasiparticle alignment. The moment of inertia for a rigidly \slgg;rgrr?aggcgeeus tﬁdqufrlaerlljssi,tiglrjltftrza/ f‘r:évzil/ser?cscplfrrl \;v(;t?h?e
fgatzlggis Zgﬁl\ffndaesfcggsgher:ju%eeu?n I\éYgAG ?tziszri]\(/jeLBiﬂ firstodd-spin state is much weaker than vice versa. Since in a
' . T collective structure the intrabariR transition strengths usu-
order Ofl% accordmgo to Ref[37] by Jii = (2/5)AmR[ 1 ally vary smoothly with spin, the alterations can be associ-
— (5/4)7*B,c0s(120 ° )] where A is tlr)f_mass number, ated with the variations in thil 1 strengths, as demonstrated
m is the average nucleon mas®y=roA™" is the nuclear py two-quasiparticle plus triaxial rotor calculations for odd-
radius withro=1.2 fm, andy represents the triaxiality pa- odd 8482 [7,27]. In this model theM 1 transitions from an
rameter which is here 0°(60°) for a prolate(oblat®  odd-spin state to the lower even-spin state are strong because
shape. In general, the rigid-body moment of inertia does nothey involve a change in the quasiparticle-core coupling
vary much with deformation, e.g., for a nucleus wi¢h  only, while those from even-spin to odd-spin states are much
=82 from 21.5%#%/MeV at a spherical shape to weaker because they involve changes in the rotational states
28.3 2/MeV for an oblate-deformed nucleus with3,|  of the core. A possible triaxiality of the nuclear shape does
=0.5. In the frequency range of 0.4 to 0.7 MeV, th&kb  not change the phase in tB{M1)/B(E2) ratios but rather
values for the moment of inertia are about 15% lower wherthe amplitude which is sensitive to the contributions from the
compared to®Rb and34Y which may be caused by a lower 0dd proton and the odd +neutr0n to the tokall strengths.
deformation off?Rb. However, the relatively constant values Thus, the weak 12)—11") 649.5 keV transition between

of J® suggest an onset of collective rotational behaviorsignature-partner states can be understood well in terms of
above statgeg']s with spin 8 the established systematics. However, the weak 261.1 keV

Besides the moments of inertia, strong alterations oitransition from the same level to another higher-lying' 11

B(M1)/B(E2) ratios have been found to be a typical featurestate indicates that the 12;_tate _is not a pure rof[ation_al state
of signature-partner sequences in the positive-parity yrasqnd may have four-quasiparticlep) contributions in its
states of odd-odd nuclei in the mass 80 red@ri. This is of wave function.

particular interest for bands where no level lifetime informa-
tion is available. The ratio involves th&1 transition
strengths between signature partners and the intrakand Shape calculations using the Hartree-Fock-Bogoliubov

strengths and can be deduced directly from the transitioformalism[39] were carried out for positive- and negative-

B. Hartree-Fock-Bogoliubov shape calculations for®?Rb
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FIG. 8. TRS plots in the 8,,7) polar coordinate system for the positive-parity state$4Rb with signaturea=0. The rotational
frequency is given in the inset. A prolateblate shape corresponds to a triaxiality =0 °(—60 °). The contour lines are separated by
200 keV.

parity states in®?Rb. A Woods-Saxon potential was used to deformation of at mosB,~0.23, as can be seen in Fig. 8.
describe the single-particle motion. A short-range monopoldVith increasing frequency, the nucleus becomes slightly
pairing force was included, and the cranking approximatiormore deformed and more stiff at an oblate shag® (
was utilized to describe the rotation. Samples of total~0.25, y=-57°). The same pattern was calculated for
Routhian surface§TRS) for 8Rb are presented in Fig. 8 in the signature partner configuration aA with=1 (not
the polar coordinate planeBg,vy) for positive-parity states showr).
and in Fig. 9 for negative-parity states. At each grid point, For negative-parity states at low rotational frequency, the
the total Routhian was minimized with respect to the hexaTRS calculations predict an almost spherical shape for such
decapole deformatioB,. The labeling scheme of Rd#40]  configurations where the valence neutron is occupying the
was used, where lowduppe) case letters are used for the gq, subshell, e.g., for the fA and eA configurations. This is
proton (neutror) configuration. Thus, the lowest two- no surprise since for 45 neutrons thg, subshell is half
guasiparticle proton-neutron configuration in Fig. 8 is la-filled and the deformation driving property of the neutron
beled bA [b: proton in configuration(parity, signature configuration is strongly reduced. At a higher frequency,
=(+,—1/2); A: neutron in configuration«,+1/2)] yield-  e.g., at 0.487 MeV, two minima develop at a less-deformed
ing an overall positive parity and signatusie=0. Likewise, near-prolate and a near-oblate shape. However, the near-
the lowest 2qgp proton-neutron configuration of negative pareblate minimum disappears again with further increasing fre-
ity and signaturex=1 as shown in Fig. 9 corresponds to the quency.
configuration fA[f: proton in (—,+1/2); A: neutron in The TRS calculations for the negative-parity states where
(+,+1/2)]. the valence proton occupies thg, subshell predict a some-
For positive-parity states at low rotational frequency, i.e.what different shape fof?Rb. At low rotational frequency,
configuration bA ath ¥<0.292 MeV, the calculations pre- the shape is calculated to be weakly deform@gd<t0.20)
dict that the nucleu$?Rb is very y soft with a quadrupole with a quite largey softness. At higher frequencies, the
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FIG. 9. TRS plots in the,,y) polar coordinate system for the negative-parity stateé€®b with signaturex=1. See caption of Fig.
8 for more details.
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shape becomes more stiff at smaller deformatigs, ( 40 . | T
<0.10). In general, the TRS calculations support the conclu- —; - Ml band: =o *Rb
sion that the®’Rb nucleus does not have a stable deformation ﬁ 30 o .
at low spins. & - T
€ 20 .
C. Low-lying negative-parity states :”; r
10 : I - {

The low-lying negative-parity states fffRb do not show
the rotational behavior known from its neutron-deficient odd- 0.0
odd Rb neighbors. This indicates a substantially smaller
qguadrupole deformation and clearly exhibits the transitional
nature of this nucleus. This nature is also reflected in the
magnetic moment for the Sisomeric stat¢41,42 in 8°Rb

—

=]
T
u]

e (MeV)

.15 L . I ; I
which can be explained quite well on the basis of spherical 0.2 0.4 0.6

shell-model considergtions py cou_plingpg,z_ proton_to the ho (MeV)

unusual neutrondy,)7, configuration. A similar situation

was found for the magnetic moment of the &omer in the FIG. 10. Kinematic moments of inertidop) and experimental

lighter N=45 nucleust®Br [43,44). Recently, also the mea- Routh_iar;;botton‘) _for the high-lyingM1 band built on the (11)
sured magnetic moment of the' Gtate at 191.3 keV ii?Rb state in *Rb. Splld (opgn symbols have been used for the pro-
has been interpreted containing the same seniorigg3 Eosed even-spifodd-spin Al=2 sequence. A value dt=6 has
) . een used in the analysis.
neutron configuration coupled tog,, proton[25].
An attempt has been made to apply qualitative shell-
model considerations to the negative-parity state§?2Rb.  9gular momenta of a few nucleons in higtorbitals at small
As already pointed oUtL8], the low-lying 6~ and 7~ states oblate deformation. So far, these bands have been identified
at 484.0 and 690.6 keV, which are separated by onlyn transitional nuclei at mass number higher than 100. Typi-
207 keV, are very likely based on the 2gp configurationscal features of such bands &li¢ largeM 1 transition prob-
(7mP3p® vgepn)s- and (wfsH®vgen) -, respectively. This abilities or largeB(M1)/B(E2) ratios at the beginning of
proposal is based on the assumption that the unpaired nethe band which fall smoothly off with increasing spin aiid
tron occupies thgg,, subshell which is the case at very small no signature splitting. The latter effect has been clearly iden-
deformation. A spin of 7 is the highest possible spin whichtified from the experimental energies #Rb.
can be obtained within the spherical shell model for two- On the other hand, the occurrence of enhanced high-spin
particle excitations of negative parity. Higher-spin statesvi1 transitions in the mass 80 region has been previously
have to be connected with the creation of additional unpaire@pserved in several odd-mass nuclei, such as the odd-neutron
quaS|pa_1rt|cIes whlch costs quite a lot of energy. Only in casecleus 8Kr [11] and the odd-proton nuclePL838Rpb
of a finite deformation the unpaired proton may occupy thes 46, It has been demonstrated by shell-model calcula-
Jor2 subshell at Io_w excitation energies as well, an_d_ a greatefons that for odd-proton nuclei with eveév- like ®Rb
varlety of Iqw—lylng states is expected for posmvg- and hich is situated in the vicinity of the neutron shell closure
negative-parity states. Iq thg framework of the spherical shel tN=50, fastM1 transitions can also be generated by the
model, such proton excitations are estimated to be at muc . .
gp configurationmgg,® vgge,® vis, [46].

higher energies. Th rren f itive-pari :
gher energies e occurrence of positive-parity states o Even though rotation may not play a significant role for

the 7rgg,® vgg,» configuration at low energies points to the X . )
presence of thesgy,, proton excitations. The consequencesthe Iovy-lylng negative-parity states, the occurrence of the
for negative-parity states are, however, difficult to assess dulglgh-lymg M1 bqnd may point to an onset of a small quad-
to the limited experimental information. rupole deformation. Therefore, the band has been analyzed
using the standard cranked-shell model formal{§6] and
) i the resulting kinematic moments of inertia and the experi-
D. High-lying M1 band mental Routhians are shown in Fig. 10 as a function of the
The observed high-lyingAl =1 level sequence shows rotational frequency. In general, the moments of inertia are
some interesting features which can be summarized as fosomewhat higher, about 20%, when compared with the
low: (i) The sequence starts at the (}devel at 2617.3 keV. positive-parity band if?Rb, and there is no signature split-
The large energy separation to the ground state and othdéing at all. The few points available from both signatures
low-lying states indicates a predominantly 4gp natui®. follow a straight line.
The decay out happens mainly at the {1 bandhead state to Assuming a small deformation ¢fRb and negative par-
several low-lying states with positive and negative parity.ity for the Al =1 sequence, we suggest the following inter-
There is no obvious preference for either parity, pointingpretation: In order to generate a 4qp state of negative parity,
also to a 4qp nature of the bandheéil) The band does not an additional nucleon pair has to be broken. If we assume
show any signature splitting. that a proton pair breaks up then thg,, pszp, s, Ordep
The occurrence of enhanced magnetic dipole transitionsubshells can be occupied at proton numiBer37. A
in the massA~ 200 has been interpreted in the framework of negative-parity cluster can than be formed by elevation of
the tilted-axis cranking moddll3,14]. The structure of the one unpaired particle into thgy, subshell. The newly un-
so-called “Shears bands” is due to a recoupling of the anpaired quasiprotons cannot, however, occupy all the possible
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orbitals because of the Pauli principle. The lowest-energyroton nuclei. The proposed 4qp configuration for the high-
go» Orbital is already filled by an unpaired quasiproton.lying 11~ bandhead state if’Rb is similar in nature.
Therefore, the quasiprotons can couple at most to a cluster of
(P312,9972) OF (52,992 With spins of 5 or 67, respec- V. SUMMARY
tively. This cluster may couple further to the 2gp configura- ) ] )
tion (7ge,® vg)s+ 7+ 5+ o+ t0 form 4qp states within the ngh—spm stgges |lr{13 the odd-odd .nucleﬁ?ﬁb were stud-
spin range 11, ...,15 . Due to the Pauli blocking of the i€d using the ®Zn(*O,p3n) reaction at 56 I\/I+eV. The
lowest gq, quasiproton orbital, more excitation energy is POsitive-parity sequence was extended up to & 14tate.
needed to generate high-spin states. Signature |r.1verS|on.has been seen arounq spin 11, somewhat
It should be noted that essentially the same arguments ceﬁh'ft‘?dfo higher spins when compared with the lighter odd-
be made for two-quasineutron excitations; however, at neuedd "*’®*Rb isotopes. This shift could be a consequence of
tron number 45 the break up ofpa,, or s, neutron pair and f[he ex.pected decreas_e in quadrupole deformation for increas-
elevation of one neutron into thgy, subshell costs much iNg N in odd-odd Rb isotopes. . .
more energy than for a proton pair. Thus, the break of a NO well-developed rotational bands of negative parity

neutron pair is very unlikely and we propose the 4qp conWere observed at low-spins. Instead, a high-lykig=1 se-
figuration 7(gej) 2® 7(Pajo, f510) ® ¥ggy fOr the 117 band-  duence was found for the first time in an odd-odd nucleus of

head state of the neM1 sequence. the mass 80 region. The (1) bandhead state at 2617.3 keV

A rough estimate of the excitation energy of the istate IS interpreted as a 4am (o) *® m(Paj, f512) © vQgp, State.
can be made from the sum of the excitation energies of ité\t & neutron number of 45, when the intrudgy, subshell is
constituents, namely the 5and 6 states. The energy half filled in 82Rb, the competition between the deformation
needed to form the two-quasiproton Sonfiguration can be driving gg/, Valence proton e>_<C|t.at|ons and the almost spheri-
deduced from the excitation energies of the lowestsEates cal o2 valence neutron excitations re_SL_JIts ina I.ower defor-
in adjacent even-even nuclei which have been interpreted d8ation compared to the neutron-deficient Rb isotopes but
two-quasiproton excitations; e.g., at 2860 keV3iKr [47] still with a rotat'|0nllk_e pogltlve—panty .yra.st band above spin
and 2817 keV in®2%Sr [48]. Further, the energies of the'5 8 and a collective high-lying magnetic dipole band.
states at 2828 keV if’Kr [49] and at 2769 keV irf*Sr[50]
are similar, resulting in an average energy of 2818 keV. This
value has to be added to theé @nergy of 191.3 keV yielding The authors thank J. X. Saladin for the loan of the Pitts-
about 3 MeV for the 11 state, which is only 15% larger burgh Ge detectors and electronics for the joint Pittsburgh-
than the experimental value of 2.6 MeV. Florida State Universities detector array. We are grateful to

As already mentioned, high-lyinyl1 bands of negative T. D. Johnson for his participation in the early stage of this
parity were observed in several neighboring odd-mass nuproject and to R. Wyss and W. Nazarewicz for providing the
clei, including "Kr, 8-8Rb, and #%. A comprehensive TRS computer codes. Fruitful discussions with H. Schnare
compilation is given in Refl12]. It has been suggested that and R. Schwengner are acknowledged. This work was sup-
these bands are mainly based on a HgBep configuration ported in part by the National Science Foundation under
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parity (psq,fso) proton (neutror) for odd-neutron(odd-  PHY-94-02761 with University of Notre Dame.

ACKNOWLEDGMENTS

[1] J. W. Holcomb, T. D. Johnson, P. C. Womble, P. D. Cottle, S. [6] G. Winter, R. Schwengner, J. Reif, H. Prade, Jribg, R.

L. Tabor, F. E. Durham, and S. G. Buccino, Phys. Revi3® Wirowski, N. Nicolay, P. von Brentano, H. Grawe, and R.
470(1991. Schubart, Phys. Rev. €9, 2427(1994.

(2] J. Daing, J. W. Holcomb, T. D. Johnson, M. A. Riley, S. L. [7] s, Chattopadhyay, H. C. Jain, S. D. Paul, J. A. Sheikh, and M.
Tabor, P. C. Womble, and G. Winter, Phys. Rev4T; 2560 L. Jhingan, Phys. Rev. @9, 116 (1994: 47, R1 (1993.
(1993, , S , ; 47,
. ~ 8] S. L. Tabor, J. Ddng, G. D. Johns, R. A. Kaye, G. N. Sylvan,
[3] Q. Pan, M. de Poli, E. Farnea, C. Fahlander, D. de Ac@ : ]C J. Gross, Y. A Agkovali C. Baktash, D V)\l/ Straceneyr P.F
de Angelis, D. Bazzacco, F. Brandolini, A. Buscemi, P. J. T o P T ’ L
Dagnall, A. Gadea, S. Lunardi, D. R. Napoli, C. M. Petrache, Hua, M. Korolija, D. R. LaFoss_e, D_' G. Sarantites, F. E.
M. N. Rao, C. Rossi Alvarez, A. G. Smith, P. Spolaore, G. Durham, I. Y. Lee, A. O. Macchiavelli, W. Rathbun, and A.

Vedovato, C. A. Ur, and L. H. Zhu, Nucl. Phy$627, 334 Vander Molen, Phys. Rev. 86, 142(1997. ]
(1997. [9] J. Daing, G. Winter, L. Funke, B. Cederwall, F. Lide A.
[4] A. Harder, M. K. Kabadiyski, K. P. Lieb, D. Rudolph, C. J. Johnson, A. Atac, J. Nyberg, G. Sletten, and M. Sugawara,

Gross, R. A. Cunningham, F. Hannachi, J. Simpson, D. D. Phys. Rev. G46, R2127(1992.
Warner, H. A. Roth, O Skeppstedt, W. Gelletly, and B. J. [10] S. K. Tandel, S. B. Patel, R. K. Bhowmik, A. K. Sinha, S.

Varley, Phys. Rev. 51, 2932(1995. Muralithar, and N. Madhavan, Phys. Rev56, R2358(1997);
[5] R. A. Kaye, J. Doing, J. W. Holcomb, G. D. Johns, T. D. Nucl. Phys.A632, 3 (1998.

Johnson, M. A. Riley, G. N. Sylvan, P. C. Womble, V. A. [11] L. Funke, F. Doau, J. Daing, P. Kemnitz, E. Will, G. Winter,

Wood, S. L. Tabor, and J. X. Saladin, Phys. Re\54; 1038 L. Hildingsson, A. Johnson, and T. Lindblad, Phys. L220B,

(1996. 301 (1983; Nucl. Phys.A455, 206 (1986.



PRC 59 SIGNATURE INVERSION AND THE FIRST ... 81

[12] S. L. Tabor and J. bring, Phys. ScrT56, 175 (1995. [33] Y. Liu, J. Lu, Y. Ma, S. Zhou, and H. Zheng, Phys. Revcg

[13] G. Baldsiefen, H. Hbel, W. Korten, D. Mehta, N. Nenoff, B. 719(1996.
V. Thirumala Rao, P. Willsau, H. Grawe, J. Heese, H. Kluge,[34] J. F. Smith, C. J. Chiara, D. B. Fossan, G. R. Gluckman, G. J.
K. H. Maier, R. Schubart, S. Frauendorf, and H. J. Maier, Lane, J. M. Sears, |. Thorslund, H. Amro, C. N. Davids, R. V.

Nucl. Phys.A574, 521 (1994. F. Janssens, D. Seweryniak, I. M. Hibbert, R. Wadsworth, I. Y.
[14] S. Frauendorf, Nucl. Phy#557, 259¢(1993. Lee, and A. O. Macchiavelli, Phys. Lett. £06, 7 (1997).
[15] S. Frauendorf, Z. Phys. 258 163 (1997. [35] A. J. Kreiner and M. A. J. Mariscotti, Phys. Rev. Le#3,
[16] G. Graeffe, S. Vsda and J. Heinonen, Nucl. Phy&140, 161 1150(1979.

(1970. [36] R. Bengtsson, S. Frauendorf, and F.-R. May, At. Data Nucl.

[17] M. Behar, A. Filevich, G. Garcia Bermudeze, M. A. J
Mariscotti, and L. Szybisz, Nucl. PhyA337, 253(1980.

[18] J. Daing, L. Funke, W. Wagner, and G. Winter, Z. Phys. A
339, 425(199)).

[19] J. Daing, L. Funke, G. Winter, F. Lide, B. Cederwall, A.

Data Tables35, 15 (1986.
[37] A. Bohr and B. R. MottelsonNuclear Structure(Benjamin,
Reading, MA, 1975 Vol. Il, p. 665.
[38] D. J. Hartley, M. A. Riley, D. E. Archer, T. B. Brown, J.
Johnson, R. Wyss, J. Nyberg, and G. SletteiRrinceedings of Dorlqg, R. A. Kaye, F. G. Kondev, T. Petters, J. Pfohl, R. K.
the International Conference on High Spin Physics and Sheline, and S. L. Tabor, Phys. RevS(, 2944(1998.

Gamma-Soft NuclePittsburgh, 1990, edited by J. X. Saladin, [39] W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson, and |.
R. A. Sorensen, and C. M. Vinceritorld Scientific, Sin- Ragnarsson, Nucl. PhyA435, 397(1985.

gapore, 199], p. 381. [40] R. Wyss, F. Lide, J. Nyberg, A. Johnson, D. J. G. Love, A. H.
[20] J. Daing, D. Ulrich, G. D. Johns, T. D. Johnson, M. A. Riley, Nelson, D. W. Banes, J. Simpson, A. Kirwan, and R. Bengts-
and S. L. Tabor, Bull. Am. Phys. S089, 1393(1994. son, Nucl. PhysA503, 244 (1989.

[21] S. L. Tabor, M. A. Riley, J. Ddng, P. D. Cottle, R. Books, T. [41] J. C. Hubbs, W. A. Nierenberg, H. A. Shugart, H. B. Silsbee,

Glasmacher, J. W. Holcomb, J. Hutchins, G. D. Johns, T. D.  and R. J. Sunderland, Phys. R&@7, 723(1957.

Johnson, T. Petters, O. Tekyi-Mensah, P. C. Womble, L.[42] C. Thibault, F. Touchard, S. Bigenbach, R. Klapisch, M. de

Wright, and J. X. Saladin, Nucl. Instrum. Methods Phys. Res. Saint Simon, H. T. Duong, P. Jacquinot, P. Juncar, S. Liber-

B 79, 821(1993. man, P. Pillet, J. Pinard, J. L. Vialle, A. Pesnelle, and G. Hu-
[22] W. Gast, K. Dey, A. Gelberg, U. Kaup, F. Paar, R. Richter, K. ber, Phys. Rev. @3, 2720(1981).

0. Zell, and P. von Brentano, Phys. Rev2@, 469 (1980. [43] M. B. White, E. Lipworth, and S. Alpert, Phys. Re®36
[23] K. S. Krane, R. M. Steffen, and R. M. Wheeler, Nucl. Data B584 (1964.

Tables11, 351 (1973. [44] J. Daing, G. Winter, W. D. Fromm, L. Funke, P. Kemnitz,
[24] A. Kramer-Flecken, T. Morek, R. M. Lieder, W. Gast, G. Heb- and E. Will, Z. Phys. A316, 75(1984).

binghaus, H. M. Jger, and W. Urban, Nucl. Instrum. Methods [45] J. Daing, R. Schwengner, L. Funke, H. Rotter, G. Winter, B.

Phys. Res. A275 333(1989. Cederwall, F. Lide, A. Johnson, A. Atac, J. Nyberg, and G.
[25] M. lonescu-Bujor, A. lordachescu, E. A. Ivanov, and D. Plos- Sletten, Phys. Rev. 60, 1845(1994).

tinaru, Z. Phys. A355 347(1996. [46] R. Schwengner, G. Winter, J. Reif, H. Prade, L.ukker, R.
[26] P. M. Endt, At. Data Nucl. Data Table3, 547 (1979. Wirowski, N. Nicolay, S. Albers, S. ERer, P. von Brentano,
[27] P. C. Womble, J. Dong, T. Glasmacher, J. W. Holcomb, G. and W. Andrejtscheff, Nucl. Phy#584, 159 (1995.

D. Johns, T. D. Johnson, T. J. Petters, M. A. Riley, V. A. [47] J. Daing, V. A. Wood, J. W. Holcomb, G. D. Johns, T. D.

Wood, and S. L. Tabor, Phys. Rev.4Z7, 2546(1993. Johnson, M. A. Riley, G. N. Sylvan, P. C. Womble, and S. L.
[28] I. Hamamoto, Phys. Lett. B35 221(1990. Tabor, Phys. Rev. G2, 76 (1995.
[29] A. Ikeda and T. Shimano, Phys. Rev. L8, 139 (1989. [48] S. L. Tabor, J. Ddng, J. W. Holcomb, G. D. Johns, T. D.
[30] M. Matsuzaki, Phys. Lett. 269, 23 (199J). Johnson, T. J. Petters, M. A. Riley, and P. C. Womble, Phys.
[31] A. K. Jain and A. Goel, Phys. Lett. B77, 233(1992. Rev. C49, 730(1994.

[32] B. Cederwall, F. Lida, A. Johnson, L. Hildingsson, R. Wyss, [49] P. Kemnitz, P. Ojeda, J. Dimg, L. Funke, L. K. Kostov, H.
B. Fant, S. Juutinen, P. Ahonen, S. Mitarai, J. Mukai, J. Ny- Rotter, E. Will, and G. Winter, Nucl. Phy&425, 493(1984).
berg, I. Ragnarsson, and P. B. Semmes, Nucl. PRy42, 454 [50] A. Dewald, U. Kaup, W. Gast, A. Gelberg, H.-W. Schuh, K.
(1992. O. Zell, and P. von Brentano, Phys. Rev26, 226 (1982.



