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Excited states in th& Z:% nucleus’®Rb were observed for the first time using tfi€a(*°Ca,ap) reaction
at 128 MeV. Identification was achieved using events detected by the Daresbury recoil separator in coincidence
with v rays detected in the 45 element EUROGAM | Ge-detector array. Threefold events were used to build

a decay scheme which consists of two rotational bands observit=tps ") and 1 "=(32"). The positive

parity band in”>Rb behaves similarly to a negative-parity band{Kr and contains a region of alignment at
fw~0.75 MeV. These data, and those@8r, can be interpreted by treating protons and neutrons separately

in a cranked shell model approach despite a recent suggestion for the pres&reg nkutron-proton pairing
correlations in the neighboring self-conjugate, odd-dtRb ground state band. Our study suggests that some
experimental observables such as the energy levels and moments of inertia, may not be able to differentiate
between differenT =1 pairing phases in the$=% nuclei.[S0556-28187)50208-1

PACS numbsefs): 21.10.Re, 21.30.Fe, 23.20.Lv, 27.5@&

The study of nuclei far from stability challenges our the- perimental techniques. Typically, nuclear models are based
oretical understanding of nuclear forces as well as our exen measured properties of nuclei much closer to the line of
B-stability and extrapolated towards the drip lines. The pre-

dictions based on such models have a substantial amount of

*Present address, Sektion Physik der Univérsitélinchen, uncertainty especially concerning local phenomena which

D-85748 Garching, Germany. appear under specific conditions of nuclear isospin, spin, or
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University of Warsaw, Poland. neutron-proton(np) pairing which is most often ignored in
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np-pairing correlations are expected to play a significant — A

role. In spite of the early theoretical effortsee the review a0 b —>
article[1] and references quoted therguery little is known &R

about the nature of thesg-pairing correlations, particularly
in the deformed, midmass, self-conjugate nuclei of the
~ 80 region.

The properties oN,Z~40 nuclei depend strongly on par-
ticle number(see, e.g.[2—5] and references quoted thergin . . h ) . : : ‘ i
The light krypton isotope&Z = 36) display evidence of shape t ' w11
coexistence, while the strontium isotof{@= 38) have some [ NI M 11
of the largest known prolate deformed ground states. As we g . ]
probe closer to the self-conjugate nuclei, collective §
np-pairing correlations are expected to influence the ob- §
served nuclear structure, as has recently been sugdeégted
in "*Rb. This result was based on the observation that the
T=1, even-spin energy levels are similar to those in its even-
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even isobar,”*Kr. A recent calculation by Deaet al. [7] Energy (keV)
suggests that th& =1, J=0 np-pairing correlations domi- FIG. 1. (Top) A y-ray spectrum gated by the 515 keV,

nate the low-lying, even-spi_n states ifRb. Whether or not (12+)—(2*) transition and several transitions belonging’®&b.
this observed structure is evidence of the collectivery, large peak at 505 keV appears to be related to the 511 keV,

np-pairing correlations expected to occur along He-Z  o+o- anpihilation radiation. We cannot rule out the possibility of a

line or the more prevalent coupling of two valengg par- + 34 o
ticles via the two-body residual interaction, remains to beweak’ 505 keV, §*)—(5") transition. The presence of such a

. transition could not be confirmed in other gatéBottom) The

determined. - i : )
Unfortunatelv. the clear experimental sianatures of coIIecA_75 andZ=37 gated spectrumy rays marked with energies
ru Y, Xperi signatures (keV) are assigned t&°Rb and have been placed in a level scheme.

tive np-pairing correlations are unknown and the search ok, 195 kev transition is marked with an asterisk and could not be

them _iS the focus of this Wor_k. Our apProaCh is tq Compar%Iaced. The inset shows theray intensity (logarithmic scalg of
experimental observables with mean-field theoretical calcua —75 recoils as a function of energy loss in the ionization cham-

lations which have been shown to describe these nuclei fairlyer. Those transitions originating from Rb iofsolid symbol$
well. Any systematic deviations between theory and experishould have a larger energy loss than those from knfl@h Kr
ment might indicate “new” physics and demonstrate thejons (open symbols See Ref[18] for discussion of procedure for
need to include effects such ag correlations. obtaining these curves. The data’dRb in the inset is produced by
All the calculations presented in this work have been carihe sum of the yields of severad rays.

ried out using the pairing and deformation self-consistent ) ) ) _
total routhian surfacéTRS) model described in Ref§g,g]. 10 #g/cm" carbon foil and covered with a thin<( 100
The model uses the traditional language of the deformedt9/cm") layer of gold. A 128 MeV™Ca beam was used to
mean-field potentialWoods-Saxon typeplus residual inter- populate “Rb via theap evaporation channel.

actions (seniority and quadrupole pairing foraesut does .The vel_ocny filters of th_e recoil separator were set to per-
not explicitly contain any nonseparabig interaction. The mit only hlgh-energy recoils to be accepted In an attempt to

. ; . . o enhance detection of the-evaporation channels, where the
np interaction enters into the calculations only indirectly

. ticle i itt t 180° with t to th . Th
through the parameters of the Woods-Saxon potential anérpar icle is emitted at 180° with respect to the beam ©

h h th . ¢ ge recoil cone and velocity distribution resulting from
through the requirement of common neutron and proton de;, naricle evaporations reduce the efficiency of an energy

formations. This work is part of a more systematic study Ofgensitive, 0° device like the Daresbury recoil separator. The
small-T, Kr, Rb, Sr, and Zr isotopefl0], where the rela- high y-ray detection efficiency of EUROGAM |, which is
tively low density of states might allow a comprehensivejgea| for detecting three coincidentrays, coupled with the
investigation into the possible configuration dependence ofpng time delay for recoil detection required that compro-
np correlations. mises be made in determining the electronic trigger. For
The nucleus™Rb lies just below the large deformed shell these reasons, despite the highray efficiency of EURO-
gap atN=Z=38. It is [11] the last proton stable evéMi- GAM, this experiment suffered from poorer statistics than
rubidium isotope and as such, is expected to play a[d##¢ previous[16—1§ recoil-y experiments using less efficient
in the extended rapid proton capture process. Before thi&e detector arrays.
experiment, no excited states in this nucleus have been re- Identification of y-ray transitions in’*Rb was obtained
ported. The nucleus has been observed previously through if48] using coincidence techniques between theays de-
B* decay and a summary of these and other data may Wected in EUROGAM |, the masses detected with the posi-
found in the work by Kerret al. [13]. The ground state of tion sensitive focal plane detector of the recoil separator, and
*Rb decay$13] with a half-life of (21.4+ 1.0) s and has a the energy loss of the ions in an ionization chamber located
spin of eitherl =3~ or 3. behind the focal plane. AA= 75, Z=37 gatedy-ray spec-
The identification ofy-ray transitions in”Rb was carried trum is shown in the lower portion of Fig. 1. The inset shows
out with the 45 Compton-suppressed Ge-detector arraghe y-ray intensity of "°Kr [19] and "Rb transitions as a
EUROGAM [ [14] in coincidence with the Daresbury recoil function of the energy los& dependentof the mass sepa-
separator[15]. The target consisted of a 250g/cm?, ~ ratedA=75 ions in the ionization chamber.
99.965% enriched “°Ca layer evaporated onto a In order to establish coincidence relationships betwgen
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Stateq26], or DCO ratios, of the 144-, 164-, 340-, and 378-

PRA (48/2) keV transitions are consistent with stretched dipole character

"3081976 (4529 and those of the 515-, 733-, and 922-keV transitions with
1766 stretched quadrupole character. Although not observed, the

9543 4724 presence of a 38-keV transition can be inferred from the

7025 (772 coincidence relationships observed between the 164-,

1482 719 33/7) 232/234-, 340-, 378-, and 515-keV transitions. His char-
6444 g (33/2% 6539 31/27) . . .
/) 28188 acter ")—(27), is based on theoretical values of transi-

1352 ... 918y (y7) 1437 .
ig%z!z%:ﬁ; 4391 347 (s ;’;‘;23 A Z z; tion rates[27] for different multipolarities as a function of
278710-554;1 - 3180 1201 (/) ‘niTL i transition energy(_340, 378, 38 I_<eV and our Nlls_son—
:::::::::::x_ﬁ;%_,_,_l_,:_,_,:::l()_ﬂ::::::Ei%.};@/z) Strutinsky calculations. The ordering of the high-spin rota-
922 28 ¥ (17/7) 965 tional band beginning with thgé™" state and extending to the
78 (s/2) 18&‘_@/?) 862 1697 ! &/2) probable%* state can be verified easily in several gates in
748 661 733 077 ! (/29 773 the gated matrix and the cube. Double-gated spediéd
038 § (2 \ “Z-S%J‘W) - o § kev + 234, 340, 378 keYin the cube indicate the beginning
543 ¥ (712168 610 @ (/2) 607 W @or §317 870 of the unfavored positive-parity ban@95- and 748-keV
: 1641 334#2&(5@234 e B gy ur transitiong. Since the 495- and 748-keV transitions were not
Byr) Wi’ W8 T g 054 27 observed in double gates involving the 164- and 515-keV

transitions, the ordering of the 164- and 68-keV transitions is
75Rb fixed.
Using the cube, the additional transitions at 463, 570, and

FIG. 2. Proposed level scheme deduced’fib. See discussion S . Lo .
in text about the ordering of the transitions near the ground state669 keV'in Fig. 1 were found to be in coincidence with the

The dashed transitions and levels are tentative. The widths of th$44;lr<1e\/3£roan%|ggn, bu5tlr510|£ V\V/'tth the.t.232/2_|:3>h4—kev doutblit]
arrows are proportional to the relative intensities of $heay which nor the o - Of “KEV lransitions. This suggests the

were deduced from the- y- y data. Energy labels are given in keV. 144'kev7r’] ray, andd hence’éhe %78'keyrayi t(.) be ;.ranSI'
Note the change in energy scale at 2.5 MeV. The errors oftray tions tg the grloun Sltaée' ase quk?y-()j/ re ﬁt'olns IpS, @
energies are typically less than one keV for the intense low lying>e¢oNd strongly coupled rotational band with almost no sig-

transitions and increase to some 2 keV for the transitions on top o?ature .Sp|lttlng_ was eStab“ShFT'd and IS Show.n on the right-
the bands. hand side of Fig. 2. Systematics of neighboring nufi]

support negative parity for this band.

rays, two dimensionaly-gated “triples” matrices and a The experimental and calculated dynamical moments of
y-v-v cube were created. The advantages of such techinertia, routhians, and angular momentum as a function of
niques are an increase in peak-to-total ratio and a reductiomtational frequencyiw are presented in Fig. 3. Thi?)

in contaminanty rays through channel selection. A disad- moment of inertia indicates a very broad band crossing at
vantage is the difficulty in determining intensities and,%w~0.75 MeV in the positive parity band iffRb and in the
hence, ambiguities in the level sequences may result near th@gative parity bands id*Kr. This is the broadest crossing
ground state. For the ground state, we assume&Spiwhich  observed in this mass region. The alignment gain associated
can be supported byi) the 8" decay work of Kernetal.  with the crossing is some B (not shown, a value not un-
[13] indicating negative parity for the ground state &iidl  expected for the alignment of a singig,, neutron pair. The

by the Nilsson-Strutinsky calculatioig0] of the bandhead negative-parity bands indicate an alignment at the highest
energies. The calculations predict {#81]2 " as the ground  known frequency. Unfortunately, the band is not observed
state configuration of "Rb with deformation 3,=0.37,  beyond this band crossing which would be expected to be a
B,=—0.02. The lowest negative parity bandheg@li2]2~,  double band crossing as in the yrast band&'iffkr [25,29.

with deformation 8,=0.39, 8,=0.01, is predicted to be The standard TRS calculations are able to reproduce the
nearly degenerate with tHet31]2* configuration and have main experimental trends rather well. The spin alignment
an excitation energy of 0.1 MeV. A spherical configuration is(lx) in the positive parityr{431]3* band is well accounted
predicted to lie some 0.6 MeV above the ground state. Exfor by the traditional picture involving blocking by thg,,
perimentally, the position of the two lowest predicted con-proton and the alignment of g, neutron pair at very large
figurations are reversed. The predicted large prolate deformaleformation. The model cannot, however, fully account for
tions are typical of those observed in the light RA] and Sr  the dynamics of the alignment process in this band. The cal-
[22,23 isotopes. culated crossing is somewhat delayed and the yrast-yrare in-

The upper portion of Fig. 1 presents a sum spectrum witheraction, although large, is smaller than that observed ex-

several gates set in the 515 keV gated “triples” matrix a”dperimentally. One should, however, point out that the
contains transitions assigned feRb. This spectrum reveals cranking model is by definition not capable of properly de-
one rotational band and many low-energy transitions. Thes@cribing the crossing region due to anomolous angular mo-
transitions are organized into the left-hand side of the levelhentum fluctuationg30] at the crossing point. Moreover,
scheme shown in Fig. 2. Based on systematics of neighbogyr calculations predict substantial changes of the quadru-
ing oddA Br [24,25 and Rb isotopef21] and the apparent pole (and hexadecapdleshape induced by the alignirg,
signature splitting, we tentatively assign positive parity togyasiparticles. The shape changes are of the order of
this band and assume the 515 keV transition is th%ﬂz(AB4)~ —0.08(—0.06), respectively. It might well be
$7)—(3") transition. Under this assumption, the multipo- that the broad interaction range seen indffé plot reflects a
larity dependent Directional Correlations from Orientedgradual shape change induced #ayy,, alignment.
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FIG. 3. (a) The dynamic(J®=dI/dw) moment of inertia of thd431]3* (circles and[321]3~ (squares bands in7°Rb, and the
negative parity, even signature band’fir (triangles as a function of rotational frequendyw. Note the very broad upbend in the positive
parity band in”Rb and its similarity to the negative parity band’itr. (b) Comparison between empiricédolid symbol$ and calculated
(open symbolsaligned angular momentuiy as a function ofi w. The calculated proton and neutron contributiong,tare also given(c)
Comparison between the calculategen symbolsand measure(solid symbolg routhians for the§431]§+ band(circles and the[312]5~
band(squaresin "Rb as a function ofiw. The[312]3~ bands are strongly coupled and only one signature is shown for clétjtfhe

differenceAJM=JD(75 Rb;7[431]3 %) — IW(77 Sr;[422]3 %) between the experimentéolid circles and calculatedopen circles mo-
ments of inertial® of positive parity, positive sighature bands #Rb and’’Sr. See text for more details.

The relative excitation energy of the negative paritylated to theT=0np correlationg31,32. Although our TRS
m[312]2~ band with respect to the positive parity calculations do not support any scenario involving a collec-
#[431]3* band in "Rb is also fairly well reproduced al- tive, staticn p-pairing phasg, thep—res[dual interactions can
though it is overestimatetbver the whole frequency range emgrge(a few strong matrllx.elemeﬁtm the band crossing
by Ae“~300 keV, see Fig. ®). Simultanously, the moment region. Indeedz in the positive parity bands_one_ can gxpect
of inertia JV=1/a for the negative parity bands is slightly, diréctnp-coupling of a blockedr(»)gg, quasiparticle with

but systematically underestimated. The calculated negativi® aligning pait Of”7(777)99/2 quasiparticles in the positive
parity bands are strongly coupled and show small, constar@rity bands of ®Rb(*’Sr). The TRS calculations predict a
signature splitting at low frequencies due to slightly differentPand crossing which occurs at higher rotational frequency
deformations calculated for different signature branches. [than the experimental value. This would suggest that the an-
appears that the signature splitting of thg812]3~ orbital is ~ 9ular momenta of theg, quasiparticles tend to couple in
very sensitive to even small shape changes and might btéara_llel (symmetric space-spin wave funct)_orth_us high-
easily inverted when changing the triaxiality parameter from“ghtmg any energy Iowgrlngfrequency 'O,WE“”Q isoscalar
small positive to small negative values. Similarly, rapid component ofh p interaction. In the negative parity bands the

shape changes are predicted for the negative parity bands dll@ residual interactions may arise in the four quasiparticle
to the alignment ofjq,, quasiparticles. configurations. Systematic investigation of these bands may

Agreement of similar quality between the data and thell) provide_important clues to the alignmgnt pattern yet to be
calculations was also obtained for rotational bafi2g] in ~ ©0PServed in heavy, even-even, self-conjugate nuclei as well
the neighboring,= + & nucleus,’’Sr. Figure 3d) shows the &S (i) give information about the influence of the blocked,

z 1 . . . . . .
relative difference in moments of inertiaAJM= negative parity(quasjparticle, on the possiblep residual

interactions. Unfortunately, the bands are only known up to
IO Rb;m{ 4313 1) — IO (7 Sr;v[4?2]§+) calculated for  yhe first hand crossing and therefore, no conclusions may be
the data and the theory, respectively. Interestingly, bothy qun.

curves follow each other, indicating that the relative struc- |, conclusion. excited states #Rb have been identified

tural variations induced by the two additional nucleons in et i i ; ;
et oy . for the first time using recoily and y-y-y techniques. Two
Sr are properly taken into account. This suggests that the

slight discrepancies between the data and the theory mdytational bands have been observed extending to SPin (
have a common origin in both nuclei. and &), respectively. Good agreement between the TRS

In view of the success of the standard Nilsson-Strutinskycalculations and experiment can be obtained without explic-
calculations containing no explicitp correlations, it seems itly including np correlations. Minor differences associated
rather difficult to draw unique conclusions concerning thewith the band crossing regidearly crossingare not defini-
source of the rather modest disagreement between the thediye proof of the presence of these correlations and if signifi-
and the data. Essentially all the ingredients of our model cagant, most likely arise from isoscaléire., noncollectivg re-
contribute including(i) deficiencies of the cranking approxi- sidualnp interactiong7]. Assuming that the low-lying even-
mation, (i) deficiencies of the particle-hole mean field, andspin states inf“Rb are indeed dominated @y=1,J=0 np
(ii ) incorrectly estimating the pairing strength due to thepairing, the present results are somewhat surprising. How-
strong influence of the Wigner energy on the odd-even massver, it is possible that th€=1, J=0 np pairing may be
differences around thl~Z line. The latter is directly re- mimicked by theT=1, J=0 like-nucleon pairing. This is
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