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in N=57 and N=58 isotones
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The near-yrast states 8%1®Mo have been studied following their population via a binary reaction between
a 13%Xe beam and a thin, self-supportitéMo target. The yrast sequence ifPMo has been extended to a
tentative spin/parity(20*), while the decoupled band built on théz%‘ isomeric state ir"Mo has been
extended through the first alignment up to a tentative spin/paritﬂ/“z—%}. The results are compared with
self-consistent, cranked-mean-field calculations using a Woods-Saxon potential. The alignment systematics of
the intruderh;y, bands in theN=57 isotones from MdZ=42) to Cd (Z=48) and the yrast sequences in their
N=58 even-even neighbors are discussed. An overall picture emerges, where the alignment properties evolve
from being due to positive-parity neutrons in ﬁﬁéCd to predominantlygy,)? proton crossings closer to the
Z=40 subshell. Qualitatively, this can be explained by an increase in the quadrupole deformation and a
simultaneous lowering of the proton Fermi surface indkg shell with decreasing proton number. These data
provide excellent examples of rotational-alignment phenomena in weakly deformed nuclei.
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The cranked shell mode(CSM) [1] and associated quences evolve with spin, it is possible to gain insight into
cranked-Woods-Saxon-Strutinsky mean-figdd-4] methods the nature of the particles that are responsible for the align-
have been successful in interpreting the high-spin behaviament. Since the predicted alignment gains and crossing fre-
in a wide range of well-deforme¢3=0.25 nuclei. In par- quencies are also shape dependent, the study of these high-
ticular, the predictions of rotational alignments of higb¥-  spin processes can provide insight into the nuclear shape
bitals due to the Coriolis interaction in rare-earth nuclei areprior to the alignment, albeit in a model-dependent \i&ayg.,
generally well reproducel]. In contrast, the applicability Refs.[7,14]). Related to this question, there has been recent
of the CSM to less deformed regions of the Segré chart rediscussion in the literature with regard to the evolution from
mains less certain. Perhaps paradoxically, the Coriolis effectgibrational to rotational-like sequences in the-100-110
responsible for the rotational alignment phenomena assocregion. This change in structure is argued to be associated
ated with well-deformed rare-earth nuclei are arguably largwith a stabilization of the nuclear quadrupole shape follow-
est in systems witlsmall intrinsic deformations[5]. This  ing the population of lowf), neutronh, 4, orbitals, which, in
arises since the Coriolis matrix element has a linear deperthe Nilsson scheme have equatorial trajectories for prolate
dence omi?/Z, whereZ is the moment of inerti§6]. shapeq15,17.

Rotational-like sequences in tins=57 andN=58 isotones The Coriolis interaction is largest for particles with laijge
between the subshell closure at40(Zr) and the magic values and large intrinsic alignments on the rotation axis
number atZ=50(Sn) present particularly good laboratories (i.e., smallQ) valueg [5]. Therefore as the atomic number is
with which to probe such Coriolis-driven alignment effects reduced and the Fermi surface falls lower in tigg subshell,
in weakly deformed nuclefe.g., Refs[7-16). The oddA,  one might expect an increased influence on alignments from
N=57 isotones systematically exhibit weakly deformed, dethe lower{) Nilsson components of thg, protons. This can
coupled bands associated with the population of the fbw- he explained by the position of the proton Fermi surface
components of the unique-parity,/; orbital [8,9]. By com-  ¢changing from the mid-to-high orbitals of thegy/, subshell
paring the observed increase in aligned angula_lr momentuyy 185Cd57 to the lowerf) components foﬁgM057_ By com-
as the structures of these decoupled negative-parity S@arison with the CSM, the alignment properties in the decou-

pled, hyy, structures in theN=57 isotonesioPd and;gCd
have also been shown to demonstrate a strong dependence on
*Corresponding author. Email address: P.Regan@surrey.ac.uk the quadrupole deformatid®]. Specifically the observation
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of an alignment associated with(predominantly g, neu- (@) o T
tron pair has been proposed to explain the first band crossing - I 3 4ol
in this structure in;a°Cd. This is consistent with the small »ool O %
guadrupole deformatiof3,<0.15 expected for this “near- o time(ns)
magic” isotone. In contrast, a more complicated scenario has 1000 1y - Mo h. - band
. L os} M 1/2
been suggested fdfPd, where the alignment has been at- S
tributed to the simultaneous alignmentlofth g, neutrons 3
and gq» protons[9]. This is associated with an increase in ~
deformation for'®*Pd compared td°°Cd and a simultaneous B
lowering of the proton Fermi surface in to more easily 5
‘alignable’ orbitals[9], lower in the subshell. Following this © 2500
trend, our recent study df'Ru revealed a sequence where 500
the increase in alignment appears to come almost exclusively 9000~
from the gy, protons, with no evidence for any effect due to -
the g7, neutron orbital8]. 50001
Motivated by these aspects, we report new data pertinent wooo:
to the al!gnment prqcessesglgan the neg_atlve—parlty mtruQer se- R T
guence in theN=57 isotone;;Mo, and its even-even neigh- E, keV
bor, 1°Mo. This enables a complete picture of the alignment
systematics of théy,, bands in the eved; N=57 isotones FIG. 1. (a) Delayed y-ray spectrum in coincidence with the

2Mo, 72'Ru, 72°Pd, and}3Cd to be made. When compared prompt 481 keV,% — - transition in %Mo. (b) Prompt y-ray
with cranked-Woods-Saxon calculations, the overall resultspectrum Doppler corrected for targetlike recoils and gated on de-
highlight the increasingly important impact of tlgg, pro-  layed coincidences with the 448 kely”— £+ transition depopulat-
tons on the alignment properties of these structures with deng theE,=684 keV isomer i?°Mo. (c) Sum of doubley-ray gates
creasing proton number. These systematics provide excelleshowing the members of the/, band in®Mo; (d) sum of double
examples of multiple facets of rotational alignment phenon-y»-ray gates showing the yrast band'fiMo. The inset in(@ shows
ema in weakly deformed nuclei. the time difference spectrum between the 448 keV delayed transi-
The rather neutron-rich nature 8Mo and 1°9o make  tion and the 481, 693, and 845 keV promptays from the cascade
high-spin studies of these nuclei experimentally challenginghich feed theT,=760 ns,I7=3" isomer in®Mo.
This is due to the lack of suitable choices for stable beam-
target combinations with which these systems can be popuwelocity of the targetlike fragments was angle dependent and
lated via fusion-evaporation reactions. The spins, paritieszalculated assuming two-body kinematics to vary between
and main spherical-basis single-particle parentage of th8% and 11% of the speed of light.
low-lying states in®®Mo (including that of thel™=3, Ty, The acquisition master trigger required that at least three
=760 ns isomer at 684 keVare however well established prompt, Compton-suppressedays were detected in GAM-
from charged-particle pick-up and stripping reactigesse, MASPHERE within =50 ns of each other, together with
e.g., Ref[18]). Previous work on thé,,, structure of*®Mo two, co-planar binary fragments in CHICO. The heavy metal
has been carried out using backed-target deep-inelastic reagsllimators were removed from the GAMMASPHERE
tions[7]. It has also been studied via the weakly populatedCompton-suppression shields, thereby allowing a measure of
a2n side-channel from our previous work df'Ru [8,17].  the y-ray fold for each event to be made. The data were
The yrast sequence %Mo is known only to a tentative sorted into standard-ray coincidence matrices and cubes
spin/parity of 12, via both binary reactiofi7] and light-ion ~ which were subsequently analyzed using the RADWARE
induced fusion-evaporatiofl9] studies. package[22]. A total of 900X 10° suppressed germanium
In the current work, the nuclei of interest were populatedtriples and higher-fold events were detected in coincidence
using heavy-ion binary reactions between a self-supportingyith two co-planar binary fragments during the course of a
(420 pg/em?) 19%Mo target and &3%Xe beam at an energy of four day experiment.
700 MeV. The beam was provided by the”88/clotron at Using the temporal separation between prompt Doppler-
the Lawrence Berkeley National Laboratory and had a natushifted transitions which feed isomeric states and those tran-
ral pulsing of =2-3 ns width, separated by 64 ns. Typical sitions which depopulate such isomers and decay from frag-
beam currents were the order of 1-2 pnA. Reactjorays ments stopped in the CHICO detector, time-correlated
were detected using the GAMMASPHERE arrggQ], spectroscopy could be performed. In this way delayed gates
which, in this experiment, consisted of 102 Compton-were set on transitions depopulating tfig,=760 ns, ™
suppressed hyperpure germanium detectors. The binary frag—lz—l‘ isomeric state ir"®Mo [23] and the prompt transitions
ments were detected using the position-sensitive gas-filledbove the isomer could be clearly identified. Examples of
detector, CHICO[21], which enabled an event-by-event spectra generated from this analysis are shown in Fig. 1,
Doppler correction to be applied to the raaray data. The together with a sum of prompt, double-gateday coinci-
detection of co-planar events in CHICO allowed the separadences on thb,;,, band members i®Mo and the yrast band
tion of both beamlike and targetlike fragments by the meain °Mo. The transitions were ordered in terms of their ob-
surement of their position relative to the beam direction. Theserved coincidence intensity relative to the lowest band
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TABLE I. y-ray transitions(uncertainty +1 keY identified in 12+ R
%Mo and 1%Mo. The relativey-ray intensities were taken from a fotal 100 1024
2D fit to the -y coincidence matrix using the program ESCL8R Mo Ru
[22].

99M0 100M0 [ | [ I T A Y R O R
E, EE& Il 1, E  EFE (N M 4+ o+ 4+
481 1165684 LU 536 5360 2,0 Mo /NM“’MO Mo
693 1858,1165 £ 2 191) 601 1137536 4,2 48)
845 2703,1858 £ 2 141) 711 1848,1137 64 3B) k\%
980 368312703(2771273) 9(1) 781 2629,1848 8:6 22) [ P Y I J‘Ff\nL‘ I Y
1063 4746,3683(%,5) 4(1) 740 3369,2629 (10,8 16(1) 6+ 8* 4+
1049 5795,4746(%,3) 2(1) 696 4065,3369(12,10 12(1) 10046 100)o 10200
1100 6895,5795(%,%) 2(1) 813 4878,4065(14,12 8(1)
1222 8117,6895(%,%) 1(1) 965 5843,4878(16,14 5(1)
1109 6952,5843(18,16 (1) TN O Y P a1
1165 8117,6952(20,1§ 1(1) 5 25 455 25 455 25 45
Fold Fold Fold

member(see Table )l The spin and parity assignments were FIG. 3. Fold distributions gated on summed pairs of discrete

made assuming that the observed transitions all haveoubley-ray gates below the state of interest.

stretchedE2 character. The energies of the transitions and

their mutually coincident ‘in-band’ nature are consistent withrather narrow fold distribution intermediate between that of

similar E2 cascades built on the yrast and decoupled bands iGoulomb excitation and deep inelastic.

the neighboring isoton€s, 9. In our previous work using th&Zr(°Be,a2n)**Mo reac-
Figure 2 shows the azimuthal angle versus the time-oftion [8], two new transitions at 979 and 1055 keV were

flight difference observed by CHICO. The beamlike and tar-3qged to then,,/, decoupled sequence. The spectra in Fig. 1

getlike fragments are separated by the reaction kinematiGgynfirm the 979-keV transition but also demonstrate that the
and the yields for both are peaked around the expected Iab?éported 1055 keV transition is in fact a merging of two

ratory grazing angles of26°oand 48°, respectively. Figure 3 goh5 ate in-band transitions, namely, thos& @1049 and
shows fold distributions fof*Mo and nearby nuclei. Up to ;63 ey This deconvolution is important as the backbend-

. = 10 ;
spin 81 in **Mo Fhe spectra are dominated by a l.OW.'f°|d ing associated with the new ordering of these two transitions
reaction mechanisnfassumed to be. Coulor_nb excitaion - pas 4 considerable impact on the deduced alignment.

while states above the 1@evel (associated with the aligned A comparison of the rotational-like behavior in the decou-

(vhy1»)? configuration[7]) have distributions shifted to sig- pled hy;, bands in theN=57 isotones and theN=58 even-

nificantly higher folds, associated with deep-inelastic COI"'even neighbors can be made in terms of the cranking model

sions. The quasielastic two-neutron transfer 4o has a by extracting quantities such as the total aligned angular mo-
mentuml, and the quasiparticle angular momentumj1].

700 Figure 3 shows the comparison between the extraigtéat
the yrast-sequences in the even-even cores oNth&3 iso-
6507 tones between M@Z=42) and Cd (Z=48), together with the
_ sool 2588 same quantity for the decoupldt},, sequence in theN
g 2% =57 isotonic neighbors. Note in each case the clear blocking
> 55071 effect associated with the population of thg,, neutron or-
S bital. The general trend is a ‘mirroring’ of the second align-
Tg 5001 ment observed in th&l=58 even-even core with the first
S alignment observed in thid=57 intruder band.
E 4501 ik In order to compare the experimental data with state-of-
2 4001 B the-art, quantitive, microscopic theoretical predictions in the
o i J bandcrossing region, cranked-Woods-Saxon-Strutinsky cal-
3504 Elastics culations have been performed by means of total-Routhian-
surface(TRS) calculations[3] in a three-dimensional defor-
3001— ; : mation spacég,, B4,7%) using the same procedure as outlined
20 40 60 in Ref.[8]. At a given frequency, the deformation of a state is
8., (degrees) determined by minimizing the calculated TRS. Figure 4

shows the comparisons between the experimentally extracted
FIG. 2. (Color onling CHICO particle identification plot for the total aligned angular momentulpwith those extracted from
current work. the angular momentum projections in the TRS calculations
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FIG. 5. Comparison of the experimentally extracted total
aligned angular momentury for the hy;, bands in®Mo, %Ry,

103pq, and'®®Cd with the results of the TRS calculations. The open
squares correspond to proton contributions, with the crosses repre-

FIG. 4. Comparison of deduced quasiparticle alignments for theenting the predicted neutron contribution. The solid lines are the
yrast bands in the even-N=58 isotones between Mo and Cd and total I, predicted by the TRS calculations and the large black dia-

the decoupledh, 1,5 structures in theiN=57 neighbors. Harris pa-
rameters off9=7.04%/MeV andZV=15.07%%MeV? have been as-

monds are the values extracted from the experimental data.

work and Refs[8,9,11,15,2%

for the hyy, bands in theN=57 isotonesjaMo, 13'Ru [8],

19%Pd[9,10], and33Cd [9,13.

Theh,,,, band in%¥Pd shows a gradual increase in align-
ment betweenw~0.2—0.7 MeV/h, which has been de-
scribed in terms of dual alignment of botty,,, neutrons and
Oo;2 Protons [9]. The comparatively lower rotational fre-
quency of thgsingle componenfirst alignment int®>Cd has
been discussed in terms of(g;,)? neutron crossing from
blocking arguments and on the basis of the mirroring of the
increase iri, in the yrast sequence #3%Cd above theh,;,,)?
neutron alignmenfl11l]. This implies that only one type of
crossingli.e., either(g;,)? neutrons oKgy,)? protong is ob-
served in thé®Cd case. This alignment pattern is not as well
reproduced as the lightéd=57 isotones in the calculations
presented in Fig. 3. Thiy,,, band in'%%Pd appears to show
a double crossingas deduced from the large and continual
increase in quasiparticle alignment over a wide frequencyciw“. 050
rangg. As pointed out in Ref[9], this observation favors the
argument that the alignment observed 6iCd is predomi-
nantly due to thég;;,)? neutrong9]. This is consistent with
the expectation that thémge,)? aligned configuration be-
comes more favored with decreasing proton number, while 0.20
the crossing frequency of the,)? neutrons is predicted to
remain approximately constagassuming similar deforma-
tions) for the N=57 isotones°*Cd and!°%Pd (Fig. 5).

The experimentally deduced alignment gain f8iRu is

heavier isotones This is consistent with the weaker interac-
tion expected for themgy,)? crossing associated with the
lower) orbitals, which reside closer to the Fermi surface for
9Mo. As with the vhy, structure in'®Ru, the increased
core deformation with respect t8°Cd and'°¥d is respon-
sible for pushing the predictedg,,,)? crossing up to higher
frequencies, which probably explains why they are not ob-
served in the current work. It is also worthy of note that the
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reproduced by the theoretical calculations rather well. The X=P,cos(y+30°)
combination of increased deformation compared to the

heavier isotoneg°*Cd and!®3Pd), coupled to the lowering

FIG. 6. Total Routhian Surface calculations for the lowest-lying

of the proton Fermi surface is demonstrated in the calculanegative-parity sequence #Mo. (a) 0=0.401 MeV#h (5,=0.234,
tions to result in a predicted alignment which is dominatedg,=0.019,y=+16.39; (b) ©=0.502 MeV £ (8,=0.226,3,=0.019,

by the vhy,,,® (7gg5)? configuration above the crossing.

y=+1359, (c) =0.602MeVh (B,=0.197, [3,=0.016,

The new data 0¥°Mo show an even more dramatic in- y=+10.09; (d) @=0.702 MeVF (8,=0.137,8,=-0.006,y=+38).

crease in alignment than that observed #Ru, with a

The energy contour on these calculations is 200 keV.
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highest spin transition tentatively deduced for the yrast structhan 30#, which may be enough to populate the predicted
ture of 1%Mo suggests the beginnings of an alignment at asuperdeformed minimum in bofiMo and°Mo.

similar frequency to that observed in the intruder band in the In summary, the near-yrast states of tNe57 and 58
neighboring®Mo. nuclei °*1°Mo have been investigated using thin-target,

The total Routhian surface calculations for the lowest-heavy-ion-induced binary reactions. The partial decay
|y|ng negative-parity sequence Wo are shown in F|g 6. schemes for these SyStemS have been extended into the first

The predicted quadrupole deformation for this minimum had?and crossing region for ttg, structure Mo and to the
B,~0.2, but the minimum is soft with respect to both qua- start of the sepond alignment in the yrast sequ'enééolno.
druple and triaxial degrees of freedom. The predicted effecESM calculations suggest both of these crossings are due to

of the (ggj»)? proton alignment is to make this minimum even the favored rotational alignment of Iow-_compone_nts on
more y and 8 soft, resulting in a rather, astable, low- the protongg, shell. When compared with the alignment

deformation configuration. It is perhaps rather surprising thafyStematics of the analogous structures in the neighboring

the rotational-based CSM reproduces the experimental dafy=>7 and 58 isotones, and with cranked-Woods-Saxon-
so well in nuclei, which appear to have quasivibrational_Stru“”ksy calculations, a consistent picture emerges of the

structure. We also note that at higher rotational frequencie§1creéasing importance of the 10@- go;, protons in the
(w=~0.7 MeV#, corresponding to aligned spin values of aligned configuration with decreasing proton number and the

~25.30%), a well-defined superdeformed minimum ap- reduced effect of they;, neutrons with increasing core

pears in the potential energy surface f@o at an axially ~deformation.

symmetric deformation gB,~0.4, at an excitation energy _of ACKNOWLEDGMENTS

approximately 1 MeV above the global minimum. A similar

prediction has been made for the even-even neighifbto This work was supported by EPSROK) and the U.S.

[25]. The current experiment used an energy of approxiDepartment of Energy, under Grant Nos. DE-FG02-91ER-
mately 25% above the nominal Coulomb barrier between thd0609 and DE-AC03-76SF00098 and by the National Sci-
target and projectile[26], which using the semiclassical ence Foundation. P.H.R. acknowledges support from Yale
“rolling-mode” approximation[27] corresponds to a maxi- University via both the Flint and the Science Development
mum expected value of the targetlike fragment intrinsic spinFunds. A.D.Y., J.J.V.D., S.D.L., and Z.P. acknowledge the
of ~254. We note that this is close to what is observedfinancial support of EPSRC. F.R.X. acknowledges support
discretely in the current experiment. For a heavier beanfrom the Major State Basic Research Development Program
(such ag%Ph) at a similar energy above the Coulomb barrier of China(Grant No. G200007740Gnd the Chinese Minis-
(25—-30%, the predicted rolling mode input spin is greater try of Education.

[1] R. Bengtsson, S. Frauendorf, and F.-R. May, At. Data Nucl.[13] D. Jerrestanet al,, Nucl. Phys.A593, 162(1995.

Data Tables35, 15 (1986. [14] H. Huaet al, Phys. Lett. B562 201 (2003.
[2] W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson, and I[15] P. H. Regaret al, Phys. Rev. Lett.90, 152502(2003.
Ragnarsson, Nucl. Phy#435, 397 (1985. [16] P. H. Regaret al, Phys. Rev. C49, 1885(1994).
[3] W. Nazarewicz, R. Wyss, and A. Johnson, Phys. LetRZ, [17] P. H. Regaret al.in The Frontiers of Nuclear Structuredited
208 (1989. by P. Fallon and R. Clark, AIP Conf. Proc. No. 6%AIP,
[4] W. Nazarewicz, M. A. Riley, and J. D. Garrett, Nucl. Phys. Melville, NY, 2003), p. 422.
A512, 61(1990. [18] S. Hirowataraiet al., Nucl. Phys.A714, 3 (2003.
[5] F. S. Stephens, R. M. Diamond, J. R. Leigh, T. Kammuri, and[19] D. Hook, J. L. Durell, W. Gelletly, J. Lukasiak and W. R.
K. Nakai, Phys. Rev. Lett29, 438(1972. Phillips, J. Phys. G12, 1277(1987).
[6] R. F. CastenNuclear Structure from a Simple Perspective [20] I-Y. Lee, Nucl. Phys.A520, 641¢(1990.
(Oxford University Press, New York, 2000p. 364. [21] M. W. Simonet al,, Nucl. Instrum. Methods Phys. Res.462,
[7] P. H. Regaret al, Phys. Rev. C55, 2305(1997). 205 (2000.
[8] A. D. Yamamotoet al, Phys. Rev. C66, 024302(2002. [22] D. C. Radford, Nucl. Instrum. Methods Phys. Res381, 297

[9] P. H. Regan, G. D. Dracoulis, G. J. Lane, P. M. Walker, S. S. (1995.
Anderssen, A. P. Byrne, P. M. Davidson, T. Kibédi, A. E. [23] J. Dubuc, G. Kajrys, P. Lariviére, S. Pilotte, W. Del Bianco,

Stuchbery, and K. C. Yeung, J. Phys. 18, L157 (1993. and S. Monaro, Phys. Rev. 7, 954(1988.
[10] B. M. Nyakoé et al,, Phys. Rev. C60, 024307(1999. [24] A. O. Macchiavelliet al,, Phys. Rev. C38, 1088(1988.
[11] P. H. Regaret al, Nucl. Phys.A586, 351(1995. [25] J. Skalski, S. Mizutori, and W. Nazarewicz, Nucl. Phy&§17,

[12] K. R. Pohl, P. H. Regan, J. E. Bush, P. E. Raines, D. P. Bala- 282 (1997.
muth, D. Ward, A. Galindo-Uribarri, V. P. Janzen, S. M. Mul- [26] C. Wheldon(private communication
lins, and S. Pilotte, Phys. Rev. 63, 2682(1996. [27] R. Bocket al, Nukleonika 22, 529 (1977).

044313-5



