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Observation of (h;;,,)? neutron alignments in **Mo, %“Ru, and 1%pd
using deep inelastic reactions
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The transitional nuclet{oMo, *33Ru, and'33Pd have been studied as products of binary reactions formed by
a 5Kr beam impinging on &42Pd target. The yrast states are observed above the region of the first backbend.
In each case this backbend is associated with the breaking of the first nehfig)? (pair. The results are
consistent with the predictions of cranked shell model calculations and the systematics of neighboring nuclei.
[S0556-281®7)01904-3

PACS numbg(s): 21.10.Re, 23.20.Lv, 25.78z, 27.60+]

[. INTRODUCTION observed increases in aligned angular momentum of between
9% and 1@, a (vh,,,)? assignment would be preferred over
The nuclei aroundZ~44 andN~60 are susceptible to a (gg)? One.
dramatic changes in shape with the addition or subtraction of For neutron-rich nuclei, it is difficult to observe the yrast
a small number of nucleongl]. The population of sequence through the backbend due to the preferential popu-
deformation-driving, two-quasiparticle states can have a polation of neutron-deficient species in fusion-evaporation re-
larizing affect on the nuclear shape. Experimentally, the obactions and the low angular momentum involved in the fis-
servation of quasiparticle alignmentsr “backbending”)  SION process. The identification of discrete gamma rays from

can give useful information on the nature of those nucleon&eutron-rich fission fragmentsl,7—13 has enabled the ob-

lying close to the Fermi surface, allowing the shape of the>¢Tvation of low to medium spin yrast states in a number of
nuclear mean field to be inferred. neutron-rich nuclei around=100-115. However, in fission

For Z~44 andN~60, the rotational alignment of both source studies, the experimentalist has a limited control over
' . : . the choice of reaction products, making it difficult to study
the protongy,, and neutrorh,y;, intruder orbitals can give

rise to significant increases in aligned angular momentumSpeCifiC nuclei of interest.
9 9 9 " The use of deep inelastic reactions to populate near-yrast

For prolate shapes with,~0.2, the Fermi surface lies close g504 in slightly neutron-rich nuclei is now well established
to the bottom of the low, hyy, neutron shell. For the 1317 and provides an efficient way of studying the yrast
neutron-rich nuclei aroundA~105, these orbitals slope states of the most neutron-rich, stable isotopes in the
down steeply in energy with increasing prolate deformationa~ 105 region. In the current work we focus on the evolu-

The population of these states has been suggested as #ién of the yrast states as a function of angular momentum in

mechanism behind the observation of weakly deformed, prothree nuclei'%Mo, '33Ru, and*%&Pd, with particular atten-

late, rotational bands in this regi¢@]. For oblate deforma- tjon to the rotational alignments and what they reveal about
tions, atZ=46, the lowf) components of the protogg,  the underlying nuclear configurations.
orbitals are easily aligned and energetically favor collective
oblate shapes. _ , Il. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

In the lighter rutheniun{3] and palladium nuclej5,6],
backbends are observed in the yrast sequences of the even-In the current wdk a 5 mg/cnt thick, enriched(99%)
even isotopes which have been associated with the populd°Pd target on a 20 mg/ct?*®b backing was bombarded
tion of the prolate driving, two-quasi-neutrorh,(,5)% con-  with a 395 MeV 8Kr beam provided by the K130 cyclotron
figuration. However, Aryaeinejagt al. [4] suggest that the in the accelerator laboratory at the University of Jskda
first band crossing observed in the neutron-rich palladiunystematic studies of deep inelastic reactions suggest that the
isotopes, 11211411pd js due to the oblate driving proton nuclei produced with the highest cross section have neutron-
(g9)? quasiparticle alignment, suggesting an oblate deto-proton ratios similar to the compound systgh8]. Note
formed core. It should be noted that in this work the align-that the proton-to-neutron ratios for the beam and target nu-
ment was not observed all the way through the backbend;lei are approximately equai{0.72 and theZ:N ratios for
and so the full increase in alignment could not be extracted*39Mo, '9iRu and '33Pd are 0.72, 0.73, and 0.74 respec-
The maximum aligned angular momentum which can beively.
generated by a single pair of protgg, orbitals is &, while Gamma rays from decays in both the targetlike and pro-
the neutronh,,, orbitals can generate up toA0Thus for jectilelike fragments were measured using an array of 12
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from 1%Ru and the complementary strontium fragments.

L (@) ,f'\: I3 Typically, each “clean” gate contains lines from the nucleus
2 6000000k S of interest and also from a number of isotopes from the
é 8 complementary, projectilelike fragment. In the three nuclei
© discussed in the present WorkﬁgPd was accompanied by
200000 | transitions from®-2Kr, 1%Ru was accompanied by transi-
soop T e ] tions from 87-295r, and '9%Mo was accompanied by transi-
o o00l " 3 . ] tions from °*733Zr. (At the limit of our experimental sensi-
€ ~ 3 tivity, we do not observe proton evaporation from the binary
§ 500l 8 o reaction products.
100 | L.h ;Al ldl Lade g |
il e ) Aottt e IIl. EXPERIMENTAL RESULTS
200 (© T +04y yrast band | The decay schemes fd®Mo, 1%Ru and 1%pd, as de-
2 * . ) 1 duced in the current work, are shown in Fig. 2. Examples of
3 500 o® the gamma-gamma coincidence spectra used to construct
© N | * these decay schemes are shown in Figs. 1 and 3. The inten-
100 | M . o sities quoted are taken from the gamma-gamma coincidence
© © A data fitted using the ESCL8R progrd20]. This information
" 9000 " - is summarized for'®™o, *Ru, and!%®Pd in Tables I, I,
£ 5, and lII, respectively. The intensities of the"2:0* transi-
3 5000 5 ® tions were obtained by comparing their intensities as ob-
O B N 8.« <+ @
o §05 |8 wﬁﬁﬁ & ] served in gates set on strong lines in the complementary
1000 | st L.,LT v J_Jl VM1 fragment nuclei. These intensities have been renormalized so
100 300 500 700 900 00 that the 2" — 0" transition in each nucleus has an intensity
E, (keV) of 1000 units.
FIG. 1. (a) Total projection of the gamma-gamma coincidence A. Spin and parity assignments
matrix showing the 374 and 547 ke¥*%d lines from Coulomb The assignment of transition multipolaritigand thus

excitation,(b) background subtracted gate on the 764 keV transitio evel sping in high-spin studies is usually achieved using an
in 1%9Ru, (c) 764 keV gate with portions of the neighboring 762 and PINS In NIGN-Spin Studie ya 9
767 keV gates subtracted, afd) gate on the 531 keV line. angular distribution or.dlrecnonal cor_relatlon analygrd].
In the current work, neither was possible dudgdbthe large
number of nuclei produced, which means that the singles

Cpmpton—suppressed TESSA-tyjpe9), hyperpure germa- - yaia are heavily co%taminate(dix) a general lack of statistic%
nium detectors. The detectors were placed in four rings OE} the DCO(angle-gately-y data; and most importantly)
three detect(_)rs e_ach, at angle§ c.’f 38°,78°,102°, and 142° destruction of the reaction alignment in the binary breakup
the beam direction. Each individual gamma-ray event wa: rocess.
acgompamed by a time S|gpal relative fo the bea'?" burs The spin assignments given in this work are based on the
which enabled good separatlon_betwegn prompt evints observed decay characteristics of individual states. Where it
beam and delayeo! events from isomeric stategsadecay. xists, we have assumed results from previously published

Data were written to tape for Compton-_suppresse ata[22-24 and then made tentative assignments of the
gamma-gamma coincidence events. Approximately 4.3, of hreviously unobserved states from their decay pat-
x10 in-beam, unfolded gamma-gamma events were Sortel s into the known states. We have made tentative assign-
into the form of a gamma-gamma matrix, from Wh'Ch_ments for the level spins using the usual assumption that,
background-subtracted cm_nmdence gates could _be Set',':'%?pically, near-yrast decays are favored, and thus the as-
ure ¥a) shows a total projection spectrum for this matrix. signed spins increase with excitation energy. This assump-
Note ”1‘?‘ the data are dominated by the Coulomb excitatio s, s at least partially verified in the present work by the
of the **Pd target. . lack of observation of many previously identified nonyrast,

The data were analyzed using the gamma-ray ".inalys'ﬁ)w-lying states. We have limited the assigned multipolari-
programs GF2 and ESCL8RO0]. Because of the relatively ties of the decays to eitheAl=1, (M1/E2 or E1) or
large number of nuclei formed in this type of reaction, the, |, _, g» transitions(since promp,tMZ decays in transi-
gates frequently have to be manipulated in order to obtai@ional’ nuclei are rame In general, the likelihood of a
“clean” (unpontaminate)dspectra. Figurr_e 1 shows a typical | =0,J—J transition has been disr’egarded on the basis that
example using a gamma-gamma coincidence gate set on { s implies a nonyrast nature for the decaying state although

764 kev ftransition in Ru. Qlearly, .the background—_ we note that such decays cannot be ruled out in the present
subtracted gate contains many lines which, rather than being

in coincidence with thé®Ru transition, are due to the over-
lap of the tails from peaks either side of the 764 keV transi-
tion which are unresolved in the 764 keV gate. When the
contributions from these gates are subtracted from the 764 Previous work on this nucleus includes the study of low-
keV gate, the residual spectrum contains only transitionspin states following thed~ decay of 1°Nb [25], two-

B. Decay scheme of°Mo
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FIG. 2. Partial decay schemes ¥PMo, %Ru, and'%Pd obtained in the present work.

neutron transfer through the,p) reaction[26], and Cou- D. Decay scheme of®Ru

lomb ex.citation[27]. Each oj these studies allowed the spin | ayels in 1°Ru have previously been studied@T decay

and parity of the yrast 23 4", and 6+ states at 536, 1136, 29 3(), inelastic deuteron scatteri§1], Coulomb excita-

and 1848 keV to be confidently assigned. The study by Hoolq, [23,24,32, massive transfdi3], and the study of fission

et al. [28] using the**Zr("Li, p2n)**Mo reaction, identified products[8]. Only the near-yrast states identified during

the yrast states up to the 10state at 3368 keV, with the these studies are observed in the current work. The spins and

(127) state tentatively assigned as lying at 4063 keV. Fisparities of the yrast states up to the 3112 keV level at spin

sion studies reported by DureB] suggested a tentative 10" have been deduced from Coulomb excitation studies by

(14™) state at 4875 keV decaying via an 812 keV transitionStachelet al.[23,24].

to this tentative(12™") state. The excitation energies of these The yrast positive-parity band is in agreement with the

states are confirmed in the present work. previous work of Haenret al.[3], Stachekt al.[23,24], and
Two previously unreported states at 2340 and 2844 ke\Durell [8] and has been extended for the first time through

have been observed in the current study. The 2340 keV statbe first backbend up to @4 ") state at 4439 keV. We have
is observed to decay 0n|y to the yras‘t’ 4&tate, restricting assumed that the 602 and 726 keV transitions decaylng from

likely spins to 5 or 6# for this state.(A spin/parity of 4-  the 3714 and 4439 keV states are stretcB@dtransitions

for the 2340 keV state is unlikely as one might expect toforming the continuation of the yrast band.

observe arE2 decay to the yrast 2 state, yet no such decay A number of previously unobserved, nonyrast states
is seen in the present stugifRy a similar argument, limits of which decay into the yrast sequence have also been identified

; in the current work. These are the 1975, 2233, 2601, 2614,
7h and 8 can be made for the spin Of. Fhe 284.'4 k?V State'3075, 3285, and 3690 keV levels. The spin/parity assign-
The observation of the 503 keV transition which links the .

T S ments for these states are discussed below.
2844 and 2340 keV states implies a spin difference of no . .
. 1975 keV stateThe 1975 keV state has a tentative assign-
more than Z between these two levels. On the basis of these . .
arguments, we favor tentative assignments dfd 7+ for ment of (6 )% or 74 on the basis of its only observed decay
' . to the yrast 6 state at 1557 keV. If the 1975 keV state had
these states, respectively. . . : .
a spin of &, it would be yrast and one might expect it to
have a rather stronger intensity, although such an assignment
can not be ruled out in the present work. Similarly, for spin
C. %Mo h.- - band assignments of & or lower spins, one would expect to see a
- Mo hyypp ban decay branch to the 4 state at 889 keV.
The published data on tHg ~ band in Mo [40] extends 2233, 2614, 3075, and 3690 keV stat&se makeup of
to a spiny ~ state. We have identified a firm candidate forthe decay scheme suggests that these states are all members
the (27) member of the decoupleti;;, band in ®Mo  of a collective structure based on the same intrinsic configu-
which decays via a 845 keV transitigeee Fig. 4 The ob-  ration. (Negative-parity sidebands from the coupling of the
servation of the extension of this band is important in termd,1, and ads;,/ g7/, orbital are a common feature of the yrast
of blocking effects and the subsequent interpretation of thetates of this regioh22].) From the singular decay of the
backbends in the even-even isotofisse later. 2233 keV state to the yrast'4level via the 1344 keV tran-
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FIG. 3. Examples of coincidence spectra used to obtain the decay schent®®forand °Pd in the current work.

sition, tentative spin/parity assignments are restrictedto 5 2601 keV stateThe observed decay of this state limits its
or 67. Similar decay arguments restrict the assignment of th@ossible spin and parity assignments té @r 8*. While a

2614 keV state to 7 or 8" and the 3075 keV state tah8 6~ assignment is possible, it is unlikely, particularly since
or %. the 2197 keV, 6 member of the gamma vibrational band
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TABLE |. Transitions identified in'®Mo. Tentative assignments are in parentheses.

E, (keV) Intensity E; Ef I I
503.3 9014) 2844 2340 (7 (5
535.7 100025 536 0 2 o*
600.6 97%61) 1136 536 Vg 2*
695.6 12814) 4063 3368 (12%) 10"
711.3 57938) 1848 1136 5] 4+
739.9 21018 3368 2628 10 8"
780.3 30825 2628 1848 g 6+
812.3 8314) 4875 4063 (14™) (12%)
996.5 9714) 2844 1848 (7) 6+
1204.3 12121) 2340 1136 (5 4+

@Taken from relative intensity compared to 601 and 711 keV transitioéZn2*—0" (935 ke\) gate.

observed by Stachedt al. [23,24] is not observed in the observed but a lower lying 10 state at 3256 keV which
present study. decays via the 708 keV gamma ray is the yrast state for this

3285 keV stateFrom the decay of this state via the 964 spin. This has important consequences when deducing the
keV line to the yrast § state, likely spin/parity assignments increase in aligned angular momentum through this crossing.
can be restricted to® or 10" The state at 2842 keV which decays via the 1071 keV
transition to the yrast 6 state at 1771 keV has not been
previously reported and we assign possible spin/parities for
this state of 7 or 8*.

E. Decay scheme of%Pd

States upto spin 8 in this nucleus have recently been the
focus of a study by Svenssat al. [33] using Coulomb ex-
citation. High-spin states up to a tentatii® *) state(popu-
lated via the decay of fission fragmentsave been reported
in this nucleus by Durel[8]. The recent study of the near Cranked shell modelCSM) calculations have been per-
yrast states of%pPd by Pohlet al.[22] using the®®zr(*¥0,  formed for all three nuclei using shape parameters obtained
a2n) reaction extended the yrast band up to a tentative spifrom total Routhian surfac€TRS) [34] calculations for the
(18#) and identified a candidate for the yrast negative-paritylowest energy0,+) configuration in each case. The calcula-
band. The decay scheme observed in the present work t®ns for °Ru are shown in Fig. 5. In all cases, the CSM
consistent with this recent study and spin/parity assignmentsalculations suggest that the first alignment occurs at a rota-
are taken from that work. In agreement with Rgf2], the tional frequency of approximately 0.33 Mevand involves
tentative 10" state reported by Dure[l8] at 3350 keV is the lowest energy pair offi;;;, neutrons(labeledAB). To

IV. DISCUSSION AND CSM COMPARISONS

TABLE Il. Transitions identified in'%Ru. Tentative assignments are in parentheses.

E, (keV) Intensity E; E; |2 I
358.0 1000120° 358 0 2 o*
381.0 113) 2614 2233 (7,8 (5,6™)
418.4 5@7) 1975 1557 67,7 6"
461.3 597) 3075 2614 (8,9 (7,8M)
530.7 70491) 889 358 4 2+
601.5 10113 3714 3112 (124 10*
(616.0 39(5) (3691 3075 (9,10,12 (8,9
667.9 39750 1557 889 6 4+
725.8 244) 4439 3714 (14%) (12™)
764.0 19824) 2321 1557 g 6"
791.5 11215) 3112 2321 10 8t
964.3 284) 3285 2321 (9,20%) 8t
1044.3 4%7) 2601 1557 (7,8) 6"
1057.5 7511) 2614 1557 (7,8 6"
1344.2 4T7) 2233 889 (5,6") 4+
1613.1 143) 1971 358 (37) 2%

aSee Stachetdt al. [23,24].

bTaken from relative intensity compared to 531 and 668 transitiorf$ fA%%°%r gates.
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TABLE lII. Transitions identified in'%Pd. Tentative assignments are in parentheses.

E, (keV) Intensity E; E; I 17
434.0 100080)° 434 0 2 0"
435.9 1%22) 2761 2325 7() 5(7)
518.9 193) 3280 2761 9(-) 7()
541.2 1%3) 3798 3256 12 10*
614.4 60055) 1048 434 iy 2"
627.3 112) 2399 1771 8%) 6"
683.9 182) 3964 3280 1109 9(7)
708.3 404) 3256 2548 10 8"
723.1 207198 1771 1048 6 4+
776.7 717) 2548 1771 g 6"
802.4 213) 3350 2548 10 8"
807.2 112) 4158 3350 (12*) 10*
812.9 82) 4777 3964 130) 110
843.9 112) 4641 3798 14 12+
990.0 455) 2761 1771 7() 6"
1071.0 183) 2842 1771 (7,84 6"
1276.8 284) 2325 1048 5(-) 4+

aSee Pohkt al.[22].
®Taken from relative intensity compared to 614 keV transition in total projection.

compare the experimental data with the predictions of the A. Mo

CSM calculations, we have transformed the level energies As Fig. 6 shows, the aligned momentum for the even-spin
into excitations in the intrinsidrotationa) frame of the yrast states forr®Mo increases by approximately AGat a
nucleus as described in R¢B5]. In this analysis, values of rotational frequency of 0.37 Me¥/ This is consistent with

To=4#%IMeV andZ,=40r2/MeV ® [36] were used. the alignment of thel{;,,)? neutrons as predicted by Mathur
Mo
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FIG. 4. Gate on the proposegl~— %~ 845 keV transition in**Mo.
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and Mukherjeg39] and is too large an increase to be ex-on the coupling of thén,;,, neutron orbital with ads;»/g7/»

plained by the alignment of gg, proton pair.
It is useful to compare the alignment observed'fiMo
with that of the one quasi-neutrohy;,, neutron bands in the

state. The excitation energy of these states is close to the
estimated value of twice the neutron pair g&gA,~2.4
MeV) and such states are well known in othHé=58 iso-

neighboring oddN molybdenum isotopes. As Fig. 6 shows, tones such as®Pd and%cd[5,42).

the few states available for ttg,, band in **Mo show that
as in thehy;/, bands in'®Ru and °/Pd the first(AB) band

B. Ru

crossing is clearly blocked. This blocking effect adds consid-

erable credence to thevli;,,)? interpretation for the first
alignment in1°Mo.

The observed increase in alignment(6f-10) # is also
consistent with the I{;;,,)? crossing and too large for the

One might speculate that the states at 2340 and 2843 keptoton (gg,)? alignment. This interpretation is supported by
in ®Mo are negative-parity two-quasiparticle states basedhe CSM calculations fot®Ru (see Fig. $which predict the
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T T T T T T T T T T C. 1%pqg
ol@ el L® It has been suggested that there is change from prolate to
L o T 4 oblate deformation in the palladium isotodds with oblate
< 6L oope 61 O shape.s _preferred for neutron numbers 64 anq above.
=} o R 7 Aryaeinejadet al. [4] have argued oblate deformations for
2F 4 2F oops ] 1121141164 on the basis of the observed rotational frequen-
cies of the first alignment for these nuclei, which occurs at
S TSR e T S N S M ®~0.35 MeVh. The authors of Ref4] suggest that this is
- Do |- 7 consistent with the £gq,,)? crossing which is predicted to
0t R Of 7 occur at a lower frequency than theh(;;,)? alignment for
T 7 B B oblate shapegHowever, this situation is reversed for weakly
5_; 61 O“”ngsi R deformed prolate deformationsUnfortunately, the back-
N x| o[ 1 bends observed if'?1141Pd do not progress through the
M O Ry full alignment and thus the total increase in aligned angular
. R N I R R R Ir_n(r)]mdentum through these backbends has not yet been estab-
! | I 1 Ishedq.
ol =owd] ol ] In 1%%d, the CSM calculations suggest that the first align-
L Omye| | i ment is due to the prolate driving, lo@Q- (h;;,)? neutron
Z s oo 6 oo configuration[22], consistent with the observed gain in an-
> L ] F 4 gular momentum of9—10)%. As in the ®Mo and *%Ru
2+ 4 2 ome | yrast bands, this increase in aligned angular momentum is
¥ * too large to be accounted for by the protay,$)? alignment.
R R \4 TR s ] N SO N BN S B As Fig. 6b) shows, the first alignment it®%d is blocked in
02 hw%ﬁev) o8 02 hw%;'ev) 08 the one-quasineutrof ~ band in 1°Pd, consistent with a

(h119)? alignment in%%Pd.
FIG. 6. Alignments for the(a) even isotopes of palladium

(Z=46), ruthenium Z=44), and molybdenumZ=42) and (b) V. SUMMARY AND CONCLUSIONS

comparison with théh,;,, neutron bands in the respective odd- Th ¢ stat £ the-stabl leil%Vio 194R d
neighbors. In all cases, the Harris parameters used wgret ~  'N€ yrast states ot g-stable nucler™Mo, “"Ru, an
#2/MeV andZ,=40k%/MeV3. The data for these points come from %Pd have been studied to medium spins using deep inelas-
the present work and Ref3,5,6,8,22,37,38,40 tic collisions. In each case, the yrast sequence extends past

the first band crossing with an increase in aligned angular

(vhy1)? alignment AB) to occur at a frequency of approxi- momentum of approximately %0 This pgttern is well repro-
mately 0.3 MeV#. The alignment for theZ~ band in _duced by cra_nked §hel| modt_el calculatlt_)ns and the systemat-
103Ry 3] shows thisAB band crossing to be blockddee €S of the nelghbprlng nuglel, all of yvhlch suggest that the
Fig. 6(b)], again consistent with thevh,y)? alignment in- neutron 01,92 ah_gnme_nt is energetlcally favored over the
tErpretation for “Ru. The excitation energy of the first 9round state configurations at spins ofiland above.

U~ state lies at only 209 keV41] in %Ru (compared to
434 keV in 1%Ru), but unfortunately no states are known in
the band built on this state; so the alignment for this band The authors gratefully acknowledge R. Darlington for
cannot be deduced. However, the lowering of the energy ofnaking the target and the crew of the Jgkgla cyclotron.
the yrasty ~ state with increasing neutron number is consis-We are very grateful to Dr. Ramon Wyss of the Manne Sieg-
tent with thehyy,, neutron orbital lying close to the Fermi bahn Institute, Stockholm, Sweden for providing us with the
surface for!%Ru. TRS and CSM calculations. This work benefited from useful
The states at 1995, 2233, 2602, and 2614 keV are all aiscussions with Dr. O Burglin. One of u§.M.M.) ac-
excitation energies consistent with two-quasiparticle stateknowledges support from the JNICPortuga) under the
but in the absence of firm spin/parity assignments, no furthePRAXIS XXI program, Project No. PRAXISS XXI/BD/
interpretation can be made. The tentati¥6™) state at 3285 5665/1995. This work is also supported by grants from the
keV is a candidate for the continuation of the yrare, quasiviEngineering and Physical Sciences Research Co(d&i),
brational ground state configuration after the first band crosshe European Union, and the British Council’'s Finnish-

ing. British Academic Research Collaboration Scheme.
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