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Abstract. Therhg5[541 1/2~]bandin'®’Tm has been stud- The Cranked Shell Model (CSM) is known to be a rather

ied through theé?*Sn(*®Ca, p4n)%"Tm reaction atEy.q,, = successful tool for describing the experimental alignment pat-
210 MeV. The favoured signature of theg ,[541 1/27] tern observed for rotational band structures [5-7]. However,
band is observed to spin f2h. A remarkable small gain this mean field approach seems in general to fail when ap-
in aligned angular momentum at the AB-band crossing haglied to band structures built on intruder configurations like
been found. The crossing frequency and the gain in alignedhg/2[541 1/27] and 7iy3/5[660 1/2']. In the present pa-
angular momentum fot®’Tm are compared with data for the per we introduce a new and improved approach, based on
N = 98isotones of Lu, Taand Re, and contrasted with Crankedhe CSM and frequency diabatic configurations, for calculat-
Shell Model predictions, based on frequency diabatic configing both the crossing frequendy.., and the gain in aligned
urations. Large deviations are found for the gain in alignedangular momentumai, . For the first time a systematic com-
angular momentum. parison between predictions and data for the: 98 isotones

of Tm, Lu, Ta and Re is presented.

PACS: 21.10.-k; 21.60.-n; 27.70.+q

2 Experimental procedure and results

High spin states of’Tm have been studied at the Nu-
clear Structure Facility, Daresbury Laboratory, using the EU-
) ROGAM array [8-10] consisting of 45 large Compton sup-

1 Introduction pressed Ge detector®’Tm was produced in the reaction

1245n@#8Ca p4n)®"Tm at a beam energy of 210 MeV. The
In several oddZ rare-earth nuclei, with proton numbers be- target consisted of two unbacked stackén foils each of
tween 67 and- 75, therrhg 5[541 1/27] Nilsson configura-  thickness (& mg/cmz. Approximately 8- 10° coincidence
tionwitha = +1/2 exhibits some anomalous features concern-events of suppressed fold 3 were recorded in total. The cross
ing the crossing frequencyiw,, the gain in aligned angular section for the4n reaction channel leading t6'Tm was less
momentumAi,, and the interaction strength at the crossingthan 1.0% of the total fusion cross section, corresponding to
with the S-band, in which the first pair of;/, quasineutrons  ~5- 10° events.
has aligned. While most rotational bands in addwclei have The data were gain- matched and sorted into 2D and 3D
crossing features very similar to the corresponding crossing imatrices, using the sorting program “JUGGLER” [11]. Energy
the even-even neighbours, the crossingimiig,[541 1/27] dependent time gates on the Ge time signals were used to
band is shifted to higher frequencies, with a smaller gain inreduce neutron induced events. Analysis of the matrices was
aligned angular momentum and a larger interaction strengtldone by means of programs from the RADWARE package
[1-4]. Here we report an exception &t = 98, where the sys- [12].
tematic trend for therhg5[541 1/27] bands is broken. The With many open reaction channels it was practically im-
Lu, Ta and Re isotones show not a large, but a small shift irpossible to find any clean single gates on transitions belonging
the crossing frequency, and dependingzna significantly  to %“Tm in a 2D matrix, whereas most of the double gates
reduced gain in aligned angular momentum. In order to studyn the 3D matrix, on transitions belonging to the favoured
this new observation av = 98, we have extended the sys- signature of therhg,,[541 1/27] band gave a clean spec-
tematics with a study off’Tm. trum. The number of counts in the double gates is low, but the
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Fig. 2. lllustrative plots of experimental alignments|) and routhianst{otton) plots for therrhg /,[541 1/27] band in theN = 98 isotones of Tm, Lu, Ta and
Re, and for the (0,+) yrast configuration in the intermediate even-even nuclei. Data are shown relative to a reference configuration with a moment of inertia,
J@, parameterized by a different set of Harris [14] paramet@ss (1) in each case. Data fdf = 70, 71, ..., 75 are from [15,4,16-19]

background is considerably reduced. The favoured signaturband. This is presumably due to the large signature splitting
partner was extended from spin/23 to 61/2~ (tentatively  Ae’, (e.g. Ae’ = 480 keV athw = 200 keV) resulting in a
65/27). Figure 1 shows the background corrected sum of theveak population. Olbrich et al. [13] observed a 20-30 times
15 strongest and most clean double gates on transitions depopeaker population of the unfavoured signature at low spins.
ulating levels of the favoured signature of the ,[541 1/27] ~ None of the other 16 known bands [13] ##'Tm could be
band. All established transitions in the band, including theextended, presumably also due to the low population within
E, =922keV,6)2- — 57/2 transition (and tentatively the the weakly populated reaction channel.
973 keV, 652~ — 61/2~ transition), are clearly seen. The The routhians¢’, and aligned angular momenta, for
lower part of therds/,[411 1/2*] band is also seen [13]. This  the favouredrhg,[541 1/27] band in®"Tm are shown in
includes the 132.1 and 228.6 keV transitions from states popuFig. 2a,c together with corresponding data for flie= 98
lated by the three cross-band E1- transitions of 99.2, 143.5 andotones of Lu, Ta and Re. Values &fand:,, for the yrast
177.3 keV. Energies for the assigned transitions are indicatedland of the intermediate even-even isotones Yb, Hf and W are
in Fig. 1. shown in Fig. 2b,d. All thes& = 98 nuclei show the charac-
With the present data, it was not possible to add new tranteristic features of a band crossing with a large interaction, and
sitions to the unfavoured signature of thig,[541 1/27] also a distinct difference in alignment gaifyi,,, between the
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Fig. 3. Experimental filled symbolyand calculatedgpen symbo)svalues ofhw. (left) and Ai, (right) for therhg[541 1/27] - and the (0,+) yrast band in
the N = 98 isotones of Tm through Re

even-even core-nuclei and the oddsotones with a quasipro- 140
ton occupying thehg »[541 1/27] orbital. This difference is 3
strongly increasing with decreasichy 120r

Values of the crossing frequendy, .., and alignment gain, 1001
Ai,, are extracted for th&/ = 98 isotones and presented in 8ol
Fig. 3. Inthe determination df..., andAi,, for crossings with E s
large interactions, special precautions must be taken [5]. For _x 60

all the bands presented in Fig. 3, the dynamic moment of in- 401 -
ertia.7® has been inspected to ensure appropriate references 0k ]
which produce a constant valueigfbefore the crossing and a T A
linear relation betweei, andhw after the crossing. These are 0.0

used for extractingw,. from plots of routhians, andi, from
plots of i, vs hw. The procedure used for extracticly,, is
illustrated in Fig. 4 for®’Tm and'’*Ta. All data are treated in how [MeV]
the same way, and the estimated errors shown in Fig. 3 include

P : : ig. 4. lllustrative plot of the extraction of alignments f&'Tm and!"1Ta.
the ambiguity in the choice of references. A loss of allgnment;'f|arris parameters o, J1) = (4652 /MeV, OF* /MeV?) and (o, 1) =

. . ) 167
gain as a fu_nCtlon of decreasirigy and for™Tm almost a (39R% /M eV, 0R* /M eV3) have been used f8F7Tm and"Ta respectively
guenching, is clearly seen.

3 Calculations 60% of the observed shift in crossing frequency, in the cases
where these shifts are large [1-4].

In the CSM, the alignment pattern for the quasineutron pairis  The major drawback of these calculations is that constant
intimately related to both the neutron pairing gay,, andthe  deformation parameters and pairing strength have been used.
position of the neutron Fermi level,, relative to theviyz » Furthermore most effort has been concentrated on the under-
intruder shell. A configuration dependence for the alignmentstanding of the crossing frequencies for specific nuclei, and
pattern in an oddé nucleus is consequently expected, if a dif- only little attention has been paid to other observables. In ad-
ference in the pairing and/or the relative position of the Fermidition systematic comparisons between data and predictions
level is caused by the occupation of different quasiproton conshould be performed for all available data.

figurations. BothA, and\, depend on the shape parameters.  |n a new and improved approach, using a new version
For proton numbers belo& ~ 75, therhg/5[541 1/27]  [21] of the Ultimate Cranker[22], based on a modified os-

configuration is expected to drive the nucleus towards largegi|ator potential with Nilsson parameters from [23], we have
prolate deformations (see Fig. 5a) and is therefore expectegitempted to eliminate these problems by:

to influencehw. and Ai,.. CSM calculations [5-7] using fre-

guency adiabatic configurations based on both experimentally

determined [2,4] and expected changes in equilibrium defor- — Calculating frequency diabatiziasiparticle configurations
mations [20] are able to explain a fraction varying from 20-  for both therhg/,[541 1/27] g- and S- configuration in
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Fig. 5. Protona and neutrorb single-particle level energies versus quadrupole deformgkidqi¥, = 0.0, v = 0.0°) calculated forZ = 70 andN = 98 using a
Woods-Saxon potential. A, = 0.0 the levels are labelled by the spherical quantum numbewshile at large deformation the asymptotic Nilsson quantum

numbers Nn, A 27] are given for some configurations

odd-Z nuclei with N = 98 and the yrast (0,+) g- and S-
configurations in the neighbouring even-even nuclei.

propriate blocking.

nuclei, with NV = 98, are compared with experimental values
in Fig. 3.

Performing systematic particle-number projection and ap-

— Applying frequency independent monopole pairing gaps4 Discussion

at each £, €4,v) mesh point, expressed as a fraction of
the BCS pairing gap abw = 0, for the proton one-
quasiparticle configuration4?), the neutron zero-quasi-
particle (A¢%) and the neutron two-quasiparticle configu-
rations (A5):

g/S

AQ/S(527 €a,7, LU) = Rﬂ—/y :

/v

ABCS

/v

(527 €4,7,W = O)

For both the odd4 and even-everV = 98 nuclei, theZ-
dependence ofuw,. is well reproduced by the calculations,
with the small, fairly constant difference of 20 keV be-
tween the experimental and calculated values amounting to a
~ 6 % discrepancy. Faodi,, the experimental -dependence

is also well reproduced for the even-evAh= 98 isotones,
where the calculated values are systematicall@2’ higher.

Self-consistent calculations of the three pairing gaps, forln contrast, there is a wide discrepancy between the calcu-
a few nuclei at deformations which are appropriate at thelations and the data for thehg,,[541 1/27] band. The dis-
band crossing, were used to determine an average set afepancy widens with decreasitg and is largest at the new

reduction factorg%fr/f for all the nuclei studied.

data point for*8”Tm, where the experimental alignment gain

Calculating the corresponding spin diabatic quasiparticleis almost quenched. A strong influence of the occupation of a

configurations and diabatic energy surfaces (for a constarfte/2[541 1/2"] intruder orbital is demonstrated.

spin) for both the g- and S- configurations.

— Minimizing energy with respect to deformation parame-
terse,, €4 and~y as a function of rotational frequency for
both the g- and S- configurations.

Itshould be stressed that the diabatic treatment of crossings
could cause an overestimate of the calculated alignment gain
in the case of strong interaction. A comparison of the present
calculations with predictions based on a frequency adiabatic
treatment of crossings gives an estimate of a possible system-

More details of the applied procedure can be found in ref. [24] atic error of at most 1.G..” There is, on the other hand, no
Predicted spins and excitation energies for the calculatedeason for this effect to be different for the even-even cases

spin diabatic rotational bands were used to extract values foand the odd-Z nuclei with the proton [54Y 2] configuration

hw. andAi,, using the same procedure as for the experimentabccupied.

bands. Calculated values kf,. andA:,, for the ground bands
of even-even nuclei, andhg5[541 1/27] bands of odd?

The effect of occupying thehg,[541 1/27] orbital may
be related to its excitation above the Fermi level. For the
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Fig. 6. Systematics of the experimental valuesééiv. (left) and§ Ai, (right) for a number of oddZ nuclei plotted as a function of neutron numhb¥€r
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and73-185r from [64-69]

N = 98 isotones of Re, Ta, Lu and Tm, the excitation en-in general rather moderate. There is, in addition, a good agree-
ergy of therhg,»[541 1/27] orbital varies from 0 to 170 keV, ment between the predicted shape parameters and measured
which is still a modest excitation, see Fig. 2¢, and the bandralues in the few cases where they are known. As\for 98,
is in all cases yrast fof > 13/2. The alignment pattern the low-lying bands built on other quasiproton orbitals show
for the rhy5[541 1/27] configuration is very similar to the crossing features that resemble the even-even neighbours e.g.
alignment pattern for the (0,+) yrast band in the neighbouringvery small shifts in bothhw, and Ai, in agreement with the
even-even nuclei for nuclei witlk > 75, emphasizing the calculated features.
effect of the position of the Fermi level.
It should be noted that for bands built on other low ly-
ing quasiproton orbitals, like for example;,[514 9/27] or 5 Conclusion
g7/2[404 7/2"] in theseN = 98 nuclei, both experiment and _ '
calculations show values dfw,, and Ai,, which resemble New data for therhg/,[541 1/27] configuration have been
the even-even neighbours. Therefore, the reductiofiiinat  presented here f8f"Tm together with data for the neighbour-
N = 98 is a unique feature of thehg 5[541 1/27 ] intruder  ing N = 98 isotones, and the systematics of a broader range
orbital. of odd-Z nuclei. It can be concluded that the behaviour at the
The crossing behaviour of thehg,[541 1/27] intruder 13/, Neutron crossing in bands built on thég,[541 1/27]
orbitalis demonstrated in a broader context in Fig. 6, where th@rbital cannot be explained by the presented improved CSM
experimental crossing frequencies and alignment gain relativapproach, including a diabatic treatment of crossings and a
to the even-even neighboutsiw. andd Ai, respectively, are  configuration dependence in both shape- and monopole pair-
shown as a function of neutron numhb¥rfor odd-Z nuclei  ing parameters. In this connection, the= 98 isotones pro-
with 69 < Z < 77. There are much larger observed shifts invide a unique situation. These nuclei have the largest inter-
hw, for nuclei with Z < 73 (Ta) andN # 98, than observed action at the crossing. The observed small shifts in crossing
for the N = 98 isotones, which clearly represents a differentfrequency are explainable, in contrast to the severe reduction
physical situation. For the other observabie,,, an almost  in alignment gain with decreasir#g, and almost a quenching
opposite situation is observed, with the largest observed disfor 16"Tm with Z = 69.
crepancy between the odélnhuclei and the even-even neigh- There is in the Nilsson diagram, Fig. 5b, of neutron sin-
bours found afVv = 98. gle particle energies versus quadrupole deformation an en-
Preliminary calculations for even-even nuclei with 68  ergy gap atV = 98, which is reflected in the experimental
Z < 76 and 94< N < 102 but withN # 98 give similar  ground state masses and binding energies. There is no reason
agreement with the data as the resultsVat= 98. In con-  for this gap to have a different effect on even-even and 8dd-
trast, for the odd? nuclei with a quasiproton occupying the neighbours with a quasiproton occupying the,[541 1/27]
hg2[541 1/27] orbital, and N ¥ 98, the dependence ¥ orbital. Neither is it expected to have a different effect on dif-
and Z is relatively well reproduced for\i, whereas rather ferent rotational bands in the same nucleus. Other possible
large deviations are found fdrw,.. In these calculations [29] N = 98 effects could be a change in sign of the driving force
the shape changes between g- and S-band configurations amvards a non-axial shape at the middle of thg, neutron
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sub-shell. Likewise, the expected hexadecapole deformatiomo.

changes sign aroundf’ = 98 [20]. On the other hand, such

effects are already included in the present calculations. Relag?-
21. R.A. Barketal., Phys. Rev. LeB339(1994) 11

2. T. Bengtsson, Nucl. Phy&496 (1989) 56
3.

24,
One may therefore have to suggest explanations for thes

severeN = 98 discrepancies beyond the present mean fielcs.
approach. One possibility is contributions from the higher-27.
multipolarity part of the pairing interaction, e.g. the configu- 28.
ration dependent (quadrupole) pairing, which seems to havé®-

tively small and smooth variations in the triaxiality parameter,
~, and in the hexadecapole deformation were found aroun
N =98.

an effect on the description of, for example, the signature split-
ting and the crossing frequency for thiy 5[541 1/2"]band.
This has been demonstrated by Sun et al. [70,71] for selecte

nucleiinthe rare-earth region, using fPmjected Shell Model

pendent pairing is able to account for both tNe and Z-
dependence of the discrepancies.

(n-p) interactions, which are expected to influence the total

energies and consequently also several spectroscopic prop-’

erties. It has been made probable, in various investigations

[75-79] using different models, that the n-p interaction canaso.
change the alignment processes and cause a shift in, for exar.
ple, the crossing frequenéyThe interaction is expected to be 42.

strongest when the protons and the aligning neutrons occupiﬁ- /
4. K. Theine et al., Nucl. Phy#536 (1992) 418

the same (or very similar) high j orbitals. In addition there is a,.

correlation to the filling of the proton- and neutron j shells. It ,¢" /"~ /ccon et al., Nucl, Phys592 (1995) 89

is on the other hand hard to understand how this can account
48.
and especially the strong neutron number dependence around.
50.
51.
52.
53.

for the unique features observed for the = 98 isotones,

N =98 presented in in Fig. 6.
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