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High-spin states in?*Xe were populated in the fusion-evaporation reactté®d(*0,4n)*2*Xe at a beam
energy of 86 MeV. The experiment was performed at the NORDBALL spectrometer in Bésonark. The
decay out of a magnetic dipole band was established for the first time in this nucleus. By means of angular
correlations from oriented states the multipole mixing ratios for 9 of the 12 gamma transitions of the magnetic
dipole band were deduced. The experime®&@\1;1—|—1)/B(E2;l—1—2) values were compared to es-
timates of the Doau-Frauendorf semiclassical model. The dipole band is inferred to be based on a prolate
four-quasiparticle configuration of the type(h,1/,® g7 1®[ m(h115® ds;2/g70) 1. [S0556-28189)01708-3

PACS numbses): 21.10.Re, 27.66:j, 23.20.En, 23.20.Lv

I. INTRODUCTION known dipole bands in the even-even Xe and Ba nuclei, only
in 1%®Ba have the gamma transitions linking the dipole band

In recent years much interest has been focused on the lower-lying states been observed with an experiment re-
study of dipole bands near the=82 andZ=50 shell clo- cently performed at the GASP spectrometer of the INFN
sureg 1-4]. The interesting new aspect of these bands is thategnaro, Italy[11]. Therefore only for the dipole band in
the total angular momentum is tilted relative to the principal ***Ba are reliable values for the excitation energies and spins
axis of the deformed nucleis,6]. This occurs due to large Kknown to date. o
spin components of the constituent quasiparticles onto the [N the pre_sgznAt paper we show that the description of the
conventional axis of rotation and the symmetry axis. Thes&iPole band in**Xe in terms of highK rotational structures

bands are known as the tiltét] bands. The tilted axis crank- adequately explains all properties that have been measured to

ing model suggests a novel mechanism to generate dipo%ate and more exotic descriptions in terms of “shears

bands in the weakly deformed Sn and Pb nui@es]. In this ands” or “t bands” may not be required. Accurate data on

mechanism, the configurations of the dipole bands are bas /M1 mixing ra.t|os.,B(M Ll 7" B 1)d/B(I.52;I _h)l _IdZ) ra-_d

h highj proton particlestholes and neutron holespar- Ios, and the_ excitation energies and spins should provide a
?_ | Th | i : imat Itest to see if the higl description breaks down at any
icles). e angular momentum vectors are approximate ypoint. With this motivation an experiment was performed to
perpendicular at the bandhead. As a result of Coriolis forcesearch for a dipole band and its linking transitions-¥iXe.
the closing(or shearing of these two high- vectors results
in states of higher angular momentum. The mechanism to

generate these bands is called the “shears mechanism.” In- Il. EXPERIMENTAL DETAILS

terestingly, in the middle of a hlghshell, where pairing and H|gh-5p|n states in124)(e were popu|ated with the reac-
quadrupole deformation is significant, the Coriolis effect re-tion 11%d(*%0,4n)?*Xe at a beam energy of 86 MeV. The
sults in a Fermi-aligned coupling schertas in "W [7]). A experiment was performed at the NORDBALL spectrometer
detailed description of “shears bands” and bands” can of the Niels-Bohr-Institute in Riso Denmark. The

be found in Ref[6]. In general, theB(M1) strengths in NORDBALL spectrometer has been described in many pub-
dipole bands depend on the configuration of the underlyindications (e.g., Ref.[13]). In the present experiment it con-
structure. These are larger when protons are involved ansisted of an array of 20 Compton-suppressed hyperpure ger-
also for a largeK value. Tilted axis cranking calculations manium(HPGe detectors and a# barium fluoride (Bak)

also predict the existence bbands in theA~ 130 region 8]. calorimeter. The calorimeter was equipped with 60 Bdé-

The related particle-hole configurations are due to oblateéectors. The target consistefl @ 1 mg/cnt thick *1%d foil
neutron holes in thé,,,, orbital coupled to proton particles (enriched to 97.7%backed ort a 3 mg/cm thick tantalum

in the (hy1,,®ds;,) orbitals. Since nuclei in this region have a foil. A total of 10° yy-coincidence events were accumulated.
larger deformation compared to the ones in the Pb region, ilbout 10% of the data set contained triple gamma coinci-
is interesting if the shears mechanism also plays an importamtence events. The data were calibrated using radioactive
role in the mass regioA~130[2,6]. In the mass regiodA  sources of'5Eu, 13/Cs, and33Ba. In the first step of the
~130, Al =1 bands were observed ¥Ba[9], 1*Ba[10], data analysis the gain-matched data were sorted int& a 4
12884 [11], and 1%%Xe [12]. These bands are characterized by® 4k coincidence matrix. The r reaction channel was en-
large B(M1;l—1—1)/B(E2;|—1—2) values. Of the hanced in this matrix by using the average sum energy and
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FIG. 1. The level scheme df*Xe from the present experiment. The gamma transition energies are marked in keV.

gamma multiplicity obtained from the# y calorimeter to  deduced. The following discussion is restricted to the dipole
suppress therbreaction channel. At the chosen beam energyband (band 2. The discussion of the other observed bands
the data contained mainly>>1?Xe events. Other weakly will be reported elsewhere.

populated nuclei weré??Xe and 123, The observed dipole band itt*Xe is similar to the ones
in the neighboring nuclei. It is connected to the ground state
Il EXPERIMENTAL RESULTS band and a negative parity band via gamma transitions of

energies around 1 MeV; hence the absolute excitation ener-
Figure 1 depicts the level scheme BfXe obtained in the gies of the levels of the band have been established. Figure
present work. In comparison to the earlier wgiM], 42 new  2(a) shows theAl =1 (predominantlyM1) gamma transi-
states and 82 new gamma transitions were established. Pdidns of the dipole band spectrum gated by the 276 keV
of this work has been reported earl[d5]. While this paper gamma transition of the band. The crosso#&# gamma
was in preparation Biancet al. have also reported indepen- transitions are shown in Fig.(®. In the same figure the
dently the observation of a dipole bandiffXe [16]. In the  linking gamma transitions are highlighted. Figure 3 shows
present work, in addition, we were able to find gamma tranthe spectrum gated by the 1074 keV gamma transition,
sitions linking the dipole band to the known states and thewhich is involved in the decay out of the dipole band. Weak
E2/M1 mixing ratio for theAl =1 gamma transitions was but direct gamma decays to the negative parity band proceed
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FIG. 3. Coincidence spectrum of the 1074 keV linking gamma
transition involved in the decay out of the dipole band.

(b)

525
783

proceed via high multipolarity transitiond &3), then the
spin values can be determined withir?7. The band starts

at an energy of 5050 keV with a spin of (22)% and the
highest member of the band, observed in this experiment, has
an excitation energy of 9929 keV and a spin value of (24
+2)%4. In the spectrum gated by the 354 keV 20%
gamma transition of the ground state band, the intensity of
the strongesfAl =1 gamma transitiorithe 326 keV gamma
transition of the dipole band is about 13% of the intensity of
the 525 keV 4 — 2" transition of the ground band.

The 20 germanium detectors in the NORDBALL array
are located in the hexagon positions of a truncated icosahe-
dron with 12 pentagon and 20 hexagonal surfaces. This
yields rings with 5 detectors equidistantly placed in each,
(with an azimuthal difference ig of 360°/5=72°. The rings
are located ap=237°, 72°, 101°, and 143° with respect to
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FIG. 2. Coincidence spectrum of the 276 keV gamma transitio
of the dipole band.(a) shows theAl=1 (predominantlyM1)

gamma transitiongmarked with an asterigkand (b) shows theE2
crossover gamma transitiofimarked with an asterigland the link-
ing transitions(marked with a filled squaje

the beam direction. The 190 combinations of any two detec-
tors can be grouped into 9 different correlation groups using
the high degree of symmetry of the sefdj3]. In the second

step of the data analysis, the coincidence events were sorted
via the 1074 and 978 keV gamma transitions. In additionjnto 9 different angular correlation matrices corresponding to
two-step decays were found to proceed via the coinciderthe 9 different groupgsee Table)l Matrices resulting from
sequence of the 309 and 945 keV gamma transitions. Theé of these groups are symmetric and 3 of them are asymmet-
observed decays to the negative parity band account farc. With the angular correlation information obtained from
about 40% of the intensity of the dipole band. Direct decaythe correlation matrices it was possible to determine the spin
to the ground state band proceeds via the 751 keV gammdifferencesAl and theE2/M1 multipole mixing ratios,d,
transition. Other gamma transitioisot shown in the level for 9 of the 12 gamma transitions in the dipole band. These
schemé¢ which were in coincidence with the dipole band mixing ratios vary fromé= —0.14+0.03 at the lowest spins
have energies of 760, 1465, 1365, and 1020 keV. Thes® 6= —0.28+0.07 at the highest spinsee Table ). We
gamma transitions could possibly be involved in the decayadopt the sign convention given in Krane and Steff&w|.
out of the dipole band, but they do not directly populate theAs an example the correlation intensities for the coincident
ground state bantband 3 or the negative parity ban@hand  sequence of the 326 keV and 276 keV gamma transitions of
1). Because of their weaker intensity and contamination, theyhe dipole band are shown in Fig. 4. As can be seen in the
could not be placed in the level scheme. In the triples datdigure, the measured intensities for the different correlation
set, these possible linking gamma transitions were vergroups show strong variations. Furthermore, in Fig. 4 the
weak. The decay paths shown in the level scheme accoueperimental data is compared to calculated values, resulting
for about 50% of the dipole band intensity. from fits with spin hypotheses (1615—14) and (16-16

The in-band gamma transitions in the dipole band are pri— 14). For each fit, the multipole mixing ratios of both the

marily M1 andE2. If we assume that the decay out does notgamma transitions and the parametewere varied, while
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TABLE I. Correlation groups of the Nordball spectrometer.

61 0, A¢  Correlation group  No. of detector pairs
37 37 72 1 5
143 143 72 1 5
143 37 108 1 10
37 37 144 2 5
143 143 144 2 5
143 37 36 2 10
37 79 0 3 5
143 101 0 3 5
143 79 180 3 5
37 101 180 3 5
37 79 72 4 10
143 101 72 4 10
143 79 108 4 10
37 101 108 4 10
37 79 144 5 10
143 101 144 5 10
143 79 36 5 10
37 101 36 5 10
37 143 180 6 5
79 79 72 7 5
101 101 72 7 5
101 79 108 7 10
79 79 144 8 5
101 101 144 8 5
101 79 36 8 10
79 101 180 9 5

PHYSICAL REVIEW C 60014312
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FIG. 4. Measured and calculated correlation intensities for the
326-276 keV cascade of the dipole band. The correlation group
numbers refer to different combinations of the angles in the
NORDBALL array. The group numbers 3, 4, and 5 together with
those at 10, 11, and 12 are the ones for the three asymmetric ma-
trices. The measured intensities are plotted with error bars. The
values joined by the solid line result from a fit for a (285
—14) spin hypotheses and those joined by a dashed line result from
a fit for a (16— 16— 14) spin hypotheses.

analysis for the 309 keV decay out gamma transition shows
that it is aAl =1 transition. This kind of analysis could not
be performed for the transitions linking the dipole band to
the lower-lying levels due to their weak intensities and con-
taminations in the angular correlation matrices.

IV. DISCUSSION

The dipole band shows no signature splitting up to a spin
value of (2@). At higher spins a small signature splitting
(and inversion is observed, possibly due to quasiparticle
alignment. The band has a large initial alignméfig. 5),
which could be associated with a large contribution from
quasiparticles. We restrict the following discussion on the

the spin values of the levels were kept fixed. The fit for thejnteresting angular momentum dependence of the branching
(16—15—14) spin hypothesis reproduces the experimental

values very well(the resultingy? is 1.3, whereas with the
(16—16— 14) fit a poor agreement is achieveg?E& 74.3).
The (16—15—14) fit gives 6= —0.14 for both multipole
mixing ratios and a value of 1 for the parameterA similar

TABLE Il. E2/M1 mixing ratios of the dipole band.

E, [keV] P
241 —0.14+0.03
262 —0.14+0.03
276 —0.14+0.03
326 —0.14+0.03
400 —0.14+0.03
431 —0.17+0.04
449 —0.21+0.03
496 —0.17+0.03
436 —0.28+0.07
309 —0.17+0.03
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J=40 Mev—3#
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FIG. 5. The alignment plot of the ground state band and both
signatures of the dipole band. The chosen Harris parameters are
given in the figure.
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ratios. It is well known that the magnitudes of the collective
B(M1;l—1-1) reduced transition probabilities depend sen- !
sitively on the underlying intrinsic configuration. The
B(M1;l—I1—1) values are usually larger when protons are
involved in the M1 transitions. Even when the absolute
B(M1) rates are not known, the branching ratios often can
give crucial structural information. Thus, we have used the
extended Doau-Frauendorf geometric modéig] to make a
configuration assignment for the dipole band. The following
expression was employed to estimate B{@1) transition
probablities:

AN
&
T

N
a
T

5
:

{ Prolate 6 QP

BM1)/B(E2) [(1/eb)?]

3
8712

B(ML:l—l—1)=

23

2

(2 K;(g,-—ng(V—KZ))
(9

_K( ]. j_gR)'J) ’ FIG. 6. The experimentd(M1;l—1—1)/B(E2;l—1—2) ra-
tios of reduced transition probabilities for the dipole babdnd 2.

where Geometric model predictions for the prolate configuration are de-
picted by the thick, line and the dotted line corresponds to the
oblate configuration. The prolate and oblate configurations are de-

KZE Kj scribed in the text. The input values to the moi-Frauendorf for-

mula aregg=0.43, gh’fwz= 1.17, 955/2: 1.38, gﬁm: -0.21, and

is the sum of the projections of the individual quasiparticlegy,,=0.21,Q,=3.8 eb.

angular momentak;, on the symmetry axis ang is the

aligned angular momentum of thjéh nucleon of the con-  gyperimental data. The high initial data point can be traced to
figuration, having & factor ofg; . TheB(E2;1 ~1—2) val- ¢ gecrease in the(E2) value close to the bandhead. This

ues were d((ajduceld from the hrotatt)lonal model ;ormtljla. .Thﬁs expected for a higl band. Additional arguments in sup-
Intrinsic quadrupole moment has been assumed to be similajo t of this configuration are discussed in the following.

to the ground state band@¢=3.8 eb) [19]. The g factors () The excitation energy of the suggested four-
have been taken from Waet al. [10] and thegg value has o ainarticlg4qp band is approximately equal to the sum of
been set tgr=2/A. In earlier studie$10,11,20,21in this o excitation energies of the neutron and proton two-
mass region, the dipole bands have been suggested 10 Rfasiparticle bandén Fig. 1 bands 1 and 5, respectively
built on four-quasiparticle configurations, because of theirg,.p, 2gp bands are known to occur systematically in the
large initial aligned angular momentu(fig. 4). Additional even-even Xe-Ba nucldil0,21. The configuration assign-
arguments supporting thi_s picture_are given later. _ _ ment of bands 1 and 5 is suggested to be profatéh,y,

The B(M;)/B(EZ) ratios resgltlng from the semiclassi- ®Q7s5] and[ m(ny11,® dsio/g7s) ], respectively. The configu-
cal calculations for the configuration$»(N11,©972)]  ration assignments for these bands are based on the observed
®[m(N122® d5,22/g7,2)] (prolate positive parity configura- signature splittings and on the blocking of the quasiparticle
tion) and (hiy,) @[ m(h1120ds2/d77)] (oblate negative ajignments. The proton Fermi surface lies in the beginning of
parity configuratioh are compared to the experimental datathe shell and thus the signature splitting is large for the pro-
in Fig. 6. For the considered deformation, from the Nilssonton 2qp band. Similarly the neutron Fermi surface is in the
diagram[22], protons in therrhy,, orbital occupy the low  middie of the shell; therefore the signature splitting is small
=1/2 Nilsson state for a prolate shape and hyk11/2  for the neutron 2gp band. Band 5 is yrast at high spins and
Nilsson state for an oblate shape. The particles initdg,  was intensely populated in the present experiment. The de-
orbital occupy the Nilsson states with=3/2 andQ1=5/2  tajled discussion of these bands will be reported elsewhere
for prolate and oblate shapes, respectively. Similarlynthe [23].
neutrons occupy the hight=7/2 Nilsson state and low} (i) The observed alignment in the dipole band close to
=3/2 Nilsson state for prolate and oblate shapes, respegrequencies 0.5 MeW¥ is suggested to be due to the align-
tively. Therefore, the prolate configuration is assumed to benent of a second pair di;;/, neutrons. Alignments due to
built on aK=7 configuration and & value of 8-9 has been other quasiparticles are predicted to occur at much higher
assumed for the oblate configuration. The absence of signgrequencies. This fact is borne out systematically in the
ture splitting, in addition, supports a high-nature for this  neighboring even-even Xe-Ba nuc[@4]. The alignment in
band. It is to be mentioned that thé quantum number is  band 1(prolate neutron 2gpband is observed at a frequency
only approximately good for the-soft Xe-Ba-Ce nuclei. of 0.53 MeV#. This is attributed td1;,,, neutrons. Thus the

Before the backbend at spins (22)the experimental ra- close agreement of the two frequencies suggests a prolate
tios start from a high value of 23:33.3(u3/e?b?) and de-  shape for the 4qp dipole band. A comparison of the crossing
crease with increasing spin. For the positive parity configufrequency with the proton 2gp band is not meaningful, as the
ration, the calculation gives a reasonable description of thebserved low-frequency alignment is due to the unblocked
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first pair of hyq, neutrons. Interestingly, the cranked shell configurations which have been suggested as possible ones
model calculations, with similar deformation parameters,n the neighboring nucldil0,20,23. From the present analy-
predict this alignment only for a prolate shape. Other quasisis, the prolate configuration gives a good agreement with
particle alignments are predicted to occur at higher frequenthe experimental data. However, we do not exclude other
cies and are beyond the range of experimental frequencies possibilities. It is to be mentioned here that a thorough analy-
the dipole band. The semiclassical estimate for the six quasis is possible only if the parity and ti&E2) andB(M1)
siparticle prolate configuration is also depicted in Fig. 5 fortransition rates are established. Thus a lifetime experiment is
spins (22-24j. The aligned angular momentum due to thevery desirable.
second pair oh;y,, neutrons is assumed to bé 2The esti- The dipole bands it?®8a[11] and 12*Xe have now been
mates give a reasonable description of the high-spin data, bestablished with good quality data sets from large gamma
the limitation of this estimate is the assumption of a fikéd detector arrays. The deduced snfal/M1 mixing ratio for
value. the dipole gamma transitions ascertains the almost pure mag-

(iii) Using the additivity relations fog factors, the calcu- netic charactef25]. In both nuclei the dipole bands could be
lated g, value for this configuration is close to 0.29. If the explained as higlik prolate bands rather than as oblate
rotationalg factors are assumed to scale-aZ/A, then g,  shears band®1]. Shears bands are a class of higtbands,
—ggr) Will be negative. The rotational model suggests thatwith small deformationThis enables us to generate states
for the deduced negative mixing raties the sign of the which are obtained by a continuous alignment of the particle-
qguadrupole moment would be positive. This further supportdole spin vectors along the total angular momentum axis by
the assignment of the prolate configuration. the Coriolis force. It is possible that in the deforméd

For the oblate, negative parity configuratiowh§,,) ~130 region the shearing mechanism is not the optimal way
®[ m(h11,®ds/972) ], the semiclassical model fails to de- to generate yrast states. In order to distinguish between the
scribe the angular momentum dependence of the experimehighK and shears mechanism it is very important to con-
tal B(M1;l—1—1)/B(E2;l —1—2) data. An increase or tinue the search for such dipole bands with large gamma
decrease of the quadrupole moment orkhealues does not detector arrays. The present studies highlight the need for
give a better fit to the data. Second, according to the crankegomplete data sets with an extended band structure to really
shell model calculations, for the considered oblate configudistinguish between higk-and shears bands. It would be of
ration the alignment of the second pair lof;;, neutrons is  interest to test the tilted axis crankifgAC) model for the
predicted to occur at 0.30—0.35 MeV#. However, the ob-  highK band suggested in the present analysis. The TAC
served alignment is at a much higher frequency. In order tegnodel is known to be appropriate for high-bands, as the
construct 4qgp oblate bands from analogous 2gp bands, thepginciple axis cranking does not take into account the effects
is no experimental evidence for bands based on oblate twef rotational perturbation of large spin components onto the
quasiparticle  configurations of the type[w(h,;;, Symmetry axis. Since the nuclei in this region are known to
®dsi2/97;2) ] and[v(h112297) . be axially asymmetric, it would also be interesting to test the

inclusion of triaxiality in the TAC calculations.

V. SUMMARY AND CONCLUSIONS
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