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Tilted dipole bands in 123,124Xe
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High-spin states in123Xe were populated in the110Pd(18O,5n) reaction at 75 MeV and gamma-ray coinci-
dences were measured with the GASP spectrometer. A new rotational sequence of enhanced dipole transitions
was established. This band, as well as a similar band in124Xe, may be described within the framework of the
tilted axis cranking model as bands for which comparable amounts of angular momentum are generated by
magnetic and collective rotation, respectively.
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I. INTRODUCTION

Magnetic rotation in atomic nuclei has attracted sign
cant experimental and theoretical interest in the last
years. It occurs in weakly deformed~nearly spherical! nuclei
and is characterized by the appearance of regular seque
of enhancedM1 transitions. Frauendorf developed the co
cept of magnetic rotation in order to describe these ba
@1,2# and examples of this mode of excitation have be
found in different mass regions@3#. The magnetic bands ar
described within the framework of the tilted axis cranki
~TAC! model @4,5#. A simplified description of magnetic ro
tation can be given as follows: the currents of a small nu
ber of valence high-j particles and high-j holes tend to be
oriented perpendicularly to each other in a nearly spher
nucleus to form a magnetic dipole. As a result, their angu
momentajWp and jWn ~herep andn indicate protons and neu
trons, respectively! couple to a total nuclear angular mome
tum vector IW, which is tilted with respect to the principa
axes of the nucleus. This kind of coupling causes a spo
neous breaking of the signature symmetry with respect to
intrinsic frame, which leads to the appearance ofDI 51 se-
quences@6#. The total angular momentum is increased by
gradual alignment ofjWp and jWn along the rotational axis, a
process which is named the ‘‘shears’’ mechanism. The m
netic moment has a large transverse componentm' , which
gives rise to enhancedM1 transitions in the shears band.

An interesting question is whether the shears mechan
can also exist in deformed nuclei in which angular mom
tum is usually generated by collective rotation. In oth
words, where are the boundaries of the phenomenon of m
netic rotation and what is the interplay between the she
mechanism and collective rotation? The54Xe and 56Ba nu-
clei in theA'120–130 mass region have a moderate qu
rupole deformation ofe2'0.2 and are expected to be goo
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candidates for such studies. SeveralDI 51 bands of en-
hancedM1 transitions with no signature splitting have be
observed in the even-even56Ba @7–9# and 54Xe @10–13#
nuclei. These bands appear at excitation energies of abo
MeV and 5 MeV for the Ba and the Xe isotopes, respe
tively. The lowest observed state in most of these bands
spin I'12 \ @9,12,13# and it has been proposed that th
bands have four-quasiparticle configurations containing
ph11/2 particle and anh11/2 hole. They have been describe
in the framework of the geometrical model of Do¨nau and
Frauendorf @14# as high-K multi-quasi-particle bands
@9,12,13#. However, this is a semiclassical description a
cannot account fully for the properties of the nuclear syste
Recent lifetime measurements provide evidence that a m
sophisticated approach is necessary to describe the d
band in 128Ba @15#. A self-consistent description of this ban
has been proposed within the framework of the hybrid TA
model @16# where it is understood as a magnetic band
intermediate character for which comparable amounts of
gular momentum are generated by the shears mechanism
by collective rotation. This conclusion was based on the c
culated dependence of the tilt angle on the rotatio
frequency—Q(v) @16#. The proposed intermediate picture
logical, because nuclei in the Xe-Ba region are much m
deformed than the nuclei in the vicinity of closed shel
where magnetic rotational bands have been observed to
@2#.

In this paper we report on a new dipole band observed
the odd-A nucleus 123Xe. This band, as well as a simila
band which was observed in the neighboring even-even124Xe
@11,12#, are described as dipole bands of intermediate nat

II. EXPERIMENTAL METHODS AND RESULTS

High-spin states in123Xe were populated in the reactio
110Pd(18O,5n) at 75 MeV. The18O beam, which was pro-
vided by the XTU tandem accelerator at the Legnaro N
tional Laboratory, was incident on an enriched 10 mg/c2

110Pd target. The nuclearg decay was studied with the
GASP spectrometer@17#. A total of 4.53109 coincidence

-
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FIG. 1. Partial level scheme o
123Xe showing the new dipole
bandT and the bands to which i
decays. Tentative spins are in pa
rentheses. The thickness of the a
rows is proportional to theg-ray
intensity.
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events, which satisfied the condition of at least three HP
and three BGO detectors firing, were accumulated during
experiment. The data were sorted intogg matrices and the
level scheme of123Xe was constructed using coinciden
relationships and the relative intensities ofg-ray transitions.

To deduce multipole orders ofg rays, directional correla-
tion ~DCO! ratios @18,19# were analyzed.g-g events with
oneg ray detected in one of the 12 detectors placed at 31
and 36.0° ~average 35°), at the complementary ang
144.0° and 148.3°~average 145°), and the otherg ray de-
tected in one of the eight detectors at 90° relative to
beam direction were sorted into a coincidence matrix. Co
cidence spectra were extracted from the (35°,90°) and
transposed (90°,35°) matrices. The DCO ratios were
tained as the ratios ofg-ray transition intensities in both
background-corrected spectra. A DCO ratio of 1.0 is
pected if the gating and observed transitions are stretc
transitions of pure and equal multipole order. For the pres
detector geometry, a value of 0.54 is expected for a p
dipole transition gated on a stretched quadrupole transiti

High-spin states in123Xe have been studied recently b
Schmidt et al. @20#. In our work we confirm most of the
transitions that were reported in Ref.@20# and, in addition,
we established a new band. This band~denotedT) is shown
01430
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in Fig. 1 and theg rays assigned to bandT are listed in Table
I. A sample spectrum, revealing the transitions in bandT, is
shown in Fig. 2. The order of the levels is unambiguou
fixed by the weak crossover transitions. Whenever th
could be reliably determined, the DCO ratios were found
be consistent withM1 multipolarity for the cascade trans
tions.

Low-lying transitions in bandsA andE ~as shown in Fig.
1! were observed in coincidence with bandT. The highest
placed transitions which are in coincidence with bandT are
the 876 keVg ray, which belongs to bandE, and the 385
keV transition, which connects bandZ with bandA ~see Fig.
1!. Both transitions depopulateI 5 27

2 states@20#. The decay
of bandT is probably fragmented into several paths, sin
the linking transitions to theI 5 27

2 states were not observed

Possible values for the bandhead spin areI 5( 29
2 ) and I

5( 31
2 ). Taking into account the relative population of bandT

with respect to the other bands in the scheme of123Xe ~Fig.
1!, its bandhead should be placed at about 5.5 MeV.

The nh11/2 configuration has been proposed in Ref.@20#
for bandE, which is in agreement with the systematics in t
region. Band A has the nd3/2 configuration and the
n@h11/2

2 g7/2# configuration has been suggested for bandZ
8-2
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TILTED DIPOLE BANDS IN 123,124Xe PHYSICAL REVIEW C 66, 014308 ~2002!
@20#. Band T in 123Xe is most likely a five-quasiparticle
band. The alignment vs rotational frequency of the dip
bands in 123,124Xe is displayed in Fig. 3. Both bands have
similar behavior in the frequency interval for which bandT
was observed. The initial alignment of bandT is about 3\
larger than the initial alignment of the dipole band in124Xe.
The difference between the initial alignments can be
plained with an extranh11/2 particle which is present in the
structure of bandT. The initial alignment of thenh11/2 par-
ticles is approximately 3\, as shown in Fig. 3, while the
nd3/2 particles, which can also be considered in the confi
ration of bandT, have zero initial alignment.

From this experiment we were able to deduce the ratio
reduced transition probabilities for four states of bandT in
123Xe. We assume a pureM1 character for theDI 51 tran-
sitions~i.e., d50). The last assumption is based on the m
sured mixing ratios for the dipole band in124Xe @12#. They
are relatively small~0.14–0.17! @12# and cannot influence
the results forB(M1)/B(E2) ratios by more than 2%.

III. TILTED AXIS CRANKING MODEL CALCULATIONS

The dipole band in124Xe is a four-quasiparticle band wit
a suggestedp@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/g7/2)# configu-
ration @12#. Assuming prolate deformation, theh11/2 proton
occupies theV5 1

2 Nilsson state, theh11/2 neutron is in the

TABLE I. Energies, intensities, DCO ratios, and multipolariti
for the transitions belonging to bandT in 123Xe, as obtained in the
present work.

I i→I f Eg
a @keV# I g

b DCO ratioc Multipolarityd

( 33
2

2)→( 31
2

2) 152.0 4.460.4 0.460.2 M1

( 35
2

2)→( 33
2

2) 199.3 2.860.2 (M1)

( 37
2

2)→( 35
2

2) 226.1 3.360.3 (M1)

( 39
2

2)→( 37
2

2) 245.5 2.860.2 (M1)

( 39
2

2)→( 35
2

2) 471.8 0.2060.05e (E2)

( 41
2

2)→( 39
2

2) 298.2 3.860.3 0.660.2 M1

( 41
2

2)→( 37
2

2) 544.1 0.760.2e (E2)

( 43
2

2)→( 41
2

2) 357.4 13.160.9 0.560.2 M1

( 43
2

2)→( 39
2

2) 655.2 2.760.5e (E2)

( 45
2

2)→( 43
2

2) 475.7 2.660.3 (M1)

( 45
2

2)→( 41
2

2) 833.2 3.760.6e (E2)

( 47
2

2)→( 45
2

2) 489.3 4.860.9 0.760.2 (M1)

aThe errors in the transition energies are between 0.1 and 0.4
bThe intensities were obtained from the full projection and norm
ized to the intensity of the 456.3 keV transition (15

2
2→ 11

2
2).

cDCO ratios determined in summedg-ray coincidence spectra pro
duced by gating on allE2 transitions of bandsA andE which are in
coincidence with bandT.
dMultipolarity compatible with the DCO ratio and the deexcitatio
mode.
eThe intensity of this transition was obtained in a coincidence sp
trum gated on theM1 transition which directly populates the lev
of interest.
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V5 7
2 Nilsson state, and thed3/2 particles occupy theV5 3

2

states. Note that thed5/2 and theg7/2 particles are strongly
mixed for both protons and neutrons. By adjusting seve
parameters, theK value, the intrinsic quadrupole momen
Q0, and the difference of the gyromagnetic factorsu(gK
2gR)u, Schneider et al. were able to describe th
B(M1)/B(E2) ratios in the four-quasiparticle band in124Xe
@12#, using the geometrical model of Do¨nau and Frauendor
@14#.

We have chosen a different approach for the descrip
of the dipole bands in the Xe nuclei. TheB(M1)/B(E2)
ratios for the dipole bands in123,124Xe were compared to
calculations within the hybrid TAC model@16#. The hybrid
TAC model is a version of the TAC model, in which th
Nilsson potential is adjusted to be as close as possible
Woods-Saxon shape. This is done, as described in Ref.@16#,
by using the energies of the spherical Woods-Saxon pote
plus a deformed part which is an anisotropic harmonic os
lator. It is well known that the Woods-Saxon potential wi
the universal set of parameters@21# is a better approximation
for massA'130 nuclei@22#. This is a reasonable approx
mation as long as the deformation is moderate, which is
case for 123,124Xe.

The present TAC model calculations are self-consist
with respect to the deformation parameters only. The pair

V.
l-

c- FIG. 2. Coincidence spectrum gated on the 152.0 keV transi
of the bandT. The transitions which belong to bandT are denoted
by open squares and those of bandsA andE are marked with filled
diamonds.
8-3
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G. RAINOVSKI et al. PHYSICAL REVIEW C 66, 014308 ~2002!
properties are fixed by the pairing field, which is determin
in the TAC model by the gap parameterD ~for more details
see Ref.@6#!. Since a large reduction of the pairing gap c
be expected for multi-quasi-particle excitations in our cal
lations we used the following gap parameters:Dn

50.77 MeV for neutrons andDp51.0 MeV for protons,
which correspond to about 75% of the experimental ev
odd mass difference.

The lowest-lying 4qp positive parity state in124Xe, ac-
cording to the calculations, has thep@h11/2(d5/2/g7/2)#
^ n@h11/2(d5/2/g7/2)# configuration at an equilibrium defor
mation e2'0.19, g'30°. Both the angular momentum v
the rotational frequency,I (\v) @Fig. 4~a!#, and the ratios of
the reduced transition probabilities@Fig. 4~b!# were calcu-
lated for this configuration.

The calculations reproduce the increasing trend of the
gular momentum vs the rotational frequency. However,
high frequencies the discrepancy with the experim
reaches a factor of 2@see Fig. 4~a!#. Similar discrepancy is
observed also in the case of123Xe. The reason is that th
moment-of-inertia parameters are only poorly reproduced
the calculations. It is known that these parameters are q
sensitive to the pairing properties. In the present calcula
standard values for the pairing gaps were taken, as der
from the binding energies. By fine tuning the pairing ga
the agreement could be improved. On the other hand, eff
such as quadrupole pairing are not included in the TAC m
field at present. Such effects might be the reason for
above discrepancy, because the123,124Xe nuclei are known to
have a moderate deformation.

For theB(M1)/B(E2) ratios the trend and the magnitud
are reproduced@Fig. 4~b!# by the calculations. The solutio
obtained is a tilted one. The tilt angle takes values of ab
60° and slightly increases within the frequency region
which the band is observed@Fig. 5~a!#. This is an indication

FIG. 3. Alignment plots for the rotational bands in123Xe: band
T ~solid line, filled circles!, the nd3/2 band ~band A in Fig. 1!
~dashed line, open circles!, and thenh11/2 band~bandE in Fig. 1!
~dotted line, open circles!, compared with the dipole band in124Xe
~solid line, filled squares!. The Harris parameters used wereJ 0

516 MeV21\2, J1530 MeV23\4.
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that the shears mechanism has a significant contributio
the total angular momentum. However, it is not the she
mechanism alone, which is responsible for building up
angular momentum in the band. The core has a signific
deformation which favors collective rotation as well. Thu
we consider the dipole band in124Xe to be of intermediate
character.

The TAC calculations for the bandT in 123Xe yield that
the lowest-lying 5qp configurations of opposite parity ar
the p@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/g7/2)d3/2# and the
p@h11/2(d5/2/g7/2)# ^ n@h11/2

2 (d5/2/g7/2)# at the same equilib-
rium deformatione2'0.20, g'29°.

FIG. 4. Comparison of the experimental observables in the
pole bands in123,124Xe to theoretical calculations.~a! Experimental
spins~open circles!: in the left-hand side of the figure TAC mode
predictions for the p@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/g7/2)d3/2#
~dashed line! and thep@h11/2(d5/2/g7/2)# ^ n@h11/2

2 (d5/2/g7/2)# ~solid
line! configurations in123Xe at e2'0.20,g'29° and in the right-
hand side for thep@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/g7/2)# ~solid
line! configuration in124Xe at e2'0.19,g'30° are presented;~b!
experimentalB(M1)/B(E2) ratios in 123,124Xe are compared to
TAC model predictions for the above configurations at the sa
deformations~the same notations are used!. In the left-hand side of
the figure a calculation within the geometrical model for t
p@h11/2d5/2# ^ n@h11/2

2 g7/2# configuration at prolate deformation,«2

50.2, is displayed~dotted line!.
8-4
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TILTED DIPOLE BANDS IN 123,124Xe PHYSICAL REVIEW C 66, 014308 ~2002!
The calculated dependencies of the spin vs the rotatio
frequency are shown in Fig. 4~a!. For both configurations, a
in the case of124Xe, there is discrepancy between expe
mental values and the calculations at high frequencies.
calculated I (\v) function for the latter configuration is
closer to the experimental values at low rotational frequ
cies and like the former one bend up at higher frequen
@Fig. 4~a!#. This behavior is quite similar to the one observ
in the paired calculation for the tilted band in128Ba @6# but
the bigger discrepancies between the experimental and
culated values of theI (\v) function @Fig. 4~a!# indicated
that the pairing fields in123Xe are smaller than the ones
124Xe and 128Ba, which is expected for odd-mass nuclei.

A better agreement is achieved between experimental
theoretical values of ratios of the reduced transition pr
abilities for thep@h11/2(d5/2/g7/2)# ^ n@h11/2

2 (d5/2/g7/2)# con-
figuration @see Fig. 4~b!#. The calculatedB(M1)/B(E2) ra-
tios for this configuration reproduce the strongly decreas
trend of the experimentalB(M1)/B(E2) values, while the
calculation for the p@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/
g7/2)d3/2# configuration cannot reproduce the trend and
discrepancy with the experimental values is much larg
These results are consistent with the observed decay of
T ~Fig. 1! and the behavior of the alignment as a function

FIG. 5. The dependence of the tilt angle vs the rotatio
frequency: ~a! for the p@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/g7/2)#
configuration in 124Xe at e2'0.19,g'30°; ~b! for the
p@h11/2(d5/2/g7/2)# ^ n@h11/2

2 (d5/2/g7/2)# configurations in123Xe at
e2'0.20,g'29°.
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rotational frequency~Fig. 3!. As discussed above, the initia
alignment of thep@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/g7/2)d3/2#
configuration would be i x'6\ ~the same as for the
p@h11/2(d5/2/g7/2)# ^ n@h11/2(d5/2/g7/2)# configuration in
124Xe), which contradicts the experimental observations.
perpendicular coupling of the spins of the valence proto
and neutrons is assumed at the bottom of the band,
p@h11/2(d5/2/g7/2)# ^ n@h11/2

2 (d5/2/g7/2)# configuration yields
a value ofI 5 31

2
2 for the spin parity of the bandhead. Base

on these considerationsI p5( 31
2

2) was adopted for the spin
parity of the first state which was observed in bandT. The
lengths of the spin vectors of the valence particles and h
are relatively different, which makes the shears arrangem
unstable. This might be an explanation for the dipole band
123Xe being shorter than the one in124Xe. For comparison, a
theoretical curve, which was obtained within the framewo
of the geometrical model@14# for the p@h11/2d5/2#
^ n@h11/2

2 g7/2# configuration at prolate deformation,«250.2,
is presented in Fig. 4~b!. The following values were accepte
in this calculation: theg factors for the different orbitals were
taken from Wardet al. @8#. The K quantum number is ap
proximately good for theg-soft Xe nuclei and a valueK
59 was assumed for the above configuration. The exp
mental alignment was distributed among the quasiparticle
the same way as in Ref.@12# and the observed difference o
3\ was attributed to the additional neutron inh11/2 orbital.
The trend of the experimentalB(M1)/B(E2) values cannot
be described in this case. On the other hand, for
p@h11/2(d5/2/g7/2)# ^ n@h11/2

2 (d5/2/g7/2)# configuration, which
is obtained in the framework of the TAC model, the tilt ang
@Fig. 5~b!# gradually increases from 63° at\v'100 keV to
73° at \v'450 keV and approaches the strong coupli
limit faster than in the case of124Xe @see Fig. 5~a!#. Also in
this case, as for the dipole band in124Xe, we interpret band
T in 123Xe as a dipole band of intermediate character.

IV. CONCLUSIONS

In summary, we have observed a newDI 51 band
in123Xe. This band and the similar dipole band in124Xe are
interpreted in the framework of the TAC model 5qp and
4qp magnetic bands of intermediate character, respectiv
Concerning the calculated moments of inertia of these ba
only a poor agreement is obtained which could be, howe
improved by a fine tuning of the pairing properties. The o
served trends of the measuredB(M1)/B(E2) ratios are de-
scribed by the calculations when selecting the tilted confi
rations in which both theh11/2 proton andh11/2 neutrons are
occupied. Thus, in combination with the results of Ref.@16#
for 128Ba a consistent description of theM1/E2 decay prop-
erties in theA'130 mass region based on tilted bands
obtained. The calculations suggest that both the sh
mechanism and the collective rotation contribute to the g
eration of the the angular momentum in these bands indi
ing that this is a structural feature of the nuclei in this regio

l
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