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Excited states in124Xe were populated in the fusion-evaporation reaction110Pds18O,4nd124Xe at a beam
energy of 80 MeV. A recoil distance measurement using the Euroball spectrometer in Strasbourg and the
Cologne plunger was performed. Altogether 19 lifetimes of excited states in six different bands were deter-
mined using gated spectra only, in order to avoid problems related to feeding. The measuredBsE2d values were
used to derive the nuclear deformation of124Xe and the interaction of the ground state band with twos bands.
Two sd-IBM-1 calculations with two Hamiltonians of different complexities were performed, which show a
good agreement with the measuredBsE2d values in the ground state band and the quasi-g band. The deduced
BsM1d values for the regularM1 band show the behavior expected for magnetic rotation. However, it is also
shown that these experimentalBsM1d values can be described on the basis of a rotational band as well.
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I. INTRODUCTION

The nucleus124Xe is known to beg soft, with a moderate
b deformation. The picture ofg softness and triaxiality has
been studied in details in Ref.[1]. In a recent work by
Werneret al. [2] calculations performed in the framework of
the sd version of the interacting boson model[3,4] revealed
typical features of theOs6d dynamical limit, as well as sig-
natures showing contributions of theUs5d symmetry in
124Xe. At higher excitation energies of about 3.5 MeV
nsh11/2d2 and psh11/2d2 quasiparticle excitations occur and
two s bands built on these states can be followed up to spins
Ip=24+ and 16+, respectively. A systematics of suchs bands
in the Xe-Ba-Ce region was investigated in Refs.[5,6]. An-
other interesting feature of124Xe is the existence of a regular
M1 band[7], which has been considered to be a promising
candidate for magnetic rotation(see Fig. 1). The theoretical
description of magnetic rotation is given in the framework of
the tilted axis cranking(TAC) model developed by Frauen-
dorf [8]. Experimentally it was first established in the neu-
tron deficient Pb isotopes[9,10]. In several nuclei of theA
<130 mass regionM1 bands like those observed in theA
<200 mass region are known, but here the underlying struc-
ture is still under discussion, e.g., in124Xe and128Ba. One
signature of magnetic rotation is the decrease of theBsM1d
values with increasing spin. Consequently, absolute reduced
transition probabilities are crucial experimental observables
for testing the structure of magnetic rotation as well as other
nuclear excitations, which have been observed in124Xe. In
this work we will present the results of a recoil distance
measurement(RDM) performed to determine lifetimes of ex-
cited states in124Xe.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment for124Xe was performed with the Eu-
roball IV [11] spectrometer using the Cologne coincidence

plunger device at the Vivitron accelerator of the IReS in
Strasbourg. Excited states in124Xe were populated by the
110Pds18O,4nd reaction at a beam energy of 80 MeV. The
target consisted of a 1.1 mg/cm2 thick self-supporting110Pb
foil. The recoils, leaving the target with a velocity of 0.98%
of the velocity of light,c, were stopped in a 6.0 mg/cm2 Au
foil. During the experiment, data were taken at 21 different
target-to-stopper distances ranging from electrical contact to
2000mm. Figure 2 shows examples of gated spectra for dif-
ferent target-to-stopper distances.

The used plunger apparatus is designed especially forgg
coincidence recoil distance measurements. It is equipped
with a feedback system in order to compensate for slow
variations of the target-to-stopper distance, caused, e.g., by
the heating of the system by the beam.

The accuracy of the relative distances is better than
0.1 mm in the range from electrical contact of the target and
stopper foils to 20mm and better than 1mm in the range
20–2000mm. Further details are given in Ref.[12].

For the data analysis the differential decay curve method
(DDCM) [13] was used. According to this method for each
flight time t a lifetime valuet for the level of interest is
calculated from quantities which are obtained directly from
the measured data. The DDCM can be applied for singles as
well as forgg coincidence data. In the case wheregg coin-
cidences are measured in a RDM experiment, the lifetime
can be determined from the following equation:

tsxd =
hCSAUjsxd − a · hCSBUjsxd

d/dxhCSASjsxd
1

v
, s1d

where

a =
hCSAUj + hCSASj
hCSBUj + hCSBSj

,

andv is the recoil velocity. The quantities in braces are the

PHYSICAL REVIEW C 70, 034313(2004)

0556-2813/2004/70(3)/034313(10)/$22.50 ©2004 The American Physical Society70 034313-1



numbers of events corresponding to the detection of the
Doppler-shifted sSd or unshifted sUd components of the
g-ray transitions involved in the analysis. TransitionA de-
populates the level of interest, whose lifetime has to be

determined and which is directly fed by the transitionB. The
gate is set on theScomponent of transitionC that lies higher
in a cascade above the level of interest. In the case of a gate
set on a direct feeder, Eq.(1) reduces to

FIG. 2. Gated spectra for
124Xe taken at the indicated target-
to-stopper distances from an angle
u=156.1° with respect to the
beam axis. The vertical lines show
the positions of the unshifted
peaks.

FIG. 1. Partial level scheme of124Xe (see Ref.[7]).
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tsxd =
hBSAUjsxd

d/dxhBSASjsxd
1

v
. s2d

Since the lifetimest are calculated for every flight timet
=x/v one obtains a functiontstd or tsxd, i.e., the so-calledt
curve which is expected to be a constant. Deviations from a
constant behavior indicate the presence of systematic errors.
Examples fort curves for the 2+ and 4+ states of the ground
state band and for the spin 16 state of theM1 band are given
in Fig. 3 together with the quantitieshBSAUjsxd and
d/dxhBSASjsxd which were used to calculate the correspond-
ing tsxd values. Further details of the DDCM can be found in
Refs.[13,14].

For the data analysis, detectors positioned at almost iden-
tical anglesu with respect to the beam axis were grouped
into rings. Consequently the spectra measured with detectors
belonging to one ring show the same Doppler shifts. In Table
I, the assignments of the detectors to eight rings are given.

For each target-to-stopper distance the data were sorted
into gg matrices corresponding to all possible ring combina-
tions. Lifetimesti determined using different matrices are
statistically independent and allow for consistency checks.
The mean value of the corresponding independent lifetimes
ti was finally taken as the adopted level lifetimet. Due to the
occurrence of doublets even in gated spectra, not all possible
gates and matrices generated from the different ring combi-
nations were used for the lifetime analysis. Table II gives the
employed gates and rings for all determined lifetimes.

Effects due to the deorientation of the recoiling nuclei in
vacuum do not enter the DDCM analysis when gates are set
on the S components(see Table II) of feeding transitions
[15], so-called “gates from above.” In the case of a gate set
on theU component of a depopulating transition(“gate from

below”) the deorientation effect has to be considered, but is
of importance only for spinsI ,6" [15,16].

Furthermore, the effects of the velocity distribution of the
recoiling nuclei and the Doppler-shift attenuation occurring
during the slowing down in the stopper were taken into ac-
count. For this purpose gated spectra were simulated using
all known parameters of the kinematics of the recoiling nu-
clei, material properties of the target and stopper foils and
geometrical and spectroscopic features of the Euroball spec-
trometer [16,17]. The simulated spectra for a hypothetical
band chosen such, to describe in a realistic way the experi-
mental case, were analyzed in the same way as the experi-
mental spectra. For the hypothetical band level lifetimes be-
tween 0.34 and 2.63 ps and transition energies between
600 and 1100 keV were chosen. Gated spectra were simu-
lated for different rings in backward and forward directions
and for longer and shorter feeding times. By comparing the
derived lifetime values with the values used for the simula-

FIG. 3. t curvestsxd given for the 354, 525 keV ground state band transitions and for the 326 keV transition of theM1 band(upper
panels). Also given are the quantitieshBSAUjsxd andd/dxhBSASjsxd (middle and lower panels, respectively) used to determine thetsxd values
(see text).

TABLE I. Angles of the 239 detectors of the Euroball spectrom-
eter with respect to the beam axis and their assignment into rings.

Mean Number of

Ring angleu s°d detectors Type

0 156.1±5.4 35 Cluster

1 137.1±5.4 35 Cluster

2 129.7±5.4 35 Cluster

3 103.3±4.2 52 Clover

4 76.5±4.4 52 Clover

5 52.23±0 15 Tapered

6 34.6±0 10 Tapered

7 15.45±0 5 Tapered
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tions, correction factors were extracted. The correction factor
as a function of the corresponding lifetimet can be de-
scribed with the functioncstd=1+a·expf−b·tspsdg, using
the parametersa=0.90s16d andb=2.01s29dps−1 (see Fig. 4).

Ten lifetimes below 3 ps were corrected for this effect as
indicated in Table III.

Overall 19 lifetimes were determined, six in the ground
state band up to the 12+ state, five in the yrast negative parity
band up to the 17− state, three of theg-band, one of the
“negative parity” band, and four in theM1 band for states
with spins from 15 to 18". Table III shows all adopted life-
time valuest and the corresponding transition probabilities.
Mixing ratios d used for the calculation of the transition
probabilities in theM1 band were taken from Ref.[7] and
for the quasi-g band from Ref.[2]. In columns 6 and 7 of
Table III the lifetimes from two previous works[18,19] are
given for comparison. Both works are based on the same
singles data set, but use different analyzing techniques and
feeding assumptions. The deorientation effect for the 21

+ state
was only taken into account in Ref.[19], which explains the
large difference ofts21

+d=48s3d and 60s5d ps from Refs.
[18,19], respectively. The transition probabilities within the
ground state band and theM1 band will be discussed in the
following sections.

III. B„E2;0+\2+
… SYSTEMATICS AND GROUND

STATE DEFORMATIONS

Much work has been devoted to describe the behavior of
nuclear deformation over a wide mass range. For instance,
Casten successfully parameterized theBsE2;0+→2+d values
in the A=150 andA=100 mass region using the product of
the proton and neutron boson numbersNp

B ·Nn
B [20]. In the

A=130 mass region the picture presented by the experimen-
tal values was not clear since contradictory lifetimes of the
2+ level were published for several nuclei. The improved
techniques of lifetime measurements, in particular the use of
gg coincidence data and the DDCM analysis[13], which
became available in the last years, helped a lot to improve
the quality of the experimental data and correct wrong re-
sults. Now the resultingBsE2d systematics(Fig. 5) shows a
very regular behavior, which allows a quantitative descrip-
tion of the observedBsE2;0+→2+d values for many nuclei
of this region by the following relation[21]:

BsE2;0+ → 2+d = a ·Np ·Nn + BsE2;0+ → 2+d124Sn, s3d

where Np and Nn are the number of proton particles and
neutron holes counted from the nearest closed shell, anda is
a free parameter. The valuea=0.0215 e2b2 was obtained by
fitting the experimental data. This systematics ofBsE2;0+

→2+d values reveals a linear dependence on the product
Np ·Nn for Np,8 and for Np=10, Nnø10 of the nuclear
deformation in theA=130 mass region. Beyond these values
enhanced deformation driving forces become apparent, e.g.,
in the case of the occupation of the 1/2f541g Nilsson orbital
by two neutrons.

The measured lifetimet=67.5s17d ps of the first 2+ level
of 124Xe gives aBsE2;0+→2+d value of 1.07s6d e2b2 which
is close to the value given by Eq.(3).

The 21
+ lifetime from this work is a bit longer thant

=60s3dps obtained in a previous singles RDM experiment
[19]. Comparing the deformationb=0.218 of124Xe, deduced

TABLE II. Rings used for gating and rings, from which the
gated spectra were taken(gated rings) to detemine the intensities of
interest according to Eq.(1). In column 5 the transition energy on
which the gate was set is presented.SandU indicate if the gate was
set on the shifted or unshifted component of the transition,
respectively.

Elev

skeVd Ip
Rings for

gating Gated rings

Eg
U/S

skeVd
of the gate

354 2+ 0,1,2,5,6,7 0,1,2,5,6,7 525S

879 4+ 0,1,2 0,1,2,6,7 670S

1549 6+ 0,1,2,5,6,7 0,1,2,5,6,7 853S, 730S,
712S

2331 8+ 0,1,2,5,6,7 0,1,2,5,6,7 853S, 730S,
712S, 973S

3172 10+ 0,1,2,5,6,7 0,1,2,5,6,7 853S

3883 12+ 0,1,2,5,6,7 0,1,5,6,7 730S

4299 12+ 0,1,2 0 815S

5552.7 (15) 0,1,2,5,6,7 0,1 276S

5828.3 (16) 0,1,2,5,6,7 0,1,7 326S

6154.8 (17) 0,1,2,5,6,7 0,1,6,7 400S

6554.6 (18) 0,1,2,5,6,7 0,1,2,5 431S

846.6 2+ 0,1,2,5,6,7 0,1,2,5,6 592S

1247.7 3+ 0,1,2,5,6,7 0,1,2,5 738S

1836.9 5+ 0,1,2,5,6,7 0,1,2,5 738S

3147.8 9− 5,6,7 0,1,2,5 675S

3822.6 11− 0,1,2 0,1,2 675U

4598.8 13− 5,6,7 0,1,2 776U

5434.1 15− 5,6,7 0,1,2 835U

6134.9 17− 0,1,2,5,6,7 0,1,2,5,6,7 897S

2625.7 7− 0,1,2,5,6,7 0,1,2,5,6 1077U

FIG. 4. Correction factorcstd as a function of the corresponding
lifetime to correct the effects of the velocity distribution of the
recoiling nuclei and the Doppler-shift attenuation occurring during
the slowing down in the stopper and target. Heret are the lifetime
values obtained in the analysis without considering the slowing
down time of the recoils.
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with the newBsE2d value, with its Xe neighbors it stays
close to the value of126Xe sb=0.216d whereas the deforma-
tion of b=0.252 determined for122Xe is considerably larger.
In Fig. 6 theQt values of the ground state band(GSB) in

124Xe are shown together with those of126,122Xe. The experi-
mental values are compared with theoretical values of the ion
bombardment and annealing limitsUs5d and Os6d and the
rotor model. The best agreement is obtained for theOs6d

TABLE III. Lifetime results for124Xe. The lifetime valuest along with the energies of the levels, deexcitingg ray energies, and initial
and final spins are given. Futhermore the reduced transition probabilitiesBssLd are given ineLfm2L for electric transitions and inmN

2fm2L−2

for magnetic ones. In columns 6 and 7 lifetimes from previous works(see Refs.[18,19]) are presented.

Elev skeVd Eg skeVd I i
p I f

p sL t a spsd t b spsd t spsd t adoptedspsd BssLd

354 354 2+ 0+ E2 48(3) 60(5) 67.5(17) 67.5(17) 2121.5−52.1
+54.8

879 525 4+ 2+ E2 5.1(6) 5.6(6) 8.19(23) 8.19(23) 2487.0−67.9
+71.9

1549 670 6+ 4+ E2 1.4(5) 1.1(4) 1.82(17) 1.86(16)c 3251−258
+306

2331 783 8+ 6+ E2 1.5(6) 0.5(12) 1.03(39) 1.15(35)c 2415−563
+1060

3172 840 10+ 8+ E2 2.2(5) ø1.4 2.49(33) 2.51(32)c 778.5−88
+114

3883 712 12+ 10+ E2 ,4 2.13(37) 2.16(36)c 2024−449
+628

381 12+ 10+ E2 926−212
+297

4299 1128 12+ 10+ E2 .2.5 .2.5 ,102

5552.7 261.6 (15) (14) M1 0.89(8) 1.02(8)c 1.44−0.24
+0.28

261.6 (15) (14) E2 5908−972
+1136

501 (15) (13) E2 1018−192
+225

5828.3 275.9 (16) (15) M1 1.84(13) 1.88(12)c 1.02−0.16
+0.18

275.9 (16) (15) E2 3738−575
+653

537 (16) (14) E2 586−109
+123

6154.8 326.5 (17) (16) M1 1.75(8) 1.80(8)c 0.75−0.10
+0.11

326.5 (17) (16) E2 2003−278
+304

602 (17) (15) E2 708−129
+141

6554.6 400 (18) (17) M1 0.40(8) 0.56(9)c 1.33−0.30
+0.41

400 (18) (17) E2 2360−531
+734

726 (18) (16) E2 893−236
+327

846.6 493.0 2+ 2+ M1 10s2d 17.8(30) 17.8(30) 3.1−4.2
+1.7310−4

493.0 2+ 2+ E2 1143−454
+2144

846.6 2+ 0+ E2 28.1−6.7
+9.4

1247.7 401.1 3+ 2+ M1 9s2d 9.0(10) 9.0(10) 1.4−1.1
+4.7310−4

401.1 3+ 2+ E2 3024−512
+552

893 3+ 2+ M1 4.0−1.3
+1.5310−4

893 3+ 2+ E2 83.6−14.6
+16.2

368.8 3+ 4+ M1 5.9−2.2
+2.8310−4

368.8 3+ 4+ E2 925−191
+206

1836.9 589.2 5+ 3+ E2 4.5(6) 5.75(25) 5.75(25) 1379−186
+187

399 5+ 4+ M1 5.4−3.4
+5.5310−4

399 5+ 4+ E2 1308s251d
958.1 5+ 4+ M1 6.1−1.8

+2.2310−4

958.1 5+ 4+ E2 26.7−5.2
+5.5

3147.8 816.7 9− 8+ E1 5(1) 5.23(71) 5.23(71) 17.0−3.5
+4.6310−5

3822.6 674.8 11− 9− E2 1.2(8) 3.18(9) 3.18(9) 1689−211
+224

4598.8 775.9 13− 11− E2 2.5(15) 1.56(8) 1.62(8)c 1776−253
+279

5434.1 835.3 15− 13− E2 4.2(12) 1.99(11) 2.02(11)c 957−140
+156

6134.9 701.0 17− 15− E2 4.25(21) 4.25(21) 1085−154
+170

2625.7 1077 7− 6+ E1 148(15) 98.7(96) 98.7(96) 4.9−0.9
+1.1310−6

aSee Ref.[18].
bSee Ref.[19].
cLifetimes corrected due to the slowing down of the recoils in the target and stopper foils.
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limit although the experimentalQts4+→2+d values deviate
from the calculated ones. This is especially apparent in124Xe
where the deviation fromOs6d is 8%. From the reliable value
of the 4+ level it follows that the deviation is a real effect.
Although we deal with a dominant collective structure, shell
effects might possibly underlie this reduction ofE2 strength.
The strong reduction of theQts10+→8+d value by 42%

indicates the crossing of the ground state band with the first
s band. This is a particularly beautiful case of band crossing,
which will be discussed in more detail in the following sec-
tion.

IV. GSB COLLECTIVITY AND BAND MIXING IN 124Xe

The crossing of the ground state band with twos bands
has been observed in many nuclei in theA=130 mass region
at spin 10[5,6]. In cases where sufficient spectroscopic data
for the crossing region are available, a level mixing calcula-
tion can deliver interesting information on the interaction
strength of the different nuclear structures which are repre-
sented by the observed bands.

Such calculations had been performed, e.g., for128Ba
[12,22], 130Ba [12], and124Xe [23]. In the case of130Ba, also
absolute transition probabilities were considered in the cal-
culations. Since for124Xe lifetimes of states in the crossing
region were measured, we performed a three band mixing
calculation. The strongly reduced transition probability for
the s10+→8+d transition(see Fig. 6) already indicates a con-
siderable structural change of the ground state band at the
10+ state and weak mixing. Unfortunately only two 10+

states at 3172 and 3503 keV are known. A third 10+ state has
not been identified so far. The relatively largeQts12+

→10+d value indicates that the structure of the 10+ state is
similar to that of the 12+ state, which is assumed to belong to
the nsh11/2d2 s band[5,6]. As a consequence, the second 10+

state appears to be the perturbed state of the ground state
band heritage. It is amazing that the relative energies of the
nsh11/2d2 s band are constant within a few kilo-electron-volts
in the nuclei126,124,122,120Xe as shown in Fig. 7.

This indicates that the energy of the unperturbednsh11/2d2

10+ state in124Xe can reliably be estimated. Using the life-
times,E2 branching ratios, and level energies, a mixing cal-
culation was performed, which reproduces the experimental
information very well. In Fig. 8 the relevant part of the level
scheme is presented together with the experimental and cal-
culated absolute transition probabilities. For the 10+ states
interaction strengths ofVgn=160 keV, Vgp=10 keV, and
Vnp=50 keV were derived. The latter two values were ob-
tained on the basis of estimated level energies. Table IV
shows the mixing amplitudeskm unl and the unperturbed and

FIG. 5. BsE2;0+→2+d values plotted vs the neutron numberN.
The value of124Xe for N=70 is taken from this work. Other data
shown are taken from Ref.[12] and references given therein.

FIG. 6. Qt values of124Xe and its neighbors122Xe and126Xe
compared to theUs5d andOs6d symmetries of the IBM.

FIG. 7. Comparison of the level energies in120,122,124,126Xe for
the GSB,psh11/2d band, and thensh11/2d band.
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perturbed level energies of the 10+ statesEm
0 andEn, respec-

tively. Although the agreement between experiment and cal-
culation is good an open question remains: Why thepsh11/2d2

10+ state has not been observed? The level energy of this
state in124Xe was extrapolated from higher spin states of the
corresponding band to beE=3800 keV. It has not been ob-
served in one of the neighboring Xe nuclei(cf. Fig. 7). This
holds for 120Xe as well, where many states of the ground
state band and boths bands were observed, but not the
psh11/2d2 10+ state. A possible explanation might be that the
excitation energy of this state is quite high and that a small
s12+→10+d transition energy leads to a weak transition.

V. M1 BAND IN 124Xe

In recent years cascades of enhanced magnetic dipoleM1
transitions have been observed in the neutron-deficient Pb
nuclei [24,25]. A number of similar bands were also found in

the A<110 andA<140 regions. The properties of these
bands have been successfully described by the TAC model
developed by Frauendorf[8] as well as the semiclassical
model introduced by Macchiavelli[26,27]. In these models
the band-head configuration in the Pb isotopes arises from a
perpendicular coupling of the angular momenta of high-K
protons and high-j neutron holes. Angular momentum in
these bands is gained by simultaneous step-by-step reorien-
tation of the proton-particle and the neutron-hole angular
momenta into the direction of the total angular momentumI.
One can picture this as the closing of the blades of shear,
leading to the name “shears bands”[25]. The characteristic
feature of the shears mechanism is a decrease ofBsM1d val-
ues for the dipole transitions with increasing angular mo-
mentum, since theBsM1d values are proportional to the com-
ponents of the magnetic moments perpendicular to the total
angular momentum. Recent lifetime measurements in the
light Pb isotopes[9,10] had confirmed this behavior experi-
mentally.

In many nuclei of theA=130 mass region, bands with
strong M1 transitions and weak crossoverE2 transitions
have also been observed. Therefore, the question arises if
these bands can be considered as shears bands. This was
discussed in several papers[7,28]. Whereas the nuclei in the
Pb region are almost spherical, the nuclei in theA=130 re-
gion are deformedsb<0.2d, e.g., Ba and Xe nuclei. There-
fore, the collective rotation perpendicular to the symmetry
axis, which can almost be neglected in Pb nuclei, is expected
to have a larger influence in nuclei of theA=130 mass re-
gion. Especially in the case of128Ba intense experimental
and theoretical studies had been devoted to theM1 band
[28,29]. On the basis of branching ratios, mixing ratiosd,
and lifetimes it had been revealed, that this band can be
described as a rotational band, built on the four quasiparticle
excitation psh11/2d5/2d ^ nsh11/2g7/2d with an effective K
value of about 9" [28]. The most important signature for
excluding a shears band structure in the case of theM1 band
in 128Ba areBsM1d values which increase with the spins.
This increase is most pronounced for the low spin part of the
band. The investigation of theM1 band in124Xe, which is
very similar to the one in128Ba, was a major subject of the
Euroball lifetime experiment performed at Strasbourg and
described in this work. The band in124Xe also shows strong
M1 transitions and weak crossoverE2 transitions, but also
differences have been observed. The signs of thed values are
negative in124Xe and positive in128Ba. Unfortunately the
parity of theM1 band in124Xe is not fully established. So far
we determined the lifetimes of the four lowest lying states in
the M1 band.

The deducedE2 and M1 transition probabilities are
shown in Fig. 9. It is evident that theBsM1d transition prob-
abilities are decreasing with increasing spin, which is the
expected behavior for a shears band and is in contrast to the
corresponding values in128Ba. In order to check whether a
rotational band built on a four quasiparticle state is also com-
patible with the observed decreasingBsM1d values we used
the relation[30]

FIG. 8. Comparison of absoluteBsE2d values (black boxes)
with corresponding values from the three level mixing calculation
(white boxes). The values are given in me2b2.

TABLE IV. Mixing amplitudes km unl and their squares(in
brackets) for the 10+ state, wherem=p ,GSB,n denotes the unper-
turbed states andn=1,2,3 theperturbed ones. Further the corre-
sponding level energiesEm

0 and En are presented. The interaction
strengths areVgn=160 keV,Vgp=10 keV, andVnp=50 keV.

n 1 2 3 Em
0

m (keV)

p −0.056s0.003d 0.127(0.016) 0.990(0.981) 3793

GSB −0.578s0.335d −0.813s0.660d 0.072(0.005) 3395

n 0.814(0.662) −0.569s0.323d 0.119(0.014) 3288

En skeVd 3171 3505 3800a

aExtrapolated data(see text).
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BsM1d =
3K2

8p
Hg̃2FÎ1 −SK

I
D2

−
i2
I
G − g̃1

i1
I
J2

s4d

for the four quasiparticle structurepsh11/2d2 ^ nsh11/2g7/2d.
The proton partpsh11/2d2 as well as the neutron part
nsh11/2g7/2d were observed in the low spin spectrum of124Xe,
and theM1 band decays to both structures. It was assumed
that the two protons and the two neutrons align pairwise to a
common proton and neutron spinj1=10" and j2=8", respec-
tively, which couple with the collective spinR to the total
spin I. The quantitiesi1<10 andi2<0 used in Eq.(4) are
the alignments ofj1 and j2, respectively. Theg factors of the
proton and neutron contributionsg̃1 and g̃2 were calculated
using theg factors of the involved single particle orbitals
given in Ref.[31]. The value ofK was varied to obtain the
best agreement with the experimental data. The result of the
calculation is shown as a solid line in the lower part of Fig.
9.

Although the agreement is not perfect, the result shows
that decreasingBsM1d values can also be obtained by assum-
ing a rotational structure with an appropriate coupling of the
involved quasiparticle states. The assumed structure would
have negative parity. There is no obvious structure with posi-
tive parity by which the observedBsM1d values could be

described according to Eq.(4) unless one assumes decreas-
ing K values with increasing spins.

In order to give a final answer to the question on the
underlying structure of theM1 band in124Xe, the parity of
the band is needed and a comparison to TAC calculations
should be performed. Considering the presently available ex-
perimental data the proposed rotational structure seems to be
reasonable.

Although theM1 bands in124Xe and128Ba are different,
most probably we do not deal with shears bands in both
cases, but with rotational bands built on four quasiparticle
states, where the spin is gained by increasing collective ro-
tation and not by a successive alignment of the involved
quasiparticle spins along a total spin axisI. It can not be
excluded, that the involved quasiparticles change their align-
ments with increasing spins leading to decreasingK values
and consequently to decreasingBsM1d values with increas-
ing spin.

VI. sd-IBM-1 CALCULATIONS

As already indicated by the GSBBsE2d values shown in
Fig. 6, 124Xe seems to beg soft. To describe thisg softness
we used thesdversion of the interacting boson model(IBM )
[3,4]. A previoussd-IBM-1 calculation for124Xe was done in
Ref. [2]. We want to test thesd-IBM-1 calculation with the
new BsE2d values. The IBM-1 has three dynamical limits,
the Us5d, theSUs3d, and theOs6d limit, which can be com-
pared to the geometrical limits of a vibrator, a rigid symmet-
ric rotor, and ag-soft nucleus, respectively. The Hamiltonian
of the extended consistentQ formalism (ECQF) [32,33] of
the IBM covers the whole range of structure between these
three dynamical symmetry limits by just varying the two
structure parametersse8 /k ,xd:

HECQF= kF e8

k
nd − Qx ·QxG . s5d

The factork only sets the absolute energy scale. In terms of
s andd bosons the quadrupole operatorQx is given by

QIBM = Qx = fs†d + d†sgs2d + xfd†dgs2d. s6d

The quadrupole operatorQIBM is proportional to theE2 tran-
sition operatorTsE2d=eBQIBM by including the effective
quadrupole boson chargeeB. Figure 10 shows a fit with this
Hamiltonian, using the parameterse8 /k=−21.6,x=−0.677,
k=−31.6 keV andeB=1.9 W.u. In this fit the main focus was
set on the reproduction of the level energies of the ground
state band and the staggering of the quasi-g band. Compared
to theOs6d limit, the experimentally observed staggering of
the quasi-g band in124Xe is strongly weakened and cannot
be reproduced by the calculation using the Hamiltonian
given by Eq.(5). Furthermore the calculation overestimates
the level energies of the quasi-g band. To improve the de-
scription of the data, we added to the Hamiltonian two new
terms, namely the termHpair

B as given in Ref.[34] which
takes into account a pairing interaction in order to compress
the multiplets according to the quantum numbert (t com-
pression) and asL ·Ld term, as previously used in Ref.[2], to

FIG. 9. E2 andM1 transition probabilities of theM1 band of
124Xe. The solid line in the bottom part of the figure represents a
semiclassical calculation using Eq.(4).
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account for the weakened staggering. The pairing interaction
term Hpair

B is defined as[34]:

Hpair
B = as†s+ bss†sdss†sd, s7d

where a and b are parameters. Using the relations†s=N
−sd†dd one can writeHpair

B as

Hpair
B = Ep + ẽsd†dd + bsd†ddsd†dd = Ep + ẽnd + bnd

2, s8d

whereEp is a function of the boson numberN andẽ is again
a parameter. The completend

2-ECQF Hamiltonian used for
our calculation is

Hnd
2−ECQF= HECQF+ Hpair

B + lLL

= kS e

k
nd + QxQx +

l

k
LL +

b

k
nd

2D , s9d

wheree=e8+ ẽ from Eqs.(8) and(5) and the constantEp for
N=8 is omitted. The parametersk andeB were fixed to re-
produce the energy and the ground state transition strength of
the 21

+ state. The diagonalization of the Hamiltonian has been
done using the codePHINT by Scholten[35].

In Fig. 11 the low-lying energy spectrum of124Xe is com-
pared to the sd-IBM-1 calculation with the nd

2-ECQF

Hamiltonian, using the structure parameterse /k=−25.5 and
x=−0.436, whileb /k=2.519 andl /k=−0.649 adjust the
level spacing. Furtherk=−26.2 keV andeB=1.865 W.u.
were used in this calculation. With these additional terms the
weakened staggering in the quasi-g band is reproduced. The
addedsL ·Ld term does not change the wave functions and
thus does not influence the transiton strengths. The added
pairing interactionHpair

B only slightly changes theBsE2d val-
ues, which leads to a good agreement of both calculations
with the experimental transition strengths. The disagreement
in the energy spacing between the levels of thesK=0d band
is a well known problem ofsd-IBM-1 calculations as well as
of other collective models, e.g., the general collective model
[36]. Though thet compression reduces the level spacing in
the sK=0d band it also reduces the level energies, so that the
02

+ and the 23
+ are reproduced worse than in the calculation

using the simple ECQF Hamiltonian. Another noticeable dif-
ference of bothsd-IBM-1 calculations is the far better repro-
duction of the level energies belonging to thesK=4d band,
when using thend

2-ECQF Hamiltonian.

VII. SUMMARY AND CONCLUSIONS

A recoil distance measurement was performed using the
Cologne plunger in combination with the Euroball spectrom-

FIG. 11. See the caption of
Fig. 10. Unlike Fig. 10, thend

2-
ECQF Hamiltonian from Eq.(9)
was used for this calculation. The
parameters aree /k=−25.5, x=
−0.436, b /k=2.519, l /k=
−0.649, k=−26.2 keV, and eB

=1.865 W.u.

FIG. 10. Low-lying levels and
BsE2d values of the ground state
band, the quasi-g band, the sK
=0d band and sK=4d band of
124Xe. For a better comparison the
experimentally known data for
each band are displayed left to the
results of thesd-IBM-1 calcula-
tion, using the ECQF Hamiltonian
in Eq. (5). The number above the
arrow is theBsE2d value for the
corresponding transition in
Weiskopf units. The parameters
for this calculation aree8 /k=
−21.6, x=−0.677, k=−31.6 keV,
andeB=1.9 W.u.
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eter. Nineteen lifetimes of excited states in124Xe were de-
rived by means of the DDCM applied ongg coincidence
data. The deduced transition probabilities were used to test
different theoretical predictions. TheBsE2;0+→2+d value of
124Xe fits well into the BsE2;0+→2+d systematics of the
neighboring nuclei and a ground state deformationb
=0.218 was deduced. A three band mixing calculation for the
crossing region of the ground state band with twos bands at
spins 10–14, shows a good agreement with the experimental
data and reveals 70% admixture ofnsh11/2d2 quasiparticle
structure to the lowest 10+ state at 3172 keV, previously as-
signed to the ground state band. Consequently the 10+ state
at 3503 keV is of 70% ground state band heritage. The de-
ducedBsM1d values of theM1 band decrease with increas-
ing spin, which is the expected behavior for magnetic rota-
tion, but can also be described on the basis of a rotational
band with negative parity assuming a structurepsh11/2d2

^ nsh11/2g7/2d with an effectiveK value of about 9". To give

a final answer to the question of the underlying structure of
the M1 band the parity of the band is required. Two
sd-IBM-1 calculations with two different Hamiltonians were
performed, both showing a good agreement with the experi-
mental BsE2d values and the low energy spectrum. The
weakened staggering of the quasi-g band indeed can only be
described by using thend

2-ECQF Hamiltonian with a pairing
interaction term.
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