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Lifetime measurements in154Gd were performed by means of the recoil distance Doppler-shift method.
Excited states of154Gd were populated via Coulomb excitation with a32S beam at 110 MeV delivered by the
FN tandem accelerator of the University of Cologne. The determined transition probabilities as well as the
low-spin level scheme of154Gd demonstrate a good agreement with the predictions of the critical point
symmetry X(5). Comparison of specific experimental observables for theN=90 rare earth isotones with the
calculations of the X(5) model clearly show that154Gd is one of the good examples of the realization of the
X(5) dynamical symmetry. In addition, the experimental data are compared to fits in the framework of the IBA
and the general collective model.
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I. INTRODUCTION

Phase transitions in physics lead to very interesting phe-
nomena and represent an appealing challenge for a detailed
investigation, both experimentally and theoretically. Nuclei
as dynamic systems can undergo phase transitions associated
with a change of the shape of their equilibrium configuration.
In the works of Iachello[1,2], it was shown that new dy-
namical symmetries can describe atomic nuclei at the critical
points of phase transitions from spherical to deformed
shapes. The new symmetries, called E(5) and X(5), are ob-
tained within the framework of the collective model[3] un-
der some simplifying approximations. It is known that geo-
metrically the nucleus can be described by three Euler angles
defining the orientation of the body-fixed coordinate system
in space, and by the quadrupole deformation parametersb
and g [3]. The nuclear potential in the X(5) case, which
describes the nucleus at the critical point of the U(5)-SU(3)
phase transition(spherical to prolate axial deformation), is
approximated by a square well and a harmonic oscillator
potential with respect to theb and g degrees of freedom,
respectively. In the case of the E(5) critical point symmetry
(phase transition from spherical to deformedg-unstable
nucleus), the potential is flat in theg direction. In addition, in
both cases theb andg degrees of freedom are considered to
be decoupled. These potentials allow for analytical solutions
of the eigenfunction problem, leading to closed expressions
for the energies of the excited states and the transition rates.

The target of our investigation is the nucleus154Gd, which
is expected to be one of the very promising candidates for
X(5) critical point symmetry. This fact is illustrated in Fig. 1,
where characteristic energy ratios in someN=90 isotones are
compared to the values predicted in the framework of X(5).
Many theoretical and experimental efforts have already been

dedicated to the study of that appealing nucleus which is rich
in interesting phenomena(cf., e.g., Refs.[4–8], and refer-
ences therein). The most recent investigation[9], for in-
stance, infers a new coexisting weakly deformed structure
based on the 03

+ level at 1182 keV. In the present work, we
concentrate on the study of the electromagnetic properties of
the first two excited bands of154Gd, based on the 01

+ and 02
+

levels, in order to compare further observables to the predic-
tions of the new X(5) critical point symmetry.

II. EXPERIMENT, DATA ANALYSIS AND RESULTS

The lifetimes of excited states in154Gd were measured
using the recoil distance Doppler-shift(RDDS) method. The
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FIG. 1. (Color online) Comparison of the crucial experimental
observables R0/2=Es02

+d /Es22
+d ,R4/2=Es41

+d /Es21
+d ,R42/22

=sE42
+

−E02
+d / sE22

+−E02
+d indicated on the ordinate for theN=90 rare earth

isotones150Nd, 152Sm, 154Gd, and156Dy with the predictions of the
X(5) dynamical symmetry. The isotones and X(5) are indicated on
the abscissa. See also text.
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experiment was performed at the Cologne FN Tandem accel-
erator where a beam of32S with an energy of 110 MeV was
used to Coulomb excite states in154Gd. The target consisted
of 98% enriched154Gd isotope material evaporated to a
thickness of 1 mg/cm2 onto a 2 mg/cm2 thick Ta foil. The
recoiling nuclei left the target with a mean velocityv of
2.30s3d% of the velocity of lightc and were stopped in a
5 mg/cm2 Nb foil mounted together with the target in the
Cologne coincidence plunger apparatus[10]. Data were col-
lected for 23 target-to-stopper distances ranging from 1 to
2000mm. The accuracy of the measurement of the relative
target-to-stopper distances was better than 0.1mm in the
range from electrical contact to 20mm and better than 1mm
in the range 20–200mm.

Theg rays were detected with an Euroball cluster detector
placed at 0° with respect to the beam axis, and four addi-
tional high efficiency germanium detectors positioned at the
backward angle of 144°. This setup is very similar to the one
reported in Ref.[11].

In order to fix the reaction kinematics, backscattered
beam particles were detected by six photodiode cells, manu-
factured by SILICON SENSORS, which were mounted
<1 cm upstream of the target to cover an angular range of
155° –175°. This range corresponds to target nuclei recoiling
into a forward cone covering 0° –10°. By means of these
photodiodes the32S nuclei backscattered from the Gd target
or the Ta backing can be easily distinguished. This was es-
sential to eliminate contaminations originating from the Cou-
lomb excitation of the tantalum target backing.

The energy signals from the germanium detectors were
recorded in coincidence with the energy signals from the
particle detectors. The mean coincidence rate was about
2 kHz. As illustrated in Fig. 2, a proper gate on the particle

energy allows us to distinguish theg rays originating from
154Gd and181Ta. (See also Fig. 2 caption.)

At each distancex, the lifetime is calculated according to
the formalism of the differential decay-curve method
(DDCM) in a “singles mode” presented in details in Ref.
[12],

tsxd = −

Rijsxd − bij
Wijsudei j

s1 + ai jd
o
h

Rhisxds1 + ahid/Whisudehi

v ·
d

dx
Rijsxd

.

s1d

Here,x is the target-to-stopper distance,Rijsxd is the area of
the unshifted peak of the transition of interest,t=x/v is the
corresponding time of flight,bij is the branching ratio of the
transition i → j , andRhi are the areas of the unshifted peaks
of the direct feeding transitions.Wlnsud represents the angu-
lar distribution function for the transitionl →n at the angleu
of observation with respect to the beam axis,aln is the inter-
nal conversion coefficient, andeln is the efficiency of the
germanium detector. We note that in our experiment, the
angular distribution functions of the transition of interest and
those of the feeding transitions are quite similar. An effi-
ciency calibration of the germanium detectors was performed
with a 152Eu source.

Using Eq.(1) yields a set of lifetime values(the t-curve)
which should naturally lie on a straight line when plotted
versus the distancex.

Compared to the intensity of the depopulating transitions,
the observed feeding was less than 8 % in all cases due to the
exponential drop of the Coulomb excitation strength at high

FIG. 2. Gates on the particle
energies, corresponding to back-
scattered beam particles from the
target and backing, and resulting
g-ray energy spectra of154Gd and
181Ta at the target-to-stopper dis-
tance of 60mm. For 154Gd,
shifted and unshifted components
of the 347 keV 61

+→41
+ transition,

the 427 keV 81
+→61

+ transition
and the 588 keV 02

+→21
+ transi-

tion can be seen. Transitions and
corresponding lifetimes are also
labeled for 181Ta. The spectra
shown are measured with the clus-
ter detector positioned at forward
angle.
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excitation energies. Since Coulomb excitation is highly se-
lective for collective states, the possibility for unobserved
feeding is negligible. In the final analysis, the observed feed-
ing from above was taken into account.

Since the DDCM was applied to singles spectra and since
Coulomb excitation in coincidence with backscattered par-
ticles produces highly oriented nuclear states, we investi-
gated the possible impact of the nuclear deorientation effect.
For each individualg-ray transition employed in the lifetime
determination, the constancy of the sum of the areas of in-
flight and stop peaks was checked at all distances. Deviations
from a constant behavior were found only for the 41

+ state.
The investigation of the deorientation effect according to the
approaches of Refs.[13,14] showed that this effect does not
play a significant role in the case of the lifetime determina-
tion for the 41

+ state. The reason is that the data points used
for this determination lie in a time region where the nucleus
is already completely deoriented. This result is also sup-
ported by the fact that the lifetime of the 41

+ state determined
in the present work in practice coincides with the values
reported in earlier works[15,16] where Coulomb excitation
was used. The 61

+ and 81
+ states are not significantly affected

by the deorientation because of their high spins, the 02
+

→21
+ transition has an isotropic distribution, and for the life-

time determination for the 22
+ and 42

+ states, only summed
spectra from all seven cluster segments were analyzed. Thus,
for the latter states, the angular distribution was integrated
over a wide range and all effects related to it were averaged
out.

The application of Eq.(1) for the lifetime determination
of the 42

+ level is illustrated in Fig. 3 where thet curve, the
difference in the numerator and the derivative[denominator
in Eq. (1)] are presented. This figure is also a demonstration
of the quality of the data for the case of the weakest transi-
tion reported in this work. Lifetimes were derived from the
data for the 41

+, 61
+, 81

+, 02
+, 22

+, and 42
+ levels in 154Gd. The

results are summarized in Table I. The quality of the experi-
ment is demonstrated by the agreement within the error bars
of the present results with literature values for levels with
well-established lifetimes[15,16]. Small differences are ob-
served for the lifetimes of the 61

+ (about 7%) and 02
+ (about

17%) states. The lifetimes determined in the present work
are characterized by smaller uncertainties. The lifetimet
=11.00s55d ps of the 42

+ level is determined for the first time.
This lifetime is important since it doubles the number of
absoluteBsE2d values now known involving the 02

+ band,
giving several new interband transition probabilities and a
second intrabandBsE2d value.

In our analysis, we use only the areas of unshifted peaks.
In the case of the 42

+ level, only forward detectors were em-
ployed, since at the backward angle the unshifted peak was
obscured by the shifted peak of the 692 keV transition.(See
also Fig. 4). The values of the reduced transition probabili-
ties BsE2d derived from the lifetimes are presented in the
Table I. In order to extract in-band transition quadrupole mo-
mentsQt from these data, we employed the well-known for-
mula

BsE2,I → I − 2d =
5

16p
kIK20uI − 2Kl2sQtd2 s2d

in which a value ofK=0 was used.

The lifetimes of excited states in181Ta, obtained as a by-
product from the Coulomb excitation of the target backing,
show an excellent agreement with the literature values. This
fact also supports the reliability of the lifetimes derived in
this work. Some lifetimes derived by us in181Ta are indi-
cated in Fig. 2.

III. DISCUSSION

The N=90 nucleus154Gd is a direct even-even neighbor
of 152Sm which was the first nucleus where characteristic
X(5) features were observed experimentally[19]. Since the
energy spectrum of154Gd is very similar to that of152Sm
[19] and also to that of150Nd [20], which was the second
nucleus classified to be of X(5) type, it appears to be quite
natural to test to what extent the X(5) predictions reproduce
the experimental data for154Gd. It turns out that a classifi-
cation based only on the excitation energies and branching
ratios is not sufficient for a definite assignment as was shown
in the case of104Mo. Bizzeti and Bizzeti-Sona[21] demon-
strated that the energy spectrum of104Mo as well as relative

FIG. 3. Lifetime determination of the 42
+ level of the S2 band

using data collected with the cluster segments positioned at 34°.
The t curve is presented in the top panel. It consists of lifetime
values determined at different distances within the region of sensi-
tivity. The mean value of the lifetime and its uncertainty are also
shown. The distance dependence of the difference, which is the
numerator on the right-hand side(rhs) of Eq. (1) is shown in the
middle panel. The panel on bottom displays the derivative in the
denominator on the rhs of the Eq.(1).
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transition probabilities can be nicely described by the X(5)
calculations. Later, however, it was established by Hutteret
al. [22] that the absoluteBsE2d values do not support an
X(5)-like character of that nucleus.

As far as the energy spectrum of154Gd is concerned, the
comparison with the X(5) predictions has already been per-
formed in previous works(e.g., Refs.[23,24]). In Fig. 1, the
crucial observables R0/2=Es02

+d /Es22
+d ,R4/2=Es41

+d / s21
+d ,

R42/22
=sE42

+−E02
+d / sE22

+−E02
+d of the four N=90 isotones

150Nd, 152Sm, 154Gd, and156Dy are compared to the corre-
sponding X(5) values. As for150Nd and152Sm, for 154Gd the
agreement is also remarkably good.

The absoluteBsE2d values measured in this work allow
now for a more stringent test of the X(5) predictions includ-
ing excitation energies as well as relative and absolute tran-
sition probabilities.

Figure 5 shows theQt values within the gsb[band S1
according to the X(5) nomenclature] of 154Gd together with
the theoretical values of the X(5) symmetry, the symmetric
rotor, and the IBA U(5) limit [25]. The four data sets are
normalized to the experimentalQts21

+→01
+d value. The ex-

perimental transition quadrupole momentQts41
+→21

+d agrees
perfectly with the X(5) value. At higher spins, the experi-
mental values lie between X(5) and the rotor values. The
U(5) predictions are considerably higher for all states.

Of special importance are also the transition probabilities
within the first excited band(S2) and those of the interband
transitions between the S2 and S1 bands.

In Fig. 6, these quantities as well as the energy spectra of
the S1 and S2 bands according to X(5) are compared to the
corresponding experimental values in154Gd. Only two nor-
malization factors, the excitation energy of the first 2+ state
and theBsE2;2+→0+d, are used. The overall agreement is
found to be good for both energies and transition probabili-
ties, although as generally seems to occur, the absolute X(5)

energy spacings in the S2 band are larger than observed, and
the intrabandBsE2d values are also larger than measured.

As in the case of the 41
+→21

+ transition mentioned when
the Qt values in Fig. 5 were discussed, theBsE2;42

+→22
+d

value is very close to the X(5) value. All other strong tran-
sitions are also well described, with the exceptions of
BsE2;22

+→02
+d andBsE2;02

+→21
+d, whose values are a factor

of 2 smaller than the X(5) predictions. For the interband
transitions, the measured strengths are found to be less than a
factor of 2 smaller than the corresponding X(5) calculations
which is similar to the case of150Nd [20]. In Ref. [20], this
behavior is explained by the rapid change of many observ-
ables in the vicinity of the critical point of the phase transi-
tion. Therefore, small structural deviations from X(5) are
amplified by these sensitive interbandBsE2d values. Noting
that the yrastBsE2d values are somewhat intermediate be-
tween the rotor and X(5), it is consistent that the experimen-
tal interbandBsE2d values tend in the same direction.

Summarizing, the agreement between the experimental
data for154Gd and the X(5) predictions is found to be good
and is comparable to the quality of agreement found for
150Nd and 152Sm. In all cases investigated so far perfect
agreement with the X(5) predictions is of course, not ob-
served. This is not surprising since the X(5) model does not
employ any fitting and the underlying nuclear potential is
approximated in a rather schematic way. That is, X(5) is not
a model to be fit to the data as are models such as the IBA
and GCM[26] but, rather, it is an invariant(except for scale)
benchmark, similar in spirit to other idealizations such as the
pure rotor or harmonic vibrator. In real nuclei those ideals
are not reached and perturbations to them are necessary.
Similarly, for X(5), the IBA and GCM allow for param-
etrized deviations from X(5).

Therefore one should expect an improved agreement be-
tween experimental and theoretical values when using other
theoretical models where the calculated quantities can be ad-

TABLE I. Analyzed transitions, derived lifetimest, and lifetimes reported in literature, experimental
BsE2d values, and X(5), GCM, and IBA theoretical predictions for theBsE2d transition strengths. Branching
ratios necessary for the derivation of theBsE2d values were taken from NNDC[17]. Uncertainties of the
experimental quantities are shown in brackets.

Transition Eg tthis work tliterature BsE2dexp BsE2dXs5d BsE2dGCM BsE2dIBA

skeVd spsd spsd sW.u.d sW.u.d sW.u.d sW.u.d

21
+→01

+ 123 1708(7) Ref.[18] 157.8(6) 158 158 158

41
+→21

+ 248 65.5(15) 64.9 (20) Ref.[17] 245.2(58) 250 252 235

61
+→41

+ 347 12.12(32) 11.25(60) Ref.[17] 266 (7) 313 307 263

81
+→61

+ 427 3.72(20) 3.69 (20) Ref.[17] 312 (17) 359 351 273

02
+→21

+ 558 6.76(50) 5.77 (70) Ref.[17] 45.1(33) 100 85 52

22
+→02

+ 134 9.28(50) 9.23 (50) Ref.[17] 54.0(36) 125 124 98

→41
+ 444 20.0(11) 57 27 21.1

→21
+ 692 6.3(4) 14 29 9.5

→01
+ 815 0.9(1) 3 0.4 0.33

42
+→22

+ 233 11.00(55) 187 (13) 190 201 157

→61
+ 330 14.2(9) 44 22 14.9

→41
+ 677 5.0(5) 9 24 7.9

→21
+ 925 0.54(4) 1.54 0.02 0.25
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justed by varying model parameters, such as with the IBA,
GCM, or the PPQ[27] models. Such a comparison has been
discussed by Clarket al. [28] and in Ref.[29] for the case of
152Sm.

In the case of154Gd, we tried to reproduce the experimen-
tal observables with optimized IBA and GCM calculations.
The results are shown in Fig. 7. The IBA calculation with
only two scaling and two fit parameters,j andx, comes very

close to the experimental values including the sensitive S2 to
S1 interband transition probabilities which are reproduced
remarkably well. Also the GCM result can be considered to
be satisfactory although six of the model parameters(in total
eight) were employed in the calculation. The GCM Hamil-
tonian can be found in Ref.[26]. We used the parameters
B2=49.1310−42 MeVs2 and P3=0.080531042 MeVs2 for
the kinetic energy terms, andC2=−95.2 MeV, C3
=130.7 MeV,C4=1261.5 MeV, andD6=862.5 MeV for the
potential energy terms, respectively. As expected, the X(5)
description is worse than those obtained with the IBA and
the GCM since no fitting is involved.

Finally, we want to get some idea about the perturbation
of the ideal X(5) model needed to describe154Gd. It was
shown[30,31] that the critical point of phase transition be-
tween SU(3) and U(5) can be associated to the parameters
j=0.026 andx=−Î7/4 of the IBA Hamiltonian given in that
reference. The actual IBA fit shown in Fig. 7 was obtained
with the parameter valuesj=0.028 andx=−Î7/4 which are
very close to the critical point parameters. This leads to the
conclusion that154Gd indeed can be located very close to the
critical point of the SU(3)-U(5) phase transition for which
the X(5) symmetry serves as a benchmark.

FIG. 4. Particle-gatedg-ray spectra of154Gd taken at four dif-
ferent distances. Summed spectra from all detectors at forward
angles are shown. On the left-hand side, both shifted and unshifted
peaks of the 61

+→41
+ transition are presented. On the rhs, the shifted

and unshifted peaks of the 42
+→41

+ transition are shown. The ob-
scuring transition of 692 keVs22

+→21
+d is also indicated on the rhs.

At the distance of 1000mm, this transition is fully shifted to a
higher energy and correspondingly the shifted peak of the 42

+→41
+

of 677 keV transition can be observed(denoted by S).

FIG. 5. Comparison of theQt values of the ground state band
(band S1) in 154Gd with the theoretical calculations of the X(5)
dynamical symmetry, the symmetric rotor model and the U(5) limit
of IBA. The data are normalized to the experimentalQts21

+→01
+d

value. The lifetime of the 10+ state necessary for derivation of the
correspondingQt value was taken from the work of Sieet al. [16].

FIG. 6. (Color online) Comparison of the ex-
perimental level scheme of154Gd with the X(5)
predictions. TheEs21

+d value (in keV) and the
BsE2;21

+→01
+d value (in W.u.) are normalized to

the experimental data. TheBsE2d values are
given next to the arrows.
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IV. CONCLUSIONS

To conclude, RDDS lifetime measurements were carried
out at the FN Tandem accelerator of the University of Co-
logne with Coulomb excitation of154Gd using a 110 MeV
32S beam. From the derived lifetimes, 12 reducedE2 transi-
tion probabilities were determined whose values are in a
good agreement with the predictions of the X(5) critical
point symmetry as well with IBA and GCM calculations. The
best result is obtained with a very simple IBA calculation
showing that154Gd is situated at the SU(3)-U(5) phase tran-
sition very close to the critical point. Consistently, the differ-

ent theoretical approaches show that154Gd can be associated
with the critical point of a SU(3)-U(5) phase transition.
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