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Lifetime measurements in the transitional nucleus 138Gd
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Lifetime measurements have been made in the ground-state band of the transitional nucleus 138Gd from
coincidence recoil-distance Doppler-shift data. 138Gd nuclei were produced using the 106Cd (36Ar, 2p2n) reaction
with a beam energy of 190 MeV. Reduced transition probabilities have been extracted from the lifetime data
collected with the Köln plunger placed at the target position of the JUROGAM-II array. The B(E2) values
have been compared with predictions from X(5) critical-point calculations, which describe the phase transition
between vibrational and axially symmetric nuclear shapes, as well as with IBM-1 calculations at the critical point.
While the excitation energies in 138Gd are consistent with X(5) predictions, the large uncertainties associated with
the measured B(E2) values cannot preclude vibrational and rotational contributions to the low-lying structure
of 138Gd. Although experimental knowledge for the low-lying γ and β-vibrational bands in 138Gd is limited,
potential-energy surface calculations suggest an increase in γ softness in the ground-state band. In order to more
fully account for the effects of γ softness, the X(5) and IBM-1 calculations need to be extended to include the γ

degree of freedom for 138Gd.
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I. INTRODUCTION

Critical-point symmetries provide an elegant way of de-
scribing transitional nuclei which reside at the intermediate
points between extremes of nuclear structure [1–3]. Iachello
has analytically derived two critical-point symmetries using
a parameter-free (except for scale) prescription with the
five-dimensional Bohr Hamiltonian [4,5]. In this model, the
critical-point symmetries describe the second-order phase
transition between sphericity and a γ -unstable rotor, E(5) [4],
and the first-order phase transition from sphericity to an axially
deformed nuclear shape, X(5) [5]. For X(5) symmetry, the
potential is modeled as a square well in the β degree of freedom
and an axially symmetric potential in the γ degree of freedom
(a harmonic oscillator with a minimum at γ ◦ = 0). The ability
to decouple the β and γ degrees of freedom in this model
initially allowed the equations governing the excited states at
the critical point to be solved [5].

To date, experimental evidence to support an X(5) de-
scription of transitional nuclei has been mainly limited to
the N = 90 isotones. Several characteristic examples of X(5)
behavior have been found in these nuclei, for example, 152Sm
[6] and 150Nd [7]. The possible existence of critical-point
behavior in nuclei can be inferred from the so-called P

factor [8]. This P factor aims to describe the competing
effects between the deformation-driving proton-neutron (p-n)
interaction and the L = 0 coupled, sphericity-driving pairing
interaction as a function of the number of valence nucleons [9].
A value of P ∼ 5, which many of the N = 90 isotones show,
describes the point at which the p-n interaction just begins to

dominate. Values of P ∼ 5 are also observed for a variety of
rare-earth nuclei. For example, recent measurements have been
performed to assess the possible X(5) behavior in 130Ce [10]. In
that work, however, discrepancies between the experimentally
measured reduced transition probabilities and those expected
based upon the X(5) model were found. These differences were
attributed to the effects of the γ degree of freedom; 130Ce was
deduced to be softer, with respect to γ distortions, than the
axially symmetric potential used in the X(5) calculations [10].

In order to expand the knowledge of the X(5) critical-point
behavior in the A ∼ 130 region of the nuclear chart, 138Gd has
been studied. 138Gd, with 14 valence protons and 8 valence
neutron holes, has a value of P ∼ 5.1. Additionally, the
experimentally measured energy ratio of the first excited 2+

and 4+ states, R4/2 = 2.74 [11], is reasonably close to the
value of 2.91 predicted for X(5) [5]. In order to determine
whether 138Gd lies at the X(5) critical point, experimen-
tally measured electromagnetic transition strengths should
be compared with theoretically predicted values based upon
different macroscopic models of the nuclear shape. To examine
the proposed X(5) behavior of the nucleus 138Gd in this
work, reduced transition probabilities have been determined
from lifetime measurements made with the recoil-distance
Doppler-shift (RDDS) technique. Previously, using the recoil
distance method with a thick gold stopper foil, Bishop et al.
[12] extracted lifetimes for the first three excited levels in
the yrast sequence in 138Gd. However, those measurements
were not sensitive to the absolute feeding properties of higher
lying states, or indeed to any contributions from unobserved
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side feeding. This was a consequence of the small number
of germanium detectors used in the experiment; in order to
account for the contributions of higher lying states toward
the lifetimes of those being measured, assumptions had to
be placed on the lifetimes of the feeding states [12]. These
assumptions were noted to have a significant effect on the final
lifetime values. The present work has aimed to improve upon
previous results by remeasuring these lifetimes, and those of
the higher-spin states in the ground-state band, using γ -ray
coincidences. With γ -ray coincidences, the complications
from unobserved feeding are removed, and the lifetime of
the excited state can be determined without systematic errors
arising from feeding assumptions. In this work, the B(E2)
values have been extracted from the lifetime measurements
of the four lowest members of the ground-state band in
138Gd. The B(E2) values have been compared with theoretical
calculations based upon the X(5) model as well as to an
interacting boson approximation (IBA) fit and those predicted
by potential-energy surface (PES) calculations.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

Excited states in 138Gd were populated using the 106Cd
(36Ar, 2p2n) reaction at a beam energy of 190 MeV at the
accelerator laboratory of the University of Jyväskylä, Finland.
Prompt γ -ray decays were observed in the JUROGAM II spec-
trometer [13] located around the target chamber. The recoil-ion
transport unit (RITU) [14,15] transported the recoiling nuclei
to the gamma recoil electron alpha tagging (GREAT) focal
plane spectrometer [16], where they were implanted into a
pair of double-sided silicon strip detectors (DSSDs) [17].

In order to allow the collection of RDDS data, the Köln
plunger [18] was placed at the center of the JUROGAM II
spectrometer. This housed both a 0.6-mg/cm2 106Cd target
and a downstream 1.06-mg/cm2 Mg degrader foil to reduce
the recoiling velocity of the 138Gd nuclei from v/c = 0.029(2)
to 0.016(2). Data were collected at nine target-to-degrader
distances of 15.77(3), 21.68(4), 29.7(3), 54.2(2), 98.54(2),
197.1(2), 1000(3), 1500(5), and 2000(6) μm. To facilitate the
collection of data at very small target-to-degrader separations,
both the target and degrader foils were stretched. The known
difficulties associated with stretching a cadmium target re-
quired it to be mounted onto a forward-facing 1.7-mg/cm2 Ta
foil. Consequently, excited nuclear states were produced from
the Coulomb excitation of tantalum nuclei with a large cross
section. In order to remove the Coulomb excitation events
from the data, it was necessary to employ the method of
recoilgating. Typically, the GREAT DSSD is used to tag on
implanted recoiling nuclei; however, due to the low Q value
associated with the heavy-ion fusion-evaporation reaction,
recoiling compound nuclei were produced with insufficient
energy to traverse the full length of RITU; The majority
deposited the full amount of their remaining kinetic energy in
the Multiwire Proportional Counter (MWPC) at the entrance
to GREAT. In order to maintain the typical recoil-tagging
conditions provided by this setup, the MWPC was used to
identify recoiling nuclei by increasing the gas pressure and
amplifier gains.

Data were time stamped by a 100-MHz clock from the Total
Data Readout (TDR) acquisition system [19] and collected
online using the GRAIN software package [20]. The data
were sorted into two-dimensional asymmetric matrices to be
analyzed with the UPAK software suite [21]. Matrices were
constructed for each target-to-degrader distance from data
collected in the combined JUROGAM II rings 3 and 4 (24
clover detectors), located around 90◦ to the beam axis versus
ring 2 (10 single-crystal Ge detectors), at a backward angle of
134◦. A Doppler-shift correction was applied to the data.

Lifetime data were analyzed using the differential decay
curve method (DDCM) in the γ -ray coincidence mode [22,23].
The final lifetimes were extracted from a weighted average
of values determined at specific target-to-degrader distances
using

τ (x) = {C,Ad} − α{C,Bd}
d
dx

{C,As}
1

〈ν〉 . (1)

The terms A and B correspond to the Doppler shifted (s)
and degraded (d) peaks of the transitions depopulating and
feeding the state of interest, respectively. The intensities were
determined from coincidence gates placed upon the higher
lying transition(s), C. The α term takes into consideration
the difference in intensities of the transitions feeding and
depopulating the state being measured. The final measure-
ments were determined from individual lifetime values that
lie within the so-called region of sensitivity. These values
are the most sensitive to the lifetime of the nuclear state
and can be found with the smallest error when both the
numerator and denominator in Eq. (1) are maximized. It is
expected that within this region the individual lifetimes at
each target-to-degrader distance should remain constant, and
any deviation from this trend is indicative of systematic errors
in the setup. Typically, coincident gates are placed solely
upon the Doppler-shifted component of the photo peak, which
has the effect of removing any contributions from nuclear
deorientation in the final lifetime value. As a consequence
of the limited number of JUROGAM II rings available in
the experiment, gates were placed on transitions observed in
detector rings 3 and 4 around 90◦ to the beam axis. The poor
separation of the two components of each transition at such
angles necessitated gating across the full width of the photo
peaks. The presence of nuclear deorientation effects in this
approach is common to both the feeding and depopulating
γ -ray transitions. These effects can be removed by the
inclusion of the decay properties of the feeding transition in
the calculation of the lifetime [24], as expressed in Eq. (1); that
is, gates were not placed directly on the feeding transition. It
should also be noted that within the DDCM, it is only the
relative target-to-degrader distances that are of importance,
not the absolute values.

III. RESULTS

In this work, lifetime measurements have been made for the
four lowest-spin states in the yrast band of 138Gd; see Fig. 1.
Lifetimes were determined from observing the ratio of the
fully Doppler-shifted and degraded peaks from data collected
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Gd
138

FIG. 1. Partial level scheme of 138Gd taken from Ref. [25]. The
widths of the arrows correspond to the intensities of each transition.

in ring 2 of the JUROGAM II array at a backward angle
of 134◦ to the beam line, after setting gates on higher lying
transitions in the combined rings 3 and 4 around 90◦ to the
beam axis. Figure 2 shows an example of the data collected at
four target-to-degrader distances for the 2+ → 0+ transition
in 138Gd. The spectra were obtained from a summation of
gates on the higher lying 489-, 556-, and 616-keV transitions.
The positions of the fully Doppler-shifted and degraded peaks
have been highlighted. The data collected from this summation
of gates allowed the calculation of the lifetime for the first
excited 2+ state in 138Gd, shown in Table I. It was not possible
to include higher lying gates due to overlapping coincident
γ -ray energies in the nuclei 137Sm [26] and 139Gd [27] with
138Gd, which were produced with relative cross sections of
18% and 5%, respectively.

(s)     (d) 221 keV

FIG. 2. (Color online) Example of recoil-gated γ -γ coincidence
spectra for four target-to-degrader distances for the 221-keV transi-
tion in the ground-state band of 138Gd. The spectra were obtained from
a summation of gates across the full photo-peak widths of the 489-,
556-, and 616-keV γ rays. The splitting of the fully Doppler-shifted
(s) and degraded (d) components is highlighted. The peak to the
left of the 221-keV transition in 138Gd is the 209-keV ground-state
transition in 137Sm [26].

The lifetime for the first excited 2+ state has been mea-
sured with an improved uncertainty compared with previous
measurements and is in good agreement with that measured
by Bishop et al. [12]. In that work it was assumed that feeding
corrections were not required as the 2+ state was seen to be

TABLE I. Experimentally measured lifetime values τ and branch-
ing ratios α for excited yrast states in 138Gd measured in this work
and those measured by Bishop et al. [12].

J π
i → J π

f α τ (ps), this work τ (ps), Ref. [12]

2+ → 0+ 1.03(2) 308(17) 305(30)
4+ → 2+ 0.94(3) 13.3(18) 2.6(20)
6+ → 4+ 1.10(10) 3.8(15) 13.7(16)a

7(2)b

8+ → 6+ 1.08(10) 1.8(4) —

aFitted with no feeding assumptions.
bFitted with assumption that the preceding state has the same
deformation.
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FIG. 3. (Color online) Normalized shifted intensities for the four
ground-state transitions in 138Gd measured in this work. The dashed
curves are drawn to guide the eye.

solely fed by the 384-keV γ -ray transition depopulating the
4+ state in the ground-state band. This work supports that
conclusion because a weighted average of intensity ratios
for the two transitions at each target-to-degrader distance,
corrected for efficiency, was found to be α = 1.03(2). In
this work, the error on each lifetime measurement τ (d) was
determined by the absolute values of intensities measured at
each distance. This includes the effects resulting from the
small separation of the fully Doppler-shifted and degraded
components of the full photo peaks for low-energy transitions,
such as the 221-keV γ ray (see Fig. 2). The normalized
fully Doppler-shifted intensities for each transition in 138Gd
measured in this work for 138Gd are shown in Fig. 3.

Figure 4 shows example spectra for the 384-keV transition
depopulating the 4+ state in 138Gd as measured in this work.
The spectra were obtained from a summation of gates on the
higher lying 556- and 616-keV transitions. Because of similar
coincident energies in 138Gd with transitions in 138Eu [25],
produced with a relative cross section of 46%, no further gates
could be placed on higher spin transitions in the 138Gd yrast
sequence. The lifetime deduced for the 4+ state in 138Gd in
this work is significantly larger than that measured by Bishop
et al. [12]; see Table I. Similar to the calculation of the 2+
state, Bishop et al. [12] made assumptions as to the properties
of the transitions feeding the 4+ state. In that case, the
feeding properties of the 6+ state, which assumed a constant
deformation with increasing spin up the yrast band, were
included in the analysis for the 4+ state. These assumptions had
the effect of reducing the measured lifetime of the 6+ state from

(s)         (d) 384 keV

FIG. 4. (Color online) Example of recoil-gated γ -γ coincidence
spectra for four target-to-degrader distances for the 384-keV transi-
tion in the ground-state band of 138Gd. The spectra were obtained
from a summation of gates across the full photo-peak widths of the
556- and 616-keV γ rays. The splitting of the fully Doppler-shifted
(s) and degraded (d) components is highlighted.

its upper limit of 13.7(16) ps to 7(2) ps, the consequence of
which was a reduced value for the lifetime of the 4+ state [12].
The present work has managed to more accurately account for
the properties of the 489-keV transition feeding the 4+ state
in 138Gd, through the use of γ -ray coincidences, by removing
any contributions from observed and unobserved side feeding.

Similar spectra were analyzed in order to determine the
lifetimes of the 6+ and 8+ states in 138Gd. The lifetime of
the 6+ state was calculated using a gate on the higher lying
616-, 762-, and 838-keV transitions. No further gates were
able to be used due to the presence of the 554-keV γ ray in
139Eu [28] overlapping with the 556-keV transition in 138Gd.
The lifetime measurement of 3.8(15) ps determined for this
state is in agreement with that found in Ref. [12]. The excited
8+ state in 138Gd was analyzed with a sum of gates placed on
the 762-, 838-, 969-, and 1013-keV transitions (see Ref. [25]).
The more intense 686-keV γ ray was excluded from the gate
because of its presence in 139Eu [28]. It was not possible to
measure the lifetimes of any higher lying states in this work
because of insufficient statistics.
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TABLE II. Experimentally measured excitation energy ratios for
138Gd [25] and values determined from X(5) and IBM-1 theoretical
calculations. Values are given relative to the energy of the first excited
2+ state.

E(J +
1 )/E(2+

1 )

J π Exp. X(5) IBM-1

2+ 1 1 1
4+ 2.74 2.91 2.36
6+ 4.95 5.45 4.09
8+ 7.47 8.51 6.14

IV. DISCUSSION

Several experimental properties of nuclei can be used to as-
sess the potential of phase-transitional behavior. These include
the ratio of the product and sum of the number of valence pro-
tons (Np) and valence neutrons (Nn), known as the P factor [8]:

P = NpNn

Np + Nn

. (2)

A value of P ∼ 5 describes the point where the strength of the
p-n interaction (NpNn) begins to dominate over the pairing
interaction (Np + Nn) [1]. A P value of 5.1 is calculated
for 138Gd, which may suggest that it could exhibit phase-
transitional behavior. Another measure of transitional behavior
in nuclei are the experimental energy ratios E(J+

1 )/E(2+
1 ).

Table II shows the experimental energy ratios in 138Gd
compared with predictions from X(5) and IBM-1 calculations.
Both the experimental measurements and the calculations
allow the possibility that 138Gd may show X(5) behavior in
its low-lying structure. The most definitive test of possible
X(5) critical-point behavior relies on knowing the lifetimes
of excited states, which is the focus of the present work. The
experimentally measured lifetimes for the ground-state band in
138Gd have been related to the reduced transition probability by

τ = 0.082

B(E2; I → I − 2)(1 + αtot)E5
γ

, (3)

where τ is in picoseconds, Eγ is in MeV, and B(E2) is in e2b2.
The total internal conversion coefficient, αtot, was taken from
Ref. [29]. In order to interpret the low-lying collective structure
of 138Gd, the experimentally derived B(E2) values have been
compared with three different sets of theoretical calculations:
X(5), IBM-1, and PES. The reduced transition probabilities
determined experimentally and those predicted from each of
the theoretical calculations are shown in Table III.

The X(5) critical-point symmetry calculations discussed
in this work are taken from the solutions to the Bohr
Hamiltonian, adopting an infinite square well and harmonic
oscillator potential approximation for the decoupled β and
γ degrees of freedom, respectively [5]. This Hamiltonian is
analytically solvable and provides parameter-free (except for
scale) solutions for both energies and transition probabilities
for excited nuclear states at the critical point of a phase
transition [4,5]. The B(E2) values determined from this model
are shown in Table III. Figure 5 compares the experimentally

TABLE III. Experimental and theoretical B(E2) values for
excited yrast states in 138Gd measured in this work. All B(E2) values
have been normalized to the B(E2; 2+

1 → 0+
1 ) ground-state transition.

B(E2; J → J − 2)/B(E2; 2+
1 → 0+

1 )

J π Exp. IBM-1 X(5) PESa

2+ 1.0(1) 1.0 1.0 1.0
4+ 1.6(2) 1.8 1.6 1.8
6+ 1.7(7) 2.2 2.0 2.0
8+ 1.9(5) 2.4 2.3 2.2

aValues determined from quadrupole moments derived from PES
calculations, under the assumption of a prolate-deformed nucleus.

deduced normalized transition probabilities with the results
from X(5) calculations, as well as those from the standard
vibrational and rigid-rotor paradigms [30].

Although the large uncertainties associated with the experi-
mentally measured B(E2) values cannot rule out contributions
for rotational and vibrational modes of excitation, it is clear
that 138Gd may lie near the critical point. It should be noted
that X(5) calculations are parameter free and do not allow any
contributions from γ softness in the potential, or indeed devia-
tions from axial symmetry. Recent lifetime measurements for
the rare-earth nucleus 130Ce were able to attribute deviations
from the X(5) model to a structure intermediate between an
axially symmetric and γ -soft potential in the γ degree of
freedom [10]. This approach was guided by the observation
of γ -vibrational bands at low excitation energies with respect
to the ground state. Similar low-energy excited 2+ states have
been observed in many of the N = 74 isotones [31–34] but not
to date in 138Gd. In order to further assess possible deviations
of the low-lying structure in 138Gd from X(5) behavior, IBM-1
calculations have been performed at the critical point.

FIG. 5. (Color online) Comparison of experimental normalized
B(E2) values with those calculated from vibrational and rotational
paradigms, as well as the X(5) (solid green line), IBM-1 (dashed line),
and PES (dash-dot line) calculations.
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Two-parameter IBM-1 calculations have been performed at
the critical point using the Hamiltonian

Ĥ = C[(1 − x)n̂d − (x/4Nb)Q̂χ · Q̂χ ], (4)

where C is a normalization constant that scales with energy.
The d-boson number operator is given by n̂d = d† · d̃ and the
quadrupole operator Q̂χ is defined as

Q̂χ = [d†
μs + s†d̃μ](2) + χ [d†

μ × d̃μ](2). (5)

The number of bosonic pairs was determined with respect
to the nearest closed shells, seven proton pairs above the
Z = 50 shell closure and four neutron-hole pairs below the
N = 82 shell gap, giving Nb = 11. The value of χ was taken
as that for the SU(3) case, −√

7/2. Variations in x from
0 to 1 correspond to the transition from sphericity to an
axially symmetric nuclear shape. The critical point occurs
at xcrit = 16Nb/(34Nb − 27) = 0.508. Figure 5 (dashed line)
and Table III show the deduced E2 electromagnetic transition
strengths calculated from the IBM-1 model.

The IBM-1 calculations at the critical point predict that
138Gd should exhibit a slightly more vibrational component
at low spin compared with the X(5) prediction; see Fig. 5.
The experimentally deduced B(E2) values in this work
are consistent with such a description; however, the large
uncertainties cannot determine the extent to which vibrations
and rotations contribute to the structure of 138Gd.

In order to proceed with the interpretation of the exper-
imentally measured B(E2) values in 138Gd, it is necessary
to examine the effects of the γ degree of freedom on the
measured values. The X(5) and IBM-1 calculations performed
in this work for 138Gd are not sensitive to an influence from
a γ -soft nuclear potential. However, the more recent work
on X(5) critical point calculations of Caprio [35] was able to
determine exact solutions to the Bohr Hamiltonian, obtaining
the X(5) result, without the approximate separation of the
β and γ variables as used in Ref. [5]. The calculations
from Caprio highlighted the effects from the β-γ coupling,
particularly through the presence of substantial dynamical
γ softness [35]. In order to assess the effects of the γ

degree of freedom on the B(E2) values measured in this
work, PES calculations have been performed for increasing
rotational frequency in the ground-state band of 138Gd. The
PES calculations were performed using the configuration-
constrained blocking method, where single-particle orbitals
were kept singly occupied as the deformation was varied
[36,37]. The single-particle orbitals were determined from a set
of average Nilsson numbers, 〈N〉, 〈nz〉, 〈	〉, and 〈|
|〉 for the
ground-state configuration in 138Gd. The PESs were calculated
for a range of rotational frequencies at quadrupole deformation
(β2, γ ) with hexadecapole (β4) variation. Figure 6 shows
the PES predictions for 138Gd following the ground-state
configuration through increasing rotational frequencies. These
plots reveal any potential γ softness from the apparent width of
the calculated minima. Table IV summarizes the deformation
parameters calculated for each excited level in 138Gd.

The E2 electromagnetic transition strengths were de-
termined from the PES calculations using the simple

FIG. 6. Calculated PESs following the ground-state configuration
in 138Gd for increasing rotational frequency. Each panel is labeled
by the corresponding spin and parity of the excited level at that
angular momentum. The evolution of the absolute minimum toward
a more axially asymmetric shape can clearly be seen with increasing
rotational frequency. A significant amount of γ softness can also be
seen at each rotational frequency.

rotational-model relationship [30]

B(E2; I → I − 2) = 5

16π
Q2

t 〈IK20|I − 2K〉2, (6)

where

Qt = Q20 +
√

2

3
Q22. (7)

Equation (7), taken from Ref. [38], allows the determination
of Qt from the components Q20 and Q22, calculated macro-
scopically from the values β and γ , derived from the PES
calculations. This prescription for the quadrupole moments
allowed the inclusion of γ degrees of freedom in the final
predicted B(E2) values. The normalized B(E2) values derived
from the PES calculations are shown in Fig. 5 (dot-dashed
line). For the low-spin levels, the calculations show a trend
similar to those of the IBM-1 calculations, where 138Gd
is initially predicted to exhibit properties with a slightly
more vibrational component than an axially symmetric rotor
component. However, for increasing spin, the PES predictions
deviate from those calculated using the IBM-1 model and
appear to cross the critical-point ratio toward the behavior
described by a rotor. The PES plots shown in Fig. 6 highlight
the significant amount of γ softness for each of the excited
states of 138Gd measured in this work. Based upon these results,
any possible deviation between the experimentally measured
reduced transition probabilities and values predicted by X(5)
may be a consequence of the contribution from γ degrees
of freedom. This hypothesis is supported by the presence of
low-lying γ -vibrational bands in the N = 74 isotones [32–34],
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TABLE IV. Variation of deformations and quadrupole moments
for the ground-state band in 138Gd determined from theoretical
PES calculations based upon the configuration-constrained blocking
method [36,37].

J π
i β2 γ ◦ Qt

2+ 0.25 1 5.91
4+ 0.25 −12 6.62
6+ 0.25 −13 6.72
8+ 0.26 −13 6.82

although the exact excitation of the band-head state is not
known in 138Gd. In order to examine the effects of a more
γ -soft potential, IBM-1 calculations are required where the
value of χ , governing the degree of γ softness, is allowed to
vary.

Figure 5 highlights the increasing separation with spin
between the values expected from the X(5) and the rotational
and vibrational paradigms. Consequently, it would be desirable
to measure lifetimes for higher spin values. However, it should
be noted that the ground-state band in 138Gd is crossed by
a more aligned band in the first band crossing [25]. The
continuation of the nonyrast ground-state band configuration
is currently unknown in 138Gd. This is in contrast to the
states analyzed in 152Sm, which follow the ground-state
configuration with increasing spin through the first crossing
[39]. In 138Gd, the mixing of the ground-state and aligned
bands would be expected to modify the lifetimes of the excited
states. In order to more fully assess the potential X(5) behavior
at higher spin, the known level scheme of the ground-state
band in 138Gd needs to be extended to the nonyrast sequence
above the first band crossing. Furthermore, the identification
of excitation energies for the low-spin γ and β-vibrational
bands in 138Gd would help to experimentally characterize
the susceptibility of the nucleus to γ and β distortions.
In summary, B(E2) measurements for excited states in the
ground-state band sequence, measured in this work, cannot
fully rule out the possibility that 138Gd shows X(5) critical-
point behavior. Further experimental measurements of excited

states in 138Gd, as well as lifetime measurements with reduced
uncertainties, are required to fully explore this possibility.

V. CONCLUSIONS

In conclusion, lifetime measurements have been made for
the first four excited states in the ground-state band of 138Gd
using the recoil-distance Doppler-shift method. Data were
collected using the Köln plunger at the target position of
the JUROGAM-II γ -ray spectrometer at the University of
Jyväskylä, Finland and analyzed using the DDCM in the
γ -ray coincidence mode. The large errors associated with
the experimentally derived B(E2) values prevent 138Gd from
being definitively placed near the X(5) critical point. PES
calculations allude to a significant degree of γ softness in
the low-lying structure of 138Gd, which is not accounted for
in either the X(5) or IBM-1 calculations performed in this
work. This increased susceptibility to γ -vibrational excitations
in 138Gd is thought to significantly contribute toward the
low-lying structure of 138Gd and may explain the possible
deviations from the X(5) critical-point description. Further
analysis into the exact structure of the γ and β vibrational
bands is required to fully understand the structure of 138Gd, as
well as more accurate lifetime measurements of the ground-
state band levels.
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