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Transition probabilities in °4Gd: Evidence for X(5) critical point symmetry
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Lifetime measurements if®/Gd were performed by means of the recoil distance Doppler-shift method.
Excited states ot**Gd were populated via Coulomb excitation witi¥% 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 of®/Gd demonstrate a good agreement with the predictions of the critical point
symmetry X5). Comparison of specific experimental observables forNE©0 rare earth isotones with the
calculations of the ¥6) model clearly show that>Gd 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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[. INTRODUCTION dedicated to the study of that appealing nucleus which is rich
i ) ) ) ) in interesting phenomengf., e.g., Refs[4-8], and refer-
Phase transitions in physics lead to very interesting phegpceg therein The most recent investigatiof®], for in-
nomena and represent an appealing challenge for a detaileéhnce, infers a new coexisting weakly deformed structure
investigation, both experimentally and theoretically. Nucleiyssed on the Dlevel at 1182 keV. In the present work, we
a?tgé”;’gﬁgsgzﬁﬁf s?r?;pltjanc()jfetrhgeoirpehqisiﬁt)trriirr]r?Iggr?fsigisrzzglr?%centrate on the study of the electromagnetic properties of
. - H +

in the works of achell 1.2, i was shown that new dy- L0v-1(*| 0212 sompare uriner opservables f e precic
namical symmetries can describe atomic nuclei at the criticgliyng (')f the new X5) critical point symmetry.
points of phase transitions from spherical to deformed
shapes. The new symmetries, called)Eand X5), are ob-
tained within the framework of the collective mod&| un- Il. EXPERIMENT, DATA ANALYSIS AND RESULTS
der some simplifying approximations. It is known that geo-
metrically the nucleus can be described by three Euler angles The lifetimes of excited states it?“Gd were measured
defining the orientation of the body-fixed coordinate systentsing the recoil distance Doppler-shiRDDS) method. The
in space, and by the quadrupole deformation paramelers

and vy [3]. The nuclear potential in the (%) case, which 7

describes the nucleus at the critical point of th@&kBU(3) Q @ 5

phase transitiorispherical to prolate axial deformatipris 6 - = = -«

approximated by a square well and a harmonic oscillator e ] = 8 ]

potential with respect to th@ and y degrees of freedom, £ s = —

respectively. In the case of thg® critical point symmetry &

(phase transition from spherical to deformedunstable gﬁ 4

nucleuy, the potential is flat in the direction. In addition, in 5§ o g2 gH 2% T

both cases th@ and y degrees of freedom are considered to § 3 {5 - “ = —

be decoupled. These potentials allow for analytical solutionsg

of the eigenfunction problem, leading to closed expressionsg 2 - —

for the energies of the excited states and the transition rates H R,
The target of our investigation is the nucléd4d, which 1+ 1 O R, ,

is expected to be one of the very promising candidates for ¥

X(5) critical point symmetry. This fact is illustrated in Fig. 1, 0+ i — T L Ry

where characteristic energy ratios in soNe90 isotones are Nd Sm Gd Dy X

compared to the values predicted in the framework @)X | i . f th il ) |

Many theoretical and experimental efforts have already been FIG. 1. (Color on 'ne+comp+a rison of t © crueia experimenta
observables  Ro=E(0,)/E(2;),Ra2=E(41)/E(2}) Ry 2,= (E“E
‘Eo;)/(Ezg‘Eo;) indicated on the ordinate for tHé=90 rare earth

. S isotonest>™Nd, 152Sm, 1%4Gd, and'®Dy with the predictions of the
naro, Italy. the abscissa. See also text.
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experiment was performed at the Cologne FN Tandem acceénergy allows us to distinguish thgrays originating from
erator where a beam &fS with an energy of 110 MeV was %4Gd and*®'Ta. (See also Fig. 2 caption.

used to Coulomb excite states*fGd. The target consisted At each distance, the lifetime is calculated according to
of 98% enriched!®Gd isotope material evaporated to athe formalism of the differential decay-curve method
thickness of 1 mg/c/onto a 2 mg/crhthick Ta foil. The (DDCM) in a “singles mode” presented in details in Ref.
recoiling nuclei left the target with a mean velocityof  [12],

2.303)% of the velocity of lightc and were stopped in a

5 mg/cnt Nb foil mounted together with the target in the R, (%) - by W (6) & S Ry (0)(L+ ap ) Wi )iy

Cologne coincidence plunger apparaf§]. Data were col- ! (1 @)

lected for 23 target-to-stopper distances ranging from 1 to 7(X) = - d

2000 um. The accuracy of the measurement of the relative v —R;(X)

target-to-stopper distances was better than0rl in the dx

range from electrical contact to 20m and better than Lm (1)

in the range 20—20@.m.

The y rays were detected with an Euroball cluster detectotiere, x is the target-to-stopper distand®;(x) is the area of
placed at 0° with respect to the beam axis, and four addithe unshifted peak of the transition of interestx/v is the
tional high efficiency germanium detectors positioned at thecorresponding time of flighty; is the branching ratio of the
backward angle of 144°. This setup is very similar to the ondransitioni — j, andR,; are the areas of the unshifted peaks
reported in Ref[11]. of the direct feeding transition¥V,,(6) represents the angu-

In order to fix the reaction kinematics, backscatteredar distribution function for the transitioh— n at the angled
beam particles were detected by six photodiode cells, manwf observation with respect to the beam axig, is the inter-
factured by SILICON SENSORS, which were mountednal conversion coefficient, and, is the efficiency of the
~1 cm upstream of the target to cover an angular range afermanium detector. We note that in our experiment, the
155° —175°. This range corresponds to target nuclei recoilingngular distribution functions of the transition of interest and
into a forward cone covering 0°—10°. By means of thesethose of the feeding transitions are quite similar. An effi-
photodiodes thé?S nuclei backscattered from the Gd targetciency calibration of the germanium detectors was performed
or the Ta backing can be easily distinguished. This was eswith a '>Eu source.
sential to eliminate contaminations originating from the Cou- Using Eq.(1) yields a set of lifetime valueghe 7-curve)
lomb excitation of the tantalum target backing. which should naturally lie on a straight line when plotted

The energy signals from the germanium detectors wergersus the distance
recorded in coincidence with the energy signals from the Compared to the intensity of the depopulating transitions,
particle detectors. The mean coincidence rate was abotite observed feeding was less than 8 % in all cases due to the
2 kHz. As illustrated in Fig. 2, a proper gate on the particleexponential drop of the Coulomb excitation strength at high
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excitation energies. Since Coulomb excitation is highly se- e —— T m
lective for collective states, the possibility for unobserved 20 Lifetime of the 4, level in 'Gd |
feeding is negligible. In the final analysis, the observed feed- - measured with the detectors at 34
ing from above was taken into account. E 1507
Since the DDCM was applied to singles spectra and since g L 7T %
Coulomb excitation in coincidence with backscattered par- O
ticles produces highly oriented nuclear states, we investi- s 5
gated the possible impact of the nuclear deorientation effect. = 10.27 (63) ps
For each individualy-ray transition employed in the lifetime 0
determination, the constancy of the sum of the areas of in-
flight and stop peaks was checked at all distances. Deviations 600

from a constant behavior were found only for th state.
The investigation of the deorientation effect according to the

500
i

400

Difference [counts]

approaches of Ref$13,14 showed that this effect does not 200 t }5 IE
play a significant role in the case of the lifetime determina- B
tion for the 4 state. The reason is that the data points used 200 !

for this determination lie in a time region where the nucleus 100
is already completely deoriented. This result is also sup-
ported by the fact that the lifetime of thé 4tate determined

<

in the present work in practice coincides with the values %100 H

reported in earlier work§l5,1 where Coulomb excitation g 80 { { H I

was used. Thejpand § states are not significantly affected S 60 i i

by the deorientation because of their high spins, tge O 2 a0 ]

— 2] transition has an isotropic distribution, and for the life- g {
time determination for the 2and 4 states, only summed g l
spectra from all seven cluster segments were analyzed. Thus, a0

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 FIG. 3. Lifetime determination of the;4level of the S2 band
of the 4; level is illustrated in Fig. 3 where thecurve, the using data collected with the cluster segments positioned at 34°.
difference in the numerator and the derivatfgenominator The 7 curve is presented in the top panel. It consists of lifetime
in Eqg. (1)] are presented. This figure is also a demonstrationalues determined at different distances within the region of sensi-
of the quality of the data for the case of the weakest transitivity. The mean value of the lifetime and its uncertainty are also
tion reported in this work. Lifetimes were derived from the shown. The distance dependence of the difference, which is the
data for the 4, 67, 87, 03, 25, and 4 levels in'%Gd. The  numerator on the right-hand sidens) of Eq. (1) is shown in the
results are summarized in Table |. The quality of the experimiddle panel. The panel on bottom displays the derivative in the
ment is demonstrated by the agreement within the error bargenominator on the rhs of the Ed).
of the present results with literature values for levels with
well-established lifetime§15,16. Small differences are ob-
served for the lifetimes of thejGabout 7% and G (about
17%) states. The lifetimes determined in the present wor
are characterized bé smaller uncertainties. The lifetime
=11.0055) ps of the 4 level is determined for the first time. ;. . ) o
This lifetime is important since it doubles the number ofthIS (\;vcl)rk..Some lifetimes derived by us #'Ta are indi-
absoluteB(E2) values now known involving the ;0band, cated in Fig. 2.
giving several new interband transition probabilities and a
second intraban®(E2) value.

In our analysis, we use only the areas of unshifted peaks.
In the case of the Zlevel, only forward detectors were em-  The N=90 nucleus'®4Gd is a direct even-even neighbor
ployed, since at the backward angle the unshifted peak wasf 52Sm which was the first nucleus where characteristic
obscured by the shifted peak of the 692 keV transiti@ee  X(5) features were observed experimentdll@]. Since the
also F|g 4 The values of the reduced transition prObabi”' energy Spectrum 0%54Gd is very similar to that Of]-SZSm
ties B(E2) derived from the lifetimes are presented in the [19] and also to that of5Nd [20], which was the second
Table I. In order to extract in-band transition quadrupole mo-ncleus classified to be of () type, it appears to be quite
mentsQ, from these data, we employed the well-known for- natyral to test to what extent the(3 predictions reproduce

0 10 20 30 40 50 60 70 80 90 100
Distance x [pm]

The lifetimes of excited states #1$'Ta, obtained as a by-
roduct from the Coulomb excitation of the target backing,
how an excellent agreement with the literature values. This

fact also supports the reliability of the lifetimes derived in

Ill. DISCUSSION

mula the experimental data fo“Gd. It turns out that a classifi-
5 cation based only on the excitation energies and branching
B(E2,| —1-2)= EUKZO“ - 2K)%(Qy? (2)  ratios is not sufficient for a definite assignment as was shown
i in the case of%Mo. Bizzeti and Bizzeti-Son&1] demon-
in which a value ofK=0 was used. strated that the energy spectrum'®Mo as well as relative

034334-3



D. TONEV et al. PHYSICAL REVIEW C 69, 034334(2004)

TABLE |. Analyzed transitions, derived lifetimes and lifetimes reported in literature, experimental
B(E2) values, and ¥5), GCM, and IBA theoretical predictions for ti&E2) transition strengths. Branching
ratios necessary for the derivation of tB€E2) values were taken from NNDCL7]. Uncertainties of the
experimental quantities are shown in brackets.

Transition Ey Tthis work Tliterature B(Ez)exp B(EZ)X(S) B(E2)cecm  B(E2)iga
(keV) (ps) (ps) (W.u) (W.u.) (W.u.) (W.u.)

21—> OI 123 1708(7) Ref[18] 157.8(6) 158 158 158
4I—> 21' 248 65.5(15) 64.9(20) Ref[17] 245.2(58) 250 252 235
GIH 41 347 12.12(32) 11.25(60) Ref[17] 266 (7) 313 307 263
8Jlr~> 61 427 3.72(20) 3.69(20) Ref[17] 312(17) 359 351 273
OEH 21 558 6.76(50) 5.77(70) Ref[17] 45.1(33) 100 85 52
ZZH OE 134 9.28(50) 9.23(50) Ref[17] 54.036) 125 124 98
~>4I 444 20.011) 57 27 21.1
~>2I 692 6.34) 14 29 9.5
*}OI 815 0.9(1) 3 0.4 0.33
4Z~> 2; 233 11.00(55) 187(13) 190 201 157
—>6Jlr 330 14.2(9) 44 22 14.9
—>4Jlr 677 5.0(5) 9 24 7.9
—>21' 925 0.54(4) 1.54 0.02 0.25

transition probabilities can be nicely described by th&)X energy spacings in the S2 band are larger than observed, and
calculations. Later, however, it was established by Hugter the intrabandB(E2) values are also larger than measured.

al. [22] that the absolutd3(E2) values do not support an As in the case of the 4 2] transition mentioned when
X(5)-like character of that nucleus. the Q, values in Fig. 5 were discussed, tBE¢E2;4,— 2)

As far as the energy spectrum B¥Gd is concerned, the Vvalue is very close to the (§) value. All other strong tran-
comparison with the ¥5) predictions has already been per- sitions are also well described, with the exceptions of
formed in previous workse.g., Refs[23,24). In Fig. 1, the ~ B(E2;2— 03) andB(E2;0;— 2;), whose values are a factor
crucial  observables Ry,=E(05)/E(2}),Ry=E(47)/(2), of 2 _s_maller than the ) predictions. For the interband
Ry =(Eq—Eg)/(Exr—Eqr) of the four N=90 isotones transitions, the measured strengths are found to be less than a
15()'2\]3, 15282m, 1%4Gd, za1nd1256Dy are compared to the corre- factor of 2 smaller than the correspondingsXcalculations

. 12 15 15 which is similar to the case dfNd [20]. In Ref.[20], this
sponding X.S) values. As for*Nd and'>’Sm, for*‘Gd the behavior is explained by the rapid change of many observ-
agreement is also remarkably good.

. . ables in the vicinity of the critical point of the phase transi-
The absoluteB(E2) values measured in this work allow yjon Therefore, small structural deviations from(5X are
now for a more stringent test of the(%) predictions includ-  amplified by these sensitive interbaB(E2) values. Noting

ing excitation energies as well as relative and absolute trannat the yrasB(E2) values are somewhat intermediate be-

sition probabilities. o tween the rotor and ), it is consistent that the experimen-
Figure 5 shows the), values W'th'?s the gslfband S1  ta] interbandB(E2) values tend in the same direction.
according to the ¥6) nomenclaturgof **'Gd together with Summarizing, the agreement between the experimental

the theoretical values of the(¥) symmetry, the symmetric data for!5“Gd and the X5) predictions is found to be good
rotor, and the IBA W5) limit [25]. The four data sets are and is comparable to the quality of agreement found for
normalized to the experiment&@(2] —0) value. The ex-  150yd and 2Sm. In all cases investigated so far perfect
perimental transition quadrupole momept4; — 27) agrees  agreement with the ¢6) predictions is of course, not ob-
perfectly with the X5) value. At higher spins, the experi- served. This is not surprising since th¢sXmodel does not
mental values lie between(Z) and the rotor values. The employ any fitting and the underlying nuclear potential is
U(5) predictions are considerably higher for all states. approximated in a rather schematic way. That i€&)Xs not

Of special importance are also the transition probabilitiesa model to be fit to the data as are models such as the IBA
within the first excited bandS2) and those of the interband and GCM[26] but, rather, it is an invariarfexcept for scalge
transitions between the S2 and S1 bands. benchmark, similar in spirit to other idealizations such as the

In Fig. 6, these quantities as well as the energy spectra gjure rotor or harmonic vibrator. In real nuclei those ideals
the S1 and S2 bands according t¢)Xare compared to the are not reached and perturbations to them are necessary.
corresponding experimental valuesff{Gd. Only two nor-  Similarly, for X(5), the IBA and GCM allow for param-
malization factors, the excitation energy of the firdts2ate  etrized deviations from ).
and theB(E2;2"—0%), are used. The overall agreement is  Therefore one should expect an improved agreement be-
found to be good for both energies and transition probabilitween experimental and theoretical values when using other
ties, although as generally seems to occur, the absol(e X theoretical models where the calculated quantities can be ad-

034334-4



TRANSITION PROBABILITIES IN %4Gd:... PHYSICAL REVIEW C 69, 034334(2004)
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12000 U 5 400
10000 Hm 8 pum 9
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2500 @ 7 e X(5)
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45 pm | 350 20 pm o P * (]
7500 U 300 6 . Rotor
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S v 5
» 2500 100
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S 100m | o0 45 ym 0" 2 4" 6" 8" 10* 12"
7500 s 200 Spin J [h]
5000 U 150 U )
100 FIG. 5. Comparison of th€ values of the ground state band
2500 % (band S3 in *¥4Gd with the theoretical calculations of the(5§
0 0 dynamical symmetry, the symmetric rotor model and tti6) Umit
0000 1000 pm | o0 1000 zim of IBA. The data are normalized to the experimer@2; — 07)

! S 200 value. The lifetime of the 10state necessary for derivation of the
7500 150 S correspondind); value was taken from the work of Set al. [16].
2500 50 close to the experimental values including the sensitive S2 to

S1 interband transition probabilities which are reproduced

%30 340 350 360 20650 670 690 710 730 750 remarkably well. Also the GCM result can be considered to
be satisfactory although six of the model parametersotal
Energy [keV] eight) were employed in the calculation. The GCM Hamil-
FIG. 4. Particle-gated-ray spectra of®>‘Gd taken at four dif- tonian can b(?lzfound in Re{26]. We used tge parameters
ferent distances. Summed spectra from all detectors at forwar§2=49-1X10° MeVs” and P;=0.0805< 10" MeVs® for
angles are shown. On the left-hand side, both shifted and unshiftef€ Kinetic  energy terms, andC,=-95.2 MeV, Cg
peaks of the 5— 47 transition are presented. On the rhs, the shifted= 130.7 MeV,C,=1261.5 MeV, and¢=862.5 MeV for the
and unshifted peaks of the, 44} transition are shown. The ob- Potential energy terms, respectively. As expected, thi®) X
scuring transition of 692 ke\2; — 2}) is also indicated on the rhs. description is worse than those obtained with the IBA and
At the distance of 100@m, this transition is fully shifted to a the GCM since no fitting is involved.
higher energy and correspondingly the shifted peak of the 4; Finally, we want to get some idea about the perturbation
of 677 keV transition can be observétenoted by $ of the ideal X5) model needed to describ€Gd. It was
shown[30,3]] that the critical point of phase transition be-
justed by varying model parameters, such as with the IBAfween SU3) and U5) can be associated to the parameters
GCM, or the PPQ27] models. Such a comparison has been¢=0.026 andy=-17/4 of the IBA Hamiltonian given in that
discussed by Clarkt al. [28] and in Ref.[29] for the case of reference. The actual IBA fit shown in Fig. 7 was obtained
1525m. with the parameter values=0.028 andy=-7/4 which are
In the case of®>4Gd, we tried to reproduce the experimen- very close to the critical point parameters. This leads to the
tal observables with optimized IBA and GCM calculations. conclusion that®/Gd indeed can be located very close to the
The results are shown in Fig. 7. The IBA calculation with critical point of the SW3)-U(5) phase transition for which
only two scaling and two fit parametegsand y, comes very the X(5) symmetry serves as a benchmark.

154 X(5)
151
N
- FIG. 6. (Color onling Comparison of the ex-
=10 — perimental level scheme df4Gd with the X5)
= predictions. TheE(2]) value (in keV) and the
B T B(E2;2] — 07) value(in W.u)) are normalized to
P . | 2 ' the experimental data. Th&(E2) values are
o 0.5 - .
: A AN given next to the arrows.
245(6)
2+ .............................
o L LW SO
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IBA -1 Gd GCM

15k FIG. 7. (Color onling Com-
parison of the experimental level
scheme of%4Gd with calculations
according to the GCM and IBA.
As in Fig. 6, the modelE(2])
value (in keV) and theB(E2;2]
—0;) value(in W.u.) are normal-
ized to the experimental data. The
B(E2) transition strengths are
given next to the arrows.

Energy (MeV)
5
T

e
i

0.54(4)

IV. CONCLUSIONS ent theoretical approaches show th4Gd can be associated

- ~ with the critical point of a S(B)-U(5) phase transition.
To conclude, RDDS lifetime measurements were carried

out at the FN Tandem accelerator of the University of Co-
logne with Coulomb excitation of>/Gd using a 110 MeV
323 peam. From the derived lifetimes, 12 redu&itransi- D.T. expresses his gratitude to Ivanka Necheva for her
tion probabilities were determined whose values are in autstanding support. Two of u®.T. and P.B. are grateful
good agreement with the predictions of thg5Xcritical  for the kind hospitality of the Cologne University. This work
point symmetry as well with IBA and GCM calculations. The was funded by the BMBF under Contract No. 06 OK 167.
best result is obtained with a very simple IBA calculation This research has been financially supported by the European
showing that'>Gd is situated at the S8)-U(5) phase tran- Community programme IHP under Contract No. HPMF-CT-
sition very close to the critical point. Consistently, the differ- 2002-02018.
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