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The features of the superdeformed band in #4Gd have been studied.
An 4,3/, proton crossing has been observed in **Gd which is absent in

the isotope 1%8Gd. This has been explained as a deformation effect. The
absence of this crossing in the superdeformed bands of the neighbouring
N = 80 isotones of 1**Gd can be understood in terms of a blocking effect.

PACS numbers: 21.60.Ev

1. Introduction

The experimental investigations of the Z = 64 isotopes 144:146—150G4
[1-7] and of the N = 80 isotones 142Sm (8}, 143Eu [9] and #5Tb [10] proved
the existence of one or several superdeformed bands in each of these nuclei.
These data provided a wealth of nuclear structure information involving
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band crossings [1, 2, 4-6], cross-talk between bands [6] and identical bands
(5, 11]. These data helped to establish the configurations of the superde-
formed bands in these nuclei.

The superdeformed bands have been classified according to the occu-
pation number of high— N intruder orbitals, where N is the main oscillator
quantum number [12, 13]. In 146Gd two protons occupy the N = 6 i13/2
orbital and one neutron is in the N = 7 j;5,; orbital; in a short notation

this is written as 762v7. All superdeformed bands observed in 146 —148Gd
and the yrast superdeformed band in 14°Gd are considered to have the same
7627 configuration [7]. A band crossing in a superdeformed band has been
found for the first time in 146Gd [2]. It is caused by the crossing of i,; /2
and iy; /; neutron orbitals. The crossing frequency is Aw = 0.65 MeV. Sim-
ilar band crossings have subsequently been also observed in superdeformed
bands of 147-149Gd (4, 5).

From theoretical predictions 144Gd was expected to be a good candi-
date for the observation of superdeformation [12, 14, 15]. To search for a
superdeformed band in this nucleus, several experiments have previously
been performed [16-18], but none was successful so that this case remained
a challenge for a long time. Only very recently a superdeformed band has
been found in 14#Gd [1]. In the present paper some features of the superde-
formed band in 44Gd will be discussed.

2. Bandcrossing in the superdeformed band of 14Gd

The superdeformed band in 1#4Gd has been established [1] in an ex-
periment with the y-spectrometer GASP using the reaction 1Mo + 48Ti
at a beam energy of 221 MeV. The beam was provided by the XTU tan-
dem accelerator of the Laboratori Nazionali di Legnaro (LNL). The nucleus
144Gd was produced in this experiment in the 4n channel. In order to obtain
more information on the superdeformed band in 1#4Gd recently a second
GASP experiment with the same reaction at a beam energy of 215 MeV
was carried out at the LNL. The target consisted of three self-supporting
foils of 1Mo with a total thickness of 1.1 mg/cm?. The collected events
have been sorted into a three dimensional E.-E.,-E., array (cube), unpack-
ing events of fold F > 3 into triple events, under the condition that the
multiplicity measured with the BGO ball was larger than 8. Furthermore,
proper gates were used to select events of large sum energy of the BGO ball
and a time window was set in order to include only prompt y-rays. With
these conditions 1.5 Giga triple events were available in the cube for further
analysis. A double-gated coincidence spectrum of the superdeformed band
in 144Gd is shown in Fig. 1. The spacings between consecutive y-rays is
decreasing from 55 keV at large y-ray energies to 40 keV at ~900 keV and
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three close lying transitions can be seen at ~890 keV. The assignment of
the superdeformed band to 144Gd follows from the observation of strong
transitions placed above the 10" isomer in 14*Gd [19] in coincidence with
clean transitions of the superdeformed band.
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Fig. 1. Sum of double-gated coincidence spectra showing the superdeformed band
in 1%4Gd. Gates have been set on all transitions of the superdeformed band. The
band members are marked by their energies and known transitions in #4Gd are
denoted by a *.

The three close lying transitions at =890 keV (c¢f. Fig. 1) indicate that
the superdeformed band in 1*4Gd undergoes a band crossing at a rotational
frequency of hw = 0.45 MeV. The present data set seems to support the
previous ordering of the 902 keV and the 892 keV transitions [1], viz. that
the 892 keV transition has to be placed above the 902 keV transition in
the superdeformed band. The superdeformed band deexcites from the three
lowest-lying members just below the band crossing.

The experimental dynamic moment of inertia of the superdeformed
band in 144Gd is compared in Fig. 2 with theoretical predictions of Nazare-
wicz et al. {12]. The experimental results show a pronounced band crossing
at a rotational frequency of hw = 0.45 MeV. This band crossing is much
more pronounced than those observed in 146-148Gd. At higher frequencies
the dynamic moment of inertia assumes values of ~72 %%/MeV similar to
those observed for the superdeformed bands of the heavier Gd nuclei [11].
For the superdeformed band of 144Gd it is from theoretical calculations [12]
predicted that at low frequencies the 7,3 /2 orbitals and most probably also
the vj;5/, orbitals [20] are not occupied but that four viy3/, orbitals are
populated. The superdeformed well arises from large shell gaps for N = 80
and Z = 64 [12]. When the nucleus is cranked the aligned 762 configuration
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approaches rapidly the Fermi-surface. The observed band crossing in 144Gd
is thus interpreted as a crossing of the 76° configuration with the aligned
762 configuration. After the crossing the superdeformed band in 144Gd has
either a 76217 or a 762v7! configuration. The fact that the band crossing
is fairly sharp indicates a small interaction between the two superdeformed
structures. The experimental results reproduce rather well the predicted
band crossing [12]. This is the first experimental observation of a crossing
in a superdeformed band related to the alignment of a proton pair.
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Fig. 2. Comparison of the experimental dynamic moment of inertia of the superde-
formed band in **Gd with theoretical predictions of Nazarewicz et al.

Plots of the dynamic moment of inertia as function of rotational fre-
quency for the superdeformed bands in 144:146Gd are shown in Fig. 3. It is
interesting to note that the i3/, proton band crossing, seen in 144Gd, does

not show up in 146Gd although the configuration is considered to be the
same and the proton number has not changed. The only plausible explana-
tion is, that this is a deformation effect. In order to study the deformation
dependence of the band crossing behaviour in more detail cranked shell
model (CSM) calculations [21] have been carried out. In this model the
motion of quasiparticles in a potential rotating with the frequency hw is
studied. The single-particle states are calculated using the Nilsson poten-
tial. The calculations have been performed for deformation parameters of
0.44 < €2 < 0.60 and €4 = 0.02 and 0.05 considering that Nazarewicz et
al. [12] calculated ¢ = 0.48 and €4 = 0.02 for the superdeformed nucleus
146Gd and €; = 0.44 and €4 = 0.05 for the superdeformed nucleus 144Gd
at the low angular momentum end of the superdeformed band. In Fig. 4
results of the CSM calculations for quasiproton states of positive parity are
shown for the deformation parameters corresponding to 146 Gd (upper por-
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Fig. 3. Experimental dynamic moment of inertia as function of rotational frequency
for the yrast superdeformed bands in 144146Gd.
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Fig. 4. Routhian diagram for quasiproton states of positive parity for Gd nuclei
(Z = 64) as obtained in cranked shell model calculations. The deformation param-
eters €; and €4 are given in the figure. A y-deformation of vy = 0 and a pair gap of
A = 1.17 MeV was used.
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tion) and 144Gd (lower portion). It can be seen that the first excited i;4 /2
quasiproton state lowers very rapidly in energy with increasing rotational
frequency and that a crossing occurs. Significant differences in the crossing
frequencies and interaction strengths can be recognized in the two diagrams
representing different deformations.
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Fig. 5. Crossing frequency and interaction strength as function of the deformation
parameter €, for Gd nuclei.

The crossing frequency and the interaction strength are plotted as func-
tion of €; in Fig. 5 for the intersection involving the first excited i;3,;
quasiproton state. It can be seen that the crossing frequency decreases and
the interaction strength increases with increasing deformation ¢;. For the
deformation parameters of 144Gd (e = 0.44 and €4 = 0.05) a sharp crossing
(small interaction strength) at a frequency of fiw = 0.45 MeV is expected as
found experimentally. For the deformation parameters of 146Gd (e2 = 0.48
and €4 = 0.02) the i13/2 proton crossing is shifted to fiw = 0.35 MeV and
the interaction strength is large. In the presently available data for 146Gd
(2] this crossing cannot be observed since the superdeformed band starts
at a rotational frequency of fiw = 0.44 MeV. The different band crossing
behaviour related to the alignment of a pair of i,3/, protons in 144Gd and

146Gd can hence be explained satisfactorily as a deformation effect.
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3. Systematics of superdeformed bands in the isotones of 144Gd

For the N = 80 isotones 142Sm [8], 143Eu [9], 1#*Gd [1] and 145Tb [10)
the dynamic moment of inertia is plotted as function of the rotational fre-
quency in Fig. 6. It can be seen that none of the isotones of 1#*Gd shows the
strong %13/, proton crossing observed in this nucleus. The superdeformed
bands in 142Sm, 143Eu and 45Tb exhibit a rather constant moment of in-
ertia. The absence of band crossing could be explained as a blocking effect
if at least one iy3/, proton orbital is populated in these nuclei. Actually,
a m61v64v7° configuration has been assigned to the superdeformed band
in 143Eu [9, 12]. The configuration of the superdeformed band in 14?Sm
is considered to have the same configuration as that in 1#3Eu coupled to
a hole in the [541]1" Nilsson orbital [8]. For 145Tb a 76! ® ([404] %+)2
configuration has been suggested [10] for the superdeformed band. Hence,
in all three isotones of 1#4Gd the i, /2 proton orbital is blocked so that the
absence of band crossing can be understood.
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Fig. 6. Plots of the dynamic moment of inertia vs. rotational frequency for su-
perdeformed bands observed in several N = 80 isotones.
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4. Population of superdeformed bands in the Gd nuclei

An investigation of the intensities of the superdeformed bands in
146-149GG4 has been carried out by Haas et al. [7] utilizing Si beams. The
results are given in Table I. In this table also the intensities of the superde-
formed bands in 144Gd [1], excited in a 48Ti induced reaction, and in 14¢Gd
(2], excited in a *°Ar induced reaction, are included. Although different
reactions were used to excite the superdeformed bands in the various Gd
nuclei, which may lead to a different population, as will be discussed subse-
quently, one can conclude that the intensity decreases with mass number.

TABLE 1

Intensities of yrast superdéformed bands relative to the total intensities of the
produced nuclei.

Nucleus | Reaction Eyeam (MeV) |I,(SD)/1,(total) | Reference

149Gq | 1248n(30Sj,5n) 155 3.3+0.3 Haas et al.

148Gd | 124Sn(?9Si,5n) 155 1.3040.15 Haas et al.

147Gd | 1229n(39Si,5n) 155 0.87+0.19 Haas et al.

148Gd | 119Pd(*%Ar,4n) 175 1.0 Hebbinghaus et al.
146Gd | 1225n(?°Si,5n) 155 0.65+0.19 Haas et al.

145Gd | 1209n(3°Si,5n) 155 <0.4 Haas et al.

144Gd | 199Mo(*8T4,4n) 221 ~0.2 Lunardi et al.

If a certain nucleus is populated by means of different reactions it is
possible to relate the intensity of the superdeformed band to the spin dis-
tribution of the entry states. In Fig. 7 spin distributions are shown for
various reactions which have been used to populate superdeformed bands in
144,146Gd. They are plotted as insets in diagrams of the excitation energy
vs. angular momentum which include the normal and superdeformed yrast
states. The spin distributions have been calculated with the Julian—Pace
code. From the results for 146Gd one can draw conclusions about the exper-
imental conditions to optimally populate superdeformed states. They are
fed from entry states with large angular momentum and one can see that
the high-spin entry states are populated in the 4°Ar induced reaction with
a larger partial cross section than in the 29Si induced reaction. Correspond-
ingly, the yrast superdeformed band in 146Gd is in the former reaction more
strongly populated than in the latter one (¢f. Table I).

From the above observations one can conclude that the superdeformed
band in 144Gd was previously not observed for two reasons:
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1. The superdeformed band in 144Gd is too weakly populated in the 28Si
induced reaction to allow for an observation (c¢f. Fig. 7). A stronger
population as provided by the 43Ti induced reaction is needed.

2. The sensitivity of the y-detector array GASP at the LNL was needed
to observe such a weak superdeformed band.
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Fig. 7. Excitation energy vs. spin for !#%'%6Gd. The spin distributions of the
entry states relevant for the used reactions and beam energies are plotted as in-
sets. For }%*Gd (lower portion) the reactions are denoted as 100Mo(*8Ti,4n),
215 MeV, - - — 190Mo(*8Ti,4n), 221 MeV, — - — - 120Sn(?8Sj,4n), 145 MeV.
For }46Gd (upper portion) the reactions are denoted as — *1°Pd(*°Ar,4n), 175 MeV
- — - 1229(?95i,5n), 155 MeV. ‘

It remains an open question why the superdeformed band in %4Gd has a
much smaller intensity than expected theoretically.
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