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Unresolved g Rays in 114Te: Mass Dependence of Rotational Damping
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Unresolvedg rays of114Te sorted into one- and two-dimensional spectra were studied. The reaction
64Ni�Ebeam � 230 270 MeV� 1 54Cr was used and theg rays were detected with the EUROBALL
array. The effective moment of inertia for the quasicontinuum was found to be almost constant for
I � �20 40�h̄, in contrast with the decreasing behavior of the terminating yrast band. A comparative
analysis with the nucleus164Yb is presented and the results from a fluctuation analysis were compared
with cranked shell model calculations. The comparison shows consistency in the scaling of the
rotational damping width with mass number.

PACS numbers: 21.10.Re, 21.60.Ka, 23.20.Lv, 27.60.+ j
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The understanding of rotational motion in thermally e
cited nuclei is one of the central issues in nuclear str
ture and more in general in the study of effects beyo
mean field. Until now, convincing evidence of collecti
damped rotation has been obtained for the mass re
A � 160. The overall features of quasicontinuum spe
tra have been well described with the rotational dam
ing model calculations in which the mean-field rotation
bands of the cranked shell model are mixed by the re
ual two-body interaction [1]. In the original formulatio
of rotational damping [2], schematic estimates for the s
ing of the mixing process of mean-field bands with m
number were derived. The energyU0 relative to the yras
line, at which the damping (mixing) sets in, depends on
level density and on the strength of the residual interact
and is predicted to vary with mass numberU0 ~ A22�3.
The rotational damping widthGrot, expressing the width
of the quadrupole transition strength distribution, is p
portional to the statistical dispersion of the rotational f
quency of cranked shell modeln-particle–n-hole states.
ForGrot the scaling is expected to follow the relationGrot ~

IA25�2e21, whereI, A, ande are the spin, mass numbe
and deformation, respectively. Experiments have ea
confirmed the prediction ofU0 � 0.7 MeV for the onset
of damping in rare-earth nuclei [3]. However, the damp
width Grot appears to be a quantity not easily accessibl
experiments [4]. Experimentally, its variation with ma
number for normally deformed nuclei has never been
vestigated. On the other hand, a detailed test of eff
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beyond mean field such as the rotational damping mec
nism is also relevant in view of the analogy discussed
Ref. [5] with nuclear magnetic resonance. To determi
the validity of the relation given above, one needs to com
pare nuclei with a similar deformation, but with differ
ent masses; good examples are nuclei withA � 160 and
A � 110 for which a factor of 2 difference in the damping
width is expected.

Some evidence of collective rotation in the quasico
tinuum in nuclei with A � 110 120, characterized by
spherical shapes at low spins, was found two decades
in experiments made with scintillator detectors [6]. Mor
recent discrete spectroscopy studies made with multig
manium detector arrays have identified discrete rotation
bands at high spins for several nuclei in theA � 110 120
mass region. We have chosen to study the nucleus114Te,
for which three rotational bands have been observed [
as a representative example in this mass region, using
the first time the same analysis technique developed
the study of rare-earth nuclei. Keeping the above pictu
in mind we focus mainly on a comparative analysis o
the114Te nucleus with the rare-earth nucleus164Yb, which
is stable in deformation and well studied by discrete lin
spectroscopy [8].

The fusion reaction64Ni 1 54Cr ) 118Te at bombard-
ing energiesEbeam � 230, 240, 250, 260, and270 MeV
was used. The largest fraction of the data was taken
Ebeam � 250 MeV which populated the residual nucleu
114Te at the�20% level. The experiment was carried ou
© 1999 The American Physical Society
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using the tandem accelerator of the Laboratori Nazionali di
Legnaro (Italy) and the multidetector array EUROBALL
[9]. Data were obtained for a self-supporting thin tar-
get with a thickness of 550 mg�cm2 and for a target
400 mg�cm2 thick with an Au backing of 50 mg�cm2.
The initial velocity of the residual nuclei in the middle
of the target was calculated to be y�c � 4.6%. Energy-
dependent time gates on the Ge time signal were used to
suppress the background from neutrons. The data for the
nucleus 164Yb, which are discussed in comparison with
the 114Te data, were obtained in a previous measurement
made with the array EUROGAM II [10] using the reaction
30Si 1 138Ba at bombarding energies of 140, 145, 150, and
155 MeV. The maximum angular momentum for the Te
case was calculated by the Winther model [11] including
the collective degree of freedom in the fusion process to
be 56h̄, 61h̄, 67h̄, 71h̄, and 74h̄, respectively. For the
Yb case the corresponding values of the maximum angular
momenta are calculated to be 54h̄, 59h̄, 64h̄, and 68h̄.

In Fig. 1a the spectra obtained at the different bom-
barding energies gated by the low spin transitions at 709,
775, 734, and 781 keV of 114Te are shown. The spec-
tra have been normalized to the counts associated with the
measured average folds at each bombarding energy and
corrected for the detection efficiency. The same type of
spectra is displayed in Fig. 1b for 164Yb. For the nucleus
114Te a continuous distribution, increasing in intensity with
bombarding energy (spin), is seen at Eg . 1.4 MeV. This
behavior is also observed (at Eg . 1 MeV) for 164Yb,
which is already known to be a good rotor at low spin
and low internal energy. In addition, the energy of the
unresolved g transitions is higher in the case of 114Te as
expected for a nucleus with lower mass and value of the
moment of inertia. The average energy of the rotational
bump moves to higher energy with increasing bombarding
energy and maximum angular momentum, which is a typi-
cal feature of rotational nuclei. This can be clearly seen
in the spectra of both 114Te and 164Yb when constructed
as a difference between spectra corresponding to two con-
secutive bombarding energies, shown in Figs. 1c and 1d,
respectively. In addition, values of the fractional Doppler
shifts for the edge of the rotational bump measured in for-
ward and backward angles have been obtained using the
same type of analysis carried out in Ref. [12]. The val-
ues show that the transitions at the edge are fully shifted,
thus supporting the strong collective character of the ther-
mal rotation. In the case of 114Te produced at the bom-
barding energy of 270 MeV, one can clearly note that the
measured yield in the continuous bump does not further in-
crease, as shown in Fig. 1a in which the spectra at 260 and
270 MeV almost completely overlap. This fact supports
the rotational nature of the continuous bump. One expects
to see an energy increase of a rotational bump only up to
transition energies corresponding to the maximum value
of the angular momentum that the nucleus can sustain. At
260 MeV the limit is reached, and the additional 10 MeV
only pumps more energy into the compound nucleus.
FIG. 1. (a),(b) g spectra measured at different bombarding
energies for 114Te (a) and 164Yb (b). The arrows indicate that
the spectra with the lowest number of counts in the continu-
ous distribution correspond to the lowest bombarding energy.
(c),(d) Differences between two consecutive bombarding ener-
gies. The arrows indicate the positions of the centroids of the
distributions. (e),(f ) The dynamical moment of inertia ��2�

eff
for

114Te and 164Yb.

From the measured one-dimensional spectra the value of
the dynamical moment of inertia ��2�

eff
was deduced making

use of the relation H�Eg��f�Eg� � ��2�
eff

�4h̄2 discussed in
[13,14]. In this expression, H�Eg� is the number of E2
transitions at Eg in the spectrum normalized to the num-
ber of counts in the transition connecting the 21 to the
01 state and corrected for the feeding f�Eg�. The results
for the ��2�

eff
of 114Te are shown in Fig. 1e (filled squares)

together with the averaged values obtained from the dis-
crete transitions (filled circles) of the known rotational
bands [7]. The moment of inertia of the damped transi-
tions of the rotational bump is almost constant and has a
value very close to that of the rigid rotor (shown in Fig. 1e
with the dashed line). This is in contrast to the behavior of
the near-yrast bands, for which the moment of inertia de-
creases with increasing spin, indicating that the collective
rotation terminates (smooth band termination [15]).

The quantity ��2�
eff

extracted from the quasicontinuum
states is an effective moment of inertia, implying that the
E2 decay paths can proceed in average along an envelope
5235
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of bands with different configurations. For 114Te the pro-

nounced decrease in the �
�2�
band, known for the individual

bands in this mass region, appears to be washed out; thus
the �

�2�
eff reflects the decay paths rather than intraband tran-

sitions [13]. Values of �
�2�
band � 2

3 �
�2�
eff indicate that one-

third of the angular momentum is gained by the alignment
of single-particle angular momentum, and two-thirds is
gained by collective rotation. In the case of 164Yb (shown
in Fig. 1f) the phenomenon of band termination does not
take place in the studied spin interval, and consequently
the moments of inertia associated with near-yrast bands
and with damped transitions show much more similar val-
ues and are rather constant with spin. The increase of �

�2�
eff

at about 1 MeV may be caused by the intruding pi13�2 at
higher excitation energy and high spin.

A better identification of the rotational pattern for un-
resolved transitions can be achieved by examining Eg1 3

Eg2 coincidence spectra. Systematic studies in the rare-
earth region have revealed that the unresolved transitions
of regular rotational bands form ridges parallel to the
Eg1 � Eg2 diagonal valley, while damped transitions from
the mixed rotational bands fill the valley region. The
Te data were sorted in a Eg1 3 Eg2 spectrum gated by
the same low lying transitions of 114Te used for the one-
dimensional analysis. The Compton and other uncor-
related events were reduced by employing the standard
background subtraction treatment, named COR, described
in Ref. [16]. The contribution of the known intense dis-
crete transitions was fitted and removed by means of Rad-
ware programs [17]. In Figs. 2a and 2b, two perpendicular
cuts, 100 keV wide at �Eg� � 0.5�Eg1 1 Eg2� � 1200
and 1400 keV projected onto the axis Eg1 2 Eg2, are dis-
played. In Figs. 2c and 2d, similar spectra for 164Yb (with
cuts 60 keV wide at �Eg� � 920 and 1040 keV) are shown
for comparison. The well-known ridge-valley structure is
clearly seen in the case of 164Yb, and can also be recog-
nized in the 114Te case although it is less pronounced with

FIG. 2. Perpendicular cuts on the Eg1 3 Eg2 matrices for
114Te [(a),(b)] and 164Yb [(c),(d)] for two different values
of �Eg�.
5236
wider ridges. It is also clearly seen that the separation be-
tween the inner ridges is larger for 114Te than for 164Yb, as
a consequence of the rotation of a nucleus with a smaller
moment of inertia. The energy difference for two rota-
tional ridges equal to 8�� was used to obtain the values
of the dynamical moment of inertia. The corresponding
results, shown with open squares in Figs. 1e and 1f, are
somewhat larger than obtained for the yrast states.

The Eg1 3 Eg2 spectrum was analyzed using the fluc-
tuation analysis technique [3], developed to extract quanti-
tative information from the quasicontinuum spectra. The
finiteness of counts in each individual cascade leads to fluc-
tuations in the spectrum superimposed on the ordinary sta-
tistical fluctuations in the number of counts. In particular,
the number of paths available to the nucleus in the dif-
ferent decay modes can be obtained from the data. The
number of two step pathways, N

�2�
path, may be extracted by

selecting intervals in the spectrum, corresponding to one
pair of transition per cascade in average, from squares
of �4��eff� 3 �4��eff� keV2 in the valley or along the
ridges [3].

In Fig. 3a the results obtained from the analysis of the
ridges in 114Te are shown in comparison with the 164Yb
data. In the case of 114Te, because of the complex level
scheme with high energy transitions at low spin, the num-
ber of clean cuts for which the fluctuation analysis could
be applied is more limited than for 164Yb. The number of
paths deduced from the 114Te data is found to be, on aver-
age, approximately a factor of 2 smaller than that of 164Yb.

The theoretical N
�2�
path can be extracted by counting

the number of two consecutive transitions for which the

FIG. 3. (a) The quantity N
�2�
path obtained with the fluctuation

analysis of the measured first ridges of 114Te and 164Yb, in
comparison with the theoretical results (solid lines). (b) The
quantity N

�2�
path extracted from the valley analysis for 114Te and

164Yb, in comparison with the theoretical results for 168Yb and
114Te (solid lines).
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corresponding branching number nbranch�i� � �
P

j S2
i,j�21,

where Si,j is the normalized strength from level i at
spin I to level j at spin I-2, is less than or equal to 2.
The values obtained for the band mixing calculations [1],
averaged over the spin interval �25 35�h̄, are shown for
114Te and 168Yb with the solid lines in Fig. 3a in com-
parison with the data on N

�2�
path from the ridge structure. In

the case of the 164Yb data the comparison is made with
the available calculations for 168Yb which describe the
average features of the quasicontinuum of rare-earth nuclei
(cf. [10] and [12]).

The number of paths obtained from the analysis of the
valley region, collecting mostly damped transitions from
states at which one expects the fragmentation of the rota-
tional decay, is shown in Fig. 3b. Also, in this case, a sig-
nificant difference is seen between the results of 114Te and
164Yb data. The expected values of N

�2�
path based on the

same band mixed calculations used for the ridge analysis
are shown by the solid lines in Fig. 3b. These predicted
values were obtained by applying the fluctuation analysis
technique to a simulated spectrum based on the calculated
levels and transition probabilities (cf., e.g., Ref. [18]). The
calculations are found to reproduce both the ridge and the
valley results quite well.

Altogether, the present experimental results show that
g cascades of thermally excited deformed nuclei are gov-
erned by damped rotational motion, not just for rare-earth
nuclei but also for the lighter 114Te nucleus. The quanti-
tative agreement between calculations and experiment in
Fig. 3 strongly supports the scaling with mass number of
the residual interaction and the level density. Accord-
ing to the present calculation, damping should set in at
about heat energy U0 � 0.9 1.0 MeV in 114Te, compared
to U0 � 0.7 0.8 MeV in 164Yb. The values of the damp-
ing widths predicted by the band mixing calculations are
approximately a factor of 2 larger for 114Te than for 168Yb.
The number of paths in the valley cannot by itself support
the predicted scaling for the damping width because it de-
pends quadratically on Grot but more strongly on the level
density. However, an upper limit for Grot is inferred from
the value of the measured width of the difference spectra
shown in Figs. 1c and 1d. In the present case this width
is found to be larger by a factor of �2 in the case of 114Te
(with values 800–1000 keV) as compared to that of 164Yb
(with values 300–400 keV), supporting the scaling of
Grot with mass number and displaying an internal consis-
tency in the analysis.

In summary, there are two relevant conclusions obtained
in this paper. The first is that the study of the mass
dependence of the rotational damping process has provided
a stringent test for effects beyond mean field, which are
found in this case to be rather well described by the existing
model. The second is that the fluctuation analysis method
is indeed a powerful tool for obtaining valuable physical
information from continuum spectra.
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