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Abstract

The lifetime of the unresolved transitions forming the rotational quasi-continuum spectra has been measured in '©Tm
using the Doppler shift attenuation technique. Spectra associated to different values of the coincidence folds, angular
anisotropies and the dynamical moment of inertia were also obtained from the present experiment. The Doppler shift has
been measured for discrete transitions, for the ridge structures in E; X E , spectra and for the rotational E2 bump in one
dimensional spectra. The data were compared to the theory using a simulation model which makes use of microscopically
calculated levels and transition probabilities. Above 1300 keV the results indicate collectivity with lifetime faster than
10~ s, while at lower E,, the results are well described by predictions with B(E2) = 400 WU. © 1997 Elsevier Science

B.V.

PACS: 21.1.0Tg; 21.01.Re; 21.60.Ka; 23.20.En; 23.20.Lv

Progress in the study of the rotational quasi-con-
tinnum for normally deformed nuclei in the rare
earth region has been made in the last few years by
employing two different techniques, one based on
the shape analysis of the *’ridge-valley’’ structure in
E, X E , spectra [1], and the other on a fluctuation
analysis method [2]. These techniques were used to
extract information about the regular excited rota-
tional bands forming ridges and on the damped
motion characterizing the region of high level den-
sity.

A particularly interesting effect was obtained by
analysing the shape of the valley in measured E,, X

E , spectra [1]. The valley region along the E, =
E,, diagonal is mainly populated by y-rays from the
region of damped rotational transitions at high exci-
tation energy. In the picture of the rotational damp-
ing one expects that the spreading of the rotational
strength over many states gives rise to uncorrelated
transitions for two consecutive y-decay-steps, namely
independently chosen by the nucleus from the corre-
sponding B(E2) distributions [3]. In contrast, the
experimental study of the shape of the valley for
163Tm gave results in disagreement with this assump-
tion [1]. This led to the conclusion that either the
rotational damping mechanism is more complex than
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expected or that the nucleus looses its collectivity
with increasing excitation energy.

The complexity of the rotational damping mecha-
nism has been discussed recently in a theoretical
work [4] in which the results of mixed-band calcula-
tions were studied in detail. It was concluded that the
phase coherence existing between the members of
rotational bands is not lost in a uniform fashion with
increasing intrinsic excitation energy, but displays
large variations from state to state. Scars of discrete
rotational bands were found inbedded in a back-
ground of damped rotational transitions. While it
seems likely that the experimental results from the
valley analysis could be explained as due to scars of
discrete rotational bands in the damped region, it is
important to rule out the possibility of a loss of
collectivity in the quasi-continuum region. In fact, an
important assumption of the rotational damping
model which predicts the *’scars’’ is that the nucleus
rotates collectively also at high excitation energy
where the mechanism of rotational damping occurs.
Therefore, if one is able to prove experimentally this
assumption one can give a stronger support to the
model and to its conclusions. This can be achieved
by measuring the lifetime of the rotational transi-
tions. Furthermore, it is important to know the time
dependence of nuclear y-decay to check the validity
of the assumption underlying the rotational damping
model [3] of the constancy of the quadrupole defor-
mation as a function of excitation energy.

The present paper describes an experiment with
emphasis on the lifetime measurements of the rota-
tional transitions in the '*Tm quasi-continuum. In
addition, y-spectra corresponding to different multi-
plicities, angular anisotropies and dynamical mo-
ments of inertia are studied and discussed together
with the results of the fractional doppler shifts. For
the first time the fractional shifts were measured
simultaneously for discrete and unresolved 7y-transi-
tions in a single residual nucleus. Furthermore, the
results are compared to simulations based on a realis-
tic band mixing calculation presently available for
the nucleus '®® Yb in the same mass region.

The experiment used the reaction CI(E,,,, =
166 MeV) + '3°Te and was carried out at the
Tandem Accelerator Laboratory of the Niels Bohr
Institute. The *’Cl ions were accelerated by the
Tandem + Booster system. The '**Te target had a

thickness of 1.1 mg/cm?® and a purity of 99.29%.
The "*Te isotope was evaporated on a Au-backing
15 mg/cm? thick. The initial velocity of the residual
nuclei in the middle of the target was calculated to
be v/c=2.15%. The residual nuclei most inten-
sively populated were '°>'*3Tm corresponding to 5n
and 4n decay channels. The maximum angular mo-
mentum reached for the nucleus '*Tm was calcu-
lated to be 63%. The y-rays were detected using the
NORDBALL multidetector array. The array was
equipped with 19 Compton-suppressed Ge and 1
LEP, detector. The Ge detectors were arranged in
four rings at 37°, 79°, 101° and 143°. The BaF, inner
ball contained 60 detectors with a total efficiency of
70%. A total of 3.7 - 10® triple coincidences in the
Ge detectors were collected. Energy-dependent time
gates on the Ge time signal were used to reject
neutron as well as uncorrelated events. In order to
separate in the best possible way the 4n and 5n
reaction channels the multiplicity (or fold F) infor-
mation given for each event by the inner-ball filter
was used. Furthermore, gates on a number of clean
low-energy transitions of '*Tm were applied and
this resulted in a total of 3 - 107 triples for '*Tm. It
is important to stress that all the results presented in
this paper were obtained by gating on transitions
from '3 Tm.

In Fig. 1a unfolded spectra in coincidence with
low spin transitions of '®*Tm are shown for increas-
ing values of fold (and therefore spin of the residual
nucleus) measured by the BaF, scintillator inner ball.
These spectra are background subtracted, efficiency
corrected and unfolded with the detector response
function. They are also normalized to the statistical
tail (dashed line in the figure) in the region E, >
1750 keV. The absolute normalization is defined by
the spectrum at fold <F,> = 17.5 which corre-
sponds to an average multiplicity of 25. The condi-
tion on high folds produces a strong enhancement of
continuum transitions forming a bump in the region
800 < E, < 1600 keV. This bump clearly moves to
higher transition energies with increasing folds dis-
playing the typical rotational behaviour generally
observed in normally deformed nuclei [5].

The continuum bump mainly consists of fully
stretched rotational E2 transitions as deduced from
the measured angular anisotropy R, (E, ) =[W(143°)
+ WQB7)1/[W(79°) + W(101°)]. In this expression
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Fig. 1. a) One dimensional y-spectra measured in coincidence
with different BaF, folds F, and discrete low energy transitions
of the ‘**Tm nucleus. The spectra are normalized in the region
E, > 1750 keV of the statistical E1 tail (dashed line), parametrized
by the function = Egexp(— E, /T), with T =0.41 MeV. b) The
angular anisotropy R, are shown with full circles for discrete
lines, open circles for the total spectrum and full triangles for the
quasi-continuum bump. The line R, = | corresponds to isotropic
angular distribution. ¢) The dynamical moment of inertia I3 of
13T compared to other rare earth nuclei from Ref. [6,71.

W is the intensity in the region of the bump ex-
tracted from the one dimensional spectra if the con-
dition F> 17 is required. In Fig. 1b we show the
measured anisotropies for the total spectrum (open
circles) and for the E2 bump (filled triangles) ob-
tained after subtracting the El contribution from the
total spectrum. The El contribution, assumed to be
isotropic, is shown in Fig. 1a) with the dashed line
representing the best fit of the region E,= 2.0-3.6

y
MeV with the function Ejexp(—E,/T), with T=

0.41 MeV. The resulting anisotropy of the E2 bump
transitions, is basically constant with value of ap-
proximately 1.4 as expected for purely stretched-E2
transitions. Similar values were found for the dis-
crete transitions of '**Tm at E, = 699,771 and 788
keV, shown in Fig. 1b) with filled circles.

From the measured spectra associated to different
folds in the innerball the effective dynamical mo-
ment of inertia e(fzt’ was deduced, making use of the
relation H(Ey)/f(Ey) =& /447 [6,7]. In this ex-
pression H(EY) is the number of E2 transitions at E,
in the spectrum associated to a given fold interval
and corrected for the feeding. The feeding function
A(E,), i.e. the fraction of the observed population
which goes through a y-ray energy interval is given
by f(Ey) = [[gAS(Ey)a’Ey]/[ fffAS(Ey)dEy], where
AS is the difference of spectra measured at two
different fold values. The results for the I of
'>Tm are shown in Fig. lc together with existing
systematics for Yb and Er isotopes. The data show
an increase of the effective moment of inertia with
E, (and therefore with spin) similarly to other exist-
ing results observed in the same mass region. Such
an increase may be related to changes in deformation
or in alignment [6,7].

A more convincing evidence of the collective
character of the quasi-continuum bump can be ob-
tained from lifetime measurements of the y-decay,
sensitive to collective and microscopic structural ef-
fects, as it was discussed for example in Refs. [8—10].
In this work we have used the DSAM technique to
deduce lifetimes both for discrete lines and unre-
solved transitions.

In Fig. 2 the '3 Tm spectra measured at forward
(37°) and backward (143°) angles and corresponding
to folds > 10 are displayed. Shifts are found in the
region of the damped transitions at 1200 < E, < 1600
keV. Using these spectra we have evaluated the
fractional shift in the region of the continuum bump.
The fractional shift is given by F(r)= AE /AE ™,
with AE, = E (v/c)cos(8) and with AE]™* being
the shift corresponding to the initial velocity v, of
the recoil. It has been assumed that the spectrum in a
small interval around each point can be approxi-
mated by a straight line (cfr. e.g. [11]),

N(E,)=dN/dE,x E, + c.
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Fig. 2. One dimensional spectra measured at 37° and 143°, A clear
Doppler shift (=30 keV) is observed in the quasi-continuum
region 1200 < £, <1700 keV.

Consequently, for the spectra at forward (F) and
backward (B) angles one has:

New)( E,) =dN/dE, X (E, + AE,) + ¢

Because in the interval 1200-1600 keV the slope
dN/dE, varies very slowly with E , one can assume
that dN/dE(E, + AE,) = dN/dE(E, — AE)), so
that the difference between the forward and back-
ward spectra is AN =dN/dE, X 2AE (E,)). In or-
der to extract the shifts AE (E,) the term dN/dE,
has to be eliminated. An average spectrum N av(Ey)
was obtained from the sum of the forward and
backward spectra. Two shifted spectra were then
created starting from N*(E ), namely

Nit)(E,) =dN/dE, X (E, + (4E,) ) +c
where (AE,),,,, is the Doppler shift corresponding

to the maximum velocity of the recoiling y-emitting
nucleus. The fractional shift was then deduced as,

AE’Y( E“/ )
(4E),.(E,)

- N37°(E7) B N143°(E7)
N (E) N (E,)

F(t,E,)=

The fractional shifts obtained with the above proce-
dure are shown with the open circles in Fig. 4. Their
values correspond to fully shifted transitions and

consequently one can only set an upper limit of =
107"* s for the effective feeding-times plus lifetime
of the E2 damped transitions.

The doppler shift of the unresolved rotational
bands forming the ridge structure in the E, X E ,
spectra was also investigated. As in Ref. [8], the
'>Tm data were sorted in E,, X E , spectrum with
E,, measured at 37° and E , at 143°. A background
subtraction was made using the COR [12] procedure.
Three different perpendicular cuts 60 keV wide at
0.5(E,, + E,,) = 820, 880, and 940 keV projected
onto an axis Eyl - Ey2 are shown in Fig. 3b, 3c and
3d. The shift can be seen relative to the unshifted
spectrum, obtained in the thin target experiment
described in Ref. [1], and shown in Fig. 3a). The
measured fractional shifts have values increasing
from 0.5 to 0.7, see Table 1, and are plotted with the
filled squares in Fig. 4. In the same figure we show
with empty triangles results for the yrast transitions
at 699, 771 and 788 keV, which are of the order of
0.4, see also Table 1.

The results for fractional shifts measured in the
different parts of the '®*Tm spectra are summarized
in Fig. 4. A smooth increase with E, is observed. In
the region 700 < E, < 1000 keV where F(7) < 1 it
is possible to determine the values of the B(E2)
strength and the transition quadrupole moment Q,.

The observed Doppler shifts correspond to effec-
tive decay times related to the history of decays from
the entry point to the observed transitions. In order to
describe the observed Doppler shifts, the y-cascades
from the excited nucleus have been simulated start-
ing from an entry distribution in energy and spin of
the residual nucleus [13). The competition between
El and E2 transitions is simulated making use of
microscopically calculated rotational bands. Energies
and transition probabilities of rotational bands mixed
by the residual interaction are available for the '** Yb
nucleus which is a well known stably deformed
rotor. One expects that these calculations for '*®*Yb
should also describe the average features related to
the quasi-continuum at high spin of '®*Tm. In fact,
systematic measurements of the quadrupole moments
at low spin with coulomb excitation and of the JZ);
at high spin (cf. e.g. Fig. 1¢) indicate very similar
deformations for nuclei in the rare earth region.

The intrinsic lifetime of a state i at spin / and
excitation energy U, was calculated starting from the
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Table 1

Measured values of the fractional doppler shift F(r) for discrete
peaks (denoted by P) and ridges (denoted by R). Effective life-
times deduced directly from the F(7) and velocity profile values
are also given in 10™'3 s in the third column

transition probabilities for E1 and E2 decay T(E1,U,)
and T(E2,U,) as

(1) =

1
T(EL,U,) + T(E2,U)

(1)

E, (keV) F 10-'3 - e .
v @ " ) The El transition probability was deduced using the
3_9/? g; g'i? f g'gg g? f gg level density of the calculated levels combined with
788 (P) 043 + 0.03 50 N 03 a GDR. strength funct‘ion of Lorentzian shape. At
820 (R) 0.58 + 0.09 36 + 07 high spin, the E2 transition probability is given by
880 (R) 0.60 + 0.12 35+ 10 - 10 3 5
540 (R) 067 1 0.07 o1 06 T(E2,1) =6.72 X 10" X B(E2) X E] (2)
in 5!, with B(E2) expressed in Weisskopf Units
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Fig. 3. Examples of perpendicular cuts on the E, X E, matrix, with E, and E, corresponding to 37° and 143°. a) shows data from the
thin target experiment of Ref. [1] at 0.5(E,, + E, ) = 880 keV, used as a reference for the measurement of the Doppler shift of the ridges.
b), ¢), and d) show data from the present 163Tm expenment at 0.5(E, +E, ) = 820,880 and 940 keV, respectively. Spectra equivalent to
a), b), ¢) and d), obtained from simulated E, X E, matrices based on the microscopic calculations of Ref. [13] (with B(E2) = 400 WU)
are shown in e), f), g) and h). The vertical dashed llnes indicate the position of the unshifted ridge structure.
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Fig. 4. Measured fractional Doppler shifts are shown for the
region 700 < E, < 1700 keV. Results from the quasi-continuum
region are shown by open circles, while ridge and discrete peak
data are given by full squares and open triangles, respectively.
The lines represent the expected theoretical values for B(E2) = 200
(dotted line), 400 (solid line) and 800 WU (dashed line), obtained
from simulated spectra (see Fig. 3e-3g) in the same way as for
the data.

(WU) and E, in MeV. More details on the simula-
tion are found in Ref. [13]. It should be noted that
the intrinsic lifetime 7,({) is dominated by E2 transi-
tions that have typical lifetime values of 10~ '2-10~"*
s. in the rare earth region, while the El transitions
are two order of magnitude faster.

The simulation program calculates the effective
lifetime 7 of a transition at spin [ as the sum of the
lifetime 7, of the preceding transitions with spin
J=1,

(1) = X 7(J). (3)
Izl

Making use of the velocity profile of the recoiling
nucleus the program calculates the velocity of the
nucleus at time 7 and then the Doppler shift associ-
ated to that velocity. The velocity profile was ob-
tained with the method of Ref. [14] which takes into
account both the nuclear and electronic stopping
powers [15,16]. In Fig. 3, on the right hand side, the
simulated spectra associated to B(E2) = 400 WU
are shown. The measured and simulated spectra were
analyzed in a similar way and the centroid shifts of
the first ridges were used to deduce the lifetime.

Employing the simulation model it was possible
to compare directly the theory with the experiment.
In Fig. 4, the experimental data are shown together
with the results of the simulations which were made
for three different values of the B(E2). The frac-
tional shifts deduced for the simulated spectra are
shown with the dotted, continuous and dashed lines
and correspond to B(E2) = 200, 400 and 800 WU,
respectively.

The data associated to both the discrete lines and
the ridges are found to be in good agreement with
the B(E2) = 400 WU curve, corresponding to Q,
= 7.7 eb. For the damped transitions at 1200 < E,
< 1600 keV, fully shifted, we cannot infer the value
of the quadrupole moment but we can conclude that
they have a collective character corresponding to
lifetimes smaller than 10~ '* s.

The present work indicates that the nucleus con-
serves its collectivity with increasing excitation en-
ergy. This result supports the theoretical model of
Ref. [4] which shows the presence of scars of dis-
crete transitions affecting the B(E2) strength func-
tion in the region of the damping. In fact, a consis-
tent picture emerges from the simulation using a
microscopic basis which is able to reproduce not
only the ’’ridge-valley’” structure [1] but also the
collective strength determined in the present work.
Since scars of discrete bands are a significant part of
the calculated intensity profile [4] in the ridge-valley
region, one expects to see them in the data which
reflect the shape of the B(E2) strength as discussed
in Refs. [1,4].

Obviously, a natural extension of this work will
be the use of inverse reactions extending the sensitiv-
ity to shorter lifetimes together with more selective
and efficient instruments as GAMMASPHERE and
EUROBALL.

The work has been supported by Italian Istituto
Nazionale di Fisica Nucleare and by the Danish
Natural Science Research Council.
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