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Abstract

The flow of y-transitions through the superdeformed minimum of "“*Eu is investigated by studying the intensities of four
different types of y-rays of superdeformed origin, obtained with a variety of gating conditions. They can all be explained
rather well by schematic simulation calculations assuming only well known statistical properties. Information on level
density, competition between E1 and E2 strengths and rotational damping width in the SD well is obtained, yielding a rather
complete picture of the feeding mechanism into different regions of the second minimum. € 1997 Elsevier Science B.V.

PACS: 21.10.Re; 21.60.Ka; 27.60.+j

In recent years, spectroscopy in the superdeformed
(SD) minimum has progressed rapidly. Many SD ex-
cited bands have been identified in different mass re-
gions [1,2] and in a few cases discrete transitions
linking to the normal deformed (ND) states have also
been found [ 3,4], allowing to fix the spin and the exci-
tation energy of the SD yrast band. The SD rotational
strength associated with excited states appear in unre-
solved spectra as ridges in Ey; x Ey> matrices {5,6]

stemming from decay along low lying SD bands, and
as more smooth spectra for rotationally damped tran-
sitions [7]. Still, the mechanism for feeding and de-
cay of the SD rotational bands has not been fully un-
derstood. Detailed simulation calculations [8-12] of
y-decay cascades are needed to elucidate the electro-
magnetic properties of the excited and coupled SD and
ND states.

The population of the SD excited states is expected
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to be particularly strong in the '**Eu nucleus, since
the crossing between the ND and SD yrast lines is
predicted to occur at rather low angular momentum
(~ 40R) [13]. This has made it possible to identify
experimentally the rotational SD transitions from dif-
ferent regions of temperature [6,7,13,14].

In the present letter we report new results of y-ray
spectra in coincidence with the SD band, obtained with
the EUROGAM II array. Combined with an earlier ex-
periment with the NORDBALL array, altogether four
independent components of rotational SD-origin are
now determined experimentally:

(i) the feeding along the SD band [14];

(i1) the ridges in Ey; x Ey; spectra, consisting of
transitions along excited bands [6];

(iii) a bump of SD rotational transitions, which are
coincident with the SD band (this work);

(iv) an intense bump of SD rotational transitions
emitted in cascades which in most cases bypass the
SD yrast band [7].

By comparing experiment to simulations with re-
spect to these spectral components, one learns about
the properties of the states through which the cascades
pass. Specifically, we aim at the level density of the
SD well, the competition between E1 and E2 strengths
of SD states, and the damping width of the rotational
SD decay. The method works well and promises some
predictive power, which in the present letter is tested
in the case of the SD nucleus '*?Dy.

The data set was collected with the EUROGAM 11
array in Strasbourg [ 14]. Excited states in '*Eu were
populated using the reaction '’Pd(3"Cl, 4n)'**Eu, at
a beam energy of 160 MeV. The ''°Pd target was en-
riched to 98.6% and consisted of a stack of there thin
foils with a total thickness of 1.1 mg/cm?. With a trig-
ger requirement of seven or more y-rays in prompt co-
incidence (before Compton suppression), Funsupp > 7,
a total of 1.8 x 10° Compton-suppressed events with
an average fold of 4.4 was collected.

Spectra, four-fold gated on all possible clean transi-
tions of the SD band, were sorted with high resolution
(0.5 keV/ch), unfolded and background subtracted,
resulting in the spectra shown in Fig. 1(a). Apart from
the regularly spaced transitions of the SI} band, and
the transitions of the ND yrast in coincidence with the
SD band, an excess of intensity can clearly be seen in
the energy region 1250-1750 keV. The total average
multiplicity of the SD gated, background subtracted
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Fig. 1. (a) Quadruple-gated spectrum on the SD band of '“*Eu,
and corresponding background (underlying distribution), obtained
with the EUROGAM Il array | 14]. (b) The background subtracted
spectrum of (a), after removal of the SD band and the resolved
ND low-lying yrast lines. The El statistical decay-out and feeding
components (parametrized by Eqs. (1) and (2)) are also given,
together with their sum (solid line). By subtracting these statistical
components from the experimental spectrum, the spectrum in (¢)
is obtained. A Gaussian fit of the “small” bump, already visible in
(a) and (b), is shown by the dashed line. The relative intensity of
the SD yrast, normalized to 100%, the corresponding differential
feeding df (bars), and the Gaussian fit of the bump (solid line)
are given in (d). The bump (shifted down 150 keV corresponding
to ~ 2.5 E2 transitions in the SD well [7]) is well produced
by smearing each contribution to df by a Gaussian function with
FWHM == 150 keV, normalized to 2.5 transitions. A much wider
distribution is found using a FWHM =~ 400 keV.
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spectrum is 34(£3.4). The major part of the transi-
tions can readily be recognized as belonging to the SD
yrast band or as low-lying ND transitions. Subtract-
ing these known transitions, one arrives at the spec-
trum of Fig. 1(b), with a multiplicity of 12(+1.2).
The tail of the spectrum must contain the statistical
transitions preceding the decay along the SD band,
as well as statistical transitions of the decay-out of
the SD band. Due to the high angular momentum at
the decay-out in '**Eu, we expect weaker pairing than
at the decay-out in the mass 190 region, and thus a
rather smooth decay-out spectrum [15] compared to
the quasi-continuum bump earlier observed in '*?Hg
[16]. The smooth decay-out spectrum can be approx-
imated by the expression

a E 17/E,\2 1/E,\?
SEow= 51+ 55 +5(75) +5(52) ]
Eoe=15it+7 T2 70) T6 T
E
X ex (— 7) 1
P\ Tow

where we use the standard choice of the level density
parameter a = A/10 = 14.3. With reference to [13]
we adopt the value Uy, = 3.6 MeV for the SD en-
ergy at the decay out yielding a temperature 7, =
Usut/a = 0.50 MeV,
The statistical feeding spectrum may be parame-
trized as

S(Ey)feed'_' %(S(Ey)lower‘{"s(Ey)upper) (2)

with Tiower = 0.40 MeV and Tpper = 0.63 MeV, which
correspond to the low and high temperature at the
FWHM of a Gaussian distribution centered at (U) =
4 MeV. These two spectra, as well as their sum are
displayed in Fig. 1(b). One sees that they account
well for the tail of the spectrum. Integrating the spec-
trum parametrized by Eq. (1), one gets the multiplic-
ity M, = (2a /a5) - Tow. In the present case we calcu-
late M gecay-our = 2.86 and Mgeeq = 2.95.

Carrying out the subtraction of the parametrized
feeding and decay spectra from the experimental
spectrum of Fig. 1(b), the spectrum in Fig. 1(c)
emerges, counting a multiplicity of 6. Due to the
uncertainties caused by the background subtraction,
this spectrum shows strong fluctuations. In addition,
below 1000 keV the spectrum is dominated by pos-
itive spikes, which we believe are due to unresolved
low-lying ND-lines. However, the most pronounced

feature in Fig. 1(c) is the “small” bump centered at
about 1500 keV. This is excess of intensity already
visible in Fig. 1(a). The dashed line in Fig. 1(c)
shows a Gaussian fit to the bump with a centroid at ~
1520 keV and a FWHM of =~ 440 keV. This location
and shape are well in accordance with the intense SD
continuum bump observed earlier in the NORDBALL
data [7]. suggesting that the “small” bump consists
of SD damped transitions preceding the transitions
along the SD yrast band. Due to lack of statistics,
the E2 SD character of the transitions populating
the “small” bump could not be further confirmed by
angular distribution and lifetime analysis.

Fig. 1(d) shows the relative intensity of the SD yrast
(circles), together with the Gaussian fit of the “small”
bump (solid line), as measured in the present EU-
ROGAM II experiment. The multiplicity of the bump
is 2.5(£0.5), which indicates that there could be on
the average 2.5 E2 transitions in the damped SD con-
tinuum before feeding into the SD band occurs. This
can be related to the differential feeding df of the yrast
band, i.e. to the intensity collected into the SD band at
each step { — (/—2), shown by bars in Fig. 1(d). If
the “small” bump is shifted down 150 keV in energy,
corresponding experimentally to = 2.5 SD E2 transi-
tions [7], a good match with the centroid of the df
distribution is found. Furthermore, by smearing each
I — (I-2) contribution of the differential feeding by
a Gaussian function witha FWHM=: 150 keV, normal-
ized to 2.5 transitions, the width of the “small” bump
is reproduced very well (dashed line in Fig. 1(d)),
whereas a FWHM of 400 keV yields too wide a dis-
tribution. This points to a rotational damping width
150 < Mot < 400 keV.

The y-rays generating the components of the spec-
tra displayed in Fig. 1 are emitted during the different
phases of the cascades which contain the SD band.
First comes the E1 feeding, interspersed with the E2’s
of the small bump, then the long chain of transitions
along the band, terminated by the decay-out E1 cas-
cade, and finally the decay among low lying ND states.
In this way, the analysis of Fig. 1 follows the previous
one in '*’Hg by Henry et al. [16]. The rather high
angular momentum at which the decay-out occurs, as
well as the supposedly more smooth E1 spectrum of
the decay-out cascade make the components of the
3By cascade less well separated in transition energy
than those of 1°2Hg.
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Table 1

Summary of the main parameters used in the simulation calculations of the decay flow of “*Eu (see also the text)

Parameter ND States SD States Ref.

a 10 18.6 [22,21]

Uy 1 MeV 2 MeV [28,6,21|

Trot 250 keV 150 keV [29] and this work
B (E2) 30 W.U. 1400 W.U. [30,31.7]

Im? (FWHM) 55(15)h2 Mev ! 60(5) k> MeV~! 171

EGpR 16/17/15 MeV 9/19/19 MeV [17]

I'GDR,i 4/5/4 MeV 3/6/6 MeV [17]

111 0.15 0.15 118-20]

To address this uncertainty in the separation of com-
ponents, and to establish a consistent picture of the
cascades, we apply schematic Monte Carlo simula-
tion calculations, used earlier to describe the popula-
tion and decay of the SD band in 32Dy [3-10]. The
model is based on level densities of both ND and SD
states, together with E1 statistical and E2 rotational
decay matrix elements characteristic of the two de-
formed shapes. The two deformations are separated
by a barrier, the tunnelling through which allows SD
and ND states to mix and the cascades to choose sto-
castically between transitions of SD and ND pature,
especially at high angular momentum. The tunnelling
is also responsible for the decay-out of the SD band.

The statistical E1 strength entering into the simula-
tions is described as the tail of the giant dipole reso-
nance (GDR), with centroid Egpr; and width I'gpr ;
given in Table 1 for each component of the vibra-
tional motion, scaled from the calculation of '*?Dy
[17]. In order to reproduce the absolute intensity of
both ND and SD yrast lines a large hindrance factor
(HI = 0.15) has been applied to the El feeding, as
also inferred in investigations of the feeding into the
yrast band in normal deformed nuclei [ 18-20]. The
rotational E2 strengths are simply determined by the
deformed shapes, with a spread of the B(E2) strength
over an energy interval given by the rotational damp-
ing width T, for excitation energy above Uy (average
energy for the onset of damping). The non-statistical
transitions of the ND well are simply treated as rota-
tional transitions of low deformation, although '**Eu
is nearly spherical at low spin. It turns out that the
present analysis is not so sensitive to the choise of the
B(E2) strength in the ND well.

As a difference from the original simulations, the

level density in the SD well is here taken from the
cranking+band mixing calculations of Ref. [21] (cor-
responding roughly to a level density parameter agp =
A/18.6), while the ND states are described by the
Fermi-gas expression discussed in Ref. [22], with a
level density parameter and anp = A/ 10.

The entry distribution in angular momentum and en-
ergy to the y-cascades remains to be specified. The en-
try excitation energy above yrast is taken as a Gaussian
distribution centered at (U) = 4 MeV with FWHM =
3.5 MeV. This corresponds to the effective tempera-
ture T = 0.5 MeV of the statistical E1 tail of the ex-
perimental spectra of '43Eu, gated on ND yrast transi-
tions. The entry angular momentum distribution is cal-
culated in two steps. First, the fusion cross section for
the reaction 3’Cl +!'9Pd is calculated with a recently
developed heavy-ion collision model [23]. According
to this model, up to around 68 units of & are brought
into the compound nucleus. Secondly, the neutron cas-
cades are calculated by Monte Carlo simulation [24].
The resulting angular momentum distribution for en-
try into the y-cascades is centered around 50h.

A rather sensitive test of the simulations is furnished
by the gating on different total y folds of the previous
NORDBALL spectra [7]. This is illustrated in Fig. 2.
To obtain an equivalent gating condition for the sim-
ulated spectra, a response function relating the multi-
plicity M, to fold, with the measured total efficiency
€par, = 0.7, is applied. Simulated spectra displaying
SD damped E2 transitions in the second well, labelled
by the average multiplicity resulting from the same
fold selection as for the experimental data, are shown
in Fig. 2(c). Itis clearly seen that the “moving bump”
observed experimentally and earlier attributed to SD
damped transitions [ 7] is well-reproduced in the sim-
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Fig. 2. (a) Experimental spectra obtained in coincidence with
low-lying ND states of “3Eu, gated by the BaF; folds given in
the legend (NORDBALL data) [7]. The differences between the
previous spectra are shown in part (b). Simulated spectra of SD
E2 damped transitions are given in figure (c), labelled by the
corresponding average multiplicity (M) resulting from the same
fold selection as for the experimental data.

ulations by the E2 transitions in the second well, which
are mainly of damped character.

The overall results of the simulations are shown
in Fig. 3 by curves, where they are compared with
the four different quantities observed experimentally
in the second well of '**Eu, represented by symbols.
The relative intensities of the SD yrast (circles), of
the SD ridge (triangles) and the Gaussian fit of the
“small” bump (open squares) have been obtained
from the EUROGAM II data, while the intensity of
the strong E2 bump (full squares) was taken from
the NORDBALL experiment [7] at highest fold
shown in Fig. 2(b). This latter quantity could not
be extracted with EUROGAM 11, due to the absence
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Fig. 3. Comparison between experimental data and simulation
calculations of the SD flow in '*Eu. The experimental SD yrast
and ridge intensities are given by full circles and triangles, while
the intensities of the SD continuum in coincidence with the ND
states (SD-ND Bump) and in coincidence with the SD yrast
band (SD-SD Bump) are given by full and open squares. The
results of the simulations are shown by solid lines for each of
the experimental quantities. For the SD-ND bump and the SD-SD
bump the full drawn lines correspond to the E2+El contributions.
The dotted (dashed) lines correspond to calculations of the E2
damped components assuming the full lm%) value for the SD
damped transitions, or a reduction of 8§%.

of a fold selection in the array. To match the EU-
ROGAM 11 gating conditions, the simulated spectra
are weighted by a factor describing the probability
for recording each cascade with four gates on the SD
yrast band, obtained as the sum over all products of
the sets of four photopeak efficiencies used for gating.
Such a four fold gating conditions strongly empha-
sizes the cascades containing many transitions in the
SD yrast band. In addition, an “unsuppressed” gating
condition Fyaeupp, > 7 was applied for simulating the
EUROGAM I data.

Fair agreement is obtained for all quantities, except
for the ridge, which is predicted to survive further
down in energy than observed. This may simply be
due to the fact that no experimental points on the ridge
could be extracted below 1000 keV, due to the presence
of strong ND lines that obscured the ridge analysis.

Fig. 3 displays a remarkable similarity between the
“intense bump” emitted in cascades which mainly by-
pass the SD yrast band, and the “small bump”, which
precedes the SD band. At the upper edge, this results
from the very strong bias to the highest angular mo-
mentum part of the 4n channel set by both of the con-
ditions of the highest fold (for the NORDBALL data)
and the four transitions along the band (for the EU-
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ROGAM 1I data). The lower end of both bumps oc-
cur where the ND strength of the cascades starts to
dominate the decay, causing fewer E2 gamma rays of
SD type to be emitted, at the same time decreasing
the probability that the SD yrast band gets populated.
However, one should stress that the satisfactory agree-
ment between simulations and data shown in the figure
is obtained by lowering the moment of inertia ImgzD)
of the continuum transitions by 8% relative to the SD
yrast band. A narrower bump centered at lower energy
is instead calculated adopting the full value Iméé) =
65h% MeV ™' (dotted lines).

According to the simulations, the average excita-
tion energy of the cascades is approximately 3 MeV
above yrast around angular momentum 50 A, which
corresponds to the rotational transition energies at the
centroids of both the intense and small bumps. The
simulations predict that the SD yrast band is fed typi-
cally by El’s of SD origin directly from the region of
the average flow, without any emphasis on cascades
which are already colder than average. This appears to
be different from the picture of trapping in the second
well, described in Refs. [11,12].

The good general agreement obtained for four inde-
pendent components of transitions in the second well
of 'Eu suggests that the present cascade model could
have some predictive power in calculating the popu-
lation of SD structures in other nuclei. This idea was
tested on '32Dy. The calculation reproduces the in-
tensities of both the experimental SD yrast and ridge
structures [27], and also in this case predicts the ex-
istence of a rather strong SD continuum (= 30%) in
coincidence with the ND states at low spin. This cor-
respondence between the simulations for *Eu and
152Dy is caused by the rather similar level densities at
superdeformation, predicted by the cranking + band
mixing calculations of Ref. [21]. The model predicts
a narrower bump in Dy than in Eu, as a consequence
of the calculated higher crossing (= 54k) between the
ND and SD yrast lines in '*2Dy. In addition, the frac-
tion of the E2 bump in coincidence with the SD band is
estimated to be smaller, since the “small” bump scales
directly with the absolute yrast intensity. No experi-
mental evidence has been obtained so far for either the
intense SD continuum bump or for the “small” bump
of preceding transitions to the SD yrast line in '¥?Dy.

The success of the model opens the possibility of
predicting similar quantities in other nuclei with ex-

otic shapes. However, we believe that more systematic
investigations of the y-feeding of SD states in other
mass regions should open up for a more complete
picture of the feeding mechanism, including the rota-
tional damping phenomenon in the second minimum.
Such studies will benefit from the better statistics of
data obtained with more powerful instrumentation like
GAMMASPHERE or EUROBALL 111, yielding new
possibilities of obtaining precise information by set-
ting gates on selected lines.
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ral Science Research Council. EUROGAM is jointly
funded by the IN2P3 (France) and the EPSRC (UK).
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