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Giant dipole resonance built on hot rotating nuclei produced during evaporation of light particles
from the Mo compound nucleus
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High-energy giant dipole resonance (GDR) y rays were measured following the decay of the hot, rotating
compound nucleus of *¥Mo, produced at excitation energies of 124 and 261 MeV. The reaction **Ti 4 *’Ca at 300
and 600 MeV bombarding energies has been used. The data were analyzed using the statistical model Monte Carlo
code GEMINI++. It allowed extracting the giant dipole resonance parameters by fitting the high-energy y-ray
spectra. The extracted GDR widths were compared with the available data at lower excitation energy and with
theoretical predictions based on (i) The Lublin-Strasbourg drop macroscopic model, supplemented with thermal
shape fluctuations analysis, and (ii) The phonon damping model. The theoretical predictions were convoluted with
the population matrices of evaporated nuclei from the statistical model GEMINI4-+. Also a comparison with the
results of a phenomenological expression based on the existing systematics, mainly for lower temperature data,
is presented and discussed. A possible onset of a saturation of the GDR width was observed around 7 = 3 MeV.
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I. INTRODUCTION

Studying the giant dipole resonance (GDR) properties at
high temperature and increasing angular momentum can be
seen as one of the most important tools to investigate the
nuclear structure under extreme conditions. In particular,
the evolution of the GDR width with angular momentum
and temperature reflects the role played by quantal and
thermal fluctuations in the mechanism of damping of the giant
resonance [1-7].

The GDR width has been measured for several nuclei and
at various temperatures in the past. For the low-temperature
range, say, 7 < 1.5 MeV, where in some cases shell effects
play an important role, many results are available (see, e.g.,
[8—11]). Results show that at low excitation energies the GDR
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width is nearly constant, whereas above a certain “critical”
temperature, an increase is observed. This observation is rather
systematic and rather well described by calculations taking
into account not only the thermal shape fluctuations and shell
corrections but also the quadrupole moment induced by the
GDR at low temperatures. For the highest temperature region,
up to about 3.7 MeV, the latest results on the 132Ce nucleus
show an almost linear increase of the GDR width as a function
of temperature [12].

The observed dependence of the GDR width on the nuclear
temperature was found to be mainly due to the increase in
nuclear deformation and, at the higher temperatures (above
2.5 MeV), also due to the lifetime of the compound nucleus.
In addition, it was shown that it is very important to properly
evaluate the excitation energy of the compound nucleus since
pre-equilibrium processes may occur at high bombarding
energies [13]. Exclusive measurements were also made to
address the problem of isospin mixing for A = 80 nuclei [14].
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It is clear from the present knowledge that more studies of
the GDR properties at high temperature in a wide mass range
are necessary to test predictions of damping mechanisms in a
more comprehensive way. These studies should be based on
exclusive and rather complete measurements which include,
in addition to y rays, the detection of the recoiling residual
nuclei and emitted particles.

The present article reports on an exclusive experiment per-
formed to measure the GDR width of the ¥*Mo nucleus at high
temperatures. The fusion-evaporation reaction **Ti 4+ “°Ca
was used and the experimental setup allowed the detection of
the recoiling residual nuclei and the charged particles together
with high-energy y rays. For Mo isotopes, the GDR width
data exist already in the literature at lower temperatures. The
results presented here are essential to give a more complete
picture of the behavior of the GDR width as a function of the
nuclear temperature and of GDR damping mechanisms.

II. EXPERIMENT

The decay of compound %Mo nuclei was measured in
an experiment performed at the TANDEM+-ALPI accelerator
of Legnaro National Laboratories, Legnaro, Italy. Beams of
“Ti jons with bombarding energies of 300 and 600 MeV
in the laboratory system impinged on a 500 pg/cm? *°Ca
target. The beam was pulsed by the bunching system and
the time between ca. 1 ns wide bunches was 200 ns. The
compound nuclei (CN) were produced at excitation energies
of 124 and 261 MeV, corresponding to the maximal CN
temperature of 3.2 and 4.8 MeV, respectively. The fusion
cross section, calculated with the Bass model [15,16] was 1.32
barns at a bombarding energy of 300 MeV, and 0.75 barns
at 600 MeV. The maximum values of the transferred angular
momentum reached, respectively 787 and 84h, both values
exceeding the value of 644 corresponding to the spin at which
the fission barrier of %Mo vanishes. The relevant reaction
parameters, such as the fusion cross section, cross section for
the evaporation residues, CN velocity, excitation energy, and
temperature for both beam energies, are listed in Table 1.

A combination of three detector systems was employed dur-
ing this experiment (see Fig. 1). The GARFIELD array [17,18]
was used to detect light charged particles (LCP) and light
reaction fragments whereas the HECTOR setup [19] detected
high-energy y rays. Finally, a set of phoswich detectors [20]
was employed to detect the charged nuclear products in a

TABLE 1. Parameters of the **Ti 4+ *“’Ca reaction, where E?,,
denotes beam energy; ven/c: velocity of compound nucleus divided
by speed of light; CN E: CN excitation energy; T % : maximum
CN temperature; oy, : cross-section for fusion; ogg: cross-section for
the evaporation residues; and /,,,«: the maximum angular momentum
brought to the nucleus.

EIZZAB ch/C CN Ex TCT?\?X Ofus OER % lmax
(MeV) (%) MeV) (MeV) (barn) (barn) (%) (h)
300 6.27 123.8 32 1.32 0.53 40 78
600 8.91 260.7 4.8 0.76 0.15 20 84
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FIG. 1. Schematic view of the experimental setup in the
BTi +4Ca — Mo* experiment.

very broad mass area, ranging from light charged particles to
evaporation residues (ER).

The GARFIELD array is composed of a drift chamber
divided azimuthally into 24 sectors, each of them consisting of
8 AE-E telescopes. The CsI(T1) scintillation crystals placed in
the same gas volume, are used to measure the total energy (E)
of the light charged particles (LCP). During experiment, the
forward part of the GARFIELD apparatus was used, covering
0 =29° to 6 = 82° and 2x in ¢ angles. Figure 2 shows the
fast and slow components from the CsI(Tl) detectors which
were used to select alpha and proton decays.

The HECTOR array consisting of 8 large volume
(14.5 x17 cm) BaF, scintillation crystals was placed at
backward angles (® from 125° to 160°) with respect to the
beam direction. The detectors were positioned inside of the
GARFIELD vacuum chamber at a distance of 30 cm from the
target. This distance was chosen as a compromise between
detection efficiency and a sufficiently long flight path for
the neutron discrimination via the time-of-flight method. The
energy calibration of the BaF, scintillators was performed
using '¥'Cs, ®Co, and **Y sources for the low-energy
interval, and 15.1 MeV y rays from the "B +?H — 2C+n
reaction at 19 MeV. During the experiment, the electronic
threshold was set at a value corresponding to the y rays of 4.5
MeV and thus the rejection of low-energy y rays reduced the
dead-time of the data acquisition system.

The phoswich detectors consisted of two layers of 180 um
and 5 mm thick plastic scintillators backed by a 4 cm thick
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FIG. 2. (Color online) Correlations between the fast and slow
components of CsI(T1) scintillation signal. The 2D plot shows a very
good separation of protons and alpha-particle event distributions. The
data are from the **Ti + “°Ca reaction at the bombarding energy of
300 MeV.
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FIG. 3. (Color online) Angular distribution (in the laboratory) of
the evaporation residues at 300 MeV (red) and 600 MeV (black)
beam energy. Dashed lines represent emitted residues (GEMINI+-+
calculations), while continuous lines correspond to the residues which
fulfill experimental detection conditions (GEMINI4-+ calculations
with event-by-event filtering when residue is entering phoswich
detectors).

CsI(TI) crystal. For each phoswich three energy related signals
were obtained: gA dentoes the fastest light components from
the three scintillator layers, gB the light of the second
plastic layer and part of light emitted by CsI(Tl), and gC
the light emitted by CsI(Tl). The phoswich detectors were
positioned around the beam at forward angles (® from 5°
to 13°, corresponding to 0.1 sr) at 16 cm distance from
the target. Figure 3 shows selected regions of the angular
distributions of evaporation residues produced in the reactions
considered in this paper. As the limited angular acceptance
of the evaporation residua might distorted the spectra of
emitted charged particles, in all subsequent statistical model
calculations such experimental conditions were taken into
account.

The evaporation-residue selection was done by gating on
the gA energy and on the time of flight (ToF) of the residues
(see Fig. 4, top) obtained in respect to the RF signal from the
beam bunching system. Time 0 has been fixed as the time when
beam hits the target, based on elastic scattering and known
geometry of the detectors. The correctness of the evaporation
residue selection was checked by inspecting Fig. 4, bottom,
which shows the y-ray energy registered by HECTOR versus
the time of flight of the heavy fragments. High-energy y rays
(E, > 10 MeV) were observed in the events corresponding
to the emission from the evaporation residues (ToF interval
between 70 and 110 ns). The total residue detection efficiency,
after taking into account the solid angle (Fig. 3) and gating
conditions (Fig. 4) was ca. 12%.

All analyzed data were collected with the logical condition
of coincidence: [OR of signals from phoswich detectors] AND
[OR of signals above threshold from HECTOR array]. An
additional gate was used to remove the neutron events in the
y-ray spectra. This gate was set on the time of flight (ToF)
measured with the BaF, HECTOR detectors in respect to the

PHYSICAL REVIEW C 91, 054313 (2015)

1400

3 1200

dA [arb. units]

1000

800

600

Q
©
Q
=

400
200—

24
22
20
18
16
14
12
10

(b) s e - -

Ey [MeV]

=
(=]
N

| IILIIIII 1 Illllm

-
o

|IIIIIIl|II||III|III|III|I|I|I|I|III|I

o

20

TOF [ns]

FIG. 4. (Color online) (a) 2D plot of the gA parameter (AE
energy deposit) and ToF (time of flight) dependence for one of the
32 phoswich detectors, with indicated regions for different reaction
products [e.g., particles, evaporation residues, fission fragments (f)f,
quasifission fragments (qf), etc.]. (b) 2D plot of the y -ray energy (E, )
in HECTOR versus the ToF for heavy fragments in the phoswich
detector. The data are for the 300 MeV reaction.

RF signal from the bunching system. Here time 0 was set as
the time of arrival of the prompt gamma rays from the target
to the detector. An example of such a ToF spectrum measured
at the beam energy of 300 MeV is shown in Fig. 5.

As it can clearly be seen from the figure, neutrons arrive
a few ns after the y rays. Additionally, the contributions of
the Bremsstrahlung and cosmic rays were subtracted from the
y-ray spectrum. This contribution was estimated by fitting
the exponential functions to the y-ray energy spectra over the
interval of 30-35 MeV. In Fig. 6, y-ray spectra, before and
after the application of these gates are presented, as described
above.

In addition to the high-energy y-rays, the energy of the
charged particles was measured. A careful analysis of the
evaporated light charged particles (LCP) together with a
comparison to the statistical model GEMINI++ of [21] is
reported in a specifically devoted article [22]. For the current
analysis, the output of GEMINI++ Monte Carlo statistical
model calculations (described in the next chapter) was sorted
using the same conditions as for sorting the experimental data.

All the conditions characterizing the experimental data
were taken into account in the calculations, including the
experimental acceptances of the GARFIELD and phoswich
detectors. Such requirements enable the normalization of the
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FIG. 5. Time-of-flight (ToF) spectrum for the HECTOR detec-
tors, measured for the “*Ti + “°Ca reaction, at the beam energy of
300 MeV. Dashed lines define the gating region for y-ray selection.

LCP spectra, the measured and the calculated ones, using the
number of registered particles. The experimental spectra, as
shown in Fig. 7, are in a rather good agreement with the
statistical model calculations. Only in the case of the alpha
spectrum for the 600 MeV bombarding energy one finds a
discrepancy which might be attributed to a smaller detector
efficiency at highest energies of the « particles. Figure 7
demonstrates that the statistical evaporation code GEMINI++
is capable of describing the charged-particle emission even at
the very high excitation energies considered here.

Let us emphasize at this point that the detection of the LCP
(protons and « particles) is important because it may provide a
signal of a possible contribution of pre-equilibrium emission.
Such a contribution would be visible as an additional high-
energy shoulder in the energy spectra (see Fig. 1 in Ref. [12]). If
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FIG. 6. (Color online) Measured y-ray energy-spectra obtained
while gating on the HECTOR ToF (full squares) and on the residues
after subtracting the cosmic-ray and Bremsstrahlung contributions
(open circles); (a) 300 MeV data, (b) 600 MeV data.
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FIG. 7. (Color online) The experimental alpha-particle (left) and
proton (right) energy spectra for the beam energies of 300 MeV
(top) and 600 MeV (bottom); full circles. They correspond to
measurements with the detectors placed at the mean angle of 6 =
47°. The full lines show the results of the statistical code GEMINI++
model calculations.

such contribution is present, the fusion is not complete and the
formed system is not produced at the expected values of spin
and excitation energy. Our study demonstrated that the pre-
equilibrium is almost absent even at the highest bombarding
energy for our reaction [23] and this is in fair agreement with
previously established systematics for almost mass-symmetric
systems [24]. Therefore for the subsequent statistical model
analysis of the high-energy y -ray spectra it was assumed that
the compound nucleus is formed at the full excitation energy
reached in the complete fusion reaction.

III. STATISTICAL MODEL ANALYSIS

The experimental high-energy y-ray spectra, measured in
coincidence with the evaporation residues, result from the
gamma emission that occurs at several steps in the decay
cascade, i.e., they are emitted not only by the compound
nucleus, but by many evaporation daughter nuclei at various
temperatures and spins. Therefore one has to note, that the
information extracted from such spectra will be averaged over
whole fusion-evaporation process. In what follows we refer to
the corresponding averaged spectra as effective.

To obtain the effective giant dipole resonance character-
istics such as the centroid energy Egpg, the strength S, and
the width I'gpgR, the high-energy y-ray spectra were analyzed
in the conventional way [3-6], namely with the help of the
statistical model. In the present studies, the statistical code
GEMINI+-+ with an option allowing to treat explicitly the GDR
emission [25] was employed for the first time for such an
analysis.

The GEMINI++- is a Monte Carlo code, producing event-by-
event data, which can be sorted out in various distinct ways.
It allows to obtain in particular the population matrices of the
nuclei created in the evaporation process. These matrices can
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FIG. 8. (Color online) Left panel: The population matrices, calculated using the GEMINI4-+ code, of all nuclei through which the evaporation
process of %Mo proceeds, with an imposed condition that in the evaporation chain the residuum is reached. Two-dimensional spectra show
the numbers of such nuclei at any given spin and temperature in a logarithmic scale for the reactions (a) at 300 MeV and (b) at 600 MeV. Right
panel: Analogous to the left panel, but with an additional condition: Only the nuclei emitting a y ray with E, > 11 MeV (i.e., from the GDR

decay) are considered.

be represented as functions of the nuclear spin and temperature
(see below) with different conditions superposed (see Fig. 8).
When the compound nucleus is formed at very high excitation
energies, it de-excites via multiple emissions of neutrons and
charged particles. This implies that the average temperature
and spin after each evaporation event are much lower then
their original values for the compound nucleus (see Table II).
One can also notice that the average angular momentum for
the compound nucleus is somewhat lower for 600 MeV case
than for the 300 MeV. This reflects the growing effect of the
fission process with increasing excitation energy.

The y decay of the GDR is possible at each step of the
evaporation process, i.e., from nuclei characterized by different

TABLE II. Parameters of the **Ti + *’Ca reaction calculated
by GEMINI4+ with experimental conditions imposed. Meaning of
symbols: E?,: beam energy; (Tcy): mean CN temperature; (Tiy):
mean temperature of nuclei in the evaporation process after the
emission of GDR y ray; (lcn): mean CN angular momentum; (/gy):
mean angular momentum of nuclei in the evaporation process after
emission of the GDR y ray; (N) and (Z): mean N and Z of nuclei
in the evaporation process emitting GDR y ray.

El\s (Ten) (Tev) {len) {lev) (N) (Z)
(MeV) (MeV) (MeV) (h) (h)

300 3 2.0 43 24 45 40
600 4.5 3.1 41 20 44 36

temperatures and spins; for illustration see panels (c) and (d)
in Fig. 8.

The evaporation process in the GEMINI++ code is described
by the Hauser-Feschbach formalism [26], in which the decay
width for the evaporation of an i th particle from the compound
nucleus, with an excitation energy of E* and spin scy, is given
by the expression

1
~ 2wp(E*,scN)

J+s;i

ScN+S4
X fde Z Z Z Ti(e)p(E* — B; — €,59).

Sd—OJ ‘SCN Sd|l ‘J S,
e))

Above, s; is the spin of the daughter nucleus, s;, J, and ¢
are, respectively, the spin, the total momentum, and the orbital
momentum of the evaporated particle, € and B; are kinetic and
separation energies, 7, are transmission coefficients, and p
and pcn are level densities of the daughter and compound
nuclei, respectively. They have been calculated using the
expression [21]

25+ 1)
+ US403)a(U,s)

exp(2y/a(U,s)U),

)

where 0 = +/JT, with J being a moment of inertia of a rigid
body with the same density as the nucleus. In this context the

U, =
p(U.5) 24/2(1
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T is the nuclear temperature defined as

L_95 s o /aUmU, 3)

—=— <
T dU

where S stands for the nuclear entropy, and where
U=E"—Eq(s)+3P+38W “)

is the thermal excitation energy, calculated taking into account
the pairing § P and the shell corrections §W to the empirical
mass formula. Finally, E;.(s) denotes the rotational energy
of the nucleus, here taken in the form of the rotating liquid
drop model energy expression with the rigid-body moment of
inertia.

The level density parameter a(U,s) was parametrized after
Ref. [21] as

~ oW
a(U,s):a(U)(l —h(U/n+s/s,7)7>, 5)

where §W is the shell correction to the liquid-drop mass and
a is the smoothed level-density parameter (see below). The
separation energies B;, nuclear masses, and shell and pairing
corrections were taken from Ref. [27]. The function specifying
the rate of fadeout is 4(x) = tanh x, with fadeout parameters
n = 18.52 [28] and s, = 50Ah [21].

The smoothed level density parametrization depends on
the nuclear excitation energy according to the following
phenomenological relation:

A
koo — (koo — ko) exp (-5 %)

including the set of parameters ky = 7.3 MeV, ko, = 12 MeV,
and k¥ = 0.005 17 exp(0.0345A), which were taken from [21].
However, for the mass region below A = 100 the dependence
on nuclear excitation energy is small [21]. In the case of the
experimental data of interest here, i.e. for masses of the studied
nuclei and excitation energy U up to 260 MeV, the values of
a lie in the range from % to % MeV~L.

The effective GDR strength function was extracted from the
data in the following way. First, we introduce the trial GDR
strength function L(E,) which is defined as the sum of three
Lorentz-form components as follows:

al) = (6)

SkEf, I
E})’ + E2r}

3
L(E,)) = @)
’ ; (E5 -

with adjustable parameters Ey, Sy, and I'y, for k = 1,2,3. This
expression was inserted into the GEMINI++ code, and the
whole evaporation process was simulated in the event-by-event
mode.

In the calculations the compound nucleus angular momen-
tum distribution was based on the Bass prescription [15,16].
The charged-particle and y -ray events generated by the statisti-
cal code were subsequently sorted using the same conditions as
in the experiment (i.e., by selecting only such events in which
residual nuclei were emitted to the solid angles covered by the
detectors). The first iteration of the model y -ray spectrum was
obtained using certain starting-value parameters in the energy
interval from 8 to 24 MeV, compared with the experimental
one, and the corresponding X2 value was calculated. Then,

PHYSICAL REVIEW C 91, 054313 (2015)

TABLE III. The best fit GDR parameters: centroid Ej, width I',
and strength S; adjusted to the experimental data on the decay of
%Mo formed in the reaction “*Ti + “°Ca at beam energies of 300
and 600 MeV.

Eb., Er (MeV) T, (MeV) S

300 MeV 102 £+ 1.3 45+ 1.1 0.05 & 0.02
14.7 £ 0.4 8.0+ 03 0.92 £ 0.03
202 + 0.4 11.0 £ 1.3 0.22 £ 0.03

600 MeV 9.8 + 0.5 44+ 14 0.09 + 0.03
14.7 £ 02 7408 0.52 £ 0.03
202 £ 0.5 9419 0.19 & 0.04

a new trial GDR function was inserted and new spectrum
calculated, and again compared with the experimental one.
In such an iterative process, adjusting the values of the GDR
parameters in order to match the experimental spectra in the
GDR region, the best XZ fit was obtained.

The best-fit values are reported in Table III for the two
bombarding energies studied here. The high-energy y-ray
spectra, the experimental one and the one fitted with the
statistical model, normalized at 8 MeV, are presented in Fig. 9,
showing an overall good agreement.

To illustrate the yield of the GDR and the quality of the
GEMINI++- fit on a linear scale, the experimental spectra were
converted to the GDR strength functions, Ye,(E, ), using the
method described in Ref. [29], i.e., by dividing the experimen-
tal spectrum by the calculated one, and multiplying by the best
fit GDR strength function L(E,). The corresponding results
are illustrated in Fig. 10, where also the best-fit GDR strength
function, L(E,) with three components, is shown.

The effective values of the I'gpr widths obtained (for
both experimental data sets) as the FWHM best fit of the
single Lorentz function, as well as the experimental strength

b _ b _
10" E’ o= 300 MeV | E’ 5= 600 MeV/|
“Ti + “ca “Ti + “Cca
4 B experiment B experiment
107 GEMINI++ 3 GEMINI++
]
S10°t !
)
(3]
10%; L
10"} L

5 10 15 20 25 5 10 15 20 25 30

Ev [MeV]
FIG. 9. (Color online) A comparison of the y-ray spectra from

the *Ti 4+ “°Ca reaction, at the beam energies of 300 and 600 MeV,
with the results of the GEMINI++ fit (see text).
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FIG. 10. (Color online) The experimental, Y.,(E, ), and fitted,
L(E,), GDR strength functions for (a) 300 and (b) 600 MeV beam
energies.

functions of Fig. 10, were used in the following discussions and
comparisons with theoretical models. The deduced values of
the effective GDR energies (centroids), GDR widths (FWHM),
and the total GDR strength functions (being sum of strength
functions for individual GDR components) for the data at the
beam energies 300 and 600 MeV are given in Table IV. The
extracted values of the Sgpr are 1.19(5) and 0.80(5) for 300
and 600 MeV, respectively. The noticeable smaller value for
600 MeV (what corresponds to 261 MeV excitation energy
of the %Mo CN) might support the hypothesis and recent
findings of the onset of the GDR strength quenching at high
excitation energy (see [30-32] and references therein).

The average temperature of nuclei, in which the GDR is
excited and gives the contributions to the measured y spectra,
is lower than the temperature of the compound nucleus. The
values of the nuclear temperature corresponding to the GDR
emitting system are estimated (see Ref. [21]) at each decay

TABLE IV. GDR centroid energies Egpr, effective widths I'gpr,
and total strengths Sgpg for the decay of *¥Mo.

Efpp Egpr (MeV) Topr (MeV) Sepr
300 MeV 149 + 0.2 99 + 0.7 1.19(5)
600 MeV 147 £ 0.2 10.3 +£ 0.9 0.80(5)
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FIG. 11. (Color online) Distribution of the nuclei in the evapo-
ration process as functions of the nuclear temperature reached after
the y decay and the emitted y-ray energy; calculated with the code
GEMINI++ for the data at the beam energies of (a) 300 MeV and
(b) 600 MeV.

step using the expression

T = [(U — Egpr)/a(U.9)]", (8)

where Egpr is the energy of the emitted y ray.

The GEMINI++ code allows us to examine the decay
process of compound nuclei at each decay step, and to obtain
several quantities useful for the experimental data analysis. For
example the events produced by the GEMINI4-+ code can be
sorted out into another population matrix, as a function of the
y-ray energy and temperature of the nucleus after y emission.
Such population distributions obtained for both data sets are
shown in Fig. 11 and can be an important help in estimating the
average temperature and the range of temperatures of nuclei,
on which the GDR is built.

Examining the results in Fig. 11 brings us to the conclusion
that the most significant part of the 2D spectra corresponds to
the temperatures below 1.2 MeV and thus that the spectrum
in question originates mainly from the statistical y rays
emitted below the particle threshold. The contribution from
this radiation is important up to 11 MeV, and above this energy
we have the y rays exclusively from the decay of the GDR.
Therefore to estimate the distributions of the temperatures
involved in the GDR decay only the events with £, > 11 MeV
were considered.

The temperature distributions attributed to the GDR emis-
sion, namely corresponding to the y-ray energies E, >
11 MeV, are plotted in Fig. 12. As the effective temperature,
characteristic of the evaporation process at given bombard-
ing energy, the average temperature of the distribution is
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FIG. 12. (Color online) Temperature distributions of the number
of nuclei after the GDR emission. The calculations were performed
using the GEMINIH+ code with experimental conditions imposed (see
the text for details). The blue (dotted) and red (solid) histograms
represent the data at the beam energies of 300 and 600 MeV,
respectively. The vertical solid lines indicate the average values
of the distributions. The dashed and dot-dashed vertical lines
show corresponding quartiles used for estimation of temperature
uncertainties.
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FIG. 13. (Color online) Average mass (A) (z axis) of a nucleus
emitting GDR y rays during the decay of the *Mo compound
nucleus produced at (a) 300 MeV and (b) 600 MeV beam energies
as functions of temperature and spin. Calculations were performed
using the statistical code GEMINI++-.
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taken, with the error estimated as lower and upper quartiles.
In this way the obtained effective temperatures at the beam
energies of 300 and 600 MeV are (Tgy) = 2.0707 and 3.170§
MeYV, respectively. These values were subsequently used for
comparisons with models and other experimental results.

Another useful piece of information that can be extracted
from the data produced by the GEMINI4-4- code can be obtained
in the form of the population matrices of the average nuclear
mass (A) at a given temperature and spin after the decay
through the GDR y emission. Those matrices are obtained
by employing the experimental conditions; in the present case
the coincidence between evaporation residue and the GDR y
emission. Examples are presented in Fig. 13.

The mean angular momentum for the decaying nuclei
emitting GDR y rays obtained using the GEMINI4+ simu-
lations was 24h and 207 for the beam energies of 300 and
600 MeV, respectively (see Table II). These values are much
lower, as compared to the average angular momentum of
the compound nuclei of 8Mo, estimated to be 43A for the
data at a beam energy of 300 MeV and 41/ for 600 MeV.
These differences can be attributed to considerable amounts
of angular momentum removed by the light particles during
the evaporation process.

IV. MODELING THE EFFECTIVE GDR
STRENGTH FUNCTION

In order to interpret the experimental information on the
GDR strength functions and on the effective GDR widths,
theoretical approaches using two distinct techniques of mod-
eling the giant resonance were employed. The first one is
based on the recent version of the liquid drop model, LSD, see
Refs. [33,34], supplemented with the thermal shape fluctuation
method (TEM) in the realization analogous to the one discussed
in [6] and [35], whereas the other one is the phonon damping
model (PDM) of [36].

A. Lublin-Strasbourg drop model and thermal shape
fluctuations

The properties of the nuclear GDR behavior at high
temperatures and spins can be simulated using the nuclear
mean-field theory in its various realizations together with the
TFM approach just mentioned. Here we follow closely [6,35],
see also [37,38], certain applications of this approach can be
found in the articles [39-43].

Within the nuclear mean-field theory one controls directly
the nuclear-shape degrees of freedom either through the
expected values of the multipole moments,as in the case of the
self-consistent theories, or more directly through the imposed
shapes of the nuclear surface, as in the case of the macroscopic-
microscopic methods. Of central interest here will be the
density of probability to find a given nucleus at any given
shape, for a physicist-defined temperature 7 and angular
momentum /. It can be estimated using the standard expression
from the nuclear thermodynamics:

P(a; I,T) cexp{—F(a; I, T)/kT}, )
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where o = {«;,,,} denotes the ensemble of all the deformation
parameters used within the mean-field model; for instance
A =2and u = 0 correspond to axial, and A =2 and u = 2 to
nonaxial quadrupole deformations. Above, F(«; I,T) denotes
the nuclear free energy, whereas 7T is the nuclear temperature
and k the Boltzmann constant.

The approach based on the use of the shape probability
distribution of Eq. (9) is referred to as thermal shape
Sfluctuation method (TFM). The name stresses the fact that the
varying temperature causes an evolution of the the deformation
space areas in which the system resides preferentially.

The nuclear free energy is defined as usual by

F(a;1,T)=E(a;I1)— TS, (10)

where E(a; ) denotes the nuclear energy which in our case
will be obtained within the mean-field theory and S the entropy
of the nucleus (see below). In the present context, the total
nuclear energy can be conveniently calculated using the
macroscopic-microscopic method of Strutinsky. Since, how-
ever, we are interested in this article in the nuclear states at the
relatively high temperatures of the order of 1 to 3 MeV, we will
ignore as a matter of approximation the nuclear shell and pair-
ing effects, which allows limiting the expression of the total nu-
clear energy to the macroscopic, liquid-drop-model part only.

In the present case we will employ the Lublin-Strasbourg
drop (LSD) realization of the latter, and it may be instructive
at this point to present some comments about this particular
choice; see Refs. [33,34] for details. The parameters of the
LSD model have been adjusted to the experimental data on
the nuclear masses. Introducing the surface curvature terms,
which has been an essential new element of the LSD approach,
allowed us to reduce the discrepancies between the model and
the experiment in terms of the fission barriers considerably
while using the same experimental information about the
masses (no extra fits of the model parameters to the fission
barriers have been allowed). This result demonstrates the
intrinsic correctness of the physics assumptions underlying the
surface curvature mechanism within the LSD model, as well as
that the dependence of the nuclear energy on the deformation
is well controlled within this approach. Since the shape effects
play the first-rank role in the present study, employing the LSD
model seems to be the right choice to profit from a good empir-
ical correspondence between the nuclear energies and shapes.

The LSD energy has been calculated in a five dimensional
deformation space (og,0022,040,0%60,080) and projected onto
the quadrupole, the so-called (8,y) plane with «p9 = S cosy
and ay = (B/+/2)siny. For each given spin of interest and
every (B,y) point [equivalently (oz0 — rp2) point] the total
energy, including its rotational part, Eq. (11), was minimized
over the remaining three deformations. The nuclear rotation
was treated using the classical approximation and in this way
the nuclear energy expression E(«,l) in Eq. (10) was taken
in its macroscopic-energy form depending on the nuclear
deformation and spin as follows:

2

27(a)

Above, J(a) denotes the deformation-dependent classical
moment of inertia.

E(a,I) = Emnacrola; 1) = Ersp(a) +

I(I+1). (1)
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FIG. 14. (Color online) The nuclear-shape probability distribu-
tions for ¥Mo at temperatures 7 = 1, 2, 3, and 4 MeV and spin 40A
in panels (a), (b), (c), and (d), respectively. The energy minimization
is performed over a4, @6, and agy and the results are projected onto
the (B8,y) plane.

In order to obtain the entropy, which is a necessary element
in the free-energy definition, we use the fact that we have at
our disposal the nuclear single-particle energies, here obtained
with the help of the deformed Woods-Saxon Hamiltonian with
the so-called universal parameters of Ref. [44]. Using this
information the entropy has been calculated from Eq. (4)
of Ref. [35], in which also the references to the earlier
publications are given.

The resulting probability distributions for %Mo, with the
angular momentum of 407, at various temperatures selected as
1,2, 3, and 4 MeV are presented in Fig. 14, as an example. As
it can be seen from the figure, increasing temperature implies a
flattening of the probability distributions over the (8, ) plane.

These probability distributions are used for applying the
thermal shape fluctuation method: the calculated GDR strength
functions for each set of deformation parameters § and y
are averaged over the (8,y) plane using the probabilities
as weighting factors. The deformation dependence of the
GDR strength function can be conveniently modeled using the
algorithm proposed by Nergaard [45]. Here we follow Eq. (15)
of Ref. [35] and define the quantity L(E, ,{E}; B,v;1,T),
which, apart from a slight modification in the notation, has
the interpretation of the GDR strength function built on the
nucleus with the deformation parameters (8,y), spin I, and
temperature 7'. It can be represented with the help of five
Lorentz componf:nts1 centered at the energies E; (k=1,...,5)

I'This is so because one can show that at sufficiently high spins,
for the nucleus turning about its, say, y axis, there is only one giant-
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the latter depending both on the deformation and on the spin.
The symbol {E;} means ensemble of all the five Lorentz
components so that £ depends in general on all the five of
them as well.

In the present article, the widths of the considered compo-
nents were parametrized as follows:

v = To(Ex/Ecor)’, (12)
where Iy is the GDR width at T = 0 and the GDR energy
Egpr = 18A71/3 4 25471/6, (13)

from Ref. [46], whereas § is taken as 1.9, from [47].

In this method of modeling the GDR strength function,
an essential parameter is the intrinsic width I'y. Usually it is
assumed that 'y does not depend on temperature and is equal
to the GDR width appropriate for the ground state of any given
nucleus. In what follows, I"y was chosen to be 5 MeV, because
this value is close to the experimentally known data in this
region of nuclei.

After taking the thermal shape fluctuation into account at
any given temperature and spin, one obtains a GDR strength
function Lty for the whole shape ensemble. It is defined as
the deformation probability-weighted integral of the profiles
L for each deformation set:

Lrem(Ey; 1,T)

:/P(ﬂvV;I:T)E(Eya{Ek};ﬂvV;I,T)ﬁdﬂd7/~ 4

The new quantity on the left-hand side is an effective
(deformation-averaged) GDR strength function.

Figure 15 shows the strength functions for each temperature
of Fig. 14, and for the angular momenta of I = 24h, 40h,
and 50A. The increase in temperature produces a broadening
of the GDR strength function, since various nuclear shapes
with larger and larger deformations become probable. The
splitting of the GDR strength function into two or more
components can be caused by the presence and variation of
the most probable deformations with increasing temperature
and/or spin. A typical shape variation with spin according
to which the spherical shape (at null angular momentum)
evolves to an axial-oblate one at moderate spins, next to triaxial
and to prolate ones at still increasing angular momentum
(see Refs. [39,40] for illustrations), can be accompanied by
and/or compete with analogous shape changes as a function of
increasing temperature.

The assumption that the intrinsic width Iy is the same as
for the ground state even at very high temperatures might not
be correct, as pointed out in Refs. [12,48]. Indeed, the lifetime
of the compound nucleus, as well as the lifetimes of nuclei
during the evaporation process may play an important role at

resonance frequency associated with the y-axis oscillation/phonon,
whereas there are two distinct giant resonance frequencies associated
with the x and z axes [45]. For not very high spins (not sufficiently
high rotation) the splitting just mentioned may be considered
negligible and the system of five Lorentzians can be reduced, as
an approximation, to the system of three Lorentzians only.
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FIG. 15. (Color online) The calculated GDR strength functions
at various temperatures and spins for the *¥Mo nucleus, averaged
using the shape probability distributions shown in Fig. 14, with 'y =
5 MeV.

very high temperatures, and this mechanism generally needs
to be taken into account.

In the present article, the evaporation widths ['gy, corre-
sponding to the lifetimes of compound nucleus and of nuclei
produced in the evaporation process, were calculated by the
GEMINI++ code at each decay step and they are shown in
Fig. 16, top.

Evaporation widths calculated for different temperatures
were fitted with the exponential functions of the form
Cexp(T), where C = 0.046 is a fitted parameter. The value
I'gyv(T) obtained as a result of the fit represented by the
line in Fig. 16, top, was included in the parametrization of
the intrinsic GDR width I'y(7") by adding it to the value of
I'o(T = 0) =5 MeV, which is the GDR width at Tgpr = 0.
The obtained parametrization of the intrinsic GDR width,
I'o(T) =To(T = 0) + 2I'gy, is presented in Fig. 16, bottom.
This definition was used in the thermal shape fluctuation
approach for calculations of the form of the GDR strength
functions [Eq. (14)].

The GDR strength functions modeled with the help of Ltgum,
see Eq. (14), were calculated for each temperature and spin
in the range spanned by the evaporation process as shown
in Fig. 8. Since the GDR strength function depends on the
nuclear mass [Eq. (13)], the average mass corresponding to
any given temperature and spin was calculated from the results
in Fig. 13. In order to compare them to those experimentally
extracted and shown in Fig. 10, an effective GDR strength
function was computed by convoluting Ltry functions at each
temperature and spin with the population matrices P,(I,T)
from GEMINI++ presented in Figs. 8(c) and 8(d):

Limtie(Ey) =Y Py(I,T)Lrem(Ey; LT).  (15)
1.,T
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FIG. 16. (Color online) (a) The evaporation widths I'gy calcu-
lated using the GEMINI++ code at various temperatures. (b) Intrinsic
width of the GDR: a constant I'o(T) = I'o(T = 0) = 5 MeV (dashed
line) and one dependent on the evaporation width I'gy, in the form of
I'o(T) = 5 MeV + 2I'gy (solid line).

Such an effective GDR strength functions, taking into account
both the thermal shape fluctuations at each given spin and
temperature, as well as the spin and temperature distribu-
tions implied by the fusion-evaporation process and by the
experimental conditions, have been used to compare with the
experimental ones; see Sec. V.

B. Phonon damping model

Another model used in this article is the phonon damping
model (PDM) [36,49-51] which represents the GDR width
I'(T) at a given temperature 7 as a sum

D(T) =To(T)+T'p(T) (16)

of the quantal width I'o(T") and thermal width I'r(T"). The
quantal width originates from the coupling of the GDR phonon
to the particle-hole (p-h) configurations, whereas the thermal
width arises due to the coupling of the GDR phonon to the
particle-particle (p-p), and hole-hole (h-h) configurations.

The matrix elements of these couplings are proportional to
the differences (fy — f;) where f; is the single-particle level
occupation number and the shorthand notation (s,s’) refers to
(s,s") = ph,pp’,hh'. The single-particle occupation number
fs at finite temperature 7 is described by the Fermi-Dirac
distribution

fs =1/{exp (&, —2)/T] + 1}, a7
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with the single-particle energy e, and the temperature-
dependent Fermi energy (chemical potential) A. Therefore the
quantal width does not vanish even at 7 = 0, since then f, = 1
and f, = 0. It is responsible for the spreading width of the
GDR built on the ground state, whereas the thermal width
vanishes in this case.

At non zero temperatures, the thermal width arises due
to coupling to (p-p) and (h-h) configurations. These configu-
rations appear owing to the distortion of the Fermi surface at
finite temperature, which leads to nonzero differences f,, — f,
and fjr — fi. As T increases, the differences f, — f, decrease
resulting in a slight decrease in the quantal width. On the other
hand, the differences f,, — f, and fj; — f;, increase sharply
with T atlow and moderate T to reach a plateau at high 7', then
they decrease as T increases further. This leads to a resulting
total width,that increases when the temperature increases up to
T ~ 3 MeV and reaches a plateau at around 7 > 3-4 MeV in
medium and heavy nuclei. This is how the PDM describes the
increase in the GDR width at low and moderate temperatures
and its saturation at high temperatures [36].

In the open-shell nuclei, the increase in the total width at
low temperature is compensated by including temperature-
dependent (thermal) pairing in the PDM. Because of thermal
fluctuations in finite nuclei, the pairing gap does not collapse
at the critical temperature of the superfluid-to-normal phase
transition, as is the case in infinite systems, but decreases
monotonically with increasing 7', turning the smooth Fermi
surface due to pairing at 7 = 0 toward the Heaviside step
function, hence reducing the effect of the coupling to (p-p)
and (h-h) configurations. This compensation at low 7T is the
reason why the GDR width remains insensitive to temperature
at 7 < 1 MeV in open-shell heavy nuclei. At 7 > 1 MeV, the
effect of thermal pairing becomes small or negligible so that
the GDR width starts to increase because of the increase in the
thermal width [49].

A similar mechanism holds for the GDR at finite tempera-
ture and angular momentum. To describe the noncollective
rotation of a spherical nucleus, the z projection M of the
total angular momentum 7 is added to the PDM Hamiltonian
as —y M, where y is the Lagrangian multiplier, which is
sometimes interpreted as the angular velocity or rotation
frequency in analogy to classical rotation. This rotation
frequency y and the chemical potential A are defined from
the equations for total angular momentum M (equal to / for
spherical nuclei) and particle number, respectively.

The differences of the occupations numbers in the quantal
and thermal widths now become f,j,[ - fki where

fiE = 1/lexp(BED) + 1] (18)
and
Ef =& —AFymy (19)
with (k,k") = ph,pp’,hh’, and m; are the single-particle
positive spin projections.

With the smoothing of the Dirac § function by using
the Breit-Wigner distribution, the final form of the damping
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half-width y, (E, ) is given as (see Eq. (8) of Ref. [51])

nEp = e DI
7y - WA(E, — Ef + Ep)? + &2
e = fe }
. 20
+(Ey—-Ef4—EZV-%82 20)

The GDR width at given temperature and spin is then defined
as

TEM(1,T) = 2y,(E, = Ecpr), @1

where Egpr is the GDR energy. The matrix elements of the
GDR phonon coupling are parametrized as F;ql) =JF) and

}';‘;,), = j:;(z%) = JF; (See Ref. [51] for the details of parameter
choice.) A value ¢ = 0.5 MeV for the smoothing parameter in
Eq. (20) is used in the numerical calculations.

The Lorentzian-like strength function of the GDR for a
given temperature and spin is calculated as (see, e.g., Eq. (11)
of Ref. [51])

E
L"™™NE,;1.T) = 5 Y [S(E,.Ecpr) — S(E,,—Ecpr)l,
GDR

(22)

with the Breit-Wigner-like strength function S(E,,Egpr)
defined as

1 Yq(Ey)
S(E,,EGpr) = — 1 > Y 5
T (Ey - EGDR) + [Vq(Ey)]
To compare with the experimental results, the strength function
of (22) is employed to calculate the effective GDR strength
function in the same way as in Eq. (15), namely

(23)

LI (Ey) = P,(1L.T)L™M(E, 1.T).  (24)
1,T

Thus, the GDR strength functions were averaged over all
possible spins and temperatures with the corresponding values
of the GDR strength functions LP°M(E,, ; I,T) obtained within
the PDM for the average masses. The latter were calculated by
using the distributions like the ones in Fig. 13. The population
matrices obtained from the GEMINI4-+ presented in Fig. 8,
panels (c) and (d), were employed as the weighting factors.
The analysis of numerical results carried out within the PDM
for 3¥Mo in Refs. [50,51] shows that the GDR width increases
with angular momentum at a given value of 7 < 3 MeV,
whereas it approaches a saturationat 7 >~ 3.5MeV at I > 50h.
Atlarger values of I (I > 70h) the width saturation takes place
at any value of temperature [51]. Pairing is not included in the
calculations because its effect is negligible in the range of
temperature and angular momentum considered in the present
experiment.

V. RESULTS

The experimental GDR strength functions were compared
to the theoretical predictions of the two previously described
models, i.e., the LSD model with thermal shape fluctuations
and the PDM, both convoluted with the GEMINI++ population
matrices of nuclei participating in the evaporation process;

PHYSICAL REVIEW C 91, 054313 (2015)

see Fig. 17 for illustration. Moreover, in the thermal shape
fluctuation approach the compound nucleus lifetime was also
taken into account as it might play an important role for the
decaying nuclei at the high-temperature limit.

As it can be seen from the comparisons, in general, the
effective GDR strength functions predicted by both the LSD
model with TFM and the PDM are found in rather good
agreement with the experimental data, especially when the
highest energies are concerned. For the lower energy both
approaches produce a slightly narrower GDR strength function
as compared to the experimental one.

In the case of the thermal shape fluctuation method based
on the LSD model, one can observe that the inclusion in
the intrinsic width I'y the contribution related to the lifetime
of the decaying nucleus, i.e., ' = I'o(T) = 5 MeV + 2I'gy,
has almost no effect at the energies corresponding to the
lowest considered beam energy of 300 MeV. To the contrary,
this effect becomes pronounced at the highest bombarding
energy of 600 MeV, and improves the comparison with the
experiment. The rather small effect in the changing of shape
of the GDR strength function while including ['gy is related to
the fact that the effective GDR strength function comes from
integrating over a wide range of temperature. The possible
deviations at the lower bombarding energy might be related to
the assumption that the temperature is constant in the shape
fluctuation method. Another possible reason could be that the
parameters of the LSD model, on which this modeling is based,
had no dependence on temperature included.

In the case of the effective GDR strength function obtained
within the PDM, one can observe that in general the high-
energy tail is well reproduced, both for 300 and 600 MeV
data sets. Some deviations observed at low-energy tail of the
GDR strength functions could perhaps be explained by the
Coriolis splitting, which, even though expected to be low, is
not included in the PDM calculations.

The effective GDR widths represented as the FWHM of the
experimental GDR strength functions are shown in Fig. 18,
with the vertical error bars and horizontal shaded areas indicat-
ing the temperature region spanned by the experiment. These
experimental values were found within the error bars to be
approximately the same, slightly increasing from 9.9(7) MeV
for the data corresponding to an average temperature of 2 MeV
to 10.3(9) MeV at 3.1 MeV.

The rather small dependence of the GDR width on temper-
ature found in this work is in contrast to the much stronger
dependence deduced for the '*2Ce nucleus [12]. A part of this
“saturation” effect can be associated with much higher (almost
twice) rotational frequency for the same spin in 5*Mo than in
132Ce. As a consequence, the GDR width in ¥Mo is governed
mainly by deformation effects induced by rotation (splitting of
the GDR components), which are similar at both considered
temperatures, and not so much affected by temperature effects
as in the case of '*?Ce.

In addition, the comparison to the model predictions of the
effective GDR widths, based on the LSD model with thermal
shape fluctuations (triangles) and based on the PDM (circles)
is shown; the lines are plotted to guide the eyes. It should be
noted that the increase (if any) of the experimental effective
GDR width between T = 2 and 3.1 MeV has a smaller slope
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FIG. 17. (Color online) Left: Comparison of the GDR strength functions extracted from the experimental data and the effective model
values based on the macroscopic LSD model with TEM [Eq. (15)], for the beam energies of (a) 300 MeV and (b) 600 MeV. The theoretical
GDR strength functions are estimated with a constant (dashed line) and a temperature-dependent (solid line) intrinsic GDR width I'y. Right:
Analogous to the left panel comparison of experimentally extracted GDR strength functions to the effective model values based on the PDM

[Eq. (24)] for beam energies of (c) 300 MeV and (d) 600 MeV.

than the ones predicted by both models. This might indicate
the observation of the onset of the GDR width saturation at T
around 3 MeV. This might be the second reason for observed
different behavior of the GDR width than in '*2Ce. However,
because of the wide temperature interval corresponding to each
measurement, which is intrinsically related to the evaporation
process at high excitation energies, this statement needs
further confirmation by additional measurements (for example
differential ones; see [52]), where the uncertainty caused by
the broad temperature distribution is possibly reduced.

The indication of the onset of the GDR width saturation
at high temperatures is further supported by examining the
presently measured GDR widths for Mo together with the
previously measured values for 8Mo [10], **Mo [11], and
100Mo [11] at lower temperatures; see Fig. 19. It should
be noted that the data available for other Mo isotopes were
obtained for different angular momentum distributions, hence
with different average angular momentum value and also
without the detection of the recoiling nucleus in coincidence.
Therefore, to compare these data with the ones of the present
experiment, only the data points associated with the mean
angular momentum in the interval between 18k and 25h
(which is close to the experimental data for %Mo) were

considered. The temperature for the previous experimental
data was obtained similarly as in our case, including GDR
emission at different CN decay steps.

The experimental data are compared with predictions ob-
tained using the phenomenological formula proposed in [53],
based on the experimental systematics known at that time. The
calculations were performed with the nuclear masses ranging
from 80 ( 80K1r) to 100 ( 1OOMO). The nucleus 3°Kr was chosen
because its A and Z correspond to mean A and Z of nuclei
emitting GDR y rays in the decay of ®Mo, produced at an
excitation energy of 261 MeV, as calculated by GEMINIH-+ (see
Fig. 13 and Table II ). The angular momentum interval was
selected corresponding to the measured data and being close
to the value determined for the decay of 3*Mo. The average
values of the angular momentum distributions obtained from
the GEMINI++ calculations for the ¥Mo nuclei decaying by
GDR emission were 247 for the 300 MeV and 20A for the
600 MeV case.

Figure 19 shows that the experimental results are quite
well described by the calculations performed using the phe-
nomenological function, within about 2 MeV uncertainty. The
difference at 3.1 MeV could be due to the fact that parameters
used in this formula were deduced using the experimental
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FIG. 18. (Color online) Temperature dependence of the GDR
width obtained as the FWHM of the strength functions. The
experimental values (full squares) are shown together with the model
predictions by the LSD model with TFM (triangles) and the PDM
(circles). The results of the calculations based on the LSD model
with TFM by using either 'y =5 MeV (full triangles) or I'o(T)
including the lifetimes of the compound nucleus and of nuclei
produced in the evaporation process (open triangles) are presented.
The experimentally extracted GDR widths are bounded in the shaded
areas determined by the width of the experimental temperature
distributions and the vertical error bars. The straight lines connecting
the theoretical predictions are drawn to guide the eyes.

data available several years ago and not covering the high-
temperature region. Specifically, a possible mechanism of the
GDR width saturation was not incorporated in the estimates of
the parameters of the phenomenological function. Therefore

14 T T T T T T T T T il

-
N
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FIG. 19. (Color online) Measured GDR widths as a function of
temperature for nuclei in the mass region of ¥Mo (full circles)
compared with predictions obtained using the expression proposed
in [53] based on the experimental systematics (open symbols). The
sets of data are selected to correspond to the angular momentum
interval (18-25)h. The data have the following origins: **Mo
from [10], *>Mo from [54], and '“Mo from [11].

PHYSICAL REVIEW C 91, 054313 (2015)

the indication of the onset of the GDR width saturation in the
present article is additionally supported.

VI. SUMMARY AND CONCLUSIONS

New experimental results for the GDR width of the ¥¥Mo
compound nucleus up to the temperature of about 3 MeV were
obtained. To extract the GDR width from the experimental
data, the statistical-model Monte Carlo GEMINI++ code
with the GDR emission incorporated for the first time was
employed.

Model calculations were performed using, on the one
hand, the thermal shape fluctuation method based on the LSD
model and, on the other hand, using the PDM. The resulting
GDR strength functions were convoluted, for the first time,
with the population matrices of the evaporation process from
the GEMINI++ code. Both modeled effective GDR strength
functions predict an increase of the GDR width for ¥Mo in
the investigated temperature region, whereas the experimental
data seem to show a weaker increase, although the error bars
do not allow for a firm conclusion.

Another element worth emphasizing in relation with the
mean-field theory and the description of the collective motion
in nuclei has to do with a differentiation between the
static, as opposed to the dynamical treatment of the nuclear
deformation. More precisely, because of the quantum nature
of the nuclear collective motion, the effective deformations are
not those corresponding to the static minimum points on the
nuclear total potential energy surfaces (like the ones calculated
with the help of the LSD model). Indeed, the more profound
physical interpretation should be attributed to the most proba-
ble deformations and related shapes calculated with the help of
the solutions of the collective Schrodinger equation. The first
analysis of this type has been performed in Ref. [55], showing
systematic differences between the static and the most proba-
ble nuclear deformations. An analogous analysis for the nuclei
of interest here is in progress and will be published elsewhere.

Moreover, the experimental dependence of the GDR width
on the nuclear temperature for the Mo isotopes is, in general,
consistent with the systematics expressed by the phenomeno-
logical formula. In addition, some indications coming both
from the comparison with other experimental data and from
the comparison with theoretical predictions, may suggest an
onset of saturation of the GDR width at around the temperature
of 3 MeV, originating both from rotational and temperature
effects.
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