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The giant-dipole resonance (GDR) in 12°Sn and 2%8Pb is studied as a function of excita-
tion energy, angular momentum, and intrinsic width within the context of the adiabatic
model. Theoretical evaluations of the full-width-at-half-maximum (FWHM) for the GDR
strength function are compared with recent experimental data and are found to be in
good agreement.

1. INTRODUCTION

The principal objective of many experimental programs has been the study of the prop-
erties of the giant-dipole resonance (GDR) at finite temperature [1]. These experiments
yield important information about theoretical models of the GDR; in particular, the effects
of quantal and thermal fluctuations in the damping of the giant vibration. Currently, the
four primary issues are: (1) the temperature dependence of the intrinsic width [2]; (2) the
time scale for thermal fluctuations and the validity of either the adiabatic picture [3] or
the occurrence of motional narrowing [4]; (3) the existence of a limiting temperature for
the observation of collective motion in nuclei [5]; and (4) the influence of the lifetime of
the compound nucleus on the observed width of the GDR [6]. Of particular importance to
address these issues is a systematic and comprehensive comparison between experiment
and theory over a wide range of temperatures for several nuclei.

One of the principal experimental techniques for observing the GDR in hot nuclei has
been compound-nuclear reactions induced in heavy-ion collisions [1]. One drawback of
compound nuclear reactions to study the GDR at finite temperature is that because of
the dynamics of heavy-ion collisions, the compound system is generally formed at high
angular momentum. Indeed, those experiments associated with the highest excitation
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energy also have an average angular momentum of approximately 407, with a maximum
at approximately 60%. As such, it is difficult to separate the effects on the GDR due to
large-amplitude thermal fluctuations of the shape from those due to angular momentum.

Recently, two experimental methods for studying the GDR in hot nuclei have been
introduced in order to study the effects of excitation energy and angular momentum
separately. In experiments involving compound nuclear reactions, large arrays of gamma
detectors have been used in order to identify GDR photons associated with a system of a
definite angular momentum. By gating on the multiplicity of low-energy £2 photons, the
GDR may be studied within an angular momentum window [7]. This window is usually
in the range of 10-15 units of angular momentum wide, and centered between 30-50 f.
An alternative technique is to excite a target nucleus using inelastic alpha scattering {8],
which, because of the small mass of the projectile, yields an excited system with a fairly
small angular momentum — often less than 20%. Thus, for the first time it is now possible
to analyze experimental data for the GDR in hot nuclei in terms of the effects due to
large-amplitude thermal fluctuations and angular momentum individually.

In this report, we present a systematic study of the properties of the GDR (in partic-
ular the full-width-at-half-maximum (FWHM) of the strength function) as a function of
temperature, angular momentum, and intrinsic width for ***Sn and 208Pb in comparison
with recent experimental data from inelastic alpha scattering [8]. Because of the system-
atic analysis over a range of temperatures and the relatively low angular momentum of
the emitting system, it is possible to draw conclusions regarding the roles played by shell
corrections, angular momentum, the temperature dependence of the intrinsic width, and
the lifetime of the compound nucleus on the observed: width of the GDR.

2. ADIABATIC MODEL FOR THE GDR

Under the assumption that the time scale for thermal fluctuations is slow compared
to the shift in the dipole frequency caused by the fluctuations (adiabatic motion), the
observed GDR strength function consists of a weighted average over all shapes and ori-
entations. Projecting angular momentum, J, the GDR cross section is evaluated via [9]

-1 ’D[a]
o(B)= 27" [ 705 6o

where E is the photon energy, D[a] = *dfsin(3y)dv sin 0d0dédy is the volume element,
Zy = [ D[a]/T?/?%e"FIT, and the factor Z(B,7,0,%) is given by

Z(B,~,8,%) = I cos® sin?  + I sin® sin® 6 + I3 cos® 0, (2)

ol@,ws E )e"F (T.&n/ T, (1)

where the I represent the deformation-dependent principal moments of inertia. Here,
rigid-body values for the moments of inertia were used assuming the radius to be R =
1.2AY/3 fm. The free energy is given by

F(T,&,J) = F(T,&,wro = 0) + (J +1/2)*/2Z(B, 7,6, %), (3)

where F(T,&,w,o; = 0) is the free energy evaluated in the cranking approximation with
rotational frequency, wrot, equal to zero. Finally, the GDR cross section o(&,wy; E) is
evaluated at the saddle-point frequency wy = (J +1/2)/Z(B,7,0,%) (see below).




Here, the GDR is modeled with a rotating, three-dimensional harmonic oscillator com-
posed of three fundamental modes whose energies are given by [10]

E;. = Egexp [—\/gﬂ cos ('y + g—g—k)] , (4)

where Eg = T0A™'/3 is the centroid energy for the spherical shape. Including the Coriolis
term, the Hamiltonian for the GDR in the intrinsic frame may be written as [11]

Hp = Y.(p} + EZd2) — Brot - (d % ), (5)
k

where di and pp are the coordinates and conjugate momenta associated with the dipole
vibration and @,o; = W2 is the rotational frequency. The GDR cross section is evaluated
with the eigenstates | v) of Hp and may be written as

G(E) = 0o Z I(V ‘ dﬂ I O)IZE[BW(Ev Eu, Fxl) - BW(E’ —Eu, Fu)], (6)
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where oo = (47%e*k/3mc)(2ZN/[A), i denotes the spherical components of the dipole,
BW(E, E',\T') = T/[2x((E — E')? + T?/4)], and T, is the intrinsic damping width for the
resonance. In keeping with experimental findings [12], ', depends on the centroid energy
E, viaT, =T4(E,/Eo)’, where I' is the width for the spherical shape and § = 1.8. The
laboratory cross section is evaluated by rotating the matrix elements (v | d,, | 0) from the
intrinsic frame to the fixed external reference frame and by shifting the dipole energies
associated with the intrinsic g components by —pwro: [11]. Here, the parameters Eo and
T'o were taken from ground-state data and are Fo = 15.2 MeV and Iy = 5.0 MeV for
1209 and Eo = 3.8 MeV and Ty = 4.0 MeV for 208Pb, respectively.

The nuclear free energies were computed using the standard Nilsson-Strutinsky [13] pro-
cedure extended to finite temperature [14] using the Nilsson and liquid-drop parameters
of Refs. [15] and [16], respectively. For the most part, the shell corrections for '2°Sn were
found to be quite small, and for all practical purposes can be ignored. This is in sharp
contrast to 298Pb, where, at low temperatures, strong shell corrections (~ —15 MeV at
T = 0 MeV) are found that favor the spherical shape. Given the large difference between
the free energies it is reasonable to expect that the strong spherical shell corrections in
208P}, will lead to a suppression of the FWHM at lower temperatures.

3. RESULTS

Shown in Fig. 1 are the results obtained for the FWHM of the GDR strength function
for 12°Sn and 298Pb as a function of temperature in comparsion with experimental data [8]
(filled circles). The solid line represents the theoretical values obtained with zero angular
momentum. To illustrate the dependence on angular momentum, the FWHM for 12°Sn at
T = 3.0 MeV is plotted as a function of angular momentum in Fig. 2, where it is seen that
for J < 25k the FWHM is essentially unchanged from the J = 0% value. The effects on
the FWHM in 2°®Pb due to angular momentum are even less pronounced than in the case
for 129Sn because of the larger moment of inertia. Note that the largest average angular
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Figure 1. Comparison between theoretical Figure 2. The FWHM for *°Sn at T =
(solid lines) and experimental (filled cir- 3.0 MeV as a function of angular momen-
cles) values of the FWHM for 1°Sn and tum.

208ph,.  For 2°8Pb, the dashed line is the

FWHM obtained assuming no shell correc-

tions. For 129Sn, the dashed line represents

the FWHM including Len-

momentum in the systems studied experimentally is of the order 20% [8], and, therefore,
the effects due to angular momentum are expected to be negligible.

To be noted in Fig. 1 is the overall agreement between theory and experiment. In
particular, the dependence in the FWHM on temperature is different between *°Sn and
208}, The FWHM in 2°Pb appears to be suppressed somewhat at lower temperatures
relative to 120Sn. This is a feature that can be attributed to the rather strong shell
corrections in 208Pb that favor the spherical shape at low temperatures. The effect of such
strong shell corrections is to limit the effects of thermal fluctuations at low temperatures,
thereby reducing the observed width. This is illustrated in Fig. 1, where the dashed line
in the panel for 208Pb indicates the FWHM assuming no shell corrections.

Finally, we note some slight discrepancies between the adiabatic model and experiment
for 120Sn at the highest temperatures. At T' = 2.8 — 3.1 MeV, the experimental FWHM
is somewhat larger than the theoretical values, and may indicate a systematic trend to be
observed at higher temperatures. Shown in Fig. 3 is the FWHM for 12°Sn at T’ = 3.12 MeV




135 |
130 |
S 125l
> 12
120 t
s 115 ¢
j=+]
=110
~ 105}

10.0 : t t
40 6.0 8.0 10.0 120

Lininse MeEV)

Figure 3. The FWHM for *°Sn at T = 3.12 MeV as a function of the intrinsic width T'g
(solid line). The experimental value of 11.5 & 1.0 MeV is represented by the filled square
(11.5 MeV) and the open circles (£1 MeV).

as a function of the intrinsic width To. At this temperature, the experimental FWHM
is 11.5 & 1.0 MeV, and we may infer from this data a value of I'y = 7.7527 MeV, as
indicated by the solid square (FWHM=11.5 MeV) and open circles (1 MeV) in Fig. 3.
We note that this is consistent with the concept that the width observed for the GDR in
hot nuclei should be increased because of the evaporation of particles from the compound
nucleus [6]. At higher excitation energies, the decay rate for particle evaporation increases,
and because of the uncertainty principle, the energy of the emitted GDR photon cannot
be known with a precision better than T, = I%fo® 4+ Tafter, where Tl:f ore(after) jg the
width for particle evaporation before and after the emission of the GDR photon. As such,
the intrinsic widths of the GDR strength function are increased via I';, = T’y + I'cn. To
estimate ., we refer to Fig. 2 of ref. [5], where Ty is plotted as a function of excitation
energy. At a temperature T ~ 3.1 Mev (E; =~ 130—150 MeV), we deduce I's, = 2.1 MeV,
which is in good agreement with the experimental results as is illustrated in Fig. 3. In
addition, we have computed the FWHM for '2°Sn as a function of temperature including
... The resulting values are plotted in Fig. 1, with the dashed line, and give better
overall agreement with experiment.

4. CONCLUSIONS

We conclude by noting that a systematic study of the FWHM of the GDR as a function
of temperature for the nuclei 2°Sn and *®*Pb confirms the overall theoretical picture of
the GDR in hot nuclei; in particular, the role played by large-amplitude thermal fluctu-
ations of the nuclear shape. This is confirmed by the good agreement between theory
and experiment achieved over a range of temperatures from 1.25-3.2 MeV and by the
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differences in the behavior of the FWHM for 12°Sn and 2°®Pb, which can be attributed to
the presence of strong shell corrections favoring spherical shapes in 28Pb that are absent
in 120Sn. Finally, the increase in the FWHM over that expected from thermal averaging
at temperatures of the order 3.0 MeV is in accordance with the increase expected from
the particle evaporation of the compound system.
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