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Nuclear structure at high excitation energies
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Abstract. The present paper deals with the investigation of hot GDR and quadrupole shapes of

106.1205n jsotopes as a function of temperature and spin utilizing cranked quadrupole—quadrupole
model interaction hamlitonian in the linear response theory and static path approximation to the
grand canonical partition function.
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1. Introduction

Study of the structure of nuclei in extreme conditions of angular momentum, excitation
energy (temperature) and isospin has recently become a very interesting and active area
of research in nuclear physics. Experimentally compound nuclei can be formed at high
excitation energies and in high angular momentum states through heavy ion fusion reac-
tions. Also hot nuclei at low angular momenta can be produced in inetastiattering

type reactions. Since several years different isotopes of tin have been the subject matter
of investigation of the change in quadrupole shape parametansly as a function of
excitation energy (temperaturg) and spin {) [1-14]. From the many body mean field
theories, like Hartree—Fock or Hartree—Fock—Bogoliubov, it is expected that with the in-
crease of temperature even the deformed ground §tate() shape would tend towards a
spherical one [15]. On the other hand if the nucleus is already spherical in the ground state
it would become oblate at high spins with the magnitudé ifcreasing with the increase

of spin. Thus at a moderate high temperature of abott2.0 MeV one expects all nuclei

to become oblate at high spins [15].

At a finite temperature the nuclear potential energy does not have a very well defined
value of3, v even for nuclei that are strongly deformed in the ground state. Therefore, at
T > 1.0 MeV even for such nuclei one can talk only of an average shi@he(()) at a
given value of angular momentum. More than a decade ago, Gaaethaljg] studied
the shape of giant dipole resonance (GDR) built on excited staté8*®n and concluded
that the data are consistent with a mostly spherical shapeTpt@.0 MeV. A few years
later Majkaet al[2] reached a similar conclusion fét’Sn in a study ofr — ~v-ray angular
correlation measurements. Recently Braetal [10] have studied the dependence of the
GDR width and angular distribution of therays as a function of temperature and spin
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for 199:1105n and concluded that due to thermal fluctuation effects the average deformation
becomes very large & ~ 2.0 MeV andJ ~ 50A. In yet another study of the GDR
properties of:°Sn atT ~ 2.0 MeV, Braccoet al [11] and Mattiuzziet al [12] infer that

(8) ~ 0.3-0.6 forJ = 0—607%. The value ofy is taken to be-60° (change in sign
convention ofy) implying a non-collective rotation about the axis of symmetry. From
these discussions it is clear that a detailed investigation of the shape evolution of hot, and
highly spinning nuclei employing a theory beyond mean field which accounts for thermal
fluctuations of the shape degrees of freedom is called for.

Now it is known that the effect of thermal shape fluctuations can best be incorporated
in a microscopic theory through the so called static path approximation (SPA) to the path
integral representation of the partition function [16—18]. Recently we have already applied
this approach to study the structural properties as well as level densities opgeshell
and medium mass nuclei [19-21] employing a quadrupole—quadrupole model interaction.
The angular momentum effects can be included in the cranking approximation. In view
of the available experimental data on GDR, it is desirable that simultaneously the GDR
properties are also explained as a function of temperature and spin. Thus, we have also used
this scheme in a linear response theory to calculate the §sBBsorbtion cross section at
finite temperature and spin [22]. Here we shall discuss some of our recent results on
GDR and quadrupole shape'8f120Sn isotopes where a cranked quadrupole—quadrupole
model interaction hamiltonian is employed.

2. Formalism

Before we present the formalism used by us, we would like to comment briefly on the
thermal fluctuation model of Ormamdial[13] which is quite successful as far the variation

of the GDR width as a function of temperature is concerned. The GDR cross section is
evaluated through

o(E) = ZJI/WU(Q,WJ;E)GF(Q’J’T)/T, (1)

whereE is they-ray energyD[a] = $*dBsin(3v) dysinfdf dé dy is the volume el-
ement witha standing for the quadrupole deformation paramegesiand~y and the Euler
angled, ¢, ¢. The cranking frequeney is so adjusted that on the averdge = J+1/2.
The partition function is given by

Z; = /D[a]/I3/2e_F/T, 2)

where, corresponding to the laboratamaxis cranking, the moment of inertia factor is
given by

T(B,7,0,1) = T, sin® # cos® 1) + T sin® @ sin” ¢ + T3 cos® § (3)

with Z,, representing the deformation dependent principal moments of inertia. The free
energy is parametrized as

F(a,J,T) = F(a,w = 0,T) + (J + 1/2)*/2Z(B,7,6,%). (4)

460 Pramana — J. Phys.yol. 57, Nos 2 & 3, Aug. & Sept. 2001



Nuclear structure at high excitation energies

Various expansion coefficients are essentially fitted to the Strutinsky shell correction en-
ergy of the nucleus at a finite temperature and spin. The cross section under the integral
in eq. (1) is modeled by a harmonic vibration along the three principal axes and then
transformed approximately to the laboratory frame of reference [4,13].

Itis to be noted that there is no many-body hamiltonian employed to describe all the rel-
evant quantities. In our approach, presented below, we attempt to address to this question.
Some results on the application of our approach will be discussed in the next section.

Details of the SPA approach can be found in several papers [16-18,20,23] for a
guadrupole—quadrupol@(- Q) model interaction hamiltonian,

A= Hy— sxo Y (-1Q-,Qu ©)
o

where H, stands for the spherical part arj}L = (r*/b?)Yy, is the quadrupole operator
with b> = h/muwp, m being the nucleon mass ahd, = 414~'/3 MeV. The quadrupole
interaction strength [24] is taken as

Xo = 1204753 f, MeV, (6)

where f. is a core polarization factoex 1) and is unity if there is no assumption of an
inert core. Corresponding to the hamiltonian (5) the mean field 1-body hamiltonian takes
the form

R . r2 1 .

h(ﬂ, ’)/) = h() — hwoﬁb—Q COS ’)/YQ() + % S ’)/(YQQ + }/2_2) . (7)
A normalized statistical density operator is defined as

D = e H/T Ty(eHIT), 8)

Then the thermal average of an operaﬁb’m the SPA theory is given by

(0) = L 4PB: 7, W2 21z O(B, 4, @ w, T) ©)
- JdD(B, 7, Q)el=5*/2T) 2 ’
where() stands for the Euler angles, whereass the rotational or cranking frequency.
The SPA patrtition function is defined as

2(8,7,Q,w,T) = Tre~ A ~#pNo—aNa) /T (10)
with v = Zl }Alw(z) anda = (th)Q/XQ and
h* = h — w(cos ). — sinf cos 1), + sinfsin ¥iy) (11)

with cranking axis as the-axis in the laboratory frame.
The values of the chemical potentigls , and the cranking frequenaycan be adjusted
to satisfy the particle number and angular momentum constraints
Npn =T (0lnz/0ppn), (12)

and

A

(J.) =T (0lnz/0w). (13)
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2.1 GDR cross section

The GDR cross section in the intrinsic frame for a fixed shape is given by

O—int(E,B,w,T):Zgi(EaﬂawaT)a (14)

with
O-i(EaﬁawaT) = —4maE ImRii(EaﬁawaT)a (15)

3 standing for all the deformation parameters including the Euler angles and?/Tic.
The linearized Bethe—Salpeter equation [25] is to be solved to get the matrix

R(E) = (1 - R°(E)xp) 'R°(E) (16)
with
34 5
(xp)i = Nz i s (17)
/5 2m
w;i R Wy ll— Eﬂcos (7—?z>] , (18)
and
R’ =R) + Ry, (19)
where
k| DI k)K" | Dj | k)(fwr — fi)
RO = { i . . 20
4 ;; € —€p + E+in (20)

Inthe abové k) is the eigenstate of the cranked mean field Hamiltonian with an eigenvalue
€k, andfy, is the Fermi distribution function. The dipole operators for protons and neutrons
are defined as

(D = 5 @ (Do = =5 @ 1)

wherez; = z,y, z fori = 1, 2, 3, respectively. Finally within the SPA the intrinsic GDR
Cross section is given by

[dAD(B,~, Qe =8 /2D) 2(8, v, Q, w, T)ging
in E, ,T - 2 . 22
7ine (B0 L) = T D5, Q)P AT 23, 7, 0,0, T) (22)

The cross section in the laboratory frame for a fixed shape is given by [4,13]
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O']ab(E,W,T,ﬁ,’Y, Q) = _47TG’EZ Im RDluDlu (E - uw,ﬂ,'y, QaT)
I

(23)

where the subscripb,,, indicates that the matrik is expressed in the spherical tensor
representation. Then performing integration similar to that in eq. (22) one would obtain
the cross section in the laboratory frame of reference.

It should be noted that if the orientation angles are set to zero, the limitndégration
should be such that it allows for full quadrupole shape evolution with the possibility of
rotation about and perpendicular to the prolate as well as the oblate symmetry axes.

3. Results and discussion

First we briefly discuss about some of the results on the application of the thermal fluctua-
tion model of Ormanet al[13] outlined in the previous section. Mattiuztial[12] repro-

duce the GDR parameters well and find thatf/Sn the average value of the quadrupole
deformation parametép) ~ 0.3 at7 = 1.8 MeV andJ = 0, and it becomes of the order

of 0.55if J is increased to 6@ For 12°Sn the increase in the average valggat.J = 60

is about 0.15 compared to its= 0 value. So, the effect of thermal fluctuation correction

on the shape is found to be very large. In view of this it is rather surprising that there is no
such discussion about the average vélye They seem to believe that the shape becomes
oblate atl' = 1.8 MeV andJ = 60.

In [13] calculations are performed fdf°Sn and?*®Pb. The increase of the GDR width
I’ with the increase ot is more or less in agreement with experimental data at 0. It
is also found that up to about = 40 there is no dependence on spin. But for the range
J =40-60 atT = 1.6 MeV the calculation shows thatincreases by about 1.5 MeV for
1205 and about 1 MeV fot®®Pb. The increase for Pb seems rather large [30].

Next we would like to present some of our results. As in our recent paper [26], the
dipole interaction strengtl p is reduced by25% as compared to the one given by eq.
(17) above. This is required to get the GDR energy corresponding to the peak value of the
Cross sectionk, close to the experimental value of about 16 MeV. Here we present our
results for a model space consisting of 54 negative parity and 86 positive parity orbitals
(total 140) extending the basis space up to the principal quantum nu¥nker6 major
shells with56Ni as the inert core. The value of the core polarization fagtor 1.60
for 196Sn and 1.75 fof2°Sn so that the equilibrium value of the quadrupole deformation
parametep in the ground state is about 0.1. The spherical single particle energies are the
spherical Nilsson model energies withdependent parameters [27]. Also the radial matrix
elements of the quadrupole operator are reduced by fad¥ars- 3/2) /(N + 3/2), where
Ny = 3 andN > 3 are the principal guantum numbers. For a discussion on such factors
see [28]. Following the-axis cranking approach, as discussed in the previous section, to
generate very high angular momentum states, recently [29] we have found that the effect
of orientation fluctuation corrections on the GDR cross section is quite insignificant, at
least for'°¢Sn. Therefore, here we have computed the GDR cross sections at high spins
following the standard principal axig{axis) cranking approach without the inclusion of
the orientation fluctuation effects.
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Figure 1. Normalizedy-absorption cross sectier( E) of the GDR in'°® Sn at various
temperatures and = 0. The solid, long dashed, solid with diamond, short dashed and
dotted curves correspondTo= 0.5, 1, 2, 3, 4 MeV, respectively.

Figure 1 shows the plot of(E) atw = 0 for 1°6Sn. The solid, long dashed, solid
with diamond, short dashed, and dotted curves are the resuits=at0.5, 1, 2,3 and4
MeV, respectively. The diamond points indicate the valu& @it which actual numerical
calculations have been performed with = 0.5 MeV. The average values of the defor-
mation parameters at the respective temperatures g &s 0.120,0.166,0.226,0.243,
and0.249, and(vy) = 24.2°,24.3°,25.6° and26.7°. As the figure shows, the value of
Ey is aboutl6 MeV, with exact value ag6.3 MeV atT = 0.5 MeV and15.9 MeV at
T = 4 MeV. We obtainl’ = 4.47,4.67,5.15,5.54 and5.93 MeV atT = 0.5 to 4 MeV
showing a net increase of only abdui MeV at such a high temperature. This increase is
by aboutl.2 MeV in case of'2°Sn in our calculation. This is quite small compared to the
experimental values [12,13].

Figure 2 depicts the variation of the GDR shape®fSn as a function off atT = 2
MeV. The value of the GDR energyig, = 16.2 MeV atJ = 0 and16.5 MeV atJ = 69.
The five curves: solid, long dashed, solid with diamond, short dashed and dotted ones
correspond toJ = 0,26,40,57 and69, respectively. The corresponding values of the
width T are 5.15,5.83,6.51, 7.48 and8.07 MeV. The width increases by abo8tMeV
at the highest spin compared to its valueJat= 0. The corresponding value fd°Sn
is found to be about 2 MeV. The average values of the shape parameters(gje-as
0.226,0.225,0.224, 0.225 and0.228, and(y) = 24.2°,9.1°, —0.5°, —11.8° and —18.8°
atT = 2 MeV andJ = 0,26, 40,57 and69, respectively.

Thus, the average value gf remains around 0.23 whereasshows a change from
positive triaxial to negative triaxial shape for increase/ofrom 0 to 69. In the mean
field approximation at very high spins this nucleus is expected to exhibit a non-collective
rotation about the oblate symmetry axis which corresponglsto-60 ° in our convention.

In this sense, the thermal average of abel®° at.J = 69 andT = 2 MeV should be
quite reasonable. It may be emphasized that besides the constdfgytbeé width shows
guite reasonable increase with the increasé [df2].
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Figure 2. Same as in figrue 1 & = 2 MeV and at varioud values. The five curves:
solid, long dashed, solid with diamond, short dashed and dotted curves dre=f6r,
26, 40, 57 and 69, respectively.

10

Width [MeV]

100

Figure 3. GDR widthT as a function off atT = 2 MeV for 1°®Sn (dotted curve with
crosses) ant?°Sn (solid curve with diamonds) following-axis cranking. The points
correspond to the actual values.bfor which calculation is done.

Finally, in figure 3 we show the relative increasd dds a function off atT = 2 MeV
for 196Sn and 2°Sn within thez-axis cranking approach. As expected [12,30], the increase
of I is more rapid for the lighter isotope. The main problem in the present approach is that
the increase of the width with temperature is not enough.
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4. Conclusions

From our present study we would like to draw the following conclusions.

1. Given a many-body hamiltonian, a grand canonical partition function can be calcu-
lated within the SPA at a given value of temperature and spin (in cranking approximation).
Then, including effects of thermal fluctuation corrections, an average energy and shape
parameters can be computed.

We find that at the highest valuesBfind.J considered here for Sn isotopes the average
(B) comes out to bel 0.25. On the other hand & = 2.0 MeV the average valugy)
goes from a positive triaxial value to a negative triaxial value with the increage iis
is not reported by others in the context of the GDR shape studies.

2. In view of the experimental data on GDR and their empirical connections with the
average quadrupole shape parameters, it is desirable that within SPA the GDR energy and
width are also calculated. We do this following the linear response theory at a finite tem-
perature. However, when it is applied to the study of Sn isotopes using a sipnple
interaction hamiltonian, our results éras a function of”” are not satisfactory, though the
variation as a function of at a fixedT" is quite good.

3. It seems that within SPA the thermal fluctuation corrections are not adequately incor-
porated, or more likely the use of a simp@e- Q hamiltonian is unrealistic.

4. Though the approach presented here is the best practicable approach available so far,
it is still phenomenological in nature, the way the SPA theory is used in conjunction with
the linear response theory. Thus, there is still a need of a profound theory.
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