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The dipole response function of nuclear matter at zero and finite tem-
peratures is investigated by employing the linearized version of the extended
TDHF theory with a non-Markovian binary collision term. Calculations
are carried out for nuclear dipole vibrations by employing the Steinwedel—
Jensen model and compared with experimental results for 12°Sn and 2°8Pb.
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Giant resonances, in particular giant dipole resonances (GDR), in medi-
um-weight and heavy nuclei have been the subjects of extensive experimental
and theoretical studies during the last decades [1]. A large amount of ex-
perimental information is now available concerning the properties of GDR
built on the ground and the excited states of the nuclei revealing the prop-
erties of the collective motion of nuclear many-body systems at zero and
finite temperatures. The mean resonance energy is observed not to change
much with the excitation energy, or the temperature, but the recent experi-
mental investigations show that the width of the resonance becomes broader
as excitation energy increases with a possible saturation at high tempera-
tures. This temperature dependence of the GDR width is still one of the
open problems in the studies of nuclear collective response and its damping
mechanisms at zero and finite temperatures [2—4].

The theoretical investigations of the nuclear collective response employ-
ing the random phase approximation (RPA) theory have been quite success-
ful in describing the mean resonance energies [5]. However, the RPA theory
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is not suitable for describing the damping of collective excitations and there-
fore investigations based on the RPA theory have not been able to explain
the increase of the width of GDR with temperature [6].

There are different mechanisms involved in the damping of the nuclear
collective state. A part of the damping is due to the coupling of the col-
lective mode to external degrees of freedom resulting in the cooling of the
system by particle emission giving rise to escape width. Furthermore, the
collective mode also acquires an intrinsic width as a consequence of its cou-
pling to the internal degrees of freedom. The resulting spreading width
which is thus due to the mixing of the collective mode with more compli-
cated doorway states makes essentially the large part of the contribution to
damping in medium-weight and heavy nuclei. There are essentially three
different theoretical approaches for the calculation of the spreading widths.
In the first case, the temperature dependence of the width is explained by
the coherent mechanism due to adiabatic coupling of the giant resonance
with thermal surface deformations [7,8], which is particularly important at
low temperature. In the second approach, the mechanism of damping is
due to the coupling with incoherent two particle-two hole (2p-2h) states
resulting from the increasing rate of collisions between the nucleons with
temperature which is usually referred to as the collisional damping [9, 10].
The collisional damping is relatively weak at low temperature, but its mag-
nitude becomes large with increasing temperature. The last mechanism is
the Landau damping which is due to the spreading of the collective mode
on non-collective particle-hole (p—h) excitations. Most investigations of nu-
clear response that have been carried out so far are based on the coherent
damping or the collisional damping mechanisms [11,12].

In this work, we perform a linear response treatment of the nuclear col-
lective mode by including the collisional damping. The small amplitude limit
of the extended the time-dependent Hartree-Fock (TDHF) theory, in which
the collisional damping due to the incoherent 2p—2h decay is included in the
form of a non-Markovian collision term, provides an appropriate framework
for investigating the damping widths of collective modes at zero and finite
temperatures [10-13]. We employ the extended TDHF theory to study the
isovector response function with collisional effects of nuclear matter at zero
and finite temperatures in semiclassical approximation using a simplified
effective Skyrme force.

The equation of motion of the single particle density matrix p(t) in the
extended TDHF approximation is given by a transport equation [13]

i~ [hip)sr) = K(p). 1)

where h(p) is an effective mean-field Hamiltonian and the right-hand side
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represents a non-Markovian collision term, which can be expressed in terms
of the correlated part of the two-particle density matrix as K (p) = Tra[v, Cy2]
with the effective residual interaction v. The correlated part of the two-
particle density matrix C19 = p1o — p1p2 where pjpo represents the antisym-
metrized product of the single-particle density matrices, is given by the sec-
ond equation of the BBGKY hierarchy. In the extended TDHF theory, the
hierarchy is truncated at the second level by retaining only the lowest-order
terms in the residual interactions, thus neglecting three-body correlations.
Hence, the correlated part of the two-particle density matrix Cio satisfies
the equation

L0
zhECQ — [h(p), Ci2] = Fia, (2)

where the source term is given by

Fia(p) = (1 = p1)(L = p2) v p1p2 — pip2 v (1 = p1)(1 — p2) . (3)

In order to study the isovector collective response of the system, we
include an external perturbation F(7,t) into the equation of motion,

F(7,t) = 3F(7) [e7™! 4 e™] (4)

where 73 is the third component of the isospin operator and the frequency
of the one-body harmonic perturbation operator contains a small imaginary
part with the prescription w — w + 41 in accordance with the adiabatic
hypothesis. We obtain a description for small density fluctuations dp(t) =
p(t) — po in linear response treatment by linearizing the extended TDHF
theory around a finite temperature equilibrium state density pg, and this
way we obtain

.0 L
ih0p — [ho, 0p] — [0h + F(7, 1), po] = Tra[v, 6C12] (5)
where 6h = (0U/0p), dp represents small deviations in the effective mean-

field potential. Moreover, the small deviation of the two-body correlations
0C15(t) satisfies

L0 .
’LE,E(SCH - [(WL + F(?”, t), 0?2] - [ho, 5012] == (5F12 . (6)
We look for a solution of Eq. (5) and Eq. (6) of the form dp(t) =
dp(w)e ™! +h.c. where now the small density fluctuations are given in terms
of the proton and neutron density matrices as dp(t) = pp(t) — pn(t). We
note that in the small amplitude limit, the collision term is also harmonic,
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0K = tro[v,5C15] = 6K (w)e ™' +h.c., and in momentum representation we

then obtain
h + N — § _ "+ § "+ § D — E
WTEPT ) TE\PTS\P Ty P=3
Lk ok

_ <ﬁ+g SK(w) |7~ §> , (7)

where f(q) =1/{1+ eﬁ[g(‘n*“]} is the Fermi—Dirac occupation factor. For
simplified Skyrme interaction, the density fluctuation én(7,t) induces local
changes in the mean field potential, therefore

.k

b—= _> ’ (8)

k k k
Lk S_ B\ _, Lk
<p+2 p 2> Vo<p—i—2 5

where in terms of local proton and neutron mean field potentials §h is ex-
pressed as 0h = Uy(7,t) — U, (7, t) = 2Vydn(, t). Moreover, since

op(w)

. 3 4
[ o <ﬁ+g o) |5 - ’;> ~ in(E.) o)

and . N
<ﬁ+ g F(7) |p- §> = F(k) (10)

we finally obtain

n(k,w) — [Voén(E, w) + F(E): I, (k,w) = [VOM(E, w) + F(E)] L (k,w).

The function Hl(E,w), which is known as the unperturbed Lindhard func-
tion, is given by

(2mh)3

i gt fay 21
2
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and the function IT(k,w) is obtained from

[Voon(k,w) + F (k)| Tz (E, w)

w
B (5+ 5| oK () 5~ §)
et O PR Er

is then obtained as

with Iy (k, w) = IT (k, w) + I (k, w).

From Eq. (6), it is possible to obtain a closed form expression for small
deviation of two-body correlations §C' 2, that is valid for collective vibrations
(for details please refer to [10]),

t
6C1a(t) = — / dt' ) ple= "= b (1), ]
setho=t) (1 — p9y(1 = p9) + hec. (16)

where 0 @(t) is the distortion function associated with the single-particle
density matrix, and it is related to the small vibrations in the single-particle
density matrix dp(t) according to dp(t) = [0D(t), po]. We then obtain the
expressmn for the linearized collision term by evaluatlng the matrix element
(P+E|6Kw) | p- E) in which we retain k-dependence only in distor-

tion function [10]. Then, the collisional response function I (k,w) can be
expressed as

- 1

Ik, w) = i) / d*prd®pad®p3d®ps

y <A_Q)2 W(12:34)  frfofsfs— Fifofshs
2

s hw—e3—€e4+e1+eg+in’

(17)

where AQ = Q1+ Q2 — Q3 — Q4 with Q; = 1/[ﬁw s (:- n §)+5 (ﬁ; - g)]
fi =1— f; and W(12;34) denotes the basic two-body transition rate, which
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can be expressed in terms of the spin averaged proton—neutron scattering
cross section as

W(12:34) — 1 4h <da

2 (Y)) SGitm—pa—py).
27hp m? d'Q)pn 6% (P1 + P2 — P3 — Pa) (18)

The strength distribution function is obtained from the imaginary part of
the retarded response function [14|

1 -

S(k,w) = ——Imllg(k,w) . (19)
s

In our calculations, we employ a simplified Skyrme interaction

v =to(1+ zoPy)8(7) + %t3(1 + 23P,) p® (R)8(7) (20)

with 7 =77 —7% and R = (ri+73)/2. The local potential for protons is then
given by

1 1
Up(f", t) = 1 <1 + §$0) ,0(7’_", t) — 1o <§ + 550) ,Op(F, t)

1 1
+Et3,00‘(1:', t) [(2 + ) <1 + 5.’L‘3) pp(7,t)

1 1 pp(7t) + pr (7. 1)
-2 = Pt —al = 1
(40t (52) #5055

with a similar expression for neutrons. In linear response approximation,
the coupling constant V{ for dipole vibrations becomes

1 1 1 1
Vo= —=to (= . 22
0= —5to <2 +$0) 131300 <2 +$3) : (22)

where pg is the saturation density of nuclear matter. In our analysis we
consider in particular the Skyrme SLy4 force with the parameters [15] ¢ =
—2488.91 MeV fm?®, t; = 13777 MeV fm™/?, zy = 0.834, z3 = 1.354 and
« = 1/6, which results for V; in the value Vy = 85 MeV fm3,

In order to apply our results to finite nuclei, we work within the frame-
work of Steinwedel and Jensen model for nuclear dipole oscillations [6]. In
this model neutrons and protons oscillate inside a sphere of radius R given
by the expression

] (21)

pp(F.t) = pul(F,t) = Fisin(E - 7)™, (23)
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the total density remaining equal to the saturation density pg of nuclear
matter and the wavenumber k is given by k = 7/2R. We apply Steinwedel
and Jensen model to GDR in '?°Sn and 2%8Pb, and we take R = 5.6 fm
k=0.28 fm ! for 2°Sn and R = 6.7 fm k = 0.23 fm ! for 2°¥Pb according
to R =1.1341/3.

As a result of the approximate treatment, the collisional response func-
tion IL(k,w) has a singular behavior arising from the pole of the distortion
functions, Q; =1 / [hw —¢ (;5; + %) +e€ (;6; — %)] . We avoid this singular
behavior by incorporating a pole approximation. In the distortion functions,
we make the replacement w — wp — iI'/2 where wp and I' are determined
from 1 — VoIIy(k,w) = 0 at each temperature that is considered. Further-
more, we neglect the real part Re Ily of the function II; in our calculations.
In the calculations of the collisional response function, using conservation
laws and symmetry properties, it is possible to reduce the twelve dimen-
sional integrals to five fold integrals by incorporating the transformations
into the total momenta P = P1 + Po, P = p3 + Py, and relative momenta
qd= (p1—p2)/2, ¢' = (p3—p1)/2 before and after the collisions. The integral
over P can be performed immediately. The delta function §(fiw — &' +¢) in
Im ]Y2(E, w) where e = §2/m and €' = ¢’ 2/m are the energies of two parti-
cle system in the center of mass frame before and after the collision makes
it possible the reduce the integrals further using familiar methods from the
Fermi liquid theory [17]. Then, we evaluate the remaining five dimensional
integrals numerically by employing a fast algorithm. In the evaluation of
momentum integrals, we neglect the angular anisotropy of the cross sections
and make the replacement (do/d{2),, — opn/4m with oy, = 40 mb.

We show our results for the response function with and without the
collision term in Fig. 1 for 2°Sn and in Fig. 2 for 2°8Pb as a function of
experimental temperature T where we also present the comparison with
the normalized experimental data [4]. The experimental temperature T* is
related to the temperature parameter in the Fermi-Dirac function f(e,T')
as T = T*\/ag/ar, where ar denotes the energy dependent empirical level
density parameter and ap = An?/4ep denotes Fermi gas level density pa-
rameter [4,16]. In our calculations, we use the temperature values T' in the
Fermi—Dirac function that are related to the experimental temperatures in
this manner.

We first note that, at the RPA level that is without the contribution
of the collision term in calculation of the nuclear response, the position
of the peak of the response functions do not change with temperature.
As a matter of fact, for 2°8Pb the peak is at w = 12.3 MeV for T* =
1.34, 1.62, 1.85, 2.05 MeV while for '?°Sn it occurs at w = 14.3 MeV for
T = 1.24, 2.02 MeV and at w = 14.2 MeV for T* = 2.61, 3.12 MeV.
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Fig.1. The GDR strength function of 12°Sn. Solid and dashed lines show the
response function without and with the collision term, respectively. The normalized
data is taken from [4].

This behavior of the peak energy with temperature is in accordance with
the experimental results where it is observed that the mean-energy of the
dipole response is almost constant for 2°8Pb when T changes between 1.3 to
2.0 MeV while a decrease of 1.5 MeV is observed in '2°Sn when T* changes
from 1.2 to 3.1 MeV [4]. However, the average positions of the peak values
of the strength functions are slightly below the experimental values, which
are w = 15.4 MeV for 2°Sn and w = 13.4 MeV for 28Pb. This discrepancy
may be due to the nature of the effective Skyrme force that we employ.
Moreover, the value for kK = 7/2R that is used in Steinwedel and Jensen
model depends on the value of Ry used in R = RyA'/3, and changing k
somewhat also produces a change in the position of the peak but in general
the above conclusions are not affected. Furthermore, these results for the
peak position of the strength functions are in accordance with the earlier
RPA calculations.
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Fig.2. The GDR strength function of 2°®Pb. Solid and dashed lines show the
response function without and with the collision term, respectively. The normalized
data is taken from [4].

Dotted lines in figures 1, 2 show the strength functions including colli-
sional damping mechanism. Since, we neglect the real part of the collisional
response the peak values of the strength do not change, but the collisional
mechanism introduces a spread, in particular at the high frequency side of
the strength functions and this spread becomes more pronounced with in-
creasing temperature. In order to illustrate the effect of the collision term
more drastically, in figure 3, we show the response function with and without
the collision term for 12°Sn and for 2°8Pb at temperatures T = 2,4 MeV.

Rather simple description presented in this paper is able to explain cer-
tain aspects of giant dipole excitations in '?°Sn and 2°®Pb, but do not pro-
duce a good description of the experimental strength functions as a function
of temperature. One important element missing in the calculations is the
coherent damping mechanism due to coupling dipole vibrations with low
frequency collective surface modes [18-20]. This mechanism is especially
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Fig.3. The GDR strength function of '?°Sn and 2°8Pb at T* = 2, 4 MeV. Solid
and dashed lines show the response function without and with the collision term,
respectively.

important for describing the details of the strength distributions at low tem-
perature. In the continuation of this work, we plan to improve this simple
description by incorporating the coherent damping mechanism in Thomas—
Fermi approximation.
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