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TEMPERATURE DEPENDENCE OF THE ISOVECTOR DIPOLE RESPONSE FOR
ASYMMETRIC SPHERICAL NUCLEI: A KINETIC-THEORY APPROACH

V. 1. Abrosimov, O.I. Davidovskaya

Institute for Nuclear Research, Kyiv

Semiclassical approach based on the solution of the Vlasov kinetic equation for finite two-component systems with
a moving surface is generalized for the study of the isovector dipole resp of excited neutron-rich spherical nuclei. The
temperature effects are taken into account through the collision integral in the relaxation time approximation. It is
shown that, by taking into account the dynamical surface effects, it is possible to obtain an exact treatment of the centre
of mass motion for isovector dipole excitations of neutron-proton asymmetric systems. It is found that the width of giant
dipole resonance grows with the temperature increase in the approximation of rare collisions between nucleons.

Introduction

The study of the properties of the giant dipole
resonances in hot nuclei is of great interest in the
nuclear collective dynamics. The special attention is
devoted to the behaviour of the width of the dipole
resonance with temperature increase [1 - 8]. For the
study of the temperature dependence of the giant
dipole resonance, the kinetic approach can be used.

In the paper [9] the isovector dipole excitations in
cold neutron-proton asymmetric nuclei were studied
within semiclassical approach [10 - 12], based on the
solution of the Vlasov kinetic equation for finite
two-component systems with a moving surface. In
[9], in contrast to paper [13], the exact solution of
the kinetic equation with taking into account the
separable residual interaction was used. It was
shown that, by taking into account the particle-
surface coupling effects, it is possible to obtain an
exact treatment of the centre of mass motion
associated with isovector dipole excitations of
neutron-proton asymmetric systems.

In this paper the semiclassical approach of the
paper [9] is extended to the study of the isovector
dipole response of hot neutron-rich spherical nuclei.
The temperature effects are taken into account
through the collision integral in the relaxation time
approximation. Furthermore, the boundary condition
has an additional term, caused by the thermal
collisions in the surface region of hot system [14].
We find the collective response function of isovector
dipole vibrations. With the help of obtained function
we study the temperature dependence of the dipole
strength distribution.

The isovector dipole response function
of hot system

The analytical expression for isovector dipole
response function R(w) of a cold collisionless

Fermi-system was obtained in the paper [9] within
kinetic approach. Before extending this kinetic
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approach for the case of the hot systems, we review
the general formalism. For a two-component system
of interacting nucleons considered as a spherical
container with a free moving surface one may write

R0, 9, )=R+5R, (0,9, ®). (1)

Here ¢ = n (neutrons), p (protons), R 1is the
equilibrium radius, SR (0, ¢, ®)- the dynamical

change of the equilibrium radius.

It was assumed that the isovector dipole
excitations of this system can be described by the
phase-space distribution function J7#, (7, p, @),

given by the linearized Vlasov equation with
boundary conditions at the moving surface. We
studied the response of our system on the isovector
dipole external field of the following type

V, 7.0 = po()a,r,(0). )
Here aq, =272 at g=n (neutrons) and a, =_27N

at g=p (protons), such that the external field
V,(F,t) generates the motion of the protons and

neutrons against each other.

In order to take into account the main effects of
the mean field change inside the system, it was
assumed that they can be reduce to the separable
residual interaction between the nucleons of the
following type

(7, 7) =K, D 1'%, (0, 9)Y, (0, 0) (3)
M

with the strength parameters k.

_407[8_F

Krm = Kpp 9A R2 (E) +FE),) H
407 ¢ ,
Knp = Kpn = 9A R_I;(Fz) _F;)) ° (4)

27



V.I. ABROSIMOV, O.I. DAVIDOVSKAYA

’

Here F, and F, are isovector and isoscalar
0 0

parameters Landau, respectively, and &, is the

Fermi energy of nuclear matter.

Furthermore, in this approach it was taken into
account the particle-surface coupling effects. Due to
this fact the isovector dipole strength distribution of
cold systems does not contain excitations caused by
the centre of mass motion [9].

To extend the semiclassical approach of the paper
[9] for the description of hot systems, we take into
account collisions between nucleons. For this, in the
right side of Vlasov equation we introduced the

collision integral in the relaxation time
approximation [15, 16]
on,(r, p,t)
ol | on, (F, p,0),T |=———=. 5
JLon, (7. p.0.T] o) (5)

Here 7(T, w) is the effective temperature-dependent
relaxation time [16]

h , (ha,, Y
=y(T,w)=|T"+| —=~| |/const, (6)
2

(T, w)

where y(T, w) is the collision width of collective
mode, hw

Ca

,, the energy of collective excitation. The

constant in Eq. (6) is proportional to the nucleon-
nucleon scattering cross section. In some works this
constant is related to the nucleon-nucleon scattering
cross section in the medium [17], whereas in others
— with scattering cross section of free nucleons [18].
According to the suggestions in these papers, the
value of constant is defined in the range from
4,07 MeV to 7,36 MeV.

The collision integral (5) in the relaxation time
approximation can be used in the rare collisions
approximation, when @, ,7(T, @) >1.

In the paper [14] it was shown that the boundary
condition has an additional term, caused by the
thermal collisions between nucleons in the surface
region of the hot system. So, the boundary condition
for hot system for dipole vibrations can be written in
the following way

[6n,(Fs B.» 1, @)= 5n,(Fs oo po 0|, =
.(7)

dn) (&, T)i
" de

i
o+ OR (6,0, ®
[ prcno
where p, is the radial momentum, n;) (&,T) are the

equilibrium distribution functions; 7,(7) is the
thermal relaxation time which is defined through
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m:h}/T(T):T / const . (8)

The equilibrium distribution function is taken in
the Thomas Fermi approximation

n’(&,T) = {1 + exp(g _T‘Q; H .9

The Fermi energy of the neutron (proton) system is
given by

2/3
Eg:gF[l—i-‘qu;Zj , (10)

where 7, =1 at g=n (neutrons) and 7, =-1 at

q = p (protons).

Solving the kinetic equation with boundary
conditions at the moving surface, we can obtain the
following analytic expression of the collective
response function [12]

R@,T)= ) R /(0,T)=

q=n,p

, (I

=% > [dra, ¥ ()5, (7. o.T)

q=n,p

where 0p, (7, ®,T) is the Fourier transform with

respect to time of the density change of neutrons and
protons that is induced by the external field V, (7,7) .
In the moving-surface approximation the density
change p, (7, @, T) is defined as

&p,(F,,T) = %Idpéﬁq F, p, o,T) +

. (12)
+8(r = R)p, SR, (@, T)Y,y(6)

with p, being the neutron (g=n) and proton
(¢ = p) equilibrium densities.

The expression of the collective response
function for a cold Fermi-system was obtained in
[9]. Similarly, taking into account the temperature
effects, we can write the collective response function
of a hot Fermi-system with the moving-surface
approximation in the following form

R(o,T)=R(&,T)+S(w,T). (13)
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The collective dipole response function in the fixed-surface approximation, R(w,T)= Z R (0,T),

q=n,p
reads [13]
R(w,T R(w,T
R (o, T)|1-« il )+K g(@.1)
9 "o4? " aa
R (0,T)= - : s , (14)
R (w0,T) R,(@,T) 5 RN, T)R)(0,T)
l-x,,| + 5 +(Knn—1(np) = 5
a, a, a, a,

where ¢ #¢q'. The function R;)(a), T) in (14) is the zero-order response function in the fixed-surface

approximation [10], see also equation (18) in [13]. Such zero-order approximation corresponds to the gas of
the non-interacting nucleons, moving in the container with fixed neutron and proton surfaces. The zero-order

response function in the fixed-surface approximation R{? (w, T)is analogous to the single-particle response

function of the quantum theory.

The function S(w, T) in equation (13) represents the moving-surface contribution

R2

§(a),T)=— !

2
a, ;

0
R, (0,T) N

2 2
a, a,

X
f 0 R(o,T 0 R (o, T
| nn[Rn(a),T) L ( 2 )J (2 fp)R”(a)’T) L ( )

0
R, (0,T)

x 2

q=n,p
q#q’

[ R)(o,T)
X| K, + K

|:}[:;(Cl), T)[l_Knn 2
aq,
0
R (o,T) B
2 np

a, a,a,

Here the function ;(;)(a), T) characterizes the

particle surface pressure that is induced by the
external field

Zq(w’T):_Wa)T(T)Z"(w’T)’ (16)
_ 34, mé(T)o (T)

Zo(@.T)= 4r R’

, a7
_m’@ (Na,(T) R) (@, T)

R’ aj
o0y=— 2 % 18
Zq( )__EF’ (18)

o) =w+iy(T,w), o, (T)=w+iy.(T), (19)

where 4 =N atqg =nand 4 =7 atq =p, mis

the nucleon mass.
The analytic expressions of the amplitudes of
motion of the neutron and proton surfaces

OR,(@,T) in equation (15) have the same form as
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K, j—zﬁ (0)x (15)

nap

2 2
n ap

(@ -2 R@T) @, T)j] SE(@D

for the cold system (see equation (15) in [9]) with
replace o by @(T).

Centre of mass motion

When we consider the isovector dipole vibrations
of neutron-proton asymmetric nuclei, the coupling
with isoscalar vibrations appears [19]. As a
consequence, the spurious excitations, caused by the
centre of mass motion, can arise in the isovector
dipole strength distribution. In [9] it was shown that
in this approach due to the coupling between the
motion of nucleons and surface vibrations, the
isovector dipole strength distribution of cold systems
does not contain the spurious excitations. Such
statement remains correct for the hot system with
taking into account the collisions between nucleons.
Really, let’s consider the centre-of-mass response
determined by

SR, (@.T)="Y [dirY, (0, 0)5p,(F. o, T) . (20)

q=n,p

After some transformations, analogously to the
case of cold system [9], the expression of the centre-
of-mass response for hot system can be written as
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OR  (0,T)=0. (21)
Thus, the isovector dipole excitations of hot
asymmetric systems don’t contain the spurious
excitations caused by the centre of mass motion.

The quantitative estimation of spurious effects is
shown in Fig.1. In this figure we represent the
numerical calculations of the strength function

S(E,T), fm’/MeV
15 ; T : . .
a N=126

7Z=82

0 5 10 15 20 25 30
E, MeV

associated with the found response function (13) that
is defined as

1

S(E,T)=-—ImR(E,T), (22)
T
where F =lw.
S(E,T), fm’/MeV
15 T T T T T T T T T T T
b N=126

Z=82 1

-5 PR TR RPURN RS SR T
0 5 10 15 20 25 30
E, MeV

Fig. 1. The isovector dipole strength function (22) with taking into account collisions between nuclei for cold
asymmetric system (a) and for hot asymmetric system (). The solid line — the collective dipole strength function with
the moving-surface approximation, see (13). The dashed line — the collective dipole response in the fixed-surface
approximation, see (14). The dotted line — the moving-surface contribution to the dipole response, see (15).

The isovector dipole strength function (22) with
taking into account collisions between nucleons for
cold asymmetric system (Fig.1,a) and for hot
asymmetric system at the temperature T = 1 MeV
(Fig. 1, b) is shown. The collective dipole strength
function for the system with moving boundary is
shown by the solid curve, see Eq. (13). It has a giant
resonance structure in the energy region of the giant
dipole resonance in the nucleus **Pb. To
demonstrate that the found dipole strength doesn’t
contain the spurious centre-of-mass response, the
collective dipole response in the fixed-surface
approximation is also shown in Fig. 1 by the dashed
curve, see Eq. (14). We can see that the fixed-
surface collective response has two resonances. The
high-energy resonance describes the giant dipole
resonance in the nucleus *Pb. The low-energy
resonance displays the spurious mode at the energy
around 7 MeV. The position of this mode is defined
by the isoscalar Landau parameter F;. The dotted

curve represents the moving-surface contribution to
the dipole response, see Eq. (15). We may see on

30

Fig. 1 that due to including dynamical surface
effects in the dipole response, the spurious centre-of-
mass strength is exactly canceled. So our dipole
strength distribution with moving surfaces for the
hot systems doesn’t contain the spurious centre-of-
mass response.

Temperature dependence of the dipole
strength function

The strength function (22) describes the strength
distribution of the isovector dipole excitations. The
numerical calculations of the strength function were
performed for the system with the numbers of
neutrons N = 126 and protons Z = 82 like that is in
nucleus ***Pb. We used the following values of the
nuclear parameters: 7, =1,12 fm, m=1,04 MeV x
x (10%s)¥/fm? and &r =40MeV. The phenomeno-

logical values of the surface symmetry energy
QO =75MeV and the Landau parameters F(; =1,25

and F, = =-0,42 were taken from [20]. The value of
constant in Egs. (6) and (8) was put 5,6 MeV, in
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order to describe the experimental width of dipole
strength distribution at temperature 7= 0 MeV.

In Fig.2 we display the effect caused by
collisions between nucleons. The dashed line
represents the moving-surface dipole strength
function without taking into account collisions
between nucleons. The solid line represents the
moving-surface dipole strength function with
accounting for collisions through the collision
integral in the relaxation time approximation. We
can see that the collision effects lead to the increase
of width of the isovector dipole resonance. Really,
as we can see, the width of the isovector dipole
resonance for cold collisionless Fermi-systems (the
dashed line) equals 0,8 MeV. This width is caused
by the Landau damping. If we take into account
collisions between nucleons (solid line), the width of
the distribution increases and becomes equal 4 MeV.
As we can see, the obtained width is in a good
agreement with the experimental width of the dipole
distributions for the nucleus ***Pb [21].

S(E,T), fm’/MeV

50 ‘ ‘
N=126
Z=82

40 |
T=0MeV

,,,,,, without collisions
with collisions

30

T, =403 MeV
20

10
I'=4 MeV-

0 5 10 15 20 2 30

E, MeV
Fig. 2. The collective dipole strength function (22)
with the moving-surface for asymmetric system in
two approximations: the dashed line — without
taking into account collisions between nucleons and
the solid line — with taking into account collisions
through the collision integral in the relaxation time
approximation.

Fig. 3 demonstrates the influence of the neutron
excess on the isovector dipole strength distribution.
The dipole strength function for the symmetric
system of 4 = 208 nucleons with the same numbers
of neutrons and protons (the dashed curve) is
compared to the one with the neutron numbers N =
126 like in the nucleus *®Pb (the solid curve). We
can see that the neutron excess also increases the
width of the isovector dipole resonance.

Fig. 4 demonstrates the temperature effects on
the isovector dipole strength distribution with
moving-surface approximation. It is found that the
width of giant dipole resonance grows with the
temperature increase in the approximation of rare
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Fig. 3. The collective dipole strength function (22)

with the moving-surface approximation for

symmetric (N = Z = 104) system (the dashed line)

and for asymmetric (N = 126, Z = 82) system (the

solid line).

S(E,T), fm’/MeV
14 T

12+

10

%0
E, MeV
Fig. 4. The collective dipole strength function (22)
with the moving-surface approximation at different
temperature.

collisions between nucleons. Take note that the main
temperature effect in the resonance width is
connected with the temperature effects in the
collision integral. Both the temperature effects in the
equilibrium distribution function and the thermal
collision in the surface region do not change
essentially  the  isovector  dipole  strength
distributions.

Conclusions

Semiclassical approach based on the solution of
the Vlasov kinetic equation for finite two-
component systems with a moving surface is
generalized for the study of the isovector dipole
response of excited neutron-rich spherical nuclei.
The temperature effects are taken into account
through the collision integral in the relaxation time
approximation. It is shown that, due to the account
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of the surface degree of freedom, the obtained
isovector dipole strength distribution does not
contain spurious excitations caused by the centre of
mass motion. The analytic expression for isovector
dipole response function of hot systems is obtained.
It is found that the neutron excess leads to the
increase of width (the decrease of collectivity) of the

isovector giant dipole resonance due to a
strengthening of the Landau damping. Surface
effects play the essential role in the structure of the
isovector giant dipole resonance. It is found that the
width of giant dipole resonance grows with the
temperature increase in the approximation of rare
collisions between nucleons.
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TEMIEPATYPHA 3AJIEXKHICTD I3OBEKTOPHOI'O JUIIOJBHOI'O BIAT'YKY
ACUMETPUYHUX CO®EPUYHUX SJEP: KIHETUYHUI TIIXI]

B. I. A6pocimoB, O. 1. laBugoBcbka

HaniBknacuunuii miaxin, mo 0a3yeTbcs Ha KIHETUYHOMY PiBHSHHI BiiacoBa Juis CKiHUEHHHX CHCTEM i3 PYyXOMOIO
MOBEPXHEIO, Y3araJlbHEHO JUIS BHBYEHHS 130BEKTOPHHX JAWNONBHUX 30Yy/KEHb HarpiTux cdepudHux snep i3
HaJUIMIIKOM HeWTpoHiB. TemmepaTypHi e(ekTH BpaxoBaHO B IHTErpalli 3iTKHEHb y HAOMMKEHHI e()eKTHMBHOTO 4Yacy
penaxcanii. [TokazaHo, 10 BpaXyBaHHsI TOBEPXHEBUX CTYIICHIB BUIBHOCTI JO3BOJISIE BUKIIIOYUTH TyXOB1 30y DKEHHS, 110
MOB'sI3aHi 3 PyXOM IIeHTpa Mac. 3Hai/IeHO, O IHUPHUHA TiIraHTCHKOTO IUIOIBHOTO PE30HAHCY 301TBIITYETHCS 3 POCTOM
TeMIepaTypy B HAONIMKECHHI PiKICHUX 3iTKHEHh MK HYKIIOHAMH.
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TEMIEPATYPHASA 3ABUCUMOCTDb U30BEKTOPHOI'O JUIIOJBHOI'O OTKJ/IMKA
ACUMMETPUYHBIX COEPUUYECKHUX SJIEP: KHHETUUYECKUI MOIXO]

B. . A6pocumoB, O. U. laBugoBckasn

[Monykmaccnyeckuii MOJX0J, OCHOBAaHHBIM Ha KHHETHYECKOM YypaBHEHMM BiacoBa Juisi KOHEYHBIX CHCTEM C
MOJIBIKHOM TIOBEpXHOCTHIO, 0000IIaeTcss Uil HM3YyYeHHs HM30BEKTOPHBIX JHUIIOJIBHBIX BO30Y)KICHUH HarpeThix
cepuyeckux siep ¢ M30BITKOM HEHTpoHOB. TemmepaTypHble 3(p(eKTs yUUTHIBAIOTCS B MHTErpajie CTOJIKHOBEHUI B
npuOImKeHnn A(PQEKTUBHOTO BPEeMEHH penakcanud. [loka3aHo, YTO yYeT IMOBEPXHOCTHBIX CTEIeHeH CBOOOIBI
NO3BOJIICT MCKIIIOYUTh JyXOBbIE BO30YXKICHHS, CBS3aHHBIC C JBIDKCHHEM IIeHTpa Macc. HaiinmeHo, yTo mmpHHa
THT'aHTCKOTO JMIOJIBHOTO PE30HaHCa YBEIWYMBACTCSA C POCTOM TEMIIEPaTyphl B NPUOIMKEHUN PEAKUX CTOJIKHOBEHUH
MEXIy HyKJIOHAMH.
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