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DIFFUSION ON THE DISTORTED FERMI SURFACE

The diffusion approximation to the relaxation on the distorted Fermi surface in a Fermi liquid
is considered. The dependence of the relazation time on the multipolarity of a Fermi surface
deformation is established. The time evolution of the non-equilibrium particle-hole excitations

is studied.
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1. Introduction

An important aspect of the dynamics of a Fermi lig-
uid is the presence of the Fermi motion of particles
and the related effects of the dynamic Fermi-surface
distortions. Both can be considered in the fluid dy-
namic approximation, where the initial quantum me-
chanical equations of motion are converted into equa-
tions of motion for local quantities such as the nucleon
density, current density, pressure, ete. [1,2]. Usually,
this is done by means of the Fermi-surface deforma-
tion. The fluid dynamic approximation gives a sim-
ple and clear-cut interpretation for the highly collec-
tivized giant resonances and establishes a relation be-
tween the microscopic theory and phenomenological
models such as the the liquid-drop one [3-6].

The allowance of Fermi surface distortions leads to
some features of the Fermi-liquid dynamics, for ex-
ample, the the excitation of transverse waves [1, 3, 4],
effect which do not occur in the non-viscous clas-
sical hydrodynamics. Certain difficulties arise when
one tries to describe the damping of the collective
motion, where the macroscopic nuclear fluid dynamic
description is far from being established. The exten-
sion to the time-dependent mean-field theory which
incorporates interparticle collisions into the kinetic
equation for the many-body Fermi system leads to
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the necessity to consider the dynamic Fermi-surface
distortion in the collision integral [5,7, 8].

In this paper, we used the diffusion approxima-
tion [9] to the relaxation on the deformed Fermi sur-
face. This approach gives a simple result for the de-
pendence of the relaxation time as a function of the
Fermi surface deformation multipolarity. In Section
2, we consider the kinetic equation for the Wigner
distribution function and reduce it, by applying the
diffuse approximation. In Section 3, we establish the
dependence of the relaxation time on the Fermi-
surface distortion multipolarity and study the relax-
ation of particle-hole excitations. Our conclusions are
presented in Section 4.

2. Diffuse Approximation
to the Collisional Kinetic Equation

We will start from the collisional kinetic equation in
the following form: [10, 11]

afl(Ra P1; t)

- + LfI(R, p1;t) = 0St{f}. 1)

Here, f(r,p;t) is the Wigner distribution function,
0St{f} is the collision integral, and the operator L is
given by

- 1

L:EP'VR*(VRU)'VF (2)
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The single-particle potential U includes, in general,
self-consistent and external fields. We will use the col-
lision integral §St{f} in Eq. (1) in the following gen-
eral form:

i) = [ LR (p, Q)
% 5(A€)5(Ap). (3)

Here, w({p,}) = w(p1,P2; P3, P4) is the spin-isospin
averaged probability for the two-body scattering, g =
= 4 is the spin-isospin degeneracy factor, Q({f;}) =
= fifo(1 = f3)(1 = fa) = (1 = f1)(1 = f2) fsfa is the
Pauli blocking factor, Ap = p1 + p2 — P3 — P4, and
Ae=€1+e3—€3—€y, with e; = p?/?m—}— U(rj) being
the single-particle energy. With the integration over
the initial ps and final p4s momenta of the medium
particles in the collision integral, one can reduce the
kinetic equation (1) to the master equation with gain
and loss terms. Namely,

ofi(R,p1;t) | = o [ 8dp2
ot +Lfl(R7p17t) _/(27Th)3 X

X [Wasi(p1, p2) f1(R, P15 t) f2(R, past) —
—Wi2(p1,P2) f2 (R, p2; 1) f1(R, p1; t)], (4)

where f; = 1 — f;. The value W;;(p1, p2) in Eq. (4)
gives the transition probability for the scattering
of a particle from the state p; to the state p; in
surroundings of medium particles. The probability
Wi (p1,p2) contains the square of the correspond-
ing amplitude of scattering for the direct, 1 — 2,
and the reverse, 2 — 1, transitions which are the
same because of the detailed balance. The probabil-
ity Wis;(p1,p2) includes also the distribution func-
tions of the scattered particle in the initial and final
states. In the lowest orders of a change of the distribu-
tion function, we can put the equilibrium distribution
function feq(r,p), which is isotropic in the momen-
tum space, into Wj=;(p1,p2). We also assume that
the main contribution to the scattering amplitude is
given by the transitions that correspond to a small
momentum transfer: |p; — pa| < pr, where pr is the
Fermi momentum, see also Ref. [11]. Finally, assum-
ing Born’s approximation for the scattering ampli-
tude, we can write the expansion

W(p1,p2) = W(lp1 +s/2[,5) = W(p1,5) +

1
+ §suvp1,u W(pla S) +
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1
+ gsysuvpl,yvthW(pl, 8) F ey (5)

where s = p2 — p1, and the summation with respect
to the repeated subscripts is understood.

Taking into account that the contribution to the
collision integral is given by states near the Fermi
surface and keeping terms up to the second order in
the transferred momentum, we have finally

9 ) -
% +Lfi =~V [Kp (Vpywer) fifi+

+f12 vphu Dp} +V;2;1 (fl Dp) (6)

from Eq. (4). Here, the diffusion term D,, in the mo-
mentum space is defined as [9]

D, = % /ds 2 W (p1, s). (7)

The drift term K, in Eq. (6) is connected to the dif-
fusion term D,, by the relation

0
K,= —D,. 8
P 861 P ( )
The right-hand side of Eq. (6) can be identified as a
collision integral

St{f} =V [Kp (Vm,rﬁl)fl]gl + f12vp1,VDp +
+ V7, (f1 Dp). 9)

3. Relaxation Time
for Distorted Fermi Surface

The transport equation (6) is nonlinear differen-
tial equation for the Wigner distribution function
f(r,p;t). We shall consider this equation further in
the limit D, = const, K, = const, and rewrite it as
af = ; 2
E +Lf: _vap,uffvp,V6+Dpvpf-

In the limit df /0t = 0, this equation leads to the
correct equilibrium solution, which corresponds to a
spherical Fermi surface and gives the Fermi-type mo-
mentum distribution

(10)

P2/2m+ U — /\>17 a1)

f = feq(R7 p) = (1 + exp T

where ) is the chemical potential, which is derived by
the condition of the particle number A conservation

drd
JF= T

(12)
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Fig. 1. Width of the isoscalar GQR versus the nuclear mass
number A. The results are obtained from Egs. (17) and (16)
with Dp(pp) = Dp = 2.5 x 10721 MeV? fm~2s. The experi-
mantal data are taken from Ref. [15]

This statement follows from definition (2) of the ope-
rator L,

i/ feq = Oa
and, further, from the fact that the right-hand side
of Eq. (10)

St{f} =K, Vpo [ fVpoe+ D, V2 f (13)

for D, = const, K, = const is equal to zero by f =
feq and

T=-D,/K,. (14)

This last relation can be interpreted as a definition
for the temperature 7.

3.1. Multipole deformation of Fermi surface

In order to analyze the dependence of the collision in-
tegral St{f} and of the corresponding relaxation time
on the multipolarity of a Fermi surface distortion, we
consider below a small deviation § f = f — foq of the
distribution function from the equilibrium. We shall
expand this deviation in a series in spherical harmon-
ics such as

of = s > vne

£) Yim (2p).- (15)

Putting this expanded form into the linearized colli-
sion integral (13), we obtain the multipole expansion
of St{f}, which contains all terms of [ starting from
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[ = 0. This comes as a consequence of the above-used
diffusion approximation. However, the correct expres-
sion for the collision integral does not contain the
[ =0 and [ = 1 terms because of the conservations
of the number of particles and the momentum in the
collisions. With regard for these constraints, expan-
sion (15), and the expression for the collision integral
(9) linearized with respect to df, we derive the re-
laxation time 7,; for the {-multipole distortion of the
Fermi surface:

oy )St{f}Yzm( )

Tr,l /

P

5f Yim( )

1>2. (16)

As seen from Eq. (16), the drift term and, thereby,
the nuclear mean field U do not contribute to the
relaxation time 7,;, which is only derived by the dif-
fusion on the distorted Fermi surface.

One can also see from Eq. (16) that the relaxation
time 7,.; decreases, as the multipolarity [ of the Fermi-
surface deformation increases. The nuclear fluid dy-
namics approximation (FLDA) for the isoscalar exci-
tations corresponds to the case where [ = 2 is prefer-
able, see Ref. [14]. The fast damping of the higher
multipolarities of the Fermi surface distortion in
Eq. (16) gives an argument for the applicability of
the FLDA to the description of highly collectivized
nuclear excitations.

Relation (16) can be used to adjust the diffusion
coefficient Dp(pr) to the nuclear data. Within the
FLDA, the relaxation time 7, ;—o derive the width
I'cqr of the isoscalar Giant Quadrupole Resonance
(GQR), see Ref. [14]. Namely,

4er h T

T —
GQR mr¢ 1+ (wrT)?

A72/3

(17)

where e is the Fermi energy, 7o is the mean nucleon-
nucleon distance in the nucleus, 7 = 7,.;—2, and wg is
the GQR eigenfrequency. In Figure 1, we show the re-
sults of calculations and the comparison with experi-
mental data for the GQR width for the nuclei through
the Periodic table of elements. We have here adopted
ep = 40 MeV, 1o = 1.2 fm, and the experimental
value of the GQR energy fiwg = 63A~1/3 MeV. The
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relaxation time 7 in Eq. (17) was taken from Eq. (16)
with D, (pr) = D), = 2.5 x 107! MeV? fm”s.

As can be seen from Fig. 1, the FLDA provides
a quite satisfactory description of the widths I'qqgr,
where the quadrupole distortions of the Fermi sur-
face are taken into consideration, and the above-
mentioned diffuse coefficient D, (pr) is used.

We point out a some peculiarity of the nuclear
isovector excitations. The isovector current is not
conserved in the neutron-proton collisions [16], and
the dipole distortion of the Fermi surface is repre-
sented at the collision integral. Thus, the term [ = 1
gives an additional contribution to the relaxation of
collective isovector excitations [2,17,18].

3.2. Particle-hole distortion of Fermi surface

Another possibility for a distortion of the Fermi sur-
face is the initial non-equilibrium particle-hole exci-
tation. We will restrict ourselves by a nuclear matter,
which is homogeneous in the r-space, and assume a
spherical Fermi surface of radius pr. The Fermi mo-
mentum is derived by the condition for the particle
number A within a fixed volume V

T oary

Vg o
/(2wh>3pdp
0

The distorted particle distribution fi,(p,t = 0) for
the particle-hole excitation at the initial time £ = 0 is
given by

= A.

fin(pat = O) =
=[1—-0(p—p))+0(p—py)][l—0p—pr)+

+[1=0(p—p2)] 0(p — p1)0(p — pr), (18)
which means the particle located at p;1 < p < po
and the hole excitation at pj < p < ph for the fixed
p1 > pr and phy < pr, respectively. Note that the
intervals Ap’ = p, — p} and Ap = ps — p; should be
taken from the conditions

PF
4nVedp ,
7Ty in 7t: :Afla
0
OO47Tngp 9
P fin(p t = 0) = 1.
| Gl =0
pF
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Fig. 2. Time evolution of the initial distribution function
(18) in the momentum space (in units of the Fermi momen-
tum pp) with p}/pr ~ 0.71, ph/pr ~ 0.75, p1/pr ~ 1.12,
p2/pr =~ 1.13, which corresponds to the initial excitation en-
ergy Fex = 30 MeV. The solid line is the Fermi distribution
(11) with T = —D,/K,. The calculation was performed for
A=16

Assuming the spherical symmetric distribution, the
kinetic equation (10) is rewritten as

of _ Ky
ot

bt f |+ el
P

19
p* Op~ Op (19)

Equation (19) can be solved numerically under the
initial condition of Eq. (18). Below, we will use the
transport coefficients D), = 2.5 x 1072} MeV? fm ™2 s
and K, = —6.25 x 10722 MeV fm~?%s.

In Fig. 2, we have plotted the time evolution of
the Wigner distribution function f(p,t) for the initial
particle-hole excitation in a nucleus with A = 16.
Here, we have started from the initial distribution
fin(p,t = 0) given by Eq. (18) and have assumed the
initial excitation energy Fox = 30 MeV. One can see
from Fig. 2 that the momentum distribution f(p,t)
evolves to a Fermi-type equilibrium limit feq(p) of
the sort of Eq.(11). The corresponding equilibrium
temperature of the compound nucleus is obtained as
T=-D,/K,~4MeV.

Note that the excitation energy F.. is related to
the equilibrium temperature T of the compound nu-
cleus as Fox = aT?, where a is the statistical level
density parameter. In the case under study, we find
a ~ A/85 MeV ~!. The obtained value of the level
density parameter a agrees with the experimental one
dexp =~ A/8 MeV~1 [19] quite well.
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4. Conclusions

We have considered the equilibration in a many-body
Fermi-system caused by the interparticle collision on
the distorted Fermi surface. Our approach combines
both the dissipative and diffusive effects providing the
time evolution of the system toward the equilibrium
limit. We have discussed two types of non-equilibrium
states. The first one is the multipole deformation of
the Fermi surface, which occurs at the sound mode ex-
citation. We have established that the relaxation time
Tr, decreases rapidly with the growing multipolar-
ity [ of the Fermi-surface distortion. The relaxation
time 7,; depends here on the diffuse coefficient D,
and does not depend on the drift coefficient K,. The
second one is the relaxation of the particle-hole exci-
tation. We have shown that the corresponding relax-
ation process depends on both transport coefficients
D, and K, and the system drifts to the Fermi-type
equilibrium limit with the equilibrium temperature
T=-D,/K,.
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Pozrisnyro nHabmmkenns: nudysil ajs ommcy mporecy pesa-
kcanil Ha 30ypeniii noBepxui Pepmi y depwmi-pinuni. Beranos-
JIEHO 3aJIeXKHICTb Yacy peJlakcalil BijJ MyJIbTHIIOJIBLHOCTI me-
dopwmarii nosepxai Pepmi. JlocmiazKeHO 9acoBy €BOJIIOIIIO He-
PiBHOBaKHUX 30y/I>K€Hb YaCTUHKA—IIPKA.
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