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RESIDUAL INTERACTION EFFECT
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Isoscalar collective dipole excitations in heavy nuclei have been studied in the framework of the
kinetic model for small vibrations in a finite Fermi system with a moving surface. An analytical
expression for the second-order isoscalar response function of the dipole moment is obtained
taking the residual interaction between nucleons into account in the separable approrimation. It
1s shown that the inclusion of the residual interaction does not violate the translation invariance
of the model. The strength function has a two-resonance structure, like in the zeroth-order
approximation (i.e. neglecting the residual interaction). The account for the isoscalar dipole
residual interaction decreases the compressibility of a system and shifts the resonances toward
low frequencies, which improves the agreement with experimental data for both low- and high-
energy isoscalar dipole modes in heavy nuclei.
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1. Introduction

Isoscalar dipole excitations take a special place among
collective excitations in a nucleus. Those excitations
are associated with the nuclear compression [1]. In
particular, the high-energy isoscalar dipole mode is
called the anisotropic compression mode in contrast
to the isotropic monopole compression mode. There-
fore, their research should provide additional infor-
mation on the compressibility of atomic nuclei.

New experimental data have been obtained recent-
ly, which revealed a low-energy isoscalar dipole reso-
nance [2-5]. Isoscalar dipole excitations of nuclei were
studied theoretically in the framework of quantum-
mechanical approaches of the random-phase-approxi-
mation (RPA) type [6-10], including their relativis-
tic generalization [11, 12]. Semiclassical approaches,
which are based on the study of the dynamics in the
phase space, were also used [13-16]. The low-ener-
gy resonance was found to have an essentially vortex
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character (the toroidal mode) [13, 17-20]. From the
theoretical viewpoint, the consideration of isoscalar
dipole excitations in a finite Fermi system becomes
complicated owing to the fact that those excitations
can be connected with the motion of the center of
mass. Therefore, in order to study isoscalar dipole
excitations, a model is required, in which the trans-
lation invariance is not violated, and the excitations
of the center of mass are separated from the internal
excitations.

In this work, the isoscalar dipole excitations of hea-
vy nuclei are considered in the framework of the kine-
tic model describing small vibrations in a finite Fermi
system confined by a moving surface [21]. This work is
a continuation of work [15], in which the main atten-
tion was focused on the study of isoscalar dipole ex-
citations in the zeroth-order approximation, i.e. neg-
lecting residual interactions in the system. Owing to
the condition of agreement between the motion of the
surface and the motion of nucleons in the system, col-
lective isoscalar dipole excitations arise in this kinetic
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model already in the zeroth-order approximation. In
this work, in order to estimate the effects of a residual
interaction between the nucleons at isoscalar dipole
vibrations, the separable interaction of the dipole-
dipole type is considered. Making allowance for the
residual interaction modifies the compressibility of
the Fermi system and, hence, can affect isoscalar
dipole modes. In this work, we use the exact solu-
tion of the equation obtained in the framework of the
kinetic model and consider the residual interaction in
the separable approximation.

In Section 2, the master equations of the kinetic
model are considered for isoscalar dipole excitations
in a finite Fermi system, and the isoscalar dipole
second-order response function for the dipole mo-
ment, which is a solution of the kinetic equation (in
the first-order approximation, the isoscalar dipole re-
sponse of the system is a response of the center of
mass), is determined. In Section 3, the solution ob-
tained in the zeroth-order approximation [15] is con-
sidered. In Section 4, this solution is used to obtain
an analytical expression for the response function
with regard for the residual interaction between nu-
cleons. With the help of the obtained response func-
tion, the motion of the center of mass of the system is
discussed, the relation of the internal response func-
tion with the energy-weighed and hydrodynamic sum
rules is considered, and the effects of the residual in-
teraction on the compressibility parameter for a fi-
nite Fermi system are analyzed. Finally, the strength
function is calculated numerically.

2. Kinetic Model of Small
Vibrations in a Finite Fermi System

In our model, the Vlasov kinetic equation in the linear
approximation is used as the dynamical equation. In
so doing, we suppose the system to be saturated in
the spin-isospin space, so that there is no necessity
in introducing those variables explicitly. The dynam-
ical equations for our model can be written in the
following form [21]:

%5’”(1'3 p, t) + %% |:($’I”L(I‘, p, t) -

_ d”;f) [0V (r,t) + Vext(r,t)]} -0, (1)
R(0,p,t) = R+ 0R(0,p,t), (2)
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where

OR(0,p,t) = Z5R1M(t)Y1M(9aS0)7 (3)
M
SV (r,t) z/dr’v(r,r’)ég(r’,t). (4)

The external field Ve (r,t) and the residual interac-
tion v(r,r’) are defined below (see Egs. (8) and (13)).

Thus, we have the equations of motion for the
distribution function variation in the phase space,
on(r,p,t), with respect to the equilibrium distribu-
tion ng(r,p) and for the variation dR(6, ¢, t) of the
equilibrium radius R of the system. We assume that
the equations of motion satisfy the following bound-
ary conditions implying the free surface:

[(571(1‘, pJ_ap’mt) - 5n(r7pl_7_pr7t)] ‘T':R -

- d?’Lo 0
- _2pr I a 6R(97 2 t)7 (5)
[0I1,-(x, )] ]T:R = 0, (6)

where p,, = mu,. is the radial momentum of the parti-
cle, and p, = (0, pg, p,). The variation of the normal
component of the momentum flux tensor, §11,.,(r, t),
is defined by the equation [22]

SIL (r, 1) =

dno(e(r, p))

2Pyl (1)

= /dpprvr[(?n(r,p,t) -
Let us assume below that the equilibrium distribution
functions ng(r,p) depend only on the one-particle
energies €(r,p) and use the approximation of the
Thomas—Fermi type

dng(e(r, 4
O(d(e p) _ e~ er),

where ep is the Fermi energy.

Isoscalar dipole excitations are an effect of the sec-
ond order for the dipole moment (in the first or-
der, they correspond to the center-of-mass motion
[15]). Therefore, we are interested in the second-order
isoscalar response function for the dipole moment and
suppose that, at the time moment ¢ = 0, our system
is excited by a weak external field, which looks like

Vext (r,1) = B6(t) QP (r) Yine (6, ), (8)
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where Q) (r) = 73 is the radial form factor, 6(t) is
the Dirac delta-function in time, and 3 is a parameter
that describes the external field strength. The consid-
ered kinetic model is translation-invariant. Therefore,
the force associated with the excitation of the center
of mass by the external field (8) becomes concentrated
at the zero energy. The isoscalar response function for
the system with a moving surface is defined as follows:

Ras(w =3 /drr Y7 (6, 0)003(r,w). (9)
Here, Jp3(r,w) is the temporal Fourier transform of

the modified particle density variation. In the kinetic
model, the latter is defined as follows [23]:

(5@3(1‘,(«)) = 5@3(P,W)+QO 6(T_R) 6R1M(05(p7w)7 (10)
where
dos(r,w) = | dp dnz(r,p,w). (11)

Before the solution of the dynamical equations (2)
and (1) with the boundary conditions (3) and (4) for
spherical systems, it is convenient to change from the
phase variables (r, p) to new variables (r,€,1, o, 3, 7).
Here, € is the energy of the particle; [ its angular
momentum; and «, £, and ~ are the Euler angles,
which describe the rotation to the coordinate system
with the z-axis directed along the vector 1 = r xp and
the y-axis directed along the vector r. The variations
of the distribution function are written in terms of
new variables as the series expansion

577,3(1', P, CU) =

= Z [5n]1\4+N(e,l,r, w) + 6n}\/jN(e7l,r,w)} X
MN

X (D}WN(a,ﬂ,v)) Yin(5

m™ T

22 (12

In order to estimate the influence of the residual
interaction on the isoscalar dipole response, we will
use a separable interaction of the dipole-dipole type,

v(r, ') = K er’}ﬁM(Q,ap)YfM(@',g&'),
M

(13)

where 7 is the isoscalar dipole interaction strength.
This parameter will be chosen, by using the prop-
erties of the monopole compression mode (the giant
monopole resonance) obtained in the framework of
the applied kinetic model.
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3. Zeroth-Order Approximation
for the Response Function

The solution of the dynamical equations (2) and (1)
with the boundary conditions (3) and (4) can be ob-
tained in various approximations. First, let us con-
sider the zeroth-order approximation by neglecting
the residual interaction between nucleons in the sys-
tem [15]. It should be noted that the zeroth-order ap-
proximation for a system with a moving surface in-
volves the variations of the particle density induced
by an external field and associated with the reflection
of particles from the moving surface. That is why a
finite Fermi system can have collective excitations al-
ready in this approximation. The response function
(9) in the zeroth-order approximation, Rs(w), con-
tains the term RY  (w) proportional to 1/w?, which
is a displacement of the center of mass induced by the
external field (8). This term does not excite the sys-
tem at w # 0. Besides the center-of-mass response,
the function RY;(w) also includes the internal term
RY . (w), which describes excitations with a positive
frequency. Hereafter, the tilde sign is used to desig-
nate the response functions for the system with a
moving surface and distinguish them from the re-
sponse functions for the system with a fixed sur-
face. Therefore, the response function RY;(w) is con-
venient to be presented in the form

7i’gS (w) = ,ﬁ’(c) ( ) + Rmtr( ) (14)

where

R () = 2 (15)
0 . [Xg(w)]z 50

Rmtr( ) R33( ) X1 (LU) 7-\J’c m. ( ) (16)

and RY;(w) is the response function for the sys-
tem with a fixed surface in the zeroth-order approx-
imation (this function is analogous to the quantum-
mechanical one-particle response function). The func-
tion R, (s) can be written in the form [15]

o 1

Z Z /dmc S (x

N=+1n=—o00 0

L () @y ()

s+ ie — spn ()

9A1

RO
Jk( ~ 167 €F

(jvk:]-vg)v (17)
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Fig. 1. Dipole strength function (9) in the zeroth-order ap-
proximation for systems with moving (solid curve, Eq. (14))
and fixed (dashed curve, Eq. (17) at 5 = k = 3) surfaces. In
calculations, the external field (8) with the radial form factor
Q®(r) = r3 — R?r is used. The system contains A = 208
nucleons

where j = k = 3. The functions x3(w) and x;(w) de-
scribe the dynamical surface effects. They are defined
as follows:

X0(s) = % Z Z /d:chgnN(x) X

N=x1ln=—-00j
(=1)"Qpn(z)

X P E—— (k=1,3), (18)
x1(s) = f%eF(eris) X
X Z Z /dwxzm, (19)

N=x1ln=—-0o0j

where the dimensionless frequencies s and s,y and
the dimensionless angular momentum of the parti-

cle x,
_ _ WnN _ ./ 2
= — = = 1— R
UF/.R7 SnN UF/R, * (l/pF ) ’
568

nm + N arcsin(x
spn(T) = . ( )7

are used, and the quantity Q¥ (z) is the classical
limit of the quantum-mechanical radial matrix ele-
ments of the dipole operators 7* (k = 1,3):

Le(@) = (“1)" Ry, (20)
SnN(x)
iN(@ = 3R ’}LN(x) X
41— 22 2
. (”sN v (@) siw))' @)

Let us compare the zeroth-order approximations
for the dipole strength functions obtained in the
examined kinetic model with moving and fixed
(0R(0,p,t) =0 in Eq. (5)) surfaces (see Fig. 1). The
strength function is determined by the imaginary part
of the response function (16) (see Eq. (34) below).

In calculations, we used the effective external field
(8) with the radial form factor Q®)(r) = 73 — R?r. In
this field, response function (14) of the system with
a moving surface is equal to the internal response
function (16), which does not contain excitations as-
sociated with the motion of the center of mass. On
the other hand, although the response function of
the system with a fixed surface, R9;(w), satisfies the
energy-weighed sum rule (see Eq. (27) below), it con-
tains spurious excitations associated with the mo-
tion of the center of mass. In numerical calculations,
the average static nuclear field was approximated
by a spherical well of the radius R = 1.25AY3 fm,
and a system with A = 208 nucleons was consid-
ered. The Fermi energy was given with the help of
the parameter that was chosen above for the radius,
er = 31 MeV. We also used the value ¢ = 0.1 MeV
(see Egs. (17)-(19)).

In Fig. 1, one can see that the isoscalar dipole re-
sponse of the system with a moving surface has a
pronounced two-resonance structure already in the
zeroth-order approximation [15|. Therefore, in the
model concerned, besides the high-energy compres-
sion mode, which also presents in the model of small
vibrations of a liquid droplet [15], there is also a low-
energy mode. It is known that the new experimen-
tal data obtained recently [2-5] revealed a low-energy
isoscalar dipole resonance in heavy nuclei.
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4. Residual Interaction
Effect on Isoscalar Dipole Vibrations

Now, let us consider the isoscalar dipole response
function (9) taking the residual interaction between
nucleons into account. To study the effects of the
residual interaction on dipole excitations, we use a
separable interaction of the dipole-dipole type (13).
By solving the dynamical equations (2) and (1) with
the boundary conditions (3) and (4), we obtain the
semiclassical dipole response function (9) in the form
similar to that obtained in the zeroth-order approxi-
mation (see Eq. (14)),

Ras(w) = Rem. (W) + Riner (w). (22)

Here, the expression for the response of the center
of mass, 7~Zc,m.(w), is the same as in the zeroth-order
approximation (see Eq. (15)). The internal response
function 7~€intr(w) can be written in the form

Rintr(w) = R33(w) + S33(w) — Rem. (w), (23)

where R3z(w) is the collective response function of
the system with a fixed surface. The expression for
the latter contains not only the response function for
the system with a fixed surface in the zeroth-order ap-
proximation, RY;(w), but also the functions RY; (w)
and R{;(w), determined above (see Eq. (17)), namely,

[R(I)S (W)]2

_ 0
Rgg(b.)) = Rgg(w) + K1 11— IilR(l)l (w)

(24)
The second term S33(w) in the internal response func-
tion (23) is a contribution made by surface vibra-
tions. It can be written in the form

S99 = T
y D) — XH(0)RaRY, ()]
[—xa@)][1 = m1RY (w)] + 1 X} (@) — xF(0)]*

(25)

Here, the functions x{(w) and xi(w) are determined
by Egs. (18) and (19). Equation (23) is the main re-
sult of this work.

One can found that the poles of the dipole response
ﬁintr(w), which determine the frequencies of collec-
tive isoscalar dipole modes, are the solutions of the
equation

[x1(@)][1=R1RY (w)]+#1 X (w) X1 (0)]* = 0. (26)
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By neglecting the residual interaction between the nu-
cleons (k1 = 0 in Eq. (26)), we obtain an equation for
the poles of the internal dipole response in the zeroth-
order approximation, x;(w) = 0 (see also Eq. (16)).

The internal response function Ringr (w) satisfies
the quantum-mechanical energy-weighed sum rule
my, which for a system with a sharp surface is given
by the formula [6]

312 AR

T Ty T

(27)
It can be verified with the help of the theorem about
the relation between the high-frequency limit of a re-
sponse function and the energy-weighed sum rule [24]:

miq 1 1

———=+0|[—) 28
Akl >
On the other hand, the low-frequency limit of the

response function Rintr (w) is related to the hydrody-
namic sum rule m_; [24],

Rintr (W) |cu—><>o =

lim R?ntr(w) = 7277’1,_1, (29)
w—0

which allows us to obtain an expression for the nu-
clear compressibility in the framework of our kinetic
model. Really, the hydrodynamic sum rule is defined

as
1 1. =
m_q = /dw— [—ImR?mr(w)].
w| ow
0

For a system with a sharp surface and in the presence
of the external field (8), it can be written in the form
[24]

(30)

3 ARS
= 31
T T (B
where the parameter K4 is defined as the compress-
ibility of the system. Calculating the low-frequency

limit of the response function ﬁintr(w), we obtain

6 ARS

li ~in T = T or_ 1 2
Jim Runr (@) = — 357 7, (32)
where o

1-r1R =0
Ky = Krc R ) (33)

1— 2Ry (w=0)

Here, Kpg = 6er is the parameter of Fermi gas com-
pressibility. Since the function R, (w = 0) < 0 (see
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Fig. 2. Internal dipole strength function for a system confined
by a moving surface calculated with regard for the residual
interaction between nucleons (solid curve, Eq. (23)) and in the
zeroth-order approximation (dashed curve, see Eq. (16)). The
system contains A = 208 nucleons

Eq. 17) at j = k = 1 and w = 0) and the strength
parameter k1 < 0 (residual interaction (13) is attrac-
tive), the compressibility parameter K4 < Krg.

In Fig. 2, the internal dipole strength function
S(F), where E = hw, is exhibited. This function is
related to the imaginary part of the response func-
tion (23):

S(E) = —%ImRintr(hw). (34)
In the calculations, the parameter of the residual
interaction (see Eq. (13)) was selected to be k1 =
= —7.5 x 107® MeV/fm? with the aim of repro-
ducing the experimental value for the energy of the
giant monopole resonance in Pb?°® nucleus in the
framework of the considered kinetic model. The cor-
responding compressibility parameter equals K4 =
= 160 MeV (see Eq. (33)). From Fig. 2, one can see
that the considered semiclassical model reproduces
the experimentally revealed splitting of the isoscalar
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dipole force into two components (the solid curve).
If the residual interaction between nucleons is ne-
glected, the centroids of two resonances are located
at higher energies (the dashed curve). The positions
of resonance centroids are shifted insignificantly, but
the main effect consists in a change of the relative
weights of two resonances. The account of the resid-
ual interaction improves the agreement with experi-
mental data. The experimental values for the centroid
energies of low- and high-energy isoscalar dipole res-
onances in Pb2%® nucleus equal 12.7 £+ 0.2 MeV and
23.0 + 0.3 MeV, respectively [4]. Our model repro-
duces these data satisfactorily (see Fig. 2, the solid
curve).

5. Conclusions

To summarize, an analytical expression for the se-
cond-order isoscalar response function of the dipole
moment, which takes the residual interaction between
nucleons into account, is obtained in the framework of
the kinetic model of small vibrations in a finite Fermi
system confined by a moving surface. It is found that
the motion of the center of mass does not bring about
internal excitations with a positive frequency. There-
fore, the inclusion of a separable residual interaction
of the dipole-dipole type does not violate the trans-
lation invariance of the model. The inclusion of the
residual isoscalar dipole interaction reduces the com-
pressibility and insignificantly affects the isoscalar
dipole resonances. The strength function calculated
making allowance for the residual interaction has a
two-resonance structure, which manifests itself in the
zeroth-order approximation as well. The account of
the residual interaction gives rise to a shift of the
resonances toward low frequencies and improves the
agreement with experimental data obtained for low-
and high-energy isoscalar dipole modes in heavy nu-
clei. The considered kinetic model allows the origin
of isoscalar dipole modes to be studied in more de-
tails, in particular, the character of the velocity field
and the properties of the momentum flux tensor at
low-frequency isoscalar dipole vibrations. The corre-
sponding result will be published elsewhere.
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BILJIUB 3AJIUIIIKOBOIL
B3AEMO/II HA I3OCKAJISIPHI
JINTIOJIBHI MOIN Y BAYKKHUX SIIPAX

Pezmowme

[30cKaJIipHI  KOJIEKTUBHI JUIIOJIBHI

AApax PO3IVIAHYTO B PAMKAaX KiHETHMYHOI MOJEN MajuxX KOJIH-

30y/I2KEHHS Yy BaXXKHUX

BaHb CKiHYeHHOI ¢depMi-cucremi, 0GMeKEHOI PYyXOMOIO [OBEPX-
Hero. OTpuMaHO aHAJITUYHUE BUPA3 IS 130CKAJIAPHOL DYHKILT
BIJIM'YKYy JUIIOJIBHOIO MOMEHTY JPYTOro MOPSAKY 3 ypaXyBaH-
HSIM 3aJIMIIIKOBOI B3a€MO/Ii1 Mi>K HYKJIOHAMH y cerrlapabesibHOMY
HabmkenHi. [lokazaHo, 10 BKJIIOYEHHSI 3aJIUIIKOBOI B3a€MO-
il He TOPYIILy€e TPaHCIAUiiHOl iHBapianTHOCTI Mojesi. Cuito-
Ba GyHKIis, K 1 B HyJboBOMY HabimKeHHI (6e3 ypaxyBaHHs
3aJIMIIKOBOI B3a€MO/Ii1), Ma€ JBOPE30HAHCHY CTPYKTypy. Bpa-
XyBaHHS 130CKaJIIPHOI JUIIOJIBHOT 3aJIMIIKOBOI B3a€MO/IiT 3MeH-
[Iy€ CTUCJUBICTH CUCTEMU 1 NPU3BOAUTH JO 3MIIEHHS PE30-
HaHCIB B 00J1aCTh Oi/IbII HU3BKUX YaCTOT, IO ITOKPAIIY€E y3ro-
JPKEHICTDb 3 €eKCIIEPUMEHTAJIbHUMU JTAHUMU IS HU3bKOEHepre-
TUYHOI i BUCOKOEHEPIeTUYHO! i30CKAJIAPHUX JUIIOJIBHUX MO Y
BaXXKHUX sIJIpax.
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