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A multiphonon variant of the coupled-channel method is formulated and applied to several
problems. In contrast to the “few-phonon” approaches to describing the relaxation of
one-quasiparticle excitations, the method approximately takes into account the coupling of one-
quasiparticle states to multiphonon configurations, which is important for “soft” nuclei.

The method is used to carry out a quantitative analysis of the one-quasiparticle and neutron
strength functions, the neutron elastic-scattering radii, and also the strength function of

the E1 giant resonance in spherical nuclei. The results are compared with the experimental data

and with the results of other theoretical approaches.

INTRODUCTION

By now a considerable amount of experimental infor-
mation has been accumulated on the properties of high-
energy one-quasiparticle excitations in nuclei: there are
data on the neutron and one-quasiparticle strength func-
tions and on the parameters of the cross sections for low-
energy neutron elastic scattering. The quantitative inter-
pretation of these data requires the use of models which
attempt to describe the relaxation of the one-quasiparticle
degree of freedom in nuclei. One such model is the optical
model of elastic scattering, in which a local energy-inde-
pendent complex potential is used (see, for example, Ref.
1). In the optical model the relaxation of one-particle
states of the continuum owing to their coupling to multi-
particle configurations is taken into account phenomeno-
logically and with averaging over the energy. The general-
ized optical model, or coupled-channel method (CCM,
Ref. 2) explicitly takes into account the coupling of one-
particle states to configurations containing phonons (as a
rule, the latter are low-lying collective 2 * states in even
spherical nuclei), and the coupling to “noncollective” mul-
tiparticle configurations is taken into account using an op-
tical potential which depends monotonically on the excita-
tion energy. In practical applications of the CCM the
relaxation of one-quasiparticle states of the discrete spec-
trum is not described, and, more importantly, the coupling
of one-quasiparticle states only to configurations contain-
ing one or at most two phonons is taken into account. This
latter statement is also true for the quasiparticle-phonon
model (QPM, Ref. 3) and the approach described in Ref.
4. The restriction of the basis of phonon states is a conse-
quence of the difficulty in practice of taking into account
the coupling of quasiparticles to multiphonon configura-
tions. However, it is necessary to take this coupling into
account if the energy of the effective quasiparticle-phonon
interaction is greater than the phonon energy. This neces-
sity was demonstrated in Ref. 5 in connection with the
theoretical analysis of the spectra of odd spherical nuclei.

In this review we formulate a model which is essen-
tially a synthesis of the approaches used in Refs. 2 and 5
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and in which, in addition to the coupling of one-quasipar-
ticle states to multiparticle configurations in terms of the
phenomenological optical potential, we approximately in-
clude the coupling of these states to multiphonon configu-
rations. In this model, which can be termed a multiphonon
variant of the coupled-channel method (MVCCM), we use
the same phenomenological parameters as in the usual ver-
sions of the CCM. In addition to formulating the model,
here we give the results of a quantitative MVCCM analysis
of the one-quasiparticle and neutron strength functions
and the radii of neutron elastic scattering by spherical nu-
clei. The MVCCM is used to solve the problem of the
broadening of the electric giant dipole resonance in “soft”
nuclei, since this problem reduces to a one-quasiparticle
problem in some approximations.

In this review we give the results of studies carried out
in recent years by B. B. Matveev, V. V. Samoilov, B. A.
Tulupov, and the authors of the reviews of Refs. 6-9.

1. THE AVERAGED ONE-PARTICLE GREEN
FUNCTION AND OBSERVABLES

Spectral expansion of the one-particle Green
function

By definition, Green function

Ga(X,X') ile,ll
G*(X.X")= — (0| T, (X) B (X')|0), (1)

where X = (r,t)@a(X ) is the Heisenberg annihilation op-
erator of the neutron (a = n) or proton (a = p), T is the
time-ordering operator, and the expectatign value is taken
in the ground state of the Hamiltonian A of the nucleus -
containing A(Z,N) nucleons. In the absence of external
fields the Green function (1) depends only on the time
difference t — ¢ = : G(X,X') = G(rr',7). If we intro/c\iuce
a complete set of eigenfunctions of the Hamiltonian H for
the nucleus containing 4 + 1 or 4 — 1 nucleons, |s) or
|5), the Green function (1) can be written as (here and
below for simplicity we drop the isotopic index a, in which
all the quantities considered are diagonal)

the one-particle
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G(rr',7)=

—i0(r) X, (O|P(r) |s)(s|P* (r')|0) exp[ — i(E; + pu)7];

(2)

0(—7) Y (0| (r')|5)(5]P(r)|0) exp[i(Es+ p)7].

Here E; and E; are the energies of the excited states of the
nuclei containing 4 + 1 and 4 — 1 nucleons, respectively,
u is the chemical potential, 6(y) = 1 when y> 0, and 6(p)
= 0 when y <0. According to (2) the Fourier transform of
the Green function G(rr',e) = fdrG(rr',) explie7] is

by(rr’) by(r'r)
—+ Y
e—pu—E +1i0 s E—pu+ E;—

G(rr'e)= 2,

EG(+)+G(_), (3)

where by(rr') = (0| P(r) |s){s| P (r')]0), b(r'r)
=(0| 1/1+ (r')|5){(s] ¥(r) |0) In a system of noninteracting
quasiparticles, when H — Ho = 3,Hy(a), where Hy(r) is
the one-particle Hamiltonian, according to (3) the Green
function G - G can be written as

Go(rr',e) = ; (1) @a(r') Goa();

l—nl n;
E—E;_+i0+

Goi(e)= (4)

e—¢g;—i0’
where n, is the occupation number and ¢;(r) and ¢, are
the eigenfunctions and eigenvalues of the Hamiltonian
Hy(r): (Ho(r) — &3)@i(r) = 0 [A = (njlm) when g,
> 0, A = (gjim) when £>0; in expressions in which the
angular variables are eliminated we shall use A to mean
(njl) or (gil)].

The averaged Green function and the one-
quasiparticle strength functions

At sufficiently large excitation energies E, (E, ~ B,
where B is the nucleon binding energy) it is interesting to
describe the parameters of the cross sections for various
nuclear reactions averaged over the energy interval 7
> psfs-)l [pss) is the density of poles of the Green function
(3)]. In connection with this we introduce the averaged
one-particle Green function g(rr',c) = (G(rr',e), where
the brackets (...) denote the average over the energy inter-
val I. The averaging procedure can be carried out using the
analytic properties of the averaged function (see, for ex-
ample, Ref. 12). For example, using (3) with accuracy
~1I/|e — p| we obtain

glrr'e) = f —e)mj G(rr',e')de'

=G(rr',e + I Sgn(e — pn)). (5)

The quantities b,(r = r’) and b5(r’ = r) have the meaning
of the density of the probability for finding the one-particle
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or one-hole state, respectively, in the exact nuclear states,
and the quantities pJf(b(r = r'))dr and p;f (bs(r'
= r))dr are interpreted as the strength functions of the
one-particle and one-hole states, respectively. Therefore,
according to (3) the one-quasiparticle strength function is
determined by the imaginary part of the averaged one-
particle Green function:

1
S(e)= —~ Sen(e — ) f Img(r=r'e)dr.  (6)

For spherical nuclei the averaged Green function is conve-
niently represented as an expansion in spherical spinors
Dy (x/7):

g(rr',e)— 2 D1 (r/P) @ (/7)) gy(rr' ). (T)
Using this expansion, the strength function (6) can be

written as

S(£)=21: (27 + 1)Sj(e);
J

1 o
Sie)=~Sente—p) [ mgur=rierdr. (®)

The strength functions S;(¢) (8) are the subject of exper-
imental study in one-nucleon transfer reactions.

The equation for the averaged Green function

The shell approach to the description of highly excited
states of nuclei and nuclear reactions involving no more
than one nucleon in the continuum corresponds to choos-
ing the function Gy(rr’,e) (4) as the zeroth approximation
for the one-particle Green function. Then the exact Green
function satisfies the Dyson equation

G(rr',e) =Gy(rr',e) + f Go(rry,€)2(rrye)

X G(r,r',e)drdr;. (9

Here 2 is the irreducible self-energy part describing the
coupling of one-quasiparticle excitations to multi-quasipar-
ticle ones with, by definition, £(e =pu) =0, and Im 2 (¢)
changes sign at the point € = u. In the range of excitation
energies under consideration the quantity Z(rr',e) is a
strong function of the variable € — u, as follows from (3)
and (9). The equation for the averaged Green function (5)
follows from the Dyson equation (9) if in this equation we
make the replacement e—¢ + il Sgn(e — u):
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g(rr',e) =go(rr',e) + f 8o(rry,€) AH(rrp¢)

X g(ryr',€)drdr,. (10)
Here
AH(rrpe) =3 (1 rp¢ + il Sgn(e —p))
=(2(rrye)) (11)

is the averaged irreducible self-energy part (the analytic
properties of G(¢) and 2(¢) coincide'®), and go(rr',e) is
the Green function of the Schrodinger equation with the
shell-model Hamiltonian:

(Ho(r) — €)go(rr',e) = — 8(r —r'), (12)
as follows from (4). For positive nucleon energies the cir-
cuit of the poles in the spectral expansion of the function
go(rr',e) is dictated by the rule e—¢ + il. For negative
energies it is necessary to choose an analytic continuation
of this function such that its poles correspond to the nu-
cleon bound states in accordance with (4).

We then use expansions of the form (7) for the func-
tions gg, g, and AH. Then according to (10) we obtain the
equation for the radial part of the averaged Green function:

gjrr',e) =go(rr'se) + j 8oji(rri,€)

X AH;(r\rp,€)8i(ryr' €)dridr,, (13)
where according to (12)
(Hoji(r) — €)goj(rr',e) = — 6(r—1'). (14)

Here Hy;(r) is the radial part of the Hamiltonian Hy(r):

# o(d I1+1)
Hoy(r)= — 52 (ﬁ - _Tf—) + u(r) + (Is) jun(r),

(15)

where u(r) and ug,(r) are, respectively, the central and
spin—orbit parts of the shell potential. In connection with
this we note that the eigenfunctions of the Hamiltonian
Hy(r) can be written as

(16)

@a(r) =Rogjy(r) Py, (x/1); rR(r)=x(r),

where the radial wave functions yq;(7) satisfy the equa-
tion

(Hoj(r) — €)x0i(r) =0 (17)

“and the condition y,;(0) = 0.

Equations (10) and (13) therefore correspond to the
problem of the motion of a nucleon in a nonlocal, energy-
dependent, complex potential. It is necessary to parame-
trize AH(rr',£) using the minimum number of phenome-
nological parameters on the basis of a “‘semimicroscopic”
model.
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The averaged amplitude and wave function for the
elastic scattering of a nucleon by a nucleus

The amplitude fo;m .(kk'/k?) and the wave functions
for nucleon scattering with the shell potential ¢0k#(r) hav-
ing the asymptotic form of a plane wave plus outgoing
wave can be written as partial-wave series:

kk'y 2 k' k
()25 3 o 5] 2 ()

X (So— 1); (18)
k r
¢(*)(l') =47 ; ((pjlm (k) X/A) Jjim ( ) kjl (r)
" (19)

Here y, are the spin wave functions; k = (2Me/#)V? is
the nucleon wave vector; Sy; = exp[2i8y;], where &y are
the scattering phase shifts;

(+ )%

=Xokjl (20)

R (N =x60 (1) XSigt"

are the radial wave functions satisfying Eq. (17) and the

condition y(0) = 0. In the limit >R (R is the radius of

the nuclear part of the shell potential) these functions have

the form

XS5 (r) = (2ik) [ — uf =) (k) + Sou(k)uf ) (kr)].
(21)

In the case of neutrons u, *(x) = :l:ixh(lz)(x), where
h(1 2) (x) are the spherical Hankel functlons of the first and
second kind. In the case of protons u )(x) = G(x)
+ iF)(x), where F)(x) and G/(x) are the corresponding
Coulomb functions and §y; in (21) is in this case the nu-
clear part of the total phase shift. The radial wave func-
tions of the continuum normalized to a § function in the
energy X((,:ﬂ)(r) are related to the wave functions (20) as

XSl (r) = (2Mk/mi) Vx5l (7). (22)

The elastic scattering of a nucleon by a nucleus is ac-
companied by the excitation of compound states. The cor-
responding addition to the amplitude of the potential scat-
tering (18) 6/ (fuw = fouu + 8fuy) is determined by
the irreducible self-energy part Z(rr',), since the latter is
interpreted as the part of the nucleon—nucleus interaction
Hamiltonian related to the excitation of compound states.
From this statement it follows that

’

kk
6fy'u (7 ,E) ) f '/’Ok * *(r)) 2 (ryrye)

X Wi (ry)drydr,. (23)

The “resonance” wave functions of the scattering problem
(+ )(r,e) satisfy the equation
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WD =3 0 + [ solmeZene)

( + )(l'z,E)dl'ldrz (24)

Averaging Egs. (23) and (24) over energy by the replace-
ment €—¢ + i, we obtain expressions relating the quanti-
ties (6 ), (2), and the averaged wave function of the
scattering problem ¥{ *) = W(+) (g + iI):
8 KK Ve, * () AH (ry1,2)

f wp P— € 2 ,n,hz Ok 1 : 1%2y

Xtﬁ,(‘; )(rz)drldrz, (25)

where

U =90 + [ golme) AR (rme)

XyPiF) (ry)dr dr,. (26)

Transforming in the last equation to the partial-wave ex-
pansion and using (7) and (19), we obtain the correspond-
ing equations for the radial wave functions:

W =380 + [ arme) st

Xxii ) (ry)drdr,. (27)

In order to obtain an explicit expression for the aver-
aged scattering amplitude we turn to the well known rep-
resentation of the Green function gy;(77',€) following from
Eq. (12) (see, for example, Ref. 13):

r, =max[rr'],
r . =min[rr'].
(28)

' M (+)
8o(rr',€) = — 2 Vo7 D Xoigr” (7<)

Here XOk}l and vg; are the solutions of this equation
which are regular and irregular at the origin and, respec-
tively, have the asymptotic form (21) and

vokir(r) —uf ¥ (kr). (29)

The notation is the same as in (21). Taking the limit 7»— o
in Eq. (27) and taking into account (28), (29), and (22),
we find a relation between the elements of the averaged
scattering matrix and the .S matrix of potential scattering:

(Sj) =Sop — 2mi f Xo::ﬂ (")AHﬂ("r',E)

X (rdrdr'.

x4 (30)

The averaged elastic scattering amplitude is determined by
the elements (S};), just as the amplitude for potential scat-
tering is determined by the elements Sy; in (18). This
statement follows from (18), (19), (25), (26), and (30).

Therefore, as in the case of the averaged Green func-
tion, the expressions obtained for the averaged scattering
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amplitude (the averaged S matrix) and the averaged wave
function for nucleon scattering with the excitation of com-
pound states correspond to the problem of nucleon scat-
tering on a nonlocal, energy-dependent complex potential.
The latter problem can be solved if the form of the function
AH(rr,g) is given.

The neutron strength functions

For positive nucleon energies the literal application of
(8) for the one-quasiparticle strength function is meaning-
less. In fact, when £> 0 the integral in (8) diverges at the
upper limit [this can be verified using an expression of the
form (28) for g;(r = ', > 0)], which reflects the possi-
bility of particles going to infinity. Therefore, for positive
energies we need a different method of analyzing the pa-
rameters of the compound states. In problems of a contin-
uous spectrum with a single nucleon in the continuum the
averaged parameters of the compound states can be related
to the averaged amplitudes and cross sections of the cor-
responding reactions. In this section we shall consider the
parametrization of the S-matrix element corresponding to
neutron elastic scattering S, and then average this quan-
tity over the energy.

Assuming that the compound resonances correspond
to simple poles of the scattering matrix, in the energy range
near one of the nonoverlapping resonances (with energy
€.) the quantity .S, can be written as

Wne. ) ) (31)

YT ] . S
Sm(e)=e (1 E—¢g.+iy./2

Here 7, and v, are the neutron width and the total width
of the compound resonances, &, is the phase shift, which
varies smoothly in the energy range I > p !, where, as
before, p is the density of compound states with given val-
ues of the spin and parity. The quantity S,, (31) averaged
over the energy interval I,

(S,n) =ePOn=e¥en(1 — 78,), (32)

determines the neutron strength function S, = py, (v, is
the averaged neutron width of the compound resonances)
and the elastic-scattering radius R, ~ &,. Later we will use
Eq. (32) to calculate the neutron strength function and the
neutron elastic-scattering radius.

2. TRANSITION TO THE OPTICAL MODEL AND THE
COUPLED-CHANNEL METHOD

Transition to the optical model

It follows from the discussion of Sec. 1 that the de-
scription of the relaxation of one-quasiparticle excitations
using the shell-model approach and energy averaging re-
quires knowledge of the average of the irreducible self-
energy part (11). It is not possible to realize a systematic
“microscopic” approach for calculating AH(rrye). A
considerably more ‘“economic” approach is that of
“semimicroscopic” models, in which the quantity AH is, at
least partially, not calculated, but is parametrized using
certain physical assumptions. Ignoring for the time being
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the existence of phonons (we denote the corresponding
part of 2 by ™), we give several diagrams corresponding
to the lowest orders of perturbation theory in the quasipar-
ticle interaction which contribute to =™:

e S S

Here the thin lines denote the Green functions G, (4), and
the points are the matrix elements of the quasiparticle in-
teraction. According to these diagrams, the first step in
analyzing the “decay” of a one-quasiparticle state (the first
step in solving the corresponding diagonalization problem)
is the inclusion of its coupling to three-quasiparticle con-
figurations (incoming states'*). If (i) most of the incoming
states give comparable contributions to 2™, so that a large
momentum (on the order of the Fermi momentum) is
transferred to the incoming states in the “decay” process,
and (ii) the fragmentation widths (the widths for “decay”
into configurations more complicated than three-quasipar-
ticle ones) of the incoming states overlap, then it can be
expected that the quantity AH(rry,€) contains a term rep-
resenting a local potential with monotonic energy depen-
dence:

AH(rr,e) - AH™(rr',e) =AH"(r,e)6(r —1r'); (33)

AH™(re)=A(re) —iw(r| e —pu|)Sgn(e —p),
(34)

where AH" (¢ — u) — 0 and w> 0. In the approximation
(33), (34) the averaged Green functions g(rr',e),
g;i(rr',€), like the averaged wave functions of the scattering
problem y{ ' (r), xii ’(r), according to (10), (13) and
(26), (27) coincide with the corresponding functions of
the optical model of elastic scattering with a local potential
and the Hamiltonian

H°P'(r,e) =H,(r) + AH™(r,e);

H'(r,e) =Hoy(r) + AH™(r:€). (35)
Therefore,

g(rr',e) - g% (rr',e);

(H®(r,e) —€)g®(rr',e)= — 6(r —1');

gi(rr' &) - g (rr'€); (36)

(Hif'(re) —e)gif'(rr'e) = —8(r—7r')
and

Yo () - P (r);

(H™(r,e) — &)y, (1) =0;

(37)

Xk (1) = xki ()

(H3P'(re) — e)xfi ) P (r) =0.

In the optical model of elastic scattering only Egs. (37) are
used. In particular, the last of these determines the phase
shift for scattering by the optical potential and, conse-
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quently, the averaged .S matrix and scattering amplitude in
the optical-model approximation:
(FY=1" (S)~SP=exp[2]'];

opt __

pt :.,0pt
i =6 + 1,

(38)
where 7 f* > 0 owing to (34).
For nucleon energies £>0, Eq. (36) can be used to
write the optical-model Green function in a form similar to
(28):

g (rr )= — 2M/B)oB (r ) xkit P (r),  (39)

where the functions v}%(7) and yj;i '°"(r) satisfy the sec-
ond of Egs. (37) and the boundary -conditions

X0 = 0:

X P (r) - (2ik) 7' — uf 7 (k)
»R

+ SP K uf T (k)]

v (r) — uf T (kr) (e>0).
R
The functions u} =’ (x) were found above [below Eq. (21)].
For negative nucleon energies (¢ = — #x%*/2M) the
replacement k—ix gives, instead of (40),

(40)

Xt () = (250) ™ w} O (oer)
>R
— By(x)wf ~ (xn)],
v,(r) - wl = (xr),
»R
where w{*’(y) = u{7(ip). In the case of neutrons the
functions w}i)( y) are expressed in terms of the modified
Bessel functions. In the case of protons they are given in
terms of Whittaker functions with doubled argument.

(41)

The one-quasiparticle and neutron strength
functions in the optical-model approximation

In the optical-model approximation, when AH
— AH™, g — g%, y(+) _, y(+)oPt it is possible to calculate
the strength functions S;(¢) and S, according to (8) and
(30), (32), respectively, if the parameters of the optical
addition to the shell-model potential (34) are given. Cal-
culations of this type for neutron strength functions were
carried out long ago (see, for example, Refs. 1 and 15),
and relatively recently for S;(¢) (Ref. 16). Examples of
such calculations are given in Secs. 4 and 5. Here we dis-
cuss the quantitative analysis of the conclusions of the op-
tical-model approach.

In an energy interval near a discrete (or quasidiscrete)
level, i.e., in an interval |e — ¢&,| € D [D(, is the
energy interval between adjacent one-particle levels with
identical values of the angular momentum and parity], the
results of the optical-model approach can be represented
analytically if we use the approximate expressions for the
Green function gy, (77, < 0) according to (4),

goa(rr' e <0) = (g —&7) ~ (M xa(r), (42)

and also for the Green function gy, (#r',e > 0) correspond-
ing to the S-matrix element S;;; and the continuum wave

S. E. Murav’ev and M. G. Urin 432



function y§;7’(r) for the scattering of a nucleon by the

shell-model potential (see, for example, Ref. 13):

. -1
1
goa(77',e>0) = 8—64+5F,'1] X (x2
(43)
. ir!
Sop(e) et 1 — T2 .
1
8—8/14—51-\}1
14172 0)
A xi (1)
W=l ———. (44)
E—El—i-'z‘ri

Here T’} is the width of the quasidiscrete level due to the
existence of the one-particle continuum [T} < D,]; 89 is
the nonresonance part of the phase shift of potential scat-
tering, and y.”(r) is the corresponding solution of Eq.
(17) normalized to unity in the nuclear volume. Solution
of Egs. (36) for g'(rr',€) and (37) for y\ ™’ °P(r) fol-
lowed by calculation of S3'(¢) according to (30) leads to
expressions of the form (42)-(44) with the replacement
£,—E) — % T}, E,=¢g,+ Ay Tj=T)Sgn(e —p);

[ [ Bramr e <0
L
\

SIS

A, —
f YO (HAH(re)dr (6,5 0).
(45)

Further calculation of the one-quasiparticle strength func-
tion using (8) and the neutron strength function using
(32) leads to the following expressions for these quantities
(Tp>T):

Sa( )—-—1-— L 5 Sua=T}S:(¢e)
”_27r(g_5,1)2+i(r,‘1)2’ =1 39,1€).
(46)

We note that §S;(g)de = 1. Equations (46) admit a clear
interpretation based on the definitions of the strength func-
tions:

T;
2mps (e — §,)% + 1 (TH?’

Ya=T1(b}); (b= (47)

b= f by(rr")@¥(r) @, (r')drdr’,

i.e., the averaged neutron width of the compound reso-
nances is equal to the product of the one-particle width for
decay into the continuum and the averaged probability of
finding a one-quasiparticle state in the exact nuclear states.
According to (45)—(47), the quantities T'} and A; are,
respectively, interpreted as the (fragmentation) width and
the (fragmentation) shift of the one-quasiparticle state ow-
ing to the coupling of this state to multiparticle configura-
tions.
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The derivation of the approximate expression (46) for
S, (€) based on the approximate representation (43) shows
that it is necessary to modify Eq. (8) for the calculation of
the strength functions of subbarrier one-particle states. In
this case in the integral (8), which formally diverges at the
upper limit, the integration region must be limited by the
value of r; for which the condition (S;(e)de = 1 is satis-
fied. Naturally, the radius 7; is located in the subbarrier
region. This procedure is actually equivalent to the method
of normalizing the wave functions Xio)(r) in (43).

The approximate solutions for the optical-model func-
tions which lead to the approximate expressions (46) for
the strength functions, are valid when

(48)

i
Ay — 3 T;| <D

which is the condition for the shells not to vanish and is
therefore the criterion for the shell approach to be appli-
cable. With the accuracy (48) we can neglect the
nonorthogonality of the optical-model wave functions

when calculating those matrix elements which are nonzero
and for AH™ = 0.

Transition to the optical model with coupling
between channels

At certain excitation energies it can turn out that one
or several incoming states can, in spite of their small sta-
tistical weight, give a contribution comparable with
AH™(rr',e) to the averaged irreducible self-energy part
AH(rr',e) (11). In this case the quantities 2 in (9) and AH
in (10) can be written as sums

2=3"43°, AH=AH" + AHP, (49)

where AH? = (3F) represents, in general, a potential which
is nonlocal and has nonmonotonic energy dependence. The
specific form of AHP depends on the nature of these incom-
ing states and will be studied below for quasiparticle-
phonon configurations.

After substituting the self-energy part = (49) into the
Dyson equation (9) and averaging over the energy we ar-
rive at the equation for the averaged Green function:

g(rr',e) =g (rr',e) + f &Pt (rr,e) AHP (1 1),6)

(50)

in which the input is not the shell-model function, but the
Green function of the optical model. A similar representa-
tion can be obtained for the equation for the averaged wave
function of the scattering problem:

X g(ryr',e)drdr,,

WD =" + [ e mo AR (i)

til(qj' )(r,)dr dr,.

After eliminating the angular variables in (50) and (51)
we arrive at equations for the corresponding radial func-
tions:

(51)
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gi(rr' ) =g (rr'e) + f g (rri,e) AHE (111 )

Xgj(ryr',)drdry; (52)
Xk (N =xki P + f 8P (rry,) AHEY (7 73.6)
Xx$i (n)drdr,. (53)

Equation (53) and the representation (39) lead to an ex-
pression for the elements of the averaged S matrix of nu-
cleon elastic scattering analogous to (30):

(Si(e))=SF'(e) —2mi J )(gjf)(’pt(rl)AHf,(rlrz,E)

X)(éjf ) (rp)drdr,.

Here the functions )(éjf) are related to the functions

X;cﬁL) by an expression of the form (22).

In spherical nuclei the initial states whose contribution
to 2 must be taken into account exactly are
““quasiparticle-phonon” configurations if there is strong
coupling between the quasiparticles and the phonons, when
this coupling leads to a significant rearrangement of the
one-quasiparticle spectrum. The phonons are mainly low-
lying collective 2 * states in spherical nuclei. Let w; and L
be the phonon energy and angular momentum, respec-
tively, and V;(r) be the field acting on the quasiparticle in
the phonon production process. In the “macroscopic” ap-
proach, where the phonon corresponds to nuclear-surface
oscillation quanta, the field V;(r) is proportional to the
dynamical-deformation parameters of the nucleus:!’

(54)

du
Vi@ =v(r) X anYy,(/n; V(n=—R_, (55
u
where u(r) is the mean field of the shell model. The pa-
rameters B;, = (2,|ar,|*)"? can be found, for example,
from the data on the Coulomb excitation of one-phonon
states in the neighboring even nucleus. In “microscopic”

1

Z(rre)=VE(r)Vi(r)

In the first expression the quantity in the square brackets
does not have poles for energies ¢ — u > w;, and in the
second .it does not have poles for energies ¢ — u <
— oy. Therefore, with an accuracy of at least w;/D;, we
obtain the following expression for AH?:

AHP(rr' )= D, VE(r)g™® (rr'e — ay) Vi(r');
L

o =w; Sgn(e —pu). (60)
This together with (50) leads to the fundamental equation
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approaches the field V' (r) is completely determined by the
transition with excitation of a one-phonon state and by the
effective quasiparticle interaction in the particle-hole
channel.'®%

The one-phonon variant of the coupled-channel
method (CCM)

In lowest order in the interaction (55) the contribution
to the irreducible self-energy part 3 = 3,3, is described
by the following graph:

g — @,

where the double line corresponds to the Green function
G™ satisfying the equation
Gm=G0 + Goszm, (56)
the wavy line corresponds to the phonon Green function
D;(g) (Ref. 11),
1

DL(£)=£—'C0L+i6_£+(DL—i6,

(57)

and the circles correspond to the matrix element (in the
space of phonon occupation numbers), for which we retain
the notation used for the interaction (55). The above dia-
gram corresponds to the following analytic expression:'!

2(m'e)= — VE(r) P (r')
X J- G™(rr',e')Dy(e —€')de'/2mi.  (58)
Carrying out the integration in this expression, taking into

account (3) and (57), we obtain two equivalent expres-
sions for Z;:

G"(rr'e —wy) + [G™ (e + wr) — G™ ) (rr'e — ) 1;
G™(rr'se + wr) + [G™ ) (rr'e — ) — G™(H ) (xr'e + wy) .

(59)

of the CCM for the averaged one-particle Green function
in lowest order in the quasiparticle-phonon interaction:

g(rr',e) =g (rr',6) + X f 8P (rr,e) VF(r))g% (riry0e
L

— CT;L) VL(rz)g(l'zl",£)dr1dr2. (61)

Let us discuss Eq. (61), since some of the conclusions
following from its analysis will be used in what follows.
After eliminating the angular variables in (61) using (52),
(55), and (60) we obtain a system of linear integral equa-
tions for the radial Green functions:
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g(rr',e) =gif (rr',e) + > (L)
Ljl

X J gl (rr,e) V(g (rire

(62)

where %2 = B2[(2/ + 1)(2L + 1]~ Y jl||Y,|| j'I')? and
(||Yz||> is the reduced matrix element. An explicit solution
of the system (62) can easily be found in the approxima-
tion of a quasiparticle-phonon “contact” interaction, i.e.,
in the approximation

du/dr-uyb(r — R), (63)

where u is the amplitude of the mean field of the shell

— @1)gji(ryr'e)drdr,,

LEI L (L J G (rRE)8S
J

gi(rr'.e) =g (rr'e) +

x[l— > % (jLj1gP (RREEH (RRE — )

Lt

where %2 = (Riigx; )% This expression is simplified consid-
erably in the energy interval of interest |¢ — &;| € Dy,
near the level A, and also near the levels A’ combining with
it according to (65) when the approximate representations
(42) and (45) are valid for the Green functions
g}’,pt(rr',e) =~ (N xa(r)gP (¢). The solution (65) in this
approximation can also be written as gy(rr',e)
=~ x2(r)x1(r')gs(€), where

-1

21(e)=gP(e) |1 — X 2 (ALA)gF (£)gP (e — &y)
L (66)

Here x5 (A,A') = [Rugyi(R)x.(R)xL(jl, j'I') ]2 Tt fol-
lows from (66) that the strength of the coupling of the
quasiparticle A to the phonon L is determined by the pa-
rameter

1 24172
(vfi/v)2=xi(ﬂ,,ll)/§ Fi[(5,1~£,1:—51‘)2+ (E Fi) ] .
(67)

If (v5;.)? < 1 for all the states A’ combining with the state A
according to the selection rules, then the quasiparticle-
phonon coupling is weak, and the width of the one-quasi-
particle resonance in the strength function S; (&) is mainly
determined by the imaginary part of the optical potential.
We note that most of the particle-hole type of configura-
tions are such phonons, and their coupling to the quasipar-
ticles is explicitly taken into account in the approaches of
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(RR,e — a")'L)g;",pt(Rr',E)

model. This approximation corresponds to the assumption
that the radial wave functions y,(r) (16) vary little near
r = R on a scale on the order of the diffusion length of the
shell-model potential. A quantitative criterion for the ac-
curacy of the approximation (63) is the closeness to unity
of the parameters

7]/1/1':(rdu/dr)/zl/ll/[Rﬂ()X/{(R)X,{’(R)]21 (64)

where A and A’ are the quantum numbers of one-particle
states of the discrete (and quasidiscrete) spectrum which
combine according to (62) and are close in energy. In the
approximation (63) the solution of the system (62) can be
written as

—1

) (65)

Refs. 3 and 4. In the method discussed here the coupling of
quasiparticles to these configurations is taken into account
in terms of the imaginary part of the optical potential.

In “soft” spherical nuclei (nuclei with relatively large
dynamical quadrupole deformation parameter 3,) at qua-
siparticle energies which are not too high the parameters

Vi '=vi = 1A /AT (i > 1/2) and viE? turn out to

be comparable with unity. In these cases the quasiparticle-
2" -phonon coupling is strong. It is this fact which ex-
plains the special role of 2+ phonons in the fragmentation
of one-quasiparticle states in ““soft” spherical nuclei. We
note that at low excitation energies (I’ ,11 = 0) the strength of
the quasiparticle-2 * -phonon coupling is determined by
the quantity v = %,(A,4)/w,(j; > 1/2), which is the pa-
rameter of the perturbation expansion in the quasiparticle—
2+ -phonon interaction, so that v; = (w,/3T})v). There-

fore, at sufficiently high excitation energy (depending on
;) the strong coupling which occurs for quasiparticles
with small excitation energy (v?1 % 1) can become weak
coupling (v; < 1). In the case of 3 ~ phonons v4;> = 0, and
the parameters vi;.°, as a rule, are small, so that the
quasiparticle-3 ~ -phonon interaction, as a rule, is weak.

Let us study an example of solving the problem of the
one-quasiparticle strength function in the CCM. For this
we use the approximation in which the nondiagonal terms
in (62) are neglected (the “self-interaction” approxima-
tion or the approximation of a single j level,” when L™
= 2%, A =A1). According to (8) and (66), we have
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1
S;(e)= —-;Sgn(s — ) Im g; (&)
II i £
= ——; m E_£/1+2 A
x5 (A,A) -1

_ Sgn(e —pu). (68)

1~
5—6,1-6()2+ Fl

The energy dependence of the strength function .S;(¢) ob-
viously displays two comparable maxima if 3,(A,4)
2 iT} > o,. The nature of these maxima is easily under-
stood by studying the limiting case AH™ — 0, when
g1(€) —» G,(&). According to the spectral expansion (3),

Gi(e)= Y, wile—e! +i0Sgn(e —p)] Y,

n

(69)
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52}
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FIG. 1. Distributions of one-quasiparticle (phononless) and one-phonon
strengths found using various approximations with v* = 4.
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where the quantities wﬁ have the meaning of the probabil-
ities of finding the phononless state among the exact states
of the system. It follows from (68) and (69) that in the
limit AH™ — O finding the poles and residues of the Green
function is equivalent to solving the two-level problem, i.e.,
the problem of the mixing of the quasiparticle and quasi-
particle + 2+ -phonon configurations. In the case v2 > 1,
wfz = 1/2and 81 ) — £ = :hxz(/l A). The quantities w’ll2
and el , — &;for the value vJ = 4 are shown in Fig. 1a.

The two-peak dependence S;(¢) (68) is the result of
using perturbation theory in ¥, in the equation for the
averaged one-particle Green function in the case of strong
quasiparticle — 2 * -phonon coupling. However, in the case
of strong coupling it is obviously necessary to take into
account the contribution to the irreducible self-energy part
from configurations containing more phonons. A unique
situation arises: when v, <€ 1, the coupling of the channels
has practically no effect on the strength function, and for
v, ® litis impossible to restrict ourselves to including only
the contribution of one-phonon configurations to (7). In
other words, the commonly used one-phonon variant of
the coupled-channel method has practically no region of
applicability. The rest of this review is devoted to the for-
mulation, analysis, and application of an approximate ver-
sion of the multiphonon variant of the coupled-channel
method (MVCCM).

3. THE MULTIPHONON VARIANT OF THE COUPLED-
CHANNEL METHOD

The fundamental relations of the MVCCM

As shown above, in the case of strong quasiparticle—
phonon coupling it is necessary to include, in addition to
the simplest diagram, the contribution to the irreducible
self-energy term 37 of the more complicated diagrams
shown here in the quasiparticle-phonon channel:

o LoD

Here, as before, the double line corresponds to the Green
function G™ (56). By definition, 2™ in (56) does not in-
clude diagrams corresponding to channel coupling, but it
does contain diagrams which are irreducible in the
quasiparticle-phonon channel. Owing to the small statisti-
cal weight of these diagrams, it can be expected that the
change of =™ due to the phonon contribution will be small.
This perturbation series for ¥ can be formally summed.
The heavy line in the resulting diagram corresponds to the
exact Green function G, and the cross corresponds to the
exact (renormalized) vertex V;. In the case of phonons
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with nonzero angular momentum it is not possible to de-
termine the coupling of the vertex to the exact Green func-
tion, and so to analyze the effect of renormalization it is
necessary to resort to various approximations.’ The sim-
plest is the assumption that the effect of the vertex renor-
malization makes a small contribution to 2# or AHP. This
approximation corresponds to the inclusion of the contri-
bution to 37 from only “rainbow” diagrams, i.e., diagrams
(a), (b), etc., while neglecting diagrams (c), etc. The ac-
curacy of this approximation is discussed in the following
section. Here we formulate the fundamental equations of
the MVCCM, an approach in which the coupling of qua-
siparticles to phonons and multiquasiparticle configura-
tions is taken into account in an energy-averaged way, ne-
glecting the renormalization of the quasiparticle-phonon
vertex. In connection with the summation of the diagrams
in 3”, we note that in the MVCCM the question of classi-
fying multiphonon states on the basis of the angular-mo-
mentum addition scheme does not arise. According to the
resulting diagram for 2 (rr',e), in this approximation the
expressions (58) and (59) are valid if the replacement
G™ - G is made in them. Therefore, the quantity
AHP(rr',e) is determined by an expression of the form
(60):

AHP(rr' g)= > VE(r)g(rr'e — &) Vi(r').
L

(70)

When this expression is taken into account, the nonlinear
equation for the averaged one-particle Green function
g(rr',e) follows from (50). On the basis of (70) we also
obtain the expression for the radial part of AHP:

AH(rre) =V (N V(r') 2 % (il jT)g(rr'se — p),
Lyt
(71)

where the quantities ;?L( ji,j'l') are defined below Eq.
(62). The system of nonlinear integral equations for the
radial Green functions gj,(rr’,s) follows from (52) and
(71). The solution of this system in the “contact”-interac-
tion approximation (63) can be written down using Eq.
(65) with the replacement

&' (RR,e — &) —gj(RR,e — &L), (72)

where the quantities g;(RR,e)=gj(e) are defined by a
system of nonlinear functional equations:

opt

gile)=g'(e) + 2 w2 (i, ' 1EP (€)gyr (e — B)gi(e),
-

(73)
where, as before, % L= RJO;L. Equations (52) and (71) are
the fundamental relations of the MVCCM. In the approx-

imation of the quasiparticle-phonon contact interaction
these equations become Eqgs. (65), (72), and (73).

Qualitative analysis of the fundamental relations

Let us again turn to the problem of a quasiparticle
located in an isolated j level and interacting with 2+ pho-
nons (the “self-interaction” approximation). In this case
gu(rr'e) - g.(e)xa(Pxa(r'), and the equation for

437 Sov. J. Part. Nucl. 22 (4), July-August 1991

g,(¢) in the limit AH™ - O [when g;(¢) —» G3(¢)] has,
according to (65) and (72), a form analogous to (73) (for
definiteness we consider the particle Green function when
aT md 602) :

Gi(€) =Gpy(€) + #x2(A,A) Gor(€) Gl(e — ;) Gi(e), (74)

where the constant »,(A,A) =x, is defined after Eq. (66).
The solution of the functional equation (74) can be found
in Ref. 5 (here and below in this section the particle energy
is taken to be zero):

1 J
Gy =t =

; x= — 22,/ w,,
x2J—q—1(-x) %2/ @2

g=¢/wy; (75)
where J (x) is the Bessel function. According to (69), the
poles and residues of the Green function (75), respectively,
determine the energy levels &), and the one-quasiparticle
strength distribution w/, in the approximation in which the
renormalization of the quasiparticle-phonon vertex is ne-
glected. As an example, in Fig. 1b we show the distribution
w? calculated using (75) for the value v = 4.

In Eq. (74) we drop the indices A and L characterizing
the quasiparticle quantum numbers and the phonon angu-
lar momentum (%, — %, @, - o, vg -, G, - G). Neglect-
ing the vertex renormalization, this equation formally cor-
responds to the problem of a particle emitting and
absorbing scalar (0 ) phonons without changing its quan-
tum state. This problem can also be solved exactly (i.e.,
taking into account the vertex renormalization) by two
methods. The first consists of solving the equation for the
one-particle Green function G°(¢) in which the vertex
renormalization is taken into account using the Ward dif-
ference identity (see, for example, Ref. 5):

V/V=[(G(e) ! — (G°(c — ) " |Vo.

The equation for the Green function G°(¢) [which can be
obtained from (74) by the replacement x? — »*V/V] is lin-
earized using (76):

(76)

2
G*(e) =Gy(e) +"; Go(e){G*(e — @) — G°()}. (77)

The solution of (77) can easily be found: the energy levels
of the “particle + scalar phonons” system are equally
spaced, and the one-particle strength is distributed accord-
ing to a Poisson distribution:’

g=n—- "o, w,=e~ D2 (30)2n/p) (78)

The other solution method consists of diagonalization, so
that the Hamiltonian of the problem becomes

K =wata+xbtbla+a™). (79)

Herea™ (a) and b™ (b) are, respectively, the phonon and
particle creation (annihilation) operators with the condi-
tion b*b — 1. According to (79), the problem of finding
the energies ¢, and the probabilities w;, is formally equiv-
alent to that of the excitation of a harmonic oscillator in
the ground state when a uniform external field is suddenly
switched on. The solution of this problem is well known?!
and also leads to Eqgs. (78). The distribution wj, for the
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TABLE I. Dimensionless moments of the distributions w?, w?, and w? for
W=4,

Distribution 0, o, o, o3 04
w) 1 0 16 16 784
w? 1 0 16 16 528
w? 0.97 —0.20 15 10 490

value +° = 4 is shown in Fig. 1c. By a similar method we

can find the distribution of the weight of the one-phonon

component of the exact states of the Hamiltonian (79),
s1

w,:

0,2
— (V) 0\2n
q € (v

w), =T Al (n— (V)2 (80)
The distribution of the quantities w'' has two comparable
maxima if+% > 1 (see Fig. 1d; ° = 4).

The two distributions studied, w;, and w;, correspond
to limiting cases of the problem of an isolated j level. For
example, for quasiparticle angular momentum j>2, the
21 phonons can be assumed to be scalar, and the one-
quasiparticle strength distribution can be analyzed using
the Green function G°(¢) and the distribution w}, (78). In
the case of small j ( j<2) it can be expected that the vertex
is weakly renormalized owing to the kinematic suppression
of the contribution of the corresponding graphs of pertur-
bation theory,’ so that the distribution w® can be used. In
relation to this the results of calculations of the strength
distribution of the E1 giant resonance (the E1 GR) owing
to coupling to 2+ phonons are interesting. The result of
solving the corresponding diagonalization problem on a
basis of states including up to 14 2t phonons is given on
p- 407 (Russian ed.) of Ref. 17. The E1-GR strength dis-
tribution w? for v* = 4 is given in Fig. le.

As follows from Figs. 1b and Ic, the distributions w,
and w, differ considerably from each other. For example,
the energy intervals between neighboring levels with ener-
gies near ¢, differ by about a factor of two, the distribution
w), is asymmetric, and so on. It should, however, be borne
in mind that for sufficiently large quasiparticle energies
[(1/2)T! > ] only the averaged distributions w,, are ob-
served. Information on these distributions is contained in
the moments o:

Oo= 2, Wy O1= 2, EW,/0=E/w;
n n (81)

=\ k k
Oks2= z (e, — &) 'w,/0".
n

For example, oy determines the normalization of the dis-
tribution, o, determines the average energy, o, determines
the rms dispersion (the fragmentation width
1";,,52.350;/ ’w), o3 is the asymmetry of the distribution,
and so on. The moments of the distributions w}, and w} as
functions of the parameter 1° are easily calculated exactly.
In Table I we give the results of calculations of the mo-
ments 0, of the distributions wf, w?, and wf for the value
W0 = 4. We note that it follows from (75) and (78) (see
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2 .3

/I’

FIG. 2. Calculated strength functions w'(¢) (solid line) and w’(e)
(dashed line) for v' = 1.

also Table I) that the effective number of phonons 7.
which should be included in studying the one-quasiparticle
strength distribution is determined by the dimensionless
coupling constant v:

/2 0

ng=T,/o~0 y*=+". (82)

It follows from the data of Table I that the averaged dis-
tributions w; and w; (and to a large extent w; and E‘,f)
can be expected to be close. To verify this directly, we
turn to the energy-averaged Green functions g°(g)
= G%e + iI'), &) = G(e + iI') (I' > w). In the
limit I'>w, where I is the total width of the strength func-
tion (it is precisely the case, which corresponds to strong
quasiparticle-phonon coupling, that is interesting from the
viewpoint of determining whether or not it is possible to
neglect the vertex renormalization), the equations for the
averaged Green functions follow from (74) and (77) with
accuracy /T

g%(e) =go(€) + x’go(e) [g°(£) 1% (83)

g () =go(€) — x’go(e)dg’(€)/de, (84)

where go(e) = (¢ + iI') ~ . The solutions of these equa-
tions can be found analytically:

go(e)=(e+1il')[1 — 1 — 4/ (e + il')?] /2%

(85)

gle)= — [i \/g (1 —erf(I'/V2x))

+_1§ .r X+l gy e—(e+i1’)2/2x2, (86)
x Jo

where erf(z) is the error function. It follows from
these relations that the strength functions w®(g)
= — (1/7) Im g*°(¢) are close. As an illustration of this
statement, in Figs. 2 and 3 we show the strength functions
for the parameters v' =1 and v' =5 (v' = »x/I'). There-
fore, the one-particle strength distribution averaged over
the energy range I' > w in the problem of the interaction
with scalar phonons depends weakly on the inclusion of the
vertex renormalization.

Turning now to discussion of the damping of one-qua-
siparticle states with large excitation energy, we note two
features favoring the use of Eq. (73) for the Green func-
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FIG. 3. The same as in Fig. 2 for v' = 5.

tion gy(rr',e) with an unrenormalized quasiparticle—
phonon vertex: (1) the use of the optical model to describe
the coupling of the one-quasiparticle states with multipar-
ticle ones actually implies analysis of the one-quasiparticle
strength distribution averaged over the energy interval
I (wy; > I); (2) in the practically important case of 2+
phonons, where the role of neighboring levels with the
same parity in the relaxation of the one-quasiparticle state
is noticeable, the vertex-renormalization effect is dimin-
ished, both owing to the additional kinematic suppression
of the corresponding graphs due to the random phases of
the vector-addition coefﬁcients,5 and owing to the addi-
tional fragmentation of the one-quasiparticle strength and,
consequently, the decrease of the effective averaging inter-
val.

The arguments presented in this section permit us to
use the fundamental relations of the MYCCM, (50) and
(70), or (52) and (71), in which the renormalization of
the quasiparticle-phonon vertex is neglected, for the quan-
titative analysis of the observable consequences of the re-
laxation of the one-particle degree of freedom for suffi-
ciently high excitation energy.

The variant of the MVCCM described here assumes
that the phonons correspond to harmonic oscillations. It
can be expected that after averaging over the energy inter-
val I' > o the effect of anharmonicity will be insignificant
for (Aw)eg < % ~ T,y Here (Aw)g is the energy shift of
real n.s phonon states relative to the energy of the state
containing n.g harmonic phonons. If we use the estimate
(Aw)eg = (1/ 2)nZﬁAw (Aw is the energy shift of the two-
phonon multiplet),'” this condition becomes the inequality
Aw/w <w/7, which as a rule is satisfied for vibrational
nuclei.

To conclude this section, we note that, since phonons
are not true bosons, in describing multiphonon configura-
tions the question of taking into account the Pauli principle
can arise. In connection with this we introduce the param-
eter n,, which has the meaning of the number of particle-
hole configurations forming the phonon and thereby char-
acterizing the degree of collectivization of the excited state
corresponding to the phonon: n, = B(E2)/B,(E2), where
B(E2) is the reduced phonon excitation probability and
B,(E2) is the corresponding one-particle estimate. In
“soft” nuclei n, ~ 2040 (Ref. 22). As a rule, ng < 1, SO
that with accuracy n.q/n, the effect of the Pauli principle in
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the description of multiphonon states in the MYCCM can
be neglected.

Choice of the model parameters. Method of solving
the system of equations for the radial Green
functions

According to the fundamental relations of the
MVCCM, the calculation of the averaged one-particle
Green function requires the specification of the same pa-
rameters as in the usual versions of the CCM: (1) the
parameters of the shell-model potential (15); (2) the pa-
rameters of the optical addition to the shell-model poten-
tial (34); and (3) the parameters corresponding to the
dynamical deformation 3; and the phonon energy w;.

In the calculations whose results are given below, the
parametrization of the shell-model potential in (15) is cho-
sen in the form

u(r)=up(r) +17 Pv(r) +3 (1 — 7 P)u(r),

where ug(r) is the isoscalar part of the potential, v(r) is the
symmetry energy proportional to the neutron excess,
uc(r) is the energy of the Coulomb interaction of the pro-
ton with the nucleus, and 7 ® is the isotopic matrix. In
addition,

uo(r)= — Vof(r,R,a);

(87)

A% df _ —
us,,(r)=Vm—r—;1;,Ev(r)—auo(r) 1 (88)
r—R\1~!

f(rR,a)= 1+eXp( 2 )] ;
Ze? 3 r\?
w2 (%) | e

uc(r)=1{ 72 (89)
T’ r>RC7

where R = rod"? and R¢ = rocd". We note that in (63)
uy = Vo[l £ a(N — Z)/A]. The parameters of the shell-
model potential, the use of which makes it possible to re-
produce the experimental nucleon binding energy B**P in
the average over A, were chosen as in Ref. 23:

Vo=53.3 MeV; ry=ryc=1.24 F; a=0.63 F;
V,=14.02[1 +2(N — Z)/A] MeV; A=141 F;
a= —0.63.

(90)

The parametrization of AH™ (34) was chosen in the
form usually used in calculations based on the optical
model or the CCM:

w(r|e—pn|)=—4w(|e—pl|)adf/dr,
A(re —p)=A(e — p)f, (91)

where w(|e — p|) and A(e — p) are variable functions. In
the calculations of the one-quasiparticle and neutron
strength functions the quantities w(|e — u|) = const were
chosen to be 1.0-1.5 MeV and A = 0 (there are no inde-
pendent data on the value of the parameter A for energies
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FIG. 4. Results of calculations of the strength function of the
(1go/,), ' state in the '*Te nucleus in the self-interaction approximation:
dotted line—calculation using the optical model; dashed line—one-
phonon approximation; dot—dash line—two-phonon approximation; solid
line—results of the exact (in the number of phonons) approximation.

E, ~ B). This choice of imaginary part is due to the fact
that by using values w~ 1-2 MeV it is possible to satisfac-
torily describe the experimental data on the neutron
strength functions and the cross sections for low-energy
neutron scattering by nuclei in a wide range of atomic
numbers using simple versions of the CCM (see, for exam-
ple, Ref. 26). In connection with this we note that in the
case of strong quasiparticle-phonon coupling the width of
the strength function depends weakly on w when T,
> w (see Fig. 5¢).

The energy to excite an odd nucleus from the ground-
state configuration A} (or A5 !) is determined by taking
into account nucleon pairing according to the expression
(Ex>A):

E.=|e—p| — [(g1,— p)*+ A%, (92)
where the parameter A can be found from the difference
between the experimental values of the nucleon binding
energy in the given odd nucleus and the neighboring even
nuclei,?* and the chemical potential u is found from the
standard equations!’ taking into account all the discrete
levels in the shell-model potential. The parameters describ-
ing the dynamical deformation ; and the phonon energy
; were taken from Ref. 25.

To find the radial Green functions g;(r*',¢) in the ap-
proximation of the quasiparticle—-phonon contact interac-
tion according to (65) and (72) it is necessary to solve the
system of nonlinear functional equations (73) for the func-
tions gj,(RR,e) =gj/(€). The idea of the method of solution
is the following (for definiteness we consider one-hole ex-
citations, when w; = — w;, with the value of L fixed).
For energies ¢ ~ £p; near the antibound state [(gg;
— €,) ~ Dg/2] the coupling of the one-quasiparticle state
to phonons is suppressed by the ratio (2x,/D;))? < 1, as
follows from the system (73). Therefore to this accuracy it
can be assumed that g;(£y;) =~ g;?,p'(eoj,). Then from (73)
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Sa, Mev—!

Ex, MeV

FIG. 5. Results of calculations of the strength function of the
(1g5,2), " state in the '**Te nucleus: (a) in the one-phonon approxima-
tion taking into account quasiparticle coupling to only 2% (solid line)
and to 2% and 3~ (dashed line) phonons; (b) in the one-phonon ap-
proximation in the case of “self-interaction” using the contact and real-
istic form factors of the quasiparticle-2 * -phonon interaction (solid and
dashed lines, respectively); (c) using the values w = 1 MeV (solid line)
and w =2 MeV (dot-dash line).

we can find g;(ey; — @), g;(€0y — 2w;), and so on. In
practice, the chain of equations

gii(e) =giF' (e)

-1

x[l _ S RO (e +op)|
Jily

1— 2 %3y oh)

g, (e+or) =g;’lp,:(e +or) <
Hh2

-1

Xg23:(8+wL)gj212(8+2wL) H v(93)

8,1, (& + moy) =g (e+maoy)

x [1 = 3 R b DTS (€
Jii

-1

+mop)g; (e + (m+1) + or)
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is terminated by the substitution g;; — gf-‘?i‘

£ =€ + m(e)oL = gy at which the

near the energy

0= 2 552(j'l',jlll)g;'if(e')gyl‘};(e'+a>L)’
Jih
(94)

do not exceed by a small amount the given value of £ for all
the values of ¢ of interest near the one-quasiparticle reso-
nance A in question and all the one-particle states A’ com-
bining with each other and with the state 4 according to
the selection rules. In the case of 2% phonons in actual
calculations of the strength functions of states with normal
parity (the parity of the shell) all the states within this
shell are taken into account, and in calculations of the
strength functions of states of anomalous parity all the
states of the “parent” shell are included. In the case of
3~ phonons the situation is reversed. In the calculations
the value of £ was taken to be 0.01. We note that the
replacement g(¢ + nw;) - g% (¢ + noy) in (93) for
any value of £ corresponds to the inclusion of the contri-
bution of k-phonon configurations (k<n) in the analysis of
the fragmentation of the one-quasiparticle strength. The
effective number of phonons is taken to be the value n
= n.s beginning at which the solution of the system of
algebraic equations (93) for gj(¢) is practically indepen-
dent of n for the values of € of interest. Naturally, this
value is consistent with the estimate n.g ~ v°.

If we do not use the approximation of the
quasiparticle-phonon contact interaction (63) but use the
realistic form factor of the interaction V() (55), to find
the radial Green functions gj,(rr’,s) it is necessary to solve
the system of integral equations (52) and (71). The solu-
tion of this system can be found using a procedure of the
form (93) with the essential difference that at each energy
“step” it is necessary to solve a system of linear integral
equations rather than algebraic equations.

The equations formulated in this section for the aver-
aged one-particle Green function, the method of solving
the system of nonlinear equations for the radial Green
functions, and also our qualitative analysis of the approx-
imations that we have used make it possible to proceed to

Spy MeV ™!
0,2}
01+
\\
0 1 )
3 5 7 3
Exy MeV

FIG. 6. Results of calculations of the strength function of the
(1gy,,),” ! state in the nucleus '®Pd compared with the experimental data
(histogram) of Ref. 27.
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a quantitative MVCCM interpretation of the observable
consequences of relaxing the one-quasiparticle degree of
freedom in soft spherical nuclei.

4. MVCCM ANALYSIS OF ONE-QUASIPARTICLE
STRENGTH FUNCTIONS IN SPHERICAL NUCLEI OF
INTERMEDIATE WEIGHT

Numerical analysis of the various approximations

The quantitative analysis of the one-quasiparticle
strength functions S;(E,) using the MVCCM is based on
(8). The choice of model parameters needed for calculat-
ing the averaged one-particle Green function is discussed
in Sec. 3. The results of calculations of the one-quasiparti-
cle strength functions given below were obtained, unless
stated otherwise, using the approximation of the
quasiparticle-phonon contact interaction (63) with en-
ergy-independent strength of the imaginary part of the op-
tical potential (91), w = 1.0 MeV. As an example illustrat-
ing the various approximations, in Figs. 4 and 5 we show
the results of calculations of the absolute value and the
energy dependence of the strength function S;(E,) for the
neutron-hole configuration (1gy,,), !in the II”Te nucleus,
the coupling of which to the 2% phonon is strong (V9
= 2.73). In Fig. 4 we show the results of calculations car-
ried out in the self-interaction approximation including
configurations containing up to » 2+ phonons: 0<n<2,
and also the results of the “exact” (in the number of pho-
nons) calculation. The case n = 0 corresponds to the op-
tical model, n = 1 corresponds to the one-phonon approx-
imation or the CCM in the self-interaction approximation,
and n = 2 corresponds to the solution of the system (73)
in the two-phonon approximation. The exact calculation
corresponds to the exact (in the number of phonons) so-
lution of the system (73) in the self-interaction approxi-
mation. In Fig. 5 we show the results of the calculations of
the one-quasiparticle strength function for the same con-
figuration in the approximation in which one-particle levels
combining with the 1go,, level are taken into account. In
the case of 2 phonons these are the 3s, 2d, and 1g levels,

Say MeVv—!
A
0,3 n!\\ In\
IS
| \I.r\.\
072"‘ !’ \ \J \\
A\
0,1+
ag

EX1 MeV

FIG. 7. Results of calculations of the strength function of the
(lgg/z)”—] state in the nucleus '*Te (solid line) compared with the ex-
perimental data (histogram) of Ref. 33 and with the QPM results
(dashed line) of Ref. 34, The dot—-dash line shows the results of the
calculation using the MVCCM in the two-phonon approximation.
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FIG. 8. Results of calculations of the strength function of the

(1gs/2),7 ! state in the nucleus '*Sm (solid line) compared with the ex-
perimental data (histogram) of Ref. 32 and with the QPM results
(dashed line) of Ref. 32.

and in the case of 3~ phonons they are the 2p and 1f
levels. These and similar examples in combination with the
results of qualitative analysis of the fundamental relations
of the CCM and the MVCCM (see Secs. 2 and 3) lead to
the following conclusions:

(1) The inclusion of the interaction of the one-quasi-
particle state with multiphonon configurations can lead to
results which differ qualitatively from both those of opti-
cal-model calculations and those obtained in the one-pho-
non approximation.

(2) As a rule, the self-interaction approximation is not
quantitatively accurate: coupling to other states of the
same parity leads to noticeable additional fragmentation of
the one-quasiparticle state.

(3) The approximation of the quasiparticle-phonon
contact interaction ensures sufficient accuracy of the cal-
culations of the strength functions for states with orbital
angular momentum /> 1.

S/It MeV'1

04t

43

0,2}

o1t

FIG. 9. Results of calculations of the strength function of the
(185/2) ;l state in isotopes of Pr: dotted line—'*'Pr; dashed line—!4*Pr;
dot—dash line—'*Pr; solid line—'*’Pr.
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Ex; MeV

FIG. 10. The same as in Fig. 8 for the (2f7,,), state in the nucleus
5Eu. The experimental data and QPM results are from Ref. 32.

(4) The interaction of quasiparticles with the 3~ pho-
non gives, as a rule, a small contribution to the formation
of the one-quasiparticle strength functions.

Quantitative analysis of the strength functions.
Comparison with the experimental data

For the quantitative analysis of the one-quasiparticle
strength functions using the MVCCM we chose one-qua-
siparticle configurations with energies E, ~ 5-10 MeV, for
which there are experimental data on the cross sections for
one-nucleon transfer reactions giving some idea of the one-
quasiparticle strength distribution,?” 3 and a number of
states for which there are as yet no experimental data. For
nuclei except **Zr and neighboring nuclei of 2®Pb the
strength functions were calculated with the explicit inclu-
sion of the quasiparticle coupling to only 2+ phonons,
while for these nuclei only the coupling to 3~ phonons was
included. The results of the calculations of the absolute
value and the energy dependence of the strength functions
of several one-quasiparticle states in spherical nuclei are
compared with the available experimental data in Figs.
6-13 (see also Refs. 6-8). In Figs. 14 and 15 we show the
calculated energy dependences of the “weighted” strength

Sy, Mev~!

0,3

0,21

o1+

0

Ex, MeV

FIG. 11. The same as in Fig. 10 for the (14,,,), state.
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FIG. 12. The same as in Fig. 10 for the (1ij;/,), state.

function of a number of states: a quantity proportional to
the cross section of the corresponding one-nucleon transfer
reaction:

SuE)=3 Qj+ 1)SA(E,,)/§ @+, (99
In Fig. 15 we compare the calculated values of S,,(E,) for
the 2f5,,, 1hy/, and li;3,, subbarrier one-proton states in
the *SEu nucleus (see also Figs. 10-12) with the corre-
sponding experimental value. The latter was determined
according to (95) from the experimental energy depen-
dences of the strength functions of these states.*” In some
of the figures we also give the results of calculations of the
strength functions carried out using the quasiparticle-
phonon model and the MVCCM in the two-phonon ap-
proximation.

For quantitative comparison with the experimental
data on the calculated energy dependence of the strength
function (in a few cases that of the weighted strength func-
tion of several states) we determined the parameters char-

a9 MeV~!

0,6

04

T T 1 T 1 1]

6 8 10 12
Ex, MeV

FIG. 13. The same as in Fig. 6 for the (14,,,,), ' state in the nucleus
207pb. The experimental data are taken from Ref. 32.
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FIG. 14. Results of calculations of the weighted strength function of the
(1hg/y), and (1iy3,,), states in the nucleus ''*Sn.

acterizing the one-quasiparticle strength distribution.
These parameters are:

(1) The spectroscopic factors found for the energy
range E\-E),:

E
si= [ sugode, (96)
E,
the average energies
_ E.
Ex=f * S\(E)EdE/S,, (97)
E,

and the width

E, _ 172
r=2.35( S,l(Ex)(Ex—Ex)szx/S,l) . (98)

E,

(2) The energies of the maxima E,, and the widths
T, of one or two Gaussians, which were used to approxi-
mate the energy dependence of the strength function
S (E,) or S,(E,). The quantities thus calculated are given
in Tables II-IV, where they are compared with the corre-
sponding experimental data (more detailed information
about the calculated energies, widths, and spectroscopic
factors and their comparison with the corresponding ex-
perimental data can be found in Ref. 8).

Sy MeV~'

T

0,2

T

0,1

0 4 6 & 10
Ex,MeV

FIG. 15. Results of calculations of the weighted strength function of the
(2f12) » (1h9)3) ,» and (1iy3/5) , states in the nucleus '“*Eu compared with
the corresponding experimental data (histogram) of Ref. 32.
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TABLE II. Results of calculations of the parameters of the energy dependences of the one-quasiparticle strength functions. Only the quasiparticle
interaction with 2 phonons is taken into account explicitly.

E, MeV T, MeV S,
Energy
range, Experi- Experi- Experi-
Nucleus State MeV Theory ment Theory ment Theory ment
19pd (1ge)) " 2-9 5.46 - 4.73 - 0.55 0.55
(2p1)7 " + 2o ! 2-9 6.79 - 3.67 - 0.50 0.45
gy (1gs2),! 3.4-5.3 4.45 47 1.10 1.28 0.46 0.62
1158n (185/2), " 3.6-10.5 6.13 6.47 347 3.76 0.78 0.89
)+ 2ps) ! 2.6-10.5 7.90 6.58 3.23 4.63 0.80 0.45
'1%Sn (1gy72), ! 3.8-6.5 5.51 5.39 1.62 1.55 0.48 0.29
12ITe (1go3) " 3.8-6.0 5.03 5.0 1.41 1.9 0.30 0.46
1237 (1g92), " 4.2-9.5 6.52 5.5 3.24 35 0.60 0.55
125Te (1ge/2)! 4-10 7.13 7.5 3.32 4.9 0.74 0.52
1438m (1g5,2)" 6-12 8.01 7.6 3.10 3.0 0.74 0.52
4SEy (2f112)5 6-9 5.66 43 3.71 1.8 0.70 0.43
(1hos), 3-12 6.44 5.9 3.90 1.23 0.89 0.75
(lir3), 3-12 7.38 7.6 4.41 4.0 0.84 0.54

In Table V we give the quasiparticle-phonon coupling
constants and the parameters  (64): in the case of cou-
pling to 2* phonons the values of v = ,(4,4)/w, and
N2, and in the case of coupling to 3~ phonons the max-
imum of the values vg = %3(A,A")/w; determined for all the
states ' combining with the state in question A in accor-
dance with the selection rules, and also the corresponding
parameter 1,

Let us make a few comments about these results.

1. In the MVCCM with explicit inclusion of the qua-
siparticle interaction with only 2+ phonons it is possible to
satisfactorily describe most of the analyzed experimental
data on the strength functions of one-quasiparticle states
with sufficiently high excitation energies.

2. In the '**Eu nucleus the experimental and theoreti-
cal values of the parameters of the weighted strength func-
tion of the 2f 7/2 1i]3/2, and 1h9/2 subbarrier one-proton
states of similar energy agree better than the parameters of
the strength functions of each of these states (Figs. 11-12
and 15). This might indicate that there are errors in the
experimental resolution of the contributions to the cross
section for the one-nucleon transfer reaction of one-quasi-
particle states with similar large angular momenta.

3. The results of the calculations of the strength func-
tions of one-quasiparticle states in near-magic nuclei differ
noticeably from the corresponding experimental data. The
possible reasons for this discrepancy such as the choice of

intensity of the imaginary part of the optical potential and
the inclusion of the effect of low-lying 2 * levels in neigh-
boring nuclei require separate analysis.

4. The energy dependence of the weighted strength
function of the 1Ay, and 1i3,, subbarrier one-neutron
states in the !'*Sn nucleus is qualitatively consistent with
the spectrum of the reaction ''’Sn(a,’He)!!"*Sn (the un-
renormalized strength function),>! which also has two
maxima with energies close to the energies of the maxima
of the calculated dependence.

5. As an example illustrating the nature of the change
of the strength function in going from “hard” to “soft”
nuclei, in Fig. 9 we give the results of calculations of the
dependence S, (E,) of the (1gy,1,) p_l state in the nuclei
141-147pr The nature of the isotopic dependence of the
strength function is a consequence of the coupling of the
quasiparticle to multiphonon configurations.

6. In hard spherical nuclei the results of the MVCCM
are close to the corresponding results of the “few-phonon”
approaches, and for soft nuclei they differ qualitatively (see
Figs. 7 and 8).

7. The closeness of the results of calculations of the
strength function of the (1gy,,), ' state in the nucleus
13Te, carried out using the MVCCM in the two-phonon
approximation, to the corresponding results of the QPM
(Ref. 34) shows that the structure of this strength function
found in the QPM is a consequence of the use of a few-

TABLE III. Results of calculations of the parameters of the energy dependences of the one-quasiparticle strength functions. Only the quasiparticle

interaction with 3~ phonons is taken into account explicitly.

Energy E,, MeV T, MeV S,
range,

Nucleus State MeV Theory Experiment Theory Experiment Theory Experiment
8Zr (fs) 7+ (L) ! 0-20 7.01 6 5.61 4.1 0.92 0.63
207pp, (1hyy0) ! 6.7-10.5 8.78 8.5 1.51 3.7 0.81 -

(1go/)) " 10.5-17 14.9 14 2.44 5.1 0.97 0.92
20955 (1iy12), 4-13 8.13 7.8 2.83 4.8 0.98 0.72
(Lisn2)p 4-13 8.19 7.4 4.04 5.4 0.92 0.77
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TABLE 1V. Results of calculations of the parameters of the energy de-
pendences of the one-quasiparticle strength functions. Only the quasipar-
ticle interaction with 2+ phonons is taken into account explicitly.

E,, MeV T, MeV
Experi- Experi-
Nucleus State Theory ment Theory ment
13gn (hop)n+ (liy3n), 682 - 1.26 .
8.81 - 4.48 -
1178h (1hs),+ (liy), 103 10.8 5.60 5.5
145Eu (2f12)p+ (1hg)), 5.48 5.9 1.25 1.2
+ (liyz ), 7.09 7.6 4.90 4.0

phonon basis (see Fig. 7).

5. MVCCM ANALYSIS OF THE NEUTRON STRENGTH
FUNCTIONS AND RADII OF NUCLEON ELASTIC
SCATTERING ON SPHERICAL NUCLEI

Fundamental relations. Qualitative analysis

Among the observable consequences of the relaxation
of the one-particle degree of freedom in the nucleus are the
neutron strength functions (NSF) of compound reso-
nances. The problem of the quantitative interpretation of
the NSF is a problem of the continuous spectrum. In the
case of nonoverlapping compound resonances with fixed
values of the angular momentum and parity, the neutron
strength function S, is related to the corresponding ele-
ment of the averaged neutron—nucleus scattering matrix
according to Eq. (32). In order to eliminate the trivial
energy dependence in .S, (&) due to the penetrability of the
potential barrier for neutrons, it is convenient instead to
analyze the reduced strength function S;( kR <€ 1):

Si=(kR) =Yg~ 1(s,).. (99)

Here ¢ is expressed in eV.
The reduced s- and p-NSF $°=S9,,, S}, and

S'=1S}, + 353, are of practical interest. In the MVCCM

the difference of the diagonal element of the averaged scat-
tering matrix from the optical-model value is determined
by the irreducible self-energy part AHj’, according to (53),
(54), and (71). From these relations it follows that in the
final analysis the NSF, like the one-quasiparticle strength
functions, are determined by the radial Green functions
gji(rr',e), which must be found by solving the system of
nonlinear integral equations (52), taking into account
(71). Therefore, Egs. (30), (32), (52)-(54), (71), and
(99) are the formal solution of the problem of calculating
the reduced neutron strength functions in the MVCCM.
As shown by the optical-model analysis"!™> (see also
Sec. 2), the 4 dependence of the reduced s and p NSF has
maxima corresponding to s and p shape resonances. For
example, the maximum of the dependence S°(4) corre-
sponds to the passage through zero of the neutron 3s level
(A ~55), and the maxima of the dependences S; ,,(A4) and
S} ,2(A4) correspond to the 3p;,, and 3p,,, levels (4~ 100
and 4 ~ 110, respectively). As a rule, for nuclei in the vi-
cinity of these shape resonances the coupling of the corre-
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sponding one-particle configurations to 2+ phonons is
strong, and therefore the MVCCM should be used for the
quantitative analysis of S° and S, 3, in this case. In this
regard we note that there is no “self-interaction” effect for
the s,/, and p;, configurations. In these cases there can be
strong coupling between states close in energy: 3s and 2d,
3p and 2f, 3p,,, and 3p;3,,. In going away from the shape
resonance the effective quasiparticle— 2 -phonon cou-
pling decreases [this can be seen, for example, from Eq.
(66)], and the value of the NSF becomes proportional to
the strength of the imaginary part of the optical potential
w. However, owing to the relatively large value of the dy-
namical quadrupole deformation parameter, it is possible
for “local” maxima to appear in the dependence S(4).
This situation is realized in the case of the s NSF near
A~75 and A~105 (Ref. 36), and for the p NSF near
A~T75 (Ref. 37).

Results of the NSF calculations

The method of solving the system of nonlinear integral
equations for the radial Green functions g;(rr’,e) is de-
scribed in Sec. 4. Numerical calculations of S*! have
shown that the contact-interaction approximation (63) is
not quantitatively accurate: the use of a realistic interaction
in the case of strong quasiparticle — 2 * -phonon coupling
can change the calculated values of the s and p NSF by a
factor of 1.5-2. This is not surprising, since the wave func-
tions of the 3s and 3p states each have two nodes and
therefore vary noticeably over a distance of the order of the

TABLE V. Values of the parameters +° and 7 for a number of one-
quasiparticle states of spherical nuclei.

Nucleus State V0 i
897; (Lfs2)n 0.05 0.91
(1f712)n 0.09 0.95
(2p1/2)n 5.03 1.14
'®Pd (232) 5.22 1.21
(189/2) 6.19 0.99
'!'Sn (185,2) 0.69 1.02
13§, (189,2) 0.76 0.97
(Yiy32) 1.68 0.77
(2p1/2) 0.69 0.82
1158n (2p32)n 0.71 0.77
(189/2) 0.86 0.94
'Sn (1202 0.93 0.87
"?ITe (189/2) 2.74 1.07
123Te (1g9/2) 2.73 1.03
1%Te (189/2) n 1.50 0.93
1438m (189/2)n 0.59 0.97
(2f12), 1.13 0.72
14SEu (1hgyy), 0.87 1.39
(1hy32), 1.33 0.94
w7py, (1hy/2)n 0.43 1.04
(189/2) 0.24 0.80
20984 ( 1"_1 112)p 0.08 0.74
(Lis2), 0.1 0.83
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FIG. 16. Results of calculations of the dependence of the S° NSF in the
nucleus '®Ru on the number of phonons taken into account.

diffusivity of the shell-model potential near r~R. The ef-
fective number of phonons n.g contributing to NSF forma-
tion can be found by using the method described in Sec. 3
for solving the system of equations for the radial Green
functions with the replacement g;(rr',e — nwp)
- g;’.lpt( rr',e — nwy). As an example of finding 7.4, in Fig.
16 we give the results of calculating the dependence
S%n) for the soft nucleus '©Ru. For the value w= 1.5
MeV used in the calculation and the known accuracy of
the calculation (10%), it turned out that n s = 5. A crite-
rion for strong quasiparticle-2 * -phonon coupling is obvi-
ously the condition n> 1.

The strength of the imaginary part of the optical po-
tential is the only independently variable parameter of the
model. The other parameters must be chosen as in the
calculations of the one-quasiparticle strength functions.
Qualitative analysis of the fundamental relations of the
MVCCM (see Sec. 3) and the CCM (see Sec. 2) shows
that in the case of strong quasiparticle-2 * -phonon cou-
pling the dependence of the NSF on w should be weak up
to rather large w in the MVCCM calculations and strong
in the CCM calculations. These conclusions are confirmed
by the results of numerical calculations. As an example, in
Fig. 17 we show the dependences S%w) obtained in the
MVCCM and the CCM for the soft nucleus "’Se. There-
fore, near the maxima we can expect weak dependence of
the NSF on w, while near the minimum, where the channel
coupling is hardly manifested at all, the NSF is propor-
tional to w. It is thus possible to choose the latter from, for
example, the experimental values of S° near the minimum.
The value of w corresponding to agreement between the

sl10* —
//’
1,5F o
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FIG. 17. Results of calculations of the dependence of the S° NSF in the
nucleus ""Se on the strength of the imaginary part of the optical potential
w, calculated using the MVCCM (solid line) and the CCM (dashed line).
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FIG. 18. Results of calculations of the 4 dependence of the S° NSF
compared with the experimental data of Ref. 38.

experimental and calculated values of S° near the mini-
mum in the average over 4 turned out to be 1.5 MeV,
which is half the value of w obtained using the CCM to
simultaneously describe both the maximum and the mini-
mum of the dependence S°(4) (Ref. 37). In Figs. 18-20
together with the experimental data we give the results of
calculations of $°(4), S'(4), and S}, 3/,(4) for w= 1.5
MeV carried out using the MVCCM. The experimental
data for S®! are taken from Ref. 38 and those for S ! 12372
are from Ref. 39. In Figs. 18 and 19 we also give the results
of calculations of S%!(4) carried out using the CCM with
w = 3.0 MeV (Ref. 37). It follows from the data shown in
Figs. 18-20 that the MVCCM leads to a satisfactory de-
scription of the experimental data on the reduced s and p
NSF using the same parameters of the imaginary part of
the optical potential. At the minimum of the 4 dependence
of S° (4 ~ 110-120) this description is obtained for the
average over A. The use of the same parameters of the
imaginary part of the optical potential is an advantage that

shi4 |
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FIG. 19. The same as in Fig. 18 for the S' NSF.
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our method has over the CCM, which even for averaging
over A cannot satisfactorily describe the experimental data
on S°(A4) near the maximum and the minimum using the
same value of w (Ref. 37).

In order to explain the isotopic behavior of the NSF
near the minimum of the 4 dependence it is necessary to
take into account shell effects in the formation of the value
of w and a possible energy dependence of this quantity.*
The analysis of these effects lies outside the scope of the
present review. In relation to this we note that here the
description of the NSF maximum is changed only slightly.

The neutron elastic-scattering radii

Among the parameters determining the averaged cross
section for low-energy scattering of neutrons by nuclei, in
addition to the NSF there are the elastic-scattering radii
R} Just as the reduced neutron strength functions S} (99)
are determined by the imaginary part of the phase of the
corresponding diagonal element of the averaged scattering
matrix (S,,) [see (32)], the elastic-scattering radii are de-
termined by the real part of this phase:

&= — {(kR)?/[ (21 + 1)1(2] — 1)N]}KR].

The experimental data on the R} are extracted from anal-
ysis of the differential cross section for low-energy neutron
elastic-scattering.’®* In relation to this the s and p elastic-
scattering radii are of practical interest:

(100)

0_ po L 2
R'=Ri;; R'=3R\, +3 Ry (101)
In the vicinity of the corresponding shape resonance the 4
dependence of the elastic-scattering radius undergoes a
strong variation relative to the dependence at some effec-
tive radius (close to the nuclear radius), with the ampli-
tude and interval A4 on which this variation occurs deter-
mined by the damping of the corresponding one-particle
resonance. In particular, the values of R®! can become
negative. The MVCCM calculation of the elastic-scattering
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FIG. 20. The same as in Fig. 18 for the S}, and S}/, NSF. The
experimental data are taken from Ref. 39.

radii using (30), (32), and (100) is based on the same
expressions (52)—(54) and (71) used above for the quan-
titative analysis of the NSF. In the calculations of R%!, the
results of which are given in Figs. 21 and 22, we used the
same methods and the same phenomenological parameters
as in the CCM calculations. In these figures we also give
the experimental values from Ref. 38 (for R°) and 39 (for
RY) and (in Fig. 21) the results of the calculations of R
using the “two-parameter” CCM approach, in which the
coupling of the one-quasiparticle state to multiphonon con-
figurations is effectively taken into account in the average
over A using a new phenomenological parameter.¢

6. BROADENING OF THE DIPOLE GIANT RESONANCE
IN SOFT SPHERICAL NUCLEI

An important manifestation of the strong
quasiparticle-2 T -phonon coupling should also be expected
in the damping of multipole giant resonances (GR) in soft
spherical nuclei. This is indicated, in particular, by the
strong A dependence of the total width of the E1 GR: the
E1 GR width varies from 4 MeV in hard nuclei to 9 MeV

40 60 80 100 120 A

FIG. 21. Results of calculations of the 4 dependence of R (solid line)
compared with the experimental data of Ref. 38 and with the results of
the “two-parameter” CCM of Ref. 36 (dashed line).
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FIG. 22. Results of calculations of the 4 dependence of R' compared with
the experimental data of Ref. 39.

in soft ones.* A similar situation also occurs for the isos-
calar E2 GR (Ref. 42).

The first attempt to theoretically study the broadening
of the dipole GR was made in Ref. 43, where the E1 GR
was viewed as a quasiparticle interacting only with 2+
phonons, with the basis of the corresponding diagonaliza-
tion problem including multiphonon configurations (up to
14 2% phonons). By solving this diagonalization problem,
the authors of Ref. 43 determined the E1 GR strength
distribution and its total width ['=2.350, where o 2 is the
variance of the strength distribution. The results of the
calculations of the width I' correctly reproduce the ob-
served 4 dependence of the total width of the E1 GR,
lowering the absolute values of the width in soft nuclei by
1.5-2 MeV. Naturally, in hard nuclei the calculated width
is practically equal to zero. These deficiencies of the ap-
proach of Ref. 43 are related to the fact that it does not
include other important sources of formation of the total
width of the giant resonance: the energy spread of the
strength of collective states of the particle-hole type, AT’
(in the average over 4, A’ ~2 MeV; Ref. 44), and the
coupling of these states to multiparticle configurations. The
listed relaxation modes form the “proper” width I'?,
which coincides with the width of the E1 GR in hard
nuclei, and the width calculated in Ref. 43 is naturally
termed the phonon width of the giant resonance, I .

It is possible to take a more systematic approach to the
description of the total width of the GR in which the GR
is treated microscopically using the shell model, and the
damping of the quasiparticles forming it is described using
the MVCCM. In hard nuclei this approach has been real-
ized and essentially corresponds to the optical shell model
(OSM).* The realization of this approach in soft nuclei,
which requires the inclusion of an additional damping in-
teraction between quasiparticles owing to 2+ -phonon ex-
change, is a very difficult problem, which so far has not
been solved. However, it is possible to formulate an ap-
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proximate method of calculating the strength function of
the dipole GR in which the “proper” width of the reso-
nance is taken into account in addition to the phonon
width. The conditions wg > w, '> AT, I'>w, and Aw > 7,
where wgis the E1 GR energy, o is the 2 * -phonon energy,
» 1is the constant describing the coupling of the E1 GR to
the 2% phonon, and Aw is the shift of the energy of the
maximum of the E1 GR relative to the energy of the max-
imum of the E1 GR in the independent-quasiparticle
model, allow the E1 GR to be treated as a quasiparticle
with proper width interacting with a 2t phonon. The con-
stant describing this quasiparticle~phonon coupling can be
parametrized using simple qualitative considerations:

x=CBwgs/ \/3,

where B is the dynamical quadrupole deformation param-
eter of the nucleus and the coefficient C~1 can either be
taken to be a phenomenological parameter, or can be found
by model calculations. We note that so far it has not
proved possible to calculate this coefficient using the results
of RPA calculations of the E1 GR strength distribution
with a sufficiently complete particle-hole basis.

This approximate approach to describing the £E1 GR
strength function allows direct use of the fundamental
equation of the MVCCM in the form (74) for the Green
function of the E1 GR quasiparticle:

(102)

G(e) =Go(e) + %*Go(e)G(e — 0)G(e), (103)

where Gy(€) = (¢ — wg + iT'?) ~ 1. The zeroth approx-
imation in (103) is chosen such that in the limit »—0 the
strength function of the E1 GR S(¢) = — (1/7) Im G(¢)
is described by a Breit-Wigner curve with width I'(?’, The
method of solving Eq. (103) is described in detail in Sec. 3.
We note that according to Eq. (103) in the limit I'>w,
when G(e — w) = G(¢), this equation can be solved ana-
lytically. The approximation of the calculated strength
function by a Breit—-Wigner curve allows the calculated
value of the total width I" of the £1 GR to be found.

In the calculations of the absolute value and the A4
dependence of the width I', the results of which are shown
in Fig. 23, the values of the parameters 3 and w were taken
from Ref. 25, and wg and T'© are from Refs. 41 and 46,
where the proper width of the E1 GR was identified with
the width of the E1 GR in the hard nucleus closest to the
one studied. The coefficient C = 0.85 in (102) used in the
calculation of the widths is determined such that this
method reproduces the observed width of the E1 GR in
isotopes of Ge and Se.*® We note that the authors of Ref.
43 used the similar value C = 0.77 calculated in the hydro-
dynamical model. For comparison, in Fig. 23 we give the
values of the phonon width I, calculated from the solu-
tion of Eq. (103) in the limit I'®) — 0. It follows from the
data given in Ref. 23 that in the simplified version of the
MVCCM taking into account the dominant relaxation
modes it is possible to obtain a satisfactory description of
both the 4 dependence and the absolute values of the total
width of the E1 GR in spherical nuclei of intermediate
weight.
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Further progress in the quantitative interpretation of
the strength functions of GR in soft nuclei requires the
microscopic calculation of the constant » and, eventually,
the realization of the approach mentioned above corre-
sponding to the synthesis of the OSM and the MVCCM.

7. NUCLEON DECAY OF SUBBARRIER ONE-
PARTICLE STATES IN SOFT SPHERICAL NUCLEI

The next step in the study of the relaxation of one-
quasiparticle states with high excitation energy is the anal-
ysis of their specific decay channels. Here we consider the
nucleon decay of subbarrier one-particle states in soft
spherical nuclei. We restrict ourselves to states with large
angular momentum and parity opposite to that of the shell.
In this case, where 2+ phonons can be treated as scalar
particles,’ it is possible to obtain simple analytic expres-
sions for the reduced differential probabilities for the nu-
cleon decay of subbarrier states to the ground (0 ) and
first excited (2 1) states of the daughter nucleus.

Let A=nlj be the quantum numbers of the subbarrier
state with parity opposite to that of the shell. Since the
coupling of this state to other one-particle states owing to
2 * -phonon exchange can be neglected (these states belong
to neighboring shells) and j>2, the interaction between the
A particle and the 2+ phonon can be viewed as the inter-
action of this particle with a scalar phonon.’ In this ap-
proximation the differential probabilities for nucleon decay
of the state A to the ground and first excited states of the
daughter nucleus are determined by the equations

dr{®V/dE,=S\"V (E)T; (),

where S\ is the one-particle strength function, T, is the

one-particle width for decay into the continuum, and g is
the nucleon kinetic energy. The quantity S,(ll) (E,) in (104)
can be termed the particle-phonon strength function. The
particle-hole strength function of the one-particle state in
question can be defined as

(104)

449 Sov. J. Part. Nucl. 22 (4), July—August 1991

SV =(|(s|b*a; |0)*)ps (105)

where a j’ and b™ are the particle and (scalar) phonon
creation operators. The remaining notation is the same as
in Sec. 1.

Since in “soft” nuclei the fragmentation of the one-
particle state is mainly determined by the strength of the
particle-2 * -phonon coupling (see Sec. 4), for the qualita-
tive analysis of the strength functions S{>" let us consider
the problem of the interaction of the particle A with only
scalar phonons. This problem corresponds to the Hamil-
tonian (79), and the strength functions S,(lo'” are deter-
mined by the weights of the one-particle w) (78) and
particle-phonon wf,l (80) components of the exact wave
functions of the Hamiltonian (79): $° = w'/w, S{"
= u_)f,l/ , where the bar denotes averaging over the energy
interval I’ such that x>I'>w (see Sec. 3). It follows from
Eqgs. (78) and (80) that in the case of strong particle-
phonon coupling near the maximum of the one-particle
resonance the strength functions S,(lo’l) are determined by
the expressions

1
SV = [Yor (©) % (106)

where V2x§ = ¢ — ¢; and W ;(§) are the wave functions
of the ground and first excited states of the linear harmonic
oscillator. Therefore, the strength functions S and S3"
calculated for this problem, respectively, have one and two
maxima. The energy interval between the maxima of the
strength function S{" (equal to 2v2x) is comparable with
the width of the maximum of the strength function S{”
(equal to 2.35%).

We use the Green-function method for the quantitative
analysis of the strength functions S,(IO’”. In addition to the
one-particle Green function G;(7) [cf. (1)], we introduce
the particle-phonon Green function F;(7):
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Gi(r=t—1t')= —i(0| T(l,{(t)a,{+ (0)']0);

Fi(r=t—1t)= —i(0|Ta,(t)b()a; (¢')b* (¢')|0).
(107)

Here a;(?), a; (t) and b(t), b* (t) are Heisenberg oper-
ators. According to the spectral expansion, the Fourier
transforms of the Green functions (107), G;(¢) and
F,(€g), determine the strength functions S,(lo’l)(s) (105)
[cf. (3) and (6)]:

(0) 1 (1) 1
S (e)= —;Imgi(e); S = —;Imfi(s), (108)

where g;(e) = (G,(€)) and f;(e) = (F(¢g)).

The problem considered above of the interaction of a
particle with scalar phonons corresponds to the Green
functions G,(¢) and F;(¢), respectively, satisfying Egs.
(77) and

Fi(e)=G(e — 0) + ©~ H3[GL (¢ — 0)Fi(e — @)

— GO (e)Fy()], (109)

which follow from (79) and (107). In (109), G¥(¢)
= (e — &)~ 1 In this approximation Eqgs. (77) and
(109) take into account the coupling of the particle A only
to configurations containing 2+ phonons. According to
the conclusions of Sec. 2, the coupling of the particle 4 to
other (“noncollective”) multiparticle configurations in
soft nuclei can be taken into account in terms of an imag-
inary part of the optical potential with smooth energy de-
pendence w(r,E, = € — p). This means that the averaged
Green functions g;(¢) and f;(¢) satisfy equations of the
form (77) and (109) with the replacement G\”(¢)
—»g,(lo)(e) = (¢ — g, + iw;) ~ '[cf. (43)]. Here the quan-
tity w;(E,) is determined by Eq. (45):

wy(E,) = f w(rE) O (r)dr. (110)
After this substitution Eqs. (77) and (109) can, with ac-
curacy o/ \»* + wz, respectively, be transformed into the
differential equations (84) and

fale)=gi(e) — x*d[g\% (e) f1(£) ] /dE. (111)
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In the approximation dw;/de < 1 the solution of Eq. (84)
is determined by (86), in which I' — w,, and the solution
of Eq. (111) is determined by

5fa(€) = (x + iwy) g (£) — (x + iwy);

x=(—¢€))/%n; w=wy/x. (112)

Naturally, near the one-particle resonance in the limit
w; — 0 we arrive at (106) on the basis of (86), (108), and
(112).

To calculate the strength functions S{*!” according to
(86), (108), and (112) it is necessary to know the param-
eters €;, %, and w;. The energies £; and radial wave func-
tions y,(r) are identified with the energies and wave func-
tions of the corresponding quasistationary states in the
one-particle potential (88)—(90) and are found by numer-
ical calculation. The coupling constant x is calculated us-
ing the expression following (66). The quantity w, is cal-
culated as in (110). According to (106), in soft nuclei
analysis of the irregularities in the energy dependence of
the strength function S,(ll) (E,) requires the study of a fairly
large energy interval. Therefore, in the calculations it is
necessary to include the energy dependence of the strength
of the imaginary part of the optical potential W (E,). This
is taken to be linearly dependent on the excitation energy:
W(E,) = aE, (Ref. 15), a = 0.15. For excitation energies
E, ~ 5-7 MeV this choice of a leads to values of w; which
coincide with those used in Secs. 3-5.

In Figs. 24a and 25a we show the results of calcula-
tions of the strength functions S,(lo’”(Ex) using Egs. (86),
(108), and (112). To estimate the absolute value of the
nucleon decay probability (104), in Figs. 24b and 25b we
give the energy dependences of the corresponding one-par-
ticle nucleon widths I',(g;) calculated for a potential well
with a sharp edge."

It follows from this discussion that in soft spherical
nuclei the strength functions of one-particle states with
large angular momentum and parity opposite to that of the
shell, S,(lo)(Ex) and S,(ll)(Ex), respectively, have one and
two maxima. To discover this effect experimentally it is
interesting to study reactions with nucleon transfer to an
even nucleus with subsequent nucleon decay of the subbar-
rier one-particle state into the ground and first 2+ states of
the daughter nucleus.
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CONCLUSION done in the MVCCM for the one-quasiparticle strength

The preceding discussion can be summarized as fol-
lows.

1. We have formulated a simple version of the mul-
tiphonon variant of the coupled-channel method in which
it is possible to take into account the coupling of quasipar-
ticles to multiphonon configurations. In practical realiza-
tions of the method one uses the same phenomenological
parameters as in the “few-phonon” versions of the CCM.
These parameters are found from independent data. This
feature together with the relative simplicity of the realiza-
tion makes the proposed method an effective tool for the
theoretical analysis of the observed consequences of the
relaxation of the one-quasiparticle degree of freedom in
soft nuclei for excitation energies which are not too high.

2. We have demonstrated the possibilities of this
method in the quantitative interpretation of the one-quasi-
particle and neutron strength functions, the radii of low-
energy neutron elastic scattering, and the total width of the
E1 GR in soft nuclei. The results of the calculations of
these quantities using the MYCCM for a large number of
nuclei are in satisfactory agreement with the corresponding
experimental data. Objects for further analysis using the
MVCCM are the parameters of the cross sections for elas-
tic and inelastic (with excitation of the first 2+ state) cross
sections for low-energy neutron scattering by spherical nu-
clei.

3. The relative simplicity of the formulation and real-
ization of the method are the consequence of the use of a
number of approximations, without which one could at-
tempt to interpret the detailed structure of the strength
functions. These approximations are the neglect of anhar-
monic effects (including the effect of the Pauli principle on
multiphonon states) and of the renormalization of the
quasiparticle-phonon vertex. The quantitative analysis of
these approximations and the inclusion of shell effects in
the formation of the imaginary part of the optical potential
could be subjects for future study. The formulation and
realization of a more systematic method of analyzing the
strength functions of the E1 GR in soft nuclei is also quite
difficult. Such an approach should include not only the
coupling of each of the E1 GR quasiparticles formed to
multiphonon and multiparticle configurations (as was
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functions), but also the additional retarded interaction of
these quasiparticles owing to 2 * -phonon exchange.
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