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The review gives a systematic exposition of the quasiparticle-phonon model of the nucleus as applied to
even—even spherical nuclei when the state wave functions are represented as superpositions of single-phonon
and two-phonon components. Exact and approximate systems of equations are obtained for determining the
energies and coefficients of the wave functions, and expressions are derived for various strength functions.
The results are given of calculations of the characteristics of electric giant multipole resonances, neutron and
radiative strength functions, and the fragmentation of two-quasiparticle states. Comparison with experiments

shows that a good description of the listed characteristics is achieved.

PACS numbers: 21.60.Ev
INTRODUCTION

The problem of describing the fragmentation of the
few-quasiparticle components of the wave functions of
spherical and deformed nuclei in a wide interval of ex-
citation energies is currently one of the fundamental
problems in nuclear theory. The construction of the
quasiparticle-phonon model of the nucleus created a
basis for systematic investigation of fragmentation. In
the framework of the quasiparticle-phonon model one
can study the characteristics of complex nuclei due to
the fragmentation of single-quasiparticle, single-pho-
non, and “quasiparticle plus phonon” states. These in-
clude neutron and radiative strength functions, photo-
absorption cross sections, giant multipole and spin-
multipole resonances, and also charge-exchange reso-
nances—and, of course, fragmentation of single-quasi-
particle and two-quasiparticle states that are manifest-
ed in single-nucleon and two-nucleon transfer reactions.
Nonrotational low-lying states in deformed nuclei can
be described.

The quasiparticle-phonon model of the nucleus ap-
peared as a result of the development and generaliza-
tion of the superfluid model of the nucleus.’™ Its
foundations were laid during 1971-1974 in Refs. 5-10.
The general assumptions of the model and some results
are given in Refs. 11-17. The results of calculations
and comparisons with experimental data have been given
in numerous papers (Refs. 18-35).

The development of the quasiparticle—phonon model
and its use to calculate the properties of complex nuclei
has reached the stage at which it has become necessary
to give a detailed mathematical exposition of the model
and systematize the results. This is being done in a
series of reviews. Some results of investigations of
deformed nuclei are given in Refs. 11 and 14, and the
situation with regard to single-phonon states in spheri-
cal nuclei is described in detail in Ref. 17. The present
paper continues this series of reviews. It is devoted to
an exposition of the mathematical formalism of the
model and the systematization of the results for even—
even spherical nuclei.

1. TRANSFORMATION OF THE HAMILTONIAN OF
THE MODEL

The Hamiltonian of the quasiparticle—phonon model
includes terms that describe the average field of the nu-
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cleus in the form of the Woods—-Saxon potential, inter-
actions that lead to pairing, and multipole-multipole,
spin-multipole—spin-multipole isoscalar and isovector
(including charge-exchange) interactions. A general
characterization of the Hamiltonian of the model is giv-
en in Ref. 10 for deformed nuclei and in Ref. 16 for
spherical nuclei. In the present paper, we restrict our-
selves to interactions in the particle—hole channel and
monopole pairing, ignoring the interactions in the par-
ticle-particle channel.

We write the Hamiltonian of the model in the form
H=H,,+ Hpsn+ Hii + HEY. (1)

Since the average field is given separately for the neu-
tron and proton systems, and the pairing acts only be-
tween neutrons and between protons, the terms
H,, + Hyp, 1 are written down separately for the neutron
and proton systems. Thus, for the neutron system,
Hivt+Honin= 2| (B3 —hy) alnasm
m
7 25000 1 O gl " SV (2)
Ji' mm’

where E; are the energies of the single-particle states,
characterized by the quantum numbers jm (for brevity,
j denotes the set of quantum numbers nlj); a;, and aj,
are nucleon creation and annihilation operators; and
G, and G, are pairing constants. The chemical poten-
tials A and A, are determined from the condition of con-
servation of the number of neutrons and protons on the
average.

We write the isoscalar and isovector separable multi-
pole H' and spin-multipole H%, interactions in the par-
ticle-hole channel in the form

Hi= —% Z (P + u®r,Ts) D) MMy (3)
h »
Hy=—+3 3 (f0+xiore) S (Shw)* Sta, (4)
b =R, Axi M
where
Miy= 3 (m|i*Ro (1) Yaul i m') afmtjmi (5)
(Sta*= 3 (Gmli*Ra (1) (0¥ 2. @lrse 11’ 6 metym; (6)

[OY, @lar=2 2 {lpAu|LM) 0, Y 5 ().
1 p=0, =1

Here, #{», »*) and w{@%), w{*Z) are the constants of
the multipole and spin-multipole isovector and isoscal-
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ar forces. To describe the charge-exchange phonons,
we use the parts of the interactions (3) and (4) propor-
tional to

P (T o), WD (M7 o).
The radial dependence R,(¥) = ¥* or R,(¥)~ 8V /8¥, where
V is the central part of the single-particle potential, is
discussed in detail in Ref. 16.

To diagonalize the Hamiltonian (2), we make a
Bogolyubov canonical transformation:

iy = Wjgm + (=) v2im,

i.e., we go over to operators of creation aj, and ab-
sorption a , of quasiparticles. The correlation func-
tions C, and C, and the chemical potentials A and A,
(and thus the functions u, and v‘,) can be found from the
corresponding equations (see Refs. 4 and 35). From
the terms H,, + Hy,,;z We retain the terms (see Refs. 4
and 35)

Zﬁ;a}ma_im: 3:=ch+(51_l)z (7)
jm

and we ignore the remaining terms, including those re-
sponsible for the pairing-vibrational 0* states. Since in
what follows we shall frequently encounter summation
over the quantum numbers of the neutron (») and proton
(p) levels, it is convenient to introduce the notation

ZA =A(n)+A(p),

where 7= {n,p} and 7-~—7 denotes the substitution
p=—n. Then
EA(T)B(T}=A(P)B(P)+A(R)B(n);

2 A@@) B(—7)=A(p) B(n)+A(n) B (p);
3 A@BE)=240)B[®)+4@) B (-1

Ty p==x1

We write the multipole—=multipole interaction in the
form

Hii=—a 3 3 () + o) Miu(v) Maw (0), (8)
AL Tp=%1
where
M) =22 ST L s s o)
i 1/23'1_1 & i’ ii H
F(AGH h— ] 0 B G ) (9)

Miu=(—)""M, ..
In the present paper, we do not consider states of mag-
netic type and we need only the part of the spin-multi-
pole forces necessary for the formation of the phonon
basis. Therefore, we restrict ourselves to the follow-
ing part of the spin-multipole—-spin-multipole
interaction:

Hdt= =g Z ("(L-s Hlerpiiet L)"'l"'z) (St Shir!
LM
= — 3 e D ont D) (SERt () SER v (10)
s
iy 1 T (- ! -
Skt (0 =gy 3 AR Y Ul 14 G D).
b o

+ (=M L)+ v B, (i L—M);
(SEr)t=(—)Y=tstaln (11)
In (9) and (11), we have introduced the notation

A (jj's M) = 3 (mj'm’ M) ofmetfmes
mm’
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B (jj'; M)
§?’=u;v: +upvy i =uu; :f:”!”J'
AP =1 R (1) a7 557 = (G 11 B () {0V ad e | 1

For the spin-multipole forces in our case A= L-1.

= 30 (=Y i ) it

To describe the charge-exchange interactions in the
particle-hole channel, we use the following parts of the
Hamiltonians (3) and (4):

HBly= —5 3 w{"Mi, (np) M (np); (12)
A
HBw=—5 3 "1 (St (mp))* SEar' (np); (13)
LM

Myu(rp)= 3 {jpmp| B () Yaut® | juitn) alpmyiym,

J‘pmpinmn
SV s s v, At (pins A—p)
V21+‘1 i p'n P
+(_) uVJ,,anA (jpins Ap) (14)
+ uipu.i',,B (7 pin A—u)+(— )Jp“n-lvipviua (Faips A— Wi
Sti' (np)=_ T (ipmp | Ry (1)
J]-,mFJ“mn
X [0Y auleare T | jaln) a}-pmpainmn- (1 5)
Here
At (fpins A—p)= 3 (jpMmpinma | d—pd &m0 m
'mpmﬂ
B (jpins Ay
= E ( _)J’ﬁm" (fpmpjnmn | ;\‘ll) a;pmpa;i“—mn;

mpy,
1= | B, (1) Y 07 (| 1) £ = G 1| B () 8
X[0Y alear T || jnde
We introduce phonon operators. We write the crea-
tion operator for a phonon of multipolarity A in the form

Q=75 Z{U, A (M) — (=) oA (i A—w), (16)

where the summation over jj’ is over the neutron and
proton single-particle states. The operators @,,, and
@3, , satisfy the commutation relations
[Qw: Qiowrwl]
= ﬁmﬂsuu' 5 E (‘Pﬁ"i‘%{" o (P.::'hii'fpy")

= 2 2 {\I»nﬂ‘bnn

3ir Jz mm'mg
X (jmgmy | A’y — (— M R o ol

X (jmjgmy | A— p (j'm jomg | ' — p')} @inOtiemes

(i'mjymy | M) (17

The single-phonon state wave function has the form
Q™ Vs (18)

the wave function ¥,=|) of the ground state of the
even—even nucleus is the phonon vacuum:

Om‘i’u=0- (1 9)

The conditions of orthonormalization of the wave func-
tions have the form

(| [Qaues Qrprie] 1) = Oane B Bii - (20)

It is generally assumed that the number of quasiparti-
cles in the ground states of even—even nuclei is small,
and we therefore set

(@5m@tjm) = 0. (21)

The validity of the condition (21) in various nuclei is in-
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vestigated in Ref. 30. In this case, the condition (20)
takes the simple form
2 (e WY — o ol y = b8 (22)

the operators A and A* can be expressed in terms of the
phonon operators as follows:

A(ji'; hp)= ? (0HOuu+ (— ) o0t ), (23)
where

A+ (7% ) (=) R A A—p)

=3 0+ ) @i+ (=) Cuw)- (23)

Thus, all the operators A and A* are replaced by pho-
non operators, and quasiparticles occur in the Hamil-
tonian only in the form a’a.

We derive equations for determining the energy and
structure of multipole single-phonon states. Substitut-
ing the expression (23’) in (9) and omitting terms con-
taining the operators B, we obtain after the replace-
ment of (2) by (7)

Hy = 2 &40 jrm

im

[+ o™ D DY

B 2 25\—5—1.

tl'l
X (@t + (
where D)=

)" Qs ) (@t + (=)™ Q) (24)
jjffj;ru”;g”r, in which
Bjje=E;18jr.

hi Ad he A Ai Ad
g =+l o= —oli;

To find the secular equation for the energies w,, of the
single-phonon states described by the wave function
(18), we calculate
(| QuuiH Q%1 1)
=z 2 eiir [(€5)2+ (0})%]

~ % BT 2P Dx'Dix (25)
and use the varlatmnal principle in the form
{( | Oll-lz IQlw |) _-(mM [2 gJJ'U’}J’ = 2J}=0. (26)

As a result, we obtain a secular equation and expres-
sions for the phonon amplitudes ¥ and ¢:

(e +5) (X5 () + X5 (p)

— APV X3 (n) X5 () =1. (27)

This is the well-known equation of the random-phase ap-
proximation (RPA):

v (S esse

hi 28
Xt (1) = 2?t+1 E i Hner (28)
M e ] R o g 3

Pjie (T) = VzT?;l _—P‘;b'”"'“ i g ()= V“_Zf'j'%i _—Sjy-i‘mu H ( 9)
i 1—(uf M) x4 (v) 2
A A A .
yH_yMi v { %,_) &) X0 () } H

Yi\z il XM (‘l.') l (30)

? Bm w=0,;

v (s eg0n

== EJ‘ (e — 05"

It is shown in Ref. 4 that for the solutions of (27)
{1 Qapirs H1Q%pi 1) = @04 5
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(Qar-u'sr Quuablr) = (H1Q7:Q% - i) = 0.

Therefore, with allowance for the solutions of (27)
we can write H; in the form

h
Hy =E Eja}-majm+ Hi\tos

1 X o+x4 @ (31)

o=t 2 Ve
. Using (23'), we separate from the Hamiltonian (8) the
part describing the interaction of the quasiparticle
with the phonons:

% e, {21_3}-1' [Qnni+

i pr

Qi@ -

Apii't

HE— (—)** @) (8?

+ o) D} 3V 5B (7% h—p) +hee. )

it

Using the relations that follow from (27)-(29),

M
23\-5-1 = e 3 Xt

w_ g A=) X (2
T ={ (xm—u”"’)x’“(#-r) } i

and the secular equation (27), rewritten in the form
e Mt SRS L SR Rl WS L)

P X (—) A=) XY (-7 (27)
we obtain after some manipulations
Hifon = —'2_172— { (H)A”"Ofm-k(h_m)
f, } (32)
X 3 ZE_ B (jj'; A— p}*hc}
iz

Since the constants #{* and «{» are fixed on solution of
the secular equation (27), the interaction of the quasi-
particles with the phonons is described without the in-
troduction of new constants. It can be seen from the ex-
pression (32) that the interaction is the stronger, the
more collectivized is the corresponding phonon, i.e.,
the smaller the functions #}! and @/},

In the solution of Eq. (27), the diagrams in Fig. 1a
are taken into account. Diagrams of the type in Fig. 1b
are taken into account in HZ in the solution of Eq. (31).
The diagram of Fig. 1c describes the quasiparticle—

= s ph
phonon interaction Hg/ .

We obtain a secular equation for the case of spin-
multipole phonons and transform the corresponding part
of the Hamiltonian of the model. As in the case of mul-
tipole phonons, we write

HH—Zea,majm 8 2 E 2[4—}-1 [R(L i, L)
LMp wii’
+ i DED;‘: (Qran+(—) " Qfan) (—) M- 1an'+0;f_m.}

where (33)

= W02
D' = ;t R A
o

8@9‘{
ooty &

o

FIG. 1. Diagrams taken into account in the random-phase
approximation and in the quasiparticle—phonon interaction.
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As in the case of multipole phonons, we obtain a secu-
lar equation and coefficients of the wave function for the
single-phonon spin-multipole states:

(o™ B 1) (XE (m) + X5 (p)]

— 4 P O XE () X5 () =13 (34)
- 1 t (f%;‘l:l"u}j“,?‘)“e,-,-, b
Xs' (W) =5p7r 2 ) i (35)
ji 33 Li

Y
Vs

L S A

il
VegE et

‘lj);'; = €55 — WL (36)

T
vi=v? )
1_“:([, 1, L)+n(l. 1 L)}Xh(.r) l |

i

Lyl
"'Y-‘f[ pE- T DT Dy x L

Y¥=2 -2 xF () (37)

=07 ;

ik
o (35 Pl e

(5"1 =5 mlﬂ)‘

St 2
i’

Making the same transformations as for the case of
the multipole interaction, we obtain

1 X5 +x§ ()
HEEE.“T:MZ"'I i/—,y-vﬁ-'_ohn()rum': (38)
LMii't C "
1
Hi= =75 2 {@eoaet- ()" Q)
LMi
f” 1, L) {+)
xET”B(n.L M)+he.}, (39)
't

We consider single-phonon charge-exchange multi-
pole states and transform the corresponding part of the
Hamiltonian. We write the creation operator for a
charge—exchange multipole phonon in the form

R ~7-— ) {04t (s M) — (=) A pins =) @hps,} -

i (40)
We write the sum (7) and the corresponding part of (12)
in the form

Hi= 3} €8m0 ym— 15 2 23\,+i {(DM DY) (=) Qs

im pTE L
+ (D)4 D2 @y} (DL — D) (— ) Qe
+ (DY + D) @},
where

Ai
b= 3 )
Pln

We find the expectation value of Hy;; with respect to the
single-phonon state

hi i 2
u§+} l'::.'.rp:.,.,'D_1 51 fgpjz quJ (“Jp“

Q¥ (41)

and by means of the variational principle obtain a secu-
lar equation for finding the energies 2, ;:

F o (@) = (1 —#PX5P) (1 — P X5 — )2 (X5 )2 =0, (42)
where
™), s
J(ut.‘! = 2 U-’P’nu§p1n) Eipin =
21 -Li G TR
(5 )2 u§*? uf=) Oy
(e 2 : J ,,.1 3 J A
X’ = T z I, it Q’%‘ ;

ipin
e 1 f*(pin) A
Biphn = ]/ 2 +1 3, e lipin)—Qu (= gl"’ﬂ +y =u,n,p),

(A} X
Mo _ |/ #i i* (ipin) ) M) Y.
Hrx T 79 TUston 5 — v, )
M=) uz_ KNGS _1_xﬁ}(+?
l/‘yu WGM Y T T )
ﬂ—ﬂ,“

(43)
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in which a,; is the value of the derivative with respect
to © of the left-hand side of (42) at 2= Q,;.

In this case, taking into account the solutions of (42)
we have

(| QuuH @ 1) == Qs

the coefficients in Hyy, vanishing for £},,85 ,;,

€,.,:%,,;, and also in the case i#i’ for 23,0, .
Further,
A
o= 5 2L fpa b, (44)
i Mu-l Vy“ At
xm _i*pin) A= Ay O

HcMuq*'Z "fl. 2 V2x+1 {[('_) (1-*!{ ) A

Ani i JpJ

+(1+ y“) Qi [“J‘,,ujnB (injn; A—yp)
+(=)Ptn"tv; w3 B (jnip A—-w)] +hee). (45)

The expressions for Hgg, and Hgg,, for the charge-ex-
change spin-multipole interactions differ from (44) and
(45) in that the reduced matrix elements of the multi-
pole operators in them are replaced by the matrix ele-
ments of the spin-multipole operators.

Thus, the Hamiltonian of the model with allowance
for the secular equations (27), (34), and (42), which
determine the energies of the single-phonon states, has
the form

HM b Z ajalma_,m + H?J“’::

ph
Um; L‘ H b

-+ HSrq+ HCl\lu+ Hl‘!Muq 'f‘HCSu‘i‘ Hgqu- (46)

2. SYSTEMS OF BASIC EQUATIONS AND THEIR
SOLUTIONS

In the quasiparticle—phonon model one can describe
the properties of even-even spherical nuclei due to
fragmentation of single-phonon or two-quasiparticle
states. The wave function of excited states can be writ-
ten in the form

W, (JM) = {Zi Ry (Iv) Qs

+ 30 PR () (@ Ghasialyae} Vs (47
15‘

where
[Qixlllixoxzﬂziz].’l\el e E (Mpghopy | JM) Qimlizoizusis‘
M2

Here, JMi and Api denote the quantum numbers of the
multipole and spin-multipole phonons. We have re-
stricted ourselves in (47) to the two-phonon terms, and
later it will be necessary to add the three-phonon
terms. The normalization condition can be written as

(R Iv)2r2 3 (P%‘;; (Jv))

7\-2 iz

4 Huv lg;g(h) PR (Tv)

£

’mlm Aithgia
X KT (Mal, ML | hyiy, Aoly) =1. (48)
Here

2 (Mp'Agp
Mlz
Wy

x (Oh' 1 'Oh nri 0:\12;0?&2;12:5) = GM.'GH 8, , 18,

2l ziz Aohaigis

4 8,5,18,10; 0 ioi + K (Rgigs A" | Ady Agig), (49)

2 112

o | JM) (Madaps | T

where
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K7 (s, A8 | My Agly)
= uEM A hgps | TM) (ahgiay | TM) K (Mpasies N'w'i" | Mid, Agtain);  (50)
[
K(a‘zflz iy A1 | Apdy Agpigy)
= J'.E:i. i W;,J. CGamajamy | M) (Fymyjamg | Apy

MyMymam,
— (=) G @, (madum | N — ') (Gamajamy | A — )
X ﬂ-’.t’:z:"p??;f (Tamsjamy | Aapta) {jimyjams | Agpsd
FE S YARTPTI S B T V41 5 . 5
(= )hthen "2¢J.;.¢s:3f (Femyfamy | Ay — o) {jamafsmy | Ay—

). (51)

We shall find the most general form of the equations
of the model. For simplicity, we restrict ourselves to
multipole—multipole interactions, i.e., in the Hamil-
tonian of the model (46) we take the first three terms.
Then we add others. We calculate the expectation value
of H; with respect to (47) and obtain as a result

(Y% (JM) HyY, (JM))

= E 0y R (Jv)+ ) Pa,;}("") Pl () {(‘"M. +on,)
ﬁqiaﬁ- iy
h,zlhig

X 8,48 AR 8y, 7\3 igis 1+ 6 Y 1 i 8, 11'51,“ +K! (Agis,
5! K45 (1) + X0 ()
72| e

7 & 1/ ayhitiahia

Adiy | Mty Agiy)]
KJ( ata Myl | Mgigs Asia)

thﬂ (v -+ X% (1) M o e

WKJ (1’253’ A'="'l | )'11‘1‘ Asgiy)
L/ llly ata

1 X (0+ X% (@)

4 T s

AT

! (Mt Agis | Ay Agis) K’ (Asiz, iy | Asiyy }"aia)}

+2 3 R (Jv) PRI U (7)) + Vi (o), (52)
Agirhgisi
where
Ukt (Ji) = (| Quars (Hgog + HEL) [0F06. 0t Jrne )
= D Uk (i, w3 (58]
T

UMk (i, vy = (—

2tz

)h+?~.—J1_/1_§_ [(2A, +1) (24, - 1)]4/2

f: J : J Aot i i
J.g 17s Nudy 1he: iy Aafs | e Nabs Mafu
,,E, [ Vi {mg)a}w"" o+ (=) ol

f. Ll AoJ s : .
o M‘:l {1:15;1} (qJJ.J;(Pm: +(—)" ‘~|—’J.:,1l»";v.1 )

£ 5.5 js f Aahol ' s 1is
Tl () e+ (et . ks
T
where 7’532 appears in conjunctwn with the multipole

matrix elements f,;,, f},;,, and o'}, with the spin-mul-
tipole elements; the numbers b, and b, take the value 0
in the case of the multipole matrix elements f7,;,, f15,

Ajir Azt Al Aaly Al Al

Ji

Ji e
: JE b [4 v

FIG. 2. Diagrams that take into account the coupling of the
single-phonon and two-phonon states.
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and 1 in the case of the spin-multipole elements. To
the function U there corresponds the diagram in Fig, 2a.
The function V vanishes for K= 0, and to it there cor-
respond diagrams b and ¢ in Fig. 2.

We use the variational principle in the form
S{(V3 (M) Hp ¥ (JM))—my [(¥5 (TM) ¥ (JM)) — 1]} =0 (54)
and obtain a system of two equations. From the first
equation

(@ =) B (T%)+ 1 PRl (Fo{US () + VR (7} =0

we find R‘(JV), substitute in the second, and obtain a
secular equation for determining the energies 7, in the
form of a determinant in the space of two-phonon
states:

det || (@n,i, ++ O, — 1) [8; 528, .18, 118, s

Aghy - dadn Asha igia

e 6:.,1161,.16n A.;ﬁi i T 5 K’ (A, Mil
Ly X (0)+ x5 (1)
ey ST
5T 1/ ﬂ%lﬂy%:h
XA.L'-; ()4 yhais
+ DT e s | Dy, At
]/ fyi\zie:yﬁzis :
1 o X e+xyE©
e
hsisig V gyt
4i4T
X K Mgty hgiy | My Maii) K7 (Agizy Ayiy | Agis, Agly)

_ y Gbenrvibon atiivo+iifen . (55)

[ iy, Aals)]

K’ (hatay Atg | Myiy, Agidy)

The rank of this determinant is equal to the number of
two-phonon terms in the wave function (47).

We illustrate Eq. (55) in the language of diagrams.
In the first term, we take into account the diagrams in
Figs. 3a and 3b, and we then take into account diagrams
c and d. Diagram e corresponds to the terms contain-
ing U+ U, diagram f to the terms containing U+ V, and
diagram g to the terms containing V- V. In addition,
there are diagrams obtained from diagrams c, d, f, and
g by replacing the part a by b. The nominal nature of
this illustration must be borne in mind, especially since

Arip Ayl Aply Aalp Ay Aylg Al Aply
A5 1
113 A
""-r‘.l 2, 2z a6 32‘2 A3i3
a1 ’Iz‘z
" Far

Aply Azip Ayl Aziz Alp Agly Ay I!zlz
85 sy, A3z
R 4 ALy
Ji
45 A
YT .
11’-1, Agly

A A iy
’ s T ’ 252
e flifrf azéy z,z, ALt

g

FIG. 3. Diagrams in the space of two-phonon states.
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the vertex parts are different in each case.

The secular equation (55) is very complicated—for
medium and heavy nuclei, the rank of this determinant
is 10°-10°% It can be solved if the single-phonon basis
is drastically truncated. We have here taken into ac-
count many graphs that make a very small contribution
to the fragmentation of the single-phonon states. And
to calculate the fragmentation of the two-phonon states,
it is necessary to take into account the three-phonon
terms of the wave function. We therefore go over to an
approximate system of equations. For this, we first
restrict ourselves in the expression (52) to the terms
proportional to [P‘“;{Jv)]2 and, second, in the term
quadratic in K7 we take one of the K7 in diagonal form.
This restriction can be made in (52) because the abso-
lute values of the diagonal terms of K’ are appreciably
greater than those of the nondiagonal terms. We also
restrict ourselves to the diagonal values of K in the
normalization condition (48). As a result, we obtain

Z, (8 (Jv))*

+2 3 (Prhewr{t

Ayiahaia

(W3 (JM) Hy Wy (JM)) = D) 0, R (Jv)

O, Nt s Aala) }=1; (56)

+2 N (PR v+
x...x,x.

K (0w, + Oy, + Ao (Ayiy, Ayiy))

K7 (Agia, My | Ay, Agia)

+2 3 RV PREEWUREUD (145 K (g, by | My, Aala))
Ayiyhgiai
(57)
where
Aw (hyiyy hoiy)
Wt (i a0 R
B 21, [ Varr K Chain b bl Agls)
Xi"lix (v + xheis (7) b . ; z
1 LVTI—Q‘“'—‘V?’TKJ (Aaigs Myiy | Agly, 7Lz~"z)j| s (58)

the summation over 7, being due to our going beyond the
framework of the random-phase approximation.

We use the variational principle and obtain the sys-
tem of equations

(w5 —my) By (Tv)
4 E ;;: (Jv) U7”' (1) {1 _% K’ (Aaigy Rydy | Mgy, lziz)} =0 (59)
Ayihaiy

2 (@11, + Oy, + A0 (Ayiy, Ayla) —14) PR (Jv) + 3B (V) UR: (J)) =0.
1

(60)
A secular equation can now be obtained both in the space
of the two-phonon states and in the space of the single-
phonon states. The secular equation in the first case
has the form

det |[ (05,5, -+ @24, -+ Ao (Ayiy, Aais) —1y)

X (61, '61 15'51',:‘-; 4+ 8

Vi hi04s800800)
Ul (J0) U*l’l (J1)

mJ’i"T]v

144 K (Rgla, Myl | Mty Agly) [|=0. (61)

In this case, diagrams c, e, and h in Fig. 3 are taken
into account, diagram h differing from diagram f in that
there is no summation over intermediate two-phonon
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states, since only the diagonal value of K7 is retained,
e., fewer diagrams are summed than in Eq. (55).

The secular equation in the space of single-phonon
states has the form

det || (@5; — ny) Osir
1
d Uhtis ) Ukt 00 (145 K (hatay Daia | Dk, D)) o, &2
o Oy 5, @ A0 (Aydy, Agig)—1y i

Raighais

The diagrams in Fig. 4 are taken into account in the
space of single-phonon states. As is shown in Ref. 39,
numerical calculations of nuclear field theory need take
into account only special cases of the diagram in Fig.
4a, when one of the intermediate phonons is replaced by
a two-quasiparticle state and strongly collectivized pho-
nons are taken as the other.

Consider Eq. (62). The rank of the determinant is
equal to the number of single-phonon states in the first
term of the wave function (47). The rank varies from
20 to 200 and is thus two orders of magnitude less than
the rank of the determinants (55) and (61). The factor
[1+ 3K (Ad,, M\, | A4y, A8,)] is due to allowance for the
Pauli principle in the two-phonon terms of the wave
function (47). In the case of maximal violation of the
Pauli principle K7 = -2, and the corresponding term is
eliminated from the sum over A4, and A,i,. The shift
Aw(X 7, Ad,) of the two-phonon pole is due to allowance
for diagrams of the type in Fig. 3c. As is shown in
Ref. 33, it is large for the first two-phonon collective
states of deformed nuclei. The shift Aw()i,, N,i,) is
small for the collective phonons forming giant reso-
nances of the various types. The shift Aw(Ai;, 2,d,) is
equal to zero for KY =0. Using the normalization con-
dition (56), we find

S‘ Ul ey Ay, 2
R} (Jv)= /{E A+ 3 2 @3, “’1,1,'*"“" (A1iz, Agio)— 1y
21:
= 1 2 . 3 .
;. (1+?K=’ (Alas Mgly | Agdyy 3\.,_12))}, (63)

where A, is the cofactor of the determinant (62).

If in the commutation relation (17) we ignore the
terms proportional to a*a, then in this case KV =0 and
instead of Egs. (59) and (60) we have

(7 =) By (%) + 2 Upshs (J1) P (Jv) =0; (64)
‘“(Ja)R Wv)
P?. v (.Iv)u* B Z 0y, uT"’_—uA,a. = (64%)

We substitute the expression (64') in (64) and obtain the

I JE Ji
A, ¢, Ayl At
p é Azt 151 202 17 262
Ay Ay Al )
J"l ’ ’
a Ji - S

FIG. 4. Diagrams in the space of single-phonon states.
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system of equations

Ut () ps (7
> [(mn—m) ﬁﬁ-—% 3 “—“)"—(‘)J Ry (Jv)=0. (65)

i Ak Bt O, — My
From the condition of existence of a nontrivial solution
of the system (65) we obtain a secular equation for de-
termining the energies i

1 Ui (Jiy U (g1
(@7 —n4) 6ii"*§ 2 ——z

@y —
Mgy Ml A

F (1) =det =0, (65)

the rank of the determinant being equal to the number of
single-phonon states in the wave function (47). Using
the condition of normalization of the wave function (47)
in the form

TREVPH2 3 (PRI =1, (66)
we find

{ 1 I:E“‘u A
R (Jv) = A AP+ S
Ri (Jv) 2 (A 45 M‘ZH' e ]| B (67)

i

where A, .(n) = (=)"*¥M, (n); M,(n) is the corresponding
minor of the determinant (65’). For the solutions of Eq.

(65’) the following relations hold:

*[%-,- S Wi (€0
)1 i” M..
M

Ri*(Jv) =

R; (J'v)f 2Ry (Jv). (68%)

These properties of the coefficients R; play a key role
in the method of strength functions, which we shall con-
sider somewhat later. The expressions (63)—(67) above
were first obtained for deformed nuclei in Ref, 9, and
for spherical nuclei in Ref. 10. In this case, we assume
that the phonon operators are ideal bosons.

The charge-exchange states of odd—odd spherical nu-
clei can be described by wave functions of the form

Yy (M) = (3 By (I0) Qi+, 31 PYE (V) 1900 @hidrad) ¥ (69)

with the normahzatlon condition
FEREP+ S (PR IR =1, (70)
We take the following part of the model Hamiltonian
HM = b,majmajm = HY Mvg T st aE! H’éﬁlvﬂl : Hgglw (71)
and find the expectation value with respect to the wave
function (69):
(¥5 (JM) HY, (JM))
=ZQu (R W)+ 3 (s, o) (PR (V)
+23 3 VA (J0) B, (Jv) PRk (Iv), (72)

i My
L1

Aidihatz

where
Vi () = (1 Qe (H3vg + HBroa) [0, Qi Jrar 1)

Using the variational principle, we obtain a secular
equation for finding the energies 7, of the states (69) in
the form

Vi (7o) Vi (7i7)
= —_ i L AL L S
F (ny) =det | (Q; — ny) 8- — =2 Qg+ O, — v g (73)

As in the case of multipole phonons, we obtain

j‘ Ry (Iv) VL;;: (Ji) (74)
9n.«,+ 3 ¢

PP

Pt (Jv) = —

2ty
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For the coefficients R (Jv) the relation (68) still holds
if instead of (65) we use (73) and its corresponding
minor.

3. THE METHOD OF STRENGTH FUNCTIONS AND
DETAILS OF CALCULATION

As the excitation energy increases, there is a rapid
increase in the density of the levels, the structure of
the wave functions becoming more complicated. Much
of the experimental information about highly excited
states is represented in the form of quantities averaged
or summed in definite energy intervals. Therefore, in-
stead of solving equations of the type (64) and (64),
which is a complicated computational problem, one
should instead directly calculate the distribution of the
physical quantities in the chosen interval of excitation
energies. The procedure of averaging over the energy
has been widely used in the statistical description of nu-
clear reactions.®

We shall be interested in the distribution of physical
quantities due to fragmentation of single-phonon states.
Because of the quasiparticle—phonon interaction, the
single-phonon states are coupled directly only to the
two-phonon states, and therefore the use of the wave
function (47) in calculations makes it possible to obtain
a correct description of the distribution of the strength
of the single-phonon states. The problem of calculating
the energy-averaged characteristics can be solved by
using the method of strength functions developed in the
quasiparticle—phonon model of the nucleus.'*2? A sim-
ple example of the use of the method is given in Ref.
37. Recently, it has also been used in other studies.3®™2

We shall explain the method. Let &, be the ampli-
tude for excitation of the state ¥ (JM) in some physical
process. We define the strength function as follows:

(@, )= pm—1) | Dsy %, (75)
where we have chosen the weight function p(n-n,),
which is normalized'to unity, in the form

A
2n —)F A% (76)
If the excitation of the state ¥ (JM) occurs through sin-
gle-phonon components of the wave function (47), then

pM—)=

Dy =) R (Jv) Dy (77)

Substituting (77) in (75) and using the relations (68) and
(68’), we rewrite (75) in the form

b(D, n)= Zp(n—m 2 A" Ri ;D
= So(m—n) (m)/ CAT 2]
where ®*(p,) = —E“A”(nv){)“@”.
We go over to the integral
b(®@, 1) = f) = Fole(m—2)ds (79)

Z

around a contour (see Fig. 2 in Ref. 14) C,, which sur-
rounds the poles z = 1, of the integrand #™(z), these be-
ing roots of the secular equation (65’). Expressing (79)
in terms of an integral around an infinitely distant con-
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tour (which vanishes, since the integrand decreases at
infinity as |z|°%) and integrating around contours sur-
rounding the poles of the function p(n- z), which are
at z = n+iA/2, and using the residue theorem, we ob-
tain

> Ay (1]+i %) iy

b(®, )=~ Im{ -4 (80)

3

o)

where #(n+ iA/2) is the determinant (65’) for complex
values of the energy, and A4,, are its cofactors. Thus,
to find the average characteristics it is not necessary
to solve secular equations; instead, one calculates de-
terminants for complex energies, which is much sim-
pler. The energy interval A of the averaging deter-
mines the method of representing the results of the cal-
culations. In the limit A—0, the Lorentz function
p{n—mn,) goes over into the Dirac 6 function, and the
strength function b(®,n) is nonzero only at the points
n=n, of the solution of Eq. (65’) and is equal to |& ]2
The interval of averaging A must be greater than the
average distance between the states corresponding to the
many-phonon components ignored in (47). In addition,
A must be appreciably less than the region of localiza-
tion of the calculated physical quantity. In spherical
nuclei, these criteria are satisfied for 0.1 = A=<1 MeV.
In Ref. 16, the dependence of the strength functions on
the choice of the form of p{n—n,) was studied, and it
was shown that in the majority of cases different forms
of p give similar results. We note also that in the limit
A—0 it is possible to establish a unique connection be-
tween the strength functions and the response functions
of the nucleus to an external perturbation (see Ref. 38).

Since a detailed description of the procedure for
choosing the constants in the quasiparticle—phonon
model is given in the review of Ref. 17, we shall mere-
ly mention them briefly. In numerical calculations, the
parameters of the Woods—Saxon potential are taken to
be the same as in Refs. 17 and 43. The constants of the
monopole pairing are chosen on the basis of the experi-
mental values of the pairing energies. The constants of
the multipole and spin-multipole forces are determined
on the basis of the experimental data on the energies and
probabilities of electromagnetic transitions of low-lying
levels. For this, the wave functions (47) are used.
More detailed information about the constants can be
found in the original papers cited below. All calcula-
tions with the wave function (47) are made with the pro-
gram GIRES.*

The possibility of simultaneous description of low-
lying and highly excited states with a common set of
parameters was demonstrated in Ref. 44 for the exam-
ple of ?*®*Pb. The results of calculations of the charac-
teristics of 2°°Pb in the quasiparticle—phonon model
agree well with the experimental data of Ref. 45 and
other theoretical calculations, 50

4. FRAGMENTATION OF SINGLE-PHONON STATES

One of the processes in which fragmentation of the
single-phonon states is clearly manifested is the photo-
excitation of giant multipole resonances. Extensive ex-
perimental information on such resonances has been ac-
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cumulated (see Refs. 51-54), and it is steadily being
augmented by new data. A large body of experimental
data on the best studied giant electric dipole resonance
is given in Ref. 54.

In the case of excitation of the state ¥ (JM) by v rays,
the expression for &, in Eq. (80) has the form

Dy = (o | M (BT (MT)) Qi 1| Wo)s (81)

where M[EJ(MJ)] is the operator of the electric (mag-
netic) transition of multipolarity J. For example, for
EX transitions

ESHQ! X3 () 82
;= e 2 iy Lomy ‘__:le. (82)
w=[y g e
Here, e¢'7) is the effective charge, and &‘*)= —z/A,

e(V)=0 for J= 2; e is the electron charge; Xj* and
a7 are defined in (28) and (30). In deriving (82), we
ignored the terms proportional to a*« in the operator
of the EA transition (see Ref. 4) and used the radial de-
pendence R(7) = #* of the forces. Substituting (82) in
(80), we obtain the strength function, by means of which
we can calculate the distribution of the strength of the
electromagnetic transitions at different excitation ener-
gies.

To analyze giant multipole resonances, energy-
weighted sum rules are used. The model-independent
dipole energy-weighted sum rule has the form

9 e2h® Nz

S =D b (EL ) = e M2 048 2E

m
VEA

(83)

For resonances of multipolarity A= 2
Sk = EA b (Eh, ny) 1y=1.654 (24 + 1)25 (r2t-2)
vE

A3
= 4.954 (2h -+ 1) (1.2)%*-2 AT 1072, (84)
In (84), (»**?) is estimated for a rectangular well with
radius 1.241/® F. For the isoscalar part of (84), we
have

2h-5
> b(EA, ny) ny=4.95A (2A+1) (1.2)2 224 7 1077, (85)

All the S} are given in units of e® -b*+ MeV.

We begin our discussion with the giant dipole reso-
nance. Figure 5, which is taken from Ref. 55, shows
the distribution of the probabilities of E1 transitions in
%Zr, calculated in the RPA (Fig. 5a) and with the wave
function (47) (Fig. 5b) and A=1 keV. For A with this
small value, [, B(E1l,n)dn= B(E1,0; —1]), and the re-
sults of the calculations of the B(E1l) values with the
wave functions (47) are reproduced without the use of
the method of strength functions. It can be seen from
Fig. 5 that allowance for the two-phonon components
leads to strong fragmentation of the dipole strength.
The calculations in Ref. 22 of the energy-weighted sum
rules for dipole transitions in ®Zr, 2°8n, and *?**Te ex-
haust 90-95% of the model-independent energy-weighted
sum rule (83) and agree well with the experimental data
of Refs. 54 and 56. This indicates that the configuration
space used in the calculations is complete.

Much information about the integrated characteristics
of the giant dipole resonances is obtained from the pho-
toabsorption cross sections.*®* The cross section of di-
pole photoabsorption (mb) is related to the strength
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FIG. 5. Calculated values of B (E1) (e2* F?) in ®Zr: a) in the
single-phonon approximation; b) with allowance for the
quasiparticle—phonon interaction.

function b(E1, n) by?*
E+%A
Oyt (B) = (4.025E/A) 5 b(E1, ) d. (86)
E-1a
Here, E is the energy of the ¥ transition in MeV, and

b(E1l,n) is measured in units of e?+F2/MeV. For the
integrated cross sections,*” we have

Eu
o= j Gy (E) dE; (87)
Bn
En
o= | E-toy (B) aE; (88)
Bn
T (89)

Oy= 5 E-%0.,, (E) dE,
Bn
where E, is the upper limit of integration, and B, is the
neutron separation energy.

The results of our calculations® of ¢,, with A= 0.4
MeV for '#Te, 119.142Ce and the experimental data of
Ref. 57 are shown in Figs. 6—8. As can be seen from
these figures, a qualitatively correct description of the
total photoabsorption cross sections is obtained. In the
calculations, the central peak is higher than the experi-
mental peak, and the fine structure of the giant dipole
resonance is expressed more clearly than in the exper-

ey
Oy, 10 'mb

y T Y T TR MY [ M |

8§ w1z M 16 pMeV

FIG. 6. Photoabsorption cross section 0y, for ¥ Te. The
continuous curve is calculated with A =0.4 MeV; the points
are the experimental data of Ref. 57.
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imental cross sections. This is evidently due to the
fact that we ignore the more complicated configurations
in our wave functions. We note that the use of the mi-
croscopic approach makes it possible to take into ac-
count in a natural manner individual properties of in-
dividual nuclei. For example, the width of the giant di-
pole resonance in ***Ce is appreciably greater than in
14%Ce. As can be seen from Figs. 7 and 8, our calcula-
tions correctly describe the decrease of the peak in

o,, and the broadening of the giant resonance in 'Ce
compared with *°Ce. The anharmonic effects, which
basically determine the widths of the giant dipole reso-
nances, are enhanced on the transition from the semi-
magic nucleus '*Ce to the nonmagic *42Ce.

The experimental data of Refs. 57 and 58 and the re-
sults of our calculations®*:%® of the integrated cross sec-
tions of dipole photoabsorption are given in Table I. It
can be seen that our calculations give for the integrated
characteristics of the giant dipole resonance values
close to the experimental ones and correctly describe
their variation on the transition from one nucleus to
another.

The giant quadrupole resonance has been studied less
than the dipole resonance, but its existence is firmly
established.® According to the systematization of the
experimental data on the excitation of the isoscalar
giant quadrupole resonance in nuclei with 40< A4 <208,
its energy is E ~63A4™/% MeV, and 50-100% of the iso-
scalar energy-weighted sum rule is exhausted. Infor-
mation about the isovector giant quadrupole resonance
in nuclei with A > 60 is sparse. The known energies of
isovector giant quadrupole resonances agree with
E ~11047'/2 MevV.

The distribution of the strengths of the quadrupole ex-
citations in ®°Zr is shown in Fig. 9. It can be seen from
the figure that there undoubtedly is fragmentation (es-
pecially for the isovector giant quadrupole resonance).
However, in ?®®Pb, for example, in which RPA calcu-
lations® give one collective state with excitation energy
10.1 MeV, this exhausting 72% of the isoscalar energy-
weighted sum rule [see Eq. (85)], allowance for the two-
phonon components leads to a radical redistribution of
the strength of the isoscalar giant quadrupole resonance.
This can be seen in Fig. 10, which shows the strength
function b(E2,7n) for ***Pb. The individual properties of
the nuclei determine how the strength is distributed.

=
Sy¢, 10 mb
5k

& w14 1§ pMev

FIG. 7. Photoabsorption cross sections 0, for 1%Ce. The
notation is the same as in Fig. 6.
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FIG. 8. Photoabsorption cross sections 0, for 1*?Ce. The
notation is the same as in Fig. 6.

The results of calculations®*'®® and experimental data
for the energies in the energy-weighted sum rule of the
isoscalar giant quadrupole resonance in various nuclei
are given in Table II. The experimental data from dif-
ferent reactions give a spread for the energy of the res-
onance over 1 MeV. The extent to which the energy-
weighted sum rule is exhausted differs strongly.

Qur calculations of the distribution of the E2 strength
in 2®Pb show that the major part of it (66% of the ener-
gy-weighted sum rule) is concentrated in the interval
8-11 MeV with centroid at E = 9.5 MeV. Substructures
are observed in the resonance at the energies 8.8, 9.5,
10.4, and 10.8 MeV. According to Refs. 64 and 65,
which report excitation of the isoscalar giant quadrupole
resonance in the (a, @’) and (d,d’) reactions on 2%Pb,

E =10.5-10.9 MeV and the energy-weighted sum rule is
exhausted to 60-807. A fine structure of the resonance
is observed experimentally. A large number of individu-
al 2* states are found in the interval of excitation ener-
gies 8—12 MeV in electron scattering on 2°*Pb.® There
is a certain grouping of the states at the energies 8.9,
10.2, and 10.6 MeV and, possibly, at 11.2 MeV. Qual-
itatively, the experimental data on the fragmentation of
the E2 strength are very similar to what we calculate.
However, from electron scattering only (29:3')% of the
energy-weighted sum rule is obtained. The calculations
made in Ref. 66 in accordance with the MSI model®’

with allowance for (2p—2#) configurations give E =9.6
MeV, and about 30% of the energy-weighted sum rule

is exhausted. However, 45% of the E2 strength is dis-
placed into the interval 12—20 MeV and is distributed
over a large number of weakly excited states. Neither
our calculations nor the data of Refs. 39—41 with allow-
ance for (2p—2h) configurations give such strong frag-
mentation of the E2 strength.

In Ref. 68, the distribution of the quadrupole isoscalar
strength in the energy interval 4-8.17 MeV in ***Pb was
measured. For states lying below the neutron binding

TABLE I. Integrated cross sections of dipole photoabsorption
for different nuclei. The value of E, is given in the brackets.

124Te (19 MeV) [140Ce (18,5MeV)|142Ce (17,4 MeV)| 205Ph (25 MeV)
Cross section experi- |calcula experi- [calcula-| experi- [calcula experi- |calcula-
ment  |tion ment  |tion ment  |tion ment  |tion
ag, b-MeV 1.46 1.5 1771 4.9 1.89| 1.96] 3.059| 2,88
O_;, mb 98,7 [102,9( 123 137 [131.8 142 229 213
G_y, mb+MeV-! 6.6 7.0 8.8 9,81 10,2 | 10,5 17.6 | 16.2
Egpps MeV 15.2 | 15.5| 15.0 | 15.2| 14.9 15.1| 13143 | 134
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FIG. 9. Calculated values of B (E21) in ®Zr: a) in the
single-phonon approximation; b) with allowance for the
quasiparticle—phonon interaction.

30y, MeV

energy without allowance for the 2} level, the sum of
the reduced probabilities of the E2 transitions is

T B(E2) = 480 ¢+ F*. Our calculations give ZB(E2) = 465
% «F%. The experiment of Ref. 68 also revealed a group
of states with appreciable B(E2) values at energies
7.8-8.2 MeV with 3 B(E2) = 541 e®+« F% OQur calculations
give a certain concentration of the E2 strength in this
interval, and we obtain ©B(E2) = 240 ¢®+F*. To within
the experimental values, we obtain the correct distri-
bution of the strength of the quadrupole excitations in a
wide interval of energies.

For the isovector giant quadrupole resonance, our
calculations® for 2P give E = 21.3 MeV, and about
70% of the isovector energy-weighted sum rule is ex-
hausted. According to the experimental data,® E =215
MeV, and 80% of the sum rule is exhausted.

The distribution of the octupole strength in spherical
nuclei has been studied experimentally even less. From
simple considerations based on nuclear shell structure
one can expect the existence of an isoscalar low-energy
octupole resonance, corresponding to transitions
through one shell, and a high-energy octupole isoscalar
resonance associated with transitions through three
shells. The low-energy resonance was discovered in
inelastic scattering of a particles in many spherical nu-
clei.®:% It is at energies 4.5-7 MeV and exhausts be-
tween 8 and 20% of the isoscalar energy-weighted sum
rule. As an example, Table III gives the distribution of
the octupole strength in %8Ni (Ref. 15) and 2®Pb.*® The

bc.lsz,;.-),ez-F“-Mev"
a4
FIG. 10. The E2 strength
g2 function for 2%ph,
a
7 8 E i y,MeV
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TABLE II. Energies and the extent to which the model-
independent energy-weighted sum rule is exhausted for the
isoscalar giant quadrupole resonance.

Experiment Theory
Nucleus
E,, MeV EWSR, % Reference E,, MeV EWSR, %
207r 14.040.3 40 [61] 14,0 45
14.0+0,2 68 62]
14,1 65 [63]
1208p 12,84:0,3 46 [64] 12.6 59
13.3 70 [63]
208 Ph 10.9 73 163] 9.5 66
10,5 60 [64]

experimental data for *®Ni are taken from Ref., 69. The
calculations describe well the 3; level and the low-ener-
gy octupole resonance in *®Ni. Moreover, as is shown
in Ref. 15, allowance for the two-phonon components in
%Ni is basically important for this. Recently, experi-
mental data have been obtained from a-particle scatter-
ing on ?**Pb for the low-energy™ and high-energy®
resonances. In Ref. 70, four 3~ levels were observed in
the energy interval 4.5-5.7 MeV. Our calculations for
the low-energy octupole resonance give good agreement
with the experiment for the level energies, and an ex-
haustion of the energy-weighted sum rule that is ap-
proximately 1.8 times smaller. The results of our cal-
culations for the high-energy resonance are in good
agreement with the experimental data.®® From neutron
scattering on ®®*Pb it is found® that for the high-energy
octupole isoscalar resonance E = 17.8 MeV and only
12% of the energy-weighted sum rule is exhausted.

This small percentage contradicts the data of Ref. 65
and our calculations. The investigations of Ref. 24 of
the low-energy octupole resonance in *Zr and 12%n
also agree well with the available experimental data.%?

The giant multipole resonances are excited differently
in different reactions. To understand the excitation
mechanism of the structure of the resonances, it is im-
portant to analyze the different processes in the frame-
work of a unified theoretical approach. In part, this
program has been realized in the quasiparticle—phonon
model.™™ For example, in Ref. 71 calculations are
made of the squares of the form factors of inelastic
electron scattering with excitation of giant dipole and
quadrupole resonances in °°Zr as functions of the effec-

TABLE III. Distribution of the octupole strength in %Ni and
208pp,

58N 208Ph
E,, MeV EWSR, % E,. MeV EWSR,%.
States

experi- experi- experi-- experi-

= é):t theory | SXPEEE | theory mei:xt theory | SXFEE | theory
3 4,47 4.35 10,0 8.4 2,61 2.4 20 21,8
Low-energy 6.9 7.5 8,0 7.2 4.7 4.8 1.5 0,93
octupole reso- 4.96 5.0 1.6 0.3
nance 5.34 5.3 2.5 2.61

5,58 5.8 e 3.82

High-energy Y
octupole reso- — — = — | 175 17.4 60 58.3
nance
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tive momentum transfer q,,,, which is widely used to
analyze experimental data (Fig. 11).™® The calculations
reproduce the experimental data well.” The square of
the form factor for the lowest 2* level in *Zr is de-
scribed simultaneously with the same parameters (Fig.
12). The experimental points are taken from Ref. 74.
Scattering of high-energy protons with excitation of the
giant quadrupole resonance was investigated for a num-
ber of spherical nuclei in Ref. 72, in which it was shown
that the isoscalar giant quadrupole resonance is well
excited in the case of the scattering of high-energy
hadrons.

Thus, in the quasiparticle—phonon model one can de-
scribe the characteristics of the giant multipole reso-
nances and investigate their excitation mechanisms.

One further source of information about the fragmen-
tation of the single-phonon components of the wave func-
tions is the radiative strength functions. The best
studied are the E1 and M1 strength functions. The radi-
ative strength functions and the influence on them of gi-
ant dipole resonances have been analyzed in a number of
reviews.™® Here, we shall restrict ourselves to con-
sidering EX transitions, since magnetic giant resonanc-
es and the radiative strength functions of MA transi-
tions warrant a separate description. The radiative
strength functions are equal to

(k(EN)y= X Ty (EA, ELHAMANE, (90)
where T',, (eV) are the partial widths of the ¥ transitions
from the states ¥ (JM) to the ground states, E, is the
mean transition energy, and AE is the interval of aver-
aging about the energy E,. We can express I',, in terms
of the strength functions defined by Egs. (80) and (81)
(Refs. 23-25):

E+%AE
D) Tyo(£1, ny)=0.35 S b (E1, m)dn; (91)
VEAE E~%AE
Bt AE
3 To(B2, 1) =1.60407 | ah (52, v) dn. (92)
VEAE E—%AE

In these expressions, b(EX,n) is measured in the units
e®F#.MeV™ and 7 in MeV. The major part of the ex-
perimental data on the radiative strength functions has
been obtained for excitation energies in the region of
the neutron binding energy B,. The radiative strength
functions are calculated in Refs. 23-25, 28, and 81.
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FIG. 11. Squares of form factors for E1 and E2 resonances
calculated with allowance for the quasiparticle=phonon inter-
action. The points are the experimental data of Ref. 73.
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FIG. 12. Square of the form factor of the lowest 2 level in
W7y, The experimental data are taken from Ref. 74.

The results of the calculations of Refs. 23 and 24 and
the experimental data®® for the E1 strength functions
are given in Table IV. The calculated values of (¢(E1))
differ from the corresponding experimental values by
not more than two times. It should be emphasized that
in these calculations there are no free parameters,
since they are fixed in the calculations of the low-lying
states and the giant dipole resonance. Therefore, our
distributions of the dipole strength indicate that the
model correctly reflects the nuclear dynamics.

We shall discuss the influence of the giant dipole
resonance on the E1 strength functions. In the analysis
of the E1 strength functions, one frequently uses the
Brink—Axel treatment, in accordance with which the de-
pendence of the dipole photoabsorption cross sections
on the energy of the y rays is determined by Lorentz
extrapolation of the giant dipole resonance to the low-
energy region. In this case, the photoabsorption cross
section has the form

T3Ee (93)

where E, is the energy and I'; is the width of the giant
dipole resonance. It is assumed that a Lorentz shape
reproduces the energy dependence reasonably well in
nuclei that are far from magic. However, Lorentz ex-

TABLE IV. The EX radiative strength functions.

(K(EM), 10-9 Mgy —(2A+1)
Nucleus Ey MeV Eh 3
experiment reference calculation

5Fe 11.2 E1 1.7 82] .7
LLVAY 8.7 E1 3.25 2.2

10.0 E1 3.25 23 5,1

11.3 El 6.24 83] 7,2

11.9 E1 T 9.6
Sn 6.4 E1 5.02 3.2

7.0 E1 4.2 [83] 4.6

8.6 E1 8.35 9.5
136Ba 9.1 E2 1.02.10-4 [84] 1.2-10-4
138Ba 8.6 E1 4.0 185] 3.9
110Ce 9.08 E1l 2,2 [86] 2.1
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trapolation of the giant dipole resonance gives over-
estimated values of the E1 strength functions in the
neighborhood of B, for nuclei with nearly closed shells.
Indeed, for '*Ba the experimental value is (¢(E1))

= 4x107®, whereas (,(E1))= 9x10™® according to (93). In
40Ce, the experimental value is (¢(E1))= 2.2x107°,
while (93) gives (&(E1))= 9.8x107°,

We shall study the influence of the giant dipole reso-
nance on the behavior of the radiative strength functions
b(E1,n) in the energy interval 6-10 MeV. First, we
calculate b(E1, n) with the wave function (47), in whose
single-phonon part we include only the RPA solutions
lying in the interval 6-10 MeV. In this case, the func-
tions b(E1, ) are determined by the fragmentation of
the single-phonon states with energy lying in the con-
sidered energy interval. The results of these calcula-
tions, in which the giant dipole resonance was not taken
into account, are shown in Figs. 13 and 14 for '**Te and
146Nd. Further, we calculate b(E1,n) in the same ener-
gy intervals with the wave function (47), in whose sin-
gle-phonon part we include in addition to the previously
considered RPA solutions the single-phonon states that
form the giant dipole resonance (Figs. 13 and 14). The
difference between the behavior of the functions 8(E1, )
calculated with and without allowance for the giant dipole
resonance determine its influence on the E1 radiative
strength functions. It can be seen from the figures that
the resonance has a large influence on the E1 strength
functions, its influence increasing with increasing ex-
citation energy. The function b(E1, n) behaves non-
monotonically as a function of the energy. These sub-
structures are due to nearby single-phonon states and
the displacement of some of the strength of the giant
dipole resonance to this energy region.

The influence of the giant dipole resonance on the
radiative strength functions for many nuclei was inves-
tigated by calculating S} [see Eq. (83)] in the energy
interval AE with and without allowance for the reso-
nance. The results of the calculations are given in Ta-
ble V. The function S¥(0) is calculated with single-
phonon states in the interval AE. The function S}3(GDR)
is calculated with additional allowance for the phonons
that form the giant dipole resonance. It can be seen
from Table V that in ®°Zr and !'®Sn the influence of the
giant dipole resonance on b(E1,n) is small. Its influ-
ence is also small in the other ten isotopes. In *°Zr,
an appreciable increase in S; £(0) in the interval 8-10
MeV occurs if allowance is made for the single-phonon

I
B(EI),e2-F2.Mev!

& g n

7, MeV

FIG. 13, Histogram for the strength function b(E1,n) in
124Te, The continuous line is the result of calculation with
allowance for the giant dipole resonance; the broken line,
without allowance for it.
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FIG. 14. Histogram for the strength function &(E1,7) in

146Nd. The notation is the same as in Fig. 13.

states lying above 10 MeV and below the giant dipole
resonance. If the function b(E1,n) is represented in the
form of histograms of the type of Fig. 13 for the ten
isotopes, then the lines in the cases with and without
allowance for the giant dipole resonance almost coin-
cide. The influence of the giant dipole resonance on the
radiative strength functions is small in the semimagic
nuclei *¥Ba, !¥Ce, and ***Ce. On the basis of our cal-
culations, we can conclude that the influence of the
giant dipole resonance on the functions 5(E1, ) in the
region of the neutron binding energy is small in semi-
magic nuclei. In these nuclei, the functions b(E1, )
are to a large degree determined by the fragmentation
of the single-phonon states lying near B,. With increas-
ing distance from closed shells, the influence of the
giant dipole resonance on b(E,,n) increases, as is
demonstrated in Table V. Thus, in **:'4Nd the func-
tion S, ,(GDR) is more than twice S, ;(0). The influence
of the resonance does not reduce to a general raising

of the function b(E1, 7). There is a redistribution of the
dipole strength and a raising of the local maxima. As

a result, the function b(E1, 1) becomes more strongly
nonmonotonic in its dependence on the excitation energy.

It should be noted that in the calculation of the func-

TABLE V. Influence of the giant dipole resonance on the
function S 231,

Number of | Energy interval, At
single-pho- ﬁev: m!:h]ifh Energy inter- sgil 84z (GDR)
Nucle non compo- e single-pho- ) e Y e
= nents in Eq. | non component YaLaZ: Moy, e? «F? sMeV SQEI (0)
(47) lie
9 8—13 9.43
Rar 10 B—16 = 1.2 448
4 6—10 1,83
Sk 14 6—16 (=19 1.99 1.08
6 8—11 2.95
11Te 14 8—16 A1 3.82 1.3
8 8.3—10.3 8.6 -
el 14 8.3 15 8:3=10.381 01k 4581
6 7—9 10.4 :
1%°Ba 14 7—15 —9 15.5 1.5
5 8—10 5.03
140Ce 14 8—15 8—10 6.68 1,33
8 8,4—11,3 15.2
e 14 sla—158 | 88113 | 53] 1.52
3 7—9 # 4,12
SHNG 14 7—18 1= 9.97 2k
4 7,5—9 3.0
s 14 7.5—15 6.5-9 6.6 e
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tions b(E1, 1) in the energy interval AE it is necessary
to take into account the RPA solutions lying in this in-
terval AE even if they make a small contribution to
b(E1l,n) and to S, ;. Such single-phonon terms in the
wave function (47) must also be taken into account when
the influence of the giant dipole resonance on b(El,n) is
large. This is due to the fact that RPA solutions that
make a small contribution to &(E1, n) have a strong in-
fluence on the behavior of 5(E1, ) in the energy region
in which they are situated. In a number of cases, weak
single-phonon states hinder the penetration of the
strengths of the giant dipole resonance into the energy
region in which these solutions are situated.

Irregularities in the energy dependence of 5(E1, 1)
must be manifested in the photoexcitation cross sec-
tions o,,. We shall study the dependence of the cross
section o,, on the excitation energy and compare it with
the behavior of a Lorentz curve. The calculated® and
measured® cross sections o,, for *°Zr are given in Fig.
15, from which it can be seen that the general behavior
of the cross section follows a Lorentz curve. The de-
pendence of the cross sections on the excitation energy
exhibits irregularities, but they are not strongly ex-
pressed.

Appreciable substructures are observed in o,, for
'40Ce. The results of the calculation of the cross sec-
tion o,, for **°Ce and the experimental data obtained in
Ref. 87 for natural cerium are shown in Fig. 16. Since
natural cerium contains 89% of '*°Ce, a detailed com-
parison of theory with experiment can be made. In the
measured cross section ¢,, a maximum is observed at
energy 7.8 MeV; in the calculated cross section, there
is a higher maximum at 8 MeV. In our calculations in
semimagic nuclei, the fragmentation of the single-pho-
non states is much weaker than in nuclei far from
closed shells. The appearance of the large peak at 8
MeV is due to this circumstance. The calculations cor-
rectly reproduce the raising of the cross sections at

G yg,mb
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FIG. 15. Cross section of dipole photoabsorption in *Zr,

The points are the experimental data of Ref. 83; the continuous
curve is calculated with the wave function (47), and the

broken curve is the Lorentz extrapolation of the giant dipole
resonance.
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FIG. 16. Dipole photoabsorption cross section in *°Ce. The
points are the experimental data of Ref. 87 for natural Ce;
the continuous line represents calculations in accordance
with the quasiparticle—phonon model with allowance for the
giant dipole resonance; the broken line, calculations without
allowance for it; and the chain line represents the Lorentz
extrapolation of the resonance.

energies above 8.2 MeV. The calculated cross sections
are smaller than the experimental ones at energies be-
low 7.5 MeV. It is possible that the peaks observed in
Ref. 87 at 6.5 and 7 MeV are due to admixtures of other
cerium isotopes. In Fig. 16, we also give the results of
calculations in which no allowance was made for the
phonons forming the giant dipole resonance. It can be
seen from the figure that the influence of the resonance
on the cross section o,, is not large, though the part
played by the resonance increases at excitation ener-
gies above 8 MeV. The behavior of the total dipole pho-
toexcitation cross section as a function of the excitation
energy differs strongly from the behavior of the Lor-
entz curve in '*°Ce. A similar situation is observed for
the photoabsorption cross section for natural barium.,®’

Substructures in the dipole photoabsorption cross
sections at excitation energies below the neutron emis-
sion threshold have been observed experimentally®® in
many nuclei that are neighbors of 2°®Pb. Let us discuss
the influence of the giant dipole resonance on the behav-
ior of the E1 strength functions; this is demonstrated in
Fig. 17. The E1 strength function in ?**Pb, calculated
with the wave function (47) without allowance for the
single-phonon 1” states in the energy interval 5-8.3
MeV, behaves like the Lorentz extrapolation of the giant
dipole resonance. The integrated dipole strength
= B(E1) in this case is equal to 0.49 ¢?« F2. Allowance
for the single-phonon 17 states lying in the energy in-
terval 5-8.3 MeV strongly changes the behavior of the
strength function b(E1,n) and increases the integrated
strength  B(E1)= 0.92 ¢ . F2. The single-phonon 1~
states in the interval 5-8.3 MeV are manifested as sub-
structures in ¢,,. For ?°*°Pb, our calculations with al-
lowance for only the states that form the giant dipole
resonance give ZB(E1) = 0.71 e+ F? for the interval
5-8 MeV. The strength function &(E1, n) has structures
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FIG. 17. Photoabsorption cross sections for 2%:28ph, The
points are the experimental data of Ref. 88; the continuous
curve represents our calculations, and the broken curve is
the Lorentz extrapolation of the giant dipole resonance.

&i7,MeV

in this energy interval. The RPA calculations give
ZB(E1)=0.91 ¢*-F2. Simultaneous allowance for the
single-phonon 17 states in the interval 5-8 MeV and the
states of the giant dipole resonance leads to an appre-
ciable redistribution of the dipole strength and the ap-
pearance of clearly expressed substructures. In this
case, ZB(E1)= 1.2 ¢*+F? in the interval 5-8 MeV, which
is 30% larger than the value obtained in the RPA calcu-
lations. Thus, the influence of the giant dipole reso-
nance on o,, in the region 5—8 MeV in 2%Pb is stronger
than in 2°®Pb,

We now discuss the behavior of the cross sections
0, in 2°%-2%Ph in the energy interval 4.5-8 MeV. Our
calculations correctly describe the substructure in o,,
in 2°8Pb at energy around 7.3 MeV, but they do not re-
produce the substructure around 5.5 MeV, as can be
seen from Fig. 18. The o,, calculated for ***Pb exhibit
some substructures, which agrees with the experimen-
tal data.®® According to the ‘calculations, there is a
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FIG. 18. Calculated E1 strength functions in 2%:28pp. The
continuous curve represents the calculation without allowance
for the single-phonon states in the interval 5—8 MeV; the
broken curve is the calculation with allowance for all the
single-phonon states, including the giant dipole resonance.

L
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substructure in **Pb at an energy around 5.5 MeV,
which is somewhat lower than the experimental value
5.8 MeV. Our RPA calculations show that in 2°®Pb there
are no single-phonon 1- states below 6.2 MeV. The
first collective single-phonon 1 state is at 7.3 MeV.
The quasiparticle-phonon interaction in 2°®Ph weakly
changes the distribution of the dipole strength at excita-
tion energies below 8 MeV. Therefore, in our calcula-
tions there is no substructure in o, at the energy 5.5
MeV. A single-phonon collective 1° state is manifested
in 0,, at 7.3 MeV. Low-lying single-phonon 1~ states
can appear if the single-particle spectrum is changed.
The distribution of the dipole strength in 2°Pb differs
radically from ?°Pb. The lowest single-phonon 1- state
is at 6.2 MeV, and in the region of 7.3 MeV there are
four single-phonon 17 states. The quasiparticle—phonon
interaction appreciably influences the fragmentation of
the 17 states in ***Pb due to the fact that the two-phonon
states have there a higher density than they do in 2°®Pb
and they are strongly coupled to the single-phonon
states. Because of this, some of the dipole strength is
displaced downward and in *®*Pb forms the substructure
in 0,, in the region of 5.5 MeV. The presence of the
single-phonon 1~ states and the influence of the giant
dipole resonance lead to the appearance of several sub-
structures in the **Pb cross sections in the energy in-
terval 5-8 MeV, which agrees well with the experimen-
tal data.®®

Investigation of the elastic scattering of photons by
208Ph reveals® the existence of substructures in the
cross sections at energies E=10.04, 10.6, and 11.27
MeV. Analysis of the photoabsorption cross sections®
in %Ph in the energy interval 9.9-11.2 MeV confirms
the existence of substructures at £=10.04 and 10.6
MeV. In 2%Pb, such substructures were not observed
in the interval 9.6-12 MeV. The E1 strength functions
calculated for the interval 9-12 MeV are shown in Fig.
19, from which it can be seen that in 2°®Pp there are
substructures at E= 9.7, 10.5, and 11.3 MeV. Accord-
ing to the calculations, the behavior of 8(E1, n) at ex-
citation energies below 10.5 MeV in 2%Pb is close to the
Lorentz extrapolation of the giant dipole resonance. At
11.2 MeV, there is a clearly expressed peak. Thus,

—
BUEL ), 6% F2 MV

EEBPh

LT ?;,I MoV
FIG. 19. The strength function b (E1,n) for *%:2%ph, The
continuous curve represents our calculations, and the
broken curve is the Lorentz extrapolation of the giant dipole

resonance with parameters from Ref. 58.
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the difference between the distributions of the dipole
strengths in the semimagic nucleus 2®Pb and in the ma-

gic 2*Pb can be understood as an effect of the quasipar-
ticle—phonon interaction.

Even in nuclei that are far from magic there are ir-
regularities in the absorption cross sections. Figure
20 shows the experimental® dipole photoabsorption
cross section for **Zn together with our calculation. In
the experimental cross section there are irregularities
in the region of 13 MeV and the theory reproduces them
well. In the experimental and calculated cross sections
there are two maxima, although in the calculations they
are more clearly expressed and lie 1 MeV below the
experimental values. As we have already noted, at such
energies it is necessary to take into account more com-
plicated configurations. Overall, the calculation repro-
duces well the experimental cross section.

Interesting information about the radiative strength
functions is obtained from the investigation of (p,¥) re-
actions.®® * In Ref. 93, radiative capture of protons by
the ®*Cu nucleus was investigated and information was
obtained about the radiative strength function of %Zn at
energies 1-3 MeV above the proton separation energy.
This corresponds to y-transition energies of 7-10 MeV.
The excitation functions of direct ¥ transitions to the
ground state in *Zn measured in Ref. 93 and calculated
with the radiative E1 and M1 strength functions obtained
in the quasiparticle—phonon model are given in Fig. 21.
In absolute magnitude, the calculated values are close
to the observed values. Our calculations reveal a pro-
nounced substructure in the region E,~9.5 MeV. Ex-
perimentally, one can identify®® a certain region near
E,= 9.5 MeV in which there is a deviation of the excita-
tion function from a smooth energy dependence. In the
total cross section of the **Cu(p, ¥)*Zn reaction mea-
sured on the basis of the yield of » rays with energies
above 3 MeV the deviation near E,= 9.5 MeV is expres-
sed more clearly and has a resonance form with a width
of about 0.4 MeV. However, the experimental strength
of this state is less than the calculated strength. The
contribution of the M1 transitions is about 10% of the
measured cross section, i.e., approximately the same
as according to the statistical estimates, but the energy
dependence 0¥!(p, ¥) has an irregular nature (Fig. 21).

Our investigations have shown that the quasiparticle—
phonon model gives a qualitatively correct description

o, mb

1877, MeV

w Bz w8

FIG. 20. Photoabsorption cross section in #Zn, The points
are the experimental data of Ref. 91, and the continuous
curve represents our calculations,
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FIG. 21. Excitation function of direct v transitions in *Zn to
the ground state. The points are the experimental data of
Ref. 93; the continuous curve represents the calculation in
accordance with the quasiparticle—phonon model for E1
transitions; and the broken curve represents the calculation
in accordance with the model for M1 transitions.

of the distribution of the electromagnetic strength in a
wide range of excitation energies and makes it possible
to explain and predict the characteristic features of the
distribution for individual nuclei. Lorentz extrapolation
of the giant dipole resonance to the low-energy region
gives a rather crude description of the photoabsorption
cross sections, especially in near-magic nuclei. It is
shown in Ref. 78 that the Lorentz formula cannot be used
for energies below B,

5. FRAGMENTATION OF TWO-QUASIPARTICLE
STATES

Experimental information about the fragmentation of
two-quasiparticle states is obtained from the spectro-
scopic factors of single-nucleon transfer reactions.
However, this is information about only the two-quasi-
particle states for which one of the quasiparticles
is a valence quasiparticle, i.e., is in a single-particle
level corresponding to the ground state of an odd-4
target nucleus. It was shown in Refs. 94 and 95 that
two-nucleon transfer reactions of the (p,f) type can give
more complete information about the fragmentation of
the two-quasiparticle states in spherical nuclei. Exper-
imental data from two-nucleon transfer reactions are at
present steadily accumulating.®"% In the RPA, the
magnitude of the two-quasiparticle component {j, j,} in a
single-phonon state with spin J is determined by
%Izpj’l‘, |2, where y7¢, is given by (29). When allowance
is made for the quasiparticle—phonon interaction, the
single-phonon states are fragmented. The two-quasi-
particle component {4, j,} with spin J of the state v de-
scribed by the wave function (47) is

o

D0 = 7| 3 ROV (o)

We give expressions for the spectroscopic factors of
single-nucleon transfer reactions on odd-A target nu-
clei. We take the wave function of the target nucleus in
the form

(95)

The wave function of the final state with spin J, is given
by Eq. (47). Then the spectroscopic factors of nucleon
transfer to subshell j have the following form?:

Yo (Fomto) = Cigv@Igme Yo

a) for reactions of (d, p) type
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S0 (T35 M) = Cinti®@y5, (J 13 M43 (96)
b) for reactions of (d, ) type
S350 (T3 M) = Gl 230y, (T3 M)+ (97)

If we sum over all spins J, of the final states that form
the single-particle states j, and j,, we obtain

8150 = 2 835, (T3 M- (98)
4
One frequently uses the expressions
Siis (T35 M) = iﬁif S5 (T 13 M) (99)
St (1) = ) 57 Sis 53 M- (100)

g
Integrated characteristics of the distribution of the

strength of the two-quasiparticle states in the energy
interval AE are the energy centroids

Ejpo=_3 i (W) %Sy (1) (101)
VERE VERE
and the total spectroscopic factors
Nj= 2, Sii (m)- (102)

At intermediate and high excitation energies we cal-
culate instead of (96)—(100) the corresponding strength
functions. For this, we use Eq. (80), in which &,
= z,bjja. The strength functions for the spectroscopic
factors are given by the expressions (96)-(100), in
which <I:H°(Jf;nv) is replaced by the corresponding
strength function ‘I'Ho(Jf; 7). Besides (101) and (102),
the width of the distribution of the states is frequently
extracted from the experimental data:

Ty, =2.350, 0*= [ (Ejj,—n)?*Sig, (/N . [&5)

R

AE

In Ref. 99, the fragmentation of the first two quadru-
pole and octupole phonons over the low-lying levels in
18cq, 120gn, '%4Te, ***Xe, and ***Nd is calculated. The
fragmentation of the two-quasiparticle components in
the region of excitation energies up to 10 MeV is inves-
tigated for a number of spherical nuclei in Refs. 29
and 100.

We study the fragmentation of two-quasiparticle
states of particle—hole type. We have in mind two-
quasiparticle states of the valence-particle=hole and
particle—valence-particle type, the valence quasiparti-
cle being in a single-particle level corresponding to the
ground state of an odd target nucleus. To describe the
fragmentation of two-quasiparticle states of particle—
particle type, it is necessary to take into account the
residual interactions in the particle—particle channel.
The fragmentation of the two-quasiparticle states of
particle-hole type is due, first, to the interaction be-
tween the quasiparticles, which results in the formation
of single-phonon states, and, second, to the quasipar-
ticle—phonon interaction.

We study the influence of each of these two factors on
the fragmentation of two-quasiparticle states. Figure
292 shows the fragmentation of the two-quasiparticle
state {2d;,, 2d; s} in 87r with J7= 1%, 2*, 3*, and 4",
The corresponding phonons have energies in the interval
4-4.5 MeV, and the component {2d, /5, 2d; .} in them is
predominant. It can be seen from the figure that the
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FIG. 22, Fragmentation of the two-quasiparticle state

{2d3 /5, 2d5,5} with J "=1* —4* in ®Zr: a) RPA calculations;
b) calculations with allowance for the quasiparticle=phonon
interaction.

quasiparticle—phonon interaction appreciably enhances
the fragmentation of this two-quasiparticle state, and
for states with J7= 2+, 3¢, and 4* it is large.

The fragmentation of the two-quasiparticle states
{2d;3 2, 124 o} With J7= 3+, 4%, 5* and 6* in °Sn is shown
in Fig. 23. These two-quasiparticle states are appre-
ciably fragmented already in the phonon-formation
stage. The fragmentation of the two-quasiparticle
states with allowance for the quasiparticle—phonon in-
teraction is shown in the form of the strength function.
The total strength of the states in Figs. 23a and 23b is
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FIG. 23. Fragmentation of the two—-quasiparticle state

{2dy 5, 1ggsp} with J"=3"=6" in ¥8n: a) RPA calculations;
b) strength functions calculated with allowance for the
quasiparticle—phonon interaction.
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the same. It can be seen from the figure that the quasi-
particle—phonon interaction leads to a further and
stronger fragmentation of the two-quasiparticle states.
The main fraction of the strength of the {2d, /5,124 o}
states is concentrated in the region 7-9 MeV. The spec-
spectroscopic factors S;{o(Jg‘; n,) for the configuration
{2032, 184 2} With J7= 3" In ®*Ni, calculated in the RPA
and with the wave function (47), are given in Fig. 24.
The main part of the two-quasiparticle strength is dis-
tributed over three RPA roots in the energy interval
6—8 MeV. Allowance for the quasiparticle—-phonon in-
teraction strengthens the fragmentation of the state

1203 /25 124 2}

The considered examples show that the quasiparticle—
phonon interaction strongly influences the distribution
of the strength of the two-quasiparticle states of spheri-
cal nuclei at excitation energies greater than 3—4 MeV.

We consider the fragmentation of two-quasiparticle
states of particle-valence-particle type in ®2Zr and
®2Ni. We compare the results of the calculations of Ref.
29 with the experimental data of Refs. 101 and 102 for
the spectroscopic factors of the ® Zr(d, p)**Zr reaction.
In the experiments, the spins of the final states were
not determined, and the spectroscopic factors S5, (n,)
are given in Refs. 101 and 102 for all possible values
of J, of each two-quasiparticle state. The spectroscopic
factors S/ _,D(nv) calculated in accordance with Eq. (100)
and the corresponding experimental data are shown in
Fig. 25. As can be seen from Fig, 25, the spectroscop-
ic factors obtained in these experimental studies differ
strongly. The integrated characteristics of the distri-
bution of the strength of the two-quasiparticle states in
®8Zr are given in Table VI. We discuss the specific fea-
tures of the fragmentation of the two-quasiparticle
states in ®Zr. The state {2d;2,2d; 5}, in which both
quasiparticles are at the Fermi level, is fragmented in
the energy interval 1-3 MeV. Experimentally, a large
fraction of the sum-rule limit for the strength of this
state is observed. In our calculations, this sum rule
is exhausted to more than 50%. This is due to the value
of the coefficient . ,=0.75. The theory correctly de-
scribes the fragmentation of the two-quasiparticle
states {3s,/,,2ds,,} and {2d,,,, 2d,,,}. The configuration
{1872, 2d5 5} is more strongly concentrated in the re-
gion 3—4 MeV than it is experimentally. With increas-
ing excitation energy, the observation of individual
states becomes difficult. Therefore, only a small frac-
tion of the strength of the state {1a,, /23 2d5 5} is ob-
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FIG. 24. Spectroscopic factors Sj; (J;; 7,) for the
{1gy/2, 2p3/5} configuration with J}=3" in ®Ni. The broken
lines represent RPA caleulations; the continuous lines,

calculations with the wave function (47).
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served experimentally. Our calculations show that an
appreciable fraction of the strength of this state lies at
energies greater than 4 MeV. Overall, the experimen-
tal data and our calculations give similar pictures of
the fragmentation of the two-quasiparticle states in
%27 The calculated integrated characteristics agree
with the corresponding experimental data.

We discuss the distribution of the strength of the two-
quasiparticle states in ®*Ni. The experimental data of
Refs. 103 and 104 for the spectroscopic factors

“,(J,, n,) of neutron transfer to different subshells j

n ®2Ni and the calculations of Ref. 100 are shown in Fig.

26. As can be seen from this figure, the spectroscopic
factors obtained in Refs. 103 and 104 differ appreciably.
Overall, our calculations and the experimental data
give similar pictures of the fragmentation of the two-
quasiparticle states in ®*Ni. The quasiparticle—phonon
model correctly describes the enhancement of the frag-
mentation with increasing excitation energy. The inte-
grated characteristics of the distribution of the strength

TABLE VI. Integrated characteristics of two-quasiparticle
states in Zr.
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FIG. 26. Spectroscopic factors of neutron transfer to sub-
shells with J7=1/2", 3/2~, 5/27, 5/2*, 9/2% in ®Ni: a) the
experimental data of Ref. 103; b) the experimental data of
Ref. 104; c) calculations in accordance with Eq. (100).

of the two-quasiparticle states for °Ni are given in Ta-
ble VII for the energy interval AE = 0-8.2 MeV investi-
gated experimentally in Ref. 103. In the brackets in Ta-
ble VII we also give the results of calculations for
jlge,, and 2d;,, for the interval of energies up to the
neutron binding energy B,=10.6 MeV. The experimen-
tal data and our calculatlons show that 50-60% of the
strength of the {2p,,, 2d;,,} configuration is displaced
into the continuum,

Thus, the quasiparticle—phonon model gives a cor-
rect description of the fragmentation of states of the
particle—valence-particle type.

For the example of the 2%Pb nucleus we consider the
fragmentation of states of the valence-particle-hole
type excited in single-nucleon transfer reactions. Ex-
perimental data for the spectroscopic factors of
207pp(*He, a)2®Pb reactions in a wide range of energies
were obtained in Ref. 105. Analysis of the cross sec-
tions of Ref. 105 in the distorted-wave Born approxima-
tion made it possible to identify the quantum numbers
of the neutron hole subshells. However, this identifica-
tion is not unique. Therefore, the distribution of the
strength of the two-quasiparticle states for excitation
energies greater than 4.3 MeV in 2Pb is at present
known only qualitatively.

The low-lying states of 2°°Pb have been investigated
in detail in various reactions. The experimental ener-
gies and spectroscopic factors obtained from the reac-
tions (*He, @) (Ref. 105), (d, ) (Ref. 106), and (p,d)
(Ref. 107) are given in Table VIII. In it, we give the re-

e Tty TABLE VII. Integrated characteristics of two-quasiparticle
s 8211
" AE=0—5.4MeV [102]| AE=0-—i.9 MeV[101]] AE=0- 5.5 MeV states in "Ni,
{ida) T % 5 q N i Ejj,. MeV N;
BT 4, e, i B, i {30}
experiment calculation experiment calculation
(2ds/a, 2ds/a} 1,43 | 3,79 1,35 | 4,62 1.5 8.11
{851/2» 2ds/2} 2.9 | 1.30 2,03 | 2.28 2.9 1.70 9 5 2.52 2.7 1.14 1,3
A2dy7s, 2dg)s} 4,087| 2.59 3.763| 3.65 3.8 3.0 21?:;; 2;’;’,’3 314 28 b4k 3’32
{gaty, 2575} 4,207| 4.55 3.674| 2.99 3.3 6.6 3 (
{hgyie 2doss) | >384 | 0,86 | >3.31| 2.8 | 4.8 5.2 ﬂgm. ipml :;3 gg(gg) 2;6 6-;(2-2)
{2F /a0 2ds0s} >4,53 | 0.39 | >3.48( 0.23 5.11 1.7 {2datn: 2pata) : B & A
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TABLE VIIO. Energies and spectroscopic factors SiioWr s my)
for low-lying states in *®Ph (references are indicated by
square brackets).

Ty MeV EGER
23 T
(iio} J¥ | .experi-- | calcula- Eggg] [106] | 1107} [ calcula-
ment tion ) | (d, 1) | d)| tion
4 1,684 1,9 (0,22 — Jeo47| 0,16
4 | 1,098 .2 o | = 1044/ “oizs
{2f2/2, 3Py/s} 4 | 2.928 2.9 |[83.02(3,45]3,97| 2.9
3+ | 3.122 3.0 [2,60(2.69 (3,37 2.8
4+ | 3,519 3,9 |023| — |0.21] o016
7= | 2,200 1.8 [4.25)5.5 |7.05| 6,4
{1iyafa; 3p1/2} 6~ | 2.384 2,4 |3.60 5.0 |6,47| 5.4
7~ | 2,885 3.0 (0.2 | — [0.32] 024
4+ | 4.008 SR WL e s
{1ho/2y 3py/a) 5t | 4416 | 4.0 |255| — |s500] 48

sults of our calculations with the wave function (47),
which are close to calculations in the RPA. It can be
seen from the table that there is an appreciable spread
between the different experimental data. Our calculated
energies of the low-lying states agree well with the ex-
perimental data. For states with large values of

S? ”D(J,; 7n,) we obtain results close to the other theoreti-
cal calculations of Refs. 108 and 109. Our results and
the experimental data for N j/(Zj + 1), which character-
izes the extent to which the sum-rule limit (equal to 1)
for the strength of the configurations is exhausted, are
shown in Table IX. Analysis of the data on the
27Pb(p,d)***Pb reaction shows that for the states
{2f2/23b1 2} {liss/as 3by2p {1hg 2, 3Dy 5} With energy
less than 4.2 MeV the sum-rule limit is exhausted to
within a few percent. It was found to be exhausted less
in the (*He, @) reaction. The results of our calculations
are closest to the data obtained from the (d,#) reaction.

The distribution of the strength of the higher-lying
two-quasiparticle states is known only from the (*He, @)
reaction. These experimental data and the results of
the calculations are shown in Table X. The extent to
which the sum-rule limit is exhausted in the process is
indicated in the brackets. The calculations agree qual-
itatively with the experimental data of Ref. 105.

We discuss the fragmentation of the {801 /2: 17115}
configuration in ?°*Pb. In the cross section of the
*9"Pb(°He, a)?*®Pb reaction in the energy interval 7.4—
10.6 MeV a peak with fine structure is observed. The
presence of this peak is due to the fragmentation of the
{8b1 /2 11y, 5} configuration, which includes a deep hole
state 1k, ,,. The spectroscopic factors shown in Table
X were obtained for the states of the fine structure,
The total strength of these states is about 35% of the
total strength of the {3p, ,,, 1k, /2f configuration. Our
calculated strength is twice the experimental. In prac-
tice, the measured experimental strength is a lower

TABLE IX. The extent to which the sum-rule limit is ex-
hausted for low-lying states in 2%Pp,

Ny/(2i+1)
{iig) experiment s
(He, @) @, t) (2, 4 N iy
{2faras 3pa/a} 0.78 0.77 0,99 0.76
{1i1a/s, 3py/2} 0.58 0,75 0.98 0,86
{1herer 3ps/a} 0.44 - 0.93 0,85
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TABLE X. Distribution of the strength of the two-quasi-
particle states in 206pp,

1\']
{3io} AE, MeV

experiment calculation

0—4,33 6.27 6.2

12f3/9, 3p1/2} 4.33—7.4 0,55 1.3
6.82 (85 ;) 7.5 (94 0g)

04,33 8,05 12.5

{1iza/a, 3p1/a} 4.33—7.4 2.8 0.7
10.85 (78%,) 13.2 (9% %)

114,33 4.4 8.5

{1ho/2, 3py/e} 4.33-17.4 1.8 18
6.2 (62 %) 9.7 (97 99)

7.4—7,9 0,69 0.83

7.3—3.63 1.1 4.56

heits: 8.68—9.29 0,9 2,02

(Whatz, 3pafal 9201059 1,35 0.96
%.04 (35 %) 8.37 (70 4

bound. A similar situation obtains for the fragmentation
of the 1k, ,, subshell in **"Pb. The fine-structure

states exhaust about 45% of the sum-rule limit.}%® How-
ever, analysis® of the spectroscopic strength localized
in the complete peak gives 71%, which agrees well with
calculations in the quasiparticle—phonon model*® and
other calculations.** For the energy centroid of the
{3b1/2) 1hyy .} states in 2°°Pb the calculations give E‘Ho
=8.6 MeV, the experimental value being E;, =859

MeV. Because of the complicated structure of the peak,
it is difficult to determine the width of the distribution
by approximating it by a Gaussian curve. Experimen-
tally,'® the estimate I iio ™4 MeV is obtained in **Pb.
Our calculations give Py = 2 MeV. At the present time,
the fragmentation of the two-quasiparticle states is be-
ing investigated in the 2°®Pb(a, ®*He)2°%Pb reaction at
Orsay.'°

In recent years, experimental data on the fragmenta-
tion of the two-quasiparticle states in the Cd and Sn iso-
topes have been obtained from study of the (p,d) and
(p,?) reactions.”''! In the cross sections of the (p,#)
reaction on the even—even Cd and Sn isotopes reso-
nancelike structures are observed at excitation energies
T7-9 MeV. The peaks in the cross sections are due to
the excitation of states including a valence particle and
a deep hole.**® It is also assumed that there is a certain
admixture of two-hole states. The investigation*** 112 of
the (p,d) reaction on ***:*3Cd and 17-!19Sp reveals the
existence of clearly expressed resonancelike structures
in the cross sections at excitation energies 6.7—9.0
MeV. The dependences of the energies and widths of the
peaks on the mass number A in the cross sections of
single-nucleon and two-nucleon transfers are very simi-
lar. At the same time, the widths of such structures in
(p,d) reactions are appreciably less than those observ-
ed in the (p,f) reactions. The fragmentation of the two-
quasiparticle states in the Sn isotopes was investigated
in the framework of the quasiparticle-phonon model in
Ref. 29. The strength functions of the states {1g7/2,
1gghahs {381/25 15’31;2}, {2ds25 185y 2} {171, /2, 18575} for the
Sn isotopes are shown in Fig, 27. The arrows indicate
the energies of the peaks obgerved in the cross sections
of the (p, ) reaction. In single-nucleon transfer reac-
tions of the (p,d) type on odd-A targets, two-quasipar-
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FIG. 27. Strength functions S;fo (1) for even—even Sn isotopes.
The continuous curve is for the {2d3/,, 125 /2} configurations,
the broken curve for the {1g73, 18y/q}, the chain curve for
the {35y 5, 189/}, and the dotted curve for the {1k, sy,

1gy 5} configuration.

ticle states of the valence-particle-hole type must be
excited. Such configurations are {lg,,,; 1g55} in **%n,
{33112, 13.;1/2} in 112,114.1].6,llasn’ {stlz, 1g;1/2} in .I.zoSn, and
{Lhyy /25 1g55,} in 2212480, In the (p,?) reaction, there
are also excited two-hole states (for example, {1g5},,
1g5%.)) and states including a particle in a level near the
Fermi surface and a deep hole (for example, {2475,
1g3} 5} in *4gn).

The energy centroids E, ;, 2nd the widths T, for
states excited in the (p,d) and (p, f) reactions leading to
the formation of the same final even—even nuclei are
shown in Fig. 28 for the different Sn isotopes. Calcula-
tions of E‘”D and T',, are given for the (p,d) reaction
for configurations including a valence particle and a
1gg /s hole for the energy interval AE = 2 MeV. As can
be seen from Fig. 28, the calculated energy centroids
Euo agree well with the experimental data from the
(p,d) reaction. The calculated energies E 3 lie some-
what lower than the energies of the peaks excited in the
(p,1) reaction. The energy E“o increases with increas-

pet |
.E.,._',«;J,Mev

e
T =
i v~

Iy, MeV

I o
x x
1F

o e A

FIG. 28. Energy centroids Eﬁo (a) and widths Iy;, (b) for
even—even Sn isotopes. The mass number A refers to the
final nucleus; the points joined by the broken line are the
experimental data of Ref. 112 for the (,t) reaction; the
crosses are the experimental data of Ref, 112 for the (¢, d)
reaction; the points joined by the continuous line represent
our calculations for the (p, d) reaction.
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ing A because of the lowering of the 1g3Y, hole state
relative to the Fermi surface. The calculated values of
E,, for the two-quasiparticle {3s, /5, 1g5Y,} states in
15dh and 18n are 7.8 and 8.1 MeV, respectively. Ac-
cording to the calculations of Ref. 26, the energies of
the 1gg', states in ***Sn and *"Sn are 5.5 and 5.6 MeV.
The difference between the energy centroids in the odd
and even—even isotopes is 2.3 and 2.5 MeV, respective-
ly, which is very close to the experimental values.®®2
Thus, our calculations make it possible to explain the
difference between the energy centroids of the hole
states of odd-A and even—even isotopes of Sn.

The T';, calculated for the (p,d) reaction are some-
what lower than the experimental values. They have a
characteristic dependence on 4. Such a dependence of
T, jo O A is explained, first, by the change in the posi-
tion of the 1g, /, subshell with respect to the Fermi sur-
face and, second, by the change with A of the spin j,
corresponding to the ground state of the odd-A target
nucleus. If j, has a large value, then a two-quasiparti-
cle {j,jo} configuration with many values of the spin is
excited, which leads to an increase in the width 1"”0.
Indeed, in **%n in the (p,d) reaction the {lg,,, 1g5Y,}
configuration is excited with spin values from 1* to 8*.
The width T'j;;, decreases somewhat in '**7*%gn, since
the {3s, ,,, 1g54} configuration is excited with the two
spin values 4* and 5*. In '2%Sn, the excited {2d, s,; 185"z}
configuration has spin values J*= 3*-6*, and T’ o is
somewhat increased. In ***Sn, the {1k, /5, 1g5Y,} con-
figuration is excited and strongly fragmented over the
interval 7-10 MeV. The increase in the width I, o with
increasing A due to the enhancement of the fragmenta-
tion of the {3s, /5, 1g7Y5} states is demonstrated in Fig.
27. The results of our calculations for E o and I‘”[J
and the available experimental data for the (p,d) reac-
tion are given in Table XI. Qur calculated I'; 5 are
somewhat lower than the experimental values, but the
ratios of the widths for *®Sn and '*®Sn are described
well. In the even-—even Sn isotopes, 70-80% of the
strengths of the two-quasiparticle valence-particle—
hole states 1gy,, is localized in an interval 1-2 MeV at
excitation energies 7-9 MeV. As can be seen from Fig.
28, the dependence of -E'Hu and T';, on the mass number
A calculated for the (p,d) reaction on the odd-A iso-
topes of Sn is very similar to the one obtained from the
experimental data for the (p,?) reaction. This is ex-
plained by the fact that in the (p,f) reaction configura-
tions of the valence-particle-hole type lg, ,, are also

TABLE XI. Energy centroids Ef.fo and widths Ij;, for con-
figurations excited in (p,d) reactions.

B Tt

Nucleus experi- calcula- | experi- calcula-

mepnt reference | ion ment fefemence tion
1108n —_ — 6,7 - = 0,9

ecd 6.95 | [113] 7.5 2 = 1.2
113g5n _ — 7.5 — — 0.9
1148 — — 7.6 — — 0.8
1188n 7.79 [112] 7.8 1.38 [112] 1.0
8.0 [143] — - — —
1183n 8.14 [112] 8.1 1.6 [112] 1.2
8,25 [113] — — - e
1208n — - 8.2 — — 1,4
1238y —_ - 8,4 —_ — 1.5
122Te —_ — 7.6 — - 1.4
1218n —_ — 8,5 — — 1.7
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excited. This was pointed out in Ref. 114. In 11980, the
{351 /2, 15y} {2dy /35 lg'g"‘,a}-, and {2d; /,, 1g5%;} configura-
tions lie at energies 6-8 MeV, i.e., at the same ener-
gies at which the peak in the (p,#) reaction is observed.
The excitation in the (p,#) reaction of these configura-
tions together with the {1g /5, 1g5'2} configuration in-
creases the width T 11, Compared with the case of the
(p,d) reaction. The increase in the widths I'., in the
(p,1) reactions on the heavy Sn isotopes is due to the in-
creased fragmentation of the {2d, ;,, Lggys} and {1h,, s,,
lggha} states.

Thus, it can be concluded that the resonancelike
structures observed in the (p,#) reaction on the iso-
topes 191245 at energies 7-9 MeV are due to excitation
of the {1g, /,, 1g§1/z}s {3y /25 lg;l/z}s {2ds 5, lg;‘n}, {2d; 2,
1gg)z} configurations. In accordance with our calcula-
tions, these states are fragmented in an energy inter-
val 6.5-9.0 MeV. The resonancelike structures excited
in the two-nucleon transfer reactions may have a sub-
structure. Indeed, in the '*®Sn(c,®He)!**Sn reaction
there are observed® a broad structure (Ty,=2.2 MeV)
in the region of excitation energy E~8 MeV and two
substructures at 7.45 and 8.3 MeV. Analysis of the an-
gular distribution shows that in this reaction Ji=6*
states are largely excited, good description of the angu-
lar distribution of the group of states with energy 7.45
MeV requiring us to assume that these states also in-
clude states with J7= 8*. Calculations in the quasipar-
ticle—phonon model®® give the energy centroids E | o
= 7.6 MeV for the {1g7",, 1g57a} canfigv.lrat'1011,_E“(J =8.2
MeV for the {2d77,,1¢7",} configuration, and E,;,- 80
MeV for the {2d,,,, 1g;7,} configuration. In the
(a, "He) reaction one observes the strongest excitation®’
of states accompanied by the transfer of two neutrons
with 7, = 6. A lower group of states corresponds to the
{1g7Y, lgghs} configuration, which may have the values
J7=6*and 8*. An upper group of states corresponds to
the {1g3%,,2d; ), 4/,} configuration with J7=6*. Thus, the
observation of two groups of states, the lower group be-
ing a mixture of states with J7= 6* and 8*, in 4gn has a
natural explanation in the framework of the quasiparti-
cle—phonon model. The experimental energy centroids
7.45 and 8.3 MeV agree well with the values predicted
in Ref. 29 (7.6 and 8.2 MeV).

Besides the Sn isotopes, I_:?MJ and I‘”0 are calculated
in Ref. 29 for some Cd and Te isotopes. They also
agree well with the available experimental data.

One further characteristic determined by the frag-
mentation of the two-quasiparticle states is the neutron
strength functions of even—even spherical nuclei. The
neutron strength functions are important characteris-
tics of nuclei at excitation energies above the neutron
binding energy B,. The most complete experimental da-
ta on the neutron functions are collected together in
Ref, 115,

In the case when a neutron with orbital angular mo-
mentum [ is absorbed by a target nucleus with spin I,
the neutron strength function is determined by

S:=JEJ_g(J)S{", (104)

where g(J) = 2J + 1/2(2I,+ 1)(27 + 1) is the statistical
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weight, and S7/ is the value of the I-strength function
with given value J =I,+1+1/2=1I,+ j of the spin of the
compound nucleus in channel j:

(105)

01
sP=—g2 | amg o,
AE
V5 ()=b(®, m) for Oy =2} U2yt molalo- (106)
Here, u,,, is the coefficient of a Bogolyubov transtorma-
tion, b(&,n) is determined in accordance with Eq.(80),
and §7¢ are phonon amplitudes [Eq. (29)]. In Eg. (106),
we have summed over the principal quantum number of.
the single-particle state. To estimate the reduced sin-
gle-particle widths I')’) in the case of the Woods—Saxon
potential, we use the semiempirical formula proposed
in Ref. 116:

T, =2kR (107)

T R LR Y
MR\ E

where £ is the neutron wave number, R is the radius of
the nucleus, and d is the diffuseness parameter of the
Woods—Saxon potential. For the nuclei we consider,

I ,~50/A'/® keV. The experimental data of Refs. 115
and 117 and the results of our calculations® for the s-
wave strength functions are given in Table XII. The cal-
culations describe rather well the experimental data and
overall, correctly reproduce the behavior of S,asa
function of A. The results of our calculations for nuclei
with A= 90 are very close to the results of Ref. 118,

The results of the calculations for the p-strength func-
tions §;, which also agree well with the experi-

ments**® 7 are given in Table XIII. In the %Cr nucleus,
the large value of S, and the small value of S, are si-
multaneously described.

]

The spin dependence of the neutron strength functions
has frequently been discussed in the literature., The
most complete experimental data can be found in Ref.
122, In the case when an s neutron is absorbed by a
nucleus with an odd number of nucleons with spin I,,
compound states with J = I,+ § are excited. For each
value of the spin J, the strength function can have val-
ues S* and S~ (S*= §fo=1/2:1/2) pot equal to each other.
The statistical analysis of the experimental data made
in Ref. 119 shows that for the overwhelming number of
nuclei S*= S™ and the deviations from this are purely
random. However, in some nuclei S* differs appreciably
from S°. Experiments aimed at direct determination of
the difference S*~ S” were made in Ref. 120 for a num-
ber of nuclei in the region of the rare earths. To within
the experimental errors, S*=§".

In the framework of the quasiparticle—phonon model
there is a fundamentally new possibility of theoretical

TABLE XII. The s-wave strength functions of even—even
spherical nuclei.

Sp-104
Target nucleus 13 By, MeV
experiment calculation
53Cr 3/2- 9.72 5.03-0.06 4.5
SINj 3/2- 10.6 3.0+0.8 2.5
3Ge 9/2+ 10,2 1,50.4 1,6
875r 9/2+ 111 0,26--0,06 0.88
01Zr 5/a* 8,03 0,9+0,3 9.6
#5Mo 5/2* 9,15 0.48+:0.1 0.5
Mo 5/2+ 8.64 0.3740.15 0.8
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TABLE XIII. The p-wave strength functions of even—even
spherical nuclei. ’

S51-104
Fin B, MeV
Target nucleus 0 n vexperiment calculation
Cr 3/2- 9,72 0.081£0,051 0.08
aNj 3/2- 10.6 — 0.10
113Nd T2 7.82 1.24+0,5 1.6

TABLE XIV. Spin dependence of s-wave strength functions.

Compound nucleus 5+ 104 §--104 2 (8+-87)/(8++57)
54Cr 4,64 4,37 0.06
52Ni 2,46 2,4 0,025
888y 0.7 1.1 —0.44
27r 0.65 0,58 0.11
%Mo 0,55 0.42 0.27
28Mo 0.86 0,75 0.24

investigation of the spin dependence of the neutron
strength functions. Using Egs. (105) and (106), we can
readily calculate S*and S™. As can be seen from Fig.
29, “r"fn J,2(13\) have different shapes in their dependence
on the excitation energy for different values of J.
Therefore, the question of whether S* and S™ will be
equal depends on the ratios 7%, ;,(7) for the two values
of J in the region of the neutron binding energy B,. The
values of ¥} ,1 /5,1 /2 are determined by different matrix
elements, and they may therefore differ. In Table XIV,
we give the results of calculations for S* and S and the
ratio 2(S*-S7)/(S*+ §), which characterizes the devia-
tion of §* from S”. A strong difference between the val-
ues of S* and S~ is not observed, though there is some
spin dependence for the nuclei Zr and Mo. We obtain
the strongest spin dependence for *Sr. On the basis of
the existing experimental data and the results of the
calculations it can be asserted that S*= S~ for the ma-
jority of nuclei.

In Ref. 121, substructures were found in the energy
dependence of the total reduced neutron widths ZT% of
208ph, measured in the energy interval 0-500 keV
above B,. The available experimental data for El"?nf
with 7= 0 and 2 and the results of our calculations®
are given in Fig. 30. For states with J"= 1" excited
by s-wave neutrons there is a sharp increase in the
ZT% values at neutron energies of 500 keV. In the cal-
culated energy dependence of EI’?I?, there is also a bend,
but it is less sharp. In the case of scattering of d-wave
neutrons there is also an indication of a presence of
substructures.*®® The calculations reveal a sharp, as
in the experiment, change in ET'% at E ~ 250 keV for
the d; s, state, but in absolute magnitude the calculated
»I'% lie significantly higher than the experimental data.
In the channel with J*= 27 and 3~ there is also a change
in S§ at E =300 and 400 keV, respectively.

The presence of these changes in ZI'% in ***Pb is due
to the existence of substructures in the fragmentation of
the corresponding states. In 2°°Pb, the s-wave strength

a 1 4 3 4 F & 7

FIG. 29. Strength functions y% /3(n) for *Mo.
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function is determined by the fragmentation of the two-
quasiparticle state {3p, ;;, 4s, sz}, and the d-wave
strength function by the fragmentation of the states

{3b1 25 3ds p2} and {3p, sz, 3d; .} In the distribution of
the strengths of these states at energies above B

there are local maxima. As an example, Fig. 31 shows
for the two-quasiparticle state {3p, ;,,3d, 2} the strength
function b(®,7) calculated with the wave function (47)
and the distribution of the strength over the different
roots of the solutions of the RPA equations. It is found
that 929 of the strength of this state is concentrated on
one level with energy 6.9 MeV, the remainder being
distributed over three states. Calculations with the
wave function (47) lead to a broader energy spread of
the strengths and to the appearance of a local maximum
at 7= 7.45 MeV, which is 200 keV above B,. This local
maximum appears in the energy dependence of SUCOE
There are similar substructures in the s, ;, and d;/,
channels. The division of the strength of the above two-
quasiparticle configurations in ***Pb occurs mainly be-
cause of the strong coupling to the two-phonon states
{2:®3]} and {4;®3;}, which in our calculations have en-
ergies 7.31 and 7.48 MeV, respectively. If possible
effects of the substructures are ignored, the value S,
~2.8x107™ is obtained in Ref. 124 for the total d-wave
strength function in the energy interval 180-400 keV.
For the energy interval 200-500 keV, our calculations
give values S, ~2.0x10™, but if the averaging is over
the interval 0—800 keV we obtain S, = 1.4x1072. For S,,

o 207 fo. b
Iy .oV Potn @ Iy ,eV
I%=1- =0 7Ere
160
&0 120
40 + a0
. 8 J'"’
1 1 1 L 1 1 1 i .
g 4z 04 0F 08y-Bp 0O 12 4% O0573-By
o2 c 2" d
Ir eV eV
R L L %37 g=2
rof k-
&0 - wh
40+ 20}
1 1 1 1 L L L L
g Oz 0k 08 pBgMev 8 G2 0% n-Bp,MeV

FIG. 30. Energy dependence of the total reduced neutron
widths in ?®Pb: a) s-wave resonances; b) d-wave resonances;
¢) d-wave resonances; d) d-wave resonances. The points

are the experimental data of Ref. 121, and the continuous
lines are the results of our calculations.
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FIG. 31. Calculated distribution of the strength of the two-
quasiparticle neutron state {3py 5, 3d;,+ with J7=1" in
%8pb, The straight lines are calculations of the distribution
of the strength over the different RPA solutions (right-hand
scale); the curve represents a caleulation of the strength
function with allowance for the two-phonon components
(left-hand scale). The arrow indicates the position of the
neutron binding energy.

the calculations give the value S;=1.1x10™, the exper-
imental value being S;= 1.4x10™, if it is estimated
without allowance for the substructure.

The foregoing discussion shows that the use of the
microscopic approach to calculate the neutron strength
functions not only makes it possible to obtain a quanti-
tative description of them without special choice of the
parameters, which is valuable in itself, but also gives
qualitatively new possibilities (investigation of the spin
dependence and the substructures of the neutron .-
strength functions) that are not available at all in
standard calculations using the optical model.

CONCLUSIONS

We have given a systematic exposition of the formal-
ism of the quasiparticle—phonon model used to investi-
gate physical characteristics determined by the frag-
mentation of two-quasiparticle states of even—even
spherical nuclei. For specific physical examples such
as the problem of describing the properties of giant
multipole resonances, neutron and radiative strength
functions, and the fragmentation of two-quasiparticle
states, we have demonstrated the possibility of suc-
cessful use of this model. It is clear that the class of
such examples can be significantly extended, but this
would greatly increase the length of the review.

The circumstance that in the framework of the quasi-
particle—phonon model it is possible with a unified set
of parameters to obtain a good description simultane-
ously of many nuclear characteristics in a fairly large
region of excitation energies indicates that the model
correctly encompasses the main features of nuclear dy-
namics. In the framework of the model it is possible to
calculate a larger class of nuclear characteristics and
the cross sections of a larger number of reactions for
spherical nuclei with A>50. There are great potential
possibilities for the further development of the quasi-
particle—phonon model.
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