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Microscopic (stationary) approaches to the description of pre-equilibrium emission of particles
from excited states of nuclei are discussed in the framework of the unified theory of nuclear
reactions. Two types of statistical multistage emission processes are considered: processes
through a compound nucleus (SMCP) and direct processes (SMDP). Examples of the description
of reactions in the scheme SMDP + SMCP are given. Analysis of experimental data justifies a
combined nuclear-reaction mechanism in accordance with the scheme SMDP + SMCP. A gener-
alized model of the decay of giant multipole resonances is discussed on the basis of the quasiparti-
cle-phonon model of the nucleus and the microscopic theory of pre-equilibrium reactions for the

description of experiments with energy resolution AE < W,

INTRODUCTION

For the description of experimental data on pre-equilib-
rium nuclear reactions with light ions (a<4) phenomenologi-
cal models are used with greater or lesser success.!”> The
main shortcoming of the majority of such models is that they
are not derived from the many-particle Schrodinger equa-
tion in the scattering problem but rather are based merely on
physically intuitive postulates. The diverse derivations of
the models means that it is not possible to establish connec-
tions between them or restrictions on their regions of appli-
cability. In addition, in each model there are corresponding
adjustable parameters, which are chosen in order to obtain
the best agreement with experiment. However, despite the
fact that experiment is the criterion for correctness of a the-
ory, the successes of phenomenological models in describing
experimental data cannot in themselves serve as a justifica-
tion, since there is always the danger of satisfactory descrip-
tion of experiment by an incorrect theory. It is of fundamen-
tal importance to establish connections between the
phenomenological models and fundamental microscopic
theory,® since this will permit a deeper understanding of the
physical meaning of the phenomenological models and de-
termine their regions of applicability. The most consistent
description of pre-equilibrium processes can be obtained in
the framework of the microscopic theory of nuclear reac-
tions, which has the same concepts as the shell model, name-
ly, a self-consistent potential and a residual interaction
between the particles. An advantage of such an approach is
the possibility of making calculations of the nuclear-reaction
mechanisms with the same parameters as are used to de-
scribe nuclear structure.

The phenomenological models (all possible modifica-
tions of the hybrid model and exciton model) based on the
use of a phenomenological kinetic equation” and the micro-
scopic models based on a quantum kinetic equation for open
finite systems® are suitable only for an averaged description

539 Sov. J. Part. Nucl. 15 (6), Nov.-Dec. 1984

0090-4759/84/060539-18$04.40

pt *

of experiments with a poor energy resolution AES W ope
(Wope is the imaginary part of the optical potential). This
situation is a consequence of the transition from the compli-
cated many-particle Schrédinger equation to the simpler ki-
netic equations.>* However, quantitative description of ex-
periments with AE < W, in the framework of the hybrid
and exciton phenomenological models is possible only if an
unrealistic nucleon mean free path in the nucleus is used.’
This internal inconsistency deprives them of physical signifi-
cance in the description of experiments with AE < W, In
addition, all modifications of the exciton (hybrid) model suf-
fer from the following basic shortcomings:

1) the use of classical mechanics, which is valid for large
masses of the particles and sufficiently high energies;

2) the assumption of equal probability of all configura-
tions for a given type of intermediate state, an assumption
that is not satisfied when allowance is made for the contribu-
tions from the collective modes (phonons);

3) uncertainty in the value of the mean-square transi-
tion matrix element, this having the consequence that it is
not possible to obtain the absolute value of the cross section,
and also the unphysical nature of this parameter in a simul-
taneous treatment of multistage direct processes and pro-
cesses through a compound nucleus;

4) incorrect allowance for the continuum, in particular,
the use of the cross section of the inverse reaction on the
excited nucleus (o, ), which cannot be rigorously estimated
or measured;

5) the impossibility of systematic allowance for a single-
stage direct reaction with composite particles and, therefore,
the uncertainty in the initial number of excitons, which is
fitted experimentally.

At the present time, phenomenological models are used
basically to parametrize experimental data. Completeness of
the description of all possible nuclear-process mechanisms
and relative simplicity of the calculations are the main re-
quirements imposed in the construction of a unified theory
of pre-equilibrium nuclear reactions with light ions.
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1. STATISTICAL DESCRIPTION OF MULTISTAGE
PROCESSES IN FESHBACH’S UNIFIED THEORY OF
NUCLEAR REACTIONS

Multistage processes and general methods of the unified
theory of nuclear reactions

The question of the connection between pre-equilibri-
um models and the unified theory of nuclear reactions was
posed by Feshbach.® In the unified theory of nuclear reac-
tions’ (in the stationary approach) the problem of the inter-
action of an incident particle with a nucleus described by the
total Hamiltonian of the system

Hy=Ep H=H,+V,
where V is the potential-energy operator, is solved by separ-
ating from the total waye function ¢ by means of the projec-
tion operators P and @ the wave function P¢ of the open
channels (continuum) and the wave function Q¥ of the
closed channels (discrete spectrum):

(E— Hpp — Hpg (E — Hog) " Hop) Pﬁlp =0,

(E — Hgq — Hgp (Bt — Hpp)™ Hpg) Qb = Hyppi™s

where we have used the notation Hpp = PHP Hyp = QHQ,

Hpp = PHQ ete.; ¥ 1+ is an eigenfunction of the effective

Hamiltonian Hpp corresponding to the entrance channel 7;

E™ means E + in with 7 — + 0. Using the well-known

technique, we can write the 7 matrix of the reaction in the
form’

MCP
: (1)

T':T +Tf1.

Here, the matrix 7"}'°F describes the multistage direct pro-
cesses, since in the framework of such an approach the direct
processes are defined as transitions due to the coupling of
different open configurations (channels), whereas the matrix
T ¥PF describes multistage processes with the formation of a
compound nucleus, to which there correspond transitions
from open to closed configurations and vice versa:

TR = (% |Veq (B —hqo)™ Vap | $4), 2)

where

hoo = Hoq + Woo = Hag + Vop (E — Hop) Ve, (3)
¥, i " are the wave functions of the exit and entrance
channels, respectively, these being eigenfunctions of the ef-
fective Hamiltonian

and AE is the averaging interval. The operators V', and
Vor are determined by the relations

i AE/[2 12
VQP*[ E_Hoq+1AE2 J Hap,
B iAE/2 1/2
Voq=Heg . E—Hggt1AE2

Allowance for intermediate states of any order (states of
increasing complexity) in the framework of the unified the-
ory is made by representing the projection operators @ and P
in the form
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At the same time, a subsidiary condition is imposed:
QuhoQp—0, PoH opPp =0, if |n—m|=2.  (6)
The condition (6) is a fundamental assumption, the basis
of the analysis. Each intermediate state (eigenfunction of the
effective Hamiltonian Hy, or ) is determined by a con-
figuration of a given complexity, it being assumed that an
intermediate state of order # is more complicated than one of
order n — 1 and less complicated than one of order n 4+ 1. Of
course, the complexity of an intermediate state is determined
in accordance with the chosen representation. Thus, in the
exciton model of pre-equilibrium decay increasing complex-
ity of an intermediate state corresponds to an increasing
number of excitons. However, other representations are pos-
sible, these being determined by the physics of the particular
reactions. The condition (6) presupposes that the residual
(effective) interaction causes only transitions from an inter-
mediate state of order n (n-th stage) to one of order n 41
[(n + 1)-th stage]. The successive intermediate states can be
regarded as the corresponding stages in the development of
the intermediate system. The set of all continuum intermedi-
ate states of order » (configurations of the system with one or
several particles in the continuum) forms the corresponding
space P, of open channels. The set of intermediate states of
order n of the discrete (quasidiscrete) spectrum—bound
{(quasibound) configurations of the system—form the corre-
sponding space Q, of closed channels. In accordance with
the above, a multistage nuclear process can be represented
graphically in the form of the following scheme, in which the
arrows indicate the direction of the transitions that are taken

into account:
== =l
Open channels
s e

Closed channels
Entrance - ' _ |
channel i

From the assumption that the residual interaction V'is
determined solely by two-particle forces it follows automati-
cally that the condition {(6) holds for Hy, . However, for kg,
determined by the expression (3) the condition (6) is not
strictly satisfied, since for the operator Wy,

0nWolOm+#0 for m>n +1.
A similar violation of the condition (6) occurs for the opera-
tor H, [see (4)]. In the following exposition, we ignore these
violations, assuming that they are small by virtue of the sta-
tistical hypothesis of a random distribution of the signs of
the matrix elements. In what follows, we shall assume that
the conditions (6) hold for the operators H,,; and %4,

Statistical theory of multistage processes through a
compound nucleus

A statistical description of multistage processes in the
framework of the unified theory of nuclear reactions was
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given in Ref. 8. We consider now multistage processes
through a compound nucleus. In accordance with the
scheme of a multistage process given above, the T 3" matrix
of the reaction [see (2)] can be represented as a sum of the
partial contributions from the individual stages:

Z T3 (7)

MCF
Ts

where

MCP
Th (n)

L b 4
=07 Ve, wG Vi, G2V ey, mea - - VauGOVy, ol 917,
A A
V,wo1=0,Y0,_,,G % isthe Green’s operator of the cor-
responding intermediate state of order # (in the Q space):

G(nb) == én (E = hn,n = I1'1 11+1Gn+j n+1,n)_1én' (8]
We define the effective potential @, ,, for each space 0,
by

— b
Wy n = Vn.nJrl GHanﬂ.n

= Vn. n+1 (E - h‘u +1,n+1 — Wntin +I)“1Vr1+1 STt (9)
Tlgs potential @, , determines the transitions from @, to
the more complicated space Q,, , ; , and the effect of the con-
tinuum is manifested through the operators W, ,

=h, , —H, , [see (3)] by virtue of their coupling to the
open channels. The end of the chain of intermediate states is

determined by the boundary conditions

(b) o
GHH—O or o Tl__0

If the conditions I, >D,, _ ; > D, hold for n<n, where
7 is the evaporation stage, I',, = (I, ) is the mean width,
and D, is the mean distance between the levels in O, , then
the effects of transition to more complicated configurations
in each Green’s operator G "' give rise to a weak energy de-
pendence of the operators @, , . Then for @, , and G we

have

2= Vo ntt 1@, o} (E—eniy, o)! Psi, o] Ve, st
’ (10)
(11)

—1 T
T, m) ‘pn, 2]

G(-f)iz (Pn.o:(E—e
o

where ¢, ., are the eigenfunctions of the operator
(B, + @ )s
(e:,a—}zn.nt"in.n)_cpn.(x=0a } (12)
(en, e—hh, n— 00w} Pn, 0= 0.
Theimaginary parts of the energy eigenvaluese,  aredeter-
mined by
2Im e, ,= =TI +Tn e (13)
where
P;llja: —2Im ((En‘rx |h‘n.n|(pn.o:)v ':14)
I‘*'nz,‘a:' —21Im ((Fn.a !mn.nl(pn.fx)' ':15)

We assume that the extent to which 4, is complexasa
result of the coupling to the open channels P is weak. In
other words, we assume that the transition probability for
n<nfrom@, to @, is much greater than the probability
of decay of @, to open channels. Under these restrictions,

541 Sov. J. Part. Nucl. 15 (6), Nov.—Dec. 1984

one can make in the transition matrix element (@, , is as-
sumed to be almost independent of the energy) the substitu-
tion @, , =@, ,. Then, using (14} and (15) and averaging
over the quantum numbers of the states (#, a), we obtain

I=T} =X TP, (16}
rp=ri, (17)
where

I‘(;f) =2 (l(q]n. 0:1 Vn. D |¢‘S;+))12>

{¢i*'} is the complete set of admissible open channels {¢],
and

T =

n

T+l 1 '(pn. C{)[g)'

It follows from (13) that the total width of an intermediate
state of order n is

r,=T} 4T, (18)

Using the fundamental statistical assumption® that the
phases of the matrix elements are random under the condi-
tion that the number of states in the averaging interval is
large, we obtain for |73“"|* after averaging over the quan-
tum numbers of the intermediate states

MCP

(ETf‘i.

MCP SMCP

. -
* MCP
B =( 2 Thw I m) 2 2 [Tt |3
n; n' =1
where | T 2VF|* is determined by

SMCP

F(z‘)
| Th (n) |

n-t

[].-[ Fh Jﬁ -Dl

[‘U) = 2n(|((|3r_)| Vp. w 1®a, o[
00 —= 20 ({01, o] Vi .2 W1

Accordingly, for the averaged reaction cross section o3""
we have

7 _
T 4
I

O.SMCP

ki

J qu‘(” (19)

Tp—

It should be noted that the expression (19) for o3 is ob-
tained only under the condition I", D, _, > D, , which de-
termines the dynamics of the process, and after averaging
over the quantum numbers of the intermediate states, except
for the spin and parity.

The partial contribution o3"* [see (19)] from the final
evaporation stage i of the multistage process is determined
by the expression

SMCP

%7 (20)

where
T.=2nl'Y/D-, Tf

Ty=2n 5 o [H th

The expression (20) for the final stage 1 (evaporation stage) is
very close to the Hauser-Feshbach expression, which deter-
mines the contribution of the equilibrium processes, i.e., the

27l D-,
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emission from the equilibrium state of the nucleus.

The main differences are associated with: 1) the differ-
ence between T, and T; due to the presence of the depletion
factor

_ n-1
D (n) == [k—ﬂ1 Fi/l“;,]< 1

in (20); 2) the dependence of the expression (20) on the nature
of the entrance channel P; . The contribution o3 up to the
final evaporation stage # is almost independent of the parti-
cular value of 7 under the assumption that the P; configura-
tions are sufficiently complicated. Therefore, 1 can be cho-
sen on the basis of the condition p; _ | €Cp;, where C~ 10,
and p, is the density of states in the space Q,. This then
determines a finite limit of the chain of intermediate states.
Summing o~ determined by (20) over all the final states f,
we obtain the total cross section for emission from the evapo-
ration stage:

SMCP SMCP — T 2
G oSMCP — 1T /K3,
i(m ‘fE i .

Accordingly, for the total reaction cross section 5™ we
obtain

(i)

smcp __ 0 2alj
a; —=—

d KEooDi 7 (=L

where
n-1 I‘J’

SMCF ;.. SMCP |’ k ]
&) 1o - .

i t : H I'r

k=1

From (21) there follows the important fact that the total re-
action cross section o7"" is determined by the strength
funetion 27"/ D, for the formation of the doorway state.

The expression (19) determines the reaction cross sec-
tion o3, it being assumed that the exit channel fis de-
scrlbed by the wave function @} (isolated state). However,
in experiments it is not in general possible to observe isolated
final states because of the averaging over an energy interval
due to the experimental resolution. The total wave function
of the exit channel f'satisfies the equation

(B — Hop) ¥ =

We introduce eigenvectors of the state in each space P, . It is
assumed that the final nucleus has excitation energy U, with

(Hopt)v'v] (P'\‘ YU (U) =5 01

where H, ptis determined by the expression (4) and (H,,, ).
=P HopLPv! ¥ is the set of quantum numbers that describe
the exit channel, and y are the remaining quantum numbers
that describe the state in P,. The corresponding width of
decay of the state (n, @) to the final state @{ ), (U)is

(I = 2 110050 | Vi L Ona) B

where we understand averaging over the index @, and v = n,
n + 1. The total wave function ¢\~ is a superposition of iso-
(=) .
lated states @, ),
(—) 3] L »
L :VE” Cyy, u(Pg, i' w().

In the given case, we obtain for I"Y/’ (using the assumption
that the phases of the matrix elements are random)
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2nri®
"2 2 H-

IR=2n 3 (3l g, w0 v ) Ve nl P, )

v, v, 0, B

X APn, a [Va, ol 94,3, W@ =2 [ R = T ).

If we assume strong coupling between the different states P,
then

1CD 412 22 pt W () /o (U),

where p™"(U) is the density of states of type ¥ in the space
P,, and p"(U) is the total density of states of type y with
excitation energy U of the final nucleus. In this case, I"'7(U)
is determined by the expression

WY @)
@)= 3 SO

o0 () LR (0). (22)

v=n—1

Substituting (22) in (19), we finally obtain for the cross sec-
tion averaged over the energy

do szMCP

dey

n+1 . n-1 F4'

¥ Jef™» @) e @y,

=1 v=n-1 k=1 [23]
where p*"(U) are the densities of the allowed states of the
final nucleus.

We classify the entrance and exit channels by the quan-
tum numbers (/, 5) and y=(Jw, [', 5), respectively, where s
and s’ are the total spins of the channel, the vector sums of
the spins of the colliding and outgoing fragments are
s=j+ Iands" =j + I'(jandj’ are the spins of the incident
and emitted particle, and f and I are the spins of the target
nucleus and the final nucleus), /and / are the orbital angular
momenta of the colliding and outgoing fragments, and .J is
the total spin of the system, J = s + 1. Then the angular dis-
tribution of the emitted particles is determined by the
expression

d% SMCP (1)

I+ 2410

- 3

dSJde L, J, 1, ss"

Z(LILT; sLY Z (UJUT; §'L) Py (cos ©;) doSMCP  1de..

s'Jm, Is!
(24)

where Z (IJ1J; sL ) are the Blatt—Biedenharn coefficients.

It can be seen from the structure of the expression (24)
that the angular distributions of the emitted particles are
symmetric with respect to the angle ¢, = 90°. In Eq. (24),
the cross section do?yy,, /de, is determined by the expres-
sion (23), and the excitation energy of the compound nucleus
is £ = ¢; + B; and the excitation energy of the final nucleus
isU=E — By — £;, where £, and &, are the kinetic energies
of the particles in the entrance and exit channels, respective-
ly, and B; and B; are their binding energies in the compound
nucleus.

Statistical theory of multistage direct processes

We now consider the statistical theory of multistage di-
rect processes developed in Ref. 8. The T matrix due to the
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contributions from the multistage direct processes is given
by the equation

TVPF — p v (BY — Hop) o, (25)

where the interaction operator v is determined by

v =Hop — 2 (H ope -

It follows from (25) that
MDP

Tii =@ | v |97+ (@F " [ v (E" — Hop) ' 0 [917),
where the first term determines the contribution of the sin-
gle-stage direct process in the distorted-wave Born approxi-
mation (DWBA), T (¥, whereas the second term represents
the contributions of the multistage direct processes (two-
stage, T 77, three-stage, 73", etc.).

In accordance with the considered scheme of the multi-
stage process, TMDP can be represented in the form

T3 = (0] vs, 1 |95 + T?f‘?vi (26)

where
TR = (057 10y, s G50y, v G2 . 02,461y |97
v=p1”f'pv3 Ui.i':piv[)i? Uy, V-1=ﬁvvﬁv—z;
Gr? = ﬁn (E+4anoptﬁn_vn. n+1Gnt Pnsg, n) 7t pn

is the Green’s operator corresponding to the intermediate
state of order # (in P space).

We introduce elgenstates @.-) of the effective Hamil-
tonian [(Hopt e + Vnn o1 G v, 1,]associated with the
Green’s operator G 1,

[(Hopt)nn {“'—n n+1Gn+1yn+1 al (P: )

= [(R%5/2m) e,  — in](p,;m (27)

where @ | ! in the plane-wave representation (k representa-
tion) is asymptotically the product of the wave function of
the final nucleus in state @ with energy e, , and excited-state
configuration corresponding to the space P, and the distort-
ed-wave function describing a particle in the continuum
with wave number k,, . In accordance with (27), for G we
have
G dkn CH-VFp  pareiguy inl-t gt
n 2 S en® On, =z [ (R*n/2m) — ey o, —in]t ¢

% (28)
For simplicity we consider in (28) only open configurations
with one particle in the continuum. In deriving the required
expression for | T'})F | from (26) and (28) we make the follow-
ing approximations: 1) the hypothesis of random phases of
the matrix elements in the summation and averaging over
the quantum numbers {a} of the intermediate states and the
states of the final nucleus; 2) under the assumption of a weak
energy dependence of the matrix elements near the singulari-
ties of the Green’s operators in the case e}, = e, integrals
of the type

| den. o [E— (B2K3/2m) — eq, o — in]™* [E — (B%32/2m)
—éy, o+ in)
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are approximated by the expressions

2228 [(R%3/2m) — (R*k2/2m)];
3) the integrals over the angles are calculated under the con-
dition

S 9,49, — S 49,4045 (Q, — Q5.

In the framework of these approximations, the aver-
aged cross section determined by the contributions of the
multistage direct processes is described by the expression

g 2 5(%

deafsiMDP (kf, k;)

deydQ;
m=v-1
S dkv [dawm| v (kfs kv)] &P*Wo, V-1 ( kv-l)
(2m)? de;d%; dede
d*Wa, 1 (ka, ki) d2°1 (klf k;) (29)
[ desdid, ] dedl, :

where

d*Wn, neg (kn, kny)
dEndSn

= 2n2p (k) P (Un) {| U, sy Ken) 25

DP
#0170 (ky, ki) 2am

ptlb) (U1 (g, (kg k) [2)

o050, — T B
is the cross section of the first collision process, in which the
incident particle with wave number k; goes over to the state
withk, and U, (U, = E — g,, whereg, is the kinetic energy of
the particle in the continuum), p(k,, ) is the density of states of
a particle in the continuum with wave number k,,

plk,) =mk, /(2m)*#*, and pi(U,) is the density of bound
states of the residual nucleus in the n-th stage with energy
U, =E —¢g,, where ¢, is the kinetic energy of the particle
in the continuum for the intermediate stage of n-th order.
The single-stage direct reaction determined by the matrix
T ;PF can be described by the well-known expression in the
DWBA:

a2 }°0F (ky, ki)
d&‘jdga_f

=230 () o (U) <oy, (eps K) -

It is readily seen from the structure of the expression
(29) that the angular distributions of the emitted particles
have an asymmetry, the degree of which increases with in-
creasing energy of the emitted particles. It should be noted
that the statistical theory of multistage compound and direct
processes proposed in Ref. 8 is restricted to single-nucleon
reactions. The practical realization of such a formalism in
the description of reactions with composite particles comes
up against serious mathermatical difficulties in the expansion
of one basis set with respect to another when it is necessary to
taken into account in each of them the continuum states.

Application of the statistical theory of multistage processes
to the description of experiments

Example 1. We demonstrate the calculations in accor-
dance with the statistical theory of multistage processes in
the description of the nuclear reaction '®'Ta({ p,) with ener-
gy €, = 18 MeV of the incident protons.® Since the experi-
mental angular distributions are symmetric with respect to
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the angle ¢, = 90°, the experiment is described in the frame-
work of the statistical theory of compound processes under
the assumption that the direct contributions are small. To
simplify the calculations, the following scheme for describ-
ing the reaction is proposed:

+ incident nucleon
[total angular mo-
mentumJ, energy €;]

target nucleus
[spin 0, mass number A — 7])

i

+ emitted nucleon
[orbital angular mo-
mentum /, energy ¢,]

final nucleus
[spin s, excitation energy U]

In this description of the reaction, the nucleons are assumed
to be identical spinless fermions and the target nucleus is
assumed to have spin 0.

In such a scheme, the expression for the SMCP cross
section (24) takes the form

n +1
4 SMCP RS ““ ks "
de 7d%y =mi 2@+ { 3 3
’ J n=1 wv=m-1 1,3 &

% Py, (cos &) TR 2 () of™ 2 (U) }
=1

= ]I (P'!ﬁl, J/Fm, J) Qnr(ii,)J-'fDi, J'] 3
m=1

where

citg-:(_fl)s( ALY (258 2 sh,

A, = #i/(2me,)"'*, and m is the nucleon mass. In the pro-
posed scheme for describing the compound process the in-
termediate states of order 7 (bound states of the space @, ) are
classified by the number of particles, p, =n + 1 and the
number of holes, %, =n (total number of excitons
N=p, + h, = 2n + 1);accordingly, the scattering states of
the space P, are classified by an n-particle—n-hole bound
configuration of the final nucleus and a nucleon in the con-
tinuum.

The total width for configurations in Q, with angular
momentum J is, in accordance with (16)—(18),

n+1 Ep

Tos=Tis+ 3 ¥ Sri:}j- D (@) ot 2 (U) dU,

v=n-11l,5 0

where the width I",, , for disintegration into more compli-
cated configurations (relaxation width) in the approximation
! TR = - (RN |

¢ J
Pn,.) = 2n {l H'u,nJrl la)/Dr1+1.J'

In the microscopic approach, all the required quantities
{I', ,} are calculated using only the potential of the residual
two-body interaction v. Figure 1 shows the results of calcu-
lating d >0 /dedf), for the reaction '®'Ta( p, n) at the
energy €, = 18 MeV and ¢, = 120" and the comparison with
experiment. The figure shows the total contribution of the
compound process (including all stages n < #) and the contri-
bution from the evaporation stage 7. In the soft part of the
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FIG. 1. Calculated differential cross section of the reaction "*'Ta( p, n) at
£, = 18 MeV at angle &, = 120° (the open circles represent the experi-
mental points). The curves show the contribution of multiple neutron
emission: 1) the SMCP contribution; 2) the evaporation stage (stage #)
contribution.

spectrum, allowance has been made for multiple emission of
neutrons in the evaporation stage (2 and 3n).

Example 2. We demonstrate the scheme of SMDP cal-
culation with strong asymmetry of the angular distributions
for the example of the reaction '*°Sn( p, n) at ¢, = 45 MeV.°
In accordance with the statistical theory of multistage direct
processes, the cross section of such a reaction is determined
by the expression (29). It can be seen from the structure of
this expression that the first step in the SMDP investigation
is the calculation of the single-stage interaction. Under the
assumptions of the model formulated in Example 1,
(dog /d2,)7"?* was calculated by the DWUCK program.
The calculation showed that the reaction cross section de-
pends very weakly on the microscopic details of the shell-
model description and is basically a function of the spin and
excitation energy of the final nucleus. Then the differential
cross section for emission of a neutron in the first SMDP
stage can be obtained from the relation

s 1 SDP

d Oj; . do;; DWBA -
dedQy =2 <( vl >91 (U) R (L) (2L +1),
B

where R (L) is the spin distribution function for the final
nucleus.

Therelation obtained in this manner for the single-stage
process was used to calculate the SMDP contributions. Fig-
ure 2 shows the calculated cross sections d >03"°F /dUds2,
with allowance for the DP and SMDP contributions for dif-
ferent excitation energies U of the final nucleus (continuous
curves). The figure gives the calculations of the cross section
for different emission angles, the partial contributions from
the individual stages (n = 1-6) being shown. It can be seen
from the figure that at different angles the main contribution
to the differential cross section is made by different stages of
the process in different regions of the excitation energy U of
the final nucleus. With increasing angle ¢, the contribution
of the first stage decreases and the contribution to the cross
section from the following stages increases accordingly.
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FIG. 2. Experimental neutron spectra from the reaction '2°Sn( p,
n) at £, =45 MeV (open circles) at different emission angles,
compared with the calculated SMDPT contributions of different
stages (the figures give the number of the stage).
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2. QUANTUM-FIELD FORMALISM OF THE UNIFIED THEORY
OF PRE-EQUILIBRIUM NUCLEAR REACTIONS WITH
COMPOSITE PARTICLES

Use of the method of quantum Green’s functions to describe
nuclear reactions with composite particles

The success achieved in recent years in a number of
problems of nuclear theory is associated primarily with the
application to the description of a nonrelativistic system of
many interacting particles of methods taken from quantum
field theory. Most important has been the use of causal
Green’s functions. Using the method of quantum Green’s
functions, one can obtain not only varied static information
about nuclear structure (excitation spectrum, expectation
values of the operators of the physical quantities, etc.) but
also varied dynamical information about the mechanisms of
the nuclear processes. We shall consider the quantum-field
formalism of the unified theory of nuclear reactions with
composite particles at energies up to 100 MeV and higher
using the method of quantum Green’s functions and the
ideas of the theory of Fermi liquids'® for a nuclear reaction of
the form A + a—B + b, where A is the target nucleus, a is
the composite particle in the initial state 7, B is the residual
nucleus, and & is the composite particle in the final state f.
The system of colliding fragments is described by a Hamil-
tonian with two-particle forces. To simplify the description,
we shall assume that 4 is an even—even nucleus, and we shall
ignore the emission of several particles in the final state. In
the second-quantization representation, the creation opera-
tor for a nuclear fragment of type ¢ (¢ also denotes the num-
ber of nucleons in the nuclear fragment) is determined as
follows'":

a: (t) — Sdax[c]
X exp (_iEct) Pe (I[C}) Pt ey B) - - Pt (r1, ),

(30)
where ™ (x, £ ) is the nucleon creation operator in the Heisen-
berg representation, @, (x| ) are the wave functions of the ¢c-
particle Hamiltonian, x; = x,,. . ., x., E, is the total ener-
gy of the nuclear fragment, x = (r, 5, 7), s is the spin variable,
7 is the isotopic variable, and Sd°x =X __ [ dr.

Accordingly, the scattered states in the system of the
twointeracting nuclear fragmentsaand 4 (as? — + oo)and
the §; matrix for the reaction 4 +a — B + b are deter-
mined by
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4 U,
MeV

|a, Ao = lim af (t) af (1)]0);

By, = }im (0] ap () as (t) at (¢)at () | 0).
1/ =+—co

(31)

After simple manipulations, ignoring the recoil of the final
nucleus B, we readily find from (31) that the §; reaction
matrix can be expressed in terms of the generalized Green’s
function

Goa @y £ 2ay, )= (BT { (2, 1). ..
(T D) ) (2, 1) ] 4)
by a relation of the form!?

4

Sii (Eg) = lim enS d3azpdiagg S dt s dt" exp (iEyt —nt)

£, 10

W

£
v exp (— 1Bt + e} @f (2pa) Gog (#e1) 5 2pa1 1) 96 (211)s
(32)

where E, =¢, + B2, E, =&, + BY, ¢, and g, are the ki-
netic energies, B and B} are the binding energies, and g,
and @, are the wave functions of the free composite particles
a and b, respectively.

In the framework of the shell model, the excited states
of the final nucleus {@p. (x5« )} are classified by a given
number of excitons B* = p, + hy (pp is the number of
quasiparticles, /4 the number of quasiholes) and by the exci-
tationenergy U, =E, — EY — E,, where EY and E Y are
the ground-state energies of the nuclei 4 and B, respectively.
The quasiparticles and quasiholes are defined relative to the
Fermi energy of the target nucleus 4. In such a description,
we obtain for the S; matrix from (32)

S;(E))= lim e Sdtexp (iByt —nt)
g, M—=0 b

0
x X dt’ exp (iE,t + et')
—Co

s limy { dty exp (i (Ey— B £, — 165} S d¥fagoinm)
V=0 5

X @F (1) B« (Z1p=1) G [b+ B*, al @, (Tay) i7,
(33)

where G [b + B *, a] is the causal many-particle Green’s
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function, determined in the general case by the expression

G b+ B*, al

Z*iF<A|T{Ti’($u £y). . ‘-f’(xF’ tF) * (2. 1)

U (zh tR)}] A,

where g and b are the numbers of nucleons in the initial and
final particles a and &, respectively, the averaging is over the
ground state of the target nucleus 4, and F = (@ + b + B *)/
2.

We introduce the total (reducible) interaction ampli-
tudes Iy -, which are determined in the quantum-field for-
mulation of the many-body problem as the symmetrized
sums of all Feynman graphs that begin and end with an in-
teraction event by means of the relations (N £N ')

GIN, N1=8G N, N1Ty.»GIN, NI (34)
where G [N, N ], the Green’s function of the system of N inter-
acting quasiparticles and quasiholes, satisfies the equation

GIN, Nl = G" [N, N1 + G [N, N1 Ty G IN, NI
(35)

The blocks TN‘ ~ are determined by the relations
Ty = Inoy + Ix waaG IV £ 2, N 4 21 Iniy y, (36)

in which T, y are the irreducible symmetrized interaction
amplitudes {irreducible vertex parts) corresponding to sum-
mation of Feynman graphs not containing blocks connected
by ap, (a + l)plh, (@ + 2)p2h, , (b+pglphgh lines,
GP[INN)=Gixy, t;;x;,£3).. G(xN,tN,xN, ~) is the
product of N single-particle Green’s functions,

G [N, N]

= {G (g, 13 2, ) - .. G (z~, Iy} T, 1) dsymm

is the symmetrized product of single-particle Green’s func-
tions, and {G[1, 1]=G (x, f; x', t '}}. Substituting (33) in (34)
and ignoring the effects of the bound states of the intermedi-
ate system in the entrance and exit channels, making some
simple transformations, and evaluating {lim}, we obtain for
the T; matrix of the reaction 4 + @ — B + & the expression

273, ~(o)#
T4 (Eq) = Sd%(mn 4 b+a105, 8 (X[p45%)

(37)

% Ppeyo, o 0y 2ise 2 Eo) 067 (Trap),

where the wave functions @ " )(x, ) and @ {, 7 (x(, , g+ ) for
the composite particles @ and b in the entrance and exit chan-
nels satisfy the corresponding equations

('k)

Pe S dax[u]GD (@, a]V® (x[u])w”’ (2():

(38)

('T[!t]) =0, ('r[a])
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P, = (Zp+ peg) = A {®p (Zp)) ©as (Tr=1)}

+8d3zfy4 5y GO [, bIG [B*, B¥] (39)
X V) (215 1 p+1) Ob, B (Tfn+5+1);

a

L E Mi+fa. a_Vu, as
i=1
b = e ~
Z MG [B*, B¥ - Iy g+, prpe— Vi, oG [B*, B¥]

i=1

) =

2 W
Tl

[b, B].

Here, M, is the nucleon mass operator, ¥y y is the interac-
tion operator of N nucleons in vacuum, G °[N, N] is the
Green’s function of a free nuclear fragment of N nucleons,
and @y« is an eigenfunction of the effective Hamiltonian
H, + Iy. 5+,aweakdependenceof . 5. ontheenergybeing
assumed. It follows from the system of equations (34)-(36)
that I, +5+q is determined by the expression (transitions
with AN = + 2)
Fb-l— B*.a ™ IEML B’\uﬁb-‘r B& +2‘l_ Ib-!— B¥, N’6N+2,b+ B*é [N1 NI
% Iy, n-oG [N

XGla -2, a + 2] G S—

—27 [N_E] i S Irz-i—é. a+2

(40)

We now renormalize Eq. {40). As a result of the renor-
malization,'® the regular parts of the Green’s functions
[G[N, N1} occur in equations that determine the effective
amplitudes {f} .} with AN> + 2 (instead of the “bare”
amplitudes {Iy y | with AN = 4 2). Therefore, in (40) one
canuseforthe Green’s functions G [N, N ] their pole parts, for
which we can write down an expansion (spectral decomposi-
tion) with respect to the eigenfunctions of a system of NV exci-
tons:

q: (= )qol (=5

B, M= 3, 2o p Cmd O, i
—en, p

f

+ E ) dEN, c, depy (EN, €, %o o)

et

(PI(\?:.Jc‘m (@ (P;\.?,]g_, o (‘”EN]) - E(b) [N, N+ E’(u) [N, V],
E—ty o utivn, ¢, ol
(41)

where  eyg =Eyg —ilng/2, I'vg=Ing+Tng
(@, xx;)) describe the quasibound states of the interact-
ing excitons belonging to the quasidiscrete spectrum of the
Hamiltonian Hy + Ty y; [@nee(Xn))} describe the un-
bound states of the N interacting excitons (scattering states
in channel ¢) belonging to the continuum. Here, a denotes
the set of physical quantities that have definite values simul-
taneously with the ENergy £y c.q s PN IENcqs @) 1 the density
of the states W, per unit interval of the energy and unit
interval of @; ¥ ... determines the damping of th;e spreading
wave packet of exact scattering states in channel ¢. In the
general case, the energy and damping of the intermediate
states of order NV are determined by the real and imaginary
parts of the simple poles of the Green’s function G [N, N | in
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the lower half-plane of the complex variable. To simplify the
treatment, we shall in what follows restrict ourselves to a
basis of states /., that asymptotically (r — o) describe one
quasiparticle of type ¢ in the continuum with wave number
k. and energy #°k 2/2m_ and also a residual nucleus C with
energy eycae = Ucoa — iy o/2 and quantum numbers
Ena =Cnea + 7k :2m,. The function @ Y-) satisfies
an equation of'the type (39).

Among the excited states of the system of ¥V interacting
excitons there are states completely determined by specify-
ing the set of quantum numbers 8 = {1 }, where A character-
izes a single-particle state. We shall say that such configura-
tions are exciton states and classify them by the number g,
of quasiparticles and the number %, of quasiholes. However,
more complicated states are also possible, these being classi-
fied by not only the number of quasiparticles and quasiholes
but also the number N, of collective phonon excitations. In
the general case, the spectral decomposition also contains
terms describing all possible cluster excitations of the nu-
cleus. In the traditional exciton model, only the quasiparti-
cle-quasihole configurations {| pyphyh )}, N =py + hy,
are taken into account. In a consistent model of pre-equilib-
rium processes it is necessary to take into account the config-
urations { [phonons); [ph + phonons) | and transitions with
AN = +2, AN, = = 1, this corresponding to the quasi-
particle-phonon model of pre-equilibrium decay. Such an
extension of the basis of intermediate states makes the de-
scription more correct and capable of reproducing more ac-
curately the experimental data (when realistic residual nu-
clear forces are used).

The representation of the Green’s functions by means of
Feynman graphs makes it possible to sum the graphs that are
reducible with respect to the internal lines containing at least
one continuum quasiparticle and irreducible with respect to
the lines of the bound quasiparticles; as a result, we obtain
for N> N for the total amplitudes I . (When only transi-
tions with AN = + 2 are taken into account)

) ’ L )
FN, Nt — -IN, J\”ﬁ;\’, N'+2 T IN, N—2

X GWIN —2 N —2Iy_a 5 1G0 [N—4 N—4]. ..
TR, N'+zé(”)[f\7'+ 2, N'4-2) Iy 2 !
E)rfv‘t’m GO [Ny, N T§ . .

-

Ffv N':TF» Nt

. a(h) ”V N. B I\(u)

(42)
where the sum over {X, ] is taken subject to N;>N,, ...,
N;_ | >N;> N’ It follows from (37) and (42) that

i (Bo) — TR (E)+ TR (B,
where
THPP(B,) =S8 d®2(pspasyu le "B (zpp £ py)
X rb+B*, a (21 s+ Taps Bo) %H (z(a1) (43)

describes the multistage direct processes, and
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Tt (E)=S ATy peya) Ob, e (Xppran) >
x{ 3 T§me, v GO IV, N T i, ..

;3

GO N, N TR o} 98 (2pan) (44)
describes the combined multistage processes in which the
system of continuum intermediate states (G')) goes over at
some stage into the quasibound intermediate states (G®'),
etc. The specific features of the reactions with composite
particles are contained in the functions ¢ 43, and @ | "\, In-
troducing wave functions y "' and y |~ (distorted waves)
satisfying the equations of the optical model with Vi;gt (&)
and V) (e,) (V, and V%), are the phenomenological opti-
cal potentlals for particles ¢ and b, respectively), we finally

obtain for TP (there is a similar expression for 7'}'°T)

MDP

Ty (E)=S Az s a1 %6 (#167)

x (L‘B* (2rB*3)

K{14 VOV (e)] G [b | B*, b+ B*]) rm,
2 {146 [a, o] [V — VD, ()]} %5 (apa1)- (45)

To derive formulas for the averaged cross sections of the
reactiond 4 a — B + b on the basis of the expressions (43)—
(45) we make approximations similar to those in the proce-
dure of the statistical calculations described in Sec. 1:

1) we take into account only the pole parts of the
Green’s functions G [N, N'] in the intermediate states;

2) we assume that the phases of the matrix elements are
random in performing the statistical averaging for the multi-
stage compound and direct processes (in the plane-wave ap-
proximation) by analogy with the averaging procedure de-
scribed in Sec. 1;

3) we ignore rearrangement processes in the entrance
and exit channels:

[V — Vo]~ 0; [V — V&1 ~ 0.

In the framework of these approximations, we obtain the
required expressions for the statistical description of multi-
stage nuclear reactions with composite particles'':

1. Statistical multistage processes through quasibourd
intermediate states of the compound nucleus (SMCP). The
SMCP cross section is determined by an expression of the
type (24) with extension of the description to reactions with
composite particles.

2. Statistical multistage direct processes (SMDP).

First Case (the widths I’y — 0 in the intermediate
states of the residual nucleus C). If it is assumed that the
energy ey, of the residual nucleus C in the intermediate
state described by the function @\, is real, then for this
case the procedure of the calculations is analogous to the
scheme described in Sec. 1. Then for the SMDP cross section
we obtain an expression that is the same as (29) with exten-
sion to the reaction (4 +a— B+ b) and additional
allowance for all possible rearrangement processes in the in-
termediate states, 1.e.,c + C—¢' C'.

Second Case (widths Iy - #0in the intermediate states
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of the residual nucleus C). In this case, after statistical aver-
aging, we obtain for d >6®™°* /dg, df2, an expression'” that
has a structure close to the expressions of the hybrid model
with allowance for the direction of the particles."

3. Combined statistical multistage processes
(SMDP + SMCP). It follows from (44) that the cross section
of the combined (SMDP + SMCP) process is determined by
the expression'*

»_SMDP + SMCP

dto (ky. ko) ZS dke

dep a2 @nyp

c

_ dWSMEP (I k) d20SMPP (Ko, ka)

- dep A% dee dide ?
where d 20°™PF (k, k, )/de.d2, is determined by an expres-
sion of the type (29) that describes the first stage (SMDP) in
the nuclear process, which ends in the stage N,,, when the
intermediate system of continuum states goes over to quasi-
bound states of the compound nucleus; d *W <P (k,, k. )/
de,df2, is determined by an expression of the type (24),
which describes the second (SMCP) stage.

It should be noted that in Ref. 8 only two types of inde-
pendent mechanisms of the nuclear process (SMCP and
SMDP) were determined. In contrast to the cascade—exciton
model,'® which combines the mechanisms of different mod-
els (semiclassical cascade and the traditional exciton model),
the expression (46) for the statistical multistage direct and
compound processes is obtained in the framework of the
quantum-field approach in the complete region of energies
on the basis of unified closed physical methods of the micro-
scopic description. Thus, our systematic microscopic analy-
sis of the multistage processes makes it possible to formulate
a combined model of pre-equilibrium nuclear reactions that
take place in accordance with the SMDP + SMCP scheme.
Analysis of experiments'®'” with a view to determining the
contributions of the symmetric (SMCP) and asymmetric
(SMDP) components in their dependence on the develop-
ment of the hierarchy of the process confirms the validity of
the scheme of the combined nuclear-reaction mechanism.

The expressions obtained above for the three (SMCP,
SMDP, and SMDP + SMCP) cases with composite parti-
cles taking into account only transitions with AN = + 2
were obtained with neglect of the rearrangement processes
in the entrance and exit channels.'* If this approximation is
not made, it is necessary to split the interaction blocks
[V@ — 7@ Jand [FE) — V&) ]into two terms*:

(46)

V@ — V&) = AVSE, + AVE .,

[V — Vol = AVitps vipe + AViine, bopes,

where AV™ is the regular part of the interaction block
[V — V,..] and depends weakly on the energy, and AV" is
the fluctuation part of the interaction, this vanishing after
statistical averaging: {4 V%) = 0. It is here assumed that in
AV allowance is made only for the contributions due to the
effect of polarization of the nuclear medium, i.e., the differ-
ence between the interaction between the quasiparticles (in
the nucleus) and the interaction of free nucleons. Allowance
for the block 4 F™® corresponds to the consideration of all
possible processes (stripping, disintegration, pickup, direct
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knockout, coalescence) with AN = Qin the framework of the
theory of direct interactions using effective interaction po-
tentials.

Thus, for the systematic description of nuclear reac-
tions with composite particles when V@ £yl = p)
# V%), it is necessary to take into account the specific na-
ture of the process of formation of the free composite particle
in the exit channel and the disintegration of the incident free
composite particle in the entrance channel, i.e., transitions
of the type (quasiparticle == free composite particle). If the
nuclear polarization effects are ignored, we arrive at a de-
scription of the multistage nuclear processes in the frame-
work of a Born series in which the free composite particles
occur in the intermediate states.’® It must be borne in mind
that the theory of multistage direct reactions (TMDR) devel-
opedin Ref. 18 describes only the multistage direct processes
in the approximation of random phases of the matrix ele-
ments in the / representation for the distorted waves; this
gives rise to appreciable difficulties in the calculations of the
contributions of the third, fourth, etc., stages of the multi-
stage direct processes. In the SMDP 4 SMCP formalism,
the statistical treatment is done in the k representation, and
in the integration over the energy the factors (F — ¢,
« +17)7" are replaced by inS(E — ¢, ), and in the integral
over df2 [d(2 " the factor § (2 1 — £2 ) is introduced. These
approximations in the SMDP + SMCP formalism greatly
simplify the calculations of the partial contributions of the
individual SMDP stages (n = 1, 2, 3, etc.). Despite the differ-
ences mentioned above, the TMDR and the
SMDP -+ SMCP formalism give results that are in practice
similar when the first and second SMDP stages are de-
scribed.®!®

As in the TMDR approach of Ref. 18, Ignatyuk'® used
in the DWBA approximation microscopic wave functions
with allowance for one- and two-phonon excitations to de-
scribe the high-energy component of the cross section due to
one- and two-stage direct processes. He calculated the angu-
lar and energy distributions of the neutrons in ( p, n) reac-
tions and obtained good agreement with the experiments. It
should be noted that the SMDP + SMCP formalism (see
Refs. 8, 13, 14, 18, and 19) is essentially a generalization of
traditional coupled-channel calculations in the framework
of the shell model in the continuum?® to the case when there
is a large number of open channels and intermediate states
excited in the nuclear reactions (statistical multistage pro-
©esses),

Investigation of nuclear reactions with composite particlesin
the microscopic model of pre-equilibrium decay

As we have already mentioned, in pre-equilibrium nu-
clear reactions with nucleons and composite particles the
following types of nuclear-reaction mechanisms are possible
in the framework of the microscopic approach: direct single-
stage processes (DP) and statistical multistage direct pro-
cesses (SMDP), which determine the asymmetry in the angu-
lar distributions of the reaction products, and statistical
multistage processes through a compound system (SMCP),
including the equilibrium component (EC), which determine
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the symmetric part of the angular distributions. For the in-
terpretation of the pre-equilibrium nuclear reactions it is
necessary to determine the densities of states that occur in
their description. These are densities of states determined for
a given number of excitons N = p,, + h,, at excitation ener-
ev E, py(E)=p(py, hy, E), E=E, or Ug; the densities of
the admissible states in the intermediate system: o, ( px, Ay,
E,); and the densities of the admissible states of the final
nucleus: p,( py, £y, Ug). It is obvious that for the descrip-
tion of statistical multistage compound processes we need
the densities p'*)( p, hy, £ ) constructed on the basis of the
quasibound configurations of the compound system, and the
single-particle states must correspond to the discrete (quasi-
discrete) spectrum of the shell model. To calculate such den-
sities, the equidistant approximation of Strutinsky and Eric-
son is generally used. Thus, the densities of the quasibound
excited exciton states for the multistage compound pro-
cesses will be determined by the single-particle quasiparticle
states in the potential well of the nucleus above the Fermi
energy £g up to an energy S equal to the sum of the binding
energy 3, the energy of the centrifugal barrier Uy, and the
energy of the Coulomb barrier U, for the charged particles
(S=B + Uy + Ug), and by the single-particle quasihole
states from the bottom of the well up to £¢. To describe the
statistical multistage direct processes we need the densities
p"(m, py — m, hy, E ) of the unbound states constructed on
the basis of the configurations of the intermediate system in
which m particles are in a continuum state:
E-S
o) (m, py—m, hy. E) = g AE 0@ (py —m, hy, E—E,)
0

Xp(m, Ep),
where p(m, E,,) is the density of states of m particles with
total kinetic energy E,, in the continuum,

Eoin L

o(m, E,)= \
i}

m

S dey ... de,0(ey)...0(e,)
0

X 6 (E — Dl ) -
i=1
and p(g;) is the density of states of particle / with kinetic
energy &; in the continuum measured from the zero of the
potential energy.

In the framework of the SMDP + SMCP formalism,
the matrix elements of the intranuclear transitions are deter-
mined by the properties of the wave functions within a finite
region of radius R (the distance at which the nuclear forces
can be taken to be zero). Using the method of factorizing the
single-particle functions in the potential, it is possible to
show that the radial part of the wave function for a contin-
uvum particle in the region r SR can be represented in the
form?!

([ et
where & are the scattering phase shifts, and uy;(r) is a func-
tion that depends weakly on the energy and is normalized in

sin(QkB-}-6”)J}”2u”(r), (47)
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accordance with (g} (Fjdr = 1. Thus, the density of contin-
uum single-particle states can be expressed for kR> 1 in the
form?

24+ [, dk 28,
ole)=2) ”j ) [H & T d.s” J
1

(48)

In the region outside the potential resonances, the term dé i/
de can be ignored, and for p(¢) we obtain®
o(e) = (43&33]4:1 (2m)3/2e 2/ (20 )3, (49)
The introduction of the two types of densities p™ and p®
corresponds to the two types of mechanism of the pre-equi-

librium reactions: SMDP and SMCP. The total density of
the states with the given number of excitons is determined by

p (P by E) = P(b) (Pxy By, E)

'!‘— E P(u) (m1 Py — m, hl\': E)-

The microscopic approach to the calculation of the den-
sities™ is associated with the use of realistic single-particle
state schemes in a definite potential, for example, Seeger—
Howard or Woods—Saxon. The shell structure of the distri-
bution of the single-particle states in the nuclei leads to fluc-
tuations in the densities of the excited states,?® and this will
be manifested in the spectra of the secondary particles emit-
ted in the reaction. Such fluctuations in the realistic (micro-
scopic) densities are particularly pronounced for low excita-
tion energies and a small number of excitons. At a higher
excitation energy, the fluctuations are damped. These mi-
crofluctuations are manifested over an energy interval of or-
der 1 MeV. The calculations show that with increasing mass
number 4 the fluctuations are damped. In principle, it is
preferable to use realistic densities in the calculations in
place of the equidistant densities. As an illustration, Fig. 3
shows realistic (microscopic) densities p® of the quasibound
states calculated for the **Ni nucleus on the basis of a realis-
tic level scheme in the Woods—Saxon potential, and also the
densities of the quasibound states in the equidistant approxi-
mation as functions of the excitation energy E of the com-
pound system for § = 8 MeV and £ = 40 MeV. In the cal-

sy

FIG. 3. Densities of quasibound states p™ (0, 0, v, %, E ) of the nucleus **Ni
with separation of the particles and holes into protons and neutrons. The
continuous curves are realistic densities, and the broken curves are the
densities in the equidistant approximation.
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FIG. 4. Densities of unbound states o™ (1,0, 0, v, ¥, E ) of the nucleus *Ni
with one continuum quasiparticle, as functions of the excitation energy E
(neutron excitation branch, # = 7 = 0). The notation is as in Fig. 3.

culated densities r™ (7, 7, v, ¥, E ) allowance is made for the
division of the particles (7, v) and holes (7, ¥) into protons
and neutrons, respectively. It can also be seen that there is an
energy gap for the different configurations. For the example,
the represented densities were calculated for the neutron ex-
citation branch (7 = 7 = 0), for which the number of parti-
cles ( p) and holes (%, ) is determined solely by the neutrons
(in the general case, py =7+ v, hy = 7 + 7). Figure 4
shows calculated realistic densities of the unbound states of
the °*Ni nucleus as functions of the excitation energy when
there is one quasiparticle in the continuum.

In the region of energies £, S 100 MeV, the nuclear re-
action will most probably take place in two stages. The first
is an intranuclear cascade (DP + SMDP), after which the
sytem goes over to quasibound configurations of the inter-
mediate nucleus; the second is the process of relaxation to
equilibrium (SMCP). In the framework of the combined
(SMDP + SMCP) model of pre-equilibrium reactions, the
analysis of the multistage emission process requires the de-
termination of the mean squares of the matrix elements,
(U P s {17 1P aos <1 *Yots {172}y Which do not depend
on the number of excitons. In the microscopic model of pre-
equilibrium decay, all these quantities can be determined
from calculations based on data on the self-consistent poten-
tial and the residual interaction. It is also necessary to calcu-
late the densities of the admissible final states corresponding
to these types of transition:

pid (m, pyy — m, hy, E,), Pw) (Pwy bny Ug),
o0 (pws by E,), plb) Py, B, Ug)s

these densities contain an explicit dependence on the num-
ber of excitons.

In the framework of the microscopic model of pre-equi-
librium decay,’®** we investigate the properties of the con-
tributions to the cross section from the various mechanisms
of the pre-equilibrium nuclear reactions (DP, SMDP,
SMCP, and SMDP + SMCP). Ifthe incident particle has an
energy of the order of tens of mega-electron-volts (k, R> 1),
the possible range of variation of the total spin and orbital
angular momentum is fairly large. Summing in an expres-
sion of the type (24), which describes the statistical multi-
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d2a SMDP (kp, kq) .

stage compound processes, over all possible values of [, 1', J,
J % under the assumption of a weak spin dependence of the
averaged matrix elements (this assumption is confirmed by
numerical calculations with residual forces) with a corre-
sponding averaging over the spins (such averaging leads to
an isotropic angular distribution of the secondary particles),
we obtain for the hard part [e, ~0.5(E, — B, )] of the spec-
trum

dtg SMCP n

depd

1 n—1 .
= SR % o (2a) (50)

flh = In <i I (23) P)eup (25, Qp) P (@ + 2r — b, Uy),
T = 2n (| T (E,) [)pe0® (k, Eo).

We use the following approximations: 1) I' ;1" |, which is
justified for intermediate and heavy nuclei®; 2) p™(k, E,) de-
pends weakly on k, and (|7 (g,)|*}, does not depend on
£,[e, ~0.5(E, — B;), k, R> 1], this being due to the particu-
lar way in which we have defined the density p(e,) [see
(47) — (49)], which contains almost the entire dependence on
£;,. Then from (50) we finally obtain

L

d2c SMCP

. SMCP
de 5 d(gb S‘ C €as

u}EUA exp {—Eb/‘Kn(Eb)]a [51)

where C$M(g,, E,) is a function that depends weakly on
£,, and x, (&,) is the nuclear quasitemperature, defined in
the complete range of variation of £,(0<£, <E, — B, ) by
means of the exact relation

b — By — &)

= Sy (B — By) — ep/nn (g5).  (52)

Inp; (@ 4+ 2n — b,

For the densities p, calculated in the equidistant appproxi-
mation, we have

U a+t2n—b—1
prlat2m—b, Uy =g (B ()", (53)

where g is the single-particle density. It follows from (52) and
(53) that

K (611) — (Eu == Bb)/al (Eh) [a' + 2n — b — 113 (54)

where the factor a (¢, ) is determined by

ay (o) = —In (1— =222}/ (5-2c) - (55)

The factor a,(g;), calculated in accordance with (55), de-
pends weakly on £, in the range of values (0.3-
0.6)(E, — B,).

Asin the SMCP scheme of analysis described above, for
g, ~0.5(E, — B, ) we obtain

Nub
- Z C"”s’-MDP (klu km Ea) Elyz

=1

depdSy

Xexp [ —ep/un ()], (56)

where C3MPF(k,, k,, E, ) is a function that depends weakly
on g, , determines the shape of the angular distribution of the
secondary particles, and is determined by an expression of
the type (29). Analysis of the structure of the functions
CMPP(k,, k,, E,) in the framework of the theory of direct
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reactions shows that at small angles the main contribution is
made by the first stage of the process (x;); with increasing
scattering angle 7, the contribution of the second stage in-
creases, and for a definite range of angles 4, the contribution
of the second stage becomes the main one or comparable
with the contribution of the first stage, etc.; the contribu-
tions of the following stages increase with increasing angle
&, . This behavior of the functions C3M°¥(k,, k,, E, ) for the
direct processes is also confirmed by direct SMDP calcula-
tions for reactions with nucleons.*!® Thus, analysis of the
dependences of In [(d *o/de,d2,)e, * on ¢, at different
angles ¢, for the individual SMDP stages (n = 1-6) made
using the DWUCK program for the reaction '°SN( p, n) at
£, = 45 MeV (Ref. 9; see Fig. 2) confirms the validity of the
SMDP expression (56) in the region £, ~0.5(E, — B, ). The
values of x,, in MeV, obtained from these calculations for
n=1-6 are: x;,=250, »,=8.5, x;,=350, »x,=3.9,
#s = 3.2, and %, = 2.9. The corresponding estimates of %, in
accordance with (54) are x, =25.2, », =284, »;=25.1,
sy = 3.8, x5 = 3.3, and %, = 2.9. It can be seen from Fig. 2
that as «, increases the contributions of the second, third,
and following stages increase. Therefore, the conclusion®*—¢
established by analysis of experimental data that the “quasi-
temperature” x(i%, ) depends on the scattering angle ¢, is a
reflection of such behavior of C 3¥7F, namely, with increas-
ing angle 7, the dominant contributions of the successive
SMDP stages increase. Thus, the microscopic theory of pre-
equilibrium nuclear reactions makes it possible in principle
to determine the type of mechanism of a pre-equilibrium
nuclear reaction by analyzing the linear sections in depen-
dences of the form In [(d *0/de,d(2,)e; *on g, for given
angle ¢, in the region g,~0.5(E, —B,), where
CSMCP CSMDF and x, (€, ) depend weakly on &;.

In the general case, the slope of the linear section is
determined in the hard part of the emission spectrum by the
contributions of several stages (as a rule, not more than three
SMDP stages). In this situation, it is possible to introduce a
generalized nuclear quasitemperature »x;; 1 (€,, ¥,) (the
contribution of two successive stages [ and [~ 1] and
Kii+rit+2(Ess Oh) (the contribution of three successive
stages) by means of the relation

i 51 (B ) = [3' (8) pi + i1 (85) PesllDi+ Pitr)-
(57)

A similar relation holds for ;1 |, ,. In(57), p; = d %0(Es»
3, )/de, df2,, is the partial contribution of stage i to the emis-
sion spectrum at &, =0.5(E, — B, ); more precisely, £, cor-
responds to the middle of the observed linear section in the
hard part of the emission spectrum. As follows from the cal-
culations, the relation (57) holds with satisfactory accuracy.
The above analysis of the linear sections in the dependences
of In {(d %0/de,d2, )e; /*] on &, in the framework of the
microscopic theory of pre-equilibrium reactions differs from
the formalism of a locally heated nucleus,?” which is valid
only for sufficiently high energies (¢, > 100 MeV).

On the basis of Eqgs. (54), (56), and (57), we analyze the
experimental dependences of the quasitemperature x(&, } on
the scattering angle .

Example 1. The reactions **Ni{*He, »), £’He) = 40.9
+ 0.8 MeV and *'Ni(e, p), £, = 52.6 + 0.8 MeV.** Figure 5
shows the experimental dependence of (d%0/
de, df2,)e ‘o '(E,) on the neutron energy &, for different
detection angles 1%, and the dependence of the nuclear quasi-
temperature x(#, ) on 4, for the reactions *’Ni(*He, #) (black
circles) and *'Ni(a, p) (open circles).

Example 2. The reactions (*He, p) and (*He, & ) on the
nuclei ”’Al, *°Co, ®°Zr, and '"*Sn at £(*He) = 50.5 MeV.**Fi-
gure 6 shows the experimental dependences () for these
reactions. The broken lines in Fig. 6 show the estimates of
T,, =(E, —B,/a')''* and @’ = 7"g/6. In Table I we give
estimates of x in accordance with the expressions (54) and
(57) for the reactions considered above (Examples 1 and 2),
obtained in the approximation of equally large contributions
of successive stages. For an odd target nucleus, the initial
number of excitons @ must be replaced by a + 1. Comparison
of %(4, ) (see Figs. 5 and 6) and %, (see Table I)shows that for
the considered reactions the slopes of the linear sections in
the dependences on ¢, in the region €, ~0.5(E, — B, ) are
determined by the contributions of the first to the third
SMDP stages for ¢, = 150° and by the contribution of the
third SMDP and SMCP stages for 150° < ¢, < 180°. Summa-
rizing the results of the above analysis, it can be said that the

b
108
el o o

& LT 1

2 LR
a ' _ FIG. 5. The dependences of (d *o/de, d12,)/¢, 0;,, on the neu-
& 40 80 20 4§, deg tron energy for different detection angles (a) and of the nuclear
o temperature 7 (¢ ) on the neutron emission angle for the reactions
= $2Nii(*He, n) (black circles) and *'Ni(e, ») (open circles) (b).
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FIG. 6. Experimental dependences (% ) at *He) = 50.5 MeV: a) for the
reaction (*He, p}; b) for the reaction (*He, d ). The broken lines show the
estimates of T, . the open circles are the estimates of x with a correction
for the *He dlsmtegratlon contribution,

main part in the formation of the differential cross section is
played by the first to the third SMDP + SMCP stages, i.e.,
there is a combined SMDP + SMCP mechanism of multi-
stage emission.

Quasiparticle-phonon model of pre-equilibrium decay

In the microscopic theories of pre-equilibrium nuclear
reactions described above it was assumed that the intermedi-
ate states in the multistage relaxation process are classified
only by the number of excitons, and admissible transitions
with AN = 0, + 2 were considered. Despite the successes of
this description, it is necessary to extend the microscopic
approaches by taking into account explicitly not only the
excitons but also the collective degrees of freedom of the
nucleus (phonons). The intermediate stages will then be clas-
sified by both the number of excitons N and the number of

TABLE I. Calculation of the nuclear quasitemperature, MeV.

phonons, N ,,, i.e., we consider configurations of the type
|V, N, ). Wedefine accordingly the densities of the interme-
diate states: p(V, ¥, , £ ). To describe the multistage relaxa-
tion process, we introduce two types of intranuclear transi-
tions with corresponding transition probabilities A4

a) with a change in the number of excitons by
AN = 42,

AL (N, Ny B) =25 (1119 p (N, Now, E);
b) with a change in the number of phonons by AN, = + 1,

MMN, Now, E) = —(Ifl"“)php}"‘(N Now £),

where (|7 |2)e and (|7 |*};, are the mean squares of the ma-
trix elements of the transitions with AN = 42 and
AN, = + 1, respectively, and piN, N,,,E) and
p}?” (N, N, E) are the densities of the admissible final states
in the corresponding transitions. The values of {|7|?), and
{|I|*),u can be extracted from estimates of the correspond-
ing transition probabilities in the framework of the micro-
scopic approach:

Mo (1,0, B)=1; (1, 0, B)+ 4 (1, 0, ),
e bk ' 5 R
A (L, 0, B)==2 S Gy, fan 12
n, iz, 93
AE/[2
X{ w [E— (e, 7o, ej3)12+(AEf2)ﬂ}
21 ﬁ( )
w1, 0E) =22 (2 T Il e
Ry 37
{i AE/[2 }
Nw T E—(e; TEOFLRERE J°

where 7, = R(9U /or|Y,,,, and B, (E; ) is the deformation
parameter for a phonon of multipolarity A and energy E, ,
the above quantities being taken from RPA calculations; j is
the set of quantum numbers that characterize the single-
particle state with energy e, in the average field U of the
nucleus; AF is the interval of averaging. It follows from nu-
merical calculations of 4,4 °_, and A P! on the basis of the
above expressions **° that the contribution of the direct
transition with AN, = + I and the excitation of low-lying
collective modes (2,7, T=0; 37, T =0, giant quadrupole

Reaction %y Hig Ha %o3 3 9 Teq
52Ni(®He, n) 10.5 | 7.9 6.3 | 5,3 | 4,5 3.4 2.4
SiNi(e, n) §.5| 6.8 | 5,7 | 4,8 | 4,3 3.4 2.5
27A1(3He, p) 1081 8.4 | 7.2 | 6.1 | 5.4 4.7 4.1
52Co(®He, p) 9.9 7,9 | 6,6 | 5,5 | 5.0 3.6 2.8
WZr(3He, p) 11,5 9,1 7,6 | 6,4 | 5,6 3.7 2.2
12802 He, p) 2,091 ] 7,3 | 6.2 | 5.2 3.5 1.9
27A1(°He, d) 9,0 7,0 | 5,4 | 4.6 | 4,0 3.9 3.8
%Co(*He, d) 7.0 5.1 | 4.2 | 3,4 | 3,0 2,8 2,6
90Zr(31le, d) 1.2 8.6 | 6,9 | 6.3 | 5.8 359 2.1
11285 (*He, d) 10,8 | 8,7 7,3 ] 6,0 | 5.1 3.4 1.8
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resonance) is about 60% of A, ; accordingly, the contribu-
tion of the direct transition with excitation of a particle and a
hole (AN= +2) and weakly collective phonons
(AN,, = + 1)is ~40%. In what follows, we shall describe
this group of transitions in a unified manner as transitions
withAN = + 2.

The main pre-equilibrium reaction mechanism at ener-
gies of the incident particle up to ~ 100 MeV is a combined
multistage process involving the first to the third
SMDP + SMCP stages (see Sec. 2). The hard part of the
emission spectrum is determined predominantly by the con-
tributions of the first to the third SMDP stages. When the
two types of transition are particularized (AN = + 2 and
AN, = + 1), the following reaction schemes are possible
(first to the third SMDP stages, i.e., ISDP, 2SDP, 3SDP):

deh:” aN=+2
ph 5 . e__ = S .
wo— W =
21 “"N;;lf”"f 2 21 =12 2

he,__ : 3 P eph e ph
st =wgss; §= — ST
i aN=+2 ol g+ ’ AN tl aN=sZ 2171
ph P
— h hph,
Sgh: & iy =5 o W;}’ WZ% 5?:
AN =+ AN 51 aN g
e e e e
k% = W Wasi;
3 aN=+2 aN=+2 AN=+2 3224245
ephe e < hia ©
phe_ = wowhts
T - N2 AN+ aN=22 Fol

+ corresponding diagrams for .S, with the possible alterna-
tions of transitions withAN = 4 2and AN, = + 1. Inthe
above diagrams, we have introduced the notation (see Sec. 1)

265 (ky, ks)

_ @2 W (Ko, ky)
1 deydtey

deadShy ?

tn

? Wzi =

AN = +2, ANyp=— L 1.

To obtain formulas to be used in calculations, we make
the following approximations:

1) under the assumption that the angular distributions
of the secondary particles are determined solely by the direc-
tion of motion of the incident particle, we shall use a factor-
ized expression for the matrix elements!®:

(lIm, mA+1 (km: km+1) |2> = ( |I(5mv E‘m+1)|2 ) W(Q'm_‘)" Qm{-i)v

where

W Q> Q) =171 €08 (Boyy — ) © [ G- — (st — B |

553 Sov. J. Part. Nucl. 15 (6), Nov.-Dec. 1984

with the normalization condition

S ARy W (R > Rppy) =1

2) for k,, R>l, the matrix elements (|7(c,,,
£,, 1 1)|?)are determined solely by the properties of the wave
functions for » =< R, and therefore (|1 (¢,,,£,, . 1 )|*) is almost
independent of ¢, ., if the density p(e,,, ,) within the
sphere of radius R is defined in accordance with (47)—(49);

3) the total transition probability A (1, 0, £) is deter-
mined by the real mean free path A (¢) of a nucleon in the
nucleus, A (1, 0, £) = v/A (g);

4) the densities p(V, Nph, E ) can be calculated on the
basis of the single-particle level scheme and the spectrum of
phonons in the nucleus;

5) the probabilities of transitions with AN = + 2 and
ANy, = + 1are determined by the relations of Refs. 29 and
30: A% /A, =~0.6 and A ¢, /A ~0.4.

Using these approximations, we calzvlated the contri-
butions d *o'°F /de,df2;, d20*PF /de,d2,, d?0’SP/
de,df),, SMCP, and 3SDP + SMCP to the total cross sec-
tion for the reactions **Ni( p, p) and '*°Sn( p, p') at £, = 61.7
MeV with allowance for excitation of the phonons
2;%,2;%, 37, 4 andagiant quadrupole resonance (27). The
results of the calculation®' of the reaction '*°Sn( p, p') are
shown in Fig. 7.

The analysis of the ( p, p’) reactions in the framework of
the quasiparticle-phonon model of pre-equilibrium decay in
the SMDP -+ SMCP formalism demonstrates the impor-
tance of taking into account the contributions with excita-
tion of collective modes to the total cross section, this also
making it possible to explain the intermediate structure in
the hard part of the spectrum and to estimate the partial
contributions of the individual types and stages of the multi-
stage reaction mechanism (the first to the third SMDP stage,
3SDP + SMCP, SMCP). The resulting formulas obtained in
the framework of the SMDP + SMCP formalism are valid
for reactions with emission of composite particles (b<4) un-
der the assumption that the mechanism of formation of the
composite particle is described by the coalescence model.>!
In this case, the expressions contain an additional factor ¥,
which determines the probability of formation in the final
state f'of the composite particle b from b excited quasiparti-
cles.

GENERALIZED MODEL OF THE DECAY OF GIANT
MULTIPOLE RESONANCES

Microscopic theory of pre-equilibrium nuclear reactions and
excitation of giant multipole resonances

The experimental discovery of giant multipole reson-
ances (GMR) for a large class of nuclear reactions such as (y,
N), (e, €), u~ and 7~ capture, and inelastic scattering of
particles (¥, d, ¢, h, a) was a major step forward in the inter-
pretation of the excitation spectra of nuclei up to 40 MeV.
The next task in the theoretical description of giant multi-
pole resonances is the correct and complete allowance for
complicated configurations (2p2h, 3p3h, and more compli-
cated ones). In recent years there have been numerous at-
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FIG. 7. Double differential cross sections for scattering of pro-
tons by the '2‘Sn nucleus. The points represent the experiment of
Ref. 45; the continuous curve, the calculated total cross section;
the chain curve, the contribution of the first stage; the open cir-

cles, the SMCP contribution; the crosses, the 3SDP + SMCP
contribution; and the chain curve in the second figure,the total

contribution of the three SMDP stages.
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tempts to take into account directly only the 2p2% configura-
tions.**>* Allowance for all possible 2p2k configurations
within a definite number of shells usually reduces to the dia-
gonalization of a matrix of high order (with an effective Iplh
interaction). For intermediate and heavy nuclei such an ap-
proach, taking into account explicitly 2p2A configurations,
is difficult on account of the large number of such states (for
example, for the E 1 resonance in the *°*Pb nucleus in the
interval 5-20 MeV the number of 2p24 configurations that
must be taken into account is {3.5-5.5)x 10*). The difficul-
ties increase even more if one takes into account explicitly
3p3h, 4p4h, and more complicated configurations. One
therefore usually separates the most “dangerous” 2p2k con-
figurations (by introducing phonons—collectivized 1plh
states), which determine the fragmentation of the giant mul-
tipole resonances (intermediate structure of the resonances).
In the framework of the quasiparticle—phonon nuclear mod-
el formulated in Refs. 33 and 35, numerous calculations have
recently been made on the fragmentation of giant reson-
ances.

Despite the successes in the study of such fragmenta-
tion, there remains much material on nuclear structure that
has been little studied, namely, the many-quasiparticle and
many-phonon components of the wave functions of the ex-
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cited states of complex nuclei. Moreover, the traditional ap-
proaches based on the solution of secular equations with
allowance for a complete basis of states (2p2k, 3p3h, 4p4h,
etc.) encounters insuperable difficulties in the investigation
of highly excited states because of the large number of com-
plicated configurations. It is therefore expedient and of in-
terest to consider approaches that do not use just the formal-
ism of secular equations. Of particular interest in this
connection is the formulation of a generalized model of the
decay of giant resonances that takes into account the direct,
pre-equilibrium, and equilibrium particle-emission mecha-
nisms.**° In such a formulation, a giant resonance is de-
scribed in the framework of the shell model. The doorway
wave functions ¥ of the giant multipole resonances for nu-
clei with closed or almost closed shells can be found by dia-
gonalizing the residual interaction on a 1p1% basis or on an
extended basis that takes into account the dangerous 2p2h
configurations.®® The wave functions ¢, (Jr, E ) describe the
initial stage in the process of production of a 1p14 pair (in the
general case, it is necessary to take into account the fragmen-
tation over more complicated dangerous configurations). In
what follows, to simplify the treatment, we shall assume that
¥4I, K )is a collective 1p14 state. The process of creation of
a collective state as a result of the reaction [GMR with
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¥, (J7, E'}] and the process of emission of nucleons (and, in
the general case, composite particles) is described by dia-
grams of the following form:

a) For the photonuclear reaction (y, N)

——

N

i

S

laom 7 1Zn,

where T‘un is the total vertex part (total interaction ampli-
tude) that takes the particle and hole that interact, (N, N ), to
the final npnh state (2z excitons); V, is the vertex of the
noninteracting nucleons with respect to the y field. In accor-
dance with the selection rules for the operator V,,, the predo-
minantly excited states (in the long-wavelength approxima-
tionjareJr =17,2" with T_ and T'_
b) For 4~ capture

S
in ~ e
“—:Ll:_ _@: r212n [ 2”’
17 : }

where V,, is the effective interaction Hamiltonian that leads
to .~ capture by the nucleus with transformation of a pro-
ton into a neutron (np) and emission of a neutrino (¥). In the
reaction, isobar analogs of the isospin or spin—isospin reson-
ances of the final nucleus are excited. There are similar dia-
grams for (e, '), (7™, ¥), and inelastic scattering of light ions
(a<4). In the diagrams, the total vertex r 22, 16 the symme-
trized sum of the Feynman diagrams that begin and end with
an interaction event, and it is determined by the system of
equations that are considered in the microscopic theory of
pre-equilibrium nuclear reactions. [see (40) and (42)]. Tt fol-
lows from (23) that the integrated secondary-particle emis-
sion spectrum determined by statistical multistage com-
pound processes in reactions with excitation of giant
multipole resonances is described by the expression

dgglfrCP ﬂb (_f:r[, Eﬂ: Sb) l: I‘[ b-wc J;r[ Frr)
Todes _{E N EA The U, Ea)
Ty (Ja, Eq) ] T, (I, Eq, &) e
T Te(n, Ey) Iy {dm, Ey) } a (Jm, Ep),

where oS™®(Jwr, E,)is the cross section for the production of
the compound nucleus as a result of the given reaction in the
doorway collective state i, (Jmr, E, ), and E, is the excitation
energy. For the .~ and 7~ capture reactions, o§™" must be
replaced, respectively, by the 4~ capture probabllity Ao
and by the probability of radiative 7~ capture: A {(J; — J,).
The relaxation width of the doorway state i, is determined
by the expression

(] de Jm, E) | I, |zf;2mh
X (U, Eg) ) ) py 202k, By,

Ty (Jn, E,) =

The width of the decay of the doorway state ¢4 to the contin-
uum with emission of a species-b particle, I" }(Jr, E,, &,),
can be calculated in accordance with the usual expressions of
R-matrix theory, and I'!,(Jm, E,, &), I ;(Jm, E,), and
I, (Jm, E,) are determined by the usual expressions of the
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microscopic theory of pre-equilibrium decay. Thus, in the
generalized GMR model based on the simultaneous use of
the quasiparticle-phonon model of the nucleus (calculation
of 14 on a restricted basis of “‘dangerous” configurations)
and the microscopic model of pre-equilibrium decay (statis-
tical allowance for the more complicated configurations
2p2h, 3p3h, etc.) one of the possibilities of taking into ac-
count the complete space of admissible complicated states is
realized.

In the generalized GMR model, all possible complicat-
ed configurations are divided into two groups®: the group of
dangerous configurations and the group of “statistical” con-
figurations. The statistical group of complicated configura-
tions is characterized by the following features: 1) the total
density of states is high, p (E )>1; 2) there is strong overlap-
ping between the states, i.e., I, »D,_; >D,; 3] the cou-
pling matrix elements (|7 y-|?) are effectively small; 4)
Py (E)ppn E ). N <+2gE, . Itis this group of complicated
configurations that determines the irreversiole nature of the
multistage relaxation process (pre-equilibrium decay of the
doorway state 14 ). The dangerous configurations do not sa-
tisfy the conditions of the statistical approach, and they re-
quire a special treatment in the framework of the shell model
with allowance for the residual interaction. The spectrum of
the states {4, } is found by diagonalizing the matrix of the
residual interaction in the configuration space of the “dan-
gerous” configurations (of the types Iplh, I1plh

+ phonon, phonon + phonon, etc.). The structure of the
spectrum of doorway states {#, | determines the intermedi-
ate structure of the giant multipole resonance (the fragmen-
tation of the collective 1p14 state over the dangerous compli-
cated configurations). The generalized GMR model makes it
possible to take into account the specific nature of the collec-
tive doorway states in intranuclear transformations of the
compound system, and it is possible to describe all the most
important stages in the decay of giant resonances—the di-
rect, pre-equilibrinm, and equilibrium mechanisms of secon-
dary-particle emission—in the framework of a unified ap-
proach.

Concrete examples of calculations of emission spectrain the
framework of the model of pre-equilibrium decay

Photonuclear Reactions. a) In the method of phenomen-
ological kinetic master equations the photoneutron spectra
were calculated at bremsstrahlung energy £ 7" = 20 MeV
and E 7™ = 14 MeV using the expressions of the equidistant
model for the densities of the exciton states in Ref. 40. The
specific features of the photonuclear reactions due to the
collectivization of the nuclear dipole-excitation levels were
taken into account by the introduction of a modified density
of 1p1A states. For all the considered nuclei and energies in
Ref. 40, the contribution of the pre-equilibrium processes in
the spectrum of the emitted neutrons reaches about 20%.
Moreover, only allowance for the coherent nature of the
photoabsorption reaction makes it possible to explain quan-
titatively the hard part of the photoneutron spectrum (the
structural features).

b) In the framework of the combined description of the
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photonucleon spectra based on simultaneous use of the shell
model and the phenomenological exciton model of pre-equi-
librium decay the predictions of the model were tested for
the example of the *°Ca nucleus.?” The wave function of the
state of the giant dipole resonance was chosen in the form

WGDR= Dipy ((Dipy | Digo)) 2,
where 1/, is the shell wave function of the nuclear ground
state, and D is the operator of the electric dipole moment.
The process of nuclear relaxation was described by means of
phenomenological kinetic equations (balance equations),
and the densities of the exciton states were calculated in ac-
cordance with the expressions obtained in the equidistant
model. The mean-square matrix element (|7 |*),, was ex-
tracted from data on the GDR widths. Overall, the agree-
ment between the theory and experiment is satisfactory,
which indicates that the combined computational scheme of
the model of pre-equilibrium decay is correct. The discre-
pancies are due mainly to the use of unrealistic densities and
a Ygpr without allowance for fragmentation. In the exam-
ples given above, the pre-equilibrium emission was analyzed
in the framework of the exciton model, which is strictly valid
only for dE> W, .

¢) In Ref. 38, the energy spectra of the photonucleons
were investigated for two giant-resonance branches
(T.=Tyand T, =T,+ 1, where T, is the ground-state
isospin of the initial nucleus) in the framework of the gener-
alized GMR model on the basis of the microscopic theory of
pre-equilibrium reactions. The first stage of the reaction was
described by the wave function i, obtained by diagonalizing
the matrix on the basis of 1plA configurations and the dan-
gerous configurations (1p14 -+ phonons).

Figure 8 shows as an example the results of calculations
of the photoproton spectrum in the 1p 1A approximation and
the spectrum of pre-equilibrium emission of photoprotons
with allowance for 2p2h configurations and the evaporation
stage (71) for the °°Zr nucleus.

Thus, the actual numerical calculations made for the
giant dipole resonance E 1(7"_ and T, ) and the comparison
of them with experiment confirm the validity of the general-
ized GMR model, which makes it possible to explain in a
unified microscopic approach not only the intermediate
structure of the E 1 resonance but also the energy spectra of
photonucleon emission.

5 10 15 g5, MeV

FIG. 8. Spectrum of photoprotons from **Zr: a) 1p1/ approximation (T _

and 7', ); b) with allowance for 2p24 states (T_ and T, ) and the evapora-
tion stage (7). The continuous curve represents the experiment.
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i~ and 7~ Capture Reactions. The specific feature of
these reactions is that the transition takes place predomin-
antly with production of the daughter nucleus in, not the
ground, but excited states, which are isospin analogs of the
giant resonances of the target nucleus. The actual investiga-
tion of the emission spectra of the secondary particles for 7~
capture*’ demonstrates the importance of taking into ac-
count the multistage emission process. It follows from the
calculations that the main contribution is made by the equi-
librium emission mechanism. When the nucleon emission
for 7~ capture s treated in the framework of the model of an
intranuclear cascade, the spectra are described better in the
high-energy region.*?

The current application of the model of pre-equilibrium
decay (in various modifications) to the description of a large
class of nuclear reactions of the type(y, N ), (e, ¢’), and £~ and
7~ capture indicates the importance of the nonequilibrium
approach, which makes it possible to obtain interesting
quantitative information about the structure of the interme-
diate states and the multistage secondary-particle emission
mechanism. At the same time, it should be noted that a con-
sistent and quantitative description of the intermediate
structure and decay of giant multipole resonances is possible
only in the framework of the unified microscopic approach
based on the quantum theory of pre-equilibrium nuclear re-
actions; this is particularly important in the analysis of ex-
perimental data with energy resolution AE < 100 keV.

CONCLUSIONS

The microscopic models of pre-equilibrium processes
considered in the present review on the basis of the unified
theory of nuclear reactions (SMDP + SMCP formalism)
make it possible to describe different reaction mechanisms
for a wide range of energies, nuclei, and produced particles
when the number of open channels and intermediate states is
large. The practical possibility of calculations in the analysis
of statistical multistage processes can serve as a criterion for
the actual applicability of the SMDP + SMCP formalism
for concrete calculations in, for example, the framework of
the DWUCK program aimed at studying individual aspects
of the physics of pre-equilibrium processes. Particularly at-
tractive are the variants of the unified theory of nuclear reac-
tions in the framework of which it is possible to find felici-
tous simplifications permitting quantitative description of
varied experimental material. The most difficult and impor-
tant problem that arises in the description of pre-equilibrium
processes with the participation of composite particle clus-
ters is the analysis of the mechanisms of formation of the
composite particle in the intermediate states and in the exit
channel, and also the correct choice of the densities of the
bound and unbound states of the intermediate and final nu-
cleus, the mean-square interaction matrix element coupling
the different quasiparticle-phonon configurations, the opti-
cal potential that describes the relative motion of the frag-
ments, etc. At the present time it is clearly necessary to im-
prove further the computational formalism in order to
achieve a more complete and systematic description of the
mechanisms of pre-equilibrium nuclear reactions.
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