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The current status of research on nuclear reactions induced by light and semiheavy ions of
energy up to 10 MeV/nucleon on light and intermediate nuclei by measurement of the angular
correlation functions of the final products is reviewed. The principal theoretical and

experimental studies on particle—particle correlations carried out in recent years are analyzed.
The methods of calculating the angular correlation functions and the spin tensors of the
reaction-product density matrix for reactions involving excited states using the distorted-wave
method with finite interaction range and the modified compound-nucleus model are

described. The @—d and a—t correlations in reactions involving %Li and N ions are analyzed.
The highly excited a-cluster states in '2C, 160, ?°Ne, and 2*Mg are studied. The polarization
tensors of the ®Li nucleus in the 3 state are calculated and compared with experiment.

It is shown that the particle—particle angular correlation functions and the polarization tensors
can provide unique information about the reaction mechanism and about the structure of

the wave functions of highly excited nuclear states, including the nature of the radial dependence
in the interior of the nucleus and the optical interaction potentials in the entrance and exit
reaction channels, and so on. This review can be useful for both theoreticians and experimentalists
working on the physics of nuclear reactions involving particles of moderate energy.
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1. INTRODUCTION

According to quantum mechanics, the wave function of
a particle with spin I depends on the spin variable: the pro-
jection M; of the spin on the specified quantization axis z,
which can take 2/+1 discrete values. For an unperturbed
nuclear system the substates with various M; are uniformly
populated, and the spatial orientation of the spin is isotropic.
Nuclear systems in which the spatial orientation of the par-
ticle spins is not isotropic are termed oriented.

In a collision of particles possessing spins, the interac-
tion is in general noncentral, i.e., it depends on the relative
orientation of the spins and on the relative separation vector.
Therefore, nuclear reaction products whose spatial distribu-
tion is anisotropic are oriented systems, and the nuclear re-
action itself plays the role of a ‘‘polarizer.”’ In particular, if
the mechanism for final-particle formation is different from
statistical evaporation from a state of thermodynamical equi-
librium, the final nucleus (which possesses nonzero spin) is
oriented, and the populations of the substates with different
M are nonuniform. If the final nucleus is formed in an ex-
cited state, its decay is also anisotropic. Then the angular
distribution of the decay products will be determined by the
probability for populating the various substates of the final
nucleus, i.e., by the nuclear spin orientation.

On the other hand, the study of the angular dependence
of the populations of the various substates makes it possible
to identify the reaction mechanisms, because different
mechanisms are manifested to different degrees depending
on the emission angle of the final particle, and this is re-
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flected in the angular dependence of the population of the
various substates.

A popular method of obtaining information about the
properties of oriented systems is the study of the angular
correlation functions of the reaction products. This method
has been used to obtain valuable experimental data on the
properties of nuclei and their excited states, on nuclear inter-
actions, and on nuclear reaction mechanisms.

The analysis of all types of angular correlation involves
the use of a theoretical technique based on the spin density
matrix developed in Refs. 1-3 and described in greatest de-
tail in the review by Goldfarb.* Many questions related to the
study of polarization phenomena in nuclear reactions are dis-
cussed in Ref. 5. A recent monograph® proposes and theo-
retically justifies a method of determining the spin character-
istics of nuclear states based on measurement of the particle—
reaction-product angular correlation functions and the
radiation emitted by the nucleus in an excited state measured
in various planes.

The study of correlations of the particle—particle type
historically began with quasielastic knockout reactions
A(p,2p)B* (Ref. 7) on light nuclei at incident proton ener-
gies of 150-200 MeV. The momentum distributions and ex-
citation spectra of the final nuclei in these reactions were
described theoretically by Balashov ef al.® The further ex-
perimental and theoretical study of (a,ax) reactions in the
quasielastic kinematics made it possible to study the cluster-
ing of light nuclei.® A detailed analysis of the experimental
data on such reactions can be found in Ref. 10.

The interesting regularities in the angular correlations of
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the final particles from reactions induced by lithium ions and
a particles (decay products of the excited state of the final
nucleus) have been studied by Ogloblin, Goldberg et al -1
The analysis of these data showed that the study of angular
correlations in direct a-transfer reactions can be used to de-
termine both the spin characteristics of high-lying excited
a-cluster states, and the parameters of the nuclear interaction
potentials in the excited state.

The study of the angular correlations in multinucleon
transfer reactions'*!% opens up new possibilities in the study
of quasimolecular nuclear states with high spin, the more
detailed study of the mechanisms of such reactions, and of
the structure and spectroscopy of excited states containing
2« and 3« clusters.

A very important problem is the experimental and theo-
retical study of the polarization tensors of excited nuclear
states, whose angular distributions can be obtained directly
from the experimental angular correlation functions mea-
sured under special kinematical conditions. The method of
reconstructing the complete nuclear spin density matrix pro-
posed and realized at the Institute of Nuclear Physics, Mos-
cow State University!’~!? by studying the particle—7y angular
correlation functions has allowed the detailed investigation
of the orientational characteristics of the lowest excited states
of the 2C, 10, 328, etc., nuclei.?>~%* Similar techniques for
reconstructing the components of the polarization tensors of
excited states of light nuclei in studying the particle—particle
angular correlation functions have been used in Refs. 24 and
25.

In this review we give a detailed discussion of the prob-
lems associated with analyzing the recent results of experi-
mental and theoretical studies of particle—particle angular
correlations. We use them to study the properties of oriented
systems and high-lying cluster states and their production
mechanisms.

2. THE SPIN DENSITY MATRIX AND ITS SPIN
TENSORS IN BINARY NUCLEAR REACTIONS

We shall analyze the differential cross sections and an-
gular correlation functions in reactions involving light and
semiheavy ions, using the general theory of angular
correlations*'*?* in terms of the spin density matrix
pi(M f,M}) of the nuclear state with spin /; and its spin
tensors py,(Is). The density matrix, which was first intro-
duced into theoretical physics by Landau, allows the analytic
construction of general expressions, the calculation of the
expectation value of any physical quantity, and the unique
description of both completely and incompletely defined
quantum-mechanical states. The concept of the density ma-
trix has been developed by many authors; here we shall refer
to the fundamental monographs of Refs. 25 and 26.

The spin density matrix, or the density matrix in spin
variables, characterizes the orientational characteristics of a
system and can be obtained from the complete wave function
W¥,(r,M) of a system of spin / by integration over the radial
variable:

p,(M,M’)=f d*r| W (r,M" )V (r,M)|. (1)
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The diagonal elements of the spin density matrix give the
probability that the system is found in a state with a given
spin projection M, i.e., these elements determine the orien-
tation of the system in spin space. The sum of the diagonal
elements is given by the normalization condition:

Tr p(M,M)=1. (2
In a nonoriented system all the spin states are populated
with equal probability:

’ JMMI

The spin tensors of the density matrix are more conve-
nient than the spin density matrix for practical applications.
Using the fact that the elements of the spin density matrix
transform under rotations of the coordinate system like the
direct product of two irreducible representations of the rota-
tion group, we can define the spin tensors of the density
matrix as

pelI)=\2I 1 3 (— 1)l My

MM g

where O<k<21f and x=—k,...,+k.

The spin tensors py, () transform as an irreducible rep-
resentation of the three-dimensional rotation group and are
therefore irreducible tensors of rank k. The inverse relation

pr (Mg M= 21+ 1) 713 (— D)
x

X (LM~ M k) pisd 1) ©)

implies that the spin tensors of the density matrix are the
coefficients of the expansion of the density matrix in a com-
plete set of irreducible tensor operators. Equation (5) leads to
an important property of the monopole spin tensor:

Tr p/(M¢,M})=poo, (6)

which for the normalization condition (2) is equal to unity.

Let us consider a binary nuclear reaction a(1,) +A(I,)
—B*(Iy)+b(l,), with an excited nucleus B* and a particle
b formed in the final state. For this reaction the relation
between the spin density matrices of the system before the
collision p; and after the collision p; is determined, like that
between the initial and final wave functions of the system,
using the operator amplitude of the reaction or the operator
Tz for the transition of the initial system a+A in the state
|i) to the final system b+ B* in the state |f):

pr=(Tip:T5})- ™

In the initial state the nuclei are independent, and so the
density matrix of the system before the collision p; factorizes
into two pieces. In the density matrix of the final system we
isolate the spin density matrix of the final nucleus B* and
average over the spin projections of the initial nuclei and the
emitted particle. Then the spin density matrix of the nucleus
B* is given by
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Plf(Mf,M}sz)= 2 pla(Ma ’M(’;)

MM MM M M,

Xpr, (M M) Tify m,m1,m (25)

f
xTZ‘f,M;MAM;,M}(Qb)’ (8)
where Ty _u, Mbe(Qb) is the transition matrix element in
the reaction A(a,b)B*, M,, M, and M, are the spin pro-
jections of the nuclei a, A, and b, and p; (M,,M;) and
p1,(M4,M}) are the spin density matrices of the incident
particles and the nuclear target.

If the density matrices of the incident particle
p1,(M,,M,) and the target nucleus p; (M, ,M}) satisfy the
normalization condition (2), the density matrix (8) is normal-
ized to the differential cross section:

do

Tr pr (Mg, M, Q) =~ )

Since in the case of unpolarized incident particles and targets
the spin density matrices of the initial nuclei are diagonal,
according to (3), in this case the spin density matrix of the
nucleus B* in the state with spin I, and projection M is
defined as

1
(20, +1)(2I,+1)

x X

M MMM,

plf(vaM} va) -

Tig.m M ot m ()

XT (10)

?},MGMAM;M}(Q”)’

It follows from Egs. (8) and (10) that the spin density
matrix of the nucleus B* produced in the nuclear reaction
contains information not only about the spin state of this
nucleus, but also about the entire nuclear reaction as a whole.
In general, by using the density matrix it is possible to obtain
the expectation value of any physical observable and to cal-
culate the various characteristics of a nuclear reaction. The
differential cross section of a reaction, which is what is stud-
ied traditionally and involves averaging over the spin projec-
tions of all the nuclei participating in the reaction, represents
only one, the first, element of the spin tensors of the density
matrix. The elements of the spin tensors of the density matrix
different from pg, are not simply additional angular distribu-
tions; they are qualitatively new reaction characteristics.
They are determined by the incoherent addition of reaction
amplitudes depending on the spins and spin projections, and
include the phase dependences of the amplitudes and their
interference, and so are more sensitive to the reaction mecha-
nism and the nuclear structure than are the differential cross
sections. It is therefore important to study experimentally the
spin tensors of the density matrix and to interpret them theo-
retically using various nuclear reaction models. In the fol-
lowing sections we shall discuss methods of experimentally
and theoretically determining the components of the spin
tensors of the density matrix in nuclear reactions.
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3. METHODS OF CALCULATING THE
PARTICLE-PARTICLE ANGULAR CORRELATION
FUNCTIONS

Information about the properties of oriented systems
produced in nuclear reactions and about the spin tensors of
the density matrix of an excited nucleus can be obtained by
studying the angular correlation functions of the reaction
products. Here the nuclear reaction itself plays a dual role:
on the one hand, it can act as the polarizer of the final par-
ticles and nuclei, and, on the other, it can act as the analyzer
of the polarization of the incident particles.

The general formalism for calculating the angular corre-
lation functions (ACFs) and the polarization* has been used
to analyze various reactions. In reactions involving light par-
ticles, specific theoretical models of the angular correlations
have been developed for the quasielastic knockout
mechanism,>® in the model of compound-nucleus
formation,?’ and in the distorted-wave method.?® The general
formalism for calculating the ACFs has begun to be used for
analyzing nuclear reactions involving complex particles and
semiheavy ions (®’Li, '2C, N, and so on), a-transfer reac-
tions, and multinucleon exchange reactions as theoretical
models and methods for calculating the matrix element of the
transition operator in such reactions have been
developed.”'30

Another aspect of studying angular correlations is the
experimental techniques for the direct reconstruction of the
components of the spin tensors of the density matrix or the
polarization tensors from the data on angular correlations. It
is well known that this requires that the number of param-
eters of the ACFs be at least equal to the number of recon-
structed components of the spin tensor; in particular, mea-
surements of the ACFs in several radiation emission planes
relative to the reaction plane are needed. A detailed discus-
sion of this problem can be found in Ref. 6, where a method
proposed by the authors for reconstructing the complete spin
density matrix of an excited nucleus based on measurement
of the particle—7y angular correlation function in various y
detection planes is justifed. Experimental techniques for re-
constructing the polarization tensors of excited states of light
nuclei in measurements of the particle—particle angular cor-
relation function in reactions involving light particles have
recently been developed in several laboratories abroad.?>?3
In these cases it is possible to perform a direct theoretical
analysis of the experimental angular dependences of the spin
tensors in various nuclear reaction models.

Let us consider the two-stage nuclear reaction a(/,)
+A(I)—B*()+b(1,), B¥(I;)—C*(Iy)+c(I,), and de-
fine the angular correlation function W ({2, ,(},) as the prob-
ability for the simultaneous detection of particle b in the
direction (), and the emission of particle ¢ in the direction
Q.. According to the general formalism,* the angular corre-
lation function W(Q,,(},) is defined as the probability that
the final system B* (1) — C*(Iy)+ c(I,) with density matrix
P, will be recorded by an ideal detector characterized by
efficiency matrix & ,f(QC Q)

W(Q,,00=Tr(p; ). (11)
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The ideal detector must satisfy the following require-
ments:

1. The sensitivity of the detector to any particular char-
acteristic of the recorded particle does not depend on the
sensitivity to another characteristic.

2. The detector efficiency is independent of the particle
energy.

3. The detector records particles ¢ moving in a strictly
defined direction.

Let us introduce spin efficiency tensors analogous to the
spin tensors of the density matrix:

exll)= QLA™ 2 (= 1) M1 M
MM

"Mflk">31f(Mf’M})- (12)

Using Egs. (5), (11), and (12), the angular correlation func-
tion W(Q,,Q,) can be written as*

W(nb,nc)=§ prexIPet ). (13)

Detailed descriptions of the methods of calculating the
detector efficiency matrix and its spin tensors can be found
in the literature.>** Here we shall briefly mention only the
main features and give the specific form of the spin effi-
ciency tensors in the case of the emission of a particle pos-
sessing spin.

The efficiency matrix of an ideal detector describes the
system C(Iy)+c(I,) produced as a result of the decay of a
nucleus B* in an excited state I}‘ . The decaying system can
be characterized by the following angular-momentum addi-
tion scheme:

I=I+L+L=S+L, (14)

where L is the orbital angular momentum of the relative
motion of the decay products, and S is the channel spin.
According to the definition of an ideal detector in Sec. 1, the
efficiency tensor for recording the final system can be fac-
torized into two components containing the spin and spatial
efficiency tensors. The spin efficiency tensors can, in turn, be
factorized into the efficiency tensors for recording the re-
sidual nucleus C and the radiation c:

ek”(lolz(S)L:If;Iolz(sl)L’:If)

-3

Eiegag(S>S" )8k, (L, L W ksnsky | kx)

kgrskpxy
s L Iy

x| 8" L' If}, (15)
ks k. k

where

Exgugdol2(S):Iol2(S")= 2 &youy(lo.lo)
koxgkp;

X &k, x,(I2:12)

X (koxoko 25| ksos)
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I, I, S
|1, 1, s
ko ky kg

The spatial part of the efficiency matrix can be expressed
in terms of angular-momentum eigenfunctions:

8(L’nL ,L’m;‘) = thL(Qc)YL’mi(Qc)'

Accordingly, for the spatial tensor or the angular efficiency
we obtain the expression

ekL,,L(L,L’)=DZ’;O(QC)CkLO(L,L'), (16)
where
DL (Q)=(4m/(2k+1)¥ , (Q)

are the matrices of finite rotations, and

VQ2L+1)(2L'+1)
4

Cio(L.L")=(=1)* (LOL'0;k,0)

are the parameters of the angular efficiency of detecting the
radiation.

When the spin states of the residual nucleus C and the
radiation are not fixed, their spin efficiency tensors are

Exyx,(T0:10) =(2Ip+ 1) 6 00 0,
81y, (I2,12) =(2I3+ 1) 65,06 0-

In this simple case the efficiency tensor (15) takes the
form

2L+ DL +1)
(2k+1)(21,+1)

el =(2U+1) 2 (— 1S
SLL'

X(LOL'O|kOYW(LIL'I;:Sk)YE(Q,). (17)

Let us also give a special case of Eq. (17), when the spin
I, of particle ¢ is zero, and the nucleus C is produced in the
ground state with spin /,=0. These conditions are satisfied
in the decay of excited a-cluster nuclear states into an «
particle and a residual nucleus in the ground state. Then g,
takes the form

er(I)=(— 1721+ 1)(47(2k
+1)) " YX101,0|k0)Y§,(Q,). (18)

If the spin tensors of the efficiency matrix are expressed
as (17), the angular correlation function (13) takes the form

V2I,+1

(21, +1)(2I,+1)

W(Qb 9‘Q’c) =

X > (- l)lfY;kaf(Qb)YIfo(Q'c)
MfM}

x >

| T2 (19)
MaMAMb
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In more general cases the ACFs must be calculated from
Eq. (13), using the specific expressions for the spin tensors
of the density matrix and the spin efficiency.

Therefore, the theoretical interpretation of the ACFs de-
pends on the physical model used to obtain the expression
for the transition matrix element T';s.

Next we shall consider methods of calculating the angu-
lar correlation functions and the spin tensors of the density
matrix in two complementary nuclear reaction models: the
distorted-wave method with finite interaction range (EFR
DWBA) and the modified model of compound-nucleus for-
mation.

4. METHODS OF THEORETICALLY ANALYZING THE
SPIN TENSORS OF THE DENSITY MATRIX

4.1. Formalism for calculating the spin tensors of the
density matrix using the distorted-wave method
with finite interaction range

The main features of this method are described in Refs.
31 and 32. Its three- and four-body approximations taking
into account the cluster spectroscopy of light nuclei are dis-
cussed in Refs. 33 and 34.

In the distorted-wave method with finite interaction
range (EFR DWBA) the matrix element of the transition
operator between the initial and final states of the reaction is
given by

M'f=J fdradrbx(_)(kbrb)<\PBq’b|VI\I’A\I’a>X(+)(kara)’
(20)

where y~(kr) are the distorted waves in the entrance and
exit reaction channels, and ¥, ¥,, ¥,, and ¥, are the
internal wave functions of the corresponding nuclei.

In the EFR DWBA the matrix element (20) of the
nuclear reaction A(a,b)B* is written in the three-body ap-
proximation. Therefore, the reaction mechanism is deter-
mined by the splitting of the nuclear system into clusters
with their spatial locations taken into account. Accordingly,
we shall refer to mechanisms associated with dissociation of
the incident particle a— b +x(B— A +x) as direct processes,
and mechanisms associated with dissociation of the target
nucleus A—»b+X(B—a+X) as exchange processes. Since
in the three-body approximation direct and exchange pro-
cesses correspond to different cluster splittings, their matrix
elements must be added incoherently, and the replacement of
A by a and the angle 6, in the center-of-mass frame by the
angle 7 — @, must be formally distinguished.

In the matrix element (20) the potential V contains two
terms. For direct processes it is the sum of the interaction
potential of the clusters x and b in the incident particle a (the
cluster stripping or pickup mechanism) and the potential for
the virtual scattering of particle 4 on the nucleus A (the
heavy-substitution mechanism). For exchange processes it is
the sum of the interaction potential of the clusters b and X in
the initial nucleus A (the heavy-stripping or heavy-pickup
mechanism) and the potential for the virtual scattering of
particles a and b (the substitution mechanism).
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To calculate the matrix element for exchange processes,
we shall use the following angular-momentum addition
rules:

;=K1+1&2, il=A1+iX’ i2=1&2+ix, 21

where [ is the transferred angular momentum, A; and A, are
the orbital angular momenta, and /; and I, are the total an-
gular momenta of the relative motion of the nuclei a+X in
the final nucleus B and b+X in the target nucleus A.
Finally, we write the matrix element of the reaction
A(a,b)B in the EFR DWBA for exchange proceses as

TiAQp)= 2

1M I M|IM
11M112M2<a atl llf f)

XM LMo 1M ) (21, + 1) (21 + 1)

X X, i M1, — M1 M |Im))

Im,;

x >

A AqIxEy

(_ 1)A1+A2

X O A 11,1 Bima A 1,2, (D25). (22

533

Here Oin A 1, 1,0 E is the structure factor,”” containing

information about the reduced widths A;;;’,;X ;}:,;X
of the decay of the nuclei B and A via the channels a +X and
b+X, respectively. The kinematical factors
Bima A, 1,E,(§)p) are the overlap integrals of the incoming
and outgoing ‘‘distorted’’ waves, the wave functions of the
relative motion, and the interaction potential, and contain
essential information about the reaction mechanism.

Combining Egs. (4), (10), and (22), for the spin tensors
of the density matrix of the nucleus in the state /; in the EFR
DWBA we obtain

and A

oy 2l 1 Ky
Pl 0= 3 T, £,

X X (=Dt lay(1 11 1k)((21,+1)
I

X(2Ii+1))l/2 2 (_1)l+l’+m;

’ ’
Wmm,;

X(lmlll_mlllk%>W(llxl'Ii I2k)((2l+ 1)

X2U'+1)”2 >

Oin A1, L1 O aiair

AIAZIXEX 1°72°1°2°x
AJAjIxEy
*
X BIm,AIAZIXEX(Qb)B[rm"A{Aél)'(E)'((Qb)- (23)

In the special case considered above, where the excited
level of the nucleus B* decays with the emission of an «
particle, the angular correlation function (19) in the EFR
DWBA for the direct a-transfer mechanism (cluster strip-
ping) takes the form
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W(Q,.0,)= \/21f+1 2 y
ba2te —(2IA+1) I,MyM 4 Mf If'ZMZMAMf
2
X(Q)Y1 0 ()| (24)
where

My 1, mym,0m () =12M1 (IaM AL M| TM )

1

X2+ 1)~ 221, + 1)~ 12

X% iI,— Mol M\ |Im )
1

I+A,+A
X 2 (—1)i*h 2018 A1, 1,1,
Ay

X Bima a1 £ ().

The EFR DWBA has been realized computationally in a
number of codes*>7~61# which can be used to calculate the
differential cross sections of one- and multinucleon transfer
reactions. Let us briefly discuss the OLYMP-5 code (Ref.
41). This code, which realizes the EFR DWBA most system-
atically, allows the calculation of not only the differential
cross sections of multinucleon transfer reactions, but also the
spin tensors of the density matrix and the polarization tensors
of the excited nucleus, the angular correlation functions, and
the populations of the magnetic sublevels of excited states of
the final nucleus. The reaction matrix element includes all
four single-stage reaction mechanisms pertaining to direct
and exchange processes. According to Eq. (22), in the matrix
element for exchange processes it is possible to sum coher-
ently over the different angular momenta A | and A, of the
relative motion, which corresponds to the inclusion of ex-
cited states of the intermediate nucleus.

The OLYMP-5 code can be used to analyze reactions
involving semiheavy ions in which high-lying quasistation-
ary states are formed. Therefore, the numerical procedure for
finding the bound-state wave functions usually used in EFR
DWBA codes is modified in the OLYMP-5 code. In Sec. 5.2
below we shall discuss a method of finding wave functions
of the Gamow type describing quasistationary states with
positive binding energy and nonzero decay width.

It is known that reactions induced by semiheavy ions
with the formation of strongly excited high-lying states must
be peripheral, since semiheavy ions of relatively low energy
cannot penetrate deeply inside the nucleus. As noted above,
the specific features of calculations in the EFR DWBA are
associated with calculations of the kinematical factors
Bim A A1, () (Refs. 34 and 60). In particular, the kine-
matical factors contain sums, over the partial orbital angular
momenta L, and L, of the entrance and exit channels, of
double radial overlap integrals of partial distorted waves and
nuclear form factors. The correct calculation of the radial
integrals at the nuclear periphery reflecting the features of
the interaction of semiheavy ions is ensured by the correct
asymptote of the Gamow wave functions. However, in the
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interior of the nucleus for r—0 the rate of falloff of the wave
functions of the relative motion of the clusters in the excited
nucleus often does not correspond to the actual interaction
process of semiheavy ions. As a result, when a numerical
procedure is used to find the wave functions of quasibound
states, the contribution of the interior of the nucleus to the
radial integral can be overestimated. One way to correct this
in EFR DWBA calculations is to cut off the sum over the
partial orbital angular momenta L, and L, in the entrance
and exit channels at small L, i.e., to introduce a parameter
L in- As will be shown below when we discuss the actual
results, the use of a cutoff in L leads to agreement between
the calculations and the experimental data not only when
studying the interaction of the semiheavy ions '2C and !N,
but also when studying the polarization tensor of the light
nucleus SLi.

4.2. The formalism of calculating the spin tensors of
the density matrix in the modified compound-
nucleus model

The model of a nuclear reaction occurring via the stage
of compound-nucleus formation is based on the idea that the
two processes, formation and decay of the compound
nucleus, are independent of each other. It is assumed that the
incident particle energy is distributed according to the laws
of statistical mechanics over all the nuclear degrees of free-
dom, i.e., that thermodynamical equilibrium is established in
the system. When the reaction is induced by particles of
sufficiently high energy, the excited levels of the compound
nucleus will lie in the continuum. The features of reactions
occurring with the formation of a compound nucleus in the
continuum are to a large extent determined by the fact that
the compound nucleus decays in a very large number of dif-
ferent ways. The statistical theory first developed in Refs.
35-37, called the Hauser—Feshbach formalism, successfully
describes the cross sections for such reactions, which are
characterized by a smooth, nonresonance energy depen-
dence.

The calculation of the cross section for the reaction
A(a,b)B in the approximation of the statistical model re-
duces to the calculation of the transmission coefficients Tf,c
of the various channels, defined as the ratio of the number of
particles passing through the nuclear barrier into the interior
of the nucleus to the number of incident particles.

The scheme for calculating reaction cross sections in the
Hauser—Feshbach formalism has been realized in a number
of computer codes such as STATIC (Ref, 38) and HELGA
(Ref. 39). In these codes the transmission coefficients Tf,c are
calculated in the optical model neglecting the spin—orbit in-
teraction, using the S matrix of elastic scattering. The decay
probability of the compound nucleus must include all pos-
sible open channels. Calculations of this quantity usually in-
clude a limited number of the most important decay channels
(for example, up to 10 channels in the HELGA code), and
also the contribution of the continuum of the residual nuclei,
which is calculated using the expressions for the level den-
sity in various models.
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The authors of Ref. 40 proposed a version of the stan-
dard compound-nucleus model modernized in the following
ways: direct inclusion of the structure of the nuclei partici-
pating in the reaction, and inclusion of the heavy-stripping
mechanism (direct transfer of a heavy cluster from the target
nucleus to the incident particle) in calculating the transmis-
sion coeffficients T; and the spin—orbit interaction.

Let us review the derivation of the expressions for the
spin tensors of the density matrix in the modified statistical
model of the compound nucleus.

Using the fact that the reaction mechanism involving
compound-nucleus formation presupposes that the formation
and decay of the compound nucleus are independent pro-
cesses, we write the reaction matrix element as the product
of two factors, one corresponding to the formation of a qua-
sistationary state of the compound nucleus with spin /-, and
the other corresponding to its decay:

M= wclvs), (25)

where ;, ¥¢, and ¢ are the wave functions of the initial,
final, and intermediate quasistationary states.

We define the following angular-momentum addition
rules in the channel-spin representation:

i1=ia+iA, ;2=ib+i3, I‘C=il+ia=i2+ib’

where [, and [, are the orbital angular momenta of the par-
ticle relative motion in the entrance and exit channels, and 7,
and I, are the spins of the entrance and exit channels.

In this representation the wave functions take the form

‘pi=‘pA(gA) . \I’a(ga) 'X(ka ara):

W =Wp(gp) V(g x(Kp.Tp), (26)

Y= 2

(I M 14 M 4|1 M ()
nMIeMc

XM (Lgmo|IcM c) ) s 1 - ¥a(84) Wa(8a) Pra(Ta)

>

(1M yIgM g| LM ))( I, Myl ym |1 cM )
I,MyT M

X 04,5,1,* ¥B(88) ¥s(8) Pi(rp)-

These nuclear wave functions depend on the internal
variables g; ; x(k,,r;) and x(k,,r;) are the wave functions
of the relative motion (distorted waves) in the entrance and
exit reaction channels, ¢;,(r,) and ¢, (r,) are the wave
functions of the relative motion of the clusters in the bound
state, and 0,01'1,l and 01,11, are the amplitudes of the reduced
width of the decay of the compound nucleus via the channels
A+a and B+b.

Using the definition of the partial decay widths of a qua-
sistationary state and the expressions for expanding the dis-
torted waves in partial waves, let us calculate the integral
over the internal variables in the matrix element (25). This
gives the matrix element (25) in the form
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Mif=
LM\ Myl cM
Iamalbmb

(IyMyIgM g|I,M )

XM plymy| I M o)1 M I M 4|1, M )

C—B+b, C—A+
XAWMlam M)y Yo

XYIbmb( okb"Pkb)Y;:ma( 0ka9(Pka)- (27)

We choose a coordinate system such that the z axis
points along the incident particle momentum and ¢,=0.

Combining Egs. (4), (10), and (27) and performing the
necessary algebra, we obtain the following expression for the
density matrix:

plj(Mf7M})

1
T 2KA(20,41)(21,4+1) %

x 2
Loy elylylalyl)

’
Imyl" m;

(IgMplp— M|k x)

(21c+1)2

X V(21 +1)(21,+1)(21+1) (21" +1)(21,+1)(21,+1)
X (= 1)Hete™ 1o (1,01,my|Im )(1,01,my| 1" m;)
XU m) 1 = my|koeyw(I Lyl s cl) - w(l 4L T o)

X W(IBlzlglé ;Ibk)W(Ileél’ ;Ilk)Ylbmb( Hkb,())
SEMCROICT AT (28)

The density matrix p,f(M 7-M ) in (28) is determined by
only a single resonance. In the region of the quasicontinuous
spectrum, where resonances overlap strongly, it is necessary
to average the contribution of each and sum over all the
resonances in the averaging interval.

Since we are considering quasistationary states A\ of a
compound nucleus, which satisfy an exponential decay law,

the density matrix ;_),f(M M }) averaged over the energy
distribution is described by the expression

pr(Mf’M})

—_ , 1 E+AER ,
pr(Mf’Mf)z_A—E f dE’,

E—AER2 1
(E-E\)*+ 3 A}
(29)

where E, is the energy of the level A, I'y is the total width of
the level \, and E is the incident particle energy.

After summing over all the resonances in the averaging
interval, we arrive at the transmission coefficients T;f ,
which are related to the average partial width I‘ff and the
average spacing between levels D 1 as

rle
Tie=op 2L,
114 ch
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Finally, the spin tensors of the density matrix in the sta-
tistical limit of the compound-nucleus model have the form

1 VI +1

P Op) = 2K2 (21, + 1)(21,+1)

x 2

Ll

(_ 1)21C+lf_1b(21c+ 1)2

XN(2L,+ 1) 2L+ Dw( Al 11 ;1,k)

X
Imd" my 1,1 1,1,

X (21+1)(21 +1) (21,4 1)(21,+1)
XL 0Lymy|Imy)-1500,my|1"m])
X(lm,l'm,'lkx)w(lllalzlb ;Icl)W(Ill;IélL ;Icl’)

c c
ryt
Ly L

gl¢)
XPlbml( ob)PI;ml'(eb)’ (30)

Xw(Iylo L1151 ,k)

where P'b"'z( 6,) are the associated Legendre polynomials.
The denominator in (30) is referred to as the total decay

width of the compound nucleus and includes all the energeti-

cally allowed decay channels of the compound nucleus:

2+IC 12+Ib
go)=2 E

II
n I I= ; Il If"-; 1| lEf_ 22

J 1’ 1, PEFI)AEF [, (31)

where n is the number of open channels, E }" is the energy of
the excited level of the residual nucleus B, and E. is the
energy at the bottom of the continuum (the edge of the con-
tinuum).

We have written an original computer code CNCOR to
calculate the spin tensors of the density matrix, the popula-
tions of the magnetic sublevels, the angular correlation func-
tions, and the differential cross sections in the modified sta-
tistical model of the compound nucleus as applied to
reactions involving semiheavy ions.*! The most important
problems in realizing this program were the calculation of
the transmission coefficients TlC and the total decay width
gUo).

The transmission coefficients TfIC can be expressed in
terms of the elements of the scattering matrix in the entrance
and exit channels as

—|85€12. (32)

In the CNCOR code the S-matrix elements are found in the
optical model by solving the Schrodinger equation with the
corresponding complex spin—orbit potential.

The nuclear spin—orbit potential including noncentral in-
teractions has the form
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h 1 df, 1 dfs
V"<’>=(m C)[‘WTV"" rdr
m

where fi/m ¢ is the Compton wavelength of the pion, and
V; and W, are the depths of the real and imaginary parts of
the spin—orbit potential. The radial dependences f4 and f5
are chosen in the standard Woods—Saxon form. The details
of the calculation of the coefficients T;IC can be found in
Refs. 42 and 43.

The calculation of the total decay width g(/¢) requires
knowledge of the energy, spin, and parity of all the states of
the residual nucleus in all the decay channels. A compound
nucleus with spin I decaying via a certain channel can pro-
duce a nucleus whose excited levels lie both in the discrete
spectrum and in the continuum. The first term in (31) takes
into account the fraction due to levels in the discrete spec-
trum. It is easy to include this fraction after summing the
transmission coefficients over the energies of all the low-
lying discrete levels up to the energy E., the edge of the
continuum. The second term in (31) determines the total con-
tribution of all the continuum levels to the total decay width.
When integrating over the entire energy range of the con-
tinuum it is necessary to include the nonuniformity of the
level distribution in the energy range by introducing the level
density of the final nucleus p(E¥ ,I3). The integration in the
second term of (31) runs from the energy E. to E¥, the
maximum allowed excitation energy of the final nucleus, de-
fined as

Wils (33)

mg

skmax _
Ep " =Ewp—"
m,+my

+0,

where E,;, is the energy of the incident particle in the lab
frame, m, and m, are the masses of the incident particle a
and the target nucleus A, and Q is the heat of the reaction.

The value of E., the edge of the continuum, can be
determined from the appearance of a small probability for
particle emission, using tabulated experimental data on the
structure of the spectra and the decay of excited nuclear lev-
els; see, for example, Ref. 44.

The integration of the coefficients 7 in the continuum is
performed using specific expressions for the nuclear level
density. In the CNCOR code we use a model in which the
nucleus is treated as a degenerate Fermi gas. In this case the
level density of a nucleus with excitation energy E* and spin

I has the form®
1)\2
—(I+§) /20’2] p(E*),

(34)

p(E*,I)=(2I+1)-exp

where

exp(2 \/ﬁ)

12a 1/4(U)5/4(20.2)3/2 :

p(E*)=

The level density is determined by the effective excita-
tion energy and two model parameters: the level-density pa-
rameter a and the spin-dependence parameter o”>. The effec-
tive energy U is defined as

U=E*—P(Z)—P(N),
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where P(Z) and P(N) are the pairing energies of the proton
and neutron components, which have been calculated using
semiempirical atomic mass formulas and tabulated (see, for
example, Ref. 46). The spin-dependence parameter is deter-
mined by the program from the expression

02=0.1459\aU - A% (35)

for nuclei with mass number A (Refs. 47 and 48). The value
of the level-density parameter a is chosen on the basis of the
expressions proposed by Gilbert and Cameron.**8

The yrast-line cutoff in each open channel is determined
from
2

h
B (D) =[1(1+1)~K*] 5,

(36)

where K is the spin of the ground state of the residual
nucleus, F,=2mAR? is the moment of inertia of a rigid
sphere, R=r,A"> F, m is the nucleon mass in MeV, and
™" denotes the angular momentum of a rigid, spherical
rotating body at a given excitation energy EY™' given
by (36).

5. STUDY OF QUASISTATIONARY o-CLUSTER
STATES OF NUCLEI IN REACTIONS INDUCED BY ®7Li
IONS USING d—a AND t—a ANGULAR
CORRELATIONS

5.1. Experimental study of the d— « and t— « angular
correlation functions

Already 20 years ago, reactions involving the transfer of
an a-particle induced by semiheavy ions proved to be a
source of new information about the a-particle rotational
states of nuclei of the 1p and 25— 1d shells.®~>! Without
dwelling in detail on the full set of results obtained for vari-
ous types of a-transfer reactions, we shall give a general
review of the literature!>>2 and a monograph devoted to the
spectroscopic and cluster aspects of multinucleon transfer
reactions.”® We note that a-transfer reactions are directly re-
lated to cluster representations of the structure of light nuclei
and the presence of excited quasistationary states of a-cluster
nature in p- and sd-shell nuclei. Nuclear a-transfer reactions
induced by lithium ions, (°Li,d) and ("Li,?), play a special
role. It was for these ions that the exceptional selectivity in
the population of the nuclear final states was first discovered
experimentally*~>! and later repeatedly confirmed. Experi-
mental studies of the cross sections for these reactions, and
also for a-transfer reactions induced by '%0 (Ref. 54) and
1B, 123C (Ref. 55) ion beams used later on, focused mainly
on the discovery and study of the spectroscopic properties of
excited cluster states. Theoretical analysis of the results be-
came especially important, as it allowed comparison of the
spectroscopic factors obtained experimentally with the theo-
retical predictions of a given reaction model. Analyses of
this type were made possible by the development of a theo-
retical method and construction of the corresponding com-
puter programs’’~! based on the Born approximation with
distorted waves and exactly including the potentials and
sizes of the interaction region and recoil effects (the EFR
DWBA).
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Meanwhile, the study of transfer reactions coincided
with the intense development of theoretical methods of con-
structing cluster wave functions of nuclei and calculating the
cluster spectroscopic factors, such as the antisymmetrized
cluster model,®*%® the resonating-group method (RGM),%*
and methods of solving the problem of three or more
bodies.5 5

Experimental studies of a-transfer reactions induced by
S7Li ions and the theoretical analysis of the excitation cross
sections of a number of low-lying cluster states in '2C, 10,
18, and %Ne using the EFR DWBA and the compound-
nucleus model in the Hauser—Feshbach formalism were car-
ried out in Refs. 68—72. Whereas spectroscopic factors in
good agreement with each other and with the theoretical ones
from the shell model and the cluster model were obtained for
2Ne, it proved impossible to obtain consistent values for 0
(Ref. 44).

The angular distributions of the emitted particles in cases

‘where the final nucleus is formed in a highly excited state

lose the features characteristic of direct reactions—the for-
ward directivity and the oscillatory structure, and become
uninformative. A method was proposed in Ref. 11 for mea-
suring the double differential cross sections—the particle—
particle angular correlation functions. Its emphasis is in a
new direction which is more productive from the viewpoint
of the spectroscopy of highly excited a-cluster states and
study of the role of various reaction mechanisms involving
light heavy ions.'>">"™ Those authors showed that in the re-
action '2C(°Li,d)'%0*(a)'’C, the d— a angular correlation
measured in the reaction plane at small deuteron emission
angles relative to the beam direction (8,=10°) can be ap-
proximated by a simple function:

2Up+1 ,
W(04,04)= —4—— [Py (cos(6a— 6p))]%, (37

where P; is a Legendre polynomial, I; is the spin of the
excited state of 1°0, @, is the a-particle emission angle rela-
tive to the direction of the momentum of the 0 nucleus in
the rest frame of this nucleus, and 6, is the shift relative to
this direction.

Measurement of the ACFs in the reaction (°Li,d) led to
the discovery and identification in spin and parity of new
high-lying (with excitation energy E* lying between 10 and
30 MeV) a-cluster states in %0 (Ref. 11), 2’Ne (Ref. 75),
8Si (Ref. 76), 0 (Ref. 77), and 'F (Ref. 78) nuclei.

The experimental study of particle—particle correlations
in reactions induced by semiheavy ions is a very difficult
undertaking requiring a large amount of time for accumulat-
ing sufficient statistics. Therefore, the measurements which
have been carried out so far have been made in a single
emission plane, which is insufficient for reconstructing the
components of the spin tensors of the density matrix. Never-
theless, analysis of the angular correlation functions and the
differential cross sections of the corresponding reactions
gives interesting information both about the structure of low-
lying cluster states, and about the dynamics and mechanisms
of the reactions themselves.
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When deuterons are recorded at small angles relative to
the incident beam, the simple angular dependence of the
ACFs observed at various energies of the ®Li ions and for
various nuclear states indicates a preferred population of one
spin projection of the excited state of the final nucleus: m
=0. A characteristic feature of the d— a correlation func-
tions is the small, state-dependent, shift of the symmetry axis
of the ACF (37) by an angle 6, relative to the recoil direction
of the final nucleus.

The interpretation of the reaction mechanism as the di-
rect transfer of an a-particle cluster and the simple form of
the ACF provided justification for the first calculations of the
angular correlations using the DWBA for the stripping
mechanism.” The calculations showed that the shift of the
symmetry axis of the ACF (37) by the angle 6, relative to
the direction of the momentum transfer in the plane-wave
approximation can be attributed to distortions of the plane
waves in the entrance and exit reaction channels. The d— a
correlation functions for the 10.35-MeV (4 %) state produced
in the reaction 2C(°Li,d)'®0*(a)'?C have been calculated
within the EFR DWBA using the LOLA (Ref. 58) and
CORELA (Ref. 80) codes. The exact inclusion of the plane-
wave distortions and realistic potentials and wave functions
made it possible to explain the observed shift of the ACF
symmetry axis. It led to agreement with experiment and al-
lowed study of the dependence of the shift 8, on many of the
parameters of the calculation. The calculated shift of the first
maximum of the ACF relative to the direction of the momen-
tum transfer proved to be especially sensitive to changes of
the parameters of the real part of the optical potential of the
d+ %0 interaction in the exit channel, and also to the param-
eters of the wave function of the @+ '2C relative motion in
180, The ACF calculations demonstrated the discrete and
continuous ambiguities of the optical potentials known in
elastic scattering. It should be emphasized that, in contrast to
elastic scattering, analysis of the ACFs allows study of the
parameters of the optical potentials of nuclei in excited
states, and also selection of the parameters of the wave func-
tions of the relative motion of the clusters in excited nuclear
states.

However, the clear experimental picture that we have
described, which has a simple theoretical interpretation, was
spoiled by the observation of suppression of the first maxi-
mum in the @—d correlation function for the high-lying
20.9-MeV (77) level of %0 in the reaction (°Li,d) (Ref.
81). This fact stimulated extension of the studies of high-
lying a-cluster states using both d — & and ¢ — a correlations,
and also more detailed theoretical analysis using the
distorted-wave method with finite interaction range.

To better understand the dynamics of the reactions
(°Li,d) and ("Li,t) in the distorted- and plane-wave approxi-
mations, we shall follow Ref. 82 and write the amplitude
entering into (23) for the angular correlation function in the
plane-wave approximation (PWA):

PW -
M, I;}WZMAMf(Qb) _1121‘4:1 (TAM AL M\ 1M j)

X (21+ 1) 21, +1)" 12
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XFp (DA P)YR 1 (DY £, (P)-
(38)
The amplitude (38) is written in terms of the nuclear form
factors F Al(q) and A Az(p), depending on the momenta g
and p:

A y
q=kx—'§ky, p=ky—;kx. (39)

Let us consider the case where the reaction occurs on
nuclei with zero spin 7,=0, and the spin of the transferred
particle x is I,=0 (the case of direct a-particle transfer on
the nuclei '2C and '90). Owing to simplification of the ex-
pression for the structure factor Oja a,1,1,1_ (Ref. 82), the

amplitude (38) takes the form

M7 X, f(Q,,)=% (Ay— ML M Jim )(2A,+1) "2

X > (- D! 2Ly Ay — po|Imy)

Hip
XF1(@)Ar(P)YT (9)Y ppuy(P)-
(40)

Therefore, if the final particle y is emitted in the direction of
the incident beam, i.e., 8,=0°, then p;=pu,=0, and ac-
cordingly m,=0, M ;=M. Owing to the orthonormality of
the Clebsch—Gordan coefficients, for the amplitude (40) we

obtain

M7 R5(0,=0°)=(=1)"2(2A,+1)7"?

XF1(q)Ap,(P)Spy0-

In this case the simplified expression for the angular corre-
lation function (24) takes the form

WPWA(obzoo’ea)lePlf(0a)|2’

N=2 |TIR(6y= (@1

i.e., it contains the square of the Legendre polynomial of
order /7 and is independent of the angular momentum A, of
the relative motion of the nuclei at the a— b+ x vertex. This
means that the ACFs for both the (°Li,d) reaction and the
("Li,) reaction must be a polynomial in the plane-wave ap-
proximation at small deuteron or triton emission angles.
The experimental study of the t— « angular correlation
functions in the reaction '2C(’Li,t)'°0*(a)'?C at Ej;
=45 MeV carried out in Ref. 83 showed that normal poly-
nomial behavior of the ACFs is observed for the levels 20.9



Phys. Part. Nucl. 29 (2), March-April 1998

MeV (77), 16.3 MeV (67), and 14.6 MeV (57). That s,
the specific dynamics of direct a-transfer nuclear reactions is
manifested in the d —a and ¢ — a angular correlation func-
tions in the reactions (°Li,d) and ("Li,?).

The effect of distortions of the plane waves on the form
of the ACFs was also studied theoretically for ("Li,p)
reactions.*”®* The first calculations of W((Q,,Q,) taking
into account plane-wave distortions in the reaction
1%0("Li,t)*Ne*(a)'%0 at E;;=20 and 24 MeV for a series
of excited states of the 2°Ne nucleus (from 3~ to 8*; Ref.
84) showed that the effect of optical distorting potentials is
so important that even for triton emission in the direction of
the incident beam (6,=0°), and also at 6,=180°,
w(Q,,Q,) is deformed (it is observed that the maxima shift
in angle and that their relative intensity is changed), and the
calculated ¢t — a correlation function does not have the form
of squared Legendre polynomials.

In Ref. 82 we performed a theoretical study of the
t—a angular correlation functions in the reactions
2C("Li,1)'%0*(2)">C and 'O("Li,r)*’Ne*(a)'%0 for vari-
ous energies of the ’Li ion and several excited a-cluster
states of the '°0 and 2°Ne nuclei within the EFR DWBA
using the OLYMP-5 (Ref. 85) and CORELA (Ref. 80)
codes. The calculations confirmed the conclusion that the
distorting potentials strongly affect the form of the t— a cor-
relation function in ("Li,#) reactions, and also revealed that
W(Q,,Q,) depends on the "Li energy. As in the reaction
12C("Li,t)'%0*(a)'2C for the level 14.6 MeV (I;=57) at
E;;=35 MeV, the inclusion of the optical potential for the
interaction of the emitted triton with the '%0 nucleus leads to
suppression of the principal maximum of W({2,,Q,), which
appears only when the nuclear interaction is completely
switched off. A similar result was also obtained for the reac-
tion '°O("Li,r)®Ne*(a)'°0 at E;;=24 MeV for the level
10.26 MeV (I;=57) in the 20Ne nucleus, confirming the
results of Ref. 84. The calculated W((,,Q,) at 'Li
=45 MeV and ,=0° have a maximum at small angles 6,,
although the ratio and location of the ACF maxima corre-
sponds to a squared Legendre polynomial only when the
optical interaction in the exit channel is absent.

However, all these estimates of the effect of distortions
in the reactions (°Li,d) and ("Li,r) were made by assuming
that excited states of the final nuclei, the reaction products,
can be described by wave functions of the discrete spectrum
with minimum binding energy. This is permissible as a first
approximation, especially since the sensitivity of the calcu-
lation to the choice of potential parameters of such a quasi-
bound state was analyzed in Ref. 82 [the wave function of
this state was found by a numerical procedure known as the
well-depth prescription (WDP); Ref. 86]. Increase of the po-
tential radius leads to a large spatial extent of the wave func-
tion of the a+ '2C bound state, which tends to increase the
probability for particle separation, and therefore can effec-
tively model a quasistationary state.

Nevertheless, the development of methods for describing
the wave functions of high-lying quasistationary states more
correctly remains one of the crucial problems in the theoret-
ical analysis of angular correlations. Actually, in p- and
sd-shell nuclei, most of the a-particle states lie above the
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a-particle separation threshold, i.e., these states are unbound
or quasistationary. The wave functions describing such states
must have an asymptote which includes the probability for
a-particle emission, i.e., the finite width of the level to «
decay.

Cluster wave functions for unbound states with diver-
gent asymptote, the so-called Gamow wave functions, were
used in Ref. 56 for calculating the cross sections of a-
transfer reactions in the EFR DWBA. Gamow wave func-
tions were used in Ref. 78 for analyzing the angular correla-
tion functions in the (°Li,d) reaction, and by us in Ref. 87
for the '2C("Li,#) '%0*(a)'?C reaction. Next we shall briefly
describe the main features of the method of calculating the
wave functions of bound and quasistationary states.

5.2. Calculation of the wave functions of bound and
quasistationary cluster states

The following factors must be taken into account when
constructing the wave functions of the relative motion of the
clusters at the decay vertices for bound and quasistationary
nuclear states. First, the wave functions must be compatible
with the spin selection rules and the conservation laws at the
vertices, and also with the Pauli principle regarding permu-
tations of nucleons among clusters. Second, the asymptote of
the wave function must be chosen correctly, because the
transfer reactions induced by semiheavy ions of relatively
low energy mainly occur in the peripheral region of the
nucleus. Third, the spectroscopic characteristics of the
nucleus (the reduced widths of various cluster configura-
tions) must be compatible with the wave functions obtained.
In addition, the formation of highly excited states requires
inclusion of phenomena related to their instability.

Beginning with the work of Gamow®® on the theory of a
decay, the study of the various aspects and properties of
quasistationary states in nuclei has played an important role
in nuclear spectroscopy and the theory of nuclear reactions.
The analytic properties of the wave functions of quasistation-
ary states and the production and decay of unstable particles
have been studied intensively since the 1960s (Ref. 89).

Theoretical calculations of the cross sections for reac-
tions induced by lithium ijons with the formation of high-
lying a-cluster states have been performed by the distorted-
wave method with zero interaction range, using various
methods of regularizing the radial overlap integrals of the
“‘distorted’” waves and the wave functions of resonance
states. The procedure developed in Ref. 90 was used in Ref.
91 for narrow, low-lying resonances. For high-lying reso-
nances an original method of calculation was developed by
Vincent and Fortune.”

The cross sections for reactions associated with the for-
mation of highly excited a-particle levels were calculated in
Ref. 56 by introducing wave functions of the Gamow type
which are numerical solutions of the stationary Schrodinger
equation with complex energy eigenvalue.

For analyzing the angular correlations in reactions in-
volving semiheavy ions in which high-lying states are ex-
cited, it is certainly interesting to be able to find a numerical
solution of the Schrodinger equation with complex energy in
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order to obtain Gamow-type wave functions, and to construct
an algorithm for calculating the width of a narrow resonance
corresponding to a given quasistationary energy level. A
similar procedure used together with comparison of the cal-
culated and experimental widths allows the spectroscopic
factor to be obtained in a given decay channel of the quasis-
tationary state.”>** Such a solution must describe quasidis-
crete levels in the nuclear energy spectrum which satisfy the
condition that the level width is smaller than the level spac-
ing. Of course, the solution, a Gamow wave function, is
weakly divergent, and so it cannot be normalized throughout
space. However, as shown in Ref. 89, in a restricted region
of space a nonrenormalizable function always approximates
a normalized one. If it is assumed that the desired wave
function preserves its normalization in the final, sufficiently
large, volume, the upper limit on the normalization integral
can be chosen.

The basic numerical method of solving the Schrodinger
equation with complex energy is the method of the well-
depth prescription (WDP) proposed in Ref. 86. It is used as
the basis for numerically modeling the wave functions of
bound states possessing definite symmetry, satisfying given
selection rules, and having the correct asymptotic behavior.
The WDP is widely used and incorporated in most of the
contemporary computer programs for calculating the charac-
teristics of direct nuclear reactions.

Let us consider the generalization of this method to the
case of complex energy and wave functions.*"%

It is required to find the numerical solution of the Schro-
dinger equation with complex energy E=E,—iI'/2. The real
part Eg>0 determines the energy of the excited nuclear
level, and the imaginary part I is the width of this level. If
the state in question has a pronounced cluster structure, i.e.,
if the wave function describes a quasistationary state of two
nuclear clusters A and x in the nucleus B, then the energy E,
is expressed in terms of the binding energy &, of the clus-
ters A and x in the nucleus B and the energy of the excited
state Ef of the nucleus B:

Eongx-'-E;:gB—gA_gx-*_E;‘ (42)

The equation for the radial wave function u;(p) with
energy E and definite orbital angular momentum / has the
form

d’u (p) | Vn(p)  Vclp) 1(1+1)
dp? E E PX

—1|u;=0. (43)

Here we have used the notation p=kr with k&
=2mE/f, m is the reduced mass of the particles, V(p) is
the Coulomb potential corresponding to the potential of a
uniformly charged sphere of radius R (the Coulomb radius
of the nucleus),

2y
—, pP=>pc,
Velp) _

p

E 4 p
—(3——), P<pc,
p Pc
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FIG. 1. Schematic depiction of the potential, including the nuclear, Cou-
lomb, and centrifugal terms.

¥=Z,Z,e*/v is the Coulomb parameter, and Vn(p) is the
nuclear potential, which has the standard Woods—Saxon
form.

The wave function u,(p) satisfies the normalization con-
dition

1
s f p*ul(p)dp=1. , (44)

The solution of Eq. (43) must describe quasidiscrete lev-
els in the nuclear energy spectrum for which the following
condition is satisfied: the level width must be smaller than
the level spacing. Since the level width is related to the level
lifetime, a quasistationary state is characterized by a finite
(but large) lifetime, i.e., the nucleus decays with the emission
of a particle.

The potential in which the particle of mass m moves can
be depicted schematically as the nonmonotonic curve shown
in Fig. 1. In view of the characteristic behavior of the poten-
tial V(p), the entire interaction space can be divided into
three regions. The wave functions in each region have a defi-
nite form and join smoothly at the boundaries.

In the first region the wave function describes the motion
of the particle inside the potential well up to the point where
the particle is reflected from the Coulomb barrier (point PQ),
with the boundary condition u;(p)— 0 for p— 0. For small p,
uj(p) is defined as an expansion, uj(p)=p'*!. Next, the
method of iterations is used to select the width of the poten-
tial well for given geometrical parameters of the potential
V(p) such that the wave function u}(r) in region I corre-
sponds to a quantum state with given energy E, definite or-
bital angular momentum /, and a given number of nodes N
[N=3(n—1)+1, where n is the principal quantum number].
Since p is complex, the function u,(p) is also complex.

In region II, which corresponds to the particle being be-
low the Coulomb and centrifugal barrier, the solution of Eq.
(43) takes the form

. - aiti
ul(p)=e"p 7(1+§1 ﬁ) (45)

where
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FIG. 2. Comparison of the Gamow and WDP wave functions ¢,(r)
=u,(r)/r. The solid lines are the absolute values of the real parts of the
Gamow wave functions. The dashed lines are the absolute values of the
imaginary parts. The dot—dash lines are the WDP wave functions with fic-
titious binding energy £= —0.1 MeV. The parameters of the calculation are
given in Table 1.

I(+1)—(y+i)(y+i+1)
2(y+1)

Aip1= a;, ap=1.

The initial value at the outer boundary of region II, the
point PV, is determined by Eq. (45). Equation (43) is then
integrated in the reverse direction, from the point PV in the
direction of decreasing p to the point PQ. The resulting func-
tion u}l( p) is matched to the solution u}( p) at the point PQ.

In region III the particle emerges from under the poten-
tial barrier and is separated from the nucleus. Since the par-
ticle is created as a result of the decay of a quasistationary
state, the solution in this region must be described by a wave
function containing only an outgoing wave. We introduce the
notation p=pr—ipy,, and then in region III we can write
u;'(p) as

u]'(p)=[F (pr) +iG(pg)]e' MiePm.

Here Fi(pr) and G;(pg) are the regular and irregular Cou-
lomb functions, respectively, and 7; is the Coulomb phase
shift.

At the boundary of regions II and III the function u]"(p)
is matched to the corresponding value of the function u ,‘( p)-

The function u;(p) found in this manner is normalized
by the condition (44). It diverges weakly at the asymptote,
and so it cannot be normalized throughout space. However, it
can be assumed that u;(p) retains its normalization in the
final, sufficiently large volume, and the point PV can be
chosen as the upper limit of the integral in (44).

In Fig. 2 we give the radial dependences of the probabil-
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ity density of unbound, high-lying a-cluster states: the terms
of the rotational bands with K™=0% and 0~ in the '°0
nucleus for the Gamow wave functions and the wave func-
tions of the relative motion of the clusters bound with a
fictitious negative binding energy £,=—0.1 MeV. We see
from Fig. 2 that the considerable extent and magnitude of the
Gamow wave functions in the asymptotic region owing to
the inclusion of the imaginary part of the wave function,
which models the a-particle tunneling through the potential
barrier, gives a better representation of the cluster structure
of excited levels of light nuclei.

According to R-matrix theory, the a width I' of a reso-
nance state is expressed in terms of the reduced width 67 and
the penetration factor P;: I'f=2P,6?.

The reduced width is related to the spectroscopic factor
and the square of the radial part of the wave function of the
relative motion at the point r=a_, where a. is the channel
radius, as”?

2
pa.

67 =s; 7— lui(ao).

Therefore, by calculating the so-called single-cluster «
width®

2
rfx:zﬂac luac)|*2P, (46)
and comparing it to the experimental width I'**P of the reso-
nance state, we find the spectroscopic factor S; for the state
in question:

S;=Te®/T¥, (47)

After calculating the wave function in all space, the level
width T, is calculated using (46), in which the penetration
factor P;, equal to ka./(F?(a))+G(a.)), and the wave
function u,(p) are taken at r=a_, which corresponds to the
conventional boundary of the nuclear interaction region.

In computer programs the level width is usually calcu-
lated as follows. Some reasonable value I'{ is specified, and
the wave function u?(r) is found in all three regions. In the
next approximation the width I'; found from (45) is used,
and the wave function u,l(p) is determined again, and so on.
The iteration process stops when two successive values of I'}
differ by less than a specified small amount.

Some important features of this procedure for calculat-
ing the single-particle level width should be noted. First, the
algorithm for calculating I'; is quite stable and rapidly con-
vergent, and it uniquely determines the value of I'j(a.) for
the given parameters of the problem. Second, the use of a
numerical procedure for calculating the wave function in
which the geometrical parameters of the nuclear potential are
fitted quantities leads to a significant uncertainty in the cal-
culated I';. A change of the geometry of the potential well
for a given level location leads to a significant change of the
well depth and the height of the potential barrier. This un-
doubtedly also affects I';. In Fig. 3 we show the dependence
of the width I'; on the radius r( and the diffuseness a of the
nuclear potential V(r). We see from this figure that as r,
and a increase, i.e., as V decreases, the value of I'; in-
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FIG. 3. Dependence of the width I"; of the 77, E*=13.69 MeV level,
r=ryA", on the geometrical parameters of the nuclear potential.

creases. However, for given potential parameters the width
I'; can be determined fairly accurately, i.e., the uncertainty in
the calculated I'; associated with the choice of channel radius
a. characterizing the nuclear boundary or the boundary of
the region where the nuclear potential acts is eliminated. In
Fig. 4 we show the dependence of the width I')(r) calculated
using (46) on the choice of the point a.. We also show the
behavior of the nuclear potential V(r) (as the ratio to V in
percent) in this region. The nonmonotonic curve describing
the dependence I';(r) has a maximum in the region of expo-
nential (by roughly a factor of ten) falloff of the nuclear
potential. The location of this maximum determines the point
a. at which the width I";(a) is calculated.

In spite of the dependence of the calculated I'; on the
parameters of the calculation, there are various methods of
making the given parameters consistent with the physical
ideas about the wave functions of quasistationary states. One
of these is the relation between the decay width of the a-
particle quasistationary state calculated by the method de-
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FIG. 4. Dependence of the calculated width I"; on the radius r of the nuclear
interaction region (solid line). The dashed line is the dependence of the
nuclear interaction potential on r (as the ratio to the depth V in percent).
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scribed above, the experimental width I';;® of this level due
to a-particle emission, and the spectroscopic factor S; given
by (47).

In Tables I and II we give the values of the calculated «
widths I'}", the spectroscopic factors S, the channel radii a,
at which the I']" were calculated, and also the geometrical
parameters and depths V|, of the Woods—Saxon nuclear po-
tential for unbound a-cluster states—the terms of the bands
with K™=0* and 0~ in '®0 and the three bands with
K™=07, 0], and 0, in ?Ne. The values of ['**P and
SPWBA are taken from Ref. 44.

We see from Table I that, in spite of the considerable
spread of the experimental widths for different levels with
K™=0" and 07, the calculated values of the spectroscopic
factors turn out to be very stable and characterize the levels
of a given band.

From Table II we see that for a fairly wide range of °Ne
excitation energies it is possible to obtain good agreement
between the calculated S; and the experimental values, while
allowing variation of the nuclear potential parameters within
a reasonable range.

In our subsequent calculations of the reaction cross sec-
tions we shall focus on these values of S; and compare them
with the values of the spectroscopic factors obtained by nor-
malization of the experimental and calculated cross sections.

5.3. Theoretical analysis of the differential cross
sections and angular correlation functions in the
(Li,d) and ("Li,?) reactions with the formation

of quasistationary a-cluster states

The theoretical analysis of d— « and t— a angular cor-
relations in the (°Li,d) and ("Li,#) reactions with the forma-
tion of high-lying a-cluster states in p — sd-shell nuclei is
based on current models of nuclear reactions and computer
programs and allows the analysis of problems arising in ex-
perimental studies. The most important of these is the prob-
lem of the consistency of the experimental angular correla-
tion functions and the available data on the differential cross
sections of the (°Li,d) and ("Li,f) reactions. Here it is nec-
essary to explain the nature of the simple angular depen-
dence of the ACFs observed in most experiments, to study
the role of plane-wave distortions as a function of the inci-
dent ion energy and the excitation energy of the final
nucleus, and to understand the features of the interaction of
semiheavy ions leading to the formation of high-lying cluster
states.

As noted earlier in this review, the most suitable and, at
present, widely used models for describing nuclear reactions
of this type are the model of direct transfer of an a-particle
cluster and the statistical model of compound-nucleus forma-
tion.

We have performed such an analysis in Ref. 87, includ-
ing a complex study of the differential and doubly differen-
tial cross sections (¢ — a angular correlation functions) in the
reaction '2C(’Li,t)'%0*(a)'?C for the purpose of answering
the questions posed above, and also for studying the spectro-
scopic characteristics of quasistationary states—the terms in
the K=0" and 0~ rotational bands in '°O—and the interac-
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TABLE 1. Parameters of a-cluster states in 'O, potentials, and wave functions of the relative motion. V(r)=V,f(r), where f(r)=(1+exp(r))”', r=

—Ry)/a, Ry=2.52 F.
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(r

E*, €, Vo, a, a., r? re,
K™ I NY MeV MeV MeV F F keV keV s=I/T,
0* 4t 2 1035 3.19 169.5 0.65 62 30 18.5 1.60
6" 1 16.30 9.14 163.0 0.65 52 300 246.5 1.22
0- 3" 3 11.59 4.43 188.0 0.60 5.6 700 716.0 0.98
5 2 14.66 7.50 1954 0.60 5.0 500 457.0 1.09
7" 1 20.80 3.64 196.0 0.60 5.0 500 519.0 0.96

YN is the number of nodes of the radial wave function.
JData from Ref. 44.

tion mechanism of semiheavy ions leading to the formation
of high-lying a-cluster states.

The following experimental data were fundamental for
our analysis: the differential cross sections of the reaction
2C(7Li,1) %0 measured in Ref. 71 at E; ;=38 MeV for vari-
ous excited states in '°0 up to E¥=(7") 20.7 MeV and the
t—a angular correlation functions from the reaction
2C("Li,t)'°0*(a)'*C at E;;=45 MeV measured in Ref. 83.
A feature of the experimental ACFs for levels with /¢ equal
to 5~ (14.66 MeV), 6™ (16.3 MeV), and 7~ (20.7 MeV) is
the fact that at triton emission angles 6, close to 0° (in the
experiment, 0}""’= 10°), the form of the ACFs is reproduced
well by the square of the Legendre polynomial of order /,
which corresponds to the plane-wave approximation. As
shown in Ref. 14, the DWBA calculations including distort-
ing optical potentials in the entrance and exit channels can-
not reproduce this experimental fact.

Therefore, the simultaneous analysis of all the experi-
mental data is needed in order to understand whether or not
it is possible to obtain an adequate description of the differ-
ential cross sections and experimental ACFs for a single set
of optical potential parameters and functions describing the
relative motion of the clusters.

Studies of the differential cross section for the reaction
12C("Li,t)'%0* with the formation of low-lying levels in 160
which are coupled with respect to a-particle emission’!"?
have shown that in this case the main reaction mechanism is
direct transfer of an a-particle cluster. Meanwhile, it is nec-
essary to adequately take into account the contribution of the
statistical mechanism to the cross section for this reaction,

TABLE II. Parameters of a-cluster states in 2°Ne, potentials, and wave
—rola)”", r=ro(A"+x")/a.

because at triton emission angles 6,>90° it dominates and
determines the behavior of the differential cross section.

Let us begin by defining the parameters used in the cal-
culations. The optical potential for the interaction of "Li and
12C at E;;=36 MeV selected in Ref. 95 was also used in
Refs. 72 and 96 to calculate the cross sections for this reac-
tion, and we took it as the starting point. The optical poten-
tial in the exit channel of the reaction is less well defined,
because, in general, it must vary, depending on the degree of
excitation of the final nucleus. In these calculations we shall
start from the most general recommendations of Ref. 97. The
optical-potential parameters are given in Table III.

In order to reliably estimate the a+'2C spectroscopic
factors in various states of %0 and also to describe the reac-
tion cross section at angles 6,>90°, as a first step it is nec-
essary to calculate the contribution to the cross section from
the statistical mechanism of compound-nucleus formation.
Detailed calculations for the reaction '2C(’Li,?)'0 were
performed in Ref. 71 for °0 states up to E*=20.7 MeV
(77) and in Ref. 96 up to E¥*=11.10 MeV. In Ref. 71 the
calculated cross section was normalized to the 2~ (8.87
MeV) level, and in Ref. 96 an effective normalization was
used, i.e., the cross section was decreased by cutting off the
sum of partial cross sections at the critical angular momen-
tum /.. As shown in Ref. 98, the critical angular momentum
l., and also the critical total angular momentum I.=1.+1,
+1,, in the semiclassical approximation characterize the
maximum angular momentum in the entrance channel at
which complete fusion of the initial nuclei, i.e., compound-
nucleus formation, can still occur.

functions of the relative motion. V(r)=V,f(r), where f(r)=(1+exp((r

E*, s, Vo, ro, R, a, r,y re,
K™ r MeV MeV MeV F F F keV keV s SPWBAD
0~ 1- 5.78 1.05 90.13 0.95 9.30 0.80 0.028 0.061 0.46 0.54
3” 7.16 2.43 86.27 0.95 6.80 0.80 8.20 337 0.24 0.26
5” 10.26 5.53 78.23 0.95 7.20 0.80 145.0 604.0 0.24 0.15
7" 13.36 8.96 74.81 0.95 6.40 0.80 3100 590.0 0.53
0y 6* 8.78 4.05 130.68 0.70 7.50 0.75 0.11 0.46 0.24 0.20
8* 11.95 7.22 154.74 0.65 7.10 0.70 0.035 0.077 0.45 0.51
07 2* 7.42 2.68 50.21 0.85 6.80 0.80 15.0 113.0 0.13 0.13
a* 9.99 5.26 50.23 0.85 6.40 0.80 155.0 584.0 0.27
6* 12.59 7.86 50.49 0.85 5.80 0.80 720 145.0 0.49
6* 13.11 8.38 48.87 0.85 5.60 0.80 102.0 256.0 0.40

YData from Ref. 44.
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TABLE IIl. Optical-potential parameters and parameters for calculations in the Hauser—Feshbach formalism.
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v, Ry, ay, W, R, a, Reou» a, A, E.,
Channel MeV F F MeV F F Type F MeV~! MeV Y MeV
n+8F 38.62 3.380 0.660 7.93 3.284 0.480 sur 0.00 2.818 0.00 0.27 5.86
p+®0 35.43 3.280 0.650 13.50 3.284 0.470 sur 3.28 3.167 6.73 0.27 8.38
d+'0 89.27 2.707 0.752 6.52 3.500 0.812 sur 3.34 2.630 2.30 0.30 6.02
t+ 160 170.00 2.870 0.723 20.00 4,030 0.800 vol 3.125 1.890 437 0.33 10.4
a+ "N 130.00 3.380 0.625 44.92 3.377 0.350 vol 3.45 2.558 0.28 0.37 11.5
SHe+“N 17.36 5.560 0.450 3.48 5.560 0.450 vol 3.13 2.030 0.00 0.41 8.63
SLi+C 17.18 5.560 0.450 3.43 5.560 0.450 vol 3.05 2.177 3.23 0.41 8.87
SLi+13C 234.00 2.770 0.760 10.30 4.580 0.640 sur 5.87 2.372 3.44 0.47 8.21
Li+12C 245.00 2.770 0.759 14.70 4.580 0.909 vol 2.98 1.050 10.33 0.53 11.2
8Be+!'B 26.20 5.280 0.950 25.00 5.280 0.950 vol 5.55 1.674 3.02 0.62 10.1

We used the CNCOR code,‘u described in Sec. 4.2
above, to calculate the contribution of the compound-nucleus
formation mechanism to the reaction cross section. In the
calculation of the total width g(Iy) of decay of the compound
nucleus via all open channels [Eq. (31)] we summed the
contribution of the individual known discrete levels, while
the continuum contribution was calculated by integrating
over energy, taking into account the level density beginning
at energy E ., the edge of the continuum. The actual value of
E. corresponds to the nuclear excitation energy at which
separation of one of the particles of the nucleus becomes
possible. The yrast-line cutoff was made by taking into ac-
count the relation E,=YI(I+1), where Y=2%4#/F;
F,=2%r3A%" is the moment of inertia of a solid sphere.

The Fermi-gas model with parameters proposed in Ref.
47 was used to describe the nuclear level density. All the
parameters used in the calculation of the total decay width,

20.30(™)

do/dQ, mb/sr

the level densities, and the optical potentials are given in
Table III.

The starting point was the calculation of the reaction
cross section for the 2~ (8.87 MeV) excited state in ‘60, the
population of which via direct single-stage mechanisms is
forbidden by selection rules. Having defined the model pa-
rameters in this manner, we calculated the cross sections for
several states in '°0, assuming that for the given incident
particle energy the critical angular momentum /. is less than
127 (Ref. 96).

In Fig. S we compare the differential cross sections (dot-
ted lines) for the 2C("Li,#)'%0 reaction, calculated using the
statistical model, with the experimental data from Ref. 71.
Both the shape and the absolute value of the characteristic
statistical angular distribution of tritons with excitation of the
27 (8.87 MeV) level are reproduced well. In addition, our
calculations can explain the differential cross sections at

FIG. 5. Differential cross sections of the reaction '>C("Li,?)'°0O* for E;
=38 MeV. The solid lines are the total theoretical cross section, the
dashed lines are the contribution of the direct a-transfer mechanism, and
the dotted lines are the contribution of the compound-nucleus formation
mechanism. The experimental points are from Ref. 71.
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large angles 6, for states which are strongly populated at
forward angles. However, the cross sections at small angles
8, cannot be explained within the statistical theory; their ex-
planation requires the theory of direct reactions.

Calculations of the characteristics of the >C("Li,t)'%0
reaction for the direct a-transfer mechanism were performed
in the EFR DWBA using the OLYMP-5 code.*' Special at-
tention was paid to the study of the high-lying quasistation-
ary a-cluster states in '%0 belonging to the K™=0" and 0~
rotational bands.

Our earlier analysis® of this reaction with incident "Li
ion energy equal to 21 MeV for the ground state and the 4%
(10.35 MeV) state showed that of the two single-stage direct
mechanisms associated with the breakup of TLi, the most
important is cluster stripping. Heavy substitution is sup-
pressed by several orders of magnitude. This conclusion re-
mains unchanged for the higher Li energies studied, and so
the rest of the calculations will be performed only for the
mechanism of cluster stripping of the « particle.

Let us see how the choice of wave functions of the clus-
ter relative motion affects the differential cross section and
the angular correlation function, and also compare the values
of the spectroscopic factors S; obtained in Sec. 5.2 and in
the calculation of the reaction cross sections.

The "Li cluster wave function and its overlap with the
a+1t interaction potential have been studied in detail by
many authors. In addition, in Ref. 100 a comparison was
made of the overlap functions W (ry,) =(®,®,|V,|PQy)y,

of the interaction potential V,, of the nuclei b and x with the
nuclear internal wave functions @ calculated in the micro-
scopic model of generator coordinates with various nucleon—
nucleon forces and in the DWBA using local phenomeno-
logical potentials and bound-state functions. In addition, the
cross sections for the 12C(-’Li,t) 160 reaction calculated in the
DWBA with phenomenological and microscopic potentials
were compared. The calculations showed that, in spite of
significant differences in the behavior of W(r,,), the cross
sections calculated using various potentials are in surpris-
ingly good agreement with each other, particularly in the
forward hemisphere of triton emission. It is only at large
angles 6, that discrepancies in both the magnitude and the
form of the cross sections are observed. Comparison of the
results of our calculations with the results given in Ref. 100
confirmed the conclusion that the cross section for the
12C(—’Li,t‘)“SO reaction in the forward hemisphere is weakly
sensitive to the choice of the a—1t interaction parameters,
and justified the use of the parameters selected earlier in our
analysis of reactions involving a particles on lithium
nuclei:'®! Vy=46 MeV, Ry=3.18 F, and a=0.9 F. The cor-
responding a—t spectroscopic factor was taken, as in Ref.
71, to be 0.95 for the rest of the calculations. The parameters
of the potential and the wave function of the a+ '2C bound
state in '%0 are given in Table L.

In Fig. 5 we compare the theoretical differential cross
sections (solid lines) with the experimental data from Ref. 71
(circles). As seen from this figure, the triton angular distri-
butions for states in 'O belonging to the K"=0" and 0~
bands are determined by the a-cluster stripping mechanism
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FIG. 6. Differential cross section of the reaction '>C("Li,r)'0*, I,=6",
for E; ;=38 MeV. The calculations were performed in the EFR DWBA for
the direct a-transfer mechanism with various bound-state wave functions
and with optical potentials with various parameters (see Table IV). The solid
line is version 1 with Gamow wave function; the dotted line is version 1
with weakly coupled wave function; the dot—dash line is version 2 with
Gamow wave function; the curve with the crosses is version 2 with weakly
coupled wave function. The dotted line is the calculation in the plane-wave
approximation.

in the forward hemisphere of the angles 6,. At angles
6,>90° the main contribution comes from the statistical
mechanism of compound-nucleus formation. The poorest
agreement with experiment is obtained at intermediate triton
emission angles, which might be related to the neglected
contribution of processes intermediate between direct and
statistical ones.

Our study of the role of optical potentials which distort
the incoming and outgoing plane waves in the formation of a
strongly excited final nuclear state has shown that the differ-
ential cross sections calculated for this reaction with the di-
rect a-cluster transfer mechanism are weakly sensitive to a
significant change of the model parameters.

This can be illustrated for the example of calculating the
differential cross section of the reaction for the 6% (16.30
MeV) level (Fig. 6). The differential cross sections shown in
this figure were calculated in the EFR DWBA for the a-
particle stripping mechanism and normalized to the experi-
mental values. We see that the shape of the triton angular
distribution at angles 6,<90° is weakly sensitive to great
weakening and even total shutoff of the interaction in the
exit channel, and also to decrease of the depth V; of the real
part of the optical potential in the entrance channel. The
cross section at angles 6,>90° is more sensitive to the
choice of parameters; in particular, a decrease of the depth
W of the imaginary part, i.e., weakening of the absorption in
the entrance channel, leads to a significant increase of the
cross section in the backward hemisphere of triton emission.
However, at angles 6,>90° a significant or even dominant
role is played by other, nondirect, reaction mechanisms. The
cross section calculated in the plane-wave approximation and
also with only a Coulomb interaction in the entrance and exit
channels fundamentally differs from the experimental one.
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TABLE IV. Dependence of the spectroscopic factor S; and population of the zero projection Po(8,=0°) on the depth of the real part V,, and the imaginary
part W, of the optical potential in the entrance and exit channels of the reaction '>)C("Li,r) '°0O* for E,;=38 and 45 MeV.

No. of I} E*, Type of 38 MeV 45 MeV
oP MeV ¥('%0)
S, Py,% Py, %
1 4* 10.35 Gamow 3.00 52.6 56.7
t weakly coupled 2.50 373 49.5
2 Gamow 1.80 76.5 85.0
2 weakly coupled 1.00 63.9 70.9
3 Gamow 1.30 86.5 91.2
1 5° 14.66 Gamow 0.46 185 39.6
1 weakly coupled 1.00 18.7 30.0
2 Gamow 0.26 44.0 76.9
2 weakly coupled 0.36 323 49.1
3 Gamow 0.21 61.0 82.0
1 6" 16.30 Gamow 1.23 27.1 35.6
1 weakly coupled 1.60 11.7 224
2 Gamow 0.59 30.2 54.3
2 weakly coupled 0.80 18.5 32.6
3 Gamow 0.56 479 66.3
4 Gamow 0.53 35.7 66.9
5 Gamow 0.50 59.5 76.3
5 weakly coupled 0.75 42.0 71.0
1 7" 20.80 Gamow 0.80 73 12.8
3 Gamow 0.19 12.6 413
5 Gamow 0.10 23.8 573
6 Gamow 69.6

The cross sections given in Fig. 5 have different absolute
values, as is clear from the spectroscopic factors given in
Table IV and obtained by normalization of the total (the
direct plus the statistical mechanism) cross section to the
experimental one. The values of S, systematically decrease
as the nuclear interaction is weakened.

We also note that the calculated differential cross sec-
tions are weakly sensitive to replacement of the Gamow
wave functions of the relative motion by weakly coupled
wave functions with fictitious binding energy e&,=
—0.1 MeV.

Therefore, on the basis of only analysis of the angular
distributions it is impossible to state a clearcut criterion for
choosing the parameters of the optical potentials, the wave
functions of the relative motion, and, in the end, the spectro-
scopic factor S;.

Turning now to analysis of the #— & angular correlation
functions, we observe a qualitative change in the situation.

In Fig. 7 we give the ACFs for the 67 (16.30 MeV) level
calculated at Ey;=45 MeV using the same approximations
as for the differential cross sections shown in Fig. 6. We see
from Fig. 7 that it is possible to obtain satisfactory agreement
with experiment when not only the nuclear but also the Cou-
lomb interaction is absent in the exit channel, i.e., for the
plane-wave approximation in the exit channel, and also for
weaker nuclear interaction in the entrance channel.

Our calculations have shown that the #— & angular cor-
relation functions are considerably more sensitive to distor-
tions of the plane waves in the formation of high-lying states
than are the differential cross sections. At the same time, the
_population of the magnetic sublevels of a state with angular

momentum I, which in our case is given, on the basis of
(24), by
2
Iy _ ZMZ'MIszMfl
P ST T (48)
roamM MMM,

16.3 mev (6*)

W®,.6,)

180
0 deg

a,cm.’

FIG. 7. The t—a angular correlation function in the reaction
2¢("Li, 1) '%0(@)'*C for E; ;=45 MeV. The calculations were performed in
the EFR DWBA for the direct a-transfer mechanism with optical potentials
with various parameters (see Table IV). The solid line is for version 1, the
dashed line is for version 2, and the dot—dash line is for version 3.
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is directly related to the behavior of the ACFs and is also
sensitive to the choice of interaction in the entrance and exit
channels.

As shown above in Sec. 5.1, in the plane-wave approxi-
mation for reactions with direct « transfer on nuclei with
zero spin at 6=0°, Eq. (40) for M 1MM, contains only the

term with M,=M ;=0. Here P;j = Pf)f= 1, i.e., only the zero

spin projection of the emitted particle is populated, and the
ACF is proportional to the square of the Legendre polyno-
mial of order /;. The degree of population of the zero pro-
Jection of the angular momentum I therefore characterizes
the polynomial behavior of the ACF at 6=0°.

In Table IV we give the calculated populations PZ for
M =0 (Py) for various optical-potential parameters and us-
ing Gamow or weakly coupled wave functions for the high-
lying states in °0 for E;; equal to 38 and 45 MeV, respec-
tively. In those cases where Py(6,=0) is larger than 50%,
W(0,6,) approaches a form proportional to [P,f(cos o).
The following versions of the calculations were performed:
(1) using the optical potential of Table III in the entrance and
exit channels of the reaction; (2) using the optical potential
in the entrance channel but not in the exit channel; (3) using
the optical potential in the entrance channel and plane waves
in the exit channel, and also using the optical potential in the
entrance channel weakened by a factor of two (versions 4
and 5) or four (version 6), and without the optical potential
(version 4) or plane waves (versions 5 and 6) in the exit
channel.

The ACFs for the 4% (10.35 MeV) state at E;;=38 and
45 MeV when the optical potential is present has a smooth,
nearly nonoscillatory behavior. If there is no optical potential
in the exit channel, the ACF for I f=4+ acquires a polyno-
mial form, and the differential cross section gives a fairly
good description of the experimental points (see Fig. 5). The
spectroscopic factor obtained from normalization of the the-
oretical cross section to the experimental one (Table IV, ver-
sion 2), equal to 1.8 for the Gamow wave functions, is in
good agreement with the .S factor of Table I, equal to 1.6.

For the higher-lying 5~ (14.66 MeV) state, a polynomial
form of the ACFs at E| ;=45 MeV is obtained when there is
no nuclear interaction in thé exit channel (the calculated
curve in Fig. 8a corresponds to version 2 from Table 1V),
while at E; ;=38 MeV it is obtained only with the plane-
wave approximation in the exit channel. The behavior and
magnitude of the differential cross section are hardly
changed. The theoretical angular distribution for the 5~
state, shown in Fig. 5, corresponds to version 3 of Table IV
and S;,=0.21.

The ACFs for the 6% (16.30 MeV) state at Ej;
=45 MeV, shown in Fig. 8b, correspond to versions 3 and 4
of Table IV. We see that satisfactory agreement with experi-
ment can be obtained only if the nuclear interaction is absent
in the exit channel and is weakened in the entrance channel.
For E;;=38 MeV the polynomial form of the ACFs is ob-
tained only when the plane-wave approximation is used in
the exit chanel and the nuclear interaction in the entrance
channel is weakened by more than a factor of two (version 5
of Table IV). The differential cross section for the 6* state in
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Fig. 5 corresponding to this variant has the spectroscopic
factor §;=0.50.

For the highest-lying a-cluster state, 7~ (20.8 MeV), a
polynomial form of the ACF and population P(7)~70% at
E; ;=45 MeV can be obtained when the depth V, of the real
part of the optical potential in the entrance channel is de-
creased significantly and the nuclear and Coulomb interac-
tions in the exit channel are absent. For these parameters the
differential cross section for E; ;=38 MeV differs signifi-
cantly from the experimental value. The theoretical differen-
tial cross section for the 7~ level (Fig. 5) can be obtained
when the optical potential is included in the entrance channel
but not in the exit channel (this corresponds to version 3
from Table IV and §;,=0.19). For E; ;=38 MeV the zero
spin projection is only 12% populated, and the ACF does not
have a maximum at 6,=0, i.e., it is not described by the
square of a Legendre polynomial.

On the basis of this analysis we arrive at the following
conclusions.

1. The description of the observed polynomial form of
the ACFs at E;;=45 MeV for high-lying states in %0 re-
quires weakening of the nuclear interaction in the entrance
and exit channels. The degree of weakening depends on the
excitation level of the final nucleus: as the excitation energy
increases, the nuclear interaction is weakened and then be-
comes absent in the exit channel, while for the highest-lying
states in 0 (I >5) greater and greater weakening of the
optical potential is observed also in the entrance channel.

2. At lower incident ion energy E[;=38 MeV, a poly-
nomial form of the ACFs can be obtained for the same high-
lying states in '°0 only when the nuclear interaction is weak-
ened more than at E{;=45 MeV. A fairly good description
of the differential cross sections can also be obtained in this
case. However, for the a-cluster 7~ (20.8 MeV) state in 190
it is impossible to obtain an adequate description of the dif-
ferential cross section and a polynomial form of the ACF for
6,=0 at E; ;=38 MeV. We therefore suggest that for this
state [in view of the absence of data at this energy for the
("Li,t) reaction] there is a suppression of the intensity of the
first maximum in the a@—t¢ correlation function analogous to
that observed in the (°Li,d) reaction.®!

3. The use of Gamow wave functions instead of weakly
coupled ones noticeably improves the agreement between the
calculated and experimental ACFs. Weakly coupled wave
functions can be used for E; ;=38 MeV only for the 4%
(10.35 MeV) state. They cannot be used for the higher-lying
states with 7,=5", 6%, and 7 because they require the
introduction of the plane-wave approximation in both the
exit and entrance channels.

Therefore, this analysis suggests that, first, the popula-
tion P and the form of the ACFs in ("Li,?) reactions depend
on the energy of the incident nucleus (this can be checked
experimentally, although so far there are no data on the
ACFs at various lithium energies). Second, for the a-transfer
reaction with the formation of high-lying cluster states the
interaction strength in the entrance channel depends on the
degree of excitation of the nucleus, while for a given excited
state it depends on the incident ion energy.

Comparing the spectroscopic factors S; for a-particle
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separation from the '°O nucleus in high-lying states, ob-
tained from the model using Gamow wave functions (Table
I) and from comparison of the theoretical and experimental
cross sections (Table IV), we see that the spread of the val-
ues for the two cases is small, although the values of S,
obtained from comparison with experiment are several times
smaller than the model ones. The two values obtained for S,
are closest for the lowest-lying state, the 47 (10.35 MeV)
level, where a successful description of the reaction charac-
teristics can be obtained also when the ordinary weakly
coupled wave function is used.

This complicated analysis of the differential cross sec-
tions and r— a angular correlation functions from the reac-
tion 2C("Li,)'%0*(a)'2C with the formation of high-lying
a-cluster states in '®0 has shown that the features of the

FIG. 8. The 7— a angular correlation function in the
reaction '2C("Li,#)'%0(a)'?C for E ;=45 MeV.
The solid lines are the EFR DWBA calculations for
the direct a-transfer mechanism at 6,=0°. The ex-
perimental points are from Ref. 83.

quasielastic mechanism responsible for fast-fragment forma-
tion in the a-transfer reaction are clearly manifested in this
reaction. It can be interpreted within the spectator
model,'®'% in which the interaction of the emitted fragment
(in our case, a triton) with the system (x+A) formed in the
final state, i.e., with the 0 nucleus, is neglected. This fea-
ture of the ("Li,t) reaction, associated with the clearly ex-
pressed cluster structure of the "Li nucleus, has been noticed
earlier in studying the angular correlations in the reaction
1%0("Li,#)*Ne(@)'°0 (Ref. 13), and also in Ref. 74. Natu-
rally, as the excitation of the final nucleus increases, the
spectator properties of the emitted fragment are manifested
more clearly, until the wave function becomes a plane wave.

Another feature of this process should be mentioned. As
the excitation energy of the final nucleus increases, not only
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the interaction between the nucleus and the emitted particle
but also the interaction in the entrance channel becomes
weaker. This is shown by the behavior of the t— « angular
correlation function at small triton emission angles. The re-
action differential cross sections calculated by taking into
account this decrease of the depth of the optical potential in
the entrance channel also agree satisfactorily with the experi-
mental data.

This result appears paradoxical for the DWBA, a station-
ary model of the nuclear reaction in which the reaction is
divided into three distinct, independent stages: entrance
channel, instantaneous effect, and exit channel. We are see-
ing that the second reaction stage, the formation of the ex-
cited system (x+A), affects the interaction in the first stage
a+A, in the entrance channel. Apparently, here we are see-
ing the transition from a stationary description of the reaction
to a dynamical one which explicitly takes into account the
time dependence of the interaction. The following self-
interaction mechanism arises in the strong excitation of the
nucleus. The incident ion located in the field of the nucleus
changes its self-consistent potential, which again acts on the
incident ion. In the stationary picture we model this mecha-
nism by decreasing the depth of the optical potential in the
entrance channel relative to the optical-potential parameters
obtained for ion elastic scattering and suitable for describing
the interaction in weakly excited systems.

This self-interaction mechanism clearly depends on the
incident ion energy, and it is associated with the significant
energy dependence of the calculated angular correlation
functions.

6. STUDY OF THE STATISTICAL AND DIRECT
MECHANISMS IN THE 2C(*N, d)*Mg REACTION BY
THE METHOD OF d— o ANGULAR CORRELATIONS

The first results of studies of nuclear reactions induced
by accelerated nitrogen ions at incident energies of up to 100
MeV on 1p-, 25— 1d-shell nuclei performed in the early
1970s (Refs. 104 and 105) suggested that these reactions
could be treated as ones involving the transfer of large
groups of nucleons. Nevertheless, after further analysis of the
spectra, the excitation functions, and the angular distribu-
tions and, in particular, the observation of correlations of
resonance-like structure in the excitation functions from elas-
tic scattering and from reactions, it was concluded that the
mechanism of compound-nucleus formation plays the domi-
nant role in these reactions,’%106:17

In the statistical model of compound-nucleus formation
in the Hauser—Feshbach formalism, special attention has
been given to the concept of a critical angular momentum in
the entrance channel /. This is the maximum angular mo-
mentum possible in the fusion of two nuclei.’®!%® The intro-
duction of I into the calculations made it possible to obtain
quantitative agreement between the theoretical calculations
and the experimental data. This interpretation of the mecha-
nism for reactions induced by nitrogen ions in a wide range
of incident energies is reasonable and completely obvious in
view of the large number of open decay channels and the
high level density of the compound nucleus.
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However, in analyzing the differential cross sections for
reactions in a wide range of particle emission angles, in Ref.
107 and later in Ref. 109 it was noticed that the angular
distributions have a weakly oscillating structure. For ex-
ample, in the reaction '2C('*N,d)?*Mg only the differential
cross sections for the 5.23(3%) and 7.75+7.81(1%,5%)
states in 2*Mg (Ref. 107) have a smooth shape symmetric
about 90°. The population of these states is actually not as-
sociated with the direct transfer of groups of nucleons, owing
to the constraints imposed by the spin and parity selection
rules. This indicates that the calculation using the statistical
model of compound-nucleus formation describes only the
smooth background on which are superimposed oscillations
or irregularities associated with other reaction mechanisms,
the contribution of which can be comparable to that of
compound-nucleus formation.

There was a resurgence of interest in reactions induced
by nitrogen ions after the appearance of rather contradictory
data on the behavior of the d— a angular correlation func-
tions in the reaction >)C(*N,d)?**Mg(@)*Ne (Refs. 14 and
15). For one of the states in 2*Mg, the 13.45-MeV (6™)
level, it was found!* that there are oscillations in the ACF,
whose shape is well described by the square of the sixth-
order Legendre polynomial. This was interpreted as direct
proof of the formation of this state via the direct transfer of
12 nucleons. Despite the fact that the results of measuring
the ACFs in Ref. 15 did not reveal any oscillations and did
not confirm the conclusion about a direct mechanism produc-
ing several levels in 2*Mg, a consensus between these ex-
perimental groups was found in joint measurements of the
ACFs, These results were published recently.'s

The measurements'® of the d— a angular correlation in
the reaction '2C('*N,d)**Mg(a)®Ne for the 13.45-MeV
(6™) state in 2*Mg reliably confirmed the existence of oscil-
lations in the ACFs which could not be fully explained in the
compound-nucleus model. The authors interpreted their re-
sults as a manifestation of the mechanism of direct transfer
of the 2C nucleus in the first excited 2™ state. The problem
of theoretically explaining the ACF oscillations using the
mechanism of direct mass transfer has been around for a
fairly long time, and so far has not really been solved. The
study of the ACFs in mass-transfer reactions is obviously
one of the most promising directions in the physics of
nuclear reactions.

As a first step in the systematic study of the mechanism
of reactions induced by nitrogen ions, measurements were
made'® of the deuteron angular distributions in the reaction
2C(“N,d)**Mg, and calculations were performed in the
DWBA and in the Hauser—Feshbach formalism with the pa-
rameters obtained in Ref. 107. The analysis showed that, on
the average, the curves calculated using the Hauser—
Feshbach model reproduce the experimental data. However,
for low-lying Hauser—Feshbach levels the cross section is
generally overestimated (especially at small angles), while
for high-lying levels it is considerably smaller than the ex-
perimental value. Calculations performed in the EFR DWBA
using the LOLA code® for the direct carbon-transfer mecha-
nism showed that in this case the angular distributions pos-
sess a richer structure and in some cases more successfully
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reproduce the experimental data, especially for small angles.
However, no definite conclusions are possible without an
estimate of the spectroscopic factors.

In Ref. 99 we extended the analysis of this reaction,
using the EFR DWBA for the purpose of elevating the quali-
tative agreement with experiment obtained in Ref. 109 to a
quantitative level and obtaining spectroscopic information.
For this we estimated the reduced widths in the shell model
with intermediate coupling for the “N—'2C+d vertex with
orbital angular momentum of the deuteron relative motion
A,=0 and 2. In general, in the EFR DWBA the amplitudes
of these two states are added coherently in the matrix ele-
ment (22). However, if we take into account the transfer of
2C in the ground state with I-=0, the components with
A,=0 and 2 for any value of the spin /; of the final nucleus
2%Mg can be added incoherently. In this case the expression
for the structure factors O1n Ayt 1,1 is simplified:

_ —A+C —b+C I+A+A

On Ayt 1,1=0= OA 1 10= 00K 1,1 =0(— 1) 71752

y \/ 21+1 5 s
(2A;+1)(2A,+1) Ml %Aqly

(49)

where Bﬁ:}f,:fo and 0,“\;',12’;; €, are the reduced widths,
which can be calculated by the methods described in Refs. 6,
33, and 34. Here the orbital angular momentum of the rela-
tive motion of the carbon nuclei A, is I, and the cross
section is given by the sum of the partial cross sections with
different transferred orbital angular momenta in accordance
with the selection rules (21). Comparison of the calculated
cross sections with experiment'® gave the values of the

squared reduced widths 02,:2"5_’1%*12(: for A;=0 and 6. The

calculations showed that the large values of the reduced
widths for the separation of '2C from Mg, and also the pos-
sibility of reproducing both the oscillatory angular distribu-
tion for the ground state and the smooth distribution (owing
to the many partial cross sections with different /) for the 6*
(13.4 MeV) state, allow a serious study of the mechanism of
the '2C('*N,d)?*Mg reaction as the mass transfer of a large
group of nucleons.

Further theoretical studies of this reaction were devoted
to the more detailed determination of the contribution of the
compound-nucleus mechanism and also the possibility of de-
scribing the observed oscillations of the ACFs.

For example, in Ref. 110 not only the differential cross
sections, but also the angular correlation functions were ana-
lyzed in the reaction 2)C('*N,d)?*Mg(a)*Ne at incident ni-
trogen ion energies of Eisy=29 and 35 MeV in the lab
frame, in order to determine the quantitative contribution of
the compound-nucleus formation mechanism.

The formalism studied in Sec. 4.2 and the CNCOR
code*' were used to calculate the spin tensors of the density
matrix, the populations of magnetic sublevels of the final
nuclei, and the angular correlation functions of the final par-
ticles in the statistical model of a compound nucleus.

It is well known that calculations using the statistical
model of a compound nucleus are very sensitive to the
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choice of optical-potential parameters. Nevertheless, if the
optical potentials give a good description of the angular dis-
tributions of elastically scattered particles at a given energy,
the replacement of one set of parameters by another does not
lead to any significant change of the transverse cross section.
When the optical-potential parameters are varied the general
behavior of the cross section—the forward and backward
maxima, which are symmetric about §=90°—is preserved,
and only the absolute value of the differential cross section is
changed by 30-40%. Our previous calculations showed that
a qualitative change of the shape of the differential cross
section is possible when the spin—orbit interaction param-
eters are varied.*’ The optical-potential parameters of Refs.
107 and 111 (see Table V) were used in these calculations.

The absolute value of the cross section calculated in the
Hauser—Feshbach formalism depends most strongly on the
value of g(I), the total width for decay of the compound
nucleus via all open channels, which, in turn, strongly de-
pends on such parameters as the level density p(E*,I) and
the critical angular momentum /.. The most important pa-
rameters in the calculation of p(E*,I) are the level-density
parameter a and the pairing energies A. The parameter a
enters into Eq. (34) inside the exponent, and so its effect is
more important. For example, when a is increased by about
20%, the absolute value of the cross section decreases by
more than a factor of three.

Increase of the pairing energies A for the most important
reaction channels (the corresponding values of A are calcu-
lated in Refs. 45, 47, and 48) leads to an increase of the
interaction cross section. Our calculations showed that an
uncertainty of 1-2 MeV in the choice of the edge of the
continuum E_ has little effect on the absolute value of the
cross section. This is because the contribution of the con-
tinuum to the total decay width g(I) significantly exceeds
the contribution of the discrete spectrum and is close to the
maximum allowed value. The use of Eq. (36) for estimating
the yrast line leads to an uncertainty in the calculations ow-
ing to the nonuniqueness in the choice of the nuclear radius
and moment of inertia. In the program we selected a model
in which the nuclear moment of inertia is equal to that of a
solid sphere F, with mass mA and radius R=1.254 F.
Some authors choose a somewhat larger nuclear radius or a
moment of inertia differing slightly from F, for example,
R=1.4A"F and F=0.8F (Ref. 47) or R=1.5A"3 F and
F=(0.7-0.8)F (Ref. 38). An increase of the nuclear radius
leads to an increase of the moment of inertia and, conse-
quently, to an increase in the density of high-spin levels in
residual nuclei and a decrease of the interaction cross section
for an individual state. However, an increase of the nuclear
radius and moment of inertia will make a noticeable contri-
bution only at high incident particle energies, when many
highly excited states are formed. At low incident particle
energies (E.;, <10 MeV) a change of the parameters by
20-40% hardly affects the transverse cross section.

In the statistical model, an important role is played by
the critical angular momentum /., which determines the
possibility of nuclear fusion in the entrance channel and the
formation of a compound nucleus. It depends on the dynam-
ics of the entrance channel and determines the maximum
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TABLE V. Parameters for calculations in the Hauser—Feshbach formalism.

v, Ry, ay, w;, R;, a;, Type of  Rcous a, A, Ec, Number of

Channel MeV F F MeV F F potential F MeV™! MeV Y MeV discrete levels

a+2Na 53.15 433 058  10.80 433 0.580 vol. 3.36 4.00 000  0.194 436 19
3.67

p+PMg 53.00 371 066 6.60 3.50  0.660 vol. 3.71 4.56 246  0.157 5.01 18
4.17

n+2Al 40.00 3.65 0.70 11.00 3.65 0.700 vol. 0.00 4.56 2.67 0.157 507 25
4.17

d+¥Mg 5000 433 059  16.00 433 0.590 vol. 433 438 513 0168  10.06 40
4,00

14N + 12C 5

; 10000 560 048 27.00 592  0.260 vol. 6.58
2c+N 2.03 000 0412 8.98 18
SLi+2°Ne
6550 402 041 1200 387  1.480 vol. 6.79 14

2Ne+SLi 6

3He+2Na 11.84 579 045 1.756 579  0.450 vol. 5.79 3.84 135  0.180 5.77 19

SLi+2INa 1162 603 045 1690 603  0.450 vol. 6.03 3.41 237 0210 5.78 35

8Be+ I8F 2.82 000 0270 4.96 23

186+ 8Be 1167 624 045 1700 624  0.450 vol. 6.24 3

log 4+ 150 3.85 246 0330 8.87 6

150+ 1° 11.07 631 045 1.510 631  0.450 vol. 6.31 24

SHe+?%'Na 5440 476 053 9.80 476  0.530 vol. 3.92 3.19 290 0210 6.51 50

"Be+'°F 3540 464 1.05 11.50 568 0.620 sur. 6.79 2.89 1.28 0.250 4,68 15

nuclear angular momentum /. in the reaction: I-=J .

In the channel-spin representation, the spin of the com-
pound nucleus is determined by the selection rules (25), and
so I determines the maximum angular momentum of the
nucleus I in a given reaction: I,=I¢>=I,+I7*. In order
to study the sensitivity of the absolute value of the cross
section to the choice of /., the calculations were carried out
for different I7™* . Variations of I, affect the transverse cross
section very strongly. For example, an increase of I by 1%
leads to an increase of the cross section by about 20%. The
sensitivity of the transverse cross section to I decreases
with decreasing incident particle energy. The dependence of
the interaction cross section on the critical angular momen-
tum for reactions of this type has been studied in more detail
in Refs. 38, 39, and 108. In generalizing this analysis, we
note that variation of the parameters of the second group
leads to a change of only the absolute value of the transverse
cross section, while preserving the characteristic shape of the
angular distributions.

In calculating the characteristics of the reaction
12C(1“N,d)?*Mg using the CNCOR code, we took into ac-
count 12 open channels via which the compound nucleus
26A1 could decay. These channels contribute unequally to the
total decay width g(I). The following four channels are the
most important: p+> Mg, n+%Al, a+?Na, and
d+%*Mg. These are the most probable decay channels for
the 2°Al nucleus in this reaction. For the incident nitrogen
energy Eisy=29 MeV, the total contribution of these chan-
nels is about 98%. The relative contribution of each channel
changes with increasing energy of the '“N beam. For ex-
ample, for Ei4y=29 MeV, the decay probability is distrib-
uted as follows: 19% for a+%2Na, 61% for p+*Mg, 15%

for n+2°Al, and 3% for d+2*Mg. For Ei4y=35 MeV these
values are 30% for a+%Na, 61% for p+>Mg, 2.5% for
n+2%Al, and 3.5% for d+**Mg.

The remaining channels account for only 2%. As the
energy of the incident nitrogen beam increases to 35 MeV,
the contribution of these 8 channels increases by only 1%.
The insignificant contribution of channels with a yield of
heavy particles SLi, ®Be, and so on, which can carry off a
larger amount of angular momentum than light particles, is
explained by the low reaction heat Q, and the high value of
the Coulomb barrier. These channels will be closed even at
relatively low excitation energy of the final nucleus, where
there are only a few discrete levels. In fact, in the channel
®Li+2°Ne, 2°Ne levels only up to 9.2 MeV can be populated,
and in the channel ®Be+'3F, '8F levels only up to 10.4 MeV.
Meanwhile, light particles can populate highly excited levels
in residual nuclei, where the density of these levels is very
high. Therefore, it is channels with a light-particle yield
which give the dominant contribution to the total decay
width g(I) of a compound nucleus.

We have also estimated the probability of producing the
final nucleus in both the continuum and the discrete spectrum
for each channel. For a given reaction in channels where the
compound nucleus decays with the emission of light par-
ticles such as p, n, d, and e, it is much more likely to
produce the final nucleus in the continuum rather than in the
discrete spectrum. According to our estimates, for example,
in the channel p+25Mg, this difference amounts to a factor
of hundreds and even thousands. In channels where heavy
nuclei are emitted, the probability of producing the final
nucleus in the continuum is hundreds of times smaller than
that of producing it in the discrete spectrum. For example,
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FIG. 9. Differential cross sections of the reaction '?C(**N,d)?*Mg for E
=35 MeV. The solid lines were calculated using the statistical model of
compound-nucleus formation. The experimental points are from Ref. 107.

for the channel ®Be+'®F, the ratio of these probabilities is
1:10 at the energy E14y=35 MeV, while at E14y=29 MeV it
is 1:1000.

The deuteron angular distributions in the reaction
2C(1“N,d)**Mg for a number of states in 2*Mg at Eisy
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=35 MeV with parameters taken from Ref. 107 give a good
description of experiment for the states
4.12 MeV(41)+4.24 MeV(2*) and 5.23 MeV (3 7). For the
other states in 2*Mg the calculated cross sections exceed the
experimental ones. The calculation for E14y=29 MeV with
the same parameters systematically exceeds experiment. This
motivated us to make some changes in the model parameters
in order to decrease the absolute value of the cross section.
Since the angular distributions for a number of states have an
oscillatory behavior, the contribution of the compound
nucleus should not exceed the minima of the cross section.
The best agreement with experiment at the two energies was
obtained by changing two parameters: the level-density pa-
rameter a [see Eq. (34)] and the critical angular momentum
of the compound nucleus I;. The combinations a=A/5.48
and /=10 at E1ay=29 MeV and 12 at E14y=35 MeV, and
also a=A/5.98 and I ,=9 at Fi4y=29 MeV and 11 at Eisy
=35 MeV give nearly identical results. We see from Figs. 9
and 10 that the compound-nucleus mechanism makes the
largest contribution to the cross section for the reaction with
formation of the ground and lowest excited states in 2*Mg.
However, it is also clear that the theoretical curves cannot
reproduce the structure of the angular distributions. For high-
lying states (EFf>8MeV), the contribution of the
compound-nucleus mechanism to the cross section is
smaller, despite the fact that the theoretical curves have the
same smooth shape as the experimental angular distributions.

In fact, our earlier calculations using the DWBA%
showed that the cross section for the reaction with the for-
mation of high-lying excited states in 2*Mg receives a sig-
nificant contribution from the mechanism of direct transfer
of a group of nucleons. The magnitude of the cross section is
large in this case, owing to the contribution of many partial
cross sections with different angular-momentum transfers.

Therefore, our calculations of the differential cross sec-
tions in the compound-nucleus model provide additional ar-
guments in favor of the need to consistently include both the
compound-nucleus mechanism and the direct transfer of a
large group of nucleons—the mass-transfer reaction.

4 4,12 Mev
2* 4,4 MeV

do/dQ}, mb/sr

[T T T T T
ol 6 8,II MeV

.’

.. .
fof e L
7 8% 13,21 MeV

!
00, e eee -

FIG. 10. Differential cross sections of the reaction 2C(**N,d)?**Mg for
E;;=29 MeV. The solid lines were calculated using the statistical
model of compound-nucleus formation. The experimental points are
from Ref. 109.
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Our later studies!'? of the reaction ">C('*N,d)**Mg for a
number of states in >*Mg using the EFR DWBA showed that
a special feature of the direct-transfer mechanism in this re-
action is that enhancement of the excitation of the final ‘Mg
nucleus strongly enhances the peripheral nature of the pro-
cess. In the DWBA calculations this is manifested in the
rather inaccurate description of the behavior of the wave
functions of the cluster relative motion inside the nucleus at
small r. In this case it becomes necessary to cut off small
values of the orbital partial waves in the entrance and exit
channels. Calculation of the d— & angular correlation func-
tion using the EFR DWBA with the two-component wave
function of N with relative angular momenta equal to 0 and
2 and with the reduced widths calculated in the shell model
allowed the observed oscillations of the ACFs to be repro-
duced for direct transfer of the '>C nucleus in the ground
state.

7. STUDY OF THE POLARIZATION TENSORS OF
LIGHT NUCLEI BY THE PARTICLE-PARTICLE
CORRELATION METHOD

This section is devoted to the use of the particle angular
correlations for directly reconstructing the components of the
spin density matrix, the spin tensors, or the polarization ten-
sors from the experimental data, and also to the theoretical
analysis of these results.

Experimental studies of the polariztaion tensors of the
final nucleus were performed for the reaction
Be(p,d)?C*(15.11 MeV,17)—12C(g.s.) by measuring the
d—"2C correlation,”? and also by studying inelastic
scattering®® and heavy-ion transfer reactions.”®

Experimental and theoretical studies of the polarization
tensor of the final nucleus °Li*(2.186 MeV,3") from the
*Be(p,a,)%Li reaction at E,=40 MeV were performed in
Ref. 113. This state, which has a width of 0.024 MeV, de-
cays into a deuteron and an « particle, which makes it pos-
sible to measure the functions describing the angular corre-
lation between «; and a-particle decay.

Equation (13) for the angular correlation function
W(Q,,€,) can be written as

4 \ 12

W(Qb ’Qc‘) = % th( 0b)(§m) AkY;ckx( 0c) (50)
after determining the polarization tensors #;,(6,) as the spin
tensors of the density matrix p;, normalized to the first ele-
ment pyy. The polarization tensors are usually measured in
the plane perpendicular to the reaction plane. In (50) the
constants A are the components of the efficiency tensor (16)
normalized to the first element gy. According to the
angular-momentum addition rules (14), the following values
of the angular momentum are possible in the decay of the 3*
state into a deuteron and an « particle: the channel spin S
equal to 1, and the orbital angular momentum of the relative
motion of the decay products /=2 or 4, k<6. It is assumed
that the contribution of /=4 is much smaller than that of /
=2. Then k takes values no greater than 4, and the constants
A; have the values Ag=1, A,=—0.99, and A,=0.67. It
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follows from the symmetry laws and the definition of the
polarization tensor that tgo=1 and t;,,=0 for odd &, t},=
(= 1) ey

Since measurements in a single plane of the decay frag-
ments are insufficient for determining the polarization tensor
of the nucleus in the 3% state, the fragments were recorded
using two detectors arranged horizontally in the reaction
plane and two detectors arranged perpendicular to this plane.
The angular correlation function (50) is a linear combination
of spherical harmonics Y,,,, and so processing of the experi-
mental angular dependences of the ACFs using the Monte
Carlo method allowed the extraction of the desired compo-
nents of the polarization tensor. Independent measurement of
the differential cross sections of the 9Be(p,a)6Li reaction
for the ground and excited states of ®Li made it possible to
perform a complete theoretical analysis of these results.

The calculations''® were carried out on the basis of the
EFR DWBA formalism using the OLYMP code.*' The dif-
ferential cross section for the inverse reaction °Li(a,p)’Be
at E,=20.7 MeV which we calculated earlier in Ref. 101
showed that all four of the single-stage direct mechanisms
play an important role in this reaction. Therefore, in analyz-
ing the polarization, the contribution of direct processes
(cluster stripping—pickup and heavy substitution) and ex-
change processes (heavy stripping—pickup and substitution)
was determined using the reduced widths calculated in the
shell model with intermediate coupling.

Figure 11, where we compare the theoretical differential
cross sections (solid lines) with the experimental data
(circles), shows that for the ground state, direct processes
contribute to the cross section at forward angles (6,<60°)
of the a-particle emission, while exchange processes domi-
nate for angles 8,>60°. This result, which is analogous to
that obtained in Ref. 101, indicates a large probability for the
(a+7He)-cluster configuration in the ground state of Be. A
characteristic feature of the calculated differential cross sec-
tions is their weak sensitivity to significant changes of the
model parameters, especially to the choice of parameters of
the wave functions of the relative motion. The interference
of states with different angular momenta A, of the relative
motion at the >Be— a+°He vertex is important in calculating
exchange processes. The destructive interference of the am-
plitudes with A;=0 and 2 due to the reduced widths of
opposite signs leads to a decrease of the total cross section
relative to the contribution of each of these states separately.

The differential cross section for the (2.186 MeV, 3%)
state is mainly determined by direct processes. Exchange
processes contribute only at angles 6,>120°. The dimin-
ished relative importance of exchange processes for the 3*
state relative to the ground state of SLi is related, first of all,
to the decrease of the reduced widths for amplitudes with
orbital angular-momentum transfer /=3, which give the
main contribution to the cross section. Another feature of
this reaction is the need to cut off the partial distorted-wave
expansion in the p+°Be channel in the angular momentum
L, , owing to the surface nature of the reaction. The cutoff of
small partial waves with L,<3 has little effect on the shape
of the differential cross sections, but leads to a change of the
relative importances of the pickup and substitution mecha-
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nisms, and also is clearly manifested in the calculation of the
angular dependences of the polarization tensor.

The relative importances of the triton-pickup and heavy-
substitution (inclusion of proton rescattering on °Li) mecha-
nisms in the reaction with formation of the SLi ground state
and the 3" state are changed. For the ground state, heavy
substitution is suppressed by an order of magnitude com-
pared to pickup. The contribution of heavy substitution to the
reaction cross section for the 3" state is, as seen from Fig.
12, very important, and the contribution of the interference
term is comparable in magnitude to the pickup contribution.

10, Y vy b’ v v
i : N °
\
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FIG. 12. Differential cross section of direct processes in the reaction
Be(p,@)Li, J=3" at E,=40 MeV. The solid line is the coherent sum of
the amplitudes for the stripping and heavy-substitution mechanisms, the
dotted line is the cross section for the stripping mechanism, and the dashed
line is the cross section for the heavy-substitution mechanism. The experi-
mental points are from Ref. 114.

This may be a reflection of the difference of the cluster struc-
ture of the excited state (2.186 MeV, 3*) in SLi from that of
the ground state of SLi.

The theoretical analysis of the polarization tensors of
excited states of light nuclei and, in particular, °Li gives
more information about the structure of these states and the
reaction dynamics than does analysis of the differential cross
sections. This is not only because of the large number of
angular distributions studied, but, mainly, because the angu-
lar dependences of the components ¢;,, are highly sensitive to
the model parameters. This feature of the polarization tensors
(and, as noted above, the spin tensors of the density matrix)
is related to the coherent summation over the transferred or-
bital angular momentum [/ and the incoherent summation
over the total transferred spin s and channel spin j. The use
of these intermediate angular momenta, defined by the selec-
tion rules

S=Sa+Sb, j=If+l=IA+S,

instead of the angular momenta 7, and I, is convenient for
reactions induced by particles no heavier than “He, when the
total angular momenta 7, and I, are replaced by their spins
S, and S, . Then, instead of coherent summation over /, and
I, in the expression for the spin tensors (23), we have inco-
herent summation over s and j. In particular, for the
9Be(p,a)‘SLi reaction, s=1/2 and j=1 and 2.

In Fig. 13 we show the experimental and theoretical an-
gular distributions of the components of the polarization ten-
sor of the (2.186 MeV, 37) state in °Li. Since the data for
t;,(0,) have been obtained only for 6,<80°, the theoretical
curves take into account the contribution of only direct pro-
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FIG. 13. Angular dependences of the components of the polarization ten-
Sors 1,,(0) and t,,(0) of the SLinucleus in the 3%, E*=2.186 MeV state
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cesses (the contribution of exchange processes is very small
at these angles), including the coherent sum of capture and
heavy substitution.

The theoretical analysis showed that the angular distri-
butions of the components of the polarization tensor are very
sensitive to the parameters of the wave function of the rela-
tive motion Wop,_,61i(3+)+- A fit of the parameters of this
function describing the relative motion of ¢ and °Li in the 3*
state of Be showed that it differs significantly from the cor-
responding function for 6Lig.s. and from the shell-model pre-
dictions. In particular, it is more extended and contains more
nodes. The reduced widths extracted by comparing the cal-
culated and experimental distributions also differ slightly
from the model ones.

The difficulties in describing the angular dependence of
the leading component of the polarization tensor f,, were
overcome by cutting off small partial-wave angular momenta
L, in the p+°Be channel. The contribution of these angular
momenta significantly distorted the angular dependences and
shifted the experimentally observed oscillations. Unfortu-
nately, the description of the angular dependences of the
imaginary part of the components #;, with k=4 becomes
much worse. This is perhaps a consequence of the need to
include the spin—orbit interaction, the effect of which on the
imaginary part of the polarization tensor can be very strong.

CONCLUSION

We conclude by emphasizing that the particle—particle
angular correlations in the excitation of a particular level of

the final nucleus always describe only aligned systems, be-
cause k is always even. Nevertheless, the study of such cor-
relations is interesting from the viewpoint of the ability of
the ACFs to select the type of decaying state, because the
angular correlations prove to be sizable only if the wave
function of the state possesses a large probability (reduced
width) for decay via the given channel.

Therefore, the particle—particle angular correlation func-
tions should be especially sensitive not only to the reaction
mechanism, but also to the form of the wave functions. In
particular, when studying the ACFs of particles produced in
the decay of high-lying states, it is necessary to have an
accurate description of the wave functions of quasistationary
states. One method of doing this, the computer modeling of
wave functions of the Gamow type, has been described in
this review.

Another feature of the study of the ACFs in reactions
involving semiheavy ions and the study of strongly excited
nuclear states is the need to correctly calculate the overlap
integrals in the interior of the nucleus. The standard ap-
proaches in DWBA calculations often tend to overestimate
the role of the nuclear interior. The cases studied here, where
a cutoff is introduced for small orbital partial waves, have
led to significant progress in the interpretation of some of the
experimental data.

The difficulties arising in the description of the angular
dependences of the imaginary parts of the components of the
polarization tensors indicate that it is necessary to include the
spin—orbit interaction, which can very strongly affect the
imaginary part of the polarization tensor.
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