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Present ideas about nucleon clustering in nuclei are reviewed. The main attention is devoted to
the role of excited clusters in the ground states of 1p-shell nuclei. Their properties, their status
outside the framework of the translationally invariant shell model, and the conditions most
favorable for manifestation of their contribution to nuclear reaction cross sections are
discussed. It is shown that in (p, Nx) quasielastic knockout reactions the contribution of
excited clusters, x*, may be the most important at large momentum transfer. The results are
given of calculation of the characteristics of quasielastic knockout of d, ¢, and a particles at
energies around 0.7 GeV at momentum transfer 5-10 F~' with allowance for processes that
take place on excited clusters, px* — Nx, which are treated on the basis of existing ideas about
the mechanisms of proton backward elastic scattering by the lightest nuclei in the

corresponding range of energies.

INTRODUCTION

In this review, we consider reactions involving the
quasielastic knockout of nucleon clusters (QKNC) induced
by protons at energies of several hundred mega-electron-
volts. The quasielastic knockout processp + 4 —p + x + B,
where x is the cluster that is knocked out, 4 is the initial
nucleus, and B is the residual nucleus, has kinematics in the
laboratory frame very similar to the kinematics of proton
elastic scattering by a free cluster at rest: p 4+ x—»p 4 x. Be-
cause of this striking kinematic feature, QKNC reactions are
usually regarded as direct proof of the existence of clusters in
nuclei and are widely used to study the cluster structure of
nuclei.’ By means of QK NC reactions of the type (p, pd), (p,
pt), (p, pa), (@, 2a) extensive spectroscopic information
has been accumulated about the momentum distributions of
clusters in nuclei and their effective numbers.>

The QKNC reactions at high energies under conditions
of a large momentum transfer are particularly interesting,
since in this case the characteristics of the process may con-
tain information about the short-range NN correlations in
nuclei. It is sufficient to recall in this connection that the first
attempt to understand the inclusive Dubna data® on quasi-
elastic knockout of fast deuterons generated the hypothesis
of fluctuations of the nuclear matter density.* Subsequently,
this idea, enriched by ideas about the quark structure of ha-
drons, became one of the points of departure in the predic-
tion and study of the cumulative effect.” The discovery of the
quark structure of the nucleon and the possibility associated
with it of the existence of multiquark configurations in nu-
clei may be important for QKNC reactions at large momen-
tum transfers. However, the connection between QKNC re-
actions and the quark degrees of freedom in nuclei requires
further investigation. In contrast to this direction, the devel-
opment of systematic theoretical ideas about QKNC reac-
tions took place in the framework of ordinary ideas about
nuclear structure.® The basic principles of a microscopic the-
ory were formulated; the main feature of this theory is the
principle of fractional parentage of nuclear states.” It was
established that the spectroscopic information extracted
from QKNC reactions fits in well with widely accepted shell
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ideas about nuclear structure.®’ An analysis of the experi-
mental and theoretical situation with regard to QKNC reac-
tions at large momentum transfers at the middle of the sev-
enties can be found in Ref. 10.

During the last decade, definite progress has been
achieved in the investigations of QKNC reactions at large
momentum transfer. First, besides the “single-arm” data,>"!
the results of kinematically complete (p, pd) and (p, nd)
coincidence experiments have been published.'*'"* Second,
new data have been obtained on elastic pd (Ref. 14), p*He
(Ref. 15), and p*He (Ref. 16) backward scattering at ener-
gies around 1 GeV, and the ideas about the mechanisms of
these processes have been made more precise; this is of fun-
damental importance for understanding the dynamics of
quasielastic knockout of fast clusters. Third, and, in our
view, most important, there has occurred in the theory a
deep rethinking of cluster phenomena in QKNC reactions at
high energies.'” We shall dwell on this in more detail.

The usual and widely accepted interpretation of QKNC
reactions is as follows.® It is assumed that a cluster knocked
out of a nucleus existed in the nucleus already before the time
of interaction and that its internal state was not changed by
the knockout process. As a rule, this approximation works
well in the region of intermediate energies, up to about 100-
150 MeV, where, because of the strong absorption, the
QKNC reactions have a clearly peripheral nature. However,
a treatment of the reaction as simplified as this may not be
viable at energies around 1 GeV; for as the initial energy is
increased from 0.1 to 1 GeV the contribution of the interior
region of the nucleus to the QKNC cross section increases
appreciably (see, for example, Fig. 1 for the (@, 2a) reaction
from Ref. 19), and in this region, in contrast to the peri-
pheral region, modern ideas about nuclear structure indicate
that the dominant components of the nuclear wave function
do not contain ordinary d, ¢, and a clusters.?® Therefore, in
the theory of QK NC reactions at high energies it becomes an
important task to find the probability of the following pro-
cess: An incident proton (hadron) interacts with a group of
nucleons of the nucleus that in the general caseis notad, t, or
a cluster, differs from it in its quantum numbers, and is
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FIG. 1. Radial localization of the '°0 (e, 2a) *C reaction according to the
results of Ref. 19: u(r) is the wave function of the 3S state in the
'*0—a + "*C channel; Ao is the histogram of the contributions to the
%0 (@, 2a) "*Creaction cross section as a function of the distance from the
center of the nucleus for recoil momentum k; = 0.

called in what follows an excited cluster (a more accurate
definition is given below), but in the process of interaction
an ordinary cluster is formed from this group and is then
observed in the final state. This problem can be formulated
mathematically in the framework of the translationally in-
variant shell model (TISM).

Indeed, in the fractional-parentage expansion of the
TISM wave function for the ground state of nucleus 4 in the
channel A —»x + B one can separate two terms:

Ya = CP WPy (028) + 2 C' P Ppatpys (Pip)- (1)
x* By

The first term contains the ordinary cluster x and the residu-
al nucleus B in their ground states ¢, and 3, with respect to
the internal motion, which are coupled by the function
¥, (p.p) of the relative motion.

In the second term, the cluster x* (respectively, the nu-
cleus B *) is the same as the cluster x (respectively, B) only
as regards the number of nucleons, differing from it in the
quantum numbers of the internal motion, and the corre-
sponding function of the mutual motion of the centers of
mass of x* and B *, gb,,. (p.z ), is drawn into the nucleus. The
basis of the approach to QK NC reactions developed by Neu-
datchin et al.*' for small initial angles of the secondary pro-
tons is based on combination of the TISM with Glauber—
Sitenko multiple-scattering theory. The constructive nature
of this “dynamical” approach, due to the reliability of the
wave functions and the mechanism of the elementary inter-
action, made it possible to predict a number of interesting
results completely absent in the traditional treatment of
QKNC reactions and amenable to experimental verification.
In the region of large momentum transfers, corresponding to
emission of protons in the backward hemisphere, the analo-
gous problem encounters great difficulties, since neither the
interaction mechanisms nor the large-momentum compo-
nents of the nuclear wave functions are sufficiently well
known. Nevertheless, in this case too some results have been
obtained, qualitative rather than quantitative. In the present
review, our main attention is devoted to this problem.

1. TRANSLATIONALLY INVARIANT SHELL MODEL AND
EXCITED NUCLEON CLUSTERS IN NUCLEI

In the region of light nuclei with 4<16 the structure
factors of the d, ¢, and a particles can be calculated by a
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method developed in detail in the framework of the shell
model and based on the principles of fractional parentage of
nuclear states.?* Since its creation (1950-1960), this meth-
od has been subjected to wide experimental testing. It has
been established that in the majority of cases the d, ¢, and &
spectroscopic factors extracted at low and intermediate en-
ergies from different reactions (quasielastic knockout,
many-nucleon transfer) not only agree fully with each other
but also fit well with shell ideas about nuclear structure.
There is no doubt that this result is a great achievement in
the theory of cluster phenomena in nuclei. It should, how-
ever, be emphasized that so far it is the spectroscopic factors
for clusters in the ground states of their internal motion that
have, as a rule, been compared with experiment, and it is
transitions to levels of the residual nuclei with unbroken in-
ternal shells that are discussed.®® In other words, in the ex-
perimental testing of the fractional-parentage conception
only the first term in the expansion (1) is taken into account,
and all the remaining terms are effectively ignored. At the
present time, the problem of taking into account these terms
has in principle been solved, and the most complete exposi-
tion of this work can be found in Ref. 23. Allowance for the
second term in the expansion (1) leads to the representation
of excited clusters in the ground states of the nuclei and re-
quires an appropriate generalization of the concept of a spec-
troscopic factor. What is the weight of these terms in the
nuclear wave function? Why are they not manifested in the
known experimental data, and under what conditions can
they be discovered in an experiment? What is the status of
the excited clusters outside the framework of the shell mod-
el? This and the following sections are devoted to a qualita-
tive consideration of these questions.

Definitions

The structure factor for separation from a nucleus with
mass number 4 of an excited cluster x is defined in the same
way as for an unexcited cluster, by an overlap integral®*:

2=(%)" thal ¥avur Bae—R) b0, 2)

where the functions ¢, ¥, ¢, which are antisymmetrized
with respect to all nucleons, describe the internal motion in
theinitial nucleus 4, in the residual nucleus 4 — x, and in the
distinguished cluster x, respectively; #,, (R,_, —R_) is
the wave function of the relative motion of the centers of
mass of the separated fragments 4 — x and x in a bound
state; v and A are the principal quantum number (the num-
ber of oscillator quanta) and the orbital angular momentum
of the relative motion; and the binomial factor
(4 /x) =A/x!(4 — x) ! takes into account the identity of
the nucleons. For the description of the decay of the nucleus
into two strongly excited fragments (with broken internal
shells) in the ordinary shell model the problem arises of
eliminating the admixture of spurious states due to unphysi-
cal oscillations of the centers of mass of these fragments. To
avoid this difficulty but to preserve the possibility of using
the Racah-algebra formalism and the technique of frac-
tional-parentage coefficients, it is necessary to use the
TISM.! In it, the internal state of a nucleus of 4 nucleons
corresponding to definite values of the orbital, L, spin, S, and
total, J, angular momenta, and also the isospin 7, is de-
scribed by an antisymmetrized oscillator function
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where N is the number of oscillator quanta; [f] is the Young
diagram that determines the symmetry of the orbital part of
the wave function with respect to permutation of the nu-
cleons; (A ) is the Elliott symbol that characterizes the sym-
metry of the state with respect to permutation of the oscilla-
tor quanta [SU(3) symmetry of the state]; M and M are
the projections of the total angular momentum and the iso-
spin; and a represents all the additional quantum numbers
needed for unique description of the state. To describe low-
lying excited states of nuclei with 4< 16 corresponding to the
configuration s*p? —*, one uses the intermediate-coupling
model on the basis of the TISM:

o [121_.9 ainis | AN [f] (\p) aLSTIMMyy.  (4)
i

The coefficients @ in (4) are determined by diagonalizing
the shell Hamiltonian, which includes an average field and
spin—orbit and residual pairing interactions. For nuclei with
4<A<16, the coefficients @ have been tabulated.>* In the
frequently employed limit of LS coupling, the expansion (4)
contains only one term.

To calculate the integral (2) in the TISM, it is sufficient
to know the fractional-parentage expansion of the wave
function of nucleus 4 with respect to the product of TISM
functions of the cluster x, the residual nucleus 4 — x=B8,
and the function of their relative motion:

| AN oy = 2 (AN 0| A—zNgp, vAM,, zN %)
BYAMA
NghN,~v

X | BNgB) | aN .y} | vVAM a). (5)

Here, to simplify the expression, we have indicated explicitly
only the number of oscillator quanta from the complete set
of TISM quantum numbers. The summation over Ny, N,,
and v is carried out with allowance for the oscillator rule

Ny—Ngp=N,+wv, (6)

which expresses the condition of conservation of the number
of excitation quanta. The concept of an excited cluster used
here can be most precisely defined on the basis of the expan-
sion (5). Namely, the state |x/NV,¥) in the expansion (5) of
the ground-state wave function of the nucleus is called an
excited cluster if the corresponding number of internal exci-
tation quanta N, satisfies the condition N, > N ™" Here,
N 7™ is the minimal number of oscillator quanta compatible
with the Pauli principle for the given number of nucleons x.
For Ip-shell nuclei, the TISM function for N = N™™ is pro-
portional to the s*pN™" function of the ordinary shell mod-
el. If the number of nucleons is x<4, then we have N™ = Q.
Finally, a cluster is said to be unexcited, or ordinary, if N,
= N 1" and all the remaining TISM quantum numbers are
equal to the quantum numbers of the principal component of
the wave function of the corresponding d, ¢, or @ particle.”
Thus, in the TISM the complete expansion of the function
(5) includes both ordinary and excited clusters.

Results of calculations of structure factors

Substituting functions of the form (3) in (2) and ignor-
ing the difference between the oscillator parameters for the
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original nucleus and the separated fragments, we obtain for
the structure factor the expression®

Si:(:)uz S\ (TaMyJ M| FoAM ) (AMAT M| T M)

£7M
X (TpMpplT oMy | TyMr,)U(AL_JS,; 2J.)
Ly §p Jal
X [(2La+1) 284 +1) @75 +1) (2T + 1)1*/2{ z S T f
.

XAAN A [fal Papa) @aLaS T, | A
— N [fa] (Appp) pLlpSpT s
""Ay er:c”x] (l.:.u'x) axLxSme(z): LASATA>' (7)

The spectroscopic factor is determined by the square of the
expression (7). This expression contains the coefficients of
fractional parentage of the TISM, Clebsch-Gordan coeffi-
cients, Racah coefficients, and 9j symbols. A convenient
method for calculating the coefficients of fractional parent-
age of the TISM for sp states based on the connection be-
tween the TISM and the ordinary shell model, for which
there are extensive tables of coefficients of fractional parent-
age, was proposed in Ref. 23 (see also Ref. 25). Actual cal-
culations of the structure factors for the separation of excit-
ed three- and four-nucleon clusters with the Young diagrams
[3], [21] and [4], [31], respectively, from the '*C nucleus
in intermediate coupling have been made on the basis of this
method in Ref. 26. Transitions to all possible levels of the
residual nuclei, including states with a broken s shell in LS
coupling, were considered. The structure factors for separa-
tion of two-nucleon clusters from the '>C nucleus were cal-
culated in Ref. 27. An application of the method of Ref, 23
for the separation of two and more excited clusters from a Ip-
shell nucleus is given in Ref. 28. The results of these and
similar calculations® show that the structure factors for ex-
cited clusters are comparable to the corresponding values for
ordinary clusters. In this connection, the following question
arises: Why do the known experimental data on QKNC re-
actions at energies 7~ 100-150 MeV and many-nucleon
transfer contain no indications of an appreciable contribu-
tion of excited clusters? To answer this question, we consider
first the properties of excited clusters.

Properties of excited clusters

An important difference of excited clusters x* from un-
excited clusters x is related to the properties of the wave
function #,, (R,_, —R,) of the center-of-mass relative
motion of the cluster and residual nucleus. If the state of the
residual nucleus B is fixed (in particular, N; = const), then
thelarger the number N, of quanta associated with the inter-
nal motion of the cluster, the smaller is the number of the
quanta v, in accordance with (6), and the deeper the wave
function ¢, (p = R, _, — R, ) penetrates into the nucleus.
This property of the TISM wave function ¢,, (p) reflects
the obvious fact that the binding energy in the channel
A—B + x* is greater than in the channel 4 — B + x by the
excitation energy of the cluster x*, For this reason, excited
clusters evidently cannot play an important part in the nu-
clear reactions that are clearly of a peripheral type.

We note here that the oscillator rule (6) in the case of
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ordinary clusters (N, = 0) is widely used as a prescription
for finding the number of nodes of the relative-motion wave
function of a cluster x and the residual nucleus B in a bound
state if the xB interaction is described by a (nonoscillator)
potential of, for example, Woods—Saxon type.>*® The pa-
rameters of this potential are fitted to the low-energy charac-
teristics of the bound state A=x + B and xB scattering with
the depth of the potential chosen sufficiently great to ensure
that all levels with principal quantum number v from 0 to
v = N, — N inclusive fit in the discrete spectrum. Then all
levels with v < N, — N are disregarded, since in the unex-
cited-cluster—unexcited-residual-nucleus channel they cor-
respond to the shell configurations s’p* ~°, s%* %, etc.,
which vanish on antisymmetrization. However, interpreting
the oscillator rule (6) in a wider sense, i.e., allowing N #0,

.we find that these forbidden (for unexcited clusters) states -

of the center-of-mass motion withv=0,1,..., N, — N — 1
are in fact allowed for excited clusters with the number of
quanta N, = N, — Ny, N, — Np — 1,...,1, respectively.”

In discussing the properties of the wave function
¥, (p), we must also emphasize that the expansion (5) is
symmetric with respect to the light cluster x and the heavy
residual nucleus B. Namely, components with heavy excited
“clusters” B(N > NT") are present in the expansion of the
ground-state wave function of nucleus 4 on an equal footing
with the light excited clusters x*(N, > N™™"), It follows
from this that if we wish to establish the actual existence of
excited clusters in the original nucleus, we are not necessar-
ily restricted to seeking only processes with rearrangement
of the light clusters, x* —x. For this purpose, we could in
principle restrict ourselves to observing the excitation spec-
tra of the residual nuclei B produced in direct nuclear reac-
tions as spectators, provided LS coupling is a good approxi-
mation for the corresponding hole states of nucleus B.
Despite the significant differences between the properties of
the fragments x and B, it is here an important circumstance
that in the channels 4 —B*(N " + N *) + x(N ™") and
A-B(ND™y 4 x*(N* + N™") with equal numbers N * of
excess internal excitation quanta in x* and B * the relative-
motion function #,, (p) of the fragments is the same with
the number of oscillator quanta equal to v =N, — N 3"
— NI

We now consider the properties of the internal states of
the excited clusters. For this, we expand the TISM function
of a cluster with respect to the functions of the ordinary shell
model, |sp(2s-2d)...), assuming x<4:

I‘rﬁ'r.\‘ [f1] -I-’.\‘a) o ll-’oAuIQ (Rx) {Qx |Sx—N'TpNx : [:fx] an)
+ Wls" Vot ptam (25— 2d)t [£,] Ly
vont Cg(Ny) |87 (N L) [, ] @) (3)
For an unexcited cluster, we have similarly
|&N = 0[f;]=[x] Ly== 0S,T.)

= Yoo (Re) [s%[2] L.=08,T,). (9
In the expansions (8) and (9), ¥goo (R, ) is the ground-state
wave function of the cluster center of mass. As can be seen
from these expansions, the main and most interesting differ-
ence of an excited cluster from an unexcited one is that its

internal state contains higher shell configurations. Thus, on
separation from a Ip-shell nucleus of a cluster with x =4
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a b

FIG. 2. Momentum distribution of nucleons in the center-of-mass system
of a Ip-shell nucleus: (a) in the average shell configuration (the momen-
tum of one nucleon is balanced by the total momentum of all the remain-
ing 4 — 1 nucleons), #;,(p/py); (b) in an excited (4N ) cluster, ¥,
(p/Bo)-

nucleons the maximal number of excitation quanta of the
cluster is NV, = 4. All four quanta can be transferred to a
single nucleon, to which the final term in (8) corresponds.
This means that in such a configuration the high-momentum
single-nucleon component is effectively enhanced compared
with its average shell value. At the same time, the center of
inertia of the cluster is predominantly at rest in the center of
mass of the original nucleus 4, since Eq. (6) gives us v = 0.
For a Ip-shell nucleus in the average shell configuration, in
which the momentum of one nucleon is balanced by the total
momentum of all the remaining 4 — 1 nucleons of the nu-
cleus (Fig. 2a), the wave function of the nucleon in the mo-
mentum representation is ¢, (p/p,). At the same time, in
the maximally excited (V, = 4) four-nucleon cluster whose
center of mass is at rest in the nucleus the momentum of one
nucleon is balanced by the momenta of the three remaining
nucleons (Fig. 2b), and the corresponding momentum dis-
tribution has the form #,; (p/p,). The rms momentum of a
nucleon in the second case is approximately twice that in the
first. Thus, knowledge of the coefficient C, (¥, ) in front of
thelast term in (8) is very important. A method for calculat-
ing these coefficients and also the values of the coefficients of
fractional parentage for the separation of one nucleon from
excited three- and four-nucleon clusters are given in Ref. 29.

In the case of two-nucleon (2N ) clusters, the isospin
excitations and radial excitations are not connected and the
spatial parts of the wave function for singlet and triplet {2V )
clusters in the TISM are the same. This is not so for (3N )
and (4N ) clusters. In this case, the isospin excitations of a
cluster are necessarily accompanied by radial excitations by
virtue of the antisymmetrization of the cluster wave func-
tion. Thus, the state withx = 4 and T, = 1 is not compatible
with the spin-isospin Young diagram [fs, ] = [4], but the
“nonsymmetric” Young diagrams [fy;] equal to [31],
[22], [211] are allowed. However, in accordance with the
Pauli principle ([fsr]°[f.] = [1¥]) the lowest shell con-
figuration |s*[f.] = [4]) is not compatible with any of
these allowed spin-isospin Young diagrams. Therefore, a
{4N) cluster with isospin T, = 1 is necessarily radially ex-
cited with N, > 0.

Status of excited clusters outside the framework of the
TISM

The TISM describes well a large body of experimental
data associated with the first term of the expansion (1). For
this reason alone, all the predictions of the model that follow
from the second term of the expansion (1) should be sought
experimentally. Nevertheless, it is helpful to discuss the for-
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mal and physical reasons for the occurrence of excited clus-
ters.

The appearance of excited clusters in the expansion (5)
is a consequence of three factors: the presence of the average
nuclear field, the effect of the Pauli principle, and the separa-
tion of the variables in the oscillator Hamiltonian of the
TISM for any set of Jacobi coordinates

Hy(Ea) = Ha-x(8p) + He(Ey) + Hig Ry-x—Ry), (10)

where H,, H,_,, and H, are the internal Hamiltonians of
the TISM for the systems of 4, 4 — x, and x nucleons; H_,, is
the Hamiltonian that describes the relative motion of the
fragments 4 — x and x. The property (10) must be augment-
ed by the assertion that the spectra of all three Hamiltonians
H,_., H,, and H in the TISM are completely identical
and are determined by the same parameter #iw. The first two
factors lead to the appearance of excitation quanta in the
system of 4 nucleons. And by virtue of the third property
these quanta can be transferred without hindrance from one
subsystem to the other or pass into their relative motion. It is
this fact that is established in the oscillator rule (6) and in
the summation over the oscillator quanta in the expansion
(5). However, this last property is true only of the oscillator
Hamiltonian and is not true for any other types of interac-
tion. Does this mean that excited clusters are meaningful
only in the framework of the oscillator TISM and do not
appear in more realistic schemes?

To answer this question, we consider first the model of
nucleon associations.' The wave function of a system con-
sisting of two clusters x and B is expressed in this model in
the form of an antisymmetrized product of the internal func-
tions ¢, (£,) and ¢¥5(£5) of the clusters and the function
¥, (p) of their relative motion:

Va (Ex By 0) = NAos (e (Bx) 05 (€ 5) Poalp)}. (11)

Here, the clusters x and B are taken in the ground states, and
the number of nodes of the function ¢,, (p) is chosen in
accordance with the oscillator rule (6) for N, = N ™", N,
= N7, If all three functions in (11) are oscillator func-
tions and are characterized by the same oscillator parameter
#iw, then, as is well known,*? the function (11) is identical to
the TISM shell function (5). In other words, as a result of the
exchange of nucleons between the unexcited clusters real-
ized by the antisymmetrization operator 4, excited clus-
ters appear in the wave function (11) just as in (5).? If all
three functions in the curly brackets of the expression (11)
differ somewhat in the oscillator parameters, #iw,#%w,
##iw, [in this case, the spectra of the Hamiltonians in (10)
are not identical and, strictly speaking, the oscillator rule
(6) is no longer justified], the excited clusters are masked in
the exchange terms. If the clusters are strongly individuated
(there are large differences between the quanta #iw,, fiw,,
#iw,), the antisymmetrization becomes ineffective, and the
excited clusters die out in the wave function.

It is also obvious that the construction (11) does not
reflect all structural details of a cluster nucleus, namely, it
does not take into account the possibility of deformation or
breakup of clusters in the region of strong interaction in the
system of 4 = x 4+ B nucleons. To take into account these
effects the resonating-group method introduces into the trial
function (11) additional terms with excited clusters:
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A

Ya (Exr Eao Pz = AxB— {x (E) b5 Es) Pva (@)}
+ 2 Arp (0 (Ex) P E8) Youns (9))- (12)

Here, ¥2 (£, ) is the wave function of the excited state of
cluster x, chosen orthogonal to the ground-state function
... In general, the functions of the excited states do not then
correspond to any real excitations of the system of x nu-
cleons. They represent virtual inelastic channels in the con-
tinuum. The role of these so-called breathing excitations of
clusters in the ground states of the °Li and "Li nuclei was
investigated in the resonating-group method in Refs. 33-35
with allowance for the coupling of the channels a—d, a—d *
and a—t, a-t *, respectively. Variational calculations with
the trial functions (12) for a Hamiltonian with realistic two-
body NN interactions show that inclusion of the channel
with an excited cluster x* changes the clustering in the sur-
face region of the nucleus only little. At the same time, the
functions of the relative motion of the clusters in the channel
with x* have appreciable amplitudes in the interior region of
the nucleus and agree in the number of nodes with the oscil-
lator rule (6) for N, >N ™" Overall, the inclusion of the
excited clusters improves the behavior of the wave function
of the nucleus in the internal region, both through the ap-
pearance of new components in the wave function with re-
spect to the relative coordinate and through the enhance-
ment of the high-momentum component of the internal
wave function of the cluster. As a result, it was possible to
obtain® an appreciable enhancement of the electromagnetic
form factors of the "Li nucleus in the region of large g ( ~10
F~?), improving the agreement between theory and experi-
ment. Thus, it may be concluded that the results of calcula-
tions in the resonating-group method confirm the main
qualitative ideas about excited clusters that follow from the
shell model and are used in what follows.

2, WHEN ARE EXCITED CLUSTERS MOST IMPORTANT IN
NUCLEAR REACTIONS?

A qualitative answer to the question posed in the title of
this section can be found in the properties of excited clusters
considered above. The principal and, indeed, only advantage
of excited clusters in nuclear reactions over unexcited clus-
ters is the presence in them of a high-momentum compo-
nent, especially in the single-nucleon channel x - (x — 1)

+ N (Fig. 3). Possible processes with transfer of a fluctu-
ation x — (x — 1) 4+ N to the mass shell under the influence
of y rays, pions, and nucleons are shown in Figs. 3(b)-3(d).
If the kinematics of the reactions on nuclei corresponding to
them, (¥, Nx), (&, Nx), and (p, px), are such that at the
vertex x — (x — 1) + N the relative momentum @ is greater
than the characteristic shell value @, (@ > Q,), then the con-

N 7 N f N P al
: z \ f
i x-1
> =
x-1 ¥ x-1 x-1 L P
a b c d

FIG. 3. Virtual decay x — (x — 1) + N (a) and possible processes with
its participation induced by ¥ rays (b), pions (c), and nucleons (d).
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tribution of the excited clusters to these processes may be
dominant. As estimates in the TISM without allowance for
short-range correlations show, the amplitude of the process
x—(x —1) + N with excited cluster x =4, N, = 2-4 for
Q = (1.5-2.0)Q, exceeds by an order of magnitude the anal-
ogous amplitude for an unexcited cluster (N, =0). The
condition Q> @, can be realized in (¢, Nx) and (7, Nx)
reactions at large emission angles of the fragments and in
quasielastic (p, px) knockout with px scattering backward.
Conversely, for Q < Q, the transitions on ordinary clusters
are dominant, since for them the weight of the momentum-
soft components of the wave function is higher than for the
excited clusters.

We consider now the possible reasons for suppression of
the contribution of excited clusters. Three can be identified.

1. The first is related to the existence of the nuclear
surface. Ordinary clusters are localized in the surface layer,
whereas excited clusters extend into the nucleus.®’ The con-
tinuum wave functions in the entrance and exit channels
change their behavior abruptly at the boundary of the inter-
action potential in two respects. First, in the interaction re-
gion the oscillations of the wave function are enhanced, since
for an attractive potential the wave vector k;, in the interac-
tion region is greater than the asymptotic wave vector k., :
K, >k, - Second, the amplitude of the scattered wave is
decreased in the interior region approximately in the ratio
Kii/kow = ((T+ |V|)/T)"?, where V is the depth of the
potential well, and T is the kinetic energy of the particle
outside the interaction region. This decrease in the wave am-
plitude is formally a consequence of the matching of oscillat-
ing functions with strongly differing wave vectors,*® a math-
ematical operation that from the physical point of view
corresponds to reflection of the wave from the surface of the
attractive potential. An exception is resonance scattering,
for which the wave function of the incident particles pene-
trates deeply into the region of the attractive potential with-
out a decrease in amplitude. The additional damping of the
wave within the nucleus is due to absorption, i.e., the imagi-
nary part of the optical potential.

Both of these interrelated factors lead to two indepen-
dent mechanisms that suppress the contribution of the excit-
ed clusters to the reaction cross section. The effect of the
second factor is obvious; for the incident particles penetrate
weakly within the nucleus into the localization region of the
excited clusters, and the fragments x — 1 and N formed by
the interaction with the cluster undergo absorption in pass-
ing through the nucleus. The effect of the first factor can be
understood, for example, in the semiclassical approximation
by examining Fig. 4. In this figure, we consider two fluctu-
ations x— (x — 1) + Nand x*- (x — 1) + N, which occur
on the surface and in the interior region of the nucleus, re-
spectively. If the fluctuations are brought to the mass shell
[for example, by any of thé methods shown in Figs. 3(b)-
3(d)], then for the same asymptotic relative momentum ¢
the local relative momentum Q@ in the fluctuation x*
— (x — 1) + N must be greater thanin x— (x — 1) + N by
virtue of the general renormalization of the momentum in
the region of attraction. In other words, under otherwise
identical experimental conditions the excited clusters par-
ticipate in the reaction at larger values of the momentum in
the channel x* - (x — 1) + &, and this lowers the ampli-
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FIG. 4. Increase of the local relative momentum in the channel
x* - (x — 1) 4+ N compared with its asymptotic value in the process with
participation of an excited cluster x*.

tude of this process relative to the x— (x — 1) + N ampli-
tude. Thus, the existence of an interface between the external
and internal regions of the nucleus is the main factor that
suppresses the contribution of the excited clusters to the re-
action cross section when allowance is made for distortions.
The plane-wave calculations®” evidently cannot pretend to
even a qualitative estimate of the cross section.

2. Another important factor in suppressing the contri-
bution of the excited clusters is the mechanism of the “ele-
mentary” interaction of a hadron with a cluster: & + x> N

+ (x — 1) + ... . The dynamics of this process may be such

that even in the case of kinematic conditions favorable for
manifestation of the high-momentum component of the
wave function the process takes place predominantly on
small relative momenta in the channel x - (x — 1) + V. Ex-
amples of such diagrams in the A-resonance region of inter-
action with deuterons (two-nucleon clusters) are well
known?® and are given in Fig. 5. In the first two processes,
the relative momentum of the separating nucleons is fairly
large. However, it does not arise because of the large relative
momentum at the vertex (2N )} — N + N, whose probability
is small, but because of the large probability for production
of the A isobar and its subsequent “explosion,” which is
what repels the originally slow nucleons. For the same rea-
son, soft momenta are dominant in the p{np) — pd process in
the vertices (2N } »N + N and p + n—d.*' The diagrams
shown in Fig. 5 are dominant in the region of energies for
which the A isobar is near the mass shell. Outside the A-
resonance region the mechanisms shown in Fig. 3, which
require high-momentum components of the wave functions,
become important. Analogous conclusions hold for pro-
cesses involving more complicated clusters (see Sec. 3).

3. Finally, there is one further important aspect of the
competition between the excited and unexcited clusters; it is
related to the short-range correlations in the channel x

N
7 N T 2 p P a
A N A N oA '
" \ :;}:(\
e XN -G o aw 7 ]
a b c

FIG. 5. Examples of processes on a (2N ) cluster that can be realized

without participation of high-momentum components in the channel

2N—N + N:(a) photodisintegration of the “deuteron,” ¥{(2N } — NN,

at y-ray energy E,~200-300 MeV (Ref. 39); (b) absorption of

stopped pions, 7(2N ) - NN (Ref. 40); (c) proton backward scatter-

%&gé{nd};hc process p{2N ) — Nd at initial proton energy T~ 500-700
eV.
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—(x —1) + N. The short-range correlations are most
strongly manifested in the cluster ground state, since the
configuration (0s)* corresponding to this state allows the
nucleons to approach to short relative distances r,, ~0. Be-
cause of this, the above-mentioned absence of a high-mo-
mentum component in an unexcited cluster is to a large de-
gree compensated by the short-range correlations.*> In
contrast, their influence in excited clusters in the channel
x*— (x — 1) + N is less significant precisely on account of
the admixture of the high shell configurations s*~ 'p,...,
s*~Y(N,L,)", in which the average distance between a nu-
cleon in the N, L, shell and the core s* ! is appreciably
greater than the dimension of the core s~ '. The problem of
the influence of the short-range correlations in the ground
state of a cluster s was actually considered in Ref. 43 in an
analysis of p*He and p*He backward elastic scattering in the
framework of the heavy-stripping mechanism at energies
600 MeV. It was established that allowance for the short-
range correlations in the channel x— (x — 1) + N reduces
approximately to multiplication of the oscillator function
Yo0o(p) by a correlation function u(p) having the form
u(p):i—aexp{—b(I—i)zpz}, (13)

T

where p is the distance between the centers of mass of the
core x — 1 and the nucleon. The parameters ¢ and b in (13)
were chosen to satisfy the condition of describing the charge
form factors of the *He and “He nuclei: asy, = 0.2, by,
=4.65 F 2, @iy, = 0.43, by, = 0.708 F~2. The same cor-
relation function (13) is used to estimate the short-range
correlations in excited clusters.** From the given treatment,
the following conclusions can be drawn about the conditions
favorable for the manifestation of excited clusters in quasi-
elastic knockout reactions.

1. A necessary condition for a large contribution of ex-
cited clusters to the reaction cross section is a large relative
momentum at the vertex x*—N + (x — 1). In a QKNC re-
action of the (p, px) type, this condition can be realized if
protons are emitted backward, since in this case a large con-
tribution of the pole diagram in the px* — px process is possi-
ble [see Fig. 3(c)].

2. It is important for the energies of the particles in the
entrance and exit channels to be sufficiently high. This re-
duces the wave-vector ratio K, /k,,, (for T'= 600 MeV,
V=100 MeV, we have K, /k,,. =~1.1), and this also re-
duces the effect of the nuclear surface as a factor that sup-
presses the contribution of the excited clusters. This condi-
tion is satisfied by the (p, p°H), (p, p°He), and (p, p*He)
reactions at large momentum transfer in the region of ener-
gies around 1 GeV, at which not only the clusters knocked
out forward but also the secondary protons in the backward
hemisphere are sufficiently fast. In the case when fast deuter-
ons are knocked out in the same region of initial energies, the
secondary proton remains slow.

3. Direct information about the participation of excited
clusters in the (p, px) reaction can also be provided by tran-
sitions to states of the residual nucleus that are forbidden (in
the impulse approximation) in the case of knockout of unex-
cited clusters. Such are, for example, transitions to levels of
the residual nucleus with isospin T, = 1 in the case of a-
particle knockout from a target nucleus with isospin 7, = 0.

It is also obvious that QKNC reactions at high initial
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energies but small momentum transfers do not completely
satisfy these conditions. First, the knocked-out cluster re-
mains slow and is strongly absorbed in the nucleus. Second,
in the limit of zero momentum transfer, A -0, the Glauber
multiple-scattering diagram for the px* — px process vanish-
es because the states of the excited and unexcited clusters are
orthogonal. (Actually, the amplitude is not zero only be-
cause of the differences between the oscillator parameters of
the free cluster and the cluster bound in the nucleus.) Third,
the Glauber scattering operator is diagonal with respect to
the cluster Young diagram [, ]. Therefore, when three- and
four-nucleon clusters are knocked out at A ~0 the permuta-
tional symmetry of the cluster, [f, ] = [3] or [4], cannot
change, and, as a consequence of this, the value of the isospin
T, cannot change (see the final paragraph of the subsection
“Properties of excited clusters™).

3. BACKWARD ELASTIC SCATTERING OF PROTONS BY
THE LIGHTEST NUCLEI AT INTERMEDIATE ENERGIES

We consider briefly pd, p*He, and pa backward elastic
scattering at energies of several hundred mega-electron-
volts. A general theory of backward elastic scattering of fast
protons by nuclei has not yet been created, and it is clear that
it cannot be as comparatively simple and universal as, for
example, the Glauber-Sitenko theory of multiple scattering,
which is valid at small momentum transfers A. The con-
struction of a corresponding theory at large A encounters the
problems of the high-momentum components of the nuclear
wave functions, the non-nucleon degrees of freedom in nu-
clei, and the relativistic description of bound states of ha-
dronic systems, i.e., the most topical problems in the theory
of strong interactions quite generally. Mechanisms of proton
backward scattering by light nuclei are considered here not
so much to demonstrate the full complexity of this problem
but mainly with a view to answering schematically the ques-
tion of the contribution of excited (2N ),(3N ), and (4N)
clusters to the kinematically corresponding “elementary”
processes in QKNC reactions.

Backward elastic pd scattering

Of the processes listed above, the best studied is pd
backward scattering in the region of initial energies T,
= 0.2-2.5 GeV. However, even in this simplest case the in-
teraction mechanism cannot be regarded as definitively
clarified. It has been shown that in the region of energies
500-700 MeV the triangle diagram of one-pion exchange
(OPE) with virtual subprocess pp —»d7™ can be expected to
make a large contribution to the pd scattering cross section
due to the A-resonance maximum of the pp —dm process at
energy T, = 600 MeV (Fig. 6a).*** This mechanism repro-
duces the energy and angular dependences of the cross sec-

AR AN

FIG. 6. Mechanisms of elastic pd backward scattering: (a) one-pion
exchange; (b) the A-resonance mechanism; (c) single scattering; (d)
single-nucleon exchange; (e) mechanism with formation of a B, reso-
nance.
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tion in the considered interval of energies. However, for a
clearer understanding of the A-resonance behavior of the
pd —dp cross section, it is necessary to consider diagrams
that explicitly include the A isobar in the intermediate state.
One of these diagrams, shown in Fig. 6(b), was considered
in Refs. 41 and 46. The results of calculation with the A
isobar are not sensitive in this region to the high-momentum
component of the deuteron (see Sec. 2) but depend strongly
on the parameters of the NNsNA transition amplitudes,
which are calculated in the approximation of 7 4+ p meson
exchange and are known, unfortunately, with low accuracy.
The inclusion in the A-resonance mechanism of the dia-
grams of single scattering [Fig. 6(c) ] and neutron exchange
[Fig. 6(d) ], which are very sensitive to the high-momentum
component of the deuteron, hardly changes the absolute val-
ue of the cross section in this region of energies, although it
does affect the polarization characteristics. According to
Ref. 46, the sum of the three diagrams of Figs. 6(b), 6(c),
and 6(d), calculated with a realistic deuteron function in the
Reid potential with a soft core with allowance for the relativ-
istic effects in the dynamics on the light cone,*® cannot re-
produce all the existing experimental data even when the
wNA and pNA vertex constants are varied arbitrarily. For
example, the characteristic “‘shoulder” at energy 500-600
MeV in the cross section of scattering through angle 8.,
= 180°, which is traditionally regarded as a manifestation of
the A-resonance feature, is only partly reproduced. In this
connection, it was suggested in Ref. 47 that in this region of
energies there is a large admixture of a mechanism with in-
termediate production of three-baryon resonances B, [Fig.
6(e) ], whose existence in this region of energies can in fact
be justified in the bag model.** The parameters of the B,
resonances in the Breit~-Wigner form can be chosen in such a
way that the sum of the four diagrams of Figs. 6(b), 6(c),
6(d), and 6(e) describes the experimental data, including
the deuteron tensor polarization.™ It should be noted that
the predictions of the OPE mechanism*® contradict the new
data on the tensor polarization.”'

At energies of the incident protons above 1 GeV, the
contribution of the A and B, resonance mechanisms de-
creases rapidly, while the contribution of the mechanism of
neutron exchange and single scattering increases. On the ba-
sis of the so-called optimal approximation developed in Refs.
52 and 53—it is a generalization of the impulse approxima-
tion to the case of large momentum transfers—it was shown
that in the region of energies 1-2 GeV the sum of the mecha-
nisms of neutron exchange and single scattering with
allowance for rescattering in the entrance and exit channels
explains the energy and angular dependences of the back-
ward scattering cross section.> It should, however, be noted
that the approach of Refs. 52-54 is dynamically nonrelati-
vistic. At energy T, = 2.5 GeV a resonance feature is again
observed; it is apparently associated with double excitation
of the A isobar.”

Leaving on one side the question of the exact contribu-
tion of each of the considered mechanisms, we can conclude
that in the quasifree process p(2N ) - Nd transitions with
excited (2N ) clusters will be most important in the region of
energies 1-2 GeV. In contrast, at energies 500-800 MeV the
contribution of such transitions is strongly suppressed. For
this assertion, we have the following arguments, which have
already been established in the OPE approximation.*® First,
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the A and, evidently, B, resonance mechanisms are not sensi-
tive to the high-momentum component of the wave function
of an NN pair, and therefore the dominant contribution to
the cross section of the (p, pd) reaction will be made by
states with internal orbital angular momentum 1 = 0 of the
pair. Second, for the A resonance and OPE mechanism the
probability of a transition with a change of the pair isospin,
pd%_, —»pdr_,,is suppressed by nine times compared with
the transition pd,_ , —pd,_, without change in the isospin
if, in accordance with the TISM, it is assumed that the spa-
tial functions of the singlet, d % _ , , and triplet, d,_ ,, deuter-
ons are the same.

Elastic pa and p*He backward scattering

In the literature there are some examples of good fitting
to the data on elastic pa backward scattering in the frame- -
work of the DWBA at initial energies 100-150 MeV (Ref.
56) and in the region 400-800 MeV.’"*® The main feature of
the scattering process in these energy intervals—the growth
of the c.m.s. cross section as the scattering angle approaches
180°—is well reproduced by the Majorana (space-ex-
change) part of the optical potential, this corresponding in
the language of Feynman diagrams to the triton exchange
mechanism [Fig. 7(b)]. Relativization of the exchange
term®® does not change these results qualitatively. To de-
scribe the & particle in the virtual-decay channel @ — ¢ + p in
such calculations one uses a simple functional form of the
type of Eckart parametrization.’” The unknown parameters
of this wave function are chosen by fitting to the binding
energy in the @ —¢ + p channel and the charge form factor
F,(q) in a wide range of momentum transfers. Elastic pa
backward scattering with an s-wave function #(q) corrected
to take into account the contribution of the meson exchange
currents to F, (¢) was analyzed in Ref. 59. In this work, two
mechanisms were summed in the optical model—single scat-
tering [Fig. 7(a)] and heavy stripping [Fig. 7(b)] with
allowance for rescatterings. The calculated curves obtained
in Ref. 59 agree well with the data on the angular and energy
dependences of the backward scattering cross section in the
interval 100-800 MeV except for the region 200-400 MeV.

In the region of energies 200400 MeV there is an ap-
preciable discrepancy between the model of Refs. 57 and 59
and experiment,®® namely, the observed differential cross
section of backward scattering (8,,,, = 160-180°) is practi-
cally isotropic, and the deep dip in the energy dependence of
the scattering cross section at angle 6., = 180" which is
predicted by the triton exchange mechanism®’ and is partly
filled by the summation of the diagrams of Figs. 7(a) and
7(b)>? is absent experimentally.'® The data on the polariza-
tion of the protons in this region of energies also contradict
the model of Ref. 59. In the opinion of the present authors,
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FIG. 7. Mechanisms of elastic pa backward scattering: (a) single scat-
tering; (b) heavy stripping with allowance for distortions (exchange of
a tritium nucleus); (c) triangle diagram of one-pion exchange.
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all this indicates that the other possible scattering mecha-
nisms make an important contribution in this region of ener-
gies. To this end, we considered in Refs. 60 and 61 the trian-
gle diagram with the virtual subprocess p + ¢(7) »a + 7
[Fig. 7(c) ]. The contribution of this diagram can be appre-
ciable precisely in the interval 200-400 MeV, since accord-
ing to the estimates of Ref. 62 the A-resonance maximum of
the p + t—a + 7 process is expected at energies 300-350
MeV.

By analogy with Refs. 44 and 45, the pa scattering cross
section can be expressed in the framework of the OPE mech-
anism in terms of the differential cross section of the
P + 7—a + 7 process®:

T - I "
aQ “BHF(k)(Tp+m,,)2

8§ pr—+ant
v la I (Q, x) 2
My Spa

m aQ, k (14)

where

J(Q, »)=\ i (Qp) (xp+ 1) exp (—xp) ¥ (p) dp.  (15)
0

Here and in what follows, m; is the mass of particle 7; 5,; and
g;; are the square of the total energy of particles / and j in the
system of their common center of mass and the relativistic
momentum of the relative motion, respectively: G2/4r
= 14.7; F(k ?) is the Ferrari-Selleri form factor®®; k 2 is the
square of the 4-momentum of the virtual pion; and 7, is the
kinetic energy of the secondary proton. The connection be-
tween cos @ and cos #is determined by analogy with Ref. 64.
The relativistic expressions for T,, Q, and x are determined
as in the case of pd scattering.*> The wave function ¥(p)
describes the s state of relative motion at the virtual decay
vertex @ —»p + ¢ (or @ —n + 7); j; (x) is the spherical Bessel
function of order /. For comparison, we note that in the
framework of the single-scattering mechanism the cross sec-
tion is proportional to the square of the a-particle elastic
form factor S(A):

(16)

T, (3
S(A)= | jo (- 40) ¥*(p) 02 dp,
. ,
where A is the momentum transfer in the pa —ap process.
For the triton-exchange pole mechanism the pa scattering
cross section is proportional to the fourth power of the wave
functioninthea —¢ + pchannelin the momentum represen-
tation,

oo

D)= | jo(@p0) % (p) 02 dp, (17)
0
where
(ptpp)* —mim3 y1/2
gﬁt:{ (Pt+Pp)2 P} (18)

is the relative momentum in the @ —¢ + p channel.

The results of the calculations are given in Figs. 8 and 9.
The differential cross section of the pr— a7 ™ process, whose
threshold is at energy 170 MeV, was determined by linear
interpolation and extrapolation of the data of Ref. 65 on the
inverse reaction 7~ a—nt. For all mechanisms, the wave
function ¢(p) in the Eckart parametrization®” was used. The
presence of the deep minimum in the charge form factor
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FIG. 8. Differential cross section of elastic pa scattering in the center-of-
mass system through angle 8., = 180° as a function of the initial kinetic
energy: (1) OPE; (2) single scattering; (3) heavy stripping. The experi-
mental points are taken from Ref. 60. Curves 2 and 3 are multiplied by the
factor 0.1.

F,(gq) at g=3.2 F~' leads to vanishing of ¥*(g,,) and
S?(A) at initial energies 240 and 440 MeV (.. = 180°),
respectively. Because of this, the contribution of the pole
mechanism is suppressed in the region of energies 200-400
MeV (curve 3), and the single-scattering diagram predicts
an excessively rapid decrease of the cross section compared
with the experiment (curve 2). (In Fig. 8, curves 3 and 2 are
normalized to the experiment at energies 7, equal to 100 and
200 MeV, respectively; the normalization factor is 10~
corresponding to the contribution of the absorptive distor-
tions in this region.’’) In contrast, the integral J(Q,x) in
(15) is a smooth function of the kinematic variables, and, as
can be seen from Figs. 8 and 9, the OPE mechanism leads to a
correct qualitative and quantitative description of the ener-
gy and angular dependences of the pa backward scattering
cross section in the region of energies 200-450 MeV. To de-
scribe the analyzing power of the pa — ap process, it is neces-
sary to investigate the interference between the mechanisms
shown in Fig. 7, and for this it is necessary to know the
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FIG. 9. Differential cross section of elastic pa scattering in the center-of-
mass system at different energies of the initial particle. The calculation
(continuous curves) in accordance with Eq. (14) is compared with exper-
iment®® (points and broken lines) according to the upper scale and at
T =438 MeV according to the lower scale.
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amplitude of the pr—an™ process. The summation of the
diagrams of Figs. 7(b) and 7(c) requires care, since one of
them already includes the other (at least partly) by virtue of
the triton pole in the amplitude of the pr—am™ process. At
energies above 500 MeV, this mechanism becomes unimpor-
tant because of the rapid decrease of the cross section of the
pr—amt process.

The characteristic feature of these models is the use of a
phenomenological function in the @ — ¢ + p channel fitted to
the a-particle charge form factor. Despite the serious short-
comings of such fitting (in particular, the neglect of the
a—p + (3N ) channel, where the state {3V ) is not the tri-
tium nucleus), it is important that through the introduction
of the phenomenological s-wave function in the a—¢ 4 p
channel it is possible to describe the charge form factor
F, (g) in the interval ¢ = 0-7 F~' and, at the same time, to
understand the basic features of pa backward scattering at
large momentum transfers. It has been recently estab-
lished®® that fitting directly to the experimental charge
form factor F®(g) raises the values of the function
Y ... ,(g) by 1.5-2 times in the interval of momentag = 2-
4 F~', since this procedure does not take into account the
contribution of the meson exchange currents to F®. It is
important that the appropriate correction of the function
Y., 4+ - to take into account the contribution of the meson
exchange currents to F&®, improves, for example, the de-
scription of the *He(p, d)*He reaction in the single-nucleon
exchange model with distortions at energies 400-700 MeV
(Ref. 67) and, as follows from Ref. 59, does not change the
qualitative conclusion®” about the part played by the single-
scattering and heavy-stripping mechanisms in pa backward
scattering. The OPE diagram is practically insensitive to
such a correction of the function. It is known®® that calcula-
tions with realistic three- and four-nucleon wave functions
do not reproduce the charge form factors of the *He and *He
nuclei in the region of the second maximum even when
allowance is made for the meson exchange currents and
three-particle forces. This result is attributed to the contri-
bution of the non-nucleon components of the nuclear wave
functions. A positive aspect of the phenomenological fitting
to the charge form factor is the possibility of taking this con-
tribution into account. At the same time, it should be noted
that the available data on pe backward scattering up to the
energy 7, = 1000 MeV correspond to values of the square of
the momentum transfer g><5.3 GeV?/c*. This value signifi-
cantly exceeds the maximal momentum transfer g° = 2.4
GeV2/c* achieved in the data on electron scattering by a
particles.®® In proton scattering through angle 6., = 180°,
a momentum transfer g° = 2.4 GeV?/c? is attained already
at energy T, = 500 MeV. Therefore, elastic pa backward
scattering at T, > 500 MeV may contain new information
about the high-momentum components of the a-particle
wave function compared with the data on the charge form
factor. Calculations of the characteristics of this process
with realistic four-nucleon wave functions of the a particle
are at present unavailable.

Information about the mechanisms of p*He scattering
into the backward hemisphere is more sparse than in the case
of pd or pa scattering. The calculations of Ref. 70, made in
the framework of the deuteron exchange mechanism with a
phenomenological s-wave function in the *He—d + p chan-
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nel in the Eckart parametrization, do not explain the data in
the interval 400600 MeV, in contrast to the analogous mod-
el of pa scattering. One of the reasons for this is the neglect of
the D-wave contribution in the *He—d + p channel, which,
in contrast to the @ — ¢ + p channel, is not forbidden by the
angular-momentum conservation law. The part played by
thed + p configuration of the *He nucleus was investigated
in Ref. 71 on the basis of the overlapping of the realistic
three-body function of the *He nucleus from the Faddeev
equations and the deuteron function, these functions being
obtained for the potential of the NN interaction in Reid’s
form with a soft core with allowance for the .S and D waves in
both nuclei.” If the weight of the d + p configuration in the *
He nucleus is normalized to unity, then in such calculations
it is possible to describe the charge form factor of the *He
nucleus up to values of the momentum transferg = 7F ' to
the accuracy inherent in the impulse approximation (with-
out allowance for the meson exchange currents) and, at the
same time, to explain on the basis of the deuteron exchange
mechanism the break in the energy dependence of the p*He
scattering cross section at angle 8., = 180° in the region of
energies 7, = 400-600 MeV. The contribution of the single-
scattering mechanism in the region of energies T, = 400~
700 MeV is negligibly small, owing to the second (theoreti-
cal) minimum in the charge form factor of the *He nucleus.
In the region of energies 700-1700 MeV, where the momen-
tum transfer reaches values ¢ = 7-15 F~', the restriction to
the d + p configuration of the *He nucleus in treating the
heavy-stripping and single-scattering mechanisms, which
require high-momentum components of the wave function,
becomes unjustified in accordance with the results of the
description of the charge form factor. Corresponding calcu-
lations outside the framework of the d + p approximation
have not yet been made in this kinematic region. Calcula-
tions on the basis of the OPE mechanism with the virtual
subprocess pd -t (Ref. 71) predict in the energy interval
400-1700 MeV a cross section that is approximately an or-
der of magnitude lower than the experimental cross section.

It follows from the treatment given that in the back-
ward elastic scattering of fast protons by the lightest nuclei
the exchange interaction mechanisms play the principal
role; as a result of these, there appears in the final state a
proton that originally belonged to the target nucleus, in
which its place is taken by the incident proton. In classical
language, this means that in backward elastic scattering the
target nucleus is broken up but a new nucleus of the same
kind is formed by capture of a group of nucleons by the fast
incident proton, which preserves its direction of motion.
From the point of view of these mechanisms, the process of
rearrangement of the internal structure of the cluster,
px* - px, appears most natural.

4. CALCULATIONS OF THE CHARACTERISTICS OF QKNC
REACTIONS WITH ALLOWANCE FOR EXCITED CLUSTERS

Elements of the formalism

The calculations given below of the basic characteris-
tics of QKNC reactions 4 (p, Nx)B are based on the impulse
approximation, the validity of which at high energies is not
in doubt.

It is well known that in the ordinary approaches with-
out allowance for excited clusters the QKINC cross section in
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FIG. 10. Amplitude of the quasielastic knockout reaction A (p. Nx)B
with the participation of excited clusters x’ (a) and mechanisms of the
quasifree process px'—Nx: (b) heavy stripping; (c) heavy stripping
with allowance for distortions; (d) single pN scattering; (e) one-pion
exchange.

the impulse approximation with either plane' or distorted
waves can be factorized into the following factors: a struc-
ture factor, which depends on the wave functions of the ini-
tial and final nuclei, the momentum distribution of the
knocked-out cluster in the target nucleus, and the cross sec-
tion of inelastic scattering of the incident protons by the free
cluster. When the excited clusters are taken into account,
such a factorization does not hold. In this case, the ampli-
tude T}; of the quasielastic knockout reaction is actually the
interfering sum of pole diagrams (Fig. 10) for different in-
ternal states of the knocked-out clusters and different states
of the relative motion of the fragments x and B in the initial
nucleus. In considering the amplitudes of the elementary
processes, we assume, for example, that the quasifree inter-
action px’—px can, irrespective of the internal state of the
knocked-out particles, be described by the same mechanism
as free px — px scattering in the corresponding kinematic re-
gion and that the spin—isospin factors that appear in these
cases can be taken into account exactly.

Following Refs. 73 and 74, we represent the matrix ele-
ment of the reaction 4 (p, px)B in the form

Tp= ()" 2 al¥ser pon) Oun (k) 777, (19)
x,’ vA

Here,
TN = (kyky el v (027 - Nz)|kp, —kgypp)  (20)

is the matrix element of the px’ — Nx process. In treating it,
we ignore the off-shell behavior of the cluster x in the nu-
cleus; this is the usual approximation in the theory of QKNC
reactions if the energy of the incident proton significantly
exceeds the binding energy of the cluster in the nucleus.®’
The overlap integral (1, |¢pt,.,1,, ) is the structure factor
determined by Egs. (2) and (7). The index x' labels the
states of the virtual cluster x in the nucleus, and ®,, (k) is
the momentum distribution of the cluster (or residual nu-
cleus B) in the target nucleus 4 modified by the interaction
in the entrance and exit reaction channels,

Dya (ks) = (20) 2 { 33* 1, k)
X kN5 (ry Kpp) Yy () Py (% r, kpA) dir, (21)
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where ‘=’ are distorted waves in the two-particle channel.
The optical model is usually employed to find the distorted
waves. However, at high energies of the incident protons and
the knocked-out clusters use of the optical model entails ap-
preciable difficulties. The numerical solution of the Schro-
dinger equation with an optical potential requires much
computing time, since with increasing energy the conver-
gence of the expansion with respect to the partial waves dete-
riorates, and it is necessary to retain terms with orbital angu-
lar momenta up to /~ 100.

We calculated the function ®_, (k) in the case of
knockout of the **He and *H nuclei by analogy with Ref, 76
with allowance for the distortions in the entrance and exit
reaction channels in the impulse representation in the lan-
guage of the amplitudes of p4, pB, and xB scattering treated
in the Glauber-Sitenko multiple-scattering approxima-
tion.”” In this case, assuming that the nucleon density of the
nuclei has a Gaussian shape, and ignoring the excitation of
the colliding fragments in the intermediate states, we can
express the function ®,, (k) in the following manner in
terms of the known parameters of the amplitude of NN elas-
tic scattering and the dimensions of the nuclei”:

-

J dszprB (ap) Yoy (kp— ‘Ip)

i
4mkp A

Dya (kﬂ) ="Pya (kB) o

: i

o = S Py Fyp (qy) Yoa (kp —ay)

< A m 5 dquF;lB (qx) Pya (k.B_qx)

1
e kpaknE “ d*qp d*qnF pp (q,,)

Fyp (9y) Yoa (kg —qy—q;)
Bt oo Mo d2q., dq.F
G kpaksn ) Up A*qf 55 (gp)
Fi5(q) Yoa (kp—q,—q,)
A -—1_— dz dz F
(4;02 k.:chNB qx qN xB (qx)

Fyg (Aw) Pva (kp —q,—qy)

i
~ @nP kpakxskng | @, dqy avq,
X Fpp(4p) Frp (Gy) Fan () Poa (kzg—gp—aqy —q,).

(22)

The first term in this expression is the momentum dis-
tribution in the plane-wave approximation, and the remain-
ing terms take into account single, twofold, and threefold
rescattering in the entrance and exit channels; F,;(q) is the
Glauber amplitude for scattering of particle i by the particle
(nucleus) j. This method can also be used to take into ac-
count the distortions in the elementary px' - DX process
[Fig. 10(c)].

A different situation with regard to the allowance for
distortions arises in reactions involving the quasielastic
knockout of fast deuterons, for example, in the case consid-
ered below of the target nucleus '?C. Here, the energy of the
secondary proton, 7, ~60 MeV, is too low to permit use of
multiple-scattering theory. At the same time, the high ener-
gies of the incident proton and the knocked-out deuteron,
T'~600-700 MeV, make the use of the optical model diffi-
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cult too. Therefore, for deuteron knockout reactions we took
into account the interaction in the initial and final states in
two different ways. First, following Refs. 78-80, we used the
strong-absorption model, the essence of which consists of
introducing cutoff radii R, for all integrals containing initial
and final plane waves. By doing this, we get hold of the main
feature in the change in the behavior of the continuum wave
function at the limit of the range of the attractive potential,
namely, the abrupt enhancement of the oscillations and the
simultaneous decrease in the amplitude of the wave function
in the internal region®'; both these factors significantly re-
duce the contribution from the internal region of the nu-
cleus.

In a different way of taking into account the distortions
one uses the eikonal approximation in the simplified form of
McCarthy®? in which the distorted wave is written in the
form

xB)(r, k) = exp (—xRk) exp [i (1 + 8 & ix) krl. (23)

Here, § and x are assumed to be independent of » and are
calculated, respectively, from the real and imaginary parts of
the optical potential, while R is determined by the radius of
the nucleus. The function (23) is essentially a plane wave
with renormalized momentum k(1 + §) weakly modulated
by the factor exp( + xk-r). It describes comparatively well
the scattering of clusters by nuclei at low energies,* when
the surface processes are dominant.

For comparison, we also give some of the calculations in
the plane-wave approximation; this makes it possible to fol-
low a feature noted in Sec. 3, namely, the different degree of
influence of the distortions on the contributions of the excit-
ed and unexcited clusters.

Characteristics of A(p, Nx)B reactions

In the analysis of QKNC reactions, one usually consid-
ers the angular correlation function and the energy distribu-
tion of the emitted particles for transitions to a fixed state (or
interval of states) of the residual nucleus, and also the exci-
tation spectrum of the residual nucleus.' When the incident
beam and the target nucleus are not polarized and the polar-
ization of the final products is not detected, the invariant
cross section of the 4 (p, Nx)B reaction is given by®*

EpE 4 |T5i|* d®ky d*ky d®kp
i 488 (. — z
dU*(Qﬁ) ot (501 j)f) [(EPEAAkpkA)E—m;’gm*A]Uz ’

(24)

where E, = T, + m, is the total energy of particle / with
mass m;, T, is its kinetic energy, %, and & , are the total 4-
momenta in the entrance and exit channels, respectively,
and [T |? is the square of the reaction matrix element aver-
aged over the initial and summed over the final spin states.

Integrating in (24) over the momentum of the residual
nucleus and the kinetic energy of the knocked-out cluster x
for fixed angles of the emitted particles and a definite value
of the lost energy E *, where

E*:‘TP—TN_Tx_TB_(mx+mB_mA)v (25)

we obtain the energy distribution function of the secondary
protons in the laboratory system (k, = 0):
3 EyENEBExky |ky|®
d3o il (2 ﬂ)d - pPEN ; N L's
dQy dQx dTy RN 1kx]— IRY| ExcosO [kp|

17y |2
(26)
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We have here introduced the 4-vector RY = {R }, R*}:

RY=E,.+By=Ey+E;—Eg, (27)

R¥ =k, + ks =k, —ky, (28)

where 6 is the angle between the vectors R¥ and k.. Making
the change of indices N=x in Eqgs. (26)—(28) for fixed val-
ues of the momentum k, of the knocked-out fragment and
lost energy E *, we obtain the angular correlation function
d3o/d0yd0.dT,.

The main information about the volume distribution of
the clusters in the nuclei is provided by the excitation spectra
of the residual nuclei. To obtain them, it must be borne in
mind that any excited state of a nucleus has a definite natural
width y,, and the experimental energy resolution AE can be
thought of as increasing the spreading of the levels. There-
fore, the & function in (24) that expresses the energy conser-
vation law must be replaced by a function p(E * — E; AE,
¥r),» which takes into account the finite width of each level.
This procedure is actually equivalent to introducing an addi-
tional integration in (19) over the energy E * with weight
functionp(E * — E; AE, y,) (where E is the excitation en-
ergy of the considered state of the residual nucleus) with
subsequent summation over all the discrete levels E for the
given value of the lost energy E *. Under the condition
AE—0, 7,0 the density p takes the form §(E * — E), so
that a contribution to the cross section is made by only one
level, whose energy E; is exactly equal to the value of the
variable E *; under real conditions AE #0, y,#0 we use for
p(E* — E;; AE, y;) a Gaussian form.%

As a result, for the excitation spectrum of the residual
nucleus we obtain the expression

3o
dQ, dQy dE*

X

Vi
d3
=3 | aTwo(EB*—Esi AR, v)orammary - (29)
E_f 0

The integration in this expression is over the complete
kinematically allowed interval of kinetic energies of the sec-
ondary nucleon, and the summation is over the energy levels
E, sufficiently close to E * in an interval |E, — E*| ~AE

+ ¥

The (p, pa) reaction

The application to QKNC reactions of the formalism
presented in the previous sections is considered below for the
(p, par) reaction at a proton energy around 700 MeV and for
scattering angles near 180° in the center-of-mass system.
Allowance is made for the de-excitation of the (4N ) clusters
in the quasifree process

p+ UN})—>a -+ p. (30)

The large momentum transfer, accompanied in the general
case by a change of both the spatial and the spin-isospin
parts of the cluster wave function, is treated here in the
framework of three Feynman diagrams: the pole diagram of
heavy stripping and the single-scattering and OPE triangle
diagrams (see Fig. 10). The expressions for the matrix ele-
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ments of these processes constitute a generalization of the
formulas of Sec. 4 for elastic scattering to take into account
the contribution of the excited clusters as well. Thus, for the
heavy-stripping mechanism we have

P pa _ (;) D Worlbixp; o) Wl Ysxps

0n’t
Vo) Torw (Gpts Gpe)s (31)
where
Toro = —(8a+ Got/2ppe) Yo (G1) Vo (Gpe)- (32)

Here, (¢4 |¥.x,» Y0 ) and (¢, |¢,x,, ¥, ) are the single-
particle structure factors for the (4N ) cluster and & particle,
respectively®”; £, and u,, are the binding energy and reduced
mass in the channel @ —t + p. The wave functions ¢, (g;:)
and ¥, (g, ) describe the momentum distributions at the
vertices (4N¥)—t +p and a—t + p. At the same time,
@' =NyL,M,, o=N,L .M, =000. For the moduli of
the relative momenta q,, and g,, we use the Lorentz-invar-
iant form (18).

The matrix element of the process (30) in the frame-
work of the single- scattering mechanism is described by Eq.
(31), in which the factor 7, is replaced by the expression

Wara () =(20)2 77 { dpexp {i 2 80} pur (9) ¥ (p),

(33)

where Ak}, — k, is the momentum transfer; the wave func-
tions ¥, (p) and ¢,, (p) are related to the functions ¢, (q,,)
and ¥, (q,,) from (32) by an inverse Fourier transforma-
tion; T is the # matrix of elastic pp scattering.

For the OPE mechanism, the cross section of the (p,
pa) reaction can be expressed in terms of the cross section of
the pt— an process.” A dependence of the spatial part of the
(4N )-cluster function is contained in the integral

Frvarrarn @ %)= | dojr, (Qp) (vp+1)
0

exp (—xp) RNQJLG/ (0), (34)

where Ry ; (p) is the radial part of the wave function
., (p) for the state with orbital angular momentum L. in
thechannel (4N ) -t + p;j, is aspherical Bessel function of
order L(L =L, + 1); and x and Q are defined in the same
way as in Refs. 44 and 45. In the calculations, we shall use
the differential cross sections of the pt — a7 and pp scattering
processes obtained on the basis of the procedure explained in
Refs. 61 and 64. Bearing in mind that the main component of
the wave function of a free & particle in the TISM has the
form
| 9o = 1 Ny = 0 [4] (00) L,

=08, =0T, =0J, =0), (35)
we find in accordance with the selection rules at the vertex
t + p—a for the heavy-stripping and single-scattering dia-
grams that the internal state of the (3 ) cluster is fixed and
that the fragment ¢+ has the quantum numbers of the free
triton,

lp) =| Ny =0[3](00) L, =08, =L 7, L s L\
2 2 2./ (36)
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and the summation over ¢ in Eq. (31) applies only to the
spin—isospin projections. The OPE diagram allows for the
(3N ) fragment both the ground state (36) and excited
states, but the contribution of the latter can be ignored here.
The point is that in the framework of the mechanisms known
in the literature® and used to describe the pt — a reaction in
the region of energies 300-600 MeV at large momentum
transfer the transition with L = 0is dominant. Further, pro-
ceeding from the expression (36), we find in accordance
with the TISM selection rules for the vertex (4N )—t+p
that for all the considered mechanisms of the process (30)
two values of the Young diagram of the cluster wave func-
tion [f,, ] areallowed, namely, [4] and [31]. Asa result, for
a lp-shell target nucleus we have the following values of the
quantum numbers ' over which the summation is made in
the expression (31):

[far] = [4], Sgr T =00 Noo = 0. 1, 2, 3, 4 (37)
[f,z'] — [31]-, Sa‘ To-,’ = 10, 011 11! Na' — 1’ 21 3‘ (38)

At the same time, (A1, ) = (N, 0), and the orbital angu-
lar momentum L, is determined by the following condi-
tions: L, <N, L, + N_ is an even number.

For the function ¢, (p) in Eqgs. (32) and (33) we use
the Eckart parametrization,” which agrees with the charge
form factor of the a particle in a wide range of momentum
transfers and has the correct asymptotic behavior. The func-
tion 1, is the product of the oscillator function Yy (0)
and the correlation factor (13) and is normalized to unity.

Results of calculations of characteristics of the (p, po), (p,
P3He), and (p, p*H) reactions for the target nucleus 12C

We give below the results of our calculations of the
characteristics of reactions of quasielastic knockout from
the "*C nucleus of protons with energy 665 MeV by fast **He
and *H nuclei at angle 5.5° to the direction of the incident
beam. The choice of these values of the energy and angle, and
also the target, is due to the possibility of comparison with
experimental data obtained at Dubna.'®®” In addition, the
'2C nucleus can be comparatively well described by the shell
model, and we had already calculated all the structure fac-
tors needed here.?%%’

To calculate the excitation spectra of the residual nuclei
it is necessary to know the positions of their levels E;and the
natural widths y,. Detailed information about these quanti-
ties is available only for states with the 5% —* configura-
tion.>*®® In the case of states with a broken s shell the situa-
tion is much more complicated; as a rule, the experiments
reveal entire groups of levels characterized by large values of
¥r» and corresponding calculations for them are lacking.
Here, as usual, to describe transitions to states of nuclei with
thes’p” ~* configuration we use intermediate coupling both
for the target nucleus and for the residual nucleus. The levels
of nuclei with a broken s shell are treated in pure LS cou-
pling; this evidently somewhat overestimates the contribu-
tion of the transitions to these states. However, the construc-
tion of an intermediate-coupling model for such states and
its use in actual calculations at the present computational
level does not seem possible. The mean position and width of
a group of levels with one hole in the s shell were chosen in
accordance with the data on the (p, 2p) and (e, ep) reac-
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tions*’: E, = 20 MeV, y, = 15 MeV for the s°p° configura-
tion and, respectively, 16 MeV and 10 MeV for the s°p° con-
figuration; for the two-hole states we used data on the (7,
NN) reaction®™: 35 MeV and 20 MeV for the s°p” configura-
tion and 32 MeV and 15 MeV for the 5°p® configuration. For
the three- and four-hole states the analogous data are lack-
ing. In this case, the values of E and ¥, were chosen by linear
extrapolation of the corresponding values for the states with
one and two holes: E, = 50 MeV, y, = 25 MeV for s'p*, 48
MeV and 20 MeV for s'p’, and 64 MeV and 25 MeV for the
s°p® configuration, respectively.

a) Results for the heavy-stripping mechanism

Figures 11 and 12 show the angular correlation func-
tion, and Fig. 13 shows the energy distributions of the sec-
ondary protons for the (p, p*He) reaction. The results of the
calculations for the (p, pH) and (p, p*He) reactions are
similar.”® The calculations of the angular correlation func-
tion in the plane-wave approximation demonstrate all the
features. First, the contribution of excited clusters is appre-
ciable and comparable with the contribution of the ground
state N, = 0, the only exception being the states with num-
ber of quanta equal to N,. = 1, the contribution of which is
strongly suppressed by features of the structure.”

Second, there is destructive interference of the ampli-
tudes corresponding to the transitions with N, =0 and to
the sum over N,. 0. Because of these factors, the result
obtained when allowance is made for all states of the clusters
differs appreciably from the result predicted in the usual ap-
proach; instead of the maximum at the point k , = 0 expect-
ed when allowance is made for only the ground state with V,.

= 0 a minimum is observed. These conclusions still remain
valid when the distortions are taken into account.

The part played by the distortions in the entrance and
exit channels of the 4(p, px)B reactions, and also in the
elementary process px’ —px, is demonstrated in Fig. 12. It
can be seen that allowance for the distortions leads to a de-
crease by one or two orders of magnitude in the value of the
quasielastic knockout cross section but hardly changes the
shape of the angular correlation function. This conclusion
also extends to the energy distributions of the secondary pro-
tons (Fig. 13).

The weak sensitivity of these characteristics to
allowance for the distortions is due to the high energies of the
relative motion in all the reaction channels. As follows from
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FIG. 11. Angular correlation function in the reaction *C(p, p*He)"Be
(ground state) in the plane-wave approximation.
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FIG. 12. Angular correlation function in the reactions '*C(p, p*He)’Be
(ground state) and >C(p, p*He)*Be (ground state): (1) plane waves; (2)
allowance for distortions of the momentum distribution @y, s, (kz); (3)
complete allowance for distortions (distortions of the momentum distri-
bution plus rescattering in the quasifree process).

the qualitative analysis made in Secs. 1 and 2, the influence
of the distortions on the excited and unexcited clusters is
different, the contribution of the excited clusters being sup-
pressed more strongly by the distortions of the plane waves
than is the case for the unexcited clusters. The calculations
show that this effect does indeed occur, but under the consid-
ered kinematic conditions its magnitude is small. Let us con-
sider, for example, the ratios of the differential cross sections
calculated, respectively, in the plane-wave approximation
and with allowance for the distortions of the momentum
distribution ®,, in the most important region of the princi-
pal maxima:

R = (d30/dQ, dQ, dE )22 |(d3c/dQ, dQ, dE ) S5t
P r

L

100 150 200 'G,,MGV

o 5

FIG. 13. Energy distribution of secondary protons in the reaction '*C(p,
p*He)®Be (ground state): (1) plane waves; (2) with allowance for distor-
tions of the momentum distribution @yaaa (kg ); (3) complete allowance
for distortions.
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For these quantities, the following values are found: R equal
to 3.3, 6.0, and 6.0 in the (p, p*He) reaction for the states of
the clusters with N,. equal to 0, 2, and 3, respectively, and
R =1.3,2.0, 3.8, and 3.8 in the (p, p*He) reaction for clus-
ters with &V, equal to 0, 2, 3, 4. At the same time, when
allowance is made for rescattering (elastic screening) in the
elementary process, the opposite dependence is, as a rule,
observed—the larger the number N, _, of excitation quan-
ta, the weaker the absorption. This is due to the fact that in
the framework of the pole mechanism the transferred parti-
clex — 1 [see, for example, Figs. 10(b) and 10(c) ] is always
characterized by a zero number of quanta, N, , =0, and
therefore an increase of V.. in the cluster is accompanied by
an increase in the mean distance between the particle
(x — 1) and the emitted nucleon, since all quanta are ex-
pended solely on their relative motion. This effect is also
small. Therefore, in the framework of the given mechanism
one can basically speak of a volume nature of the quasielastic
knockout of the *H and **He nuclei in the considered kine-
matic region.

Excited clusters can be most clearly manifested in the
excitation spectrum of the residual nucleus. This is due to
the fact that for the principal component of the target-nu-
cleus wave function with zero quantum numbers L, =0, S,

=0, T, =0and [f, ] = [444] in the impulse approxima-
tion the residual nucleus “remembers” the quantum
numbers of the cluster with which it, the cluster, was charac-
terized at the time of interaction with the incident proton,
ie, T, =Ty, Sy =8p,and [f. | X [f5]—[444].

Figure 14 shows the calculated excitation spectrum of
the *Be nucleus in the (p, p*He) reaction (the experimental
resolution was taken to be 2 MeV). We mention the two
most important features of the results. The first of them is
associated with the allowance for excited clusters with dif-
ferent values of N, and L, within one symmetry Young
diagram [f, ] = [/, ] = [4] (transitions diagonal with re-
spect to [f, ]). Allowance for all possible diagonal transi-
tions in the quasifree process px’ —px leads to a decrease of
the cross section because of destructive interference of the
amplitudes corresponding to clusters with N, = 0 and to
the sum over N, 0. For comparison, we note that in the
framework of the diffraction theory of multiple scattering, in
which [f,. ] = [f. ] always for the summation over N,. and
L., an increase of the cross section is observed.!”

The second feature is associated with allowance for the
nondiagonal transitions with [f,. ] [/, ]; in this case for
[£<] = [4] the TISM selection rules at the vertices of the
diagram in Fig. 10a allow only one “nonsymmetric”” Young
diagram [f,. ] = [31]. In this case, processes with a change
of the cluster spin and isospin (AS =1, AT = 1) become
possible, and this leads to a significant enhancement of the
spin—isospin structure of the excitation spectrum of the re-
sidual nucleus in the region of states with a broken s shell. A
group of levels with one hole in the s shell is populated par-
ticularly strongly (Fig. 14). This result can be readily under-
stood,; for in the shell model with LS coupling the configura-
tion 5°p* of the residual nucleus contains predominantly
states with the Young diagram [f, ] = [432][26], and the
formation of them for the main component of the '>C wave
function (see above) is possible in accordance with the selec-
tion rules for Young diagrams [ 1] only when there is separa-
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FIG. 14. Excitation spectrum of the *Be nucleus in the reaction "*C(p,
p*He)®Be with allowance for the distortions of the momentum distribu-
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N, #0; (3) [f.-] = [4], sum over all N.; (4) total result with allowance
for all states for [f.] = [4] and [f..] = [31]; (5) total result without
allowance for distortions (multiplied by a factor 0.34).

tion of clusters with a nonsymmetric diagram [31]:
[444] - [431] < [31]. As aresult, owing to the contribution
of the clusters with the Young diagram [31], the main maxi-
mum of the total curve, which is situated at £ * = 0 when no
allowance is made for the excited clusters, is shifted to the
region of residual-nucleus states with a broken s shell and is
increased in value by five times.

In the (p, p®H) and (p, p*He) reactions, the contribu-
tions of the transitions diagonal, [f,. ] = [3], and nondia-
gonal, [f,- ] = [21], with respect to the Young diagram are
characterized by analogous properties.”

Why is the contribution of the excited clusters so large
in the framework of the heavy-stripping mechanism? The
reason for this is that the heavy-stripping mechanism distin-
guishes the high-momentum component in the wave func-
tion of the knocked-out cluster. Thus, in the kinematic re-
gion that we have considered for the (p, p*He) reaction the
relative momentum g, in the @ —» + p channel is in the re-
gion 2.5-3.4 F~'. When either the initial energy or the pro-
ton scattering angle is reduced, the momentum g, is de-
creased, and with it the contribution of the dé-excitation
processes.”

b) Other mechanisms of elementary processes

There is a quite different picture of quasielastic knock-
out when the OPE mechanism is used to describe the ele-
mentary process. To a considerable degree, this is due to the
fact that in the given case, in contrast to the heavy-stripping
mechanism, it is the components in the wave function of the
knocked-out particle that are “soft” rather than “hard” with
respect to the momentum that lead to a high probability of
knockout of fast fragments. As was pointed out in Sec. 3, the
physical reason for this is to be found in the production of a
pion in the intermediate state, which communicates an addi-
tional momentum to the nucleon emitted backward. We
consider the results of the calculations for the example of the
(p, p*He) reaction. In this case, x in the expression (34) is
fairly large—at energy 7, =665 MeV for scattering
through angle 6, = 180 in the process p + (4N ) »a + p
we have % = 1 F~'. Therefore, because of the factor exp
( — xp) the integral % wrr (@) is small for functions
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Ry ;. (p) that vanish at the point p = 0, i.e., for states with
L, #0. As a result, transitions with L_ = 0 are dominant.
In addition, the contribution of the states N,.L,. = 40 and
20is reduced somewhat by virtue of the single-particle struc-
ture factors.?® Transitions with a change in the spin S, and
isospin T, of a cluster are also suppressed because the
Young diagram [/, ] = [31], which allows S, = 1and T,
=1, is not compatible with the state N, L, =00 [see
(38)]. The upshot is that the characteristics of the QKNC
reaction are changed little when allowance is made for the
excited clusters (Figs. 15 and 16).

Similar results (but for a different physical reason) are
obtained when the single-scattering mechanism is used. In
this case, in the region of momentum transfers A = 8-10
F~!, we require particularly high-momentum components
in the wave function; these cannot be ensured by the average
nuclear field alone and are generated exclusively by the
short-range NN correlations. The influence of these is most
important in the states of clusters with L. = 0 (see below).
Therefore, the contribution of clusters with N,.L . equal to
00, 20, 40 is the most important one for the single-scattering
mechanism. Formally, this is manifested in the fact that at
A = 8-10F ! theintegrand in the expression (33) oscillates
strongly with respect to p on account of the factor exp
(i3Ap), and the main contribution to the integral is made by
the region p ~0, in which the functions with L . 50 die out
rapidly. At the same time, in the region of smaller momen-
tum transfers, A ~2.5-3.5 F ', corresponding to slow a par-
ticles in the final state, T, = 30-60 MeV, the analysis shows
that for the single-scattering mechanism the contribution of
the excited clusters with NV,,. L. #00 in the amplitude of the
p + (4N ) —»p + a process is dominant by more than an or-
der of magnitude compared with the ground state.

We note that although the contribution of the excited
clusters for the OPE and single-scattering mechanisms is
appreciably less than the contribution of the ground state,
allowance for them does enhance the intensity of the transi-
tions both to the ground state and to the excited states by
1.5-2 times. This is due to the strong interference of the
transition amplitudes for the ground state with the total am-
plitude for the excited states corresponding to the Young
diagram [f, ] =[4]. And whereas the heavy-stripping
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FIG. 15. Energy distribution T, of secondary protons in the reaction
2C(p, p*He)®Be (ground state) for the one-pion exchange mechanism in
the plane-wave approximation: (1) [f. ] = [4], N,, =0; (2) contribu-
tion of all transitions apart from [f,. ] = [4], N, = 0; (3) total result;
(4) total result for the single-scattering mechanism, The momentum
transfer A is plotted in the lower scale.
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mechanism predicts a destructive nature of this interference
in the region of the principal maxima, both the OPE and
single-scattering triangle diagrams lead to constructive in-
terference.

In this paper, we have not considered the interference of
the heavy-stripping, OPE, and single-scattering mecha-
nisms for the reasons indicated in Sec. 4. In addition, as di-
rect calculations of the dynamical factors Iy, ,,, Wy, and
& wip- for the (p, p*He) reaction show,” the heavy-strip-
ping amplitude exceeds by an order of magnitude the corre-
sponding OPE and single-scattering amplitudes in the con-
sidered kinematic region for all excited clusters. For the
ground state N, = 0, as for free pa backward scattering,®!
the heavy-stripping mechanism is also dominant in the qua-
sifree process (30) in the region of initial energies 600-800
MeV. For example, in the region k < 400 MeV /¢ the factor
|To00| exceeds |Wgo| by 3-4 times. The total result for the
cross section obtained with allowance for all states of the
excited clusters in the framework of the heavy-stripping
mechanism exceeds by 4-5 times the cross sections predicted
by the OPE and single-scattering mechanisms.

Influence of short-range correlations on the characteristics
of QKNC reactions

The description of the association of nucleons in the
framework of the TISM corresponds to allowance for the
long-range correlations due to the existence of an average
nuclear field and the Pauli principle. Besides the long-range
correlations in the internal state of the association the repul-
sion at short relative distances is taken into account explicit-
ly. Allowance for the short-range correlations under certain
assumptions*? reduces to multiplication of the wave function
of the relative motion in the channel x' — (x — 1) 4+ Nby the
factor (13), whose form and parameters are taken to be the
same for the ground and excited states of the clusters.

All the presented results were obtained with allowance
for short-range NN correlations. In order to establish the
extent to which the contribution of the excited states of the
clusters can influence the possibility of extracting informa-
tion about the short-range correlations from QKNC reac-
tions, we made additional calculations in which we com-
pared for the heavy-stripping mechanism the energy
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FIG. 17. Energy distribution of the secondary protons in the reaction
2C(p, p°He)’Be (ground state) for different values of the number of
oscillator excitation quanta N, of the knocked-out association with
allowance for short-range correlations: (1) N, =0; (2) N, = 3; (3) con-
tribution of only the excited clusters with N,. #£0; (4) total result.

distributions of the secondary protons and the excitation
spectra of the residual nuclei with and without allowance for
the short-range correlations.

The results of the calculation of the energy distributions
of the secondary protons in the reaction '>C(p, p*He)°Be
(ground state)** show, as expected, that without allowance
for the short-range correlations the contribution of the excit-
ed clusters with greater enhancement of high-momentum
components to the cross section exceeds the contribution of
the ground state by 3—-4 orders of magnitude, the enhance-
ment being stronger, the larger ... Because of this, without
allowance for the short-range correlations the main contri-
bution to the cross section is made by clusters formed from
1p-shell nucleons. As can be seen from Fig. 17, allowance for
the short-range correlations increases the contribution of the
clusters with .. = 0 by several orders of magnitude. Thus,
the large momentum transfer in the case of knockout of clus-
ters in the ground states of the internal motion is realized
predominantly through the repulsion at short distances of
the nucleons that form the clusters. With regard to the excit-
ed clusters, their contribution is also increased, but less sig-
nificantly, and by a smaller amount, the larger is N... As a
result, at initial energy 7, = 665 MeV for transitions to
states of the residual nucleus with an unbroken s shell there
is an approximate equalization of the contributions of clus-
ters with different V.., and this leads to an abrupt change in
the shape of the total curves. Since in transitions to states of
the residual nuclei with a broken s shell it is mainly clusters
with &, = 0 that participate, allowance for the short-range
correlations leads to an appreciable growth in the intensity
of such transitions.

Overall, the cross sections of the considered reactions
increase when the short-range correlations are taken into
account in the framework of the heavy-stripping mecha-
nism. A particularly strong growth (by 2-3 orders of magni-
tude) is predicted for the (p, p*He) reaction. In the reactions
with (3N ) clusters, the increase in the cross section is not so
pronounced. Moreover, as can be seen from the calculations
in Fig. 18, for smaller values of the incident protons (7,
=450 MeV, g~7 F~') the amplitude for scattering by an
excited cluster in the (p, p*H) reaction becomes insensitive
to the allowance for the short-range correlations. And al-
though the contribution of the ground state increases by two
orders of magnitude while the contribution of the excited
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FIG. 18. Excitation spectrum of the residual nucleus without allowance
(1) and with allowance (2) for the short-range correlations for the reac-
tion '>C(p, p°He)’Be at T, = 450 MeV.

clusters remain practically unchanged, the transitions on ex-
cited clusters are still dominant, and the total cross section is
hardly changed in this case (Fig. 18) when the short-range
correlations are taken into account.

Thus, because of processes with de-excitation of the
clusters, the long-range shell correlations can play an impor-
tant part in the region of large momentum transfers in
QKNC reactions.

In the framework of the OPE mechanism, allowance for
the short-range correlations leads not to an increase but, in-
stead, to a decrease in the knockout probability, since the
correlation factor (13) reduces the wave function
Yn 1 m_ (p) in the neighborhood of the point p = 0. The cal-

culations show that this effect is small, the contribution of
the states with L,. = 0 being decreased by only 1.2—4 times,
while the contribution of the states with L. -0 is practically
unchanged.

Thus, the quantitative and even qualitative manifesta-
tion of the short-range correlations depends strongly on the
mechanism of the quasifree process px' — px.

Possibility of the formation of fast 3H and 4He nuclei in the
(p, n*H) and (p, mHe) reactions on the '2C nucleus

The investigations made above into the part played by
processes with rearrangement of the internal states of
knocked-out particles in QKNC reactions showed that the
contributions of the ground state and the excited states of the
clusters overlap strongly, as a rule, and this seriously reduces
the possibility of identifying transitions in which only excit-
ed clusters participate. However, such a possibility does ex-
istin the (p, n’H) and (p, n*He) processes. These reactions
are particularly interesting for the fact that in these cases the
fast *H and “He nuclei are formed by collisions of the inci-
dent protons with (3x) and (3n, p) clusters. Their isospins
are larger by unity than the isospins of the free *H and “He
nuclei, and as a result the Young diagrams that characterize
the permutational symmetry of the orbital part of the wave
function are not [3] and [4], as for the *H and *He nuclei,
and the number of excitation quanta going into the internal
motion is not equal to zero.

We have calculated the excitation spectra of the residu-
al nuclei for the (p, n*H) and (p, n*He) reactions on the '*C
nucleus for the same kinematic conditions as for the (p, p°H)
and (p, p*He) reactions considered earlier. Most of the cal-
culations were made in the framework of the heavy-stripping
mechanism. We determine the states of the clusters x’ that
are possible in the TISM and that must be taken into account

M. A. Zhusupov and Yu. N. Uzikov 152



in the given case. Since the (3n) cluster has isospin 3/2, the
two Young diagrams [21] and [111] are allowed, though
the latter does not contribute to the matrix element of the
process. Therefore, only the single spin value S, =1/2 is
allowed. The possible values of N, and L, and also of the
Elliott symbols (1, .. ), can be found from the tables for the
corresponding cluster coefficients®®: N, L, (A,u, ) =20
(20), 22 (20), and 11 (10). Note that in this case for a 1p-
shell target nucleus the minimal, N, = 0, and maximal, N
= 3, numbers of quanta do not contribute to the cross sec-
tion. The first of them is not compatible with the Young
diagram [21], and the second is not compatible with the
condition (1,4, ) = (N, 0), which follows from the selec-
tion rules for the Elliott symbols in the case of the heavy-
stripping mechanism.”

One can show similarly that a contribution to the ma-
trix element of the (p, n*He) reaction is made by the follow-
ing states of the (3n, p) clusters: [f. ] =[31], T, =1, S,

—0and 1, (A p, ) = (N,0),N, L, equalto11,20,22,31,
33'26

The results of the calculations are given in Figs. 19, 20,
and 21, and also in Table I, in which we introduce the inte-
grated cross section S, which is defined by the equation

B

: i
S(py No)= | dE* o= (39)
A

where 4 = 8 MeV and B = 60 MeV.

Analysis of the data permit the following conclusions to
be drawn®!:

(a) the cross sections of the (p, n*H) and (p, n*He)
reactions are comparable with those of the (p, p*H) and (p,
p*He) reactions in the corresponding regions of excitation
energy of the residual nucleus. This conclusion is practically
independent of the experimental resolution AE.

(b) The (p, n*H) and (p, n*He) reactions are realized
primarily through transitions to the states of the residual
nucleus with one hole in the s shell (Figs. 20 and 21). Thisis
due to the structure of the s°p® and s°p° hole levels; for in the
shell model with LS coupling these configurations corre-
spond to a large number of states with the Young diagrams
[432] and [431] (Ref. 26), which, when multiplied with the
Young diagrams [21] and [31], respectively, contain the
Young diagram [444] of the main component of the target-
nucleus wave function.
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FIG. 19. Excitation spectra of residual nuclei in the reactions of quasielas-
tic knockout of *H and *He nuclei with allowance for all possible states of
the knocked-out (3N ) clusters. The calculation was made with allowance
for the distortions of the momentum distribution @y, (kg).
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(c) Allowance for the short-range correlations changes
the ratio of the cross sections only slightly (Table I).

We note that when the OPE mechanism is used to de-
scribe the elementary process px'—Nx the S(p, nx)/S(p,
px) cross-section ratio is reduced by about an order of mag-
nitude. This comes about because of the decrease in the rela-
tive contribution of the states of excited clusters with L. s£0.
A further reason for the decrease in the relative yield of neu-
trons is also to be found in the isotopic relations; for exam-
ple, for x = *He for the OPE mechanism we have (provided
the spatial functions of the {3#, p) cluster and the a particle
are the same)

o (p Bn, p) > na)lo (pa —pa) = 2/9,
whereas for the heavy-stripping mechanism we have

o (p 3np) — na)lo (po — pa) = 2.

When the single-scattering mechanism is used, the ratio
S(p, nx)/S(p, px) must also be less than unity, since in this
case too the contribution of the transitions with L #0 is
significantly suppressed compared with the contribution of
the ground state of the clusters.

5. COMPARISON WITH EXPERIMENT
Knockout of 34He and 3H nuclei

In this case, the experimental situation has hardly
changed during the last ten years.!®®” The recent coinci-
dence data on reactions of the type (p, pa) either correspond
to low energies T, = 100-150 MeV,*° or, at higher energies
around 600 MeV, cover the region of intermediate scattering
angles (~90° in the p + & center-of-mass system),** which
has not been considered in this work.

-gy__cm2
sr-2.MeV—1
S K
© ho
T 1
-

10

2
|

AL
...'- %,

ek AT TN O 5 T1 |
0 10 20 30 40 E*MeV

a%s
452, d52, dE® >

(=1

FIG. 21. Curves 1, 2, and 3 are the same as in Fig. 20 but for the reaction
12C(p, N*He).
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TABLEL Ratio S(p, nx)/S(p, px) of integrated cross sections for the ' C nucleus in the

case of the heavy-stripping mechanism.

Wi - i Wi
Fnnskedont ith short-range correlations Shggc_)gnge
fragment AE =2 MeV AE=10MeV | correlations
a b c b a
3H 0.80 0,50 0,71 0,52 0.98
4He 1.09 1,03 1,05 1,06 0.72

Note: (a) plane waves; (b) allowance for distortions of the momentum distribution
@, (k); c) complete allowance for the distortions (distortion of the momentum distribu-

tion plus rescattering in the quasifree process).

As before, from the point of view of the questions to
which this review has been devoted, the experimental data
on the quasielastic knockout of fast **He and *H nuclei'®*’
obtained inp + 4 - x + ... exclusive experiments are still the
most interesting. In the work reported in Refs. 10 and 58 the
energy distributions do/d(},dE, of fragments knocked out
at a fixed angle were measured; the secondary nucleons and,
therefore, the states of the residual nuclei were not detected.
However, such integrated characteristics give only a qualita-
tive picture of quasielastic knockout and are not sufficiently
informative to establish the mechanisms of the reaction and
the elementary process. The insensitivity of these character-
istics to the details of the microscopic model and, in addi-
tion, the appreciable admixture of nonquasielastic pro-
cesses, for which the elementary event is, for example, a
reaction of thep + (x — 1) »x + 7 type,'®"*?? mean that it
is not worth making lengthy calculations here of
do/d},dE, . Under these conditions, it appears more sensi-
ble to compare for the time being only the ratios of the frag-
ment-yield cross sections observed experimentally with the
corresponding theoretical values.

Comparison of the energy distributions of the *H and
*He nuclei from p + '>C—3H(°He) + ... reactions mea-
sured in Ref. 87 in the region of the quasielastic peak (i.e., at
an energy of the fragment knocked out at a definite angle
corresponding to a collision of the incident proton with a
cluster at rest in the target nucleus for zero excitation energy
of the residual nucleus) gives a ratio 0.5 of the yields of the
*H and *He nuclei. Taking into account only the ground
state of the cluster, we find that in the framework of the
heavy-stripping mechanism the cross sections of the (p,
p°H) , (p, p’He), and (p, n*He) processes are equal to each
other, while the probability of the (p, n*H) process is zero,
so that in this case the ratio of the *H and *He yields agrees
with the experimental value 0.5. It follows from the results of
calculation of the excitation spectra obtained with allowance
for all possible states of the clusters and shown in Fig. 19 that
the ratio of the intensities of the transitions with production
of *H and *He nuclei at the maxima of the excitation curve at
E * equal to 0, 6, and 20 MeV will be 0.55, 0.49, and 0.57, i.e.,
approximately constant over the excitation spectrum, and in
agreement with the experimental value. It must here be em-
phasized that this result is obtained only in the case when the
(p, p°He) and (p, pH) reactions are taken into account
together with the quasiclastic exchange processes (p, n*He)
and (p, n’H). In the framework of the heavy-stripping
mechanism, the cross sections of the (p, p°He) and (p,
n’He) processes on the '?C nucleus are equal (see Fig. 19)
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and on the average somewhat exceed the cross section of the
(p, p*H) process, while the (p, n°H) reaction is character-
ized by a much smaller cross section than (p, p*H).

Thus, the available data do not contradict the ideas
which we have developed. For more definite conclusions,
data from coincidence experiments are required.

Deuteron knockout

In 1979-1980, some definite progress was achieved by
the carrying out at Dubna of kinematically complete experi-
ments for the (p, pd) and (p, nd) reactions on a number of
light nuclei'>'*** at T, = 670 MeV in the region of large
momentum transfers. The energy distributions of the sec-
ondary nucleons and the excitation spectra of the residual
nuclei were measured. In the region of energies 600-700
MeV, as was already noted in Sec. 4, the A-resonance feature
in the cross section of pd backward scattering has the conse-
quence that the contribution of excited two-nucleon clusters
is strongly suppressed on account of both the spatial part and
the spin—isospin part of the transition amplitude. For exam-
ple, as for the @-particle knockout reactions discussed in Sec.
5, the dynamical factor (34) for (p, Nd) reactions in the
OPE mechanism reduces by about an order of magnitude the
contribution of the transitions with nonzero internal orbital
angular momentum of a pair of nucleons compared with the
s states. Similarly, the isospin relations for the OPE mecha-
nism strongly suppress transitions in which the spin-isospin
structure of the clusters is changed, since in this case we have

0 (p + plg—g, 7—1 — pd)/a (p + (np ls—;
= 1/9.

=g —¥ Pd)

»

However, for the heavy-stripping mechanism this ratio is
equal to unity.

A particularly interesting reaction is the (p, nd) reac-
tion; it is kinematically compatible with the quasifree ex-
change process p + (2n) —# + d, which takes place with a
change in the spin—isospin state of the two-nucleon cluster. 2
The appreciable suppression of the cross section of the (p,
nd) reaction compared with the (p, pd) reaction predicted
by the OPE model can be seen in Table I1, which gives the
experimental and theoretical ratios of the cross sections of
these reactions for the *Li nuclei in the region of transitions
— 10<E *<25 MeV (“low-energy” events) and 25 < E *<
60 MeV (“high-energy” events). In calculating the or( p,nd)
to o(p, pd) ratio for the intensities of the excitation spectra
in LS coupling, as in the calculations of the excitation spec-
tra, we ignore transitions to states with one hole in the s shell
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TABLE II. Ratio [do(p, nd)/do(p, pd)]- 10 of differential cross sections.

Events
Target nucleus “low-energy” “‘high-energy”
Experiment | Theory Experiment Theory
"Li 6,1+0.9 14,3 9,1+1,5 7.4
SLi 0,3040,16 0 8,1+1,5 6.8

in order to take into account the individuation of the @ and d
clusters in the °Li nucleus and the & and ¢ clusters in Li. The
low-energy events were associated with the configuration
s*p? =2, and the high-energy events with the configuration
s°p*—*. As can be seen from Table II, the theoretical values
of the cross-section ratio in the region of two-hole excita-
tions agree with the experimental values. However, in the
region of the low-energy events for the 'Li nucleus the theo-
retical predictions are approximately twice the experimental

.values. This discrepancy was partly eliminated in Ref. 34 by
taking into account the difference between the NN forces in
the channels with isospins T = O and T = 1 for a simple clus-
ter model of the "Li nucleus.

With allowance for the distortions in the strong-absorp-
tion model, the shape and intensity of the energy distribution
of the secondary protons for transitions to the ground and
low-lying (E * < 5 MeV) states of the residual '°B nucleus in
the (p, pd) reaction on the '*C nucleus were obtained in Ref.
94, In the same model, the given characteristic was also re-
produced in Ref. 13 for the °Li(p, pd) ‘He reaction by means
of a three-body wave function of the °Li nucleus.

We give here the results of calculations®® of the excita-
tion spectra of the residual nuclei in (p, pd) reactions on the
SLi and '*C nuclei. For '2C, the energy distributions of the
secondary protons have also been obtained. All calculations
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FIG. 22. Distribution with respect to the kinetic energy of the secondary
protons in the reaction ?C(p, pd) '°B for transitions to low-lying (E* <5
MeV) states of the residual nucleus at T, =670 MeV, 6,=6.5, &,
= 147", AE,, =17 MeV. Calculations with allowance for distortions:
the continuous curve in the strong-absorption model with R, =2.75 F;
the broken curve in the eikonal approximation with &,, =0.205, &,,
=0.015, §,, =0.025, R; =378 F, R, =394 F, R,y =418 F,
% = 0.1 8. The dots are the data of Ref. 94, Separately given are the contri-
butions of the 25 and 1D states of the relative motion of the deuteron in the
target nucleus.
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were made with allowance for the distortions in the strong-
absorption model, and also in the eikonal approximation.
For comparison, plane-wave calculations of the excitation
spectra are also given.

As can be seen from Fig. 22, the energy distribution of
the secondary protons in the case of transitions to low-lying
states of the '°B nucleus in accordance with the results of
Ref. 94 is basically correct in both shape and intensity. Ap-
proximately the same results are obtained from the
allowance for the distortions in both cases. However, the
decrease in the absolute value of the cross sections from the
plane-wave calculations needed to achieve agreement with
the experiment occurs in the two cases for different reasons.
In the strong-absorption model, it is a consequence of elimi-
nation of the contribution of the internal region of the nu-
cleus, while in the eikonal approximation it comes about
because of the attenuating factor exp( — »Rk) in the expres-
sion (23), which reduces the contributions from the internal
and external regions equally. It is clear that this difference is
manifested on the transition to the excitation spectra. It can
be seen from Figs. 23 and 24 that when allowance is made for
the distortions in the strong-absorption model it is possible
to reproduce correctly the shape and intensity of the excita-
tion spectra for both reactions: on °Li and on '*C. Moreover,
the same values of the cutoff parameters R, with which the
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FIG. 23. Excitation spectrum of the '°B nucleus in the reaction '*C(p,
pd)'°B; the arrows indicate the maximal contributions of the residual-
nucleus configurations 5°p®, s°p’, s°p®. The chain curve shows the plane-
wave calculation, and the remaining notation is as in Fig. 22.
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FIG. 24. Excitation spectrum of the *He nucleus in the reaction Li(p,
pd)*He. The calculations: the chain curve represents the plane-wave ap-
proximation, and the continuous curve is for the strong-absorption model
with R, = 2.8 F. The points are the data of Ref. 13; the arrows indicate the
maximal contributions of the residual-nucleus configurations s* and s%p>.

energy distribution of the secondary protons is reproduced
were used: Ry = 2.75 F in the (p, pd) reaction on the '2C
nucleus, and R, = 2.8 F on the °Li nucleus. The allowance
for the attenuation of the incident and outgoing waves in the
internal region was of fundamental importance for obtaining
agreement with experiment. Because of this, as can be seen
from the figures, the transitions to the highly excited states
of the residual nucleus with one and two holes in the s shell
and with allowance for distortions are suppressed more
strongly (by about an order of magnitude) than the transi-
tions to the low-lying states with an unbroken s shell. In
principle, this means that exactly the same suppression of
the contribution of the light excited clusters relative to the
unexcited clusters results from the distortions in the pro-
cesses of quasiclastic knockout with rearrangement of the
excited two-nucleon fragments with N, equal to 1 and 2,
respectively. It should also be noted that these results show
that processes with rearrangement of the clusters can be de-
tected and studied at the current accuracy of the experi-
ments if the contribution of the excited clusters to the ampli-
tude of the elementary processes px’ — px is not less than the
contribution from the unexcited clusters.

It also follows from the calculations of the excitation
spectra that the eikonal and plane-wave approximations
lead to calculated curves of the same shape that pass below
the experimental data in the region of transitions to hole
states by an order of magnitude. This indicates the inade-
quacy of the simplified form of the eikonal approximation
(23) for problems in which the contribution of the internal
region of the nucleus is important.

Overall, the analysis shows that to study the part played
by excited (2N ) clusters in (p, Nd) reactions initial energies
T, = 1-1.5 GeV are needed, since in accordance with the
results of the investigation of pd backward scattering®7 in
this energy region the dominant mechanisms in the
P{2N ) —pd process are expected to be single-nucleon ex-
change (in the given case, the analog of the heavy-stripping
mechanism) and single scattering. Since these mechanisms
lead to equal cross sections for the singlet and triplet (np)
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states, transitions in which the isospin changes, AT = 1, can,
as the calculation of the "*N(p, pd) '>C reaction®® showed,
significantly change the observed excitation spectrum of the
residual nucleus.

An interesting feature is noted in the inclusive spectra
of the knocked-out fast d, ¢, and « particles'® in reactions on
the '2C and '%0 nuclei, and it apparently indicates a contri-
bution of excited clusters. For deuterons, i.e., formations
that are unstable and break up readily in a nucleus, a clear
quasielastic peak is observed at T, = 670 MeV in the process
P +A-d+ ... Itis interesting that this peak is smeared in
the direction of lower momenta on the transition to T,

= 1200 MeV.'**® However, for the more compact “true”
clusters—the a particles—only a shoulder is observed in the
region of the quasielastic maximum. Such filling of the spec-
tral curve at secondary proton momenta less than the quasi-
elastic maximum can be explained naturally by a large con-
tribution of transitions to highly excited states of the residual
nucleus, which, as can be seen from calculations of the exci-
tation spectra for the (p, pa) reaction [and is expected for
the (p, pd) reaction at T, > 1 GeV], are populated particu-
larly strongly through the contribution of processes with re-
arrangement of excited clusters.

CONCLUSIONS

The main aim of this review was to draw the attention of
the investigators to the possibility of a nontraditional inter-
pretation of QKNC reactions based on the idea of rearrange-
ment of the internal states of clusters in the process of their
knockout from nuclei. Such an interpretation is needed if we
are considering processes with large momentum transfers.
Despite the large momentum transfer, when, it would ap-
pear, the knockout process must take place almost entirely
through short-range NN correlations, our analysis shows
that the influence of the target-nucleus structure on the reac-
tion amplitude can be very appreciable. Indeed, allowance

for the short-range correlations in only the (0s)* and ( 0s)*

configurations, as in the free d, ¢, and a particles, by no
means determines in this case the complete dynamics of the
fast-cluster knockout process; it is also necessary to take into
account the noncluster configurations due to the nuclear
structure and enriched with a high-momentum component
of the wave function. As a result of this, the cross section of
quasielastic knockout is increased (by about an order of
magnitude under certain conditions), and there is a qualita-
tive change of the characteristics compared with the calcula-
tion in the traditional approach.

For a further and deeper analysis of this problem work
on the part of the experimentalists is in the first place neces-
sary. It would be extremely desirable to make coincidence
experiments like the Dubna experiments on deuteron knock-
out'*'*% with good energy resolution and, in the first place,
measurements of the excitation spectra of the residual nuclei
in (p, Na) reactions. In the theoretical field, the next stagein
the development of the approach presented in this review
must consist of applying such schemes for calculating nu-
clear structure (like the resonating-group method) in which
allowance is made simultaneously for the Pauli principle and
the short-range correlations. At the present time, such cal-
culations with analytic wave functions convenient for practi-
cal use are available only for the 5Li nucleus. !%°
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YOf course, there is no exact correspondence between the wave function of
an unexcited cluster defined in this way and the corresponding wave
function of the free particle, since, for example, there are only small
admixtures of the D, F, etc., components in the wave functions of the
lightest nuclei.

2'We emphasize that any separately taken term in the expansion (5) is not
antisymmetric with respect to permutation of the nucleons between the
clusters x and B. It is only the sum of all terms in (3) that is antisymme-
tric. Therefore, if the antisymmetrization operator 4 5, is omitted, as is
usually done,* then for complete allowance for the Pauli principle in the
cluster nuclei A = B + x it is not sufficient simply to make the ground
state orthogonal to the forbidden states; instead, it is necessary to take
into account in the total function of the nucleus the coupling of the
channels to the excited clusters, In this way, it is possible to obtain wave
functions ¥, (p) with correct asymptotic behavior for both ordinary
and excited clusters. The existing calculations®' of the bound states of the
SLi nucleus in the @—d model and of the "Li nucleus in the & + ¢ model
with Woods—Saxon potentials® show that the intervals between the for-
bidden states correspond to within a few mega-electron-volts to the ener-
gy fiw = 16 MeV of the oscillator quantum for 1p-shell nuclei.

The existence of a surface is associated here not so much with the target
nucleus (since for it there is a superposition |4 ) = |xB ) + [x*B) + ...,
where for each of the components there exists a corresponding rms radi-
us between the centers of mass of the fragments x and B) as with the
interaction of the initial and final reaction products with the target nu-
cleus and the residual nucleus, respectively.

“Transitions with N = 1 are realized only by virtue of the small compo-
nents of the nuclear functions corresponding to a lowered permutational
symmetry, since the states of the three- and four-nucleon clusters with
the given number of quanta are not compatible with the single-row
Young diagrams [f,, ] = [3] and [f.. ] = [4].
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