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The review presents systematically the existing theoretical and experimental results on complete breakup of
light nuclei induced by elementary particles. A restriction is made to the recent theoretical studies that

advance the unified approach to investigation of the structure of light nuclei and nuclear reactions on light
nuclei. Analysis of the example of three-particle scattering illustrates the difficulties of the modern theory of
many-particle reactions associated with the complicated asymptotic behavior of the wave function in the

coordinate representation of the singularities of the scattering amplitude in the momentum representation.
Various methods in the theory of the complete breakup of light nuclei induced by elementary particles are
discussed. Experimental data on some reactions of this kind are given and compared with theoretical results.
The following reactions are considered: complete photodisintegration of three- and four-particle nuclei; three-
particle photodisintegration of the °Li nucleus in the cluster model; three-a -particle photodisintegration of
the '*C nucleus; complete breakup of light nuclei by 7 * mesons; and breakup with the participation of muons

and hyperons.

PACS numbers: 25.10. + s, 27.10. + h, 25.20.Lj, 25.80.Hp

INTRODUCTION

During the last two decades, intensive investigations
have been made in the physics of few-nucleon syst-
ems. Scientists from many scientific centers in the
world have made high-accuracy calculations of the
ground states of the *H and *He nuclei using Faddeev's
integral equations, hyperspherical functions, and func-
tions of the translationally invariant shell model with
the aim of obtaining unambiguous conclusions about the
forms of the nucleon-nucleon potentials. However, the
characteristics of the ground states of three-particle
nuclei were found to be insufficiently sensitive to the
shape of the nuclear potential and did not solve the
problem.! Recent calculations?® for the ground state of
the *He nucleus made by means of hyperspherical fune-
tions showed that the problem remains unsolved in this
case too.

In such a situation, it is natural to extend the investi-
gation by considering not only the ground states of light
nuclei but also nuclear processes on light nuclei with
the participation of elementary particles. The many-
body aspects of nuclear structure and a nuclear sys-
tem in the continuous spectrum must be manifested
most clearly in processes such as the complete break-
up of nuclei. Recently, there has been a strong growth
of interest in problems of this kind.

The present paper reviews some of the results that
have been obtained, explains the difficulties in the
theory and the modern methods used in it, presents the
existing more or less reliable experimental results,
and gives their theoretical explanations.

1. DIFFICULTIES OF THE THEORY

Among the multimode of nuclear processes, complete-
breakup reactions have until recently been the least
studied. The complete breakup of a nucleus into nu-
cleons is a many-particle process, and a compli-
cated experimental techngiue is required to identify
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such events. No less complicated must be their
theoretical description. For example, in the case of
complete breakup of a three-particle nucleus with
allowance for the final-state interaction it is necessary
to consider the complicated process of three-particle
scattering. One then encounters the great difficulties
discussed intensively in Refs. 3-12. Such discussions
and especially the intensive investigations of Merkur’ev®
have made us very aware that these difficulties are re-
lated to the boundary conditions for the three-particle
wave functions. In the momentum representation, they
are expressed by a singularity of the total T scatter-
ing matrix and, as is shown in Refs. 8, 10, and 11,
force us to reconsider the employed definitions of scat-
tering observables. The problem can be expected to
become even more complicated in the case of systems
of four or more particles, though the asymptotic be-
havior of, for example, four-particle wave functions
has not yet been investigated.

Despite these problems in the study of many-particle
processes, there has been a strong growth of interest
recently in the complete breakup of light nuclei induced
by elementary particles. In the first place, this is due
to the significant advance in few-body theory achieved
by the creation and further development of the method
of exact integral Faddeev equations and the hyperspheri-
cal-basis method. This has led to the hope of a model-
free description of not only bound few-body states but
also nuclear reactions. In addition, the calculations
show that the continuum wave functions describing the
final state in a complete-breakup reaction of three- and
four-particle nuclei are changed strongly by allowance
for the interaction between all the reaction products,
and the corresponding cross sections depend rather
critically on the choice of the nucleon-nucleon inter-
action potential. This result is very attractive, offer-
ing a prospect of attacking the multimode of forms of
nucleon—nucleon potentials in which modern nuclear
physies is so rich.
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Comparatively systematic investigations of, for ex-
ample, complete breakup of three-particle nuclei by
rays were initiated by the application of Faddeev’s in-
tegral equations.'® Although Delves** made a first at-
tempt as early as 1959 to use the method of hyperspher-
ical functions for this purpose, systematic investigation
of complete-breakup reactions of light nuclei using ex-
pansion with respect to a basis of hyperspherical func-
tions have been made recently by Levinger’s group,
Fabre de la Ripelle and Fang in the United States, and
the group of Baz’ and the Tbilisi group in the Soviet
Union.

The possibilities of using hyperspherical functions in
problems of the continuous spectrum of many-particle
systems are more restricted than is the case for Fad-
deev’s exact integral equations. The many-particle
continuum wave function obtained using hyperspherical
functions behaves asymptotically like a multidimen-
sional spherical wave [for three bodies, it has the
form exp(ik,p,)/p%’2, and for four bodies exp(ik,ps) ps?,
where p and k are the length of the radius vector and
the momentum in the corresponding multidimensional
spaces]|. On the other hand, the three-partlcle energy
operator H, for example, has 1+%;_, N, types of wave
function®:*%; here, N, is the number of two-particle
states with negative energy £f (the number of bound
states in the i-th two-particle system). We denote
these functions by y%,(p) and ¢, (p), with i=1, 2, 3, and
a=1,2,3,..., N;,, where p= {n,, £} and », {q‘,pi} are
the six—-dimensmnal radius vector and momentum The
wave function % (p) describes three-particle scatter-
ing when all three particles are initially free, and the
wave function wgi(p) describes the process in which pair
i is in the bound state o before scattering. These
functions are solutions of the same Schrodinger equa-
tion (F=2M =1):

[E4+A,— E v ()] ¥ (p) =0, (1)

where E=¢} - €]
for lpno(p).

However, the boundary conditions for these solutions
are quite different.

=E¢ for the function t,b;‘i(p) and E =n2

For the i=1 channel, the wave function yg; (p) can be
represented in the form

na
4 (0)=12% (p) 4 2 [ 2 W8 () Ul &)+ UR, (o)) (2)
where
1% (p) = ¢ (ny) exp (ip,&y); (3)

% (n,) is the wave function of the bound state of pair i.

The asymptotic form of the function U§: (p) is given

ipl
by
Ut ()~ S2LLEL 145, s 3040 (0, (4)

and that of U582 (& ) by

exp[l(l'- it |
3

Ul (&) = [af () + O (1)]- (5)
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FIG. 1. Diagrams of the contributions of single (a) and
double (b) scattering to the three-particle 3— 3 process.

It can be seen from (2)—(5) that if bound subsystems
can form in a three-particle system, the asymptotic
behavior of the corresponding wave function is different
from exp(ik,p,)/ps’?, so that the hyperspherical-basis
method is ineffective for describing such states.

We now consider the wave function #, (p). It can be

represented in the form
3 Ns
e )= %, )+ 2 [0, () + 3 0 (1) Ul 80+ U ) (6)
where y, (p) is a plane wave in the six-dimensional
space; Umo(p) describe the contributions of single and
double scattering shown in Fig. 1. The functions
mo( £,) have the asymptotic behavior (5). If there are
no two-particle bound states in the three-body system,
the function (6) takes the form
Pt (P) = Yoty (p)+ IU?x,, (P) +Uix, ()] (7
In the asymptotic region, U;, (p)behaves as exp(ikyp,)/
i

The entire difficulty in the problem of the continuous
spectrum of a three-particle system is associated with
the functions U}, (p). The point is that, because of the
presence of the effects shown in Fig. 1b, the wave
function exhibits different behavior in its dependence
on the magnitude and direction of the six-dimensional
radius vector p.

The double scatterings shown in Fig. 1 can occur both
on and off the energy shell. Accordingly, the function

U {,,(P) contains two terms in the asymptotic region.
One of them tends to zero as p™2, the other as p™/2,
The first corresponds to the case when particles i and )
scatter, and then, after a macroscopic distance has
been traversed, a different pair, for example, jk, scat-
ters. For fixed values of the initial momenta, such
double scattering is allowed for particular values of the
final momenta determined by the momentum conserva-
tion law.

Following Newton and Shtokhamer,® we introduce the
concept of a “ridge” of the double scattering in the six-
dimensional space. The ridge is determined by the di-
rection of the six-dimensional radius vector p corre-
sponding to double scattering on the energy shell. If
there is such a ridge, the overall picture becomes very
complicated. Indeed, on the ridge itself, because there
is in fact independent two-body scattering on the energy
shell, the function U§, (p) will behave asymptotically
as p~%exp(ig; p). The function takes its most compli-
cated form when the scattering takes place near the
ridge. As was shown in Refs. 3 and 5, a Fresnel fune-
tion appears in this case. Then the vector q; is no
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longer directed along the six-dimensional radius vec-
tor p, and the scattered wave ceases to be spherical.
Physically, the origin of the nonspherical wave is the
large distance between the two successive two-body
scatterings. When this distance is large, the particles
from the second scattering will not “originate” from
the origin and, therefore, the corresponding wave will
be nonspherical. Far from the ridge, the wave func-
tion U, (p) behaves asymptotically as a six-dimen-
sional spherical wave p~®/%exp(i»p). Thus, if a ridge
arises in a 3 — 3 scattering process, fundamental dif-
ficulties are immediately encountered.

We now consider processes of complete breakup of
light nuclei induced by elementary particles. Clearly,
in the case of complete breakup of a three-particle
nucleus there will be 3 — 3 scattering processes at the
end of the reaction. How probable is the appearance
of a dangerous ridge in this case? Considering the in-
verse reaction, we can arrive at the conclusion that
macroscopic distances in 3 — 3 processes in the case of
formation of a three-particle nucleus with emission of
an elementary particle should not play a significant
part. Therefore, the appearance of a ridge is impro-
bable, and fundamental difficulties do not arise in the
theory. Mathematically, this is due to the fact that the
wave function of abound state of athree-particle nucleus
decreases rapidly with increasing p, with the conse-
quence that the parts of the final-state wave function as-
sociated with processes at macroscopic distances do
not contribute effectively to the transition matrix ele-
ment.

The reactions we are considering can be divided into
two large groups. One of them contains the breakup
reactions in the final states of which bound subsystems
cannot be formed. These reactions are the most favor-
able from the theoretical point of view, since the cor-
responding channels are unique. In addition, if the ap-
pearance of a dangerous ridge is improbable on account
of the decay nature of the process, a single asymptotic
behavior of the continuum wave function in the form of a
multidimensional spherical wave is sufficient. The
method of hyperspherical functions is very promising
for the study of decay processes of this type, which in-
clude, for example, the reactions

at+3He—p-+p+p; o+ Hon+n+n;
Y+ —ata-to;
-+ *He—wn*t+ntn+n+n
at*+iHe—-a-+p-+p+p+p
-+ °Li>a+n+n at+4°Liw-adp+p
pw+H—-n+n+n+ v,

The computational scheme and a review of the results
for these reactions will be given in the following sec-
tions of the present paper.

The second group of decay processes is comparatively
large and combines all complete-breakup reactions of
light nuclei for which the final state contains subsystems
capable of forming bound states. Of course, in this
case “democracy” is violated, the situation may be
complicated, and in the general case it is necessary
to take into account channel coupling. However, there
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are cases when the violation of democracy can be as-
sumed to be not too serious and such decay reactions
can be investigated by means of hyperspherical func-
tions. In this group of reactions, comparatively de-
tailed studies have so far been made of the reactions

v+*He—+p+p+n v+'He—pt+ptntmn
e+ *He—¢ +p+p+n

The corresponding results are reviewed below.

2. THE METHOD OF FADDEEV’S INTEGRAL

EQUATIONS IN THE MOMENTUM REPRESENTATION
FOR STUDY OF THE NUCLEAR PROCESS OF DIRECT
COMPLETE BREAKUP OF THREE-PARTICLE NUCLEI

We shall restrict ourselves here to the problem of
complete breakup of three-particle nuclei, since the
method of Faddeev's integral equations has not yet
been fully developed for the continuous spectra of four
or more particles.

Faddeev’s equations were first used to study the
problem of transition from a bound state of three bodies
to a continuum state (complete breakup of a nucleus) by
Aaron, Amado, and Yam.'® The scheme was then inten-
sively used by other authors in calculations of the
complete photodisintegration of the *He nucleus,'5™® and
also in investigations of the breakup of three-particle
nuclei induced by other elementary particles.'®2° In
this direction, an especially large contribution on the
photodisintegration of *He was made by Barbour and
Phillips'® and Gibson and Lehman.!” We briefly de-
scribe the computational scheme proposed in Ref. 17.

We consider a three-particle system with Hamiltonian
H. We denote by H* the Hamiltonian of the interaction
of the external agent with the nucleons of the nucleus
that causes the complete breakup. Further, let|,)
and | ¢, be the wave functions of the bound state and
the continuum state of the three-particle system. These
functions will satisfy the equations :

H“Pbd)z _Ebd| Poals Ehd>0; (8)

2
H | Vg = By | Vanpi)s Eg =12 4 Ky (9)

Mo | 2ugy ?
where p, is the momentum of particle a relative to the
center of mass of particles g and v, and k,, is the rela-
tive momentum of particles g and y. The reduced
masses m, and pg, can be expressed in terms of the
particle masses M by

Mo =Mq (Mg+ M) (Mo~+Mg+My); gy
=MgMy/(Ma+M,), az=p=£y=(1, 2, 3).

(10)
The amplitude of three-particle breakup can be repre-
sented in the form

Ag(a, n, P, K) = (P | H' | Ppa- (11)

The wave function of three-particle scattering can be
obtained by solving the equation

[impnd = [1 — G (B —in) V] | O%upid, m> 0, (12)
where
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3
V:OE_}1 Vus%v,, (13)

(v, 4 is the two-nucleon potential),
Ga) = (H—2)" (14)

is the resolvent operator, and |8%,,) is a six-dimen-
sional plane wave, an eigenfunction of the three-body
kinetic-energy operator (H,). Following Ref. 17, we
introduce the operator

QP (&) = Qo (& + i) = 1 — V6 G + in). ()

Then the amplitude of three-particle breakup can be
written in the form

Ay (@ 1y By K) = (D | O @) B | - (16)

We introduce the operators X_,(z), which couple the
particle-correlated-pair states. For these operators,
Gibson and Lehman'” obtained the equations

Xop(a) = Go () (1 —8ap) — Go (2) \F (1 —8ay) Ty (2) Xypla),  (17)

where
G,y (z) = (Hy — 2)71; (18)

Tr(z) is the two-particle T operator determined by the
condition

Ty (2) Gy (2) = V4Gy (2); (19)
Gy (z)=(Hy+V,—3z)L (20)

For the amplitude of three-particle breakup, we finally
have

AS (C(-, r, p, k):-'-(cpanpk I il l 1l.hd)

3
_-ﬁ';t (Denpic | Tg(2) Go (2) H'| Ppa!

+, 2 Do | Ty () Xon (3) T (2) Go () H | 9y, 2= Edi +im. (21)
The first term on the right-hand side of (21) is the
plane-wave Born term, the second corresponds to sin-
gle rescatterings, and the third to all the remaining
rescattering effects.

On the basis of the arguments in Sec. 1, the second
and third terms of the amplitude A, will not contain
dangerous singularities if the single and all remaining
rescatterings take place off the energy shell. Then
the continuum wave function of the free three-particle
system formed by the breakup of the three-particle
nucleus will behave asymptotically as p /2. In Ref.

17, this scheme was used to calculate the reaction

¥+ *He—~p+p+n. The nucleon-nucleon potential was
taken to be a nonlocal potential with separable variables
parametrized by means of the low-energy nucleon—
nucleon scattering data. The results agree reasonably
well with the experimental data.?! The calculations
showed that in the case of complete He photodisintegra-
tion at low photon energies the three nucleons are
formed predominantly in a final state with isospin
T;=3/2, the cross section of the T;=4 channel being
approximately an order of magnitude smaller.

Other decay reactions have been investigated by the
method of Faddeev’s integral equations in the momen-
tum representation. Radiative capture of pions by the
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*He nucleus with complete breakup was investigated by
Phillips and Roig® in the framework of Amado’s mod-
el,*® which had been used earlier by Barbour and
Phillips'® to study complete photodisintegration of
three-particle nuclei. In Amado’s model, the proba-
bility of radiative capture of pions by the 3He nucleus
with complete breakup is proportional to the square of
the three-nucleon scattering amplitude. This ampli-
tude is represented as a sum of the Born term and a
term that takes into account the formation, propagation
and decay of nucleon—deuteron and nucleon-singlet-
pair configurations.

These computational schemes for three-particle de-
cay reactions are attractive in that they are based on
Faddeev's integral equations in the momentum repre-
sentation, which provide the only completely correct
way of treating three-particle quantum mechanics. On
the other hand, the possibilities of using this scheme
are limited. First, using this scheme, it is hardly
possible at present to attack the problem posed above
of establishing the status of realistic potentials within
the nucleus and choosing between the multimode of
existing forms of the nucleon—nucleon potentials —in
the scheme, one is in fact restricted to nonlocal poten-
tials with separable variables. Second, because of the
extreme complexity, no step has yet been made in the
direction of four-particle systems, and for three-body
systems the number of decay reactions is small. One
of them is, for example, the reaction p"+3*H —-n+n+ n
+v,, which was initially investigated by means of the
above scheme by Phillips, Roig, and Ros'® and Torre,
Gignoux, and Goulard,? and later by Torre and Gou-
lard,?* who proposed for this reaction a new scheme for
studying the transition from a three-body bound state
to a continuum state. This scheme is also based on
Faddeev’'s equations, but uses the coordinate represen-
tation.

3. FADDEEV’'S EQUATIONS IN THE COORDINATE
REPRESENTATION FOR INVESTIGATION OF DECAY
REACTIONS

We consider the complete breakup of the *H nucleus
by a 1” meson. The transition probability can be rep-
resented in the form®

Ay (3H — 3n)

=2 [ |6 @V L [ 0g® ) FO(E—E)S2EL (99)

2n)P [EE

where [ v) is the plane wave describing the motion of
the outgoing neutrino, ¥!;’ is the scattering wave func-
tion of the three neutrons, ¢, is the wave function of
the *H bound state, E =m,c? - E,q, where E,, is the *H
binding energy, and ¢, is the muon wave function. As
was pointed out in Sec. 1, the function |¢)) has a
complicated asymptotic behavior, and the solution of
the corresponding differential Faddeev equation with
realistic nucleon—nucleon potentials is a very difficult
task. Torre and Goulard®* suggested that this diffi-
culty should be avoided by going over to a new function
| x,) having the asymptotic behavior

xp (ik,
P19 1p] oo, i/ i51—comse = Av (1 & mg)%ﬁz'm! (23)
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where A, (7, £, 1/£) is the three-particle scattering am-
plitude, n and £ are Jacobi coordinates, and

p=YE +n?. The function |y,) is obtained by solving
the inhomogeneous equation

(E_EV_HR)“(v)=("|H,l'-'Pbd®fPu.>s (24)

where E, is the neutrino energy and H,, is the nuclear
Hamiltonian.

Of course, the asymptotic behavior of |x,) is much
simpler than that of ${;’. This greatly simplifies the
problem. It is much harder to solve the equation for
the function y4 than to find the function |y,) from the
1nhomogeneous differential equation.

It was shown in Refs. 8 and 9 that for the amplitude
A, there exists the integral representation

Ay(m, & ﬂlE)=£Muuz (.p;:e.

B 3(2m)5/2 e H' | 94y ® ¢ (25)

(with the condition p/q= &/1), where q and p are the
Jacobi momenta conjugate to the Jacobi coordinates 7
and £, and ®?=p%+ 4%,

Further, bearing in mind that the detector 1s a long
way from the origin, we can assume p E and q n,
and from Eqs. (22) and (25) we finally obtain for the
probability of the i™+°H —3n+ v, process

M CH > 3n) =51 | o dpdPe -S| Av(e, 4, PIO - (26)
Equation (24) is obtained under the assumption that
the function |x,), which is a pure outgoing six-dimen-
sional spherical wave, is generated by the action of the
perturbation operator H'! on the ground-state wave func-

tion. Under this assumption, we can write
IXV)=G;(E_'EV)("iH‘|(Pbd® ¢n)o (27)

where G} is the three-nucleon Green’s function.
tion (27) is equivalent to Eq. (24).

Equa-

Using Faddeev’s equation in the coordinate represen-
tation, Merkur’ev and Pozdneev® considered the scat-
tering of a charged particle by a bound pair of charged
particles (elastic scattering, breakup). A bound state
of three charged particles was investigated by the same
method. Attractive in this approach is the possibility
of unified description (in the framework of the same
formalism) of the bound state of the three-particle
system and the scattering state of three bodies with
Coulomb interaction. The theory based on the unified
approach to the investigation of nuclear structure and
nuclear reactions is called the unified theory of the
nucleus.?® Recent investigations show that in such a
unified theory one can successfully use the method of
expansion with respect to basis hyperspherical func-
tions. These questions will be considered below.

4. THE METHOD OF HYPERSPHERICAL FUNCTIONS
IN THE MOMENTUM REPRESENTATION AND DECAY
REACTIONS

We consider the capture of stopped 7~ mesons by the
3H nucleus. In this case, there is only a single open
channel— complete breakup of the nucleus. Such a re-
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action with allowance for the interaction simultaneously
between all the neutrons in the final state was investi-
gated for the first time in Ref. 27, in which the present
author, Krupennikova, and Tomchinskii developed the
method of hyperspherical functions in the momentum
representation for the continuous spectrum. For the
discrete spectrum, the method was proposed and de-
veloped earlier in Ref. 28.

The probability of the reaction 7°+°H —n+n+n can
be written in the form

DA AET I e Y

a—1er) oy, (28)

where E,, is the binding energy of the *H nucleus,

=pi+qi=2mE/#, E is the energy of the three neu-
trons in the center-of-mass system, and u is the mass
of the 7° meson.

The density of the final states is
Ps = Py &Po Gy Ago dpy dq,- (29)

We assume that the 7° meson is absorbed from the §
orbit of the mesic atom by a nucleon pair,2®:3° and we
take the Hamiltonian of the 7— NN interaction in the
nonrelativistic approximation:

Hiy=t Ly (1-6.y +78.y), 0)

where f is the 7—N coupling constant, % is the 7~ Comp-
ton wavelength, and & is the wave function of the §
orbit of the mesic atom. Since the meson wave function
changes little in the region of the nucleus, following
Refs. 29 and 30, we take & 3=n"/2¢7%/2, where q, is

the Bohr radius of the orbit of the mesic atom. In (30),
we have introduced the notation

o=o(l)—o(2; S=[o(1)+0()]
=T ()@ Tl ) F T @12 } (31)
T () =l — i, 1 VE v=Iv)—A@)2

For the transition matrix element we have

(I H" | i)
3
=_E_"/ITLT w‘("l’paﬂn(l’: q; {U. T})
x| T-o-q4+18.q| 4! (p, 4; {0, 7)) >dpdq, (32)

where (||) is the matrix element in the spin-isospin
space, ¥'(p,q;{o, 7} is the total wave function of the
triton in the momentum representation (p and q are
Jacobi momenta), ¥ (p,q; {0, 7}) is the three-neutron
continuum wave function, and o and 7 are the spin and
the isospin variables.

We expand the antisymmetrized triton function with
respect to a complete basis of hyperspherical functions
in the momentum representation®®:

vt (p, q; {0, 7))

o () # D (@ V[T (o, v), (33)
[f1

= 3
RO
where <I>“ JE[f1*(Q) are hypersphericalfunctions on a
hypersphere of unit radius inthe six-dimensional space of
the momenta p and q, ®*=p*+¢?, Q is a set of five an-
gles, four of which determine the direction of the vec-
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tors p and q, and the fifth is introducedby the conditions
p=nsina and g=ncosa, V'%s1(o, 1) are spin—iso-
spin functions, ki, is the dimension of the representa-
tion [f], and () is the Yamanouchi symbol. In (32),
L,=0and L,;=1,

For the hyper-radial functions ¢, ,(*) in the momen-
tum represeniation, we obtain a system of coupled one-
dimensional integral equations (»2=2me/#®, where €
is the triton binding energy):

W@ W=—grr X3 v,
KUYV glp gy
CUWG Y (11 ) —— L jK-K ca !
X C BT (ely) e [ Tsa p) T2 (2p)

llu

X B () DR () V.U T (0, ) | U (m) |

m"lﬂ (0, ol () d,p dpx's d, (34)
where
{8 * 2nl (K +2) (n+1p+1lg+1)! 1% =t |
O3 @)=V Tirrr, T I T I 3 (005 %) @ (Sin &) 2
5 P:.p-n-uz. 1g+1/2 (o9 2}z (35)
d§=cos’qsinzaﬁm; 2n=K—1,—1,;

Phi2 gre Jacobi polynomials, and [, and I, are the or-
bital angular momenta. In (34), C¥l*11%(l,1,) are the
coefficients of the orthogonal transformations from the
functions with definite / l,K to functions of the given
symmetry. As is shown in Ref. 27, these coefficients
can be expressed in terms of the Raynal—-Revai coeffi-
cients,? which are the coefficients of the unitary trans-
formations of hyperspherical functions defined on dif-
ferent sets of Jacobi coordinates. For the Raynal-
Revai coefficients simple recursion relations are ob-
tained in Ref. 32.

Bearing in mind that the final-state wave function
correspondsto? = 3/2 and S=4%, it can be represented
in the form of the expansion

Phouo (B T {0, 7))
=7 Zq’m %, %) [DRT(Q) — DR (Q0)]

X [VE (a NOR (@) — V! (o, DR (Q)], (36)

where V, are spin—isospin functions.

The continuum hyper-radial functions ¢,(%, %,) are
solutions of the system of coupled one-dimensional in-
homogeneous integral equations

O (%, %g) = .ﬁ.(‘;;_"")_%”}_ ® (o2 — 2 — ig)!
v BV 4 .
X D CHEY (dp) Oy (lglp) X%
K'V'iglpiy,

X § ana (o) Tr12 PR () B2 ()

X (V3™ (0, %) | U (m) | V2™ (0, 7))

R QYL (!, #g) ADpp dp 13 . (37)

In (34) and (37), U(n) is the potential of the two-
nucleon interaction. Specifying the form of this poten-
tial, we obtain from the integral equations (34) the
binding energy and establish the structure of the initial
nucleus. Solving then the system of integral equa-
tions (37), we obtain for the same nuclecn-nucleon po-
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tential the continuum wave functions, and Eqs. (28)-
(32) make it possible to investigate by the same method
the nuclear reaction 7° +*H—-n+n+n. Thus, one ob-
tains a unified approach to nuclear structure andnuclear
reactions of complete-breakup type without using model
assumptions about the nuclear structure or additional
assumptions about the reaction mechanism. In solving
the system of equations (37), it is more convenient to
go over to the amplitude functions

8 (R—%a)

= 4 (2 — 2 —1ie)"t F (%, %o)-

'pfﬂml, (X., Xu) i

(38)

Then for the functions F we obtain the system

FR e )= 3 fRies 6 %)

sd
+ 3 .,tx; fRkes (=, %) FRy (%', %),
=

(39)

where

mv 2m 1
Frie (%, %g) = -5 W

> e

P“m

x (Tgly) iF-X% 5 Jrp2 (#p) Tier 42 (%op)

P (ap) DL ()

T (lalyp)

x B3

% (V2™ (0, 7) | U () | V™ (0, 7)) d2,p dp. (40)

We can study similarly the reaction 7* +3He —p+ p
+ p with the difference that it is now necessary to cal-
culate the cross section of the process:

~ 2 (11191288 ~E)dp,, (41)
where v, =k, /[ is the velocity of the 7 meson incident
on the nucleus, E,=Fk?/2u+ puc?, E,=h’kZ/2m+E,,
and the matrix element is calculated in accordance with
F1H|D
=75 Owl0) 4 § W (0. 33 {0, 7
X | T+o-q+©*8.q | ¥ (p, q; {0, 7})) dpdaq.

(42)

The formalism described above was used in Ref. 33
to consider the three-particle cluster structure of the
120 pucleus and the decay reaction y +*C—-a +a +a.
In Ref. 34, the three-particle cluster structure of the
$Li nucleus and the three-particle reactions 7~ +°Li
—~a+n+nand 7 +°Li—a +p +p were investigated.

In Ref. 35, the structure of hypertritium and the hy-

pertritium complete-breakup reaction were studied.

In Ref. 36, the three-particle photodisintegration of the

51i nucleus was studied by the same method. In Sec. 6,

we shall give the results of some of the quoted papers
.with the corresponding experimental data.

It should be noted that the variant of the unified ap-
proach to the structure of the three-particle nucleus
and three-particle decay reactions proposed in Ref. 27
admits a natural generalization to the case of four
bodies. The corresponding theory is given in Ref. 37.
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5. INVESTIGATION OF DECAY REACTIONS BY THE
METHOD OF HYPERSPHERICAL FUNCTIONS IN THE
COORDINATE REPRESENTATION

We consider specifically the double-charge-exhange
reaction of 7 mesons on the “He nucleus:

- + iHe — it + 4nm; (43)
nt 4 ‘He -z~ 4 4p. (44)

These reactions were investigated for the first time by
the method of hyperspherical functions in the coordi-
nate representation in Refs. 38 and 39. The differential
cross section of these reactions can be written in the
form

K 2.1.g24
do = 2:1—’% | My 128 (Er _ 4 ;1”5‘4 ai
\ dq, dq,dqs  dpy
N O = B!) (2:1;9 - (2m)" ? (45)

where q,,,, d; are the Jacobi momenta for the four
neutrons or protons, and they are determined by the
nucleon momenta by means of the relations

0= (k—k)/ V5 qp=(ky+k,—k,—k2)/2; q=(k;—ko)/V2; (46)

P, =(p;,E;) and Py, = (p;, E,) are the 4-momenta of the
pions in the initial and final states, respectively, E; is
the binding energy of the *He nucleus, and M, is the
transition matrix element,

My = [ 47 (&0 %0 %) F (0o P B0 B
3 g (B4 Boy By) dBy 8y dEs, (47)

where £, are the Jacobi coordinates conjugate to the
momenta q;. In (47), F(p;,py, &, &) is the double-
charge-exchange amplitude, and ¥;(£,, &, &;) and

U (£, E,, &) are the wave functions of the “He nucleus
and the four-nucleon system in the final state, re-
spectively.

We go over from the Jacobi momenta q, to hyper-
spherical coordinates in the momentum space. The
hyperspherical radius vector in the nine- -dimensional
momentum space is determined by »=(¢2+¢2 + ¢2)''?,
and the hyperspherical angles 8, and 8, are introduced
as follows:

g3 = % cos B, (48)

g, = % cos By sin By; gy = % sin B, sin By;

The remaining six angles determine the directions of
the vectors q;, q,, and qs.

Using the hyperspherical variables and noting that
dq,dq,dq, = »*d»dQ,, we obtain from (45) for the dif-
ferential double-charge-exchange cross section

d?c
i Be oy [0y 12000, (49)

where
dQ,, = sin? P, cos® B, sin® B, cos® By df; dP, dQy, dQq, d,;  (50)
p; is the five-particle density of the final states,
pr=(2m)"12PE((2m)*?/2) (E,— E;— Q). (51)

We expand the wave function of the “He nucleus with re-
spect to four-particle symmetrized hyperspherical
functions,
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LMST

i b by = 20U ) TR @ 0, 7), (52)
where p is the generalized angular momentum in the
nine-dimensional space; A is the Yamanouchi symbol;
L and M are the total orbital angular momentum and its
projection, and S and T are the total spin and isospin,
respectively; p= (£ + £ + £)!/2 is the length of the ra-
dlus vector in the nine- -dimensional coordinate space;
2,=(a,, @y, Eu 'g'a, £ ) is a set of eight angles, six of
which, 51, 52, 53, determine the directions of the unit
vectors corresponding to the Jacobi coordinates, while
the angles o, and a, are introduced by analogy with the
relations (48) using the hyper-radius p. The sym-
metrized four-particle functions I';¥37(R,,0, 7) are
constructed from the spin—isospin and hyperspherical
functions®’:

TEAT (@ 0, 1)

oW (@ )CD~~ s %), (53)

V"m ; S

where ki is the dimension of the representation of the
group S,, v labels the rows of this representation,

ir(c 7) are four-particle spin—isospin functions,

L M§,) are symmetrized hyperspherical functions
introduced in accordance with

@UIvA
LM (Qp)
= 3 O (Ll KD (@) (%)
I1lgly2lsK
l,, l,, and I, are the orbital angular momenta corre-
sponding to the Jacobi coordinates £,, ,, and &;, and here

DT ()
(Llamymy | Ligmys) (Liplgmagmy | LM) (55)

-3

mymamypmy

X B (Q);

zp"’zl 3MAM2™3(Q,) are hyperspherical functions in the
nine-dimensional coordinate space,* eigenfunctions of
the square of the nine-dimensional angular momentum:

MBS (@)
= (e T) P (@), (56)

A simple method of calculation is given in Ref. 37
for the four-particle symmetrization coefficients

C LML LIl K). These coefficients are related in sim-
ple ways to the four-particle Raynal-Revai coefficients
introduced in Ref. 40. These last have a simple con-
nection with thethree- and four-particle Talmi-Moshin-
sky coefficients.*' In Ref. 37, recursion relations are
found for the four-particle Raynal-Revai coefficients.

Substituting the expansion (52) in the four-particle
Schridinger equation, we obtain for the hyper-radial
functions x*f1¥*(p) an infinite system of coupled dif-
ferential equations. *?

We represent the continuum wave function of the
four-particle system in the form of the expansion®”

!-f]BB' (&4 By &5 G4y Y G3)
=3 E%“—P)-A%L"ﬁ' @ 0, D uliF @), (57)

nLM

where 8, B’ and B,B’ correspond to the symbols s and
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a in Ref. 43 and label in pairs the functions of the five
irreducible representations of the group S,: the sym-
metric [4], the antisymmetric [1111], the two three-
dimensional [31] and [211], and the one two-dimen-
sional [22]. In particular, for the three-dimensional
representations we have the functions ([31], ss),

([31], aa), ([211], aa), ([211], as). The functions

Y18 (Qp, o, T) are composed of four-particle spin—iso-
spin and hyperspherical functions.

Substituting the expansion (57) in the Schrddinger
equation for the four particles in the continuum, we ob-
tain an infinite system of coupled differential equations
for the hyper-radial functions:

dxgll} (=, 9)

+3) (L4
10F +[;&_%LJ [PI!:’£ (1.:' p)

= 3 Vi@ ell2(x, p),
oy

(58)

where VU1 (p) is the effective four-particle potential
energy, multiplied by 2m/k2, formed from realistic
nucleon—nucleon potentials.

In Ref. 44, the variable-phase method was generali-
zed for the quantum mechanics of three and four bodies
under the restriction of “truly” many-particle scatter-
ings (the asymptotic behavior of the wave function of
many-particle scattering is represented in the form of
a multidimensional spherical wave, and the dangerous
singularities of the scattering amplitude discussed in
Sec. 1 do not arise). The method proposed in Ref. 44
is very productive in the solution of the system of dif-
ferential equations (58). We write this system in the
matrix form

200 [ - LBLED o, )=V )00, 0, (59)

where

Pay (% P)
P (%, p)= (tpa.z (*, p)) ; (60)

Vee, (p) Vu;rz, (B) s oins
V(p)=(v”~z’11(9) Voagas (p) .) : (61)

a E(M[f] A) is the set of quantum numbers. We seek the
solution of the matrix equation (59) in the form

@ (%, p) =i (%, p) — n (%, p) K (%, p)l 4 (%, p), (62)
where
Jusa (s p) 0 Oz
i & el s -
and
nueq (%, D) 0 0.
T e R P L

are matrices composed, respectively, of Riccati-
Bessel and Riccati—Neumann functions; A(», p) is a
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column matrix; K(», p) is a diagonal matrix with ele-
ments K,,(%, p), K,, (%, p), K, (%,p)... . For K(%,p)
a nonlinear firgt-order matrix equation is obtained**:

dK (%, p)ldp = —Ij (%, p)

— K (%, p) r (%, p)) V (p) [ (%, p) — n (%, p) K (%, p)], (65)
and the equation for the amplitude matrix has the form
dA (=, p)/dp
=n(x, p) V{(p) [j (%, p) — n (%, p) K (%, p) 4 (%, p). (686)

In Refs. 38 and 39, in which various forms of mod-
ern realistic nucleon—nucleon potentials are used, the
above approach is used to investigate simultaneously
the ground-state structure of the ‘He nucleus and 7*
double-charge-exchange nuclear reactions at low ener-
gies. It is assumed that these reactions take place
through two successive charge-exchange 7N scatterings
with production on one nucleon and subsequent capture
of the 7° meson by another nucleon. The corresponding
amplitude of the elementary event was constructed in
Ref. 45. It is clear that the contribution of this mech-
anism will be predominant at low pion exchanges. We
shall discuss the results together with the experimen-
tal data below.

In Refs. 46 and 47, the same method was used to in-
vestigate the complete photodisintegration of the *He
nucleus, and in Ref. 48 a quasi-a-particle mechanism
of double 7* charge exchange on the 2C nucleus was in-
troduced and calculated.

A basis of three-particle hyperspherical functions in
the coordinate representation was intensively used to
investigate complete photodisintegration of the *He nu-
cleus by Levinger, Fabre de la Ripelle, Fang, and
Fitzgibbon in Refs. 49-54. Also working in this direc-
tion are Vostrikov and Zhukov,%%:*¢ who have investi~
gated in detail not only complete photodisintegration but
also the channel of two-particle photodisintegration of
the °H nucleus using the interpolation approach of Baz’
and Zhukov.%” The same approach was used by
Tartakovskii and collaborators®® in an investigation of
the electrodisintegration of the *H and *He nuclei.

6. EXPERIMENTAL DATA ON SOME COMPLETE-
BREAKUP REACTIONS OF LIGHT NUCLEI AND
COMPARISON WITH THEORETICAL RESULTS

Complete photodisintegration of three- and four-
particle nuclei.

Among the complete-breakup reactions of light nuclei
induced by elementary particles the experimentally
most studied reaction is

vy+3He—>p+p-+n (67)

The experimental data and theoretical curves for the

cross section of the reaction (67) are shown in Fig. 2.
The theoretical results were obtained by the method of
Faddeev’s integral equations (see Sec. 2), a separable
potential being taken as the nucleon—-nucleon potential.
It was shown in Refs. 16 and 17 that allowance for the
final-state interaction significantly changes the reac-

tion cross section (the cross section is reduced to al-
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4.5

g

FIG. 2. Cross sections of the reaction y+*He—p +p +n. The
broken curve is taken from Ref. 16, and the continuous curve
from Ref. 17. Experimental data: the continuous histogram
is from Ref, 21, the broken histogram from Ref. 59, and the
black circles are from Ref. 60.

most half, and the position of the maximum is shifted
to lower energies). Experimental data from the same
papers are given in Fig. 3, but the theoretical curves
are taken from studies made by the method of hyper-
spherical functions in the coordinate representation
(see Sec. 5). The continuous and broken curve are the
results of Fabre de la Ripelle and Levinger*® for the
potentials V* and G2, respectively, and the broken
curve is the result of Vostrikov and Zhukov®® for the
Eikemaier-Harkenbroich potential. It can be seen that
the results depend strongly on the form of the nu-
cleon—nucleon potential.

At the present time, experimental data on the com-
plete photodisintegration of the *He nucleus,

v+ *He—p+p+n+tn, (68)

are known with much greater errors than for the data
on the reaction considered above. This reaction was
studied theoretically by the hyperspherical-basis meth-
od in the coordinate representation (see Sec. 5) in Refs.
46 and 47. The theoretical curves in Fig. 4 are taken
from Ref. 47 and correspond to different nucleon-nu-
cleon potentials. The chain curves are the cross sec-
tions obtained without allowance for the final-state in-
teraction (the cross section is multiplied by 0.5). It

4,5

L
£y, MeV

FIG. 3. Cross sections of the reactiony +*He—p +p +n. The
continuous and broken curves are taken from Ref. 49, and the
chain curve from Ref, 55; the experimental data are the same
as in Fig. 2.
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FIG. 4. Cross sections of the reaction y +'He—p +p +n +n,
The theoretical results are taken from Ref. 47: 1) for the
Gogny-Pires—de Tourreil potential“; 2) for the Volkov
potential®; 3) for a potential well®; 4) for the Baker
potential ¥’ Experimental data: the continuous histogram is
from Ref. 61, the broken histogram from Ref. 62, and the
black circles are from Ref. 63,

can be seen that the effect of interaction simultaneously
between all the nucleons in the final state is manifested
more strongly for the complete photodisintegration of
“He (reducing the cross section by almost an order of
magnitude) than it is for 3He photodisintegration. Par-
ticularly important among the theoretical results in
Refs. 46 and 47 is the strong dependence of the cross
section on the chosen form of the nucleon— nucleon
potential, and also the fact that the interaction between
the nucleons in the final state suppresses the mecha-
nism of single-particle photon absorption by the nu-
cleus and two-particle absorption becomes the main
mechanism.

In the process
v+ Lisa-+n+tp (69)

two mechanisms can contribute: 1) direct breakup into
three interacting particles; 2) two-step breakup with
the formation of a subsystem in an excited state in the
first step and breakup of the subsystem in the second.
The regions in which these two mechanisms act are
more or less separated. Indeed, if we assume that the
three-particle photodisintegration of the °Li nucleus in
the cluster model in the region of energies E, <20 MeV
occurs in two steps, then in the first an excited state of
®He or °Li is formed. For these nuclei, bound ground
states are absent, and the first excited states with
more or less narrow widths appear only at Ei“: 16.81
MeV and E¥*=16.68 MeV. Below E,=16 MeV, the
main contribution must be made by the mechanism of
direct breakup into three particles. The two-step
mechanism of the (y, n) reaction on the °Li nucleus was
investigated in detail in Refs. 68 and 69. In Ref. 36,
the mechanism of direct three-particle breakup of the
°Li nucleus was investigated by the method of hyper-
spherical functions in the momentum representation
(see Sec. 4).

Figure b gives experimental data on the cross section
of the (y, n) reaction on the °Li nucleus.™ The nucleon—
nucleon potential used in the calculations was the
Gogny-Pires—de Tourreil potential,® and the nucleon—
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FIG. 5. Cross sections of the reaction vy +%Li—a +n +p with-
out allowance for the contributions of the exchange currents
(a) and with implicit allowance for these contributions (b)
(theoretical results from Ref. 36). The dotted curve is the
cross section in the plane-wave approximation with allowance
for one harmonic in the final state; the broken curves are
the cross section in the plane-wave approximation with
allowance for K =1 and 3 harmonics at the end; the chain
curves are the cross section with allowance for the interac-
tion between all the particles and two harmonics in the final
state, The experimental data are taken from Ref. 70.

a-particle potential was the Pearce—Swan potential. ™
It was shown that the main contribution to the norm of
the wave function of the °Li nucleus is made by the
harmonic K =2 (96.7%). The binding energy of the °Li
nucleus then obtained (4. 70 MeV) is close to the ex-
perimental value (4.53 MeV). It can be seen from com-
parison of the curves in Figs. 5a and 5b that without
allowance for the final-state interaction the wave func-
tion of the a +n+ p system is very inaccurate. Name-
ly, as a result of this inaccuracy Siegert's theorem
ceases to hold, and therefore in the plane-wave ap-
proximation with allowance for exchange currents
(Siegert’s theorem) the curves of the cross section
(dotted and broken curves) in Fig. 5b pass below the
corresponding curves of Fig. ba (without allowance
for exchange currents). The inclusion of the final-
state interaction significantly corrects the wave
function, and the chain curve in Fig. 5b, which takes
into account the contributions of the exchange currents
(in accordance with Siegert’s theorem), passes ap-
preciably above the corresponding curve in Fig. 5a,
which does not take into account the contributions of
the exchange currents. Such a result indicates that
Seigert’s theorem is very sensitive to inaccuracies of
the wave functions and its use in even the long-wave
approximation (at low energies) can lead to incorrect
results.

The reaction
v+ —satata (70)

has been studied little experimentally. The data of
Maikov™ are based on very sparse statistics, and the
corresponding errors are not indicated on the experi-
mental curve. A Khar’kov group™:™ has begun a sys-
tematic study of this reaction. Until recently, there
did not exist an acceptable theory of the reaction

¥ +'2C —3w@. Since the studies of Verde et al., ™™
nuclear physics and especially the three-body problem
in nuclear physics have advanced significantly, and,
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of course, the early studies are quite unsatisfactory.
In Ref. 33, photodisintegration of the *2C nucleus into
three o particles was investigated for the first time by
the method of hyperspherical functions in the momen-
tum representation (see Sec. 4). Here too the effect of
the final-state interaction was found to be decisive.
These theoretical investigations led to the conclusion
that the three-particle photodisintegration of 2C takes
place mainly through the mechanism of two-a-particle
quadrupole absorption of photons.

Complete breakup of light nuclei induced by =+
mesons

The reactions
w4 H->n+n+n u ot 4+ Hesp+p+p (71)

have not yet been studied experimentally. A theory
based on the use of a basis of hyperspherical functions
in the momentum representation (see Sec. 4) is devel-
oped in Ref. 27. Among the obtained theoretical re-
sults, the most important is the establishment of a
significant role of the interaction between all the nu-
cleons in the final state. It is to be hoped that corre-
sponding experiments will be made, so that it will be
possible to verify the theoretical results and, in parti-
cular, the basic assumption about the mechanism of
two-body absorption of 7* mesons by three-particle
nuclei.

For the reaction
- 4+ 3He —at 4 3r (72)

there is the experimental study of Ref. 77, which gives
the differential cross section as a function of the ki-
netic energy of the three-neutron system. The posi-
tive pions were detected in the interval of angles from
15 to 40°. A theory of the 7" double-charge-exchange
reaction on the He nucleus was developed by Phillips™
using the method of Faddeev’s integral equations in the
momentum representation (see Sec. 2). However,
these equations were used only to describe the final
state of the three neutrons; the initial state of the nu-
cleus was described by a Gaussian function. The
theory™ and experiment™ are compared in Fig. 6.
Curve C is obtained from curve B by replacing the
Born amplitude by the amplitude calculated with al-

a’cranat, ubesr oMy
=
n.

o

¢ £, MeV

FIG. 6. Differential cross section of the reaction 7~ +°He

— ¥ +3n, Curve A corresponds to the distribution of the
four-particle phase space when the transition amplitude is
assumed to be constant; curve B is obtained from A by in-
coherent addition of the Born amplitude; curve C is obtained
with allowance for the final-state interaction. The experi-
mental data are taken from Ref. 77.
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lowance for the final-state interaction (the first iter-
ation of the Faddeev equation is used). Despite the
very approximate nature of the calculations, the theory
shows that the interaction between the neutrons in the
final state plays a decisive part. It was concluded that
the experiment of Ref. 77 did not reveal a three-neu-
tron resonance and that the distinctive structure of the
distribution curve in Fig. 6 is the result of a strong
effect of the final-state interaction.

We now consider the reaction
a4+ M —>y4+n+nitn (73)

Experimentally, 7 radiative capture by the *He nu-
cleus was first investigated in Ref. 79. Bistirlich et
al.® then made a detailed experimental investigation of
the reaction 7~ +*H —7y +3n. The experimental histo-
gram of the spectrum of photons from the reaction
T +3H —-y+n+n+nis shown in Fig. 7, in which we
have also plotted the theoretical curve obtained by
Phillips and Roig.?® They investigated 7~ radiative
capture by the *He nucleus by the method of Faddeev’s
integral equations in the momentum representation,
using a nucleon-nucleon potential of separable form.
The final-state interaction was taken into account in
Amado’s model (see Sec. 2). It can be seen from the
figure that there is good agreement between the theory
and the experiment, which, of course, can in no way be
obtained without allowance for the interaction between
the neutrons in the final state. The energy distribu-
tion of the photons has a clear peak at high energies,
which corresponds to a low relative energy of the neu-
trons; however, this is a consequence of the interac-
tion between the neutrons and does not indicate the for-
mation of a three-neutron resonance state.

We now consider the reaction
n- - "He —> n* | 4n and 2t 4 *He > n- - 4p. (74)

It is well known that the process of double charge
exchange of pions on nucleons was first discovered and
studied in experiments of a Dubna group,® and was
subsequently studied in experiments made in other
scientific centers.®™ QOn the basis of a unified treat-
ment of the structure of the *He nucleus and the nu-
clear reactions (74), Kezerashvili, Sigua, and the
present author®®+* first studied double-charge-ex-
change processes by the hyperspherical-basis method

80,
601
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FIG. 7. Energy spectrum of photons in the reaction =~ +3H
— y+3n. The theoretical curve is taken from Ref. 22. The
experimental histogram is from Ref. 80.
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FIG. 8. Differential cross section of the reaction ‘He(r™,m*)4n:
a) the experimental data are taken from Ref. 85 (angle of
observation of the 7" meson at the end =20° and T,-=140
MeV; b) data taken from Ref. 83 (angle of observation 6 =0°,
T,.+=176 MeV); the theoretical curves are from Ref. 38: the
broken curves are the results of the plane-wave approximation,
and the continuous curves are with allowance for the interac-
tion between all the neutrons in the final state, 1) For the
Gogny—Pires—de Tourreil potential; 2) for the Volkov
potential; 3) for a well potential; 4) for the Baker potential.

in the coordinate representation (see Sec. 5). Experi-
mental data on the differential cross section of the
reaction *He(n", 7*)4n are given in Fig. 8. The data of
Fig. 8a are taken from Ref. 85 and give the dependence
of the differential cross section on the kinetic energy
(T,+) of the 7* meson. It can be seen from the figure
that without allowance for the final-state interaction
the curves are far from the experimental data, and in
the majority of cases do not even qualitatively repro-
duce the behavior of the cross section. The inclusion
of the interaction simultaneously between all the nu-
cleons in the final state changes the results of the
plane-wave calculations qualitatively and quantitatively
and leads to new results that correctly reproduce the
behavior of the experimental curves of the cross sec-
tions. This is in fact achieved for all forms of the
employed NN potentials. However, the results for the
different potentials differ quantitatively. In addition,
the theoretical results show that the contribution of the
final-state interaction depends strongly on the energy
transferred to the four-nucleon system in the double-
charge-exchange process. The total cross section of
the reaction 7* +*He — 7” + 4p is shown as a function of
the energy of the incident 7* in Fig. 9. The large ef-
fect of a final-state interaction is also demonstrated in
this figure.

The reaction
n~+Lisatntn ('75)

is distinguished by its simplicity among the processes
of capture of stopped 7" mesons by nuclei with emission
of nucleon pairs, and it was investigated intensively in
early studies, both theoretical®® and experimental.®®%*
However, in the early theoretical studies the final-state
interaction was taken into account only between two
neutrons. In Ref. 34, the interaction between all the
particles in the final state was taken into account for
the first time, and the reaction (75) was investigated by
the method of hyperspherical functions in the momen-
tum representation (see Sec. 4). It was shown that
elimination of the Na interaction from the effective
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FIG. 9. Dependence of the total cross section of the reaction
7 +4He— 1~ +4p on the energy of the incident 7* meson. The
theoretical curves are from Ref, 38: the broken curves in
the plane-wave approximation, and the continuous curves with
allowance for the interaction in the final state; 1) for the
Gogny—Pires—de Tourreil potential; 2) for the Volkov poten-
tial. The experimental data are as follows: the black circles
are from Refs. 86 and 87, the black triangles from Ref. 88,
and the black squares from Ref. 89.

three-particle interaction in the final state leads to
results that are appreciably too large (the capture
probability is increased by almost an order of magni-
tude). The distribution of the neutrons with respect

to the recoil momenta of the a particle from the reac-
tion (75) is given in Fig. 10. The distribution of the
neutrons with respect to the angles betweenthem for the
reaction (75) is shown in Fig. 11. As can be seen
from Figs. 10 and 11, one can achieve a satisfactory
description of the experimental data in the investiga-
tion of the distribution with respect to the recoil mo-
menta and the angles between the emitted nucleons by

. assuming that the ¢ particle “takes up” the recoil mo-
mentum, not as a structureless “ball,” but as a nu-
clear system with a definite internal structure. And
for the total probability of the process allowance for the
internal structure of the ¢ particle leads to a satis-
factory explanation of the experimental value.

Breakup reactions involving .~ mesons and
hyperons

The results of recent theoretical investigations?® of
the reaction

erons

|,L’+9H_"-"+”+n+”u (76)

by the method of Faddeev’s equations in the coordinate
representation (see Sec. 3) increase the interest in
corresponding experiments, which have not yet been
made. In particular, the neutron energy spectrumis

Ziw
aXd(cos8)
&7

z &=180

e 4
3¢ K, MeV/e

FIG. 10. Distribution of neutrons with respect to the recoil
momenta from the reaction 7~ +®Li— o +n +n. The theoreti-
cal results are from Ref. 34: the broken curve is the result
of calculation without allowance for the internal structure of
the @ particle, while the continuous curve is with allowance
for this structure; the black circles are the experimental
data of Ref. 93, and the open circles the data of Ref, 96.
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FIG. 11. Distribution of neutrons with respect to the angles
between them for the reaction 7~ +8Li— @ +n +n. The
theoretical results are taken from Ref. 34: the broken curve
is without allowance for the internal structure of the a
particle, and the continuous curve is with allowance for it.
The experimental data are taken from Ref. 94.

found to be rather sensitive to the effect of the final-
state interaction of the neutrons. This result offers
hope that when it becomes possible to test the conclu-
sions of the theory it will be possible to draw conclu-
sions about the acceptability of the employed nucleon—
nucleon potentials.

Let us consider the reactions
H—->a"+p+p-+nand QH—>n -+ n+ p. (71

The structure of hypertritium was investigated for
the first time by the method of Fadeev’'s integral equa-
tions in the momentum representation in Refs. 97 and
98. Recently, this formalism has been used for inten-
sive investigation of the structure of three- and four-
particle hypernuclei.®™° The binding energy of three-
particle hypernuclei was calculated in Ref. 102 using a
hyperspherical basis in the coordinate representation.
With regard to the reactions (77), the method of hyper-
spherical functions in the momentum representation
(see Sec. 4) was used for the study of them for the first
time in Ref. 35. It was shown that the interaction be-
tween all the nucleons in the final state significantly
influences the probability of hypertritium decay with
and without pion emission. The meson decay mech-
anism makes the main contribution to the complete
breakup of hypertritium. Mesonless decay takes place
with negligibly small probability because of the insta-
bility of hypertritium. Figure 12 shows the theoreti-
cal curves of dW/d», as a function of %, where W is
the probability of the partial decay SH—1"+p+p +n,
and ®,=(2ME/fi?)*/?, where E is the total energy of

a d+ 0,6 0,68 1,0
Xz, F

FIG. 12. The functions dW/dn, for the reaction iH‘-'n" +p+p
+n from Ref. 35: 1) the result without allowance for interac-
tion between the nucleons in the final state; 2) with allowance

for the interaction.
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the three-nucleon system at the end of the reaction (in
the center-of-mass system). From curve 2 in Fig. 12
the lifetime is 7=0.7X 107 sec. This value is in rea-
sonable agreement with the experimental value of the
total lifetime of hypertritium.°® But if we use curve 1,
the lifetime is found to be 107" sec, which is in strong
contradiction with the experimental total lifetime. Of
course, for more definite conclusions about the ac-
ceptability of the chosen forms of the nucleon—-A and
nucleon-nucleon potentials we need more complete
experimental data than those we have at our disposal
at present. The fact that in Ref. 35 the binding energy
of hypertritium was found to be i =-2. 30 MeV,
which is in good agreement with &e experimental
value e§?=- 2. 35 MeV, indicates the acceptability

of the employed potentials; however, as we pointed

out in the Introduction, this is not sufficient. We

need to make a comparison with the experimental data
of, for example, curve 2, and at the present time such
data do not exist. The recent increase in the interest
in hypernuclear physics offers hope that in the near
future such experiments will be made.

CONCLUSIONS

The present review is a first attempt to systematize
the existing theoretical and experimental results on the
complete breakup of light nuclei induced by elementary
particles. Of course, it is far from complete and is
restricted to only the recent studies. For example, the
comparatively early theoretical studies made using
the variational formalism and without allowance for the
interaction between all the particles in the final state
have been outside the scope of the review, though it is
well known that the first studies marked a very im-
portant step in the investigation of nuclear reactions of
decay type.

The main aim of this paper was to show how interest-
ing is the problem of direct complete breakup of light
nuclei induced by elementary particles and how rich it
is in possibilities of obtaining more or less reliable
conclusions simultaneously about the structure of light
nuclei and the mechanism of the nuclear reactions. The
most interesting result appears to be the discovery of
appreciable sensitivity of the cross sections of decay-
type reactions to the chosen form of the nucleon—nu-
cleon potential.

Of course, comparatively little has been done so far
in investigating this problem. In the future, great ef-
forts will be needed on the part of both the experimen-
talists and the theoreticians to achieve a deep and com-
prehensive study of this very interesting problem.

Iam verybgrateful to N. B. Krupennikova for very
valuable discussions.
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