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An analysis is made of the results of experimental and theoretical studies during the last ten years
of a unique process—double charge exchange of pions on nuclei. On the one hand, the commis-
sioning of meson factories and the use of new and more accurate experimental methods have led to
the accumulation of rich and reliable material for not only light but also medium and heavy
nuclei. On the other hand, the development and application of new microscopic theoretical ap-
proaches have led to a deepening of our ideas about the mechanism of these exotic reactions at
low, intermediate, and high energies. The currently existing methods of theoretical investigation
and all possible reaction mechanisms are considered. Particular attention is devoted to double
charge exchange of pions on the lightest nuclei, for the theoretical description of which it is

possible to use the well-developed methods for investi

gating few-particle systems. The experi-

mental investigations of double-isobz.¢ analog and nonanalog transitions in the reaction of double

charge exchange are systematized.

INTRODUCTION

During the last decade, interest in double charge ex-
change of pions on nuclei has revived. This was due to the
commissioning of meson factories, which provided new pos-
sibilities for investigating the reaction, the increase in the
intensity of pion beams, and the improvement in the angular
and energy resolution of the facilities. All these develop-
ments made it possible to carry out high-precision measure-
ments with the separation of the nuclear levels.

Double charge exchange of pions on nuclei occupies a
particular position among all known nuclear reactions. It is
unique because through the reaction one can obtain nuclei
for which the Z component of the isospin differs by two units
from that of the original nuclei:

n=+A((Z N)»aF+B@EZ+2 NF92. (1)

This is made possible by double isospin flip of the pion,
whose isospin is equal to unity and has three charge states:
+ 1,0, and — 1. The existence of double charge exchange
for pions was predicted by de Shalit, Drell, and Lipkin in
1961.! Experimentally, this process was discovered in the
Laboratory of Nuclear Problems at the JINR in 1963.2 A
complete review of both experimental and theoretical stud-
ies of the process made up to 1971 can be found in Ref. 3.

What makes it attractive to study double charge ex-
change of pions on nuclei? In the reactions (1), it is possible
to obtain and study nuclei far from the stability region. The
reaction makes it possible to obtain information about dou-
ble-isobar states of nuclei. The hopes of studying the expect-
ed difference between the neutron and proton densities in
nuclei rest on this reaction. It offers the possibility of direct
study of effects of short-range two-nucleon correlations in
nuclei and their manifestation, for example, in high terms of
the optical 7—nucleus potential. This can be seen by noting
that in an interaction with one nucleon the pion can change
its charge by unity. Therefore, in double charge exchange at
least two nucleons must participate. By this token, this reac-
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tion is more sensitive to the two-nucleon effects, manifested
here already in the first order, than are reactions in which
there is no need to consider two nucleons in the first order
and in which the effects of the short-range correlations are
manifested indirectly. Therefore, the Pprocess can give new
information on two-nucleon aspects of nuclear dynamics.
The reaction is one of those in which it is possible to study
the effects of meson currents; moreover, the charge conser-
vation law automatically eliminates first-order effects,
which usually mask the effects of meson exchange currents,
Finally, exotic nuclear states can be studied. For example,
the double charge exchange of pions on the nuclei *He and
“He makes it possible to investigate exotic states of three and
four neutrons.

The progress in the experimental and theoretical study
of the reaction in the period after the publication of the re-
view of Ref. 3 has been partly reflected in Refs. 4-6. The time
is now ripe for systematizing and summarizing the accumu-
lated experimental and theoretical material because of the
new experimental data on the reaction, a considerable frac-
tion of which has been obtained by the operating LAMPF
and SIN meson factories. The meson factories at the Insti-
tute of Nuclear Research in the Soviet Union and TRIUMF
in Canada are also involved in the program of investigation
of double charge exchange. Further investigations of the re-
action on the lightest and heaviest nuclei are planned at the
JINR. There have been many theoretical studies of the reac-
tion; on the one hand, progress has been made, but on the
other the difficulties in understanding the process and inter-
preting the mass of experimental facts have been demon-
strated.

The present paper reviews the theoretical and experi-
mental studies of the reaction made during the last decade.

1. MODELS AND APPROXIMATIONS IN THE THEORY OF
DOUBLE CHARGE EXCHANGE

We consider the double charge exchange of pions on
nuclei. Suppose the nuclear system is described by the Ha-
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miltonian H,, and ¥, (r,ry,...Fy) is the wave function of
the initial nucleus. As a result of the double exchange reac-
tion, the nuclear system goes over into the new state de-
scribed by the wave function W, (r,Laeely )

We represent the Hamiltonian that describes the nu-
cleus and the pion in the form

o
H=H,+h+ Ei Vi (2)

where 4 is the kinetic-energy operator of the pion, and v; is
the potential of the interaction between the pion and the ith
nucleon of the nucleus. In what follows, we shall assume that
H, contains only two-particle NN interactions and that
three-particle forces are excluded from the 7-nucleus inter-
action. To describe pion-nucleus interactions it is customary
to use the theory of multiple scattering, it being assumed that
the pion is rescattered by the nucleons that constitute the
nucleus. In such a treatment the point of departure is the
Watson expansion for the T matrix of the m-nucleus interac-
tion. This expansion has the form

N

N N N N N
T= %+ 2 2T1G0T1+2 X TG Gt e
jmmi #i

=1 j i=1 jo=i hekj (3
)

where the propagator G, at energy E of the pion-nucleus
system has the form

Gy = (E — Hy — b+ i)™, &= 0. (4)

In (3), the matrix 7, describes scattering of the pion by the
ith bound nucleon in the nucleus and satisfies the equation

T3 = Uj + UiGon_. (5)

In general form, the amplitude of pion double charge
exchange on the nucleus can be written in the form

My.;= &y [T |k, i) (6)

where |k;,i) and |k.f) are the state vectors describing the
pion-nucleus system before and after the reaction, respec-
tively.

The Watson expansion (3) makes it possible to obtain
the transition matrix element (6) in the form of an infinite
series. Therefore, the use of the expansion (3) poses for us
two problems:

1) the determination of the off-shell T matrix of the 7N
interaction, which cannot be obtained from the free two-parti-
cle problem;

2) the summation of the multiple scattering series and
the establishment of the rate of its convergence.

In the general case, it is in practice impossible to solve
these problems, and therefore one must consider the ap-
proximate summation of the series (3) and the determina-
tion of approximations for the T matrix of the 7-nucleus
interaction. In turn, it is then possible to obtain correspond-
ing expressions for the amplitude (6) for double charge ex-
change and to draw conclusions about the various reaction
mechanisms.
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Iimpulse approximation

Ifin (3) we replace the matrix 7;, which describes scat-
tering of a pion by a nucleon bound in the nucleus, by the
matrix ¢, of pion interaction with the free nucleon i, we ob-
tain the T'matrix in the impulse approximation. In the range
of energies up to the threshold for production of two pions in
the reaction of double charge exchange, it follows from the
charge conservation law that at least two nucleons partici-
pate. Therefore, in the impulse approximation the first term
in the expansion of the 7" matrix, corresponding to single
scattering, does not contribute to the cross section for double
charge exchange. Therefore, the main contribution to the
cross section of the process will be made by the term corre-
sponding to double scattering, and in the impulse approxi-
mation the transition amplitude (6) takes the form

N N N N N
M. p="ksp f| 21 jgi 1Got 4+ D) 20 2 biGot oty

i=1 j&i ko)

N N N N
+ 3 DD D 6ot GotuGott evelkiy e (7)
i=1 jo=i h==i n=h
With each term in the expression (7) it is possible to associ-
ate one of the diagrams shown in Fig. 1, from which it can be
seen that beginning with the second term in (7) the double
charge exchange is accompanied by rescattering of the ini-
tial, intermediate, and final pions by nucleons of the nucleus.
Therefore, the contribution of these terms is responsible for
distortion of the pion waves.
In practical calculations in the impulse approximation,
only the first term of the expansion (7) is usually taken into
account:

N
;111'_. r=<kj, fi E

=1

N

1 3
:—‘ tiGntj] ki! 3>
j=i

N N
3 X tiGol m) (nltslkiy D (8)

=k 2 f | E
n i=1 j==i

The expression (8) makes it possible to obtain the cross sec-
tion for double charge exchange in the impulse approxima-
tion with plane waves for the initial and final pions. Ifin (8)
|k; ) and |k, ) are replaced by pion wave functions distorted
by the optical potentials of the initial and final nuclei, the
cross section of double charge exchange in the distorted-
wave impulse approximation is obtained.
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FIG. 1. Diagram expansion for the two-step mechanism.
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The summation in (8) over the intermediate states is
usually considered in the following two approximations: 1)
the summation is replaced by consideration of just one inter-
mediate state; 2) the completeness condition is used. In the
first case, the matrix element (8) will be expressed in terms
of the integral of the product of matrix elements of single-
particle operators proportional to the density. If at the same
time the intermediate state is an analog state, the propagator
G, in (8) is replaced by the free-pion propagator. On the
other hand, if it is borne in mind that the pion in the process
of double charge exchange transfers a comparatively small
energy (not more than 30 MeV) compared with its kinetic
energy, the excitation energy AE, can be replaced in the
propagator by a certain averaged energy AE. At the same
time, it is possible to sum in (8) over the intermediate states
by using the completeness condition. Therefore, to calculate
the matrix element it is necessary to know the two-particle
density and, therefore, in such an approach one can directly
investigate the part played by the two-particle short-range
correlations. The influence of the nuclear medium on the
propagation of the intermediate pion has been studied on
several accasions. For this, one uses the propagator

1
E=F,—K.—T. ()’ (%)

where U, (E) is the optical potential that describes the prop-
agation of the pion in the intermediate state.

Diffraction approximation

The study of pion double charge exchange on nuclei is
simplified appreciably at high pion energies, when the wave-
length of the incident particle is short compared with the
nuclear diameter. In this case, the process can be described
in the Glauber-Sitenko approximation.”® The connection
between Watson’s theory of multiple scattering and the
Glauber-Sitenko approximation for potential scattering was
analyzed in detail in Ref, 9. Following Ref. 9, we can obtain
the Glauber-Sitenko approximation in the theory of multiple
scattering. For this, it is necessary in the Green’s function
(4) to ignore the Hamiltonian & o and use the eikonal ap-
proximation in the obtained propagator. Then in the
Glauber-Sitenko approximation the amplitude of the pro-
cess is written in the form

N
M=t | debeiw ), f11— ] (1T, (b—s;)| kn)
pemt (10)

where q = k; — k, b is the impact parameter, s; is the pro-
jection of the vector I; onto the plane of the impact param-
eter, and the profile function is defined by

(11)

In the expression (11), t(w;q) is the on-shell 7V scattering
amplitude calculated at total energy @; and momentum
transfer q in the center-of-mass system of the pion and nu-
cleonj. It is clear that the term corresponding to single scat-
tering will not make a contribution in (10) to the double
charge exchange. We note that in the diffraction approxima-

Ly (b—8))= (2nik)t | dge-a@-2¢ 0y, .
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tion contributions to the cross section for double charge ex-
change will be made by the diagrams in Fig. 1 and that in this
case, in contrast to the impulse approximation, the graphical
series is finite and contains diagrams up to those with N
nucleon lines. The expression (10) can be simplified by ig-
noring in the 7N scattering amplitude the spin-dependent
terms, whose contribution to the process does not, according
to Ref. 10, exceed 5%. In this case,

t (o q) =t (0, q) + t, (0, q) (I-7), (12)

where I and r are the isospin operators of the pion and nu-
cleon, respectively, and for the profile function we obtain
T; (b) = I'y; (b) + Ty; (b) (Lo). (13)
Using (13) in the matrix element for double charge ex-
change, we can separate the terms that contribute to the dou-

ble charge exchange from the terms that distort the pion
waves:

(14)

My =t j d?he\ T, (),

where

N
Tiot ()= (ky, f|[—2 3} Ty (b—s3,) Ty, (b—s,)
R 1<)

N
X (T,..z,);[ I =Ty b—s) ]Ik, i. (15)
1544, §

The first factor in (15) shows that two neutrons (or pro-
tons) go over into two protons (respectively, neutrons),
whereas the second describes all possible elastic rescatter-
ings of the initial, intermediate, and final pions. The last
factor is particularly important in the resonance region of
energies. The diffraction approximation in the double
charge exchange of pions on nuclei was realized in Refs. 10—
15.

The approximation of fixed centers

The diffraction approximation as considered above was
most successfully employed at small pion scattering angles.
A theory of multiple scattering of a particle by a nucleus in
which there are no restrictions on the scattering angles was
developed in Ref. 16. In this approach, the nucleons in the
nucleus are assumed to be fixed at the positionsr, ,r,,...,ry in
the scattering process, and the T matrix of the m-nucleus
interaction, which is a function of the nucleon coordinates
Ty,F3,...,Fy,is averaged over the corresponding nuclear wave
functions. It was shown in Ref. 17 that if one uses the free-
pion Green’s function, i.e., one ignores the excitation and
recoil energy of the nucleus compared with the kinetic ener-
gy of the incident pion, and writes down Eq. (5) for the 7
matrix for a fixed nucleon, then from (3) it is possible to
obtain the T matrix in the fixed-centers approximation. On
the basis of this approximation for the T'matrix, an approach
for investigating double charge exchange was developed in
Ref. 18. In this model, the transition matrix element (6) is
written in the form

Mi-t_f = (kfyf I 7 (k[‘, kf; ry, Ty, o vy rN) !ki! l)v (16)
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where

T{kiw k,"; Tyy r21 LRI ) rN)

4
= e-tr %Gy (kyy kys vy T (17

j=

AN I

Here, G; (k; K/;T;,F2..fn ) describes the multiple scattering
in all orders, the final scattering taking place on nucleon j.
This amplitude satisfies the system of equations'®

Gy (kig ks Tyy Tag oeny Ty)=1; (kiy Kp) 6%

.y Zl S dQpt, (py ky) eib (F;=rp) @ [pe(r;—ry)]
n=j

X Gy (kyy Pi Tr Tay ey rN), (18)

Ik;| = k| =1|p|, j=1, 2, +..., N,
where 7, (p,k,) is the on-shell free 7V scattering matrix.
Equation (18) can be written in the symbolic form

Gomiytiby B Gy (19)

+*1

Using the form of expression (19), we can write down corre-
sponding equations for the amplitude of double charge ex-
change. We consider the process for positive ions. Let G ;*
be the elastic scattering amplitudes, G~ and G be the am-
plitudes for production of 7~ and #° mesons, respectively,
t;*,t;", t] be the amplitudes of free elastic 7N scattering,
and £,5%20, 475, ® be the charge-exchange 7N ampli-
tudes. Then the system of coupled integral equations for the
double charge exchange of 7* mesons takes the form
Gi=ti+t] 2 Gi+15°2 GY: 1
im=j is=)
Gt oY Y 6N 6n | (20)
is=] iz=) iw=j
Gi=15 2 Gi+1t5° 2 Gi. |
iz i] )
In (20), the term ¢ 92, ., G {, for example, describes the pro-
cess in which a 7° meson propagates in the nucleus, the final
interaction being elastic scattering on nucleon i. The term
t7°%,,,G? describes a 7~ meson created from a 7° meson
in its last charge-exchange scattering 7 ;- % on nucleon i. The
system of coupled equations (20) was solved in Ref. 18 using
a separable form for the 7N scattering amplitude. We note
that the method described above makes it possible to investi-
gate coherent double charge exchange, i.e., analog transi-
tions. This follows from the requirement |k; | = |k/| = |p|in

Eq. (18).

Optical-potential method

Besides the methods described above for constructing
the T matrix for the process of double charge exchange inthe
theory of multiple scattering, the reaction on medium and
heavy nuclei can be successfully described by the introduc-
tion of an optical potential. The optical model reduces the
problem of pion scattering by the many-particle system, the
nucleus, to the simpler problem of pion scattering in the field
of a complex optical potential. In this approach, the T'matrix
of the elastic 7-nucleus interaction is obtained by solving the
Lippmann-Schwinger equation
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T=1U+ UG,T. (21)
The optical potential U in (21) is selected phenomenologi-
cally or is constructed in the framework of the theory of
multiple scattering. In the two different approaches of the
theory,2®2! the optical potential is expressed as a series ex-
pansion with respect to the 7V interaction matrix.!” The 7N
interaction being weaker than the NN interaction at low en-
ergies, it is assumed that for pion-nucleus scattering this se-
ries converges more rapidly than for nucleon-nucleus scat-
tering.

The optical-potential method was used to investigate
the reactions of elastic or coherent single and double pion
charge exchange,

at + Xz -7 + ya¥zas (22)

at + Xz =0~ + oWz (23)
In the reactions (22) and (23), the nuclei y Xz, v 1 Yz 415
and y_, Wz, , are isotopic multiplets. This means that in
the charge-exchange reaction (22) y_ Yz, is the isobar
analog state of the ground state of the nucleus ~Xz, while
the nucleus y_, Wz , is the analog state of the nucleus
~_1Yz, or the double-isobar analog state of the target
nucleus.

The cross section of double pion charge exchange on
medium and heavy nuclei is usually calculated in the first
approximation in the optical potential. The corresponding
transition matrix element can be written in the form

Mi . 1= (- |UGU g4} (24)

The optical potentials of both the first”>* and sec-
ond23?526 orders have been used to study double charge ex-
change on nuclei. The first-order optical potential has the
form

Ugp (kis ky)= E.: (k;, a|tlks, B (25)
where the indices @, f,... denote the elastic channel, the
channel of single charge exchange, and the channel of double
charge exchange. Using the expression for the optical poten-
tial, we write down the Klein-Gordon equation for the cou-
pled channels, this making it possible to determine the pion
functions in (24),

(— V24 2BV —2) 0o = 2B 21U un (26)

where k_, is the momentum of the pion in channel a, and ¥V'¢
is the corresponding Coulomb potential of the nucleus. We
note that whereas there are two distortions of the pion wave
(of the incident pion and the 7° meson) in the charge-ex-
change reaction, in the reaction of double charge exchange
there are three such distortions: those of the 7+ and 7~
waves in the entrance and exit channels, and the distortion of
the 7° meson that enters the expression (24) through the
Green’s function.

Using the coupled-channel method in the momentum

R. |. Dzhibuti and R. Ya. Kezerashvili 522



representation, Liu*® constructed the diffraction theory of
double charge exchange. His point of departure was a system
of three integral equations which can be expressed formally
as

T =0 +06G,T, (27)
where .7 is the scattering operator, and i is the effective
interaction, which is decomposed into the strong and Cou-
lomb interactions:

v =, +v. (28)
In (28), v, is a complex, energy-dependent interaction
which for nuclei with isospin 7> 1 can be written in the gen-
eral form

Ve =V, + (I.T) ¥, + (I.T)V,. (29)

In (29), I and T are the isospin operators of the pion and
nucleus, respectively, and ¥, ¥, , and V, are usually called
the isoscalar, isovector, and isotensor interactions, respec-
tively. If the optical potential for the 7 -nucleus system
(i= +,0, —) is introduced by

U' = (', nucleus | v, | n',nucleus ), (30)
then, using the standard angular-momentum algebra, we ob-
tain the simple result?®

& e S ST
1 :-mT—_:IT 1 Vi —1 i Ue /
V. 1 =g ) e
(31)

where T is the nuclear isospin. Equation (31) relates the
interactions ¥, ¥, and ¥, to the nth order optical poten-
tial. With the introduction of the second-order optical po-
tential, which depends on the square of the nuclear density,
this approach makes it possible to treat double charge ex-
change that takes place either on two valence nucleons or on
two core nucleons through nonanalog transitions. The inter-
ference of these amplitudes with the amplitude including the
analog transitions changes the cross section for double
charge exchange qualitatively. The reason for this is that the
values of these amplitudes are comparable.

Meson-current model

The study of meson currents in nuclear physics made it
possible to explain the nuclear magnetic moments, some ef-
fects in electron-nucleus scattering, and also various aspects
of the theory of photonuclear reactions and meson absorp-
tion by nuclei. However, in all the processes considered the
meson currents were considered together with the single-
particle effect. An example of a reaction in which the meson
currents play the leading role, i.e., the effect of the currents
must be manifested already in the first order, is the double
charge exchange of pions. Indeed, if one proceeds from the
fact that the nucleons are surrounded by a “meson cloud,”
the knocking out of a 7~ (respectively, 7 ) meson from the
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FIG. 2. Diagram of the meson-current mechanism.

meson cloud of a nucleon by a 7+ (respectively, 7~ ) meson
leads to double charge exchange on the nucleus. The main
hypothesis of the meson-current model for double charge
exchange proposed in Ref. 27 reduced to the assumption that
the pion is scattered by an off-shell pion exchanged by nu-
cleons in the nucleus. The 7+ NN—7— NN amplitude was
constructed on the basis of the 77 scattering amplitude. For
this mechanism, the amplitude of the elementary event can
be found from the diagram in Fig. 2a,

A (kiy k)= ({1 2202y (yy) Yooy, (K3y) Ty ()
M (ki ; R
M (kg T ) , (32)

X T, (kay) = .
(Qigg._’n=) (qiu"me)

wherek ,,, ks ks km are the 4-momenta of the nucleons
andthepions,q,, =k, — Kpus@o = ko, — k. ,gisther N
coupling constant, /7 is the pion mass, and Moo (Fopis v
54 Ky, ) is the transition matrix element for 7+ 7~ —sr+ 77—
scattering. Because the energy of the 77 system in the cen-
ter-of-mass system is fairly low, the off-shell 77 scattering
can be described either by Weinberg’s model®® or by the
modified Veneziano model.”® If, following Ref. 27, the ener-
8y transfer and the momenta of the nucleons within the nu-
cleus are ignored, the expression (32) can be written in the
nonrelativistic limit in the form

A ks, k) = (i) Fgp-orky) Guky)
w Mn:[('rfiltkl_: kz- -’i‘fu) )
(K-+m?) (k3+m?2)

(33)

Using the expression (33), it is possible to obtain the cross
section of double charge exchange of pions on nuclei under
the assumption of the meson-current mechanism. The con-
tribution of the meson currents to double charge exchange
was investigated in Refs. 15, 27, and 30-32. Consideration of
the diagram in Fig. 2a poses a question: Is this diagram the
only one that describes the contribution of the meson cur-
rents to the double charge exchange? If in Fig. 2a we remove
one nucleon line, we obtain the diagram for the process
7TN—mN. On the basis of this, it was suggested in Ref. 15
that when one considers the meson currents in the reaction
of double charge exchange it is necessary to use a model that
describes the #N—w7N process well. About 30 diagrams
that contribute to this process were constructed (it is true
that the contributions of some of these cancel each other). If
to these diagrams we add one nucleon line, we obtain the
graphs that describe the contributions of the meson currents
to the double charge exchange. For example, if the
7N—mmN process is described by the chiral-invariant Ha-
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miltonian of Ref. 28, then to describe the double charge ex-
change it is necessary to use the diagram in Fig. 2b, which
also takes into account the contribution of the meson cur-
rents to the double charge exchange.

On the basis of what has been said above, it is clear that
if double charge exchange is studied under certain kinematic
conditions it is possible to obtain information not only about
the 7 scattering amplitude but also about the off-shell ex-
trapolation of the amplitude of the wN—mmN process.

2. MICROSCOPIC APPROACH IN THE THEORY OF DOUBLE
CHARGE EXCHANGE

Double charge exchange of pions on three- and four-nucleon
nuclei

From the theoretical point of view, the greatest interest
attaches to study of pion double charge exchange on three-
and four-nucleon nuclei:

n- +8He —>nt + 3n; (34)
a* +3H -»a- + 3p; (35)
a- tHe —a* + 4n; (36)
nt -+ He —n~ -+ 4p. (37

There are several reasons for this interest. First, the 3H, *He,
and “He nuclei have the smallest number of nucleons for
which the process under consideration takes place. Second,
the reactions (34)—(37) proceed througha single channel—
complete breakup of the nucleus. Third, it is precisely in the
study of the reaction on three- and four-nucleon nuclei that
one can obtain more or less unambiguous conclusions about
the reaction mechanism and establish which reaction mech-
anism is dominant in which energy region. Indeed, the well-
known model-free methods of the Faddeev equations and
hyperspherical functions have been developed for the de-
scription of three and four nucleons in the discrete and con-
tinuous spectra. Using these methods in conjunction with
only an assumption about the reaction mechanism, it is pos-
sible to construct the theory of double charge exchange of
pions on three- and four-nucleon nuclei. Fourth, investiga-
tion of the processes (34) and (36) provides a unique possi-
bility for studying systems consisting of three and four neu-
trons. Fifth, microscopic model-free description of the
intitial and final nuclear states in the reactions (34)—-(37)
using NN potentials makes it possible to relate the experi-
mentally established characteristics of double charge ex-
change to the properties of the NN interaction and to obtain
more or less unambiguous conclusions about these proper-
ties.

Up to now, the study of the reactions (34)-(37) in the
region of intermediate energies has been based on the consi-
deration of two mechanisms: the two-step mechanism in
which the pion is scattered successively by two nucleons of
the nucleus and changes its sign twice and the meson current
mechanism.

For the nuclei *H and “He the reaction was considered
under the assumption of the two-step mechanism in Refs. 11
and 31-33. In Ref. 11, the diffraction approximation was
used to calculate the differential cross section of the process
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(34) for forward scattering using the model of Chew and
Low® for the 7N interaction. The *He nucleus was de-
scribed by a spatially symmetric Gaussian function of the s
state, and the three neutrons by a Slater determinant formed
from plane waves. The final-state interaction between the
three neutrons was thus ignored. To investigate the reaction
(34), Phillips®® used a semimicroscopic approach, describ-
ing the three-neutron state by the solution of the Faddeev
equation in the first iterative approximation and the *He
nucleus by a variational Gaussian function of the s state.
Although the final-state interaction between the two neu-
trons was taken into account, orthogonality of the initial and
final nuclear states was not ensured. In Refs. 31 and 32, a
microscopic theory was developed for the processes (34)
and (35) under the assumption of both the two-step mecha-
nism and the meson-current mechanism. In this microscopic
approach, the wave functions of the initial and final nuclear
states are eigenfunctions of the same Hamiltonian, so that
orthogonality of these states is ensured.

The reaction on the *He nucleus was considered in Refs.
32 and 35-38 in the framework of the two-step mechanism
using the impulse approximation. Becker and Schmit*® con-
structed the 7N scattering amplitude on the basis of a static
model of pion-nucleon interaction and included the A reso-
nance in the 7N amplitude. In a recent study,® Gibbs et al.
also treated the reaction on “He as a two-step process that
used a more complete parametrization of the # matrix of the
7N interaction. The approaches of Refs. 35 and 36 differ
appreciably in the off-shell continuation of the N scattering
amplitude, and the difference between the results of these
studies indicates that double charge exchange is very sensi-
tive to off-shell effects. Variational Gaussian functions were
used to describe the initial state in the reactions (36) and
(37) in Refs. 35 and 36, and although the later paper of Ref.
36 took into account the Pauli principle and included an
exact calculation of the five-particle phase space, the final-
state interaction between the nucleons was not considered. It
was shown in Refs. 32, 37, and 38 that such a treatment is
rather crude, since the cross section of the process contains
spurious contributions due to the nonorthogonality of the
initial and final nuclear states, and allowance for the final-
state interaction changes the results not only quantitatively
but also qualitatively.

The reactions (36) and (37) were considered in Refs.
27 and 32 under the assumption of the meson-current mech-
anism. In Ref. 27, the Pauli correlations and the final-state
interaction were not considered, and the five-particle phase
space was not completely taken into account. The use of
completely antisymmetrized wave functions of the initial
and final states, allowance for the final-state interaction
between all the nucleons, and the exact calculation of the
five-particle phase space made in Ref. 32 strongly changed
the results and conclusions of Ref. 27 and showed that in the
low-energy region the main mechanism of the double charge
exchange is the successive scattering of the pion on two nu-
cleons of the nucleus.

A microscopic theory of the reactions (34)-(37) was
developed in Refs. 31, 32, 37, and 38 in the framework of the
method of hyperspherical functions for three and four parti-
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cles. This approach made it possible to determine the wave
functions of the target nuclei and the wave functions of three
and four interacting nucleons in the continuum on the basis
of the same realistic NN potentials. On the one hand, this
ensured orthogonality of these states; on the other, it made it
possible to relate the experimental facts on double charge
exchange to the properties of the N potential. In addition,
the use of the hyperspherical basis made it possible to find
the four- and five-particle phase spaces exactly. Below, fol-
lowing Refs. 31, 32, 37, and 38, we present the fundamentals
of the microscopic approach in the theory of the reactions
(34)-(37).

Differential cross section of the reactions

Differential cross section of double charge exchange on
three-nucleon nuclei. For the kinematic description of the
processes (34)—(37), we shall regard the pions as relativistic
particles and describe the motion of the nucleons in the non-
relativistic approximation. If we denote the pion 4-momenta
in the initial and final states by k, = (k;,E;) and
kf‘u = (kg,E;), respectively, then the 4-momentum conser-
vation law for the reactions (34) and (35) takes the form

3
kiu":'ou=kfu'!']§1 Kfil" (38)
where Q, = (0,M;) is the 4-momentum of the three-nu-
cleon nucleus, and K, = (K;,E;) is the 4-momentum of nu-
cleonj in the final state.

In the three-nucleon system, we introduce Jacobi mo-

menta:
1 y 1 g -
kr‘*’*‘i/—é([\(sz)- kz’—;‘y/—G”\r‘,—I\z_th); e
1 a5
K*:W(K1+I\:"-‘Kaj-

In these variables, the differential cross section of the pro-
cesses (34) and (35) in the center-of-mass system of the
nucleus takes the form

B4
2m

E; dksdk,dk,

7

(40)

dﬂ:?ﬂlﬂfi*f'zﬁ(Ei—Ef_ _Bﬂ)

where B ; is the binding energy of the three-nucleon nucleus,
and m is the nucleon mass.

We go over from the Jacobi momenta (39) to hypers-
pherical coordinates in the momentum space:.

k2=Fk§ + kb, ky=ksina, ky=F cos a;
dkydky = k* dk dQy, dQ;,=sin? & cos? adudk, dk,. (41)
In the hyperspherical coordinates, the angular and energy

distributions of the pions produced by the double charge
exchange take the form

dz
T = 20 5 [M; - |2 dQ,, (42)
where p, is the four-particle density of the final states,
EiEsky  (2m)?
py= (2 =t C0F (g, g, By, (43)
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Differential cross section of double charge exchange on
the “He nucleus. We now consider the processes (36) and
(37). We denote by P, = (P,,E;) and P, =(0,M,) the
momenta of nucleon j in the continuum and in the *He nu-
cleus, respectively. In this notation, the 4-momentum con-
servation law for the reactions (36) and (37) becomes

4

:'I“."Ll—l: Pju- (44)

ke‘u ""' I)u

[

In the four-nucleon system, we go over from the momenta P;
to the Jacobi momenta
} (45)

and in these variables we write down the differential cross
section of double charge exchange of pions on the “He nu-
cleus. After integration over the four-nucleon c.m.s. mo-
mentum, the cross section becomes

—_—

1
pIZ——a(Pl—Pz)- l)z"Tfpsfpm_Pl—Pz)l

1
Ve

1 ; \
(P;—P,), P=‘~'T(P1* P,-Py+4-Py)

Bs—2=

do=2m |3, . ;|26 (Ef—E,

EiEiky  dk;dpy dp; dp,
¥ (2712 d

Pi-+pi+ ol
T 2m i B‘i )

(46)

where B, is the binding energy of the *He nucleus. As in the
three-body case, we go over from the Jacobi momenta p; to
hyperspherical coordinates in the momentum space. The hy-
permomentum in the nine-dimensional momentum space is
determined by the formula p = (p? + p2 + p2)'/2, and the
hyperspherical angles #, and £, are introduced as follows:

Py = p cos B, sin B,, p, = p sin f, sin B2, Ps = p cos B,.
(47)

The remaining six angles determine the directions of the vec-
tors py, p,, and p,. Using the hyperspherical variables and
bearing in mind that dp,dp.dp, = p“dpa’ﬂp » we obtain from
(46) for the differential cross section

d2g i ~ o
F 0 = 2 g |9 412 dQ,, (48)

where

dQy, = sin2 B cos? By sin® B, cos?y dB, dP, dp, dp, dp,;  (49)

~ o) EE:'\ 2 a/2
pp=(2m) 12_1#.;_(_":_)__

(E; — E;— B2, (50)

Wave functions of the initial and final nuclear states

We obtain the wave functions of the initial and final
nuclear states for the processes (34)—(37) by using the
method of hyperspherical functions for three and four bo-
dies. We expand the ground-state wave function of the three-
nucleon nucleus with L =0, § = 1/2, and T = 1/2 with re-

spect to symmetrized three-particle hyperspherical
functions: ‘
¥ (g, mp) = —; @ko (r) Do (2,) V¢ (0, 7)

1 m
=75 2 0no (1) (O (@) VI (o, )
K
— D22 (Q) ¥ (o, 1)),

(1)
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where @ %, (7) and @g, (r) are hyperradial functions. The
indices s and a correspond to symmetric and antisymmetric
states, and the indices m1 and m2 to mixed-symmetry states
of the group S;. In (51), 7 =7} + 73, m=rcosp,
n, = rsin B, O, =(BM,,M,), where 1, and n, are Jacobi
coordinates and V2(o,7) (p =s,a,m1,m2) are the spin-iso-
spin functions of the three nucleons in the state S =1/2,
T=1/2. The symmetrized hyperspherical functions
@2, (Q,) are defined as follows:

N Cr, (L) (Lilymymg| LM) @iglemime (Qy).

ol @)~
lylgmymse
(52)

In (52), the symmetrization coefficients C%; (l,1,) are
constructed in accordance with Ref. 39, and the hyperspher-
ical functions ®%=™™: (), ) are eigenfunctions of the angular
part of the six-dimensional Laplacian. Substituting the ex-
pansion (51) in the three-particle Schrodinger equation, we
obtain an infinite system of coupled differential equations
for the hyperradial functions @ %, (7) and @, (7).

We calculate the wave functions of the initial nuclear
state for the processes (36) and (37) in a basis of four-parti-
cle hyperspherical functions. To this end, we expand the
wave function of the “He nucleus with respect to symme-
trized hyperspherical functions,

g# U1 L0 (R) TLUST (@, o, ©), (53)

W, G B = D

w /1AL

where [f] and A are a Young diagram and a Yamanouchi
symbol; u is the generalized angular momentum in the nine-
dimensional space; L, M and S, T are the total orbital angu-
lar momentum and its projection and the total spin and iso-
spin, respectively; R = (£3 + £3 +£3)"/? is the length of
the radius vector in the nine-dimensional coordinate space;
Qe =71,72, 815 g, E,) isaset of eight angles, six of which
(E,,E,,and &, ) determine the directions of the unit vectors
corresponding to the Jacobi coordinates, while the angles ¥,

and y, are introduced by analogy with the relations (47)

using the hyperradius R. The symmetrized hyperspherical
functions 257 (Q ,0,7) are constructed from the spin-iso-
spin and hyperspherical functions:

PUE @, 0, ) == 3 QU QP (00 9 (54)
where h,, is the dimension of the representation of the
group S,, and v labels the rows of this representation;
d)'fﬂ;, (o,7) are four-particle spin-isopin functions. The sym-
metrized four-particle hyperspherical functions ®L37 (25 )
are constructed in accordance with Ref. 40. Substituting the
expansion (53) in the four-particle Schrodinger equation,
for the hyperspherical functions y*V'**(R) we obtain an
infinite system of coupled differential equations.

We also seek the final-state wave functions in the hy-
perspherical formalism. The reactions (34)—(37) are exam-
ples of many-particle nuclear reactions in which three and
four nucleons are produced at the end in the continuum. To
what extent is one justified in describing such states in a
hyperspherical basis?

In fact, the description of the final state in many-parti-
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cle nuclear reactions gives rise to great difficulties, some of
which are fundamental in nature. If one is working in the
configuration space, the scattering wave function has a com-
plicated asymptotic behavior*** even in the three-body
case, while in the momentum representation the correspond-
ing integral equations contain singularities associated with
the single-scattering components.*'™* It is natural to as-
sume that for a larger number of particles the situation will
be even more complicated, although the asymptotic behav-
ior of the four-particle scattering wave functions has not yet
been investigated. The only thing that one can conclude with
confidence is that a multidimensional spherical wave is cer-
tainly present in the asymptotic behavior of the many-parti-
cle function. In the three-body case, it has the form
exp{i(km, + k;m,)}/7°/%, and in the four-body case ex-
pli(py-€, + prés + Ps€:)}/R Y, where r and R are the
lengths of the radius vectors in the corresponding multidi-
mensional spaces. Can one separate processes in which the
principal part is played by the asymptotic behavior of the
many-particle wave function in the form of a multidimen-
sional spherical wave? Of this kind, we may assume, are
complete breakup reactions (Refs. 37-39 and 44-48) when
bound states of subsystems cannot be formed in the final
state (the states are “democratic” and there are no on-shell
two-particle scatterings) and the three-particle scattering
does not contain a “ridge.” A ridge (the concept was intro-
duced by Newton and Shtokhamer* ) is a direction of the
six-dimensional radius vector 7 corresponding to double on-
shell scattering. This does not mean that double scattering
cannot be described in the method of hyperspherical func-
tions. It is simply that near a ridge the convergence of the
method is not nearly so good. However, far from the ridge
the asymptotic form of the wave function that corresponds
to double off-shell scattering behaves as a six-dimensional
spherical wave,*! and, therefore, this scattering can be inves-
tigated by the method of hyperspherical functions. Thus, in
the study of breakup processes in which bound systems can-
not be formed in the final state and a multidimensional
spherical wave plays the main part in the asymptotic behav-
ior of the wave function, one can successfully use the method
of expanding the nuclear final-state function with respect to
hyperspherical functions,*® since this method ensures the
necessary asymptotic behavior.

As a result of the reactions (34) and (35), there is
formed a system of three nucleons in the continuum in the
state L =1, T=3/2 and two different spin states with
S = 1/2 and S = 3/2. Spin flip making a small contribution
to the cross section of the process, the treatment can be re-
stricted to the three-nucleon state with S = }. We expand the
final-state wave function with L =1, § =1, T = 3/2 with
respect to symmetrized hyperspherical functions,

1
Wy (g Mo k. k) == Z gxi (r; &)
K

(D2 (Q,) — DI Q)] [DRL(Q,) VTP (0, 1)
— O Q) VT (o, ). (55)

where V7' (0,7), V 7*(0,7) are spin-isospin functions of the
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three nucleons in the state § = 1/2, T = 3/2.

We now consider the reactions (36) and (37). We rep-
resent the wave function of the four-particle system in the
continuum in the form of the expansion

WELﬂ]ﬁm (&1 & Ea5 o P2 DY)

/1. -
LT — i
= X v (Qp. 0. v W (0,),

uLM

(56)

where 8,8’ and 3, B’ correspond to the symbols s or @ from
Ref. 50 and label in pairs the functions of the five irreducible
representations of the group S, : the symmetric [4], the anti-
symmetric [1111], the two three-dimensional [31] and
[211], and the one two-dimensional [22]. In particular, for
the three-dimensional representations we have the functions
([31],ss), ([31],5a), ([31],as), ([211],aa), ([211], as),
([211], sa). The functions WU (Qg,0,7) are composed
of four-particle spin-isospin and hyperspherical functions in
accordance with the expression (54). For the *He nucleus,
we use the spin-isospin functions found in Ref. 51, and for
the four-nucleon states with 7"= 2 the functions from Ref.
50.

Using the initial- and final-state wave functions (53)—
(56), we can calculate the transition matrix elements for the
processes (34)—(37). The corresponding expressions for the
transition matrix elements under the assumption of the two-
step reaction mechanism and the meson current mechanism
are given in Refs. 31, 32, 37, and 38. According to these
studies, the calculation of the cross section of double charge
exchange for the processes (34)-(37) in accordance with
(42) and (48) reduces to finding the three- and four-particle
hyperradial functions of the discrete and continuous spectra.

Equations for the three- and four-particle hyperradial
functions of the continuum

The well-known variable-phase approach developed by
Babikov and Calogero® for the two-body problem was gen-
eralized in Ref, 53 for three and four bodies. The method was
developed further in Ref. 54.

If we substitute the expansions (55) and (56) in the
three and four-particle Schrédinger equations, respectively,
then for the hyperradial functions @x1 (r;k) and x,&f[_' (R;p)
we obtain a system of coupled differential equations. We
write this system in the matrix form

where x> =k2 v=K +2 in the three-particle case and
x> =p* v=p+7/2in the four-particle case. In Eq. (57),
u(p;x) is a hyperradial column composed, respectively, of
the functions gy, (r;k) or ¥ (R;p), and

[ Wit (o) Wi'm Wi (@) ... wi)...
Wes Hzr,w.’ H,—au‘ -ag'
W b B, e (Bpee RS - IR ...
Wit 0 Wit o) Wi ... ... )
SO IR i R B N R e
(58)

is a square matrix composed of the effective three-particle
(for three nucleons) and four-particle (for four nucleons)
potential energies obtained by averaging the NN potential
over the three- and four-particle hyperspherical functions,
respectively. For simplicity, the index o denotes the set of
quantum numbers on which the three- and four-particle hy-
perspherical functions depend.

We seek a solution of the matrix equation (57) in the
form

w(p, %)= (7 (#6) U~ (n5 0)— N (xp) U (n; )T (0)) 4 (p),

(59)
where
Jo(xp) 0 0
J(Kp) i 0 -I..,+2 U{p) 0 : (60)
0 Jyes (xp)
N, (%p) 0 0
N(Kp)— 0 “vv+2 (xp) 0 (61)
0 0 Nv.p‘ (xp) i

are diagonal matrices whose elements are Bessel and Neu-
mann functions, and 4(p) is an amplitude function, a col-
umn matrix. In (59), the inverse matrix U~! (n;p) is ob-
tained from the orthogonal matrix of nth order constructed
by the recursive procedure

1 0

U(n; p) “(0 Wi A p))OT(n; 0, (62)

d2y (p; ») ___i du (fl; *) e [xZ_i-‘]u(p, R)—' W (E))u(p' x) ] i ) ” N
dp* 7 dp \ p? ! * " where the matrix O (n;p) is obtained by transposing the
(57i matrix
0 (n; p)
[ ¢y —8 0 0 [ ]
51€5 cyC3 — 53 0 0
518204 €185C3 €,C4 0 0
=- : : (63)
—Sp-g 0
5183 v« Bn—gCn-1 C13:-.80-9C0n—1 Cofy .t Sn-afp-y . Cn=glnoy — Sn-1
l.slsi cocSn-2n-1 €182-.. Spn—aSp-1 €353 +.. Sp-aSnoy C Cp—sSpoy Cpeg J
cij=c;(p)=cose;(p); s;==s;(p)=sine;(p); j=1.23...;
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T(p) is a diagonal matrix of the form

tand, (p) 0 0
T (p)= 0 tand,+s (p) 0 (64)
0 0 taﬂﬁv.p‘(p) i

We shall call the functions 8, (p) and £, (p) introduced
in (63) and (64) the phase functions and mixing functions,
respectively.

We impose the following condition on the derivative:

du (::F; w ( dJ(gz:)p) B )
— A0 -t (m; )T (@) 4 (p)- (65)
This condition is equivalent to
[ o) LD N () S ()
— IV (e U (5 0) -5 ] A (o) - 1 () U (3 )
— N () Ut (s 0) T (0)] 252 = 0. (66)

Substituting (59) in (57), taking into account the relations
(65) and (66) and the expression for the Wronskian of the
Bessel and Neumann functions, we obtain after simple mani-
pulations
d7' (9) &
dp

dU-1 (n; i
(0)——d:}LﬂU (n; p)

— A0 0) g1 (g p) T (p) = — 5 P (n; ) (xp)

dp

—T (p) U (ny p) N (xp)] W (p) [J (xp) U™ (n; p)
— N (xp) U (n; p) T (p)). (67)

The nonlinear first-order matrix differential equation (67)
makes it possible to determine the phase functions &, (p)
and the mixing functions £, (p). For the amplitude function
A(p), we obtain the equation

np

U (5 0) A (@) = =T N 0) W (0) 1 (xp) U7 3 9)
— N (xp) U1 (15 ) T (0)) A () (68)

Equation (68) can be formally integrated in matrix form,

8
A)=U (m; prexp{ —— | do" o' Nxp) W (")

0

X [J (wpY U™t (n; p')
— N () U= (5 ) T (@1 (5 01} A (p), (69)

where 4, (p) is an amplitude column with elements 4 o, . 2;
(i = 1,2,3,...) determined by the choice of the boundary con-
ditions.

Knowing the solution of Egs. (67) and (68) and using
the expression (59) and the expansions (55) and (56), we
can find the wave function of three or four particles in the
continuum in the approximation of an arbitrary number of
harmonics, the resulting functions having asymptotic be-
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havior as p— o corresponding to a six- or nine-dimensional
outgoing spherical wave, i.e., the asymptotic behavior dis-
cussed above.

Comparison of the results of theory and experiment

Experimental data. An experimental investigation of
the reaction (34) was made in 1970.% A beam of 140-MeV
7° mesons was used, and the 7+ meson was detected in the
interval of angles 15-40°. The differential cross section of the
reaction was measured as a function of the kinetic energy of
the three neutrons.

The first experimental investigations of pion double
charge exchange on the “He nucleus were made in 1964.%¢
The differential cross section of the process (36) was later
measured in Refs. 57 and 58. The experiment of Ref. 57 ana-
lyzed the energy spectrum of the emitted 71 at emission
angle 6 = 20° and fixed initial beam energy 140 MeV. The
CERN experiment of Ref. 58 measured d* 0/dE/dQ, as a
function of the initial energy of the 7~ mesons, which was
varied in the range 210-270 MeV. The corresponding kine-
matic parameters were 6 = 0, T, = 176 MeV. With the aim
of detecting the tetraneutron, a measurement was made''®
of the differential cross section of 7~ double charge ex-
change on the *He nucleus at T,- = 165 MeV and 7™ emis-
sion angle = 0°. The differential cross section was investi-
gated in this experiment as a function of the 7 momentum.
Recently, the differential cross sections of the reaction (37)
have been measured as functions of the kinetic energy of the
four protons.*® The total cross sections for double charge
exchange at 140, 200, and 295 MeV were determined from
the obtained spectrum. The reaction (37) was also investi-
gated in Refs. 60-64. These experiments measured the total
cross section of the process. Because all the secondary parti-
cles in the reaction (37) are charged, they can be readily
detected in chamber experiments, so that a complete kine-
matic analysis of the experiment is possible. In Refs. 60, 63,
and 64, the measurements were made with a bubble
chamber; in Refs. 61 and 62, with a streamer chamber. Table
I gives the total cross sections of the reaction (37). These
experimental data give the total cross section of 7+ double
charge exchange on the “He nucleus as a function of the
energy (or momentum) of the pions. Examination of Table I
shows that it is necessary to make a further experimental
investigation in order to identify correctly the reaction
mechanisms at the different energies.

Differential cross sections of double charge exchange.
For the calculation of the differential cross sections of the
reactions (34)—(37), the wave functions of the initial and
final nuclear states were found using the same NN potentials.
This ensured orthogonality of the initial and final nuclear
states. Below, we investigate the part played by the interac-
tion in the continuum of the nucleons produced as a result of
the reactions (34)—(37). To establish whether the final state
interaction is in principle always important or only so in the
case of particular NN forces, different NN potentials were
used in Refs. 31, 32, 37, and 38. The differential cross sec-
tions were calculated using the NN potentials of Volkov
(V),5° Baker (B),* Eikemeir and Hackenbroich (EH),%
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TABLE L. Total cross sections of the 7+ -+ *He—p~ 4 4p reaction,

T \ 3 1
Kinetic energy of Momentum of 7+ | Reaction cross section, l

at meson, MeV ‘ meson, MeV/c | mb Reference
48 192 0.800.10 162]
1on 1495 0.30+0,15 (1]
135 226 0.294-0,11 (2]
140 242 0.08094-0.0147 59|
145 248 0.3 62
156 260 0.13+0, (2]
200) 210 0.398-+0.06206 59]
295 412 1.2874+0.1583 59]
486 610 1.2040.21 (0]
1327 1460 0.414-0.14 63|
1576 1710 0.25+40.05 64]
1586 1720 0.244-0.08 (3]
1725 1860 0.1440.07 (3]

GPT,%® and Afnan and Tang (S1),%
(SwW).™

We now discuss the results of the calculation of the dif-
ferential cross sections for the processes (34)—(37). We first
consider the sensitivity of the cross section of the process to
the initial-state wave function. Figure 3a shows the results of
calculations of the differential cross section of the reaction
(34) to the kinematic conditions of the experiment of Ref.
55. The calculation was made under the assumption of the
two-step reaction mechanism without allowance for the fi-
nal-state interaction between the three neutrons (plane-
wave approximation). Comparison of these curves indicates
that the reaction cross section is strongly sensitive to the
form of the initial-state wave function. The investigation
made in Ref. 31 of the convergence of the cross section with
respect to the hypermoment (generalized angular momen-
tum) showed that the contribution of the harmonic K = 6to
the cross section of the process is negligibly small. In addi-
tion, the contribution of the §' ' state to the cross section of the
process (34) is slight, and restriction to the harmonics
K=0,2,4,6inthe expansion of the initial-state wave func-
tion leads to satisfactory convergence of the cross section.
The main contribution (not less than 80%) to the cross sec-
tion is made by the harmonic X = 0 in the initial-state wave
function.

In Fig. 3b, the results of calculating the cross section of
7~ double charge exchange with allowance for the final-
state interaction for the potentials S1, V, and EH are com-
pared with the experimental data of Ref. 55. The results ex-
hibit a strong sensitivity of the cross section to the form of
the NN potential. The final-state interaction changes qual-
itatively the results of the calculations obtained in the plane-
wave approximation (cf. Fig. 3a). In the region of low ener-
gies transferred to the three-neutron system, the interaction
between the three neutrons leads to a strong increase in the
cross section compared with the calculation in the plane-
wave approximation, this being observed for all the consid-
ered potentials. Thus, the assumption of a two-step mecha-
nism and the microscopic description of the initial and final
nuclear states satisfactorily reproduces the behavior of the
cross section as a function of the energy. The experimentally
observed resonance form of the differential cross section is
reproduced with allowance for the final-state interaction
and therefore hardly indicates the formation of a three-neu-

and a potential well
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tron resonance state.

Figure 3c gives the results of calculations of the cross
section of the process (34) under the assumption of the
mechanism of Germond and Wilkin?’ in the plane-wave ap-
proximation and with allowance for the final-state interac-
tion. The calculations were made for the potential S1. It can
be seen that in the considered energy range the contribution
of the mechanism of Ref. 27 is much less than that of the two-

o

|
B

2 B 8 S
]
I SO W |

d?3/dEpd2,, #b-MeV=lgr=!

FIG. 3. Dependence of the differential cross section of the *He(7~,7#%)3n
reaction on the kinetic energy of the neutrons: a) calculation under the
assumption of the two-step mechanism in the plane-wave approximation
for the potentials S1 (continuous curve), V (broken curve), and EH
(chain curve); the dotted curve from Ref. 33 corresponds to the four-
particle phase space; b) calculation under the assumption of the two-step
mechanism with allowance for the final-state interaction between the
three neutrons; the notation is the same as in Fig. 3a; ¢) calculation under
the assumption of the meson-current mechanism in the plane-wave ap-
proximation (broken curve) and with allowance for the final-state inter-
action (continuous curve) for the potential S1. The experimental data are
from Ref. 55.
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FIG. 4. Dependence of the differential cross section of the *He (7~ 7w )4n
reaction on the 7 kinetic energy: a)results of calculations under the
assumption of the two-step mechanism in the plane-wave approximation
(broken curves) and with allowance for the final-state interaction
between the four neutrons in the state L = 0 (continuous curves); curve 1
is the calculation for the potential GPT, curve 2 for the potential V, curve
3 for the potential SW, and curve 4 for the potential B; b) the results of
calculations under the assumption of the two-step mechanism with
allowance for final-state interaction in the state with L = 2 (chain curves)
and in the states with L =0 and L =2 simultaneously (continuous
curves). The remaining notation is the same as in Fig. 4a; ) differential
cross section calculated for the potential S1 under the assumption of the
two-step mechanism (continuous curve) and the meson-current mecha-
nism (broken curve). The experimental data are from Ref. 58.

step mechanism. This conclusion is still valid after the final-
state interaction has been taken into account. This last fact
can be interpreted as indicating a dominant role of the two-
step reaction mechanism in this range of energies.

We now consider the reactions (36) and (37). Figure
4a gives the results of calculations of the differential cross
section of the process (36) for the kinematic conditions of
the experiment of Ref. 58. It can be seen that here too the
final-state interaction between the four neutrons qualitative-
ly changes the results of the calculations in the plane-wave
approximation. It is interesting to note that for the potentials
of Refs. 66 and 70 the cross section approaches the experi-
mental points already in the plane-wave approximation,
whereas allowance for the final-state interaction leads to the
opposite result. This fact indicates once more how unreliable
are the conclusions drawn about the cross section for double
charge exchange in the plane-wave approximation.

It was assumed above that the four nucleons in the con-
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tinuum are in a state with total orbital angular momentum
L = 0. We now consider the contribution to the cross section
made by states with L = 2. In Fig. 4b, the chain curves show
the results of calculating the differential cross section of the
process (36) for different NN potentials when the system in
the final state has L = 2. It can be seen that in this case the
final-state interaction strongly suppresses the cross section.
The results of the calculations with allowance for L = 0 and
L =2 in the region of pion energies 220-260 MeV differ by
almost an order of magnitude. From these calculations it can
be concluded that in the “He(7~,7" )4n reaction the four
nucleons are formed mainly in a state with total orbital angu-
lar momentum L = 0. In the same figures, the continuous
curves are the results of calculations of the differential cross
section for which terms with L = 0 and L = 2 are taken into
account in the expansion of the final-state wave function. It
can be seen that allowance for the state with L = 2 leads to
an increase in the cross section for all forms of the NN poten-
tials. Figures 4c and 5 show the results of calculations of the
differential cross sections of the reactions (36) and (37) for
the kinematic conditions of the experiments of Refs. 58 and
59, The calculations were made under the assumption of the
two-step mechanism and the meson-current mechanism
with allowance for the final-state interaction. It can be seen
from these figures that with increasing pion energy the im-
portance of the meson-current mechanism increases, though
the two-step mechanism makes a large contribution to the
cross section.

Summarizing the results of the calculations of the dif-
ferential cross section of double charge exchange on the “He
nucleus, we can conclude that the theoretical curves without
allowance for the final-state interaction are far from the ex-
perimental data and in the majority of cases do not even
qualitatively reproduce the behavior of the cross section.
The inclusion of interaction simultaneously between all the
nucleons in the final state changes the plane-wave calcula-
tions both qualitatively and quantitatively and leads to new
results that correctly reproduce the behavior of the experi-
mental curve of the cross section, this being achieved for
practically all forms of the employed NN potentials. How-
ever, the results differ quantitatively for the different poten-
tials. The contribution of the final-state interaction depends
strongly on the energy transferred to the four-nucleon sys-
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FIG. 5. Dependence of the differential cross section of the *He (7,7 )4p
reaction on the kinetic energy of the fourprotons. The continuous curve is
the calculation for the potential S1 under the assumption of the two-step
mechanism, and the broken curve is for the meson-current mechanism.
The experimental data are taken from Ref. 59.
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FIG. 6. Total cross section of the “He(m*,m— )4p process. The chain
curve gives the results of the calculations of Ref. 35, the dotted curve those
of Ref. 36, the broken curve those of Ref. 27, and curves 1 and 2 those of
Ref. 32; the continuous curves correspond to the two-step mechanism; the
chain curves with two dots are for the meson-current mechanism. The
experimental data are as follows: black circles from Refs, 61 and 62, black
triangle from Ref. 60, open square from Ref. 64, black squares from Ref.
63, and open circles from Ref, 59. The diagram is taken from Ref. 32.

tem in the process of double charge exchange. Although the
term with L = O1in the final-state wave function is dominant,
it is necessary to include the term L = 2 to get better agree-
ment with experiment.

Total cross section. Integrating the differential cross
section over dE, and d(),., we obtain the total cross section
of the double charge exchange. The calculations made in
Refs. 37 and 38 of the total cross section of 7+ double charge
exchange on the “He nucleus in the plane-wave approxima-
tion and with allowance for the final-state interaction
showed that the latter strongly changes the total cross sec-
tion. Satisfactory agreement with the experimental data of
Refs. 60-62 is observed. It is interesting to note that the
recently obtained experimental data of Ref, 59 are in good
agreement with the theoretical predictions of Refs. 37 and
38.

Figure 6 shows the results of calculations of the total
cross section of double charge exchange under the assump-
tion of the two-step mechanism and the meson-current
mechanism made by various authors. In the calculations of
Refs. 35 and 36, made under the assumption of the two-step
mechanism, different parametrizations of the 7N scattering
amplitude were used, and these amplitudes have different
off-shell continuations. The strong difference between these
calculations indicates the extreme sensitivity of double
charge exchange to off-shell effects at intermediate energies.
At the same time, the comparison of the results of the calcu-
lations of Refs. 36 and 32 made using the same 7NV scattering
amplitude reveal strong sensitivity to the form of the initial-
state wave function and the effect of the final-state interac-
tion. It may be concluded from the results shown in Fig. 6
that at pion energies 7, < 300 MeV the two-step mechanism
plays the dominant part, and the amplitude of the elemen-
tary event of double charge exchange obtained in Ref. 36 can
be successfully used to investigate the double charge ex-
change of pions at intermediate energies. Beginning at ener-
gies T, > 250 MeV, the meson-current mechanism becomes
more important, and at high energies it is decisive.

Figure 7 shows the results of the calculations of the total
cross section of the process (37) under the assumption of the
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meson-current mechanism. Curves 1and 2 were obtained in
Ref. 71 using Weinberg’s model®® for 7 scattering and the
modified Veneziano model,?® respectively. Curve 3 was cal-
culated under the assumption that the T n—a"7*p pro-
cess occurs and the off-shell 7+ meson is absorbed by the
second neutron (the diagram of Fig. 2b). In Ref. 64, a differ-
ent model of double charge exchange in the reaction (37) at
high energies was proposed; in the first stage, a single meson
is produced, 7 n—7* 7 p, this being absorbed in the sec-
ond stage by an np pair (it is kinematically impossible for an
on-shell 7 meson to be absorbed by a single nucleon). The
estimate corresponding to this mechanism is shown by curve
4. The results given in Fig. 7 show that the process is strongly
sensitive to the 77 coupling constant and the off-shell con-
tinuation of the 77 amplitude. In addition, correct treat-
ment of the initial and final nuclear states is important even
at pion energies around 1 GeV. Despite the fact that the
approximate curve 4 correctly describes the experimental
data, this result may be strongly changed in a microscopic
description of the process in the framework of the described
mechanism.

Thus, in the region of intermediate energies the two-
step mechanism makes the main contribution to the cross
section of the reactions (34)—(37). At higher pion energies,
the meson-current mechanism becomes dominant. In these
reactions, the final-state interaction is decisive, changing the
reaction cross sections not only quantitatively but also qual-
itatively. It is only after allowance for the final-state interac-
tion that the cross section of the reaction (34) acquires a
maximum at low energies and the curve of the cross section
takes a resonance shape. The same qualitative result is ob-
tained for all the considered potentials. It is only after the
final-state interaction has been taken into account that one
obtains a consistent description of the differential and total
cross sections of double charge exchange on the “He nucleus,
The cross sections of pion double charge exchange on the
*He and “He nuclei are very sensitive to the form of the NN
potential. This fact enhances the interest of further experi-
mental investigations of such reactions, particularly on few-
particle systems.

It is interesting to note that the cross section of pion
double charge exchange on the “He nucleus can be calculat-
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FIG. 7. Total cross section of the *He(m*,m~)4p process.The dotted
curve is the calculation for the potentials GPT, and the broken curve for
the potential S1; the experimental data: black circle from Ref. 60, open
circles from Ref. 63. The remaining curves are explained in the text.
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ed by using the cross section of the crossing-symmetric reac-
tion of two-pion emission accompanying antiproton annihil-
ation in “He.”? Therefore, a comparative study of the two
reactions leads, on the one hand, to a deeper understanding
of the mechanisms of double charge exchange at different
energies and, on the other, makes it possible to establish the
relative importance of the various diagrams in contributing
to two-pion annihilation of antiprotons in “He.

3. ANALOG AND NONANALOG TRANSITIONS IN DOUBLE
CHARGE EXCHANGE

Experimental study of double charge exchange began in
the middle of the sixties. However, up to 1976 neither analog
transitions (A7 = 0) nor transitions to the ground state
(AT>0) had been observed in such reactions. It was only
with the commissioning of the meson factories and the
achievement of a high intensity and good quality of the pion
beams that such investigations became possible. The first
measurements of pion double charge exchange on nuclei us-
ing meson-factory beams were made using the LEP low-en-
ergy pion channel at LAMPF. Detailed investigations of
double charge exchange were then made at this meson fac-
tory with high-energy pions, the EPICS spectrometer being
used. Cross sections for double charge exchange were mea-
sured at the SIN meson factory from 1977 with the SUSY
spectrometer. The experiments made at the meson factories
studied reactions of double charge exchange in which the
resulting nucleus has the same atomic number as the target
nucleus. In these experiments, the final pions were detected,
and the following characteristics were measured: 1) the
masses of the nuclei produced by the reaction; 2) the excita-
tion functions; 3) the angular distributions; 4) the 4 depen-
dence of the cross sections for double charge exchange. We
now discuss the results of the measurements and their theo-
retical explanation.

Measurement of the masses

The (7 ,7+) and (7,7 ) reactions of double charge
exchange make it possible to obtain the isobar nuclei. The
isobars can also be obtained in reactions with nucleons.
However, the isotopic spectrum in the pion reactions is
much richer than the spectrum obtained in reactions with
isospin-1/2 particles. For example, the (7,77 ) reaction of
double charge exchange makes it possible to obtain their iso-
topic spectrum for an isobar quintet.

The mass of the resulting nucleus in the reaction of dou-
ble charge exchange was measured for the first time by the
EP1 group (Ref. 73)” in an investigation of the
18Q(7~,7*)'8C reaction using the EPICS spectrometer.
The same group™ studied the **Mg (7,7 )*Ne reaction
in order to observe the >Ne nucleus and measure its mass.
The (7,7 ) and (7,7 ) reactions were used to measure
the masses of the nuclei ’H, °He, B, '®C, **Ne, **Ar, and
587 n in Refs. 6, 73-75, and 119.

The (#*,7) reaction of double charge exchange on
the nuclei '2C, '°0, *Mg, and **S was used by the EP2
group® to determine the masses of the nuclei *0, '°Ne, **Si,
and 32Ar. The differential cross section was measured at
T,. = 180 MeV and pion emission angle & = 5°. The nuclei
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obtained as a result of the reaction are the components of
four isobar quintets with Tz = — 2. Measurement of the
masses of these isobars made it possible to complete the iso-
bar quintets for the nuclei withA = 12, 16, 24, and 32. Good
agreement with the prediction of the theoretical formula for
the masses of isobar multiplets was observed, and it was
shown that a restriction to the terms quadratic in 77 can be
made in this formula for the nuclei with 4 = 12, 16, 24, and
32.

Excitation functions

We shall systematize the reactions of pion double
charge exchange in accordance with the final states: a dou-
ble-isobar state or a nonanalog state. We consider first the
experiments on 7+ double charge exchange on nuclei with
T = 0 that lead to nonanalog transitions. All the data were
obtained for reactions in which a T = 2 nucleus is produced
in the final state, i.e.,

nt+AW,ZT=0—>n"+BWN—-2Z+2T=2).
(70)

The differential cross sections on T'=0 nuclei were
measured for the first time in the LEP channel at
LAMPEFE.”"7® The forward differential cross section was
measured at 7. = 145 MeV. Although the energy resolu-
tion of the facility was 4 MeV, the use of special geometry,
the cross section being measured at @ = 0°, made it possible
to separate the reaction channels with transition of the final
nucleus to the ground state. The cross sections of double
charge exchange on the '2C, '°0, **Mg, and **Si nuclei were
measured, for which the corresponding results were: do/
dQ(8=0°) =0.65+0.20, 0.87+021, 0.67+0.20,
0.35 + 0.10 ub/sr.”> A systematic study of double charge
exchange on the T = 0 nuclei '>C, '°O, **Mg, **Si, 328, and
40Cy was made using EPICS spectrometer by the EP2
group.”®®* The excitation functions for these nuclei were
measured at angle @ = 5° in the energy range 90-300 MeV.
The emitted pions were detected by means of a special sys-
tem comprising a magnetic spectrometer, multiwire drift
chambers (readout by means of delay lines), and Cherenkov
counters. The excitation functions for all the nuclei have a
clear maximum at energies around 150-170 MeV. At higher
pion energies, the cross section for the nonanalog transitions
is smaller.

Double-isobar states in reactions of double charge ex-
change were investigated in the following processes:
14C(1T+’1T~)l40, 180(13'+,1T_)18NC, 26ME(TT+,1T_ )2ﬁsi’
"2Ca(1r+,1r“ )42Ti, 56F€(1T+,7T_)56Ni, 209Bi(11'+,'17_ ) ZOBDAL
The reaction 8O(#*,7~ ) '®*Ne(DIAS) was investigated in
several studies (Refs. 76, 79, 84, and 85). The differential
cross section for this reaction was measured for the first time
in Ref. 84 at @ = 0° and pion energies 95, 126, and 139 MeV.
The data obtained indicated that the excitation function is
constant for forward scattering. Subsequently, the differen-
tial cross sectionat @ = 18°and T',- = 148 and 187 MeV was
measured at the SIN meson factory.?® The energy resolution
1 MeV of the facility made it possible to separate transitions
to double-isobar analog states. The angle 18° was chosen as
the smallest for the given spectrometer.
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TABLE II. Experimental investigations of analog and nonanalog transitions in the reac-
tion of double charge exchange.

Excitation function | Angular distribution |
0 i
Fion _|Rangeof Initial Range of | g eferen.
Reaction detection | variation of | . variation | oeg
angle, | the energy, ﬂor‘l{cnergy, of .the
deg MeV B angles,deg
®Be (*, @~) *C 5 140—290 164 5—35 16]
5 180 b e [79]
12C (nt, n-) 120 5 140—290 220 5—30 [6]
9 180 — — [79]
5 120—210 164 5—35 [83]
12C (n~, m*) 12B — — 220 5—30 [6, 74]
1€ (x*) 7-) 190 5 180 = o 79)
5 120—292 164, 292 0—50 120]
WG (nf, n-) 40 — — 50 50—120 90]
5 120—292 164, 292 0—50 [121]
UG (n-, 7*) 4B 5 164 s - 119]
180 (n*, n-) 1¥Ne 0 145 —- —_ 7
3 100—292 - — 79
— — 164 0—50 89
180 (x+, 71-) 15Ne 18 148, 187 o o 85
0 139 — — 84
0 95—139 — — 78
— —_ 164 13—45 [75, 88]
5 80—292 164, 292 5—33 [79]
18Q (-, &%) 18C 5 140—240 164 5—45 121]
2\ g (n*, «-) MSi 5 140-—-292 — — 79
5 120—210 — — 83
5 - 292 s—s3 | |79
26)Mg (+, 1) 268) b 120—310 29 —

B ) 5 120—180 164 0—50 121]
26Mg (n~, nt*) 2%Ne 5 162 — — T4
NZ (=", no)EAP 5 180 — — 79

5 120—210 — — 83
9Ca (n*, n) 4 Ti 5 120—210 164 5—35 83
42Ca (a+, n~) #2Ti 5 130—292 180 5—15 87
s6Fe (%, 7-) 69N} 5 140—290 = = 82
208Bj (nt, ) 200A¢ 3 292 — — 86

A systematic measurement of the excitation functions
for transitions to double-isobar analog states was made by
the EP2 group in their investigation of the reactions
BO(r*,m)'"®Ne, Mg(nr*,m~)%Si (Ref. 79),
Fe(7*,m~ )°°Ni (Ref. 82), and 2Bi(7*,7~ )2 At (Ref,
86). The investigations showed that the differential cross
section of the **O (7 *,7— ) '®Ne reaction with transition to a
double-isobar analog state at @ = 5° in the energy range 80~
292 MeV has an oscillating shape with a maximum at 120
MeV and a minimum at 160 MeV. The differential cross
sections for the Mg (7,7~ )?Si and *Fe(7*,7~ )**Ni
reactions with transitions to double-isobar analog states
have a similar tendency. At energies 7',. > 160 MeV the ex-
citation functions increase. In recent experimental studies of
the reaction *2Ca(7",7~ )**Ti(DIAS) at 8 = 5° and pion
energies 130, 163, 180, 235, and 295 MeV,*” a minimum was
found in the excitation function in the region of the A,, reso-
nance. At high energies, the excitation function increases.

Do the excitation functions differ for the transitions to
double-isobar analog states and nonanalog states? In all the
theoretical models, it was assumed that the transitions to the
analog states are dominant. This was justified by the fact that
the overlapping of the wave functions is greatest for an iso-
bar-analog triplet. However, the experimental facts now
available contradict such a proposition. As was first shown
in Ref. 77, the ratio of the cross section of the reaction
BO(7*,77)!®Ne(DIAS) to that of the reaction
%O (7*,m~)'*Ne at 140 MeV is approximately 2. Measure-
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ments made by the EP2 group’™ showed that the ratio do/
dQ('*0)/do/dQ('°0) depends on the 7+ energy. Whereas
do/dQ('*0) has a maximum at T,. =120 MeV, do/
dQ('°0) has a maximum at 160 MeV, where the cross sec-
tion do/dQ('®0) has a minimum. This ratio is equal to 3/1
at 160 MeV and =~20/1 at 292 MeV. A similar situation is
observed for the ratio do/d()(**Mg)/do/dQ(**Mg). This
ratio is of order 1 at 140 MeV and ~70/1 at 292 MeV.
Above, we compared the analog and nonanalog transitions
for the excitation function for different entrance channels,
i.e., for target nuclei with different 4. The energy depen-
dence of the cross sections for transitions to double-isobar
analog states and nonanalog states were studied in Ref, 82
for double charge exchange on the same target nucleus in the
**Fe (7,7~ )>°Ni reaction. This reaction has two different
exit channels with transitions to analog states and nonanalog
states. The ground state of the **Ni nucleus is not the double-
isobar analog state of the **Fe nucleus. The double-isobar
analog state is the excited state of the *Ni nucleus with
E., = 9.6 MeV. The measurements showed that the excita-
tion function for the transition to the double-isobar analog
state increases with increasing pion energy, while for the
nonanalog transition it decreases. Table II gives the reac-
tions of pion double charge exchange studied in order to
measure the excitation functions for analog and nonanalog
transitions.

Thus, summarizing the available experimental data, we
can answer the question posed above. The cross section of
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FIG. 8. Differential cross section of the (7,7~ ) reaction for nonanalog
transitions on different nuclei. The experimental data are as follows: black
circles and crosses from Ref. 83, open circles from Ref. 6, and the data for
the '®0 nucleus from Ref. 89. The data are fitted by the Breit-Wigner
formula. The figure is taken from Ref. 83.

double charge exchange with transition to a double-isobar
analog state increases with increasing pion energy and is
dominant at high energies. The ratio of these cross sections
for different nuclei changes little with increasing pion ener-
gy- The cross section of double pion exchange for transitions
to nonanalog states is comparable with the cross section for
transitions to the double-isobar analog states in the region of
energies 140-160 MeV, and with a further increase in the
pion energy it decreases strongly. The ratio of the excitation
functions for nonanalog transitions in double charge ex-
change on different target nuclei remains constant with in-
creasing pion energy.

Angular distributions

In various theoretical studies, it was assumed that mea-
surement of the angular distributions would be a good criti-
cal test for the theory of double charge exchange. The angu-
lar distribution of the pions was measured for the first time
by the EP1 group® at LAMPF in an investigation of the
18O (7+,7 ) ®Ne reaction. The measurements were made at
7" energy 164 MeV in the interval of angles 13—45° with
formation of the double-isobar analog states (0™ ground
state, '8Ne) and the first excited state of '*Ne (2%, 1.89
MeV). This experiment showed that the cross sections for
the transitions to the analog and nonanalog states are ap-
proximately the same, but the differential cross section for
the transition to the double-isobar analog state has a diffrac-
tion nature with a minimum at 8 =20°. For the transition to
the first excited 2+ state the angular distribution has the
Cupola shape characteristic of L = 2 transitions in surface
direct reactions. Later, the angular distributions were mea-
sured for the 80 (7 *,7 ) "*Ne reaction by the EP2 group”
in the interval of angles 5-33° and at energies 164 and 292
MeV. The data at 164 MeV agree well with the data of the
EP1 group® : The cross section at @ = 5°is of order 1 mb/sr,
has a minimum of 40 nb/sr at 8 = 20°, and then increases to
250 nb/sr at @ = 33°. The differential cross section at 292
MeV for the transition to the double-isobar analog state also
has a diffraction nature with a small shift of the minimum to
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the region of larger angles.

The recent data'?! on the angular distributions of nega-
tive pions in the reaction of 7 double charge exchange on
the *C and **Mg nuclei for double-isobar analog transitions
at T,. = 164 and 292 MeV in the interval of angles 0-50°
also indicate that they have a diffraction structure with a
minimum in the angular distribution at §~20° at 164 MeV
and at @~26° at 292 MeV, in good agreement with the data
of Ref. 79 for double-isobar analog transitions in the
180 (7 +,7~ ) '®Ne reaction. It is interesting to note that the
ratio do/dQ(*¥0)/do/dQ(**Mg) of the angular distribu-
tions for transitions to the double-isobar analog state is ap-
proximately constant in the interval 5-33°.

The angular distributions of the pions in the reaction of

double charge exchange on 7 = 0 nuclei leading to nonana-
log transitions were measured by the EP2 group.®* It was
found in Ref. 89 that the angular distribution of the pions in
the '0(#+,7— ) '®Ne reaction has a diffraction nature with
a minimum at 8~ 30°. The investigation of the angular dis-
tribution of the 7+ mesons in the *0(7~,7%)'®C reac-
tion'?? also revealed a minimum at 6~ 30°, this resembling
more the angular distribution of the 7~ mesons in the non-
analog '°0O(7*,7~ )"*Ne double charge exchange than the
angular distribution of the negative pions in the reaction
180( 17+,
77 )®Ne(DIAS). Measurement of the angular distribu-
tions for the 'C and *°Canuclei® also revealed their diffrac-
tion nature, but with a different position of the minimum.
Table II gives the reactions of pion double charge exchange
studied in order to measure the angular distributions for the
analog and nonanalog transitions.

Thus, the experimental investigations of the angular
distributions showed that in double charge exchange on nu-
clei with T = 0 (nonanalog transitions) and with 7> 1 (dou-
ble-isobar analog transitions) the angular distributions have
a diffraction nature and are comparable. This suggests that
in the theoretical description of double charge exchange on
T = 1 nuclei it is necessary to take into account double non-
analog charge exchange on the nuclear core with isospin
T=0.

The A dependence of the cross sections of double charge
exchange

In all the theoretical models, the cross section of pion
double charge exchange is proportional to the excess of neu-
tron or proton pairs. However, the increase in the cross sec-
tion with increasing excess pairs is to some extent compen-
sated by the increase in the effects of absorption with
increasing 4. The different theoretical approaches give dif-
ferent A dependences of the cross section. In the optical
model of Ref. 23, the cross section is proportional to 4 ~ 2,
while in the phenomenological model of Ref. 25, in which
the absorption effects are determined by the absorption radi-
us, this dependence has the form A ~'%* . The 4 dependence
of the cross section for double charge exchange was investi-
gated for the first time by the EP2 group,” but data for some
nuclei were obtained at 164 MeV and for others at 180 MeV.
The cross sections of double charge exchange on the 7'=0
nuclei 2C, 60, 2*Mg, 288i, S, and *°Ca for transitions to
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FIG. 9. The A dependence of the differential cross section of double
charge exchange at @ = 5° for nonanalog transitions. The data at 140 and
180 MeV are divided by 2 and 5, respectively. The experimental data for
thenuclei *C, '°0, **Mg, **Si, 328, *°Ca are from Ref. 83 and those for >°Fe
from Ref. 82. The curves show the dependence 4~ .

nonanalog states at different energies for forward scattering
(6 = 5°) were studied systematically in Ref. 82. As can be
seen from Fig. 9, the experimental data at all the considered
energies can be well approximated by a curve having the
dependence A ~*?. Just one point, at 140 MeV for the 2*Mg
nucleus, departs from the general tendency. The data for the
*Fe(w*,m~ )°°Ni reaction for the nonanalog transition at
164 MeV are also in good agreement with the dependence
A —4/3 >

We now consider the 4 dependence of the cross section
of forward double charge exchange in the case of transitions
to double-isobar analog states. Figure 10 gives the results of
measurements of the differential cross sections of double
charge exchange in the case of double-isobar analog transi-
tions on the nuclei '*C, '®C, Mg, **Ca, 5Fe, and 2°°Bi at
different energies. At pion energy 292 MeV, the experimen-
tal points are well approximated by the dependence 4 — 103,
whereas the behavior of the cross section at 164 MeV is
anomalous. It followed from analysis of the excitation func-
tions that in the region of energies below 160 MeV the cross
sections for the analog and nonanalog transitions are com-
parable, while at the higher pion energies the nonanalog
transitions are strongly suppressed. Therefore, the strong
energy dependence for the 4 dependence in the case of tran-
sitions to double-isobar analog states can be understood if it
is assumed that at low energies analog and nonanalog ampli-
tudes of double charge exchange contribute to the double-
isobar analog transitions. At the higher energies, the nonan-
alog transitions are suppressed, and only the analog
amplitudes lead to double-isobar analog states in the case of
pion double charge exchange. It is this last fact that leads to
an A dependence of the typ 4 — 193,

The above systematization of the excitation functions,
angular distributions, and 4 dependence permits the follow-
ing conclusions to be drawn. First, the reaction of double
charge exchange has a strong isospin dependence, but the
process is determined to a greater extent by the reaction
mechanism than it is by the isospin effects of the nuclear
structure. Second, the mechanism of double charge ex-
change depends strongly on the pion energy. In the region of
low energies, the double-isobar analog transitions must be
due to both analog and nonanalog transitions, the corre-
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sponding amplitudes being comparable in magnitude.
Therefore, it can be assumed that in double charge exchange
on I'= 1 nuclei in the case of transitions to double-isobar
analog states double charge exchange on the nonanalog core
with T = 0 must be taken into account,

Theoretical analysis

The excitation functions and angular distributions in
reactions of double charge exchange have been studied using
the diffraction approximation,'®'>'S the approximation of
fixed centers,'®®! the optical-potential method,?2-269293 the
meson-current model,’® and the dynamics of the A,; iso-
bar.94'95

In Refs. 22 and 23, double charge exchange with transi-
tions to double-isobar analog states was studied by the cou-
pled-channel method. In this approach, the intermediate
and initial states belong to the same isotopic multiplet. Both
Kisslinger’s optical potential®*** and the optical potential in
the local-Laplacian model*® were used. The investigations
revealed a strong dependence of the cross section for double
charge exchange on the shape of the optical potential and,
therefore, on the off-shell effects in the 7V scattering ampli-
tude. The process of double charge exchange was shown to
be strongly sensitive to Pauli and short-range correlations.
In order to take into account short-range correlations in Ref,
23, the second-order optical potential was calculated and the
usual formula for it was generalized to the case of coupled
channels. The calculations demonstrated that in the region
of pion energies around 100 MeV the effects of the short-
range correlations strongly influence the cross section for
double charge exchange, while at energies greater than 180
MeV these effects are small. The total and differential Cross
sections of double charge exchange were studied in their de-
pendence on the difference Ap(r) = p, (r) — p,, (r) between
the neutron and proton distributions in the target nucleus.
To this end, the expression for Kisslinger’s optical potential
was generalized in Ref. 22 to the case Ap(#) #0. The poten-
tial contained the term Ap () (7-T), and the amplitude for
double charge exchange was found by solving the linearized
Klein-Gordon equation. The investigation showed that the
cross section for double charge exchange is extremely sensi-
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FIG. 10. The A dependence of the differential cross section of double
charge exchange at 6 = 5° for double-isobar analog transitions. The con-
tinuous curve is the dependence 4 ~ '%>. The figure is taken from Ref. 82.
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FIG. 11. Differential cross section of the reaction *O(s*,7)'*Ne
(DIAS). Curves 1-3 are the results of calculations in the optical model*
using the potentials of Kisslinger, the local Laplacian, and the local Lapla-
cian with allowance for short-range correlations, respectively; the broken
curve is from Ref. 11, the dotted curve from Ref. 91, and the chain curve
from Ref. 14. The experimental data are from Ref. 78.

tive to the different shapes of the proton and neutron distri-
butions. However, the adopted approaches did not ensure
the experimentally observed proximity of the analog and
nonanalog transitions. As was shown in Refs. 24 and 96, the
reason for this is the neglect of the intermediate nonanalog
states. In Ref. 24, the 80(#*,7~ )8 Ne reaction was ana-
lyzed on the basis of the Kisslinger potential. The intermedi-
atestates0, 21, 4 of the '8F nucleus were considered. The
calculations showed that in the region of energies 100-200
MeV allowance for the intermediate 2% and 4% states is
rather important, the cross section for double charge ex-
change due to the transition through the first excited 2%
state of the '*F nucleus being comparable to the cross section
obtained by the transition through the intermediate analog
state. This demonstrated the importance of taking into ac-
count intermediate nonanalog transitions in the case of dou-
ble charge exchange to double-isobar analog states.
Investigation of the '*0O (7,7~ ) '®*Ne reaction in the-
framework of the diffraction approximation' showed that
multiple scattering of pions in double charge exchange is
important and that the multiple-scattering series converges
slowly. The calculations took into account the s, p, d,and f
partial waves in the 7N scattering amplitude. The d-wave
contribution was found to be important at energies above
100 MeV, while the f wave becomes important above 500
MeV. In the region of intermediate energies, triple scattering
and higher-order rescattering make a large contribution to
the cross section for double charge exchange. In Ref. 10, the
1BO(r+,77)'®*Ne reaction was also analyzed in the
frameworkof Glauber theory. In this case, nuclear-structure
effects are considered in the first place. It was assumed that
the double charge exchange occurs on two nucleons in the
d 5, shell, the °0 nucleus playing the part of a core in this
case (calculation without allowance for antisymmetriza-
tion). The cross section was then calculated with a com-
pletely antisymmetric wave function of the '*O nucleus. The
comparison showed that the process of double charge ex-
change is very sensitive to the Pauli correlations and the
details of the nuclear surface in the considered energy range.
In Fig. 11, we compare the results of the different theo-
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retical approaches with the experimental data on the excita-
tion function for the reaction '*0(7+,7)'®*Ne (DIAS). It
may be concluded from this comparison that in double
charge exchange the off-shell behavior of the mN scattering
amplitude, nuclear-structure effects such as the Pauli and
short-range correlations, and the pion-rescattering effects
influence the process strongly and are mutually related. It
would seem that none of these effects can be regarded as the
leading effect and considered independently.

As was said above, measurement of the pion angular
distribution in the reaction '*O(7*,7)®*Ne(DIAS) re-
vealed a first minimum at @ = 20°.*® In all the theoretical
predictions, the position of this minimum was found to be at
@ = 30-40° whether or not a single intermediate analog state
or nonanalog intermediate states as well were taken into ac-
count in the calculations. As was shown in Refs. 10 and 97,
the Pauli and short-range correlations do shift the minimum
to smaller angles but do not lead to agreement with experi-
ment. The experiment of Ref. 88 assisted further progress in
the theoretical understanding of both the reaction mecha-
nism and the importance of nuclear structure in the reaction
of double charge exchange.

The large cross section of double charge exchange on
nuclei with N = Z led to the suggestion of a “single-step”
mechanism of the reaction, this proceeding through interac-
tion of the pion with the A;; resonance (Fig. 12a). In this
case, the double charge exchange of pions on N >> Z nuclei is
due to the interference between this ‘“‘single-step” mecha-
nism and the ordinary two-step mechanism. It was suggest-
ed that this interference is also responsible for the anomalous
behavior of the angular distribution and the excitation func-
tion in the O (7,7 ) '®Ne reaction.

It was proposed in Ref. 94, in the framework of the
optical-potential formalism, that the A,; isobar, formed
within the nucleus, propagates as a quantum-mechanical
particle with finite lifetime. The blocking effects due to the
Pauli principle and true absorption of the pions were de-
scribed by means of a A-nucleus interaction in which the
parameters of the scalar part were determined using data on
pion elastic scattering. A minimum in the differential cross
section of the reaction '*O(#*,77)'*Ne(DIAS) was ob-
tained by interference between the contribution of the
successive charge-exchange diagram and the contribution of
the diagram describing the propagation of the A isobar in the
nucleus. The results of the calculations showed that
allowance for the motion of the A isobar and the A-nucleus
interaction is very important and depends on the parameters

FIG. 12. Diagrams of the single-step mechanism. The wavy line repre-
sents (7 + p)-meson exchange.
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FIG. 13. Differential cross section of the reaction BO(r+,77) ¥ Ne

(DIAS) according to the data of different studies: the continuous curve
from Ref. 26, the broken curve from Ref. 93, the dotted curve from Ref,
94, the chain curve from Ref. 10, and the chain curve with two dots from
Ref. 92. Curves 1 and 2 were obtained in Ref. 15 in the diffraction approxi-
mation with and without allowance for the diagram in Fig. 2a, respective-
ly. The calculation in Ref. 15 was made at energy T, =250 MeV. The
experimental data: the black circles are from Ref. 79, and the open circles
from Ref. 88.

of the A-nucleus interaction. However, the angular distribu-
tion at 164 MeV cannot be described by any choice of the
depth parameters of the optical potential. The curve corre-
sponding to the approach of Ref. 94 is shown in Fig. 13.

It was shown in Ref. 95 that double charge exchange on
the A;; component of the ground-state wave function (Fig.
12b) makes a small contribution to the cross section of the
process. The contribution of the diagram in Fig. 12a was
found to be much more appreciable, this being due to the fact
that the isobar charge exchange A*—A° takes place off the
mass shell by virtue of (7 + p)-meson exchange. The inter-
ference of the contributions of the diagrams of Fig. 11a and
the successive charge exchange explains the experimental
data on the excitation function below the resonance, but
with increasing pion energy the discrepancy with experi-
ment increases strongly (Fig. 14).

The next attempt to explain the angular distributions
and the oscillations of the excitation function in the reaction
BO(7,77)®Ne(DIAS) was associated with considera-
tion of the effect of the meson currents on the process of
double charge exchange. In Ref. 15, the diffraction approxi-
mation was used to consider the successive charge-exchange
mechanism and the meson-current mechanism in the pro-
cess of double charge exchange. In the latter case, the contri-
bution of the diagram in Fig. 2a was considered. The results
were not very promising. It was shown that the interference
of the two-step mechanism and the meson-current mecha-
nism leads to a slight shift of the minimum in the angular
distribution to smaller angles but does not describe the ex-
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perimental data. For the excitation functions, allowance for
the meson currents reduces the differential cross section in
the region of energies below the resonance and increases it at
high energies. Thus, neither allowance for the meson cur-
rents nor the dynamics of the A,, isobar can explain the
complete set of experimental data. True, it should be noted
that primitive nuclear models were employed in Refs. 15, 94,
and 95 for the '®0 and '*Ne nuclei, but a more realistic de-
scription of the structure of these nuclei can hardly change
the situation.

It was shown above that in all the theoretical models
successive charge exchange is the leading mechanism, and
the amplitude for double charge exchange is determined by
the single-particle density p(r). Then the dramatic situation
with regard to the position of the minimum of the angular
distribution in the reaction O (7,77 )'8Ne(DIAS) can
be explained by interference between the amplitude of
successive charge exchange and the other amplitude, which
is comparable with the amplitude of the two-step mecha-
nism. One proposal was that this latter amplitude must be
due to the term in the 7-nucleus potential proportional to
p* (r). The importance of this term in double charge ex-
change to double-isobar analog states was also pointed out in
Refs. 23 and 98. In Ref. 26, an attempt was recently made at
not only a realistic description of the nuclear structure but
also allowance for the term in the 7-nucleus interaction pro-
portional to p* () in order to describe the process 'O (7,
77 )"®*Ne(DIAS) using the coupled-channel method. The
system of three integral equations (27) was written down
with allowance for the different components of the 7N scat-
tering amplitude—the isoscalar, isovector, and isotensor—
and the constructed second-order optical potential included
a term proportional to p* (). In this approach, the strong
interaction v, is split into two parts. One, proportional to
p(r), describes the successive charge exchange on two va-
lence nucleons through analog states. The other, proportion-
al to p? (r), is responsible for double charge exchange not
only on two valence nucleons but also on core nucleons
through nonanalog intermediate states. This treatment
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FIG. 14. Differential cross section of the reaction 80(#*,7~)"¥Ne
(DIAS) according to the data of differentstudies. The curves from Ref. 95
were obtained under the assumption of the mechanism of successive
charge exchange (broken curve), the mechanism of successive charge
exchange with allowance for the diagram of Fig. 12b (chain curve), and
with allowance for the diagram of Fig. 12a (curve 1); curve 2 is from Ref,
26, curve 3is from Ref. 15, and the dotted curve from Ref. 15 was obtained
in the Glauber-Sitenko approximation with allowance for the diagram of
Fig. 2a. The experimental data are taken from Ref. 79.
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made it possible to explain the angular distribution and the
excitation functions in the reaction '*O(7*,7~)'*Ne-
(DIAS). Later, this method was successfully used to de-
scribe 7+ double charge exchange on the “*Ca nucleus.®” It
was shown that the term proportional to p(r) and the
allowance for the core excitations lead to the same depen-
dence of the excitation function for double charge exchange,
while inclusion of the term proportional to p”(r) and
allowance for the excited core states lead to a satisfactory
description of the experimental data on the double charge
exchange **Ca(7* 7~ )**Ti(DIAS).

Pion double charge exchange and quark degrees of freedom

The successes of modern nonrelativistic nuclear theory
in describing the basic properties of nuclei indicate that nu-
cleon degrees of freedom are dominant in the nuclear wave
function. However, according to the ideas of quantum chro-
modynamics, nucleons are colorless three-quark forma-
tions. Therefore, multiquark objects may be manifested in
nuclear processes. Which nuclear processes are the most fa-
vorable for manifesting quark degrees of freedom? Recent
experiments on deep inelastic scattering of muons and elec-
trons on nuclei (EMC effect)®®'% indicate that a significant
non-nucleon component is present in the nucleus. The ef-
fects of the hidden color components of the nuclear function
must be manifested not only in electroweak interactions but
also in processes in which hadrons participate. It seems evi-
dent that pion double charge exchange on nuclei at both low
and high energies will yield information about the quark
structure of the nucleus. We shall consider this possibility at
low energies. Two nucleons participate in double charge ex-
change. On the basis of this, it seems possible that for certain
kinematic conditions the double charge exchange will be
sensitive to the six-quark component of the nuclear wave
function. In particular, if at low energies the cross section of
forward double charge exchange is appreciably greater than
the cross section of single charge exchange on the same nu-
cleus, then as one of the possible ways of explaining this
strange fact one can consider the presence of hidden color
components of the nuclear wave function.'®" Let us explain
this for the example of the **C nucleus. It is found'®* that the
cross section of the “C(#*,7° ) "*N reaction at 50 MeV and
0 = 0°is very small.> The cross section is small because the
contributions of the s and p waves compensate each other in
the charge-exchange 7N scattering. A recently performed
experiment® on double charge exchange on '*C at 50 MeV
shows that the corresponding forward cross section is appre-
ciably greater than the cross section of the "“C (7™ ,7° YN
reaction. Such a situation—a larger cross section for double
charge exchange than for simple charge exchange—is rather
unusual and makes it possible to rule out all standard step
mechanisms.

Under the considered kinematic conditions, the follow-
ing mechanism is proposed. Two valence nucleons of the '*C
nucleus at distances less than 1 F form a six-quark bag. The
+ meson, interacting with a u quark in the six-quark bag, is
absorbed, and through the participation of a d quark the 7~
is emitted from the same bag. The calculations made in Ref.
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101 show that the inclusion of the six-quark component in
the nuclear wave function gives a cross section of the reac-
tion “C (7 *,7 ) “O(DIAS) of order 8-14 ub/sr andmakes
a much smaller contribution to the cross section of
4C(7*,7° ) N single charge exchange. It should, however,
be noted that if definite conclusions are to be obtained,
further theoretical investigations are needed, together with
experiments on single and double charge exchange on the
same nucleus with transition to isobar analog states.

4. DOUBLE CHARGE EXCHANGE OF PIONS WITH EMISSION
OF SEVERAL PARTICLES FROM THE TARGET NUCLEUS

In Sec. 3, we analyzed the results of experimental and
theoretical investigations of double charge exchange at ener-
gies up to 300 MeV in which the original nucleus keeps the
nucleon number unchanged. So far, little has been learned
about double charge exchange accompanied by the emission
of nucleons or nucleon clusters. The differential cross sec-
tions of the inclusive reactions (7+,7) and(#,#*) on
the >C nucleus and the calcium isotopes *°Ca, */Ca, **Ca
were measured in Ref. 104 at initial pion energy 290 MeV.
Produced pions with energy 175-225 MeV were detected at
@ = 60°. The inclusive cross sections for double charge ex-
change were found to be one or two orders of magnitude
smaller than the cross sections of quasielastic scattering. The
results for the calcium isotopes indicate a strong sensitivity
of the double charge exchange to the difference between the
proton and neutron distributions in the surface region of the
nucleus. The measurements also showed that the 7+ and 7~
cross sections on these nuclei are not equal. This fact cannot
be explained by the difference between the Coulomb distor-
tions for the 7 and 7. However, if we assume that in this
experiment sufficient energy is transferred to the nucleus for
its disintegration, then channels with strongly differing
cross sections are open in the (7*,77) and (7,7 ") reac-
tions. In addition, nuclear-structure effects are not the least
important. For example, the strong difference between the
(7* =)/ (7~ ,m ™) cross-section ratios for the '*C and “°Ca
nuclei can be due to different core excitations as well as to the
effects of @ clustering of the core. Because nucleon clustering
effects in nuclei are important, it is of interest to consider the
mechanism of double charge exchange based on the assump-
tion that the pion double charge exchange takes place on a
quasi-az-particle association in the initial nucleus.

Quasi-a-particle mechanism of double charge exchange

We consider the following mechanism of pion double
charge exchange on an a-cluster nucleus. The incident pion,
interacting with the nucleus, “heats” locally the nuclear
matter, this leading to the “evaporation” of four nucleons of
the same kind from the nucleus and charge exchange of the
pion. By local heating of the nuclear matter we understand
double charge exchange of the pion on a quasi-a-particle
formation-of the initial nucleus. What facts support such a
reaction mechanism? The experimental study of various
channels of 7+ double charge exchange on the *C nucleus
revealed predominance of the channel
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FIG. 15. Diagram of the quasi-a-particle mechanism of double charge
exchange on the '>C nucleus.

According to Ref. 105, the cross section of the process (71)
atm™ energy 138 MeV is 62% of the total cross section of 7+
double charge exchange on the '2C nucleus and equal to
0.77 + 0.27 mb. In contrast, the cross section for #* double
charge exchange on the “He nucleus [reaction (37)] at 135
MeVis 0.29 4 0.11 mb.% It can be seen that the ratio of the
cross section of the process (71 ) to the cross section of the
process (37) is near 3. This fact can evidently be interpreted
as an indication that in the reaction (71) of double charge
exchange the process unfolds predominantly on substruc-
tures of the '2C nucleus resembling & particles. On the basis
of the a-cluster model of the 12C nucleus, the mechanism of
the reaction (71) can be illustrated by the diagram shown in
Fig. 15.

We now consider pion double charge exchange on the
°Linucleus, which results in the production of four nucleons
of the same kind. The following processes are possible:

(72)
(73)

n* + °Li -n- 4 4p - n L p;
n* 4 OLi > - 4p L.

It is clear from consideration of the reactions (72) and
(73) that the double charge exchange on °Li can proceed
only through the quasi-a-particle mechanism. Indeed, at en-
ergies below the pion production threshold at least two nu-
cleons of the same kind must participate in the reaction of
double charge exchange. The p shell of the °Li nucleus con-
tains nucleons of different kinds. Therefore, the process
must take place on s-shell nucleons. On the basis of the clus-
ter structure of the SLi nucleus (in the two-particle cluster
model, the °Li nucleus is represented in the form of an a
particle and a deuteron—this is the ad model; in the three-
particle cluster model it is represented in the form of an a
particle, a neutron, and a proton—this is the anp model),
the four nucleons of the s shell form a quasi-a-particle asso-
ciation, on which the processes (72) and (73) will take
place. If we start from the anp model of the °Li nucleus, the
reactions (72) and (73) will be described by the diagrams of
Fig. 16, whereas in the two-particle cluster model the dia-
grams of Fig. 17 will be responsible for the processes (72)
and (73). The diagrams in Figs. 16a and 17a describe the
complete breakup of the °Li nucleus as a result of double
charge exchange. The diagram in Fig. 17a represents a pro-
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FIG. 17. Diagrams of the quasi-g-particle mechanism of double charge
exchange on the °Li nucleus in the ad model.

cess in which complete breakup takes place because of res-
cattering of a nucleon by a deuteron. The contribution of this
diagram will be of higher order than the contribution of the
diagram in Fig. 16a. The diagrams of Figs. 16b, 16c, and 17b
correspond to the process (73). The diagrams of Figs. 16b
and 16c describe the process in which the deuteron is formed
by the interaction of an np pair in the final state, and the
contributions of these diagrams will also be of higher order
than the contribution of the diagram of Fig. 17b. Thus, in the
first approximation the process ( 72) is described by the dia-
gram of Fig. 16a in the anp model of the °Li nucleus and the
process (73) by the diagram of Fig. 17b in the ad model of
the °Li nucleus. However, whatever the cluster (two- or
three-particle) configuration of the °Li nucleus, the double
charge exchange takes place in both reactions as a result of
interaction of the 7" with a quasi-a-particle formation of
the nucleus.

An experimental investigation was recently made of the
reaction 7~ 4 'Li—#™ + anything.>® On the basis of the
cluster structure of the "Li nucleus, it must be assumed that
on this nucleus too the pion double charge exchange can take
place only on a quasi-a-particle nuclear formation. In the
o’H model of the "Li nucleus, the assumption of such a
mechanism leads to the reaction channel

n” + °Li —>-n* - 4n + 3H. (74)

The papers of Refs. 106 and 107 developed a microscop-
ic theory of the quasi-a-particle mechanism of double charge
exchange for a-particle nuclei,'® and also for nuclei consist-
ing of @ particles and clusters of other types. It was assumed
that the 77 meson is transformed into the 7+ meson by
successive charge exchanges on two nucleons of the same
kind in an @ formation in the nucleus. This results in the
breakup of the quasi-a-particle into four protons (7 —7—
reaction ) or into four neutrons (7~ —7+ reaction). The '2C
nucleus was described as a collection of three a particles
interacting through a realistic @a potential. The three-parti-
cle cluster configuration of the °Li nucleus was described
similarly with allowance for all interactions between the
three particles. To treat the two-particle configurations of
the °Li and "Li nuclei, the two-particle Schrodinger equation
was solved. For each o association, its internal structure was

FIG. 16. Diagrams of the quasi-a-particle
mechanism of double charge exchange on the
“Li nucleus in the apn model.
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FIG. 18. Dependence of the differential cross section of the reaction (76)
on the kinetic energy of the pions. The continuous curve represents the
results of the calculation of the cross section under the assumption of the
quasi-a-particle reaction mechanism using the VN potential V; the broken
curve gives the results of calculations with the NN potential GPT; the
chain curve and the experimental data are from Ref. 30. The figure is
taken from Ref. 107.

taken into account. The wave functions describing the sys-
tem of three particles (¢aa or anp) and the four nucleons in
the a association were found by solving the three- and four-
particle Schrodinger equations, respectively, by the hypers-
pherical-basis method. The treatment of the final state took
into account all interactions between the four nucleons emit-
ted from the nucleus as a result of the double charge ex-
change, the same realistic NN potential being used as for the
description of the bound state of the four nucleons in the @
association.

As an illustration of the quasi-a-particle mechanism,
Fig. 18 shows the results of calculations of the differential
cross section of the process (74). The broken curve shows
the results of the calculations of Ref. 30 for the reaction (74)
obtained under the assumption of the meson-current mecha-
nism. The other two curves were obtained in Ref. 107 under
the assumption that the "Li nucleus has a two-particle clus-
ter structure and, therefore, the 7~ double charge exchange
can take place only on & particles. It can be seen that in this
case the experimental data are satisfactorily described, and,
therefore, we can probably conclude that the channel (74)
makes the main contribution to the process that was studied
in Ref. 30. It is interesting to note that the assumption of the
quasi-a-particle mechanism of double charge exchange
leads already in the plane-wave approximation (four nonin-
teracting neutrons in the final state) to a shift of the maxi-
mum of the cross section and a lowering of this maximum.
The inclusion of interaction between the four neutrons in the
final state leads to an appreciable deviation of the curve of
the distribution. The cross section can be described by a
smooth curve with a maximum shifted to higher pion ener-
gies. The shift of the maximum of the cross section to the
higher pion energies corresponds to its displacement to low-
er relative energies of the four nucleons. If it is assumed that
comparatively little energy is transferred to the quasitriton
(only the a particle is locally heated), this last result can be
interpreted as a temporary delay of four neutrons in a spa-
tially localized region.

Thus, it follows from the calculations that the assump-
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tion of the quasi-a-particle mechanism of the reaction (74)
and allowance for the interaction between the four neutrons
in the final state can explain the experimental data of Ref. 30,
so that to interpret these data there is no need to assume the
formation of a four-neutron system with zero binding ener-

It is well known that the results of investigating reac-
tions of the type ©7Li(a,2a)**H, ®'Li(ppa)*’H,
SLi(e,e'a)?H, SLi(e,e'd)*He, interpreted as processes of
quasielastic knockout of & and d clusters, indicate a high
degree of & clustering of these nuclei. If quasi-a-particles
exist for an appreciable time in the ground state of the nuclei
as certain spatially localized groupings of nucleons, then
pion double charge exchange must manifest a process with
kinematics like that of pion double charge exchange on free
4He nuclei. If this is observed, it will support the quasi-a-
particle mechanism of double charge exchange. However, it
must be borne in mind that interaction in the final state may
distort the picture.

Finally, the quasi-a-particle mechanism of double
charge exchange may play an important part in reactions on
other light nuclei, and also on heavy nuclei, in whose surface
layer it is well known that quasi-a-particles can be formed.

Double charge exchange on heavy nuclei

There have been far fewer experimental studies of pion
double charge exchange on heavy nuclei than on light and
medium nuclei. This is due to the fact that double-isobar
analog transitions with AT = 2 in heavy nuclei must be pre-
dominant at energy transfers of 2040 MeV. However, at
such excitations it is expected that the double charge ex-
change will be accompanied by the knockout of nucleons
and nucleon clusters into the continuum, so that it will not be
an easy matter to separate the double-isobar analog states on
the background of these channels. Therefore, the main in-
vestigations so far made have been of double charge ex-
change on heavy nuclei, accompanied by the emission of nu-
cleons.

There have been three experimental studies of double
charge exchange on the neutron-rich **’Bi nucleus. Batusov
et al.,'°® using the radiochemical method at pion energy 90
MeV, determined the cross section of the **Bi(z*,
7—2n)27 At reaction, which they found to be 120 4 30 ub,
and an upper bound of 10 ub for the 2098 (7,7~ ) *O%AL
process. The next attempt was to measure spectrometrically
double-isobar analog transitions in the 2*Bi(7+,77)**At
reaction at 292 MeV (Ref. 86); this revealed a strong sup-
pression of this channel. Clark et al.'® recently reported the
results of a radiochemical study of the *%Bi(#™,
7—Xn)*® —* At reaction at pion energies 100, 180, and 300
MeV. The cross sections for chemically separated astatine
isotopes with A = 205-209 were determined by & and y spec-
troscopy. Table III gives the cross sections of the different
channels of double charge exchange on *°°Bi. It can be seen
that the channel with 4n emission is predominant. We note
that in these reactions the produced neutrons can hardly be
products of direct knockout. It would appear that in this
process the pion interacts with the nucleus in such a way that
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TABLE III. Cross sections of pion double charge exchange on the 29°Bj nucleus, ub.

: Initial pion energy, MeV

Reaction channels

|
| 90 ' 100 1 180

‘ << 10

2098 (n*, ) 209A¢ <6 2.5+3.6
209Bj (. 7-2n) 207A¢ | 120430 | 69+18 2237
2003 (*, m3n) 208A¢ ' = 99+20 =
209Bj (*, 4n) 2054t ‘ — 436105 60420

1.043.0
3.7+4.8

L]

=+

=
10

404-10

there is sufficient time for part of its energy to be distributed
between many nucleons with subsequent evaporation of sec-
ondary neutrons. The evaporation of charged particles from
the excited **’At nucleus must be significantly suppressed by
the Coulomb barrier, although in principle it is possible at
high excitations of the nucleus.

Experiments in which 2*°Bi was bombardet with 7+
revealed evidence of *''At, i.e., a manifestation of an isotope
with atomic mass higher than that of the original target nu-
cleus. This required a special study of the possible reactions
in which it can be formed. Bearing in mind that the cross
section of the (e, 2n) reaction on Biis very largeand ~ 1 b, it
can be concluded that the ?!'At is formed in the reaction
a + *”Bi—?""At + 2n. Then a particles with the necessary
energy must be formed in the double charge exchange
7t +2Bisr™ +a +.... In this connection, it was con-
jectured that in heavy nuclei pion double charge exchange
takes place strongly on nucleon clusters. To test this hypoth-
esis, it would be interesting to measure double charge ex-
change on heavy nuclei such as 2°*Pb, 232Th, 2*8U with coin-
cidence detection of the pions and a particles. The results of
the recently performed radiochemical investigations of pion
double charge exchange on the 2°°Pb nucleus''%!!! aimed at
obtaining the tetraneutron can also be interpreted as double
charge exchange on an a particle in the 2°*Pb nucleus.

Double charge exchange of pions at high energies

Pion-nucleus interactions at energies above the pion
production threshold have mainly been regarded as a source
of information about the interaction of pions with quasifree
nucleons. The situation has now changed, and interest has
arisen in processes that cannot take place on the free nu-
cleon, for example, cumulative processes. Among these, one
can include pion double charge exchan ge on nuclei. At high
pion energies, one considers the isobar mechanism of double
charge exchange,!!?

a¥2p (2n) —»a=Ap (A**n) - 12 2p), (75)
which leads mainly to backward emission of the 7* mesons
from double charge exchange. Double charge exchange at
energies X 2 GeV at small angles is assumed to be due to the
two-step process!'!3

n+2p (2n) — X°n —a£2n (2p), (76)
where X° = (7, P M, @, f,...) is any neutral meson whose
production is allowed by the conservation laws at the given
beam energy. The performed experiments on double charge
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exchange of 7+ mesons with momentum 2.9 GeV/c in a
propane-xenon chamber''* demonstrated the validity of the
mechanism (76), the dominant intermediate states X'° being
the p, @, and f mesons. Thus, in double charge exchange at
high energies what actually occurs is the inclusive produc-
tion of neutral resonances (p,f), each of which decays into a
pair of pions (7 and 7~), and in the experiment one pion
with a charge different from that of the incident pion is de-
tected.'' Itis interesting to note that the study of the screen-
ing of the proton in the deuteron in the reaction of 7— double
charge exchange made in Ref. 116 showed that the reaction
also takes place predominantly through the formation and
subsequent decay of the p° meson. The entire correction for
the screening is made up of multiple scattering of the two
quarks that comprise the incident 7~ meson and the two
quarks that comprise the p° meson.

Comparatively recently, a study was made''” of
strangeness-changing double charge exchange of 7~ mesons
on nuclei, i.e., the transitions 7——K °7*, which can take
place through an intermediate resonance state X * * . Such
reactions have not hitherto been investigated either theoreti-
cally or experimentally. One of their advantages is that the
neutral particle, carrying information about the nuclear tar-
get, may be a A hyperon, which is incomparably easier to
study than the neutron in “ordinary” double charge ex-
change. In addition, by detecting strange particles, one can
determine the cross sections of the individual channels by
using the strangeness conservation law. Study of the pro-
cesses

T4+ A4 >at 4 A (29 L KoL mp + nn® 4+ 4'; 77

"+ A »>nt-- KL KL mp -+ nn® + A4’ } e
wherem, n = 0,1,2,..., showed that one of the possible mech-
anisms of strangeness-changing pion double charge ex-
change on nuclei is the “strange-isobar” mechanism. To it
there corresponds the triangle diagram of the ordinary iso-
bar mechanism,'” the A isobar being replaced by the
strange isobar and the 7+ by the (K7)™* system.

So far, relatively few studies have been made of pion
double charge exchange on nuclei at high energies. The
further experimental and theoretical study of these pro-
cesses will reveal the kinematic regions for the mechanisms
of ordinary or strangeness-changing double charge ex-
change and will establish the effect of the nuclear structure
on the process.

This review covers all investigations made during the
last ten years on pion double charge exchange on nuclei.
Comparing the situation today with what we had in 1971,%
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we can conclude that important steps have been made in the
detailed investigation of this exotic phenomenon. Can we
foresee today the direction in which the further efforts will
be made and what we shall have ten years from now? The
decisive progress of quark physics suggests that quark mod-
els will play an important part in describing pion double
charge exchange on nuclei.

1'We shall denote by EP1 the group of K. K. Seth,” which was the first to
begin the investigation of double charge exchange with the EPICS
spectrometer, and by EP2 the second group’® that studied the process
with the same spectrometer.

2The data are taken from Ref. 6.

3The calculations made recently in Ref. 103 also indicate a very small
cross section of the *C(r*, 7°) N reaction under the same kinematic
conditions.
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