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A chiral-invariant Lagrangian of a system containing nucleons and , p, and 4, mesons is
used to construct the operator of the axial exchange current in the S-matrix approach. Its
connection with the soft-pion exchange current obtained from low-energy theorems is
analyzed. It is shown that in the region of light nuclei there exist transitions for which
allowance for the contribution of the axial exchange current leads to satisfactory agreement

between the theory and experimental data.

INTRODUCTION

The nucleon-nucleon interaction at large (#* 1.5 F)
and intermediate (0.8 FSr= 1.5 F) distances can be de-
scribed on the basis of the picture of multipion exchange.'
This is well demonstrated by the example of the Paris poten-
tial,* which in the region 72 0.8 F is a 7 + 27 + @ potential
sum. Moreover, in the core region the Paris group has clearly
identified a contribution of a three-pion resonance with
quantum numbers J© =17, T=1 (4, meson). The re-
maining part of the potential, describing the contribution of
the core, was fitted to the experimental data on nucleon—
nucleon (NN) scattering up to energies ~350 MeV. The
mechanism of multipion exchange between two nucleons as
the source of the NN interaction is used even more systemati-
cally as a hypothesis by the Bonn group in constructing the
modern variant of their potential.’

Thus, the picture of pion exchange as the source of nu-
clear forces, proposed 50 years ago by Yukawa, is still being
developed, since there are as yet no possibilities for describ-
ing fully the nuclear interaction in the framework of the
more fundamental theory—quantum chromodynamics.

However, bearing in mind the fundamental mechanism
of the interaction between the fundamental particles pro-
posed in quantum chromodynamics, we conclude that, gen-
erally speaking, the picture of the nucleus may be quite dif-
ferent from the one to which we are accustomed. Therefore,
testing of our ideas about the nucleus is a very important
problem, a key part of which is the clarification of the part
played by virtual pions in nuclear physics. This problem was
recently discussed in detail by Ericson.® In particular, he
considered the extent to which one can accurately describe
the quadrupole moment Q of the deuteron and the D-S-wave
ratio 7=D /S for its wave function on the basis of the poten-
tial description of the NN interaction just discussed. These
two quantities, Q and 7, warrant particular attention, since®
they can be measured very accurately’:

Q =0.2859 (3) F?, 0 =0.0271 (4). (1

Ericson’s analysis showed® that these data can be repro-
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duced with high accuracy in the framework of pion ex-
change. Therefore, there is no need to introduce any correc-
tions to our ideas about deuteron structure at intermediate
and large distances (2 0.8 F).

Of course, we have so far considered only some static
properties of the deuteron, the simplest nuclear system. The
deuteron magnetic moment has not yet been satisfactorily
described in the framework of the potential model,’ its cal-
culation requiring knowledge of the wave function at short
distances.

The study of static characteristics of more complicated
nuclei, for example, the magnetic moments, is a difficult
problem, the solution of which, although still far from com-
plete resolution, nevertheless gives valuable information on
the manifestation of virtual mesons."

Much information about nuclear structure can be ob-
tained by studying the interaction of a nuclear system with
leptons. The classical description of such a process is based
on summation of the scattering (reaction) amplitudes for a
test particle on individual nucleons (impulse approxima-
tion). The existence of mesons in the nucleus is taken into
account solely through the nuclear wave function. In fact,
however, the lepton particle also interacts with the virtual
pions that maintain the nucleus in the bound state. Thus, we
have here a possibility of studying directly the mesonic de-
grees of freedom (exchange currents) in nuclei. This part of
physics began to be developed strongly only from the begin-
ning of the seventies, when there appeared a sufficiently de-
veloped formalism for describing the interaction of leptons
with a nuclear system containing explicitly not only nu-
cleons but also mesons. !

The most detailed studies have been made of electro-
magnetic exchange currents of isovector type in light nuclei.
This fact is explained by several favorable circumstances.

a) There exist many fairly accurate data obtained in
electron and photon reactions on light nuclei.

b) The transition operator is basically determined by
the spatial component of the isovector electromagnetic cur-
rent. This component is of order O(1/M) (M is the nucleon
mass) for both the single-particle current and the exchange
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current.'* In other words, the amplitude of the exchange
current has the same “strength” as the amplitude of the im-
pulse approximation.

c¢) The main part of the exchange-current contribution
is determined by a low-energy theorem and is therefore mod-
el-independent.

Mesonic degrees of freedom are most clearly manifest-
ed in the deuteron electrodisintegration reaction'>!*

et+d—e +n+p. (2)

In the kinematic region in which the energy transfer is

small (a few MeV) and the momentum transfer is large, the
contribution of the pionic exchange currents to the differen-
tial cross section can exceed the contribution of the impulse
approximation by an order of magnitude. Overall, the theory
describes very well the cross section in the complete region
of momentum transfers in which there are data (k?
518 F7). The relativistic corrections, the exchange cur-
rents with excitation of the A (1236) isobar and with p-me-
son exchange, and also allowance for the form factors in the
BNN vertices (B =, p) cannot significantly distort the
quality of the description.'?

There are further, rather convincing examples of the
manifestation of the virtual-pion effect induced by the iso-
vector electromagnetic current in the lightest nuclei, a de-
tailed discussion of which can be found in Refs. 10, 12, 16,
and 17.

In the considered case of the reaction (2) it is remark-
able that the theory correctly describes the data, although it
is manifestly used outside the region of its applicability. Dis-
cussing this point, Rho'® put forward the hypothesis of a
chiral filter.

If the amplitude for production of the pion 7 by the
current J,, on the nucleon N, J, + N—u + N, is enhanced
relative to the amplitude of the vertex without the pion, then
the contribution of the soft pions is dominant. In the oppo-
site case, the effect of the soft pions is completely masked by
the contribution of all the remaining possible processes.

We recall that precisely the vertex for pion production
by the current on a nucleon occurs in the exchange-current
operator.'"'® In the case when J,, is the isovector electro-
magnetic current the spatial part of the amplitude of current
pion production is of order O(1), while the spatial part of the
amplitude of the exchange and single-particle currents is
~0(1/M).

The predictive power of the chiral-filter hypothesis can
be tested for the deuteron photodisintegration reaction,

y+d—n+p, (3)

when the energy of the incident photons is relatively low
(205 E, 5100 MeV) and the protons are emitted at zero
angle. The transition operator is basically determined by the
time component of the current. By virtue of the parity selec-
tion rule, the main E 1 transition is strongly suppressed in the
impulse approximation. As a result, both the relativistic cor-
rections to the single-particle charge density and the contri-
bution of the exchange density are manifested. Both types of
correctionare of order O(1/M *), whereas the single-particle
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charge density is of order O(1) (see Ref. 12). In the given
case, the calculation of the differential cross section for pro-
tons scattered forward is more complicated and more uncer-
tain'*?! than the case of the reaction (2) already discussed.

Besides the electromagnetic interaction, there is a
further form of fundamental interaction responsible for
slowly occurring processes with parity nonconservation. It
has become known as the weak interaction. The Lagrangian
density of the strangeness conserving weak interaction has
the form**

£ (@) =220 [V (@) Y, (9)+ D) 4)
with the universal weak-interaction constant G=10"°/M 2
and the experimental Cabibbo angle 8 - ~ 15°. The charged
weak current ¥, (x) is divided into two parts: the leptonic
!¢ (x) and the hadronic J; (x). The leptonic current is con-
structed from the fundamental fields of the leptons as fol-
lows:

b, (%) = Ej vy (2) 2. (14 75) P (=),

where ¢, is the field operator of the free lepton (/ = e, u,...).
In accordance with the Feynman-Gell-Mann theory,

the charged weak hadronic current is a linear combination of

the polar (¥) and axial (4) vector currents of the form

T (@)= (Vi+iV}) — (4k +i4]). (3)

For the neutral neutrino-hadron interaction®

* (x)zTGz L (z) J3, (z). (6)
Now
I (x) = 2 iy, (2) 1 (1 2 75) Py, () ;

J3 () =V — A —2sin Ow J§™ .

In (7), the plus and minus signs correspond to neu-
trinos and antineutrinos; ¥ (x) and 4 § (x) are the currents
obtained from ¥/ (x) and 4 ] (x) (j= 1, 2) by rotation in
the isotopic space; J§™ is the electromagnetic current,
6w =~ 35" is the Weinberg angle.

Since part of the nuclear hadronic current J, (x) or
J 9 (x) relates to the mesonic degrees of freedom present in
the nucleus, they can be excited through the interaction (4)
or (6). This excitation can be manifested in a change of var-
ious nuclear characteristics. In this review, we have set our-
selves the task of critically reviewing and summarizing the
results obtained recently in the study of the manifestation of
virtual mesons in nuclei using weakly interacting test parti-
cles—the leptons e, u, v,, ¥,. All the calculations that we
have so far made must facilitate a deeper understanding of
the problems discussed in the review.

In the case of the weak interaction, the circumstances
are less favorable than for the isovector electromagnetic cur-
rent, for the following reasons.

1. Accurate data for the lightest nuclei are as yet sparse.
Further, the weak interactions in these nuclei are deter-
mined by the spatial part of the axial current, but now it is of
order O(1) for the single-particle current and of order

(7
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O(1/M?) for the exchange current. The part played by the
exchange current with excitation of the A isobar is here sig-
nificantly more important than in the case of the isovector
electromagnetic current, and this makes the analysis harder.

However, there already exists a theoretical analysis of
numerous reactions on the lightest nuclei aimed basically at
quantitative study of the amplitude of the exchange effect
and, hence, aimed at finding transitions in which this effect
can be clearly observed.

2. There are data for several transitions in the region of
light nuclei (4 = 12, 14, 16, 18), for whose description the
time component of the axial exchange current is manifested
significantly. For it, we have a situation analogous to that
which obtains for the spatial part of the isovector electro-
magnetic current, since it is ~O(1/M). The impulse-ap-
proximation amplitude is also of order O(1/M), and in ac-
cordance with the chiral-filter hypothesis the effect of the
soft-pion exchange currents must be more strongly manifest-
ed in the reactions induced by the time component of the
axial current.?* Generally speaking, because of the uncer-
tainties in the wave function of nuclei with 4 > 3, the analysis
is more complicated and it is difficult to obtain reliable con-
clusions. However, tracing what has already been done, we
can assert that the existence of virtual-meson effects has also
been proved for the excitation of nuclei by the weak interac-
tion. The effect is more strongly manifested in reactions in
which the main transition operator is the time component of
the axial exchange current, and it can reach values compara-
ble with the contribution of the impulse approximation.

The present review consists of three sections.

Section 1 presents the theory of the construction of the
operator of the axial exchange current. Since the construc-
tion of this operator using the low-energy theorem has al-
ready been considered in Refs. 1, 10, and 16, we give its
construction only in the framework of the hard-pion meth-
0d.>® Section 2 discusses the manifestation of the mesonic
degrees of freedom when the lightest nuclei are excited by
the weak interaction. Section 3 considers the analogous
problem in the region of light nuclei.

1. OPERATOR OF THE AXIAL EXCHANGE CURRENT
Basic principles

The general criteria that the axial-current operator 4 L
must satisfy can be formulated by analogy with the case of
the electromagnetic interaction.?

a) The current and Hamiltonian of the system must
satisfy the restrictions imposed by the special theory of rela-
tivity.

b) The current and Hamiltonian of the system must
satisfy the restrictions imposed by chiral invariance.

¢) The current must satisfy the condition of partial con-
servation of the axial current (PCAC),

duA, = mafam, (8)

where f, = 92 MeV, and m is the operator of the pion field.

In contrast to Ref. 26, our explicit point of departure is
that the chiral invariance, broken by the nonvanishing pion
mass, is a good symmetry of a system of strongly interacting
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particles.”” The exact chiral invariance has a remarkable
property—it is spontaneously broken. This means that the
true chiral-transformation operator (the axial charge) does
not annihilate the vacuum (the ground state of the system)
but transforms it into a different ground state containing an
arbitrary number of massless particles (Goldstone bosons),
which can be identified with pions. In reality, the pion mass
is finite, but small in the scale of hadronic masses, and there-
fore the situation does not differ strongly from the ideal
one.?? The idea of spontaneously broken chiral symmetry
has proved to be very fruitful for the description of external
electromagnetic interaction and weak interaction with nu-
clei,!! for which low-energy theorems for the amplitude for
production of a soft pion by a current are used essentially.
The structure of the amplitude for soft-pion production by
the weak current is considered in Ref. 16. An amplitude of
this type was used to construct the operator of the weak
exchange current in Refs. 11 and 28.

Phenomenological chiral Lagrangians

Another way of constructing the current operator is
based on the use of phenomenological chiral Lagran-
gians.?>?° In this language, the exchange current operator
corresponds to the set of all loopless Feynman graphs admis-
sible in the framework of the chiral Lagrangian of the con-
sidered system.

For the example of the chiral Lagrangian for a system
consisting of pions and nucleons we shall discuss an impor-
tant point that makes it possible to understand correctly the
significance of chiral symmetry as applied to calculations in
nuclear physics. The Lagrangian of the 7N system™

£ M= —Prdp—Mie T L L (@) (9)
is invariant with respect to the transformation
T
y=e" T Yy, (10)

if simultaneously the field 7= /f,. is changed in accordance
with the nonlinear law

st X - T
P PN i ae—ivbn-te"wb?u

(11)

The term . (7) in (9) is the Lagrangian of the free pion
field,
£ (7) = — 5 (Dur') (D), (12)

with covariant derivative of the pion field*>*

Dyl =0, 4 0,0 (ﬁih—ﬂ) ( sinz

D — 2
= = —1). 22=m23,

(13)

Expanding in (9) the second term in powers of 1/f,, we
have

£ (§, 1) = -~ Frady— M +1 -4 ¥rs () ¥
+ P L () (14)
We see that the second term in (9) contains besides the
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nucleon mass term not only a pseudoscalar 7/ interaction
(when the chiral symmetry is exact, the axial coupling con-
stant is g, = 1 and the Goldberger-Treiman relation takes
the form M =gf, ) but also an infinite series of contact
terms. The contact term which we have retained in (14) is
necessary for the correct description of the 7N interaction in
the s wave.
By the equivalence transformation

N:exp(—iysg—-n)w (15)
we transform the chiral Lagrangian (9) to the form
Z (V)= ——IVW {Bu 41 [exp ( —1iy; ;:-1)]
0y [[exp (iys %) |} N—MEN + £ (). (16)

Expanding the second term in the square brackets with
respect to the generators of the group SU(2) xSU(2),

iy b T iv L P
A s 9, e
e ° 2

i 1 s ; 2
2 g0 E‘T[f—n D, iy, + 8] () T:], (17)

we obtain instead of (16)
£ (N, n)= —Ny,D,N + -é%-__—i-j—\'fy_;y“ 7D, ™ N

—MNN+ £ (%), (18)

where the covariant derivative D, N of the nucleon field is
determined by

DHNE (an e %‘eil (70) 1:j) v } (19)

] : 7
120 () = gy paidnt <22
Equation (17) serves to determine the covariant deriva-
tives of the fields #' and N. In the lowest approximation in
the pion field,
i

Z (N, n)= —Ny,9,N + Py Ny, (v % 0,7 N

— 55— Mt (0 0,W) N — MNN — L (g4 ... (20)

The 7N coupling is now pseudovector, and the series of
contact terms is different. It can be verified that the chiral
Lagrangian (20) describes the 7V interaction in the s wave
as well as the chiral Lagrangian (14).

Such a situation is common—the physical content of
the two unitarily equivalent chiral Lagrangians is the same.
Recognition of this is decisive for testing the consistency of
nuclear-physics calculations.’

To describe lepton interaction with a nuclear system, it
is necessary to know the hadronic (vector and axial) cur-
rents. They can be obtained from (9) or (18) by using the
Gell-Mann-Lévy method.?* We shall not yet do this but will
discuss the following circumstance, which is important from
the point of view of the application of the formalism to phys-
ical problems.

The current-algebra method and the chiral-Lagrangian
method, which is equivalent to it, are, strictly speaking, ap-
plicable only in the soft-pion regime. However, the real situ-
ation that arises in the description of particle-nucleus inter-
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actions may be far from this regime, since the particles may
have high energy and the momentum transfer may reach
large values. Therefore, our formalism must be changed ac-
cordingly. The generalization of the theory is not unique and
can be implemented in at least two ways.

1. By proceeding from the current-algebra result for the
amplitude of soft-pion production by the current and taking
seriously the dependence on the momentum transfer that is
introduced through the form factors of the currents and the
vertices. Such a procedure is used, for example, in Ref. 31 to
determine the mass of the axial meson from data on pion
electroproduction.

2. By using the hard-pion model.*? It contains the ideas
of current algebra, the PCAC hypothesis, and vector domi-
nance.™ In such an approach, the coupling of not only the
pion but also the heavier mesons ( p, A, w) is fixed. In this
way, the diagrams with their participation are correctly de-
termined. This method can also be formulated in the lan-
guage of chiral Lagrangians,***

In the case of pion production by the electromagnetic
current, the amplitudes of the approaches 1 and 2 differ to
the extent that the axial form factor F, [ (k — ¢)?]/g, and
the pion form factor FY (k?) differ from the form factor
F \!l ( k R ) _36

Hard pions

The hard-pion model was used to study the weak ex-
change current in Ref. 25 and for the electromagnetic isovec-
tor current in Ref. 36. For the construction of the covariant
derivatives, it is convenient to proceed from the nucleon part
of the canonical form of the chiral Lagrangian (18), aug-
mented by a term that describes the anomalous nucleon in-
teraction:

LN = —Ny,D,N—MNN — ?: NyystN Do

gaEr
2

No,,vstNap,. (21)

Ay AT 52y
T i gpNUu.vth;w TN

InEq. (21),84 = 1.25,%2=3.7,g, andg, are the uni-
versal coupling constants of the p and 4, mesons, and gy is
the coupling constant of the weak tensor interaction. In
place of (17), the covariant derivatives of the nucleon and
pion fields are now determined by the procedure®’

exp ( —ips 5 ﬂ) [c% + % (goPy T+ S’Aﬂ’sau"‘:)]

“exp (1?573--:1:) E_;T[_fi? Dun-wﬁ—[—-()p-':J. (22)

Here, p, and a,, are the fields of the p and 4 ; mesons.
From (22), it is possible to obtain the covariant derivatives
to any required order in the pion field.”**® They now also
contain the fields of the heavy mesons. In this manner one
can also obtain expressions for g/, and &, >

In order to describe fully the interaction of an external
field with a nucleus, it is also necessary to consider the La-
grangianof the 4 , 7p system.**** For the construction of the
operator of the exchange currents in Refs. 25 and 36, the
minimal Lagrangian of this system constructed in Ref. 35
was taken. Since’ not only g2 = g% but also 8, =84, the
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total interaction Lagrangian of the Nmp4 , system has the
form*®

Lrnpa, = — Ny,0,N — MNN

3 = 1
—(1/2) gpNy, NV (p“ + = b 4 au)

—i (gA"'zf'l) N’Vu?.stN K [6u“_ gppu. X+ Qngpap]
— (ny/8M) gpﬁﬂuv‘N J B’;w —(8081/2) -lvﬂuv'\’st ';l’.w + 0 (n?).
(23)

The interaction with the A isobar can also be included
similarly.?®

Assuming breaking of the chiral invariance by the me-
son masses and using the Gell-Mann-Lévy method, it is pos-
sible to obtain the hadronic currents and their divergences in
the hard-pion model®®:

VIJ-= (mlzllgp) pu;
(24)
(25)

Ay = (mp/g,) a, — fa0m+ fagopu X w0 (n2);
9, V,=0, 0,A, =mifm,

The Lagrangian (23) contains pseudovector 7N cou-
pling and numerous contact terms. The fourth term plays an
important part in describing pion production by the axial
current, and the sixth term performs in the case of s-wave 7N
scattering the same role as the second term in the chiral La-
grangian (20).

The transition in the chiral Lagrangian (23) to pseu-
doscalar 7N coupling can be realized by the transformation
that is the inverse of (14). As a result, we obtain a chiral
Lagrangian with the same physical content:

Ennpay =—Nv,0,N — MNN
— (i/2) goN TN - p, + igNysTN . 7

—i(gp/2f) (1 —2g%) Ny, °N (% % a,) — ig 8o Ny, 757N -2,
— (kv /8M) g N Oy (v —1i(ga/f:) 157%) N - By

— (808712) N0y (V5T +1(g4/fx) W) N -2y 4O (2).
(26)

Note here the renormalization of the contact (NNwA , )
interaction, the disappearance of the normal contact
(NNmp) interaction, and the appearance of the anomalous
contact (NNwA,) and (NNmp) interactions. The part
played by the latter in the construction of the operator of the
electromagnetic charge was discussed in Ref. 36.

The amplitude of pion production by the axial current
obtained in the hard-pion model was analyzed in Ref. 25,
where it was shown that only correct allowance for the con-
tribution of the 4, meson leads to results consistent with
current algebra, while allowance for the contribution of the p
meson alone is insufficient.

Exchange current

The operator of the weak axial exchange current is rep-
resented by the sum of all possible tree Feynman graphs al-
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lowed by the vertices (23) and (24) or (26) and (24). Fig-
ure 1 shows only the part of the operator important for
practical applications. The corresponding formula for the
current in the nonrelativistic approximation has the form

A* (&)= %)_ Ej {(v; % %)* e~ ™% (g, % (V —ik)]
i<
me 14 ny)
¥ (05 9) Yo () + ( *“1)}+—gs4u;AM-—:V
X 2 {(Tl ~ 1‘})* —ik-r; [6; X (V —ik)] [ %&J
i<j 3
X (- 9)J (5, k) + (i )} 5 (27)

AF(2)= mig’i"Mz D (v % vy e en

i<j
X (0-9) Y (2) + (i < )}
+‘W 2 {mxw) e ™ [+ C (7 —ik)?
i<j

+D(V—ik)!] (0;- V) J (r, k)+ (i < )};

(28)
Y, (z¥)=e" :t/a:,;, 2 =mary;;
X s
¢ '"9 i D= D= g » (29)
(u: X 'I:J)i=_;_ [(; x -[i)i +i (7 % 11)2];
1
J(r,k)=n25 i—te—ar-t-ifk-r;
0
(30)

1
a=[t(1—t) k>4t (m3—mZ) +m3] ?

In the case of a soft current (k—0), the expressions (27) and
(28) simplify:

Ay |
|
JE,P |
ol |
|
:E a ik
b3
L2
I ;
| A P
zp!
vl Lo |2
| I l
jrenapy il d l e

FIG. 1. Graphical representation of the axial exchange current operator
in the hard-pion model: a) pair term; b) contact term; c¢) current with
excitation of A isobar; d) current of the weak decay of the p meson; e) the
(4, mp) current.
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A% (2) = £ima (- 1v)

S 2 (X 1)* ™ i (0, 3 V) (0, V)
i<j

; ek 2 (1n m? i
XYy (o) + (10 D)+ S i X o ) (834 %)*
i<

% o™ (0,5 V) (1 4+ T) (0,-9) maY (o
n

—m,Y, (zi)]+ (6 = f)}; (31)
=+ : gzmn
AL (2) =1
x 2 {(wx w)Ee ™ i (0,-V) Y () + (1 1)}
i<j
] m2 LA e
e 16:1:AM2 mg-—-pmi E {(Ti XT) e iy (1 + _?Sl% VZ)

x (14 %) (03-V) [maYy () —m,Y o (2] + (= 1)}
(32)

Wedonot give the velocity terms here. It is precisely the
form of expression (31) and (32) for 4% (2) and 4 F(02)
that we need in what follows. The second sum in (27) and
(28) and also in (31) and (32) derives from the graphs d
and e in Fig. 1. The first sum in these expressions is the sum
of the pair (Fig. 1a) and contact (Fig. 1b) terms. In the
approximation m,/M<1, m,/m, <1, and also ignoring in
(31) and (32) the contribution of the terms ~ ¥, (x2), we
obtain the corresponding part of the operator of the soft-
pion axial exchange current.*®

We also give the spatial component of the operator of
the axial exchange current corresponding to excitation of the
A isobar (Fig. 1c):

0y 284 h?
Ax (@)= gma (M, —M) &m

X X e 4TV — (7, X %) (0, X V)]
i<j
famp

(04 V) Yy () + (i = f)}“% 8%y~ a ar, —A)

% X {e N1 [4(V20;—(0;- V) V) 1) + ((0;-V) (0, = V

i<j
— (0 X 6;) V2) (v, X T)*1 Y, (zf) + (i = j)}. (33)

Here A */47 = 0.35 and G, = 2.6.%°

The first sum in (33) derives from pion exchange, the
second from p-meson exchange. The contribution of 4 | -me-
son exchange is small, and we do not give it. The contribu-
tion of the second sum can influence the result, compensat-
ing the contribution of pion exchange. The measure of the
cancellation depends on the coupling constants that occur in
the sum, the values of which have an uncertainty. The value
h /4w = 0.35 has been obtained from the decay width for the
A—N + 7 process.” However, in the quark model 42/
47 = 0.23.% We note that the expression (33) is obtained in
the static approximation for the propagator of the A isobar
(the momentum dependence of the propagator is ignored).
More accurate allowance for this dependence leads to sup-
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pression of the contribution of the exchange current with
excitation of the A isobar by 25-50%.** A current of the
form (33) but with somewhat different constants was used
in Refs. 44 and 45.

In contrast to the case of the isovector electromagnetic
current, the relative contribution of the current (33) com-
pared with th‘g_contribution of the current (31) in calcula-
tions of exchange effects is larger. From what was said above
it can be seen that calculations of the effects of the spatial
part of the axial current are more model-dependent than in
the case of the isovector electromagnetic current.

We do not give the correction from the A-isobar excita-
tion current to the time component of the operator of the
exchange current because it is 1-2% in the static approxima-
tion.*® In Ref. 47, an attempt was made to improve this ap-
proximation by taking into account the momentum depen-
dence in the numerator of the A propagator. The numerical
estimate obtained in Ref. 47 for the contribution of about
10% for the 0" — 0~ transition in nuclei with 4 = 16 is
clearly overestimated, for in Ref. 47 no allowance was made
for the momentum dependence of the A propagator, nor was
the contribution of the current with p exchange taken into
account. As we have just seen, both effects strongly reduce
the total contribution of the 4 ;* component. It is obvious
that the same arguments also remain valid for 4 /.

In Refs. 48 and 49, based on a chiral Lagrangian con-
taining besides the pion only the p meson, the operator of the
axial exchange current was constructed in the soft-current
limit. The spatial part of this operator is identical to (31),
and the time part differs from (32) by a term proportional to

(nymplAM*) = 0.6,

this being a consequence of the neglect, not justified in Refs.
48 and 49, of the contribution of the anomalous p-meson—
nucleon coupling. Agreement between the results of Cheng’s
theory with the more general theory of Ref. 25 in the limit
k—0 is to be expected on the basis of analysis of the ampli-
tude of weak pion production.”

The effect of hard pions has been investigated numeri-
cally not only in weak reactions on deuterium® but also on
nuclei with 4 = 16.**°'-** In the case of the deuteron, the
effect is 15-20% of the total exchange effect. As was to be
expected, for reactions on nuclei with 4 = 16 this effect de-
pends on the quality of the employed nuclear wave func-
tions—realistic wave functions and allowance for the renor-
malization of the vertices and the propagators reduce it. We
shall discuss these results in more detail in the last section.

In all the approaches to the construction of the ex-
change-current operator that we have so far discussed the S-
matrix method is employed. This method is a special case of
a more general scheme of describing the problem of the inter-
action of a nuclear system with an external perturbation that
was strongly developed for the case of the electromagnetic
interaction.'®'®** Generally speaking, for systematic
allowance of the mesonic degrees of freedom it is necessary
to construct simultaneously the exchange-current operator
and the nuclear potential. This process is unambiguous only
in the static limit. Since the spatial part of the axial exchange
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current is a relativistic correction to the impulse approxima-
tion, from the point of view of the reliability of practical
calculations it is advantageous to study reactions induced by
the time component of the axial exchange current in the
lightest nuclei. Calculations of its effect’ in the nucleus
with4 = 2 have not yet been crowned with success. We shall
discuss them later.

Finally, we give here expressions for the components of
the single-particle axial current. They have the form

AZ () =X e Nt gao+ £ (0K ] (34)
i

AF (1) = ipA* (1) =i D} vFe %"

<[P+ Fi koo k£ gro k], (35)
Here, the pseudoscalar form factor g, is determined as
follows:

8p (K?) = —gagfa/(K2+m}); gfa=Mgy,

and P; = P/ + P, is the sum of the initial and final momenta
of nucleon i.

With this we conclude the description of the operator of
the axial current and turn to the exposition of the formalism
needed to make practical calculations. In Refs. 23, 28, and
56, it was developed in a unified manner for the electromag-
netic and weak interactions. Here, we follow the exposition
of Delorme.”® It is this formalism that is widely used to ana-
lyze data obtained in reactions with 1p-shell nuclei.

Currents and matrix elements

By analogy with the current of an elementary particle,
the amplitude of the weak nuclear current can be written
down independently of its many-nucleon structure in the
most general form, employing model-independent Lorentz-
invariant form factors. As an example, we give the expres-
sion for the amplitude of the weak vector and axial currents
for allowed Gamow-Teller transitions in which the spin
changes by unity: 0" —17. Transition of such type are ob-
served in the “He-°Li doublet and in the '?B-'2C-'2N and
'4C-'¥*N-"%0 triads and have been the subject of numerous
discussions in the literature. These amplitudes have the form

'y 1% Tp=a5 M(f) |45(0)| p, 0% M (i))=FZ (k) &

+ F5 (k?) ky, (8F) + FT (R?) Py, (8k), == ; (36)
(p's 1, Ty=0; M(f) VX (0)] p, 0% M (i)
= F%![ (k‘.’.) eluvpppkvgm o=4 , 0- (37)

The nuclear states are characterized by the momenta p
and p'; M (i) and M( ) are the masses of the initial and final
nucle; P; = (p+p")asks =(p—p')a; Fm, Fa,Fp,and
Fy are, respectively, the magnetic, axial, pseudoscalar, and
time form factors; 7, specifies measurement of the isospin in
the investigated transition; £, is the polarization vector of a
particle with spin 1; and ¢,,,,,, is the completely antisymme-
tric tensor. In the case of exact isotopic invariance, for the
isobar-analog nuclear states F} =Fy =F; (X=V, M,
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AR, S, T

The expressions (36) and (37) area special case of the
general representation of current amplitudes in a Cartesian
coordinate system with respect to a complete set of K basis
vectors ¥ % which transform as polar (axial) vectors and
are constructed from p, p' and bilinear combinations of po-
larization functions, which are eigenfunctions of the spin
operator. The expansion has the form

(J'm'p’ |75, (0)] jmp) = sz FXVS5 P (jmp; jm'p').  (38)

Here, j and /' are the angular momenta of the initial and
final states of the nucleus with projections m and m' onto an
axis perpendicular to the 4-momentum; X = V, M, A, P, S,
L

It is convenient to go over in (38) to an expansion in a
spherical basis, generalized to the relativistic case. In this
basis, one chooses the timelike vector e{* along the direction
of P, and three spacelike vectors e{” (¢ = + 1,0) orthogo-
nal to it. In the Breit (P=0) system the 4-momentum
k, =k; — (P*/P?)P, coincides with the three-dimension-
al momentum transfer, and the basis vectors are directed
along the ordinary coordinate axes. The projections of the
unit vector k, onto e{” specify the spherical harmonics
Yik):

Fael? = (4nui3)2 Y} (k),

by means of which one constructs a basis of spherical ten-
57
sors’’:

)=V (k) e} and 75 = (V™ (&) ® &5

The spherical and Cartesian bases are related by a matrix %~
by the relation

VSR (imp; j'm'p') = T (4l ) -+ D)2 (jmj'mi T’ —m)

14 J)+ \ L, J)+
X [ 5, kx TS0k o+ = 1y, kx5 m ]

(39)
Substituting (39) in (38), we can obtain a multipole
expansion of the current amplitude with invariant multipole
form factors ¢’ and @'~ , which play the part of reduced
matrix elements in accordance with the Wigner-Eckart
theorem,
D (k%) = X o 5, xxFx (k*); }
K x

¥

(40)
a(L, J) (kz) == 2 ’%.LJ'. KXF§ (kz).
K, X

Complete expressions for the matrix %" were obtained
by Delorme.?® Using these expressions, we can obtain for the
time form factor in the 0" —17 transition the expression

= 1 1 1) MU)_M(‘} Pk
Fr= & 3roprargy [er o8 + L agt V]

(41)

Here, the subscript 4 relates to the axial current, and
the upper and lower signs correspond to the transitions
0t —>1* and1t —01,

In discussing the formalism needed for practical calcu-
lations, we have hitherto regarded the nucleus as an elemen-
tary particle. Such a model-independent approach to the nu-
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cleus is helpful in the case when the aim of the investigations
is to identify the most general properties of the nuclear cur-
rents (conservation of the vector current, PCAC hypothesis,
the presence or absence of currents of the second kind).
However, this method leaves open the question of the nu-
clear structure of the form factors as matrix elements of tran-
sition operators between nuclear wave functions. It is clear
that in such a treatment the nuclear form factors cease to be
model-independent. We shall assume that the axial compo-
nent of the current that determines the nuclear matrix ele-
ments is given by the expressions (27)-(35).

The concrete content of the multipole form factors is
now determined by the form of the current operator. For the
smgle-partlcle current (34), (35) we can define the bracket
[0] as reduced matrix elements in the coordinate (butnotin
the isospin) space:

01 =(j| StV (k) (Yir) ®@ 0% || 7);

01" = ;llEritVémL(kn)Y 0 Oll3), 42)

where O i is a tensor operator of the zeroth (0 =18;-P;)
or first (O, = §,, P,) rank.

Using this expression, for the nonrelativistic form of the
multipole form factors in (39) we obtain

537 {8a [10- P10 — (gpko = g1) [K|

<Y L(aro0 1V 3o} 5

af=—

at = {galol® 9+ gp o Y2 (10100 1V 2 (0] )},
(43)
Allowance for the mesonic degrees of freedom in the
nuclear form factors now reduces to renormalization of the
single-particle multipoles (43) through the addition of the
exchange current. For example, the part of (32) correspond-
ing to the soft-pion model leads to the following effective
multipole [« P]”, which determines the density of the
axial charge:

g*my
4dngt M

CETMENTE R (7| 2 tme 5w V2
i<j

2 Y () (0,9) Yol +a i) (44)

The remaining effective multipoles are determined sim-
ilarly. The time form factor (41) for 8 decay of the '’B nu-
cleus to the '>C ground state will now be

1
Fr % e\~ B

+2a l/-% MU)I:;MU) (o]t 1]}_

[—ig- P]“)

(45)

Calculation of observables

The weak-interaction Lagrangian density (4), (6) de-
termines the § matrix of the transition from the initial, i, to
the final, f, nuclear state:
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S_ft = 6” — 2mib (Ef =5 E,) wﬂﬁ (46)

where
g G B Sdr:f: ® t =0)1i ak

The probability @, of the transition is determined by

05 =208 (By — Ey) | oMy |2 (47)

For the reaction of muon capture by a nucleus,
-+ A, Z)>v, + (4, Z —1) (48)

the transition rate is calculated in accordance with
Au (i =)=z lpsl? | db, —(2J:+1) Diglehuls  (49)

M5 M
Op

Py=py/|Pyls |Dy| = my + M (i) — M (f);

here, J; is the spin of the initial nucleus. The summation in
(49) is over the spin projections of the initial and final parti-
cles.

From the point of view of nuclear physics, the process of

nuclear B decay is the inverse of the muon capture process:

e+ Ve;

Z
(4, Z) > (4, Z+1)

et 4w,
If by p, we denote the momentum of the charged lepton,
then the transition rate will be

Ap(i' = )= T"’HT‘ S dp\edp (m —V i+ m)

Lt

v B
o) =M (i) — M (f").
Information about the dynamics of the process is con-

tained in .# ;. Since the matrix elements of the leptonic and
nuclear currents separate,

gy~ § de @Il (r, 0)lad (F1T3 (1, )10 } s
e~ | de BIE (. Ol 7173 () O

The capture of muons by nuclei takes place from the K
orbit of the mesic atom, which is situated near the nucleus.
For light and intermediate nuclei, the muon wave function
varies little within the nucleus, and it is frequently replaced
by the mean value over the volume of the nucleus: ¢

= [ sdr| p(r)g@, (r)|*1'/?, where p(r) is the nuclear den-
sity.

In the case of B decay, the electron wave function per-
turbed by the Coulomb field of the daughter nucleus with
charge Z is approximately equal to

9e (0)2=F (Z, B~

ok gir|% (50)

(52)

ny € y=0olEpel;

= (pt + me)
For inelastlc neutrino scattering by a nucleus, the dif-
ferential cross section is determined by

1/2
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Aoy, ;=2a8 (E;— E) (21,11 D) |sll;)2® (Py, py ...),
My, My
(53)
where @ (P;, p,...) is the phase space for the final states, and
P, and p, are the momenta of the final nucleus and the lep-
ton. For the case of excitation of a nuclear level without
emission of nucleons,

© (Py, py) = dPydpy (2)".

Either the matrix element .# 4 is specified as in (51)
( B relates to the charged final lepton e* , u* ) or, for the
neutral process (v,, v} ), (V,, V}),.# 5 contains the function
Z(x) from (6) with [, (x) and J§ (x) from (7):

Myp~ | de @D (r, 0)|a) ('1T2 (x, 0)]E%. (54)
The most difficult part in the calculations of the obser-
vables is the calculation of the matrix element of the nuclear
current,
G155 Wiy ~ | dreter 10, (v, 0)]i).

(55)

Using the representation of the nuclear current in terms
of the form factors (36), we write the rate of the 5 decay
2B(1+, T=1)-">C(0", T=0) 4+ e~ + ¥ in the form

Ap (19— 0%) = Ky [ (042 [ 1 4 SHOTHID T T,
(56)

In accordance with (41) and (43), the form factors F
can be expressed in terms of the matrix elements of multipole
operators between the nuclear states. The constant K is
given in Ref. 45.

We have already given all the elements needed to calcu-
late the observables. In the next two sections we discuss the
results obtained by different authors for specific reactions.

2. AXIAL EXCHANGE EFFECT IN THE LIGHTEST NUCLEI

The spatial component of the axial exchange current is
manifested in all known reactions on nuclei with 4 = 2 and
),

A = 2. For this case there are numerous interesting pro-
cesses. Important in astrophysics is the reaction

p+p—>d—+et+v,. (57)

The effective cross section for this reaction is directly
related to the prediction for the flux of neutrinos incident on
the surface of the Earth from nuclear processes taking place
in the Sun. However, at the present time there is a definite
discrepancy between the prediction 4.66 SNU (Ref. 58) for
the rate of absorption of solar neutrinos in *’Cl and its ex-
perimental value, which is 1.8 + 0.4 SNU.*® According to
Ref 60, the flux of the incident neutrinos is related to the
effective cross section §,, for the reaction (57) by

neutrino flux =~ §-;%. (58)

It is therefore of interest to consider the change in S,
due to exchange currents. Since the reaction (57) takes place
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within the Sun near the threshold (the proton energy is of
the order of hundreds of keV), the impulse approximation
can be reliably calculated in the effective-range approxima-
tion.! Effectively, it is only protons in the initial 'S, state
that participate in the reaction. Therefore, the process (57)
is an example of a pure Gamow-Teller transition and the
analog of the well-studied capture of thermal neutrons by
protons: n + p—d + . It is well known that in this reaction
thereis a clear manifestation of the effect of about 10% of the
electromagnetic isovector exchange current,’'%12:16

The exchange effect for the reaction (57) was calculat-
ed in Refs. 62-66. In Refs. 6265, the current operator was
constructed using the S-matrix formalism. This operator
corresponds to the expression (31) without the term
~Yo(x%) and to the first sum in (33). Numerically, the
effect is situated in the range between 6.2 and 8.8% of the
impulse approximation.

In contrast to Refs. 62-65, Bargholtz®® took into ac-
count in A, (2) not only the current with 7 exchange but
also the current with p exchange, i.e., both sums in (33) and
the total current (31). He also included monopole form fac-
tors of the type

Fp(k?) = (AR —m3)/(As+ k%) (59)
in the BNN and BNA vertices (B=, p), A, = 1.2 GeV,
A, = 1.5 GeV. For the 7NA coupling constant, he used the
value predicted by the quark model, /4 2/47 = 0.23, and for
the pVN coupling constant the value given in Ref. 67. In this
way, Bargholtz reduced the exchange effect to the mini-
mum, obtaining for it the value 2%, much less than in Refs.
62-65. However, this aim of reducing the exchange effect to
a minimum is unjustified. For example, in analogous calcu-
lations for the n 4 p—d + y reaction, Mathiot®® also ob-
tained an effect less (about 7.6% ) than did other authors®
who explained the established = 10% effect.

Itis clear from the magnitude of the exchange effect for
the reaction (57) that it cannot significantly influence the
value of S, or, therefore, the solar-neutrino problem.

We now consider the reaction of weak deuteron disinte-
gration by reactor antineutrinos:

v, + d—2n + et;

(60)

Vet d = n+ P+, (61)

In the reaction (61), the neutral current (7) is mani-
fested. Since we are dealing with low-energy antineutrinos, it
is again only the axial part of the current that is effective in
the reactions (60) and (61). These reactions were recently
studied experimentally by the group of Reines.” The effec-
tive cross section for the reaction (60) is

0P = (1.5 & 0.4)- 10~ cm?/v,, (62)
and for the reaction (61) with the neutral current
0P = (3.8 2= 0.9) - 10~5cm? /v,. (63)

The reactions (60) and (61) are of considerable inter-
est in connection with the problem of neutrino instability.”"

M. Kirchbach and E. Truhlik 101



Reactor antineutrinos have mainly low energies. At en-
ergy around 8 MeV, their number is approximately three
orders of magnitude less than at the threshold energy val-
ues.”” Because the antineutrinos have a spectral function
n(e, ), it is necessary to calculate quantities averaged over
this spectrum.

The effective cross section for the reactions (60) and
(61) have been calculated in the impulse approximation by
several authors.”>”® The main difficulty is the uncertainty
with which the spectral function n (e, ) is known.

Exchange effects for the reactions (60) and (61) were
considered in Refs. 74 and 75. The first of these took into
account completely the contribution of the current (31) and
the contribution of the current A, (2) with 7 exchange, cal-
culated in a nonstatic approximation. The 7NA coupling
constant was taken to be & ?/4m = 0.35, and the pNN cou-
pling constant was taken from the vector-dominance model.
The resulting value obtained for the exchange effect was
about 8%. Including in A, (2) the contribution of the cur-
rent with p exchange, it is possible to reduce the value of the
effect to about 6%.

The study of Ref. 75 used nuclear wave functions con-
taining components of A-isobar configurations, and there-
fore the A, (2) contribution was not calculated. Besides the
graphs with 7 and p exchange, possible graphs with @ ex-
change were taken into account. The correction found for
the exchange effect was 4%.

The uncertainty in n(g, ) and the large experimental
error (about 20% ) in the measurement of the cross sections
(62) and (63) mean that definite conclusions about the
magnitude of the exchange effect cannot be drawn.

We now turn to the following important reaction, the
absorption of negative muons in deuterium:

w-+d—>2n 4+ v,. (64)

Before the publication of the data for the reactions (60)
and (61), it was the only weak reaction in the two-nucleon
system measured under laboratory conditions.”®"®* How-
ever, the accuracy in the measurement of the doublet rate A,
of the transition from the hyperfine state of the muonic atom
with spin F = 1/2 is as yet poor”” :

Ay = 445 + 60 gec™!. (65)

The reaction (64) is potentially important, both for the
extraction of the neutron—neutron scattering length a,, and
for obtaining information about the constant gp.

The doublet and quartet, A, transition rates were cal-
culated in the impulse approximation in Ref. 79. Under the
assumption gp ~7g4 ,

Ay ~ 380sec™};

Ag =~ 10sec™!. (66)

The influence of exchange currents on the transition
rate A; was considered in Refs. 64 and 80. In Ref. 64, the
same transition operator as in the case of the reaction (57)
was used—and with approximately the same result: the cor-
rection to A, from the effect of the axial exchange currents

was found to be 6%. This means that A, acquires a correc-
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tion of about 24 sec ~'. As a result,

A\d ~ 404 sec™! ’ (67)
a value closer to the experimental value (65). However, the
changein A, due to the uncertainty in gp (Refs. 64 and 79)
actually masks the effect of the exchange currents, and
therefore the results (65) and (67) cannot be directly com-
pared.

The effect of the exchange currents for the reaction
(64) was calculated in Ref. 80 using the current operator
obtained in the hard-pion method. Compared with the cal-
culation of Ref. 74 for the reactions (60) and (61), the de-
pendence of the current operator on the momentum transfer
was taken into account, i.e., instead of (31) Eq. (27) was
used. The result was also found to be approximately 8%.
This means that in the considered region of energies the ex-
change-current operator does not depend on the momentum
transfer.

The influence of the effect of exchange currents on the
neutron spectra in the reaction (64) was investigated in Ref.
81. It was found that there exists an interval of neutron mo-
menta,

40 << p; < 60 MeV/c,

for which the effect of the exchange currents on the extrac-
tion of a,, from the normalized differential neutron spec-
trum (d? A, /dQ, dp, ) can be ignored.

In Ref. 81, the dependence of the ratio R = A, /A, on
the value of g was also considered. The calculation showed
that the neglect of the exchange effect shifts the value of g
by an amount approximately equal to 0.5g, and that mea-
surement of this ratio with an error of about 10% leads to a
significant improvement in our knowledge of gp. We recall
the mean value of gp from the u~ + p—n + v, reaction®:
g = (6.94 + 1.52)g, , whilefrom theu~ + "*C—"B + v,
reaction we have gp = (10.1 + 3% )g4 .%* As the calculations
show (see Table I), measurement of R with an error of about
10% reduces the uncertainty in gp /g4 by 3-4 times.

The influence of the time component of the axial ex-
change current on some characteristics of the reactions (60)
and (64) was considered in Ref. 55. In all cases, the calculat-
ed effect is not more than 2%, a very small correction com-
pared with what is expected on the basis of the general con-
siderations (24) for the magnitude of the effect (~40-
50%).

A = 3. There is as yet only one case for which the exper-
iment achieves an error of 1% in weak reactions in light
nuclei, namely, the § decay of the tritium nucleus:

3H — 3He + e~ + v,.

(68)

The experimental value of the reduced Gamow-Teller
matrix element is®

M, =)"3(0.970 & 0.008). (69)

The accuracy in M , is restricted mainly by the accura-
cy of the data extracted from the neutron S-decay reac-
tion.®>8 The theoretical prediction for M , is given by®*
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TABLEIL The ratio A, /A, withinclusion (R) and without inclusion (R ;) of the axial
exchange current as a function of gp /g, for the reaction (64 ). The calculation was made

in Ref. 81.
Epl8a 5 6 7 8 9 10 12
100R 1.47 1.86 2.33 2,88 3.51 4.23 5.06 6.00
100R, 1.36 1:72 2.14 2.64 3.22 3.88 4.63 5,48
M,=V3 [1 “.,.%_ P (D)— «-3— P (8)+ 6] : (70) for the reaction (57). For the correction & (rec + norm) he

where P(D) and P(S') are the admixtures of the D and S’
waves, respectively, in the three-nucleon bound-state wave
function, and & is the sum of all possible corrections to the
impulse approximation.

In the case of realistic wave functions, P(D) =8-9%
and P(S') =1-2%. Then from (69) and (70) we obtain

dexp = 4 — 6%. (71)

Attempts to calculate § have been made over many
years (Refs. 39, 41, 43, 44, 85, and 87-92) and have already
been discussed in the literature (Refs. 10, 17, 39, and 85).
Therefore, we consider here only the most recent calcula-
tions.*>**

Following Ref. 92, Bargholtz** separated from § in the
impulse approximation the part corresponding to the A-iso-
bar component of the nuclear wave function, i.e.,

M,=V3[1 —2 P (D)—5P (8)—5 P (8) 48] ,(72)

where

P (A) = |(4s (2)1%/P (D) gt

(73)
and {4, (2)) is the matrix element of the current with exci-
tation of the A isobar: In Ref. 44, the following corrections
were included in §':

8 =6 (rel) + 8 (A) + & (w — p) + & (rec + norm). (74)

Here, 6(rel) is the relativistic correction to the single-
particle current, 5 (A) is the contribution of the current with
excitation of the isobar, §(7 — p) is the contribution of the
p-meson weak decay current, and & (rec + norm) is the con-
tribution of the recoil current and the renormalization of the
wave function.

In fact, Bargholtz calculated the exchange effect using
the same operator and the same approximations as in Ref. 66

used the result of Ref. 11. The three-nucleon bound-state
wave function was obtained in Ref. 93 and is a parametriza-
tion of the solution of Faddeev’s equations with the realistic
RSC potential.® It has the form P(D)=8.08%,
P(S') = 1.47%. Bargholtz’s results for the individual terms
in (74) are given in Table I1. For the reduced Gamow-Teller
matrix element we have in accordance with (72) the value

8 0.941 with the form factors (59) ,

May=V3x 0.958 for point-like couplings . (75)

The values (75) for M , are somewhat lower than the
experimental values (69).

Analogous calculations were made in Ref. 43 with the
exchange operator (31), (33), which had already been used
in the case of the reactions (60) and (61), though in this case
the form factors (59) were taken into account. The three-
particle wave function was taken from Ref. 95. It was ob-
tained in a hyperspherical basis by solving the Schrodinger
equation for three particles with the RSC potential®® and
P(D) =9.02% and P(S') = 0.84%. In the calculations of
the contribution of the current 4, (2) both 42 /47 = 0.36
and h? /47 = 0.23 were used; the value h 2/47 = 0.66 was
taken from Ref. 67, and the momentum dependence of the A
propagator was taken into account. The correction &' was
represented in Ref. 43 as follows:

&' =6 (pair) + 68 (c. t.) -6 (A) + 6 (m — p)

+ 8 (4, —a —p). (76)

The individual terms correspond to the contribution of
the currents shown graphically in Fig. 1, and their numerical
values are given in Table III.

Now
M, =V 3.0.967 (77

irrespective of the value of 4, this being a consequence of the
appreciable cancellation of the P(A) and §(A) contribu-

TABLE II. Results of calculations** for individual terms of the correction &' (74) to the
impulse approximation for the process (68). The first row gives the calculation with the

form factors (59), and the second row is with pointlike couplings.

0 (rel) 6 (&) 8 (m—p) 8 (rec + norm)
—0.009 0,022 0.014 —0,005
—0,009 0,022 0,031 —0,005
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TABLEIII. Corrections to the impulse approximation for the reaction (68), calculated
in Ref. 43 in accordance with (76). They correspond to the exchange current in Fig. 1.

8 (pair) 8(c. t.) 8 (A) & (m=-p) 6(A1-m—-p)
0.0158 0.0066 0.0265 2 0,0130 —0,0130
0.0411 ®

® h2/Am=0.23, #y = 6.66; ° h2/4n=0.33, xy = 6,66,

tions. The result for §(A) = 0.0265 in Table III agrees with
Bargholtz’s result §(A) = 0.022. Comparing the contribu-
tion of the remaining terms in Table III with (7 — p) from
Table II, we see that in Ref. 44 it is smaller by a factor of
about 2. The reason for this discrepancy is as yet obscure. In
Ref. 43, the relativistic correction to the single-particle
current was not calculated. The values for &(rel)
given in the literature®***® lie in the range
— 1.5% 5 6(rel) & — 0.24%. It is obvious that this point
warrants particular attention.’®

The exchange effect obtained in Ref. 43 is 4.9-6.3%.
From this, the part that arises as a consequence of the low-
energy theorem is §(pair) + 8(c.t.) =2.2%. The contribu-
tion 8 (A) =2.7-4.1% is somewhat uncertain. However, this
uncertainty is compensated by the cancellation between
8(A) and P(A).

With regard to the correction &(rec + norm), the fol-
lowing comment is needed. In Ref. 11, it was calculated in
accordance with the projection method for constructing the
exchange-current operator and the corresponding potential.
However, this correction should be regarded only as the un-
certainty of the calculations of Refs. 16 and 97, since there
exist other approaches® - in which to terms ~O(1/M?)
inclusive §(rec + norm) = O for all values of the momen-
tum transfer.

The next reaction of undoubted interest from the point
of view of studying the exchange effect is the capture of the
negative muon by the *He nucleus:

u- 4 *He — *H + v,,. (78)

Generalizing the experience of the calculations of this
effect for weak reactions in two-nucleon systems, one can
assert that its magnitude will be approximately the same as
in the case of the reaction (68), i.e., about 5%. As yet, the
experimental data are at approximately the same level of
accuracy.'®

We now discuss the question of the use of the vertex
form factors (59) in the calculations. For potential ex-
change currents, we obtain from the PCAC condition the
relation!6101.102

2
A @ =i [VOur) D 3ot or)] . (79)
s=1

where F(r,, r, ) is the two-particle potential and p:" is the
single-particle density of the axial current.

The relation (79) is the analog of Siegert’s theorem'??
for the electromagnetic current. A change in the left-hand
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side of (79) must be accompanied by a corresponding
change in the potential. Usually, this is not done, with detri-
ment, in general, to the consistency of the calculations. As
yet, this problem has not been investigated in more detail.
We note that a characteristic feature of the realistic
wave functions of nuclei with 4 = 2 and 3 is the admixture of
the D state. Although it is a small fraction [P(D) = 10%],
its presence is decisive for the calculation of the effect of the
axial exchange currents in the reactions discussed here.

3. AXIAL-VECTOR EXCHANGE CURRENT IN PARTIAL
TRANSITIONS OF .~ CAPTURE AND B DECAY IN NUCLEI
WITH A PARTIALLY CLOSED 1p SHELL

The transition rates in processes of muon capture and 8
decay in complex nuclei are determined mainly by the weak
axial-vector hadronic current. The part played by the axial
exchange current in weak processes on nuclei with a partial-
ly closed 1p shell was analyzed systematically in Refs. 104—
111.

Allowed transitions in p— capture

For this process, there exist 119 allowed transitions in
nuclei of the 1p shell. If transitions with a low rate ( ~ 300
sec™!) and transitions leading to excited levels above the
neutron-emission threshold are ignored, only seven mea-
sured transitions remain (Table IV).'%%1% In Ref. 105, sta-
ble nuclei with 4 = 6,...,14 were studied. The positive-parity
levels were described by means of the shell model in a re-
stricted 1p subspace. The axial exchange current was ob-
tained on the basis of the Adler-Dothan low-energy
theorem.''? The most important result of Ref. 105 was that
the relative contribution of the exchange current for the indi-
vidual transitions depends little on the nuclear model and
that it varies smoothly with the mass number. Since the rela-
tive contribution of the exchange current is comparable with
the relative uncertainty that derives from the model depen-
dence of the impulse approximation, the contribution of the
exchange current should be taken into account in improved
calculations The exchange current always suppresses the
transition rate beginning at the level 2% for 4 = 6 and
reaching 20% for 4 = 14.

The ft values for allowed j transitions

Further possibilities for elucidating the part played by
the axial exchange current are provided by study of allowed
[ transitions in the region of 1p nuclei, for a number of which
the fi values have been reliably measured. They were calcu-
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TABLE IV. Partial rates of x~ capture (in sec™'), calculated in Ref. 105 with (8-
16)POT wave functions'** in the impulse approximation (A (, ) and with allowance for
the soft-pion exchange current (A, ), AA* (%) = 100 - (A, — Aoy )/ Aoy A sum-

mary of the data for A, is given in Ref. 105.

A Transition Aty sec™! | Al Al | Aak, %

6 |Li(1*, 0;g.5)— He (0%, 1; g.s.)| 1600339 1566 1526 —2.4

10, | B (3*. 0; g.s.)— Be(2*, 1; ~ 1000 914 804 —12
3.37 MeV)

10, | B(3*, 0; g.s.)— Be (2%, 1: ~ 4000 5808 5361 —7.7
5.96 MeV)

11 |B(3/2-, 1/2; g.s.)— Be (1/2-, 10004100 850 764 —10.1
3/2: 0.32 MeV)

12 |c(O0+ 0, g 5)—B {1+, 1; g s)| 5700800 | 5907 5097 | —13.7

or
60004400

13 [C(1/2; 1/2; g.s.)— B (3/2-. 10 0004300 6329 5448 —13.9
3/2; g. s.)

14 |N(*, O g.s)—>GC(2%, 1, 8000 23 380 18 943 —19.0
17.01 MeV) 600041500

lated with allowance for the exchange current in Ref. 109 for
40 allowed transitions—for nuclei from °He to '*Q. The nu-
clear states were described by the model of Cohen and Kur-
ath'® with the interaction (8—16)PQOT. The corrections Aft
(%) for the one-pion exchange effect,

Aft == '100 [ft(::) e ft(ﬂ) ]"’ft(ﬂh

where f1 4, is the result of the impulse approximation, were
given separately by the authors for the scalar and tensor
parts of the spatial component of the current. In the case of
pure Gamow-Teller transitions, the contribution of the sca-
lar part to the ft values varies smoothly with the mass num-
ber, beginning at 2% for the system with 4 = 6 and reaching
10% for nuclei with 4 = 14. The contribution of the tensor
part of the exchange current depends strongly on the nuclear
state. For transitions with log ft <3.5 it is always small
(=4%), and it is positive for pure Gamow-Teller transi-
tions and negative for mirror transitions. For log /7 > 4.0, the
contribution of the tensor component is sometimes positive
and sometimes negative and for some hindered transitions
reaches unexpectedly large values:
Aft, %
SLi — YBe (3/2-, 1/2) 184
2B (or N) —1C 2+, 0) —54%

BB . 1BC (5/2-, 1/2) —176
13 _, 130(1‘f2—‘ 1/2)* +300
140 (01’ 0) — UN (1%, 0) —B3

Calculations with different variants of the Cohen-Kur-
ath shell model confirm the conclusion drawn from the
study of muon capture processes—that the relative contri-
bution of the exchange corrections depends much less on the
nuclear model than does the impulse approximation.

Axial form factor for weak transitions in the 14C-14N-140 triad

Particular attention has been paid in the literature to
decay of the "*C nucleus with transition to the ground state
of nitrogen:

uG (0+, 1) > BN (1+, 0) +e- + ve. (80)
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It is well known that this decay is anomalously weak,
although the angular momentum, parity, and isospin of the
levels correspond to an allowed Gamow-Teller transition.
The large value ft = 10°%* can be understood in the impulse
approximation as due to the small overlap of the nuclear
wave functions of the carbon and nitrogen ground states in
the presence of the spin-flip operator into which the operator
of the axial current transforms at small momentum trans-
fers. Data on the related reactions

1O — UN e 4 v,

w- + UN - v, + 4C;

y + HN - k4 UG

n- + BN >y 4 1C

also indicate anomalously slow transitions, the last two reac-
tions taking place at large momentum transfers.

We now represent the axial form factor in the impulse
approximation:

14
{Fa(0))o=("N| —g4 21 5 (0,):]14C)

i=

= g4 (NsCoo — N1Cii/V 3), (81)
where N5 and C, ¢ are the weights of the |LST ) configura-
tions in *N and '*C. Since all parametrizations''* of the
residual interaction in the O#iw space determine N, to be
near 1/V3N ,,C,,/C o, it follows that {F J (0)},, oscil-
lates around zero. Thus, residual interactions of the type of
Ref. 114 can be used only for a qualitative estimate of the
correction {F .5 (0)}™EC to the axial form factor with the
aim of establishing the most general tendencies in the behav-

ior of the exchange effect. This correction is determined as
follows'719% ;

(FLOP™ = (N g T Aln s D)INO)

NpsCrshid 1s.

2 (82)
LS, L's’
The rather cumbersome expressions for 4 Lg’ 1o, A1

given in Ref. 107. The numerical calculation showed that the
matrix element of the exchange current is determined main-
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ly (=90%) by the term ~A‘" and remains stable. The
main contribution to it is made by the graphs with excitation
of the A isobar and p-meson exchange in the intermediate
states. For the MIT wave functions,''® which, in contrast to
the others,"'* were not chosen to describe the B decay of the
"C nucleus (and therefore lead to a nonvanishing
{F 5 (0)}, ), destructive interference is observed between
the single- and two-particle contributions to the axial form
factor:

{F (0} {Fa (0" = +0.055 —0.032.

Thus, the anomalously small transition rate for the pro-
cess (80) is due to a coherent superposition of the contribu-
tions of the single-particle and exchange currents.

Effect of the spatial component of the axial exchange current
in light mirror nuclei

The experimentally observed rates of Gamow-Teller B
transitions in the mirror nuclei with 4 = 15, 17, 39, 41 are
less than can be obtained in calculations made in the frame-
work of the simple shell model using the value of the axial
coupling constant g, extracted from neutron S decay
(ga = 1.25). To explain this hindrance, Towner and
Khanna® made a consistent calculation of the contributions
of the nuclear core polarization and the exchange current,
and also took into account the relativistic corrections to the
nuclear wave functions. They obtained good agreement with
the data for the nuclei with 4 = 15 and 17, but for the nuclei
with 4 = 39 and 41 the results of their calculations were
below the data by about 25%. The calculations are sensitive
to short-range correlations and to the length of the oscillator
parameter. Appreciable cancellation between the configura-
tion-mixing and exchange-current contributions is also ob-
served.

The description of this same suppression of the S-tran-
sition rate in the framework of Landau-Migdal theory was
considered with approximately the same success by Oset and
Rho.''® Their approach was based on the assumption that at
least for nuclei with a closed LS shell the change in the Ga-
mow-Teller matrix element under the influence of the non-
nucleon degrees of freedom is effectively due to the same
mechanism that is dominant in p-wave pion scattering by
nuclei, i.e., the formation of isobar-hole excitations. At the
same time, the effect of the polarization of the nuclear core
and the exchange currents is reduced to a secondary role.
Oset and Rho found support for such treatment in the tri-
tium [-decay process (68). For P(D)=9.3% and
P(S') =1.6-2%, M, =v3(0.917-0.911), a value that
differs appreciably from the experimental data (69). As-
suming that in (70) [§ —2P(D)/3]=0, we obtain
M, =V3(1 —4P(S')/3) =v3(0.979-0.973), ingood agree-
ment with (69). However, as a detailed calculation***
showed, the cancellation between the contribution of P(D)
and § is only partial. When the values of P(D) and P(S")
differ from those assumed by Oset and Rho, it is necessary to
take into account all the terms in (70) in order to obtain
agreement between the theory and the exact data (69).
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Nuclear density of the axial charge—chiral-symmetry filter

One of the most interesting tasks of nuclear physics is to
seek general symmetry principles for the behavior of elemen-
tary particles in a baryon environment whose properties may
be very different from the vacuum properties. In the light of
the spontaneous breaking of chiral symmetry, the pion is
clearly distinguished from the family of the remaining me-
sons. This circumstance has far-reaching consequences. Cal-
culating the axial-charge density, i.e., the generator of the
true chiral transformations, as the sum of the contributions
of the individual nuclear nucleons ( impulse approxima-
tion), one unjustifiably omits the contribution of the pionic
degrees of freedom.

There are two nuclear processes in which the time com-
ponent 4, of the axial current is manifested and which can
be experimentally measured with accuracy sufficiently high
to test the chiral-filter hypothesis. The first of them corre-
sponds to allowed Gamow-Teller S transitions with
AT = 1, which we have mentioned in the previous parts. The
second process corresponds to first-forbidden weak transi-
tions, which we shall consider below.

Although in allowed Gamow-Teller transitions the spa-
tial component of the axial current 4 is dominant, its time
component 4 , can be separated by measuring electron—neu-
trino correlations or by using exactly measured mirror 8

B+
spectra (I'=1, T, = + 1—->T=0, T, =0). Low-energy
data for the 0" «»1", AT = 1 transitions in the '?’B-'2C-'2N
triad were studied in detail by Guichon and Samour in Ref.
45. They analyzed the reactions

BN (1+; g. s.) = 12C (0+; g. s.) + et + v,;
2B (1+; g. 5.) = 12C (0+; g.s.) — e~ + v,
p- + 2C (0+; g.s.)— 2B (1+; g. s.) + Vo
e~ - BC (0+; g. s.) — 12C (I+; 15, 11 MeV) =+ e-;
12C (1+; 15, 11 MeV)— 12C (0+; g. s.) — 7.

The experimental data for % decay determine the
A, - decay rates and the correlation parameters « = , which

contain information about the axial-charge density:

a* = (=% Fii (0) — F7 (0)/(3MF7% (0)). (83)

In Ref. 45, the time form factor F.r (45) was calculated
initially in the impulse approximation for all variants of the
phenomenological Cohen-Kurath model''® and for the ef-
fective residual interaction of Hauge and Maripuu.''” Com-
parison of the values {F (0)},, calculated for six different
models of the residual interaction showed that to achieve
agreement with experiment the single-particle form factor
must be multiplied by 1.26 4 0.19. In Ref. 45, Guichon and
Samour analyzed systematically tbe significance of the var-
ious sources of inaccuracy in the description of the investi-
gated processes. They paid particular attention to taking
into account the core polarization, i.e., the contribution of
the configurations lying outside the model space of the
(15)*(1p)*® configurations. They also estimated the relative
effect (A“P) of allowing for the core polarization at the level
of the particle-hole approximation for the nuclear states.
The numerical calculation of A*" showed that the core-po-
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larization contribution suppresses the current matrix ele-
ment by about 13% and thus increases the difference
between the impulse approximation and the experimental
F1(0) value. The calculations made at this stage also
showed that {F 1 (0)},, behaves in a stable manner with
respect to significant changes in the residual interaction in
the 1p-model space.

From the ordinary calculation in the framework of
Nilsson’s model with a choice of the parameters appropriate
to the '* C nucleus, one can obtain single-particle deformed
1p orbitals:

|1, k=:3/2) = |1pg, m=3/2);
12, k=1/2) =a|1psss, m==1/2) —B|1py,, m=1/2);
18, k=1/2)=PB|1pg/y, m=1/2)+a|1py,, m=1/2),
(84)

wherea? + %=1, a=~f8~=0.7-0.8.

In the limit @—1, 5—0 we obtain the case of a spherical
nucleus. The matrix element of the 0*— 17 transition is now
determined  primarily by the matrix element
(3,k |A4(1)|2,k ). Bearing in mind the Hermitian-conjuga-
tion property of the operator

2
AF ()= ’2 ry (03 Py) 17,

i=1
one can readily show that

3, k| A2 (1) |2, k)

= (a? + B2) Upy,, k| A% (1) | 1pgs, k).

Thus, being proportional to a* + B2, the matrix ele-
ment of the single-particle operator of the axial-charge den-
sity depends weakly on the model of the residual interaction.
Therefore, the large difference between the measured axial-
charge density and the density calculated in the impulse ap-
proximation cannot have a nuclear-structure origin and
most probably reflects the specific nature of the transition
operator. This operator is the axial charge, which in the
ground state generates (in the limit m_—0) pions. They
appear in order to ensure conservation of the axial charge.

Itis now intuitively clear that . (0) cannot be given by
the sum of the nucleon contributions alone but that it is also
necessary to take into account the mesonic degrees of free-
dom in the nucleus. In the ’B(1%; gs.)—'2C(0*; g:s.)
transition, allowance for long-range one-pion exchange does
indeed lead to an increase in (F (0)),, by about 37% at
once; and this is the required effect (Table V).

Thus, it was shown in Ref. 45 that the experimental
value of F; cannot be explained without inclusion of the
axial exchange current in the weak nuclear Hamiltonian.

(85)

The ratio g, /g, in a nuclear medium

One of the processes suitable for extracting gp /g, is the
capture of polarized muons by the '*C nucleus:

p- 4 2C (0 g.s.)—> 2B (1+; g.s.) + v, (86)

The polarization P,, of the residual nucleus along the
direction of the muon spin is very sensitive to gp/gs . The
ratio gp /g, was extracted with allowance for the contribu-
tion of the one-pion exchange current and with allowance for
the effect of the core polarization in Refs. 118 and 119. The
wave functions were taken from Ref. 117. The resulting val-
uegp/ga = (10.1 + 3% ) is in reasonable agreement with the
prediction gp /g4 =7 of the PCAC hypothesis. This result
was confirmed in Ref. 111, in which gp /g, was determined

from data obtained in the muon-capture reaction in the ''B,
13C, and "N nuclei.

First-forbidden weak transitions in systems with 4 = 16 and
18

Infirst-forbidden 8 transitions (orin the inverse transi-
tions in 2~ capture), the time component A, of the nuclear
current is the main transition operator. As the calculation in
Refs. 120 and 121 of the f values in the processes

B-
1Be (1/2+; g. s.) = 1B (1/2-; 2,125 MeV) and
-
18C (1/2+; g. s.) = BN (1/2-; g. 8.)

showed, the matrix element of the transition operator is de-
termined mainly by its tensor component of zeroth rank. In
Refs. 120 and 121, the contributions of the zeroth, f'%, and
first, /', rank to the ff values were calculated in the impulse
approximation. In them there is a detailed discussion of the
strong dependence of /' on the choice of the radial depen-
dence of the single-particle wave function. The radial depen-
dence that arises for the Woods-Saxon potential leads, in
contrast to the harmonic-oscillator radial functions, to f'*
values that are 2-3 times smaller.

Weak isovector0 *— 0 —, AT= 1 transitionin theA=16
system. Very valuable information about the contribution of
meson exchange effects in 4, can be obtained by studying the

weak processes
BN (07 1) — 900, O)+ e +v,; |
B 190 (0%, 0) - 1N (07, 1)+ v, g g
G (0%, 2) — 1N (0, 1)+ ¢+, |

18Ne (0%, 1) — BF (0, O)+€* +v,. |

Possible here are only two single-particle operators (s
and o+ r), corresponding to the time and spatial parts of the

TABLE V. Time form factor F1 (0) calculated in Ref. 45 with the (8-16)POT wave
functions of Cohen and Kurath (CK)'"® and Hauge and Maripuu (HM)'" in the im-
pulse approximation (1) or with inclusion of the time component of the axial exchange

current (11).

CKI CHII AFp (0), % HMI HMII

AF1(0), %

Experiment

—2.214 | —3.025 —2.821 +37.5

—+36.6 4 —2.051

—2.61+0.33
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axial current. Characteristic of the 0"« 0~ transition in
decay is the fact that the matrix elements of these operators
tend to cancel each other, thus increasing the relative contri-
bution of the exchange current to the transition rate A;. In
1~ capture, we have the opposite situation, since the single-
particle contributions are added.

The 0"« 0~ transition has the further feature that A,
is very sensitive to the ratio gp /g, .'>

Results of the soft-pion model. The 0"« 0~ processes
were considered for the first time with allowance for the
mesonic degrees of freedom in the 4 = 16 system by Gui-
chon, Giffon, and Samour.'** Using the simplest scheme for
describing the nuclear states (closed 1p shell for the 'O
ground state and particle-hole configuration 2s},, Ip 1 for
the 0~ state in '°N), they showed that the soft-pion ex-
change current leads to an increase in the contribution of the
axial-charge density by 60%. In this way, the A, /A ratiois
brought into agreement with the data for gp /g, ~7-8. Al-
though the ratio A, /A is described satisfactorily, the val-
ues of A, and Ay are too large. In Ref. 124, an attempt was
made to improve the '°O ground-state wave function by add-
ing to the closed |0p-0/ ) core a 2p—2h admixture in accor-
dance with the scheme of Brown and Green.'?® As a result,
A, and A; were somewhat reduced, but so was the relative
contribution of the exchange current. At the same time, a
Japanese group'?® suggested that the ratio A,/A; can be
correctly described by using only a more accurate descrip-
tion of the leptonic part of the weak current and taking into
account the correlations in the ground state.

Using the technique of expansion with respect to bound
valence clusters, Brandow, Towner, and Khanna'*’” consid-
ered the influence on A, and A; of six different models for
the effective residual interaction. Effectively, they calculat-
ed the renormalization of the operator of the axial-charge
density with allowance for the soft-pion exchange current in
the language of perturbation theory in second order, extend-
ing thus the 0#iw basis to the subspace of 2% excitations. In
Ref. 127, it was also shown that systematic description of
2p-2h admixtures in the wave function of the 0™ state leads
to the elimination of the destructive interference of the |Op-
0k ) and |2p-2h ) contributions'** and to the reestablishment
of alarge relative contribution of the one-pion exchange cur-
rent for all forms of interaction. For one of them (OBEP), it
is possible to describe not only the ratio but also the partial
transition rates for gp /g4 = 10. The leptonic part of the cur-
rent then plays a secondary role.

The calculation of Towner and Khanna was improved
in Refs. 47 and 53 by extension of the subspace of 27w excita-
tions and inclusion in the treatment of processes with excita-
tion of the A isobar. The OBEP potential from Ref. 127 was
used. The upshot was that the result of Towner and Khanna
was not changed, although the estimate of the contribution
of the graph with A excitation in Ref. 47 was clearly too large
(see Sec. 1).

In Ref. 127, the important question of the part played
by the exchange of heavy vector mesons was not considered
at all. It was first attacked in Ref. 48, which estimated the
possible contribution of the graph with p-meson exchange at
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the level of about 20% of the main pair term. We now turn to
a detailed consideration of this question.

Short-range correlations and hard-pion model. The in-
fluence of short-range effects on the two-particle axial-
charge density in the '*O(0*, 1)« '"*N(0~,0) transition
was studied in Refs. 46, 51, and 52. To describe consistently
the exchange of the vector mesonsp and 4 |, the hard-meson
model (Refs. 25, 32, 34, and 35) is here used. The axial
current constructed in the framework of this model is given
in Egs. (27)-(33).

We denote the long-range one-pion exchange corre-
sponding to the first sum in (32) by 47 .,. We denote the
heavy-meson exchange corresponding to the second sum in
(32) by 4 ¢ ,,4,,- Then the total current (32) can be written
in the form

w 4 4
Apamy=Ary+ Afpay

For the soft-pion current, we retain the notation 4 ¢, .

In Ref. 46, the matrix elements of the current were cal-
culated using the wave functions of the shell model with
configuration mixing that were obtained in Ref. 128 after
diagonalization of the separable Tabakin interaction. The
'*0 ground state contains all possible 0fiw + 2%iw excita-
tions. The 0~ state contains two very strong (each about
1%) 2p-2h components. The calculation showed that the
destructive interference of the small |2p—2h ) contributions
leads to the simple relation

(ro3r0y(07y 114407, O)onwt-21.0)
~ ooy (25121274, 0, 1|A,|0p —Ohy, (88)
which contains only the principal components of the wave
functions with weights @, and 3, respectively. One can now
demonstrate the sensitivity of the observables to the differ-
ent parts of the operator 4 *, studying only the right-hand
side of (88).

The relative contribution of heavy-meson exchange is
found to be 10% for ™ capture and 20% for B decay*®;
these are rather large values. However, in the model
0fiw + 27w subspace of configurations there are no two-par-
ticle correlations resulting from the core in the NN potential.
They can be introduced by multiplying the shell wave func-
tions by the Miller-Spencer'* factor (1— Z,_, f;). The
function f;; is chosen for the nuclei of the 1p shell in the
form'?®

fyy =1=lr—r;]) =exp (—ar®) (1 — pr?),

o =1.1F2, p =068 F2,

Recalculation of the nuclear matrix element with inclu-
sion of the two-particle correlations®' shows that the contri-
bution of heavy-meson exchange to A, and A is reduced by
an order of magnitude, i.e., to 3 and 6%, respectively (Table
VI). At the same time, the matrix element (A4 ‘(‘#,) } is re-
duced under the influence of the two-particle correlations by
about 25%, and the sum

(Alpaiey= (Ab) + (Al 4w
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TABLE VI. Contributions to the matrix element (0~, T=1|4*|0*, T'= 0) with and
without allowance for the correlation function f(7), the hadronic form factors F, and the

polarization I1 of the medium for b = 1.7 F.5

Term of operator
Matrix element without with with allowance
allowance for f° allowance for f for f+ F+ 11
(A —0.151 —0,113 —0.1086
(’ﬁp -\1)) 0.037 0.009 0.003
(:1('9 .,“.[)) —0.114 —0.104 —0,102
(i) —0,151 = —0,127

remains fairly stable with respect to variations in the wave
functions (Table VI). We note that the results of Ref. 51
confirm Towner and Khanna’s conclusion concerning the
value of g, /g4 . It is also equal to 10.

In Ref. 52, the short-range effects were augmented by
considering the influence of the vertex form factors F. In
addition, the influence of the polarization of the nuclear me-
dium was considered by means of the scheme proposed in
Ref. 130. The following polarization operator was intro-
duced into the meson propagators:

I (g) =1, @/t +¢g'U @), I, (@) =—a¢U (g).

Here, ¢ is the momentum of the virtual meson, and
g'=0.6. Ignoring the g dependence of the function U(g) and
taking values corresponding to the case of nuclear matter,
U"(0)=0.88, U”(0)=1.1, we obtain for the monopole
form factors the expression'*®

Fy(q) =(Ap—mp)/[(AB+ ¢*) (1-+2'TU°(0)], B=m, p.
(89)
In the actual calculations, the values A, = 1.18 GeV

and A, = 2.0 GeV were taken. In this scheme, the two parti-
cle operator of the axial-charge density of the hard-pion
model is obtained from (32) by the substitution

TABLE VII. Partial rates (sec ~ ') for the isovector transition %0 (0,

obtained by different authors. The experimental
(A, /Ag)ey = (3.8+0.8) - 10* in accordance with Refs.
(A#/Aﬁ} =(2.62 +0.35) - 10* in accordance with Refs.

*2
o

mx (1 —(1—g") U™ (0])

m

¢ (mz) Y, (m.r)—

§ (T\L) [Mm ) Yy (mir) — 52 é (AZ) Y, (Axr)
Ai;ff # (A e *];

mzz‘-%}* mz; ¢(y2)=%+%6(y2);
cur=hy (1+225) (14 5).

(90)

It can be seen from (90) that the long-range part of the
hard-pion current differs from the soft-pion part by factors
#( y*)#1. Allowance for polarization of the medium and
introduction of hadronic form factors leads to an increase of
this difference, since ¢ (m**) =~ 1.1 and ¢(A2 ) =~5. Ascan be
seen from Table VI, the total effect consists of a reduction of
4a* (ary ) by about 30%, compared with 15% for (4 {,, ) and
10% for (4% £ oty ).

The calculation of the absolute values of the partial

transition rates and their comparison with the data (Table
VII) are in this case too somewhat difficult on account of the

0) 55N (07, 1),

value of the
131a and 133 or
132 and 133, and

ratio is

R =(A,/Ap)peor - The residual interaction is given in the notation of the authors. For
the transition rates there are the following data: A, = (1.57 + 0.10) - 10° sec ™' (Ref.
133), Ag = (0.45 +0.05) sec™' (Ref. 131a), (O 43 +0.10) sec™' (Ref. 131b),

(0.60 + 0.07) sec ' (Ref. 132).

Refer-- | Residual interaction | /103 Ag rraos | €ples | b F
ence
[127] §-+-m--p 0,52 0.08 6.4 7.0 1,769
OBEP 2.00 0,42 4,8 7.0 1.769
G matrix g 1,40 0,26 5.3 7.0 1.769
OBEP 1,58 0,42 3.8 10.0 1.769
[52] Tabakin 1,92 0,53 3,6 10.5 1,769
[53] OBEP 1.8 0,48 3.8 7.0 1,769
192] Tabakin 2.05 0,64 3,2 10.5 1.7
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uncertainties of nuclear origin. In the case of # decay, a
change in the oscillator length parameter b by 10% leads toa
change in A,z by 50%. For this reason it is not easy on the
basis of the calculation in the single-particle oscillator basis
to distinguish the data of Ref. 131 from the results of the
measurement'>? for the [-transition rate, which differ by
50%.

The stability of the matrix element of the exchange cur-
rent with respect to changes in the model of the nuclear
structure (see Table VI) is in no doubt, and this is a strong
argument for the existence of an effect of virtual pions in
weak processes induced by the time component of the axial
current, as assumed by the chiral-filter hypothesis.

Isovector 0" —0~, AT = 1 transition in the 4 = 18 system

Evidence for an exchange effect is also provided by the
study of the contribution of the axial-charge density to the
3 T -transition rate

18Ne (0+,1; g. s.) > F (0.0; 1,081 MeV)

made in Refs. 134 and 135. The calculation included all
0#iw + 1#iw + 2%w configurations and the two-particle
Miller-Spencer correlations.'*® It was shown that the con-
tribution of the soft-pion exchange current increases the
transition rate Aj = 4.8 - 107® sec™' by about a factor 2.5
compared with the result of the impulse approximation:

AfA=1.8.10" sec™' .
The experimental value of the transition rate is
AP = (8.6 +£1.2).10"% sec™' (Refs. 135 and 136) .

We note that the rate measured in Ref. 135 for the 8
transition '°Ne(1/2%, 1/2; gs.)—"F(1/2~, 1/2; 110
keV),

Ag? = (4.8+0.8)-10°% sec™!

is suppressed by an order of magnitude compared with cal-
culations made only in the 0%w + 1% subspace.'** By ana-
logy with the transition in 4 = 18, one can expect that the
inclusion of 27w configurations will reduce significantly the
matrix elements of the single- and two-particle operators of
the axial charge and bring the calculation into reasonable
agreement with the data.

The isobar-analog state of the neon ground state in flu-
orine is somewhat below the (0~, 0; 1.081 MeV) state,
namely, at energy E . ., = 1.042 MeV. When this state is
de-excited, one observes experimentally an asymmetry of
the circular polarization of the y rays, P, ~ (0%, 1; 1.042
MeV |Fpne |07, 0; 1.081 MeV). Using the circumstance
that134.l35

(1°F (0.-0; 1.081 MeV)| A& | 8Ne (0*.1; g.s.))

~ (1F (0-,0; 1.081 MeV | Vpxe | ¥F (0*.1; 1.042 MeV))
it is possible from the data for the exchange current in the
B T -decay process to determine the circular polarization for
the photodecay process. However, in the more realistic ap-
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proach of the hard-pion model the current 4¢,, ., has a
structure different from that of the soft-pion current 4 ¢, .
This difference becomes appreciable after allowance has
been made for the finite size of a nucleon and the polariza-
tion of the medium. As a result, the analogy with the matrix
element of the parity-nonconserving potential ¥ pyc is some-
what lost. Using the matrix element of the current 4 ¢, to
determine P,, we can obtain only certain bounds for the
fundamental constants of the weak NV potential:

A large effect of the time component of the axial ex-
change current can be expected in the transition '*C(0*,
2)—>'*N(07, 1) 4+ e~ + ¥,. A simple estimate of the transi-
tion rate in the impulse approximation and using simple
shell wave functions reproduces'?” only a sixth of the experi-
mental value of the transition rate measured in Ref. 137.

CONCLUSIONS

We give here the main conclusions obtained by the criti-
cal analysis of the material discussed in the review:

1. In the lightest nuclei, there is just one well-studied
case of a weak process in which the spatial component of the
axial current is clearly manifested. The accurately measured
Gamow-Teller matrix element in the S decay of the tritium
nucleus can be explained only by taking into account the
contribution of this component. It is about 5% of the contri-
bution of the impulse approximation. An effect of approxi-
mately the same magnitude can also be expected in other
weak reactions in the lightest nuclei.

2. The study of the influence of the spatial component of
the axial exchange current in allowed transitions in  ~ cap-
ture and in the 5 decay of nuclei of the 1p shell (6<4<14)
using simple shell wave functions is qualitative in nature. It
has been shown that the relative contribution of this compo-
nent to the transition rate depends weakly on the employed
nuclear model. The contribution of the exchange current
always suppresses the transition rate, beginning at 2% for
A = 6 and reaching 20% and 10% for A = 14 in the case of
u~ capture and 5 decay, respectively.

In the more realistic calculation of the supression of the
[-transition rate in mirror nuclei with 4 = 15, 17, 39, 41 we
observe an appreciable cancellation between the configura-
tion-mixing contribution and the effect of the exchange cur-
rent, the agreement with the data being satisfactory. How-
ever, similar results can be obtained by using the mechanism
of formation of isobar-hole excitations and configuration
mixing in the space of 2#iw excitations.

3. The time form factor separated by measuring the
electron—neutrino correlations in allowed Gamow-Teller
transitions with AT = 1 in the "?B-">C~'N traid cannot be
explained without allowance for a 40% contribution of the
time component of the axial exchange current. An effect of
the same component is also manifested in the first-forbidden
17«17, AT =1 weak transitions. In 4~ capture in the
'*0(07, 0) nucleus, it increases the transition rate by about
40%; in the inverse process of u ~ decay of the '*N(0~, 1)
nucleus and in the B decay of the '* Ne(0* , 1) nucleus, this
effect is greater than 150%, and the exchange correction
significantly improves the agreement between the theory
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and the data. In all the considered cases, the relative contri-
bution of the exchange corrections behaves in a stable man-
ner with respect to changes in the model of the nuclear struc-
ture.

4. The conclusions of the hard-pion model have shown
that the dominant contribution to the axial-charge density is
made by the current of long-range one-pion exchange. For
this reason, weak processes in nuclei present a rare possibil-
ity of studying the manifestation of pions in a baryon envi-
ronment.

The current of the long-range one-pion exchange in the
hard-pion model differs in its structure from the soft-pion
current. This difference becomes important after considera-
tion of the finite dimensions corresponding to the meson—
nucleon vertices and the polarization of the nuclear medium.
It is responsible for the somewhat smaller ( by about 20%)
renormalization of the single-particle axial-charge density
compared with the low-energy theorems.

5. Allowance for the mesonic degrees of freedom is nec-
essary to achieve an accuracy of description of the processes
permitting extraction from the data of reliable information
about the weak-interaction constants. Namely, separation of
the ratio gp /g, from experiments measuring the polariza-
tion of the recoil nuclei in ~ capture in the '2C, '*C, and N
nuclei leads to the value gp /g, = 10.1 & 2¢, which differs
only slightly from the vacuum value g /g, = 7-8.

! Note that in accordance with Ref. 7 the error in the determination of 7
is much greater and the model dependence of 7 is stronger than was
assumed in Ref. 8. However, the exact value of () alone is sufficient to
justify the conclusions drawn in Ref. 6.
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