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Experimental and theoretical results of the study of the interaction of intermediate-energy
pions with *He and “He nuclei are considered. The topics discussed include the energy

dependence of the total, elastic, and inelastic scatterin

g cross sections and of the real part of

the forward scattering amplitude, the behavior of the elastic scattering phase shifts, and
various theoretical models. Some topical problems in the interaction of pions with the lightest
nuclei are considered—the question of the pion absorption mechanism, the search for effects of
charge-symmetry violation in pion scattering, and aspects of quasielastic pion scattering.

INTRODUCTION

The study of the interaction of pions with nuclei has
been transformed in recent years into an extensive and inde-
pendent branch of nuclear physics. The accuracy of experi-
ments made with pions at the meson factories has achieved a
level as high as hitherto was typical only for a traditional
direction of nuclear physics such as the investigation of the
nucleon-nucleus interaction.

In this review, we analyze the experimental and theo-
retical results on the study of the interaction of pions of in-
termediate energies with *He and *He nuclei. We have cho-
sen precisely these nuclei, since, first, the available
experimental information on 7He scattering is fairly com-
plete and, second, the 7He interaction has long served as a
proving ground for testing different theoretical ideas. Be-
cause the helium isotopes have a relatively simple nuclear
structure, the mechanism of some characteristic reactions of
the pion-helium interaction is understood better than the
scattering of pions by heavier nuclei. For example, it is only
in the case of pion absorption by *He that it has been possible
to separate experimentally the absorption amplitudes in the
different isotopic channels. Nevertheless, in contrast to pion
scattering by deuterium, we encounter in 7He scattering
practically all the complications due to the effects of the
binding of the nucleons in the nucleus and the many-particle
nature of the pion-nucleus interaction.

In Sec. 1, we discuss the basic characteristics of the in-
teraction of pions with “He and *He: the relative magnitude
and energy dependence of the total, elastic, and inelastic
scattering cross sections and the real part of the forward
scattering amplitude and the behavior of the elastic scatter-
ing phase shifts. We consider primarily the experimental sit-
uation as it has so far developed with regard to the measure-
ment of these quantities, the most important that
characterize pion-helium scattering. We shall discuss the
most general physical results, which can be obtained in an
almost model-independent manner.

The degree of development of theoretical models for
describing elastic and inelastic scattering of pions by light
nuclei is reflected in Sec. 2. The central theme of this section
is the comparison of the physical content of the standard
models based on the theory of multiple scattering (optical
model, coupled-channel model) and the model of isobar ex-
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citations. It is shown how the many-particle nature of the
pion-nucleus interaction is taken into account in the various
theoretical schemes.

In Sec. 3, we discuss some of the most topical problems
of pion interaction with the lightest nuclei, in the first place
the study of the mechanisms of pion absorption by nuclei.
This process is distinguished from all other inelastic-scatter-
ing reactions by its essentially nonpotential nature. It is well
known that the absorption of nucleons by a nucleus takes
place mainly in a two-nucleon cluster, for which it is neces-
sary for both nucleons to be at short distances, of order 0.5-
0.8 F. From this it is to be expected that nucleon-nucleon
correlations will be strongly manifested in the absorption
reaction.

Study of elastic scattering of pions of both signs by nu-
clei with zero isospin provides a good possibility for looking
for effects associated with violation of charge symmetry in
mA interactions. The existence of such effects follows natu-
rally from quark models in which the u and d quarks have
different masses. In Sec. 3, we discuss the present state of
searches for the effects of charge-symmetry violation in pion
scattering by the lightest nuclei. We also consider the main
characteristics of the dominant channel of inelastic scatter-
ing processes—quasielastic pion scattering.

Finally, we discuss some interesting experiments that
could be made in meson factories.

A detailed exposition of the theory of multiple scatter-
ing can be found in Refs. 1-3. Various aspects of pion-nu-
cleus dynamics not considered in the present review are dis-
cussed in Refs. 4-8.

1. BASIC CHARACTERISTICS OF THE PION-HELIUM
INTERACTION

Measurements of the total cross section of wHe and w*He
scattering

The total cross section of pion-nucleus scattering is
usually found in experiments that measure the attenuation
of a beam passing through a nuclear target. Unfortunately,
this method does not permit determination of the total cross
section o,,, without model assumptions. For when the at-
tenuation of a beam passing through a target is measured,
some particles that have undergone elastic or inelastic scat-
tering through small angles also enter the counters placed
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behind the target and thus appear to increase the number of
particles that have not interacted. In addition, we are inter-
ested in the total cross section of the purely nuclear interac-
tion, but the Coulomb interaction also leads to a certain at-
tenuation of the beam. Therefore, the experimental data
must be corrected to take into acount all these effects. A
detailed description of the procedure for finding the total
cross sections can be found in Refs. 9-11. It is important to
bear in mind that in the case of 7*He scattering the model-
dependent corrections are quite appreciable, particularly at
low energies (T, <100 MeV), where they may reach
109%-15%."

As was noted in Ref. 9, a dependence on theoretical
models in the determination of o, could be avoided if the
raw experimental data were corrected only for the purely
Coulomb scattering. The optical theorem for the total cross
section

Etoi :.--é'-;llm I (0) (1
relates it, not to the purely nuclear amplitude
fyp(8)= 7D} (2L+1) fiPy (cosb), (2)
=0

but to the amplitude fy (8), which contains the Coulomb
phase shifts o :

5

f O) =4 3 (204 1)e™H;Py (cos B). (3)
=0

In the expressions (2) and (3), k is the c.m.s. pion momen-
tum, P, (cos &) are Legendre polynomials, and f, are the
partial-wave scattering amplitudes.

However, the 7,,, defined in (1) can differ quite appre-
ciably from the ordinary total cross section,

G1or = 2% I 15 (0), (4

and in the case of pion scattering by heavy nuclei 7,,, may
even be a negative quantity.” Figure 1 shows the total cross
section of pion scattering by “He as a function of the energy.
It can be seen that the dependence of the total cross section
has a characteristic resonancelike form with a peak at energy
T~ 165 MeV. This behavior of the total cross section is in no
way a manifestation of some resonance in the m*He system
but is a reflection of the existence of the A resonance in the
pion—nucleon interaction. Measurements of the total cross
section of pion scattering for other nuclei show that with
increasing mass number A the position of the peak in o,
occurs at ever lower energies, while the width of the reso-
nancelike peak increases with increasing A. The physical
reasons for the broadening of the peak for o, are entirely
clear—the Fermi motion of the nucleons, the large number
of inelastic channels, the enhancement of pion absorption,
etc. The shift in the position of the peak in pion-nucleus
scattering to lower energies compared with the free 7N inter-
action can be explained rather easily on the basis of simple
kinematic considerations (see, for example, Refs. 4 and 3).
However, the exact values of the shift and width of the peak
in o, depend on a delicate cancellation of the various cor-
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FIG. 1. Total cross section of 7* “He scattering. The continuous curve is
the result of fitting in accordance with a certain empirical formula; the
experimental data for 7 are as follows: the black circles from Ref. 11, the
black triangles from Ref. 15, the black squares from Ref. 10, and the open
diamonds from Ref. 20. The corresponding open symbols are for 7 * .

rections, and therefore they cannot be reproduced so simply
in theoretical calculations.

Unfortunately, the currently existing set of experimen-
tal data on the total cross sections of 7*He scattering is pla-
gued by serious problems. There are practically no data on
measurements of o,,, at low energies T <100 MeV (John-
son’s results,'! which are shown in Fig. 1, have not been
published in scientific journals). There are no systematic
measurements of o, for 7+ and 7 scattering, which are
so important for analyzing the problem of charge-symmetry
violation in strong interactions. This question recently be-
came particularly acute following the discovery, in not only
measurements of the total cross section of 7* d scattering'?
but also recent experiments on elastic 7 * d scattering,'*'* of
a difference between the cross sections of reactions with 7 *
and 7~ mesons, which could not be explained by the intro-
duction of Coulomb corrections.'>™'* It would be very inter-
esting to make similar measurements for 7+ *He scattering,
especially since, if the data of Ref. 15 are to be believed, a
very strong violation of charge symmetry can be seen at 110
MeV, where the total nuclear cross sections for 7 * *He and
7~ *He scattering differ by 30 mb with a characteristic mea-
surement error of order 3 mb.

As can be seen from Fig. 1, the results of the different
experimental groups do not agree very well with one an-
other. For example, at T= 110 MeV the difference between
the measurements of Refs. 15 and 10 is about nine standard
deviations. At the same time, accurate knowledge of the to-
tal cross section in the resonance region T~ 50-250 MeV is
particularly necessary for calculations of the real part Re
f(0) of the forward scattering amplitude using dispersion
relations. It is this interval of energies that makes the deci-
sive contribution to the corresponding dispersion integral.
The insufficiently good knowledge of the total cross sections
leads to uncertainties in the calculation of Re f(0). For ex-
ample, attention was drawn in Ref. 16 to an appreciable dis-
crepancy between the values of Re f(0) determined from
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FIG. 2. Total cross section of 7* *He scattering. The continuous curves
are the result of fitting in accordance with a certain phenomenological
formula; the experimental data are taken from Ref. 21—the black circles
for #~ and the open circles for 7 .

dispersion relations and from direct analysis of the differen-
tial cross sections of elastic scattering at small angles (this
question will be considered in more detail below).

Knowledge of the total cross sections of 7*He scattering
is very important for models that take into account the exci-
tation of isobar states.'”'® In these approaches, the interac-
tion of the A isobar with the nuclear medium is described by
a certain semiphenomenological potential, the parameters of
which are chosen to obtain a description of the experimental
total cross section of 7*He scattering (for more details about
such models, see Sec. 2).

The experimental situation with regard to the measure-
ment of the total cross section of 7*He scattering is consider-
ably worse than for 7*He scattering. In the range of energies
T~0-300 MeV there exist only Spencer’s data (Fig. 2),?'
which have not been published.

Relative values of the cross sections of the various
channels of inelastic w%He interaction

For correct understanding of the pion—nucleus interac-
tion mechanism, the experimental data on the cross sections
of the various channels of pion-nucleus scattering are very
important. Numerous measurements of the cross sections of
pion interaction with light and heavy nuclei have shown that
three reaction channels are dominant: elastic scattering, dis-
integration of the nucleus induced by the pions, and absorp-

TABLE I. Relative contributions of the cross sections of the different 74
interaction channels to o, at energies in the region of the A,, resonance.
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FIG. 3. Total cross sections of pion-nucleus scattering o, , cross sections
of elastic scattering o, and absorption cross sections o, as functions of
the mass number 4 for the nucleus interacting with 7~ mesons with ener-
gy T'= 165 MeV. The data are taken from Refs. 22 and 24. The contin-
uous and broken lines have been drawn only for convenience of percep-
tion. The triangles show o,,,, for 7 * scattering at energy 85 MeV.2?

tion of the pions. In fact, in a first approximation one can
assume that the cross sections of all three of these channels
are approximately the same, each providing about 30% of
the total cross section (more accurate values are given in
Table I). It is important to emphasize that the cross section
of true pion absorption is fairly large (see Refs. 6, 22, and
23).

Figure 3 shows the pion—nucleus cross sections of elas-
tic scattering and absorption and the total cross sections as
functions of the mass number A4 of the nucleus. In this figure,
we show the results of measurements made for 7~ mesons at
165 MeV.* It can be seen that at this energy the 4 depen-
dence of the total cross sections for all nuclei from helium to
bismuth can be satisfactorily described by the simple power
law o, ~A4" with an exponent n = 2/3. However, the 4
dependence for o, measured at energy 7' = 85 MeV has a
more complicated behavior (the corresponding cross sec-
tions are shown in Fig. 3 by the triangles). In Ref. 22 it was
also noted that the exponent n depends rather strongly on
the energy for the cross sections o, and o, as well. All
these facts are support for a resonance nature of pion-nu-
cleus scattering. At the resonance energies, the very strong
absorption of the pion from the elastic channel has the conse-
quence that the interaction takes place predominantly in the

Nucleus Oe1s % o(x, '), % %ahs % Oche %
g
[T, = 182 MeV (Ref. 25)]| ~ 22 i el R
Li— Bi 3540 3220 20->35 | T-»-4*
[T, = 165 MeV (Ref. 6) ]

*The cross section o, was not measured; only a certain estimate is given in the table.
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FIG. 4. Energy dependence of the effective number of nucleons N. The
data are taken from Ref. 22.

surface layer of the nucleus, from which the 4** depen-
dence arises. Far from the energy of the A;; resonance, the
nucleus becomes more “transparent” for pions, and the in-
teraction with it takes place not only on the surface. For light
nuclei, pion energies of order 80 MeV are already quite far
from the energy of the peak in the total cross section, where-
as for heavy nuclei such energies can, because of the shift of
the peak in o,,, to lower energies and its broadening, still be
regarded as resonance energies.

To characterize pion-nucleus scattering, a helpful aux-
iliary parameter is the so-called effective number N of nu-
cleons, defined as

Nog = O/ (NG -+ Z00ay). 72

Figure 4 shows the behavior of N for various light nuclei. A
strong dependence of N on the pion energy can be seen.
Noteworthy is the very small value of N, in the case of 7*He
scattering at resonance energies. Thus, at 7 = 165 MeV the
effective number of nucleons in 7*He scattering is
N.; = 0.68. This clearly demonstrates (Fig. 4) the increased
screening of the nucleons in the nucleus with increasing
cross section of the elementary 7N interaction.

Thus, the scattering of pions by the lightest nuclei has a
specific character, which can be manifested, for example, in
changes in the relative contributions of the various inelastic
scattering channels. Indeed, as can be seen from Table I, in
d scattering the deuteron breakup channel has the largest
cross section, whereas the relative strength of the absorption
channel is rather weak and about 3% of the total 7d scatter-
ing cross section. Unfortunately, the situation that has de-
veloped with regard to measurements of the various chan-
nels of 7'He inelastic reactions is rather complicated. Thus,
the Dubna-Turin collaboration measured the cross sections
of individual channels of inelastic 7* *He scattering by
means of a diffusion chamber in a magnetic field®® and a
high-pressure streamer chamber without a magnetic
field.2**7 It was found that the relative value of the absorp-
tion cross section is of order 3% of the total cross section,
i.e., in this sense pion absorption in helium resembles pion
absorption in deuterium rather than in heavier nuclei.

On the other hand, measurements were made at the me-
son factories at SIN*® and Los Alamos® of the inclusive
cross section o(7* , #* ) of pion scattering by *He (Fig.
5). These experiments were made using single-arm magnetic
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FIG. 5. Inclusive cross section o (7, ') of the inelastic 7+ *He interaction.
The experimental points are as follows: open circles from Ref.-29, open
triangles from Ref. 28, and open squares from Ref. 20. The black circles
represent the data of Ref. 15 on the total cross section of all inelastic
channels in 7 *He scattering. The curve has been drawn only for conven-
ience of perception.

spectrometers. An exceptionally small cross section o(,
') was obtained—of order 13%-15% of o,,, in the region
T, = 90-120 MeV. This small value of o(, 7') requires
that pion absorption processes make the main contribution
to pion inelastic scattering by “He. According to the esti-
mates of Ref. 28 (o,,, was not measured directly in the ex-
periments of Refs. 28 and 29), the pion absorption cross
section is of order 30%—-40% of o, at T,, = 90-120 MeV
and about 22% at higher energies. Therefore, according to
the results of Refs. 28 and 29 the absorption of pions by
helium resembles the absorption by heavier nuclei (see Ta-
ble I) and is the dominant channel of inelastic scattering.

This existence of two contradictory experimental con-
clusions suggests that the truth may lie somewhere in the
middle, and future measurements must undoubtedly clarify
this uncertain situation.

We should like to point out that there exist some experi-
mental indications that the relative value of the cross section
of pion absorption by helium is nevertheless more similar to
that observed in the case of the pion—deuterium interaction.
This is indicated by the results of Killne's group,”® which
measured the differential cross section of the **He(m, p)X
absorption reaction for one angle of the emitted protons.
These results will be discussed in more detail in Sec. 3, and
we here merely mention that according to the estimates of
Ref. 30

OTabs (ﬂ"HE) ~R0ahs (nd)r

where the coefficient of proportionality R is equal in order of
magnitude to the number of possible np pairs in the helium:
R ~2 for 7°He absorption and R ~4 for pion absorption in
*He. The same conclusion was obtained in Ref. 31 from re-
cent measurements of the pion absorption cross section in
*He. Finally, the cross section of 7+ absorption by *He was
measured at energy 145 MeV by means of a streamer
chamber operating in a beam of pions from the synchrocy-
clotron at the Joint Institute for Nuclear Research,
Dubna.*? The value obtained was g, = 5.4 + 1.5+ 11 mb
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(the first error is the statistical one, and the second is the
systematic one), a value that is comparable with the cross
section of absorption by the deuteron at these energies:
0, . ,(abs) =11.8 + 0.5 mb.»

The real part Re 7(0) of the w*He elastic scattering
amplitude at zero angle

Information about the real part of the elastic scattering
amplitude at zero angle has been obtained by various meth-
ods. In a number of studies (Refs. 10, 16, and 34-36) Re
J(0) has been calculated on the basis of dispersion relations,
i.e., data on the total 7*He interaction cross sections were
used as the basic experimental material for obtaining Re
JS(0). In Ref. 15, Re f(0) was extracted from an analysis of
data on the differential cross sections of 7*He elastic scatter-
ing, which were measured in a wide range of angles, includ-
ing the region of fairly small angles (6>4°). It is true that in
Ref. 15 a certain phenomenological formula for the 7*He
scattering amplitude was used in order to determine Re
S10). However, overall, the results agree with the conclu-
sions of the more consistent treatment given in Ref. 37. We
note that the method of extrapolation to the Coulomb pole in
conjunction with the technique of conformal mapping used
in Ref. 37 does not require knowledge of the pion-nucleus
interaction amplitude, and in this sense the approach of Ref.
37 is the most suitable model-independent method for ob-
taining information about Re f(0) from data on the differ-
ential elastic scattering cross sections. Finally, the energy
dependence of Re f(0) can also be obtained by means of
phase-shift analysis. %

Figure 6 shows Re f(0) for elastic 7*He scattering ob-
tained by various methods. The continuous curve plots the
results obtained from once-subtracted dispersion rela-
tions®

.r:Imf(a:)d.r (6)

) @E—mj)(z"—o?) *

Bef(m)znef(mm@s“

-
s

where k is the pion momentum in the laboratory system,
w=T, +m_,Re f(w)andIm f(w) are the real and imagi-
nary parts of the elastic scattering amplitude at zero angle,
and @, =0 is the threshold of the cut due to pion absorption.
As usual,® the point chosen at which to make the subtrac-
tion was @ = m_., where the real and imaginary parts of the
m*He scattering length are known from data on 7-mesic
atoms. The value of Im f(@) was approximated by a diag-
onal Padé approximant (4X4). Approximately the same be-
havior of Re f(w) is obtained in other dispersion-relation
calculations, these differing from one another mainly by the
method of continuing Im f(@) outside the physical region
(tow<m,).

Figure 6 also shows the results obtained from analysis
of the differential cross sections of elastic #*He scattering. It
can be seen that they are in good agreement with the disper-
sion-relation calculations. The only exception is the point at
energy 7= 260 MeV, at which the value of Re f(0) ob-
tained from the analysis of do/d() is somewhat smaller in
absolute magnitude than the Re f(0) predicted by the dis-
persion relations. This situation was discussed in detail in
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FIG. 6. Dependence of Re f(0) on the pion energy. The continuous curve
represents calculations in accordance with dispersion relations.*® The
values of Re f(0) were obtained from analysis of the differential cross
sections; the black circles are from Ref. 37, and the black triangles from
Ref. 15,

Ref. 16, in which it was shown that such a discrepancy can-
not be eliminated either by different choices of Im f(@) in
the unphysical region (@ < m_. ) or by varying the real part of
the 7*He scattering length. It was demonstrated that the
results of the dispersion relations agree with the data of Ref.
15 at T'= 260 MeV only if it is assumed that the total cross
sections of 7*He scattering in the region T = 200-800 MeV
differ very strongly (by 10-15 standard deviations!) from
the measured o, in Refs. 41 and 42. It is therefore proposed
in Ref. 16 that the total cross sections of 7*He scattering
should be remeasured in the range of energies given above in
order to clarify finally the problem of the Re f(0) discrepan-
cy at 260 MeV.

Behavior of the phase shifts of wHe elastic scattering

The procedure for extracting the phase shifts from data
on elastic 74 scattering—phase-shift analysis—has been
fairly well developed, and in essence phase-shift analysis
provides investigators with additional “quasiexperimental”
information. However, compared with direct measurements
of the differential and total scattering cross sections, phase-
shift analysis makes it possible to obtain important informa-
tion about the nature of the interaction between the particle
and the target nucleus in states with different angular mo-
menta. Determination of the 7*He phase shifts has a further
aim. The point is that in some approaches the scattering of
pions by a-particle nuclei, for example, '*C or '°0, is treated
in such a way that the o rather than the pion-nucleon inter-
action is taken as elementary. In such models, a good knowl-
edge of the 7'He scattering amplitude is to a high degree
necessary.

Two types of phase-shift analysis exist: (1) so-called
energy-independent phase-shift analysis, in which the phase
shifts are found by fitting to the experimental data at individ-
ual energies; (2) energy-dependent phase-shift analysis, in
which a certain energy dependence of the scattering ampli-
tude is specified and the parameters in this formula are fitted
to obtain agreement with the experimental data simulan-
teously at all energies. In the case of 7*He scattering, both
types of analysis have been made.

The energy-dependent variant was used for elastic
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FIG. 7. Argand diagram for partial-wave amplitudes of elastic 7*He scat-
tering obtained in Ref. 38. All the points on the curves are plotted at
intervals of 10 MeV.

7+ “Hescattering in Ref. 38. It was assumed that the partial-
wave S matrix

S, (k) =1+ 2iflk (N

(here, f; is the partial-wave scattering amplitude) can be
represented in the form

Sy (k) = Py (R)/Q. (k), (8)

where P(k) and Q, (k) are certain polynomials with com-
plex coefficients, these being adjusted parameters.

Figure 7 shows the Argand diagram obtained in this
analysis for various partial-wave amplitudes of 7*Hescatter-
ing. It can be seen that in the Argand diagram all the partial-
wave amplitudes describe the characteristic —reso-
nancelike circles in the counterclockwise direction. How-
ever, such behavior by no means indicates the occurrence in
each partial wave of a resonance in the pion-nucleus system
(see, for example, Ref. 43). It is simply that in the interac-
tion of the pion with the nucleus the pion—nucleon resonance
P, is projected onto the pion-nucleon states with different
angular momenta. It was demonstrated in Ref. 39 that the
contribution of the 7V interaction in the P;; wave deter-
mines to a large degree the energy behavior of even S-wave
m*He scattering.

Figure 8(a) shows the energy dependence of the par-
tial-wave total cross section o}, obtained by the energy-de-
pendent analysis:

ol =X (24 1) Tm fu. 9)

-
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FIG. 8. Energy dependence of the total partial-wave cross sections aly, of
7*He scattering: (a) obtained in the energy-dependent phase-shift analy-
sis of Ref. 38; (b) calculated in accordance with the optical model with a
first-order potential.*®
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It can be seen that for practically all / the total partial-wave
cross section behaves in a resonancelike manner. However,
the maximum of o, occurs at different energies. Whereas in
the F wave the maximum of o, occurs at T,,,, = 180-200
MeV, in the D wave T,,, = 150 MeV and in the P wave
T,.. = 120MeV.Itisinteresting that the same tendency for
T,... to be shifted has been observed in phase-shift analyses
of 7'2C and 7'°0 scattering.**** In all cases, the largest shift
in the resonance energy Ty, occurred in the lowest partial
waves. In the states with large / the pion-nucleus total par-
tial-wave cross sections were found, in contrast, to peak at
approximately the same energy as in free mNV scattering.

Figure 8 (b) shows the partial-wave total cross sections
of 7*He scattering calculated in the optical model with a
first-order potential (see Sec. 2). It can be seen that in this
theoretical calculation as well the maximum of oy, in states
with different / occurs at different energies, the dependence
of T,,.. on [ being qualitatively the same as in the energy-
dependent phase-shift analysis. A very interesting physical
result can be obtained by considering the behavior of the
ratio X, = o', /0’ , where

41 5
ol =— |fi]*

The results of the energy-dependent analysis indicate that
with increasing / the ratio X, decreases, i.e., in the higher
partial waves the scattering becomes progressively more in-
elastic. For example, at T = 200 MeV the decrease in X, is

X, = 0,64, 0.51, 0,38, 0.13 for 1 =0, 1, 2, 3.

The possible existence of such a dependence was noted by
Lenz,” who pointed out that the ratio X, is determined in the
impulse approximation mainly by the corresponding har-
monic of the nuclear form factor:

i
Oe1

1,12
—— ~ o ~ i ().

X, =
Otot Im

It is clear that the value of the partial-wave harmonic F, (g%
must decrease with increasing /. From the physical point of
view, the decrease in X; must, according to Lenz, take place
because quasielastic scattering processes are dominant at
large /.

A phase-shift analysis of 7*He elastic scattering at indi-
vidual energies was made in Refs. 15 and 46-49. The nuclear
scattering amplitude was parametrized in the standard man-
ner:

Lmax

fox B)=— D) (2+1) eI, (cosb),
=0

(10)

where o, is the phase shift for scattering by the purely Cou-
lomb potential, and the partial-wave amplitude f; is de-
scribed by two parameters:

2idy i)

1
fr=—gr (e Wy
Here, 8, is the real part of the nuclear phase shift as distorted
by the presence of the long-range Coulomb potential, and 7,
is the inelasticity parameter, related to the imaginary part of
the distorted nuclear phase shift @, by
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1, = exp (—2w;). (12)

A serious shortcoming of phase-shift analysis at indi-
vidual energies is its ambiguity. One can always obtain sever-
al sets of phase shifts giving the same differential cross sec-
tion. This problem is examined in detail in Refs. 51 and 52.
However, it is already clear from the form of the scattering
amplitude (10) that this is a polynomial in powers of
x = cos @. It can be represented in the form

Lmax

fCN (B) = fCN (0) H

i=1

(z—z;)

; (13)
(1 —x;)

where x = cos(#), and x; are complex numbers, the roots of
the polynomial (10). Any replacement of x; by its complex
conjugate x¥ does not change, | fcn (8) |*. However, the real
and imaginary parts of fy (@) are changed, and, therefore,
so are the phase shifts §, and @,. By means of such an algo-
rithm, one can, for given L., construct 2“™ sets of phase
shifts giving absolutely the same value of | fcx (6)|* at all
scattering angles. For example, to describe 7*He scattering
at T'=200 MeV it is possible to construct 32 such sets of
phases. Nevertheless, it was shown in Ref. 48 that in princi-
ple the problem of unique determination of the phase shifts
of 7*He elastic scattering can be completely solved. Using
additional information about the analytic structure of the
scattering amplitude and the basic features of the pion-nu-
cleus interaction, it is possible to distinguish one set of phase
shifts, the one most acceptable from the physical point of
view.

For.example, at low energies T < 75-80 MeV there are
two sets of solutions that describe the experimental data
equally well. However, one of them corresponds to the ab-
sence of absorption in the § wave and to large absorption in
the P wave, while the other corresponds to quite the opposite
situation—no absorption in the P wave (7, = 1) and practi-
cally all pions must be absorbed from the S-wave state. Care-
ful analysis showed that in the first case the parameter 75
somewhat exceeds unity, and this excess is outside the limits
of the error in the determination of ng. Therefore, such a
solution violates the unitarity principle and cannot be re-
garded as acceptable. The energy dependence of the inelas-
ticity parameters 15 and 7, corresponding to the correct
solution is shown in Fig. 9.

2. THEORETICAL MODELS OF PION-HELIUM SCATTERING

Besides the phenomenological analysis considered in
Sec. 1 considerable efforts have been made during the last
two decades to achieve a more fundamental understanding
of pion interaction with light nuclei. Numerous theoretical
models have been developed in which the pion—nucleus scat-
tering has been treated as a succession of elementary interac-
tions of pions with nucleons of the nucleus. As a rule, the
point of departure for such approaches has been the (essen-
tially nonrelativistic) theory of multiple scattering."® (For
a more detailed account of the present status of this theory,
see Refs. 2 and 3.)

It was usually assumed that the pion interacts with nu-
cleon i in the nucleus through a potential v;. Then the pion—-
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FIG. 9. Energy dependence of the inelasticity parameters 75 and 7. The
continuous curves are the results of calculations in accordance with the
optical model with a first-order potential.”® The points show the results of
phase-shift analysis: the black triangles from Ref. 15, and the black circles
from Ref. 49.

nucleus scattering matrix T(E) can be written as
T(E) = Z vi+ 2 viG E)oy+ 3 06 (E)vsG(E)vy+ ...,
» '

i=1
(14)
where

G(E) = (E — Ky — H, + ie)-1,

Here K, is the operator of the pion kinetic energy, and H, is
the nuclear Hamiltonian. It is more convenient to redefine
the summation in (14) as follows:

T(E) = Z = (E)+ 3w (E) G (B) vy (B) +

+ 2 (E) G (B) v (E) G (E) ta+ ... (15)
.i#-i
and introduce the matrices 7; (E),
T (E) = v; + v,G (E) 7, (E), (16)

which describe the scattering of the pion by the i-th nucleon
bound in the nucleus.

We need to know the matrix element {(m|T(E)|n)
between the completely antisymmetric nuclear states |m)
and |n); for this, Eq. (15) can be rewritten in the more com-
pact form

T(E)=At(E)+ (A —1)T(E)G(E) T (E), (17)

where A4 is the number of nucleons in the nucleus. However,
the entities that occur in (17) are still very complicated
many-particle operators. The models of pion—-nucleus scat-
tering to be discussed in the present section essentially repre-
sent different approximation schemes for treating the many-
particle aspects of pion-nucleus dynamics. The most
important many-particle effects that we encounter in the
study of pion-nucleus scattering are the following:

1. Effects of the binding of the nucleons in the nucleus.
Since the pion scattering takes place on a nucleon bound in
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the nucleus, the matrix 7(E) differs from the corresponding
pion scattering matrix ¢(E) for a free nucleon. The latter is
deduced from experiments on 7N scattering and is the basis
for calculations of the pion—nucleus interaction. Therefore,
we must be able, at least approximately, to express 7(E) in
terms of t(E).

2. Incoherence of the scattering. The last term in (17),
written down in the exact matrix formulation, takes the form

A—1D2 ' |T(E) Im)m |G (E) |m)m|T(E)|n.

(18)
It can be seen that very many intermediate states, including
states different from the initial and final states, can partici-
pate in elastic or inelastic scattering of the pion. It is well
known? that the effects of the nucleon binding and the inco-
herence of the scattering are much less important in the
pion-nucleus interaction than, for example, in low-energy
nucleon-nucleus scattering. However, in order to reproduce
quantitatively the recent very accurate experimental data it
is definitely necessary to take into account these effects.

3. Pion annihilation. Because of the nonrelativistic na-
ture of multiple-scattering theory, the complete set of inter-
mediate states in (18) contains only states with one pion and
A nucleons. Therefore, the treatment of processes in which a
pion is absorbed by one of the nucleons and emitted by an-
other is already beyond the scope of the approaches based on
purely potential ideas about the scattering. However, pion
absorption is the dominant inelastic process at low energies,
and this important reaction channel must be taken into ac-
count in the study of pion-nucleus scattering. Unfortunate-
ly, the corresponding effects are frequently treated only at
the phenomenological level.

Optical model

One of the first theoretical schemes used to describe
elastic pion-nucleus scattering was the so-called optical
model. This term is not very good, since it recalls completely
phenomenological models of nucleon-nucleus scattering, in
which the form of the optical potential was chosen in a
semiarbitrary manner. The point of departure of the optical
model of pion-nucleus scattering is the relation (17). One
introduces the projection operators

P=10)0} @=1—P, (19)

which project onto the nuclear ground state |0) and onto all
the remaining nuclear states, respectively. After this, (17)
can be rewritten in the form

7' (E) = U (E) 4 + PG (E) T’ (E)]; (20)
UE)=(4—1)(E)[1 + QG (E) U (E)} (21)
T" (E)= 232 T (). (22)

In the standard approach, the effects of the binding of
the nucleons are ignored, 7(E) ~t(E) (impulse approxima-
tion), and, in addition, intermediate excitations of the nu-
cleus are not taken into account, U(E) = (4 — 1)¢(E) (co-
herent-scattering approximation). Then Eq. (20) reduces to
a two-particle equation of Lippmann—Schwinger type:
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(QOIT (E)|0Q) = (A —1)(Q'0[¢ (E)|0Q)

_|__(A—1) S (Q012(E) 10Q")(Q"0 | T (E) | 0Q) aQ”,

@ E—EQ)TEe (23)

where Q' and Q are the relative momenta in the pion-nu-
cleus center-of-mass system in the final and initial states,
respectively.

The optical potential

Q0| U(E)| QD)= (4 —1)(Q'0[z(E)| QD

in the static approximation, i.e., when the Fermi motion of a
nuclear nucleon is ignored, has a very simple form:

(QO| U (B) 10Q =
A —1(Q 1tE Q) F(Q —Q,

where F, (Q' — Q) is the nuclear form factor, i.e., the Four-
ier transform of the nuclear density in the ground state.

In order to determine completely the optical potential
(25), it is necessary to specify the extrapolation of the pion-
—nucleon scattering matrix off the energy shell. The reason
for this is that solution of Eq. (23 ) requires knowledge of the
¢t matrix for the 7NV interaction for |Q’|#|Q)|. Restricting
ourselves to only the §- and P-wave 7N interactions,

(Q1t(E) | Q=1b(E) +c(E) QQ

we arrive in the coordinate representation at the well-known
potential of Kisslinger type.** The coefficients b(E) and
c(E) can be expressed in terms of the pion-nucleon scatter-
ing phase shifts.

A later development was the model of pion-nucleon
separable potentials,*® which was used to obtain a more real-
istic extrapolation of the ¢ matrix off the energy shell for the
mN interaction. The pion-nucleon partial-wave amplitude
fi (Q, @, E), which is characterized by the values of the
angular momentum 1, the total spin j, and the isospin ¢, was
expressed in the form

(24)

(25)

(26)

gl (@) g, (@)

: i, (k, ky E),
g, ()] b (B e 5

fie (@', Q, E)= (27)

where the momentum k corresponded to the energy E, and
g1 (Q) are the separable pion—nucleon potentials. The use of
the separable potentials leads to the appearance in the
expression (25) for the optical potential of an additional
nonlocality [besides the term Q'-Q in (26)], this being a
manifestation of the finite range of the pion—-nucleon interac-
tion.

It was subsequently established that the corrections to
the static approximation significantly improve the agree-
ment between the optical-model calculations and the experi-
mental data. Instead of ignoring the dependence of the ma-
trix elements (0Q’|¢(E)|QO) on the nucleon momentum,
these matrix elements were calculated at several effective
momenta of the nucleon in the initial and final states.’*>’
After this so-called angular transformation the optical po-
tential is then again expressed in factorized form (nuclear
form factor multiplied by the 7N amplitude), but now the
error of the factorization can be estimated; it is equal in order
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of magnitude to the square of the ratio of the pion mass to the
nucleon mass ( ~1/50).9°

Detailed calculations of the elastic scattering of pions
by “He in the framework of such an approach were made by
Landau and Thomas®**° and other authors.®' The three-
particle kinematics for the pion-nucleon—core system was
used to calculate the matrix element (OQ'|£(E‘)|QO). Al-
though the calculations were made in the impulse approxi-
mation, some of the effects of the nucleon binding in the
nucleus were nevertheless taken into account by a so-called
“energy shift,” i.e., the energy  was shifted somewhat rela-
tive to the reaction energy E. This shift was selected using
experimental data on 7*He scattering. In the region of low
energies (E<100 MeV) there is added to the optical poten-
tial a certain phenomenological term, which describes the
influence of the processes of creation and absorption of a
pion in the intermediate state.

The results of calculations®® of the total elastic cross
section ) and the total reaction cross section a,,, in accor-
dance with such a model are given in Fig. 10. It can be seen
that the theoretical calculations reproduce rather well the
experimental data in the region of resonance energies.
Knowing the imaginary part of the forward elastic scattering
amplitude F(0), we can, using the optical theorem, write
down the relation

2 F(0)=0a+0y=00—— (YO ImU|¥O).  (28)

The following question arises: which processes of inelastic
m*He scattering are taken into account when the cross sec-
tion o, is calculated in terms of the matrix element of the
imaginary part Im U of the optical potential (25) between
the wave functions W' *’ of elastic pion-nucleus scattering?
In Refs. 62 and 63 it was established that this procedure
basically describes the processes of quasielastic pion scatter-
ing (m+A-m+ N + A") without allowance for the inter-
action of the knocked-out nucleon N in the final state. Since
quasielastic scattering is the main channel of inelastic scat-
tering in the resonance region of energies (see Sec. 1), it is
not surprising that the cross sections o, o;,, and o, are
described fairly well in the optical model. We emphasize
that, as a rule, calculations in the impulse approximation
overestimate the cross sections of quasielastic scattering,
and it is this that compensates the absence in the optical
model of the pion annihilation channel.

T S SN IR L W O W o e e

0 100 200 7. . MeV

FIG. 10. Results of calculations in Ref. 59 of o, and o, for 7' He scatter-
ing. The continuous curves correspond to the three-particle choice of the
energy; the broken curves, to the two-particle choice without allowance
for corrections for nucleon binding in the nucleus.
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A quite different situation is observed in the region of
very low energies (E<30MeV ), where very accurate experi-
ments have recently been made.®* It is found that the exist-
ing phenomenological methods of taking into account pion
annihilation and the prescriptions for imitating the effects of
nucleon binding by means of an “energy shift” are too crude
and are incapable of correctly describing the experimental
data.

The nucleon-binding effects play a fairly important part
in 7*He scattering at very low energies,’>®* and also in the
determination of the #*He scattering lengths.®®! In this
region, the impulse approximation must be very carefully
formulated, since the principle of elastic unitarity must be
exactly satisfied below the threshold of the inelastic reac-
tions.

The optical model considered above was also used to
analyze pion scattering by *He. In this case, the optical po-
tential has a more complicated structure because the *He
spin and isospin are nonzero (J = T'= }). Then a procedure
of averaging over the nuclear wave functions analogous to
(24) leads to the optical potential

(QOIU(E) |0Q) = (4—1) { BeFy (g) + 2= (tT) BrFy ()
7 0 Q QIBsl5(0) +2(¢T) BerFor (g)]} , (29)

~N

where B;, i =0, S, T, ST, are the corresponding combina-
tions of 7NV partial-wave amplitudes, and F; (¢) are the nu-
clear form factors associated with the mass, charge, and spin
distributions in the *He nucleus. Because the spin and iso-
spin effects depend on the mass number as 1/4, they are
more important for 7*He scattering than for pion scattering
by heavier nuclei.

There have been several attempts to investigate the sen-
sitivity of 7*He scattering to the details of the nuclear struc-
ture and even to obtain some information about the *He nu-
clear structure from the reaction with pions. It was
established” that elastic 7 *He scattering and the charge-
exchange reactions to the analog state, 7~ + *He— 7" + *H,
are fairly sensitive to admixtures of the S’ and D states in the
*He wave function (this situation does not occur for 7+ *He
scattering). This circumstance was used by Landau’® to de-
termine the magnetic radius R, of the *He nucleus from
elastic-scattering and charge-exchange data. These studies
aimed to resolve the existing contradiction between the R,
values obtained in different electron—nucleus scattering ex-
periments.”* Unfortunately, a more careful analysis
showed’’® that the sensitivity of the calculations of the
studied cross sections to R, is quite insufficient to resolve
the problem.

The connection between the scattering of pions and
electrons by the three-nucleon system was studied in Ref. 77.
Whereas the form factors Fy (¢) and F-(g) in Eq. (29) can
be determined with sufficient accuracy from analysis of the
form factors measured in elastic e’He and e’H scattering,
information from electron—nucleus scattering cannot in gen-
eral be directly used for the form factors f (g) and Fg; (g).
The problem is that an important contribution to the mag-
netic form factors of electron—-nucleus scattering is made by
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FIG. 11. Differential cross sections of elastic 7~ >He scattering for differ-
ent values of the *He magnetic radius R, : R, = 1.95 F for the continuous
curve, 1.75 F for the broken curve, 2.15 F for the chain curve, and 1.95 F
for the curve with crosses, but without allowance for meson exchange
effects. The experimental data are taken from Ref. 77.

the effects of meson exchange currents, which must be sepa-
rated if this information is to be used to calculate pion-nu-
cleus characteristics. Such a procedure for separating the
effects of meson exchange currents was carried out in Ref.
77, and calculations in accordance with the optical model
with the potential (29) led to quite reasonable agreement
with the experimental data on pion elastic scattering in the
resonance region (Fig. 11). For comparison, Fig. 11 gives
the results of calculations with three values of R, ; the part
played by the meson exchange currents is also indicated.

Allowance for effects of higher orders

The most direct way to take into account approximately
some many-particle effects is to retain in the expansion of the
optical potential (21) the first two terms:

UE)=(A—1)1(E)+ (A4 — 1) (E)QC (E)t (E).

(30)

If exactly the same procedure is carried out in the equation
that connects the matrices 7(E) and ¢(E),
v (E) =t (E) + t (E) |G (E) —d (E)] v (E) (31)

[here, d(E) is the Green’s function for pion scattering by the
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free nucleon], we arrive at an optical potential that not only
contains corrections to the coherent-scattering approxima-
tion but also takes into account some nucleon binding effects
quadratic in powers of the free scattering 7 matrix. It is im-
portant to take into account these corrections simultaneous-
ly, since they have a tendency to cancel each other.**™

The completeness approximation is usually employed,
i.e., it is assumed that all the intermediate states are degener-
ate and have the energy of the ground state. Then the second-
order optical potential can be written in the form

QO] U@ (E) |QO) = (4 —1) (01 (E) 10Q)

(A—1)2 (7 (Q'0] ¢ (E) |0p)(p0] ¢ (E) [0Q)"
+zp S E—E(piiE ¢

X (Q'—p, p—Q) &p.
Here, the symbol 0 means that only the scalar and isoscalar
parts of the operator 0 contribute to the optical potential in
the case of nuclei with zero spin and isospin; C(q, q, ) is the
nuclear correlation function for the ground state. In the case
of 7°He scattering, the second-order potential has a some-
what different and more complicated form’® because of
the more complicated spin and isospin structure of He.

Correlations of various types have been considered in
the calculation of the optical potential (32). For example,
Wakamatsu” showed that in the region of energies which
we consider the short-range correlations associated with the
nucleon-nucleon repulsion can be ignored. It was found that
even for a light nucleus such as *He the correlations associat-
ed with recoil are rather small (Fig. 12). The processes of

(32)

do/df2, mb/sr

)
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70 %0 6080 100 120 @, deg

FIG. 12. Differential cross sections of 7~ *He elastic scattering. The
broken, continuous, and chain curves correspond to optical-model calcu-
lations with the potentials U, U 4 U™, and U 4 U without
allowance for the recoil corrections.*®
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FIG. 13. Results of calculations™ of the total and elastic cross sections of
7 *He scattering in the optical model with allowance for the second-
order potential U'® (continuous curves) and without U®* (broken
curves). The experimental points, the black circles, are taken from Refs.
10 and 15.

double charge exchange in the intermediate state make the
most important contribution to the second-order potential
for 7'He scattering.’® In the region of the A,; resonance,
double spin-flip processes in the intermediate state also be-
come important.

Allowance for the second-order effects gives better
agreement between the theoretical calculations and the ex-
perimental data at energies T < 100 MeV than in the case of
the calculations with the first-order optical potential. How-
ever, in the resonance region, as can be seen from Fig. 13, the
addition of the second-order potential makes the description
of the experimental data less good. This situation can evi-
dently be attributed to the slow convergence (or even diver-
gence) of the iterative expansion (30) in this energy range.

Recently, 7*He scattering was described by a method
based on considering the evolution of the system with re-
spect to the coupling constant.®' In its physical content, this
approach is analogous to the optical model with a second-
order potential but differs from that model in the manner in
which two-particle unitarity is taken into account.

Significant progress has been achieved in the descrip-
tion of 7°He scattering in the framework of the four-particle
Faddeev—Yakubovskil equations® and their approximate
solution.®

Coupled channel method

Another possible way of taking into account the excita-
tion of the nucleus in the intermediate state is to extend the
space of states, which are taken into account exactly, the
projection operators P and Q in (20) and (21) being rede-
fined accordingly. Using the impulse approximation and ig-
noring the states in the Q space, we then arrive (see Ref. 85)
at the system of coupled integral equations

(Q'n| T (E) |0Q)=(Q'n| U (E) |0Q)
'n| U(E) |m m| T (E) |0
_|_(2;)3 b (Q'n| U (E) |mp) Pm| T (E) 10Q) g5,

; (33)
E—Ey, (p)+ie
mep

where the matrix elements of the optical potential U(E) are
analogous to (25). By comparison with the second-order
optical model, this approach takes into account only a few
low-lying excited states but does this in all powers of the ¢
matrix.

Calculations in which a P space consisting of all 1plh
excited states was used for the “He nucleus demonstrated
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better agreement with the experimental data than optical-
model calculations with a first-order potential.® This ap-
plies particularly to the improvement in the description of
the differential cross sections of 7*He elastic scattering.

Glauber’s model

Although the natural field of application of Glauber’s
model is high-energy physics, this approach has been used
several times to describe 77*He elastic scattering, even at en-
ergies as low as 7~ 30 MeV. Glauber’s model provides an
approximation scheme for treating the multiple-scattering
series (15) that is quite different from the theoretical
schemes discussed so far. Besides the completeness approxi-
mation, Glauber’s model uses the eikonal approximation,
which consists of ignoring the terms quadratic in the mo-
mentum transfer in the Green’s function G(E). As a result,
the series (15) becomes finite, containing only terms corre-
sponding to scattering up to order 4. However, in the inter-
mediate states no restrictions on the multiplicity of the scat-
tering arise, and therefore Glauber’s model takes into
account all the same correlations as the optical model with a
second-order potential together with correlations of higher
orders.

Detailed Glauber-model calculations were made for
pion scattering by “He and *He at energies in the interval
100< T<400 MeV.% They yielded rather remarkable agree-
ment with the experimental data (Fig. 14). The applicability
of Glauber’s model was investigated, and it was shown that
its use is completely justified only at energies above
T~ 180-200 MeV. This can be clearly seen in Fig. 15, which
shows the results of calculations by the optical model and
Glauber’s model, the part played by the eikonal approxima-
tion being demonstrated explicitly.

Fy 7% —3He 98 MeV

do/df2, mb/sr

0 vd &0 720 760
O.ms: d€Q

FIG. 14. Differential cross sections of 7 *He scattering. The continuous
curves are the results of calculations using Glauber’s model in Ref. 86; the
chain curve (156 MeV) shows the results of calculations in which the
recoil corrections were ignored; the experimental data are taken from Ref.
87.
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FIG. 15. Total cross section of 7*'He scattering from Ref. 86. The contin-
uous curve shows the results of optical-model calculations, the broken
curve is for Glauber-model calculations, and the chain curve is for optical-
model calculations using the eikonal approximation for the Green's func-
tion G(E).

Model of isobar-hole excitations

In recent years, the model of isobar-hole excitations has
gained steadily in popularity. In this theoretical scheme, it is
assumed that the A isobar is a stable particle with its own
Hilbert space, acquiring its actual mass and finite width only
through coupling to the 7NV space.®® Let us introduce the
following projection operators: P, onto the subspace of states
of the pion and nucleus in the ground state; D, onto the space
of states with one A isobar and 4 — 1 nucleons; and Q, onto
all the remaining states. Then, using the Schriédinger equa-
tion

(E—H)|¥)=0

and the standard algebra of the projection operators
(P+ Q+ D=1, and P? = P, etc.), we can obtain the sys-
tem of coupled equations

(E— Hpp) P |¥) = HppD |1F)+HPQO|1F);
(E—Huo)Q |¥Y)=Hop D |¥) + Hop P | ¥
(E—HDD)D IT)=HDPPIIF)+HDQQ|\F),

where Hpp = P-H-P is the pion-nucleus nonresonance
Hamiltonian, etc. The main assumption of the model is that
the Hamiltonians Hp, and Hyp are ignored, i.e., it is as-
sumed that the states in the Q space cannot be directly cou-
pled to states in the P space and can be coupled only through
states of the D space. One can then obtain®® for the pion-nu-
cleus scattering matrix the expression

Tcp

1
1 H.D,P!

=Hep
1
E—Hpp—Hpp 'ETMHPD—'HDQWHQD

(34)
where C = P (elastic scattering) or CeQ (inelastic scatter-
ing or pion absorption process). In the case of elastic
pion—nucleus scattering, the matrix T, satisfies the Lipp-
mann-Schwinger equation with the optical potential

1

Upp=Hpp 1 an‘i"UNH

E—HDD—HDQWHQD (35)

Calculations in the isobar—hole model begin with construc-
tion of the Hp, matrix element, which describes the cou-
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pling between the P and D spaces. It plays a role analogous to
that of the knowledge of the free f matrix for 7V scattering in
the case of the optical model. The Hamiltonian Hp, is usual-
ly chosen to have the form

Hpp =fSqg (9 T,

where S (respectively, T) is the operator of transition
between the object with spin (respectively, isospin) 1/2 and
the object with spin (isospin) 3/2; g(gq) is the mNA vertex
function [similar to the one in (27)]; q is the relative mo-
mentum in the pion-nucleon system; and the coupling con-
stant f is determined by fitting the shape of the free A,;
resonance by means of a Breit—Wigner expression. The non-
resonance optical potential UN® is constructed in the same
way as U(E) in (25) under the assumption that the reso-
nance pole has been removed from the ¢ matrix of wV scatter-
ing.
The Hamiltonian of the isobar has the form

HDD=T'S“+UA-

(36)

(37)

where U, corresponds to the distortion of the propagation
of the isobar in the field of the 4 — 1 nucleons. The term

UlnrsHDQ E—i—.HQQ_fIQD% R(E)—}F (E)/2—6W

+ Uy (E)

is the contribution of all the remaining channels of inelastic
pion-nucleus scattering. There exist two main channels of
inelastic pion-nucleus scattering in the range of energies
80< T'<300 MeV: quasielastic pion scattering and pion anni-
hilation. The contribution of the first of these is approximat-
edin (38) bytheterm R(E) — i['(E)/2 — W, and the con-
tribution of the second by the term U,,, which is sometimes
called the “smearing potential.” With regard to quasielastic
scattering (7 +A—m+ N + A’ processes), the following
assertions are usually made. If the isobar were an entirely
free particle, the contribution of the 7N channel would be
described simply by some resonance with mass R(E) and
width " (E). Both of these quantities could be expressed in
the form of a certain vertex function g(g). However, by vir-
tue of the Pauli principle the states populated by the core
nucleons are forbidden. This is reflected in the addition of
the correction 8§ W. Thus, in the model of isobar—hole excita-
tions quasielastic scattering is to a large degree similar to the
treatment in the optical model. For example, in the case of
m*He scattering the correction § W is the same quantity as
the spin—isospin part of the second-order optical potential
(32).

The form of U, , and even more of U, is not known
very well. There is general agreement that U, must have the
same value as the nucleon—core interaction potential; for cal-
culations of 7*He scattering, it was taken in a Gaussian
form. 18,89

The potential U, (E) is determined purely phenom-
enologically, its parameters being simply fitted to reproduce
0. and the differential cross section of forward elastic scat-
tering at all the considered energies. It must be emphasized
that the correction for the coupling of the isobar in the field

(38)
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of the nucleus, Uy, and the “smearing potential” U, (E)
occur in the optical potential (35) on completely the same
basis, and there is no possibility of determining them sepa-
rately.

The form of the denominator in Eq. (34) having being
fixed, this equation is diagonalized, for example, in a basis of
harmonic-oscillator functions in the space of the A and
A — 1 nucleons. Then the elastic scattering amplitude takes
the form

(QO0|Tpp | 0Q)= (39)

b {(Q0] Hpp |a) (a| Hpp |0Q)
E—Eg—ilg/2 3
o

where |@) are eigenstates. It is found that for every nonperi-
pheral (/<kR,) pion-nucleus partial wave there exists a
single state that exhausts practically the entire strength of
the transition between the pion-nucleus ground state and
the A-hole states. One can put this differently by saying that
in the region of the resonance strong collective pion-nucleus
states are formed in the lowest partial waves. This important
result has been obtained for pion scattering by all the nuclei
with closed shells hitherto studied.®°! It can in no case be
regarded as a consequence of the assumptions put into the
theory.

It is helpful to make a more detailed comparison of the
physical content of the isobar-hole model and the optical
model. For this, we define in the D space the following set of
basis functions:

Idw) = A @ |9iA~1) (40)

where the subscripts i and k label the states of the isobar and
the core of 4 — 1 nucleons, respectively. The set of functions
(40) is chosen to diagonalize the isobar Hamiltonian:

(Ey — Hpp) | din) = 0,

Such a diagonalization procedure would, of course, be rather
impracticable for real calculations, but we shall use it only in
order to follow the connection between the formalism of the
isobar-hole model and multiple scattering theory. The inter-
connection between them is not manifested particularly
clearly if one considers directly Eq. (39), which was ob-
tained by a different diagonalization procedure,

To simplify the following arguments, we ignore the con-
tribution of the nonresonance pion-nucleus scattering and
make the separation

E—IIDD—HDQ_HDQE_:%"HQD=B+]TI (41)

where e and 4 are the diagonal and nondiagonal parts of the
denominator of Eq. (35), respectively. Then
e|dp)=(E—E;— Ry + ily/2) | dyp)

and {d,. |h |d; ) #0 for all cases except i’ =i, k' = k. The
use of the decomposition (41) leads for the optical potential
(35) to an iterative series of the form
1 '
Upp=Hppo Hyp+Hppsh - Hppt ... (42)

Let us consider in more detail the first term in (42):
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N E (Q'p’| Hpp |A1) (Al Hpp 1Qp)

Q0] U} 10Qy = 2 (Q0| Hpp |din) (din] Hpp 10Q) (43)

E—Ei— R, —il,/2

It is usually assumed that the vertex operator Hpj, is not
renormalized in the nuclear medium, i.e., its expression (36)
for free scattering is not changed in the nucleus. One can
show that such an assumption is much weaker than the as-
sumption of validity of the impulse approximation. Since
Hpp [see (36)] acts only on the isobar variables,

Q0| U} |Q0y =

o™ (p'p) d3p’ d3p.
(44)

Here, Q' (respectively, Q) and p’ (respectively, p) are the

momenta of the pion and nucleon in the final (respectively,
initial) states. Further,

o™ (p'p) = (O | p’k) (kp | 0)

is the matrix of the nuclear density when the core occupies
the state k. The expression

i E—E;—Ry,+il/2
1

(45)

(46)

;& '’ A (A H
«Q@p'1 T (E) IpQ = 3, (Q péjiPEJ?I—}i?)fi+liI‘,iElQp)

must be interpreted as the pion—nucleon scattering matrix as
modified in the nuclear medium.

Although the 7 matrix determined by the relation (46)
is less general than the exact (4 + 1)-particle 7 matrix in
(16), it nevertheless takes into account the distortion in
the A propagation due to the potential U, . It is at this level
that the effects of the binding are taken into account in the
isobar-hole model. After the completeness approximation
with respect to all the isobar states has been made in (46), we
arrive at the free pion-nucleon scattering matrix:

(Q'p'| t (E—AE}) [pQ)=(Q'P'| Hpq |Q"+p")
X (p+Q| Hop 1Qp) (E—E—Ry+iTy/2).

In the impulse approximation, the first-order potential will
now have the form

(QO | Ugh |0Q)
— a3 [ Qp 1t(E—8E) 1pQ o™ @'P)
. X d*p'd*p.

(47)

(48)

We again use the completeness approximation, setting
AE, = AE for k. Then the first-order optical potential takes
the factorized form

(QO0 | Ugp 10Q) = A(Q' |t (E — AE) | Q) Fy (g).

Similarly, the second term in (42) can also be rewritten
in the form

(49)

U =A(A=1) (50)

Q
E—Hgqq
All the remaining terms of higher orders in (42) can also be
paired against terms of the iterative expansion of the optical
potential (21), which have a transparent physical meaning.

We now discuss the results of recent calculations of
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pion—nucleus scattering in the framework of the isobar-hole
model. Compared with the first-order optical potential
(24), the optical potential (35) of the isobar-hole model has
an additional nonlocality, which arises through the distor-
tion of the isobar propagation by the potential
U, + U,, (E). The part played by this nonlocality was ana-
lyzed in Ref. 92, in which it was shown that such nonlocality
must be introduced if the differential cross sections of 7*He,
7'2C, and 790 elastic scattering are to be correctly repro-
duced.

A detailed study of 7*He scattering in the formalism of
the isobar—hole model was made in Refs. 18 and 89. Figure
16 shows the part played by allowance for the “smearing
potential” in calculations of the total cross sections of m*He
scattering. Further investigations®®' revealed the need to
introduce a spin-dependent part in the smearing potential,
for otherwise U, (E) becomes strongly energy dependent. It
is obvious that if U, (E) is ignored, it is no longer possible to
obtain even qualitatively the correct behavior of the total,
O.o:» and elastic, o, cross sections of 7*He scattering. In
this respect, the optical model with a first-order potential
has an advantage over calculations in the isobar-hole ap-
proach. This can be seen by comparing the results shown in
Figs. 10 and 16. Since the two models differ only in the pres-
ence of the distorting potential U, in (35), it may be con-
cluded that in the isobar—hole theory the correction to the
impulse approximation obtained is too large, and it must toa
large degree be compensated by the expression Uy, (E).

In the standard version of the isobar—hole model, there
is a further dangerous point. The simple nuclear shell model,
which is used in the calculations in (39) or (44), in no way
guarantees that the nuclear form factors F, (g) calculated
with it agree well with the data on electron-nucleus scatter-
ing. Our experience of working with the optical model sug-
gests that correct specification of the nuclear form factors is
a necessary condition, particularly if one is to obtain a good
description of the differential cross sections of elastic scat-
tering.

If the distorting potential U, is fixed and the param-
eters of the potential U, (E) are fitted, then in principle the
various inelastic scattering channels can be calculated by

1 1 1 1 1 1
50 100 150 200 2507, MeV

FIG. 16. Total and elastic cross sections of 7*He scattering. The theoreti-
cal curves correspond to different choices of W in the smearing potential
U,, (r) = Wqexp( — Br*): the continuous curves to #, = 0, the broken
curves to W, = 60 MeV, the dotted curves to W, = 40 — i30 MeV, and
the chain curve to fitting of ¥, using the experimental data for o, and Re
Sf(0) (from Ref. 18).
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means of Eq. (34). We consider in somewhat more detail the
predictions made by the isobar-hole model in the case of
description of the channel of pion annihilation on “He. The
direct use of Eq. (34) leads to the very difficult problem of
approximating the matrix element Hopp, which is a very

complicated object. Instead of this, one usually'®* calcu-
lates the expression
0, = — 2 (YO | ImU,, () ¥, (51)

where W(+? are the wave functions of elastic pion-nucleus
scattering. However, the expression (51) corresponds, gen-
erally speaking, to the absorption spectrum only in the ap-
proximation of single scattering (see, for example, Ref. 93),
in which the contributions to the absorption cross section
from the terms of higher order were also obtained). In addi-
tion, calculations of the absorption cross section in accor-
dance with (51) lead to rather large values of o,,, (about
100 mb at T~ 100 MeV). This agrees with the data of Refs.
28 and 29, but contradicts the experiments of Refs. 20, 26,
and 27 (see the discussion of the relative cross section of the
absorption channel in Sec. 1).

There are more complicated schemes of the model of
isobar excitations, in which it is assumed that other reson-
ances (for example, the Roper resonance) or other poles
(for example, the 7N pole) have their own Hilbert space. As
a rule, they ensure a more microscopic treatment of the pion
absorption mechanism in nuclei.”***

Low-energy pion-nucleus scattering and w-mesic atoms

Negative pions can be bound by the Coulomb field of
the nucleus and form 7-mesic atoms. The highly excited
states of such atoms populate almost pure Bohr orbits. As a
rule, one almost always has one or several states with ener-
gies different from the corresponding energies of the Bohr
orbit. In addition, because of the strong interaction, the
widths of these states become somewhat greater. Practically
all pions are absorbed from these orbits and virtually no
pions reach the low-lying states. However, in the case of the
lightest nuclei the pions can reach even the ground state of
the 7-mesic atom, and the energy shift £, of the level and its
width I, are an important source of information about the
pion-nucleus interaction. Direct measurement of I is im-
possible, but the width ofa 1P level can be obtained by calcu-
lations in the cascade model.

The properties of 7-mesic atoms are usually interpreted
in terms of the optical model. The optical potential of Kiss-
linger type has in the coordinate representation the form

{r I UO¥) = VCDI.II -+ 4nd [— (bup (T) + 515P (?') + Bﬂpz (r))
+ Vieop (1) + eibp (r) + Cop* (N)V e | ¥,
(52)
where the coefficients b, (respectively, ¢,) and b, (¢, ) are
certain combinations of the pion-nucleon scattering lengths

(respectively, volumes) in the S and P waves. The nuclear
structure enters (52) through

p(r)=(Npa (r)+ Zpp (r))/4; }

8 (r) = (Non (r)— Zop (r))/ 4, (33)
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TABLE II. Experimentally measured shifts and widths of states of 7-mesic atoms.

Nucleus £5, eV Tis, eV Lp, eV Reference
3a44 36417 [96]
3He 32+3 2847 (1,6 +°0.8)-10"8 [97]
44 + 12 65 £ 12 [98]
—7 2
e Thexs | Bxs (7.2 £3.3)-4074 (io0)

wherep, () and p, (r) are the neutron and proton densities,
respectively, normalized to unity. The ,o2 (r) terms are intro-
duced in (52) purely phenomenologically, and therefore the
complex coefficients B, and C, contain information about
the pion absorption as well as the higher order effects of
multiple-scattering theory.

Existing experimental values for 5, I' |5, and ', for
the *He and *He nuclei are given in Table II. It can be seen
that the level widths I, o, and also T, 5 in the case of *He, are
known with rather poor accuracy. The attractive nature of
the 7NV interaction in the § wave (b, >0) has the conse-
quence that the shift £,; becomes negative for all nuclei ex-
cept *He. Here, because of the fact that the isospin-depen-
dentterm b, §p (r) is negative and has a fairly large value, the
resulting energy shift becomes positive.

The experimental values of the shifts of the levels and
their widths are used to fix the coefficients B, and C in the
optical potential (52). Optical models with such potentials
give a fairly good description of the pion scattering up to
energies £ ~ 50 MeV for nuclei withJ = T = 0."°""'** Figure
17 shows the results of calculations of 7*He elastic scattering
in the optical model with first- and second-order potentials
to which there is also added a term U,,,, which takes into
account effectively pion absorption.”® The parameters C,,
and B, from (52) in the expression U,,, were determined
from the data on 77-mesic atoms. Calculations of 7°He elastic
scattering have not been made in such an approach because
the spin and isospin structure of the absorbing terms of the
optical potential (52) are poorly known. In this direction,
only the first steps have been taken.!%10

It has by now become clear that all microscopic calcula-
tions of pion absorption constitute a very difficult problem.
It has been found that such processes depend strongly on the
effects of the binding of the nucleons in the nucleus,'” on
the nuclear correlations,'® and on the behavior of the
pion-nucleon scattering matrix off the energy shell.'® In
fact, this is by no means the complete list of all the many-
particle effects that play a part in the description of pion
absorption by nuclei.

3. TOPICAL PROBLEMS OF PION INTERACTION WITH THE
LIGHTEST NUCLEI

In this section, we discuss some of the most topical
problems of pion scattering by the lightest nuclei. In the first
place, we consider pion absorption processes. It is interest-
ing to study these reactions on light nuclei, since it is in this
case possible to obtain information about the isotopic struc-
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ture of the amplitude of absorption by a pair of nucleons. It is
well known!!%!!! that absorption by a two-nucleon cluster is
the dominant mechanism of pion annihilation. However, by
studying the reaction 7d —pp it is not possible to obtain the
amplitude of absorption in the state with isospin 7= 1 (for
the simple reason that the deuteron is a system with 7' = 0).
Recent experiments®"''*"'"" on pion absorption by the *He
and *He nuclei have led to the discovery of interesting fea-
tures of pion annihilation in the channel with 7= 1.
Another important problem that can be solved by
means of pion—nucleus physics at intermediate energies is
that of the violation of charge symmetry in strong interac-
tions. It is well known that one of the consequences of the

T T oo Ty T T T 1111y

dr,df2, mb/sr

T llllll'[

a1

Lostup e poop
D 20 %0 60 80 100 120 147 160

FIG. 17. Differential cross section of elastic 7*He scattering at low ener-
gies. The continuous curves are the results of optical-model calculations
with potentials U + U® 4 U™ (Ref. 50) (the parameters of U™
were taken from data on 7-mesic atoms); the chain curves give the results
of calculations with the potential U*"? ; the chain curve with two dots gives
the results with the potential U + U'®’; and the curve with the crosses
corresponds to U’ + U ***. The experimental data are taken from Refs.
46 and 47.
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principle of charge symmetry is equality of the cross sections
of 7' and 7 scattering by nuclei with zero spin and iso-
spin. (Of course, all the effects of the Coulomb interaction in
such processes must be taken into account.) However, in
recent experiments on 7° elastic scattering by deuteri-
um' " and the *He and *H nuclei'*” indications of viola-
tion of charge symmetry were obtained.

Finally, in this section we shall consider the main char-
acteristics of the dominant channel of inelastic pion scatter-
ing—quasielastic nucleon knockout.

Pion absorption by *He and 4He nuclei

As already noted above, the main mechanism of pion
absorption is absorption by a two-nucleon cluster. But what
fraction of the total absorption cross section is due to this
process? It is clear that three, four, or more nucleons can
participate in the absorption reaction on heavy nuclei. The
probability of three- and four-nucleon absorption can be ex-
tracted from data on pion absorption by “He and *He.

Pion absorption by *He nuclei was investigated experi-
mentally for the first time at Dubna.'*® In this work, mea-
surements were made for stopped 7~ mesons of the relative
probability W of the channels with emission of a proton or a
deuteron; the Panofsky ratio was measured:

o (1~ 3He —3H 4+ n%)
a(a~ 3He—3H4-¥)

P (3He)= —2.98 4+ 0.18.
This work already showed that pion absorption takes
place predominantly on an np pair:

W (prn) = (57.8 = 5.4)%; W (dn) = (15.9 & 2.3)%;
W (dny) = (3.6 & 1.2)%.

The most complete information on pion absorption by
nucleon clusters was obtained in experiments of Backen-
stoss’s group at SIN, in which the absorption of stopped 7~
mesons in *He was studied.'>'"*

These experiments were made under conditions of com-
plete kinematics. Moreover, in Refs. 112-115 there was si-
multaneous detection of the nucleons and y rays from transi-
tions of the pion in different states of the mesic atom. This
made it possible to obtain information about the angular
momentum of the state from which the pion was captured.

Figure 18 is the Dalitz plot for the 7~ *He—pnn pro-
cess.'’® The kinetic energies of the neutron and proton,
which were detected in coincidence, are plotted along the
axes. Knowing both these quantities, we can calculate the
energy of the third particle. The numbers next to the closed
contours in the Dalitz plot characterize the number of reac-
tion events with the given values of T, and T,. Six regions
are clearly distinguished: The peak D corresponds to events
with low proton energy and corresponds to 7~ absorption
by an np pair [the 7 ( pn) —nn reaction]. The peak F is
characterized by a low kinetic energy of the neutron and
corresponds to absorption by a pp pair [the 7~ ( pp) —np
reaction ]. If after absorption by a pp pair a high-energy pro-
ton and a neutron are detected, then in the Dalitz plot such
events occupy the region B. Region A corresponds to the
maximally possible proton energy. It follows from the kine-
matics of the reaction that in this case two neutrons must be
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FIG. 18. Dalitz plot for the nnp system in the 7~ *He reaction.'"* Region
A corresponds to final-state interaction in the nn system; regions B and F
to absorption by a pp pair, mpp — np; regions C and E to final-state interac-
tion in the np system; and D corresponds to absorption by an np pair,
THP — .

emitted in the direction opposite to that of the proton and
must have relative momentum near zero, i.e., this means that
there is an interaction in the final state between the neutrons.
The analogous configuration for an np pair corresponds to
the region C. Here, the effects of the final-state interaction
between the proton and neutron are strong. The region E is
the mirror reflection of the peak C; it also characterizes in-
teraction in the final state between an np pair, but in this case
a low-energy neutron is detected.

Analysis of the Dalitz plot in Fig. 18 makes it possible to
determine the partial probabilities of the various absorption
reaction mechanisms. It is found that the two-particle ab-
sorption is about 70% of all the cases; the reaction
7 *He— nd with production of a deuteron provides about
10%:; the remainder is taken up by the fraction of events with
final-state interaction. The results of Backenstoss’s experi-
ments demonstrate very clearly the important part played by
the processes of interaction in the final state. It is clear that
without allowance for such effects one could not obtain a
satisfactory quantitative description of the pion absorption
processes. Figure 18 also clearly exhibits another fundamen-
tal fact that characterizes the pion absorption processes. It
can be seen that the events are mainly grouped in the region
D, where the absorption takes place on an np pair. There are
far fewer pion absorptions by a pp pair (theregions F and B).
The branching ratio for these two cases is

R={818) _ 1044 15.

(=, pp)

An indication of a strong difference between the np and
pp pair absorption channels was obtained in Ref. 116, in
which7* and 7~ absorption by *He and *He was studied at
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FIG. 19. Diagrams of the pion absorption process.

T =165 MeV. A colossal discrepancy between the differen-
tial cross sections of the 7+ , pp and 7, np reactions was
found."'® According to the data, np absorption exceeded pp
absorption by 100 times. Although subsequent experi-
ments,""™"”7 and also a different study of the same auth-
ors,''® yielded a value of R approximately three times
smaller, this value differed strongly from what could have
been expected on the basis of simple isotopic considerations.

For suppose the absorption takes place on two nucleons
either in a state with total isospin 7= 0 and total spin § = 1
(np pair) or in a state with T'= 1, § = 0 (pp and np pairs).
Suppose also that the dominant process is excitation of the A
isobar with its subsequent decay (the corresponding dia-
gram is shown in Fig. 19). Then it follows from simple isoto-
pic relations that the ratio of the cross section of absorption
in the pure state with T = 0 to the cross section of absorption
in the state with 7= 1 must be R, = 2.""® And then the
observed ratio of the cross sections of absorption in *He
(with allowance for the total number of np pairs with isospin
T=0and T = 1) must be

B ,ﬂ%_ﬂﬂ Be

This value is appreciably smaller than what is actually
observed in experiments (Fig. 20).

The suppression of absorption by a pair of nucleons
with isospin 7" = 1 can be explained qualitatively as follows.
Investigations of pion absorption by deuterons showed that
absorption from the state /, _,y = 1 is dominant.'*® When
this P-wave absorption of the pion (J” = 1% ) takes place
on a pair of nucleons with 7= 1 and total spin § = 0 and
L =0, the quantum numbers of the final state must be
J™ =1% and T = 1. But the Pauli principle prevents two
nucleons from being in such a state, i.e., absorption by a pair
of nucleons with 7= 1 (Fig. 19) cannot take place in the
state/, _,y = 1, butitis precisely this state that is dominant
in the region of energies of the A;; resonance. The quantum

100

LR

709 ;
1 1 1 1 L
0 25 50 75 700 725 150175
T MeV

FIG. 20. The ratio R = (7" ,pp)/a (7~ ,pn) for pion absorption in *He.
The experimental points are from Refs. 113, 116, and 117, the continuous
curve is the result of the theoretical calculations of Ref. 94, and the broken
curve is from Ref. 119.
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numbers that two nucleons in the absorption reaction can
have are given in Table III. It can be seen that absorption by
a pair of nucleons with T = 1 must take place from the S and
D states, the contribution of which is relatively small.

Arguments similar to those given above were used for
quantitative analysis in Refs. 94 and 119. The results of these
calculations are shown in Fig. 20 by the continuous® and
broken''” curves. It can be seen that as yet the theory de-
scribes only the basic features of the energy dependence of R.
One of the reasons for the discrepancy may be the need to
takeinto account not only rescatterings through the A isobar
(of the type of the graphs C in Fig. 19) but also other pro-
cesses (see graphs A and B in Fig. 19). It is asserted in Ref.
121 that although the type-C graphs are the most basic ones
for pion absorption by a pair of nucleons with 7" = 0, they are
not sufficient for a description of absorption by a pair with
T = 1. It is precisely the small cross section of the channel
with T = 1 obtained as a result of taking into account only A
rescatterings that leads to the overestimation of the ratio R.
In Ref. 121 it is shown that diagrams A and B are indeed
important for absorption by a pair with 7=1, and
allowance for them makes it possible to reduce significantly
the value of R.

A detailed study of the spectra of the protons in
*%He (7 * , p) reactions at energies 50-250 MeV was made in
Refs. 30 and 122. Absorption by two nucleons is clearly
manifested in these spectra in the form of a peak at large
values of the momenta. The width of the peak is 54 and 100
MeV for *He and *He, respectively. The authors also note
that the absorption cross section for the lightest nuclei is
directly related to the number of np pairs in the nucleus.
Thus, the absorption cross sections for 2H, *He, and *He bear
the ratios 1:2:4. However, and this is very important, the law
is violated already for absorption by °Li and heavier nuclei.
For example, the absorption cross section for ’Al is only
eight times greater than o, (7d). The cross section for the
absorption of pions by °Li should exceed o,,, (7*He) by a
factor 2.25 but in fact exceeds it by only 20%. These facts
receive a natural explanation if one bears in mind that pion
absorption must occur when the nucleons are at small rela-
tive distances. But when the p shell begins to be filled in the
nuclei, the effective number of np pairs that can absorb the
pion is decreased. This leads to a quite different nature of the
A dependence of the absorption cross section than in the case
of the lightest nuclei, for which all the nucleons are in the s
state.

Searches for violation of charge symmetry in w4 scattering

There are numerous indications that charge symmetry
can be violated in strong interactions. There is the difference
between the nn and pp scattering lengths in the same isotopic
state,'**!?* the difference between the *H and *He binding
energies, which cannot be explained by purely Coulomb ef-
fects,'*>'*® and the fact that different 7N scattering phase
shifts are extracted from data on 7 p and 7~ p scatter-
ing.'?”!2® In recent years, the validity of the charge-symme-
try principle has been subjected to more sustained testing in

pion—nucleus reactions.
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TABLE III. Quantum numbers of the 7NN system that are allowed in pion absorption
reactions. The indices i, AN, and f label the pair of nucleons in the initial, intermediate, and
final states, respectively. The angular momentum in the #2N system is denoted by

I(m — 2N).
n T,

Jli;"o 1 (-2N) JA;VA;':A}N Iapdy MM,

i+,0 0 i~ 4 =5 1 1 3p,

1 0+ 2 0% 107 45 18,

2r0,2 2%, B 4 1D,

0% 1 0 04 [V A 3Py

1 A not formed 1% 0; 0; 384

i & o 3D,

For example, an experiment at Los Alamos studied the
elastic scattering of 7* mesons by the *He and *H nuclei at
energy T = 180 MeV.? If charge symmetry holds, then
after subtraction of the Coulomb effects the differential
cross sections of 7 ¥ elastic scattering by *He must be equal
to the differential cross sections of 7* *H scattering, i.e., the
ratios r, = do(w+*H)/do (7 *He) and r, = do(73He)/
do (7~ >H) must be equal to unity.

The Los Alamos study investigated the angular depen-
dence of tne ratios 7, and r,, and also the “super-ratio” R,
defined as

_ry __ do (x* M1)/do (n *He)

2 (54)
¥y  do(n~ *He)/do (s~ 3H) °

The results of this study are shown in Fig. 21. It can be
seen that at angles = 60-80° the super-ratio R differs ap-
preciably from unity, the deviation being outside the limits
of the systematic errors of the experiment, which are shown
in Fig. 21 by the broken lines. The largest value of R is
reached at 6 = 65°, where R = 1.31 + 0.09. It is interesting
that if the angular dependences of r, and r, are analyzed

Nk
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FIG. 21. Angular dependence of the “super-ratio” R in (54) for elastic
7+ *He and 7+ *H scattering at T, = 180 MeV (a)'?’; the angular de-
pendence of the ratio r, = do( 7+ H)/do (7 *He) (b); and angular de-
pendence of r, = do(m+*He)/do (7~ *H) (c). The systematic errors are
shown by the broken lines.
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separately, then it is seen to be the “weak” nonresonance
ratio 7, that differs from unity. At the same time, the
“strong” resonance ratior, for the processes with the largest
7+3He and 7 3H scattering cross sections behaves normal-
ly and does not exhibit any violation of charge symmetry.

Unfortunately, no allowance was made for Coulomb
effects in Ref. 129, the authors of which express the hope
that in the ratios , and r, and especially in the super-ratio
R, the Coulomb effects must cancel strongly. However, this
question undoubtedly requires detailed elaboration. This is
all the more necessary in view of the fact that the greatest
deviations are observed in the region of angles in which there
is a minimum in the differential scattering cross sections. In
this angular interval, the purely nuclear amplitude is small,
and, as is well known, the interference between the Coulomb
and nuclear amplitudes introduces quite sensible changes.

Detection of charge-symmetry violation was an-
nounced in Ref. 12, in which measurements were made of
the total cross sections of 7+ scattering by deuterium, and
also in Refs. 13 and 14, in which the differential cross sec-
tions of 7 * d elastic scattering were analyzed. The measured
differences were interpreted in terms of splitting with respect
to the masses of the components of the isobar charge multi-
plet as predicted by quark models.

It was found in Ref. 12 that the characteristic splitting
parameter

Cow=m (A)—m (A4 [m (M) —m (AN]  (55)

has the value C,, = 4.6 4 0.2 MeV. In Ref. 13, the value
C, = 4.35 + 0.5 MeV was obtained. Both of these values
are in good agreement with the predictions of the quark
models: Cj, = 4.47 MeV."!

However, the conclusions of these studies on charge-
symmetry violation have frequently been severely criticized
(see, for example, Ref. 133). To understand the essence of
the objections, we consider in more detail how charge-sym-
metry violation was sought in 7* d elastic scattering.'>'*

The experiments measured the angular dependence of
the asymmetry parameter 4(6), defined as

£0(7)[dQ —dat*)/dQ

(56)
dot)[dQ+do()/dQ

A(0)=

The experimental data were then compared with theoretical
calculations in which the nuclear amplitude f (6) was de-
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FIG. 22. Asymmetry parameter 4. (6) in elastic 7* d scattering at
T, = 143 MeV."* The broken curve shows the results of calculations for
the case when complete absence of charge-symmetry violation was as-
sumed, i.e., Cyy, = 0; the continuous curve corresponds to a splitting pa-
rameter Cy, in (55) equal to 4.35 MeV, and the chain curve to Cy, = 3.6
MeV.

termined from calculations based on Faddeev’s equations
without allowance for the Coulomb interaction. After this, a
phenomenological distortion of the calculated amplitudes,
intended to take into account the Coulomb effects, was in-
troduced. The results obtained at energy 7" = 143 MeV are
shown in Fig. 22 by the broken curve; the experimental data
are reproduced rather poorly. It is from this that the conclu-
sion of charge-symmetry violation is drawn.

It is clear that such a procedure may be criticized. In
Ref. 133, in which the Coulomb corrections were taken into
account more carefully, the behavior of the asymmetry 4 (6)
at T'= 143 MeV could be completely reproduced. From this
it was included that there is in fact no charge-symmetry vio-
lation in pion—nucleus scattering. However, even the auth-
ors of Ref. 133 could not obtain a good description of the
asymmetry measured at the lower energy T'= 65 MeV by
the Saclay group.'** They nevertheless assume that there is

still no charge-symmetry violation; instead, they believe that
in their calculations at low energies the purely nuclear scat-
tering amplitudes are poorly determined.

In our view, the very method of seeking charge-symme-
try violation through analysis of the angular dependence of
the parameter 4 (@) introduces a high degree of subjectivity.
It is necessary to be able to calculate small (about 2%) de-
viations of 4(@) from zero. For this, the theoretical model
must guarantee an accuracy of calculation of the differential
cross section better than 1%. Unfortunately, no contempo-
rary theory of the pion-nucleus interaction is capable of do-
ing this, the reason being the existence of various types of
important approximation.

It would be good to look for charge-symmetry violation
using model representations as little as possible. A suitable
method for this is phase-shift analysis of 7*He scattering.
The scattering phase shifts that occur in Eqs. (11) and (12)
can be decomposed as follows:

+ +
Y + 857
mSﬁ)

PR ES) (57)
= Og, |+ OR, 1,
where 8;;; and wy, are the purely nuclear phase shifts that
would be obtained if we had the possibility of “switching
off ” the Coulomb interaction, while the phases 8%’ and
wg’’ take into account effectively the distortion of the nu-
clear potential in the Coulomb field. Physically, the phase
shifts 65*’ and w{*’ correspond to some kind of allowance
for radiative corrections. The diagrams of the corresponding
processes are shown in Fig. 23. In Refs. 132 and 135, an
approximate formalism was developed for calculating the
Coulomb corrections 83*’ and wk*’ in terms of the purely
nuclear phase shifts 6, and w,, and their derivatives. (If we

‘now make a phase-shift analysis of #+*He and 7~ *He scat-

tering separately and determine the purely nuclear phase
shifts, then in the case of charge symmetry they must be
equal.)
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7 4 FIG. 23. Diagrams of processes corresponding to Coulomb ef-
s fects for the example of 7 * d scattering. Graphs 1 and 2 and
,r"} o “~ 'f‘ their iterations correspond to the purely nuclear interaction;
4P Y= P 4P e ¢ +P L . they form the amp]itude_ Sup (8)in (2); graphs 3 and 4 describe
5 = n n o — ‘i purely Coulomb scattering; the processes 5—8 correspond to ex-
5 Je 3 7 P ternal Coulomb corrections, taken into account by means of the
i phase shifts 837’ and w}7 ’; diagrams 9-12 and 14 correspond to
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Such a program was implemented in Ref. 49. Figure 24
shows the difference & between the purely nuclear phase
shifts 8,, and w;; determined from 7+*He and 7~ *He scat-
tering. It can be seen that no statistically significant differ-
ence between the purely nuclear phases obtained from the
7+*He and 7 *He scattering was found. This is a weighty
indication that in this region there are no effects of charge
symmetry violation.

In Ref. 49 the authors also considered what difference
between the purely nuclear phase shifts of 7*He scattering
could be produced by the differences between the masses of
the components of the A-isobar multiplet. For this, a calcu-
lation was made in the unitary approach by the method of
evolution with respect to the coupling constant,*"'*® differ-
ences between the masses and widths of the A isobars being
introduced in the description of the amplitudes of the ele-
mentary 7N scattering event. It was assumed that the mass
difference of the A isobars is Am = 6 MeV, and that the
difference of the widths is AT = 8 MeV. Then, using the
parametrization proposed in Ref. 137, one can show that the
difference between the 7N scattering phase shifts in the P;
wave at energy T =75 MeV is 0.35°. In the case of 7*He
scattering, this difference is enhanced and the purely nuclear
phase shifts differ by 0.72° at T, =75 MeV. This value is
significant; it is more than twice the correction due to the
external Coulomb corrections and, in principle, could be de-
tected by means of phase-shift analysis of the differential
cross sections of elastic scattering measured to accuracy
~ 19%-2%. Unfortunately, such measurements have not as
yet been made for 7*He scattering.

It should be said that the existence of a mass difference
in the components of the charge multiplets of not only the
isobar but also the nucleon and the pion can lead to rather
interesting consequences in pion-nucleus physics even at
very low energies. For example, it was noted in Ref. 138 that
because of the 7*° mass differences the process of virtual
pion charge exchange is possible even at zero pion energy.
This must lead to the appearance in the pion—nucleus scat-
tering length of an imaginary part not related to the absorp-
tion process. These questions were investigated in detail in
Refs. 138-140, in which it was shown that certain changes
are obtained in the 7d, 7~ *He, and 7+ *H scattering lengths
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FIG. 24. The difference £, = &}’ — 8}’ between the purely
nuclear phase shifts in the states with /=0and 1 (&5 and £;)
determined separately from 7% *He and =~ *He scattering (on
the left). The right-hand side of the figure shows the corre-
sponding difference for the inelasticity parameters
7 = exp( — 2wy,).*® The crosses show the difference ¢ that
arises from imitation of charge-symmetry violation in the 7V
interaction (see the text).

on account of the mass differences of the pions, nucleons,
and nuclei. They have a particularly strong effect on the real
parts of the 7~ *He and 7 *He scattering lengths, changing
them, for a certain class of 7N potentials, by 100% and
more.'*°

Quasielastic and inclusive pion scattering

Although quasielastic pion scattering has been studied
for a rather long time, the experimental situation in this field
is still far from perfection. Basically, one measures only indi-
vidual characteristics of these reactions (excitation func-
tions and double differential cross sections), and, as a rule,
experiments with complete kinematics are not made (see
Refs. 20, 26, 28-30, 32, 42, 142, and 147).

The main feature of the inclusive scattering of pions is
the resonance peak in the energy spectra of the emitted
pions. It is due to quasielastic scattering and is observed at
all energies of the initial pions. The center of the peak is
approximately at the energy AE=E —E, =q’/2M,
where g is the momentum transfer and M is the nucleon mass
(see, for example, Ref. 30). Such an energy balance occurs in
free 7N scattering. As functions of the angle &, , the differ-
ential cross sections have a minimum in the region of 90°, this
being characteristic of dominance of the interaction in the P
state.?® As functions of the angle 8, between the emitted
pion and proton the differential scattering cross sections
have a pronounced asymmetry—in 80% of the cases of
quasielastic scattering of pions by the “He nucleus €, >90°
(Fig. 25).%% In general, one can say that in the inclusive and
quasielastic pion scattering reactions there are strong indica-
tions that a decisive role is played by the mechanism of quasi-
free scattering with dominance of the A resonance. For a
light nucleus such as *He it is not to be expected that the
effects of distortion in the final and initial states can qualita-
tively change the features of the inclusive and quasielastic
spectra.

Traditionally, quasielastic scattering has been treated
by the methods of the theory of direct nuclear reac-
tions,"**** in which the main mechanism was identified
with the pole diagram [Fig. 26(a)]. In Refs. 143 and 144,
criteria were formulated for separating the regions in which
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experimental data are taken from Ref. 26.

FIG. 26. Pole diagrams of quasielastic pion scattering by *He.
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the pole diagram is dominant. The calculations of quasielas-
tic scattering of pions by “He made in Ref. 145 showed that
the pole diagram alone is not sufficient for even qualitative
reproduction of the differential cross sections of *He (7, 7p)
reactions. However, antisymmetrization of the final-state
wave function [which is equivalent to taking into account
the diagram of Fig. 26(b)] made it possible to achieve a
significant improvement in the description of the experimen-
tal data (Fig. 27). Nevertheless, these calculations, made in
the plane-wave approximation, do not give the correct abso-
lute value of the reaction cross section.

One of the greatest surprises in pion—nucleus physics of
recent years was the discovery of a very strong difference
between the cross sections of quasielastic 7+ and 7~ scat-

tering by the '°0 nucleus.'*® It was found that at 7 = 180

MeV

R 0@t 10 xt p BN)
T 0 (a~ 180 —a- p BN)

~ 40

(it is well known that for the elementary 7V interaction this
ratio is of order 9). It is interesting that in the case of quasi-
elastic scattering by *“He the corresponding ratio is less than
for free mN scattering. Figure 28 shows the angular depen-
dence of the ratio R in the 7 * “He — 7 * p*H reactions."*’ To
explain the large isotopic ratio in the case of 7'°0 quasielas-
tic scattering the mechanism of nucleon knockout from the
nucleus by means of the A isobar was used, '*® but in the case
of quasielastic scattering by “He this process does not play an
important part.

Reactions of inclusive scattering of pions by *He can
give information about the renormalization of the character-

FIG. 27. Differential cross sections of quasielastic pion scattering by “He
at different energies'*”: a) 7+ + “He—7" +p + *H; b) *He(7*,7 1) He;
¢) “He(7*,7%)*He. The broken curves show the results of calculations
with allowance for just the one pole diagram of Fig. 26(a); the continuous
curves correspond to allowance for the diagrams of Figs. 26(a) and 26(b).
The experimental data are from Ref. 20.
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istics of the elementary 7NV scattering event in the nuclear
medium. In the framework of the isobar—hole model (see
Sec. 2) this process was studied in Ref. 28, in which it was
assumed that a certain average field U, influences the prop-
agation of the isobar in the nucleus.’’ In addition, the part
played by the channel of true pion absorption was taken into
account by means of the “smearing” potential U,, [see Eq.
(38)]. Allowance for binding effects of this type also had the
consequence that the peak in the energy spectrum of the
pions is broadened and its height becomes less dependent on
the energy of the incident pion than in the case of calcula-
tions without renormalization of the 7NV interaction in the
medium. The calculations in the isobar—hole model describe
the experimental data in the region of energies 7> 150 MeV
much better than calculations in the plane-wave approxima-
tion. However, at 7' < 150 MeV there are certain discrepan-
cies between the predictions of the isobar—hole model and
the experimental data, and as yet it is not clear whether these
are due to the presence of more complicated reaction mecha-
nisms or whether the isobar-hole model is simply invalid in
this region of reactions.

CONCLUSIONS

We should like to conclude by considering what inter-
esting characteristics of pion interaction with the helium iso-
topes it would be helpful to measure in future experiments.

Above all, of course, it is necessary to have experimen-
tal data for the total interaction cross section o, a funda-
mental quantity. We noted in Sec. 1 that there are as yet
virtually no measurements of o, for the 7°He interaction.
In the case of 7*He, the total cross section has not been mea-
sured at low energies (7 < 100 MeV), and there are no sys-
tematic measurements of o, for#* and 7~ mesons. Such
data are important for investigating the problem of charge-
symmetry violation in strong interactions, In addition, as
was noted in Sec. 1, testing of the dispersion relations for
7*He scattering gave rise to a suspicion that the total cross
sections o,,, have been inaccurately measured at high ener-
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gies (T'> 300 MeV). In the future, it will be necessary to
clarify this question finally.

At the meson factories, experiments have already been
made to study the differential cross sections of elastic scat-
tering with a relative error of order 2%. However, for 7He
scattering measurements at such a level of accuracy have not
yet been made. Their results could yield important informa-
tion not only for the problem of charge-symmetry violation
(see Sec. 3) but also for the choice of the most preferable
theoretical conceptions. An interesting task in the case of
elastic scattering of pions by *He would be measurement of
the vector polarization ¢ ; in this process. In Refs. 72 and 73
it was shown that this quantity is very sensitive not only to
the details of the nuclear structure but also to the approxi-
mations used to describe the reaction mechanism.

The *He (7 ~,7%)*H charge-exchange cross sections are
also about as sensitive to these effects, and it is much simpler
to measure them than to carry out the polarization experi-
ment. Unfortunately, in this field too the experimental situa-
tion is far from perfect.

A complete kinematic experiment to investigate the
quasielastic scattering of pions by both *He and “He is very
important for many reasons. For example, it would be of
interest to trace the change in the parameters of the A isobar
in the nuclear medium. Such attempts have already been
made in a study of >C(«* , 7 p)'! B quasielastic scatter-
ing.'"*® In Ref. 149, quasielastic scattering of pions by deu-
terium was used in order to obtain an estimate of the
A~ —A™* mass difference. Such data are of very great inter-
est for quark models of elementary particles. V. B. Belyaev
has made the interesting suggestion that the effects of pion
interaction with the nucleon in the final state of quasielastic
knockout reactions should be used to investigate the low-
energy (T <20 MeV) behavior of the 7N amplitude. It is
well known that in this region of energies there are no experi-
mental data and it is extremely difficult to perform a direct
experiment on 7V scattering. Finally, reactions involving
the complete breakup of *He of the type 7~ *He—7 " nnpp
can be used to look for bound states in the 7~ nn system, the
possible existence of which was pointed out in Refs. 150 and
151.

An exceptionally important task is study of the charac-
teristics of pion absorption by the *He and *He nuclei. Be-
sides the very necessary but rather routine task of measuring
the energy dependence of the absorption cross section in he-
lium (the exact behavior of which is still unknown), the part
played by the three- and four-nucleon absorption mecha-
nisms has recently become especially topical. The first steps
were taken in this direction in Ref. 152, in which it was found
that for the 7~ *He — pnn process the cross section of three-
nucleon absorption is 209 of the cross section of absorption
with isospin 7= 0.

In experiments made with good statistics one could
look for dibaryon and multibaryon resonances, investigate
the interesting possibility of the existence of resonances in
the AN system, and even approach the systematic study of .
the AN interaction.

We have listed only some of the problems which seem to
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us fairly topical. However, it is clear that the list can be sig-
nificantly extended and made more varied. It is what is re-
quired for further successful development in the study of
pion interactions with light nuclei.

We are very grateful to V. B. Belyaev, F. Nichitiu, M.
Kh. Khankhasaev, and Yu. A. Shcherbakov for valuable
comments and fruitful discussions.
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