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After qualitative discussion of what can be expected in quasielastic (r, 7’) experiments, a
semiclassical model is developed. The mean free path for pion absorption in nuclear matter is
a more or less unknown ingredient of the model, but the predictions for the effective nucleon
number are insensitive to it. The uncertainties of nuclear corrections can be largely avoided
by considering ratios of quasielastic cross sections between different nuclei.

NUCLEAR REACTIONS 20, 8Cu, %pb(r, 7*), quasielastic scattering; T,
=100-400 MeV; calculated 0(f), semiclassical model; ratios of o(8)’s.

I. INTRODUCTION

The imminent availability at meson factories of
intense pion beams and their associated high reso-
lution spectrometers has focused attention on the
interactions of pions with nuclei. Apart from dif-
ferential cross sections involving particular final
nuclear levels,' another kind of pion-nucleus re-
action, quasielastic scattering, can be investi-
gated with the new spectrometer facilities. So
far we have only very limited information about
this process.?’® This paper considers what might
be expected of quasielastic pion scattering and
presents a simple semiclassical model that may
provide a reasonable first approach in analyzing
the data as these become available.

The structure of the paper is as follows. Section
II discusses qualitative aspects of quasielastic
scattering, the reaction (m, 7N), and comparisons
are often made with the more familiar (p, 2p) re-
action. The “one arm” experiment (7, 7’ ) is more
likely to be done first,* however, and we concen-
trate our attention on that. The semiclassical
model for (m, n’) is presented in Sec. III, where
the effective nucleon number N, is defined.
There is an uncertainty of the mean free path for
pion absorption, A,,, a parameter in the model;
we assume the absorption process to involve two
nucleons. Section IV presents and discusses re-
sults for N, . Fortunately, they are not very
sensitive to the values assumed for A ,,,. The
question of various nuclear corrections is con-
sidered in Sec. V. These turn out to be large and
ambiguous. Hence, to circumvent this difficulty,
ratios of quasielastic cross sections are proposed
in Sec. VI as the most reliable predictions of the
model.
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II. QUALITATIVE ASPECTS OF QUASIELASTIC PION
SCATTERING

Let us first make a number of remarks about
the quasielastic process, in which a projectile
scatters incoherently from the individual nucleons
of the nucleus. For pions this will be investigated
in depth for the first time at meson factories. One
of the purposes here is to point out that conditions
in the pionic case are sufficiently different from
those in the more familiar examples of quasi-
elastic scattering that there may be surprises in
store for us when these experiments are done.

The prototype quasielastic reaction is proton
knockout by high energy protons (p, 2p). There
are several nice reviews of this subject, of which
the latest is Ref. 5. The corresponding process
for incident pions is (m, 7N). In the following we
will often compare parameters for the two knock-
out processes.

The (m, 7N) reaction occurs with large probabil -
ity. Chivers et al.® have found that the total cross
sections for *C(r~, " n)"'C and 2C(r*, 7N)''C at
180 MeV are each about 75 mb. Thus more than
half the inelastic scattering cross section involves
nucleon knockout (or evaporation?), a point which
is also clear from Refs. 2 and 3. There is a prob-
lem with these data, however. The simplest im-
pulse approximation, together with isospin con-
servation, predicts the ratio of the 7~ to 7" cross
sections to be 3; experimentally it is about 1.
This implies there must be large distortion ef -
fects, e.g., final state interactions,” so that the
simple argument no longer holds.

A large distortion might well be expected, since
the 7N interaction near the (3, 3) resonance is so
strong. The total cross section per nucleon (i.e.,
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averaged over neutrons and protons) is =130 mb
at 190 MeV, corresponding to a mean free path
for a 7N scattering of =0.5 fm. In contrast, a 100
MeV proton has a mean free path some 3 times
longer. That is, distortion is likely to be much
more important for quasifree (7, 7N) reactions
than for quasifree (p, 2p) reactions.

Thus a first question to be answered is whether
the (7, 7N) reaction can be described as a quasi-
free process at all. The radio-chemical data of
Ref. 6 seem to say “no.” On the other hand, the
pole -approximation model® without distortion ef-
fects seems to agree reasonably well with the
bubble chamber data of Ref. 2. The question can
only be answered by further experiment.

An investigation of the (7, #N) reaction in the
resonance region using counters in coincidence
would not be too difficult with pion beams soon to
be available at meson factories, but the first ex-
tensive look at inelastic pion scattering will likely
use a spectrometer.* We thus consider from now
on the (w,n') veaction, in which the scattered pion
has an energy T, appropriate to a quasifree 7N
scattering. The struck nucleon, presumably
knocked out, is not observed in such an experi-
ment. In calculating the quasielastic (m, 7’) cross
section, therefore, one must integrate over the
possible final states for this nucleon (as well as
those of the recoil nucleus).

In scattering with a free nucleon the pion loses
an energy

AT, =T, - T;=(q*/m)(1 -cosb.p) , 1)

where m is the nucleon mass and 4 and 6., are
the momentum and scattering angle in the 7N
center of mass. To distinguish the quasielastically
scattered pions from those scattering from the
nucleus as a whole, it is necessary that AT, be
greater than the energy loss corresponding to the
highest nuclear levels excited. Presumably these
are the collective giant resonance states, i.e.,
AT,.>30 MeV.®° For such an energy loss at 7,
=190 MeV the scattering angle must be greater
than 60°.

A typical spectrum for the scattered pions at
such an angle might look like Fig. 1. The elastic
scattering peak is at A, peaks due to inelastic
scattering to particular excited nuclear states are
at B, and the (expected) scattering which excites
the broader giant resonance is at C, some 15 MeV
or so below A. The quasielastic peak at D has a
position given by Eq. (1), but considerably broad-
ened by Fermi motion and probably shifted some-
what by the binding energy. This peak sits on top
of a background of as yet unknown size. If the
background does not swamp the signal, then the
quasielastic differential cross section doQE/dQ

can be defined as the integral of d?c/dT’dQ with
respect to T/ over this peak, less the contribution
from the background. That is, dog;/dQ corre-
sponds to the shaded area in the peak at D.

The source of the background under the quasi-
elastic peak is (incoherent) multiple scattering.
For example, for a single scattering of 9., =90°
at 190 MeV, AT, =55 MeV. If, however, the pion
undergoes two 45° scatterings, the combined AT,
=31 MeV, i.e., on the upper side of the quasielas-
tic peak. On the other hand, if the double scatter-
ing consists of a 90° scattering followed by another
of 180°, then AT, =130 MeV, below the peak. In
view of the free 7N angular distributions, these
two double scattering cases are roughly equally
probable. Higher order scattering is more com-
plex but will likewise contribute to the background
under the direct single-scattering quasielastic
peak. Finally, we remark that this background
may well become more important for larger nu-
clei and at larger angles.

The cross section dogs/d, if it exists, should
have an angular dependence like that of the free
7N differential cross section, but modified some-
what by distortion effects. This relatively flat
angular behavior will contrast sharply with that
of the elastic pion-nucleus cross section, which
falls off several decades in going away from the
forward direction [for nuclei with A > 10 and pion
energies near the (3, 3) resonance].

Because of the relative 7N and pN total cross
sections, pion quasielastic scattering will be more
of a surface phenomenon than proton quasielastic
scattering. The pion scattering will thus take
place more often on nucleons in outer shells.*®
Of course, a (m, 7') experiment cannot give infor-
mation on shell removal energies, as is the case
for (p, 2p), (e, e’p), and, to a lesser extent, (w, TN).

In the analysis of (p, 2p) experiments it is help-
ful that the pp amplitude has a relatively smooth
energy and angle dependence at the energies con-
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FIG. 1. Possible pion spectrum for scattering at an
angle where the quasielastic peak at D is separated
from the peaks (at A, B, and C) due to scattering from
the nucleus as a whole.
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FIG. 2. Model geor_xgetry for the case ¢ =0. In general
the interaction point r has cylindrical coordinates

®, 2, ¢).

sidered. This is nof so for the 7N amplitude near
resonance and might be a source of trouble. The
main effect of the rapid variations of the 7N am-
plitude, however, may be a smearing of the free
7N cross section due to Fermi motion. Since this
cross section enters as an over-all factor, the
smearing effect will tend to cancel in the ratios of
quasielastic cross sections which we discuss in
Sec. VI.

To conclude this section of qualitative remarks,
we repeat that there are a number of uncertainties
about what quasielastic pion scattering will be like
and, indeed, even if it can be seen. If a quasi-
elastic differential cross section daQE/dQ can be
extracted from the (7, 7’') spectra, however, the
semiclassical model to be discussed next may be
expected to provide a good first description of
such data.

III. SEMICLASSICAL MODEL

The following model for the quasielastic (7, 7’)
reaction is similar to a rather successful model

for pion production by medium energy nucleons.'!"'*

More details may be found in these references.

A. Quasielastic differential cross section

The picture we have in mind is shown in Fig. 2.
The incident pion travels in a straight line within
the nucleus to some point ¥, where it scatters
from a (bound) nucleon and leaves the nucleus at
a laboratory angle 6,, again moving in a straight
line. The incoming and outgoing energies, T, and
T/, differ only by the energy loss in the single
quasifree collision, Eq. (1). The recoil nucleon
presumably also leaves the nucleus at the same
time, but its energy and direction are unobserved.
Both the incident and outgoing pion fluxes are at-
tenuated, by 7N scattering (including charge ex-
change) as well as by absorption in the nuclear
medium. For simplicity we will ignore the small

(=3%) effects of charge exchange mixing in the
pion transport as this necessarily involves two
charge exchange reactions.!®

The quasielastic differential cross section, as
defined in the last section, is thus the product of
the free nN differential cross section times an
effective nucleon number,

doy dOee
_gs%l::'= deZ Neff(Tny HW,A) ’ (2)

where, for the 7* case,

doye Zdo o o0 Ndo o o

@ Adg " PTTPR g
Z+N/9do , .
e LSl @)

A similar expression holds for the 7~ case but
with N and Z interchanged. The second, approxi-
mate equality in Eq. (3) holds if the 7N scattering
is dominated by the (3, 3) resonance. Note that
the scattering actually takes place on a bound
nucleon and that nuclear corrections may be im-
portant'®; we return to these corrections in Sec.
V.

In accordance with the model described above,
N is defined as

N =fd3rp(f)e"’1‘””‘e'd2“'9"’/)" ) @)

Here p(r) is the nuclear density, normalized to

A. The factor exp(-d,/A) represents the probabil -
ity that the incident pion penetrates to the inter-
action point T, having traveled a distance d,
through nuclear matter; exp(d,/r’) is similarly

the probability the pion escapes in the direction

6., traveling a distance d,. The quantities A=x(T,)
and M'=x(T) are the mean free paths for pions of

energy T, and T/, respectively, where

)\-1(T7|')=Ascal_1(Tﬂ')+)\abs-l(Tﬂ') . (5)
The scattering mean free path A, is defined as
M ea H(T0) =p (Fr )G 4 (T) (6)

where Gy is the total 7N cross section, averaged
over neutrons and protons. Note that if the den-
sity is not constant, then A, varies as a function
of pion position ¥,. Presumably this is also true
for the absorption mean free path A, but just
how will be discussed below in Secs. III C and
IIID.

The N depend onA and A’ and thus are func-
tions of T, and 6,. There is also an implicit de-
pendence on 6, through d, and on A through 4,

d,, and p.
It is worthwhile at this point to make several
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comments:

(1) The assumption of straight line trajectories is
possible here because multiple scattering events
lie in the background.

(2) The physical basis of the model is more or
less the same as for the intranuclear cascade
(Monte Carlo) calculations.'® In such calculations
some pion absorption mechanism should be in-
cluded. The advantage of the present approach is
that far less computation is involved. On the other
hand, the Monte Carlo approach automatically in-
cludes the multiple scattering and thus deals with
the size of the background under the quasielastic
peak in a natural way.

(3) The semiclassical model here involves an as-
sumption of incoherence between the contributions
of the individual nucleons. The model is not ap-
plicable to a coherent process, such as elastic
scattering, where the wave properties of the pion
are crucial.

(4) There is a difference between this model and
that of Refs. 11-14, in that in the latter case there
was no damping factor due to elastic 7N inter-
actions. The desired quantity in the pion produc-
tion calculations was a total production cross sec-
tion, so the only attenuation there was due to re-
actions in which the pion of a given charge dis-
appears, as in charge exchange or absorption
processes. In the present case any elastic scat-
tering before or after the one at T will throw the
event into the multiple scattering background.

(5) There is a more or less well-known connection
between this semiclassical model and a more
quantum-mechanical approach using the distorted
wave impulse approximation (DWIA).!” The formu-
la for N, Eq. (4), can be derived at least heu-
ristically from such a starting point using the
closure approximation. Although it is perhaps
difficult to assess the validity of the various ap-
proximations being made, one can see quite clear-
ly that the attenuation factors have to do with the
damping of the incoming and outgoing pion wave
functions. The virtue of the present model is that

it contains the basic desired features and is simple.

A (much more complicated) DWIA calculation may
well be in order at some future time when the ex-
perimental situation warrants it.

B. Nonuniform nuclear density

The integrals for N, Eq. (4), can be easily
evaluated numerically, given p(7) and an assump-
tion as to the density dependence of A. The nuclear
density we use here is the Woods-Saxon density,

p (1) =p,[1 +exp(r - v,)/a]™, (7)

with parameters taken from electron-nucleus
scattering analyses.'®

For a nonuniform density the pion mean free
path A varies as the pion moves toward or away
from ¥. This is already seen in Eq. (6) for A ,.
The absorption mean free path A, is also a func-
tion of p, perhaps different. Thus the exponentials
in the definition of N,;, Eq. (4), become

exp("'di /A)-’exp(_di /Ascat—ei /)\abs) ’ (8)

where now A, and A, are conslant parameters
given in terms of the central density p, instead of
p(T,). The d; are effective path lengths (instead
of geometrical distances) defined by

0 ~
d,=p,~t [ p(T +sk)ds ,
9)
dy=p,~" { p (T +sk')ds ,
<0

where % and %’ are unit vectors along the incoming
and outgoing pion directions. The path lengths

e; appropriate to absorption are analogously de-
fined, depending on the nature of the p dependence
of A "' (see Sec. IIID).

C. Present knowledge of X -

The pion absorption process, in which the pion
disappears, is a peculiarly nuclear phenomenon.
By energy-momentum conservation it cannot take
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FIG. 3. Cross section per nucleon for pion absorption
in nuclear matter. The different curves are described
in the text (Sec. IIIE).



1614 RICHARD R. SILBAR 11

place on a single free nucleon (ignoring radiative
capture). The mean free path A, may well de-
pend on T, but nuclear structure effects will pre-
sumably give only small variations in A, for dif-
ferent nuclei. From A ,, we can define a cross
section for pion absorption per nucleon according
to

Aabs -I(Tw)=pooabs (T”) . (10)

The cross section 0, is not very well known over
the energy region of the (3, 3) resonance. Figure
3 shows two different curves for o, (7,) obtained
from fitting data for 7* production by 730 MeV
protons.!® Curve SS-I is based on a semiclassical
model similar to the one presented above'?; it
contains almost no nuclear physics. Taking vari-
ous nuclear corrections into account'® gives curve
SSS.'* This latter curve is presumably more cor-
rect but nonetheless is not based on an absorption
proportional to p? (see Sec. IIID below); the effect
of this on the determination of o, is being inves-
tigated.?° Finally, we remark that a determina-
tion of o, based not on the pion spectrum at

6, =15° but the angle-integrated spectrum gives a
rather flatter o, at about 25 mb.2°

Also shown in Fig. 3 are predictions of two
models, curves BSW and BB, for the absorption
process,? 2 hoth assuming a two-nucleon absorp-
tion mechanism. The model for curve BSW,# how-
ever, may have an unrealistic energy dependence
for the input pp —dn* cross section,

Experimentally, the only direct information
available on 0, comes from a propane bubble
chamber experiment® with a 130 MeV 7" beam.
Taking into account the shadowing effect in a
crude way gives an effective number of absorbing
nucleons of 7.7 instead of 12. The single datum
plotted in Fig. 3 is this total *2C absorption cross
section divided by this number.

There is also an “upper limit” for o, that can
be obtained from the total 7eaction cross sections
measured in the CERN 7~ +'2C experiment.?* This
is plotted as the upper dashed curve in Fig. 3,
again correcting for shadowing. If we were to
further assume that about half the reaction cross
section is due to pion absorption, as seems to be
the case at 130 MeV 223 and at 260 MeV,2* then we
can draw the lower dashed curve in Fig. 3 as an
experimental estimate of 0, . Itis hard to assign
any sort of error to this procedure, however.

Probably the only conclusion to be drawn from
Fig. 3 is that, as yet, we have only meager know -
ledge of 0,,. We can presume with some confi-
dence, however, that o, <40 mb.

Connected with the uncertain value of o, (7,),
or more properly, of A ,(7,), is an uncertainty
concerning the nature of the absorption mechanism

itself.? Presumably this is a two-nucleon process
(m, NN), since the single-nucleon reaction (7, N)
requires a large momentum transfer to the resid-
ual nucleus. Certainly (7, N) cross sections are
much smaller than those for (7, NN) (e.g., Ref.
26). For our purposes the contribution to A
from (m, N) reactions can be safely ignored. There
are, however, recent indications that at least
some of the time pions are absorbed on more than
two nucleons, such as a clusters.?%2%:2" This is a
complication that we will ignore here.

D. Treatment of A\

The assumption of two-nucleon absorption, made
here, suggests that

xabs-locpz(""‘rr) ’ (11)

in which case
0
el=po'zf p%(T +sk)ds , (12)

and likewise for e,. Equation (12) assumes that
the two absorbing nucleons are exactly at the same
location at the time of the absorption. This is not
quite right; for one thing it might violate the Pauli
principle. To do the problem correctly with a cor-
relation length, however, is more ambitious than
is warranted by the insensitivity to A, that will

be shown below.

In the two-nucleon model the probability for
absorption on like and unlike nucleons can be dif-
ferent. Accordingly we will assume that, for the
7" case,

Navs 1=p 2 (NZ +EN?)a, (T, )/A? (13)

abs

with the 7~ expression obtained as usual by inter-
changing N and Z. Here « ,s is an unknown func-
tion of T,. The parameter £ has the value {5 in
the simplest isobar model mentioned (but not used)
in Ref. 12. A more realistic isobar model®® or the
production data®? suggest that £ ~ ¥. In any case,
“like” absorption is probably small compared with
“unlike” absorption. The uncertainty in & gives
very little variation in results for N;.

It is convenient to define an absorption cross
section per nucleon, 0, in terms of the unknown
Q abs by

Oabs(T'y[)=é(1 +€)Pozaabs(7',,) . (14)

For an N=Z nucleus, then, Eq. (13) reduces to
Eq. (10). [This, incidently, is why we wrote Eq.
(13) with N2 instead of N(N -1)].

At this point two remarks are in order. First,
in Refs. 13 and 14 ), ! was assumed proportional
to p, like A, !, rather than to p2. Thus the ex-
ponentials there involved d;/x, d; given by Eq. (9),
rather than the more complicated situation of Eq.
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(8) ete. Second, for a uniform sphere density,
assumed in Ref. 12, there is no distinction between
absorption proportional to p% or p. This is because
d; and e; in this case are both equal to the geomet-
rical path length.

E. Energy dependence of Ascat
In the calculations to be presented in the next

section, it is necessary to take account of the

energy dependence of A, entering through the

total cross section G,y. We will assume dominance

of the (3, 3) phase shift, the form and parameters

of which are taken as the “Breit-Wigner shape

with two radii.”*® All results for N,y at a given

T, can then be given in terms of two parameters

)\abs and Azlnbs'

IV. RESULTS AND DISCUSSION

A. Angular dependence of N

Figure 4 shows the calculated values of N(6,)
for 7* quasielastic scattering from *2C at four in-
cident energies. The bands labeled “o,,, =5 mb”
refer to a mean free path parameter for absorp-
tion for the incoming pion A, that corresponds to
that absorption cross section [see Eqs. (13) and
(14)]. The top edge of the band refers to the out-
going mean free path parameter A, =21, (i.e.,
half as large an absorption cross section at the
outgoing energy) and the lower edge to Xl =3\, .
The bands labeled “o,,; =40 mb” are defined simi-
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larly. These choices span the expected range of
Mas (). Figure 5 shows similar results for 7~
scattering from 2®Pb (note change of scale) and
Fig. 6 compares the N(6,) for 7* and 7~ scat-
tering from 2°®Pb for A, =A% corresponding to
O s =20 mb.

The following remarks apply:
(1) The 7~ +2%Pb case has smaller N, than the
77 case because the larger number of neutrons
means that, because of the dominant /=2 inter-
action, 7~ is more likely to suffer attenuation due
to scattering.
(2) The energy dependence and dip structure in
these curves reflects the (3, 3) resonance. The
200 MeV curves are relatively more backward
peaked than the 100 MeV curves. This is because
at 200 MeV there is relatively less attenuation
due to scattering for a backward-going pion, G,y
becoming smaller as T falls more and more be-
low the resonance energy. At energies above the
resonance a dip appears in the angular distribu-
tion which moves to larger angles as the incident
energy increases. The angle at which the dip
occurs is that for which 7, =T,,. This dip struc-
ture is a qualitative prediction of the model com-
ing from the incoherence of the quasielastic 7N
scattering leading to the flux reduction factor
exp(—po, yd). Its position and displacement with
T, should be independent of A or Z.
(3) Below resonance the spread and widths of the
5 and 40 mb bands is fairly large. At resonance
and above these bands are generally much narrow-
er and closer together. This is somewhat more

5 6ps 5MD L L Negt(Tr, 8¢)) F
TtLl2c
400 MeV
a4t L L L
200 MeV 300 MeV
3 - L L
Gabs™ 40 mb
2 - . - -
6. s 40mb
100 MeV abs
60,”: 40mb
IF rF r
60° 120° 180° 60° 120° 180° 60° 120° 180°60° 120° 180°

FIG. 4. Neg(T,, 6,) for n* quasielastic scattering from 12, The bands correspond to Oaps (T5) =5 and 40 mb, with

Oaps(T7) from one-half to twice as large as 0aps (7).
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30r
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100 MeV

200 MeV

Negt (Tr,8q),

T-.208pp

300 MeV

400 MeV

=4
%bs Omb

120°

180°60° 20°

pronounced for 2°®Pb than for '2C. In fact, for
200 and 300 MeV, the difference between o, =5
and 40 mb gives only 20% differences in the pre-

dicted Ng.

B. Comparison with earlier related work

The pion production calculations of Ref. 12 as-
sumed a uniform sphere density. To check the
importance of using a more realistic nuclear
density we compared results for N, (6,) for the

180° 60° 120°

180°60° 20° 180°

FIG. 5. Same as Fig. 4, but for m~ +2%pp,

Woods-Saxon density (WSD) used above and the
uniform sphere density (USD). It was found that
the N, for the WSD are larger than those for the
USD. This point has been noted before in other
contexts (see, e.g., Ref. 30). Also, the WSD
angular distributions are flatter than those of the
USD. Both these differences are more pronounced
when X is small. Since A <A <1 fm in the reso-
nance region, it is quite possible that the USD can
give values for N, (6,), which are wrong by as
much as a factor of 2 in the case of quasielastic

Negt( Tr , O1),

T* +208py,

30f r r
%bs™ Gopss 20 mb
400 MeV
20+ 3
200 MeV
10k 100 MeV
120° 180° 60° 120° 180° 60° 120° 180° 60° 120° 180°

FIG. 6. Ny (T, 0,) for m* and 7~ quasielastic scattering from *®Ph; cavs(T;)=0ups(T%) =20 mb.
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pion scattering. This difference is not so pro-
nounced, however, in the pion production case.
As mentioned at the end of the last section, it
is also the case that the pion production calcula-
tions of Refs. 11, 13, and 14 implicitly assumed
Xas ' p(r). In comparing this assumption with
the two-nucleon assumption A, " < p?(#), we
found values of N, some 25% smaller than those
presented above. This can be understood by not-
ing that, for the WSD, p(#)/p,<1, whence the
e; <d.

V. NUCLEAR CORRECTIONS

As was the case in Ref. 13, nuclear corrections
to the input cross sections might be expected to
have large effects here. In this section we will
consider two different ways in which these cor-
rections lead to a great deal of uncertainty in
the model’s predictions for N;.

A. Corrections to T
7N

The total mN cross section enters into the scat-
tering mean free path through Eq. (6). This is
the total cross section within nuclear matter, how-
ever, and might well be affected by such things as
the Fermi motion of the struck nucleon, the Pauli
principle, and the pion optical potential. The ef-
fects of these three things on the total charge ex-
change cross section was discussed in some de-
tail in Ref. 13. In particular, three curves for
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ocex(T,) were shown in Fig. 3 of that reference:
(A) The (3, 3) dominated free 7N charge exchange
cross section, which peaks at 180 MeV at a value
of 45 mb.

(B) The same cross section as corrected for
Fermi motion and Pauli principle, which has a
broader and smaller peak of 22 mb at 220 MeV.
The apparent upwards displacement comes from
the fact that the Pauli principle suppression is
most effective for low energies.

(C) The same cross section as B but including the
effect of the pion optical potential on the pion’s
wave number. This curve again peaks near 220
MeV with an enhanced height of 38 mb.

For the total 7N cross section in nuclear matter
we can consider exactly the same corrections.
Indeed, one can read off the values for oy from
Fig. 3 of Ref. 13 and get G, by simply multiply-
ing by the appropriate factor.

There is a reasonable doubt, however, that it
makes any sense at all to correct for pion optical
potential (as was done in Ref. 13 and by many other
authors).®* The wave number of the pion inside the

nucleus is indeed changed, on the average, accord-

ing to the dispersion relation which gives the in-
dex of refraction. But it may be that, at the time
of a particular 7N collision, especially if the
nucleons are usually farther apart than the range
of the 7N interaction, only the free wave number
is what enters into the collision.®* In such a case
only on-shell 7N amplitudes are to be used. In
the following we will show the effect of this optical
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FIG. 7. Comparison of N (T, 6,) for 12C for three choices of input cross section Orx: A, no nuclear corrections;
B, corrections for Fermi motion and Pauli principle; and C corrections for Fermi motion, Pauli principle, and pion

optical potential.
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potential correction separately and let the reader
decide if it ought to be included or not.

Figure 7 shows the results of calculations of
N for 2C using these three different choices of
G, for the special case A, =\, corresponding
to 0,4, =20 mb. The following conclusions can be
drawn:

(1) There are very large effects (up to 100% or so)
on N due to these nuclear corrections.

(2) The inclusion of the pion optical potential, al-
though questionable, is very important, as can be
seen from comparing curves B and C. Unfortu-
nately, even if this correction should be made,
the prescription for handling this optical potential
is not unambiguous. Some other approach (and
one can imagine many) would likely give curves
rather different from the C curves in Fig. 7.

(3) The position of the dip at higher energies is
correlated with the position of the peak in T, .
This gives hope that quasielastic pion scattering
may be able to check whether the nuclear correc-
tions to @, (or to o of Ref. 13) are actually
present or not.

B. Corrections to do,  [dS2

One might also hope to correct for the fact that
the pion scatters off a bound nucleon by introduc-
ing a factor F  in Eq. (3),

door Aoy
_dS%L = d&—fz chonNeff ’ (15)
where

‘bﬂh’ chN
chr:( a )ave/< daQ free ) (16)

The cross section in the numerator is the result
of averaging the corrected cross section over the
nucleus.

We have calculated F,, using a simple Fermi
gas model, taking into account Fermi motion, the
Pauli principle, and the pion optical potential. We
forego giving the details of this calculation here;
the results are shown in Fig. 8, which shows also
the effects of the Pauli principle and pion potential

taken separately. We make the following remarks:

(1) The peaks around 80° (where there is a mini-
mum in the free N cross section, i.e., cosé.,,.

= 0) largely reflect the Fermi averaging process,
which smears out the scattering angle. Away
from this minimum the smearing does not affect
things much.

(2) The Pauli principle suppresses the near for-
ward scattering and at low energies it even re-
orders the 75, 100, and 150 MeV curves in the
backward direction.

(3) The effect of the pion optical potential is large.

E.g., F., at 200 MeV is twice what it would be
otherwise. It even restores something of the ori-
ginal low-energy ordering [compare Figs. 8(b) and
8(d)]. Again we have the question of whether this
correction is to be made.

The conclusion to be drawn from Fig. 8 (as well
as Fig. 7) is a warning. We have corrected for
the pion optical potential and in only one of many
possible ways. The magnitude of F,, (as well as
N;) is quite sensitive to this potential. We must
conclude that F,, is at best ambiguous (as is
N¢y) and that divect use of Eq. (15) to describe
quasielastic (m, 7’) scattering would be inadvisable.

V1. RATIOS BETWEEN DIFFERENT NUCLEI

The uncertainty due the nuclear correction
factor F,, discussed in Sec. V B can be avoided
by taking ratios of quasielastic cross sections be-
tween different nuclei. This is because £, is
presumably independent of A and Z (it certainly
is so in the Fermi gas model), and the factor
cancels out. One might hope that the other un-
certainty discussed in Sec. V A might also largely
disappear, though in this case there is no direct
cancellation.
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FIG. 8. Nuclear correction factor Fcor (T, 6,). The

numbers attached to the curves give 7, in MeV. “PEP”

means Pauli exclusion principle and “V,” means pion
optical potential.
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FIG. 9. The ratio R;;, Eq. (18) for n~ case, comparing 12¢ to 28ph. The three curves A, B, and C correspond to
the same three choices for o,y described in caption for Fig. 7.

We define the ratio between nuclei ¢ andj as
Rij:(Aj/A()(dGQE/dQ)i/(dOQE/dQ)j ’ (17)

normalized so that R;;~1. The free 7N cross
section in Eq. (15), given by Eq. (3), does not
cancel out if N¥#Z. We will assume dominance of
the (3, 3) resonance. Thus, for 7° scattering, the
semiclassical model gives

A2 (Z,+N;/9) Ny (Z,, Ay)
HTAZ(Z,;+N,/9) Ny(z,,A)’

(18)

and similarly for 7~ scattering. Note that R;; is
a function of 7', and 6, still.

We first examine the dependence of the R;; on
the various nuclear corrections to 3,,. Figure 9
shows the ratio for 7~ scattering on '2C to 2%Pb
for the same three 7,,(7,) considered in Fig. 1.
One now sees rather smaller (<17%) differences
between the curves. The distinctive dip positions
seen in Fig. 7 no longer appear. Thus we conclude
the ratios R;; are indeed less sensitive to this
nuclear correction.
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FIG. 10. The ratios comparing m* +12C to m* +®Cu and 7* +2%Pb scattering. The bands represent all values of

O abs(Ty) and 0Ogps(T') between 5 and 40 mb.
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Figure 10 shows the predictions for the ratios
of 2C to ®Cu and to 2°®Pb, using the uncorrected
G,y for values of Az =X 4, (T';) corresponding to
0 .5 between 5 and 40 mb and for values of A’
=X 4 (T%) from one-half to twice A ;.. The follow-
ing comments can be made:
(1) The R;; are almost independent of T,.
(2) There is a relatively sharp angular dependence.
The falloff at backwards angles reflects the fact
that as the size of the nucleus gets larger, the
N.(6,) are relatively more backward peaked.
(3) As seen by the narrowness of the bands, most
of the dependence on 0,4, in the R;; has disappeared,
except at the lowest and highest energies. Even
in the best case, 7" scattering from Pb, the vari-
ations of the R;; for all reasonable 0, are less
than 20%, and usually of the order of 4% or less.

VII. CONCLUSIONS

As we have seen, quasielastic pion scattering
differs in a number of aspects from the more fa-
miliar (p, 2p) and (e, e’p) cases. It may therefore
be unobservable in a (7, 7’) experiment because of
a possibly large multiple scattering background.
If a quasielastic differential cross section can be
extracted from the inelastic scattering data, how-
ever, then the semiclassical model developed
above suggests that:

(1) In contrast with pion production calculations,
the effect of the uncertain pion absorption on the
predicted effective nucleon numbers N, (T,, 6,;A4)
is small. The high probability for a 7N scattering
dilutes the effect of the absorption.

(2) The nuclear corrections are rather important.
In this respect, the position of the dip in the angu-
lar dependence of the N (6,) (see Fig. 7) may
give clues as to the nature of these corrections.
(3) The ratios R;; are rather less sensitive to
these corrections (and still less sensitive to X ).
These are the most reliable predictions of the

model and are basically statements of geometry.
It will be interesting to see if experiment agrees
with them.

In a sense it is unfortunate that this process is
so insensitive to A, (7,). As emphasized in Sec.
IIIC, this quantity is only very roughly known.

It is nonetheless an interesting and useful quantity.
An example of its practical utility is seenin a
recent calculation of pion production from nuclei
by neutrinos.?®* Here the hope is to establish (or
set upper limits for) the existence of weak neutral
currents. In this case the uncertainty in A, (as
seen by comparing predictions using the fits of
Refs. 12 and 13 as input) leads to ~#17% uncertain-
ties in the predicted ratios of 7° production with
and without change of lepton charge.?® It would be
very useful for our understanding of weak inter-
actions to eliminate this uncertainty.

More fundamentally for nuclear physics, X
undoubtedly plays a significant role in understand-
ing how pions interact with nuclei. For example,
the imaginary part of the pion-nucleus optical po-
tential has a term proportional to A,,,. At low
pion energies this contribution is clearly quite
important.?* At energies near the (3, 3) resonance
the contribution also appears to be important, but
its effect has not yet been seriously investigated.!'*s
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