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Inclusive inelastic scattering spectra from C, Ca, Sn, and Pb were measured for 100-MeV pions
at a number of angles. The observed ratios of the 7~ and 7" total inelastic cross sections for the
different targets are explained in terms of a simple model which is based on the assumption that the
scattered pion has interacted with only one nucleon. This model also accounts for the ratio between
normal and charge-exchange scattering cross sections at 100 MeV.

PACS number(s): 25.80.Ls

By comparing the quasielastic scattering of a projec-
tile from a nucleus with its scattering from a free nucleon
one can presumably learn about effects that stem from
a nucleon’s immersion in nuclear matter. Such effects
arise from the momentum distribution of the nucleons in
nuclei, from Pauli blocking, from the coupling of struck
nucleons to their immediate neighbors, and possibly from
modifications of the projectile-nucleon interaction in nu-
clear matter. Among the strongly interacting particles,
pions of about 100 MeV are a particularly suitable pro-
jectile for studies of such medium effects because they
cannot be confused with ejected nuclear constituents and
because they generally scatter only once before they es-
cape. Multiple scatterings are relatively improbable at
this energy since the pion-nucleon scattering is mostly
backwards. Backward scattering gives rise to large pion
energy loss, and at 100 MeV, where the pion-nucleon
cross section is decreasing rapidly with decreasing pion
energy, the quasielastically scattered pions have a sub-
stantially longer mean free path in nuclei than the inci-
dent pions.

An additional advantage of pions for quasielastic stud-
ies is that both 7+ and 7~ beams are readily available
and one can observe 7, 7, and 7° in the exit channel.
This makes it possible to distinguish effects which depend
on electric charge and isospin from other effects. How-
ever there have been relatively few studies of inclusive 7~
scattering compared with the number of 7% experiments
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[1-3], and the 7~ studies which have been reported [4,
5] do not give consistent results. We have therefore com-
pared the inclusive scattering of 7+ and 7~ directly by
using a magnetic spectrometer to study the full scattering
spectra and angular distributions using a set of targets
which span the Periodic Table.

I. EXPERIMENTAL DETAILS

We measured the double differential cross sections
d?0 /dQdE for 100-MeV 7+ and 7~ inelastically scatter-
ing from natural C, Ca, Sn, and Pb with thicknesses of
0.51, 1.01, 0.79, and 1.22 g/cm?, respectively. The mea-
surements were made at angles of 50°, 75°, 100°, 120°,
and 140°. Although it was not possible to obtain data
for each combination of projectile charge, target, and an-
gle in this list, enough information was obtained to make
the general patterns clear. The measurements were made
using the clamshell spectrometer [6] on the LEP channel
at LAMPF. The overall observable energy range for scat-
tered pions extended from 20 MeV to slightly beyond the
incident pion energy. This broad range was achieved by
running the spectrometer at three contiguous momentum
ranges with ample overlap at their boundaries. Relative
efficiencies as a function of position in the focal plane
were determined by scattering pions from hydrogen in a
CH,, target. This target was also used, for both 7+ and
7=, to normalize the beam flux monitors: an ionization
chamber in the pion beam and a toroid around the pri-
mary proton beam. Pions were distinguished from muons
and electrons by measuring the flight time through the
spectrometer and by pulse-height measurements in a pair
of scintillators in the focal-plane array. Electrons were
easily eliminated by either technique at all angles. The
muon contamination was reduced to negligible levels at
all angles but 50° where it may have remained as high as
10%.
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II. RESULTS

Figure 1 shows the measured double differential cross
sections for C, Ca, Sn, and Pb at a common angle, 100°.
It is easy to understand some of the more apparent fea-
tures of these spectra, at least qualitatively. For example,
the broad width of the spectra stems from the fact that
the nucleons in the target nuclei have momenta compa-
rable with that of the incident pions. The 7~ and 7+
spectra are found to be nearly identical in Ca and espe-
cially in C, reflecting the effect of charge symmetry. For
the heavier targets where NN is no longer equal to Z and
where Coulomb effects begin to play a role, the ratio of
the 7~ and T cross sections is found to increase rapidly
with mass number. These ratios will be discussed in de-
tail in the next section. One also sees from Fig. 1 that 7~
spectra become significantly softer than those for 71 as
the target mass number increases. This relative displace-
ment of the spectra arises mainly from the fact that, in-
side the nucleus, the kinetic energies of incident 100-MeV
negative pions are at least two Coulomb-barrier heights
higher (~ 40% higher for Pb) than those of incident pos-
itive pions. The 7w~ therefore lose proportionally more
energy in a quasielastic collision.

To obtain a value for the energy-integrated inelastic
cross section at each angle, it was necessary to extrap-
olate the measured spectra to pion energies below our
20-MeV threshold. We used linear extrapolations, with
m~ spectra going to zero at T, = 0 and n* spectra go-
ing to zero at the Coulomb-barrier height. The energy-
integrated differential cross sections obtained with other
reasonable extrapolation procedures did not differ from
the simple linear extrapolations by more than 5-10 %.

The energy-integrated cross sections so obtained are
plotted as a function of angle for Ca and Pb in Fig. 2.
The observed backward peaking of the cross sections is
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FIG. 1. Measured double differential cross sections for in-
clusive pion scattering from four nuclei at 100 MeV. The solid
curves are for 7, the dashed ones for 7~. They were made
by smoothing the measured data over a 4 MeV interval. The
statistical uncertainties of the ordinates for a 4 MeV interval
are typically less than 3%.
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FIG. 2. Differential cross sections for the inclusive scatter-
ing of 7t and 7~ on Ca and Pb at 100 MeV. The points were
obtained by integrating over outgoing pion energy of curves
like those in Fig. 1. Least-square fits have been drawn in
to show the differences in mean slopes of the angular distri-
butions. The uncertainties shown result from statistical and
systematic sources.

due to the short mean free path for pions of this en-
ergy in nuclear matter and to the backward peaking of
the elementary pion-nucleon cross section. The backward
peaking of this distribution also leads one to expect an
increase in the 7~ /7 ratio toward forward angles, espe-
cially in heavy nuclei, because the Coulomb field deflects
negative pions forward, on their way in and out of the
nucleus, while it deflects positive pions backward. An
increase of this kind is clearly present in the data.

To obtain values for the total or angle-integrated in-
clusive inelastic scattering cross sections from data like
those in Fig. 2, it is necessary to extrapolate the mea-
sured data to cover the full angular range. The total
inclusive cross sections so determined for 7+ were found
to agree with the earlier determinations of Aniol et al.
[1] to better than 10% for C, Ca, and Pb. Since we did
not, in this experiment, obtain 7+ data for Sn, the level
of our agreement with Ref. [1] for the other three tar-
gets suggests that we can use their result for 7+ on Sn in
our examination of the systematics of the total 7+ and
7~ inclusive inelastic cross sections. Our measured cross
sections along with those of Aniol et al. for 7+ on Sn
are recorded in Table I. For later consideration, we also

TABLE I. Total inclusive inelastic cross sections for 100
MeV pions (mb). The typical uncertainty of these cross sec-
tions is 15%. The relative uncertainties of cross sections in
any one row should be better than that.

C Ca Sn Pb
at gt e 152 201 359 388
- ® 173 334 652 915
at a0 b 49 84 196 251

*Results of the present experiment except for 7+ — 7+ on
Sn which was taken from Ref. [1].
®These cross sections are interpolations of those measured by

Bowles et al. [7], who quote a 15% uncertainty.
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include the 7+ — 7°

at 100 MeV.

cross sections of Bowles et al. [7]

III. DISCUSSION OF THE INTEGRATED
CROSS SECTIONS

It is generally accepted that pion inelastic scattering
from nuclei is dominated by quasielastic scattering from
individual nucleons. To probe this perception quantita-
tively, we compare the measured cross sections with the
implications of a straightforward model in which the ob-
served pions are attributed to a single scattering from
a nucleon. In this model an incident pion joins a nu-
cleon to make a short-lived complex, resembling a A,
just as it might do with a free nucleon. In the nucleus,
however, there is also a possibility for the absorption of
the pion. We assume that before the pion-nucleon com-
plex decays there is a chance that absorption can occur
when an appropriate nucleon is nearby. True pion ab-
sorption is known to become increasingly likely at lower
energies [8-11] and we consequently assume that those
pions which do not escape from the nucleus following
their first interaction with a nucleon will eventually be
absorbed.

Instead of trying to compare model predictions of spe-
cific cross sections with individual measurements, we re-
strict our comparisons to particular ratios of cross sec-
tions. The comparisons then depend only on a few well-
defined factors since other factors in the cross sections,
both those in the model and those in the measurements,
tend to cancel.

The model cross sections are taken to be a product of
five factors, the first three having to do with the probabil-
ity for the creation of a particular pion-nucleon complex,
and the last two relating to the break-up of this complex
and the escape of the pion. The factors are the following:

(1) An effective geometrical cross section of the tar-
get nucleus. At our energy, all but the smallest nuclei
are black to pions and this effective cross section can be
thought of as that for a plane wave of electrically neutral
pions.

(2) The factor by which Coulomb refraction of the in-
coming pion modifies the effective cross section.

(3) The probability that when the pion finally inter-
acts, it does so with the appropriate species of nucleon.
For 7+ — 7° a neutron is required. For 7t — 71" we
assume that a proton is required. Although 7+ — ot
can also take place on neutrons, at our energy this cross
section is small and strongly forward peaked. The scat-
tered pions would therefore be strongly absorbed. Their
contribution to our measurements is assumed to be neg-
ligible.

(4) The probability that the pion avoids absorption
and emerges in the charge state of interest. We assume
that initially the pion engages with a single nucleon and
that this system either decays back into a nucleon plus a
pion or that the pion is absorbed.

(5) Finally, the chance that the decay pion from the
pion-nucleon complex manages to avoid further interac-
tions on its way out of the nucleus. Any such interactions
are assumed to lead to eventual absorption. In this con-

nection, the incident energy, 100 MeV, was well chosen
since it is on the steep low side of the (3,3) resonance and
scattered pions consequently have substantially longer
mean free paths than do the incident pions.

When we compare the magnitudes of different
quasielastic cross sections using average values for these
five factors, we are ignoring possible correlations between
the factors. Rough estimates of possible correlation ef-
fects indicate that, at the level of precision of the present
experiment, they remain negligible.

A. Comparing 7+ — #nt with 7+ — #°

We begin our examination of cross-section ratios by
comparing our 7t — 7% results with those of Bowles et
al. [7] for 7% — 70 The latter measurement was also
done at 100 MeV. Although it did not involve the same
set of targets that we used, the 7™ — 70 cross sections
for our targets can be obtained by interpolating their
results. Bowles et al. [7] found that do/dS) for n+ — 7©
at a given angle varies smoothly with target mass and
that the ratios of do/dQ), 120° to 40°, are independent
of the target mass. This suggests that do/dQ at any
angle is proportional to the integrated 7+ — 7° cross
section. The proportionality constant is available from
their measurements of integrated cross sections for a few
of their targets (beryllium, oxygen, and nickel). We were
therefore able to estimate, from their differential cross-
section curves, the 77 — 70 total cross sections for our
targets.

The factors 1 and 2 above are identical for all scat-
terings starting with a 7+ beam and therefore cancel in
the cross-section ratios for 7+ — #t and 7+ — #°.
We have estimated the escape probabilities (factor 5) for
7+ and 70 averaged over the reaction sites for the ini-
tial interaction of the incident pion with a nucleon. The
distribution of reaction sites is found by assuming that
pions pass into the nucleus along straight line trajectories
with a local attenuation length set by the local nucleon
density and the pion-nucleon cross sections. The (angle-
dependent) escape probability is obtained by assuming
that the quasielastic pions are emitted from this distri-
bution of sites and are attenuated at a rate depending on
their energy as they pass out of the nucleus along straight
paths in the direction of interest. We find that the av-
erage attenuations of 7+ and 7° are within 5% of each
other and therefore ignore factor 5 in estimating the ra-
tio of 7+ — 7 to mt — #° cross sections. That leaves
only factors 3 and 4 to consider.

Since we are assuming that the contribution of neu-
trons to 7+ — ©t’ is negligible, we write factor 3 for this
scattering on a target with Z protons and N neutrons in
the form

o0pd _ 1
onN+0pZ  1+(2)%"°

where o, is the total scattering cross section for a 100-
MeV 7t by a free proton and o, is its scattering cross
section, including charge exchange, on a free neutron.
(We use for the latter the cross section of 7~ on protons.)
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Our expression reflects the assumption that neutrons and
protons have similar spatial distributions in the nucleus.

For 7+ — 79, the 7% must interact with a neutron,
so the corresponding factor is obviously o,N/(cnN +
0pZ). It is seen that these factors depend on o, and
op only through their ratio. Even though there are a
number of reasons for o, and o, to differ inside nuclei
from their free nucleon value, the ratio of these cross
sections should remain substantially unchanged from the
free nucleon value, 0.38 [12].

For nt — mt’, we write factor 4 in the form I'y/(T'q +
T,), where I'y is the width for the decay of the w-nucleon
complex into a pion and a nucleon. We assume that ab-
sorption occurs predominantly on n-p pairs [8-11] and
that T',, the absorptlon width, is therefore proportional,
for 7+ — 7t to the local neutron density, N/A. Fac-
tor 4 is then (1 +yN/A)~! where v is a constant which
we take to be independent of the target nucleus. We
choose a value of 2.0 for v, to be in accord with avail-
able estimates of the total m reaction cross sections at
this energy. The reaction cross section deduced from our
data is the measured scattering cross section divided by
factors 3, 4, and 5. The average escape probability for
the scattered pion, factor 5, was estimated from the ge-
ometry to vary from 0.85 in C to 0.73 in Pb for positive
pions. The reaction cross sections which we estimate, us-
ing v = 2.0, are found to be in reasonable accord with
other estimates and measurements of these cross sections
(1,4, 13]. If we divide the reaction cross sections by the
Coulomb refraction factor 2, we obtain effective geomet-
rical cross sections, 7rR§ﬂ. The values of R.g so deter-
mined for our heaviest three targets can be approximated
by Reg = 1.44Y/3 41 fm. (As one might expect, carbon
is small enough to be somewhat transparent to 100-MeV
pions and its reaction cross section is smaller than this
mR2%.) The model predictions of the ratios are fortu-
nately not very sensitive to values of v over the range
of reasonable values for this parameter. For example,
for values of v between 1 and 3, the implied reaction

cross sections vary by a factor of 1.6, but the predicted
7t — 7t to 7t — 70 cross-section ratio is changed by
less than 10%.

For the nt — 70 reaction, the absorption factor 4 is
modified in two ways from that for 7+ — 7+, Assum-
ing again that absorption occurs overwhelmingly on n-p
pairs, the average local neutron density N/A must be re-
placed by Z/A. (We assume that the value of v is the
same for both reactions.) The second modification of
factor 4 is to multiply it, for 7+ — 70, by the branching
factor f for decay to charge exchange rather than to a 7+
final state. The value of f at 100 MeV is approximately
0.76 [12].

In Table II we give the values for factors 3 and 4 and
for their product for both 7+ — #t" and 7t — 70, Ac-
cording to our model the ratio of the product of factors
3 and 4 should give the ratio of the observed inclusive
scattering cross sections. In this model, there is only one
parameter, 7, which is not obtained from free 7-nucleon
scattering. It should be emphasized that the predicted
ratio is rather insensitive to the value of v. The predicted
cross-section ratios are seen to match the measured ones
to within about 15% with no obvious trends in the dis-
agreement as a function of mass number. Considering the
uncertainties in the raw data, this must be viewed as en-
couraging support for a model which attributes all of the
observed scattering to single encounters with individual
nucleons.

It is seen from Table II that factor 3 is much more in-
fluential than factor 4 for the dependence of the 7+ — =0
cross section on mass number A. Its relative importance
is naturally even greater for double charge exchange. In-
deed, Gram et al. [14] have given a good account of in-
clusive double charge-exchange cross sections at 180 and
240 MeV in terms of factor 3 alone. At their higher en-
ergies, the Coulomb refraction factor 2 is less important
than it is at our energies and acts in a direction to cancel

the relatively small effects of the pion absorption factor
4.

0

TABLE II. Ratios of total inelastic cross sections 7+ — 7t to 7+ — #°.

Factor C Ca Sn Pb
at — gt

3 - Partner choice 0.72 0.72 0.66 0.63

4 - Decay branch 0.50 0.50 0.46 0.45

Product (3 x 4) 0.36 0.36 0.31 0.29
at —x°

3 - Partner choice 0.28 0.28 0.34 0.37

4 - Decay branch 0.38 0.38 0.41 0.42

Product (3 x 4) 0.106 0.106 0.140 0.16

Ratio of product factors

(7t o> 7t)/(xt - 7°) 3.4 3.4 2.2 1.8

Ratio of measured cross sections®

(xt = 7t /(nt - 7°) 3.1 35 1.8 1.5

®For both experiments, normalizations are based on 7*-proton phase shifts and separately have
15% uncertainties. These normalization uncertainties probably cancel to a large extent when ratios

are taken.
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TABLE III.  Ratios of total inelastic cross sections 7~ — 7~ to 7+ — 7t .

Factor C Ca Sn Pb
T — 71'_/

2 - Coulomb refraction 1.04 1.09 1.15 1.20

3 - Partner choice 0.72 0.72 0.78 0.80

4 - Decay branch 0.50 0.50 0.54 0.56

Product (2 x 3 x 4) 0.37 0.39 0.49 0.53
t — gt

2 - Coulomb refraction 0.96 0.91 0.85 0.80

3 - Partner choice 0.72 0.72 0.66 0.63

4 . Decay branch 0.50 0.50 0.46 0.45

Product (2 x 3 x 4) 0.35 0.33 0.26 0.23

Ratio of product factors

(r= =77 )/(xt =) 1.08 1.20 1.87 2.34

Ratio of measured cross sections®

(77— 7r'l)/(7r+ — 7r+l) 1.14 1.15 1.82 2.36

®Aside from normalization uncertainties, these ratios have uncertainties of 7%.

B. Comparing 7~ — n~ with #+ — o+’
g

The ratios of these two inelastic cross sections depend
on the Coulomb refraction factors 2, as well as on factors
3 and 4. Like the ratio in Sec. III A, the ratio between 7+
and 7~ inelastic scattering is also rather insensitive to the
ratios of factor 5, the escape factor for the two reactions.
We also assume that factor 1 has the same value for 7+
and 7. (This assumption ignores the fact that nuclei
are slightly blacker at their diffuse edges to 7~ than to
w7+, especially for heavier nuclei, since incident 7~ kinetic
energies are shifted upward toward the resonance peak by
the nuclear Coulomb attraction, whereas the 71 kinetic
energies are shifted downward.) The ratio of observed
= — 7~ tonwt — 7wt inclusive cross sections should
therefore be equal to the ratios of the products of model
factors 2 x 3 x 4.

Factor 2 can be written (1 — RZ), where T is the in-
cident pion kinetic energy and B is the height of the
Coulomb barrier. The factor R is the relativistic correc-
tion factor (2E + B)/(E + moc?), where E is the total
energy of the incident pion and mqc? is its rest energy. It
is easily derived from the requirements of energy and an-
gular momentum conservation. The values for factors 2,
3,and 4 for 7T — 7+ and 7~ — 7~ as well as the value
of their product is given in Table III. We also give the
ratios of the three product factors for 7~ to 7+ inelastic
scattering since these ratios are expected to reproduce
the ratios of the 7~ to m* measured cross sections of
Table I. These measured ratios appear in the last row of
Table III. Once again, the model predictions are seen to
match the measurements to well within the measurement
uncertainties.

We call attention to the rather large ratio between the

total inelastic scattering cross sections for 7~ to 7 on
heavy targets. This asymmetry for + and — pions is
due to sizable contributions from each of the factors 2,
3, and 4. An excess of the 7~ over the m+ cross sec-
tion comparable to the one we observe in Pb (~ 140%)
was reported earlier by McKeown et al. [5] The rather
smaller excess (~ 20%) reported by Navon et al. [4,15]
in the same energy range probably arises from the high
threshold of their pion detectors and the difference be-
tween the shapes of the 7+ and 7~ energy spectra (Fig.
1).

In summary, we have seen that a very simple version of
a single-collision model for pion interactions in nuclei at
100 MeV gives a creditable account of the observed ratios
of total inelastic scatterings. The success of the elemen-
tary model speaks for the assumed dominance of single
quasielastic collisions in these scatterings and encourages
a more detailed description of the pion-nucleon collisions
in nuclear matter. One would now like to see how well a
single-collision model which specifically includes the ef-
fects of nucleon motion in the nucleus, Pauli blocking,
refraction, etc., would account for those features of the
spectra and angular distributions which were described
only qualitatively earlier in this paper. We have been
applying such a model to the more differential aspects of
the pion scatterings and expect to publish some of these
results in the near future.
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