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The (m+, m ) and (m. , m ) reactions were studied on a variety of nuclei at a bombarding energy of
160 MeV. The full m energy spectra were measured with a m spectrometer at several detection an-

gles. The energy spectra and angular distributions are characteristic of quasifree reactions. Effects
due to multiple scattering, neutron screening, and Pauli blocking are clearly observed.

I. INTRODUCTION

Studies of inclusive pion nucleus reactions make a sig-
nificant contribution to the understanding of the propaga-
tion and interaction of b, resonances in the nuclear medi-
um. Charged pion inclusive scattering has been studied
quite extensively. ' Both energy spectra and angular
distributions are available over the whole periodic table
and at several bombarding energies in the (3,3) resonance
region. Recently, the inclusive double-charge-exchange
(DCX) reaction was studied on a number of nuclei at
several bombarding energies, and yielded energy spec-
tra and angular distributions. Previous information on in-
clusive single charge exchange (SCX) reactions is very
limited only one experiment provides energy spectra and
angular distributions, and a few others give total cross
sections. ' All these studies were performed at energies
below the (3,3) resonance. The present work provides en-
ergy spectra and angular distributions for both (~+,mo)

and (vr, m)reactions .for a variety of nuclei at 160 MeV.
A preliminary account of the isospin effects observed in
these data was published earlier. "

As in charged pion scattering, the SCX reaction is ex-
pected to proceed mainly through quasifree scattering, i.e.,
4 formation and undisturbed decay. However, several ef-
fects arising from 6-nucleon interactions are expected to
enhance' the multistep contributions to this reaction.
Therefore, between the one-step-dominated charge pion
scattering and the multi-step DCX reaction, there is the
SCX reaction with comparable contributions from the
two mechanisms. Analysis of this reaction should provide

information on the 6-nucleon interaction and the com-
petition between 5 absorption and decay in the nucleus.

II. EXPERIMENTAL SYSTEM

TABLE I. The nuclei studied in the (m.+,~ ) and (m, m. ) re-
actions, the target thicknesses, and isotopic enrichments.

(~+ ~')

C
14C

H20
18H O

Ni

Pb

C
14C

H20
"H2o

'"Sn
Pb

Thickness
(g/cm')

0.78
0.41
1.0
1.09
1.207
0.573
2.585

Enrichment
(%)

Natural
80

Natural
94.3

Natural
98.6

Natural

In this work we present results of studies of the (n.+,n. )

and (m. ,n. ) reactions on the target nuclei listed in Table
I. The experiment was performed in the low-energy pion
channel at the Clinton P. Anderson Meson Physics Facili-
ty (I.AMPF). The targets were bombarded with positive
and negative 160-MeV pion beams whose fiux was moni-
tored by detecting muons from the pion decay. Two
muon telescopes, each consisting of two NE-110 plastic
scintillators, were mounted on the two sides of the beam
so that both intensity and position stability of the beam
could be monitored. These relative monitors were cali-
brated against the ' C(n, mN) reaction cross section which
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FIG. 3. m energy spectrum from the m p —+m n reaction,
taken at 10 rvith the spectrometer at 66' opening angle.FIG. 1. Calculated acceptance curves for the m. spectrometer

positioned at 108', for opening angles of 92' and 66' and dis-
tances to target of 52.5 cm and 80 cm, respectively. The actual
acceptance is the calculated value multiplied by the conversion
efficiency (-0.34; see Fig. 2).
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FIG. 2. The m spectrometer conversion efficiency (e) ob-
tained as a ratio of the measured and calculated acceptances.

was measured by activation analysis. ' The calibration
was repeated periodically and, in particular, each time the
beam polarity was reversed. The results showed stability
of better than 5%.

The outgoing neutral pions were detected in the hor-
izontal plane using the LAMPF-m spectrometer, ' which
measures the m energy by accurately measuring the open-
ing angle between the two photons (from m. decay) in wire
chambers following converters and the total photon ener-

gy in total absorption Cerenkov counters. The spectrome-
ter was operated in the "one post" mode, with the two
arms mounted in the vertical plane. Two settings of the
spectrometer were used: distances of 80 cm and 52.5 cm
from the target and opening angles of 66' and 92, respec-
tively, for the high and low energy parts of the m spec-
trum, respectively. The acceptance of the spectrometer
was calibrated by detecting the monoenergetic m mesons
from the p(n. ,n )n reaction (using CHq and carbon tar-
gets) for 27 n. energies between 32 and 163 MeV. This
was achieved by using several bombarding energies (60,
75, 110, 130, and 160 MeV) and several scattering angles
and by comparing the results with cross sections calculat-
ed from phase shifts. ' The results were fitted to Monte
Carlo calculations of the acceptance for the purpose of in-
terpolation and matching of the two spectrometer settings.
In Fig. 1 typical calculated acceptance curves are shown
for the two settings. In Fig. 2 the ratio of measured to
calculated acceptance is given as a function of m energy.
This ratio is the conversion efficiency of the spectrometer

(which is not included in the calculations), and its nearly
constant value confirms the adequacy of the Monte Carlo
calculations. The experimental conditions and the
analysis were set for maximizing the counting rate while
accepting modest energy resolution (-10% FWHM),
which was sufficient for the inclusive nature of this study.
A typical spectrum from the m p —+m n reaction obtained
under these conditions is shown in Fig. 3. Since the spec-
trometer could cover approximately 30 in one position,
the data were divided by software cuts into three angular
bins of about 10' each. The spectrometer was positioned
at central angles of 10', 40', 70', 108', and 153'. Complete
angular distributions were taken only for ' 0 and Ni; for
the other targets some angles are missing.

III. RESULTS

Energy spectra from the (n—+,m)reactions .detected at
108' are shown in Fig. 4. These spectra are obtained by
matching at 85 MeV the data taken at the two spectrome-
ter settings. As a consequence, discontinuities in the size
of error bars are observed at this point in many spectra re-
sulting from the different statistics taken at each setting.
In the ' C(m+, m ) spectrum, a discontinuity appears also
in the shape of the spectrum which could not be related to
any normalization effect in a subsequent reexamination of
the data. Since this is a steeply rising part of the spec-
trum, a small fluctuation in the lowest point of the high-
energy part of the spectrum could account for most of
this apparent discontinuity. All the spectra show a broad
peak originating from a quasifree charge exchange mecha-
nism. The energy spectra at all angles were integrated and
a correction for the undetected fraction of the spectrum
(E 0 & 30 MeV) was added. This correction ranges from a
maximum of 15% for Pb(sr+, n. ) at backward angles to
&3% at forward angles. The angular distributions de-
duced from these integrations are shown in Fig. 5. The
errors include uncertainties in the low energy correction,
angle-dependent acceptance uncertainty, and statistical er-
rors. The uncertainty in the overall normalization is
10%. The lines in Fig. 5 represent the angular distribu-
tion for the p(m, m )n reaction, normalized to the data at
backward angles. The normalization factors, denoted by
X ff are listed in Table II. Also listed in this table are the
angle-integrated cross sections, with the errors reflecting
all contributions including angular integration and sys-
tematic normalization uncertainties.



948 D. ASHERY et al. 30

0.08— 0.12—

P12 '
I '

/
'

/
'

1
~ 018 t

1
t

1

I

oi ', ~'I
'(a)

I I I
I

I I /
I

I I

c)o ~ (or+, Tt. ') 160 MeV

7p — «(~,~') 16OMeV

0.04—

O
It) p

0.16-

0.12—

I—0.08—

~ 0.04—
CV Q

0.12—

0.08—

4
I .8 0 aSLs a@I
I ' I

"c(~,~')

I, I, I io ~ els4aaI
I ~ I ' I

'0(7r, 7r')

0.06—

0:
0.20—

0.10—

0.50—

0.20—

I
I

I
I

Ni (7t', 7r')

F 4
~ ~

I al a~
I '

I

Pb(~', ~')

gxt,

Pb

Ni

0.04—

Q

4
I t I 4i4 ~ L ~

40 80 120 160

0.10—

Q

T, (MeV}

I t ( t I t44
40 80 120 160

I

0.18— I
'

I

t20
Sn(7r, 7r )

(b)
0.08— II

14c(~-,~')
It tl tl It

tl 0.12—

1t

Pb (Tr, 7r'}

1
b

o.04— 0.04— t))
I 1 I I I lb «4 tL ~ O, t l t l t (4+ ~ ~ L t

40 80 120 160 40 80 120 160
T o(Mev)

FIG. 4. (a) m0 energy spectra from the (m+, m ) reaction on the
nuclei studied in the present work, taken at 108'. (b) Same as (a)
for the (m, m ) reaction.
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The present resu1ts can be used to determine the true
absorption cross section from measurements of the sum of
cross sections for pion absorption and SCX. The cross
section estimates for the SCX reaction, made in Ref. 2,
agree, within quoted uncertainties, with the results of the
present work. While the precision of the present result is
significantly better, due to the relatively small contribu-
tion of the SCX reactions, the absorption cross sections
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FIG. 5. Angular d1strtbutions &om the (m —,m ) reactions.

TABLE II. The cross sections for (m —,m ) reactions at 160 MeV and the normalization factors of the
n. p~n n reaction to the data for e&90'. B is the blocking ratio (see the text). N,qq is the factor
which normalizes the cross section for p(m. ,m. )n to the data observed at back angles for each nucleus.

Nucleus

12C

14C

14C

16~
18~
1so
Ni

120Sn

Pb
Pb

cx
(mb)

80112
110+16
73+ 15

158+20
127+25
252+30
113+16

1.6
2.7
1.3
2.0
2.8
1.9
4.0
3.5
6.6
3.1

0.85
0.84
0.82
0.84
0.77
0.81
0.77
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and error bars deduced in Ref. 2 are only slightly modi-
1ed.

IV. DISCUSSION
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In Fig. 6 the cross sections and X,~f values are plotted
against Z for (vr, vr ) and A —Z for (vr+, vr ). In contrast
with charged-pion scattering, where the cross sections and
N ff values increase monotonically for both n+and vr

we note here a clear difference. The cross sections and

Neff values for the (vr+, vr ) reaction behave very similarly
to charged pion scattering: The cross section increases as
(A —Z) ' (or as A '"

) and N, fr as (A —Z) ' (the corre-
sponding power for charged pion scattering is 0.43). On
the other hand, both cross section and X,ff values for the
(vr, vr ) reach saturation for A —100. A similar and
enhanced effect is observed for the DCX reaction, 5'
where o(vr+, vr }-A ', while o(vr, vr+) saturates for
A &40. The reason for this effect may come from two
sources. In neutron-rich nuclei the protons, which are the
interacting nucleons for the quasifree (vr, vr ) reaction, are
screened by the excess neutrons. This screening is very ef-
fective since negative pions interact strongly with neu-
trons. An additional source can be stronger Pauli block-
ing for the (vr, vr } reaction on heavy nuclei since there
are several occupied neutron shells above the valence pro-
ton shell where most of the quasifree reaction can occur.
Pauli blocking effects are particularly noticeable at for-
ward angles, where the momentum transferred to the
recoiling nucleon is relatively small. In fact, the angular
distributions look different for (vr+, vr ) and (vr, vr ) at for-
ward angles, with a somewhat stronger suppression for
the latter reaction.

The effect of the Pauli blocking can be estimated by the
difference between the measured cross section and that for
the free process. In Table II we list the ratio

8=o,„l[N,ff &(o(vr p~vr n)] .
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The cross section for the vr p~vr n reaction is taken as'
47+0.5 mb. The value of 8 is seen to be nearly constant,
about 0.83, similar to the value observed for charged pion
scattering. The two smaller values are for Pb and
Sn(n. ,vr ), suggesting stronger blocking.

It is instructive to compare the yields from (vt, vr ) re-
actions on Pb and C. At backward angles [Fig. 7(a)] both
spectra show a quasifree reaction peak and the ratio (2.4)
is very similar to that found' for (vr+, vr+ ) scattering on
these two nuclei (2.5, but —10% of the cross section is
scattering from neutrons). This may indicate that at these
angles neutron screening effects are not strong. At small-
er angles the ratio for (vr, vr ) decreases gradually to —1.6
at 90' [for (vr+, vv+ ) it is steady over this angular range].
From this angle on to forward angles the ratio does not
change, but, as can be seen in Fig. 7(b}, the two spectra
look quite different at forward angles. In the quasifree
peak the cross section ratio is 1 and the total ratio be-
comes 1.7 for the large multiple scattering tail in Pb. The
quasifree (vr, vr ) reaction cross section being equal for C
and Pb at forward angles is yet another manifestation of
the strong blocking (or enhanced screening compared with
backward angles) for this reaction. The (vr+, vr ) reaction
also shows a behavior which is similar to charged pion
scattering: a fixed ratio (-4.5} at back angles which de-
creases in the region of the minimum in the angular dis-
tribution. The energy spectra for (vr+, vr ) and (vt+, vr+)
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FIG. 6. Cross sections and X,q~ values plotted against Z for
(m, m ) reactions and against (A —Z) for (m+, m ) reactions.
Xdf is the factor which normalizes the cross section for
p(m, w )n to the data observed at back angles for each target.

FIG. 7. m energy from the C(m, m ) and Pb(m, m ). (a}
Spectra are at 153' and the C spectrum is multiplied by 2.4. {b)
Spectra at 10 . (c) Spectra at 108' from Pb(m. +,~ ) and
Pb(m'+, m+ ), the latter spectrum (Ref. 1) multiplied by 0.55 and
shifted by a Q value of 10 MeV.
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FIG. 8. The (a,m ) reaction as an isovector transition.
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are compared in Fig. 7(c).
The process of multiple scattering brings another input

to the question of b, dynamics in the nuclear medium.
When formed, the 6 faces competition between decay, ab-
sorption (b,N~NN), and bX scattering. For the first and
second transitions we have elementary processes for com-
parison: The free b, decay is known, and in the nucleus it
will be quenched by the factor 8 (-0.8) discussed above.
The b,N~NN transition is known from studies of pion
absorption on T =0 nucleon pairs in the deuteron. Multi-
ple scattering gives us a way to compare the hN scatter-
ing with the two other processes. In the case of the SCX
reaction, several factors enhance these multistep process-
es. ' ' First, there is the relative weakness of the one-step
process (compared with charged pion scattering) which al-
lows multistep effects to be more easily observed. The
second is the ET=1 nature of the SCX reaction. For
charged pion scattering, multistep processes are truncated
by pion absorption: the AN —+NN process. This transi-
tion is strong due to the formation of the intermediate AN
system in a S2 T =1 state, where the 6 and the nucleon
are in a relative s state. In the SCX reaction, if the b, in-
teracts with a nucleon, the AN system cannot have the S2
T = I quantum numbers since such a state cannot couple
to the final two-nucleon state (see Fig. 8). This final state
will be a nucleon pair with T = 1 in a relative So state for
low momentum transfer. Simple parity, angular momen-
tum, and isospin selection rules forbid this coupling.
Consequently, it may be expected that multistep processes
in the SCX reaction will not be as strongly truncated as in
charged pion scattering. This is also referred to as cancel-
lation of the medium correction for isovector excita-
tions.

These effects can be observed by comparing the results
of the present work to charged pion scattering and to the
DCX reactions. In Fig. 9 we show the low energy part of
the outgoing pion spectrum at 30' in the ( re++ ) (Ref. 3),
(sr+, n ), and (m+, m ) (Ref. 5) reactions on ' 0 at 160
MeV. This part of the spectrum is particularly sensitive
to multiple scattering. The spectra are scaled by the
undistorted predictions of the two-step process (based on
the Clebsch-Gordan coefficients): m+:m:vr =26:9:1.
The m and ~ spectra are also shifted by the appropriate
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FIG. 9. Low energy part of the m.+ spectrum from the
' O(m. +,m.+) reaction (Ref. 3), of the m spectrum from the
' O(m+, m ) reaction multiplied by 9, and the m. spectrum

from the ' O(m. +,m ) reaction (Ref. 5) multiplied by 26. The m

and m spectra also are shifted by the appropriate g value. All

spectra are for E(~+)=160 MeV, where the m spectrum is in-

terpolated between the 150 and 180 MeV data.
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Q value. As can be seen, the SCX (relative) yield is signi-

ficantly higher than for the other two (normalized) reac-
tions. This is consistent with predictions by Hirata
et al. ' that for (sr+, m)reaction. s the ratio of the second
to first order term is -30% larger than for (m+, sr+') re.-

actions.
In conclusion, we have presented results of systematic

studies of the (~+—
, m ) reactions at 160 MeV. In contrast

to charged pion scattering, the combination of neutron

screening and Pauli blocking effects causes a significantly
different A dependence of the cross section between n+.
and m . The effects of the multistep reaction mechanism
are strong and may be used to understand the hN rescat-
tering contribution to the medium corrections affecting 6
propagation in nuclei.
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