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Nuclear y rays in coincidence with outgoing pions or protons following single-nucleon removal
from Mg by 200-MeV n+ have been detected with Ge{Li) detectors. Differential cross sections are
reported for y rays from the first excited mirror states of 2'Na and 'Mg in coincidence with positive

pions or protons detected in particle telescopes at 30', 60', 90', 120', and 150', angle-integrated abso-

lute cross sections and cross section ratios 0( Mg)/o( Na) are calculated. These results are com-

pared with the predictions of a Pauli-blocked plane-wave impulse approximation and the intranu-

clear cascade and nucleon charge exchange reaction models. The plane-wave impulse approximation
and the intranuclear cascade calculations generally agree with the angular dependence of the experi-
mental results but not the absolute magnitude. The nucleon charge exchange calculation does not
reproduce the observed cross section charge ratios.

I. INTRODUCTION

The (n,srN} nuclear reaction offers the potential of
understanding nuclear structure and, at the same time, of
studying the propagation of a strong baryon resonance,
the 5, in the nuclear medium. Before this potential can
be realized, however, a better understanding of the reac-
tion mechanism must be developed.

The (m, m.N) reaction has been extensively studied using
two general types of experiment. In one type of experi-
ment, the residual nucleus or specific states of the residual
nucleus are identified through radiochemical techniques
(e.g., Refs. 1 and 2), or via detection of prompt deexcita-
tion y rays (e.g., Ref. 3). Since no kinematical or angular
information is obtained, these experiments integrate over
both quasifree and nonquasifree components.

Interest in these experiments has centered on the charge
dependence of the cross section ratios which were found
to differ from the free nN ratios. For example, the cross
section ratio tr(m+}/o(n)for m induced . neutron removal

from ' C was found to have a value of 1/1.7 instead of
1/3. '

In the other type of experiment (e.g., Refs. 4 and 5), the
outgoing pion or proton is detected. With the proper
geometry, the experimenter can sele:t quasifree events;
but only recently has the charged-particle energy resolu-
tion become sufficient to identify the final nuclear state.
In the work of Kyle et al. , the m+/n ratio for proton
removal from ' 0 was found to be as large as -40 at for-
ward m angles. They attributed this increase over the free
nN value of 9 to a reduction in the m p quasifree ampli-
tude through destructive interference with another pro-
cess. They identified the interfering process as b,N
knockout.

The present study includes features of both types of ex-
periment by detecting prompt deexcitation y rays in coin-
cidence with the outgoing pions or protons. It thus com-
bines kinematic information with the ability to measure
excitation of specific nuclear states.

We studied 200 MeV ~+ incident on a Mg target.
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Outgoing charged particles (scattered m+ and knocked out
protons} were detected by scintillator telescopes at 30', 60,
90', 120', and 150' and identified by their dE/dX. Coin-
cident nuclear y rays were detected in one of two Ge(Li)
detectors and identified by their energy. One can thus
study several different (m, mN) reaction channels. For ex-
ample, Na y rays in coincidence with a m+ or a p can
result only from a direct proton knockout with no charge
exchange. Mg y rays in coincidence with a m+ can re-
sult only from a direct neutron knockout. On the other
hand, Mg y rays in coincidence with a proton can only
result from a charge exchange reaction.

Mg was chosen as a target because single nucleon re-
moval from Mg results in mirror nuclei iMg and Na.
This provides a test of both single proton and single neu-
tron removal mechanisms with pions. Furthermore, the
single nucleon removal spectroscopic strengths (ld»2 and
1@i~2) for Na and Mg from Mg are concentrated in
two low-lying excited states which y decay directly to the
ground state. For both Na and Mg, the first excited
states (=0.45 MeV, —, ) have spectroscopic factors of -45 +

to 6, and the —, excited states {at 2.64 MeV in Na and
at 2.77 MeV in Mg} have spectroscopic factors of =4 as
determined from the analysis of single-nucleon removal
reactions on Mg. This yields for the —', levels an occu-
pation number C S =2, one-half the ld»2 shell limit of
4 in Mg. [C is the isospin coupling coefficient,
(Tf+f I

1/2&~
I

T~~~) =&1/21 Other bound excited states
have considerably smaller spectroscopic factors. They
predominantly feed the first excited state, but the com-
bined effect of this y-ray feeding should be less than
=25% of the overall strength of the first excited state if
all states were populated in proportion to their spectro-
scopic factors.

The suitability of a Mg target for (m, mN) reaction
work was established previously by the results of an in-
clusive study of y rays from m reactions on Mg. The
two above-mentioned states in Na and Mg with large
spectroscopic factors were strongly excited; there was no
evidence for background y rays that might overlap these
states. Another reason for the selection of a Mg target
was its suitability for a parallel study of the angular
correlation of y rays from (n,m') scattering.

A feasibility study of the techniques employed in this
work was undertaken at LAMPF using a single gamma-
ray detector in coincidence with a single charged particle
telescope. The results of that study suggested the nord to
develop a large-scale coincidence measurement system
sensitive to deexcitation gamma rays, knockout nucleons,
and scattered pions. Such an improved system was
developed and used in the present work.

al (79% Mg) with an average thickness of 0.57+0.02
g/cm .

The experimental geometry was defined by six scintilla-
tion telescopes for charged particle detection and two
Ge(Li) spectrometers to detect y rays (see Fig. 1). Each
of the six particle telescopes consisted of six NE102 scin-
tillators. They were, solid angle defining 0, energy loss
6, and energy E, in addition to rear, left-side veto, and
right-side veto scintillators. Each scintillator was coupled
to a 5 cm photomultiplier tube, except for the E scintilla-
tor, which was coupled to two 12.5 cm photomultiplier
tubes, one at each end. The detector thicknesses were
0.160 cm (0), 0.320 cm (6), 0.635 cm (vetos and rear scin-
tillators), and 15.75 cm (E). The dimensions of each tele-
scope component were the same for each telescope with
the exception of the 0 scintillators. The 0 scintillators
for telescopes 1, 5, and 6 at +30' and 150' had to be
moved further from the target to avoid the beam halo;
they were made correspondingly larger so that all the tele-
scopes subtended the same solid angle.

The 0 and 5 counters together defined the solid angle
(-0.18 sr) of each telescope, and the E scintillator deter-
mined the particle energy. All three scintillators were
used for particle identification. The rear scintillator
tagged particles which had not stopped in the previous
scintillators. The two side veto scintillators tagged parti-
cles scattering out of or into sides of the E scintillators.
During off-line data analysis, however, this feature was
not used. Calculation of the telescope solid angles was
performed following the method of Gotch and Yogi, con-
sideririg the size and location of the 0, b, and E scintilla-
tors for each telescope. All telescopes except number 6
were mounted together on a pivoting table with their axis

30'

II. EXPERIMENTAL APPARATUS
AND PROCEDURES

The experiment was performed with a 200 MeV m+

beam from the high-energy pion channel (P3) of LAMPF.
This beam had a contamination of 6.6% p+ and 2.0%
e+. The beam spot size was typically 2.5 cm in diameter;
the muon halo was 7 cm. The momentum resolution was
=0.5%. The target consisted of natural magnesium met-

8eo rn Prof i le Mo ni tor )

Ion Chamber

FIG. 1. Experimental geometry. The rear and side veto
counters surrounding each E counter are shown but not labeled.
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directly under the target centerline. Telescope 6 was
mounted on a similar but smaller table pivoting on the
same axis.

Two Ge(Li) y ray spectrometers were used in the
present experiment, an Ortec 9% efficient and a Princeton
Gamma-Tech 11% efficient detector. Both detectors
were fitted with NE102 anticoincidence scintillator cups
to tag charged particles entering them. They were mount-
ed on one rolling table to facilitate positioning and shield-

ing. One detector was located at —75' and the other at
—122' relative to the pion beam line axis (see Fig. 1). Ad-
ditional experimental details are given in Ref. 7.

The beam intensity was monitored with a 7.6 cm thick
ion chamber filled with argon, and the beam profile was
monitored with a LAMPF wire chamber system. ' The
absolute cross sections were normalized to the differential
inelastic m scattering cross sections from the 2+ state of
24M 11

The six telescopes were calibrated in energy by tuning
the channel for low-intensity protons at 50, 133, and 191
MeV and placing each of the telescopes in the beam. The
telescopes were also calibrated with the pion and proton
quasielastic scattering peaks from the experimental runs

as we11 as with the maximum energy deposited in the E
scintillators for pions and protons. The telescope calibra-
tion runs were also used to determine the efficiencies of
the six telescopes. They were found to average (96+2)%.

The energy responses of the two Ge(Li) detectors were

periodically calibrated by placing 2 Th, Mn, and 'i~Cs

sources at the target location. %ell-known strong y-ray
peaks in the experimental data provided additional energy
calibration, including the 2 Mg and z3Na first excited state
to ground transitions. The maximum deviation of the
calibration data from a linear fit was 0.7 keV. Relative
and absolute Ge(Li) detector efficiencies were also deter-
mined in the source calibration runs.

A valid data event consisted of a coincidence between a
particle telescope signal and a Ge(Li) y ray. For each
event, pulse heights were digitized for 0, 5, E (two pho-
tomultipliers), and rear scintillators as well as the Ge(Li)
detectors. All data were read into a PDP-11 computer
and written on magnetic tape for later replay.

Particles were identified from their 4 and E pulse
heights using the method of Goulding et al. '2 A particle
which passed completely through the E scintillator (75
MeV pions and 160 MeV protons) as indicated by the rear
scintillator was treated using the method of England. '

Figure 2 shows a typical dE/dx vs E dot plot (for Tele-
scope 1, 30'), with the pions and protons identified.

Statistics were not sufficient to allow cuts on pion or
proton energy. Figure 3 shows the spectrum in the Ge(Li)
detector at 75' in coincidence with a pion or a proton in

any one of the six telescopes. Figure 4 shows the random
(off timing peak) spectrum for this detector.

The y rays in these spectra were identified by their en-

ergy, and areas were determined by summing channels
and subtracting background. Cross sections were calcu-
lated from the relative areas and fmm the Ge(Li) and the
particle telescope efficiencies. As noted above, the cross
sections were normalized to the Mg 2+ differential in-
elastic scattering cross sections of Bolger. " Major sources
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FIG. 2. A dE/dx vs E dot plot for telescope 1 at 30'. The E
signal was from one of the two photomultipliers of that scintil-
lator.

of error were the following: statistical errors, errors in the
absolute normalization to the inelastic data (=15%),
Ge(Li) efficiency calibration (=9%), and telescope solid
angle determination (=6%).

In addition to the strong first excited 2+ states at 0.439
MeV in ~3Na and 0.450 MeV in 2iMy (see Fig. 3), there
was evidence for the fourth excited —, state in Na at
2.64 MeV, but its Doppler-broadened width prevented a
differential cross section measurement. There was no sign
of its mirror state in Mg.
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FIG. 3. Ge{Li}1 y-ray spectrum in coincidence with a m+ or

p from Mg{m+,mN} in any one of the six particle telescopes
{low-energy portion}.
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charge ratios are compared with these models and also
with a model that assumes final-state nucleon charge ex-
change (NCX}.'

The INC predictions were based on 5X10 cascades of
200 MeV m+ on Mg. The code has no free parameters.
The program output was sorted to yield differential n+.
and proton cross sections at the angles measured in the
present experiment for events in which the final nucleus
was Na or Mg in a bound state. Since only single nu-
cleon emission was involved, that part of the code that
evaluates evaporation subsequent to the cascade was not
used. A Na or Mg nucleus was assumed to retain its
identity if its excitation energy calculated by INC follow-
ing the cascade was less than its known particle stability
energy. Since the INC code does not include details of
nuclear structure or predict specific nuclear states calcu-
lated contributions to the Na/ Mg bound states arose
from the entire nuclear volume and not just from the nu-
clear surface (i.e., 1 d5&2 shell nucleons). Hence the results
were multiplied by the ratio

200-
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FIG. 4. Ge(Li) I y-ray spectrum in random coincidence
(1ow-energy portion).

III. COMPARISON OF ANGULAR DISTRIBUTIONS
% ITH REACTION MODELS

The experimental differential cross sections for produc-
tion of the 0.439 and 0.450 MeV y rays in coincidence
with outgoing pions or protons are listed in Table I for the
two Ge(Li} detectors. The averages (last column of Table
I) were calculated using the inverse of the fractional errors
as weights. Where two cross sections differed greatly, the
errors were increased in order to be more conservative.
Data from telescopes 1 and 6 were averaged to give one
data point at 30'.

The cross sections were extracted from the data by as-
suming isotropic y ray correlation with the outgoing pion
or proton. This assumption would be rigorously true for
direct plane wave nucleon knockout and can be seen to be
approximately true within experimental uncertainties by
comparing the relative cross sections of Ge(Li) 1 and 2
listed in columns 4 and 5 of Table I. [Ge(Li) 1 and 2 had
an angular separation of 50'.] This absence of angular
correlation is in contrast to the expected strong sin 28&~
correlation that was observed in this experiment for in-
elastic a+scattering to .the 1.37 MeV first excited state of

Mg. (8&~ is the angle between the y ray and the inelas-
tic momentum transfer direction. )

Proton and pion differential cross sections were com-
pared with predictions of an intranuclear cascade (INC)
code developed by Fraenkel et 01. '" and with the predic-
tions of a simple plane-wave impulse approximation
(PWIA) which assumes only a single collision of the in-
cident pion with a nucleon. In Sec. IV, cross section

where S (J ) is the spectroscopic factor for neutron or
proton removal to a Na or Mg bound state of spin par-
ity JP and F(JP, I

') is the relative fraction of y feting
from an initial J state down to the —', first excited state.
The sum is taken over all bound levels using spectroscopic
factors and y branching ratios from Ref. 6; r=0.6 for
both Na and Mg. The INC results quoted in the
present paper have been reduced by this factor.

The INC calculation showed that a large fraction
(=90%) of production of a bound state of the A —1 resi-
dual nuclei results from a single collision of the incident
pion on a nucleon with no further interaction. Further-
more, in the calculation the probability of the residual nu-
cleus being left with a given excitation decreasa1 mono-
tonically with increasing excitation energy.

The PWIA predictions for the cross sections were cal-
culated using the semiempirical free irN phase shifts of
Rowe et al. ' The resulting cross sections were reduced,
at small pion scattering angles, by Pauli blocking using a
degenerate Fermi sphere uniformly filled up to a momen-
tum of kF ——270 MeV/c. The Pauli blocking was calcu-
lated from the quantity ( V —X)/V, where lil is the phase
space volume common to the Fermi sphere and a similar
Fermi sphere whose center is displaced by the free AN
scattering momentum transfer to the nucleon,

q =2k sin8 /2. V is the sphere's volume. This caused
the resulting cross section at 8 =0' to be 0 and at 8 -80'
to approach the free n.-N cross section. This cross section
was then multiplied by the 1d5&2 proton or neutron occu-
pation number for the first excited state, C S~ ——2.2 de-
fined above. It was necessary to additionally scale the re-
sulting P%IA prediction to the data by multiplying by
factors of ——,

' to —,'. This indicates the predominance of
other processes such as pion absorption and secondary
scatterings.

The PODIA calculation was performed only to estimate
the trends of the experimental data. It, ho~ever, demon-
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TABLE I. Experimental differential cross sections for 2 Mg(m, mN). o ( Na) is the differential cross

section for production of the Na first excited state ( 2, 0.439 MeV) in coincidence with a m+. Similar

definitions apply for the other cross sections. Results are shown for each Ge(Li) detector and as an
average which was weighted by the fractional errors. Telescope 1 was averaged with telescope 6 for the
30' results.

Reaction

o~( Na)

o ( Mg)

op( 'Na)

op( Mg)

Telescope
Angle
(deg)

30
30
60
90

120
150

30
30
60
90

120
150

30
30
60
90

120
150

30
30
60
90

120
150

Ge(Li) 1

(mb/sr)

7.3 +1.9
4.8 +1.3
4.4 +1.2
4.0 +1.1

6.3 +1.7
6.2 +1.6

1.5 +0.5
1.4 +0.5
1.1 +0.4
0.82+0.34
1.2 +0.5
0.72+0.28

15.0 +4.0
18.0 +4.0
4.8 +1.3
0.59+0.28
1.5 +0.5
1.3 +0.5

7.6 +2.0
5.1 +1.4
2.1 +0.7
0.48 %0.24
0.45 %0.25
0.93%0.38

Ge{Li) 2
(mb/sr)

4.6 +1.2
1.9 +1.3
3.3 +0.9
1.6 +0.5
4.1 +1.1

4.2 +1.1

1.9 +0.5
0.31+0.15
0.74+0.25
0.97+0.30
0.89%0.29
1.3 %0.4

16.0 +4.0
11.0 +3.0
4.0 +1.1

0.85+0.30
0.87+0.31
0.45 +0.20

7.7 +1.9
2.8 +0.80
1.3 +0.4
0.31%0. 15
0.59+0.25
0.28 +0.15

Average
(mb/sr)

5.2 +1.1

3.9 +0.9
3.0 +1,0
5.2 +1.0
5.2 +1.0

1.4 +0, 5

0.90+0.22
0.92+0.23
1.0 +0.25
1.1 +0.30

15.0 +4.0

4.4 %0.9
0.7620.20
1.2 +0.3
Q.93%0.27

5.8 +1.4

1.7 10.4
0.39+0.14
0.54+0. 18
0.69+0.22

strates the role of Pauli blocking in reducing the forward
angle pion scattering from the free mN.

A. Pion angular distributions

sr+ Na I~0
k Data
o INC—PWtu, (x 0.20)

Figure 5 shows experimental and calculated angular
distributions for outgoing pions that are in coincidence
with y rays from the first excited states of Mg and Na.
The solid curve represents the Pauli-blocked P%IA re-
sults described above; the open circles are the results from
the INC calculation. %'ithout Pauli blocking, the pion
differential cross section would rise steadily as 8 de-
creases below -60'. At 8„=30', the P%IA cross section
is reduced by a factor of -2 relative to the free case.
Both INC and PWIA calculations (and the data) display
Pauli blocking with decreasing 0; the INC cross section
falls off more rapidly than the PVAA cross section. An
effect that could account for this discrepancy is nuclear
shadowing of forward-scattered pions for the INC calcu-
lation. In the PWIA calculation, this effect has not been
included.

B. Proton angular distributions

Figure 6 displays the experimental angular distributions
for outgoing protons in coincidence with y rays from the

0
+ 23~+ Mg

l.6-

0.8

O.O0 40

I~0
t Data
o INC
—PWCA (x0.58)

o
I i

80 tZ0 ~60 200
e {deg)

FIG. 5. Differential cross sections of outgoing m+ from
Mg(m+, m+N) in coincidence with y rays from the first excited

states of Na and Mg compared with Pauli-blocked plane-
wave impulse approximation (P%'IA) and intranuclear cascade
(INC) calculations. P%IA values have been multiplied by Q.20
for Na and by 0.38 for 'Mg.
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FIG. 6. Differential cross sections of protons from

Mg(m+, p) in coincidence with y rays from the first excited

states of 'Na a,nd Mg compared with Pauli-blocked plane-

wave impulse {P%'IA}and intranuclear cascade (INC) calcula-

tions. P%'IA values have been multiplied by 0.17 for 2 Na and

by 0.28 for 23Mg. P%'IA and INC values at backward angles

are g0. 1 mb/sr and hence do not show up on the semiloga-

rithmic plot.

0-

z.'~ 24-
O

60

l6-
Telescope 2

60

8
27MeV &

20 40
CHANNEL

first excited states of Mg and Na, together with PWIA
and INC results (solid curves and open circles, respective-
ly). The angular distributions have the general shape of
free m-N scattering, in which case no protons would be
emitted at angles greater than 90.

The E scintillator thickness (15 g/cm ) was insufficient
to permit derivation of pion energy spectra, but was ade-

quate for determination of proton energy spectra by use of
a foldback procedure. The 30' and 60' y-coincident pro-
ton spectra are shown in Fig. 7. The arrows indicate the
energies for free nNscatter. ing; the dashed hnes indicate
the INC results. Coincident proton spectra for 8~&90'
had few total counts; as expected, no peak was observed.
The apparent differences between the 60' spectra and the
INC predictions may be instrumental: the steep left-hand
shoulder is due to electronic low-energy cutoff, and the
high-energy tail is partially due to scintillator energy reso-
lution. The cross sections at 60' were corrected for the
low-energy cutoff.

20 40
CHANNEL

FIG. 7. Energy spectra of protons from Mg(m+, p) detected
at 30' and 60' in coincidence with y rays from the first excited
states of Na and 'Mg compared with INC calculations
{dashed line). The arrows indicate the energies for free mN
scattering.

IV. DISCUSSION

The experimental angle-integrated absolute cross sec-
tions listed in Table II are ——,

' to ——,
' of those predicted

by the PWIA as discussed above. They are, however, 3
times greater than those predicted by INC. Particularly
at the b, resonance energy, the assumption of a quasifree
mN interaction which is implicit in both PODIA and INC
is questionable. The 200 mb free ~N cross section at the
resonance yields a spatial width of -5 fm resulting in a

TABLE II. Experimental and calculated angle-integrated absolute cross sections for
~ Mg(n. +,mN)~3Mg ( 2, 0.450 MeV) and 2 Mg(m+, m+p) Na ( ~, 0.439 MeV). crp~&A was calculated

assuming nuclear Pauli blocking and nucleon occupation numbers given by C S (see text).

Final

nucleus

Outgoing

particle

0'expt

52+9
44+9

11+2
16+3

19
20

2.7
3.9

0 expt

OWC

2.7
2.2

4.1

4.1

PODIA

263
263

0'expt

0.20
0.17

0.38
0.28
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"swelling" of the nucleon-pion system to a size encom-

passing up to two adjacent nucleons. This "swelling"
yields total m-nucleus cross sections that are typically
twice the nuclear geometrical cross section. For example,
in Al, the geometrical cross section is -450 mb,
whereas the total pion cross section is -960 mb (Ref. 16)
and is divided approximately equally among pion capture,
nuclear elastic, and nonelastic processes. The cross sec-
tions that remain for production of states observed in the
present experiment are thus a small fraction of the total
cross sections. Hence they would be sensitive to varia-
tions in any of the above components.

The ratios 0 ( Na)/cr ( Mg) for the n+ coincident dif-
ferential cross sections have values of -4, approximately
independent of 8 (see Table I). This is in disagreement
with the results of Kyle et al. at T~=240 MeV in which
the corresponding charge ratio R =cr(n+)/cr(n ) for
'

O(m —+,m+-p)' Ns, reaches a very large value, R )30, for
forward angles, 8 &35'. Kyle et al. suggest that this
enhancement over the quasifree value of 9 comes from a
reduction in the n p cross section, as m+p enhancement
is unlikely. In our experiment, however, the angle-

integrated m+ coincident Mg —,'cross section, which

corresponds to the m cross section of Kyle et a/. , is rela-
tive to PWIA, the largest of all four measured cross sec-
tions (see Table II, column 7). It may be noted that the
enhancement found by Kyle er al. occurs at scattering an-

gles where Pauli blocking is predominant.
Our n+ and p coincident Na cross sections are in

agreement with equivalent cross sections obtained from
' C(m+,m+p) data of Piasetzky et al. , who used a double
arm spectrometer system. Their cross section values ap-
proximately equal those for free m+p scattering; and as-
suming that four p shell protons are available, their effec-
tive participation ratio is approximately 0.25, which
agrees with our results for Na (Table II, column 7).
However, their '2C(m, n p) cross section is —60%
greater than our equivalent m+ coincident Mg cross sec-
tion.

As mentioned above, the INC predictions fall below the
experimental results by a factor of = —,'. An examination
of the particle histories generated by the INC code yields
the following further information on the Mg(m, ~) reac-
tion:

(A) INC predicts total, elastic, and absorption cross sec-
tions of 980, 400, and 230 mb, respectively, in agreement
with 960, 380 and 218 mb, as measured by Ashery et al. '

for 245 MeV m++ Al.
(B) INC indicates that 75% of the b's decay before

striking a nucleon. This is due to the short free decay
length of the 6 (-0.4 fm) and is consistent with the
PWIA calculation which indicates that only ——,

' of the b,

decays are Pauli blocked.
(C) According to the INC results, pions from 6 decay

predominately do not escape the nucleus; 75% of the
pions from b, decay strike a nucleon to reform another b, .
Using the 5 decay probability given above in (B), this
yields an average of two sequential 5's formed for each
incident T =200 MeV pion on the nucleus. In a single
scattering, the pion loses an average of 60 MeV lab kinetic
energy; after two or more pion scatterings through 5 for-

mation, T will have dropped considerably below reso-
nance energy. INC yields a pion scattering mean free
path k of 1.2 fm; cf. A, = 1/(po )„„~-2.3 fm. (Pion ab-
sorption occurs only through b,N~NN. )

(D) INC indicates that approximately 70% of the pro-
tons resulting from 6 decay escape the nucleus without
further scattering. INC yields A~=4.5 fm; this is in
agreement with A,~= 1/po~& 5 fm obtained from free, but
Pauli blocked' NN total cross sections' and a Mg uni-
form nuclear matter density p calculated using a radius
parameter of 1.315 fm. The INC result is also in agree-
ment with estimates by Schiffer. ' Of the scattered b, de-

cay protons, approximately half undergo charge exchange
before escaping in the INC calculations. Since only 30%
of the protons do not escape, this yields a probability for
NCX of only = 15%.

(E) Approximately 40% of the total cross section for
incident pions results in pion capture (b,N~NN), accord-
ing to the INC calculation. Measurements by Ashery
et al. ' indicate a ratio of capture-to-total cross section of
=30%.

The INC results discussed above suggest that pion mul-

tiple scattering, occurring mainly by sequential 5 produc-
tion and decay, is a predominant process, being more im-

portant (A, =1.2 fm) than nucleon multiple scattering
(A,~ = 5 fm), which was proposed some time ago'~ as a ma-
jor process in pion-induced nucleon knockout at 6 reso-
nance energies. In the latter process the nucleon from b,

decay undergoes subsequent incoherent nuclear scattering
with a probability of nucleon charge exchange (NCX),
P=0.1~0.2, ' as determined from cross section ratios
obtained in o[' C(m+, x)"C]/cr[' C(n, x)"C] activation
experiments. ' In the present experiment, both m. + and p
coincident cross sections for deexcitation y rays are deter-
mined. Hence the present experiment provides a more
sensitive test of the NCX model than the previous activa-
tion experiments, which sum over these two final states.

The NCX calculation predicts cross sections for the fi-
nal states Mg + m+, Mg + p, Na+ m+, and

Na+ p to be in the ratio of (1 + 9P):2:(9+P):(9+P).
Since the Na residual nucleus must be accompanied by
both m+ and p, the final states Na+ m+ and Na+ p
must have the same cross sections regardless of the reac-
tion model. Hence, the two experimental Na cross sec-
tions (see Table II) were averaged, yielding

a[ Na(av)] =48+8 mb. There are then only two indepen-
dent cross section ratios. Let them be the ratios of
cr[ Mg+m+] and o[ Mg+ p] to cr[ Na(av)] The fir.st
Iatio,

R, =o[ Mg+~+]/o[ 'Na(av)]=0. 23+0.04,

yields P=0.12+0.04, consistent with values of P obtained
from activation work. (Quasifree R~ ——1/9. ) However,
the second ratio, obtained from the proton component of
the Mg final state, has a value

R2 ——e[ Mg+p]/o[ Na(av)]=0. 33+0.05,

yielding a negative value of I', —2.9+0.9, which is incon-
sistent with NCX, even though the uncertainty is quite
large. (Quasifree R2 ——2/9. ) Because of electronic cutoff
and the lack of scintillators in the forward direction where
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the proton cross section peaks, we may be undercounting
proton events and hence R2. However, an increase in A2
would worsen agreement with NCX.

A comparison of our experimental results with the re-
sults of activation measurements can be made by sum-

ming the measured rr+ and p components of the Mg
cross section (see Table II). This yields a ratio of

rr[(23Mg+~+)+( 3Mg+p) J/cr[ Na(av)] =0.56+0.06,

which, in turn, yields a value of P=0.24+0.07, consistent
with the value of P obtained from activation measure-
ments.

The above results indicate that whereas the NCX model
can explain inclusive cross section results like those ob-
tained by activation measurements, it is inconsistent with
the more exclusive cross sections obtained in the present
experiment. In a recent paper, Ohkubo and Liu include
the effects of quantum mechanical interference between

quasifree and nonquasifree (NCX and rr charge exchange)
reaction processes using distorted waves. Their calcula-
tions result in significantly better agreement with the ex-
perimental results for 'zC(m+, mN) "C cross section ratios'
than the previously incoherent NCX calculations. ' In a
subsequent paper Ohkubo et al. conclude that both NCX
and the interference effects decrease considerably in mag-
nitude as the target mass is increased from 2=12. Their
results suggest that these effects are small for an 3=24
target. Hence these predictions and the results of the
present experiment are in disagreement with the NCX
model (PWIA predicts P=O, in clear disagreement with
all data).

A two baryon process in which an initial b, subsequent-
ly interacts with a nucleon in a (b,N)T q state can, by it-
self, reproduce measured values of Ri and Rz. Such a
process, in which one of the (b,N)T 2 decay nucleons sub-
sequently remains in the nucleus, yields R i ——0.22,
R2 ——0.37, i.e., values close to those observed. Although
there has been evidence for a possible (b,N)T 2 attractive
potential, an examination of the magnitude of pion dou-
ble charge exchange cross sections casts doubt on this pro-
cess. Even after allowing for the isospin recoupling,
which yields for pion double charge exchange a (AN)T
component ——,', any b,N contribution that is sufficiently
large to yield a reasonable (m, m N) reaction would result in

a pion double charge exchange cross section too high by at
least a factor of 10.

V. CONCLUSION

The experimentally determined pion and proton dif-
ferential cross sections for deexcitation y rays from the

first excited states of Na and Mg in coincidence
with outgoing n.+ or p from "Mg(n. +,m N) have been mea-
sured and compared with the results of calculations based
on several (m, rrN) reaction models, in particular on a Pauli
blocked plane-wave impulse approximation (PWIA), on
intranuclear cascade (INC) models, and on charge ex-
change of the outgoing nucleon (NCX).

Both the P%IA and the INC calculations reproduce the
approximate shape of the observed n+ and p angular dis-
tributions, but not the magnitude. The PWIA calculation,
which was done primarily to illustrate the trends in the
data, resulted in cross sections that were a factor of -3 to
5 too large. On the other hand, the INC calculations,
which can be considered absolute, were a factor of -3 too
small. These calculations indicate that rescattering of the
outgoing pions is a more important process than rescatter-
ing of the outgoing nucleons. The NCX model is put to a
more sensitive test by the present experiment than by pre-
vious activation experiments, since m+ and p coincident
cross section ratios for deexcitation y rays are determined
separately rather than together. The NCX results are in-
consistent with our experimental results.

These comparisons suggest that a more detailed
description of the mN interaction in a nucleus, such as the
6-hole model of Hirata, Lenz and Theis, 2 may be needed
for a better understanding of the processes involved in the
(m,m N) reaction.
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