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We report coincidence measurements of the (7+,7%) reaction at a beam energy of T =165

MeV. The neutral pions were detected by the LAMPF 7° spectrometer and the protons by an array
of plastic-scintillator telescopes. The resulting energy resolution for the determination of the excita-
tion energy of the residual nucleus was about 10 MeV. Measurements were performed on '°O at
laboratory angles 9ﬂ0=70°, 80°, 110°, and 130°. The cross section is predominantly quasifree. Its an-

gular dependence follows the trend of the free single-charge-exchange cross section at back angles
and is somewhat suppressed relative to this at more forward angles. Events corresponding to remo-
val of p-shell nucleons were identified by their 7° and p energies. The 7° energy spectra for such
events are compared to similar pion energy spectra for the '*O(7*,7%p) reactions; the cross-section
ratios are consistent with ratios calculated from isospin coupling alone. 7° energy spectra are also
compared to predictions of A-hole model calculations; the calculations for events in which protons
are detected at the conjugate quasifree angle underestimate the (7%, 7%) cross sections by 30—55 %.
At 9702 110° the (w*,7%) reaction was also studied on Fe, Sn, and Pb. No significant 4 depen-
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dence of the cross section was observed.

I. INTRODUCTION

Various (,7'p) reactions have been studied for about
30 years (see, for example, Refs. 1 and 2). However, it is
only over the last decade that kinematically complete
coincidence measurements have been performed.>”® In
particular, quasifree coincidence measurements give valu-
able information about nucleons inside the nucleus and
their interactions with the remaining part of the nucleus.
Such experiments have made a significant contribution to
our understanding of medium-energy nuclear interac-
tions.

In the energy range identified with the A(1232) reso-
nance, such pion-induced nucleon removal processes are
predominantly quasifree.>’ Ratios between inclusive
cross sections do /dQ, for the (7,7t p) and (77,7 p)
reactions in the A-resonance region agree roughly with
the corresponding ratios between the free 7 p and 7 p
cross sections,” while some very large deviations from
these ratios have been found for exclusive cross sections
d3c /dET,dQ,,de.3 These latter experimental ratios de-
pend on the angle and energy of the ejected pion. The de-
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viations are particularly interesting because some of the
observed ratios of 7" -induced to 7 -induced cross sec-
tions are several times larger than the corresponding ra-
tio of free cross sections. Explanations based on initial-
state interactions (pion charge exchange) or final-state in-
teractions (nucleon charge exchange) are insufficient be-
cause such interactions in general can only decrease these
cross section ratios. [The free " p cross section is essen-
tially geometrical, and so modifications of this cross sec-
tion can only contribute to a decrease of the ratios. The
(77,7 p) cross section is increased by including the pos-
sibility of pion or nucleon charge exchange. This, of
course, will also reduce the above cross-section ratios.] It
is therefore clear that the elementary 7p process must be
substantially modified by the nuclear medium.>8

Similar modifications would be expected for other mp
isospin channels (cf. Ref. 8, which discusses this within
the framework of the A-hole model), and we present here
a study of the (71, 7%) reaction at T +=165MeV. Ear-
lier results obtained by our collaboration for °O(#",7%)
at T_, =245 MeV indicated that the cross-section ratio

of (w*, 7 p) to (#,7%) for ®O was significantly
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different from the corresponding ratio of free cross sec-
tions at forward pion angles.”> Some of the results
presented in this paper were given earlier in a Brief Re-
port;® most of the results are discussed in greater detail in
Ref. 9.

II. EXPERIMENTAL APPARATUS

The experiment was performed at the low-energy pion
(LEP) channel at the Clinton P. Anderson Meson Physics
Facility (LAMPF). The layout of the experimental area
is shown in Fig. 1. The two photons from the decay of
the 7° were detected with the LAMPF 7° spectrometer, '°
and the protons were detected with an array of plastic-
scintillator telescopes. The measurements were done at
7° laboratory angles of 70°, 80°, 110°, and 130"

The beam flux was typically 107 =¥ /s. It was moni-
tored by a toroid loop around the primary proton beam.
This monitor was frequently calibrated to the pion flux
by measuring the !'C activity from the reaction
2C(#%,X)''C and comparing it to known cross sec-
tions.!!

The 7° spectrometer operated in its vertical opening
angle configuration. At each 7° angle, the spectrometer
was set to optimize the acceptance for the range of 7° en-
ergies expected from the quasifree process. The spec-
trometer solid angle was maximized while maintaining 7°
energy resolution at about 8 MeV. The energy calibra-
tion of the 7° spectrometer was checked using 7*s from
the reaction 7 p—7°n. The measured 7° energies
agreed within 2 MeV with values expected from two-
body kinematics. All results presented below are based
on 7%s collected from a region of +12° around the cen-
tral 7° angle.

The energy-dependent acceptance of the 7° spectrome-
ter was calculated using the Monte Carlo simulation code
PIANG. 112 Results for all our setups are shown in Fig. 2.
Clearly, the acceptance was significantly reduced outside
a band of approximately 100 MeV width. However, this
energy range, in which reliable data could be obtained,
was still wide enough to comfortably include essentially
the whole quasifree peak in all our measurements.

The product of solid angle and spectrometer efficiency

METERS

FIG. 1. Floor layout of the experimental area. The figure shows the extension of the LEP beam channel with its magnets, the tar-
get, the particle detectors, and the main shielding. Q4 is the last quadrupole magnet in the standard beam channel; Q5 and Q6 were
installed to improve focusing at the target. SM1 and SM2 are steering magnets. The shielding is indicated by the hatched areas. The
more densely hatched areas indicate Pb shielding; the remaining shielding was provided by concrete blocks. The most downstream

part of the beam pipe (after Q6) was made of Pb.
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FIG. 2. Calculated 7° spectrometer energy acceptance for all setups. The curves show the effective solid angle covered by the
spectrometer as a function of the kinetic energy of the ejected 7%s. The results shown are for the water targets. (The changes caused
by using other targets are minor.) All calculations assumed a 7° spectrometer angular acceptance of +12° around the nominal 7° an-
gle, as well as a maximum (cutoff) value of 0.25 for the decay-photon energy-sharing parameter (EVI —EV2 )/(EVI —&-EV2 ). The calcu-

lated acceptances are larger at 0"0=80° and 110° mainly because the distance from the target to the spectrometer was shorter here

than in the other setups. The dashed lines indicate the quasifree energy.

was also determined experimentally, using the reaction
7~ p—7°n on a CH, target (and on a 'C target for back-
ground subtraction). When the energy dependence of the
spectrometer solid angle had been accounted for (cf. Fig.
2), the remaining 7° spectrometer efficiency was found to
be approximately constant and in agreement with previ-
ous measurements. '3

The protons were detected by a vertical array of seven
telescopes covering an angular range of +51° around the
nominal free proton emission angle (later referred to as
the quasifree angle 6.). An eighth proton telescope was
positioned in the scattering (horizontal) plane 17° back
from this angle. The vertical configuration of the array
allowed measurements over the complete quasifree angu-
lar correlation region for a wide range of 7° angles while
still keeping the 77 beam from hitting the proton detec-
tors directly. Each telescope consisted of a AE and an E
plastic scintillator with thicknesses 0.3 and 20.3 cm, re-
spectively. This allowed excellent particle detection and
identification over all proton energies above approximate-

TABLE 1. Physical setup parameters. The parameters listed are the central 7° angle 6170, the 7

ly 30 MeV. Each proton telescope covered a solid angle
of 8.5 msr. The solid angles of the E detectors were
larger than those of the AE’s in order to avoid protons
leaking out the sides. The full width at half maximum
(FWHM) energy resolution of the proton detectors was
about 3 MeV. The proton detectors were calibrated us-
ing monoenergetic protons. These protons were taken ei-
ther directly from the LEP beam channel or from the re-
action 77d —2p, using a CD, target and detecting two-
proton coincidence events. We estimate about 1 MeV un-
certainty in the proton energy calibration.

Four target materials were used for the coincidence
measurements: water, natural Fe (0.902 g/cmz), natural
Sn (2.05 g/cm?), and natural Pb (1.160 g/cm?). The wa-
ter targets were water-filled rectangular boxes with 50-
pm Mylar windows. For these targets, the target thick-
ness and target angle were chosen for each measurement
to maximize the counting rate while maintaining energy
resolution for the determination of the excitation energy
of the residual nucleus at about 10 MeV. The thicknesses

0

spectrometer opening angle 7,0 and the corresponding optimal 7° kinetic energy T ,, the distance from

the target to the 7° spectrometer r o0 the proton angle 6, for the central proton detector, the target an-

gle 6, (the angle between the beam and a normal to the target on the downstream side), and the thick-
ness (pt), of the water target used. Positive angles indicate beam right, and negative angles indicate

beam left. The proton arm and =°

make better use of the space available.

spectrometer swapped sides for the measurement at 6”0=70° to

9”0 nﬁo/Two ro 6, 0, (pt),
(deg) (deg)/(MeV) (cm) (deg) (deg) (g/cm?)
70.0 73.73/90.0 60.0 —47.6 —52.0 0.32+0.03
—80.0 73.73/90.0 50.0 42.3 50.0 0.58+0.03
—110.0 81.40/72.0 50.0 27.9 55.0 0.59+0.03
—129.7 84.90/65.0 60.0 19.45 35.0 0.90+0.05
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FIG. 3. Data from the '*O(7*, 7% )30 reaction obtained at
6”0=110° with the proton detected at the conjugate quasifree
angle. (a) Excitation energy of the residual 'O nucleus. (b)
Correlation of 7° kinetic energy versus proton kinetic energy.
The range between the dashed lines represents our estimate of
events due to p-shell nucleon removal.

of the water targets varied from about 3 to about 10 mm
and were in each case established to better than 10% ac-
curacy by comparing measurements of the 7~ p —7°n re-
action on the hydrogen in the water to known cross sec-
tions.!* These measurements also gave direct values for
the product of target thickness and spectrometer
efficiency for use in the analysis of the coincidence data.
The hydrogen content of the water targets was, of course,
of no concern for our study of the (7", 7% ) reaction.

The values of the physical setup parameters for all our
measurements are listed in Table I. This table also lists
the measured thicknesses of the water targets used in the
experiment.

III. DATA ANALYSIS

A typical spectrum of the excitation energy of the re-
sidual O nucleus from the reaction '°O(w*,7%) is
presented in Fig. 3(a). The most pronounced peak corre-
sponds to the removal of nucleons from the p shell (the
P1,, and p3 , levels were not resolved). In the analysis we
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attempted to separate such p-shell events from events due
to other processes by applying a cut in a histogram of the
detected 7° energy versus the energy of the coincident
proton. This is shown in Fig. 3(b) for the same events as
in Fig. 3(a). From varying the position of the p-shell cut
for a number of cases, we estimate about 129 uncertain-
ty in the extracted cross sections due to reasonable varia-
tions of this cut. Furthermore, from fitting a sum of
Gaussian distributions to the shape of the excitation ener-
gy spectrum of Fig. 3(a), we estimate that typically 20%
of the events included in the cross sections for p-shell nu-
cleon removal are most likely due to other processes.

The cross sections presented below for p-shell nucleon
removal have been corrected for losses due to nuclear in-
teraction in the E detectors.!>® This correction varies
from less than 1% to more than 15% in our energy
range, the exact value depending on the kinetic energy of
the proton. The correction does not apply to cross sec-
tions summed over all detected protons, as inelastic nu-
clear interactions reduce the average measured energy of
the detected protons, but do not appreciably affect the to-
tal number of events detected above our threshold.

All cross sections were first corrected for the energy-
dependent 7° spectrometer acceptance (by using the
Monte Carlo code PIANG), and for accidental 770p coin-
cidences (typically about 1.5%). We then subtracted
background events (obtained using an empty water target
or no target at all). The background contribution varied
from 4% at 6 o=130° to 15% at 6 o=70°. The resulting

spectra were corrected for losses due to attenuation of the
7° decay photons in the targets'” (the attenuation losses
in the rest of the system were implicitly included in the
experimentally determined 7° spectrometer efficiency dis-
cussed above). The photon attenuation losses were small
in the water targets (1-3 %), but they became significant
for the heavier targets (about 13% for Pb).

IV. RESULTS
A. Cross sections d*0 /dE ,dQ ,dQ,

In this experiment we made direct measurements of
the quadruply differential cross sections d%o/
dE odE,dQ odQ, [cf. Fig. 30). The d’o/
dE 7Tod Qvgd QP spectra discussed below were obtained by

summing over all detected proton energies (after having
made those cuts and corrections described above that de-
pend explicitly on the energy of the proton).

1. Dependence on scattering angle

10(7+,7%) measurements using water targets were
made at all 7° angles studied in the experiment. Figure 4
shows d3a/dE7r°dQn0de spectra for the %O(7",7%)
reaction as a function of T , for the central proton tele-

scope (at the quasifree angle) in all setups. The data have
been cut on p-shell nucleon removal. Because of the p-
shell momentum distribution, one expects to see a dip in
the cross section near the quasifree energy for small solid
angle detectors. Our data do not display much of this p-
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FIG. 4. Energy spectra for the '°O(7*,7%) reaction. Only p-shell nucleon removal events collected using the proton telescope at
the conjugate quasifree angle are included. The dashed lines indicate the quasifree energy. The solids lines are fits to the data. The
fits for the two forward 7° angles are asymmetric Gaussians, while a sum of two symmetric Gaussians was used for the backward an-

gles. There is a 15% normalization uncertainty in addition to the uncertainties shown in the figure.

16()(‘r‘-+’ﬂ.opp shell)
6, = 70°

T
30 £ =0t 4
20 | #=% 3
10 F E
o R Lo Tty
a |a T T T T
EYp=Yqt 4
10 ;,gﬁﬁiih
o T T T T T
8.=6
-Yp qf =
sl ]
10 F *;iilH}H H! E
o T
0, =0

30
20
10

T T

T T o T
L 6,=6,+17
E $p=0°

0

30
20
10 F

o 1
30
20
10

0 L

d%¢/dE,.d0,.d0, (ub/MeV sr?)

30
20
10

0
0 25 650 75 100 125

T, (MeV)

25 50 75 100 125
T, (MeV)

FIG. 5. p-shell nucleon removal spectra at 6 o="70°. The po-

sition of each proton telescope is indicated by the angles 6,
(measured in the scattering plane) and ¢, (measured perpendic-
ular to the scattering plane). The normalization uncertainty

(15%) is not included in the figure.

~~
a

= T T T T T T T T T
o 100 P — woe 1re,. = 80° 1re.. = 110° 1re,. = 130° 1
g | | | |

3 B L qr I qr I qr .
3 i [

~ | | l

g o L r ar i3 1.
] [

k | | | [ |

i

S esh b 1k 1F -
&;k l L ]

T ll ; | D N
0 0 50 100 O 5 100 O 50 100 O 50 100

© T, (MeV)

T T T T 16
30 —:ﬁg«;a 3 O(T*, 7Py shen)
20F " E 6, = 80°
10F 3
0 L 1 sl k™S, Jx.
s lo T T LI T
E 9=t E
10F s it
6\ 0 9 _! T T T T
2] 30F°P d° E
5> zoft? hﬂ‘**‘*} E
LY
5 10 F !gglﬁi i; E
'g o froT1 T T T T T T ° T T T
3 3 —89:92' {i E _8P=82,+17 3
g zoph i#ﬂi iﬁ;{* I dg ]
o #
10 LA 13 widd
G‘= o 1 *th# 1 T 1 }1*.;.’- 1 Lt
'CL T 25 50 75 100 125
- p_ —
2 30 g =—17° i T, (MeV)
I =20 *11*{
S 10f 4H L
@ B 5
o 0 L N ! 1 7o
30 _aP:B T T T AR
20 %= .
10F :
0 ot s,
T T T T T
30 %=« 3
20 %=1 4
10F :
o 1 1 ccd, ¢} el
0 25 50 75 100 125

T, (MeV)

FIG. 6. p-shell nucleon removal spectra at 6 o= 80°. The po-

sition of each proton telescope is indicated by the angles 6,

(measured in the scattering plane) and ¢, (measured perpendic-
ular to the scattering plane). The normalization uncertainty

(15%) is not included in the figure.



1260

shell signature. This is presumably due to the nonzero
solid angles of the detectors, as well as to the above men-
tioned 20% contribution from processes other than p-
shell nucleon removal. In particular, s-shell nucleon re-
moval events will peak around the quasifree energy.

The spectra in Fig. 4 are all plotted on the same scale.
We note that the cross section is significantly larger at
the backward 7 angles than at the more forward angles.
This is similar to the behavior of the free mN cross sec-
tions.'*

d3co /dE”on”onp spectra for p-shell nucleon remo-

val for all telescopes are shown in Figs. 5-8. The ar-
rangement of the spectra in each figure reflects the ar-
rangement of the corresponding telescopes in the proton
arm. The lower three of these spectra were obtained by
the telescopes below the scattering plane; next follow the
telescopes in the scattering plane (the telescopes at the
quasifree angle and one positioned at a larger scattering
angle than the main array); and then the telescopes above
the scattering plane. Note our definition of the proton
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FIG. 7. p-shell nucleon removal spectra at 6”02110". The

position of each proton telescope is indicated by the angles 6,
(measured in the scattering plane) and ¢, (measured perpendic-
ular to the scattering plane). The normalization uncertainty
(15%) is not included in the figure.
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angles 6, and ¢,: 6, is measured in the scattering plane
(“longitude”) and ¢, is measured perpendicularly to this
(“latitude”). We see that the 7% angular correlation has
its maximum at the quasifree angle (the central telescope)
for all our measurements, thus confirming the quasifree
nature of the (7%,7%) reaction at this energy. Further-
more, all results are quite symmetric about the scattering
plane. The position of the p-shell peak appears to shift
towards higher 7° energies as the out-of-plane angle in-
creases. This is to be expected since the proton angle
with respect to the beam increases with the out-of-plane
angle. Kinematically, increasing the out-of-plane angle
would therefore favor lower-energy protons or
equivalently, higher-energy pions. The statistics in the
extreme out-of-plane spectra are too low to permit dis-
cussion of spectral features, but these spectra still provide
important information about the absolute size of the
cross sections at these angles.

Similar d3c /dE odQ odQ), spectra including all good

7°p events are shown in Figs. 9-12. Comparing with the
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spectra for p-shell nucleon removal in Figs. 5—8, we note
an increase in the cross section at lower values of Tn‘"

This indicates the expected larger contribution from
more deeply inelastic processes.

2. A Dependence

At 9W0=110°, we collected data on the 4 dependence

of the (7%,7%) reaction. In addition to the measure-
ments on '°O presented above, we measured the reaction
on three other targets: Fe, Sn, and Pb.

Our results for d’0/dE ,dQ ,dQ, for the proton
detector at the conjugate quasifree angle for the four tar-
gets are shown in Fig. 13. Our data do not permit
identification of nucleon removal from specific nuclear
shells; all good 7% events are therefore included in the
spectra. The cross sections are remarkably similar in
magnitude even though our measurements span a range
of A from 16 to 208.

The complete set of cross-section spectra for all proton
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in the figure.

telescopes for the Fe, Sn, and Pb targets are presented in
Figs. 14—16. The corresponding information for '%0 is
found in Fig. 11.

B. Integrated cross sections d 2o /d Qﬂod Q, anddo /d ﬂﬂo

To obtain better information about the 7° angular
correlation, we integrated the d 3a/dEﬂon7T0d Qp Cross

sections over all 7° kinetic energies. The tails of the ener-
gy spectra are missing because the energy acceptances of
the 7° spectrometer and the proton arm discriminate
against certain energy ranges; it was therefore necessary
to fit a mathematical function to the data in order to per-
form this integration. We found that either an asym-
metric Gaussian or a sum of two symmetric Gaussians
was best suited for the purpose. We ultimately used the
sum of two Gaussians for all complete (no p-shell cut)
spectra as well as for the p-shell nucleon removal spectra
taken at 6 ,=110" and 130°. Some of the fits are shown

in Figs. 4 and 13.
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FIG. 11. Complete spectra at 9”0=110°. The position of

each proton telescope is indicated by the angles 6, (measured in
the scattering plane) and ¢, (measured perpendicular to the
scattering plane). The normalization uncertainty (9%) is not in-
cluded in the figure.
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FIG. 12. Complete spectra at 970=130°. The position of

each proton telescope is indicated by the angles 6, (measured in
the scattering plane) and ¢, (measured perpendicular to the
scattering plane). The normalization uncertainty (8%) is not in-
cluded in the figure.

TABLE II. Integrated cross sections dza/dQWOdQ,, and da/d.QWO for p-shell nucleon removal
events. The position of each proton telescope is indicated by the angles 6, (measured in the scattering
plane) and ¢, (measured perpendicular to the scattering plane). Only the measurements made at
6, =0, were used in calculating dcr/d.Qﬂo. There is a normalization uncertainty of 15% in addition to

the uncertainties quoted in the table.

dZU/dQﬂonp for O™, 7%, ghen) (mb/sr?)

6, (deg) ¢, (deg) 0 o=70° 0 ,=80° 0 o=110° 6 o=130°
O 51 0.07+0.01 0.06:£0.01 0.10:£0.02 0.04:-0.01
Ot 34 0.26::0.02 0.27+0.02 0.42+0.08 0.32+0.03
Ot 17 0.76+0.05 1.03+0.04 3.05+0.13 2.99+0.10
Ot 0 1.14:0.06 1.30:£0.05 3.70+0.14 4.46+0.15
Ot —17 0.71£0.05 1.00:£0.04 2.70+0.10 3.19+0.10
Ot —34 0.26+0.02 0.26:+0.02 0.44+0.04 0.29+0.03
Ot —51 0.08+0.01 0.0540.01 0.10£0.02 0.09+0.02

O+ 17 0 0.80-£0.06 0.53+0.03 1.71£0.07 2.09+0.14

do /dQ_, (mb/sr) 0.71+0.05 0.94+0.05 2.15+0.08 2.14+0.05
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FIG. 13. Energy spectra for the (7",7% ) reaction on various targets. All data are for 0 o=110", and they were collected using the
proton telescope at the conjugate quasifree angle. The solid lines are fits to the data. A sum of two Gaussians was used for all fits.
The normalization uncertainty (9% for oxygen and 10% for the other targets) is not included in the figure.

The cross sections d %o /dQ_od{), obtained by integrat-
ing the fitted functions over all Tﬁo are listed in Tables

II-IV. Those cross sections corresponding to the tele-
scopes in the vertical array are plotted as a function of
the proton out-of-plane angle in Figs. 17—-19. The cross
sections all peak at the quasifree angle, and they are
clearly symmetric about the scattering plane.

To enable a more quantitative description of the angu-
lar correlation, we fit a Gaussian function on top of a
constant background to our results for dza/dﬂﬂodﬂp.

A similar description has been used in earlier mp work.’
We see from Figs. 18 and 19 that the angular distribution
is described well by this function when no p-shell cut is
imposed on the data. The width of the Gaussian is quite
consistent with that expected from a Fermi momentum
distribution. The p-shell nucleon removal results shown

in Fig. 17, however, appear not to be Gaussian near the
peak. This feature is in qualitative agreement with a p-
shell nucleon momentum distribution; the probability of
scattering near the quasifree angle is low. In all cases the
background is small compared to the peaked part of the
cross section.

We may now calculate the cross section da/dﬂﬁo for

the quasifree part of the (7", 7% ) reaction by integrating
the Gaussian part of the fitted curves in Figs. 17-19 over
all proton directions. We assume, consistent with data
from the (7,77 p) reaction,’” that the quasifree angular
correlation is roughly the same in plane and out of plane
in the laboratory frame. The results are listed at the bot-
tom of Tables II-IV. We note that the fraction of p-shell
removal events in the '%O(7",7%) reaction is roughly
the same for all 7° angles, about 40— 50 %. This relative-

TABLE III. Integrated cross sections d’o /dQ dQ, and do /dQ  for all coincidence events. The

position of each proton telescope is indicated by the angles 6, (measuring in the scattering plane) and

¢, (measured perpendicular to the scattering plane). Only the measurements made at 6, = 04 were used

in calculating do/d€ . There is a normalization uncertainty of 9% for the measurements at 6_,="70°
T T

and 6 ,=110° and 8% for the other measurements in addition to the uncertainties quoted in the table.

dza/dQﬂOdQ,, for "O(z*,7%) (mb/sr?)

0, (deg) ¢, (deg) 0 ,=170° 0 o =80° 0 o=110° 0 o=130°

Oyt 51 0.17+0.02 0.25+0.03 0.40+0.08 0.42+0.04

Oy 34 0.60+0.04 0.80+0.04 1.33+0.09 1.38+0.08

Oy 17 1.34+0.06 1.90+0.07 5.17+0.22 6.50+0.18

Oqr 0 1.79+0.07 2.40+0.07 6.89-0.22 8.78+0.28

Oy —17 1.17+0.07 1.83+0.08 4.82+0.22 6.3940.19

B4 —34 0.61+0.04 0.80+0.05 1.50+0.09 1.33+0.08

Oyt —51 0.18+0.03 0.15+0.02 0.39+0.05 0.38+0.05

O+ 17 0 1.77+0.13 1.35+0.07 3.89+0.14 4.88+0.14

do /d€Q , (mb/sr) 1.65+0.19 2.3640.18 4.43+0.20 5.04+0.14
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FIG. 15. Energy spectra obtained at 97(,: 110° using the Sn
target. The position of each proton telescope is indicated by the
angles 0, (measured in the scattering plane) and ¢, (measured
perpendicular to the scattering plane). The normalization un-
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TABLE IV. Integrated cross sections dzo/dﬂvodﬂp and da/dQﬂO for all targets. All measure-
ments were made at 670=110°. The position of each proton telescope is indicated by the angles 6,

(measured in the scattering plane) and ¢, (measured perpendicular to the scattering plane). Only the
measurements made at 6, =6, were used in calculating do /dQ o. There is a normalization uncertain-

ty of 9% for the 0 data and 10% for data from the other targets in addition to the uncertainties quot-

ed in the table.

d*e /dQ dQ, for (7", 7%) at 6 4=110° (mb/sr?)

6, (deg) ¢, (deg) %0 Fe Sn Pb
Our 51 0.40+0.08 0.51:0.06 0.79+0.10 0.94:£0.14
o 34 1.33+0.09 1.28+0.15 1.45+0.17 1.50+0.24
O 17 5.17+0.22 3.91+0.22 4.56+0.27 4.29+0.36
o 0 6.89:+0.22 6.06:-0.31 6.89:+0.36 7.51£0.59
o —17 4.82+0.22 3.85+0.20 4.18+0.31 4.33£0.39
O —34 1.50:£0.09 1.42:+0.12 1.93+0.23 1.8320.23
O —51 0.39+0.05 0.49:£0.06 0.60+0.11 0.72+0.15

O+ 17 0 3.89+0.14 3.14+0.15 3.85+0.23 4.25+0.39
da/dQ o (mb/sr) 4.43+0.20 3.44+0.24 3.69+0.35 3.30+0.40
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FIG. 16. Energy spectra obtained at 9170: 110° using the Pb
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certainty (10%) is not included in the figure.
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ly low fraction of p-shell removal events indicates that,
even though the cross sections show quasifree charac-
teristics, processes involving initial- and final-state in-
teractions must also be important.

The angular dependence of the '°O(x ™, 7%) reaction is
illustrated in Fig. 20, which shows the quasifree part of
the integrated cross sections do/d Q o for the

160(7*,7%) reaction, both for the case of a p-shell cut
on the removed nucleon and the case of no such cut (cf.
Tables II and III). Also shown is the free 77 +n—7°+p
cross section,'* which has been scaled to go through the
data point at 61T0= 130° for both sets of data. Our results

indicate a qualitative agreement between the angular dis-
tribution of the '%0O(# ™, 7% ) cross section and that of the
corresponding free reaction at backward 7° angles. How-
ever, our most forward measurement, at 6ﬁ0=70°, yields

a significantly suppressed cross section compared to the
free reaction. This feature has been noted previously for
(7*,7°) data,’® and it is believed to be related to final-
state interaction effects on the forward-going pion and to
Pauli-suppression effects on the low-energy proton.

We may use our data to obtain an estimate of the frac-
tion of the (7*,7%)) cross section that can be assigned to
the quasifree single-charge-exchange process. A careful
assessment would require a more complete determination
of the angular correlation, particularly of the part we as-
sociate with other than quasifree processes. Assuming
that the flat background used in the fits extends
throughout all directions, we find that the quasifree part
of the integrated cross sections do /d{ , in the case of
p-shell nucleon removal (Fig. 17) accounts for 53%, 79%,
74%, and 85% of the total (quasifree plus nonquasifree)
cross section at 7° angles 70°, 80°, 110°, and 130°, respec-
tively. The uncertainties in these values are substantial,
but our data still indicate a dominance of a quasifree re-
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FIG. 17. p-shell nucleon removal cross sections for O(w*,7%) for all setups. The data are from Table II (all telescopes at
6,=04). The normalization uncertainty (15%) is not included in the figure. The solid lines are Gaussian fits to the data [added to a

constant background (dashes)].
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malization uncertainty (9% for 6 =70 and 110" and 8% for the other measurements) is not included in the figure. The solid lines
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action mechanism in the '°O(# ", 7% ) reaction for p-shell
nucleon removal. Moreover, the quasifree contribution
appears to increase with 7° angle, as one would expect
considering the effects of final-state interactions. For the
various targets used at 9”0=110° (Fig. 19), we find the

quasi-free part of the integrated cross sections to be 59%,
41%, 32%, and 25% for %0, Fe, Sn, and Pb, respective-
ly. Clearly, the more complex the nucleus, the more the
(F,7%) cross section is influenced by initial- and final-
state interactions.

V. COMPARISON
TO OTHER COINCIDENCE MEASUREMENTS

The °O(#*,7Fp ) reaction has been studied at the Paul
Scherrer Institute (PSI formerly SIN) at 163 MeV.!®
These measurements constitute the only set of (7=, 7 p)
data suitable for direct comparison to our work. Howev-

er, because each proton detector used in the PSI experi-
ment spanned a much larger solid angle than those used
for our (#,7%) measurements, it was necessary to
reanalyze the PSI data (imposing geometric acceptances
similar to those of our proton telsecopes) before compar-
isons could be made.!® From this reanalysis we obtained
coincidence cross sections for events in which p-shell nu-
cleons were ejected into angular regions corresponding to
our central proton telescope and its three nearest neigh-
bors (all 17° away). Two pion scattering angles were com-
mon to the two experiments, and results for these angles
with the different geometric cuts are shown in Figs.
21-24. Note that in each figure the vertical axes are
scaled 9:1:2, corresponding to the cross-section ratios ex-
pected from (A-resonance-dominated) isospin coupling
alone.

Comparing our 130° spectra to those for charged-pion
measurements, we note that the (w+,77p) and (7 *,7%)
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FIG. 19. Cross sections for the (7*,7%) reaction on various targets at 6 =1 10°. The data are from Table IV (all telescopes at

6,=04). The normalization uncertainty (9% for the oxygen data and 10% for data from the other targets) is not included in the

figure. The solid curves are Gaussian fits to the data [added to a constant background (dashes)].
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spectra look roughly the same for all telescopes (that is,
the cross-section ratios are roughly equal to the ratios
calculated from isospin coupling). This is in accordance
with similar observations made at 245 MeV in Ref. 5. It
was found there that the ratio of the (7,77 p) to the
(7T, 7%) cross section were about the same as the isospin
calculated ratio at 6,=130°, and that it was clearly
smaller than this ratio at 6_.=60°. In our case the
(7,7 %p) and (w*,7%) spectra also appear similar at
the more forward angle; there is no apparent relative
enhancement of the (77,7%) process at 80°. These ob-
servations are not necessarily in conflict, however. Fig-
ure 20 indicates that the behavior at 70° is significantly
different from that at 80°, and the observation in Ref. 5
was made at the even more forward angle of 60°. Quanti-
tatively, we have compared our integrated cross sections
presented in Table II to integrated cross sections ob-
tained in the same way for the (77,71 p) measurements.
Considering the large uncertainties involved, we can only
conclude that at both 6_,=80° and 130° the ratios of in-
tegrated cross sections d’o/dQ,dQ, of (wt,7%p) to
(w+,7%) are not in obvious disagreement with the free
7N cross-section ratio (which is about 3.9 for both an-
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gles”). Because of the low statistics, we cannot study the
(7,7 p) reaction quantitatively. Qualitatively, cross-
section ratios involving (7,7~ p) do not appear to be in
obvious disagreement with the simple isospin ratios (or
with the free 7N ratios).

In our A-dependence study, we found that within the
sensitivity of our experiment, the cross section for the
(r*,7%) reaction varies with A4 hardly at all. This
feature of roughly constant cross section with increasing
A is in agreement with earlier observations for the
(7,77 p) reaction at the same beam energy.’’ This re-
sult is somewhat surprising. The (7 *,7°) reaction is
clearly A dependent,”!? and it is not obvious that just in-
cluding effects of proton distortion can explain all the
cancellation of this 4 dependence.’

VI. COMPARISON
TO PREDICTIONS OF THE A-HOLE MODEL

Theoretical (1,7'p) cross-section calculations have re-
cently been performed within the framework of the A-
hole model.® Such calculations have also been performed

6, = 80° 6, = 130°
500 f T
400 |
300
200
100

]

1
A3 RAAAS AARAS o
1

(mmp)

LAARS AARASRARRS RAR

04 +17°,$,=0°) (ub/MeV sr°)
o
&—n—
PSS PO | ]
S—
Py,
——
Sl o Ee—
1 1

T ; T 3
50 E (T\'-,Tf-p) 4 _i
40
30

20 F 1F
10 | 1F k
OE‘ L. P I S

| V|

.

D

s

o ey

T 100 F (m.7°P) =13 ;
4 3 :

C 80 F 1F E
o it

G 60 1F

o 40| =l;

\ -

5

«

o

20 F El:
0 Eers T
0 50 100 0

T, (MeV)

oA
)

FIG. 24. Comparison of our 'O(7",7°%) measurements
(third row) to PSI 163-MeV "YO(#*,7%p) results (Refs. 18 and
19) (upper two rows). All data are for events detected by the
proton telescope at (6, =04+ 17°, ¢,=0°). The column to the
left is for 6,,=80° and the column to the right is for 6,.=130°
(134° for the PSI measurements). The vertical axes are scaled by
the corresponding 7T =2 isospin coupling ratios 9:1:2 (top to

2
bottom).

for conditions corresponding to our experiment.?! The
application of the A-hole model is thoroughly discussed
in Ref. 8. All possible second-order processes are shown
in Fig. 25. Diagrams (1)-(3), (5), and (6) correspond to
self-energies of pion or delta and are hence already in-
cluded in distorted-wave impulse approximation (DWIA)
calculations. Diagrams (7) (the ‘“‘direct term”) and (8)
(the “exchange term”) are considered in the A-hole model
calculations of Ref. 8. Diagram (4) (the “rearrangement
process”) has the same isospin structure as diagram (7)
and is not included in this work.

The upper row of Fig. 26 shows our °O(7",7%) re-
sults for p-shell nucleon removal obtained using the pro-
ton telescope at the conjugate quasifree angle (from Fig.
4) along with the corresponding A-hole model predic-
tions. The calculations assumed a pointlike proton detec-
tor, while our proton telescopes each span about 8.5 msr.
This, at least partly, explains why the p-shell structure
(that is, the dip near the quasifree energy) is more evident
in the calculations than in the data. Moreover, our data
are known to have a significant contribution (about 20%)
from other processes (mainly s-shell nucleon removal)
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within our p-shell cut. This will also tend to fill in the ex-
pected dip. However, we lose a similar amount of true
p-shell events, and so the integrated cross sections should
not be influenced much by the uncertainties of the p-shell
cut. Integrating the theoretical estimates and comparing
to our values of dza/a'().”odﬂlJ from Table II, we find

that the A-hole model calculations account for 55%,
64%, 50%, and 54% of the integrated cross sections at
70 angles 70°, 80°, 110°, and 130°, respectively. The calcu-
lations thus underestimate the experimental cross sec-
tions by about 30—55 % (our normalization uncertainty
of 15% taken into account). The relative constancy of
the fraction accounted for at the four 7° angles indicates
that the calculated theoretical angular dependence is con-
sistent with our data. We note that inclusion of the A-N
interaction term change the cross-section estimates in the
correct direction, but by much too small an amount to
reach agreement with the data. A similar situation has
been observed at 245 MeV.>8

A-hole model calculations have also been performed
for events detected by the proton telescope outside of the
vertical array (which was in the scattering plane 17° far-

FIG. 25. Diagrams for second-order processes in the frame- ther away from the beam than the central telescope).”!
work of the A-hole model. These processes are induced by one-  These calculations are shown in the lower row of Fig. 26.
pion exchange [(1)—(4)] or the effective A-N interaction Interestingly, with our 15% normalization uncertainty
[(5)—(8)]. The figure is from Ref. 8. taken into account, the theoretical estimates now appear
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FIG. 26. Our "O(7*,7%) results for p-shell nucleon removal compared to predictions of the A-hole model. The dashed curves
show results of “modified DWIA” calculations, while the solid curves represent full A-hole model calculations including the A-N in-
teraction (Refs. 8 and 21). The upper row contains the results for the proton telescope at the conjugate quasifree angle, while the
lower row is for the proton telescope outside of the vertical array (6, =60+ 17°, ¢,=0°). There is a 15% normalization uncertainty
of the experimental data in addition to the uncertainties shown in the figure.
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to be essentially in agreement with our data. Unfor-
tunately, no calculations have been performed corre-
sponding to any of the other proton telescopes. Based on
the comparisons in Fig. 26 alone, a possible conclusion is
that the A-hole model calculations do not reproduce the
angular correlation of the ejected particles correctly; our
observations suggest that the calculated angular distribu-
tion may be too broad. It is also possible that the
disagreement exists mainly for the central telescope.
Here, at the conjugate quasifree angle, the experimental
p-shell cross sections are must vulnerable to contributions
from other processes (in particular s-shell nucleon remo-
val) and final-state interactions. However, as stated
above, we do not believe that all of the disagreement can
be assigned to this source.

There are two limitations in the theoretical calcula-
tions that may need to be investigated further in order to
improve the theoretical estimates. First, one possible dia-
gram, the “rearrangement process’” [diagram (4) in Fig.
25] is not included. The contribution from this term for
(wF,7%) is estimated to be 5 times that for (7,7 p),
and 15 times that for (7,77 p), and including it may
modify the calculated '°O(7",7%) cross sections by
about 10—20 % at the quasifree peak.® Inclusion of the
rearrangement process may therefore be important to the
understanding of our data, even if it is not crucial to the
understanding of the charged-pion channels.

The second limitation in the calculations is the restric-
tion to only the 7'y =1 channel for the A-N interaction.
This channel corresponds to two-nucleon absorption of
pions. Recent experiments have shown that multinu-
cleon absorption is also important,?? and this may be re-
lated to the Ty =2 channel.® The T, =2 channel may
therefore contribute an essential part to the understand-
ing of our cross-section spectra.

VII. SUMMARY AND CONCLUSIONS

We have found that the (7T+,7TOP) reaction always has
a large contribution from quasifree reactions. As expect-
ed, the relative contribution decreases with A (from
about 60% for A =16 to about 25% for A4 =208 at
97702110"). For !%0, this relative contribution is clearly
larger when only p-shell nucleon removal events are con-
sidered than when all 7% events are included. 40— 50 %
of the quasifree 7% coincidence events are due to p-shell
proton removal. This value suggests that the non-p-shell
removal part of the cross sections may have a substantial
contribution of quasifree events which also involve
initial- and final-state interactions.

The *O(7*,7%) cross section at forward #° angles is
considerably lower (more than a factor 2) than those at
backward angles, even more so than expected from the
angular dependence of the free 7' n single-charge-
exchange cross section. The discrepancy with respect to
the free cross section is most likely due to final-state in-
teractions experienced by the forward ejected 7%s.

The cross section for the (7T+,7r°p) process is almost
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constant over the range of nuclei studied (from 4 =16 to
208).

Within the statistics of the present experiments, the
cross-section ratios of the (7" ,7%p), (77,7 p), and
(m*,7%) reactions at 6,=80° and 130° are not in
disagreement with ratios calculated from 7T =2 isospin
coupling (A dominance) alone (9:1:2) or with the ratios of
the corresponding free wN cross sections. This is in ac-
cordance with earlier observations of cross-section ratios
in which dramatic deviations from the free ratios were
observed only at more forward pion angles than those
reached in our experiment.

Present A-hole model calculations of the *O(#*,7%)
reaction (for p-shell nucleon removal) underestimate the
cross sections at the conjugate quasifree angle by about
30—55%. Itis possible that inclusion of the T,y =2 iso-
spin channel and the “rearrangement process” could
bring the theoretical estimates in better agreement with
the experimental data. Calculations done for one proton
telescope 17° away from the quasifree angle are in agree-
ment with our data. On the one hand, this may be due to
an especially large contamination of non-p-shell removal
events in our data at the quasifree angle (this is where the
p-shell cross sections are most vulnerable to contributions
from other processes and final-state interactions); on the
other hand, it may suggest that the A-hole model calcula-
tions do not estimate the width of the angular correlation
correctly.

At this point, both theory and experiment for the im-
portant (w",7%) reaction could stand improvement.
Measurements with more complete angular coverage and
better energy resolution would be desirable. Further-
more, we are clearly in need of more theoretical calcula-
tions; neither the shape and magnitude of the
160(7*, 7% ) cross-section spectra nor the 4 dependence
of the reaction are yet very well understood.
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