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The angular distributions of the differential cross sections and analyzing powers are presented for
the '2C(p,7+)'3C* reaction leading to the ground state of '3C as well as some of the '*C* low-lying
excited states. The analyzing powers for some of the transitions exhibit a considerable energy
dependence while for other transitions they remain relatively unchanged, thus indicating a dynamic
sensitivity of the analyzing power dependent on nuclear structure. Comparisons of theoretical pre-
dictions for Ayo and do/d(}, based on microscopic two-nucleon models, with our results indicate
that substantial differences between theory and experiment still exist for A(p,m+) A4 +1 type of reac-

tions.

I. INTRODUCTION

The interest in exclusive pion production reactions of
the type pA—71(A4 +1) has its origins in an important
property of such reactions, namely the very large momen-
tum transfer to the final nucleus. The (p,7) reaction was
thus seen as a potentially valuable probe of high momen-
tum components of the nuclear wave functions and as
such the reaction promised to yield information on certain
aspects of nuclear structure which are not readily accessi-
ble via most other reactions. As a result, reactions of this
type have attracted considerable attention, experimental as
well as theoretical, over the past several years with a num-
ber of review papers written on the subject.!™>

The early work at Uppsala on light nuclei*~’ with un-
polarized protons of 185 MeV concentrated on the mea-
surement of angular distributions of differential cross sec-
tions for specific final states of the daughter nucleus. For
some of the light nuclei investigated, the differential cross
section clearly depended on the structure of the final nu-
clear configuration. Since then a wealth of experimental
results has been accumulated for incident proton energies
from threshold up to 800 MeV. At present, however, the
quality of our current understanding of the reaction
mechanism does not match that of the experimental re-
sults.> In fact, these measurements pointed out the neces-
sity of understanding the reaction mechanism before any
meaningful information on nuclear structure can be
gleaned.

The first detailed polarization measurements on pion
production from nuclei were performed at TRIUMF with
°Be and '?C as targets at 200 MeV.® The results were in-
teresting on a qualitative level for two reasons:

(a) they indicated a ‘““universal” characteristic for the
angular distribution of the analyzing power Ayq(6) [also
frequently denoted by A4,(8)]; a common angular depen-
dence characterized both nuclei and all the energy levels
observed;
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(b) the shape of Ay((6) was remarkably similar to that
of the pp—dn™ reaction when the appropriate kinemati-
cal corrections were applied.’

These polarization measurements introduced an addi-
tional constraint on the pion production theory. The most
widely used model for the (p,7) reaction mechanism was
based on a single nucleon model (SNM) in which the in-
coming proton interacts with the field of the nucleus, is
stripped of its positive pion, and becomes a bound neu-
tron. All the momentum transfer is then taken up by a
single nucleon with neither the initial nor final nuclei
entering explicitly into the interaction Hamiltonian. Such
a model is obviously naive. A more sophisticated version
involves the incorporation of distortions for both the pro-
ton and pion wave functions by the spectator nucleus.
Optical potentials extracted from p-N and 7-N scattering
measurements are used to describe the distortions. Use of
such a model'® in a DWBA has met with limited success
in fitting do/dQ(0) and some Ay((6) results; however,
as with all other theoretical approaches thus far, the
model fails to simultaneously reproduce both the
do/dQ(0) and Ayo(6) data. The universal nature of the
first polarization measurements® indicated a reaction
mechanism inconsistent with that of a simple SNM; rath-
er the lack of nuclear structure sensitivity of the observed
Apno(0) together with the fact that the angular dependence
was similar to that of the elementary pp—dn™ reaction
were suggestive of a production mechanism involving the
interaction of at least two nucleons. Unfortunately, realis-
tic pion production calculations based on such a two-
nucleon model (TNM) have turned out to be very compli-
cated. In the few cases where explicit TNM calculations
have been performed, the fit to the do/dQ(0) results is
improved over those based on SNM calculations.> Only
very recently, however, have predictions of Ayo(8) [in ad-
dition to do /dQ(0)] using such a microscopic TNM been
attempted.'!12

There currently exists in the literature a substantial
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body of polarization data concerning exclusive pion pro-
duction from light nuclei. These measurements were car-
ried out mostly at the Indiana University Cyclotron Facil-
ity (IUCF) in the threshold to 200 MeV region!3~!5 and at
TRIUMEF for protons in the range of 200—250 MeV.!6—20
No polarization results on light nuclei (4 >2) are avail-
able at higher energies. Unfortunately, no coherent pic-
ture of the (p,m) reaction has emerged thus far from these
measurements. The original shape for the 4yy(0) at 200
MeV (Ref. 8) appears to characterize all the reactions
studied below 200 MeV (independent of both the target
nucleus and the nature of the specific state excited) with
but two exceptions, those of the 1"Og g7 mev and "By 45 mev
excited states.!*

In the energy region from threshold to 200 MeV the an-
gular distribution of the analyzing power is also seen to be
independent of incident proton energy (where tested),
while above 200 MeV (up to 250 MeV) it shows [at least
for the case of the 2C(B,m+)3C, ;. reaction] a significant
variation with increasing energy.!8 Such a strong energy
dependence, however, is not shared by the transition to the
BCy.so Mev €xcited state which continues to exhibit the
universal A4yy(0) characteristic of all the other transitions
observed below 200 MeV.'®!° In comparison, the
Be(p,7+)1%Be reaction shows no significant energy or
state dependence in the same energy range.!”

In this paper we present the angular distributions of the
analyzing power and the differential cross section for in-
cident proton energies of 200, 216, 225, 237, and 250
MeV. A description of the experimental apparatus and
the method of analyzing the data is presented in Sec. II.
The experimental results are presented and compared to
the theory in Sec. III. Section IV contains the conclusions
to be drawn from the data, together with suggested
courses of action for the study of the 4 (p,7)A4 +1 reac-
tion in the future.

II. EXPERIMENTAL
A. The beam

The experiment was performed at the TRIUMF cyclo-
tron using an extracted polarized proton beam, the inten-
sity of which was in the range of 20—30 nA for these
measurements. The polarization was typically 75%.

The beam intensity as well as its polarization were
monitored at different times by two polarimeters based on
p-p elastic scattering from a thin CH, (polyethylene) tar-
get. Both polarimeters were detecting in coincidence the
protons to both the left and the right of the direction of
the beam (defining the recoil and scattered protons). The
200, 225, and 250 MeV results were obtained using a
four-arm eight-counter polarimeter located upstream of
the target location. The elastically scattered protons were
detected at 26° (lab) while the recoil protons were detected
at —60° (lab) relative to the beam direction.?! This polar-
imeter was replaced with an improved design for the 216
and 237 MeV results. The latter was a four-arm six-
counter polarimeter which involved detection of the scat-
tered protons at 17° (lab) and the recoil protons at —73°
(1ab) relative to the beam direction.?? The newer design

provided greater physical rigidity to the counters; it had a
larger analyzing power?® and was less sensitive to beam
spot location than the original design.

At the later stages of the experiments (216 and 237
MeV) a secondary emission monitor (SEM) was also in-
stalled downstream of the target location to provide an
additional independent measurement of the total charge
delivered to the target. A cross check of the normaliza-
tions of the two sets of data (200, 225, and 250 MeV) and
(216 and 237 MeV) was performed using the
108(B,7)!!'B reaction obtained for common energies and
angles with both polarimeter systems. The agreement was
better than 10% for both A4y, and yield.

The beam alignment and focusing of the beam on the
target was accomplished by using two dipole bending
magnets and a number of quadrupole magnets upstream
of the target. The location and the size (typically
10X 3 mm? XY) of the beam spot on the target was moni-
tored at the beginning and at the end of each run with a
multiwire beam monitor located at the target position.
This monitor provided ~0.5 mm accuracy. The beam
polarization cycled through up, down, and off phases with
a typical cycle of approximately 11 min.

B. The targets

Three different carbon targets were used in the present
experiment. The 200, 225, and 250 MeV results were tak-
en with a reactor grade graphite target of 162 mg/cm?>.
The 216 and 237 MeV results were taken with research
grade graphite of high uniformity and areal thickness of
93 and 45 mg/cm? for the forward and backward angles,
respectively. The targets were mounted on a remotely
controlled target ladder placed in a scattering chamber
under beam line vacuum.

C. The spectrograph

The apparatus used to detect and identify the pions is
shown in Fig. 1. The system is based on a 65 cm Browne-
Buechner magnetic spectrograph.?* Three scintillators
(CE, C1, and C2) provided the fast trigger with the event
defined as the following:

Event=CE-C1-C2 .

The arrangement of the scintillators is shown in Fig. 1.
The CE counter was 0.8 mm thick having a shape optim-
ized for timing and constructed to the same dimensions as
the exit aperture of the spectrograph, thus greatly reduc-
ing the number of background events arising from scat-
tered particles which traverse all the scintillator counters,
but which do not pass through the spectrometer pole-face
gap. The other two scintillators, C1 and C2, were each
6.3 mm thick and were assembled with a photomultiplier
tube connected to each end. Pulse height as well as timing
information were provided by these scintillators. The ma-
terial used for all three scintillators was NE110.
Time-of-flight (TOF) information was obtained by
starting a time to digital converter (TDC) clock with the
event pulse (timed to a meantimer output from C1) and
stopping it with the cyclotron rf pulse, signifying the ar-
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FIG. 1. Diagram of the pion detection system showing the
magnetic spectrograph, the helically wound multiwire propor-
tional chambers (MWPC’s), and the scintillators providing the
fast trigger (CE, C1, and C2).

rival of the beam packet. A characteristic TOF spectrum
obtained for '*C(p,7*)X is shown in Fig. 2(a). It is de-
fined solely by the hardware logic, without any restric-
tions as to particle identification or track reconstruction,
and thus it represents raw data. The events with longer
TOF (smaller clock times) are consistent with protons
scattered off the spectrograph vacuum box. Their intensi-
ty is angle dependent with the peak more pronounced at
small spectrometer angles.

The particles with shorter TOF than the pions (larger
clock times) are consistent with electrons or positrons fol-
lowing a direct path from the target to the scintillator.
They are, most likely, generated by y-ray conversion in
the lead shielding surrounding the detectors. The flat
background in Fig. 2(a) across the whole TOF spectrum is
consistent with e~ or e* that have little correlation with
the beam time structure; these events were observed to
have a dE /dx smaller than that of the pions.

The pion trajectory and thus the pion momentum was
defined by the value of the magnetic field and the infor-
mation provided by the three helically wound multiwire
proportional chambers (MWPC’s).2> The intercept of the
particle trajectory along the focal plane was deduced by
linear interpolation of position information from the three
chambers. The use of three chambers provided a useful
redundancy, enabling on-line determination of the abso-
lute chamber efficiencies.

Pions were identified on the basis of the energy loss in
the C1 and C2 scintillators, the TOF information, and the
track reconstruction based on the MWPC information. In
addition, in order to be accepted, a pion trajectory was re-
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FIG. 2. Time-of-flight spectrum for T,=225 MeV and
0.(lab)=46.5": (a) before data reduction and event-by-event
analysis; (b) after event selection based on track reconstruction
and imposition of cuts based on energy loss in the scintillators,
but prior to application of TOF restrictions.
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quired to satisfy a “colinear” condition imposed on the in-
tercept information (x and y) from the three chambers.
This colinearity requirement greatly reduced effects of
m—puv decays occurring in the space between MWPC1
and MWPC3 and, combined with the track reconstruc-
tion, also reduced the flat TOF background by ~95%.
Extrapolation of the nonbend plane component of the
pion trajectory to the target provided an image of the
beam spot on the target. This information also helped
reduce the nonpion backgrounds as well as the spectra
contamination due to pole-face scattered pions. Most of
the pions scattered on the magnet pole faces lose some
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momentum, and as a result, tend to contribute to a low
energy tail associated with each peak. As a result of cuts
placed on the target image width, only ~5% of the pions
associated with a peak remain in the low energy tail.

D. Spectrograph calibration

The overall efficiency and acceptance of the spectro-
graph was calibrated relative to the pp—dn™ reaction.
Rates were measured for the latter reaction at 400, 425,
and 450 MeV and for various pion emission angles so as
to cover the range of pion energies appropriate to the nu-
clear pion production program. The range of pion kinetic
energy for which the instrument was suitable varied from
~30 MeV to a maximum of ~120 MeV (central rays).
The upper limit was due to power supply and magnet coil
limitations, whereas the lower limit was defined by the en-
ergy losses suffered while traversing the detector system.

A detailed knowledge of the line shape associated with
the spectrograph was required for the determination of
absolute cross sections. In order to determine this line
shape, a scintillation counter was used to detect the deute-
ron in the pp—dnt reaction while the pions were detect-
ed in the spectrograph. In such an arrangement pions
generated in the pp—pnw ™ breakup reaction are rejected
resulting in a clean presentation of the line shape and the
determination of the low energy tail associated with pole-
face scattered pions.

From the above pp—dr™ rate measurements and the
known do/d() the spectrograph effective solid angle was
extracted and defined as the product of the geometrical
solid angle A{); and the pion survival probability 7, i.e.,

AQr=AQ0X Nr—s - (1)

The empirical parametrization of the spectrograph based
on the measurements of the do/d() for the pp—dn+ re-
action applied to the measurement of (d’0/dQdE) and
Apo(60) for the inclusive 2C(P,7* )X reaction is described
elsewhere.?® In addition a Monte Carlo simulation of the
spectrograph was developed which helped resolve the vari-
ous contributions to the acceptance as well as providing
insight to the nature of the line shape.?’” This Monte Car-
lo code is an extension of that developed to analyze an
earlier instrument at TRIUMF.?8

III. RESULTS AND DISCUSSION

A. Data reduction

As stated earlier, pions were identified on the basis of
energy loss in the Cl and C2 scintillators, track recon-
struction based on MWPC information, and TOF restric-
tions. In order to reduce the effects of multiple scattering,
7—uv decays, and pole face scattering, cuts were im-
posed on the track information. Figure 2(b) shows the ef-
fect of such cuts applied on the TOF spectrum for the
case where no TOF cut was used on the run that generat-
ed Fig. 2(a). The reduction of the pion events from Figs.
2(a) to (b) reflects the effects of the various cut efficiencies
as discussed below. The total background associated with
nonpion events remaining after completion of a typical
analysis corresponded to a cross section of less than 15

pb/MeVsr at 250 MeV, decreasing to less than 2
pb/MeV sr at 200 MeV due to improved dE /dx and TOF
separation between pion and electrons at lower energies.
The muon background has been estimated by the Monte
Carlo analysis to be of the order of ~4%.

A representative pion energy spectrum for C, after all
cuts have been applied, is shown in Fig. 3. The overall en-
ergy resolution is ~ 800 keV, dominated by the spread in
proton beam energy (~700 keV) characterizing the ex-
tracted beam. Multiple scattering, target thickness, and
kinematic spread contributed ~400 keV FWHM.

The differential cross section was extracted from the
experimental data through the relation®®

do _ YT
dQ  mn pMechMe AQeemxrp

where Y is the area under the pion peak after background
subtraction. I is an empirically defined tail correction
parameter defined in terms of pion kinetic energy and
peak integration limits in MeV. It is a correction factor
accounting for the contribution of the low energy tail as-
sociated with each peak and extending under the other
lower pion energy peaks in the pion spectra.?®?’ T was
extracted from the pp—dm™ spectrograph calibration
data. It was found to vary between 0.90 and 0.96 for this
work. n, is the number of target nuclei/cm?. n, is the
total number of protons incident on the target as deter-
mined by polarimeter and SEM (where applicable). 7, is
the product of the efficiency values determined for each
MWPC, i.e., . =111m73, With 7, 17,5, and 75 the abso-
lute efficiencies for chambers 1, 2, and 3, respectively.
The combined efficiency 7., was typically between ~0.60
and ~0.70 for all runs. 7, is the combined efficiency of
all the cuts applied to the peak area of interest and varied
between ~0.40 and ~0.70 depending on the !3C state
under consideration. nypp is the focal plane efficiency,
normalized to 1.00 for the middle of the focal plane.
Since care was taken to place the !3C states of interest in

(2)

800+

—2950(3)

7001 fn:N'TN

3

3.68(

600+

r—3.85
5t
2

» 500}

3.09(

3
2 400F

300f
-

200+ o
l

100}

E y(MeV)
FIG. 3. Pion energy spectrum taken at 7T,=237 MeV,
6,(1ab)=>50°. The figure represents only a portion of the avail-
able momentum acceptance of the spectrograph.
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the focal plane region where the efficiency is relatively
flat for the three MWPC’s, 11 xpp varied little in the ~0.99
to ~1.00 range. AQ.; is defined in Eq. (1) and varied be-
tween 1.96 msr for 48 MeV pions and 2.21 msr for 98
MeV pions, the lowest and highest energy pions of in-
terest, respectively. The empirical parameters I', 7,
Nxrp, and AQ g discussed above were extracted from the
pp—dmt calibration, whereas 7., could be extracted
from the experimental data due to the redundancy of
MWPC information.

B. The results

The analyzing power Ayo(6) and the spin-averaged (un-
polarized) differential cross section do/dQ(8) were calcu-

1000 o
a
=00 + Dv 200 Mev
® 216 MeVv
300 + O 225 MeV
o O 237 Mev
.+ A 250 MeV
<o ¢ Ref. 30
£ 100 4} E
£
83 8 1
50 4
30 é
(o]
°
2 S g
Iof $ $+ *
20 20 60 80 100 120 140
87, cm. (deg)
300
O 200 Mev (b)
200+ © ® 216 MeV
® o O 225MeVv
O 237Mev
100F D+ A 250MeV
— [ (o]
FEEE T R
£ sof 4
8 [
30t A
LR
20} O A
o4y <
4 + %4 4
To)3 ﬁ‘ﬁg #
0.6 05 04 0.3 02 ol

t(GeV/c)?

FIG. 4. The differential cross sections for the transition lead-
ing to the ‘3Cg‘s. (a) as a function of 6, and (b) as a function
of the invariant four-momentum transfer ¢. In (a) the 200 MeV
differential cross section results of Ref. 30 are also shown.
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FIG. 5. The differential cross sections for the transition lead-
il’lg to the three unresolved states 13(:;‘.09,3.68‘3.85 MeV-

lated using the relations:
do(1)/dQ—dao(1)/dQ

A =
¥olO)= B do(1)/dQ L P(1)do(1)/dS 3
and
do o P(1)do(1)/d0+P(1)dot1)/d0 @
dQ P(1)+P(1) ’

where P and do/d() are the magnitudes of the beam po-
larization and spin-dependent differential cross section,
respectively. The arrows indicate the spin direction ac-
cording to the Madison convention.?’ Background sub-
traction was performed assuming constant background
under the 1*C, ; and '*C3_, yv states and by linearly in-
terpolating the continuum on either side under the
13C% 5o Mev State, separating it from the pion continuum
underneath.

The results are shown in Figs. 4—9 and are listed in
Table I. In Fig. 4(a) the 200 MeV results from Refs. 30
and 8 are also presented in order to provide a more com-
plete picture of the energy dependence of the differential
cross section; at 6., =64° our results are in excellent
agreement with those of Refs. 30 and 31. At
6. m.=138.2° our 200 MeV measurement is approximately
50% lower than the corresponding value in Ref. 30 (where
the background posed a more severe problem than in this
work). Our result is ~40% larger than the corresponding
values reported in Ref. 31 where no evidence of backward
peaking was observed. Our results, however, at 216 and
higher energies indicate backward peaking as do the re-
cent results of IUCF at 185 MeV.> It is not likely that
the backward peaking evident at 185 and 216 MeV and
higher energies does not exist at 200 MeV as well.

C. Sources of error

As noted at length in Sec. II D, the spectrograph effec-
tive solid angle was determined as a function of detected
pion energy using the pp—dn™* reaction. Any uncertain-
ty in the pp—dnt differential cross section reflects itself
as a compounding uncertainty in the spectrograph calibra-
tion. The cross section input data required for this cali-
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FIG. 6. The differential cross sections for the transition lead-
ing to the C%somev state (a) plotted against 6, .., and (b)
against ¢.

bration were taken from Refs. 33 and 34. At 450 MeV
these references quote 1.33 and 1.57 mb, respectively, and
an average of 1.45 mb was used. The uncertainty in the
overall normalization is estimated as ~10%.

For the 200, 225, and 250 MeV data the *C targets
used were not as uniform in density as were the targets
used for the 216 and 237 MeV data. As a result the quot-
ed uncertainty in n, is higher for the former set of data
compared to that of the latter.
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FIG. 7. The Ayo(0) and Ay(t) are shown for the transition
leading to the ground state. The open circles at T,=200 MeV
are taken from Ref. 30.

The uncertainty in the total number of protons incident
on the target, n,, is also somewhat lower for the 216 and
237 MeV data compared to the 200, 225, and 250 MeV
data. The reasons were the use of an improved polarime-
ter together with the use of an additional current monitor,
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FIG. 8. As in Fig. 7 but for the transition leading to the un-

resolved Cj 09,3 63,3.95 Mev States. The open circles are from Ref.
30.
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FIG. 9. As in Fig. 8 for the transition leading to the
”C:, 50 Mev State.

the SEM as indicated in Sec. II A. Every effort was made
in all the data taking runs to position the beam spot in the
center of the thin polarimeter CH, target. This minimizes
the variation in the target effective areal density caused by
the unavoidable wrinkling of the polyethylene material
under the heat generated by the beam passing through the
target material. The polarimeter was in a straight seg-
ment of beam line with two beam profile monitors, one
upstream and the other downstream of the polarimeter;
the beam spot location was therefore known to ~1.5 mm
precision on the polarimeter target. Visual inspection of
the target at the end of the pion production runs also veri-
fied the localized beam spot burn mark on the CH, foil.
Where the SEM was present, the agreement between SEM
and polarimeter was excellent with variation never exceed-
ing 5% as a function of time and beam line tune for a
given proton energy.

The systematic uncertainty in the beam polarization P
is mainly due to the systematic error in the determination
of the analyzing power of the polarimeter used and the
energy in question. It is a small component in the 2—4 %
range.??

The sources of systematic errors are summarized in
Table II. An overall systematic uncertainty of ~20% is
estimated for the 200, 225, and 250 MeV data and the to-
tal uncertainty due to systematic errors for the 216 and
237 MeV data is estimated at ~15%. An overall relative
uncertainty of ~15% has been estimated due to the un-
certainty in the effective solid angle, the cut efficiencies,
and the background subtraction.?

D. Discussion

As can be seen in Fig. 4(a), the do/dQ for the 1*C,
transition exhibits very little energy dependence as a func-

tion of 0., , except at forward angles where do/dQ de-
creases with increasing T,. When considered as a func-
tion of four-momentum transfer squared, ¢, however [as
in Fig. 4(b)], one observes that the differential cross sec-
tion at lower momentum transfers (T'~0.5 GeV?/c?) has
peaked at the region of 225—237 MeV, while the slope of
the forward angle cross sections gradually decreases with
increasing proton energy. It would be of interest to inves-
tigate whether such behavior also extends to lower
momentum transfers. While the differential cross sections
for the transition leading to the 13Cg's. do not exhibit any
significant variations in shape, other than the shape
dependence noted above, the corresponding Ay, show a
pronounced dependence on incident proton energy as ob-
served in Fig. 7. For T,=200 MeV our Ay results are
in excellent agreement with those of Refs. 8 and 30. The
observed energy dependence suggests a progressive change
of shape for A4y, for proton energies between 200 and 250
MeV, a feature that was not apparent when the first mea-
surements as a function of energy were reported.'® When
considered as a function of four-momentum transfer, ¢,
the positive maximum of the analyzing power is centered
around 0.4 (GeV/c)? and is surprisingly independent of
beam energy.

In a shell model description the 1*C, , is best described
by a single partlcle (sp) state. On the other hand the
3C%.50 mev State is a two-particle—one-hole state (2p-1h).
The differential cross sections for the transition leading to
the latter state are shown in Fig. 6. In this case the cross
section is essentially a simple exponential as a function of
6... although again there appears to be evidence of back-
ward peaking with increasing energy. Again as was ob-
served for the ’C, , it seems that the differential cross
section, at low four-momentum transfer, has peaked at
~237 MeV. In most other respects, however, the situa-
tion for the two states is quite different. The A4y for the
13C% 5o mev case (Fig. 9) shows the same characteristic
shape, throughout the entire energy range, that has been
observed for most nuclear pion production at 200 MeV
and below. Here the shape of the Ay, is basically in-
dependent of incident energy when considered as a func-
tion of 6. ., , whereas as a function of the four-momentum
squared, ¢, the magnitude and the location of the Ay,
minimum shifts from ¢~0.510 at 216 MeV to ¢~0.430
(GeV/c)? at 250 MeV. Any conclusions to be drawn
from the results in Figs. 5 and 8 are hampered by the fact
that the peak in Fig. 3 at 3—4 MeV of excitation is a com-
posite of three transitions leading to the *C} g9 mev (SP),
130,;.68 MeV (2p- lh), and 13C§.85 MeV (Sp) states. It is clear
from Fig. 8 that at least one of three states exhibit a
dynamic behavior very similar to that of the *Cq,
shown in Fig. 7. It is tempting to assume that the two
s1ng1e particle states are behaving like the '*C, ; while the

B¢y 68 MeV (2p-1h) state shows similar characterlstlcs as
the 13C$ so mev (2p-1h) state. Such a combined behavior
would not be inconsistent with the observed dependence of
Ay as a function of incident proton energy shown in Fig.

Where comparisons with other published data are possi-
ble the agreement with our results is good. For the
3¢, 5o Mev State the results of TUCF at 6., =64° and
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TABLE II. Sources of systematic errors and their assigned values.

Source 200, 225, 216
and 250 MeV and 237 MeV

Spectrograph 10% 10%

calibration

Polarization P ~3% ~2%

n, 3% 1%

ny? 15% 10%
Total =~ 19% Total =~ 14%

2The relative (statistical) component is less than 1%.

~138° (Ref. 35) are in good agreement with our results
shown in Fig. 6.

Although there has been significant improvement in re-
cent years in the quantity and quality of experimental re-
sults for A(p,7%)4 +1 pion production reactions, our
understanding of the reaction mechanism is still limited.
Recent theoretical work has been oriented towards
developments involving microscopic TNM calculations.
It is fortunate that such work is being carried out by a
number of groups considering the complicated diagrams
that have to be taken into account for reactions of this
sort. Keister and Kisslinger (KK),!! Igbal and Walker
(IW),*¢ and Dillig and Conte (DC) (Ref. 12) all have com-
puter codes either running or in the final stages of
preparation. Differential cross section results from the
KK code’ are plotted in Fig. 10 for 200 MeV (KK200)
and 250 MeV (KK250) and are compared to our experi-
mental results.

The diagrams included in these calculations, based on
an isobar-doorway model®® are the direct (D), the ex-
change (E), and the plane wave Born approximation (B).
The first two terms proceed through resonant terms (the
A resonance) and therefore one would expect this model,
as well as the IW and DC models, to be more relevant for
incident proton energies appropriate to near on-shell A
production.

In Fig. 10 the effect of the energy dependence of the A
channel is manifested by the substantially higher differen-
tial cross section predicted at 250 MeV (KK250) com-
pared to 200 MeV (KK?200), a trend not reflected by the
experimental data. The equivalent Ay(0) predictions are
shown in Fig. 11. Thus Figs. 10 and 11 provide a good
evaluation of the degree to which the KK calculations, at
their present stage of development, are able to explain the
energy dependence for both do/dQ and Ay, results
under identical inputs. The 250 MeV Ayo(6) data are
reproduced well by the model, whereas the do/d{} pre-
dictions are in sharp disagreement with our data. For
comparison, the IW model*® underestimates the magni-
tude of the do/dQ) and introduces more structure in the
angular distribution than our results indicate. In fact, our
data lie between the predictions of these two models. The
IW model®®3® fares much better, however, in describing
the angular dependence of the do/dQ for the 3C$ 5o pev
transition, as shown in Fig. 12. In the forward angles the
general features of the experimental results are reproduced
well although in this case, as in the 13Cg,sv transition, the
magnitude of the do/d(} is again underestimated and the
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9,,,““ (deg)

%5 20 0 80

160

FIG. 10. Comparison of TNM microscopic calculations for
the 2C(p,7+)"*C, ;. reaction with the results reported in this pa-
per. The 200 MeV results are a combination of the results in
Ref. 30 and the present measurements. The dash-dot curve
represents do/dQ calculated for 200 MeV, while the dotted
curve is calculated for 250 MeV incident protons (Ref. 37). The
solid line represents do /d () obtained from Ref. 36.

indication of backward peaking is not anticipated.

The recently discovered selectivity of the (p,7~) reac-
tion to stretched 2p-1h states*® provides a fresh outlook in
a reaction mechanism that can be very complicated

Tp= 200 MeV
o.8f .
O4r / \~\KK 200
O = \ [ - hd
-04rt \’ / ++ ++ + . 4
g-o.a- 'J ¢ 1
< osf /\’ 4 TP=250Mev
7 \
o4f FE RN 1
.’I \\ .
o] S—
KK 250 \T‘\ /
-04+ ‘\;_-_ s 4
-o8f $ ¢ 4
0 20 80 20 160
8, cm (deg)

FIG. 11. Comparison of Ay(6) experimental results with
the calculations of Ref. 37. The data and the theory are as ex-
plained in Fig. 10.
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FIG. 12. Comparison of TNM microscopic calculations (Ref.
39) for the 2C(p,7+) 13Cé 5o mev Teaction with the results report-
ed in this paper for 250 MeV incident protons.

indeed. In a TNM, and assuming no interaction involving
three or more particles in the Hamiltonian, the (p,77) re-
action can proceed via only one diagram each, in the
direct and exchange terms, while in general the (p,7 ") re-
action proceeds via a total of six possible diagrams. In
the specific cases, however, of transitions leading to
stretched neutron 2p-1h states (such as the 3Cg sy mev
transition), the (p,71) reaction can only proceed via two
diagrams, just as the (p,7~) transition in general.’* In
principle then, comparisons with the *C} 5o pev transi-
tions should provide a simpler and better test of such
theoretical models than comparisons to transitions leading
to single particle states. It is hoped the results presented

in this paper will spur further improvements in the
models indicated above. For a recent overview of (p,m)
systematics and updated references the reader is referred
to Ref. 41.

IV. CONCLUSIONS

We have measured the differential cross sections and
analyzing powers in the angular range 46°—135° in the
laboratory frame and 200—250 MeV energy range for the
2¢(B,71)!13C reaction. Our data indicate significant
variations in the angular dependence of A4y as a function
of incident energy for different transitions of 3C. For the
do/dQ the energy dependence is different depending on
whether small and large momentum transfers are con-
sidered. The cross section for the transitions leading to
the *Cy s and C§ 5o mev states peak at T(,~237 MeV for
t~0.550 (GeV/c)?. For larger momentum transfer, how-
ever, the differential cross section shows an increase with
incident energy, as one would expect in a reaction mecha-
nism dominated by the formation in the intermediate state
of a A isobar. On the other hand the role of the A in nu-
clear pion production has not been explored with the same
quality and quantity of data that have been accumulated
at energies well below and well above the A region of
~325 MeV. Good resolution experiments on selected nu-
clei are still needed in the 200—400 MeV region. Experi-
ments that will provide both (p,7%) and (p,7~) data lead-
ing to specific final states (especially those with a simple
description within the TNM such as stretched 2p-1h
states) are important. Angular distributions at or near en-
ergies for the on-shell production of the (3,3) resonance, as
well as total cross section measurements as a function of
momentum transfer, are also needed.
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