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Characteristic 4.44-MeV vy rays from the first excited state of carbon were observed in coincidence with
scattered 4.5-GeV/c 7~ mesons in counters and wire spark chambers. The y-ray angular distribution in the
momentum-transfer frame confirms the electric quadrupole nature of the transition and reveals the
polarization of the recoiling '2C* nucleus so that density matrix elements can be determined. A simple model
with no adjustable parameters, which employs the distorted-wave impulse approximation and uses electron
scattering data to obtain the nuclear transition matrix elements, predicts the angular distribution of the pions
and the polarization of the 2C* recoils very well. However, the absolute values of the measured cross sections

are only half as large as the predicted ones.

I. INTRODUCTION

The basic interactions among nucleons and me-
sons are usually studied by scattering mesons,
nucleons, photons, or electrons from a hydrogen
target in order to minimize the number of in-
volved particles. However, the number of parti-
cles is not the only dimension of complexity. The
half-integral spin and isospin of the proton target
contribute to a rich mixture of quantum numbers
in the final state. Rather precise measurements
of polarization and momentum-transfer distribu-
tions are necessary to disentangle the desired pa-
rameters.

Stodolsky' pointed out that a target nucleus with
good symmetry properties (e.g. zero spin and iso-
spin) can serve as a filter to reduce the number of
interfering states. *He has been used extensively
for this purpose because its ground state is so
simple and tightly bound. It can be observed as a
recoil o particle which has no bound excited
states. Inthe reaction? y +*He-7°+*He there is no
contribution from the spin-dependent and isospin-
dependent term in the elementary amplitude for
pion photoproduction from a single nucleon. Lu-
batti® has reviewed a number of experiments leav-
ing the target nucleus in the ground state.

The 2C nucleus has, in addition to a spinless
ground state, a well-studied first excited state at
4.44 MeV. Transitions to this state have been ob-
served by momentum analysis on the scattered
particle in proton-*~¢ and pion-’ scattering experi-
ments, mostly at incident energies of a few hun-
dred MeV, where the theoretical analysis is com-
plicated by rapid changes in the energy dependence
of the elementary pion-nucleon interaction. This
energy dependence can be avoided by choosing in-
cident momenta- of several GeV/c, but then the
relatively small momentum change in the scattered
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particles is hard to measure with accuracy suffi-
cient to resolve the nuclear levels. On the other
hand, the nuclear final state can be identified pos-
itively by observing the characteristic 4.44-MeV
decay y ray in coincidence with the scattered
pion,® in which case momentum analysis is un-
necessary. Such an experiment has been carried
out by Scipione et al.®

The pion scattering with nuclear excitation ex-
periment reported here was undertaken to test the
theory for such reactions in a case where all the
parameters are known from nucleon scattering and
electron excitation. Later experiments such as
7+ '2C— 37 +'2C* could then be analyzed'® ! with
some assurance that the nuclear physics is being
handled correctly.

Among other nuclear processes which might be
indistinguishable from the direct excitation of
C* (4.44 MeV) in this poor-momentum-resolution
experiment, we may consider excitation of higher-
lying levels whose sequential decay process could
involve the 4.44— 0 phototransition. The higher
T =0 levels have comparable excitation cross sec-
tions, and they all have overwhelmingly large
branching ratios into three-a-particle decay. The
7.68-MeV, 0+ level, for example, is expected to
contribute 4.44-Mev photons only ~10™* as abun-
dantly as direct excitation of the 4.44-MeV level.
Excitation of levels higher than 7.68 MeV would
also lead to photons of higher energy than 4.44
MeV, and these are not seen in the photon spec-
trum at the level of 1% of the 4.44-MeV signal.
Similarly, the first T7=1 level at 15.1 MeV would
be expected to decay predominantly to the ground
state but is not seen.'?

As an example of more complicated reactions
which we could not discriminate against experi-
mentally, there is the process (m,n'n), leading to
high-lying levels in *C. These could decay
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through a transition from the ~5-MeV level to
ground in that nucleus. The considerations of the
previous paragraph militate against this possibil-
ity, but a strong argument is also the observation
of a Doppler shift, to be described below.

It thus appears that '2C is an unusually favorable
(and possibly unique) example for a poor-momen-
tum-resolution experiment to detect excitation to
one particular nuclear excited state.

In Sec. II the experimental arrangement is de-
scribed. The data analysis is discussed in Sec.
IIT with results quoted in Sec. IV. Predictions of
a multiple-scattering model are compared with the
data in Sec. V.

II. EXPERIMENTAL METHOD

A. Beam, target, and vy detector

The experiment was performed in the “17°
beam”!? of the Argonne Zero Gradient Sychrotron.
This beam consisted of (4.50+ 0.04)-GeV/c nega-
tive pions with 0.5% muon, 0.8% electron, and
negligible kaon contaminations. The beam (B) was
defined by scintillators B, and B, (see Fig. 1) and
by a 30-mm diameter hole in a veto counter Ay
connected logically according to the expression B
=B,B,A,. This quantity was scaled and recorded
for determining cross sections.

The carbon target was a 5-cm cube of graphite
surrounded on four sides by veto counters A, and
A, extending 10 cm parallel to the beam to elimin-
ate events with charged fragments escaping to the
sides. Downstream, the (5X5)-cm?® beam veto Ag
excluded events with straight-through tracks. The
logical requirement for an interaction in the tar-
get without triggering the side counters was BA
=B,B,AyA A,Ap.

An interesting event consisted of a scattered
pion in coincidence with a v ray. The y-ray de-
tector was a Nal (Tl) crystal 12.6 cm in diameter
and 10 cm long; the last 2.4 cm was a truncated
cone to the 7T-cm diameter phototube face. The
front face of the crystal was 15.9 cm from the tar-
get center. Data were taken with the detector
placed at angles 6, =64.4°, 90°, 111.6°, and 128.5°
with respect to the z axis, which is defined as the
beam direction.

The requirements on this detector were more
severe than in the usual application to y-ray spec-
troscopy. (1) A linear signal of fairly good resol-
ution was essential to identify the 4.4-MeV line in
the presence of a large background. (2) A fast
logic signal was necessary for the coincidence re-
quirement. (3) Both signals had to be processed
with minimum delay in order that the spark cham-
bers could be operated with a short sensitive time
and still not interfere with the pulse-height analy-
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FIG. 1. Geometry of the experiment. By, B,, Ay
=beam-defining counters, T =(5cm)® graphite target,
surrounded on four sides by veto counters A, ,, Nal=vy
detector, S =wire spark chambers, two planes each,
X, 4, Yy_¢=XY hodoscope, R_, =nested annular de-
tectors shown in two alternate locations with beam veto
A g centered in each (see inset).

sis.

The linear signal was taken from the last dynode
and the logic signal from the anode of the Dumont
6363 phototube. A two-transistor preamplifier
provided current gain in each case. The anode
signal was differentiated and sent to a discrimina-
tor to make the 100-nsec trigger N;. The dynode
signal was given a 100-nsec rise time to smooth
out fluctuations in the photoelectrons [the decay
time of Nal (Tl) scintillations is 250 nsec] and
transmitted to an analog-to-digital converter*
(ADC) operated in the peak mode. In this mode,
the ADC was gated on by the event logic signal,
but the gate was terminated when the analog input
reached its maximum. In this way, the spark-
chamber noise, which arrived some 100 nsec after
the analog signal peak, was excluded from the ana-
lyzer. A 20-pusec updating inhibit gate was gener-
ated by every signal in the y-ray counter to avoid
pulse-height errors resulting from pileup. This
pulse height was digitized in 300 channels.

An ideal energy calibration for the y-ray detec-
tor is a radioactive a-beryllium neutron source,
such as ?'°Po-Be or >*!Am-Be. The reaction
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‘He +°Be~ 2C +n

frequently leaves the residual carbon nucleus in
the 4.4-MeV excited state and provides a copious
supply of the same y rays observed in the experi-
ment. These y rays produce electron pairs, so
that the first escape peak (Fig. 2) is seen 0.511
MeV below the full energy peak. Below that is a
shoulder from double escape of the positron an-
nihilation photons. Figure 3 shows that the same
characteristic spectrum is obtained for y rays in
coincidence with scattered pions. The low-energy
cutoff on both figures results from the logic dis-
criminator threshold. The background pulses rep-
resent primarily random neutrons.

The scattered pions were observed in either of
two ways so that the apparatus was actually used
for two concurrent experiments.

B. The spark-chamber experiment

In this mode of operation the scattered pions
were observed in wire-spark chambers (labeled
S in Fig. 1) consisting of the three beam-defining
chambers and four downstream chambers.'® Each
chamber had two wire planes with magnetostric-
tive readouts, one for the horizontal coordinate
(X) and the other for the vertical (Y). To remove
two-track ambiguities, the second beam chamber
was rotated 45° about the beam axis, and the wires
on the second downstream chamber were mounted
at angles of +arctan(0.2) relative to the horizontal.
The sensitive areas of the chambers were square
and increased with distance from the target. All
scattering angles out to 41° could be observed in
these chambers, but the probability of pion scat-
tering through such large angles was vanishingly
small.

The logical trigger S for a spark-chamber event
was a coincidence between a target interaction
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FIG. 2. Pulse-height spectrum from Po-Be source
including 4.44-MeV vy rays from !2C*, The full energy
and first escape peaks are seen at the right end. The
low-energy cutoff is artificial.
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FIG. 3. Pulse-height spectrum in coincidence with
pions scattered by ¢ (histogram). Solid curve is Monte
Carlo fit, and dash curve is background subtraction.

BA, a y-ray detector count N;, and a scattered
pion X;Y; in the XY hodoscope shown in Fig. 1.
This hodoscope consisted of six (20X 120)-cm?
counters X -X, mounted side by side with their
long dimensions vertical and six more Y,-Y, with
their long dimensions horizontal. Each set em-
ployed threshold logic to require a signal from ex-
actly one member for pion scattering without ad-
ditional particles. Thus the trigger was S
= BAX,Y;N;. The coincidence resolving time for
the beam counts B was 10 nsec and that for the
hodoscope was 20 nsec. The logic signal N; from
the y-ray counter was 100 nsec long.

Every counter in the hodoscope was connected to
a latch gated by the fast logic. After each event,
the spark locations were digitized,'® read into the
computer,’® and stored on magnetic tape along with
the contents of all the latches.

C. The ring-counter experiment

The spark-chamber apparatus described above
had the advantage of covering all interesting pion-
scattering angles with azimuthal measurement and
multiple-track information. However, during the
time intervals when the spark chambers were re-
covering, it was possible to obtain additional data
at selected small angles with counters. To this
end, a set of four nested annular counters, R -R,
(inset in Fig. 1) were mounted 227 ¢cm downstream
from the target and coaxial with the beam (Geom-
etry I). The beam veto counter A, was at the cen-
ter of the rings. Later on, the counters were
moved upstream to 138 cm from the target to ac-
cept larger scattering angles (Geometry II). The
ring counters were plastic scintillators 3 mm
thick. Their radii and acceptances in momentum
transfer squared (—t) are listed for the two geom-
etries in Table I.
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TABLE I. The ring counters.

227 cm from target

138 cm from target

Inner and Geometry I Geometry II
Ring outer -t At -t At
number radii (cm) [(GeV/c)? [(GeV/c)d [(GeV/c)4 [(GeV/c)3

5.08 0.0101 0.0273

1 0.0127 0.0342
7.62 0.0228 0.0615

2 0.0178 0.0478
10.16 0.0406 0.1093

3 0.0228 0.0615
12.70 0.0634 0.1708

4 0.0279 0.0751
15.24 0.0913 0.2459

Each time the spark chambers were fired, and
as soon as they were read into the computer, a
gate generator switched control from the XY hodo-
scope to the ring counters and inhibited the spark
chambers for an 80-msec interval, then switched
back to the spark-chamber logic. The logic for a
ring event R was R= BAR;N,, where R, repre-
sents any of the four ring counters. For each
event trigger R, the computer recorded the y-ray
pulse height, the contents of all the latches con-
nected to the ring counters as well as the XY
hodoscope, and various identifying flags. Thus
multiple-track events could be excluded from the
analysis. The beam counts B defined above were
gated into separate scalers during the time the
spark chambers were sensitive, so that the num-
bers of incident pions corresponding to spark-
chamber events would be recorded separately
from the numbers corresponding to ring events.
About 10°® incident pions were used for the spark-
chamber experiment and another 10° for the ring
counters in each of the counter positions shown in
Fig. 1.

IIl. DATA ANALYSIS

A. Pulse-height spectrum

The events recorded on magnetic tape were
sorted into ring-counter or spark-chamber events
and according to run number and pion-scattering
direction. The data were thus reduced to a spec-
trum of pulse heights in the y-ray detector which
included the 4.44-Mev y rays, some neutrons from
breakup of the *C nucleus, and some random
background.

The pulse-height response to 4.44-MeV rays
was calculated with a Monte Carlo program written
by Zerby and Moran,'” which has been shown to
agree with measured results in this energy region.
Giannini et al.'® compare this program with sev-

eral others. The program specifies a right circu-
lar cylinder, whereas our crystal had a cylindri-
cal portion 7.6 cm long and a short truncated cone
at the end coupled to the phototube. We therefore
assumed a cylinder with the same diameter as that
of the cylindrical portion and the same total vol-
ume.

The response to a 4.44-Mev y-ray point source
on the axis of our crystal was first calculated for
a 100-channel spectrum with perfect resolution.
The distance from the point source to the crystal
surface was the same as that from the 2C target
center. The calculated intrinsic efficiency was
51%, 22% of which should occur in the full energy
peak.

To fit the observed spectrum, a Gaussian width
proportional to the square root of the pulse height
was folded into the theoretical spectrum, andasec-
ond-order polynomial background was added. A
x? minimization was carried out by varying param-
eters corresponding to the intensity, the Gaussian
linewidth, and three background parameters. The
solid curve on Fig. 3 shows the resulting fit to the
spectrum from a typical run with the background
subtraction indicated. The number of photons en-
tering the detector is the difference between these
curves divided by the intrinsic efficiency. The
standard deviation of the difference is computed
according to the Gaussian law for propagation of
errors.

B. Doppler shift

The Doppler shift of the observed energy of the
4.44-MeV y ray provides further identification of
the C* final state. This test is possible because
the C* recoil is very nearly perpendicular to the
beam and is in the scattering plane, 180° opposite
in azimuth, with the scattered pion. The neighbor-
ing residual nuclei, B or ''C, which may be pro-
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FIG. 4. (a) Laboratory coordinate system. Scattering
Blane contains the beam, the fcattered T~ momentum
k ., and momentum transfer q. The y-ray momentum
k, at colatitude 6y and the beam define a plane at the
azimuth ¢;. (b) Momentum-transfer frame with z, axis
along C* recoil momentum § and x, axis along the beam.
The y-ray momentum EY at colatitude & with § define a
plane at the aximuth ¢’ relative to the scattering plane.

7(q)

duced by ejection of a single nucleon, also emit y
rays of about 4 MeV. However, in such cases,

the nucleon takes most of the momentum transfer.
The B or ''C would recoil with a spectrum of
energies and directions totally uncorrelated with
the scattered 7~. The spectrum of an accompany-
ing Y would be somewhat Doppler-broadened but
not shifted in a sense correlated with the 7~ direc-
tion.

The scattered-pion direction observed by the
XY hodoscope or spark chambers determines the
scattering plane and hence the recoil-C* direction
[Fig. 4(a)]. Then the y-ray pulse heights can be
separated into one spectrum which should be Dop-
pler-shifted upward because the y is emitted along
the recoil direction, and another for which the op-
posite is true. The two spectra compared thus in
Fig. 5 were obtained concurrently during a run
with the y detector at 90° to the beam. Ring events
(right or left) were selected according to the 7~
azimuth determined by the XY hodoscope. Each
interval on the histogram represents 96 keV and
includes three bins of the pulse-height analyzer
(note the spacing of the full energy and first es-
cape peaks). The two spectra are displaced (100
+ 30) keV relative to each other in the sense con-
sistent with the .associated recoil directions.

In computing the expected shift, one must aver-
age over the allowed angles between the C* recoil
and its emitted ¥ ray and over the spectrum of re-

(ARBITRARY UNITS)
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§
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FIG. 5. Doppler shift of the y-ray spectrum from a
single run with the detector at 90° to the beam. The 2cx
recoils toward the y detector for the upper spectrum and
away for the lower. Only the high-energy end of the
spectrum is shown for clarity.

coil volocities obtained from the scattered-7~ mo-
mentum-~transfer distribution. The C* state de-
cays witha meanlife (6 X107 % sec)'®* 2! short com-
pared with the slowing-down time?*'?® of the ion. A
small correction, less than 10%, is necessary for this
attenuation. The predicted shift, 130 keV, is in
satisfactory agreement with the observation.

C. Quadrupole nature of the transition

The 4.44-MeV y ray is not emitted isotropically
because the transition between the 2* and 0* states
goes by electric quadrupole radiation. Observa-
tion of quadrupole characteristics in the y-ray
distribution provides a further check on the nu-
clear excited state. The laboratory distribution is
related to the density matrix in Sec. IV B below,
but the result may be stated here.

The C* spin is polarized. If the recoil direction
is chosen as the quantization axis, the C* is pre-
dominantly in the M =0 state. The resulting azi-
muthal distribution, when the y detector is set at
a polar angle 6, =90° relative to the beam, is pro-
portional to (1 - cos4¢,), where ¢, is the azimuth-
al angle of the detector relative to the scattering
plane. Figure 4(a) defines these angles. Each
7~ C* event is plotted as a point at the XY coordin-
ates of the 7~ in the downstream spark chamber
(Fig. 6). The density of points is determined rad-
ially by the ¢ dependence of the cross section and
azimuthally by the quadrupole radiation pattern.
The four-lobed azimuthal distribution represented
by the above expression is clearly seen.
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FIG. 6. Computer display of the XY distribution of
scattered pions correlated with v rays. The y-detector
position was 6, =90°, ¢, =33°, corresponding to the
minimum in the first quadrant.

D. Corrections to data

Corrections were made for (1) y-ray losses, (2)
scattered-n~ losses, and (3) secondary scattering
in the target.

(1) The y ray could interact with the carbon on
its way out of the target and be absorbed or veto
the event in the side counters. This attenuation
probability was (10% + 1)%, and an appropriate
correction was made.

(2) The 7~, before and after scattering, travers-
es the entire carbon target. If it produces a 0 ray
that triggers an extra counter in the downstream
arrays, the event is vetoed. The calculated value
of 6-ray production,® integrated over the target
thickness, depends on the minimum energy neces-
sary to register and on the rate of energy loss of
electrons in carbon. Our calculation predicts a
probability of (13 + 5)%.

During the experiment, runs were made without
the extra track veto. The analysis showed that
35% of the events with an acceptable y-ray signal
had two or more particles in the downstream
counters. The §-ray production described above
accounts for (13 + 5)% of this effect, and the re-
action

7- +2C~71"ntnT +12C*(4.44)
is known?® to have a cross section 10% that of
T~ +12C~7" +12C*(4.44) .

Thus only 12% is unaccounted for by known pro-
cesses. We consider it entirely reasonable that
this remaining 12% effect is due to other multipion
final states involving '2C*(4.44). We therefore
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have corrected our cross sections upward by 13%
and ascribe an uncertainty of +10% to the absolute
cross section. The relative differential cross sec-
tions are unaffected by this uncertainty.

(3) The 7~ may be scattered by another target
nucleus either before or after the scattering event
which produces the y ray. This “secondary” scat-
tering changes the final direction of the 7~ 13% of
the time. The effect of this secondary scattering
is to make too many events with small and especi-
ally large angles relative to those at the most
probable angle.

This correction was calculated on the basis of
an 80-mb cross section for coherent scattering by
the carbon nucleus varying with momentum trans-
fer squared [~ in(GeV/c)?] as exp(52¢t), and a
250-mb cross section for quasielastic scattering
by the nucleons varying as exp(7.1f). The appro-
priate subtraction was made at each scattering
angle, and then all cross sections were increased
by 13%.

IV. RESULTS

From the data we can determine the differential
cross section for excitation, do/d¢, and the po-
larization of the J¥ =2* excited state as measured
by the nuclear spin density matrix p,,, , (m,m’
=-2,..., +2). In subsection A we present the dif-
ferential cross sections do/dt integrated over all
y-ray directions. In subsection B we discuss the
decay angular distribution of the C* state inte-
grated over the central momentum transfer inter-
val of the experiment.

A. Cross sections

The pions in this experiment were elastically
scattered through angles 6, = 100 mrad, so the
momentum transfer ¢ to the C* recoil is very
nearly perpendicular to the incident momentum
P, and is given very accurately by

q =pnby .
Then
—t=(p04)? (1)

is the momentum transfer squared.
The recorded events (see III A) were binned in
At intervals determined by the 7~ scattering angles
for each direction 6, of the y-ray detector. Since
the ¥ rays were not emitted isotropically, the elec-
tric quadrupole radiation pattern had to be taken
into account in combining all the data to compute
do/dt as if every emitted vy ray had been detected.
The integration over all y-ray directions is de-
scribed below in subsection B. The resulting ab-
solute cross sections do/dt are plotted vs (~f) on



Fig. 7. The standard deviations are determined
as in Sec. III A. The internal consistency between
the spark-chamber and the ring-counter data in-
dicates that the solid angles and detection efficien-
cies of the two systems for observing the scattered
pions were treated consistently. The results of
Scipione et al .° at 3 GeV/c are plotted for com-
parison. The two experiments agree within the
quoted errors. The integrated cross section for
this reaction is ¢ =1.70 + 0.23 mb. We are very
concerned about the disagreement by a factor 2 in
absolute value between experiment and theory (see
Sec. V below), but are unable to discover a source
of error this large in the measurement.

B. The C* density matrix

The azimuthal information contained in the
spark-chamber data can be used to sort out the
populations of the various spin states of the re-
coiling C* nucleus. Since in the plane-wave im-
pulse approximation no angular momentum com-
ponent along the direction of the impulse can be
transferred to the nucleus, we choose the momen-
tum-~transfer direction as the axis of quantization
for the C* spin. The ¢-channel polar and azimuth-
al angles 6’ and ¢’ of the photon are thus defined
with respect to the following set of axes [Fig.
4(b)]:

" A - “ A a
Z4=G(recot1)? Xt =Pr(incrdent)r Ve =2:X Xy -

The angular distribution of a spin-2 state which
decays into a spin-0 state plus a photon can be

]

mb
(Gev/c)2

[

S~ I

1 L
o] 005 0.10 Q.15 0.20
-t [(Gev/c)?3]

FIG. 7. Differential cross sections for the reaction
7= +12C— r=+12C*, Circles: ring-counter data.
Crosses: spark-chamber data. Triangles: data from
Ref. 9. Solid curve is our calculation (Sec. V) divided
by 2. Dashed curve is calculated with -f% times as much
absorption.
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written
W(G,ﬁ ¢,) :z Wm,m’(0,9 (P') Re pm,m' > (2)
where

5
Wo,m(8,0") = 5—[d5,,(6')d7, (6)
+ drzn,-l(el)drzn’,—l(e')]
X cos(m —m')p' .

The p,,,,» are the C* production density matrix
elements in the f-channel or recoil frame. Parity
invariance of the production mechanism and of the
decay interaction is assumed in order to obtain
this form of the angular distribution.?

The transformation from the recoil frame [Fig.
4(b)] to the laboratory system with the beam along
the z axis [Fig. 4(a)] can be obtained by inspection.
The lab system is oriented for each event so that
the negative x direction is at the same azimuth
(practically coincides) with the C* recoil. Thus
the unit vectors transform as follows:

’;:—Eh 5’=3’n 2'—';! N
The photon angles in the lab system are 6, and ¢ .

The components of a unit vector along the photon
direction are

sin; cos¢, =—-cosb’ ,
sinf, sing, = sind’ sing’ , (3)
cosf, =sinf’ cos¢’ .

In the spark-chamber experiment, each event is
characterized by the values of ¢, 6, ¢, and
pulse height, k, in the proton counter. To extract
the density matrix elements, we wish to fit the
distribution of events to the expression

E —ZTO PrymWin,mt (61, ®1)Z (h) +background,
m,m’
where Z (k) is the photon pulse-height spectrum'’
for 4.44-MeV photons incident on our Nal detector.
The fitting was done by the following Fourier-
transform procedure.

For each of the four settings 6, of the photon de-
tector, and for each value of pulse height 2, we
take the weighted sum of all events in the momen-
tum-transfer interval 0.0247<|¢| <0.0987 (GeV/c)?
and all ¢,’s weighted with cosn¢, for n
=0,1,2,3,4. The resulting distributions

Sn(eL’ h) = Z cos n(pL ’

where the sum was taken over events with given
8, and h, were fitted to the Zerby-Moran pulse-
height distribution Z(%) plus a polynomial back-
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ground in 2. In this way, the coefficients b,(6;)
were determined for the angular distribution

"max‘ da
f ‘ dat ;170 Z, pm,m' Wm,m’(GLy ¢L)

‘t min

=" b,(6,) cosney, . (6)

The spreading due to the finite y-detector size was
folded into the angular distributions, and a least-
squares fit was made to determine the values of
Poos Po2y and p,,. The results are

Pos/Poo=0.13 £0.05 ,
Po1/Pgo = —0.02 £ 0.05

for events in the interval 0.0247 < |¢| <0.0987
(GeV/c)?. The coefficients b,(9,) used for this fit
are plotted as points vs cosf; in Fig. 8. The solid
curves are the calculated values of b, resulting
from the above ratios of p,,/py, and P,,/Pye While
the dashed curves neglect all elements except p,.
The data show too large a contribution from n =4
and too small a contribution from n =2 to be con-
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FIG. 8. Fourier coefficients of cosn¢, for the y-ray
distribution [Eq. (6)] in units of 0.115 mb per steradian
of photon detector. The points result from Fourier
analysis of the data. Solid curves are the fit with pg,
=0.13py and py; =—0.02p(y. Dashed curves have p,,
=poy =0. Effects of finite counter resolution are included
in the curves.
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sistent with py, =0.
The photon angular distribution produced by the
dominant matrix element p, is

15
W,o(87, ") = - sin%9’ cos?0’ (7
in the recoil frame, or
1
WooBz, L) = EZB'n_ sin®0;[4 - 3 sin®§, +4 cos®d cos2¢,

- sin®6; cos4d¢,] (8)

in the laboratory frame. At 6, =m/2, this reduces
to

w,, (-’21 , %) = ;Ti (1 - cos4¢L> , 9)

the expression mentioned in the discussion of Fig.
6.

In the measurement of do/dt, averaging over ¢,
is done by the ring counters automatically, and by
the spark chambers when all events within an an-
nular region are counted. However, the photon
detector only accepts photons in a solid angle d
at 6;,. The probability for the photon to be emitted
in an interval df; at 6, can be determined to the
required precision by integrating W,,(6., ¢, ) [Eq.
(8)] over ¢, to obtain

2m

Woo(8y, dL)dd, = lsé sin®0; (1 - 0.75 sin%;).*"

The finite size of the photon detector smoothes out
this distribution slightly. The fraction of all events
accepted per steradian of photon detector is the
geometric acceptance

F(6,) =0.213[0.090 +sin0(1.00 - 0.72 sin%0,)] .
(10)

The corrected numbers of events per steradian
of photon detector at each 6, are divided by F(6,),
summed over the four y-detector angles, and di-
vided by the total incident flux to obtain the values
of do/dt shown on Fig. 7. The solid curve of Fig.
9 compares F(6,;) with the actual counting rates
normalized at 6, =90°

V. THEORY

The high energies and small scattering angles
used in this experiment suggest that a Glauber-
type multiple-scattering®® or distorted-wave im-
pulse-approximation (DWIA)?® model should be ap-
plicable. In either model the incident pion scatters
off individual nucleons of the nucleus as it passes
through the nucleus. Multiple scattering in the
DWIA model is accounted for by calculating the
distortion of the incident and outgoing pion waves
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FIG. 9. Geometric acceptance of the y detector for
zero helicity C* decays. The solid curve is F (6;) [Eq.
(10)]. Ring-counter data points are normalized at 90°.
Circles are from upstream geometry, open square is
from downstream geometry, and solid squares are over-
lapping points.

due to the elastic scattering off nucleons, repre-
sented by an optical potential

V0= 2 fo o) . an

Here p(r) is the nucleon density distribution in the
nucleus, which may be different before or after
the one collision which excites the nucleus from
the ground state to the final state. We designate
these as p; and p;, respectively. The pion energy
is E, and the pion-nucleon forward elastic scat-
tering amplitude is f,y. Since high-energy pion-
nucleon scattering is dominated by isoscalar ex-
change, the scattering from protons and neutrons
is essentially the same. Furthermore, since both
the ground state and the 2*(4.44) state of '*C are
isospin singlets, the neutron distribution should
be the same as the proton distribution as mea-
sured in electron scattering. Thus since we take
the m-nucleon amplitude from 7 *p experiments
and the nucleon distribution p(r) from electron-'2C
experiments, we have a zero-parameter predic-
tion of the magnitude, shape, and excited-state
polarization for the process measured.
Specifically, the amplitude for excitation of a C*
state of helicity M is given in the DWIA model by

My = [ @7 dr o s s )V, 7 )OROC) .
(12)

The quantities occuring in Eq. (12) are as follows:
(a) The distorted pion waves ¢, are given in the
eikonal approximation by
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pi(r'mz']
(13)

0207 = e exp| < ory(1-ic) |

-0

and

oY (r) = eiksT exp [—% orn(l +z'a)/;w p,(r’)dl'} .
(14)

The absorption is represented as a simple path
integral along the straight-line trajectory passing
through the point T, in the direction E, +E, = ZE‘.

(b) The interaction of the pion at T with the nu-
cleon at ¥ is taken to be V(E, T') = f,x0°(F - ),
representing a short-range interaction determined
by 7*p scattering data,

Fon= Ry 0ntp(E+agty) +0n-p(E +an-p)

47 2

ko

T ar opyli+a) . (15)
(Here aq+, is the ratio of real to imaginary parts
of the forward 7 *p elastic scattering amplitude.)
For 4.5-GeV/c pions we use® o,y =28.7 mb and «
=-0.23.

(c) The transition nuclear density p,(»)
=&, () () is chosen to fit the electron scat-
tering data for excitation of the 2*(4.44) level.
Specifically, we fit the electron excitation ampli-
tude using Eq. (12) with no distortion of the elec-
tron waves and with the Coulomb interaction, i.e.,

. 2E -
m:}e»tron:-‘l_; ‘/‘d3rd37"€-‘.§f 'lPé‘*M(V')

(—%92) iker
x T Yelr)et™ e, (16)
where e/2 is the average nucleon charge.
Using the transition density

p,(¥) = Aly2e~(r/R' Y, 40,0), (17)
which gives a form factor
2R12 ZR/Z
F(g*)=Q' (qT)exp <—q 1 ) (18)

we fit the electron data on this transition®' with
the parameter values R’ =1.77 fm and @ =4.06
+0.08, with A’ =2Q/[V57(R")°]. (These values of
R’ and @ correspond to a C*- C +y width of 12.8
meV.) Similarly, the elastic electron-carbon
scattering data were used to determine a nucleon
density for the pion distorted wave,

2
pu=py (Lo gr)e R, (19)

with p,=12/[ (1 +3a’)(YT R)*], R=1.72 fm, and o'
=1.12, using the data of Ehrenberg et al.’> We
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assumed p; =p; as would be given by the shell mod-
el of the nucleus.

Some characteristic features of this calculation
are as follows:

(1) Neglecting the distortion of the pion waves
predicts a cross section proportional to the square
of the electron scattering excitation form factor
[Eq. (18)]. Only the M =0 states is produced, and
there is a zero in the pion differential cross sec-
tion for forward pions because of the orthogonality
of the wave functions §+¢c*, of the ground and
excited states.

(2) The effects of including pion-wave distortion
are to reduce the cross section by about a factor
of 3, to admix some M =12 amplitudes, and part-
ially to fill in the zero at ¢2=0.

(3) Symmetry between the absorption of the in-
cident and outgoing pions implies that M =+ 1 am-
plitudes remain zero. Observation of the M=x1
states would be a good test of (p; —p;) # 0.

(4) For zero-momentum transfer, the excited
carbon nucleus can have no angular momentum
about the beam direction (i.e., m, =0, where z is
the incident beam direction). Since electric quad-
rupole radiation in a (2%, m, =0) - 0* transition
vanishes for photon directions both along the z
axis and in the equatorial (x, y) plane, no photons
will be observed at 0° or at 90° from the beam line
for momentum transfer g%-0.

As an estimate of the uncertainties in the theo-
retical calculation, we also used }} as much ab-
sorption (i.e., only the other 11 nucleons should
influence the wave striking one nucleon) and varied
the parameters R and R’ within “reasonable lim-
its.” We also calculate with the Glauber multiple
scattering formulas as used by Lee and McManus?®
for p-*He. Predictions agree within about 5%.

As a test of the eikonal approximation, we have
calculated pion-carbon elastic scattering at 1.5
GeV/c and compared the results with a partial-
wave calculation using the same optical model pa-
rameters.®® The results differ only in the bottom
of the diffraction minima and then only by a few
percent, indicating that the eikonal approximation
is adequate.

The elastic scattering parameters were tested
by comparing the model with the data of Gobbi
et al.** on scattering of 2.01-GeV/c n* by '2C.
There is reasonable agreement with the measured
total cross section, and with the small-¢ differ-
ential cross section, presumed to consist mainly
of elastic m* '2C scattering.

As a full test of the model as a description of the
nuclear excitation, we have applied it to the T ,,
=1-GeV proton-carbon inelastic data of Friedes
et al.* and Bertini et al.® and find the good agree-
ment in magnitude and shape shown in Fig. 10.
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(We used g,y =43.3 mb and a =0.)

The predicted cross section for 4.5-GeV/c pions
is shown in Fig. 7, reduced in size by a factor 2.
The curve includes the resolution of the counter
assuming uniform efficiency over the 21° cone sub-
tended by the Nal counter. The agreement with the
data is good, indicating that the shape is accept-
able, but the overall scale is too large by a factor
2. Figure 11 shows the experimental and pre-
dicted values of In[(1/¢%)(do/dq?)] (Tibell plot*3) for
qualitative comparison with the square of the form
factor [Eq. (18)].

A further prediction of the model is the density
matrix for the C* polarization,

pm,m'ocmmmm’ )
Trpm'm, =1 B

in terms of the nucleus helicity amplitudes I,/
[Eq. (12)]. In the helicity representation (i.e., mo-
mentum transfer to nucleus used as z axis) the
calculation predicts p,, dominant, with

Rep,, = 0.09p,,

and other terms very small. This compares with
the experimental value of

Rep,, =(0.13+ 0.05)p,,

100 —
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80 -
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FIG. 10. Differential cross sections for the reaction
p +12c—p +12C* at 1.7 GeV/c. Solid curve calculated
(Sec. V). Triangles are data from Ref. 4 and circles
are from Ref. 5.
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45 (GeV/c) =2 in the expression do/dt « ¢ 2exp(bt). The
greater slope and values of the 280-MeV data are con-
sistent with the larger interaction radius near the (3, 3)
resonance.

given in Sec. IV.

To bring the theoretical cross section down to
the experimental value would require some change
in our ideas of how the reaction occurs. One pos-
sibility is arbitrarily to increase the pion absorp-
tion. The effect of more absorption is to reduce
the size of the excitation cross section and to in-
crease Py,. As a simple first estimate of how
much extra absorption would be required, we in-
creased absorption by a factor of 2 and found p,,
=0.14p,, and 0 o (TC—7C*) =1.8 mb, both in
agreement with the data. However, the predicted
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shape does not fit as well as before. (See Fig. 7.)
Furthermore, in our comparison with the data of
Gobbi et al.,** this additional absorption increases
the elastic r +'*C differential cross section at ¢
=0 by a factor 2, and increases the total cross
section by 40%, spoiling the agreement with the
data. Simply increasing the pion absorption does
not therefore appear to be the answer. It may be
that unsuspected properties of the 4.44-MeV state
in '*C spoil the relationships of Sec. V, a,b,c be-
tween the electron-induced and pion-induced am-
plitudes, but we do not at present have any rea-
sons, other than the present experiment, for
doubting them.

V1. CONCLUSIONS

The cross section for excitation of the 2* 2C*
(4.44) state by pion scattering has been measured
by a coincidence technique. The angular distri-
bution of the pions and the polarization of the '2C*
are in good agreement with the results of a simple
no-parameter DWIA model. However, the absolute
values of the measured cross sections are about a
factor 2 smaller than the theoretical predictions.
The source of this discrepancy is not known. It is
also present in later experiments at 6 GeV/c (Ref.
25) and in the 3-GeV/c experiment of Scipione
et al.’ Since the T, =1-GeV proton experiment
without y-ray coincidence does agree with the mod-
el, a test of the coincidence technique at 7, =1
GeV would be helpful.
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