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The m+ photoproduction on ' C has been measured relative to the proton from 0—20 MeV above threshold.
Total cross sections from 0—12 MeV, summed over states in "8 have been extracted with accuracies
between 5% and 8% relative to the proton photoproduction cross section. Distorted wave impulse
approximation calculations have been performed and show good agreement with the data. The yield from 0-3
MeV above threshold is well described by a one parameter fit for the ground state cross section using only
the o""4 term of the Hamiltonian.

NUCLEAR REACTIONS '2C(y, 7(+)' B, brernsstrahlung endpoint energies to 175
MeV, deduced g(E); calculated g(E), DULIA.

I. INTRODUCTION

Recent studies of pion photoproduction near
threshold have elucidated its threefold nature as a
tool of nuclear physics. ' ' It is a probe of nuclear
structure; it tests our understanding of nuclear
reaction mechanics; and it is sensitive to the pion-
nucleus interaction, most often described by a
pion-nucleus optical potential. Given known ele-
mentary production amplitudes and a good descrip-
tion of the reaction mechanism, the reaction
A(y, w)B is an excellent complement to pion scat-
tering and pionic atom experiments. It provides
new information on the pion-nucleus optical poten-
tial by extending scattering measurements to ener-
gies where magnetic analysis is limited by the
meson lifetime. Moreover, it provides a con-
tinuous transition in momentum transfer from
scattering experiments to pionic atoms and is not
limited by the cascade of particular pionic or-
bitals. The nuclear structure information is found
in the transition operator matrix elements, which
are folded together with production amplitudes and
the pion wave functions to obtain the theoretical
photoproduction cross section.

The positive pion photoproduction yield on "C
was measured from threshold to 20 MeV excitation
in ' B. The yields were obtainedwithabremsstrah-
lung beam and subsequently unfolded to obtain the
total cross sections. The results are compared

with a theoretical calculation based on the impulse
approximation. The calculation is by the method
described in Refs. 8-10 and is reviewed here for
the specific application to "C(y, w')"B. The inputs
to the theory are the elementary production am-
plitudes, the pion-nucleus optical potential, and a
Helm model description of the nuclear matrix ele-
ments taken from inelastic electron scattering.
The calculation results exhibit very good agree-
ment with the data. A dependence on nucleon-nu-
cleon correlations is demonstrated in that the re-
sults depend on the p'(x) terms of the optical po-
tential. The sensitivity of pion-nucleus reactions
to these correlations is of considerable theoretical
and experimental interest and-has been cited in
several publications. " '

II. THE EXPERIMENT

The "C(y, m')"B experiment was performed at
the MIT Bates Linear Accelerator. The experi-
mental geometry is shown in Fig. 1. Bremsstrah-
lung photons were obtained by passing the electron
beam through the aluminum of the vacuum end win-
dow (0.0033 radiation lengths) and through a beryl-
lium oxide beam viewing screen (0.0017 radiation
lengths) The ele.ctron beam was typically run with
a 3 mA peak current, 1kHz repetition rate, 2 p. sec
pulse width and momentum bite bp/p = 1 x 10~. The
photon beam was monitored with a Wilson quanta-
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uration from the enormous photon flux during the
burst.

A block diagram of the electronics is shown in
Fig. 2. The data were taken in an event-by-event
mode with all pulse height and timing information
retained for each event.

meter and corrected for beam burst variations by
the "leaky capacitor" method. "

The "C photoproduction yields were measured
relative to hydrogen by choosing targets of natural
carbon (graphite) and CH, (polyethelene). Since the
photoproduction cross section on hydrogen isknown,
many of the possible systematic errors associated
with an absolute measurement were eliminated by
making a relative measurement. The data were ob-
tained on two separate occasions with different
photon beam diameters and target geometries.
For data set I, the carbon target was 6.8 cm in
diameter and 5.6V gm/cm' thick. The CH, target
dimensions were 7.2 cm by 2.85 gm/cm'. The
photon beam was collimated to a 4 cm beam spot
on target. Data set II was taken with C and CH,
target dimensions of 6.8 cm by 12.0V gm/cm2 and
V.2 cm by 8.6'7 gm/cm', respectively, and a pho-
ton beam spot of 2 cm. For purposes of matching
the detector efficiency for the two, targets, a 0.6
cm thick aluminum absorber was placed around
the CH, target for the first data set. (See Data
Analysis, Sec. III.)

The photopions were detected via their decay
chain m'- p,

'- e'. The relativistic positrons were
identified by a fourfold coincidence of two 15 cm
x 15 cm plastic Cherenkov counters 3.8 cm thick
and two similar plastic scintillators 0.16 cmthick.
The detectors were placed at a distance of 15 cm
from the target center. Since the positrons are the
product of muon decay, they exhibit the character-
istic muon mean lifetime of 2.2 p, sec. This fact
was used to advantage in two ways. It allowed the
positrons to be counted between beam bursts when
background counts were at a minimum, and it al-
lowed the long lived background to be counted after
the muons had decayed (See Data Analysis, Sec. III,
Data Set II.) The phototubes were gated off during
the beam burst in order to eliminate residual sat-

III. DATA ANALYSIS AND RESULTS

A preliminary evaluation of the experimental re-
sults has been reported by Milder et. a/." The
numbers presented here supersede those of Ref.
16, which contained a computational error.

The yield of photopions per nucleus from a brem-
sstrahlung beam is given by
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FIG. 2. The electronics used for the event-bywvent
acquisition of the h, 7t') data. All pulse height and timing
information is retained for off-line analysis. GG: Gate
generator; ADC: analog to digital converter; TDC:
time to digital converter; COI¹ fourfold coincidence;
DI5C: discriminator; S), Sg, C), 02.. arriving signals;
FAN: linear fanout. The time to amplitude converter
(TAC) records the elapsed time from the end of the beam
burst to an event signature.
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Y(E ) = o(E)4'(E, E )dE,

where 0 is the photoproduction cross section, 4 is
the bremsstrahlung flux for an incident electron
energy E» and E~ is the photoproduction threshold.
The number of detected events is the yield times
sA/4w, where 0 is the detector solid angle and c is
the detector efficiency. Data were taken for 30
bremsstrahlung endpoint energies from 150 MeV
to 175 MeV. At each energy several measure-
ments of the yields for both the CH, target and the
C target were obtained. The statistical error was
typically (2—5)%. The data were subsequently
analyzed off line and the following corrections
were applied (see Table I):

(1) The photopion yields and the quantameter
values were corrected for photon flux attenuation
in the target.

(2) The pion yields were corrected for electronics
deadtime and accidental coincidences. The acci-
dentals arise almost entirely from a true three-
fold event in random coincidence with the fourth
detector.

(3) Using the experimental yields from the graph-
ite target, the relatively small yields of the carbon
in the CH, were subtracted to produce the hydrogen
yields.

(4) Room background and true fourfold coinci-
dences from nonmesic Sources were subtracted
from the observed yields. This was done with dif-
ferent methods for the two data runs. For data
set I, several below threshold points at different
energies were taken on both targets. These yields
are nomesic in nature and this background was
assumed to be constant over the energy range in
which the data were taken. The averaged below-
threshold yield for each target was subtracted

from the data points above threshold. The devel-
opment of the more sophisticated electronics
shown in Fig. 2 permitted the background for the
data in set II to be subtracted in a different man-
ner, testing the results obtained in data set I. The
recorded information included the elapsed time (t)
from the end of the beam burst until the arrival of
each event out to 60 p, sec. Histograms of this data
were fit with the form

Ae '~ +B,
where 7' is the muon lifetime.

The constant term (B) was assumed to be the
nonmesic background and should be the only source
of counts below threshold. When fitted with the
above form, the below-threshold yields were con-
sistent with zero meson production, which justi-
fied the method of background subtraction employed
in the analysis of data set I.

(5) Natural carbon (in the graphite and the CH, )
consists of 99% "C and 1% "C. The "C(y, m')"B
reaction to the "Bground or first excited state
deposits a neutron in the p, &, orbital. In the reac-
tion "C(y, w')"B, this orbital already has one neu-
tron in it. The threshold energies and

logjam

values
for P decay are nearly identical for these two iso-
topes, indicating that the a c matrix elements for
the two cases are similar. Therefore, one expects
the cross section on ~ C to be down from ' C by a
factor on the order of 2. Reactions leaving neu-
trons in other orbitals should be of the same order
for "C and "C. A correction for the "C content in
natural carbon is thus expected to be (0.5-1.0)%.
There exist no experimental data for "C(y, w')"B.
We have chosen to ignore the yield due to the "C
impurity. Our "C cross section is hence an upper
bound in error by perhaps (0.5-1.0)% from the true
value, other effects being ignored.

TABLE I. Sample comparison of corrections to the raw CH2 data at 2 MeV and 12 MeV
above threshold for data set I. The numbers are typical.

Correction % at ~E=2 MeV % at DE=12 MeV

Photon Qux
attenuation

Deadtime plus
accidentals

C contribution to CH2(p, ~')
Nonmesic

background
Solid angle
Pion end loss ~

Detection efficiency '
(positron absorption)

2.7

0.2 G

0.0 (below C threshold)
19.2b

0.2
0.2
2 +4

2.7

03

2.0
0.2"

0.2
4.7
2 +4

Correction of CH2 target relative to the C target.
"The nonmesic background for the CH2 target is negligible. The background for the C tar-

get is included here for relative information.
'This correction was larger for the carbon target but was generally &1%.
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(6) The efficiency for pion detection s and the
detector average solid angle 0 change as a func-
tion of target material, target geometry, beam
energy, and discriminator settings, although a
large part of these variations cancel in taking a
relative measurement. The effective solid angle
change with different target geometries was cal-
culated and the appropriate corrections made. A

decrease in efficiency with increasing energy was
caused by photopions escaping from the ends of the
target. No pions were lost through the sides of the
target. The pion endloss was taken into account
with a model based on pion range-energy formulas.
In the model, the near-threshold pion production
was taken to be isotropic and the cross section was
assumed linear with the energy above threshold.
Any pion with sufficient range to exit from the tar-
get was considered lost. The number of such pions
was calculated by folding together the cross sec-
tion, the bremsstrahlung flux, and the target ge-
ometry. Since this correction was small overall,

the model was sufficiently accurate (see Table I).
These corrections were confirmed by a Monte
Carlo calculation supplied by Van Oystaeyen. "

The most important possible change in detector
efficiency arose from the difference of target den-
sities, which affected the scattering and annihila-
tion of the exiting positrons in the target. For
data set I, 0.6 cm of aluminum was placed between
the target and the detectors for the CH, target.
The energy loss and attenuation of the exiting pos-
itrons and thus the pion detection efficiency was
calculated to be equivalent for the C target and
for the system of the CH, target with the aluminum
absorber. Also, efficiencies were measured by
comparing the ratio of fourfold coincidences to
threefold coincidences of the first three detectors.
In effect, this measured the fraction of positrons
exiting the target with enough energy to be de-
tected by the fourth detector. This measurement
agreed with our calculations in indicating that the
detection efficiency was matched for the two tar-
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FIG. 3. (a) Experimental yields per equivalent quanta for P(P, x')n and fit generated from 0H = 201(P/k) (1-0 0063)
The fit provides the absolute normalization for the experiment. , {b) Experimental yields per equivalent quanta for

C(p, m ) B. The solid curve is obtained by folding the bremsstrahlung spectrum with the total summed cross sec-
tion shown in Fig. 4.
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gets. For data set II, no aluminum absorber was
used and the yields were corrected according to
the calculated efficiencies. The six corrections
are given for- two sample endpoint energies in
Table I. It is useful to define a yield which can
be directly compared for different nuclei. The
yield per equivalent quanta is defined as

'Y(EO) Y(EO)
E.Q. (1/E, ) f~oe(E, E,)EdE

This definition allows comparison of data taken
with different thickness bremsstrahlung radiators.
The quantameter charge is proportional to

f, 4(E, EO)EdE. Figures 3a and 3b show the mea, —

sured yields per equivalent quanta as a function
of bremsstrahlung endpoint energy for hydrogen
and carbon. Also shown are various fits to the
data described below.

A measurement of the hydrogen yield is used to
determine both the absolute normalization of the
experiment (given by cA/4m) and the absolute ener-
gy scale. Using Eqs. (1) and (2), a two parameter
fit to the hydrogen yield data is generated by in-
tegrating the known hydrogen cross section with
the bremsstrahlung flux. The solid line of Fig.
3(a) is this generated yield. The two parameter
cross section is

o'„=a„&(1 —b„ur),p

where p is the pion momentum, k is the incoming
photon momentum, m is the energy above threshold
and o is in p,b. The experimental values" are aH = 201
p,b and b„=0.0063 MeV '. All values are in the
center-of- momentum frame. The bremsstrahlung
flux is given by a Bethe-Heitler spectrum corrected
near the. endpoint. " The fitting parameters are
adjusted to obtain the normalization and the ab-
solute energy scale. The estimated errors are
1% in the normalization and 50 KeV, resulting in
a 50 KeV uncertainty in the energy of the carbon
data points. The slope of the energy scale is well
known from the electron beam optics of the ac-
celerator. As can be seen in figure 3(a), this
procedure provides an excellent fit to the hydrogen
data.

The carbon yield shown in figure 3(b) was anal-
yzed in two different ways, the first being a fit
to the first 3 MeV to obtain the ground state cross
section and the second being a polynomial fit to
the entire energy range which determines the total
cross section summed over the ground and excited
states up to 20 MeV excitation in '2B. The cr c
term of the transition operator is expected to be
dominant near threshold (Sec. IV, Theory) so the
cross section for the transition to the "Bground
state can be approximated' by

aP
12C (4)

where a is a constant and S is a factor that takes
into account the Coulomb distortion of the outgoing
pion wave. " This form of o ignores the energy de-
pendences of the fundamental nucleon amplitude,
the nuclear matrix element, and the pion-nuclear
optical potential. The full distorted-wave impulse
approximation (DWIA) calculations (Table III) were
fit to within a few percent by

o„=—S(1—0.01 '),

o» = (0.076+0.005)a„—8,

IO

0
0 2 4 6

DE„z& (MeV}

FIG. 4. Unfolded total summed C(p, vr') 8 cross sec-
tion from a fit to the measured yields. The width of the
line represents the total estimated error. The upper
dashed line is the theoretical summed cross section
from Table II. Also shown as a dashed line is the ground
state calculation OD+D, from Table IH.

so expression (4) is adequate for or &3 MeV.
To a good approximation, the carbon yields for

the first 3 MeV are completely dominated by the
ground state cross section. Despite the fact that
there are four states in "Bwith excitation energies
lower than 3 MeV, the bremsstrahlung shape
weights the ground state heavily in the final yields.
Fitting the first 3 MeV with yields generated from
Eqs. (1), (2), and (4), the cross section for
"C(y, w')"B, , was found to be
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which give. o, , =1.10+0.OV pb at &EL~=2 MeV.
The total cross-section was obtained in the fol-

lowing manner. The raw deuterium data were cor-
rected and normalized to the hydrogen data, which
determined the energy calibration and the counter
efficiency. Jt was assumed that the cross section
can be represented by a polynomial of arbitrary
order in powers of (E,-Er). This polynomial was
used to generate the yield Y(E,) using Eqs. (1) and

(2), and the yield was fitted to the observed yield
over the entire range of E, values to determine the
best values of the coefficients in the polynomial.
The best fit wa, s obtained with a fifth order poly-
nomial (y'/v=2. 5). The fitted cross section is
given in Fig. 4 along with the calculated cross
section which was computed as discussed in Sec.
IV. The shadedI region represents the statistical
error on the fitted cross section. Also shown in
Fig. 4 is the calculated cross section for the
ground state transition only.

with & the appropriate isospin operator, and that
the quantities pf,- are the nuclear matrix elements
of the operators 0". The amplitudes tf are func-
tions of the initial nucleon momentum p„soit
appears necessary to carry out the integration in
Eq. (V). However, it may be seen that due to the
approximate symmetry of p«about the value of the
argument

p(= 2(p-k) =pop (10)

one can take the amplitudes tf out of the integral
without introducing a serious error. Moreover in
the threshold region, which is of interest here,
the terms in tf proportional to p, are small, so
that one may use a factoring approximation and
write, after going to the configuration space, for
the T matrix

r„(p,K)=+pi( irr, k, p,)fear-p,
' "(r)epr'p", ,.(r),

n

IV. THEORY

The theoretical cross sections were obtained
using essentially the formalism outlined in Ref. 9,
the major difference consisting in the use of the
improved optical potential described below. The
differential cross section in the pion-nucleus cent-
er-of-momentum (c.m. ) system (which in practice
coincides with the lab system), averaged over
photon polarizations, and averaged over the final
and initial spin projections Mf, M „respectively,
ls

A

p g( )r:(rZrmr Q(pr p(r —ri) Jgmg) (12)

are the nuclear transition densities corresponding
to the operators of Eq. (9). These densities con-
tain all the nuclear physics of the problem.

Using Eq. (10) one obtains for the free t matrix
in the lab system

t~(p, k) =i(r zE, + o po ~ (kx ~)(E,/py)

+io kp ~ c(+,/pk)+fr pp c(+,/p') (1&)

where Q,
' '(r) is the distorted pion wave, and where

(c = photon polarization vector), which has the
same form as the free t matrix in the pion-nucleon
c.m. system, except that now all quantities are
expressed in the lab system. The coefficients E,
are obtained by using the elementary amplitudes
of Ref. 21 which are given in the photon-nucleon
c.m. system, and transforming them to the lab-
oratory system. " This is accomplished by using
the invariant amplitudes of the relativistic form
of the transition operator as an intermediate step.
To approximately account for the off-shell form in
which the elementary t matrix is needed in Eq. (V)
we proceed as outlined in Ref. 9. The above pro-
cedure, when used to calculate the hydrogen pho-
toproduction cross section near threshold, agrees
with the measured value of 5„[eesEq, (3)] but
gives a value for a~ = 215 p.b. Since the experi-
mental cross sections are normalized by the value
of aH, we have scaled down our theoretical "C
cross sections by V% in order to directly compare
them with the experiment.

In the region of excitation energies covered by
this experiment, a considerable number of final

tf Ief P
n

where

0' = ~ and 0' =7',

d(r P M„M„e 1 gag~ („,) ~
( )dQ k WS'f 28+1

N] Nf

where p and k are the pion and photon momenta,
M„andM„the initial and final nuclear masses,
S',. and R'f the initial and final total energies, and
X the photon polarization index.

In the impulse approximation, the nuclear T
matrix can be written

&r (p r) Pfd pi (p =(rpi)p„'(p r( P,)(&)"-,
n

where q=k —p. It eonsi, sts of an integral over the
initial nucleon momentum p „

the product between
tf, the photoproduction aimplitudes on a free nu-
cleon, and the nuclear txansition densities p«. In
Eq. (V), it is implied that the total photoproduction
operator tf has been divided into parts having the
same nucleon operators 0" as factors, i.e.,
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R, ' — c'(~)
m 1+ (4~3)$c'(r)

z, 'i '-
1+ '} V p y'V

2~/
(in addition to the Coulomb potential), where

c'(~) =cop(r) + c,[p„(~)—p~(~)j,

(14a)

(14b)

p(x) being the sum of proton (p~) and neutron (p„)
densities. Here E,=total pion energy and m
=nucleon mass. We shall make the usual approxi-
mation p„—p~ = [(N —Z)/A Jp.

The complex values of the optical potential pa-
rameters bp 5( cp, and e& were obtained in the
standard way from free pion-nucleon scattering
phase shifts, which are functions of energy, and
for which we used recent results of Rowe et al. ,

'
except that Re bp was changed, using pionic atom
data, "to the value -0.03' ' (p, = pion mass). The
values of the coefficients of the pair terms B and
C were taken as follows: Im B=0.042 p,

4 and
ImC=0. 076 p

6 using the pionic atom data. ' ReB
and Re C were taken equal and opposite to these
values. ' The Lorentz-Lorenz parameter g was

nuclear states had to be included in the calculation.
The transition densities between the ground state
of "C and these levels were obtained by Helm
model fits to electroexcitation data of the corres-
ponding analog states in ' C. A list of these levels,
and of the fitted Helm model parameters, appears

, in Ref. 22. For the present purpose, these param-
eter values are used, except those of the levels
labeled No. 1-4 which were refitted with the addi-
tional use of more recently available data. ' We
also disregarded the contributions of levels No. 6
and 12 which were observed in electroexcitation
of "C, but have no apparent counterparts'4 in "B
so that their previous assignment of T =1 is
questionable.

Helm parameters of the giant dipole resonance
(which contributes at energies above 5.6 MeV from
threshold in "B)had been obtained22 from a fit to
the experimental form factor integrated over
21-26 MeV excitation in C. In order to approxi-
mate the continuous nature of this excitation range,
we divided the region into five 1 MeV bins whose
contributions enter successively into the calcula-
tion as the excitation energy is raised.

Wave functions for m' mesons are calculated by
solving the Klein-Gordon equation using the strong-
interaction optical potential

8,1+—'
b, p(~) ~b, (p. - p,)

r I

+—' vc'(~)+ B 1+ '
~

p'(r)
2m 2m j

chosen equal to unity" which is consistent with
pionic atom data.

TABLE II. Comparison of the total summed C cross
section with DWIA theoretical. calculation at several pho-
ton energies above threshold.

+ELab +exp @b~ Dwz~ (pb)

2
4
6
8

10

1.02 ~ 0.08
2.33 + 0.15
5.07 +. 0.24
9.42 + 0.48

14.99 + 0.69

1.23
2.47
5.04
8.75

13.13

V. DISCUSSION

Table II summarizes a comparison of the experi-
' mental unfolded cross sections with our theoretical
DWIA calculation. The cross sections in column 2
are the experimental total C(y, m')"B cross sec-
tions summed over states in B including all es-
timated errors. Column 3 is the calc,ulation as
given by Eq. (6) for that same cross section using
our best estimates for the pion-nucleus optical
potential of Eq. (14). The values of column 3 are
also plotted as a dashed line in Fig. 4. The over-
all agreement with the experiment for the chosen
optical potential parameters is seen to be quite
good, although the theoretical cross sections at
the higher energies are slightly below the experi-
mental values. The magnitude of this discrepancy
is only 12/p at 10 MeV and is an indication that the
theory does not include enough excited state
strength. Figure 5 displays the c;omponents of the
total DWIA cross section as a function of energy
above threshold. The states are labeled as in Ref.
22. Since the nuclear wave function information
for the giant dipole resonance (COMDR) is relatively
less accurate (the Helm parameters are from in-
tegrated cross sections and the dipole's continuous
nature has been approximated), and since the GDR
contributes a large fraction of ~the total cross sec-
tion at higher energies, the missing strength
could well be in the GDR. Another possibility for
the missing cross section could be contributions
from quasifree photoproduction since the neutron
separation energy for B is only 3.4 MeV.

Our experiment is not able to discriminate among
these and other alternatives in the 10 MeV region.
Recently, photoproduction differential cross sec-
tions at 90'were obtained with momentum anal-
yzed outgoing pions.

These experiments are better able to obtain the
meson yields for individual levels and should help
decide where the unaccounted for cross section
resides.

Table III compares DWIA calculations of the
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s Q7

deed sensitive to nucleon-nucleon correlations
through the pair terms of the optical potential.

The experimental ground state cross section at
~,~=2 MeV obtained from the one parameter fit
was o', , =1.10 +0.OV pb, in good agreement with
the calculation in column 2 of Table III. This ex-
perimental result is expected to be more accurate
than the value of 1.02 +0.08 p,b given in Table II,
which was obtained from the model independent fit
to the total summed cross section over the entire
energy range.

The dependence of the DWIA cross section on the
Lorentz-Lorenz parameter also was tested. For
reasonable choices of g, the cross section varies
only a few percent, so the experiment neither con-
firms nor disputes the choice of $ = l.

VI. CONCLUSIONS

I.O

0.00 2 4 6 8
(Mey )

Q~

a' Q9

5 AIO

IO

FIG. 5. Calculated DWIA cross sections for
'2C(y, 7t')' 8 to individual levels in ~ B as a function of en-
ergy above threshold. The states are labeled according
to Ref. 21.

TABLE III. Comparison of the ground state DWIA cal-
culations for three sets of optical potential pair param-
eters. The experimental result at AEI,~= 2 MeV is 0~,
= 1.10 + 0.07 pb. ODggg is the cross section given by the
best choice of parameters from pionic atom and pion
scattering data.

6EI ~
2
4
6
8

10

+DWIA
I a

1.13
2.01
2.62
3.07
3.42

II
+D WIA

1.34
2.36
3.06
3.59
3.99

c
ODma

1.36
2.42
3.17
3.74
4.18

~ReB=-IinB; ReC= -ImC.
bReB=O; ReC=O.
'ReB=ImB=O; ReC=ImC=O.

ground state cross section and indicates their
sensitivity to the choice of optical model param-
eters.

Column 2 presents the DWIA ground state cross
section with the best choice of coefficients B and
C for the pair terms as given in the theory section.
Column 3 is the same calculation only with Re B
=ReC =0. Column 4 has B=C =0. It can be seen
from comparisons of columns 3 and 4 with column
2, that the photoproduction near threshold is in-

The charged pion photoproduction yield was
measured relative to the proton for the reaction

C(y, v )' B. The first 3 MeV of yield have been
fit to obtain the ground state cross section given by
o, , =(0.076+0.005) g„(P/k)S. The observed yield
up to 20 MeV was unfolded to obtain the total photo-
production cross section summed over all states.
The theory, based on a DWIA calculation, is in
good agreement with the data. No parameters were
adjusted to obtain this agreement. The nuclear
transition matrix elements were parametrized by
the Helm model using parameters obtained from
magnetic electron scattering. The pion optical
model parameters were obtained from pionic atom
and pion scattering data. There is a good deal of
freedom in choosing a particular pion-nucleus op-
tical potential, and our choice of the potential
parameters is supported by the agreement with
the data. There is a slight discrepancy between
theory and experiment for the total cross section
at the higher energies. The experimental cross
section is slightly greater than the theory at 8 and
10 MeV above threshold. The magnitude of this
disagreement is at the 10/o level. This is probably
due to excluding some excited state strength or to
the onset of quasifree photoproduction. Recent
photopion experiments with the pions momentum
analyzed should prove useful in resolving this
discrepancy.
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