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Coherent m photoproduction from nuclei is calculated in the 6-hole framework. Impor-
tant background production terms are included, and a comparison with data is presented.
Sensitivity to various aspects of the dynamics, such as recoil and the 6 spreading potential,
are examined.

NUCLEAR REACTIONS He, ' C(y, m ) calculated in b,-hole formal-
ism and compared with data for E~ =200 to 400 MeV.

I. INTRODUCTION

Coherent sr photoproduction from nuclei is a
very attractive reaction for testing and extending our
knowledge about pion production and propagation
in the nuclear medium. On one hand, this reaction
offers information beyond that obtained from analy-
ses of pion elastic scattering data. On the other
hand, the reaction amplitude is, in principle, unam
biguously calculable within the framework of a mi-
croscopic model of the pion-nucleus optical poten-
tial (only the "elastic channel" pion wave function is
needed). Since n production proceeds dominantly
at medium energy via 6 excitation, studies of the
nuclear coherent production mechanism can test and
perhaps refine the picture of 5-nucleus interactions
derived from analyses of pion elastic scattering.
Nevertheless, rather little effort, experimental or
theoretical, has been expended on studies of coherent

photoproduction. The experiments are clearly
difficult, so that no systematic data set, spanning a
variety of energies and targets, exists yet. This situ-
ation will likely change in the near future, with
several new measurements in progress or planned at
various accelerators. In anticipation of this, we
present here theoretical results for the light targets
He and ' C and compare them with the existing

data. The calculations are performed within the mi-
croscopic 4-hole approach applied with considerable
success to pion elastic scattering from the same tar-
gets. Our goal is to clarify the extent to which a
fairly refined dynamical model agrees or disagrees
with existing data and thereby to provide some gui-

dance for future experimental programs. We also
provide some measure of the present theoretical un-
certainty in evaluating the reaction amplitude.

There have been a few other calculations of
coherent tr photoproduction, focusing upon the role
of the b,. We previously presented results for
' O(y, sr )' 0 in the isobar-hole formalism, ' using a
very simple production operator (5 only) and focus-
ing mainly on the formal aspects of the theory, such
as reliability of the distorted wave impulse approxi-
mation. In the current work, we incorporate the
very important background production terms, use a
refined 6-nucleus interaction model (e.g., including
a 5-nucleus spin-orbit potential), and compare
directly with data. Oset and Weise2 and Klingen-
beck and Huber have also performed calculations
with a microscopic 5-hole model, although there are
a number of differences, both in the model and in
the evaluation, compared to our calculations.
Saharia and Woloshyn calculate coherent m pho-
toproduction using a phenom enological or
parametrized 4-hole amplitude.

The paper is organized as follows. Our model for
the elementary production amplitude yN —+~ 1V is
discussed in Sec. II. The 6-hole formalism for nu-
clear coherent photoproduction is presented in Sec.
III. Comparisons with data are presented and sensi-
tivities to various dynamical mechanisms are dis-
cussed in Sec. IV. In the last section, the calcula-
tions of Refs. 2—4 are discussed and conclusions
from this and from the comparisons with data are
drawn. Suggestions for future experimental and
theoretical work are put forward.
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P(E)=
a&+a2q

FIG. 2. Schematic representation of pion photoproduc-
tion in the resonant multipole. The dot represents non-

resonant production (Born terms) in the M, +( —) channel.

The second term in the first line corresponds to resonant
rescattering of the photoproduced pion. The cross-
hatched circle in the second line corresponds to an effec-
tive yNh vertex [see Eq. (7}].

M p
——Mg+Mi+(-, ) . (12)

(in deg), where q is the pion c.m. momentum,
ai ——0.0222 fm and a2 ——0.0778 fm '. This fit is
shown by the dashed lines in Fig. 1. Note that the
phase (I) advances the position of the peak of the im-

aginary part in Fig. 1 by about 10', as required by
the data. It also yields a large increase in the cross
section below the resonance.

To complete our description of the single nucleon
amplitude M 0, we also have to include the remain-

ing background amplitudes M~.

M e tf(E)M j
(8)

The constraint of Watson's theorem then fixes the
background amplitude to be

sing(E)
r(E)/2 '

so that we can write

3 ls33(E) t s (833+0 )

i+ & ~+a
1 (E)g2

(10)

we could not satisfy Watson's theorem by merely
adding the background terms and M~. The physical
origin of the modification e'( ( ' is the interference
term generated by producing the mN system through
the background mechanism and then having the ~E
system scatter via the h. This is indicated in Fig. 2.
We choose to incorporate this effect by multiplying
Ma in Eq. (7) by the complex phase factor
exp(i(I) (E)):

These multipoles are small and have little effect on
the total yN —+m N cross section. However, the an-
gular distributions are modified appreciably at low
energy because of interference with the M, +( —,)

multipole. In Fig. 3, we show the yp~m p cross
section at several energies ' together with the
cross section generated by the Berends and Don-
nachie multipoles; we use these multipoles in our
calculation of nuclear photoproduction. There are
few data for n. photoproduction in the forward
direction at lower energies. As is clear from Fig. 3,
the multipole prediction does not agree well with the
forward distribution at low energy. Similar prob-
lems also show up in the effective Lagrangian ap-
proach of Ref. 8. The origins of this discrepancy
are not known, although it is clear that the data
have considerable uncertainty. This ambiguity in
the elementary cross section will propagate directly
to our calculations of coherent n photoproduction
and will be discussed again in Sec. IV.

III. THE NUCLEAR
PHOTOPRODUCTION AMPLITUDE

Finally, the phase p is fit to the experimental mul-

tipole with a form consistent with the correct low

energy behavior

First, we write the coherent m photoproduction
amplitude corresponding to 5 excitation only. This
has a formal structure very similar to Eq. (1):

~ q;0 I
Ta I

k, A,;0)= ( q;0 I
Fs~Na

a s sp

—=&q;0I+Na +yNaI k ~0),
dh

(13)
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FIG. 3. Differential cross sections for yp~m p in the two-body c.m. frame. Solid curves correspond to the Berends-
Donnachie multipole fit (Ref. 6); dashed curves correspond to keeping the M, +( 2 ) multipole alone. Statistical errors only

indicated on graphs.

Hair =y(E)Ha+5 W+ 8' + V,p,

y(E) =BD (E)/BE,

Hg ——Eg+ Vg+Hg

(14)

(16)
Ek+k//1

~sk Ek +k/2 (17a)

written in terms of the relative AN and yN momen-
ta,

Here, k and q are the photon and pion momenta,
respectively, in the nuclear c.m. frame, and the 0 in
the state vectors indicates that the nucleus is in the
ground state. The vertex operators in Eq. (13) are

Es +Ns /A Ns

E,+,/X Pf

(17b)
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where p; and pf are the initial and final moments
of the target nucleon in the nuclear rest frame. The
nucleon energies, Ek and Eq, and the invariant two
body masses, sk and ss, are evaluated using frozen
nucleus kinematics. The form of the many-body 5-
hole Hamiltonian has been described many times be-
fore, '9 so we give here only a very brief summary.
The 5-Hamiltonian H~ incorporates 5 propagation
effects through the kinetic energy operator Ka and
the binding effects through the potential Va and
hole energy Hz i. Pauli blocking of b, decay in the
medium is given by 5W; this reduces the free space
decay width I'(E)l2 contained in D(E), Eq. (4), and
shifts the resonance up in energy. The term W de-
scribes intermediate pion propagation in the pres-
ence of the nuclear ground state; this term corre-
sponds to pion multiple scattering or, equivalently,
to iteration of the optical potential in pion-nucleus
scattering. All these terms taken together constitute
the full first order optical potential, including bind-
ing, recoil, and exchange effects. They are evaluated
microscopically in the space of b,-hole configura-
tions. In contrast, the last term in the 6-hole Ham-
iltonian Hsi„ the spreading potential V,~, is a
phenomenological term which represents coupling to
multihole intermediate channels. We take this to be
a complex (optical) potential for the 5 proportional
to the local density:

TABLE I. h, -nucleus interaction parameters (taken
from Ref. 20).

4He
12C

Vg

(MeV)

—75
—55

Vc
(MeV)

40—35i
22.5—45i

VLS

(MeV)

—4.6—1.8i
—10—4i

p
(fm )

0.25
0.35

(q 01 T& I
k A, '0&= XAYzi(q)Ta k=+1

L

(19)

Ta = (NL, N—I. } '(Do
I
Gas(E

Gas(E) =[D (E)—Has]

(20)

(21)

(23}

A complete set of biorthogonal, normalized states is
built upon the pion doorway state by repeated appli-
cation of Has.

n —1

(D.'&=N.' Has ~DN'-i &
—g IDJ &Hj, s i-

j=o

Here, k has been chosen as the polar axis, and the
pion and photon doorway states are

I
Do &:NL, FsNa—I (q)& 0) (22}

Dy ) =Nz"FyN—a I
(k ~)L, ~0)

V,~(r)=Vc +VLspr e &" 2La Xa. (18)
p(r) 2

p(0)
H(q (Dg~

~
Has )

D——
J ) .

(24}

(25)
The central and spin-orbit parameters Vq and VLz,
respectively, have been extractedz from analysis of
pion elastic scattering on He, ' C, and ' O. The
central part has a large imaginary part; both
phenomenological analyses and microscopic calcula-
tions indicate that this is due to pion absorption
through the lLNmNN reaction. The parameters Vc
and VLq are nearly energy independent, and the
values used in our calculations are given in Table I,
together with the central strength of the binding po-
tential V~.

As described previously, ' Eq. (13) is evaluated in a
partial-wave doorway basis:

This Lanczos construction puts the Hamiltonian
matrix into tridiagonal form. Inserting the complete
set to the right of Gaq in Eq. (20},we have

Ta (Nl"NL )
' g——oo„(D„~Dy ), (26)

oo„=(D0
~
Gas(E) ~D„) . (27)

The diagonal term ooo is equivalent to the (on-shell)
pion-nucleus elastic scattering partial wave ampli-
tude and yields the scattering phase shifts of the
asymptotic pion wave function. It has the continued
fraction representation

D (E) Hoo—&o~&io
L L

L LH )2H2)D(E}—Hii-
D (E)—H22—

(2g)

We have shown previously that this converges very
rapidly for light nuclei. " In this representation
the new information accessible in principle in the

l

(y, n ) reaction is the off-diagonal terms oii„. These
are equivalent to the pion scattering wave function
and will distinguish between phase equivalent
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models of n-nucleus scattering (same ooo). Within
the model, these are evaluated by a recursion rela-
tion

ooi = I, I &oolD(E) —Hoo] —1),L l L L

10

D (E) H„„—
00,n+1 —+O, n

Hn+1, n

(29)

n&1.

The weights for the Oo„ in T~O are the overlaps be-
tween the photon and pion doorways, (D„ I Dy ).
We saw in Ref. 1 that (Do

I Dy ) is close to unity
for peripheral and semiperipheral partial waves.
Therefore, Eq. (26} implies that there is little sensi-
tivity to the dynamics once the model is constrained
by pion scattering. On the other hand, (Do

I Dy ) is
small (e.g., -0.3 for the 1+ wave in ' 0 with
T =140 MeV) for the central partial waves, so that
the associated partial wave amplitudes may differ
markedly, even for theories providing a rather simi-

lar description of pion elastic scattering. Of course,
a partial wave analysis of coherent n o photoproduc-
tion would require far better data than presently ex-
ist. Thus, it is extremdy important in comparing
theoretical results for the (y, m ) process to critically
compare the associated predictions for pion scatter-
ing.

The contribution of the various terms in Hqi, to
the doorway state matrix element Hop has been dis-
cussed previously in great detail. The reader is re-
ferred to Refs. 1 and 19 for further discussion. We
repeat here only the important fact that, since V»
has a strength comparable to the free space half-
width (see Table I), the coupling to the absorption
channel modifies the production amplitude strongly.
Although V,p is itself energy independent, its effix:t
on the photoproduction amplitude has a strong ener-

gy dependence. For example, it increases damping
of the pion wave function far from resonance and
decreases it near the resonance. Also, the impor-
tance of this higher order effect implies that the
DWIA approach is not quantitatively accurate. We
can see this directly by rewriting Eq. (13) in terms of
the pion scattering wave function

&0'q
'

I

=
& q'0

I I+~~aGai «)+~~4'oG~«)+I)
Pp

G =
E+—k Hg—

(30)

(31)

where 6 is the free pion propagator with the nucleus in the ground state. Using the explicit form of the re-
scattering operator,

8'~ =F~N~PoG~PoF~0

we have

(32)

DE Hs, —W —V—
p

(33)

The operator inside the expectation value in Eq. (33)
is the effective medium amplitude for m. photopro-
duction. V,p, along with Ha and 5W, is contained
in this amplitude as well as in the distorted wave of
the outgoing pion, Eq. (30). The 5-h approach takes
them into account in a consistent fashion. The
standard impulse approximation operator including
recoil in the vertices and the 5 propagator would be

( ~&)impulse sNa D (E + }
yNh ~

t't (34)

The important spreading effect, in addition to bind-
ing and Pauli effects, is missing. We shall return to
these points below in comparing with other calcula-
tions.

As noted in Sec. II, there are important back-
ground contributions to m photoproduction, both in
the resonant M, +( —,} multipole and in the back-
ground multipoles. Consequently, our nuclear am-
plitude becomes

T p
——Tg +Tgg+ e' Tg,ip

fir (35)

where Tz represents background coherent m. pho-
toproduction in the impulse approximation and the
phase factor e'& modifies the (free space) yah, ver-
tex as in Sec. II. The second term Tq~ corresponds
to coherent m. photoproduction through the back-
ground term, with the n- rescattering through the
6-hole channel. In other words, (Ts+ T~~}
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represents DWIA for the background amplitude,
our assumption being that the important medium ef-
fects are manifested only in the d-nucleus dynamics.
These terms are illustrated in Fig. 4. Note that Tz~
can be considered as a ydii vertex correction in the

3
medium. For the M, +( —,) background, we have,

following Eq. (7),

(q;0 i Ts +Tea i
k, A,;0&

=~s&4g "o
I +~Na+r a I

k ~'0&

Using again the explicit form for W, the partial
wave amplitude has the form

(Ta +Tsar )L, =Ms(NLNL, ) (Dp
~
GssW~+1 ~Dr & (37)

tt(NLNt, )
' +,5~p+ g op+(IY~)z~ (D~

~ Dr
m=0 7f

(38)

This is calculated easily using the previous results.
The nonresonant multipole background terms are
evaluated straightforwardly in a distorted wave im-
pulse approximation.

IV. RESULTS AND COMPARISON
WITH DATA

Various of the dynamical ingredients discussed
above affect strongly even the overall magnitude of
the (y, m. ) cross section. First, the medium modifi-
cations of the resonant photopion production opera-
tor greatly reduce the cross section. This is demon-
strated in Fig. 5, where we show the total
' C(y, n )' C cross section, keeping only the
resonant multipole. The DWIA result, defined by
using Eq. (34) in Eq. (33), is substantially larger than
the full calculation. Consequently, a consistent
treatment of many-body effects in the production
operator and in the pion optical potential (which is
automatic in the d-h approach) is essential for an
accurate calculation of coherent n photoproduc-
tion. A11 remaining calculations shown in this paper

cr, (mb)
).5 ~

J.O

/
/

/
/

~ /
y

/
/ /

/
/ /

/

0.5—

will be based upon the full amplitude defined by Eq.
(l3).

In Fig. 6, the total coherent m photoproduction
cross section on ' C is shown keeping the full pro-
duction operator, i.e., the resonant multipole

3
M, +( —,) and all other multipoles, as discussed in

Sec. II. Comparison is made with the Bonn data of
Arends et a/. ' However, it must be stressed that
the data include not only coherent m photoproduc-

Gqh

l

200
I

300
I

400

FIG. 4. Nuclear coherent photoproduction, including
background and resonant production.

FIG. 5. Total cross section for coherent m production
from ' C, keeping only the M +( 2 ) multipole. Solid line

is the 6-hole result. Dashed curve represents the impulse
approximation, while the dotted-dashed curve is the dis-
torted wave impulse approximation result.
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E~ O4
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I
I

I
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I
I

I
I

I
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/

I
/

/

I

\

\
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\

200 300 400 kL(MeV)
I

200
I

300
kL (MeV)

I

400

FIG. 6. Total cross section for coherent m photopro-
duction from ' C. Data from Ref. 21. Calculated results
now include full photoproduction amplitude: solid line is
the full result, dashed line is the impulse approximation,
and dotted-dashed line is that with no 6 spreading poten-
tial. The short-dashed line is the result obtained in the
absence of resonant production.

FIG. 7. Total cross section for coherent m photopro-
duction from He. Solid line is the full calculation;
dashed is the impulse approximation. The dotted-dashed
curve gives the result without recoil at the yNE and m.NA
vertices.

tion but also n. production accompanied by excita-
tion of particle stable target states. The resulting
overestimate of the coherent cross section is expect-
ed to be most severe at the higher photon energies,
where larger momentum transfers to the nucleus are
involved. Our calculation agrees reasonably well
with the data for kL &250 MeV and falls signifi-
cantly below for higher energy. The calculation
with no spreading potential is also shown in the fig-
ure. Below 300 MeV, the V» ——0 result is even
larger than the upper bound provided by the Bonn
data. Thus, a strong spreading potential is required.
While our model is consistent with the data, obvi-
ously a clean separation of the coherent m cross
section is needed for a quantitative test. Finally,
Fig. 6 also shows the contribution from nonresonant
coherent m photoproduction alone (i.e., Ta ——0); this
represents an appreciable part of the cross section at
the lower energies.

A troubling point is that the low energy yp~w p

data are not in very good shape. For a photon ener-

gy of about 240 MeV, the Berends-Donnachie mul-
tipole fit, which we use, fits the Bonn data' but not
the data of Govorkov et al. [see Fig. 3(a)]. The
latter extend to smaller angles, which is the angular
region in which the nuclear coherent ym cross sec-
tion peaks (as we shall see shortly). Clearly, if the
Govorkov et al data are co. rrect, our calculation of
the nuclear coherent cross section will be much too
small.

While there are no data yet on the total
He(y, m ) He cross section, we show our prediction

in Fig. 7. Note that the cross section is almost as
large as that for ' C, because the nuclear form factor
falls off more slowly with momentum transfer. We
show in Fig. 7 the result obtained with the neglect of
recoil at the yNE and ONE vertices. The recoil ef-
fect is very large and must be included in any quan-
titative calculation. This is easily seen in impulse
approximation. Using Eq. (17), we obtain

r

a+& u +2b(0~St.q'ek& S)&k'e'O'"10)= 3Cekz. kXq 1+ F(Q) — M(Q)
2

(39)



COHERENT n PHOTOPRODUCTION AT INTERMEDIATE. . . 759

where

a =(1—1/A)
k

Ei, +k A
'

b =(1—1/A)
Eq +Nqyg

(Ei,+k/A)(Eq+(Oq/A)
C=

QSqsg

(40)

~+ ( pb/sr )

200—

IOO

/-
/

/ i(

/

/ ):/

l /

1 I~

X )c

Ref. 21, k„= 235+ l5MeV

Ref. 22, kL = 250+ 30MeV

E(Q) is the nuclear ground state form factor,
F(0)=A, and M =0 for closed shell nuclei such as
He and '60, while for ' C

ji(Qr)
~12 =2&~ii

I

Qr
(41}

where R» is the radial lp-shell wave function. This
is small compared to the F(Q) term in the forward
direction. In closed shell nuclei, our result, Eq. (39),
is essentially the same as that obtained by Saharia
and Woloshyn. The correction factor is also rela-
tively independent of target mass, and the nuclear
ground state forin factor F(Q} approximately fac-
tors out of the entire amplitude. These large recoil
effects at the vertices (Fig. 7) must be distinguished
from those in the b, propagator. The latter shift the
position of the peak through

&DolitalDo&

in Eq. (28) and broaden it slightly through the fluc-
tuation term

&Dol+alD)&& il+alDo&
in Eq. (28). The significant increase in the cross sec-
tion comes only from the vertex recoil factors.

%e now turn to a comparison with the existing
differential cross section data. In Fig. 8, we show
two sets of data for ' C(y, ir )' C for photon ener-

gies ki,b=240 MeV. The old Davidson data have

long been the subject of some controversy. Clearly,
the two data sets are in considerable disagreement.
Our calculation with the complete yN —+m X ampli-
tude is about a factor of 2 smaller than the David-
son data. The phenomenological doorway calcula-
tion of Saharia and Woloshyn is about 15% larger
than our calculation, while that of Klingenbeck and
Huber is about a factor of 2 smaller. Note again
that the full result is much smaller than either the
impulse approximation result or the result with no
spreading potential. In comparing with the Bonn
data, ' we see that the calculated cross section lies
about 20 lo above the data at the peak and below the
data at large angles. However, two problems with
the measurement must be kept in mind in drawing
conclusions. First, as noted above, the data include

30 60 90 8L

FIG. 8. Angular distribution for ' C(y, m )' C for pho-
ton energy kL, -235 MeV. Theoretical curves are the
same as those in Fig. 6. The Davidson data have been
corrected to take into account changes in the yp —+m p
cross section used for normalization of the nuclear cross
section (E. Booth, J. Miller, and B. L. Roberts, private
communication).

photoproduction accompanied by excitation of par-
ticle stable target states. This will increase the mea-
sured cross section, especially at large angles.
Second, the m angular resolution ranged from 35'
(FWHM) for T 0 ——10 MeV to 15' (FWHM} for
T =300 MeV. If our theoretical angular distribu-
tion is folded with the angular resolution appropri-
ate for -100 MeV pions, the peak value would be
appreciably reduced, in rough agreement with the
data. Furthermore, the folded cross section would
increase for very small angles and for large angles.
Given these uncertainties, there is no obvious
disagreement between the Bonn data ' and the cal-
culation including the full yN~qr N amplitude and
the spreading potential determined in pion scatter-
1ng.

Recall from our discussion of the total cross sec-
tion that this energy region is precisely that where
the multipole fit does not well reproduce the Govor-
kov et al. forward angle yp +ir p data.—As can be
seen from Fig. 3(a), the Mi+( —, ) multipole alone
better fits the forward angle data at this energy. If
we use only this multipole in the nuclear calculation
(as in Fig. 5), our predicted angular distribution for
' C(y, n. )' C at 235 MeV is about a factor of 2
above that calculated with the full amplitude, bring-
ing the result close to the Davidson data. Clearly,
new experiments on the yN~m N process in this
low energy region are needed for an accurate predic-
tion of the nuclear cross section. Measurements at
this energy of the coherent cross section on another
nucleus, such as He, would also be very helpful.
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photon energy kL,

——330 MeV. The curve gives the result
of the full calculation.

In Fig. 9, we show the full b,-hole calculation for
the ' C(y, m )' C cross section near the resonance en-

ergy. The data are from Bonn. ' There is essential-

ly no uncertainty in the elementary amplitude at
these energies. Given the uncertainties in the
coherent data discussed in the calculation above, the
calculation agrees reasonably well with the data.
Referring back to Fig. 6, we see that the spreading
potential substantially reduces the cross section at
this energy. Thus, the 5-nucleus interaction param. -

eters carried over from the pion scattering studies
appear to be confirmed.

We see from Figs. 8 and 9 that the 'iC data are
concentrated in the vicinity of the peak in the dif-
ferential cross section. For He, larger angle data
(some of it obtained by measuring the recoiling He
nucleus) have been taken; these are more sensitive to
details of the model. In Fig. 10, we show data and
the full calculation for He(y, no) He in the reso-
nance region (k& ——330 MeV). The data indicated by
open circles are from Staples. The rest are from
LeFrancois et al., " who detected the recoiling He
(we shall discuss this data set more fully below).
The calculation agrees reasonably well with the large
angle data, but is considerably larger than the datum
at 8=60'. Recall that the 6-hole result appeared to
do well at this energy in comparison with the Bonn
data '.A new measurement of this cross section
spanning a larger angular range would provide a
good test of the theory. Staples also gives excita-
tion functions for three large m angles, where the
cross section is very small. %e compare them with
our full calculation in Fig. 11. For 8, m =137' and

kL )300 MeV, the momentum transfer to the nu-
cleus approaches that at which the He charge form
factor has a minimum. Since we use a harmonic os-
cillator description of He, as do Saharia and
Woloshyn and Qset and Weise, we do not repro-
duce the nuclear form factor in this kinematical re-
gion. The comparison between theory and data
looks fine at 8, = 115' but is puzzling at
8, =93'. Here the Staples data indicate a pro-
nounced rise above 300 MeV, although the nuclear
form factor and elementary amplitude are smooth in
this kinematical range. None of the calculations
show such a peak (the curve shown in Ref. 2 was
simply drawn incorrectly). Indeed, such a peak
seems very unlikely, since it would necessarily corre-
spond to strange behavior of the differential cross
section near resonance. New measurements are
called for. Also, it would be very nice to obtain
photoproduction data on He which cover the for-
ward hemisphere, where the cross section is much
larger (see Fig. 10).

I.e Francois et al. measured the He(y, n ) He
cross section for fixed He recoil energy and
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FIG. 11. Excitation function for 4He(y, e )~He. Data from Ref. 23. Curves give the results of the full calculation.

momentum transfer Q as a function of incoming
photon energy. These results for photon energies
below 450 MeV are shown in Fig. 12. Note that thc
m production angle is varying with energy in these
data. For example, the 332 MeV point for T4 29—
MeV corresponds to a no angle of 8, =115.5', a
region where the differential cross section has
dropped to only a few percent of its peak value (see
Fig. 10). The errors shown are statistical only; ac-
cording to the authors, a systematic error of
-+14% should be added. The 6-hole calculations
are shown both for the full elementary amplitude
and for the M, + ( —,) multipole only. For a given tar-

get recoil energy T4, the agreement between our full
calculation and the data improves with increasing
photon energy, which corresponds to smaller m an-

gles. Again, inclusion of the background multipoles
is seen to be important.

V. CONCLUSIONS AND SUMMARY

We are clearly not in a position to reach quantita-
tive conclusions about 5-nucleus dynamics by corn-
parison with the existing coherent m photoproduc-
tion data. First, morc systematic data, spanning the
resonance region and a range of target masses, are
needed. Second, in the one case where a virtually
identical measurement has been attempted at two
different laboratories (see Fig. 8), the data disagree
by about a factor of 2. Of course, the very poor en-

ergy resolution of the Davidson experiment may



762 J. H. KOCH AND E.J. MONIZ 27

/x

+
20

lo

x

I

300
kg (MeV)

(a)

T4 = l6 MeV

400

12—

8—
Xl

bg 6—
Q '0

I

300
kL (MeV)

t

I

~~ ~
T4 = 2OMeV

x

x

I

400

(c)
T4= 29 MeV

(d)
T4= 50 MeV

~a 2

Xl

b Cg
'O U

~~X lX~

M

Xl

b) cl
~— —~~v

~X— —X-
X~~

X

350
I I

450
kL (MeV)

I

350
k, (Mev)

I

450

T4 =35 MeV

~~
X x

0
550

I

450
kL (MeV)

Flo. ]2. Differential cross section for 4He(y, n )4He with fixed He recoil energy, T4. Data from Ref. 24. Solid and

dashed curves give the results of the calculation with the full photoproduction amplitude and with only the M +( —) mul-

tipole, respectively.

contribute to this; the nonvanishing forward cross
section and the fiattening of the large angle cross
section may point to inclusion of some incoherent
production. Finally, the uncertainty in the mul-
tipole fits to pion photoproduction on the nucleon,
especially below the resonance and at forward an-
gles, makes absolute calculation of the nuclear cross
section difficult.

Using the full multipole fit, we do find reasonable
agreement with the recent Bonn ' C angular distri-
bution. ' These data are consistent with a large
reduction of the cross section caused by the 6
spreading potential, with the potential strength fixed
by the pion scattering analyses. The large angle He
data were also reproduced reasonably well for ener-

gies close to the b, peak. At the lower energies, we
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again find considerable sensitivity to the dynamical
model, but quantitative conclusions await clarifica-
tion of the elementary yN ~m ON amplitude.

With regard to theoretical calculations of the pro-
cess, we have identified several key ingredients.
Dynamical effects such as the b, spreading potential
and Pauli blocking must be included. Oset and
Weise have done this in a manner similar to our ap-
proach, except that they attempt a microscopic
evaluation of the spreading potential. A microscop-
ic calculation leads to a nonlocal structure for the
spreading potential, as one would expect. However,
the important constraint on the b, dynamics provid-
ed by the elastic pion scattering data should be ob-
served. Saharia and Woloshyn incorporate these
dynamical effects implicitly by directly taking over
various parameters from fits to pion elastic scatter-
ing. This approach does not take into account the
different structure of the b-h states excited by the
photon and pion, which differ significantly in the
central partial waves. Recoil at the y/m.

absorption/production vertices enhances the cross
section considerably (see Fig. 7). Saharia and
Woloshyn have estimated this, and we agree with
their conclusions. Recoil has not been treated in the
same detail by Oset and Weise. .

Finally, we have seen that it is very important to
include photoproduction from the nucleon in chan-
nels other than the h. This is certainly true away
from the resonance, where the nonresonant mul-
tipoles interfere with the M, +( —,} to alter the dif-

ferential cross section significantly. Oset and Weise
and Klingenbeck and Huber have not included the
background terms. The background is even signifi-
cantly close to the resonance, particularly through
the modification of the resonant M, +( —,) multipole

(see Fig. I). Our philosophy has been to separate the
6 and background production pieces, with the latter
treated simply in distorted wave impulse approxima-
tion. In contrast to eN scattering, the yN~m. N ex-
perimental situation is rather unsettled. There exists
no generally accepted multipole fit, which is neces-
sary as input for a nuclear calculation. While there
are much data for n. + production, yp~m+n, the

low and intermediate energy yp~m p data are
sparse and mainly restricted to the backward hemi-
sphere, 8 & 60'. Clearly, calculations of photopro-
duction from a nucleus also require more informa-
tion on photoproduction from neutrons as input.

The 6 production amplitude [see Eq. (33)] has all
the medium modifications found important in pion
scattering. The sum of these ingredients represents
a "minimal" treatment of nuclear coherent m

0 pho-
toproduction consistent with available information
on b;nucleus interactions. Nevertheless, more de-
tailed microscopic calculations may eventually prove
essential. For example, medium corrections to the
background production terms should be included.
Also, local field modification of the effective yah
vertex (Fig. 2}, particularly by modification of the
intermediate pion propagator, will alter the energy
dependence of the photoproduction cross section (re-
call that this effective vertex already shifts the peak
of ImMi+ appreciably; see Fig. I}. However, it is

known from studies performed in the context of
pion elastic scattering that these local field modifi-
cations are very difficult to calculate microscopical-
ly. We stress that such effects cannot be included by
carrying over to the photoproduction process
parameters fit in pion scattering.

In conclusion, we repeat that nuclear coherent m

photoproduction is rather sensitive to a variety of
dynamical ingredients. However, the possibility that
this process will improve our understanding of pion
and/or b, propagation awaits a significantly im-
proved data base.
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