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Photoproduction of low energy neutral pions from a single nucleon and a deuteron target is examined in

detail. Features of a direct and two-step nuclear prcxfuction mode are discussed for the deuteron and

estimates for correction terms are given.

NUCLEAR REACTIONS h, x ), proton and H targets; calculated total and differ-
ential cross section from 0 to 6 MeV above threshold.

I. INTRODUCTION

Over the last few years there has been consid-
erable activity in the field of near threshold pion
photoproduction. "Most experiments involve pro-
duction of charged pions and there is reasonable
agreement between theory and experiment. Neu-
tral pion production, on the other hand, has been
much less studied even though two special, features
of m photoproduction make this an interesting re-
action. First, in contrast to charged pions, neu-
tral pions can be produced coherently from nuclei.
Second, the w' photoproduction cross section from
a single nucleon is very small near threshold. The
large static terms, which make up the well known
Kroll-Ruderman' amplitude for charged pions, are
absent for a neutral pion. The w' amplitude there-
fore depends entirely on small correction terms
such as nonstatic, momentum dependent terms.
This seems to make nuclear m' photoproduction an
ideal probe for the fine details of the production
amplitude. However, since the m' amplitude is so
small near threshold, a two-step mechanism com-
petes strongly with direct m' production from a
single target nucleon. In this two-step production
first a charged pion is produced on one nucleon
and then charge exchanges to a m' on a second nu-
cleon.

In a previous letter4 we have estimated the co-
herent photoproduction cross section for 'H, 'H,
and 'He in the threshold l,imit. Two interesting
features emerged from that estimate: First, as
expected, the results are sensitive to detail. s of
the single nucleon production operator. Second,
in each case it was found that the two nucleon
charge exchange mechani. sm was as significant as
the direct n' production process. ' Clearly, this

has important implications for the interpretation
of nuclear m' photoproduction and in this paper we
therefore examine these features in detail.

A basic ingredient is the single nucleon ampli-
tude and we discuss the model used in Ref. 4 and
compare its predictions with the available low en-
ergy data. We construct the general nuclear pro-
duction operator in the impulse approximation and
discuss the uncertainties inherent in this approach.
For an application, we chose the simplest nucl, ear
target, the deuteron. We calculate the production
cross section for pion energies up to 6 MeV, the
energy region in which experiments are now under
way. ' Additional contributions to the production
process, which were neglected in Ref. 4, are es-
timated in the present work. The results of this
paper are also relevant for estimating the validity
of the approximations used in the calculations of
Ref. 5.

Section II contains a description of our model for
pion production from a single free nucleon, a mod-
ification of the effective chiral Lagrangian ap-
proach of Peccei. ' The importance of the 6(1232)
isobar and v meson contributions is studied and
the resulting total and differential cross sections
for yp- m'p are then compared with the data. In
Sec. III we construct the operator for nuclear
photoproduction. Special attention is paid to the
treatment of the momentum dependent terms,
which include contributions from the nuclear Fer-
mi motion. Section IV contains the calculation of
the 'H(y, w')'H cross section and results are pre-
sented for the total and differential cross sections.
A discussion of our results is given in Sec. V and
the Appendix contains details of the deuteron form
factors which enter the nuclear photoproduction
amplitude.
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II. PHOTOPRODUCTION FROM A SINGLE NUCLEON

A. Formalism

This section contains a description of the model
we use for the photoproduction from a single nu-
cleon. Since this amplitude will be used to cal-
culate photoproduction from nuclei described by
nonrelativistic wave functions, we write it in a
form appropriate for two-component Pauli spinors.
In the two-body c.m. frame (denoted by an asterisk)
the photoproduction amplitude has the general
form7
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where q*, k~, and a* axe the pion momentum, pho-
ton momentum, and polarization vector, respec-
tively. The transverse gauge condition, z* k*=0,
has been imposed. The coefficients F,. are opera-
tors in the nucleon isospin space of the form
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where P refers to the isospin components of the
produced pion. The E, are also functions of two
kinematic variables which we choose to be k* and

q
)f(

~

The dynamical model used to evaluate the coef-
ficients E,. is a modification of the chiral Lagrang-
ian model of Peccei.' This model starts out with
a chiral Lagrangian for mN scattering which in-
cludes an axial vector mNN coupling and a DNA

interaction term. A gauge invariant Lagrangian
appropriate for pion photoproduction is then ob-
tained by means of the minimal substitution. The
lowest order graphs contributing to photoproduc-
tion are shown in Figs. 1(a)-l(f). Reference 6

gives the explicit expression for the amplitude. '
This approach provides a good description for
charged pion production near threshold. ' However,
for yp-m'p it yields a reduced threshold cross
section, a =k "ar/q*, of 1.7 pb which lies far above
the experimental value of 0.9 +0.2 pb. ' Following
the suggestion of Berends, Donnachie, and Weaver"
we therefore add to the Lagrangian a term thai
takes &u-meson exchange into account [Fig. 1(g}].
The contribution to the pion photoproduction am-
plitude is

M„=u g„» y" +ia'"(k —q}„u

FIG 1 Diagrams included in the elementary produc-
tion amplitude.

K =-0.06." The ~~y coupling constant g~„ is re-
lated to the +-my decay width by

and for I'(u&- wy) =0.9 MeV (Ref. 12) this yields
g„~'/4w =0.03. The &o-exchange graph, Fig. 1(f),
contributes only to neutral pion production, i.e.,
only to the + component of the F, , Eg. (2). The
exchange of other vector mesons is suppressed
due to their smaller radiative widths. Also, the
exchange of a photon, corresponding to the "Pri-
makoff interaction'"' yields only a negligibly small
contribution.

In terms of the amplitude given by Eg. (1), the
reduced differential cross section is

dn* 4" 1-'E* a'E

+g+2SM28g I k+)2+f gL

+4f f +f f kg, qgyf 2k'

For the e-nucleon coupling constant 'we take g„»/
4m=10 and for the tensor coupling coefficient

The coefficients f, are the isospin combinations
E', +F', for yP-~p and F;-F', for yn-r'n, etc.
Since the low energy model used here contains only
pole terms the functions F, and f,. are all real. .
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FIG. 2. Reduced total cross section for y+p-~'+ p.

T„ is the photon lab energy above threshold. a Cross
section without ~ and 4 contributions; b with ~, c with
g contribution. Solid curve: full calculation.
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B. Results

Using the model outlined above, we obtain a re-
duced total cross section for yp- m'p of

k'or/q*= 1.1 pb,

in agreement with the experimental value. ' The
value predicted for the neutron is 0.19 pb. Figure
2 shows the reduced total cross section for the
proton over the first 10 MeV above threshold. Also
shown are the effects of including the ~ and b, .
Close to threshold, it is important to include the
~ meson, but as the energy increases the 6 be-
comes the more important contribution. The re-
duced differential cross section at 4 MeV above
threshold is shown in Fig. 3. %'hile the ro and d

contributions lead to appreciable changes in mag-
nitude, the strong backward peaking of the differ-
ential cross section is preserved.

Unfortunately there are no n data in the near
threshold region. The lowest available data'~'"
are for a photon laboratory energy of 160 MeV,
i.e., 15 MeV above threshold. In Fig. 4 the dif-

FIG. 4. Reduced differential cross section for y+p
-7lop at T„=&5MeV. Experimental values: ~ Ref. 18,
~ Ref. 1S.

ferential cross section obtained from our model
is compared with this measurement. Theoretical
and experimental"'" values for the total cross
section are shown in Fig. 5. Given the experimen-
tal uncertainties, there is reasonable agreement
between experiment and the model predictions. It
is clear, however, that better data are needed to
allow for a more rigid test. %'e have also com-
pared the model cross section for the reaction
yp- ~'n with low energy data. The prediction for
the reduced total cross section at threshold is
210 pb [expt. : 194+7 gb (Ref. 9) and 196+7 pb
(Ref. 16)]; 16 MeV above threshold we obtain 200
pb [expt. 192 pb (Ref. 17)]. Thus, the effective
Lagrangian model agrees reasonably well with the
available low energy data and this model can there-
fore be used with some confidence in nuclear phot@-
production calculations near threshold.
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FIG. 3. Reduced differential cross section for y+p

-7r'+p at T„=4NeV. Labeling of curves as in Fig. 2.
FIG. 5. Reduced total cross for y+p —7r +p. Experi-

mental values: e Ref. I8, ~ Ref. 19.
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III. NUCLEAR PHOTOPRODUCTION OPERATOR

M'„, =(c,+cp* q')o'e*+c,.o'k'e* q'

g +y J+ (4)

where the coefficients c, are now functions only of
the energy and have the isospin structure given in

Eq. (2). For single nucleons, the expanded form
of the operator, Eq. (4}, yields cross sections
that differ by no more than 5'P() over the first 10
MeV from the cross sections obtained from the
exact expression, Eq. (1).

The photoproduction operator will be used in the
photon-nucleus c.m. frame. To takenuclear Fermi
motion properly into account, the operator in Eq.
(4) must be transformed into a general frame in
which the initial nucleon has momentum p. It is
also convenient to write the transformed operator
in the transverse gauge. Before making the trans-
formation, explicit gauge invariance of the ampli-
tude is restored by redefining M*, Eq. (4), as
(cf. Adler' )

In this section we discuss the construction of the
general nuclear photoproduetion operator, includ-
ing its momentum dependent terms. We use the
standard impulse approximation, that is, the free
single nucleon amplitude, Eq. (1), is used for each
bound target nucleon.

Since we work in the threshold region, we expand
the functions E, , Eq. (1) and (2), in powers of
k~'q~ and keep only the lowest term. Eq. (1) then

becomes

proximation has been widely discussed in connec-
tion with pion-nucleus scattering. The most com-
mon choice is to evaluate the c,. at the total energy
available in the two-body —in our case the mN —sub-
system. We will also use this prescription and
evaluate the energy for the e, assuming that the
nucleons have momentum -k/A, where A is the
mass number of the target.

The nuclear operator, Eq. (4), is general and
can be applied to charged and neutral pion produc-
tion as well as to radiative pion capture. " We
would like to emphasize three features of this op-
erator. First, nuclear Fermi motion is explicitly
introduced by transforming the momenta from the
two-body to the general nuclear frame using Eg.
(6). Second, . by transforming a manifestly gauge
invariant amplitude, Eq. .(5), we are free to choose
the convenient transverse gauge for the nuclear
operator, Eq. (V). Finally, the form of the nuclear
operator in Eq. (7) does not depend on a particular
dynamical model. The model dependence is con-
tained entirely in the coefficients c, An alterna-
tive to our approach would be to obtain these coef-
ficients, e.g. , from the experimentally determined
multipoles for photoproduction from a single nu-
cleon.

IV. n PHOTOPRODUCTION FROM THE DEUTERON

Using Eq. (7}, we now evaluate the deuteron
photoproduction amplitude in the y-'H c.m. frame
with the kinematics defined in Fig. 6. The final
state interaction of the pion is described by a sin-
gle rescattering of the pion, Fig. 6b. Therefore,
the full 'H(y, v')'H amplitude has two terms

M*„,=e'J", —(e'k")(J*, k)/k~'

We now perform the transformation by using

(5)

(6)

dir res

The direct term Kdfp7 Fig. 6a, is given by

SR«, =2 dpi'' p- &g M„, 1 p--,'k, (6)

where $ =k/(M+k) and terms of order M ' have
been neglected. The result is

and the rescattering amplitude 9R„„Fig.6b, is

M„,= [c,+c,[q k —(q+k) (k+p)t'J)[c e+ga kf p/k'"]

+c,(8 k[e q- $e p(1 —q'k/k )]- &o (p+k)e q}

+ic,(q (kx e) —][p (kx e)+q ~ (p+k) x eJ},

The gauge condition E k =0 has been imposed in the
new frame.

As stated above, the c, are still functions of the

energy. In approximating the photoproduction am-
plitude for a bound nucleon by the free single nu-

cleon amplitude, no definite prescription is im-
plied as to which energy to use for the nuclear
case. This ambiguity inherent to the impulse ap-

q p-q -p I-P -Q
ji 7I

/
/

/
/!

~lp-p

p-k
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FIG. 6. Diagrams considered for ~ production from
(a) direct production, (b) rescattering production.
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M,»(2}M„,(1}
(p- p')'- &'- ~&

D+R

where b, is defined in the Appendix, Eq. (A1). The
arguments 1,2 of the operators M in Eqs. (8) and

(9) label the nucleons and g is the deuteron wave
function

4(p) = x ~Vi~F(p ).
Here p is tajren to be the S-state Hulthen wave
function

eP i~+P»»2
~(p)= '+ '

( o' f+') '(P'+f') ',

1-
b

~
I
cx

0
0 2

Ty (MeV}

0 23 fm x P=1 43 fm x and pand q are the
spin and isospin wave functions.

In the rescattering operator, M,„, we keep only
the s-wave part of the interaction of the slow pion
with the nucleon and approximate the scattering
amplitudes by the scattering lengths, a'

M;„=4»(1 +m, /M)a',

where"

a'= -0.014+0.005m

a =0.087+0.005m, '.
The interpretation of the rescattering contribution,
Eq. (9), to m' production becomes clear if we look
at its isospin structux e

r)ii~,»(2)M~(1)qi. 0=M;»(2)M„',(1)-2M",»(2)M (1) .

The first term, involving the + components, cor-
responds to photoproduction of a neutral pion which
then elastically scatters off the other nucleon. The
second term, on the other hand, describes produc-
tion of an intermediate charged pion, M„„which
then charge-exchanges via M,„. As seen in See.
II, the charged pion photoproduction amplitude is
an order of magnitude larger than the m' production
amplitude. Second, M,„is about a factor 6 larger
than M;». Finally, Eq. (10) shows that there is an
additional factor of 2 enhancing the charge ex-
change process. These three facts lead to the con-
clusion that the dominant reseattering process
goes through an intermediate charged pion.

The nuclear amplitude, resulting from Eqs. (8)
and (9) is of the form

3R= g»~[d, c(1) e+d, o(1) kc q

+d,o(1} qc q+id, q (k x «)]g», .

FIG. 7. Reduced total cross section for y+ H —z + H.
Top curves (D+ R): cross section for direct and rescat-
tering production. Dashed curve shows cross section
when internal nucleon motion the target is neglected. .
Bottom curves (D): cross section for direct production
only.

The coefficients d,. contain contributions from both
the direct and rescattering terms, Their specific
forms for the deuteron are given in the Appendix.

Averaging over initial and summing over final
spins, one obtains for the reduced cross section

——= [(4w)'(1+ 0/2M~}(1+q, /2M')] '0 der

x ~a[4 Id' I'+e'»n'&(2 Id. I'&'+ 2 Id. I'q'

+4 Red,d,"k q+4Red, d,*+8k' ld4 I )] ~

(12)

Figure 7 shows our 'H(y, w')'H reduced total
cross section, both with and without the rescatter-
ing contribution for the first 6 MeV above thresh-
old. As in the single nucleon case, the variation
of the reduced cross section remains linear as
the photon energy is increased above production
threshold. Clearly, the rescattering contribution
is very important and changes the magnitude of
the cross section significantly while the slope re-
mains essentially unchanged. The reduced differ-
ential cross section at a photon energy 4 MeV
above threshold is shown in Fig. 8. In addition to
changing the magnitude of the cross section, the
rescattering term also changes the shape by pro-
ducing an even more pronounced backward peaking
of the differential cross section.

Figure 7 also shows the cross section obtained
by neglecting the internal Fermi motion of the tar-
get nucleons. The effects are sizable, especially
at threshold, where they amount to a 35% increase
for the full calculation. Inspection of the ampli-
tudes shows that near threshold this increase is
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This leading contribution amounts to less than 3%
at the highest energy considered here. Clearly
multiple s-wave reseattering is also possible, but
this effect should not alter our results since these
terms are scaled down by a factor of the order
a,„(l/r) -0.05.

V. SUMMARY

0
0 60

8 (deg)

l20 l80

FIG. 8. Reduced differential cross section for y+2H
~0+ 2H at T„=4 NeV. Labeling as in Fig. 7.

where"

b'= 0.21m, ',
b =-0.175gpg, 3.

Since the rescattering contribution is due to pro-
duction of an intermediate charged pion, it is suf-
ficient to keep the dominant o'& part of the produc-
tion operator M„, for charged pions. Using the
form factors defined in the Appendix, the p-wave
contribution can then be easily incorporated into
Eg. (11)by the substitution

d, -d, +8m(1+m, /M)(b'c, '-2b c )j yE, (y).

mainly due to a large change in the direct produc-
tion amplitude. This fact is reflected in the in-
crease of the direct production cross section by
about 90/0. At higher energies, however, the re-
scattering amplitude also changes if the internal
nucleon motion is neglected.

The coefficients, c„ in the nuclear photoproduc-
tion operator, Eq. (4), are functions of the energy.
We have tested the dependence of our results on the
choice for this energy. Instead of using the kine-
matics appropriate for photoproduction from a
deuteron target, we evaluated the c,. at an energy
corresponding to threshold production on a single
nucleon. The change in the full calculation is less
than a percent over the entire energy range. The
direct production cross section changes by 10%
near threshold.

The final state interaction of the produced pion
was described by a single rescattering, Fig. 6b,
keeping only the s-wave term of the mNamplitude

M,„. An estimate of p-wave rescattering is easily
obtained. Neglecting terms of order (m, /M), the

p-wave amplitude for the rescattering vertex in

Fig. 6(b) becomes

M', „=(p-p') q m4(1 m+, /M)b',

The small yN —n N cross section implies that in
nuclei a two-step n' production, proceeding through
an intermediate charged pion, can compete with
the one-step direct production on a single target
nucleon. In order to investigate the relative im-
portance of these two production modes —"direct"
and "rescattering"~md to keep nuclear structure
complications to a minimum, we calculated in this
paper the coherent m photoyroduetion cross sec-
tion for the deuteron.

One of the ingredients needed for calculating nu-

clear pion photoproduction is the single nucleon
amplitude. We adopted the effective Lagrangian
ayyroach of Peccei and obta'in with this model. good
agreement with the available low energy data.

We use the impulse approximation to construct
the nuclear photoyroduction operator. This gen-
eral operator includes contributions due to the
Fermi motion of the target nucleons. The form of
the operator, Eg. (7), is independent of the specif-
ic model chosen here; i.e. , all model dependence
is contained in the coefficients c,.

The coherent mo cross section for the deuteron
is evaluated for photon energies up to 6 MeV above
threshold. We find that the rescattering mechan-
ism, which involves an intermediate charged pion,
increases the cross section significantly. Thus,
given the importance of this production mode, it
will therefore be difficult to extract information
about the direct (y, m') amplitude on nuclei. For
charged pion production, of course, such reseat-
terings are not so important and represent only
small final state interactions.

The contribution from the internal motion of the
target nucleons was found to be important (35%),
but no new qualitative features were introduced by
this correction.

The low energy coefficients c, , Eq. (7), are only
weakly dependent on the total energy E. Conse-
quently, the coherent r cross section was found
to vary by less than a percent when the single nu-
cleon threshold values were used. This insensitiv-
ity also justifies our "frozen" nucleus prescription
for the evaluation of the parameter E.

Corrections due to p-wave mN scattering or mul-
tiple s-wave scattering were estimated and found
to be small. However, since a major portion of
the production process is due to the charge ex-
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change scattering, it is clear that changes in the
values of the mN scattering length vill directly
affect the production cross section.

The Hulthdn wave function used here is a pure
S state. We therefore have no estimate for con-
tributions from the 8 state. We expect this effect
to be quite small. 2'

In our production operator, Eq. (7), we have kept
only terms linear in the pion momentum. This is
justified for low energy on-shell pions. The off-
shell intermediate pion in Fig. 6(b} need not have
small momentum and terms in the production op-
erator of higher power in the pion momentum, "
such as the quadratic term proportional to E, in
Eq. (4),' could in principle be important. In prac-
tice, these terms must be evaluated using (model
dependent} off-shell form factors at the interaction
vectices, which greatly reduce their contributions.
In the chiral Lagrangian model, the term explicit-
ly quadratic in the pion momentum in Eq. (4) is
mainly due to the pion pole diagrams, Fig. 1(d).
This means that in addition to the effect of form
factors, this term wi11 also be damped by the pion
propagator when the pion is far off shell. A com-
plete quantitative discussion of off shell effects
along with possible binding corrections or other
many-body effects is clearly outside the scope of
this paper. As in m-'H scattering, a full calcula-
tion using, e.g. , the Faddeev three-body technique,
which does not use the impulse approximation,
would be the most appropriate way to improve the
calculation when accurate enough data become
available.

The importance of the rescattering term is due
to the small single nucleon m photoproduetion am-
plitude near threshold. As the energy of the in-
cident photon is increased, the m amplitude grows
rapidly and in the vicinity of the n(1232) resonance
becomes as large as the charged pion amplitude.

In this region, which has been studied by several
authors, '4 "the rescattering terms are still im-
portant, but their influence on the cross sections
is not as pronounced as in the threshold region.

APPENDIX: DIRECT AND RESCATTERING AMPLITUDES

The coefficients d,. in Eq. (11) contain a contri-
bution from direct production, Fig. 6(a), and from
the rescattering process, Fig. 6(b):

y(air ) +y(res)
i

A. Direct production amplitude d[ ~

We define the form factors

d(Q) =fdp p(P) p(p - -'Q),

d'(Q)=Q fdpp(P)p(p-lQ)p Q,

where tp}=q-k and y(p) is the Hulthen wave func-
tion. The d',

"' obtained from Eq. (8) can then be
written as

d('") = 2{g[cd+c,'q'k(1 —
Q $)- Qcd)k']

-g'c, ~(q'- k')/Q},

d,'""= 2{g'[c,'$/[2] + c,'&k 'q/[I] +c,'.k 'q/(k'[2] }]

+gc,'(1 ——,
' ()}2

d(42p) = -2g'c'(/[2]

d'~"= 2gc'(I ——,
'

$}.

B. Rescatterinl amplitude

Using Fq. (10), the rescattering contribution,
Eq. (9) can be written as

22- =,„ffdpdp p(,p g)p(p '2)' [(—p p')' —-M-', —M]—'[M:„(2)M;.()) —2M.„(2)M;,(l)]2,=, , (B1)

n =2m, [k(I+k/2M') —m, —cn —E2 —EQ].

e~ is the deuteron binding energy, m, the pion
mass, and E, , the nonrelativistic recoil energies
of the nucleons. We first evaluated the leading
form factor, G, (see below), exactly for q=0 with

E, =-(p+k}Q/2M —e~+k'/2M',

Z =P"/2M.

For the fuxther calculations we then replaced E, ,
by a constant closure value E,=E,=P,'/2M P, .
was chosen to be 150 MeV, a value which again
reproduced the exact value of G, at q =0. This
choice is in good agreement with a similar closure
energy for low energy n-deuteron scattering. "
With this approximation, all angular integrations
can be done analytically.

The double integral in Eq. (B1) can be decom-
posed into the following types of integrands
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I(=(2m) '
P d~P(P y—)(+—& —l~)

x 8,y(p —5), y=k+q,

d,""'=2{M;„[c,'G~+c~ (k'yG, —$(G4+k yG2

——,
' j y G, ——,

' j kG, )) —c,'$G, ]

—2M;„[+-—]]
8, =1, I, =G~(y}

8, =c P, I, =e yG, (y)

8, = 5 k, I, =k yG, (y)

84= 5'p, I~ =G~(y)

8, =]}ke p, I, =e.kG, (y)+( yk yG, (y).

Collecting terms according to Eg. (11},the re-
scattering contribution to the production amplitude
then becomes

dm""' = 2{M;„[c~+((G2—~G, )/k~

+c,'$(k yG, ——,'k yG, )/))'

+c,(G, —$G, + $k'yG, /k' —$G,

+-,'((G, -k yG, /k'})]-2M-,„[+--]},
dP"' =2{M;„[c',(- tG, + &$G,)] —2M,„[+—-])
d,""' = 2{M;„[c,'(G, (1 ——,

' ()—t (G, + 2G, ))]
—2M,„[+--]].
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