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The features of the (p,p'g) reaction are examined for incident proton energies between 0.8 and 1.6
GeV. Reactions are calculated for exclusive transitions in which the continuum proton and g are
observed in coincidence. This process should be dominated by transitions N+N~N+N+g in-

volving intermediate excitation of one of the nucleons to an N(1535) isobar. We take phenomeno-
logical amplitudes for the process m+N~g+N in the nuclear medium. A theoretical formalism
for the reaction amplitudes is derived and examined in detail. Nuclear distortions of the hadrons
are estimated in the eikonal approximation. The theoretical cross sections are shown to be dom-
inated by a single production amplitude. This results in the prediction that q production should
occur entirely through AT =1 non-normal parity nuclear transitions; i.e., that the nuclear states ex-
cited should show the spin-isospin characteristics of the exchanged meson. Peak reaction cross sec-
tions are predicted to have a strong dependence on the incident proton energy. Expected peak cross
sections, for a target like ' 0, are on the order of 1 pb/sr MeV.

I. INTRODUCTION

It is now possible to produce and detect q mesons at
medium-energy machines such as Saturne or LAMPF.
The g meson is a member of the pseudoscalar nonet with
quantum numbers J (I ) =0 (0+ ). Unlike the pion, it is
believed that the direct coupling of q mesons to nucleons
is quite weak. For reasonably low energies, proton-
induced g production from nuclei should be dominated
by the amplitude N+N~N+N(1535)~N+N+ri,
where the N(1535) is the S» ~ Nresonanc-e with
J =

—,', and free width roughly 100 MeV. '

Experimental and theoretical studies of q production
on nuclei are rather recent. Much of the impetus for
such studies comes from two sources. First, theoretically
Liu and Haider have estimated the g-nucleus interac-
tion. They have suggested that there may be quasibound
g-nuclear states right at the threshold for q production.
Second, a recent experimental measurement from Saturne
of cross sections and tensor analyzing powers for the re-
action d+p —+g+ He at threshold have shown surpris-
ingly large cross sections, with considerable structure.
Laget and Lecolley have suggested that this structure is
evidence for extremely large many-body forces in g pro-
duction.

In this paper, we have made theoretical predictions for
proton-induced g production on nuclear targets. Experi-
mentally, this would involve coincident detection of both
the outgoing proton and g. We assume that the g is pro-
duced through the elementary process ~+N~N(1535)
~g+N, in which a virtual pion produces an intermedi-
ate isobar, the N(1535), which then decays to r) plus a
nucleon. This is analogous to one process by which pions
are produced in proton-induced reactions, through the

intermediate formation of a b (1232). ri production
differs from pion production, in that the assumption of
resonance domination in g production should be much
more accurate than in the case of pion production, where
nonresonant amplitudes are frequently appreciable.

In this paper, we estimate expected cross sections for q
production by protons, leading to low-lying excited nu-
clear states. We sum the elementary g production ampli-
tude over all active nucleons. We include distortions of
the initial- and final-state hadrons through the eikonal
approximation. We show that a single amplitude should
dominate this process, and we calculate the magnitude of
cross sections which could be expected for such reactions.

The reaction mechanism used in this paper simply
sums up the contribution to q production from the
elementary two-body amplitude X+X~X+X+g,
through intermediate N(1535) states. Consequently, if
many-body effects are extremely important, our predic-
tions may dramatically underestimate the cross sections
for g production. Similarly, we have not included any
nuclear medium effects on the N(1535) propagation; we
discuss briefly the prospects for using reactions like this
to obtain any information on the N(1535) in the nuclear
medium.

Our paper is organized in the following way: in Sec.
IIA, we review the elementary amplitude N+X~N
+N+r), through the N(1535); in Sec. IIB, we review
the amplitudes for the reaction A(p, p'g)A* on a nu-
cleus. We write down the amplitudes for this process in
the plane-wave approximation (PWA); further expres-
sions are given in the Appendix. In Sec. III A, we discuss
our results for PWA cross sections for this reaction. In
Sec. IIIB, we include nuclear distortions of the initial-
and Anal-state hadrons via the eikonal approximation; we
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present the formulas and show the results including dis-
tortion. Section IV gives conclusions and suggestions for
future work in this area.

~+N~N*(1535)~g+N (2)

for virtual pions.
We can obtain the amphtude of Eq. (2) for q produc-

tion by assuming the form of interaction Lagrangians for
the coupling of mesons to a nucleon or isobar

4~1'"1"&4w. d„4'.

In Eq. (3), &PA" (f, ) represents the nucleon (isobar)
fields, and P (P„) is the pion (eta) field. In Ref. 6, the g-

l

I ~~P
I

II. AMPLITUDES FOR THE (N, N'g) REACTION

A. The N+N —+N+N+g reaction

In order to estimate cross sections for production of g
mesons from nuclei, we need to make assumptions re-
garding the process by which g mesons are produced in
nuclear collisions; that is, we require amplitudes for the
process N+N~N+N+g in the nucleus. At the ener-
gies of interest in this paper, we are not far above the
g-production threshold. Consequently, g production
should be dominated by formation of the N(1535) isobar;
i.e., the g should be produced through the process

N +N ~N'(1535 )+N +g+N—+N .

In Eq. (1), N*(1535) is the vr NS» r-esonance, having
l=0, J"=

—,', and isospin —,
' [in the latest particle data

tables, ' this particle is the N(1535). We frequently refer
to it as N'(1535), in order to differentiate it easily from
the nucleon]. We assume that the N(1535) isobar is pro-
duced by a virtual meson exchange between the nucleons;
this virtual meson excites one of the nucleons to an iso-
bar, which then decays to an g plus a nucleon. This pro-
cess is shown schematically in Fig. 1. In this paper we
will restrict our attention to virtual pions, although there
is some evidence that the p meson may also contribute to
this process. We then need to evaluate the process

production amplitude was assumed to be of the form

gN*NA1V*Ng ~ g(P )~ (P )

&2W W —M' —X(W)
p' t ~ ~(w) p)=

In Eq. (4), g + and g, are the coupling constants

from ref. 6 and 8'is the interaction energy in the meson-
nucleon c.m. frame. The coupling constants adopted in
this work are related to those given in Ref. 6 by

1/2

f llcf 2 2

38' gN NAiV Nq ' (5)

where co (co„) is the pion (eta) energy. Following Ref. 6,
we assume

f /4m =0.081,

g~ g ~
= 1.301,

g g =0 769.

The isobar form factors are defined by

(6)

(7)

consistent with Bhalerao and Liu. For the NNm vertex,
we used form factors which depended on the four-
momentum transfer at the meson vertex

A —m„
h (k, co)=

A —m+k
as in Ref. 7. We used the value A=1200 MeV/c for all
form factors.

In Ref. 6, the coupling constants and form factors were
determined f om the m-N phase sh ts 'n the 5» channel
through a coupled-channel approach. q-production am-
plitudes were also determined for processes involving
higher N* resonances. This parametrization fit both the
m-N phase shifts and experimental cross sections for

+p~q+n. For the energies of interest in this pa-
per, g production should be comp1etely dominated by the
N (1535) resonance.

M and X(W) in Eq. (4) denote, respectively, the bare
mass and (energy-dependent) self-energy for the isobar.
In the elementary g-production interaction, the latter
quantity takes into account both the dispersive effects
and inelasticities arising from coupling s among the
~N, ~~N, and gN channels. In this paper, we have
neglected the self-energy effects; that is, we approximated
M +X( W) =M +

—iI /2, and we used the physical
values M + = 1535 MeV and I = 100 MeV. This should
be a good approximation for the (p,p'g) reaction, since
we can select the final kinematics to make the final-state
q-p system centered around the N*(1535) resonance.

In our calculations, we have used a nonrelativistic
reduction of the amplitudes. As a result, we have re-
placed the NNm vertex with its nonrelativistic reduction

FIG. 1. Elementary amplitude for the reaction
X+N ~N+ N+ q.
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in Eq. (9), the yz represent two-component nucleon spi-
nors, coupled to a pion with momentum q.

B. Amplitudes for g production

We assume that the q is produced via a virtual
N(1535) isobar. A virtual pion excites a nucleon to an
isobar, which then decays to an q and a nucleon. In this
section, we will neglect the initial- and final-state interac-
tions of the hadrons with the nucleus. Such distortion
effects will be included in Sec. III B.

The four amplitudes which we have studied for
proton-induced g production are shown in Fig. 2. We in-
clude four distinct amplitudes in our calculation. The
first ( A), shown in Fig. 2(a), represents excitation of the

~3
f

I

I

projectile proton to %(1535)by a virtual pion; this isobar
propagates and decays to a continuum proton plus the g
meson. The second (B), shown in Fig. 2(b), represents
excitation of a target proton to the X(1535); this then de-
cays to a continuum proton plus g. The third and fourth
amplitudes, C and D [Figs. 2(c) and 2(d), respectively],
are obtained from 3 and 8, respectively, by exchanging
the two final nucleon lines.

In this calculation, we have not included the "crossed"
graphs, where the order of the pion and g lines is inter-
changed. This is because the crossed graphs were not in-
cluded in the initial amplitudes of Bhalerao and Liu;
thus, the coupling constants obtained in that paper may
be thought of as effective coupling constants when only
the direct amplitude for g production is included. If we
were to include the crossed graphs, for consistency we
would have to refit the coupling constants and form fac-
tors. In Sec. III A, we have included the crossed graphs
for the dominant amplitude (although we have not refit
the coupling constants and form factors in the elementary
amplitude); we find that inclusion of the crossed graphs
makes almost no change in our final results, which gives
an a posteriori justification for neglecting these terms.

The amplitude of Fig. 2(a), or "amplitude A," corre-
sponds to emission of a virtual pion from a target nu-
cleon, excitation of the incident proton to X(1535), with
subsequent decay to a continuum proton and pion; thus,
we refer to this amplitude as the "projectile excitation"
term. For amplitude 3 the plane-wave amplitude has the
form

(10)

(c)

(cj)

r
I

l

Cl

where

qg =k +k k, cog =6y 6; 0,rl

q~ =k +k', co~ =E'+Eq .

In Eq. (10), the coupling constants f represent the
"bare" coupling constants of Eq. (6); the form factors are
absorbed in the factor

H(q„)=h (q„,0)h*(q„)h„(k„),

FIG. 2. Amplitudes considered for the (p,p'q) reaction. (a)
A, "projectile excitation" amplitude: incident proton with
momentum k interacts with target nucleon via intermediate
pion, exciting proton to an X*(1535)isobar, which then decays
to proton with momentum k', and q; (b) B, "target excitation"
amplitude: target proton is excited to isobar. This amplitude is
identical to A except that projectile and target protons in the in-
itial state are interchanged; (c) C, projectile is excited to
X*(1535)isobar. This amplitude is similar to A except that the
final-state nucleons are interchanged; (d) D, target nucleon is ex-
cited to X*(1535),which decays to g plus nucleon. This ampli-
tude is identical to C if the projectile and target nucleons in the
initial state are interchanged.

where the form factors h are given in Eqs. (7) and (8). D *

represents the free propagator for the intermediate isobar
as discussed in Eq. (4), and D„ is the propagator for the
pion exchanged between the projectile and target nu-
cleons. The incident and final proton states are denoted
by k and k', and the initial and final bound nucleons are
denoted by i and f, respectively. The fourth component
of the virtual meson momentum, co~, is given by the
difference in energy between the initial and final nuclear
states. Because of the large energy necessary to create
the q, this is inherently a high-momentum-transfer pro-
cess. We will be examining transitions to low-lying nu-
clear states; in comparison with the three-momentum qz
of the virtual pion, co„can be neglected. Inclusion of m~
would not change our results significantly, even for nu-
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clear excitations as high as 100 MeV.
The spin-isospin transition matrix p

' in Eq. (10) is
given by

p~,'(q)=(f x (r, qr, i),
J

(12)

where the initial and final nuclear states are denoted by i
and f, respectively, and the sum is over all target nu-
cleons. For this paper we will consider cases where the
final state is a single particle-hole state relative to the ini-
tial state, and we assume that the core is inert, in which
case Eq. (12) can be written

P (13)

In Eq. (13), only a single "active" nucleon contributes to
the transition density. The isospin operator for the
(p,p'r)) reaction can then be absorbed into a single
overall factor c, which depends on the isospin of the
final nuclear state. Assuming that the initial nuclear
state has isospin zero, then c,= —&2 for final isospin 1,
and c =0 for final isospin 0. Thus, amplitude A corre-
sponds to non-normal-parity AT=1 nuclear transitions.
For the projectile excitation amplitude, the nuclear tran-
sitions have the characteristic spin and isospin of the ex-
changed meson. Thus this statement would not change if
we also included p meson exchange.

In this paper, our aim is to explore the qualitative
features of the (p,p'21) reaction. Therefore, we have used
simple Gaussian forms for the single-particle transition
densities and wave functions,

3/4

p(p)= exp( —p /2po),
4m

2
Po

(14)

p(p)=exp( —p /4po) . (15)

The model wave functions thus depend upon a single
momentum scale, po. This parameter has been fixed by
requiring that it reproduce the same mean-squared
single-particle momentum seen in electron scattering
data. In terms of the Fermi momentum, po then obeys
the relation

p2 2 (p2) —2g2

These nuclear wave functions are oversimplified and
lack the dependence on orbital and spin degrees of free-
dom. They reproduce single-particle momentum distri-
butions for the nucleus as a whole, rather than being typi-
cal of a particular shell. Also, they fall off too fast for
large momentum and are structureless, lacking the deep
minima frequently found in realistic nuclear transition
densities. These features have been discussed in detail in
Ref. 7.

As was discussed in Eq. (4), the isobar propagator is
given by the free isobar pole term with no medium
modification of the position or width. In the paper exam-
ining the (p, J2'vr) reaction, a pion-nucleus optical poten-
tial and spreading width were used from isobar-hole cal-
culations' to estimate medium effects on the virtual
b,(1232). The parameters of this potential were deter-
mined from fits to the existing extensive m-nucleus elastic

cross sections in the 5 resonance region. However, be-
cause of the paucity of data on g-nuclear reactions, it
would be virtually impossible to pin down those parame-
ters necessary to estimate medium effects on the inter-
mediate N*(1535). The resulting uncertainty on the po-
sition and width of the N* in the nuclear medium should
have no effect on the basic results of the present study, as
the g distortions based on the theoretical amplitudes of
Ref. 6 predict a rather weak g-nucleus interaction.

The pion propagator in our work is given by

D (q, co)=[co —q —m —II(q, co)+i@] (17)

cog —Tp +Ey Tp

q~ =k'+k„=qq,
cog —E +E& =co~

(19)

This amplitude is proportional to the product of two
single-particle wave functions, integrated over the
momentum q. As this term is nonlocal, it cannot be writ-
ten in terms of a local spin-isospin transition density, but
it requires a nonlocal density matrix. In this term, we
have neglected the contribution of the single-particle
binding energy to the energy co~ carried by the virtual
meson. In Eq. (18), the isospin coefficient c,'= I/V2 for
T= 1 final nuclear states, and —3/&2 for T=O nuclear
states. The form factor is given by

Hs(q ) =h (q, cos )h *(q )h „(k„).

The "target excitation" amp1itude is obtained from the
"projectile excitation" term by interchanging the projec-
tile and target nucleon lines in Fig. 1(a). All of the addi-
tional terms in our amplitude are obtained from the am-
plitude of Fig. 2(a) by interchanging either the initial- or
final-state nucleon lines.

The third amplitude, given in Fig. 2(c), is obtained
from amplitude A by exchanging the continuum and
bound nucleon lines in the final state. We refer to this
term as "amplitude C;" it has the form

for the pion, where H is the self-energy of the pion with
momentum q and energy co. The pion self-energy has
been calculated by summing particle-hole and 5-hole ring
diagrams for a pion in a Fermi gas with Fermi momen-
tum appropriate for ' O. Equations for the pion self-
energy are given in Ref. 7.

The second amplitude considered in this model corre-
sponds to emission of a virtual meson by the projectile
proton, as shown in Fig. 2(b). This meson excites a target
nucleon to an N(1535), which then decays to the final
continuum proton and g. We refer to this amplitude as
the "target excitation" term (or "amplitude B") Thi.s
amplitude has the form

f f'f„J . dq Hii(q)P&(k —q)P, (k'+k —q)
Tg =c~

(2n. ) D'(q iso s)D„(q,cos)

x &f ~cr.q~k),
where
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dq Hc(q )0/(k
Tc

(2m') D*(qc,cue)D (q, co&)

X & k'~o"q i &,

where

(20)

more than a single integral. The form of the final plane-
wave equations, and the expressions which were integrat-
ed, are listed for completeness in the Appendix.

III. RESULTS AND DISCUSSION

A. General features of reaction amplitudes

qc =k„,
=E„+M

(21)

In Eq. (20), several approximations in kinematics have
been made. Small bound-state energies and momenta
have been dropped in Eq. (21). This simplication allows
us to take the isobar propagator outside the integral over
q. The form factor

Hc(q ) = h (q, coc )h *(q )h„(k„) .

Like amplitude B, this amplitude is also proportional to a
transition density matrix operator.

The final amplitude is obtained by exchanging the
bound and continuum nucleon lines in the final state of
the target excitation amplitude. This term is shown in
Fig. 2(d). We refer to this term as "amplitude D," and it
has the form

We have calculated the g-production cross sections in
coplanar geometry, where the incident and outgoing par-
ticles all lie in a plane. All results are shown in the c.m.
system. We have kept the angle between the incident and
outgoing protons fixed at —10' relative to the incident
direction [angles are negative (positive) if they occur to
the right (left) of the incident beam direction, looking
down on the reaction plane]. The kinematics have been
shown for a target with mass 3 = 16.

In Fig. 3, we show the differential cross sections for
(p,p'g), in plane-wave approximation, as a function of
the angle 0„ for incident proton kinetic energies 1.0, 1.3,

o I I I I I I I
I

I I I I
I

I I ( I

IO

Ge

where

f f*f„P/
m D*(qD, coD)D (qD, coD)

(22)
IO

IO

0

I /I I I I I L ~ I M~I ~t ~ 0 I I I

qD
=k' —k,

coD —Tp ~ Tp

qD -k„,
ma* =E„+M

(23)

I I I ]

IO

-I
IO

UJ

IO

0

I
I

I I I I

In Eq. (23) the same approximations were made as in Eq.
(21). The form factor

IO
I I

rl'
L,

~ + + + ~ ~ ~
I I I I ~ I I I I I k IX I

pf; —=p( —q~ )& k'~~ qD ~k & (24)

where q„ is given in Eq. (11) and p is given in Eq. (15).
The c.m. differential cross section is given in terms of

the above amplitudes as

1()4 k 'k „E'E
2(2~)~ k(1+E/Eq )

30 25
d 0'd Q„dE'

In Eq. (25), the units are pb/sr MeV, and ~T&; ~
is ob-

tained by squaring the sum of the amplitudes of Eqs. (10),
(18), (20), and (22); averaging over initial spins; and sum-
ming over final spins. With our approximations for the
momentum dependence of the isobar propagator, and
with the simple Gaussian wave functions and transition
densities which we have employed, then the PWA cross
sections can be reduced to a sum of terms requiring no

H(qD ) =h„(qD, cop )h (qD )h„(k„) .

This amplitude, like the projectile excitation amplitude, is
proportional to a nuclear transition density;

I I
t

I I I I

IO

IO

IO

IO

IO

I04 -20 0

I I I I
f

I I I I

.6

~ ~
~ ~

~ ~ o L~ ~ 0
I I I I I N.

20 40
8& (deg&

FIG. 3. Differential cross sections, in pb/sr MeV, vs c.m.
angle 0„ for the outgoing g. The outgoing proton angle is fixed
at 0'= —10. (a) Incident proton energy 1.0 GeV, and outgoing
proton kinetic energy T~ =300 MeV; (b) incident energy 1.3
GeV and T~ =500 MeV; (c) incident energy 1.6 GeV and

T~ =750 MeV. Solid curve, full differential cross section;
dashed curve, result using only amplitude 3 of Fig. 2; dot-dot-
dashed curve, result using amplitude B; dotted curve, result us-

ing only amplitude C; dot-dashed curve, result using only ampli-
tude D of Fig. 2. Results are shown in PWA.
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and 1.6 GeV, for fixed outgoing proton kinetic energy.
At each incident energy, the outgoing proton kinetic en-
ergy corresponds to the maximum cross section for that
incident energy.

In Fig. 4, we show the g production cross section for
fixed g angle, as a function of the outgoing proton kinetic
energy T .. Cross sections are shown for incident proton
energies 1.0, 1.3, and 1.6 GeV; the q angle is fixed at
+10', which gives the maximum cross sections for this
reaction for each incident energy. In contrast to the
cross sections versus g angle of Fig. 3, which showed a
rather sharp peak in the cross section, the peak cross sec-
tion in Fig. 4 is rather broad, extending over a wide range
of T ..

We see that the peak cross section increases rather
dramatically with the incident proton energy. In Fig. 3,
the peak PWA cross sections are roughly 1, 10, and 30
pb/sr MeV at 1.0, 1.3, and 1.6 CxeV, respectively. This
occurs because the minimum momentum transfer to the
nucleus decreases as the incident proton energy in-
creases. This is shown in Fig. 5, which plots the momen-
tum transfer to the nucleus versus outgoing proton kinet-
ic energy, for fixed outgoing proton and g angles of —10'
and + 10', respectively.

The curves show that the nuclear momentum transfer

l.9 GeV

0
I

200 400
T ~ (MeV)

I

600 8O6

FIG. 5. Momentum transfer to the nucleus, in fm ', vs out-
going proton kinetic energy T~, for various incident proton en-
ergies. Outgoing proton and g angles are fixed at —10 and
+ 10', respectively.
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~ ~ ~ ~ ~ ~~
~ ~ ~ ~ ~ ~ » ~ »E%

~ » ~—iV'IWI I I I I I I I I I I I I I

200 400 600 800
T (MeV)

FIG. 4. Differential cross sections vs outgoing proton kinetic
energy T~, with c.m. angle 0„fixed at + 10'. (a) Incident proton
kinetic energy 1.0 GeV; (b) incident energy 1.3 GeV; (c) incident
energy 1.6 GeV. All other conditions are the same as for Fig.
3. Arrows denote kinematics corresponding to the peak of the
N(1535) resonance.

decreases markedly as the incident proton energy in-
creases. g production is inherently a high-momentum-
transfer process; peaks in the cross sections occur at the
lowest possible momentum transfers. To show this, in
Fig. 4 we have placed arrows at those positions where the
outgoing particle kinematics are directly centered on the
N*(1535) resonance. The peaks of the cross sections do
not occur at this position; this shows that minimizing the
momentum transfer is more important than achieving the
resonant kinematics for these exclusive reactions.

The solid curve in Fig. 3 gives the full PWA cross sec-
tion. The dashed and dotted curves give the cross section
for each of the four amplitudes separately. It can im-
mediately be seen that the cross section is dominated by a
single amplitude, the "projectile excitation" amplitude
(when the dashed curve is not visible, it is indistinguish-
able from the full result). In fact, to good approximation,
we could just calculate this single amplitude and obtain
results within a few percent of the full calculations. Note
that this is markedly different from the results obtained
for the (p,p'm. ) reaction, where all four amplitudes gave
roughly equal cross sections. The difference between the
two reactions is that q production occurs through S-wave
~-X amplitudes, whereas m production was dominated by
P-wave vr-X amplitudes. The P-wave amplitudes gave
two additional factors of q/rn . In amplitudes 8 —D, the
meson momenta are very large relative to the pion mass;
thus the several factors of meson momentum made these
amplitudes very large relative to the projectile excitation
term. Their absence in g production means that these
amplitudes are negligible relative to projectile excitation.

We have not included effects of the nonlocality of the
propagating isobar. Miller and Walker" showed that
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FIG. 6. The crossed diagram contribution to the projectile
excitation amplitude of Fig. 2(a). In this amplitude, the q pro-
duction occurs before the virtual pion is absorbed.

lo—

200 400 600
Tp (MeV)

0~O

b -zo-

such considerations would likely decrease the contribu-
tion from amplitudes 8 —D, while leaving amplitude 3
essentially unchanged. Thus our qualitative conclusion
that g production is dominated by a single amplitude
should not change if nonlocality effects are included.

As the projectile excitation amplitude excites only
b, T= 1 non-normal-parity transitions, the (p,p'g) ex-
clusive reaction should be completely dominated by such
transitions. Given the energy and momentum uncertain-
ties inherent in observing the g, it may be quite challeng-
ing to demonstrate experimentally this predicted feature
of the g-production reaction.

In our calculations, we have neglected the "crossed di-
agrams, "where the g is emitted before the virtual pion is
absorbed. Thus we have neglected amplitudes of the
form of Fig. 6. In Fig. 7, we show the percent change in
the theoretical cross sections when we include the crossed
diagram of Fig. 6. We have calculated only the crossed
diagram corresponding to the projectile excitation ampli-
tude, since this amplitude completely dominates our
theoretical cross sections.

Figure 7 shows the contribution of the crossed dia-
gram, for incident proton energy 1.3 GeV, as a function
of the kinetic energy of the outgoing proton. For outgo-
ing energies less than 100 MeV, the crossed diagram con-

tribution is significant. However, as can be seen from
Fig. 4, the predicted cross sections in this region are very
small. Near the peak of the theoretical cross sections, in-
clusion of this amplitude makes only a few percent
change in the cross sections. We have assumed that the
N"(1535) propagator varies like W=Vs, as can be seen
from Eq. (4); s is the square of the four-momentum of the
virtual isobar. For some kinematics, the crossed diagram
corresponds to negative values of s, and in this region we
have not calculated the correction arising from the
crossed diagram. In addition, as we mentioned in Sec.
IIB, consistent inclusion of the crossed diagrams would
involve refitting the amplitude a+A —+g+X with these
diagrams, and recalculating the coupling constants. As
the crossed diagrams give a very small change in our
overall results, they have been neglected in the remainder
of this work.

B. Effect of distortions of hadrons

The cross sections calculated in Section III A have not
included distortions of the incident or final protons, or
the q. We expect that inclusion of distortions should de-
crease the cross sections by at least an order of magni-
tude, as inclusion of the absorption occurring from nu-
clear interactions of the hadrons should decrease each
wave function by a factor of roughly 2 —3. We would
naively expect the proton effects to be considerably
greater than the distortion effects from the g, as the
theoretical amplitudes of Bhalerao and Liu suggest a
rather weak nuclear interaction of the g meson.

For the energies we have considered, both the incom-
ing and outgoing protons, and the outgoing g, tend to
have rather large momenta. The largest cross sections
come in the vicinity of the N*(1535) resonance, and also
at those regions where the momentum transfer to the nu-
cleus reaches its minimum value. In this kinematic re-
gion, the eikonal approximation' should give a good esti-
rnate of the effects of hadron-nucleus interactions on our
predicted cross sections. In the eikonal approximation,
one assumes straight-line propagation of the interacting
particles. The refraction and absorption effects are calcu-
lated by averaging the particle-nucleon forward scatter-
ing amplitudes over the nucleon density at each point in
space, and adding up the accumulated (complex) phases
as the particles traverse the nucleus.

With the eikonal approximation, the nuclear transition
densities p&; appearing in Tz and TD from our plane-
wave results must be replaced by eikonal distorted-wave
transition densities p&;, where

p&,. (k„+k' —k) =I bdb dz dP pI; (b, z )

FIG. 7. Percent change in g-production cross sections when
crossed diagram of Fig. 6 is added to the amplitudes of Fig. 2.
Incident proton energy is 1.3 GeV, and angle 0„is fixed at + 10'.

Xexp[ —i(k„+k' —k) r],
XI~(b,z;k)I~(b, z;k')I„(b,z;k„),

(26)



PROTON-INDUCED PRODUCTION OF g ON NUCLEI 839

I&(b,z;k) —=exp — f (f»(k ) )p „(1,kz')dz'

lE
I~(b,z;k'):—exp —,f (f»(k') }pc(r+k 's)ds

0

I„(b,z;k„)=exp — " f (f„z(k„)}p c(r +k„s)dsk„o
(27)

where r —=b+z, and pf; is the nuclear transition density
in coordinate space [i.e., it is the Fourier transform of Eq.

(15)]. In Eq. (27), f„z and f» denote, respectively, the
energy-dependent forward-angle gN and NN scattering
amplitudes. The brackets ( ) denote the isospin-
averaged amplitudes for a proton interacting with Z pro-
tons and N neutrons in the target and final nuclei; the
q-N amplitudes were obtained from Bhalerao and Liu,
Ref. 6. The variables k ' and k„appearing in the final
nuclear density, pc, indicate that the distortion effects are
calculated along the directions k ' and k„of the outgoing
proton and y. A detailed derivation of this eikonal form
can be found in Ref. 13.

Similarly, in the amplitudes T~ and Tc, the single-
particle wave functions P are replaced by the distorted
wave functions; for example, we have

[Pf (k —k„—q)] = f bdb dz dPPf(r) exp[i(k —k„—q) r]I&(b,z;k)I„(b,z;k„) (28)

In deriving these formulas for the eikonal distortions,
we have neglected the nonlocality of the pion and isobar
propagation. The medium effects on the pion have been
taken account of through the pion propagator defined in
Eq. (17). Consequently, neglecting the nonlocality of the
pion in the eikonal distortions should not introduce ap-
preciable errors into our results. In the present work, we
have not included medium modifications of the isobar,
for reasons mentioned in Section II B.

In Fig. 8, we show the distorted-wave cross sections for
g production, for fixed outgoing proton angle —10' and
fixed g angle + 10, as a function of the outgoing proton
kinetic energy T .. Results are shown for three different
incident proton energies. The solid curves are the full
distorted-wave results, the dotted curve includes distor-
tions only for the outgoing proton, the dot-dashed curves
include distortions for both incident and outgoing pro-
tons but plane waves for the g, and the dashed curves are
the plane-wave results. As with the PWA results, we find
that the full cross sections are completely dominated by
the projectile excitation amplitude.

Our distorted-wave results are about a factor of 50
smaller than the PWA cross sections. The predicted
effects of the g distortions are rather small; including nu-
clear distortions of the g decreases the calculated cross
sections by roughly a factor of 2. These effects are much
smaller than the effects of proton-nucleus interactions.

The qualitative effects of the proton distortions can be
understood rather easily. In the eikonal approximation,
the asymptotic momentum of the proton can be related
to an e+ectiue momentum k„defined through the relation

k =k, +2M( V} . (29)

ln Eq. (29), k is the asymptotic proton momentum and
( p') is the average optical potential "seen" by the pro-
ton. ( p') has both a real part and a positive imaginary
part. In the impulse approximation, the imaginary part
will be related to the proton-nucleus total cross sections;
these have a minimum for proton energy about 200 MeV,
and are slowly increasing for proton energies around 1

GeV. The absorption will cause the distorted wave func-
tion to be smaller than the plane-wave amplitude. For
proton KE less than about 300 MeV, the real part of the
proton-nucleus optical potential is negative, correspond-
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ing to an attractive optical potential. As a result, the
effective momentum is larger than the asymptotic
momentum. For proton KE greater than 300 MeV, the
optical potential is repulsive and the effective momentum
k, is smaller than the asymptotic momentum.

From Eq. (A3), we see that the cross sections are
governed by the vector q„defined in Eq. (11). q„will de-
crease if the outgoing proton momentum k' is increased.
Therefore, from our qualitative arguments regarding the
effective momentum, for proton KE below (above) 300
MeV, the effective momentum will increase (decrease);
thus from these arguments we expect to see an increase in
the g production cross sections (relative to the PWA re-
sults) for very low energies of the outgoing protons, and a
progressive decrease of the relative cross sections as the
proton KE increases. From Fig. 8, this is just what we
observe. In fact, for the lowest energies of the outgoing
protons, the distorted-wave results (including only the
distortions of the outgoing proton) are actually larger
than the PWA results.

Another factor which contributes to the qualitative be-
havior of our results, is that the reaction is a high-
momentum-transfer process. As a result, we are always
in a region where the nuclear transition density is rather
small and where it varies rapidly with even small changes
in the momentum transfer. Thus even the relatively
small shifts in the effective momentum, given approxi-
mately by Eq. (29), make significant changes in the nu-
merical results. Note that our approximating the nuclear
transition density by a Gaussian probably overem-
phasizes this effect, as realistic transition densities at
large momentum transfers are unlikely to vary as rapidly
as the Gaussian.

IV. CONCLUSIONS AND FUTURE OUTLOOK

We have calculated cross sections for exclusive g pro-
duction from proton bombardment of nuclear targets.
Including distortions of the hadrons, we find that predict-
ed peak cross sections depend strongly on the proton in-
cident kinetic energy; peak cross sections increase rapidly
as the proton energy increases. This is because the nu-
clear momentum transfer decreases as the proton energy
increases.

The cross sections are dominated by a single ampli-
tude: the "direct projectile excitation" amplitude. The
contribution from all other amplitudes, and from the
crossed amplitude, are much smaller than this amplitude.
We showed that this is due to the fact that the X*(1535)
is an S-wave m-N resonance. Since only a single term
dominates the cross sections, it should excite only non-
normal-parity AT = 1 nuclear states.

Including the effects of distortions, we predict peak
cross sections of the order of 1 pb/sr MeV. In Fig. 9, we
plot the theoretical peak distorted-wave cross sections as
a function of incident proton energy. Note that at 800
MeV we predict peak cross sections of only 1

nb/sr MeV. Note that our calculations do not include
explicit many-body effects. These may be of considerable
importance, as suggested by two experiments.

The first experiment is the recent measurement of the
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FIG. 9. Peak differential cross sections for (p,p'q) reaction
on ' 0, in pb/sr MeV, vs incident proton KE in GeV.
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process d +p —+ He+ g at Saturne. These measure-
ments, taken just above the threshold for g production,
showed surprisingly large cross sections, as large as those
for ~ near threshold. ' These large cross sections have
been interpreted by Laget and Lecolley as evidence for
very important many-body effects in g production. They
claim that the dominant g-production process in this re-
action involves resonant rescattering of the virtual pion
from the third nucleon; they claim that this process pro-
duces cross sections more than two orders of magnitude
larger than the results from the direct two-body process
considered in this paper.

The second experiment which suggests large enhance-
ments to simple production mechanisms is g photopro-
duction on the deuteron. ' The experimental results are
significantly larger than the most recent theoretical cal-
culation by Halderson and Rosenthal. ' Here the cause
of the discrepancy is not so clear, as earlier theoretical
calculations gave results much closer to experiment. '

However, it also suggests that g-production cross sec-
tions may be much larger than predicted by the simplest
theoretical models involving a two-body mechanism
proceeding through the S» (1535) isobar.

In connection with the recent threshold production of
g in d+p reactions, we have included isobar-hole terms
in the pion self-energy, which should take into account
some of the reaction mechanism of Laget and Lecolley.
Nevertheless, if their arguments are correct, then it is
quite possible that our theoretical predictions will far un-
derestimate experimental g production cross sections at
rather low energies. It might therefore be useful to make
even crude experimental measurements of q production
on nuclei.
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APPENDIX: PLANK-WAVE REACTION
CROSS SECTIONS

The amplitudes for the (p,p'r)) reaction proceeding via
an intermediate iV(1535) state give rise to four terms,
shown diagrammatically in Figs. 2(a) —(2(d). The c.m.
differential cross section is given in terms of the ampli-
tudes as

1()4 k 'k „E'E
dA'dA„dE' 2(2ir)~ k(1+E/E„) (Al)

In Eq. (Al), the units are pb/sr MeV, and I Tf; I is ob-
tained by squaring the amplitudes of Eqs. (10), (18), (20),
and (22), averaging over initial spins and summing over
final spins. The cross sections are calculated for an unpo-
larized incident proton. In this appendix, we neglect the
distortion of the incident and outgoing hadrons; eikonal
distortions are included in Section III B. The reaction is
assumed to take place between the projectile proton and a
single "active" nucleon in the nucleus, producing a con-
tinuum proton and a particle-hole nuclear state. With
the simple Gaussian wave functions of Eqs. (14) and (15),
the plane-wave-approximation cross sections in this mod-
el can be reduced to a sum of terms requiring no more
than a single integral. These terms are listed in the fol-
lowing equations.

The square of the transition amplitude can be written
as a sum of eight terms:

(A5)

The next term corresponds to emission of a pion by the
projectile proton, as shown in Fig. 1(b). This pion excites
a target nucleon to an N*(1535), which then decays to
the final continuum proton and g. This amplitude, the
target excitation term, or "amplitude B," is given in Eq.
(18), and in PWA has the form

Tii I

=c
I
a

I I I2 I

where

(A6)

a& = exp {—[k +(k'+ k„) ]/2p 0 ],4

~poRD *(coii )

(A7)

„dq q exp( —
q /p 0 )HJi (q )I2=

0 D (q, coii)

One additional amplitude requires no integration in the
PWA; this amplitude is obtained by exchanging the
bound and continuum nucleon lines in the final state of
the "target excitation" amplitude. This term, shown in
Fig. 2(d) and called "amplitude D," is given in Eq. (22).
Its plane-wave value has the form

2 2

ITDI =cH(q~) exp2= 2 9a QD

2po DDDD

Tf; I'= c', ( I T, I'+
I TD I')+ (c,')'( I Ti I'+

I Tc I')

+c,c', ( T„ii+T„c+TED+ TcD ) . wllel e

X [cosh(u ) —sinh(u )/u ], (A8)

Equation (A2) defines the cross sections for transitions to
final nuclear states with isospin ~; the coefficients c, and
c', are defined in Eqs. (10) and (18). In general, there will
be two additional interference terms, T~a and T~z.
However, these terms vanish when spin-averaged.

The first amplitude corresponds to emission of a virtual
pion from a target nucleon, excitation of the incident pro-
ton of momentum k to an X(1535) isobar, with subse-
quent decay to a continuum proton and g, with momenta
k' and k„, respectively. This amplitude is referred to ei-
ther as the "projectile excitation" term, or alternatively
as "amplitude A" [referring to the diagram of Fig. 2(a)].
The equation for this amplitude in PWA is given in Eq.
(10). In this equation, the nuclear transition density is
taken from Eqs. (13) and (15); the intermediate pion prop-
agator from Eq. (17); the isobar propagator from Eq. (4);
and the form factors from Eqs. (7), (8), and (6). In plane-
wave approximation, this amplitude gives the contribu-
tion

2

qR

Po

and the vector R appearing in Eq. (A9) is defined by

R=k+k'+k„.

(A9)

(A 10)

The final amplitude, given in Fig. 2(c), referred to as
"amplitude C," is obtained from amplitude 3 by ex-
changing the continuum and bound nucleon lines in the
final state. In PWA, ITcI is identical in form to the
term

I Tii I; it is given by

T, l'=c a, l'IS, I' . (Al 1)

CO~ ~Cog

Ha(q) Hc(q)

R—+R',
(A12)

In Eq. (All), I2 is obtained from I2 of Eq. (A8) by the
substitutions

I T„ I
=cH(q„) exp

2P0
(A3) where R' is defined by

R'=k+k' —k (A13)
where the coefficient c is common to every term, defined
as

(A4)

The overall coefficient ac in Eq. (Al 1) is defined by

ac= exp[ —[k' +(k —k„) ]/2@0 j
&iryoR 'D *(toe )

(A14)
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The interference term T~~ can be defIned as

T = —c expAB
Po

r

(tiiiI~ )

q~ cos0& Re (A15)

where aii and I~ are given in Eq. (A8). In Eq. (A15), the
angle 0& is the angle between the vectors qz and R,
defined in Eqs. (11)and (A lo), respectively.

The interference term T~& is identical in form to the
term T„z, if every term in Eqs. (A7) and (A8) is convert-
ed to the appropriate terms defined in Eqs. (A12) and

TgD = c exp
2@o

(aiiI, )
qDcosODRe

D ilcD71
(A16)

The interference term T&D is identical in form to the
term TED, if every term in Eq. (A16) is converted to the
appropriate terms defined in Eqs. (A12) and (A14).

(A14) (and the angle 8~ is replaced by the angle between
the vectors q„and R').

The interference term T~D is given by
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