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Neutron-proton bremsstrahlung calculation: Noncoplanarity effects
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Coplanar and noncoplanarnpg cross sections and coplanarnpg analyzing powers are calculated in the
energy region between 130 and 200 MeV for various nucleon scattering angles. Both pseudoscalar and
pseudovectorpN couplings have been considered in our calculations. The results are used to investigate
noncoplanarity effects. Agreement with availablenpg data is good for most cases, but discrepancies do exist
for some data points. We show that the dependence of the noncoplanar cross sections upon the noncoplanarity
angle is significantly different at different photon angles. This suggests that this more general approach should
be used to investigate the important noncoplanarity effects. Similar to what has previously been observed in
potential-model calculations, the meson-exchange effects dominate thenpg process. To the best of our knowl-
edge, results fornpg analyzing powers have heretofore not been calculated. As far as we know, nonpg
analyzing power experimental data are presently available for comparison, but these results should prove useful
for future experiments. The differences in either cross sections or analyzing powers calculated using the two
couplings are very small for all cases studied, in contradistinction to our previous calculations for theppg
process where the differences were found to be greater.

DOI: 10.1103/PhysRevC.64.064002 PACS number~s!: 25.40.2h, 13.40.2f, 13.75.Cs, 13.75.Gx
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I. INTRODUCTION

Recently, we have applied both proton-proton bremsstr
lung (ppg) and neutron-proton bremsstrahlung (npg) pro-
cesses to investigate an important problem related to
pion-nucleon coupling~pN coupling, NNp! @1#. Treating
the pN coupling not only as pseudoscalar~ps! but also a
pseudovector (pv), we have calculated both coplanar a
noncoplanar cross sections in Ref.@1# using a realistic one-
boson-exchange~OBE! model obtained by Horowitz@2#.
Specifically,ppg and npg cross sections have been calc
lated with theps coupling ~sppg

ps andsnpg
ps ! and thepv cou-

pling ~sppg
pv andsnpg

pv !. From these cross sections, the dev
tion in the ppg cross section,Dppg[sppg

ps 2sppg
pv , and the

deviation in thenpg cross section,Dnpg[snpg
ps 2snpg

pv , can
be determined. Even though the deviationDnpg for the npg
case is found to be too small to differentiate between the
couplings, the sensitive result forDppg in some kinematic
regions demonstrates that theppg process could be used t
study theps-pv problem. Moreover, an encouraging findin
is thatDppg increases dramatically if off-shell effects in th
pgp vertex are taken into account. This fact implies that
investigation of theps-pv problem should be combined wit
the study of thepgp vertex.

Using theppg process, we have also performed anoth
very thorough study of theps-pv question and the on-she
vs off-shell pgp vertex problem@3#. In Ref. @3#, we have
developed an approach which can be applied to system
cally investigate these two complex problems together. T
most important conclusion obtained in Ref.@3# is that the
experimentalppg data for both cross sections and analyzi
powers in the energy region between 157 and 280 MeV
only be consistently described by the calculations using
0556-2813/2001/64~6!/064002~8!/$20.00 64 0640
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off-shell pgp vertex and thepv coupling. Indeed an impor-
tant consequence of chiral symmetry is that pseudove
pN coupling is favored. In fact, the pion has been treated
a Goldstone boson associated with spontaneous symm
breaking, which in turn implies pseudovector coupling@4#.

In this work, we have focused on thenpg process and
calculated relevant cross sections and analyzing powers
expected, the deviationDnpg is indeed very small and doe
not shed any additional light on the difference between
two couplings. On the other hand, we have found that
dependence of the noncoplanar cross sections upon the
coplanarity angle is significantly different at different photo
angles. Thus the main purpose of this work is to investig
the noncoplanarity effects innpg. The off-shell nucleon
electromagnetic vertices~pgp and ngn vertices! have not
been used in ournpg calculations, primarily because th
determination of the off-shellngn vertex requires experi-
mentalnpg analyzing powers as input in our approach, b
such experimental data is currently not available, as far as
know. To be consistent, only on-shellpgp andngn vertices
have been used in this work.

The idea of using nucleon-nucleon bremsstrahlung a
tool for investigating theps-pv problem is rather new. This
idea has recently attracted considerable attention@1,3,5–7#.
It has been pointed out@6# that the contribution from nega
tive energy states may be significant to the problem in
ppg case. Our model does not naturally incorporate su
contributions. For theppg case, such investigations hav
been performed@7#, and the contribution from negative en
ergy states has been found to be small for photon ener
less than 100 MeV. Furthermore, since exchange effe
dominatenpg, it is likely that negative energy contribution
will be small in this case.

Most of the nucleon-nucleon bremsstrahlung experime
©2001 The American Physical Society02-1
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performed during the last three decades wereppg experi-
ments. Very fewnpg cross sections~mostly at large scatter
ing angles!, and no analyzing powers, have been measu
@8#. Generally speaking, thenpg experiments are much mor
difficult to perform than theppg experiments. In particular
detecting charged proton beams is easier than detecting
tral neutron beams, and the neutron beams lack the
quality and/or intensity required for precise measureme
Recently, thenpg process has received renewed attent
because thenpg process appears to be the most likely sou
of energetic photons emitted from heavy-ion collisions@9#,
and it is probably an ideal process for studying mes
exchange effects@10#.

A variety of models and approximations have been p
posed during the past three decades for bremsstrahlung
culations. In studying theppg andnpg processes, most the
oretical investigations have focused on nonrelativis
potential-model calculations using various phenomenolo
cal potentials as input. For thenpg case, an important find
ing obtained from these nonrelativistic potential-model c
culations is that meson-exchange currents are the domi
source of high energy photons. More precisely, Brown a
Franklin@10# have calculated thenpg cross section using th
electromagnetic Hamiltonian, which includes the coupling
the electromagnetic field to the nucleon currentsVem

1 and the
coupling of the electromagnetic field to the exchange c
rentsVem

2 . As a result, large exchange effects fromVem
2 were

predicted. The inclusion of theVem
2 term has been found to

increase thenpg cross section by about a factor of 2. Th
finding has been confirmed by Nakayama@11#.

These exchange effects can also be observed even
directly from our one-boson-exchange approach, as will
discussed in Secs. II and III. A unique feature of our OB
approach is that the exchange effects have been expli
taken into account in our calculations. Another important
vantage of using the OBE model is that the constructednpg
amplitudes are both Lorentz invariant and gauge invaria
Furthermore, the model allows us to readily incorporate b
the ps coupling and thepv coupling.

The organization of this paper is as follows. The expr
sion for the np elastic amplitude in Horowitz’s model i
given in Sec. II. In Sec. III, we describe the two differe
npg amplitudes, one for thepscouplingMnpg,m

ps and another
for the pv coupling Mnpg,m

pv , which have been used in ou
calculations. In Sec. IV, our calculated results of~coplanar
and noncoplanar! cross sections and analyzing powers a
presented. The results are compared with the experime
data and other calculations using the potential model. In
section, significant noncoplanarity effects innpg are dem-
onstrated. Implications of our results are discussed in
concluding section.

II. ELASTIC np AMPLITUDE

We consider photon emission accompanying thenp scat-
tering:

p~p1
m!1n~p2

m!→p~p3
m!1n~p4

m!1g~Km!. ~1!
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The five four-momenta in Eq.~1! satisfy energy-momentum
conservation,

p1
m1p2

m5p3
m1p4

m1Km, ~2!

and they can be used to define the following Mandelst
variables:

s125~p11p2!2, s345~p31p4!2,

t135~p12p3!2, t245~p22p4!2,

u235~p22p3!2, u145~p12p4!2. ~3!

In the limit whenK approaches zero, thenpg process~1!
reduces to the correspondingnp elastic scattering process,

p~p1
m!1n~p2

m!→p~ p̄3
m!1n~ p̄4

m!, ~4!

where

p̄3
m5 lim

k→0
p3

m ,

p̄4
m5 lim

k→0
p4

m . ~5!

In this limit, Eqs.~2! and ~3! become

p1
m1p2

m5 p̄3
m1 p̄4

m , ~6!

s5~p11p2!25~ p̄31 p̄4!2,

t5~p12 p̄3!2, u5~p22 p̄3!2. ~7!

In this work, we use Horowitz’s OBE model@2,3# to obtain
the npg amplitude. To construct thenpg amplitude from
Horowitz’s model, we follow the procedure discussed in R
@3#. Specifically, instead of generating thenpg amplitude
from the five-term representation of the elasticnp amplitude
@2#, we first construct Horowitz OBE diagrams for the elas
process and then attach the photon to these diagrams to
tain the npg amplitude. The elasticnp amplitude corre-
sponding to the OBE diagrams, valid for bothps and pv
couplings, has the form

Mnp~u,t !5 (
a51

5 H 2 (
b51

2

@Gab~ t ! f ab
2 ~ t !ū~ p̄3 ,n3!la

3u~p1 ,n1!ū~ p̄4 ,n4!lau~p2 ,n2!

12Gab~u! f ab
2 ~u!ū~ p̄4 ,n4!lau~p1 ,n1!

3ū~ p̄3 ,n3!lau~p2 ,n2!#

1 (
b53

4

Gab~ t ! f ab
2 ~ t !ū~ p̄3 ,n3!lau~p1 ,n1!

3ū~ p̄4 ,n4!lau~p2 ,n2!J , ~8!

where
2-2
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~l1 ,l2 ,l3 ,l4 ,l5![~1,smn ,g5gm ,gm ,g5!, ~9a!

~l1,l2,l3,l4,l5![~1,smn,g5gm,gm,g5!, ~9b!

f ab~x!5
Lab

2

x2Lab
2 , ~9c!

Gab~x!54pgab
2 i

x2mab
2 1 i eab

, x5t,u. ~9d!

The elastic cross sections calculated using the above am
tude Mnp(u,t) are identical to those obtained from Horow
itz’s amplitude in the five-term representation. The Horow
parameters, which involve the complex coupling consta
gab

2 , the cutoff parametersLab , and the meson masse
mab , are defined in Appendix A of Ref.@3#. Note thatt5
2q2 and u52Q2, where q and Q are, respectively, the
direct momentum transfer and the exchange momen
transfer used by Horowitz@2#.
06400
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III. npg AMPLITUDE

It is straightforward to generatenpg diagrams from the
np elastic diagrams in the OBE model. Thenpg amplitude
can be easily obtained from thenpg diagrams. As we have
already mentioned in the introduction, only the on-shell ne
tron electromagnetic vertex will be used in thenpg ampli-
tude. The main reason is that the off-shellngn vertex cannot
be determined in our approach without the experimentalnpg
analyzing power data, but to the best of our knowledge, s
data is not currently available. As for the proton electroma
netic vertex, we can use either the on-shell or the off-sh
pgp vertices. However, because the exchange effects~the
internal contribution! dominate thenpg cross section, the
difference between the results obtained from the on-shell
the off-shellpgp vertices is expected to be small. For co
sistency, we have also used the on-shellpgp vertex for all
npg calculations.

For ps coupling, thenpg amplitude has the form
Mnpg,m
ps 5 i (

a51

5 H 2 (
b51

2 FGab~ t24! f ab
2 ~ t24!ū~p3 ,n3!Xamu~p1 ,n1!ū~p4 ,n4!lau~p2 ,n2!1Gab~ t13!

3 f ab
2 ~ t13!ū~p3 ,n3!lau~p1 ,n1!ū~p4 ,n4!Ỹm

au~p2 ,n2!12Gab~u14! f ab
2 ~u14!ū~p4 ,n4!lau~p1 ,n1!

3ū~p3 ,n3!Z̃m
au~p2 ,n2!12Gab~u23! f ab

2 ~u23!ū~p4 ,n4!T̃amu~p1 ,n1!ū~p3 ,n3!lau~p2 ,n2!

12Gab~u14! f ab~u14! f ab~u23!S 11
u142mab

2

u232Lab
2 1

u232mab
2

u142Lab
2 D ~p11p32p22p4!m

u232mab
2 1 i eab

3 ū~p4 ,n4!lau~p1 ,n1!ū~p3 ,n3!lau~p2 ,n2!G1 (
b53

4

@Gab~ t24! f ab
2 ~ t24!ū~p3 ,n3!Xam

3u~p1 ,n1!ū~p4 ,n4!lau~p2 ,n2!1Gab~ t13! f ab
2 ~ t13!ū~p3 ,n3!lau~p1 ,n1!

3ū~p4 ,n4!Ỹm
au~p2 ,n2!#J , ~10!
es
where

Xam5la

1

p” 12K” 2m1 i e
Gm

p 1Gm
p 1

p” 31K” 2m1 i e
la ,

Ỹm
a5la

1

p” 22K” 2m1 i e
Gm

n 1Gm
n 1

p” 41K” 2m1 i e
la,

~11a!

Z̃m
a5la

1

p” 22K” 2m1 i e
Gm

n 1Gm
p 1

p” 31K” 2m1 i e
la,

T̃am5la

1

p” 12K” 2m1 i e
Gm

p 1Gm
n 1

p” 41K” 2m1 i e
la ,

~11b!
and the following on-shell nucleon electromagnetic vertic
have been used:

Gm
p 5gm2

ikp

2m
smnKn, kp51.79, ~12!

Gm
n 52 i

kn

2m
smnKn, kn521.91. ~13!

Those terms involving the factors~@12#!

f ab~u14! f ab~u23!S 11
u142mab

2

u232Lab
2 1

u232mab
2

u142Lab
2 D ~14!
2-3



posing
-

LI YI, M. K. LIOU, AND W. M. SCHREIBER PHYSICAL REVIEW C 64 064002
in Eq. ~10! belong to the internal amplitude. This internal amplitude can be obtained from the external amplitude by im
the condition for gauge invariance. The extra terms that depend onu14 andu23 in Eq. ~14! are required for current conserva
tion. These terms arise from the fact that the phenomenological form factors shown in Eq.~9c! have been introduced in
Horowitz’s model.

For pv coupling, the expression for thenpg amplitude is

Mnpg,m
pn 5Mnpg,m

ps 2 (
b51

2 FG5b~ t24! f 5b
2 ~ t24!ū~p3 ,n3!~X5m8 2X5m!u~p1 ,n1!ū~p4 ,n4!l5u~p2 ,n2!

1G5b~ t13! f 5b
2 ~ t13!ū~p3 ,n3!l5u~p1 ,n1!ū~p4 ,n4!~Ỹm8

52Ỹm
5 !u~p2 ,n2!12G5b~u14! f 5b

2 ~u14!

3ū~p4 ,n4!l5u~p1 ,n1!ū~p3 ,n3!~ Z̃m8
52Z̃m

5 !u~p2 ,n2!12G5b~u23! f 5b
2 ~u23!ū~p4 ,n4!

3~ T̃5m8 2T̃5m!u~p1 ,n1!ū~p3 ,n3!l5u~p2 ,n2!2G5b~u23! f 5b
2 ~u23!

1

m
ū~p4 ,n4!l5gmu~p1 ,n1!

3ū~p3 ,n3!l5u~p2 ,n2!2G5b~u14! f 5b
2 ~u14!

1

m
ū~p4 ,n4!l5u~p1 ,n1!ū~p3 ,n3!gml5u~p2 ,n2!G , ~15!
n

ge
an

f-
s

ross
n-

ex-

re-

e to
where

X5m8 5S l5

p” 12p” 32K”

2m D 1

p” 12K” 2m1 i e
Gm

p

1Gm
p 1

p” 31K” 2m1 i e S l5

p” 12p” 32K”

2m D ,

Ỹm8
55S l5

p” 22p” 42K”

2m D 1

p” 22K” 2m1 i e
Gm

n

1Gm
n 1

p” 41K” 2m1 i e S l5
p” 22p” 42K”

2m D ,

Z̃m8
55S l5

p” 22p” 32K”

2m D 1

p” 22K” 2m1 i e
Gm

n

1Gm
p 1

p” 31K” 2m1 i e S l5
p” 22p” 32K”

2m D ,

T̃5m8 5S l5

p” 12p” 42K”

2m D 1

p” 12K” 2m1 i e
Gm

p

1Gm
n 1

p” 41K” 2m1 i e S l5

p” 12p” 42K”

2m D . ~16!

Note that the amplitudeMnpg,m
pv takes into account photo

emissions frompN vertices.
Clearly, the two amplitudesMnpg,m

ps and Mnpg,m
pv depend

only upon relativistic invariants and they are fully gau
invariant. They have been used to calculate the noncopl
differential cross sectionssnpg

ps ([d3snpg
ps /dV3dV4dcg)

and snpg
pv ([d3snpg

pv /dV3dV4dcg), as a function of the

photon anglecg and the noncoplanarity anglef̄ ~f̄50 gives
06400
ar

the coplanar cross section!. We have also integrated the di
ferential cross sections overcg to obtain the integrated cros
sections as a function off̄,

d2snpg
ps~pv !/dV3dV45E ~d3snpg

ps~pv !/dV3dV4dcg!dcg .

In the past, the curve that represents the integrated c
sections as a function off̄ has been used to investigate no
coplanarity effects innpg. In fact, this curve allows one to
obtain a constant correction factorC that can be used to
convert the experimental noncoplanar cross sections to
perimental coplanar cross sections@13#. Obviously, this fac-
tor is independent ofcg . However, as discussed in Ref.@13#,
the noncoplanarity effect should be investigated more p

FIG. 1. Coplanarnpg cross sectionssnpg
pv as functions ofcg at

200 MeV for ū35 ū4530°, 35°, and 38°. The cross sectionssnpg
ps

are not shown in this figure mainly because they are very clos
the cross sectionssnpg

pv .
2-4
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cisely as to the dependence ofd3s/dV3dV4dcg upon f̄ at
different photon anglescg . Thus, the standard noncoplan
curve should besnpg

ps ~or snpg
pv ! as a function off̄ for a given

anglecg . For this reason, the standard noncoplanar cur
have also been calculated. They can be used to estim
cg-dependent correction factorsC(cg) @13#. Finally, we
have also calculated analyzing powersAy

ps andAy
pv .

IV. RESULTS AND DISCUSSION

We have calculatednpg coplanar and noncoplanar cro
sections,snpg

ps for pscoupling andsnpg
pv for pv coupling, and

npg analyzing powersAy
ps andAy

pv . The relevant formulas
used in these calculations can be found in Appendix C
Ref. @3#. Some results at 200 and 130 MeV are shown
Figs. 1–9. These results are compared with the experime
data and the results calculated using other approaches
though not explicitly shown, contributions due to brem
strahlung emissions from the exchange of charged me
are found to dominate both cross sections and analy
powers.

FIG. 2. ~a! Coplanarnpg cross sections as functions ofcg at

200 MeV for ū35 ū4530°. Our cross sections,snpg
pv ~solid curve!

and snpg
ps ~dashed curve!, are compared with the potential-mod

predictions~dotted curve! obtained by Brown and Franklin~Ref.
@10#!. ~b! Coplanarnpg cross sections as functions ofcg at 200

MeV for ū3530° and ū4545°. Our cross sections,snpg
pv ~solid

curve! and snpg
ps ~dashed curve!, are compared with the potentia

model predictions~dotted curve! obtained by Herrmann, Speth, an
Nakayama~Ref. @14#!.
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In Fig. 1, we present the coplanar cross sectionsnpg
pv as a

function of cg (2180°<cg<180°) at 200 MeV for ū3

5 ū4530°, 35°, and 38°. The cross sectionssnpg
ps , which are

very close tosnpg
pv for all cases, are not shown in this figur

Because the deviationDnpg5snpg
ps 2snpg

pv is extremely
small, thenpg process at this energy and these angles can
be used to distinguish between thepsandpv couplings. Note
that the cross sectionsnpg

pv increases as the symmetric sca

tering angle ū35 ū4 increases in the range2100°<cg
<180°.

In Fig. 2, we compare our results with two well-know
potential-model calculations. In Fig. 2~a!, our calculated
cross sections,snpg

pv ~solid curve! andsnpg
ps ~dashed curve! at

200 MeV for ū35 ū4530°, are compared with the cross se
tions calculated by Brown and Franklin~dotted curve! @10#.
The agreement between the two calculations is extrem
good for the second peak (0°<cg<180°), but our first peak
(2180°<cg<0°) is about 20%–30% smaller than the
peak. In Fig. 2~b!, our calculated cross sections@snpg

pv ~solid
curve! and snpg

ps ~dashed curve! are too close to be distin

guished# at 200 MeV forū3530° andū4545° are compared

FIG. 3. ~a! Integratednpg cross sections as functions ofū4 at

130 MeV for ū3520°. Our calculationd2snpg
pv /dV3dV4 ~solid

curve! is compared with the potential-model result~dashed curve!
obtained by Brown and Franklin~Ref. @10#!. The experimental data
are from Ref.@15#. ~b! Integratednpg cross sections as functions o

the symmetric scattering angles (ū35 ū4) at 200 MeV. Our result
d2snpg

pv /dV3dV4 ~solid curve! is compared with the results ob
tained by Brown and Franklin~Ref. @10#! ~dashed curve!, Her-
rmann, Speth, and Nakayama~Ref. @14#! ~dotted curve!, and Scha¨-
fer et al. ~Ref. @17#! ~dash-dotted curve!. The experimental data ar
from Ref. @16#.
2-5
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with the cross section calculated by Herrmann, Speth,
Nakayama~dotted curve! @14#. Agreement between the re
sults calculated using the two different approaches is v
good.

In Fig. 3~a!, we show integrated cross sectio

FIG. 4. Integratednpg cross sectiond2snpg
pv(ps)/dV3dV4 as a

function off̄ at 200 MeV forū35 ū4530°, 35°, and 38°. The solid
and dashed curves represent the results for thepsandpv couplings,
respectively.

FIG. 5. Noncoplanarnpg cross sectionssnpg
pv as functions ofcg

at 200 MeV for several noncoplanarity anglesf̄: ~a! ū35 ū4

530° and~b! ū35 ū4538°.
06400
d

ry
d2snpg

pv /dV3dV4 as a function ofū4 at 130 MeV for a fixed

angleū3520°. Our result~solid curve! is compared with the
experimental measurements@15# and the potential-mode
prediction of Brown and Franklin~dashed curve! @10#. All
calculations are in good agreement with the experime
data. In Fig. 3~b!, we show the integratednpg cross section
at 200 MeV for several symmetric scattering angles,ū3

5 ū4530°, 35° and 38°. Our result~solid curve! is compared
with the experimental data@16# and three other calculations
i.e., by Brown and Franklin~dashed curve! @10#, Herrmann,
Speth, and Nakayama~dotted curve! @14#, and Scha¨fer et al.
~dash-dotted curve! @17#. Our result is in very close agree
ment with that of Herrmann, Speth, and Nakayama. T
agreement between all calculations and the experimental
is good for ū35 ū4530°, but poor forū35 ū4538°. The
data for the 38° case is much greater than all theoret
predictions. As discussed below, it is likely that the nonc
planar effect is responsible for this large discrepancy
tween theory and experiment.

In Fig. 4, we present the integrated cross sect
d2snpg

pv(ps)/dV3dV4 as a function of the noncoplanarity ang

f̄ at 200 MeV for ū35 ū4530°, 35°, and 38°. Some inter
esting features can be observed@1#. ~i! The deviationDnpg8
([d2snpg

ps /dV3dV42d2snpg
pv /dV3dV4) is extremely small

for all cases, suggesting that thenpg process at 200 MeV
and large scattering angles cannot be used to resolve
ps-pv problem.~ii ! The general shape of thenpg noncopla-
nar curves shown in this figure is quite different from that
the ppg noncoplanar curves~see Fig. 2 of Ref.@1# and Fig.
6 of Ref. @3#!. These curves indicate that the experimenta
detected bremsstrahlung events must be corrected in ord
determine the true coplanar cross sections, and the corre
factorC for thenpg case should be quite different from th
for the ppg case.~iii ! Noncoplanarity effects increase as th
symmetric scattering angles increase. The correction factC
for the three cases will be very different. The factorC for a

FIG. 6. Noncoplanarnpg cross sectionssnpg
pv as a function off̄

for a given cg(530°,90°,120°,210°,270°) at 200 MeV forū3

5 ū4530°.
2-6
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small symmetric angle should be close to 1. The nonco
narity effects for the 38° case is very significant, suggest
that such effects may explain the large discrepancy betw
theory and experiment.

In Fig. 5, we show noncoplanarnpg cross sectionssnpg
pv

as functions ofCg at 200 MeV for several noncoplanarit
anglesf̄. These results demonstrate that the noncoplana
effects, i.e., the dependence ofsnpg

pv uponf̄, differ markedly
as functions ofCg . Because of this significant angular d
pendence of the noncoplanarity, the noncoplanar cross
tion as a function off̄ for a given Cg , rather than the
integrated cross section as a function off̄, should be used by
experimentalists for converting the experimental~noncopla-
nar! cross section into a coplanar result. In other words,
correction factorC(Cg), rather than the correction factorC,
should be used.

In Fig. 6, we plot various standard noncoplanar curves
ū35 ū4530° at the incident energy 200 MeV. Each cur
represents the noncoplanar cross section as a functionf̄
for a givenCg . These noncoplanar curves show quite s

FIG. 7. Same as Fig. 6, but forū35 ū4538°.

FIG. 8. Coplanarnpg analyzing power at 200 MeV forū3

5 ū4530°.
06400
a-
g
en

ty

c-

e

r

-

nificant noncoplanarity effects that depend very much
Cg . In other words, the correction factorsC(Cg) obtained
from these curves will be completely different at differe
Cg . Similar standard noncoplanar curves, but forū35 ū4
538°, are given in Fig. 7.

Two sets of calculatednpg analyzing powers at 200 MeV
are shown in Fig. 8 forū35 ū4530° and in Fig. 9 forū3

5ū4538°. The deviation,DA[Ay
ps2Ay

pv , is larger for the
30° case than for the 38° case. However, it is still too sm
for an experiment to differentiate between the two couplin

Finally, in order to estimate the contribution from the o
shell proton electromagnetic vertex~off-shell pgp vertex!,
we have also calculated bothnpg cross sections and analyz
ing powers at 200 MeV forū35 ū4520°, 30°, 35°, and 38°
using the off-shellpgp and the on-shellngn vertices in the
calculations. The results of these calculations were compa
with those using on-shell electromagnetic vertices for b
the proton and the neutron. In general, the effect of the
shell pgp vertex is small. We have found that the effe
increases as the scattering angle decreases, and it ca
completely ignored for the large scattering angles (ū35 ū4
.35°).

V. CONCLUSION

We have calculatednpg cross sections for both coplana
and noncoplanar cases, andnpg analyzing powers for the
coplanar case. Both pseudoscalar and pseudovectorpN cou-
plings have been considered. The results of our calculat
have been used to investigate noncoplanarity effects.

The calculations based on the two different couplings~ps
andpv! yield very similar results, where thenpg analyzing
powers are found to be slightly more sensitive to the diff
ence between the two couplings in comparison with thenpg
cross sections. Our study confirms what has previously b
observed in potential-model calculations that exchange
fects dominate thenpg process.

We have found that the dependence of the noncopla
cross sections upon the noncoplanarity anglef̄ is signifi-
cantly different at different photon anglesCg . This in turn
implies that this variation withCg should be taken into ac

FIG. 9. Same as Fig. 8, but forū35 ū4538°.
2-7
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count in the determination of the appropriate correction f
tors needed to yield the coplanar cross sections. It is m
likely that the noncoplanar effect is responsible for so
existing large discrepancy between theory and experime

The calculatednpg analyzing powers have to the best
our knowledge heretofore not been done. Though experim
tal data on analyzing powers, as far as we know, is prese
.

in

th
n

06400
-
st
e
.

n-
tly

not available, these calculations should prove useful for
ture experimentation in this area.
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