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Neutron-proton bremsstrahlung calculation: Noncoplanarity effects
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Coplanar and noncoplanampy cross sections and coplanapy analyzing powers are calculated in the
energy region between 130 and 200 MeV for various nucleon scattering angles. Both pseudoscalar and
pseudovectormN couplings have been considered in our calculations. The results are used to investigate
noncoplanarity effects. Agreement with availablpy 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 dominatg@ghprocess. To the best of our knowl-
edge, results fonpy analyzing powers have heretofore not been calculated. As far as we knompyo
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 fopthe
process where the differences were found to be greater.
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[. INTRODUCTION off-shell pyp vertex and thguv coupling. Indeed an impor-
tant consequence of chiral symmetry is that pseudovector

Recently, we have applied both proton-proton bremsstrah#N coupling is favored. In fact, the pion has been treated as
lung (ppy) and neutron-proton bremsstrahlungpfy) pro- a Goldstone boson associated with spontaneous symmetry
cesses to investigate an important problem related to thereaking, which in turn implies pseudovector couplidg
pion-nucleon coupling 7N coupling, NN7) [1]. Treating In this work, we have focused on thepy process and
the =N coupling not only as pseudoscalqrs) but also a  Calculated relevan.t cross sgctjons and analyzing powers. As
pseudovector fv), we have calculated both coplanar and €xPected, the deviatiod,,, is indeed very small and does
noncoplanar cross sections in REF] using a realistic one- not shed any additional light on the difference between the
boson-exchanggOBE) model obtained by HorowitZ2]. two couplings. On the other hand, we haye found that the
Specifically,ppy andnpy cross sections have been Ca|Cu_dependence of the noncoplanar cross sections upon the non-

. : ps ps ~ coplanarity angle is significantly different at different photon
lated with theps COUp“ng(UPPY and U”PV) and thepu cou angles. Thus the main purpose of this work is to investigate

pling (o5, and oy, ). From these cross sections, the devia-ne ' noncoplanarity effects impy. The off-shell nucleon
tion in the ppy cross sectionA,,, = USEY— Ugfw: and the electromagnetic vertice@yp and nyn vertice3 have not
deviation in thenpy cross sectionAn,, =03, —ohp,, Can  been used in ounpy calculations, primarily because the
be determined. Even though the deviatibg,, for thenpy  determination of the off-shelhyn vertex requires experi-
case is found to be too small to differentiate between the twenentalnpy analyzing powers as input in our approach, but
couplings, the sensitive result fd,,, in some kinematic such experimental data is currently not available, as far as we
regions demonstrates that th@y process could be used to know. To be consistent, only on-shellyp andnyn vertices
study theps-pv problem. Moreover, an encouraging finding have been used in this work.
is thatA ., increases dramatically if off-shell effects in the  The idea of using nucleon-nucleon bremsstrahlung as a
pyp vertex are taken into account. This fact implies that thetool for investigating theps-pv problem is rather new. This
investigation of theps-pv problem should be combined with idea has recently attracted considerable atter[tioB,5—17.
the study of thepyp vertex. It has been pointed oli6] that the contribution from nega-
Using theppy process, we have also performed anothettive energy states may be significant to the problem in the
very thorough study of thes-pv question and the on-shell ppy case. Our model does not naturally incorporate such
vs off-shell pyp vertex problem[3]. In Ref.[3], we have contributions. For theppy case, such investigations have
developed an approach which can be applied to systematbeen performed7], and the contribution from negative en-
cally investigate these two complex problems together. Thergy states has been found to be small for photon energies
most important conclusion obtained in REB] is that the less than 100 MeV. Furthermore, since exchange effects
experimentappy data for both cross sections and analyzingdominatenpvy, it is likely that negative energy contributions
powers in the energy region between 157 and 280 MeV cawill be small in this case.
only be consistently described by the calculations using the Most of the nucleon-nucleon bremsstrahlung experiments
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performed during the last three decades wepa experi-  The five four-momenta in Eq1) satisfy energy-momentum
ments. Very fewnpy cross sectiongmostly at large scatter- conservation,

ing angles, and no analyzing powers, have been measured

[8]. Generally speaking, thepy experiments are much more p1+ps=p5+ps+K¥, @
difficult to perform than thepy experiments. In particular,

detecting charged proton beams is easier than detecting ne nd they can be used to define the following Mandelstam

tral neutron beams, and the neutron beams lack the higY]a”ableS'

quality and/or intensity required for precise measurements. S1o=(P1+P2)%  Sa=(Patps)?,

Recently, thenpy process has received renewed attention

because thapy process appears to be the most likely source t13=(P1—P3)2  tou=(p2—pa)?

of energetic photons emitted from heavy-ion collisig8$

and it is probably an ideal process for studying meson- Uys=(P2—P3)% Up=(p1—Pa)°. 3

exchange effectklO0].
A variety of models and approximations have been prodn the limit whenK approaches zero, thepy process(1)

posed during the past three decades for bremsstrahlung cakduces to the corresponding elastic scattering process,

culations. In studying thppy andnpy processes, most the-

oretical investigations have focused on nonrelativistic p(py)+n(p5)—p(ps)+n(py), (4)

potential-model calculations using various phenomenologi-

cal potentials as input. For thepy case, an important find- here

ing obtained from these nonrelativistic potential-model cal-

- - P} = lim p4,
culations is that meson-exchange currents are the dominant KD
source of high energy photons. More precisely, Brown and
Franklin[10] have calculated thepy cross section using the %= lim p* (5)
. T T . Py =hm py .
electromagnetic Hamiltonian, which includes the coupling of K—0

the electromagnetic field to the nucleon currevis, and the
coupling of the electromagnetic field to the exchange curin this limit, Egs.(2) and(3) become
rentsV2,,. As a result, large exchange effects frdffy, were
predicted. The inclusion of thé?2,, term has been found to
increase thenpy cross section by about a factor of 2. This
finding has been confirmed by Nakayafd4].
These exchange effects can also be observed even more t=(p1=Pa)%  U=(py—Ta)? @
directly from our one-boson-exchange approach, as will be P1=Pa)% P2~ Pa)™
discussed in Secs. Il and Ill. A unique feature of our OBE|p, his work, we use Horowitz’s OBE modg2,3] to obtain
approach is that the exchange effects have been explicithy,q npy amplitude. To construct thepy amplitude from
taken into account in our calculations. Another important adyrowitz’s model, we follow the procedure discussed in Ref.
vantage of using the OBE model is that the construaiggt 3], Specifically, instead of generating thepy amplitude
amplitudes are both Lorentz invariant and gauge invariantom the five-term representation of the elastizamplitude
Furthermore, the model allows us to readily incorporate botljo] e first construct Horowitz OBE diagrams for the elastic
the ps coupling and thepv coupling. process and then attach the photon to these diagrams to ob-
The organization of this paper is as follows. The expresiain the npy amplitude. The elastiap amplitude corre-

sion for the np elastic amplitude in Horowitz's model is sponding to the OBE diagrams, valid for bois and pv
given in Sec. Il. In Sec. lll, we describe the two different couplings, has the form ’

npvy amplitudes, one for thpscouplingMﬁgy . and another

P+ P =P5+Py, (6)

s=(p1+P2)?=(P3+pa)?,

for the pv couplingMPR? . which have been used in our ° 2 ,
calculations. In Sec. IV, our calculated results(obplanar M p(u,t)= Z - 2 [Gap(t)foa(tu(ps, va)\,
and noncoplanarcross sections and analyzing powers are «t At

presented. The results are compared with the experimental XUu(p1,v)U(Ps, v4)N“U(po,vy)

data and other calculations using the potential model. In this L

section, significant noncoplanarity effectsnpy are dem- +2G g(W) 2 () U(Pag, va) N LU(Py,v7)

onstrated. Implications of our results are discussed in the

concluding section. Xu(pz, v3)A“U(pz,v,)]

4

9 e
Il. ELASTIC np AMPLITUDE +;3 Cap(DTop(DUP3, )N oUi(P1,v1)
We consider photon emission accompanying ripescat-
tering: XU(P4, va)N*U(P2,v2) [ 8
p(P1) +n(p5)—p(p5) +n(ps) + y(K¥). (D where
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(N A2 A3 Mg N5)=(1,0 0, V5V s Vs ¥5),  (99)
(NNZNINEND) =10, y57* v ¥5),  (9b)
Ay

fap(X)= x—AZ,’ (90
i
_ 2 5 _
G,p(X) 4Wgaﬁx—miﬁ+ieaﬁ' X=t,u. (9d)

PHYSICAL REVIEW C 64 064002
Ill. npy AMPLITUDE

It is straightforward to generatepy diagrams from the
np elastic diagrams in the OBE model. The@y amplitude
can be easily obtained from thgpy diagrams. As we have
already mentioned in the introduction, only the on-shell neu-
tron electromagnetic vertex will be used in they ampli-
tude. The main reason is that the off-shejin vertex cannot
be determined in our approach without the experimempg}
analyzing power data, but to the best of our knowledge, such

The elastic cross sections calculated using the above amplilata is not currently available. As for the proton electromag-
tude M,,(u,t) are identical to those obtained from Horow- netic vertex, we can use either the on-shell or the off-shell
itz’s amplitude in the five-term representation. The Horowitzpyp vertices. However, because the exchange effébis
parameters, which involve the complex coupling constanténternal contribution dominate thenpy cross section, the
giﬁ, the cutoff parameters\,;, and the meson masses difference between the results obtained from the on-shell and

m,g, are defined in Appendix A of Ref3]. Note thatt=

the off-shellpyp vertices is expected to be small. For con-

—q? and u=—Q?, whereq and Q are, respectively, the sistency, we have also used the on-sipetp vertex for all
direct momentum transfer and the exchange momentumpy calculations.

transfer used by Horowit2].

MPe

5 2
npy’”:iazl ’ _;;1

For ps coupling, thenpy amplitude has the form

Gaﬁ(t24)fiﬁ(t24)i( P3,v3) X U(P1, v1)U(Pa, va) NU(P2,v2) + Ghp(tsa)

X 12 5(t1U(P3, va) N (U(P1, v1)U(Pa, va) YoU(P2, v2) +2G 5 U1a) T2 5(U1) U(P4, 4N (U(P1, v1)

XU(P3,3) ZoU(P2,v2) +2G 1 5(Ug3) 2 4(Upa U Pa, v4) T, U(P1, 1) U(P3, v3) N “U(P2, v2)

Uig

2 2
maﬁ Uos— maB

(P1+P3=P2—P4)

1+

+2G ,5(U1a) Fop(U10) f o 5(U23)

X U(Pg, V)N U(P1,v1)U(P3, v3) N *U(P2, v5)

) )
U= Ayp U= Agg

Uos— miﬁ—’_ i €u4p
4
+,823 [Gap(t2d) Fop(t2)U(Ps,v3) Xap

XU(P1,v1)U(Pg, v4a)NU(P2,v2) + Gaﬁ(tl3)f§[3(t13)i( P3,v3) A U(P1, V1)

XU(F’A,VA)?ZU(DZ:Vz)]],

where
Xop=Nog—7 IO +Th——7p—— X\,
pi—K—m+ie * ~ Hps+K—m+ie
Veone 1 _prypn 1
m po—K—m+ie * = Hp,+K—m+ie '
(113
> n p__ N a

Co N TN :
2N TR —mrie + T g R mie

. 1
=\ — TP n_____
Tan=Nop T —mriel #t g7 K—m+ie"a('llb)

(10

and the following on-shell nucleon electromagnetic vertices
have been used:

IKp

Lh=%,= 500K Kp=179, (12)
n . Kn »
[h=—i500,K" k=191 (13
Those terms involving the factorg12])
2 2
UpgmMyg  Uz— M,
Fap(U1a)fap(Uza)| 1+ . 2l a

2 )
Ups— Ay U= Ay
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in Eq. (10) belong to the internal amplitude. This internal amplitude can be obtained from the external amplitude by imposing
the condition for gauge invariance. The extra terms that depend pandu,; in Eq. (14) are required for current conserva-
tion. These terms arise from the fact that the phenomenological form factors shown {8cEfave been introduced in

Horowitz’s model.
For pv coupling, the expression for thepy amplitude is

2

M Ezy,u: M ﬁ?)y,,u_ le GSB(t24)f§ﬁ(t24)U( P3,v3) (X5, = Xs,)U(P1,v1)U( P4, va)NU(p2,v)

+Gp(t1g) F24(t1g)U(P3, va)NsU(P1, ¥1)U(Pa, va) (Y], = Y)U(Pa, v2) +2Gs4(U1a) FE4(U1)

XU(Pa,v4)NsU(P1, 1) U(P3, V3)(2L5—22)u(p2 ,v2) +2Ggp(Uzs) féﬁ(u23)i( Pa,vs)

~ ~ _ 1_
X (Téﬂ_ Ts,)U(P1,v1)u(ps, va)N2U(py,vp) — GSﬁ(UZS)fEB(UZ:&) m U(ps,va)Asy, U(p1,v1)

_ 1 _
XU(p3,v3)\°U(py,vy) — ng(u14)f§;;(u14) EU(D4 ) NsU(P1,71)U(P3,73) ¥, AU(P2,v2) |, (15

the coplanar cross sectipiWe have also integrated the dif-

where
ferential cross sections oveér, to obtain the integrated cross
) p1—ps—K 1 ] sections as a function ap,
Xsu=| N5 p—K—m+ie *
P p1—b3—K d2ohaPd0,d0 = J (dPahsPd05dQ,dy,)dys, .
rps+K—m+ie|"®  2m ’
In the past, the curve that represents the integrated cross
¥5=| )5 P2~ Pa— K) 1 " sections as a function @ has been used to investigate non-
’ 2m po—K-—m+ie * coplanarity effects impy. In fact, this curve allows one to
1 o ba—K obtain a constant correction fact@ that can be used to
4 : ( 512 M4 ) convert the experimental noncoplanar cross sections to ex-
Fpa+K—m+ie 2m perimental coplanar cross sectidis]. Obviously, this fac-
tor is independent of., . However, as discussed in RgL3],
bo—ps—K 1 the noncoplanarity effect should be investigated more pre-
'275: 5 _ rn
w o\ M 2m )pz—K—m+|e f‘ .
P }\sz—m—K ‘§ npy 200 MeV  85=0; 4.
“hs+K—m+ie 2m ' 5
2
‘-"l—r N pl_lb4_K 1 TP N
Su |5 2m p1—K—m+ie * ;A
%
pi—ps—K Y
+T0 . : g
rﬂp4+ K-m+iel"® 2m (16) 3
T
Note that the amplitudé1fy, , takes into account photon 0 e
emissions frommN vertices. 180 120 -60 0 60 120 180

Clearly, the two amplitudes’ , andMp)  depend
only upon relativistic invariants and they are fully gauge

invariant. They have been used to calculate the noncoplanar g5 1 Coplananpy cross sections?:_ as functions o, at

. . . ps _ 3 ps - -
differential cross sectionsry;,, (=d Unp7/d93dﬂ4d’f/’7) 200 MeV for 6;=6,=30°, 35°, and 38°. The cross section;,

_ 13 :
and oy, (=d°of /dQ3dQ,dy,), as a function of the  are not shown in this figure mainly because they are very close to

photon angley, and the noncoplanarity angE(Ez 0 gives  the cross sectionsf, .

v, (deg)
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1 T T T T T T T T T T T
npy 200 MeV 9,=19,=130° 120 | npy B 1
(a) 130 MeV  6,=20°
ol @
80 F -
S _ i -
o] ~
~ a
~ : R i
E st -§L 40
= ~ - -
l ~t
N G 0 ) L ) ) .
S
s o 23 26 29 32 35 38
'.Q 0 1 ) 1 1 1 1 1 1 1 1 1 % p— _ _ -
- - = (b) 200 MeV G,=8,
g npy 200 MeV 0,=30° B,=45° v N
o 40F 1 = » .
K (8)
© 80 |- -
c:G = —-—
40 .
O " " i
30 35 40
o—_ 6, (deg)
-180  -120  -60 0 60 120 180 B
v, (deg) FIG. 3. (a) Integratednpy cross sections as functions 6f at
; -

130 MeV for 63=20°. Our calculationdzoﬁ’;,yldﬂngAl (solid

FIG. 2. (a) Coplanampy cross sections as functions ¢f, at ~ Curve is compared with the potential-model res(dashed curve
200 MeV for 6= 6,=30°. Our cross sections;” (solid curve obtained by Brown and FranklifRef.[10]). The experimental data

"npy . .
and o83 (dashed curve are compared with the potential-model are from Ref[15]. (b) Integratechpy cross sections as functions of

predictions(dotted curvg obtained by Brown and FranklitRef. ~ the Symmetric scattering anglegs(=6,) at 200 MeV. Our result
[10]). (b) Coplanarnpy cross sections as functions ¢f, at 200  d°ohy,/dQ3dQ, (solid curve is compared with the results ob-
MeV for 532300 and@=45°. our cross sectionsrﬁf,y (solid tained by Brown and FranklifRef. [10]) (dashed curve He_r-
curve and oS rmann, Speth, and Nakayartiaef.[14]) (dotted curvg and Scha

npy (dashed curve are compared with the potential- )
model predictiongdotted curvi obtained by Herrmann, Speth, and fer et al. (Ref.[17]) (dash-dotted curyeThe experimental data are

Nakayama(Ref. [14]). from Ref.[16].

. In Fig. 1, we present the coplanar cross secb'ﬁby as a
cisely as to the dependence fo/dQ;dQ,dy, upone at  fynction of ¥, (—180°<y,<180°) at 200 MeV ford,
different photon angleg,. Thus, the standard noncoplanar _— _ 510 o o ; ;

— =6,=30°, 35° and 38°. The cross sectlcnﬁ , which are
curve should berP®  (or P ) as a function ofp for a given y pv i
npy npy very close tooy,,, for all cases, are not shown in this figure.
angle, . For this reason, the standard noncoplanar CUrVegocause the deviatiom PS _ 5P s extremely

; npy~ 9npy™ Tnpy
have also been calcqlated. They can be us'ed to esnmag?nall, thenpy process at this energy and these angles cannot
#,-dependent correction factor§(y,) [13]. Finally, we

be used to distinguish between ndpv couplings. Note
have also calculated analyzing powé¥’ andA}” . N stingu Weandpo coupling

that the cross sectioa), increases as the symmetric scat-

tering angle ;= 6, increases in the range-100°<4,
IV. RESULTS AND DISCUSSION <180°.
In Fig. 2, we compare our results with two well-known
potential-model calculations. In Fig.(&, our calculated
cross sectionsy?? _ (solid curve anda®:  (dashed curveat

We have calculated py coplanar and noncoplanar cross
sectionsphy, for pscoupling andohy,, for pv coupling, and
npy analyzing powers\j* and A}’ . The relevant formulas npy npy

used in these calculations can be found in Appendix C of00 MeV for ;=0,=30°, are compared with the cross sec-
Ref. [3]. Some results at 200 and 130 MeV are shown intions calculated by Brown and Franklidotted curve [10].

Figs. 1-9. These results are compared with the experimentd'€ agreement between the two calculations is extremely
data and the results calculated using other approaches. A$o0d fczr the secoonq peak (@o%f 1800)* but our first peak
though not explicitly shown, contributions due to brems-(—180°<,=0°) is about 20%-30% smaller than their

strahlung emissions from the exchange of charged mesom$ak. In Fig. éﬂ))’ our calculated cross sectiopsfy, (solid
are found to dominate both cross sections and analyzingurvel and o7, (dashed curveare too close to be distin-
powers. guished at 200 MeV for#3=30° andd,=45° are compared
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80 T T T T T T T T T T T T
v, = 30°
npy 200 MeV npy 200 MeV v, =%
’i; 70 — b _’é B G,=6,=130"°"  ___ _w,:;?s° 7
.y A B Ng ............. v, = °
-g 6 L 63"04"38 i 3 s b e v, = 210° |
g sl s
SREY % o
% 40 ;/m\ @3 = 94 =35 T .mv
3 G
i =
= _ o 4 4
30 o
T 8,20, =30 3
25 £ 1 g
0 [l ] 1 1 1 1 n
0 2 4 6
— d 0 1 1 1 ] ] 1
¢ (deg) 0.0 2.0 4.0 6.0
FIG. 4. Integratechpy cross sectiord®cfyP9/dQ;d(, as a b (deg)
function of ¢ at 200 MeV forf;= 6,=30°, 35°, and 38°. The solid -
and dashed curves represent the results fopstendpv couplings, FIG. 6. Noncoplananpy cross sectionsﬁ;y as a function ofp
respectively. for a given .(=30°,90°,120°,210°,270°) at 200 MeV fof;

with the cross section calculated by Herrmann, Speth, and Pum30" .

Nakayama(dotted curve [14]. Agreement between the re- d?c}? /d(3d(), as a function ofd, at 130 MeV for a fixed

sults calculated using the two different approaches is Ver)éngleE:20°. Our resulfsolid curve is compared with the

good. _ _experimental measuremenf45] and the potential-model
In Fig. 3@, we show integrated cross sections yreqiction of Brown and Frankliidashed curve[10]. Al

calculations are in good agreement with the experimental

data. In Fig. 8), we show the integratexpy cross section

12 (a) apy 200Me¥  By=0, =30 ; at 200 MeV for several symmetric scattering anglgg,

=0,=30°, 35° and 38°. Our resulsolid curve is compared
with the experimental datdl6] and three other calculations,
i.e., by Brown and Franklifidashed curve[10], Herrmann,
Speth, and Nakayanfaotted curvg¢[14], and Scheer et al.
(dash-dotted curyeg[17]. Our result is in very close agree-
ment with that of Herrmann, Speth, and Nakayama. The
agreement between all calculations and the experimental data
is good for 3= 6,=30°, but poor ford;=6,=38°. The
data for the 38° case is much greater than all theoretical
predictions. As discussed below, it is likely that the nonco-
planar effect is responsible for this large discrepancy be-
tween theory and experiment.

In Fig. 4, we present the integrated cross section
d2a P2 (P9/d € ,d(, as a function of the noncoplanarity angle

¢ at 200 MeV for 6;=6,=30°, 35°, and 38°. Some inter-
esting features can be obseréd. (i) The deviationA,’]py
(=d?ohs JdQ3dQ,—d?ofy /dQ3dQ,) is extremely small
for all cases, suggesting that they process at 200 MeV
and large scattering angles cannot be used to resolve the
ps-pv problem.(ii) The general shape of thgy noncopla-
nar curves shown in this figure is quite different from that of
the ppy noncoplanar curvetsee Fig. 2 of Ref[1] and Fig.
6 of Ref.[3]). These curves indicate that the experimentally
0 60 120 180 240 300 360 detected bremsstrahlung events must be corrected in order to
v, (deg) determine the true coplanar cross sections, and the correction
factor C for the npy case should be quite different from that
FIG. 5. Noncoplananpy cross sectionsy, as functions oy, for the ppy case.(iii ) Noncoplanarity effects increase as the
at 200 MeV for several noncoplanarity anglgs (a) 63=6,  symmetric scattering angles increase. The correction f&xtor
=30° and(b) 6;=60,=38°. for the three cases will be very different. The factfor a

d*o/dQ,dQ,dy, (ublsr®rad)
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T T 1 0.2 T T T T
npy 200Mev 0 ;=0,=38°
-~ 0.1 + pv -
E 0 [\
N% o 7] 'I"". ™
§ < 00 f\ T
: | Y "N
> o
'Qv -
S 0.1 P _
"§_‘ =
g
=
o i 0.2
© 0 60 120 180 240 300 360
0 | L 1 1 ] L yy (deg)
0.0 1.0 2.0 3.0
- FIG. 9. Same as Fig. 8, but fcﬂrg— 04 38°.
¢ (deg)
FIG. 7. Same as Fig. 6, but f@t,= 6, 38°. nificant noncoplanarity effects that depend very much on

WV, . In other words, the correction facto®(¥,) obtained

from these curves will be completely d|ﬁerent at different
small symmetric angle should be close to 1. The noncopla- | dard | b
narity effects for the 38° case is very significant, suggestlng\P os'm' ar standard noncoplanar curves, but ﬁ%r: 04
that such effects may explain the large discrepancy between 38 » &r€ given in Fig. 7.
theory and experiment. Two sets of calculated dpy a analyzing powers at 200 MeV
In Fig. 5, we show noncoplanarpy cross sections,, ~ are shown in Fig. 8 for)3=0,=30° and in Fig. 9 ford,
as functions of¥ , at 200 MeV for several noncoplanarity =6,=38°. The deviationAA= A=Al is larger for the
anglesg. These results demonstrate that the noncoplanaritg0° case than for thed_?f8° case. I—k|)owever ':] is still too ?mall
; - 5 or an experiment to differentiate between the two couplings.
effects, i.e., the dependencedf’,, upon¢, differ markedly sl PE ot 1 estmate th ibution 1 thp f?
as functions of¥",. Because of this significant angular de- h Illna yt In OT etr 0 €s |m? € etcof? ”h u”|on romt go
pendence of the noncoplanarity, the noncoplanar cross seghell proton electromagnetic ver eaif-shell pyp verte
we have also calculated bom)y cross sections and analyz-
tion as a function of¢ for a glven\P , rather than the

ing powers at 200 MeV f0|93— 6,=20°, 30°, 35°, and 38°
mtegrated Cross section as a}funct|or¢ofsh'ould be used by using the off-shelpyp and the on-shelhyn vertices in the
experimentalists for convertllng the ex;?erllmergaadmcop(lja- hSalculations. The results of these calculations were compared
na Cross section into a coplanar resuit. In ot.er words, th§yith those using on-shell electromagnetic vertices for both
correction factoiC(W,), rather than the correction factay the proton and the neutron. In general, the effect of the off-
Sh?”'g be6used | dard | tor shell pyp vertex is small. We have found that the effect

n Fig. 6, we plot various standard noncoplanar curves fof increases as the scattering angle decreases, and it can be

03— 04—30° at the incident energy 200 MeV. Each curve

completely ignored for the large scattering angl€§=( 04
represents the noncoplanar cross section as a functlem of >35°),

for a given¥ . These noncoplanar curves show quite sig-

V. CONCLUSION
0.2 T

We have calculatedpy cross sections for both coplanar
and noncoplanar cases, angy analyzing powers for the
coplanar case. Both pseudoscalar and pseudovettorou-
plings have been considered. The results of our calculations

npy 200 MeV

93:04:300

& 0.0 pete have been used to investigate noncoplanarity effects.
J The calculations based on the two different couplifgs
andpv) yield very similar results, where thepy analyzing
-0.1 ¢t powers are found to be slightly more sensitive to the differ-
ence between the two couplings in comparison withrtpe
02 . . . . . cross sections. Our study confirms what has previously been

FIG. 8. Coplanampy analyzing power at 200 MeV fo§3

_,94

30°.

120

180

Yy (deg)

240

300

360

observed in potential-model calculations that exchange ef-
fects dominate th@py process.

We have found that the dependence of the noncoplanar
cross sections upon the noncoplanarity anglés signifi-
cantly different at different photon angléis, . This in turn
implies that this variation with?", should be taken into ac-
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count in the determination of the appropriate correction facnot available, these calculations should prove useful for fu-
tors needed to yield the coplanar cross sections. It is mogtre experimentation in this area.
likely that the noncoplanar effect is responsible for some
existing large discrepancy between theory and experiment. ACKNOWLEDGMENT
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