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Comparison of nucleon-nucleon potential models in proton-proton bremsstrahlung
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The sensitivity of the ppy process to the different off-shell behaviors of existing nucleon-nucleon in-

teractions based on modern potentials is investigated within a relativistic approach. We find that the
analyzing power is sufficiently sensitive to distinguish between the off-shell behaviors of those interac-
tions considered. The ppy spin-correlation coefficients are also found to be sensitive to off-shell
differences of nucleon-nucleon interactions so that, if data for these observables were available, they
could be used to disentangle different off-shell nonequivalent interactions. The cross sections are unable
to discriminate between those interactions considered based on their off-shell differences.

PACS number(s): 25.20.—x, 25.20.Lj

I. INTRODUCTION

Recent investigations of the proton-proton (pp) brems-
strahlung reaction [1—7] have demonstrated that off-shell
effects of the nucleon-nucleon (NN) interaction can be
clearly seen in this type of reaction under certain
kinematical conditions. In coplanar-geometry experi-
ments, where the emitted photon and scattered protons
are detected in a plane, the pp bremsstrahlung reaction
becomes sensitive to the off-shell behavior of the NN in-
teraction for very sma11 proton-scattering angles. Also,
in inclusive experiment, where only the emitted photon is
detected in the final state, the ppy cross section is found
to be very sensitive to off-shell effects for photon energies
near the maximum value allowed by the kinematics. In
particular, the inclusive cross section becomes more sen-
sitive to off-shell effects than the coplanar-geometry ex-
clusive cross section [6]. Theoretical predictions, howev-

er, may be less reliable for these kinematical conditions
than for those conditions investigated in the past [8—10].
In particular, some additional corrections (two-body
currents, etc. ) not included in the theory may become
more important when nucleons are scattered at very
small angles and/or photons are produced with energies
near the maximum value allowed by the kinematics.

Once the sensitivity of the ppy process to the off-shell
behavior of the NN interaction is established for different
observables, the next interesting and natural question to
ask is, to what extent can the NN bremsstrahlung reac-
tion distinguish different off-shell behaviors of modern
realistic NN interactions? This question has been ad-
dressed by a number of authors in the past and, more re-
cently, by the TRIUMF group [3,4] and is also the issue
of the present work. We calculate the pp bremsstrahlung
process within a relativistic approach so that the impor-
tant relativistic corrections are taken into account; also,
the one-body rescattering contribution is included.

In the present work, we consider three different in-

teractions, two of which are based on the one-boson-
exchange (OBE) model for the NN force developed by the
Bonn group [11,12]; the third one is based on the Paris
potential [13]. The two Bonn potentials considered are
OBEPQ [14], which is a variation of the potential
developed in Refs. [11,12], and OBEPT [11],which is an
energy-dependent potential. In Sec. II we outline briefly
the formalism. In Sec. III the differences between those
NN interactions considered in this work are discussed.
The results are presented in Sec. IV, and the conclusions
are drawn in Sec. V.

II. FORMALISM

In the present work, the pp bremsstrahlung transition
amplitude is calculated in momentum space within the
framework of potential models. The calculation includes
the single-scattering contribution [second and third terms
in Eq. (lb)] as well as the double-scattering, or rescatter-
ing, contribution [last term in Eq. (lb)] within a relativis-
tic approach. In order to facilitate a close comparison
with the bremsstrahlung amplitude obtained within the
nonrelativistic approach, we write the invariant relativis-
tic transition amplitude M for producing a photon of
momentum k and polarization e in an NN collision as

M =QE', ezcoM+c. ,ez, (la)

where co denotes the energy of the emitted photon and
e', , Ez (e, , E2) are the energies of the two interacting nu-

cleons, 1 and 2, in the final (initial) state; they are defined
as E; =(p, +m )', with p, being the momentum of ith
nucleon and m the nucleon mass. In the above equation,
M denotes the relativistic bremsstrahlung transition am-
plitude, which can be expressed as
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M= &e,k;yflV. Io;y;&+& e, k;(tfl(T ) &fV. Io'0;&

+&., k;y, I v,.~, T'Io;y, &

+&e,k;nfl(T )'sfV, a;T+Io;y;&, (lb)

where P denotes the two-nucleon nonrelativistic unper-
turbed wave function; 0 is the energy denominator (or
two-nucleon Green's function) consistent with the ap-
proximation used for solving the relativistic T-matrix in-

tegral equation. T+ and T stand for the XN T matrices
associated with the outgoing (+) and incoming (

—)

waves, respectively. The subscript i (f) refers to the ini-
I

em Vconv + ~mag + rsc + ~rem

where, in the NN center-of-mass (c.m. ) frame,

(2a)

tial (final) two-nucleon state. V, in Eq. (lb) denotes the

effective relativistic electromagnetic transition potential
to be used with nonrelativistic two-component wave

functions. It is obtained from the relativistic nuclear
Hamiltonian via the minimal substitution p —+p —e A
and by considering the electromagnetic coupling to the
nucleon only to first order. We write V, as the sum of
four terms,

Vconv

' 1/2
e k +, k

2m
e (p+p') e, 5 p

—p' ———tr2 5 p —p'+—
2

(2b)

2~
mag

e
p, , e (khcr, )5 p —p' ——+Pi e (khcr )5 p —p'+-k k (2c)

and

2~
Isc

' 1/2

vi e (p' h cr i )5 p —p' ———
v2 e.(p' h cr z)5 p —p'+— (2d}

In the above equations, p and p' denote the relative mo-
menta of the two interacting nucleons before and after
the emission of a photon. We have used the transversali-

ty condition e.k=0. The nucleon electric charge is
denoted by e, and o; stands for the Pauli spin matrix for
nucleon i ( =1,2). The factors e,—,p,*, and 7; are func-
tions of nucleon and photon momenta. The leading
terms in e,* and p,

+—are given by e,—+=1 and p,
+—=p;,

which give rise to the convection and magnetization
current operators of the conventional nonrelativistic ap-
proach. Here p; denotes the anomalous nuclear magnetic
moment in units of nuclear magnetons (for protons
pi=p2=p =2.793); in v; the leading term is given by
v,*=(p —

—,')k/m. If we consider terms through plm in

the factors e,*,p, , and v,*. , one recovers the usual expres-
sion for the interaction Hamiltonian obtained via the
Foldy-Wouthuysen reduction when terms through p/m
are kept.

In Eq. (2), the dominant relativistic spin correction is
denoted by V„,. It results from cross terms between the
upper and lower components of the Dirac spinors when
taking the matrix element of the relativistic four-
component electromagnetic transition operator. In-
clusion of V, introduces a "composite" current (convec-
tion spin) term into V, . The composite currents also
appear in other reactions such as (p,p') when the spin-
dependent part of the NN coupling is momentum depen-
dent [15] as arises from an analogous two-component
reduction [16] of the Dirac spinors, for example. The
remaining relativistic correction V„ in Eq. (2) has a
different operator structure than the first three terms, and
its contribution is negligible compared to those from the
other terms. Further details of the formalism wi11 be

given in Ref. [17].
The relativistic electromagnetic interaction Hamiltoni-

an for a two-nucleon system consists not only of the sum

of the interaction Hamiltonians for each nucleon as given

by Eq. (2},but also of a correction term which accounts
for Lorentz boosting effects [18—22]. We neglect this
correction since it is known to be very small [9). More-
over, there is a problem of the nonuniqueness of this
correction term, as has been discussed in Refs. [21,23].
One should keep in mind, however, that in the present
work this correction may be much larger than that found
in Ref. [9] because kinematical conditions relevant for the
present investigation are different from those studied in

Ref. [9]. The Coulomb correction, which is known to
reduce the ppy cross section [2,10] is also neglected in

the present work; at a proton incident energy of
T&,b =280 MeV and proton-scattering angles of
8i -Oz-12' (which is in the kinematical region of interest
of the present work), this correction reduces the cross
section by -5—8% [24].

Although, both the one-body rescattering and two-

body current terms should be included to the same order
in the photon momentum in order to preserve the gauge
invariance of the theory [25,26], we neglect the two-body
current contribution entirely in the present work. Unlike
the neutron-proton bremsstrahlung reaction where a
large (two-body) exchange current contribution is

present, the two-body current is expected to contribute
very weakly to the pp bremsstrahlung reaction. Accord-
ingly, the violation of gauge invariance in the theory in-

troduced by omitting the two-body current term in the pp
bremsstrahlung process is not expected to be serious.
Moreover, a fu11y consistent treatment of the two-body
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current within a realistic potential model calculation is
not yet available; see, however, Ref. [27], where con-
sistent two-body currents have been obtained for separ-
able interactions.

III. OFF-SHELL NONEQUIVALENT INTERACTIONS

+
p /m —p" /m +ig

X TNR(P", P), (3)

where p (p') denotes the relative momentum of the two
interacting nucleons in the initial (final) state. The T
matrix interaction TNR is related to the NN cross section
in the c.m. system via [28]

2

I
7 NR(P', P) I',

with
I
p'I =

I p I.
However, as has been discussed in Refs. [29,1'7], in or-

der to comply with the requirement of the theory of spe-
cial relativity and still reproduce the NN data using Eq.
(4), we convert the nonrelativistic Lippmann-Schwinger
equation into a relativistic Blankenbecler-Sugar-type
equation

~NR(P P ) ~NR(P P )

f d3 "d p — (, „) m

2/ I/2/ +
X TNR(p ip) i

where we define

Cp
I'NR(p' p) =

1/2
Cp

~NR(P P )
m

1/2

E,
p7NR(p' P)=

' 1/2
Cp

~NR(P P )
m

1/2 (6)

with e =(p +m )'~ . We note that the conversion of
the Lippmann-Schwinger equation into a relativistic in-

tegral equation, although not unique, is needed for con-
structing a Lorentz-invariant transition amplitude from a
nonrelativistically constructed T matrix and yet be con-
sistent with Eq. (4). This is particularly important in the
description of the 2VN bremsstrahlung process at high in-

cident energies, where the calculations are based on NN
potential models and one Inakes use of the invariant na-

ture of the transition amplitude [29,17].

The different off-shell behavior exhibited by different
NN interactions arises either from the differences in the
structure of the corresponding NN potentials or from the
different approximations made in obtaining a T-matrix
interaction from a particular NN potential. The T-matrix
interaction based on the Paris potential is obtained by
solving the nonrelativistic two-body Schodinger equation
or, equivalently, the Lippmann-Sch winger equation
which in the NN c.m. system reads

~NR(P iP) ~NR(p iP)

X Toa(P P) (7)

which is obtained from a three-dimensional reduction of
the relativistic Bethe-Salpeter equation. In this approxi-
mation the exchanged mesons in intermediate states are
also put on the mass shell, so that they transfer only
three-momenta in the NN c.m. frame.

Therefore we see that, if the modified potential VNR
and the OBEPQ potential VoB had the same structure,
the associated interactions TNR and T&B would have the
same off-shell behavior since both interactions obey the
same integral equation. In other words, the off-shell
differences between these two interactions arise only from
the differences in the structure of the corresponding NN
potentials. We mention that the Paris potential we con-
sider here [see Eq. (6)] is based on the Yukawa-
parametrized version of the original Paris potential [13].
Hereafter, we simply refer to the T-matrix interaction
TNR calculated with the parametrized Paris potential as
the Paris interaction.

The T-matrix interaction based on the OBEPT version
of the Bonn potential differs off shell from that based on
the OBEPQ potential. The deviation of the OBEPT
model from the OBEPQ version arises from the different
underlying dynamics of the two models. In particular,
the OBEPT potential is based on a field-theoretical Ham-
iltonian within noncovariant time-ordered perturbation
theory with the inclusion of only OBE processes [30],
whereas the OBEPQ potential is based on the
Blankenbecler-Sugar reduction of the Bethe-Salpeter
equation, as mentioned above, with only OBE processes.
Since in the case of the OBEPT potential the full Hilbert
space contains mesonic states, this leads to an energy-

dependent NN potential when the problem is reduced to
the NN subspace. In this way meson retardation effects
are effectively included in a way quite differently than in

the Blankenbecler-Sugar approximation to the Bethe-
Salpeter equation. Although the exchanged meson
transfers only three-momenta in the NN c.m. frame in the
Blankenbecler-Sugar approximation, this does not imply
that retardation effects are neglected. In fact, it has been
shown in Ref. [31] that in an arbitrary frame the energy
transferred by the exchanged meson does not vanish in

this approximation. The basic difference between the
energy-dependent OBEPT and OBEPQ potentials is that,
while in the OBEPQ version the propagation of ex-

changed mesons is described by Feynman propagators, in

the OBEPT version this propagation is described by
propagators of the form [11,30] P ~ 1/[co (z —e ~

—co )], with co =[(p' —p) +p ]'~ and p is the

mass of the meson exchanged; a stands for the type of the
meson (a=scalar, vector, etc.).

Explicitly, the integral equation for the OBEPT-based

The T-matrix interaction associated with the OBEPQ
version of the Bonn potential is obtained [ll] from the
Blanckenbecler-Sugar equation [as Eq. (5)]

7OB(p P) I OB(p P)
3 lt

p /m —p" /m +ig
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interaction reads (in the NN c.m. frame) [11,30]

Tor(p', P;z) = Vor(p', P;z)

+ f d'p" ~or(p', p";z}

X To&(p",p;z),

z —2c -+ig

(8)

where Vo~ denotes the energy-dependent OBEPT poten-
tial and z =2m. . Therefore the off-shell differences be-
tween the T matrix based on the energy-dependent
OBEPT potential and that based on the OBEPQ poten-
tial arise not only from the different structure of the asso-
ciated NN potentials, but also from the different integral
equations they obey.

When the electromagnetic coupling to a nucleon is tak-
en to first order the NN bremsstrahlung process involves
extra intermediate states [described by the propagators
9;f in Eq. (lb)] compared with the NN elastic-scattering
process. Most of the existing NN bremsstrahlung calcu-
lations, either within the relativistic or nonrelativistic ap-
proaches, assume an expression of the form [2,8,32]

1

E) f E, ) C2+l'g

for the energy denominators, irrespective of the type of
I

propagator entering the T-matrix integral equation. In
the above equation, E; =c., +c2 and Ef =c.&+cz. The
double prime denotes intermediate states. In a consistent
approach, however, the above propagator 0 should be of
the same type as that used for solving the T-matrix in-
tegral equation. This is particularly clear if one solves,
for example, the Bethe-Salpeter equation or some approx-
imation to it for the bremsstrahlung process. Indeed, for
the bremsstrahlung amplitude based on the OBEPQ T
matrix discussed before, 0 should be the Blankenbecler-
Sugar propagator; an analogous observation holds for the
Paris-interaction-based amplitude. For the amplitude
based on the OBEPT interaction, 9' is of the form given
in Eq. (9). Therefore the NN bremsstrahlung reaction
probes not the differences in the T-matrix interactions
used, but the composite differences in the T-matrix in-
teractions and corresponding propagators 9 in Eq. (lb).
Of course, differences in the propagators which enter in
the corresponding T-matrix integral equations are re-
sponsible for part of the differences in the T matrices as
discussed before.

At this point it is appropriate to mention that when we
refer to the on- and off-shell behavior of a given T matrix,
we refer to the on- and off-shell behavior of the transition
amplitude T, which is related to the different T matrices
discussed above (T) through

1/2
m

I
82

1/2
I ~

m
T(pt, p2, pi, pz)

E)

1/2 1/2

(10}

in the NN c.m. frame.
In terms of the transition amplitude T, as defined by

Eq. (10), the NN differential cross section reads (in the
NN c.m. frame)

I
T(p', p) I', (12)

with Ip'I = Ipl.
The NN bremsstrahlung reaction requires NN T-matrix

elements (in the NN c.m. frame) of the form [32]

T denotes TNR, To~, or To+-
In terms of the original nonrelativistic T matrix TNR,

which obeys the Lippmann-Schwinger equation, Eq. (10)
becomes

1/2 ' 1/2

TNR(P P }
Cp

T,",,'(I p'+k/2I, p; E, ) T,",,'(l,l;E, ),
TL L (Ip+k/2I, p';E~ )~TL.q(p', p';E~ ) .

(14)

As in Ref. [6], we refer to these on-shell limits as the
OESA. In this OESA limit, the T-matrix elements, and
only the T-matrix elements, are forced to be on shell ac-
cording to Eq. (14).

S,L(L'), J, and T stand for the spin, orbital angular
momentum, total angular rnomentur, and total isospin
of two interacting nucleons. "Half off the energy shell"
or simply "off shell" means that Iq'+k/2IAlql. In NN
elastic scattering, where no photon is present, Iq'I = Iql
(on shell) by energy-momentum conservation.

Since the on-shell limit of the NN T-matrix interaction
from Eq. (13) is not unique, we have to specify which on-
she11 limit we are considering when discussing off-shell
effects. The on-shell limit we are interested in here is

T,".,'( Ip +k/2l, q; E, ),
T~.L ( Ip+ k/l2, p';E, ),

(13} IV. RESULTS

corresponding to the process in which the photon is emit-
ted after and before the strong interaction takes place. In
Eq. (13), k denotes the momentum of the emitted photon.
The starting energy E, with q denoting either p or p', is
related to q via E =q /m; E is also related to z in

Eq. (7) via z =2+m (E +m). The quantum numbers

Keeping in mind the uncertainty in the theory, espe-
cially in the present calculation as has been discussed be-
fore, we compare in this section the results obtained for
ppy observables with different off-shell nonequivalent
realistic NN interactions. Since in the present work we
consider the pp bremsstrahlung reaction at a proton in-
cident energy of T»b=280 MeV, all two-body partial-
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wave states through total angular momentum J=11 are
included in the calculation in order to assure conver-
gence.

Although realistic NN interactions are said to be
equivalent on the energy shell (phase-shift equivalent),
they are not completely equivalent because of the uncer-
tainties arising in fitting the phase shifts. Since we want
to test the sensitivity of the pp bremsstrahlung reaction to
off-shell differences of these interactions, we have to
check whether they yield the same on-shell results. Be-
fore we check the on-shell results, however, we note that,
if the NN interactions have the same on-shell values, the
corresponding bremsstrahlung results will still differ from
each other unless the NN propagators 9' associated with
these interactions are the same [see Eq. (lb)]. Figure 1(a)
shows a comparison of the OESA [Eq. (14)] on-shell re-
sults for the coplanar-geometry ppy cross section for NN
interactions based on the OBEPQ (solid curve), OBEPT
(dashed curve), and Paris (dot-dashed curve) potentials.
The incident energy is T&,b=280 MeV, and the proton-
scattering angles are 8&=12.4' and 02=12.0'. The data
are from Ref. [5]. We see that as far as the pp brems-
strahlung process in the coplanar geometry is concerned,
the OBEPQ- and Paris-based T matrices yield practically
the same on-shell results. We observe that the OBEPQ
and Paris interactions have the same NN propagators.

The differences observed between the on-shell results
based on the OBEPT interaction and those based on the
other two interactions is due only to the difference in the
corresponding NN propagators 0 in the extra intermedi-
ate states which are present in the NN bremsstrahlung
process compared with the NN elastic-scattering process
because of the emission of the photon [see Eq. (lb)].
Indeed, if we force 0 in those intermediate states (and
only in those intermediate states) to be the same for all
these three interactions, the resulting ppy cross sections
in the OESA limit are practically the same for all these
interactions. Therefore, as far as the pp bremsstrahlung
process is concerned, all the three interactions have the
same on-shell values.

In Fig. 1(b) the corresponding off-shell results as
prescribed by the NN bremsstrahlung reaction are shown.
Here we do not see any significant differences among
these results, indicating that the ppy cross section in this
geometry is not sensitive enough to distinguish among
the differences in the off-shell behavior of these three in-
teractions (as has been discussed in Ref. [5], the cross-
section data may suffer from an ambiguity in the overall
normalization). Figure 1(c) and 1(d) show the on- and
off-shell results, respectively, for the analyzing power in
the same kinematical condition of Figs. 1(a) and 1(b) ex-
cept for the value of 02=14'. A comparison of these two

Q
L

CV~
40

Xl

C
2

6-

g, =12.4,
TLab

U

b
Qi ~

0.50

0.25-
TL,b

= 280 MeV

g,= 12.4, g = 12.0

T„,= 280 MeV ..

T„b = 280 MeV

~0.00~.
—0.25-

gt=12 4 ~ gz —14 0 (c g, =12.4, g = 14.0 (d}-
—0.50

0 30 60
I

90 120 150 180 0 30 60 90 120 150 .180

0 (deg)

FIG. 1. Coplanar-geometry ppy cross section and analyzing power in the laboratory frame as a function of photon-emission angle

0 at an incident energy of T„b=280 MeV. The solid, dashed, aud dot-dashed curves are the results corresponding to the OBEPQ

[14], OBEPT [11],and Paris [13] potentials, respectively. Parts (a) aud (b) correspond to the OESA [Eq. (14)] and exact (off-shell)

cross sections for 0, =12.4 and 8&=12.0, respectively. The cross-section data have uot been renormalized as was done in [&]. Parts

(c) and (d) correspond to the OESA and exact (off-shell) results, respectively, for the analyzing power for 0, =12.4' and 02=14.0'.

The data [5] are multiplied by a factor of —1 to agree with our convention.
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figures shows clearly that this quantity is sufficiently sen-

sitive to reveal the off-shell difference of the OBEPT-
based interaction from the other two interactions mani-
fested in the results around 0=90'. Here we stress that,
although the OBEPT version predicts a result which is in
disagreement with the data, a caution must be taken to
conclude from this that its off-shell behavior is wrong.
This is because the theory of the NN bremsstrahlung re-
action and, in particular, the present potential model cal-
culation, is not yet complete, as has been discussed in
Refs. [7,17].

In order to see how much these three interactions differ
from each other off shell (at least in the region of energy
sampled by the bremsstrahlung reaction), we show in Fig.
2 the magnitude of the relevant off-shell T-matrix ele-
ments in the 'So [Fig. 2(a)] and FPz [Fig. 2(b)] states for
these three interactions as they enter the calculation of
the ppy process in the case of Fig. 1(b) for the 'So state
and in the case of Fig. 1(d) for the FPz state. We ob-
serve that the cross section becomes sensitive to the 'Sp
state for small proton-scattering angles and for forward
and backward photon angles, while the analyzing power
becomes very sensitive to the coupled tensor states [6].
We see in Fig. 2(a) that the OBEPQ-based interaction
(solid curve) differs most from the other two interactions
in the 'Sp state. Moreover, the difference here is basically
a shift of the OBEPQ T matrix with respect to those of

60

+5

the OBEPT (dashed curve) and Paris (dot-dashed curve)
results by an amount of —10 fm . This fact, together
with the results of Fig. 1, shows that the ppy cross sec-
tion in the coplanar geometry is not sufficiently sensitive
to distinguish between the off-shell differences of this
amount. We also note that, given the error bars involved
in the data (see Fig. 1), it is unlikely that the ppy cross
section in this geometry can be used to differentiate be-
tween different realistic NN interactions unless these in-
teractions differ off shell by a much larger amount than
that exhibited by the interactions considered here. In the
FP& partial-wave state, the OBEPQ- and the Paris-

potential-based interactions yield practically the same
off-shell values, while the OBEPT interaction is weaker
by -2.5 fm . However, the analyzing power is sensitive
enough to disentangle this difference, as we have seen in
Fig. 1(d). We mention that the T-matrix elements in the
PFz state (not shown here) are similar to those in the

FPz state; i.e., the OBEPT-based interaction differs from
those based on the OBEPQ and Paris potentials. The
OBEPQ- and Paris-based interactions are very close to
each other. The same observation also holds in the Pp
state for most photon-emission angles.

Figure 3 shows the angular distribution of the inclusive

ppy cross section in the initial pp c.m. frame at an in-

cident energy of T&,b =280 MeV and at a photon energy
of co=125 MeV. The solid, dashed, and dot-dashed
curves are the results based on the OBEPQ, OBEPT, and
Paris potentials, respectively. The upper three curves
correspond to the OESA on-shell results according to Eq.
(14). The lower three curves are the results when the half
off-shell T matrices are used. We see similar features to
those observed in Fig. 1 for coplanar-geometry exclusive
cross sections. The inclusive cross sections also cannot
disentangle the off-shell differences in these interactions
even at photon energies very close to the end-point ener-

gy.
Very recently, we investigated the sensitivity of spin-

correlation coefficients in pp bremsstrahlung to off-shell
effects of the NN interaction [7] and found that these
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FICx. 2. Absolute magnitude of the nucleon-nucleon T-matrix
elements corresponding to the OBEPQ (solid curve), OBEPT
(dashed curve), and Paris (dot-dashed curve) potentials as they
enter the calculation of the pp y process in Fig. 1. (a)
T(~p+k/2~, p';E~ ) in the 'So state for proton-scattering angles
of 8, =12.4 and 8&=12.0. (b) T(~p+k/2~, p';E~ ) in the FPq
state for proton-scattering angles of Ol = 12.4 and 8~= 14.0'.

FIG. 3. Angular distribution of the inclusive ppy cross sec-
tion in the initial proton-proton center-of-mass frame at an in-

cident energy of T&,b =280 MeV for a photon energy of co= 125
MeV. The solid, dashed, and dot-dashed curves correspond to
the OBEPQ, OBEPT, and Paris potentials, respectively. The
upper curves denote the OESA results [Eq. (14)], while the
lower ones denote the exact (off-shell) calculations.
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coefficients are very sensitive to off-shell effects, even at
proton-scattering angles where the analyzing power is
weakly sensitive to these effects. In Fig. 4 we show the
on- and off-shell results for the spin-correlation
coefficients C„„,C, and C„, as defined in Ref. [7], at an
incident energy of T&,b=280 MeV and for symmetric
proton-scattering angles of 0&=02=10. In the upper
part of the figure, we also display the corresponding
analyzing power for comparison. We see that all three
interactions considered yield practically the same on-shell
results [Fig. 4(a)]. In Fig. 4(b), where the off-shell results
are shown, we see a clear difference between results based
on the OBEPT interaction and those based on the
OBEPQ and Paris interactions. The latter two interac-
tions exhibit basically the same off-shell results. The off-
shell difference we observe in the spin-correlation
coefficients, especially in C, is larger than that in the
corresponding analyzing power. Moreover, this
difference is seen over a much wider region of the
photon-emission angle than is seen in the analyzing
power. Therefore, if data were available, spin-correlation
coefficients could be used to disentangle different off-shell
nonequivalent interactions. Of course, measurements of
spin-correlation coefficients are more difficult than mea-

surernents of analyzing powers. However, we mention
that even at larger proton-scattering angles of
0, =02=20', where the analyzing power shows practical-
ly no off-shell difference between the interactions con-
sidered and where the experiments are easier to perform
than at smaller proton-scattering angles, the spin-
correlation coefficients still show an off-shell difference
similar to those exhibited in Fig. 4(b).

V. CONCLUSION

We have tested the sensitivity of the ppy reaction to
the different off-shell behaviors of three NN interactions
based on modern potentials. We have considered two
OBE versions of the NN potential developed by the Bonn
group [11,12] and another developed by the Paris group
[13]. We have found that cross-section measurements are
unable to distinguish between these off-shell differences.
In order to discriminate between different interactions,
one would need much larger off-shell differences than
those generated by modern interactions. The analyzing
power, however, is sufficiently sensitive to distinguish be-
tween the off-shell differences in the tensor component of
different NN interactions (at least for those interactions
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FIG. 4. Coplanar-geometry ppy spin-correlation coefficients and analyzing power in the laboratory frame as a function of photon-
emission angle 0 at an incident energy of T] b =280 MeV and at symmetric proton-scattering angles of 01=0& = 10. From the top to
bottom are the analyzing power A and the spin-correlation coefficients C„, Cyy and C„. Part (a) corresponds to the on-shell re-

sults, while part (b) corresponds to the exact (off-shell) results. For details, see caption of Fig. 1.
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we have considered). It is shown that measurements of
spin-correlation coefficients offer a potential means of dis-
tinguishing between different interactions based on their
off-shell differences.
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