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Nucleon-nucleon short-range wave function and hard bremsstrahlungpp\ppg
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Various opportunities to investigate the short-rangeNN wave function are discussed, having in mind, in
particular, the quark degrees of freedom. It is shown that hard bremsstrahlung in the processpp→ppg at
proton beam energies of 350–500 MeV discriminates efficientlypp-wave functions with the short-range nodes
in SandP waves that correspond to the Moscow potential of theNN interaction and wave functions obtained
with repulsive core mesonic potentials. In the regions of maximal photon energies in the c.m. system~it means
forward and backward photon emission angles in the laboratory frame! the pp→ppg cross section calculated
with the Moscow potential has maxima which are 3–5 times larger in comparison to that for repulsive core
mesonic potentials. The analyzing powerAy is calculated too, but it is not very sensitive to the kind ofNN
potential used. The coordinate representation formalism of the bremsstrahlung theory is exposed.

PACS number~s!: 13.75.Cs, 03.65.Nk, 12.39.Jh, 25.20.Lj
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I. INTRODUCTION

The problem of quark degrees of freedom in theNN sys-
tem and in the lightest nuclei was vigorously discussed in
literature from the 1970s up to now@1–16#.

Initially, calculations for the six-quark system by usin
the resonating group method~RGM! with the perturbative
one-gluon-exchangeqq interaction@4–11# have shown that,
albeit the resultingNN interaction may conceptually be du
to mechanisms other than meson exchange, it pragmatic
appears to be close—for example, in fitting phase shifts
the energy regionElab<500 MeV—to the interaction tha
is described by so-called repulsive core potentials~RCPs!.
This is because of the superposition of peripheralNN attrac-
tion associated with the excited quark configurati
s4p2@42#X@42#CS ~which was first introduced in Ref.@3#! and
short-range repulsion due to the configurations6@6#X@23#CS
~Ref. @1#!. Later, similar conclusions were obtained@12–15#
using nonperturbative models of, say, instanton-indu
qq interactions. However, such views do not find some m
or less evident support in the current QCD lattice calcu
tions @17#.

Recently, some new insight into the origin of the sho
range NN interaction has appeared@16# based on the
Glozman-Riska model of baryon structure@18#. This model
explains quantitatively for the first time the excitation spec
of three kinds of baryons~N, D, andL! supposing a linear
quark confinement and flavor-spin exchange between c
stituent quarks by means of pseudoscalar mesons.

In Ref. @16# RGM calculations result in a short-range r
pulsion between nucleons, albeit the physical round be
very different in comparison to both the picture of gluon-
instanton-inducedqq interactions@4–15# and the traditional
picture of meson-exchange potentials~composite nucleon, no
vector mesons, etc.!. However, the nucleon-nucleon syste
may have its important specific features not very visible
the baryonic spectra~say, the big confinement fluctuations
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the nucleon-nucleon overlap region connected with the
tual color exchange between nucleons!.

As a summary of the aforesaid, there are different mo
views of theNN interaction and the inavoidable radical sim
plifications inherent to models should be verified by t
proper experiments.

It was noted in Refs.@19,20# that the nature of the short
range part of theNN interaction can be disclosed to an e
sential degree by extending considerably~up to Elab values
of 5–6 GeV! the energy region in whichNN scattering is
analyzed. For comparison, one of the most advanced
sions of RCP—thepNN coupled channel model@21#—
describes theNN scattering data rather well up toElab val-
ues about 2 GeV~but also thepp→pph reaction near
threshold, etc.@21#!.

Analysis of data onNN scattering in the wide energ
range mentioned above, together with a direct investiga
of the behavior of theNN wave function at small distances
enables an important verification of a conce
@2,3,6,19,20,22,24# that is an alternative to the RCP ap
proach, the concept of a deep attractive potential that
volves forbidden states and which yields anNN wave func-
tion having oscillations inS and P waves instead of short
range suppression due to the repulsive core. ThisNN
potential, referred to as the Moscow potential~MP!, can find
its microscopic ground in the excited quark configuratio
s4p2 ands3p3 for SandP waves, respectively@2,3,22#. Such
configurations may predominate in the overlap region
two nucleons due to several reasons: a strong color-magn
interaction of thellss symmetry between quarks wit
the resulting energetically favorable configuratio
s4p2@42#X@42#CS ~Refs. @3,6#!; a strong instanton-induce
interaction between quarks ofttss symmetry with the cor-
responding configurations4p2@42#X@42#TS ~Refs. @2,12#!;
virtual color exchange between nucleons represented by
virtual decays4p2@33#C→s2p@21#C1s2p@21#C of the six-
quark colorless system to two color dipoles with stro
short-range attraction between them@24#.

The introduction of the MP has offered the opportunity
explain @19,20# for the first time the general features of th
©2000 The American Physical Society03-1
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angular dependences of the differential cross sections
polarizations forNN scattering in the energy range 0,Elab

,6 GeV ~a new phase shift analysis ofNN scattering ex-
tended up to theElab value of 2.5 GeV@25# can be very
helpful here to refine the rising with energy role of abso
tion, etc.!. A specific implementation of this approach al
made it possible to describe theNN system at low and inter
mediate energies better~and in a rather simple way! than in
the RCP approach@22,23#.

So the opportunity to discriminate two kinds ofNN po-
tentials with very different short-range behavior see
rather actual. Namely, with the aid of hard electromagne
processes we can verify whether the wave function deve
bright short-range oscillations in theS and P waves ~with
the nodes at 0.5 and 0.9 fm, respectively! which are charac-
teristics of local Moscow potential@19,22,23# or these oscil-
lations are suppressed in part due to, say, the very n
local nature of theNN interaction @9,11# or they are sup-
pressed completely in accordance with RCP prescriptio
There are two possibilities for such an investigation. The fi
~most obvious one! is associated with the deuteron
photodisintegration process2H1g→n1p, but the imple-
mentation of this possibility requires photon energiesEg in
excess of 1.5 GeV to suppress the strong screening effe
meson exchange currents~MECs!. First experimental results
obtained in this field will be analyzed elsewhere.

In this study, we consider the second possibility, the
vestigation of hard bremsstrahlung in the processpp
→ppg at proton-beam energies of several hundred Me
whose experimental implementation is much simpler. T
process was studied experimentally in coplanar geometr
energies between 42 and 280 MeV@26–28# and at 390 and
730 MeV @29# ~but the photons in Ref.@29# were not hard
enough!. Theoretical calculations for this reaction were pe
formed in Refs.@26,30–36#. In these calculations, attentio
was focused on a comparison of various RCPs—in part
lar, on the possibilities of tracing the differences in releva
off-energy-shell scattering amplitudes in order to ma
thereby a choice between these potentials, which are ne
equivalent on the energy shell~i.e., give nearly the same
phase shift!. The result was discouraging@36# because the
distinctions proved so small that they can hardly be det
able experimentally~the general comment justifying this pe
simistic conclusion from the viewpoint of meson field theo
was also given in Ref.@36#!. In addition, it was establishe
that the net contribution of MECs~associated with the virtua
transitionr, v→p01g) and of an intermediateD isobar is
insignificant if the hardest possible photons are conside
@36–38# and can therefore be disregarded.

Introducing the MP as a potential that is radically diffe
ent from RCPs in the region of short distances we dem
strate here that the processpp→ppg provides a highly sen-
sitive tool for choosing between the above two types ofNN
interactions. A sufficient degree of sensitivity is achieved
proton-beam energies of about 350–500 MeV~with the reg-
istration of hard photons!, which are accessible at man
laboratories of the world. Previously, the calculation of t
reaction pp→ppg with the MP was performed only by
Fearing@33#, who considered energies that are insufficien
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high for revealing distinctions between thepp→ppg cross
sections as predicted with the RCPs and MP.

The formal origin of the high discriminating power of th
pp→ppg process is connected with the fact that the MP a
RCPs are not phase-shift-equivalent potentials, as far as tS
matrix corresponding to the MP has very different structu
in comparison to that for RCPs: in channels with the orb
momentaL50 and 1 it has extra poles~reflecting the deeply
bound forbidden states! and the phase shifts are positive
the entire energy region. Namely, at small energies~up to
E0'400–500 MeV! the S- and P-phase shifts for the MP
can be obtained approximately from these for RCPs by
displacement up on 180°; at higher energies their comp
tive behavior becomes rather different and finally at energ
of 5 GeV they have the common Born limitudL(E)u!1.

Another possible example of such high discriminati
power is the reaction of quasielastic knockout of protons
a few GeV electrons2H(e,e8p)n but the measurement
should be extended up to the large recoil momentum va
q>1 GeV/c. The quite measurable enhancement of the p
ton momentum distribution in deuterons for the MP in co
parison with that for RCPs is expected here@a very strong
final stateNN interaction is the specific characteristics of t
MP and at the analysis of the experiment it should be ta
into account by means of the full distorted-wave impu
approximation~DWIA ! procedure#.

For the sake of completeness, it should be noted
there is one more method for studying quark degrees
freedom in theNN system and its wave function at sma
distances. This independent~albeit less direct! method,
which requires, however, as the reaction2H(g,p)n does,
much higher energies than the processpp→ppg, involves
investigating the baryon-baryon (BB) content of the deu-
teron @39#. The point is that the quark configuratio
s4p2@42#X@42#CS is projected, with a large amplitude~in the
nucleon-overlap region of radius about 0.7 fm!, not only onto
the n1p channel but also onto otherBB channels. This is,
above all, theNN* (1/22,3/22) channel withP-wave rela-
tive motion~the probability of this channel was predicted
be slightly below 1% of the probability of then1p channel,
for which normalization to unity is dominated by the volum
outside the nucleon-overlap region!, but the N* N* and
NN** (1/21 Roper resonance! components withS-wave
relative motions are not negligible either. The presence
the NN* component withP-wave relative motion of nucle-
ons is just suggested by the results of polarization exp
ments~at Dubna! that employed 7 GeV deuterons to stud
elastic backward scattering in thed1p system@40# and in-
clusive reactions of the typeA(d,p)X with a spectator pro-
ton emitted in the forward direction@41# ~a possible subpro-
cess featuring this component is that in whichN* belonging
to the deuteron and having an orbital angular moment
equal to unity is picked up by the proton, forming thereby
deuteron!. According to these experiments, the probability
theNN* component in the deuteron is around 2%, which
a remarkable argument in favor of our quark views@39#.
Another possible way of studying theBB content of the deu-
teron could be analysis of the spectrum of spectator bary
B from the quasielastic proton knockout2H(e,e8p)B at
3-2
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NUCLEON-NUCLEON SHORT-RANGE WAVE FUNCTION . . . PHYSICAL REVIEW C62 054003
electron energies of 5 GeV and energies of emitted prot
of the order of 2 GeV@39,42,43#. It is expedient to perform
such experiments at the Thomas Jefferson National Lab
tory.

We begin our analysis of the processpp→ppg by giving
an outline of the formalism that we employ.

II. THEORETICAL FORMALISM

We consider bremsstrahlung from thepp system in co-
planar geometry, which was used in the experiments repo
in Refs. @26–29#. In these studies, the experimental proc
dure consisted in detecting all three final particles in coin
dence and involved determining the proton emission an
Q1 andQ2 in the laboratory frame and the photon emissi
angleQg . The protons are emitted on different sides of t
beam axis, and the angleQg is reckoned in the same direc
tion as the angleQ2 ~see Fig. 1!. The anglesQ1 , Q2, and
Qg completely determine the kinematics of the above cop
nar process. Knowing these angles and the incident-pro
momentump, we can calculate, in the laboratory frame, t
final-proton momentap1 andp2, the photon energy«g , and
other quantities.

All calculations were performed in the coordinate rep
sentation. Thepp-wave function was sought by solving nu
merically the Schro¨dinger equation with a relevant potenti
of the NN interaction and with allowance for the Coulom
interaction of protons. Such an approach is more complica
than the momentum-space one, having in mind the calc
tion of matrix elements of electromagnetic transitions
wave functions with Coulomb asymptotic behavior. In t
processpp→ppg, the Coulomb interaction is operative fo
maximally hard photons, in which case two final protons
virtually stopped in the c.m. system~c.m.s.! However, an
advantage of our approach is that, in both initial and fi
states, thepp-wave functions in a continuum are automa
cally orthogonal to forbidden states. Such states must be
pecially eliminated in order that a correct off-energy-sh
scattering amplitude be obtained from momentum-space
culations with potentials involving forbidden states.

We do not take into account MECs, whose contribution
presumably negligible for the hardest photons~the role of
MECs is comprehensively discussed in Refs.@36–38#!. We
calculated the wave functions of the relative motion of nuc
ons on the basis of the nonrelativistic Schro¨dinger equation;
however, in going over from the laboratory frame to t
c.m.s., we employed relativistic Lorentz transformatio

FIG. 1. Kinematic variable in the reactionpp→ppg for copla-
nar geometry.
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This approach was used in a number of studies~see, for
example, Refs.@30–34#!. Various relativistic corrections to i
were also investigated, and it was shown~see, for example,
Refs.@34,44#! that they are of the order 25–30 %.

It should be borne in mind, however, that, following ph
ton emission, the momentum of the center of mass of t
final protons differs from the momentum of the center
mass of two initial protons; hence, the emitted photon h
different energies in these two reference frames. These
tinctions are noticeable when the emitted photons are ra
hard. We performed all calculations both in the c.m.s. of
initial protons and in the c.m.s. of the final protons, and
results proved different, as they must in the nonrelativis
approach. It seems that the two values obtained for the c
section specify a reasonable interval for the true cross
tion. We will see below that these distinctions may be n
ticeable, but they are always less than the spread of the
sults that stems from performing calculations withNN
interactions of different types.

In coplanar geometry, thepp→ppg cross section is
given by the expression@31# ~we use the system of units i
which \5c51)

ds5F p1
2p2

3

~2p!532mpe1@p2
2~eg1e2!1e2pW 2•~pW 12pW !#

3
dp1

dug
dugdV1dV2G uAi→ f u2, ~1!

which must be summed over the spin states of the final p
tons and averaged over the spin states of the initial proton
we are not interested in polarization observables. In
above expression,pW and« are the three-momentum and e
ergy of the incident proton;pW 1 , pW 2 and «1 , «2 are three-
momenta and energies of the final protons,« i5pi

2/2m; kW and
«g are the momentum and energy of the emitted photon;
m is the proton mass. The kinematic factor in the bracket
invariant under Lorentz transformations; it can be calcula
in the laboratory frame. To evaluatedp1 /dug we can then
use the relation

dp1

dug
5@p2e1~x11x21x3!1e1e2~y11y2!#z21, ~2!

where

z52p1e2~sinug2tan u2 cosug!

1 p2e1~sinug2tan u1cosug!
cosu1

cosu2

2e1e2~ tan u22tan u1!cosu1 ,

x1

5p1

~sinug2tan u1cosug!~cosug1tan u2 sinug!cosu1

~sinug2tan u2 cosug! cosu2
,

3-3
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x2

5p
~sinug2tan u1 cosug!~cosug1tan u2 sinug!

~sinug2tanu2 cosug!~ tan u12tanu2!cosu2 tan u2
,

x35k
~cosug1tanu1sinug!~sinug2tan u2cosug!

~ tanu12tan u2!cosu2
,

y152p1~ tan u22tan u1!
~cosug1tan u2 sinug!cosu1

~sinug2tan u2 cosug!
,

y25p tan u2

~cosug1tan u2 sinug!

~sinug2tan u2 cosug!
.

The squared modulus of the amplitudeAi→ f in Eq. ~1! is
also a Lorentz-invariant quantity. This enables us to calcu
it in the c.m.s. of two protons by using the relativistic wa
functionsw i(rW) andw f(rW) of the relative motion of nucleon
in the initial and final states, respectively. With the aid of t
standard QED method@45#, we can representAi→ f in the
form ~see Appendix!

Ai→ f516~p!3ApmS e

im
MW el 1 m 1MW mag1 m 2MW magD •«W ,

~3!

MW el5E d3r @exp~2 ikW•rW/2!2exp~ ikW•rW/2!#

3@w f~rW !¹W w i~rW !2w i~rW !¹W w f~rW !#, ~4!

1MW mag5E d3rw f~rW !@kW3~sW 11sW 2!#w i~rW !

3@exp~2 ikW•rW/2!1exp~ ikW•rW/2!#, ~5!
l

la
s
di
on
ns

05400
te

2MW mag5E d3rw f~rW !@kW3~sW 12sW 2!#w i~rW !

3@exp~2 ikW•rW/2!2exp~ ikW•rW/2!#. ~6!

In the expressions, the bar over the final-state wave func

w f(rW) denotes Hermitian conjugation,e andm are the proton

charge and magnetic moment, the Pauli matricessW i act on

the spin variables of thei th proton, and«5(0,«W ) is the pho-
ton polarization four-vector~in the transverse gauge use

here, we have«W •kW50). The matrix elementMW el is associ-
ated with the proton electric charge, while the matrix e

ments1MW mag and 2MW mag are generated by the particle ma

netic moment. The matrix elementsMW el and 1MW mag are
associated with transitions that conserve the total spinS of
the two-proton system, whereas the matrix element2MW mag

describes spin-flip transitions.
The two-proton system may be in one of two states wit

definite value of the total spinS. These are the singlet (S
50) and triplet (S51) states. The corresponding wav
functions of the continuum spectrum are written as@46,47#

ws(6)5w (6)~pW ,rW;0,0!

5A2

p

1

pr (
l 50

even
`

(
m52 l

l

i lul
(6)~p,r !Ylm~ r̂ !Ylm* ~ p̂!xoo

~7!

for the singlet state and as
w t(6)5w (6)~pW ,rW;1,m i !

5A2

p

1

pr (
j 50

`

(
l 85u j 21u

odd
j 11

(
l 5u j 21u

odd
j 11

(
M52 j

j

(
m52 l

l

(
m852 l 8

l 8

(
m521

1

i l 8uj
l 8,l
(6)

~p,r !C lm 1m i

jM C l 8m8 1m
jM Yl 8m8~ r̂ !Ylm* ~ p̂!x1m ~8!
-
are
for the triplet state. In the above expression,pW andrW are the
relative momentum and coordinate of the particles,xSm is
the spin component of the wave function,C l 1m1 l 2m2

lm are

Clebsch-Gordan coefficients, andYlm( x̂) are the spherica
harmonics of the unit vectorx̂ directed along the vectorxW .

The asymptotic expression for the initial-state~final-state!
wave functionw i(rW)5ws,t(1) (w f(rW)5ws,t(2)) of the con-
tinuous spectrum must be represented as the sum of the p
and diverging~converging! spherical waves. The solution
with these properties are constructed by solving the ra
Schrödinger equation with the corresponding boundary c
ditions in the asymptotic region for the radial wave functio
ne

al
-

ul
(6)(p,r ) anduj

l 8,l
(6)(p,r )in the singlet and triplet states, re

spectively. For the initial state, these boundary conditions
given by

ul~p,r !5ul
~1 !~p,r ! ——→

r→`
ei ~h l1d l !

3sinS pr2
lp

2
2j ln 2pr1h l1d l D , ~9!

ul 8,l
j ~p,r !5uj

l 8,l
(1)~p,r ! ——→

r→`
~2 i ! l 8 i

2
$~21! ld l l 8

3exp@2 i ~pr2j ln 2pr !#

2 Sl 8,l
j e2ih lexp@ i ~pr2j ln 2pr !#%, ~10!
3-4
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where we have used standard conventions~see, for example
Ref. @47#!. The final-state radial wave functionsul

(2)(p,r )
anduj

l 8,l
(2)(p,r ) are complex conjugates of the correspond

initial-state wave functions.
The formulas for computing the components (MW el)m ,

(1MW mag)m , and (2MW mag)m of the vector amplitudesMW el,
1MW mag, and 2MW mag of the reactionpp→ppg are obtained
05400
by replacing the initial- and final-state wave functionsw i(rW)

andw f(rW) in Eqs.~4!–~6! by expressions~7! and~8! and by

expanding the plane waves exp(6ikWrW/2) appearing in Eqs.
~4!–~6! into series in terms of spherical harmonics. The
sulting expressions, in which thez axis is chosen along the
photon momentumkW to simplify the presentation, are give
below for various types of transitions separately.
A. Singlet-singlet transitions

The matrix elements of singlet-singlet transitions involve only the electric component

~MW (S50→S50)
el !m 52

8

p (
l i ,l f50

even
`

(
mi52 l i

l i

i l i2 l f1LYl imi
* ~ p̂i !Yl f (mi2m)~ p̂f !

3F (
L5u l i212 l f u

odd
u l i211 l f u

~2L11!C l i21 mi2m L0
l f mi2m C l i21 0 L0

l f0 C l i21 mi2m 1m
l imi A ~2l i21!l i

~2l f11!~2l i11!

3E
0

`

dr
2

k
ĵ L~kr/2!

ul f
~pf ,r !

pf
S d

dr
1

l i11

r Dul i
~pi ,r !

pir
2 (

L5u l i112 l f u

odd
u l i111 l f u

~2L11!C l i11 mi2m L0
l f mi2m

3C l i11 0 L 0
l f0 C l i11 mi2m 1m

l imi A ~2l i13!~ l i11!

~2l f11!~2l i11!
E

0

`

dr
2

k
ĵ L~kr/2!

ul f
~pf ,r !

pf
S d

dr
2

l i

r Dul i
~pi ,r !

pir
G .

Here and in the formulas given below,ĵ l(x) is the Riccati-Bessel function@48#, and pW i and pW f are the momenta of the
relative motion of the nucleons in the initial and final states, respectively.

B. Triplet-triplet transitions

The electric component has the form

~MW (S51,m i→S51,m f )
el !m 52

8

p (
j i , j f50

`

(
Mi52 j i

j i

(
M f52 j f

j f

(
l i85u j i21u

odd
j i11

(
l f85u j f21u

odd
j f11

(
l i5u j i21u

odd
j i11

(
l f5u j f21u

odd
j f11

(
mi852 l i8

l i8

(
mf852 l f8

l f8

(
mi52 l i

l i

i l i2 l f1LYl
i8m

i8
* ~ p̂i !

3Yl
f8m

f8
~ p̂f !~21!mf81mi2mC

l
i8 m

i8 1 m i

j i M i C l i mi 1 m
j i M i C

l
f8 2m

f8 1 m f

j f M f C l f 2mi1m 1 m
j f M f

3F (
L5u l i212 l f u

odd
u l i211 l f u

~2L11!C l i21 mi2m L 0
l f mi2m C l i21 0 L 0

l f 0 C l i21 mi2m 1 m
l i mi A ~2l i21!l i

~2l f11!~2l i11!

3E
0

`

dr
2

k
ĵ L~k/2!

u
l f ,l

f8

j f ~pf ,r !

pf
S d

dr
1

l i11

r Du
l i ,l

i8

j i ~pi ,r !

pir
2 (

L5u l i112 l f u

odd
u l i111 l f u

~2L11!C l i11 mi2m L 0
l f mi2m

3C l i11 0 L 0
l f 0 C l i11 mi2m 1 m

l i mi A ~2l i13!~ l i11!

~2l f11!~2l i11!
E

0

`

dr
2

k
ĵ L~kr/2!

u
l f ,l

f8

j f ~pf ,r !

pf
S d

dr
2

l i

r Du
l i ,l

i8

j i ~pi ,r !

pir
G .

The magnetic component is given by
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~1MW (S51,m i→S51,m f )
mag !m

5
8A2

p
~dm,12dm,21!k

3 (
j i , j f50

`

(
Mi52 j i

j i

(
M f52 j f

j f

(
l i85u j i21u

odd
j i11

(
l f85u j f21u

odd
j f11

(
l i5u j i21u

odd
j i11

(
l f5u j f21u

odd
j f11

(
mi52 l i

l i

(
mf52 l f

l f

(
mi8521

1

(
mf8521

1

(
m i8521

1

(
m f8521

1

(
L5u l i2 l f u

even
u l i1 l f u

i l i2 l f1L11

3~2L11!Yl
i8m

i8
* ~ p̂i !Yl

f8m
f8
~ p̂f !~21!mf81mfC

l
i8 m

i8 1 m i

j i M i C
l i mi 1 m

i8

j i M i C
l
f8 2m

f8 1 m f

j f M f C
l f 2mf 1 m

f8

j f M f C l i mi L 0
l f mf C l i 0 L 0

l f 0 C
1 m

i8 1 m

1 m f8 A~2l i11!

~2l f11!

3E
0

`

dr

u
l f ,l

f8

j f ~pf ,r !

pf

2

kr
ĵ L~kr/2!

u
l i ,l

i8

j i ~pi ,r !

pi
.

C. Singlet-triplet and triplet-singlet transitions

The matrix elements of these spin-flip transitions involve only the magnetic components

~2MW (S50→S51,m f )
mag !m 52

8

p
~dm,12dm,21!k (

j f50

`

(
l i50

even
`

(
M f52 j f

j f

(
l f85u j f21u

odd
j f11

(
l f5u j f21u

odd
j f11

(
mf52 l f

l f

(
mf852 l f8

l f8

(
mi52 l i

l i

(
L

odd

i l i2 l f1L11~2L11!

3Yl imi
* ~ p̂i !Yl fmf

~ p̂f !C l
f8 m

f8 1 m f

j f M f C l f mf 1 m
j f M f C l i mi L 0

l f mf C l i 0 L 0
l f 0 A~2l i11!

~2l f11!

3E
0

`

dr

u
l f ,l

f8

j f ~pf ,r !

pf

2

kr
ĵ L~kr/2!

ul i
~pi ,r !

pi
,

~2MW (S51,m i→S50)
mag !m 5

8

p
~dm,12dm,21!k (

j i50

`

(
Mi52 j i

j i

(
l i85u j i21u

odd
j i11

(
l i5u j i21u

odd
j i11

(
mi52 l i

l i

(
l f50

even
`

(
mi852 l i8

l i8

(
mf52 l f

l f

(
L

odd

i l i2 l f1L11~2L11!

3Yl
i8m

i8
* ~ p̂i !Yl fmf

~ p̂f !C l
i8 m

i8 1 m i

j i M i C l i mi 1 2m
j i M i C l i mi L 0

l f mf C l i 0 L 0
l f 0 A~2l i11!

~2l f11!

3E
0

`

dr
ul f

~pf ,r !

pf

2

kr
ĵ L~kr/2!

u
l i ,l

i8

j i ~pi ,r !

pi
.

a
o

nd

tion
In dealing with the matrix elementsMW el, 1MW mag, and
2MW mag, the most serious difficulties are encountered in c
culating the integrals involving the radial wave functions
the continuous spectrum. Following Ref.@49#, we calculate
such integrals numerically within the interaction region a
analytically outside it.

Analyzing powerAa(a5x,y,z,) is described by the well-
known formula

Aa5
Tr@~sW •nW a!Ai→ f Āi→ f #

Tr@Ai→ f Āi→ f #
, ~11!

with @32#
05400
l-
f

Ax5~T12
2 1T21

2 !/~T11
2 1T22

2 !,

Ay5 i ~T12
2 2T21

2 !/~T11
2 1T22

2 !,

Az5~T11
2 2T22

2 !/~T11
2 1T22

2 !, ~12!

where the indices 1 and 2 above denote the spin projec
m1 value equal to 1/21 and 1/22, respectively, of the inci-
dent nucleon onto its momentum direction~change of basis
Sm→m1m2),
3-6
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Tab
2 5 (

m2m3m4
S ^m3m4uMW uam2&^m3m4uMW ubm2&*

2
1

k2
^m3m4ukWMW uam2&^m3m4ukWMW ubm2&* D ,

MW 5~MW el1t1MW mag1t2MW mag!, ~13!

t5 imm/e, andAx5Az50 for coplanar geometry, vectorAW
5(0,Ay,0) being directed perpendicular to the proton sc
tering plane.

In comparison with our preliminary results@50# in the
present paper the new improved version of the Moscow
tential @23# is used and the exposition is complemented
the analysis of transversal analyzing powerAy . As far as the
MP version @23# fits the phase shifts up toE054002500
MeV the calculations are done for values of the beam ene
of E05280, 350, 400, 450, and 500 MeV. However, o
results forE05500 MeV have only qualitative meaning: ou
consideration is nonrelativistic, but as we shall see bel
the relativistic effects forE05500 MeV are quite remark
able.

III. RESULTS OF THE CALCULATIONS

In discussing the processpp→ppg, we aim primarily at
comparing our results obtained by using the deep attrac
MP with the results produced by two potentials of the R
type, the Paris@51# and Hamada-Johnston@52# potentials.

Figure 2~a! presents the calculated differential cross s
tion, along with available experimental data, at a proto
beam energy of 280 MeV@27#. Small values of the angle
Q1 and Q2 correspond to emission of the hardest photo
As the photon emission angleQg with respect to the beam
direction increases, the photon energy in the laborat
frame decreases from about 240 to about 100 MeV, but
emission of photons with maximum c.m.s. energy cor
sponds toQg values near 0° and 180°. This is the reas
why the differential cross sections develop distin
maxima—both in theoretical calculations and in experim
tal data—atQg values that are close to 0° and 180°.

We can see that all theoretical curves are close to
another and to experimental points, so that no discrimina
can be drawn between the various potentials. A similar re
was previously obtained by other authors, including Fear
@33#, who performed calculations not only with the RCPs b
also with the MP. The same pattern is observed at lo
energies as well.

Figure 2~b! shows the analyzing powerAy as a function of
Qg angle calculated with the MP in reasonable agreem
with experiment@27#, too, but the RCPs give here also a
proximately the same result.

The situation drastically changes, however, when we
crease the proton energy, step by step, to 350 MeV~Fig. 3!,
400 MeV ~Fig. 4!, 450 MeV ~Fig. 5!, and, finally, 500 MeV
~Fig. 6!: the above maxima become sharp peaks in the
results and remain modest in the calculations performed w
05400
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e
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the RCPs. Near maxima, distinctions between the MP res
obtained in the c.m. systems of the initial and final proto
also manifest themselves, but these distinctions, amoun
to several tens of a percent, are still less than fourfold
fivefold distinctions between the cross sections at
maxima corresponding to the MP and RCPs. It can there
be concluded that investigation of the reactionpp→ppg
provides a rather promising tool for choosing betweenNN
potentials of various types, the more so as the distinctions
seen not only in the absolute values of the cross sections
also in their shapes. It is hoped that future experiments
make it possible to make this choice.

In Figs. 2–6 the results obtained with the supersymme
partner@53# of the MP are also presented. It belongs to t
RCP family and yields the same phase shifts as the MP a
from the basic overall displacement down byp that is asso-
ciated with the generalized Levinson theorem. It can be s
that the cross sections computed with the supersymme
partner of the MP are virtually indistinguishable from th
cross sections corresponding to other RCPs, albeit that s
moderate difference between all of them in the prediction
the phase shift energy dependence at our energies oE0
53002500 MeV does exist. In particular, Hamada-Johns

FIG. 2. ~a! Differential cross section for photon emission as
function of the laboratory photon emission angleQg at proton-
beam energy«5280 MeV and laboratory proton emission angl
fixed at Q1512.4° andQ2512°: solid curve, Moscow potential
dotted curve, supersymmetric partner of the MP; long-dashed cu
Paris potential; short-dashed curve, Hamada-Johnston potential
sults obtained in the c.m. systems of, respectively, initial and fi
protons, are practically indistinguishable.~b! Qg , dependence of
the analyzing powerAy at the fixed proton emission anglesQ1

512.4° andQ2514°. «5280 MeV.
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and Paris potentials at, say, energy values aroundElab
5450 MeV produceS-phase shifts ofNN scattering which
differ by 10°215°, but the correspondingpp→ppg results
are almost identical. The same conclusion is valid if we co
pare two versions of the MP—the last version@23# and the
previous one@22,50#. Namely, in comparison with experi
ment, the first version@22,50# describes the singletD-phase
shift behavior remarkably worse than the second one@23#,
but the calculatedpp→ppg cross sections are also prac
cally indistinguishable. So the discussed cross sections o
pp→ppg reaction are not sensitive to details of the p
dicted phase shift running. However, they appear to be v
sensitive to the type of short-range behavior of wave fu
tions corresponding to low partial waves: the radial wa
function for S andP waves with the short-range oscillation
characteristic of the MP give 3–5 times larger cross sec
~in the maxima! than the corresponding wave functions
RCPs which are suppressed at small distances due to
repulsive core.

FIG. 3. The same as in Fig. 2~a! but for «5350 MeV and
various values of anglesQ1 andQ2 indicated in each graph. Thick
lines, c.m. system of initial protons; thin lines, that of final proto
~they are presented only if they are different remarkably from
corresponding thick lines!.

FIG. 4. The same as in Fig. 3 but for«5400 MeV.
05400
-

he
-
ry
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e

n

the

The reason why the analysis at energiesEg near to the
maximal value will make it possible to reveal the shape
the NN wave function at small distances for low parti
waves is that, with increasingEg ~in the c.m.s.! and decreas-
ing energy of the relative motion of the nucleons in the fin
state, the role of transitions featuring these waves beco
more pronounced~this especially concernsS waves!.

Mathematically, the surprising sensitivity of partial-wav
integrals standing in electromagnetic matrix elements to
short-range behavior of partial-wave functions has the ex
nation that the integrands are oscillating at large distan
and the corresponding contributions to integrals are sma

Let us discuss the influence that changes in the kinem
variables exert on the cross sections computed with the
and RCPs. Figures 3–6 show that, at the beam energies
sidered, an increase in photon energyEg , i.e., a decrease in
the sumQ11Q2 of the proton emission angles~satisfying
the conditionQ1.Q2), enhances the effect. The effect al
grows in magnitude with increasing proton-beam energy
fixed Q1 andQ2.

The set of Figs. 2–6 shows also that with increasing

e

FIG. 5. The same as in Fig. 3 but for«5450 MeV.

FIG. 6. The same as in Fig. 3 but for«5500 MeV.
3-8
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ergy E0 of proton beam the difference between the resu
calculated in the initial c.m.s. and in the final one increas
and forE05500 MeV it becomes rather remarkable. So th
energy seems a maximal one where our nonrelativistic
proach still makes sense~the relativistic consideration elimi
nates the above difference!.

To complement the data for cross sections, in Fig. 7
present the predicted analyzing powerAy for some kinematic
cases of Figs. 3–6. This quantity, as we see, being ra
useful to control the spin dependence of theNN interaction,
is not so sensitive to the kind ofNN potential used than the
differential cross sections of Figs. 2–6.

On the whole, we see that there is a kinematic region
which the excess of the cross section calculated with the
over the one corresponding to RCPs is large. The gen
characteristics of this region is that the photons should b
hard as possible. Following the experimental paper in@27#
we made calculations for coplanar geometry when kinem
cally complete information is obtained by triple coinciden
measurements of three anglesQ1 , Q2, and Qg . But it is
possible also to measure in double-coincidence experime
say,Q1 , «1, andQg quantities or to use~for experimental
convenience! some noncoplanar kinematics compatible w
the emission of hard photons. We are ready to perform
corresponding calculations.

IV. CONCLUSION

It was noted in Refs.@33,34,36# that bremsstrahlung in th
processpp→ppg provides no way of distinguishing be
tween various RCPs. In contrast to this, our study dem
strates that, even at rather moderate proton-beam energi
about 350–500 MeV,pp→ppg experiments are very infor
mative if we extend the range ofNN potentials under com
parison by confronting the MP with the RCP family. Unfo
tunately, experimental data on the reactionpp→ppg at the
required energies and kinematic conditions are not availa
at present. The existing data at 390 and 730 MeV@29# are

FIG. 7. Ay(Qg), curves calculated with potentials used abo
for different kinematic conditions:~a! «5350 MeV,Q1514°, Q2

510°; ~b! «5400 MeV, Q1514°, Q2510°; ~c! «5450 MeV,
Q1514°, Q2510°; ~d! «5500 MeV,Q1520°, Q2510°.
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characterized by relatively low photon energies.
Investigation of hard pion emission in the processespp

→ppp0 and pp→pnp1 would be a direct extension o
pp→ppg experiments. The quasielastic knockout react
2H(e,e8p)n can be very helpful also, if the measurements
the proton momentum distribution will be extended up
recoil momentum values ofq;1 GeV/c ~with the very
strong final-stateNN interaction created by the MP take
into account in the theoretical interpretation of the data!.

Heuristically, the above type of comparison of the pro
erties of the various types of theNN interaction may be of
broader significance, because quark microscopics behind
MP as represented here in the simplest form by the qu
configurations4p2@42#CS@42#X is much richer in its physica
content than its projection onto theNN channel. For this
reason, we believe that the proposed method of compar
between the various models of theNN interaction in the
reactionpp→ppg would also be of interest for nonpotentia
approaches like RGM, which admit nonlocalities and ta
explicitly into account quark degrees of freedom. Analysis
the properties of theNN system will be more comprehensiv
and effective if its basis will include other reactions—f
example, inclusive polarization processes featuring deu
ons with energies of several GeV. It was mentioned ab

that, in such processes, theNN* ( 1
2

2, 3
2

2) component with
P-wave relative motion becomes visible in the deuteron.
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APPENDIX

Using the common definition of the transition amplitud
Ai→ f @45#,

d~PW i2PW f1kW !Ai→ f

52A4pE d3x^c f uJW~xW !«W uc i&exp~2 ikW•xW !,

~A1!

with photon polarization vector«W and current density

JW~xW !52
i

2 (
i 51,2

e

m
@d~xW2rW i !¹W i1¹W id~xW2rW i !#

1 (
i 51,2

m rot d~xW2rW i !sW i , ~A2!

we present both initial and final two-proton wave functio
in the evident notation as
3-9
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c~rW1 ,rW2!5~2p!3/2exp~ iPW •RW !w~pW ,rW !,

E d3r w̄~pW 1 ,rW !w~pW 2 ,rW !5d~pW 12pW 2!. ~A3!

Taking, as an example, in Eq.~A2! the component with
thed(xW2rW1)¹W 1 operator and substituting it into Eq.~A1! we
obtain on the right-hand side the integral

E d3r 1d3r 2c̄ f~rW1 ,rW2!~¹W 1•«W !c i~rW1 ,rW2!exp~2 ikW•rW1!

5E d3Rd3r exp~2 iPW f•RW !w̄ f~pW f ,rW !S 1

2
¹W R2¹W r D «W

3exp~ iPW i•RW !w~pW i ,rW !expF2 ikW•S RW 2
1

2
rW D G
g

d

uc

iz.

-

n

. C

n

.

a
.

F.

05400
5constF i

2
«W ~PW i2kW !d~PW i2PW f2kW !

3E d3r w̄ f~pW f ,rW !w i~pW i ,rW !expS i

2
kW•rW D

2d~PW i2PW f2kW !E d3r w̄ f~pW f ,rW !

3~«W •¹W r !w i~pW i ,rW !expS i

2
kW•rW D G . ~A4!

Now, choosing, say, the initial c.m. system, i.e.,PW i50,
PW f52kW , we see that the first term vanishes due to the ga
condition «W •kW50. If PW f50, then PW i5kW and the first term
vanishes again. In this way Eq.~4! results, etc.
.
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