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Nucleon-nucleon short-range wave function and hard bremsstrahlungpp—ppy
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Various opportunities to investigate the short-rafgfd wave function are discussed, having in mind, in
particular, the quark degrees of freedom. It is shown that hard bremsstrahlung in the grpeeppy at
proton beam energies of 350—500 MeV discriminates efficigmpiywave functions with the short-range nodes
in SandP waves that correspond to the Moscow potential of ¢ interaction and wave functions obtained
with repulsive core mesonic potentials. In the regions of maximal photon energies in the c.m. @ysteams
forward and backward photon emission angles in the laboratory jrém@p— ppy 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 powsy is calculated too, but it is not very sensitive to the kind\dfl
potential used. The coordinate representation formalism of the bremsstrahlung theory is exposed.

PACS numbs(s): 13.75.Cs, 03.65.Nk, 12.39.Jh, 25.20.Lj

[. INTRODUCTION the nucleon-nucleon overlap region connected with the vir-
tual color exchange between nuclepns
The problem of quark degrees of freedom in M sys- As a summary of the aforesaid, there are different model
tem and in the lightest nuclei was vigorously discussed in theiews of theNN interaction and the inavoidable radical sim-
literature from the 1970s up to no\—16|. plifications inherent to models should be verified by the
Initially, calculations for the six-quark system by using proper experiments.
the resonating group methd®GM) with the perturbative It was noted in Refd[19,2Q that the nature of the short-

one-gluon-exchangeq interaction[4—11] have shown that, range part of the\NN interaction can be disclosed to an es-
albeit the resultind\ N interaction may conceptually be due sential degree by extending considerahlp to E,,, values
to mechanisms other than meson exchange, it pragmaticalf 5—6 Ge\j the energy region in whiciNN scattering is
appears to be close—for example, in fitting phase shifts iranalyzed. For comparison, one of the most advanced ver-
the energy regiork,,, <500 MeV—to the interaction that sions of RCP—therNN coupled channel modgl21]—
is described by so-called repulsive core potentid€Ps.  describes thélN scattering data rather well up &, val-
This is because of the superposition of periph&rbl attrac- ues about 2 GeMbut also thepp—pp#n reaction near
tion associated with the excited quark configurationthreshold, etc[21]).
s*p?[42]y[ 42] s (which was first introduced in Reff3]) and Analysis of data onNN scattering in the wide energy
short-range repulsion due to the configurat&Sp6]4[2%]cs  range mentioned above, together with a direct investigation
(Ref.[1]). Later, similar conclusions were obtaingiP—15  of the behavior of thé&\N wave function at small distances,
using nonperturbative models of, say, instanton-induceénables an important verification of a concept
qq interactions. However, such views do not find some mord2,3,6,19,20,22,24that is an alternative to the RCP ap-
or less evident support in the current QCD lattice calculafroach, the concept of a deep attractive potential that in-
tions[17]. volves forbidden states and which yields ldiN wave func-
Recently, some new insight into the origin of the short-tion having oscillations irS and P waves instead of short-
range NN interaction has appearefll6] based on the range suppression due to the repulsive core. THIN
Glozman-Riska model of baryon structres]. This model potential, referred to as the Moscow potentidP), can find
explains quantitatively for the first time the excitation spectraits microscopic ground in the excited quark configurations
of three kinds of baryonéN, A, and A) supposing a linear s*p? ands®p® for SandP waves, respectivel}2,3,23. Such
guark confinement and flavor-spin exchange between corconfigurations may predominate in the overlap region of
stituent quarks by means of pseudoscalar mesons. two nucleons due to several reasons: a strong color-magnetic
In Ref.[16] RGM calculations result in a short-range re- interaction of thexAoo symmetry between quarks with
pulsion between nucleons, albeit the physical round beinghe resulting energetically favorable configuration
very different in comparison to both the picture of gluon- or s*p?[42],[ 42]cs (Refs. [3,6]); a strong instanton-induced
instanton-inducedq interactiong4—15 and the traditional interaction between quarks ef-oco symmetry with the cor-
picture of meson-exchange potenti@demposite nucleon, no responding configuratiors*p?[42]4[42];s (Refs. [2,12));
vector mesons, efc.However, the nucleon-nucleon system virtual color exchange between nucleons represented by the
may have its important specific features not very visible invirtual decays*p?[33]c—s?p[21]c+s?p[21]c of the six-
the baryonic spectrgsay, the big confinement fluctuations in quark colorless system to two color dipoles with strong
short-range attraction between th¢ad].
The introduction of the MP has offered the opportunity to
*Electronic address: neudat@nucl-th.npi.msu.su explain[19,2Q for the first time the general features of the
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angular dependences of the differential cross sections artdgh for revealing distinctions between tipg— ppy cross
polarizations folNN scattering in the energy range<@®,,,  sections as predicted with the RCPs and MP.
<6 GeV (a new phase shift analysis dfN scattering ex- The formal origin of the high discriminating power of the
tended up to theE,,, value of 2.5 GeV[25] can be very PP—ppy process is connected with the fact that the MP and
helpful here to refine the rising with energy role of absorp-RCPs are not phase-shift-equivalent potentials, as far & the
tion, etc). A specific implementation of this approach also matrix corresponding to the MP has very different structure
made it possible to describe theN system at low and inter- in comparison to that for RCPs: in channels with the orbital
mediate energies bettéand in a rather simple wayhan in ~ momentaL =0 and 1 it has extra poldgeflecting the deeply
the RCP approacf22,23. bound forbidden stat¢snd the phase shifts are positive in

So the opportunity to discriminate two kinds NN po-  the entire energy region. Namely, at small enerdigs to
tentials with very different short-range behavior seemsEq~400-500 MeV the S and P-phase shifts for the MP
rather actual. Namely, with the aid of hard electromagneticcan be obtained approximately from these for RCPs by the
processes we can verify whether the wave function developdisplacement up on 180°; at higher energies their compara-
bright short-range oscillations in th® and P waves (with tive behavior becomes rather different and finally at energies
the nodes at 0.5 and 0.9 fm, respectiyebhich are charac- 0of 5 GeV they have the common Born linié, (E)[<1.
teristics of local Moscow potentidll9,22,23 or these oscil- Another possible example of such high discriminating
lations are suppressed in part due to, say, the very norpower is the reaction of quasielastic knockout of protons by
local nature of theNN interaction[9,11] or they are sup- a few GeV electrons?H(e,e’p)n but the measurements
pressed completely in accordance with RCP prescriptionsshould be extended up to the large recoil momentum values
There are two possibilities for such an investigation. The firsg=1 GeV/c. The quite measurable enhancement of the pro-
(most obvious one is associated with the deuteron- ton momentum distribution in deuterons for the MP in com-
photodisintegration proces&H-+y—n+p, but the imple- parison with that for RCPs is expected hgaevery strong
mentation of this possibility requires photon enerdigsin  final stateNN interaction is the specific characteristics of the
excess of 1.5 GeV to suppress the strong screening effect P and at the analysis of the experiment it should be taken
meson exchange currerfdECs). First experimental results into account by means of the full distorted-wave impulse
obtained in this field will be analyzed elsewhere. approximation(DWIA) procedurg

In this study, we consider the second possibility, the in- For the sake of completeness, it should be noted that
vestigation of hard bremsstrahlung in the procgss there is one more method for studying quark degrees of
—ppy at proton-beam energies of several hundred MeVfreedom in theNN system and its wave function at small
whose experimental implementation is much simpler. Thiglistances. This independertalbeit less diregt method,
process was studied experimentally in coplanar geometry athich requires, however, as the reactiéH(y,p)n does,
energies between 42 and 280 Mg26—29 and at 390 and much higher energies than the procegs—ppy, involves
730 MeV [29] (but the photons in Ref.29] were not hard investigating the baryon-baryorBg) content of the deu-
enough. Theoretical calculations for this reaction were per-teron [39]. The point is that the quark configuration
formed in Refs[26,30—36. In these calculations, attention S*p?[42]y[42]csis projected, with a large amplituden the
was focused on a comparison of various RCPs—in particunucleon-overlap region of radius about 0.7)fmot only onto
lar, on the possibilities of tracing the differences in relevantthe n+p channel but also onto oth&B channels. This is,
off-energy-shell scattering amplitudes in order to makeabove all, theNN*(1/27,3/27) channel withP-wave rela-
thereby a choice between these potentials, which are neartive motion(the probability of this channel was predicted to
equivalent on the energy shdile., give nearly the same be slightly below 1% of the probability of the+ p channel,
phase shift The result was discouragif@®6] because the for which normalization to unity is dominated by the volume
distinctions proved so small that they can hardly be detecteutside the nucleon-overlap regipnbut the N*N* and
able experimentallythe general comment justifying this pes- NN** (1/2" Roper resonangecomponents withS-wave
simistic conclusion from the viewpoint of meson field theory relative motions are not negligible either. The presence of
was also given in Ref.36)). In addition, it was established the NN* component withP-wave relative motion of nucle-
that the net contribution of MEGgssociated with the virtual ons is just suggested by the results of polarization experi-
transitionp, w— m°+ ) and of an intermediatA isobar is ments(at Dubna that employed 7 GeV deuterons to study
insignificant if the hardest possible photons are consideredlastic backward scattering in tlie- p system[40] and in-
[36—38 and can therefore be disregarded. clusive reactions of the typ&(d,p) X with a spectator pro-

Introducing the MP as a potential that is radically differ- ton emitted in the forward directiof®1] (a possible subpro-
ent from RCPs in the region of short distances we demoneess featuring this component is that in whi¢h belonging
strate here that the procegp— pp+y provides a highly sen- to the deuteron and having an orbital angular momentum
sitive tool for choosing between the above two typeNd®f  equal to unity is picked up by the proton, forming thereby a
interactions. A sufficient degree of sensitivity is achieved atdeuteroi. According to these experiments, the probability of
proton-beam energies of about 350—500 Mglith the reg- the NN* component in the deuteron is around 2%, which is
istration of hard photons which are accessible at many a remarkable argument in favor of our quark vie{@9].
laboratories of the world. Previously, the calculation of theAnother possible way of studying ti#B content of the deu-
reaction pp—ppy with the MP was performed only by teron could be analysis of the spectrum of spectator baryons
Fearing[33], who considered energies that are insufficientlyB from the quasielastic proton knockodH(e,e’p)B at
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This approach was used in a number of studsse, for

example, Refd.30—34). Various relativistic corrections to it
were also investigated, and it was shogee, for example,
Refs.[34,44)) that they are of the order 25-30 %.

It should be borne in mind, however, that, following pho-
ton emission, the momentum of the center of mass of two
final protons differs from the momentum of the center of
mass of two initial protons; hence, the emitted photon has
different energies in these two reference frames. These dis-

FIG. 1. Kinematic variable in the reactiggp— ppy for copla-  tinctions are noticeable when the emitted photons are rather
nar geometry. hard. We performed all calculations both in the c.m.s. of the

initial protons and in the c.m.s. of the final protons, and the
electron energies of 5 GeV and energies of emitted protongesults proved different, as they must in the nonrelativistic
of the order of 2 Ge\[39,42,43. It is expedient to perform approach. It seems that the two values obtained for the cross
such experiments at the Thomas Jefferson National Laborsection specify a reasonable interval for the true cross sec-

tory. tion. We will see below that these distinctions may be no-
We begin our analysis of the procgsp— ppy by giving ticeable, but they are always less than the spread of the re-
an outline of the formalism that we employ. sults that stems from performing calculations wikhN

interactions of different types.
In coplanar geometry, thepp—ppy cross section is
given by the expressiof81] (we use the system of units in
We consider bremsstrahlung from tpg system in co- Wwhichz=c=1)
planar geometry, which was used in the experiments reported

Il. THEORETICAL FORMALISM

in Refs.[26—-29. In these studies, the experimental proce- pIp3

dure consisted in detecting all three final particles in coinci- do= 5 5 > S
dence and involved determining the proton emission angles (2m)°32mpey[ p3( €, + €2) + €22 (P1=P)]

®, and®, in the laboratory frame and the photon emission q

angle® . The protons are emitted on different sides of the Xﬂdgydgldgz A2, (1
beam axis, and the angf, is reckoned in the same direc- de,

tion as the angl®, (see Fig. 1L The angle®®,, ®,, and

0, completely determine the kinematics of the above coplawhich must be summed over the spin states of the final pro-
nar process. Knowing these angles and the incident-prototons and averaged over the spin states of the initial protons if
momentump, we can calculate, in the laboratory frame, thewe are not interested in polarization observables. In the

final-proton moment®; andp,, the photon energy,,, and  apove expressiom ande are the three-momentum and en-
other quantities. ergy of the incident protonp;, p, ande,, &, are three-

All calculations were performed in the coordinate repre- ) ) S =
sentation. Thepp-wave function was sought by solving nu- Momenta and energies of the final protasis; pi/2m; k and

merically the Schidinger equation with a relevant potential €» &re the momentum and energy of the emitted photon; and
of the NN interaction and with allowance for the Coulomb M s the proton mass. The kinematic factor in the brackets is
interaction of protons. Such an approach is more complicate_k!ﬂva”a”t under Lorentz transformations; it can be calculated
than the momentum-space one, having in mind the calculd? the laboratory frame. To evaluatgp, /d6, we can then
tion of matrix elements of electromagnetic transitions foruse the relation
wave functions with Coulomb asymptotic behavior. In the
processpp— ppvy, the Coulomb interaction is operative for
maximally hard photons, in which case two final protons are
virtually stopped in the c.m. systelft.m.s) However, an
advantage of our approach is that, in both initial and finalwhere
states, thepp-wave functions in a continuum are automati-
cally orthogonal to forbidden states. Such states must be es- z=—ps€y(sind,—tan 6, cosh,)
pecially eliminated in order that a correct off-energy-shell
scattering amplitude be obtained from momentum-space cal- N ing.—tan o p )C0591
culations with potentials involving forbidden states. Pz€1(sin 6, —tan 6,cos0, cosé,
We do not take into account MECs, whose contribution is
presumably negligible for the hardest photdtise role of —€16;(tan fp—tan 61)cosd,
MECs is comprehensively discussed in R¢86—-38). We
calculated the wave functions of the relative motion of nucle-Xy
ons on the basis of the nonrelativistic Saftirmer equation;
however, in going over from the laboratory frame to the _
c.m.s., we employed relativistic Lorentz transformations. ! (sing,—tan 6, cosé,) cos6,

p _
d_gl:[pzfl(X1+X2+X3)+6162(y1+)’2)]2 L@
Y

(sin#,—tan #,cosd,)(cosh,+tan 6, sind,)cosd,
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X2
B (sin#,—tan 6, cosé,)(cosd,+tan 6, sing,)
=P (sin#,—tan@, cosh,)(tan #;—tand,)cosd, tan 6,’
o (cos@,+tand;sing,)(sind,—tan 6,c0s6,)
3_ 1

(tan#,—tan 6,)cosb,

(cosé,+tan 6,sin6,)cosb,
(sin#,—tan 6, cosd,)

y1=—p;(tan 6,—tan 6,)

(cosé,+tan 6,sing,)
(sing,—tan 6,cos6b,)

yo,=ptan 6,

The squared modulus of the amplitude_.; in Eq. (1) is
also a Lorentz-invariant quantity. This enables us to calculat
it in the c.m.s. of two protons by using the relativistic wave
functionse;(r) andeq(r) of the relative motion of nucleons
in the initial and final states, respectively. With the aid of the
standard QED methof#5], we can represend;_,; in the
form (see Appendix

e v - - -
Aiﬁf=16(w)3ﬁm(ﬁ'\/'e' + pIMMag 4 2MMmag) . g
3)

meuzf d3r[exp(—iK-F/2) — exp(ik-F/2)]

X[@i(NVei(r) = @i(NVer(N], (4)

1|\7| mag:f

X [exp(—iK-r/2)+explik-r/2)],

d®roe(N[KX (a1+02)1@i(r)

(5

=0 (p,r; 1)

odd odd . ,
21 i j+1 j+1 i El '2
TP =0 Z)-q Iz%—l\ M=—j m=—1 p/—_’

for the triplet state. In the above expressiﬁrandf are the
relative momentum and coordinate of the particlgsg, is

the spin component of the wave functioﬁ}rl“mllzmz are
Clebsch-Gordan coefficients, and,,(X) are the spherical

harmonics of the unit vector directed along the vector.
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d3r @i(NIKX (a1~ 072) i (1)

ZM’ mag:f

X [exp( —ik-r/2)—exp(ik-r/2)]. (6)

In the expressions, the bar over the final-state wave function
@¢(r) denotes Hermitian conjugatioaandu are the proton
charge and magnetic moment, the Pauli matrigesict on

the spin variables of thigh proton, ands=(0,§) is the pho-
ton polarization four-vectofin the transverse gauge used

here, we haves-k=0). The matrix elemenM®' is associ-
ated with the proton electric charge, while the matrix ele-

ments*M ™29 and 2M ™29 are generated by the particle mag-

fetic moment. The matrix elementd® and M™39 are
associated with transitions that conserve the total Sparf

the two-proton system, whereas the matrix elemvif"29
describes spin-flip transitions.

The two-proton system may be in one of two states with a
definite value of the total spis. These are the singletS(
=0) and triplet §=1) states. The corresponding wave
functions of the continuum spectrum are written[46,47|

=) (p,r;0,0

even

21 & . - -
= ;a IZO m;I |'u,(*)(p,r)ym(r)yfm(p))(oc
(7
for the singlet state and as
1 .
E 1 il ull(fﬁ(p;r)ch’\'/]llulcf'rwmr 1My|’m’(r)y|*m(p)xlp, (8)

n=-

ul(i)(p,r) and ujl(fl)(p,r)in the singlet and triplet states, re-
spectively. For the initial state, these boundary conditions are
given by

u(p,r)=uf"(p,r) — el (m+0)

The asylfnptotic»expression for}he initizil—stéiﬁeal—state x sin pr— I—W—gln 2pr++8 |, 9)
wave functiong;(r)= %) (e¢(r)=¢>)) of the con- 2
tinuous spectrum must be represented as the sum of the plane . i
and divefging(converging sppherical waves. The solutionps ul-i(p.r) =) (p.r) — (=) IE{(_l)I5”’
with these properties are constructed by solving the radial X ex —i(pr— £In2pn)]
Schralinger equation with the corresponding boundary con- _ . P P
ditions in the asymptotic region for the radial wave functions - Shez' Texdi(pr—£&In2pr)l}, (10
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where we have used standard conventi@es, for g>§ample, by replacing the initial- and final-state wave functiapgr)
Ref. []4(13) The final-state radial wave functiong (p,r) ~ andey(F) in Eqs.(4)~(6) by expressions?) and (8) and by
andu’}, /(p,r) are complex conjugates of the correspondlngexpanding the plane waves exﬁ(ZF/2) appearing in Eqs.

initial-state wave functions. . R (4)—(6) into series in terms of spherical harmonics. The re-
The formulas for computing the components e(i),u sulting expressions, in which theaxis is chosen along the

(*M™9) ., and EM™9), of the vector amplitude$i®,  photon momentunk to simplify the presentation, are given
IM™Mag and 2M ™29 of the reactionpp— ppy are obtained below for various types of transitions separately.

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

even

8 &

(M(ezlszoﬂs:m)u:—; E E ili_|f+Lylfm-(|A3i)y|f(mif,L)(fJf)
|i'|f:0 mi=—li [
I 0fd||
i—1+lg
- 21, =),
X L:|Ii21—lf\ (2|—+1)Cli—1mi—ML0C|i—10LOC| ~1m-uix N (20,+1)(2l,+ 1)
I ofdu
U (P,r) [ d 142\ U (pir) i+ 1+l .
— ' — FMi—
xf kJL(kr/2) (dr+ - o L:“;l_lfl 2L+1)C,1 T

i
I+10LOC

m (2i+3)(1;+1) u (pf.r) |\ UL (pisr)
LHlm—plu WJ' dr J|_(kr/2) (dr_?)T'

Here and in the formulas given beloﬁq(x) is the Riccati-Bessel functiof%8], and |5i and 5f 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

odd odd odd odd ,
8 o Ji ji+1 Jf+1 ji+1 i+l ' It
(M(S Luj—S= l/,Lf)) ar 2 E E E ; ; Z E ||i7|f+Lyr'm"(pi)
Ji01=0 M{=—j; M{=—j; 1 I=li-1 1y ,“f 1 i 1) 1 1\m:_| mi= 1! M= i M
~ | ii Mj Ji My it Mg i+ M
Xylf'mf’(pf)( 1)mf+m MC| m 1u CI m; ]_/,LC|' 7mf’ 1Mfcl:—rfni+,u,l,u
I ofd||
i—1+ly
21— 1)l
lgmi—p It Ij m; ( i I
A2y A DG i on i s N2 T D2, D
j odd
2. :ff’|fr(pfur) d I +1 (pur) ||i+l+|f| |
X | drju(ki2 — - 2L+1)c,! M #
f J(ki2) Pt (dr r pir L:||;1—|f\( i im—nto

r(pf!r) uji r(pi!r)
10 ‘m [ (21, +3)(I;+1) I 1! 1Y
<€l o e N i 712 1 © k“(k”Z)T(dr ‘)p—]

The magnetic component is given by
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(1 amag )
(S=1uj—S=1pus)/ p

82

=—(5 -6, -1k
odd odd odd odd even
it jit1 Jf+1 jit+1 jfrl 1 1 1 1 [1;+1¢]
XEEEE ;; EEEEE;N“L“
Bl =0 Mi==Ji M¢==j¢ |/ |j 1] 1= |Jf 1 hi 1f 1y 1] m.-*' M=l m/= 1 mi=—1 p gL Il
* m/+m i i My it My I lime o150 L Llag /M
><(ZL—’_:L)ylilmiy(pi)yI (pf)( D™ fc' t 1 C'imilﬂirclfr7mf’1Mfc|f*mf1#frclimi'-ocho'-oclﬂi'lﬂ (214+1)
J* | |!(pf! ) 2 | |/(p|! )
dr—— kr/2) ————
jL(kr/2) o
C. Singlet-triplet and triplet-singlet transitions
The matrix elements of these spin-flip transitions involve only the magnetic components
8 RSl J?ic:‘l. j?idl I I I, odd
CMED s 1) =——(8,1=8 ,1>k2 » 2 > ; 2 X2 X X2+
rs j£=0 ;=0 M¢=—j¢ | L= i-1] le=js—1] me=—I¢ mfr:,|fr m=-1; L
A' -~ ijf ijf Ifmf |f0 M
XJ;I*;mi(pl)-ylfmf(pf)ler mfr 1#fclfmfluclimi LOCIiOLO \[ (2|f+1)
J‘ood (pf’r) (k /2) uy. (plvr)
X r— r2) ——,
0 P+ JL Pi
8 © J?gi J?Ei | een -y I; odd
2M —o)u=—(8 k2 il 41
: i M Lm 10 (21;+1)
Xy|rmr(pu)y|fmf(pf)c| N C|'m'1 WLiim'LoClloLo V2, +1)
w U (pf,r) 2 |/(p| ,I')
x| dr———— = (kr/2
fo Pt kr JL( ) i
|
In dealing with the matrix elementsi®, *M™29 and A= (T2, +T3)/(T2,+T3,),

2M™ag the most serious difficulties are encountered in cal-
culating the integrals involving the radial wave functions of
the continuous spectrum. Following R¢A9], we calculate Ay=i(TH—T)(TH+ T3y,
such integrals numerically within the interaction region and
analytically outside it.
Analyzing powelA ,(a=X,Y,z,) is described by the well- _
nalyzing POWer(a=x..2) y A= (T2 =TE)I(T+ T, (12

:Tf[(a'na)A‘:fAHf] (12) where the indices 1 and 2 above denote the spin projection
“ T, [A A _¢] m; value equal to 1/2 and 1/2, respectively, of the inci-
dent nucleon onto its momentum directi@@hange of basis

with [32] Sm—m;my),
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»~

Tgb: 2 (mzmy| M lamg)(mgmy| M [bmy)*

momszMy

&}

1 . .
—E<m3m4|kM|am2><m3m4|kM|bm2>* '

M =(M®'+ 71M™Ma%+ 72\ mag) (13

-

r=imule, andA,=A,=0 for coplanar geometry, vectdy
=(0A,,0) being directed perpendicular to the proton scat- 0
tering plane.

In comparison with our preliminary resulf&0] in the
present paper the new improved version of the Moscow po-
tential [23] is used and the exposition is complemented by 0.2}
the analysis of transversal analyzing power. As far as the
MP version[23] fits the phase shifts up tB,=400-500
MeV the calculations are done for values of the beam energy » 0.0

do/dQ1dQ2d@, (ub/sr2rad)
N

of E;=280, 350, 400, 450, and 500 MeV. However, our <
results forEy=500 MeV have only qualitative meaning: our _oal
consideration is nonrelativistic, but as we shall see below, )
the relativistic effects folE,=500 MeV are quite remark-
able. —0.4
0 180

60 120
8,(deg)
IIl. RESULTS OF THE CALCULATIONS

FIG. 2. (a) Differential cross section for photon emission as a

In discussing the process— ppy, we aim primarily at ~ function of the laboratory photon emission andle, at proton-
comparing our results obtained by using the deep attractiveeam energy =280 MeV and laboratory proton emission angles
MP with the results produced by two potentials of the RCPfixed at®;=12.4° and®,=12°: solid curve, Moscow potential;
type, the Pari§51] and Hamada-Johnstd62] potentials. dott_ed curve, supersymmetric partner of the MP; long-dashed curve,

Figure 2a) presents the calculated differential cross secParis pote_ntlal;_short-dashed curve, Hamada-J_ohnst_oq _potentlal_. Re-
tion, along with available experimental data, at a proton_sults obtained in the c.m. s_ys_temg of, respectively, initial and final
beam energy of 280 MeV27]. Small values of the angles protons, are practically |nd|st|ngmshabl(é)) G)y,.de.pendence of
®, and ®, correspond to emission of the hardest photons?he analyzing powes, at the fixed proton emission anglés;

1 2 o . =12.4° and®,=14°. £=280 MeV.
As the photon emission angle ., with respect to the beam
direction increases, the photon energy in the laboratoryhe RCPs. Near maxima, distinctions between the MP results
frame decreases from about 240 to about 100 MeV, but thebtained in the c.m. systems of the initial and final protons
emission of photons with maximum c.m.s. energy corre-also manifest themselves, but these distinctions, amounting
sponds to® , values near 0° and 180°. This is the reasonto several tens of a percent, are still less than fourfold to
why the differential cross sections develop distinctfivefold distinctions between the cross sections at the
maxima—both in theoretical calculations and in experimenimaxima corresponding to the MP and RCPs. It can therefore
tal data—at® , values that are close to 0° and 180°. be concluded that investigation of the reactipp—ppy

We can see that all theoretical curves are close to onprovides a rather promising tool for choosing betwééN
another and to experimental points, so that no discriminatiopotentials of various types, the more so as the distinctions are
can be drawn between the various potentials. A similar resuéeen not only in the absolute values of the cross sections but
was previously obtained by other authors, including Fearinglso in their shapes. It is hoped that future experiments will
[33], who performed calculations not only with the RCPs butmake it possible to make this choice.
also with the MP. The same pattern is observed at lower In Figs. 2—6 the results obtained with the supersymmetric
energies as well. partner[53] of the MP are also presented. It belongs to the

Figure 2b) shows the analyzing powéy, as a function of  RCP family and yields the same phase shifts as the MP apart
0, angle calculated with the MP in reasonable agreemenfrom the basic overall displacement down hythat is asso-
with experiment{27], too, but the RCPs give here also ap- ciated with the generalized Levinson theorem. It can be seen
proximately the same result. that the cross sections computed with the supersymmetric

The situation drastically changes, however, when we inpartner of the MP are virtually indistinguishable from the
crease the proton energy, step by step, to 350 N[EY. 3), cross sections corresponding to other RCPs, albeit that some
400 MeV (Fig. 4), 450 MeV (Fig. 5), and, finally, 500 MeV  moderate difference between all of them in the prediction of
(Fig. 6): the above maxima become sharp peaks in the MRhe phase shift energy dependence at our energie,of
results and remain modest in the calculations performed with=300—-500 MeV does exist. In particular, Hamada-Johnston
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FIG. 3. The same as in Fig.(@ but for e=350 MeV and FIG. 5. The same as in Fig. 3 but fer=450 MeV.

various values of angle®,; and®, indicated in each graph. Thick

lines, c.m. system of initial protons; thin lines, that of final protons  The reason why the analysis at energiesnear to the
(they are presented only if they are different remarkably from them aximal value will make it possible to reveal the shape of
corresponding thick lings the NN wave function at small distances for low partial
and Paris potentials at, say, energy values arofng waves is that, with increasir@?y (in the c.m.9.and o_Iecreas_-
=450 MeV produceSphase shifts oNN scattering which ing energy of the relatl\_/_e motion of_ the nucleons in the final
differ by 10°— 15°, but the correspondingp— ppy results state, the role of trgnsmon; featuring these waves becomes
are almost identical. The same conclusion is valid if we com{"°¢ pronou'ncecﬂthls espeC|.aI.Iy conceyr_S_ waves. .

pare two versions of the MP—the last versi@8] and the Mathematlcally, _the surprising se_n3|t|V|ty of partial-wave
previous ong22,50. Namely, in comparison with experi- integrals standing in electro_magnenc mat_rlx elements to the
ment, the first versioh22,50 describes the singldd-phase sho_rt—range behgwor of parﬂal-wavg fu_nctlons has th_e expla-
shift behavior remarkably worse than the second (28}, nation that the mte_grands are C.)SCIllatII’.lg at large distances
but the calculatechp— ppy cross sections are also practi- and the co_rrespondlng contributions to mtegr.als are.small..
cally indistinguishable. So the discussed cross sections of the I__et us discuss the influence th_at changes in the_ Kinematic
pp—ppy reaction are not sensitive to details of the pre_varlables exert on the cross sections computed with t_he MP
dicted phase shift running. However, they appear to be ver _nd RCPs. Elgures 3._6 show that, at th.e beam energies con-
sensitive to the type of short-range behavior of wave func: idered, an increase in photon e”‘?@" €., a dec‘fease n
tions corresponding to low partial waves: the radial wavethe sum@.ﬁ@z of the proton emission anglésatisfying
function for S and P waves with the short-range oscillations the condition®,>0,), enhances the effect. The effect also
characteristic of the MP give 3-5 times larger cross sectio'OWs I magnitude with increasing proton-beam energy at
(in the maxima than the corresponding wave functions of fixed O and@z_. _ .

RCPs which are suppressed at small distances due to the The set of Figs. 2-6 shows also that with increasing en-
repulsive core.

~
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Q
(&3]
(@}

do/d01d0Q2d0,(ub/sr2rad)

do /d( dQ2d@, (b /sr2rad)

0 60 120 180 0 60 120 180
,(deg) 0 6Q, (aeqy 20 180 8, (deg} 0 6Q, ey 20 180
FIG. 4. The same as in Fig. 3 but fe=400 MeV. FIG. 6. The same as in Fig. 3 but fer=500 MeV.
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characterized by relatively low photon energies.
Investigation of hard pion emission in the procespgs
—ppn° and pp—pn7* would be a direct extension of
pp—ppy experiments. The quasielastic knockout reaction
2H(e,e’p)n can be very helpful also, if the measurements of
the proton momentum distribution will be extended up to
recoil momentum values ofi~1 GeV/c (with the very
strong final-stateN N interaction created by the MP taken
into account in the theoretical interpretation of the gata
Heuristically, the above type of comparison of the prop-
erties of the various types of thié¢N interaction may be of
broader significance, because quark microscopics behind the
MP as represented here in the simplest form by the quark
_ —05 configurations*p?[42] 4 42]y is much richer in its physical
0 60 120 180 0 60 120 180 content than its projection onto tHeN channel. For this
6y (deg) 8, (deg) reason, we believe that the proposed method of comparison
FIG. 7. A(0,), curves calculated with potentials used above betwgen the various models of t”,NEN interaction in thg
for different kinematic conditionsta) & =350 MeV, ®,=14°, @, reactionpp—ppy would als_o be of interest for_n_onpotentlal
=10°: (b) £=400 MeV, O,=14°, ®,=10°: (c) s=450 Mev, approaches like RGM, which admit nonlocalities and take
0,=14°, ®,=10°; (d) £=500 MeV, ®,=20°, ©,=10°. explicitly into account quark degrees of freedom. Analysis of
the properties of th&lN system will be more comprehensive
ergy E, of proton beam the difference between the resultsnd effective if its basis will include other reactions—for
calculated in the initial c.m.s. and in the final one increases¢xample, inclusive polarization processes featuring deuter-
and forE,=500 MeV it becomes rather remarkable. So thisons with energies of several GeV. It was mentioned above
energy seems a maximal one where our nonrelativistic apthat, in such processes, tthdN*(3~,27) component with
proach still makes sengthe relativistic consideration elimi- P-wave relative motion becomes visible in the deuteron.
nates the above difference
To compleme_nt the data .for cross sections, in Fig. 7 we ACKNOWLEDGMENTS
present the predicted analyzing powgrfor some kinematic
cases of Figs. 3—6. This quantity, as we see, being rather The authors are grateful to Prof. J.A. Eden, Prof. S.B.
useful to control the spin dependence of Ml interaction, Gerasimov, Prof. V.I. Kukulin, Prof. J.M. Laget, Prof. Y.
is not so sensitive to the kind &N potential used than the Mizuno, Prof. S.A. Moszkowski, Prof. I.T. Obukhovsky,
differential cross sections of Figs. 2—6. Prof. V.N. Pomerantsev, and Prof N.P. Zotov for valuable
On the whole, we see that there is a kinematic region irsuggestions and remarks. This work was supported in part by
which the excess of the cross section calculated with the MEhe Russian Foundation for Fundamental Reseg@pecbject
over the one corresponding to RCPs is large. The gener&lo. N96-02-18072
characteristics of this region is that the photons should be as
hard as possible. Following the experimental papef2f| APPENDIX
we made calculations for coplanar geometry when kinemati-
cally complete information is obtained by triple coincidence Using the common definition of the transition amplitude
measurements of three angl@s, ®,, and®,,. Butitis  Ai_r [45],
possible also to measure in double-coincidence experiments,

say,0,, £;, and®,, quantities or to uséfor experimental S(P,—Ps+K)A

conveniencesome noncoplanar kinematics compatible with

the emission of hard photons. We are ready to perform the :sz d3x(¢//f|3(>2)§|gb-)exp(—iIZ»Z)
corresponding calculations. : '

(A1)
IV. CONCLUSION

It was noted in Refd:33,34,3§ that bremsstrahlung in the With photon polarization vectas and current density
processpp—ppy provides no way of distinguishing be-

tween various RCPs. In contrast to this, our study dempn- 3% = _i_ 3[5(;—Fi)€i+ﬁi5(i—Fi)]
strates that, even at rather moderate proton-beam energies of 2i5,m

about 350-500 MeVpp— ppy experiments are very infor-

ma’;ive if we extend_ the range tN_N potentials unc_Jer com- + E Lot 8(X—T )0, (A2)
parison by confronting the MP with the RCP family. Unfor- i=12

tunately, experimental data on the reactjpn— ppy at the
required energies and kinematic conditions are not availablese present both initial and final two-proton wave functions
at present. The existing data at 390 and 730 M29] are  in the evident notation as
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I

WT1.12)=(2m)Pexp(iP-R)g(p.1), =consE—s(l3i—I2) 8(P;—P;—K)

2
| rebnedan-a6-p). a9 N
Xf dsréof(pf-r)@i(piar)exr{Ek'f)
Taking, as an example, in E¢A2) the component with
the §(§— r)Vv, operator and substituting it into EGAL) we —S(P—P,— E)f &ror(pr.F)
obtain on the right-hand side the integral

- = - - .-
fd3r1d3r2¢f(Fl,F2)(€l-£)¢i(F1,F2)exq—i|Z-Fl) ><(8-Vr)<pi(pi,r)eXp(Ek-r”. (A4)
3 aoa— o ol ) . .
= | d*RdPr exp(—iP¢-R)g(ps.r) EVR_Vr € i NowJ choosing, say, the initial c.m. system, i.B;=0,
P;= —k, we see that the first term vanishes due to the gauge

e e . - o[ 1o conditions-k=0. If P;=0, thenP,=k and the first term
X expiP;-R)¢(p ,r)ex;{ 'k'<R Er” vanishes again. In this way E¢#) results, etc.
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