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Previous nonrelativistic calculations have demonstrated a high sensitivity of hard bremsstrpplung
—ppy at the beam energies of 350-500 MeV to the kind of nucleon-nucleon potémigsion exchange
potentials versus the Moscow gnélere, bremsstrahlung calculations are generalized by means of relativistic
considerationgpoint form dynamics The necessary formal technique is presented. Resulting cross sections
become smaller in comparison with nonrelativistic theory and their angular dependence changes. However, the
high sensitivity to the kind of potential continues to exist and is characteristic of the differential cross section
even at a relatively low beam energy B§=280 MeV where corresponding experimental data do exist. Our
calculations give some preliminary indication that one of the versions of the Moscow potential may be valid

here.
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I. INTRODUCTION property of the MP seems now urgent in connection with
increasing interest in the intermediate enelgy interaction

There are two principally different kinds of models of the [10,11]

nucleon-nucleon interaction. The first traditional model rep- Microscopically, the MP corresponds to an excited quark
resented by meson exchange potentidEP) goes concep- o nfi\ration such as’p?42],[42]cs or $*p742][42]sr in
tually back to the famous idea by Yukawa. Such phenomenoy, e cleon-nucleon overlap regicsee Refs[12,13 where
logical potentials contain a repuIS|_ve core representing thene notations of Young tableaus in different spaces are also
exchange of vector mesons. We will use two popular pOte”eprained. Namely, it was stressed thaf) &onfiguration
tials of this kind, namely, the Paris 0|[]]3] and the Nijmegen S4p2[42]x[23]C[42]CS offers a way to an enhanced virtual de-
one[2]. Some quark model potentials obtained both by resocay N(2S)N— D(0S9Dg accompanied by a very strong at-
nating group methodRGM) [3] and by superposition of traction between the colored dipolé3. and Dg, |Dc)
different shell-model  configurations[3,4] are pragmati- =|s?p[21],L=1,[21].C=1,[3]sp (the terms(0S) and (25
cally rather close to the above meson potentials. symbolize the mutual motion wave functiornid4,15. The
The second kind of potential is represented by thefirst preliminary RGM treatment of this kind has been made
strongly attractive Moscow potentigMP) with forbidden  recently[16].
states[5—8]. Here, a hard core does not exist; instead, the Furthermore,s*pH42],[42]s; configuration may be pre-
wave function nodes appear fSrand P partial waves, char- dominant if a strong nonperturbative instanton-induced inter-
acterizing their short-range oscillations. Such a short-rang@ction between quarks does exi$8].
potential is based on the application af §ymmetries in the ~ The excited quark configurations should be seen directly
quark modelgsee below This contrasts significantly with N @ series of high-energy nuclear reactions involving the
the concept of an “effective field theony9], where it is Investigation of the baryon-barydiBB) composition of the
assumed that at the energies below 1 GeV the quark degred§Uteron, viz., a quasielastic knockout such®dée, e'p)B
of freedom can be integrated away so that the nucleontt’] with energies of final protons around 2 GeV, the

nucleon interaction should be analyzed entirely in terms Opolarlzatlon transfer |rd+_p exclusive and '”C'“S'Vf high-
meson exchange between nucleons. energy backward scatterirfd8], etc. Namely, thes’p?[42],

L . . . . configuration of deuteron produces thBB compo-
The Moscow potentiglwith the inclusion of an imaginary nentsg N'(1/2, 3/Z) (1PN N*(lez 3Z)OSN' (1/Z 3/%

part rising with energyis able to describe thN-scattering N™ (1/2")(OS)N, etc. with probabilities of the order of 1% in

data(differential cross sections and vector polgrizat)o'ms comparison v:/ith that of the predominant2S)p channel

the laboratory energy range up to 5-6 GiY, while bothS 117,71y particular, theN'(1/27, 3/Z)(LP)N component ap-

and P phase shifts remain positive throughout this energysears to be just suitable to explain the cited polarization data

range(say, °S, phase shift equals72at the zero energy in [18].

accordance with the generalized Levinson thegrefhis As regards the short-range\ component in the deuteron,
which is also investigated in high- and intermediate-energy
regions[19,2Q, it can have both a meson-excharid8,2q

*Email address: neudat@tok.sinp.msu.ru and six-quark[17] origin (s6],[2%]st configuration con-
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nected toAA component is also responsible for a repulsive 2o M2 — AN 1
core in theNN interaction within the framework of the quark L3 +V x(F) = ———x(P) = ZE3px(F). (1)
approach4)). It is interesting that in the most reliable high- m m 2

4

energy experimentl9] this component is not seen. ~ . .

In the previous paperl5,21-23 we have shown that €€ V IS zth‘fz nucleon-nucleon potentialM =M(@)
there is a rather efficient independent way to determine thd 2V(@)=2Vm"+q is the mass ofNN system;q relative
kind of theNN potential(the MEP versus the MPby means MOMentum Eg,= I+ p; ~m the kinetic energy of a bom-
of the hard bremsstrahlur@BS) pp— ppy at rather mod- Parding proton, ang, is its momentum.
erate energies of 350—500 MeV. Such an opportunity is 1h€ guasicoordinate representatif8d] corresponds to
based on the fact that the MEP and MP are not phase-shifne realizationy=—id/or,V=V(f) and offers an opportunity to
equivalent potentials and this nonequivalence is seen in théise partly our previous formalism of the nonrelativistic co-
oretical papers very clearly if the maximally broad energyordinate representatiqi5,23.
range up toE,,,=5—6 GeVvalues is considerefb]. How- The principal relativistic effects are contained in the op-
ever, at moderate energies tBeand P phase shifts for the erator of electromagnetic current, which will be discussed
MP are simply displaced upward at 180° in comparison withP€low. _ _ _
those for the MEP, and it is only HBS that discriminates The bremsstrahlung amplitudg; is determined by the
between these potentials well in contrast to the nucleonf@amiliar expressio15]
nucleon elastic scattering data. Namely, HBS is sensitive to

the shape of the short-range part of a relative motion wave 8(E; — E; — ko) 8%(P; = Py = K) Ay

function (the nodal radial wave function with a well- o A

developed loop foiS and P partial waves versus the short- =/— f d4x<Pfo|s;J“(x)|PiXi>e""‘X, (2)
range suppression of wave functigns ko

So, we discuss here a new opportunity, which was not -
analyzed in the previous papers on bremsstrah[adg2g: ~ Where k=(ko, k) is the 4-momentum of a photon and
some kinds ofN potentials, which describe equally well the = (20 €) IS its polarlzatlon 4-vector; the total energy ks
elasticNN-scattering data within rather broad energy range= VM?+P?[31]; P the total 3-momentum of the systeim
of, say, 800 MeV, may not be phase-shift equivalent  hq |aporatory system of coordinatélsc), P=p;; and E
differences for the lowest phase shiftbut this bright non-  _ J’W+m] We relv uoon the point form of relativistic
equivalence may be efficiently revealed by investigation of(_j\‘ P2 ’ hy P poin | N th
the hard bremsstrahlurgp— ppy. It is well known [24—28 ynamics[32—-34], where interaction is only present in the

ﬁomponents of the total 4-momentuof a two-nucleon

that various versions of meson-exchange potentials, Whics stem and is not involved in the generators of boosts and
are phase-shift equivalent, practically cannot be distin>Y 9

guished by means of bremsstrahlupg— ppy: their off- rotations of this systerfBz_l]. . .

shell difference does not appear to be not essential here, , £44ation(1) can be written in terms of the point form
In the present paper we continue our investigation of HBdenam'CS as

pp— ppy passing from the nonrelativistic treatment to a rela- P

tivistic one. In this way we eliminate the nonuniqueness of M =M°y.

the nonrelativistic results, depending on the choice of thg; geals with the space of internal variablespgf system,

center-of-masgc.m.) system of two protonénitial c.m. sys- ~, . .
tem or final ong This nonuniquenesghe difference of the and the squared mass operalef is defined as

corresponding cross sectignwas almost invisible at the

beam energy E;=280 MeV, rather noticeable atE,

=450 MeV and large aEy=500 MeV [23], which demon-

strates the urgency of the relativistic treatment. - ) ]
Our present analysis shows that relativistic effects ar@PeratorJ(x) on interaction(see below.

quite significant even at the lowest inspected enefgy The formulas for the_ matrix eler_nents of the current ap-

=208 MeV and are rather large at higher energies. HoweveP€ar especially simple in the coordinate frame, where

the most important result is that our previous conclusion - -

about a high sensitivity of HBS to the kind biN interaction G +G¢=0, (4)

remains valid albeit the values of cross sections and their. - ) o ) ) _

that both initial and final statep interactions have a pro- Solutions of the quasipotential, El), as far as boosts of
found influence here. the wave function from both the initial and final center-

of-mass frame to the framé&l) preserve the equal time
framework t;=t, (it can be easily seen by the Lorentz
transformation of coordinatgsSuch boosts are necessary
to calculate the matrix elemeii2) [33,34]. Here appears

Our consideration is based on the relativistic quasipotenan opportunity to separate the c.m. and internal coordi-
tial equation[29] (c.m. system nates of the system and to writd4]

M2 = 4(522 + mV+ ). (3)

Such structure of12 causes the dependence of the current

II. FORMALISM
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<Pfo|~A],L(X)|PiXi> = 2yM;M@P P 1, (0| x) . (5)

As a result, Eq(2) can be rewritten as
277 3 /_ * =

A = Elﬁﬂ VMiM(xile, J4K)|xi)

with the integration performed only over the internal vari-

ables of thepp system.
Using the transverse gauge

(6)

£=(0,8), (8k)=0, 7

we exclude thejo(lz) component of the current.

It is shown in the Appendix that the expression for re-

maining 3-currenf(l€) can be written agwe mean the coor-
dinate framg4)]

1 .
m[q U(CE 5))

R . Fq R
Ji-tax S "L

S

8

Here,§:§1+§2, f:§1—§2 (S, ands, being the spins of pro-
ton), h=2(M;M))¥2(M+M,)"% [|h|<1 for E,<500 MeV
and Eq.(8) corresponds to the first order dpﬁ|]. Further,
Fe(lz) and Fm(IZ) are the electric and magnetic form factors

of the proton, respectively. Finally, the operatq(ﬁ) rep-
resent the shifts of momentum,
] 7 j = 1

p
[

9
The components of the vector terms in E8), orthogonal

to k, are only important since the scalar prodﬁ?;n/vith the
condition(7) enters the theory.
In the derivation of Eq(8), the current conservation equa-

tion is used, and the generators of the Poincaré grl%ﬂp
enter into consideratio(see the Appendix They include an

e m - -
S o ma
j(h) 2|Fme<W[S h]+ W

F

+ 2le<_m + —e
mw  w(w+m)
2Fee(h-G) . M= M,
M; + M

F
Fm
m WwW+m

Fe

~1y(h)] -

wm

X[G X TI.

>

2h
—[w(d) - h-d]
h2

>

x(dy) = X[ g-
L(Mx(d) =S

-

2h N
—[w(d) —h-q]
h2

X(52)=X[ﬁ+
\

interaction between particles, which is concentrated, within

the point form dynamics, in the mass operalftbr[see Eq.
(3)], P=GM [33,34. (M;—M;)/(M;+My) factor in Eq.(8) just
represents the result of the operatbaction. So, the current

operator(8) is not merely the sum of the operators of two
independent particles, it also includes the effect of ¢

PHYSICAL REVIEW C 68, 054002(2003

Concerning the manifestation of relativistic effects in our
general formalism, the central role here plays the operation
of boosting from the initial c.m. reference frame and from
the final reference frame to the single reference fra#)e
Indeed, we have seen in R¢b] how big can be the differ-
ence of results calculated in two reference frames mentioned
above. Concerning the current opera(y itself, the main
contribution here gives the terms reflecting the convection

current{~Feq[ll(ﬁ)—|2(ﬁ)]}, which appeared to be very en-
hanced in case of MP due to the short-range oscillations of
radial wave functions foiS and P waves(and their large

derivatives hergand spin magnetic current-FSxh]).
The relativistic effects in the cross section connected to the
structure of the curren®) originate mainly from the relativ-
istic features of these operators and from the interference
products of their matrix elements and of relativistic compo-
nents of other terms in Eg8).

In our previous papergl5,21-23, the nonrelativistic
limit (Jk|<m and|g|<m) of Eq. (8) was used.

In the coordinate representation, the action of the opera-

tors| j(ﬁ) can be expressed as

| (Rx(P) = 72PN Ty )

(10)

p=r

with 6:—iV, which can be verified by the example of a
plane wave. In fact, the series expansion

+ ] (11)
p=F
is used here.

The matrix element entering E¢6) can be transformed,
for convenience, as follows:

Ole i () x) = Gl TR x)
= (xi = |8 T xi — )+ (Bil& T x)

+{xil& T ()| ). (12
Here |¢;) and |¢;) are plane wavegthey are also eigen-
functions of the operatoj(h)] representing mutual motion
with the momentaj; and ¢;, respectively. Calculation of

the matrix elements such 4g|¢"j(h)|x;) is comparatively
simple, while the use of they(F)—¢(f) combinations
makes it possible to accelerate convergence of the partial
wave expansion.

The action of, e.g., the operatﬁh(ﬁ) [see Eq(8)] can be
clarified here as

3|7

lj(hy = e+2‘<ﬁﬁ>m[1 +i(ph)

Bl xi - ¢ = - V[ 20\
- eTAME g, (13

where Eq.(1) is used. The corresponding radial integrals

are divided into two partstR and f:, while R is chosen

interaction(which, however, appears to be rather modest; seeo be “minimally large” for the inequalitymVg(R)| <m?

the Appendiy.

+@? to hold (e.g.,R=3 fm for the MP. For calculating the
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first integral fOR, the exponential in the first term of Eq.

(13) is expanded into a series on the powe[r@2
-mVE(R)]", similar to Eq.(11). A good convergence is
observed, and it is sufficient to take<3. A calculation
technique for the other components of current operator is
demonstrated in the Appendix.

The given procedure of numerical realization seems to be
somewhat cumbersome, but it is not more complicated than
that for momentum representation, where, e.g., an unwieldy
technical detail is also present in considering the integration
over the solid angles of both the vectgrand the vector

G+2hw(g), which is performed to obtain finally one-
dimensional radial integrals.

In the literature, there are no results based on consider-
ation of someNN potentials within a complete relativistic FIG. 1. Differential cross section for pp— ppy reaction as a
formalism[33,34 used in the present paper. However, somefunction of the laboratory photon emission anglgat the proton
partial relativistic effects were considerg2#4,2g. In the pa- beam energyE,=280 MeV and at laboratory proton emission
per [24], analysis of relativistic spin corrections resulting angles fixed at;=12.4° andf,=12°. A photon is emitted towards
from introduction of the Dirac bispinors for free protofie., the side of6, anglg(coplelm'a.r geomgtDyNonreIativistic calculation
within the impulse approximation for the electromagnetic(here’ the results in the initial an_d f|_nal c.m. frames are very close to
curreny is given. In our formalism, the above effect corre- €ach othex the short-dashed thin line, the MP-92; the dot-dashed
sponds to an anomalous magnetic moment of proton, WhiCH"n line, Paris potential. Relat|V|st|.c calgulatlpn: the solid thick
is a long wave limit of its magnetic form factgsee Eq(g)]. "€ the MP-92; the dash-three points thick line, the MP-97; the
Even for the lowest considered proton beam enegy Io_r_19 dashed thIC!( line, the Paris potential; the dotted thick line, the
=280 MeV such correctio25% decrease of the cross sec- Nijmegen potential.
tion [24]) is a few times smaller than our figure of the total Second, as in the nonrelativistic cafe5,21-23, the

relativistic foect(see pglow - short-range loop of the radi&-wave function(characteris-
. Copcernmg the_orlgln Of, this discrepancy, we can MeNyics of the Moscow potentialhas a bright manifestation.
tion, first, that within formalism of Ref{24] the T matrices Namely, due to the above-mentioned loop the values of the

for the initial state and for the final state are calculated inCrOSS section for the MP are a few times larger than those for

different reference frames, corresponding to the initial and tqne \EPs. But in the nonrelativistic case this property & a
the final center-of-maspp systems, respectively. Such pro- \aye also gave impressive forward and backward maxima of
cedure is not quite consistent; a single coordinate frame,gqj, angular differencgl5,21—23 for both the MP-92[7]
should be used here W'Ith the principal role of boostlng_ PrOand MP-97[8]. Now this feature is significantly damped and,
cedure(see the discussion of R¢B]). Second, the relativis- j, re4jity, still remains for the MP-97 only since the ampli-

tic content of other terms in Eq®) besides the spin- y,4e of the above-mentiond@wave oscillation is especially
magnetic term is importarisee the above discussjon large here(see below.
In Ref. [28], the T-matrix formalism based on the single- | is interesting to note also that recently proposed poten-

coordinate frame was used with the boost of Tenatrix i) of the NN interaction(generalization of the cloudy-bag
from, say, the initial c.m. reference frame to the final refer-

E|a=280 MeV e

208, (ub/sr’rad)
[6)]

Q,dQ

do/d

ence frame when calculating the matrix element pf =

. : 10
— ppy transition. But the equal time framewotl=t,, con- ® -
nected to the use of quasipotential equations in R, is o I 2

lost after such boost; #t;, and the situation is outside the
guasipotential approximation.

Ejap=320 MeV A

Ill. RESULTS AND DISCUSSION

The differential cross sections for the bremsstrahlung re-
actionpp— ppy for six chosen values of the beam enekgy
are presented in Figs. 1-6. Everywhere, the geometry of ex-
periment does correspond to the hardest photdns just
realized in the experiment of Rdf35]). . " . . .
The general features of the results presented in Figs. 1-6 0 30 60 90 120 150 180
are as follows. 6y (deg)
First, relativistic effects are essential even at the beam
energy of 280 MeV, while for higher energies they change FIG. 2. Same as in Fig. 1, but f&=320 MeV. Nonrelativistic
even the general picture, and the cross section becomes a fegsults: the upper curve of each of the two kinds corresponds to the
times smaller compared with the nonrelativistic treatment. final c.m. frame; and the lower curve to the initial c.m. frame.
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=
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Eb=350 MeV ... -
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o
~

=
o

do/d Q; d Q,d8, (ub/sr’rad)
o1

do/d Q; d Q,d8, (ub/sr*rad)

o
o

FIG. 3. Same as in Fig. 2, but fé;,=350 MeV. FIG. 5. Same as in Fig. 2, but f@;,=450 MeV.

with the phase shift analysis data. So, it may be concluded
that a very moderate rearrangement of Ba@ave part of the
MP-92 (slight increase of thé>-wave loop and amplitude
will result in a good agreement of the corresponding theoret-
ical curve with the experiment. By comparison, the mesonic
potentials do not possess this feature.

All the aforementioned reasons show that a careful ex-
perimental examination of the theoretical concepts at various
energies should be very urgent—HBR$— ppy at moderate
beam energies of 300—-500 MeV is indeed an efficient tool
naturally, disappears. for discriminating between the two kinds of the nucleon-

The theoretical results fdE,=280 MeV presented in Fig. Nucleon potentials. The hard bremsstrahlyng—ppy is

1 seem now to be especially urgent since the existing experPr""Ctica"_y insensitive to the node of the radivave func-
mental data[35] in the relativistic treatment become dis- tion & R=0.5-0.6 Fm, which is the original property of the

criminative with respect to the kind of theN potential.  MP along with the node in th® wave. The important ques-

Namely, the nonrelativistic theoretical curves for the MpP-92tion conceming the node in the wave should be clarified
and the MER15,21—23 are very close to each other here put When the nucleon momentum distribution in the deuteron is

the relativistic cross section in the backward hemisphere fofXtracted from .thn(g expe,rimer[|38], ‘where the quasielastic
the MP-92, which is much closer to the experiment, is twiceknockout reactionti(e, &'p)n was investigated at a beam

larger than that for the MEP. The relativistic results for the®N€rgy of a few GeV within a broad range of recoil momen-
MP-97, which are also shown in Fig. 1, are important fromtum values up to 1 GeV. The_oretlcal a_naIyS|s _of this experi-
the methodological point of view—they do not agree with ment should imply a strong final stapa interaction charac-

model of the nucleon to a two-nucleon sysjef86], con-
versely, is characterized by a very shallow loop in fhe
wave (keeping, however, the well-pronounced loop $
wave, which is typical for the Moscow potengiabnd the
cross section for th@p— ppy reaction for this potential is
practically indistinguishable from that for the MEBur pre-
vious nonrelativistic resultf23] should be corrected at this
point [37]).

Third, the problem of difference between the cross sec
tions calculated in the initial and in the final c.m. systems

the experiment but they demonstrate what a tremendous e;@{isric of the MP. We are planning to accomplish this in the
uture.

Another essential experimefitl+y— n+p at moderately
high energies ofE,=2 GeV [39] should also be analyzed

=)
@
—
N
)
~
o}
=3
~
>
[en)
°©
N
G
©
—
G
o
~
=}
©

fect can be produced by an increase of favave loop
amplitude(an increase in the potential dep#till compatible

N
o

30f e

Eiap=400 MeV a Ejap=500 MeV s

=
ol
N
o

(6]
'_\
o

do/d Q; d Q,d8, (ub/sr’rad)
H
o

o
o

o
w
o
[o2)
o
©
o
-
N F
o
-
A
o
[EEY
(0]
o

FIG. 4. Same as in Fig. 2, but fé;,=400 MeV. FIG. 6. Same as in Fig. 2, but f@é;,=500 MeV.
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because unlike lower energies the meson-exchange curre® carry out the matrix transformation

are strongly suppressed hgraeson electroproduction data

testify that, e.g., the pion cutoff parameté&r, is 0.6 GeV . .

[40,47)). Hence, here the influence of the discussed radial p— a(g)pa(9)", (A3)
short-range oscillations i§ and P partial waves is expected
to be seen togthe pn final state interaction is important, as

which in combination with the formulagsA2), just de-
before.

scribes the boost operatign— L[ a(g)]p.
The Poincare group transformatiortie,Jl) is characterized

[34] by the 4-shifta and 4-rotation:
ACKNOWLEDGMENT

The authors are grateful to Dr. M.A. Shehalev for valu- U(a, D e(g) = expimg'a)D[$; a(g) 1 a(g')Je(g').
able remarks. (A4)

APPENDIX Here, ¢(g) is a normalized spinor func_tiora‘;’,the spin op-
erator, andg’=L(l)g. In our case of spirs=1/2 particles,

Here, the derivation of EQ8) is based on the results of ; .
a8 we deal with the fundamental representatfdz], i.e.,

the review Ref[34] to supplement them. Having in mind the
nucleon with the 4-momenturp, let us define the Lorentz
transformation associated with a boastas p— L[a(g)]p,

- -1 AY = -1 ’
where[42] D[S; a(9)1a(g")] = a(g) " 1a(g’). (A5)
®+1+45g . . .
a(g) = —_— (A1) The operatorl will be specified for our two-particle sys-
v2(g"+ 1) tem. Here,p;=myg; (i=1, 2 and the center-of-mass veloc-

ity is G. In the center-of-mass coordinate frame the mo-

. . _ ) menta of particles are expressigd#] as
g giving 4-velocity, andr=(ay, gy, 0,), the Pauli matrices.

Introducing, next, thed matrix asp=o*p, with the inter-
relations g =L[a(@)]'mg, G=4=-0,. (A6)

Po= E(bllJr P2, P1= 5(b12+ P21), Bearing in mind our nuclear reactiggp— ppy and choos-
ing the coordinate framé3), we can specify the general
1 1 expression for the current operator in the system of the
e T _® A2 non interacting particles, which corresponds to the point
P2 2i( Pot+P21),  P3 2(p11 P22), (A2) form dynamics[34]

" i di K > - -
OEDY L(L[a(f)]%, L[a(f’)]ﬁ) D[S a(ey/my) ™) a( ") a(dg/my]

i=1,2 i v

X D[§; a(g/m) a(f) Ma(L[a(f)]g/m;, LLa(t)]d/m)a(f)]j/(h)

3/2
x DI§; a(F)) " LLa(F)]ap/my, LLa(F)Id/my) ") aechfmy) | '(q)< (')> 1i(h). (A7)

Here, k=2 if i=1, and, converselyk=1 if i=2. Next, mentioned  here: fZ:f’Zzl,F+F’:O,f0:f6:(1+F2)1’2;
L(G, G")=L[a(G, G")], a(G, G') =a[(G+G)/|G+G'[]; d;
_[Wl(al) a1] dy=[wy(d,), d,], d12—|-[a(f )a(f)]g,
represent the 4-velocities of the two-nucleon c.m. in the™ [wa(dly), dl] d1= L") a(P)]ay =[Wa(dy), d]; and the

initial and final states, respectively, meaning the coordi-3- vectorsd1 and d2 are given by Eq(8). Finally, j”(h) is
nate frame(3). The following formal aspects should be 4-current of the particle,

f=L(G, GG, f' =L(G,G )G (A8)
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4neh?

i°(h) :eFe<—

4mPh?

- - ie >
Jithy=- =Fq| - — |(h; X §), (A9)
V1-h? ( Jl—h?)

where the vectorﬁi are defined below.
The photon energie&, <500 MeV considered in our pa-

per correspond to the inequalitil/<1. In such first-order
approximation Fe(ﬁ)zFe(O):l, Fm(ﬁ)sz(O):2.793, and,
further (ﬁ is directed along thez axis): di=(w
-2hq,, gy, ay, g,—2hw), d,=(w+2ha,, -0y, —0y, —0,—2hw), and

dyp=(W-2hq, —q, —0y, —g,+2hw),  dyy=(w+2hq, gy, 0y, 0,
+2hw),

_ 2hqg,  2h[m(w+m)+ g+ q§]>
mw+m)’ m(w + m)

2hga,  2hggy
"mw+m) mw+m)’

f;:f;:(l

_ 2h[m(w+m) + g5 + qi])
m(w + m) '

14 _
Lla(f)] = m™w - 3d, G, Oy, G~ 3hw), (AL0)

q _
LLa(f)]-— = mw + has, 6y, 6y, G-+ hw).

Introducing 4-vectors

d
La(] L +La(")]
7=

d
(D] 2 +La(t)]

=m X (w - ha, 0y, Gy, g, — hw) (A11)

and z,, where g is replaced by §, we can write the
4-vector

PHYSICAL REVIEW C 68, 054002(2003

Ci di ).
L(L[a(f)]ﬁl, L[a(f’)]ﬁjli(hi)

=L(z)ji(h)
B Fee N 4iFme > -
= |~ w= (h- @]+ ——Z=w(h-[Gx§]),
x %‘*em: wh) +4iFme<[s X ]+ W
(G-8)[d % h]
+ W)] A

where the 4-vectors d,
=[w=2(hqg), +G-2wh].
Finally, following the realizationfA5), we obtain

D[S e(a/my) " *a(f) e f") a(di/my) ]

were presented asd;

=1+

—(h-[Gx ),

o (A13)

D[S; a(ai/my) " a(f) ™ afL [ a(f) Jai/my, L{a(f") ]di/mi}a(f;)]
= D[§; a(f;) *a{L[a(f)]a/m;, L[a(f")]ci/m}
X a(f’)a(di/mi)]
i(m+ 2w)

+ m(h . [5’, X q)]) (A14)

Substituting all these intermediate results into EA7),
we arrive at the expressiofmot interacting particles, first

order approximation with respect ta)

— m)e(ﬁ [G X T]) + 2Fe, (A15)

- F F
-0 — i _m_ e
j°(h) 2|< o

ce o (moo 1
j(h) = 2|Fme<W[S>< h]+ m[q X h](q - S))

v e P 0 90
| — —— .

€ mw  w(w+m) d q
2Fee(h-q) _

Fe - - N
+W(J[|1(h) [,(h)] —wm 2Feh.

Now, we should take into account the current conserva-

tion equation

X
P 0. (A16)

Using also the 4-shift

3“(x) = exp(ilf’x)jf‘(O)exp(— i|5x), (A17)
we obtain an important relation
[P, J*(0)]=0. (A18)
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In terms of the internal variables o system, Eq(A18) Further, it is seen from Eqg6) and (7) that the j;(h)
can be reduced to the matrix element component of the current plays no role in our electromag-

~ = T netic process$this is because the term Fghin Egs.(A15

(ulM, G - Gl =0, (AL9) process £hin Eas.(AL5)

and (A21) is omitted in Eq.(8)]. But the T(O) part of the
which can be rewritten in the form current both contributes to the amplitude of the react®n
M= M and is influenced by the current conservation condition
bRy = i~ Mg, ag By , A20 QAZO). It appears as the necessary two-body modification of
(alh- Sl Mi+Mf<Xf|J ()]0 (A20) j(0) component of the single-particle currg@l5) to satisfy

.o .. .o A Eq. (A20):
as far ai;i:h, Gf:_h, Pi:Mih, Pf:_th, M|Xi>:Mi|Xi>!
and M|x;)=M¢|xs). The current operatofA15) does not j(0)=(0) + M‘_MfZie(F_m_ Fe )mx T,
satisfy Eq.(A20) and needs some modification. To dis- M; + M¢ m m+w

cuss the problem we decompose the current operator for a

. 20 - _:0 . . .
system of two noninteracting particles into three different?VNile I°(N)=j"(h). The real contribution of the above two-
componentg33,34: body term to the cross section of hard bremsstrahlung

pp— ppy reaction within the kinematics of Figs. 1-6 is
) hoo R rather modest, about 5-10 %.
j(n) =j(0) + —,(h) + ] (h), So, the modified expressiqi15) for the current, which
|h| contains the terms of the zero- and first-order magnitude with

respect tdﬁ| including the(partial) contribution of two-body

wherehj (h=0. o current, can be written as
When the interaction between particles is included, the
current operator changgé) — j(h), j(0)— j(0), J,(h)—j,(h), i°(h) =), (A21)
andJ, (W~ (). o
The structure of Eq(A20) shows that thg, (h) compo- J?*(ﬁ) :j*(ﬁ) b f2ie<ﬂ‘ __Fe )[ﬁx f-]_
nent is not influenced by the current conservation, so it is M; + Mg m m+w

natural to take it from Eq(A15) [33,34. To get out of this
simplest method here it would be necessary to use explicitl
the microscopic picture of interactigd3] and the diagrams
describing the interaction curreiisee, e.g., Ref[44] for
such description of meson-exchange currer@ir phenom-
enological quark-induced quasipotential model offers no

So, we come to Eq(8) of the main text.
Y The nonrelativistic limit(|g//m<1) of Eq. (A21) looks
like

jnr() = 2ieF,{Sx h]

such microscopic picture of interaction albeit some system- eFe . - - e - =
atical work is in progress hefé3,16,45. So, there is still no Al -]+ E|h|(2|:m— Fold < T],
basis for building up of the transverse component of the

interaction currenfby the way, the contribution of the inter- (A22)

action current to thg(0) component can be reconstructed by yhije I(h) =exp(xiki/2) here [coordinate representation,
means of the current conservation H&20) and its role  gee Eq(10)].

appears to be rather modest—see bglow _ In particular, the contribution of two-body current corre-
Nevertheless, our model has a very interesting propertysnonds to the third term in r.h.s. of Egh22).
reflecting the effect of the deep attractive MoschiM po- Comparing Eq(A22) to that used in our nonrelativistic

tential with forbidden states—it shows the very increasedyeatment[Egs. (3)6) and (A2) of Ref. [15], coordinate
role of V operator(i.e., § in momentum representatipin representationwe see that the amplitudé) of Ref. [15] is

Eq. (A20) in comparison to MEPs due to the short rangereally of second order in magnitude with respectidem (it
oscillations of radial wave functions f@&andP waves of the  giyes a small contributionand the term of such content in
pp scattering. This fac_t is just responsible for the few timesEq_ (A22) is absent. Further, the term corresponding to Eq.
increase of cross section of hard brer_nsstrahlung Pramess (s of Ref. [15] is evidently the first term in the rhs of Eq.
—ppy for the case of MP in comparison to that OEMEPS (A22). As a next step, we will show now that the term
(see the main text The radiation of soft photon&k<q7m)  equivalent to Eq(4) of Ref. [15] is the second term in the
is not suitable for discriminating the above potentials as fagng of Eq.(A22). Indeed, the matrix element corresponding

as the reaction amplitude is described hgt@) in terms of {4 this term in Eq(A22) should be written within a constant
partial amplitudesT, of elasticpp scattering and theiE de-  factor as

rivatives which at proton beam energies of a few hundreds R - -

MeV are practically indistinguishable if the potentials of the f d*rgVexp(- iki/2) - expiki/2)]g.  (A23)
above two kinds are compared—see the Introduction. But at

higher energies of 2—3 GeV some sensitivity of the softUsing the important property that for the wave packets,
bremsstrahlung to the kind &N potential can appeatr. we have[47]
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f Fre(Ve) = f Fr(Ve)e, (Lp S = LIMIIIT® x VOO x SPIDE)IL, §

Ly 1 J
and that the vector amplitudes parallelkean be omitted, =1;JM) = CJM iL1d J6(23 + 1)(2n+ 1)
we just obtain from Eq(4) of Ref.[15] our above expres- . K 1 n
sion (A23)).
Finally, it should be noted that the real contribution of the XL [IV® x VOI0F(r)[[Ly), (A26)

two-body term in Eq(A22) is small, it accounts for approxi-

mately 5% of the cross section. This figure is just compa-

rable with the measure of accuracy of all our formal proce-

dure. So nonrelativistic results of Figs. 1-6 are practically ( )
the same as these of RgE5], where this term was not taken (L [[[VY x V»]@—|
into account.

L)

_ Thle curres?t FZ%Wat;a@AZl) is meant to calculate the ma- \r2Lf 11 5 3(2L2+ 2L, - 1)\2(2L, + 1)
trix elements(x|j(h)|x)- TEAL0 7| ok T oL - D2L+ DL +3
Now, by a few examples, we illustrate the calculation \GCL 020" @Li- DL+ L+
technique for the matrix elements of various components of > LiLi+12)
the relativistic current operator < e 2 )f(f)
. 1 - - - e
(V . S)VM = - _,_[[V(l) X V(l)](o) X gl)]l(uil-) ‘s 3(L| + 1)(L| + 2) \”2(2Li + 1)
V3 L2 (2L, + 1)(2L; + 3)(2L, + 5)
5
Voo = 217D d> (@L,+3)d (Li+3)(L+1)
~ [VO x V0@ x §010 (A24) & @i+3d (L i
3 " dr? rodr r? f0
. 6(\15 - . . TR
(h-[V X S)V, =~ i\—<\—[[[V(1) x V@ % §17@ ‘s 3Li(L; - 1)v2(2L + 1)
312 Lbr2(2L, + 1)(2L, - 3)(2L, - 1)
X VD + [V x IO x SD]D ( ®? @L-1d LL- 2))f
X| =—= - —+ r|. A27
R 5 R R dr? rodr r? ® (A27)
% h(D]Ll)_ > +[[[VY x vD]@
R R In these expressions, the upper index in brackets, e.g., Eq.
X SPI® x h® D ), (A25)  (2), means the tensor rank of the operator.

[1] M. Lacombet al,, Phys. Rev. C21, 861(1980. Ecker, Prog. Part. Nucl. Phy&1, 1 (1995.
[2] V. G. J. Stocks, R. A. M. Klomp, C. P. F. Terheggen, and J. J.[10] R. Machleidt and I. Slaus, J. Phys. &7, R69 (200J).
de Swart, Phys. Rev. @9, 2950(1994). [11] A. Funk, H. V. von Geramb, and K. A. Amos, Phys. Rev. C
[3] M. Oka and S. Takeuchi, Phys. Rev. Le@&3, 1780 (1989); 64, 054003(2001).
Z.-Y. Zhang, A. Faessler, U. Straubm, and L. Ya. Glozman,[12] V. G. Neudatchin, Yu. F. Smirnov, and R. Tamagaki, Prog.
Nucl. Phys.A587, 573(1994); W. Koepf, L. Wilets, S. Pepin, Theor. Phys.58, 1072(1977); Yu. F. Smirnov, R. Tamagaki,
and F. Stancu, Phys. Rev. 80, 614 (1994); D. R. Entemet and V. G. Neudatchin, Yad. Fiz27, 860 (1978; |
al., Nucl. Phys.A602, 308(1996. Obukhovsky, V. G. Neudatchin, Yu. F. Smirnov, and Yu. M.
[4] D. A. Liberman, Phys. Rev. 016, 1542(1977); C. De Taret Chuvilsky, Phys. Lett.88B, 231(1979; V. G. Neudatchin, I.
al., ibid. 17, 302(1978. T. Obukhovsky, and Yu H. Smirnov, Fiz. Elem. Chastits At.

[5] V. G. Neudatchin, I. T. Obukhovsky, and Yu. F. Smirnov, Phys. Yadra 15, 1165(1984.
Lett. 43B, 12(1973; V. G. Neudatchin, I. T. Obukhovsky, V. [13] A. M. Kusainov, V. G. Neudatchin, and I. T. Obukhovsky,

I. Kukulin, and N. F. Golovanova, Phys. Rev. €1, 128 Phys. Rev. C44, 2343(1991).
(1975. [14] V. G. Neudatchin and I. T. Obukhovsky, Proceedings of the
[6] V. G. Neudatchin, N. P. Yudin, Yu. L. Dorodnykh, and I. T. 12th International Seminar, Dubna, 199dited by A. M. Bal-
Obukhovsky, Phys. Rev. @3, 2499(1991). din and V. V. Burov(JINR, Dubna, 199y \ol. I, p. 3.
[7] V. I. Kukulin and V. N. Pomerantsev, Prog. Theor. Phgs§, [15] N. A. Khokhlov, V. A. Knyr, V. G. Neudatchin, and A. M.
159 (1992. Shirokov, Phys. Rev. G2, 054003(2000.
[8] S. B. Dubovichenko, Yad. Fiz60, 499 (1997). [16] D. Bartz and Fl. Stancu, Phys. Rev. &3, 034001(200D; FI.
[9] H. Georgy, Annu. Rev. Nucl. Part. Sc#3, 209 (1993; G. Stancu(private communication

054002-9



N. A. KHOKHLQYV, V. A. KNYR, AND V. G. NEUDATCHIN PHYSICAL REVIEW C 68, 054002(2003

[17] L. Ya. Glozman, V. G. Neudatchin, I. T. Obukhovsky, and A. [30] I. T. Todorov, Phys. Rev. I8, 2351(1971); V. A. Rizov and I.

A. Sakharuk, Phys. Lett. 52, 23(1990); L. Ya. Glozman, V. T. Todorov, Fiz. Elem. Chastits At. Yadrg, 669(1975); A. P.

G. Neudatchin, and I. T. Obukhovsky, Phys. Rev46 389 Martynenko and R. N. Faustov, Theor. Math. Phgg, 179

(1993; L. Ya. Glozman and A. Faessler, Phys. Lett. 338 (1985. o .

270(1995 [31] J. Werle,Relativistic Theory of Reaction®WN, Warszawa,
' 1966.

[18] M. P. Rekalo and I. M. Sitnik, Phys. Lett. B56, 434 (1995,
B. Kuehn, Ch. Perdrisat, and E. A. Strokovsky, Yad. F38,
1873(1995; A. P. Kobushkin, A. P. Kostyuk, and E. A. Eli-

[32] P. A. M. Dirac, Rev. Mod. Phys21, 392(1949; B. D. Keister
and W. Polyzou, Ann. PhysSan Diegg 21, 225(1991).
[33] F. M. Lev, Riv. Nuovo Cimento16, 1 (1993; Nucl. Phys.

seev, Few-Body Syst., Suppl0, 447(1999; L. S. Azhgirey A567, 979(1994).
and N. P. Yudin, Yad. Fiz63, 2280(2000. [34] F. M. Lev, hep-ph/9403222.
[19] D. Allasiaet al, Phys. Lett. B174, 450(1986. [35] K. Michaelianet al,, Phys. Rev. D41, 2689(1990.
[20] O. Yu. Denisov, S. D. Kuksa, and G. |. Lykasov, Phys. Lett. B [36] V. Kukulin, I. T. Obukhovsky, V. N. Pomerantsev, and A.
458 415(1999. Faessler, Phys. Rev. 69, 3021(1999; Yad. Fiz. 64, 1748
[21] V. G. Neudatchin, V. A. Knyr, N. A. Khokhlov, and A. M. (2001); J. Phys. G27, 1851(2001).
Shirokov, Yad. Fiz.60, 1086(1997. [37] M. A. Shehalev(private communication
[22] N. A. Khokhlov, V. A. Knyr, V. G. Neudatchin, and A. M. [38] K. I. Blomqvist et al, Phys. Lett. B424, 33 (1998.
Shirokov, Nucl. Phys A629, 218¢(1998. [39] J. E. Belz, Phys. Rev. Leti74, 646 (1995; C. Bochna,ibid.
[23] V. A. Knyr, V. G. Neudatchin, and N. A. Khokhlov, Yad. Fiz. 81, 4576(1998); L. L. Frankfurt, G. A. Miller, M. M. Sarg-
63, 1988(2000. sian, and M. I. Strikmanipid. 84, 3045(2000.

[24] V. Hermann and K. Nakayama, Phys. Rev46, 2199(1992); [40] R. R. Loucks, V. R. Pandharipande, and R. Shiavilla, Phys.
V. Hermann, K. Nakayama, O. Scholten, and H. Arellano, Rev. C 49, 342(1994).

Nucl. Phys. A582, 568(1995. [41] V. G. Neudatchin, N. P. Yudin, and L. L. Sviridova, Yad. Fiz.
[25] A. Kotsogiannis, K. Amos, M. Jetter, and H. Geramb, Phys. 60, 2020(1997); 64, 1680(2001).

Rev. C 49, 2342(1994. [42] P. Moussa and R. Stora, Methods in Subnuclear Physjcs
[26] M. Jetter and H. W. Fearing, Phys. Rev5l, 1666(1995; W. edited N. Nicolic(Gordon and Breach, New York, 19(8/0l.

Fearing and S. Scheréhid. 62, 034003(2002. 2, pp. 265-339; S. GaziorovicElementary Particle Physics
[27] F. de Jong, K. Nakayama, and T.-S. H. Lee, Phys. Re®l1C (Wiley, New York, 1967; Yu. V. Novozhilov, Introduction to

2334(1995. the Theory of Elementary ParticleéFizmatgiz, Moscow,
[28] G. H. Martinus, O. Scholten, and J. A. Tjon, Phys. ReV5€; 1972.

2945(1997). [43] B. Desplanques and L. Theussl, Eur. Phys. J.18 461
[29] A. A. Logunov and A. N. Tavkhelidze, Nuovo Ciment29, (2002.

380(1963; A. A. Logunov and O. A. Khrustalev, Fiz. Elem. [44] F. Gross and H. Henning, Nucl. PhyA537, 344(1992.
Chastits At. Yadral, 70 (1970; V. O. Galkin, A. Yu. [45] D. Hadjimichef, J. Haidenbauer, and K. Krein, Phys. Rev. C

Mishurov, and R. N. Faustov, Yad. Fi55, 2175(1992; G. E. 63, 035204(2001).

Brown and A. D. JacksorThe Nucleon-Nucleon Interaction [46] F. E. Low, Phys. Rev110, 974(1958; H. Feshbach and D. R.
(North-Holland, Amsterdam, 1975F. Coetler, S. C. Pieper, Yennie, Nucl. Phys.A37, 150 (1962; M. Welsh and H. W.
and F. J. D. Serduke, Phys. Rev. 1%, 1 (1975; E. Pace, G. Fearing, Phys. Rev. G4, 2240(1996.

Salme, and F. M. Lev, nucl-th/980202. [47] J. R. Taylor,Scattering TheoryWiley, New York, 1972.

054002-10



