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1. INTRODUCTION

Theoretical studies performed in recent years on elastic
ed —scattering give rather a contradictory picture of the
present status of the theory of this process (see, e.g., re-
views /1-3/),

Tt is clear that a consistent theory of ed-scattering
should be relativistic; it should include the contribution
both of the impulse approximation (triangle diagram in Fig.l)
and of diagrams with excitation of isobars (Fig.2) and with
exchange meson currents (Fig.3).

It must also be taken into consideration that all particles
in an intermediate state are, in general, off the mass shell,
and yNN-vertex in Fig.l contains eight form factors. Deute-—
ron electromagnetic form factors A(Q2), B(Q2)depend on nucle-
on electromagnetic form factors which in turn are ill known
(especially Gg, ).

A

Fig.2

A relativistic scheme of calcu-
lation of deuteron electromagnetic
T form factors in the impulse approxi-
Ny mation was developed in a series of
works by F.Gross et al.” %8/ (the
Gross four-component formalism).
This formalism allows the '"relati-
vization'" of any realistic non-re-
. lativistic potential obtained from
Fig.3 data on elastic NN -scattering.
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Main assumptions of this formalism are as follows:

~ The nucleon-spectator is on the mass—shell;

- yNN -vertex behaves like the vertex of a free nucleon
and contains only two nucleon form factors.

By the first assumption one performs the reduction of four
functions of invariant variables in the covariant parametriza-
tion of the npd-vertex to four deuteron wave functions which
are then obtained as solutions of a quasipotential-type equa-
tion with one-boson-exchange potentials.

The deuteron electromagnetic form factors calculated within
this formalism in the relativistic impulse approximation for
several realistic potentials are in disagreement with experi-
mental data at large Q2 .

It is to be stressed that these assumptions may turn out
to be significant. In recent paper /9/ it has been shown that
the inclusion of all eight form factors of the nucleon in the

yNN -vertex can change the deuteron electromagnetic form
factors value at @2~ 100 fm~2 by an order which allows, in
principle, us to fit theory to experiment. The assumption that
the nucleon-spectator may be off the mass shell leads, in ac-
cordance with work/10/ to the same results.

Various approaches to relativistic impulse approximation
were also developed in papers/!1-15/Neither of them, though
being rather successful, gives the consistent description of
relativistic impulse approximation.

The estimation of the contributions of exchange meson cur-—
rents was often changed during the last six years, especially,
in connection with the appearance of new experimental data on
elastic ed -scattering. It may happen as has been discussed,
e.g., in paper /6/ that the contribution of the pry -Vertex
in Fig.3 can be important at Q23 25 fm=%.It is to be noted
here that till now there are no calculations of the contribu-
tions of exchange meson currents in a consistent relativistic
formalism (see discussion in refs./6:8/ ). At the same time one
should mention an assertion made in ref./16/ that the exchange
meson current contribution should cancel with the contribution
of the part of the yNN-vertex responsible for going beyond
the mass shell of that vertex. An actual and still unclear
question is that concerning the contribution of the 6q-state
while describing the deuteron static characteristics and elect-
romagnetic form factors (see, e.g., refs{17-19/),

And finally, the problem of nonuniqueness (ambiguity) is
so far obscure, which arises in the "relativization" of wave
functions (due to the effects of retardation), and its role
is not clear in calculating the deuteron electromagnetic form
factors and other quantities. Because of the present situation
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one should again apply to well-known nonrelativistic formalism
in order to establish its range of applicability for realistic
potentials.

This problem is important also in view of the appearance
during the last years of new data on elastic pd- and dd -
scattering at high energies and attempts to describe these
data in the framework of thé Glauber theory/20,21,2%,

The nonrelativistic approach is intensively developed in
recent years. There appear still new and are modified the
even known potentials of NN —interaction. These potentials are
then employed in the theory of a few-body systems and in the
theory of nuclear matter. Therefore it seems quite natural
to analyse in detail all properties of the '"working ability"
of new NN -potentials for a relatively simple case of deute-
rons.

Among the present realistic potentials of- NN-interaction
a central role is played by the potential of the Paris gro-
up/23-B/(it will be called the Paris potential). This poten-
tial describes a great amount of various data on NN -scatter-
ing/ 26,27/ and at present it is widely used in nuclear physics.
Its latest modifications can be found in papers/25.28/, There-
fore, a natural question arises: how well the Paris potential
work in the deuteron problem? This concerns both the descrip-
tion of deuteron static characteristics and the calculation
of deuteron electromagnetic form factors at all measured Q2,
These questions have been partially considered in literature/ ®/,
however, there is no consistent application of the most exact
version of the Paris potential/ 28/ to the deuteron problem.

The present work deals with this latter problem. Section 2

is devoted to the description of the experimental data avai-
lable on deuteron electromagnetic form factors :A(Q2) and B(Q2)
and to the calculations on the basis of Paris potential at

Q2 210 fm=2. The dependence on nucleon form factors (in the
first place, on GEn ) is analysed. In section 3 we calculate
the polarization vector and tensor in elastic ed -scattering
in view of the planned experiments. In section 4 we briefly
discuss the ‘problem of relativization of deuteron wave func-
tions and related ambiguity, and also given results.

2. DESCRIPTION OF DEUTERON ELECTROMAGNETIC FORM FACTORS
AND DEUTERON STATIC MOMENTS ON THE BASIS
OF PARIS POTENTIAL AND ROLE OF NUCLEON FORM FACTORS

The differential cross section of elastic ed -scattering
is given by



do/ dQ = (do/dQ )y, VA(Q2)+ B(QD tgz% b, (1)

where (do/dQ)mor: is the Mott cross section, # is the scat-
tering angle of an electron on a deuteron in the lab.system,
Q%= -q2>0 , A(Q?) and B(Q@2) are connectéd with the charge,
quadrupole and magnetic form factors GC(Q2), GQ(Qz) » Gy (Q 2y
in the standard manner

2

2 2 2
A@ )=ac@)+ £y ag@®) + £ GE@®y,

(2)

B(@%) = 47 (1+m) Gy @°) ,

U=Q2/4 Mzd, M4 is the deuteron mass. Form factors Gg¢, Gg ,
GM are expressed in terms of wave functions u(r) and w(r)
by formulae of ref./30/ as follows

Qc(Q?) 2G5 Q%)D(a2),

Go(@?) =2 GHa% Dy (Y,
3

Gy (@) =My /my [ G5 (Q%)D (@%) +2 G5 (% D_(aH)],
Goy = 1/2 G, +Gp ),

s
Gn= 172 Gy, +Gy, ).

where GEP > Gy » Gpmp s Gyy are electric and magnetic form

factors of the proton and neutron, respectively, and
D (Qg) wd . Qr {u? 2 }
c = [drjy (=) {0+ %= ()},
0

3

T ———

D, (@)
Q :
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[ dr iy (50 T WO - —=w (1,
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37 ) .
Dy, (Qz) o -é-g dr Wz(r) { ]O(Sé.r.. ).,.}2(_@51‘_,) i,

Dg (QQ) = fdr jo (_(;l_r_:) Iu2(r)-- J—w2(r) § o+

+ jlg-fo ar §y (45) (u w<r>+?;-.=zw2<r) 3 .

While describing the deuteron form factors A(Q?) and B(Q?2)

it is essential to make an appropriate choice of the. nucleon
electromagnetic form factors. In particular, the present ex-—
perimental data provide a reliable conclusion on the "dipole"
decrease of the proton magnetic form factor at large Q2,i.e.,

2 252
Gpp (A7) Q2>>m%1/(Q )4, (5)
Table
Case I 11 111 1v
GE =
P 2
-2af70
b —L— GMP , ———-—1.._.5...- Fl FZ e a 1 "1.1”/32/ ”BC”-/33/
oo (g
. lpyl Gg rlun 1 Gg
G 0 e ~p |
En T“‘nl Ep 1+ 4 7 14567

T =Q2/4 m%, where my is the average nucleon mass.

In the Table we report some of the most popular parametriza-
tions for Gmp taken from refs./31-33/ The parametrization G(&)l(@z)

gives good qzualitative description of the proton magnetic form
factor to Q2 < 30 (GeV/c)?2. The expression G(h[d” results

from the relativistic oscillator model’'and"works" almost with
the same accuracy as G (with respect to x?2 ). Expres—

sions G{I and G,(wm are somewhat preferable as compared

to G I})I and Gl(v};') for the description of data by criterion
2

X

Experimental data on G Ezp’ GMn are not so abundant (the
measured region is up to Q¢ < 2%3 (GeV/c)?). The existing da=
ta do not contradict the common assumption that

G y . 1 g 2y 1 2y,

£a(@% = = Gu@®) = - Gy @) 6)

which we will keep in what follows..
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Fig.4. Description of the :A -
deuteron form factor for dif-
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Fig.5. Description of the B -
deuteron form factor for
different nucleon form) fac—-

. ] |
tOrs: —e-. GM) and C'I(Zln

-~ - Gy and G (see the
Table).

Fig.6. Contributions of charge
G¢ , quadrupole Go magnetic
Gyform factors into the :A -
deutero_ﬁ form factor for the
case G(&I and G%L 0= CcOn-
tribution of Gg,-—~0O--contri-
bution of Gg— — contributi-
on of Gy.

Still more scarce informa-—
tion is on the neutron elect-
ric form factor GgfQ 2). It
1s known to be small however
the deuteron form factors are
rather sensitive to changes
(for the correspond-

T

ing discussion see, e.g., ref./34/). The most simple, but,
perhaps, not the most right way would be to put GEg, zero.

In paper/as/ a nontrivial expression for Gg,(Q2) was proposed
on the basis of O (4,2) ~symmetry considerations ( GI(Elel) in the
Table). A wide use is made also of phenomenological expres-
sions. For the description of experimental data we made as
follows: at values of smaller than.0.04 fm™% we used polyno-
mial approximation, taking into account asymptotics for u(r)
and w(r) as r-0, respectively; further we parametrized u(r
and w(r) following paper/28/.

The results of calculation of :A(Q2) and B(Q2) with dif-
ferent sets of Gyp(Q2) and Gg(Q2) are shown in Figs.4-6.
As is seen, in the pure nonrelativistic approach with a modi-
fied Paris potential form factors :A(Q2) are well described
at least up to Q%< 1.5 (GeV/c)2, With a further growth of @2
the choice of nucleon electromagnetic form factors becomes
very essential. This dependence can, in principle, completely
"cancel" the contribution of all other degrees of freedom,
therefore at present without a substantial improvement of mea-
surements and (or) theoretical calculations it is difficult
to make reliable conclusions on the actual role of extra (re-
lativistic in relativistic impulse approximation, mesonic,
baryonic, and quark) degrees of freedom in the deuteron. The
transversal part B(Q2) of the cross section of elastic ed -
scattering is also described in the nonrelativistic approach
at all measured Q2. It is to be noted, however, that at Q2>
>14 fm=2 there are no experimental data, and at Q2~25.6 fm—2
only an upper bound is obtained for B(Q2).Therefore, new mea-—
surements of B(Q?) for Q2 > 14 fmr2 seem to be highly actual.

To complete the discussion we mention also the deuteron
static moments. The deuteron quadrupole moment Qg4 and weiéht
of the D -state calculated with the analytically parametrized
Paris potential/28/ are

Q4 = 0,279 fm?
Py= 0,0577.

At this value of Py the deuteron magnetic moment y g4
culated by the nonrelativistic formula equals

ug = 0.847 (n.m,) *,

cal-

*n ref{2/ for the same Py the value py = 0.853 is gi-
ven; the algorithm of calculation is not specified.



Comparing the calculated values with experimental data
Q4=0.2860+0.0015 fm?,
#d*0-857406ip-000001 (n.m.)

we see that the Paris potential describes Qg
a low accuracy. The radius ry
ture function equals

and ud with
of the deuteron charge struc-

2= -6D(0) = %:5[u2(r)+ W (el ar, %)

and it is in the Paris potential
rg= 1,97 fm.

i.e., with high accuracg it reproduces the value r, = 1.95-1.96 fm
known in literature /2:36.37/%,

3. THE TENSOR AND VECTOR OF POLARIZATION
IN ELASTIC .ed -SCATTERING

In this section we limit ourselves to discussion of the

most important two polarization observables. The discussion

of predictions for the polarization tensor and vector is of

a special interest in view of the polarization experiments
planned in the nearest future. Measurements of these quantities
will made it possible to more accurately estimate the validity
of either potential for the description of NN-interaction

and will provide a criterion for the estimation of the contri-
bution of the six-quark state into thé deuteron. The component

of polarization tensor is given by the formula (see, e.g.
ref./6/ )

-_— @ 2 2 1: 2 2
T (a?) - W2, c(@%) G@*)+g 7y (Q )

(8)
ag(@®) +1° 6g@®

This polarization observable is marked by a quality of being
independent of the nucleon form factors.

In a recent paper it was proposed to. measure components
of the polarization vector and tensor of the recoil deuteron

*The accurate value of ry is also important in connectibdn
with the theory of the Lamb shift (see, e.g., a discussion in
paper/38/ ),
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Tah F%g.7: The component of pola-
rization tensor in elastic ed —

scattering.
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Fig.8. P -component of polari-
zation vector in elastic ed-
scattering for different nucle-
on form factors: G%) ’
—- “) (see the Table).
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Fig.9. P ,,-component of pola- } ;
rization tensor in elastic . /
ed -scattering for different
nucleon form factors: -—-G(”
(see the Table).

in elastic scattering of polarized electrons which have the
form

i 4 1
f;*-“-f-o-'g- \/77(1+T]) GM(GC+—3"7 GQ)tg-—- ,
" B
7, 1.2 20y gZtwgl/e
P, =T 3 vV (1+7n)(1+n 'sin ry ) Gm s g2 9)

1 8 8 26 2
P = —:—I——{g—n GCGQ+-— G +'—7][1+2(1+7]) tg ]G l’

9 Q
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nucleon form factors:
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Fig.10. P, —component of po-

larization vector in elastic
ed -scattering for differe%t
nucleon form factors: G

1) En’
-'_-(]En (see the Table).
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Fig.13. Ratio Py -component

of polarization vector to

Pxz —component of polarization
tensor in ed-scattering for
différent nucleon form factors.
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* b

where
- g

Iq = 4 (@) +B (@) s
In Figs.7-13 we show the values predicted for these quanti-
ties for different sets of nucleon form factors at 6 =40°

The polarization tensor has a standard form for the nonre-
lativistic approach in the impulse approximation. The curve
for T(Q2) may change essentially in form only in "freezing-
out" extra degrees of freedom in the deuteron.

New polarization variables introduced by Gross depend es-
sentially on nucleon form factors. This dependence grows with

Q2.

.

4. DISCUSSION OF THE RESULTS

To summarize, we make the following conclusions:

- The nonrelativistic approach (examplified by the Pdris
potential) may well describe the experimental data on the
longitudinal part A(Q?) of elastic ed -scattering up to
the transferred momentum squared Q235 fm~2 as well as the
data on the transverse part B(Q?2) (up to Q2 £25 fm~2 ). The
radius of the charge structure function of the deuteron ry
is calculated with high accuracy. At the same time the deute-
ron magnetic and quadrupole moments are described only quali-
tatively. In this aspect the Paris potential needs further
improvement. The description of experimental values of deute-
ron electromagmetic form factors at large Q2 is very sensitive
to the choice of nucleon electromagnetic form factors includ-
ing Ggn which is little known at present. As has been shown
above, a proper choice of GEjy can give’theoretical values
of :A(Q2), B(Q2) in satisfactory agreement with experiment.
This dependence of deuteron electromagnetic form factors on
the choice of nucleon electromagnetic form factors within the
impulse approximation may "imitate" (or fully cancel) the con-
tribution of all extra degrees of freedom. Therefore, it is
very important problem to make the proton electromagnetic form
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factor Ggy, as precise experimentally as possible in the
whole accessible interval of Q2 as well as to improve the
methods of extraction of the neutron electromagnetic form fac-
tor from experimental data on the deuteron electrodisintegra-
tion and from all other possible sources (for instance, pion
electroproduction on nucleons) and theoretical methods of cal-
culation of the nucleon electromagnetic form factors.

- At present we have scarce information on the role of ex-
tra degrees of freedom (relativistic, mesonic, baryonic, etc.)
and on the behaviour of the yNN-vertex off mass shell (de-
pendent on eight form factors).

~ The most popular procedures of relativization of the deu-
teron electromagnetic form factors do not exhaust all available
possibilities. The procedure of relativization is essentially
nonunique. The relativistic corrections can substantially
change the values of deuteron electromagnetic form factors
in the asymptotic region.

The well-known procedure of transition from the Bethe-Sal-
peter wave function ‘¥$s(x)a fd*pdP*wg (p) (where P, is the
deuteron 4-momentum, Dy is the nucleon relative 4-momentum)
to the Schrédinger wave function ¥YNR(® includes: a) transition
to the deuteron rest frame =0; b) neglect of the relative
time, i.e., Xy =0;c) inclusion of an ancillary condition on
the nucleon kinetic energy (in the deuteron at rest) and deu-
teron binding energy to be small as compared with the nucleon
rest mass. (All the spins to equal zero are assumed).

The condition b) which means the neglect of retardation
effects in the interaction of nucleons in the deuteron, for

the wave functions in the impulse approximation looks as the
transition

BS NR *° BS -
Yo @) — S0 W3 (g.p). (10)

The inverse transition from the nonrelativistic function WNR65
to the Bethe-Salpeter function is known to be essentially non-
unique. For instance, for any wave function ¥(r) there exists
an infinite set of functions of the form ¢ (xu) ¥(r), where

Uy = —ngy 7o J;x2+A(xu)2 » #(0)=1and A is an arbitrary para-

meter which in the nonrelativistic limit turn into ¥(r). In a
relativized formalism expounded in papers/4-8/ the "relativi-
zation" of the known nonrelativistic wave functions of the deu-
teron 8~ and D ~waves (u(ﬁ) and w(ﬁ) ) is reduced to the
construction of the Bethe-Salpeter function, the invariant com-
ponents of which in the rest frame are u(f) and w{), and one
nucleon is on the mass shell. Such a scheme leads to the loss
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of a part of relativistic corrections caused by the retarda-
tion effects and may essential affect the results to be ob-
tained.

In conclusion the authors express their deep gratitude to
S.P.Kuleshov and V.A.Matveev and also V.V.Burov, S.M.Eliseev,
A.V.Roudinov, A.N.Sissakian, N.B.Skachkov, A.I.Titov for use-
ful discussions.
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Mutpowkun B.K., Pawupos N.K., TpyGuuxkos C.B. E2-82-156
Hepenatusuctcekuii nopgxon 8 ynpyrom ed -paccenHun
N 33aBUCUMOCTL OT GOPMPAKTOPOB HYKMOHa

B pabore u3yuawTcs npeAcKasaHuAa HEpPEeNATUBMCTCKON TEopuUu ynpyroro
ed ~pacceaHus C nocneaHen sepcuert NOTeHuMana nNapuvKCKOW rpynnsl asTopos
ANA 3NEKTPOMAr HUTHLEIX QOPMOAKTOPOB AeMTPOoHa, BEKTOPA WM TEH30pa NONApM3auuu.
WccnepnyeTcAa 3aBUCMMOCTbL BCEX MEpEeuMCNeHHsX Bolle BenMuuH OT Buibopa (opMmpak-
TOPOB HYKNOHOB, B OCOOEHHOCTW 3a8BUCKMMOCTb OT HauMeHee W3YUEHHOro 3NeKTpu=
yeckoro gopmparTopa HeiltTporHa. 06CyxAanTCA HEeKOTOpPhHE AacNeKTH npoyeayps
PENATUBUIAUMKM BONHOBLIX QYHKUUHA AENTPOHA .,

Pabora swnonHera B JlabopaTtopuu Teopertuudeckon ouanxku OUAU,

Coobuenne 0GBEAMHEHHOrO UHCTUTYTa ANEPHHX WCCNEAOBAHUA, Nly6ua 1982

Mitrjushkin V.K., Rashidov P.K., Trubnikov S.V. £2-82-156
On Nonrelativistic Approach to Elastic ed-Scattering
and the Dependence on Nucleon Form Factors

Nonrelativistic theory predictions are studied for elastic ed-scat-
tering with a recent version of a Paris potential for the deuteron electro-
magnetic form factors, polarization vector, and tensor. The dependence of
all the above quantities is analysed on the choice of the nucleon form
factor, in particular, of the least known neutron elastic form factor.

Some aspects of the procedure of relativization of the deuteron wave
functions are discussed.

The investigation has been performed at the Laboratory of Theoretical
Physics, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna 1982




