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Electrodisintegration of polarized deuterons
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Dependences of the azimuthal and target asymmetries in the breakup of polarized deuterons by
unpolarized electrons on the choice of the deuteron electromagnetic (EM) current model and final-

state interaction (FSI) efFects are investigated. Possibilities for separation of the structure functions

which determine these observables are discussed. Results of the calculations are compared with

available data. It has been shown that FSI plays an important role in formation of the asymmetries.

In the quasifree region some of them depend considerably on the neutron electric form factor and on

the spin-orbit EM interaction with nucleon. The tensor target asymmetries T2o and T&2 calculated
for H(e, pn)e' under kinematic conditions of the experiment with the electron storage ring VEPP —3

in Novosibirsk have been found to be very sensitive to the meson exchange current contributions.

PACS number(s): 25.30.Fj, 13.40.Fn, 21.45.+v

I. INTRODUCTION

At present, during the construction of high-duty factor
electron accelerators, polarization phenomena in electro-
magnetic (EM) interactions with atomic nuclei attract a
constantly increasing interest [1—3]. In this context the
employment of polarized nuclear targets (for example,
the deuterium one) opens new possibilities in studying
the reaction mechanisms and nuclear properties. The
target asymmetries in electrodisintegration of polarized
deuterons contain much richer information on the two-
body dynamics than in the case with unpolarized parti-
cles. These polarization observables depend on the struc-
ture functions (SF) which do not occur in the H(e, e'p)n
cross sections.

The asymmetries in the H(e, e'p)n reaction with ten-
sor polarized deuterons can bring additional information
on the deuteron structure, in particular, at small dis-
tances. In fact, the corresponding SF calculated within
the impulse approximation (IA) are determined by inter-
ference of the S and D waves of the deuteron wave func-
tion (WF). This observation was an important motiva-
tion for extracting the high-momenta components of the
WF from the data on the cross sections of the 2H(e, pn)e'
reaction at photon point [4].

Of course, the simple IA predictions are needed to be
corrected due to various distortion factors, e.g. , the final-
state interaction (FSI) effects in the n psystem. In add-i-

tion, at large energy and momentum transfers one has to
take into account the contributions of non-nucleonic de-
grees of freedom, viz. , meson exchange currents (MEC),
isobar configurations (IC) in the deuteron, etc. [5].

Lately [6—9], we have studied the combined inHuence
of FSI and MEC on the formation of angular distribu-
tions and polarizations of protons in the 2H(e, e'p)n and
2H(e, e'p) n reactions with unpolarized and longitudinally
polarized electrons, respectively. The aim of this paper
is to extend these investigations for the case with vector-
and tensor-polarized deuterons.

As previously, our attention is focused upon kinematic

conditions in which the target asymmetries are expressed
through the minimal number of SF. According to Ref. [6],
the situation most favorable in this respect corresponds
to the so-called parallel kinematics when the momenta of
outgoing proton and virtual photon are collinear.

At first the tensor asymmetries in the deuteron elec-
trodisintegration were measured in the experiment at
Novosibirsk [4] using the electron storage ring VEPP-2
with the electron energy E = 180 MeV and the inter-
nal target (the polarized deuterium jet). Recently these
investigations have been continued with electron storage
ring VEPP-3 (E = 2 GeV) [10]. Note that the asym-

metries in the H(e, e'p)n reaction with vector-polarized
deuterons and longitudinally polarized electrons are pro-
posed to be measured at CEBAF [11].

The papers [12,13] were devoted to theoretical descrip-
tions of electrodisintegration of polarized deuterons. In
Ref. [13] the tensor asymmetries for the process were
calculated within the so-called relativistic IA both in the
quasifree peak (QFP) region and, far from this region,
under kinematic conditions [4]. A more complete treat-
ment of polarization observables for zH(e, e'p)n reaction
was performed in Ref. [12] taking into account the eifects
of FSI, MEC, and IC.

Here our consideration of polarization phenomena in
electrodisintegration of polarized deuterons is based on
the approach developed in Refs. [6,7].

The structure of this paper is the following. In Sec.
II the basic formulas for deuteron disintegration with
unpolarized electrons and polarized deuterons are given.
The target and azimuthal asymmetries, involved in the

H(e, e'p)n cross sections, are defined in Sec. III and a
possibility of the SF separation is discussed. Polarization
observables measured in experiment [10] are considered
in Sec. IV. Results of our calculations are presented in
Sec. V. Finally, Sec. VI contains conclusive remarks.

II. BASIC FORMULAS

In the one-photon exchange approximation H(e, e'p)n
cross sections with polarized deuterons in the laboratory
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frame can be written as

o = d o/dE'dO, dB~ = (2a.E'/Q ) l" W„R,

the fine-structure constan, ,k' kwhere n is e
r is the—kk' „&~,~2EE' is the leptonic tensor, g&

metric tensor,
f h

'
ident and scat tered electrons, respec-

(see, e.g. , e . [ ]). e., R f. [6]). The hadronic tensor WM„ in q. ( )
is deGned by

"dMO(OH),

W Cl C MOh dJ (()I) is the Wigner function.
et us consider the noncoplanar geometry ( 'g. )Fi. 1

when the momentum q of virtua p o on is

, and the electron scattering plane
is coincident with the A-Z plane ni. = x

cdh A -Z lane and the plane formeThe angle between t e — p
omenta and k~ is denoted by P.

Inserting qs.
litudes (3) on the azimuthalthe dependences of the amplitudes on e

angle (t), we get

S)Ms ) Md ) Md

SMs P,Md PMd Md SMs vMd ~ ) ~ iM(g PM)P J—MdJ (0 )
JM

denotes the matrix elementP,Md

(3)

fSM M'pv d d

Md, Md SMs

J4 Jof the deuterond t EM current operator ~ = ( 4, )
(—)between the initial ~@iM„) andd final ~4 )

) states of the n @pair with -spin S, its~22 I /OSM~TO

M isos in T, and relative momentum p0.p o
The deuteron density matrix pM Md can e ex

P that characterizein terms of orientation parameters
the degrees of vector (J = 1) and tensor (J = 2) target
polarizations (cf. Ref. [12]):

PM„'M„—
JM

where

, = ( 1) ' (1Msl —Mq~JM) /v 3,M„Md

Poo = 1, PJM = ( 1) Pg—
Normally one ge s ell t the polarized deuterons occupying

~ ~ ~diPerent values of spin projection
M onto the direction of an external magnetic egono e

respect to e asit t th basis formed by the states
~ iM, ):

PM'M d

the occupation probability for the level withwhere AM„ is
ave to the chosen quantization axi,~ 0

isa given projection avid on o e
n = 1. In the case only two parameters in

the decomposition (4) are indepen en

are the amplitudes (3) at (t) = 0, i.e. , forPMd
the coplanar geometry.

Note the relationships

JM
( 1)M (

2 —M)*

JM
( 1)J+b„).+b~~

(
JM)*

(1O)

4 X Y forw ere the in ices p an vw ere h a nd v take on the values (, )

properties

1)9+1—Ms ™q+8&)f M (12)fS Ms yMg — (,—

Furthermore, using Eqs. 8 —12, one B.nds

(0) ~00

o( l = P ) 1S sin[M((t) —(t) )]
M&0

+S' cos[M(& —&~)])dMo(0~) (»)

o-=K) o )
(J)

J
0 t is the Mott cross section.where K = O.M~ &

13 determine e conThe separate terms in q.
arized J = 0,butions due to the disintegration of unpolarized J =

vector (J = 1), an tensor J = 2) polarized deuterons:

P1 —= P10 = A1 A (6a)

1
P2 =—P2p —— (1 —3no).

2
(6b)

v'8 Z

k

If the vec orf h t H has an arbitrary orientation with the
angles 0 an0 d ~~ then eight parameters in Eq. ( ) are
connected with Pi and P2 by

e1ectron-deuteron scat ter-FIG. 1. Geometry for exclusive e ec ro
xng wz ap'th olarized deuteron target.
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a~ l = Pz ) (S cos[M(P —PH)]
M)0

+S'M in[M(P —P )])d' (0 ). (16)

one can write [cf. Eqs. (15)—(16) in Ref. [7]]

The quantities S and S can be expressed in
terms of the W~ (i = L, LT, T, TT) and W, (i
LT, TT):

(~)* (2)
&M' fSMgvMq

(25)™+-(
+(Q(+ rIW cos P, (17)

where f&NI „M
——(4' &M ~ J„(q)~ iIriM„) (Ic = 1, 2).

Like this for the W„with J = 0, 2 one gets

JM 1S = —( W~7, sin 2$+ (Q(+ g WL~ sing, (18)
2

(=Q /q, @=tan 8,/2,

where 0 is the electron scattering angle. Clearly, the
functions S = 0 for the coplanar geometry when the
momentum kz lies in the X-Z plane. The SF W; (W;)
depend on the different current components, viz. , the
Coulomb SF

WJM WJM
L 44

while for the remaining SF one has

WT WXX + WYY ) WTT WXX WYY )
JM JM JM JM JM JM

(26)

It follows from Eq. (25) that W, = 0 (i = L, LT, T, TT)
if one neglects the FSI in the n-p pair. The same property
has the polarization tensor that determines the proton
polarization in the 2H(e, e p)n reaction with unpolarized
deuterons (cf. Ref. [7]).

At the same time even without the FSI inclusion po-
larization properties of the target can be transferred to
those observables which are determined by the SF with
J=0, 2.

JM JM
WTT WXY ) (20)

III. THE SF SEPARATION: TARGET
ASYMMETRIES

WLT ———2WX4 )
JM JM JM JM

WLT = —WY4 . (21)

In other words, the SF Wl.z (WL,z) are determined by
the interference of the longitudinal and transverse current
components.

We introduced the following notations:

A„= a~'l/P, a"', (27a)

Contributions of the SF involved. can be separated by
measuring the vector A„and tensor Az target asymme-
tries. They are defined as

WJM b R (.1 JM) (22)
In these terms one has instead Eq. (13)

(27b)

W„'„=b, Im ("~„'M), (23) o(H) = Kcr~ )[1+PiA„+ P2Ag]. (28)

where by~ = (1 —2bz2) [2 —b Mp (1 + bzi )] bzM = —2 [2—
b~p(l+ bg2)].

So, the cross section of electrodisintegration of po-
larized deuterons contains 24 additional SF together
with four SF W, (i = L, LT, T, TT) for unpolarized
deuterons Eight o. f them Wi (i = L, LT, T, TT) and
W, (i = LT, TT) are associated with the deuteron vec-
tor polarization while the rest W2M (i = L, LT, T, TT)
and W2i, W&22 (i, k = LT, TT) appear for tensor polar-
ized deuterons.

Decomposing the final state (4' &M ~

as

(24)

where (iII +M ~

= 0 in the case with no FSI included,

Reversing the direction of the field H one finds

(29a)

o.~'l( —H) = cr~')(H), (29b)

so
A„(e~,y~) = [cr(H) —cr( —H)]/2PiKcr~ l, (30a)

Ac(~~, ct~) = [a(H) + cr( —H) —2Ka ]/2P2Kcr~ ~.

(30b)

In the coplanar case (P = 0, vr) the vector asymmetry A„
vanishes if the vector H lies in the reaction plane. At
a certain value of the proton emission angle 0 [14] the
quantity A„ takes on a maximum value when the Geld is
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normal to the plane, i.e. , ())~ = P~ = 2,

All ~ Sl 1/SOO

where the upper (lower) sign is used for P = 0 (vr).
In addition, let us consider the situation with k„~~q,

i.e. , at 0 = 0 or 7r, then only one of four W, (i
L, LT, T, TT) survives (cf. Ref. [6]):

1 (Q(+ rIWI T
~2(2W, + (-,'g+~) w

For brevity the SF W, (i = L, LT, T, TT) are henceforth
denoted by W;. Note the relationships between them
and the corresponding SF W; (i = C, I, T, S) defined in
[6,7] for the case in question: Wc = Wg, WI = (1—
2by )WL,T, Ws = WTT, and Wz = WP —W».

Therefore, the interference SF R L& could be extracted
by analyzing the vector asymmetry A„[cf. Refs. [6,7]
where one has demonstrated that the outgoing proton
polarization in H(e, e'p)n for parallel kinematics is de-
termined by a single SF Zr].

The angular dependence WIT (0) can be explored on
measuring the azimuthal asymmetries

~(1)(y —0) + ~(1)(y —~)
P1 [o ( ) (P = 0) 6 rr( ) (r/2 = vr)]

rr (rt2 = 0, H) —o (p = 0, —H) + rT(r)) = vr, H) —o(p =. 2r, —H)
2P1K[o.(0) (P 0) + 4r(0) (P ~)]

(33a)

In fact, one has

1 (Q(+ rjwr z,

~2 ( Wl, + (-'(+ r)) WT + -'(W» (33b)

Z ' = WIT/WI, T.
2

(33c)

Note that

z"/z" = z~ = [ (')(y= o) — (')(p= )]/[ (')(y= o)+ (')(&= )]

where E~ is the azimuthal asymmetry of the 2H(e, e'p)n
cross sections with unpolarized particles.

Resorting to the SF separation for tensor-polarized
deuterons one can see that the component At of A.t ——

A2 is equal to
M)O

A,*' = Ag(0, 0) —4Ag (—,—), (38)

pie way with the SF WL, &.
Other tensor asymmetries can be determined by chang-

ing the direction of 8

A,"= A, (o, o) = s"/s".
This expression is simplified in parallel kinematics

A,' = Ag(0, 0) + 2Ag (—,—) (39)

g'W20+ (-,'g+ ~) w"
(2W, + (-,'g+~) w

Again, introducing azimuthal asymmetries

o(') (y = 0) —o(') (y = ~)
P2 [o ( ) (P = 0) + o ( ) (P = 2r)]

or using Eqs. (14) and (16) one can write

A2M —p S2M My /S00 p —
( 1)M+1+3/M

(4o)

(M = 1,2; Q = O, vr).

Similarly, Eqs. (32) and (35) in parallel kinematics yield

one gets

(37a)

z" = wg 0~/w~~,

Z20 (V'(+ owl'. T
+ ('Wl, + (-,'(+ rI) WT + ,'(W»—

+22
t

(Q(+ rIWIT
g2w, + (-,'(+~) w~'

(WpT
g2W~+ (-', g+ ~) w~

(41)

(42)

i.e., these polarization observables are connected in a sim- Of great interest also are the azimuthal asymmetries
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(v'(+ nWrV
('W +(-,'g+„) W +-,'(W

Z = pMWl, p/WL, z (M = 1, 2).

The experimental arrangement was chosen as [15]
(43.)

OH, ——00, ——9G',

QH = 135', QH, = 45, Qz ——225', 4'2 ——315' (45)

Each of them is proportional to the SF IVI & .
Again note that Z+ /Z = Ey.

IV. ELECTRODISINTEGRATION OF
POLARIZED DEUTERONS AT PHOTON POINT

(Q~ = 0). EXPERIMENTS IN NOVOSIBIRSK

with the proton emission angle in the final n-p center of
mass system (the c.m. frame) 0* = 88'. This value and
the values Pq and P2 of proton azimuthal angle determine
positions of two proton detectors in the plane normal to
the electron beam direction. The quantities extracted
from the measurement are given by

&20 = (46)
In the experiment [10] in question the scattered elec-

tron was not detected, but the proton and the neutron
were registered in coincidence. From various p-n coinci-
dence the events that were selected corresponded to the
inelastic e-d scattering at small angles, i.e. , the situation
with 0, 0 . Therefore, under these kinematic condi-
tions the virtual photon absorbed by the deuteron difFers
only slightly from the real one (Q 0, q = &u).

During the measurements the average degree Pzz of
the tensor polarization of a gas jet was equal to Pzz =

(0.778+0.075). Note that P2 ——Pzz/~2.
In the case of interest we find

~(o) gr

(—1)"(N' —N* )
i,i=1,2

(N'++N; )
i,j=1,2

(47)

where in the counting rate N'+ the upper index labels
the detection system and the lower one coincides with
the field index in H~, and the sign index is the sign of
Pzz.

In our notations

1
o2o = — IPzz IT2o,

8

Pj W+»n(tt —PH)d', p(0~)l (44)
~3

IPzz IT22 (49)

o( ~ = P2 ) Wz, cos[M(P —P~)]dMo(0H)
M)0

TJM = Wz' /W

It is proved that in the plane wave IA (PWIA)

T2o ——2u(k„)doo(0„), T22 ——4u(k )d2o(0„), (50)

1
u(k„) = u2(k„) up(k„) — u2(k„)

8
[uo(k-) + u'(k-)]

where up(k ) [u2(k )] is the S (D) component of the
deuteron WI', and k„(0„) is the neutron momentum
(emission angle) in the laboratory system with the Z axis
along the vector q.

To derive the SF TV& the counting rates %'+ could be
measured for two configurations

Indeed, in this case

~3
lPzz IT2~.

8

Let us write the corresponding PWIA expression

(54)

6tH, ——45, /II, = 135 (52a)
T2g ———4u (k„)d io (0„).

Finally, the combination
(55)

0~, ——135, QH, =45 (52b)

retaining the values of 0*, Pq, P2, and forming the ratio

((—1) 'N' + (—1)~'~N;. )i j=l,2

(N'+ + N' )
c)g 1)2

2 (—1)"(N:++ N,* )
i=1,2

(N'++ ¹ )
i,j=1,2

yields the vector asymmetry

1
+11 — +pe y

2

for the arrangement (45).

(56)
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V. RESULTS AND DISCUSSION

Details of our calculations of the reaction amplitudes
can be found in [7]. The calculations were performed
with the Paris potential [16]. The FSI distortions were
taken into account in the partial p-n scattering states
with the total angular momentum J&J „=2 in the
QFP region (the MIT kinematics) and J(J „=3 far
from the region (the Novosibirsk kinematics). Note that
the results of our calculations have a good convergence
with respect to the FSI inclusion in higher partial waves.
For example, the angular dependences of the asymme-
tries undergo small changes as J „ increases, viz. , the
corresponding variations do not exceed a few percent.

The MEC included are due to one-pion exchange with
the vrNN vertices modified by the nucleon finite-size ef-
fects. The corresponding phenomenological vrNN form
factors (FF) in the monopole form depend on a cutoif pa-
rameter A. Two models, with G& ——0 and G& ——7 ~„G&
[17], where 7 = —Q /4M (M is the nucleon mass), K

is the neutron anomalous magnetic moment, were chosen
for the neutron electric FF G&.

As in Ref. [7], we distinguish the direct mechanism of
the proton knockout (PWIA) and the recoil mechanism
due to the EM interaction with the neutron-spectator
[the plane wave Born approximation (PWBA)]. Respec-

0,5,

I

0 20 OO 8O Q
k I I I

0 30 60 90 120 150 Q
DEG

40

tively, our calculations with the distorted waves are
marked by the DULIA and DWBA.

The results shown in Figs. 2—6 [18] were obtained at
the values of E = 880 MeV, E' = 738 MeV, and 0, = 37,
i.e. , for quasifree kinematics, as the Bjorken variable
x = Q /2M' = l. A number of useful kinematic rela-

FIG. 3. The asymmetries A, and Z+ with (solid curve)
and without (dashed and dotted curves) the deuteron D wave.
The latter is calculated in the DWBA, the rest —with inclu-
sion of FSI and MEC [21].

0.4

-O.5,

0.2 --0.4l

-0 8'-

-0,4

-2.
't. 5

I

0 30 60

@0 60 80
I I

90 120 150
0.5

FIG. 2. Angular dependences of the vector asymmetries
for H(e, e'p)n. Calculations were made in the DWBA and
DWIA (dashed curves 1 and 2, respectively), in the MEC
model (see, e.g. , [21]) for the cutoif parameter A = 4m
where m is the pion mass, with (solid) and without (dotted)
addition of the SO interaction to the hadronic current. All
curves correspond to the case with Gs of Ref. [17], except
solid curves 2 calculated with G& ——0.

0 40 60 ao Q
I I

30 60 90 120 150 Q*
DEG

FIG. 4. Angular dependences of the tensor asymmetries

A~ for H(e, e'p)n. The curves were calculated in the
PWBA (PWIA) —dotted 1 (2), in the DWBA —dashed.
Other di8'erences between curves are the same as in Fig. 2.
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0.4i

0.2
pi

-0,2.
—0,4. -2-

0

-0 4- -2,

0 20
I I I I

O ~O 6O QO
DEC

60 80 O
I I

120 150 Q" 0 30

40 60 80 (=l
I I l I

60 QO 320150
DEG

FIG. 5. Same as in Fig. 4 for the asymmetries Z+
FIG. 6. Same as in Fig. 5 for the asymmetries Z

tionships for the case can be found in Appendix A. Note
that this choice of kinematic parameters corresponds to
conditions of the MIT I experiment [20]. Under these
conditions the values of the proton emission angle do not
exceed the limiting value 0~; = 90 (parallel kinematics
for the recoil neutron with the momentum k = q). The
value 0 = 0 corresponds to parallel kinematics for the
outgoing proton.

A detailed analysis shows that the direct reaction
mechanism is prevalent in the e p coincidence cross sec-
tions at the values 0 & 45 . When increasing 0 the EM
interaction with neutron becomes more important. In
particular, we see that the asymmetries considered can
undergo qualitative changes because of a strong interplay
between the direct and recoil mechanisms. As mentioned
in Sec. III, the asymmetry A„has some common features
with the outgoing proton polarization P in H(e, e'p)n
(in particular, it takes on the zero value with the FSI
not included). The vectors A„and P are perpendicular
to the reaction plane for the EM current model without
violations of P and T invariances (cf. the discussion in
Ref. [7]). In addition, in parallel kinematics each of them
is expressed through a single interference SF, viz. , R'L&
(Zl) for A„(P). Moreover, transitions between the same
spin states of the n-p system contribute TVL& and El.

As seen in Fig. 2, the inclusion of the FSI gives the
values of A„accessible for measurements at intermediate
angles 0. The same is valid for the azimuthal asymmetry
Z+ o

Relativistic corrections arising from the spin-orbit
(SO) EM interaction with the nucleon manifest them-
selves (sometimes appreciably) in quasifree kinematics.
Note that relativistic effects (in particular, due to the

Darwin-Foldy and SO terms in the EM current operator)
for H(e, e'p)n reaction in the QFP region have been in-
vestigated recently in Ref. [22]. This work extends previ-
ous studies [23,24] for the deuteron photodisintegration.

As shown in Fig. 2, the inclusion of the SO interaction
leads to essential variations of the Z angular depen-
dence at 0 ) 60 . These variations are closely connected
with the respective changes of the angular dependence of
TVI.~. In particular, the SF changes its sign at 0 76 as
the SO contribution is not included. Like the asymme-
try Z the observables Z are rather sensitive to the
contribution as well (see Fig. 6).

For the tensor target asymmetries At and Z+ dis-
played in Figs. 3—6 one should write down the simple
relationships in the PWIA

A, = Z = ~2M'(k„)dMO(0„),

Z~M=Z A~t

o20 21& &2M —4(—1) pM (M = 1) 2).

It follows from Eqs. (51), (58), and (59) that the asym-
metries vanish identically in the case of a pure S wave
deuteron. One can show that this property retains for all
the asymmetries (excepting A~ and A~~2) in the PWBA.
However, the situation drastically changes after taking
into account the FSI when the observables considered
assume nonzero values not only owing to an interfer-
ence of the S and D components of the deuteron WF
[cf. Eq. (51)]. In other words, structure properties are
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06-
0 4-

0.2-

20

0.4-
2

0,2-

0

strongly obscured by rescattering efFects.
Nevertheless, we see in Fig. 3 essential difFerences be-

tween the quantities calculated with and without inclu-
sion of the D component at the proton emission angle
0 = 15 —30 that correspond to the range of recoil mo-
menta k = 140—305 MeV/c. Moreover, the quantity Z+z

changes its sign if the D wave is switched off.
We also reveal a noticeable dependence of the vector

asymmetries on the choice of the G& model. For example,
the quantity A„(Z+ ) changes its value at 9 = 25' (70')
almost by 15% (25%) (Fig. 2). The tensor asymmetries
depend on the G& model to lesser extent (see Fig. 4).
Note that similar results were obtained in Ref. [12] where
the tensor asymmetry A~ [denoted there as A& (0, 0)] was
calculated with other models for G&.

One should emphasize that unlike the authors of Ref.
[12], we employ the Dirac FF instead of the Sachs nucleon
FF. In addition, polarization observables in [12] were cal-
culated in the c.m. frame while we prefer to present our
results in the laboratory frame. General transformation
properties of polarization observables for the deuteron
electrodisintegration when passing from one to another
frame were considered in Appendix C of our paper in Ref.
[9]. In this connection we would like to recall that the
deuteron density matrix remains unchanged with respect
to the boost along the q direction.

The relations of the SF (19)—(21) and the target asym-
metries (27) to the corresponding quantities considered
in Ref. [12] are given in Appendix B.

As seen in Figs. 2, 4, and 5 (cf. the solid curves 1 and

08-
Q.eI-

O4-

0.2-
~ ~

-0.8 .

\

80 lBO 280 380
m (MeV)

FIG. 8. Comparison of the calculated asymmetries Tqo and

Tqq with the data [10]. The solid (dashed) curves were calcu-
lated including FSI eKects in the MEC model with A = 4m,

(A = 1.2 GeV).

dashed ones) these asymmetries have a weak dependence
on the two-body reaction mechanisms due to the MEC
for quasifree kinematics.

We face another situation considering the tensor asym-
metries T~~ under conditions of the measurements in
Novosibirsk [10]. In fact, our results for these quantities
in Fig. 7 depend essentially on the MEC contributions.
The same is valid for the FSI efFects. These findings are
typical since we are far from quasifree kinematics in the
inelastic e-d scattering. It is the case of the experiment
[10].

We also see in Fig. 8 a high sensitivity of the cal-
culated asymmetries to the MEC models with hard and
soft vrNN FF. Certainly, the inclusion of such important
ingredients as FSI and MEC is necessary for describing
the data [10].

Note that the results displayed in Fig. 8 are in agree-
ment with those obtained in Refs. [25,26]. Our prelimi-
nary results presented in [10] underestimated the asym-
metry T~~ because of an error in our computer code.

-0.2- VI. CONCLUSIVE REMARKS

0, 4-

0
-0 4-
-0,8-
—1.2-
—1.6-

80
I I

1630 280
m (MeV)

380

FIG. 7. Tensor asymmetries Tz~ for H(e, pn)e' vs the en-

ergy transfer for the VEPP-3 kinematics. The curves were
calculated in the PWBA (PWIA) —dotted 1 (2), in the
DWBA —dashed, and with taking into account the MEC
(A = 4m ) —solid.

The main conclusions of the paper can be summarized
as follows.

(i) In contrast with the opinion that the FSI effects
are expected to be small in quasifree region we have ob-
served a strong dependence of the asymmetries consid-
ered on the FSI distortions in the n-p scattering states.
The exceptions are two situations for proton emission
angles close to 9 = 0' and 0 = 90 (parallel kinematics
for the proton and the neutron, respectively). So, even
in the quasifree region, the FSI efFects can make it more
complicated to obtain direct information on the deuteron
structure (especially, at short distances).

(ii) As to the influence of MEC on these asymmetries
it is still rather weak in quasifree region at all 0 values
accepted.
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(iii) The azimuthal asymmetries Zg, determined
longitudinal-transverse interference of the deuteron EM
current components, are sensitive to the choice of the
neutron electric FF at intermediate 0 values (0' & 0 &
90 ).

We have seen the most appreciable efI'ect from the
variation of GE for the ratio of two interference SF
Z = WIT, /WI. T within the range 30 ( 0 & 60'. Since
this eKect is observed against a rather weak dependence
of Z on MEC contributions its measurements can be
useful to verify the predictions of modern theories of nu-
clear structure. Of course, one should keep in mind that
the cross sections at these intermediate 0 values are much
smaller than for parallel kinematics.

(iv) We have found the kinematic conditions favorable
for the SF separation in the H(e, e'p)n reaction. In or-
der to fulfill this procedure it is sufhcient to carry out
some in-plane measurements of the cross sections for the
reaction.

(v) The tensor asymmetries T2~ for H(e, pn)e' cal-
culated under the kinematic conditions of the VEPP-3
experiment, i.e. , far from quasifree region, depend con-
siderably on the MEC efI'ects.

To get a reliable information on the deuteron wave
function at short distances from such polarization ex-
perirnents it is necessary to improve an accuracy of the
available data. In addition, various reaction mechanisms
generated by the exchange of heavier mesons and the 4-
isobar excitation should be included. Of course, other
relativistic efFects in the deuteron electrodisintegration
should be studied as well.

Finally, the results of our calculations have demon-
strated that the asymmetries discussed can take on the
values accessible for measurements. The latter can be ful-
filled at a new qualitative level with installation of high
duty-cycle electron accelerators.

We are very grateful to Dr. D. M. Nikolenko and his
colleagues f'rom Institute of Nuclear Physics (Novosi-
birsk) for sending us the recent data before their pub-
lication.

to the laboratory frame (the knocked-out proton in the
c.m. kame), p and p„* are the corresponding Lorentz
factors.

According to Eq. (A2), we find

2eg(1+ ~/2M)
sin 0&'im M (A4)

k„* = k„+ [k„q/(cu + Md + +s) —E„]q/+s, (A5)

where Ep —— k2 + M is the proton energy in the lab-
p

oratory frame, and neglecting the terms e~/M, es/cu,
and cu /M &( 1, one can demonstrate that

cos0* = cos20 — sin 20,
4M (A6)

i.e., 0* = 20 in a good approximation if the Bjorken
variable x = 1 and u/4M (& 1.

APPENDIX B

The SF S'& T I.T T& and WI,T v,r calculated in the
laboratory system are related to the corresponding SF
fl ~&L& && [12] referred to the c.m. frame [see Eq. (86)
in [12]] as

(Bl)

Wq™= dg(2 —b~o) — fi, + (—1) fq I, (B2)

W~~ = di, (2 —b~o) (1—2hg2) — fi, —(—1)™fI,

So, under the condition (Al) ei; =
2

to an accuracy of
the terms ed/M (& 1 and eg/w « 1.

Moreover, using the Lorentz transformation

APPENDIX A
(k = LT, TT). (B3)

Here we consider in more detail the situation with
Here we have used the following notations:

x = Q /2M(u = 1. (A1)
Qpy d0~k—

0 Mott+ d~p
(B4)

Then, assuming M„= M = M, one has for the invariant

s = ((u+ Mg) —q, 1-—2@I —Pr ——P»— q2

P
PIT=

2
)

e2
(A2)

where M~ (eg ) 0) is the deuteron mass (binding energy).
The limiting angle 0~; is determined by

where the kinematical factor c is determined in Ref. [12],
& = Iql/lq*l.

The Jacobian in Eq. (B4) transforming the coincidence
cross sections from the c.m. frame to the laboratory one
is given by

sin oi; = (p„*v'/pv) = sk„* /M q & 1, (A3)

where v (v") is the velocity of the c.m. frame [19] relative

dO„*„

~v cos 0E
A:~

(B6)
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In our opinion, the formulas (13)—(16) are more conve-
nient to analyze the polarization observables compared
to expressions (79) from Ref. [12) because the former
include the SF with M & 0 only.

As to the target asymmetries (30), they are connected

with the asymmetries Az+ and A& [12] as follows:

VAv =Ay,

Ag ——Aq.
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