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This review discusses the dependence of the target asymmetries and the nucleon polarizations in
electrodisintegration of polarized and unpolarized deuterons and the beam asymmetry in
disintegration of the *He nucleus induced by linearly polarized photons on the choice of model
of the nuclear electromagnetic current (in particular, the meson-exchange currents). Special
attention is given to the effects of the final-state interaction of the np pair in the d(e,e'n)p
reaction. The effect of the spin—orbit electromagnetic interaction of the nucleons and of

other relativistic corrections to the electromagnetic current density of the nucleus on the formation
of the angular and energy dependences of the polarization observables in these processes is
demonstrated. The possibilities of extracting the neutron electric form factor from the inelastic
scattering of longitudinally polarized electrons on the deuteron and the *He nucleus in

inclusive and exclusive reactions are considered. The kinematical regions in which the polarization
observables take values which can be measured at c.w. electron accelerators of the CEBAF

type are determined. Various proposals for isolating (in particular, in the cumulative region) the
structure functions characterizing the response of the hadronic system to its interaction

with electromagnetic probes are discussed. For this purpose the disintegration of the lightest
nuclei induced by longitudinally polarized electrons under the conditions of the MIT—Bates
experiments is analyzed theoretically. The results of the calculations are compared with the

data obtained by the Amsterdam, Bonn, MIT—Bates, Novosibirsk, Frascati, Saclay, and Khar’kov
groups. In the Conclusion are some ideas which might prove useful for developing a

covariant and gauge-independent description of electromagnetic interactions with nuclei. © 1995

American Institute of Physics.

1. INTRODUCTION

The study of the polarization characteristics in electro-
magnetic (EM) interactions involving nuclei is at the leading
edge of contemporary research (Refs. 1-21). The interest in
this topic has been stimulated by the construction of continu-
ously working electron accelerators such as MAMI in Mainz,
ELSA in Bonn, AmPS in Amsterdam, SHR at MIT—Bates
Laboratory, and CEBAF in Newport News. A fairly complete
presentation of the role and goals of polarization experiments
in the research programs of these centers is given in the
reviews of Refs. 22—28. The problems and achievements of
the measurements and theoretical descriptions of polarization
observables in the photodisintegration of few-nucleon sys-
tems at medium photon energies have been discussed in
Refs. 29-31. Various aspects of spin physics in EM interac-
tions of nuclei (in particular, in electrodisintegration of po-
larized targets by polarized electrons) have been reviewed in
Refs. 32-35 and in the lecture of Ref. 36.

The corresponding observables (for example, the beam
and target asymmetries) can contain information on the reac-
tion mechanisms and nuclear structure which is richer than
that from unpolarized particles. These spin observables,
which depend on the interference of various reaction ampli-
tudes (the structure functions) can be very sensitive to the
contributions of non-nucleon degrees of freedom and final-
state-interaction (FSI) effects. The results of studies of the
role of FSI effects in the (e,e'N) reaction on nuclei are
discussed in Refs. 37 and 38.

Special attention is given to the study of the polarization
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of knocked-out nucleons in the electrodisintegration of the
simplest nuclear system, the deuteron (Refs. 4-7, 11-13, 15,
16, 18, 20, and 21). This observable in the d(e,e’N)N reac-
tion with unpolarized electrons and deuterons is expressed in
terms of the structure functions, which are not encountered
in the cross section. Only one of them survives if the mo-
menta of the virtual photon and the knocked-out nucleon are
collinear (the case of the so-called parallel kinematics). This
feature makes it possible to extract the interference of certain
reaction amplitudes without resorting to the complicated pro-
cedures of structure-function isolation (for example, in out-
of-plane experiments; Ref. 33). We also note that this polar-
ization is completely determined by FSI effects, viz., it
vanishes if this interaction is neglected (at least, in descrip-
tions without P and T violation). Accordingly, it can be ex-
pected that study of this observable as a function of the
nucleon emission angle for different relative energies in the
np pair can provide additional information about the np in-
teraction. .

In contrast to the preceding case, in the d(¢,eN)N reac-
tion with polarized electrons there is, in addition to the
nucleon polarization induced by the FSI, polarization trans-
fer owing to the ed interaction in the entrance channel of the
reaction.>! This difference is reflected in the appearance of
new structure functions. Owing to the weak coupling of the
nucleons in the deuteron, it can be expected that for quasifree
ed scattering the polarization transfer will be proportional
(like the nucleon polarization in €N scattering) to the product
GYGY, where G¥ (G%)) is the nucleon electric (magnetic)
form factor. Therefore, the idea arises of obtaining additional
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information about the neutron electric form factor G by
analyzing this observable in the d(e,e’'n)p reaction (Refs.
4-6, 11). Of course, information about the EM properties of
the bound nucleon can be distorted by FSI and meson-
exchange-current (MEC) effects (Refs. 7, 12, 13, 15, and
18). The combined effect of these distortion factors is dis-
cussed in detail in the present review.

We should stress the fact that the true role played by FSI
and MEC effects is difficult to understand unless the MECs
and the NN interaction that is used are compatible. In fact, as
was shown in Ref. 39 (see also Ref. 12), the FSI and MEC
contributions separately can be important, but only if they
are taken together is it possible to obtain (owing to the de-
structive interference between them) a satisfactory descrip-
tion of the data.***! This result reflects the general statement
(Ref. 42; see also Refs. 7, 43, and 44) that satisfaction of the
continuity equation for the EM current-density operator of a
system of charged particles is not sufficient to ensure the
gauge independence of the EM transition amplitudes in the
system. Below, we shall touch upon questions related to the
gauge independence of the description of EM processes on
nuclei.

The asymmetries in the d(e,e’p)n reaction with tenso-
rially polarized deuterons can be a source of additional in-
formation about the deuteron structure (in particular, at short
distances). In fact, the corresponding structure functions cal-
culated in the impulse approximation (IA) are determined by
the interference of the S and D waves of the deuteron wave
function. This fact has become an important motivation for
the measurement of the cross section for the D(e,pn)e’ re-
action near the photon point.?

The experiment of Ref. 8 was carried out at Novosibirsk
using the VEPP-2 accelerator with electron energy £ =180
MeV and an internal target (a polarized deuterium jet). Later
these studies were extended using the VEPP-3 accelerator
with E=2 GeV (Ref. 45) in order to extract the high-
momentum components of the deuteron wave function. We
note that there are plans to measure the asymmetries in the
reaction D(¢€,e’p)n with vectorially polarized deuterons and
longitudinally polarized electrons at CEBAF.*®

Of course, the predictions based on the IA need to be
corrected to include more complicated reaction mechanisms
(for example, the FSI in the np system). In addition, as the
energy—momentum transfer increases it becomes necessary
to take into account the contributions of non-nucleon degrees
of freedom, viz., isobaric configurations in the deuteron,
MECs, and other relativistic effects (Refs. 13, 17, and 19).

The search for relativistic effects in the disintegration of
the lightest nuclei induced by photons and electrons (in par-
ticular, their manifestations in the spin observables) is of
great interest for a deeper understanding of the mechanisms
of EM processes and nuclear dynamics. In the matrix ele-
ments of the EM current between the initial and final hadron
states it is possible to distinguish relativistic corrections
(RCs) to the current operators and the wave functions, where
in the latter case there are understood to be two types of
contribution, namely, those originating in the internal dy-
namics of the wave function in the rest frame and those from
the boosts transforming this frame to a moving frame. It has
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been shown (see Refs. 30, 47-53, 20, and 21 and references
therein) that even at moderate energy—momentum transfers
the RCs can significantly affect the various observables in
deuteron and >He photodisintegration and in electron inclu-
sive and exclusive scattering on the deuteron. The corre-
sponding calculations (Refs. 47, 52, and 53) of the
longitudinal-transverse (LT) structure functions are con-
firmed by the data on the azimuthal asymmetry (see below)
of the cross sections for the D(e,e’p)n reaction at NIKHEF
(Ref. 54) and Saclay.”

Among the theoretical methods for including the re-
quirements of special relativity, three approaches are note-
worthy. In the description of photo- and electrodisintegration
of the deuteron one of them is based on the Bethe—Salpeter
(BS) formalism (Refs. 53 and 56—60) and uses for practical
calculations various quasipotential versions of the BS equa-
tion (in particular, three-dimensional Blankenbecler—Sugar
reduction®>*®) and simplified BS kernels.

Another approach, the S-matrix approach, is based on
the invariant functions in terms of which the elements of the
¢t matrix can be expressed. In principle, these functions are
determined by the corresponding dispersion relations,®! but
usually only a certain class of diagrams is considered. An
example of the use of this method is Ref. 62, where the
(p/m)? expansion is used to calculate the near-threshold am-
plitudes for deuteron electrodisintegration.

Finally, a very attractive approach is that of transforma-
tion from the field-theoretic description in terms of in and
out vectors from the complete Fock space of hadron states
and operators acting on them to the description traditional in
nuclear physics. This transformation, which involves the use
of the unitary Okubo transformation (Ref. 63; see also Ref.
64), leads to a three-dimensional formalism with state vec-
tors and effective operators which have the correct transfor-
mation properties under transformations from the Poincaré
group. In contrast to the BS amplitudes, these vectors retain
their probabilistic interpretation, since, in the final analysis,

one deals only with on-shell particles. We shall demonstrate
a possible development of these ideas®>®® (in particular, cer-

tain prescriptions for constructing off-shell YNN vertices).
This review is organized as follows. In Sec. 2 we sys-
tematize the definitions of the observables of interest relative
to a particular coordinate system. We stress the consequences
of the general and auxiliary symmetry properties. In Sec. 3
the Okubo method is described, first of all to help the reader
(particularly one not working in this field) follow the path
from the description with certain Lagrangians for interacting
nucleon and meson fields to the formulation of the theory
with multiparticle operators (Hamiltonians, currents, and
boosts), second, to propose recipes for taking into account
off-shell effects in photon absorption by a bound nucleon,
and, third, to indicate effective methods of satisfying the re-
quirements of gauge and relativistic invariance. Various as-
pects of the spin physics of EM interactions of few-nucleon
systems are discussed in Sec. 4 for a wide range of kinemati-
cal conditions, both in the vicinity of the quasifree peak and
far from it, including the results of our calculations®’ for the
(e,e'N) reaction with cumulative nucleons. The Conclusion
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FIG. 1. One-photon exchange diagram.

(Sec. 5) is followed by appendices containing useful kine-
matical relations.

There is no discussion of spin phenomena in deuteron
photodisintegration in this review, because it has already
been covered in a separate study*’ with an atlas of polariza-
tion observables® below the pion production threshold.

2. BASIC DEFINITIONS AND RELATIONS

Although in the following discussion we shall use as
examples electron exclusive and inclusive scattering on the
deuteron and the *He nucleus and also two-particle breakup
of He by linearly polarized photons, many of the results will
remain valid for other reactions (for example, for A(e,e ' X)B
in which the scattered electron is detected in coincidence
with the fragment X, which can be a set of nucleons, mesons,
etc.

2.1. Proton angular distributions and polarization in
the reaction d(e,e’p)n

In the one-photon exchange approximation (Fig. 1) the
cross section for the reaction d(e,e’p)n with unpolarized
particles in the lab frame can be written as

d’o 4a2E'zl’“’WI“,R
o= n = 3 3 N (2.1)
dE'dQ.,dQ, (q2)
W,u.vz :14- Tr[Fp.(ﬁO ,é)F:(ﬁo 76)], (22)

where 1,,,=(k k,+k,k,—g,.k'k)/2EE is the lepton ten-
sor, k=(E,k) and k'=(E' k') are the 4-momenta of the in-
cident and scattered electrons, g=k—k' is the 3-momentum
transfer, and « is the fine-structure constant.

The kinematical factor R is

-1
q o
R=kap[1—Ep(E cos qkp—l)/E,,] .

The energies and momenta involved here are shown in
Fig. 1.
The quantity F ﬂ(ﬁo,(i) is the matrix element

oSM |J#(q)|\I'1Md>

of the operator J M=(J0J) of the deuteron EM current be-
tween the initial state |¥;,,) and the final state

F,(po,q)=(¥ (2.3)
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FIG. 2. Proton polarization vector in the reaction d(e,e’p)n for coplanar
geometry.

| w2 poSM,) = (1/\2) =4 pySM, T, Of the np pair with spin §
(and prolecnon M), isospin T, and momentum of the rela-
tive motion p.

Let us consider the case of coplanar geometry’ ) and in-
troduce the orthonormal basis

-

ny=nyXng,

assuming that ny and n,; form the scattering plane (Fig. 2).
According to Ref. 69, we have
40°E" MW,
—— g =0y €Wt § +7|Wr
(g%)

+(§+ )W+ EVE+ nW,

’

2,22 2 e
£=4q,/9°, 7=tan’ > 2.4)
where oy, is the Mott cross section, 6, is the electron scat-
tering angle, qi=§2—w2>0, and w=E—E' is the energy
transfer. The W;, with i=C,T,S,I, represent bilinear com-
binations of the amplitudes (2.3): the Coulomb function
We=W,, is determined by the longitudinal component of
the current, W;=2Wyy and Wg=Wyy— Wy depend only
on its transverse components, while W;= — Wy, — Wy is the
interference term and therefore is often called R, ; (see, for
example, Ref. 3).

It is important to stress the fact that in deriving (2.4) we
have used the condition of gauge independence,

q,F*(Po,9)=0, (2.5)

in order to eliminate the matrix elements of the longitudinal
component of the current.
In the coplanar kinematics the proton polarization vector

P=TH{6(1)FF*}/TtFF* (2.6)
in the reaction d(e,e’'p)n with unpolarized electrons and

deuteron is perpendicular to the reaction plane (Fig. 2):
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P=Piy. 2.7

Again using the condition (2.5), it can be shown that

0'0P24a2E'21#V2¢yR/(¢1i)2=O'M{fzzc"'( E+m)ir
+(E+ )25+ EVE+ 72y} (2.8)

where the polarization structure functions 3; (i=C,T,S,I)
are related to the components of the hadron spin tensor as

3= s T{a(1)F ,(po,9)Fy (Po,9)} (2.9)

by the same relations as those between W; and W, ,.. Obvi-
ously, the new structure functions contain the contributions
of spin-flip transitions and therefore differ from the structure
functions W,.

Furthermore, in the theory without P and T violation,
when

Up(UDJ (@)UTHUR' = =g (),

it can be shown that the proton polarization vanishes when
the FSI is switched off. In other words, for a current with the
properties (2.10), where Up (Uy) is a transformation in the
space of hadron states corresponding to spatial (temporal)
inversion of the coordinates, the vector P vanishes when the
distorted wave |‘I’§;;S)MS) is replaced by a plane wave

[PoSM).

Therefore, a nonzero value of P, which could be mea-
sured, would first of all give information about the properties
of the np interaction (more precisely, about half-off-energy-
shell effects). In fact, our research has shown that FSI effects
in S, P, D and higher partial-wave states significantly affect
the value of P (the details can be found in Refs. 7, 12, and
15; see also Sec. 4 below).

(2.10)

2.2. The reaction d(é,e’p)n with polarized electrons.
Polarization transfer

The polarization vector of the protons in the reaction
d(e,e'p)n,

P,=Tt{6(1)Fp ,F*}/Tr Fp F* (2.11)

depends on the density matrix p, of the incident electrons. In
the coplanar kinematics in the breakup of unpolarized deu-
terons by longitudinally polarized electrons this vector ac-
quires a component related to the beam helicity A:

P,=P+\P’, (2.12)
where P is the proton polarization vector in the reaction
d(e,e'p)n. R

As already noted, the vector P is perpendicular to the
reaction plane, while the polarization transfer P’ lies in this
plane. According to Ref. 18, we have

ToPy 7= o N{ £37F + [+ EX 7R, 2.13)
0oPy=0ouR{EZc+ (5 E+ M)+ (E+ )3

+EVE+ 73} (2.14)
Py=0, Py,=0, (2.15)

where, by definition,
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27 =i[2or—Zyo), (2.16)

Sr=i[Syx— Sy, (2.17)
or

3;=—%1Im T{GFo(Po.9)Fy (Po.)}, (2.18)

3r=—%1Im T{GFx(p,9)Fy (Po.49)}- (2.19)

Therefore, this observable depends on combinations of
reaction amplitudes which are not encountered in the so-
called induced polarization P. In contrast to the latter, the
polarization transfer P’ does not, in general, vanish if the
FSI is switched off. This fact can be used to obtain additional
information about the EM properties of the bound nucleon
(for example, the neutron) in situations where FSI effects are
negligible [cf. the motivations for the experiment of Ref. 4?
for extracting the neutron electric form factor from the reac-
tion D(e,e’n)p].

2.3. Electrodisintegration of polarized deuterons
(exclusive and inclusive scattering). The target and
beam asymmetries

Let us now consider the reaction J(e,e’p)n with a po-
larized target. The corresponding hadron tensor

W o= Fsu um' Pyt v Fsut om > (2.20)
where we have explicitly indicated the spin dependence of
the amplitudes

Fsm om,= (‘I’;;ES)MJ-’F@)I‘I’W,,)’

contains the density matrix of the target, which can be ex-
pressed in terms of the so-called orientation parameters
Pjy characterizing the degree of vector (J=1) and tensor
(J =2) polarizations of the deuterons (Ref. 13; see also Ref.
19):

— JM *
pM;Md_E CM"iMdPJM’
JM

JM —
M;Md
Phy=(=1)"P,_y.

C (—1)Ma* (1M1 —MYIM)/\B, Pgo=1,

(2.21)

Usually, polarized deuterons are obtained by populating
atomic levels with various projections M ; along the direction
of an external magnetic field H (along the Z axis). Here the
matrix p is diagonal in the basis formed by the vectors
10,

Py M, =10 OM' 5 (2.22)

where ny  is the population of a level with given projection
on the quantization axis, with

nytn_+nyg=1.

Then only two parameters in (2.21) are independent:
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FIG. 3. Relative positions of vectors in the reaction J(e,e’p)n’for out-of-
plane geometry with direction of the polarizing magnetic field H.

3 1
Py=Py= \/:("1_”—1), Py=P,;=—=(1-3ny).
2 V2

If H has arbitrary orientation with angles 6y and ¢y,
then

Pyy=PeMeud, (0y), (2.23)

where d},,(6) is the Wigner function.

The general case of noncoplanar kinematics is shown in
Fig. 3, where the electron scattering density coincides with
the XZ plane. The angle between this plane and the reaction
plane formed by the vectors ¢ and k, is denoted by ¢.

Substituting (2.21) and (2.23) into (2.20) after isolating
the dependence of F' SMguM, ON the azimuthal angle ¢, we
obtain

W,,=2 eM@=dp Mgl (6y), (2.24)
JM
W{LAZ CM MdeM ,u.M fSM UM p (225)

where fsy ., denotes the reaction amplitudes for coplanar
geometry with ¢=0 (the vector k lies to the left of g if the
xz plane is viewed from above; F1g 4.)

Using the symmetry property of these amplitudes, it can
be shown that the differential cross section of the reaction
d(e,e'p)n is

o(H)=d>0/dE'd0,d0,=KY, o
J

K=Ray,, (2.26)

where the terms /) determine the contributions to this cross
section arising from the disintegration of unpolarized (J =0)
vector (J=1), and tensor (J=2) deuterons:'’

o0 =500 (2.27)

oM=P; >, {S™ sin[M(p— dy)]+S5™ cos[M(d
M=0
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R (¢=m)
FIG. 4. Left-hand (L) and right-hand (R) cases for d(e,e’p)n.

— &) 1dro( b)), (2.28)

o®=P, >, {SM cos[M(p— dy)]+S5*M sin[M(¢

M=0

= u) 1Hdiso(6p)- (2.29)

The quantities S’ and $’™ are expressed in terms of the

structure functions W/™ (i=L,LT,T,TT) and WM (i
=LT,TT) as

S’M=§2W{M+( £+ WJM+ §W Mcos 2¢

+EVEF g cos ¢, (2.30)
$M=1 eWifsin 29+ EVE+ nWiksin ¢, (231)

where we have introduced the following notation:

IM _ IM _ yi My M

W =Wix+Wyy, Wir=Wyy Wyy »
FAM _ IM _ M JIM _
Wri=Wyy, WM=wy, wif=—2wi,
TIM _ _ M

Wir= YO -
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In other words, the structure functions W, (W, 1) are deter-
mined by the interference of the longitudinal and transverse
components of the current.

In turn, we have

Wf%= b,MRc(iJWLAZ),
Wﬁ:=bJMIm(ijwﬁl),

where
bym=(1-26873)[2— 8po(1+ 1)1,
byw=—2[2= 8uo(1+6p)].

For the reaction d (€,e'p)n with polarized beam and tar-
get, as for (2.12) we can write

(2.32)
(2.33)

ox(ﬁ)sﬂa/dE'dQede:KE (U(J)+ )\a_:(J)).

J
(2.34)
Here we have the quantities :
S M= ¢\ [nw,Msin &, (2.35)
S = £\ [nWiiMcos ¢+ \m(E+ )Wk, (2.36)

in terms of which the contributions o’ (J=0,1,2) are ex-
pressed, using (2.27)—(2.29), after replacing ST™ by S'IM
and $’™ by $'/M. The new structure functions W} 7 and W/
(i=LT,TT) are defined as follows:

1JM _ 1JM 1IM _ 1JM
W bl 2WX0 ’ W WYO P

WI.IM rJM

The components W 'TM are obtained from WiM by computing
in (2.32) the imagmary part instead of the real part and in
(2.33) the real part instead of the imaginary part.

Here we note that the structure functions contributing to
'@ oM and ¢'® vanish when the FSI is switched off. The
structure functions 3; determining the proton polarization in
the reaction d(e,e’p)n with unpolarized deuterons possess
the same property. This is a reflection of a general relation
between this observable and the asymmetry for a vectorially
polarized deuterium target.

In contrast, the contributions o’ and @ are, in gen-
eral, not zero even when FSI effects are excluded, so that the
polarization properties of the target and beam are transmitted
to the observables which depend on the corresponding struc-
ture functions W;'M, W/'™ WM and W?M.

Let us define the beam asymmetry A, the target asym-
metry A, ,, and the mixed asymmetry A, ,, respectively, for
vector and tensor deuterons:

Aé = 0-'(0)/0-(0), Av,t= 0-(1»2)/1)1’20-(0)’
Ay =o' VP 300,
In this notation

on(H)=0ay[1+P,A,+P,A+NA.+PA +PA))].

(2.37)
Using the transformation properties
oV(~H)=(~1)'o"(H),
o' D(=H)=(~1Yo'(H) (238)
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J=1,2)
under inversion of the polarizing magnetic field, we obtain
A,=[o(H)~o(~H)])/2P,0y, (2:39)
=[o(H)+0(~H)~200)/2P,0y, (2.40)
AydlonH) = o _\(H)]—(+)[on(—H)
—o_\(—=H)]}/4\P,3)0,. (2.41)

In this way the possibility arises of isolating the individual
contributions (see Sec. 4.2 for more detail about this and
other methods of isolating structure functions).

The nucleon polarization in the reaction d(e,e N)N has
recently been calculated in Ref. 47, where its dependence on
the main ingredients of the theory (the FSI, MECs, and other
relativistic effects) has been demonstrated.

Let us conclude this section by considering the scattering
of polarized electrons on polarized deuterons with detection
of only the scattered electrons. The corresponding double
differential cross section can be obtained by integrating the
exclusive cross section (2.37) over the solid angle d(}, (of
course, taking into account the two branches of the depen-
dence of the momentum of the knocked-out nucleon on the
polar angle 6):

d?o\ /dE'dQ' = oy [1+ Pia,+ Psa,
+N(Pya,+Pra,)],

Pia,=&VE+ 7 1m PyyR oy [0y,

Pia,=[Vn(é+ n)P1oR7"

+§\/; Re PllRll,T lom/Tines
(2.42)
Pja,=

1
(§2Rio+(5 &+ W)R%O]on
+&VE+ nRe Py R];
1 22
+ E g Re P22RT UM/Uinc’

&VnIm PyR; 3 oy /oy,

with the inclusive cross section for unpolarized particles

r_
Pya, =

(2.43)

Tinc= OM

) 1
&R+ 55““77 Rr|,

where we have introduced the response functions R; , Ry,
R, and R”™ . The various methods of isolating these func-
tions are discussed in Ref. 16.

2.4. Inelastic scattering of longitudinally polarized
electrons on polarized *He nuclei

In the case of interest to us, that of the two-particle
breakup of the *He nucleus by longitudinally polarized elec-
trons, the cross section in the lab frame can be written as

o=d’0/dE'dQ'd0,=a[1 +SA°+ N (A°+SA")],
(2.44)
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where S is a vector characterizing the *He spin orientation,
AC is the target asymmetry when the beam is unpolarized, A

(A®) is the beam asymmetry in the reaction 3He(e e'p)d
[°He(é,e'p)d] with a polarized (unpolarized) target.

The cross section oy, for the 3He(e e'p)d reaction enter-
ing into this is expressed in terms of the corresponding struc-
ture functions W; (i=C,T,S,I) by using (2.4). In contrast to
(2.1), the factor R is now equal to

o
R=k,E,1-E p( k_
where E ;= [(Q k ) 2+ m3]"? is the deuteron recoil energy.
Here and below in the expressions pertaining to >He breakup
the momentum transferred to the hadron system is denoted
by Q=k—k’ in order to avoid confusion with the notation
for the Jacobi momenta p and q in the theory of few-nucleon
systems.
In this case the reaction amplitude

Fu(Po,0)=(¥; 1/ (Q)|¥)

-1
cos QKP—I)/E,,} )

(2.45)

is the matrix element of the current operator J (Q) of the
3He nucleus between the initial state |¥) and the final state

|‘I/( )) of the *He and pd systems, respectively, with relative

momentum PO

. For coplanar geometry, when the vectors k and
ks= Q k, lie in the XZ plane (see Fig. 2), only the compo-
nents AY, A x> and Az are nonzero. Again using the gauge-
independence condition for (2.45), it can be shown [cf.
(2.13)] that

T = o\ T{ €21 7cos p+\n+ ¢ E7FIR (2.46)

with ¢=0,. The structure functions ;%% are related to the
tensor

2 4= 1 T{GF (P, Q)F; (Po,0)} (2.47)
in the same way as the structure functions in Eq. (2.13) for
the polarization transfer in the reaction d(é,e’p)n with the
tensor (2.2). We shall therefore retain the earlier notation for
the other structure functions.

Extending the parallels between the spin observables for
the reactions d(¢€,e’p)n and *He(¢,e’p)d, we should note
that if the FSI in the pd system is neglected, then indepen-
dently of the relative location of the scattering and reaction
planes A%=Ac°=0.

Of course, this similarity, since it is a consequence of
certain symmetry properties of the amplitudes in question,
holds for the inclusive channel with complete breakup of the
3He nucleus. In this respect the reactions d(e,e’'n)p and

3He(¢,e'n)pp, in which the scattered electron is detected in
coincidence with the knocked-out neutron, are partners. The
first measurement of the asymmetries Ay ; in the reaction
He(¢,e'n)pp was made recently at the microtron in
Mainz.”® The results of this and other experiments performed
to extract the neutron electric form factor are discussed in
Sec. 4.

In connection with this, following Refs. 71-73, we in-
troduce the asymmetry
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_o(+)=o(=) A(by,¢p)
_0'(+)+0'(—)_ b

for the cross section of the inclusive *He(e,e’)X reaction,

(2.48)

2

which contains contributions dependent on and independent
of the beam helicity:

A=- O'M[UT! RTr(QZ,O))COS BH

+UTL’RTL'(Q2,w)Sin Oy cos dy], (2.50)
S=oylv R (Q% w)+vRH{(Q%w)],
vL=§2! vT=% §+ 7, Ur= V”(§+ 7])’ (251)

v =—&EVn/\2.

The definitions of the response functions R;(Q2%w) with
Q%=—¢2<0 can be found in Ref. 3.

2.5. Two-particle breakup of the *He nucleus by
linearly polarized photons

The amplitude of the reaction

y+3He—p+d (2.52)

for absorption of a photon with polarization vector €, and
momentum k., in the Coulomb gauge has the form

\=—e(2m/Ey)' &\ (¥, |J(k7)|‘1f) (2.53)

where all the necessary discrete indices are understood.
The corresponding differential cross section

do Y do

Eﬁp_d_ﬂp[l +P2(0P)COS 2¢)‘], (2.54)
where P is the degree of polarization of the photon beam,
do/d(Q, is the cross section for unpolarized photons, 2(6,)
is the asymmetry coefficient, and 6,(¢,) is the proton emnis-
sion angle [the angle between the vector, &, (Ekk.,=0) and
the reaction plane, formed by the vector k., and the emitted-
proton momentum £, ].

The coefficient 2, is defined as
2(0p)=(dO'"—dO'l)/(dO'”'l‘dO'J_), (2.55)

where doy=do|/dQ,(do, =do,/d,) is the proton angu-
lar distribution for ¢,=0 (#/2) for a completely polarized
photon beam.

Our calculations (Refs. 9, 10, 31, 51, and 74—76) of the
cross sections doj and do;, were to a considerable degree
stimulated by the first measurements’”"’® using a quasimono-
chromatic photon beam at the Khar’kov Physico—Technical
Institute. The purpose of these studies was to investigate the
mechanisms of two-particle breakup of the *He nucleus by
photons with energies in the range from the giant resonance
(E,~10 MeV) to the A-isobar production region (E ,~300
MeV). The relative roles of direct proton knockout and of the
recoil mechanism, and the competition between one-body
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photoabsorption and the mechanisms arising from two-body
meson-exchange currents were studied in connection with
this (see Sec. 4).

We have given special attention to nuclear-structure ef-
fects (in particular, because the results of earlier’ > calcula-
tions of the cross sections for the reaction *He(y,p)d with
unpolarized photons performed using Faddeev wave func-
tions of the *He nucleus for the Reid soft-core potential®'
differed noticeably from each other). A two-body interaction
of this type (cf., for example, the Paris potential; Ref. 82) is
often used (see Ref. 83 and references therein) in the nonrel-
ativistic eigenvalue problem for the nuclear Hamiltonian:

H=K+V,
(2.56)

3 3
K=2 pi2m, V=2 V(ap),

a=1 a<p=1
where p, is the momentum operator of the nucleon num-
bered a, V(a,B) is the NN-interaction operator, and m is the
nucleon mass. In this approach the wave functions ‘I’;,;) and
¥ are eigenfunctions of H. Owing to the enormous compu-
tational difficulties in Refs. 79 and 80 and in our studies, the
FSI in the pd system was not included, i.e., the function was
chosen to be a symmetrized product of two plane waves.

Of course, in comparing the theory with experiment this
FSI cannot a priori be neglected, although the question of its
inclusion may not be so acute in the calculation of the coef-
ficient 3, which is determined by the cross-section ratio
(2.55). An important step forward in solving this complicated
problem for the continuous spectrum is the results of rigor-
ous numerical calculations in momentum space obtained in
Ref. 84 using relativistic NN forces (in particular, in the
description of electron-induced two-particle breakup of the
*He nucleus.*> As was emphasized in Ref. 85, since the
series® of multiple scattering theory for the final state (‘I’f,;)l
diverges, a cutoff of this series is not really justified. In con-
nection with this, the results of Ref. 86 do not inspire trust
(see the discussion in Ref. 87). In this context it is advisable
to consider replacing, in the diagrammatic approach,® the
transition matrix for the pd channel, which accumulates all
the rescatterings in the 3N system, leading to proton and
deuteron emission in the final state, by the on-shell elastic
pd-scattering amplitude with some off-shell extensions. Un-
controllable factors with parameters for fitting to the experi-
mental data are thereby introduced into the theory.

In addition to the FSI problem, another important prob-
lem is the study of three-body photoabsorption mechanisms
in the reaction *He(y,p)d. Strictly speaking, the correspond-
ing contributions to the electromagnetic current of the
nucleus must be consistent in the sense of the continuity
equation for this current with 3N forces, which should be
added to the Hamiltonian (2.56) (cf. Ref. 89). As is well
known, the determination of these forces suffers from uncer-
tainties even greater than the introduction of 2N forces (see
Refs. 90 and 91, for example).

The formalism described above suggests a possible way
of obtaining the various n-body contributions to the nuclear
forces and electromagnetic current of the nucleus.
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3. THE FORMALISM

The common belief that electromagnetic probes are the
simplest instruments for studying nuclear structure can lead
to errors. In fact, theories of electromagnetic interactions
with nuclei possess many of the difficulties of strong-
interaction theory.”” A fixed ingredient of current studies in
this area is the inclusion of meson-exchange currents or in-
teraction currents. This is a reflection of Yukawa’s idea that
nuclear forces arise from meson exchange. Electromagnetic
probes must affect exchanges of charged mesons at inter-
nucleon separations of less than about the Comption wave-
length of the pion (the lightest meson). The principle of
gauge invariance, one consequence of which is the
electromagnetic-current conservation law for a system of
charged particles (a nucleus), is an important regulator in
determining the relations between meson exchange in the
NN interaction and MECs.

There is an extensive literature on the status of MECs in
nuclear physics (see the reviews of Refs. 93 and 94 plus the
reports of Refs. 7, 95, and 96). These currents are usually
introduced either within the S-matrix approach (see the re-
views of Chemtob and Riska in Ref. 93) or by the Okubo
method.®® There are other methods of constructing two-
particle and more complicated currents consistent with the
NN interaction (cf. Refs. 97 and 98, and our study in Ref. 99,
where the Sachs approach'® in the phenomenological theory
of interaction currents in nuclei is developed). We should
also mention our studies of Refs. 101 and 102, in which the
ideas of Okubo are extended to the case of single pion photo-
and electroproduction on nuclei.

3.1. The unitary-transformation method. Effective
operators

As an illustration of this method, let us consider the
absorption of a photon (real or virtual) by a hadron system
consisting of interacting mesons and nucleons. The corre-
sponding amplitude for the transition of the system from
state i to state f can be written as

Ty={f|H ymnli),
H‘yMN=<07|‘%‘yMN| 1 'Y>,

where # .y is the operator for the interaction of the elec-
tromagnetic field with the nucleon and meson fields. The
vectors |i) and |f), being eigenvectors of the Hamiltonian

Fs,
Hs=Fy+ Fy+ Fyn,

(3.1)

(3.2)

where Hy, Hy and H)y are the Hamiltonians of the
nucleon and meson fields and their interaction, belong to the
Fock space Ry of states of the system.

Following Ref. 63, we write Ry as a direct sum of the
subspace R, without mesons and an addition, i.e., for any
|¥)eR yn We take

[W)=Po|¥)+Q0|¥),

where P, is the projector onto Ry, Qo=1—P,.
The vector |¥) is associated with a vector |y)eR, such
that
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|¥)=Qo{Pe Qg QoPo} | x),
QO'_— 1 +A0,

(3.3)

where the desired operator A has the structure A= QA Py
and satisfies the Okubo relation:

Qo{ HFs—[Ag, H#s]—AoHsAo}Po=0. 3.4)

This nonlinear equation gives the condition for diagonaliza-
tion of # by a unitary transformation:

[(1+AGAg)TP—AT(1+AAg) T2

07| Ao(1+AgAp) "2 (1+A4040) 712 (3.5)

Obviously, we have conservation of the scalar product
X'Ix)=(¥'1¥) (3.6)

for the two pairs (¥,x) and (¥',x’) i.e., the contraction of
the space of states effected by (3.3) does not spoil the proba-
bilistic interpretation characteristic of the field-theoretic de-
scription in the larger space Ry This feature of the Okubo
approach is one of its advantages over the projection method
(see the review by Chemtob in Ref. 93).

Using such an algebraic procedure, each operator O in
Ry is associated with an effective operator O in Ry:

0f=T;0r,, (3.7)

F0=00{P093—90P0}—1/2. (38)

This operator is Hermitian (O°®* =0°f) as long as O is.

Furthermore, if |¢§) is a solution of the eigenvalue prob-
lem in R,y i.e., for example, #,|¥)=E|W¥), then for the
corresponding vector |y) we have

H|x)=E|x) (3.9
with the effective Hamiltonian
HE=TJ #T, (3.10)

acting in R. Of course, R contains nucleon and antinucleon
components. The latter can be eliminated effectively, again
using the Okubo procedure.

The Okubo approach makes it possible to determine the
relation to the quantum-mechanical description traditional in
nuclear physics. But most importantly, it makes it possible to
avoid the empiricism of the phenomenological theory, al-
though up to now several examples of its use for developing
the three-dimensional (covariant) formalism in the theory of
interacting nucleons are known (Refs. 65, 66, and 101-104).
The central role here is played by the construction of effec-
tive operators (generators of the Poincaré group and cur-
rents). These operators are multiparticle operators. For ex-
ample,

HE=HgU+ g2y (3.11)
where H!™ denotes the n-body contribution [cf. Eq. (2.56)]:

A
HMI=T Hy(a), HH=3 V(a,B),

a=1 a<p

(3.12)

where H y( ) is the free-nucleon Hamiltonian and V(a, 8) is
the NN-interaction potential. The latter can be calculated (at
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least, for the simplest meson-exchange mechanisms) on the
basis of existing models of the meson—nucleon interaction.
In this way, 3N forces and more complicated interactions
arise naturally.

The same is true of the effective current
&) =T¢J ()T, (3.13)

where J l,,(fc') is the bare (Noether) current entering into the
canonical expression

%7MN=J (07|Aﬂ(f,0)!17)1”(f)d);. (3.14)
The current J*(x)=J *(x,0) is conserved,
i[J°(x), Hs]=div J(x), (3.15)

and consists of a nonminimal part which is conserved sepa-
rately and a part which is obtained from the hadronic La-
grangian by using the recipe of minimal substitution. For
example, in the PS-coupling scheme for the nucleon (¥) and
pion (¢) fields this latter part is equal to

JH(xX)=T8(x)+T(x), (3.16)

TH(E)=e¥ (X) y*m,¥ (),
TH(E)=e[ $(£) X * (%) ],

where 7, is the projector onto the proton state.
The operators J("I(x) entering into the expansion

JEG) =72+ 72 (%) + .., (3.17)

can be classified according to the number of mesons partici-
pating in the exchange, the type of intermediate state for the
virtual processes in the hadronic system, and other physical
features. Therefore, an entire hierarchy of MECs arises (see
Ref. 93).

Conservation of the current J°(x) is a consequence of
(3.15):

i[JSH(x), Ho] = div J*(x). (3.18)

For the photoabsorption amplitude with mesonless chan-
nels we find

1= [ VARG O ATID ),

where, by definition, [i)=Tg|x;) and |[f)=T|x;), or, for
photon states satisfying the Fermi condition,

Ty=[22m)E, ] V¥ x/le(k )TNk, xs),  (3:20)

where e(lg,,) is the polarization vector of a photon with mo-
mentum &, and energy E, [cf. Eq. (2.53)].

We see that the independence of the radiative transition
amplitude of interest to us from the choice of gauge of the
electromagnetic field, i.e., the fact that (3.20) vanishes upon
the substitution e—k.,, is ensured, first, when Eq. (3.18) is
satisfied and, second, when the states x; and x; are eigen-
states of the effective Hamiltonian H°%. A more general dis-
cussion of the problems related to ensuring gauge invariance
and gauge independence in the theory of electromagnetic
interactions with nuclei is given in Sec. 3.3.

(3.19)
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FIG. 5. Various contributions to the EM current of the nucleus.

Unfortunately, so far it has not been possible to solve Eq.
(3.4) exactly, and the first requirement can be satisfied only
approximately. This problem should be considered at the per-
turbative level, i.e., by expanding the operator A, in powers
of the strong-interaction constant (Ref. 65).4) However, even
after operators H *ff and J°f consistent in the sense (3.18) are
constructed, computational difficulties remain in the solution
of the eigenvalue equation (3.9). The exception is the two-
nucleon problem, for which an effective method of numeri-
cally solving the Lippmann—Schwinger equation with a non-
local interaction has been developed (see, for example, Ref.
106 and references therein).

3.2. Model of the electromagnetic current of the
nucleus. Off-shell effects. The simplest
meson-exchange currents

We have studied the effects of MECs generated by 7 and
p exchanges over several years (Refs. 7, 9, 10, 12, 15, 18, 19,
31, 38, 67, and 74-76). The current operator that we have
used,

Ju (@)= f exp(igxX)J {(X)dx (3.21)
consists of_the one-body current J E](é) and the two-body
MEC JZ(g):

J, =7+ (3.22)

Usually the nucleon current J(X)=34_,7 () (Fig. 5),
which includes Coulomb, convection, spin, and spin—orbit
contributions, is obtained by applying the Foldy-Wouthuysen
transformation to the Dirac equation for the nucleon in an
external electromagnetic field. The resulting
expressions'®'® contain the Dirac, F 1(‘1;24)’ and Pauli,
F 2(qi), form factors of the nucleon. Here the fact that the
nucleon absorbing the photon goes off-shell is neglected.
Even though the calculations discussed below were carried
out in this approximation, when the Okubo procedure is used
the problem of including off-shell effects is simple to solve.

Actually, following Sec. 3.1, we find the following for
the matrix element of the current-density operator J ,(x) for
x=(x,0)=0 between in and out states of the nucleon in

RMN:
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(p's0utlJ ,(0)|psiny=(p'lIL(0)|5), (3.23)

where |p)=|x;) and |p)=|x;) € RyCRyy (the spin and
isospin indices have been dropped). More detail about the
differences between the in and out vectors and their Okubo
partners can be found in Appendix A.

By definition (see, for example, Ref. 109, p. 242), for the
left-hand side of (3.23) we have

(p';out|J ,(0)|psiny=a'(p")T ,(p',p)u(p)

with the yNN vertex function on the mass shell,
P'2= p2=m2:

T,.(p'.p)=Fi[(p'—p)*1y,+iF,[(p' —p)*]
X o.y.v(p’ _P)V/zm

(3.24)

(3.25)

The Dirac spinors in (3.24) can be expressed in terms of the
two-component Pauli spinors ¢:

1
E;+m|'"?  Gp
u )=[ 3 ] P :
D728 | \Eem) ® (3.26)

E;= \/ﬁz—i—mz.

Combined with Egs. (3.24)—(3.25), Eq. (3.22) gives a recipe
for constructing the desired one-particle contribution in all
orders in the strong-interaction constants (cf. the off-shell
extrapolation of the CCI in Ref. 69). This construction is free
of ambiguities, and it is logical to use it in calculations in-
volving nuclear wave functions. It is rather constructive,
since for on-shell nucleons (p' —p)>=¢">—(E;4+;—E;)*=0,
i.e., we are dealing with the form factors F; , in the physical
(space-like) region.

In Ref. 110 we compared the results of the nonrelativis-
tic reduction of (3.24) with those obtained in Refs. 107 and
108. The differences can be significant far from the quasifree
region, when the difference E;, ;— E ; can noticeably differ
from the value w,,=q>/2m. Since this reduction is based
on the assumptions that p/m<1 and p'/m<1, as more and
more high-momentum components of the wave function are
probed and the momentum transfers increase, making the
inequalities weaker, the equations of Appendix B for the co-
efficients in the expansion (3.24) in the complete set of ma-
trices {1,0} in the nucleon spin space can be useful.

We note that the conservation law

(p"—p)uu’(p")T*(p',p)u(p)=0 (3.27)

is equivalent to four independent conditions for these coeffi-
cients. Upon nonrelativistic reduction, (3.27) generates a
chain of equations for the components of (p’[J(0)|p)=(p,J):

gI0= > (Ej1;—E;)™p™
m+n=1]

(1=1,3,...), (3.28)

where the superscripts denote the order of the contribution to
the expansion in inverse powers of the nucleon mass. For
example,

E'-E=(E'-E)V—(E'-E)®+__,
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(E'-E)V=Pg/2m,
(E—E")¥=—P§(P*+§*)/16m?,

where P=p’'+p=2p+4. Obviously, each equation in
(3.28) is satisfied separately for the parts of the current F,
and F,. In addition, the convection and spin—orbit parts of
the current, together with the part corresponding to the
Darwin-Foldy interaction, are conserved independently.
The nuclear matrix elements of the operator JI*! do not
satisfy the condition of gauge independence, i.e., in general,

o(f17530)|i) # g(f|I11(0)|i). (3.29)

Exceptions are discussed in Ref. 111.
Let us now consider meson-exchange currents generated
by one-pion exchange:

TN @) =T ewn(@) +T nec()s

where J . is the pion current (Fig. 5a) and J .y is the
seagull current (Fig. 5c).
After the nonrelativistic reduction we find that

J2(§)=0, (3.30)
Jon= 2 Jsc(a.B), (331)
a<pB
where in momentum space
»tlx 7ﬁ;3|JSG(aaB)|ﬁa ’ﬁﬁ): 5(5;_'-5;3_50!_53
_é)JSG(iC’a’I;ﬁ)y
. 2
- . f . . Ve 2
Jsc(ka,kp)= 2\ 7m, [T(a)X7(B)]sF1(q,)
F(a)k; . .
X ‘—wf—l G(BYF (k)
. 0Bk, -
—6(a)——2— Foy(kp ]
wi,B=i£¢Zx,ﬂ+m3ra Ea,ﬁzﬁ;,ﬁ_ﬁa,ﬁ’ (3:32)

where f is the pseudovector =N coupling constant, m  is the
pion mass, 7(i) is the Pauli isospin vector, and F }’(qi) is the
isovector form factor of the nucleon. We also see that (3.32)
contains the “strong” 7NN form factor, the introduction of
which makes it possible to include nucleon finite-size effects.
For this form factor we used the monopole form of param-
etrization:

Fann(k2)=(A2—m2)/(A?+K), (3.33)

where & is the pion momentum.
The operator J o satisfies the continuity equation (see
Ref. 112 and references therein)

G rcc(0) + I oun(@) =175%G), Voredl,

where the interaction Vpg; is obtained from the one-pion
exchange potential by introducing the form factor (3.33) into
the mNN vertex. As was emphasized in Ref. 112, for a cer-
tain optimal choice A=4m, the radial dependence of Vpg;
is reminiscent of the behavior of the Reid soft-core potential

(3.34)
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(especially its tensor part) at distances r=(4m,)". The
properties of Vopg; are studied more carefully in Ref. 51.
Therefore, the EM current of the nucleus used in our calcu-
lations satisfies the continuity equation with an NN interac-
tion close to the realistic Reid soft-core potential.

3.3. The Weyl criterion. Conditions for gauge
invariance of the theory. Gauge independence of the S
matrix. The generalized Ward—Takahashi identity

In discussing the difficulties inherent in the theory of
EM interactions of nuclei, we should particularly note two
problems which have recently received a great deal of atten-
tion:

1. Ensuring the gauge invariance and gauge indepen-
dence of the description of EM processes on nuclei.

2. Satisfying the requirements of special relativity.

The properties of gauge invariance for a system of
charged particles (fields) interacting with an electromagnetic
field can be formulated on the basis of the Weyl criterion:!!3

U

H{A}=UH{A JU* +iU* —, (3.35)
where the functional H{A ,} is the Hamiltonian of the system
(nucleus) in an EM field with potential

AL (£,1)=(A%Z,1),A(%,1)).

The condition (3.35) expresses the invariance of the
Schrodinger equation

9V
l 7 =H{A#}‘I’

under a gauge transformation

A (X,0)=A,(x,t)+3,G (x,1) (3.36)

with an arbitrary function G(x,t), which, by definition, can
be associated with a unitary transformation U: ¥'=UY.
The existence of U is demonstrated by direct construc-
tion (see Ref. 42, for example, where this is done for prob-
lems in nonrelativistic quantum mechanics and quantum field
theory). Since for a system of interacting nonrelativistic
nucleons, when H{A ,} is obtained from the nuclear Hamil-
tonian by using the recipe of minimal substitution
d,—d,tieA ,, the desired transformation can be defined as

U=¢eX, xy= f p(X)G(X,t)dx, (3.37)

where p(x) is the charge-density operator. We split H into the
unperturbed part H, and the interaction between the nucleus

and the EM field H, :
H=Hy+H;, H=H"A}+H?P{A}+.... (338)

Here the superscript denotes the order in e. In canonical
form we have

HV{A )= f A (X)TH(X)dx,

where J#(x)=(p(x),J (x)) is the operator for the nuclear
EM current density.
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The expression for H; without expanding in powers of
the charge e in the case of NN forces with an arbitrary ve-
locity dependence can be found in Ref. 99. The correspond-
ing current® is the sum of the one-body current J [ and the
two-body current J 21,

J(@) =10+ 32, (3.39)

A
JE) =2m) 1 Y {Papal®)+pa()Pa},

a=1
25y _ . [ T
J (x)=—52 fdyfods [ x+zys —pg
a<p

X y exp

I R
x=3 yS) _E(Pa_Pﬂ)Y}V(ra_rB
+)-; > r a” r [3)’

where 7, (p,) is the coordinate (momentum) operator of the
nucleon numbered a, the operator p,(x)=e(a)f(X—7r,)
contains the function f(y) characterizing the charge distribu-
tion in the nucleon, and p(¥)=S=4_,p,(¥). The operator
function V(r,—rg+y,r,—rp) determines the NN interac-
tion:

P, L
—g(pa—p,s)y

V(a,B)=f exp
XV(ry—rgty,ro,—rg)dy.

A direct relation is thereby established between the proper-
ties of the current J2! (in particular, its short-distance behav-
ior) and the properties of NN forces. This relation is particu-
larly clear in the case of Majorana-type forces:

VM(a’B)ZPM(a,B)V(;aﬁ),
for which
V(r+y,r)=V(r)6(2r+y).

This case is considered in more detail in Ref. 99 (see also
Ref. 38).

The Weyl criterion is important from the practical point
of view, as it imposes certain restrictions on the H(™{A ut
For example, for time-independent gauge transformations it
gives

HY{A =il x,Hol+HV{A ), (3.40)

)
HOMA =D 06 Ho 1+ HOA 1+ iU HOM .
(3.41)

From the first relation we find the continuity equation for the
current:

div J(x)=i[p(x),H,], (3.42a)
or, equivalently,
[P,J(0)1=[Ho,p(0)], (3.42b)

which can be useful for studying the role of MECs in pro-
cesses involving two (Compton scattering) or more photons.
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We have thus shown that the Weyl criterion generates the
gauge-invariance condition in various orders in e at the op-
erator level. It is important to stress the fact that, following
Ref. 42, even when the corresponding operator relations [of
the type (3.40)—(3.41)] are satisfied, it is necessary to worry
about the independence of the amplitude of some EM tran-
sition from the choice of gauge.

Actually, the gauge-independence condition for a one-
photon process with energy transfer @ and momentum trans-
fer g is

o(flp(0)|i)=4(f|3(0)]i).

This relation is obviously a consequence of Eq. (3.42c) for
the matrix elements between the exact eigenstates of the sys-
tem:

Holi)=E/|i),

(3.43)

Holf)=E/f)

on the energy shell, and w=E ;—E; for photoabsorption.

In other words, satisfaction of (2.7) is not sufficient for
the gauge independence of the EM transition amplitudes. It
must be augmented with the additional requirement that the
initial and final wave functions be eigenfunctions of the
Hamiltonian H,. Clearly, it is very difficult to satisfy this
condition in actual calculations (especially nuclear ones) in-
volving multiparticle wave functions.

It is interesting to note that the conditions (3.42)—(3.43)
can be combined into a single operator generalization of the
‘Ward-Takahashi identity if, using the continuity equation for
the current, we write

9“7 (9)=wp(9)—[H,p(q)]
=G(z)p(9)—p(9)G'(z),

where G(z) is the propagator G(z)=(z—H) ™! for a given
Hamiltonian H,® and the free parameters z; and z;¢ obey the
condition z;—z;= w.

Inserting the two sides of (3.44) between eigenstates of
H and setting z;=E; and z;=E;, we immediately obtain the
gauge-independence condition:

g™{flJ (@i)=0.

(3.44)

(3.45)

3.4. Effective ways of ensuring gauge independence.
Extension of the Siegert theorem

Using the continuity equation, we can express the con-
tribution of the longitudinal part of the current in terms of the
matrix element of the charge density p(x), which is less sen-
sitive to the effect of MECs than the other components of the
current (see the discussion in Ref. 7). Because of this, this
trick is one effective way of including MECs in the descrip-
tion of inclusive and exclusive reactions induced by elec-
trons (see Ref. 115, for example).

In this context we have the following useful generaliza-
tion of the Siegert theorem,''® which was essentially made
long ago in the studies by Sachs!® and Foldy''’ and redis-
covered relatively recently.!’® As was shown in Ref. 118, the
amplitude of a radiative process with the emission (absorp-
tion) of a single photon can be written in terms of the electric
and magnetic field strengths E and H as follows:
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Tyy=E(k,){fID(k))|i)+ H(E)(FIM(K,)]i),  (3.46)
where D-)(I-c’},) [A} (12,)] is the generalized dipole electric
(magnetic) moment of the nucleus:

- - 1 el
D(k)= f d\ f eMXxp(x)dx, (3.47)
0

. s 1 ..
M(k)= fo Ad\ f xX J(x)eMrdx. (3.48)
Obviously, Eq. (3.46) is_explicitly gauge-independent. We
also note that D(k=0) [M(k=0)] coincides with the dipole
electric (magnetic) moment operator of the system. It is easy
to see that in the long-wavelength limit (k,—0) Eq. (3.46)
gives the Siegert result widely used in the theory of photo-
nuclear reactions. In contrast to its generalization at the level
of various forms of multipole expansion of the EM current
(see Ref. 119 and references therein), Eq. (3.46) makes it
possible to avoid expansions completely, which simplifies
the analysis at intermediate energies, where many multipole
orders begin to contribute all at once.

In our earlier study'® an expression similar to (3.46)
was obtained without the traditional splitting of the EM cur-
rent into a convection current related to the motion of the
nucleus as a whole and an internal current. The correspond-
ing result on the momentum shell is

TN (k,)D;(k,) +H (k)M (k) (3.49)
YT NPT G ) RSN P S
Dif(k)=(E,;f—E,;i) kax (EIZi+)\k_EPi
.. . dn
x(Pi+)\k,f|J(O)|Pi,i)}T, (3.50)

M (k)=i f01VEX(ﬁJ+)\IZ,f|J(O)|I3,-,i)d)\, (3.51)

where E5 (E5) is the energy of the initial (final) state of the
hadronic system with momentum P.

Equation (3.44) is applicable for ensuring the gauge in-
dependence of the calculations, both in the nonrelativistic
description and in relativistic approaches (for example, in the
Bethe—Salpeter formalism).

3.5. Conditions for covariance of the description of
EM interactions of a hadronic system. The
local analog of the Siegert theorem

Above, we have already used the property of transforma-
tion of the operator J ,(x) under translations of the reference
frame. The transformation properties of this operator under
the Lorentz group can be formulated using the equation

U™ (A (0)U(A)A%=T ,(0), (3.52)

where U(A) is the operator corresponding to the Lorentz

transformation
x'=Ax (x,=Apx,).

From (3.52) we find the equations involving the Lorentz-

group generators .Z"” (cf. Ref. 121):
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i[*7 J\(0)]=1{"T 5(0), (3.53)

N_ VN S __ Jul
Iy =8"0,=8"3,,

where the metric tensor g,,, as everywhere in the present
study [see, for example, Eq. (2.10)], has the components

800= —811= —&22=—&33=1.

From this, for the boost generator F= (A 22, 72°) we
find

iJ(0)=[%,J°(0)], (3.54)

or

J
<f|J’(0)|i>=£l—<f’ (0"} g,=0 (3.55)

(l= 19273)’

where the transformed states in the motion of the reference
frame along the /th axis with velocity v depend on the pa-
rameter 3;=v/c.

Comparing (3.55) with the gauge-independence condi-
tion (3.43), we see that whereas this condition makes it pos-
sible to express the matrix element of the longitudinal com-
ponent of the current in terms of the matrix element of its
time component, the spatial part of the current with the cor-
rect transformation properties under the Lorentz group can
be completely reconstructed from this component.

Equation (3.54) can be used to obtain the local analog of
the Siegert theorem:'%?

J(0)=i[ #5(0),D], (3.56)

where D= [#J(x)dx is the dipole electric moment operator
of the system. We recall that, as in Sec. 3.1, capital letters are
used here for operators acting in the background space of
states of the system of interacting fields.

The proof of (3.56) can be based on the canonical ex-
pression for the Noether angular momentum:

F= f X H5(X)dx, (3.57)
where the Hamiltonian density .#(x) is equal to the com-
ponent 7°(x) of the symmetrized energy—momentum tensor

¥(x)= 7"*(x) (the Belinfante tensor).
Substituting (3.57) into (3.54) and noting that

f X H(X)dx,J°0)|= f ie"jg[%s(O),J“(f)]e_ié&'df,

for the eigenvectors of the momentum 2 we find
(IO =i(A[#5(0), D(@}i),
B(G)= f EFEIO(R)d,
é=Pf_ Pi .

Furthermore, it can be shown that for any g we have

i[ #5(0),D(§)]=i[.#5(0),D]1=J(0).
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Some of the consequences of (3.56) for the covariant and
gauge-invariant description of EM interactions with nuclei
are considered in Ref. 122. In particular, in the nucleon sec-
tor Ry we have

J(0)=[.#(0),D°"]. (3.58)

This expression is valid if the diagonalization condition
holds for .#(0), i.e.,

Qo(H5(0)—[Ag, #5(0)]—AHFs(0)A)Py=0,

(3.59)
which is equivalent to (3.4) as long as the desired operator
A\ is translationally invariant (cf. the discussion in Ref. 66).

Just as important is the fact that when (3.59) holds the
noncommuting operators are simultaneously put in quasidi-
agonal form, e.g.,

N Kpp, 0
U(-;— %UO = il 5
0 Ko,
N Hpp, 0
UO ‘%SUO = .
0 Hpyp,

The generator K*f= K P, Podetermines the transformations of

vectors in € R, under boosts.
Then, combining (3.59) and (3.42b), we obtain the ex-
pression

[HEE,p(0)]=i[ P,[H(0),D], (3.60)
or
o(flp(0)|iy=ig(fI[HE(0),D), (3.61)

which impose certain restrictions on the density operator
p(x) of the nucleon charge distribution in the nucleus, which
enters into the expression

Deff= f xp(xX)dx. (3.62)
We are presently working on applications of the results
obtained in Secs. 3.4 and 3.5.

4. METHODS AND RESULTS OF THE CALCULATIONS

4.1. The reaction d(e,e’'p)n. Proton polarization
in the Saclay kinematics

Our calculations differ from those carried out by Aren-
hovel et al.™>* In particular, we have not made the standard
expansion of the current in multipoles, the electric part of
which was calculated by those authors using the Siegert
recipe.7) Because of this, we have not been forced to calcu-
late and monitor simultaneously the contributions of many
partial transitions between the initial and final states. In ad-
dition, we have performed our analysis in momentum space.
Without dwelling on the details, which can be found in Refs.

12 and 15, we note that the partial waves ‘I’;;%ST(‘D) in the

expansion of the final state have been calculated using the
so-called matrix-inversion method.%!123 The characteristic
feature of this method is the isolation of the “radial” depen-
dence of the distorted wave:
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FIG. 6. Schematic depiction of the characteristic regions in the energy spec-
tra of electrons for the inclusive d(e,e") reaction.

k=N+1
Vi.(p)= X Bi.(k)&(p—pu)/ph, (4.1)
k=1

where the coefficients B;’I,(k) are the solutions of an alge-
braic system of equations approximately equivalent to the
original integral equation of the scattering problem (in this
case, for the R matrix of np scattering), N is the dimension-
ality of this system, and {p,} is the set of points in p space
related to the Gaussian quadrature points [—1,1].

The structure of (4.1) considerably simplifies the analo-
gous calculation of the amplitudes (2.3) (for example, six-
fold overlap integrals involving meson-exchange currents
can be reduced to single integrals'>'),

In Refs. 12 and 15 the angular distributions and proton
polarizations in d(e,e’'p)n reactions were calculated, prima-
rily, far from the quasifree peak in the cross sections for the
inclusive (e,e’) reaction on the deuteron (Fig. 6). It can be
expected that FSI and MEC effects play an important role in
this kinematics. These calculations were carried out with the
Paris potential.*> The FSI distortions were taken into account
in the np partial-wave states with total angular momentum
J=<J ,,,=2. The convergence of the results when FSI effects
in higher partial waves are included is discussed in Ref. 15.

The direct mechanism of proton knockout [using the
plane-wave impulse approximation (PWIA)] and the recoil
mechanism arising from the EM interaction with the specta-
tor neutron [using the Born approximation] have been stud-
ied.

In Figs. 7-8 we show the results of our calculations
together with the Saclay data.*>*! We see that the effect of
the recoil mechanism becomes stronger as the momentum of
the spectator n' grows. In the Saclay III kinematics the cor-
responding contribution becomes comparable to that from
the direct mechanism. As can be seen in Fig. 7, the results of
the Born approximation (BA) differ (sometimes signifi-
cantly) from the Saclay data. The same trends were observed
in the earlier nonrelativistic calculations.>
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FIG. 7. Dependences of the differential cross sections (upper part) and
proton polarization (lower part) for the d(e,e'p)n reaction on the spectator-
neutron momentum for the Saclay II kinematics. The calculations are for the
PWIA (----), the Born approximation (- - -), the DWBA (---), and with the
FSI and MECs for two values of the cutoff parameter A=4m, and % (—
and ---).

Comparing these studies with those of Ref. 124, carried
out in the relativistic impulse approximation (RIA), we note
that the cross sections® from Ref. 124 differ from ours and
from those calculated in Ref. 39: the curves in Fig. 1 of Ref.
124 corresponding to the ¢-pole contribution to the amplitude
of the reaction d(e,e’'p)n lie much lower than the PWIA
curves in Fig. 7 for n'>200 MeV/s. In addition, the compe-
tition of the contributions of the direct and recoil mecha-
nisms established in Ref. 124 is the opposite of that shown in
Fig. 7, viz., according to Ref. 124 the inclusion of the u-pole
contribution, i.e., the interaction between the virtual photon
and the spectator neutron, decreases the calculated cross sec-
tions. ‘

Perhaps the main reason for these discrepancies is the
subtraction procedure

J,;—»Ju—q#(q.l/qi) 4.2)

used by the authors of Ref. 124 in their attempt to obtain a
gauge-independent description of the ed interaction. This
procedure is obviously not free of defects:

(@) It is not unique, because the subtraction of
P.(qJ/pq) with any vector p,, for which pg#0 leads to a
conserved current.

(b) Its application to a one-body operator again gives a
one-body operator, whereas the above-mentioned consis-
tency of the nuclear current with the NN interaction presup-
poses the introduction of, at least, two-body contributions to
the electromagnetic interaction operator.
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FIG. 8. The same as in Fig. 7, for the Saclay III kinematics.

The trick based on the substitution of (4.2) is too artifi-
cial to substitute for the genuine solution of this complicated
problem in the theory.

The inclusion of FSI distortions [the distorted-wave
Born approximation (DWBA)] decreases the cross sections
obtained in the Born approximation, leading to a satisfactory
description of the data for the kinematics II. We also see that
the proton polarization under these conditions can be signifi-
cant. It should be stressed that the FSI plays an important
role in the kinematics III, even though the energy of the
relative motion in the final states is relatively large
(E,,=179 MeV in the c.m. frame).

In addition, the inclusion of MECs leads to an imcrease
of the d(e,e’p)n cross sections for these kinematics. The
interference between the MEC and the FSI contributions to
the cross section is destructive, and this confirms the conclu-
sion reached in Ref. 39. Figure 8 shows that the predictions
of MEC models with modified w#NN vertices and pointlike
nucleons differ noticeably (in particular, the proton polariza-
tion is qualitatively changed). This fact can prove useful in
testing various models of the electromagnetic current of the
deuteron.

The other discrepancies for the kinematics III can be
diminished by taking into account MECs generated by p ex-
change and A-isobar excitation in intermediate states. The
latter mechanism contributes to the transverse structure func-
tions. Experience.96 shows that to estimate it accurately it is
necessary to study the mutually canceling contributions from
the currents j3 and j? with the strong form factors. Of
course, the relativistic effects mentioned of in the Introduc-
tion also must be considered.

We should note that it is probable that the description of
the Saclay III data obtained by using just the Born approxi-
mation becomes poorer when more complicated reaction
mechanisms are included. Measurements of the spin observ-
ables would be of great help in understanding the true role of
these mechanisms in such situations.
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4.2. Isolation of the structure functions. Parallel
kinematics

Among the many problems associated with the analysis
of polarization phenomena in electrodisintegration of nuclei,
the isolation of the structure functions is of particular inter-
est. Complete isolation can be done in experiments with non-
coplanar geometry (see, for example, Ref. 33). However, it
can be done partially in the coplanar case when some struc-
ture functions are defined in a relatively simple way.

Let us consider parallel kinematics, when the photon vir-
tual momentum and the momentum of the knocked-out pro-
ton are collinear (py||q). Then the number of structure func-
tions is decreased:

oo P=oyéVE+ 72 R. 4.4)

Therefore, first of all, by measuring the cross section for e’p
coincidence in this kinematics, we can isolate the longitudi-
nal structure function W and the transverse structure func-
tion Wy (the Rosenbluth plot). Second, by measuring
Py|lk' Xk, we can extract the interference structure function
Z; This last procedure can be compared with the measure-
ment of the azimuthal left—right asymmetry of the cross sec-
tions (see Fig. 4):

Ay=[oo(¢=0)—0o(¢p=m)][oo($=0)+0oo(d

Wr+(€

1
=m)] 1= VE+ nw,[§2Wc+ 5+

-1

+ 77) WS ’ (45)

which is proportional to the structure function W; depending
on the interference of the same components of the current J,
and Jy as 3; In contrast to A 4, the quantity Py carries infor-
mation about spin-flip transitions in the np system.

Isolation of the structure functions W; =W, and W7 in
the d(e,e'p)n cross sections was done recently at NIKHEF
(Ref. 125). The measurements were carried out in parallel
kinematics over the range 0.05 Sqis0.27 (GeV/s)? for val-
ues of the missing (recoil) momentum p, <100 MeV/s.
Similar experiments were also performed at Saclay,>>'?®
where the ¢ dependence (200=<q=<670 MeV/s) of the same
structure functions was studied for the two values p,,=20
and 100 MeV/s.

The next advance was the isolation of the three in-plane
structure functions W;, W;, and W =W, for the
d(e,e'p)n reaction in Refs. 54 and 127 for ¢.=0.21
(GeV/s)? in the wider range p,,<200 MeV/s and in Ref. 126
for g=400 MeV/s and p,,=50, 100, and 150 MeV/s. These
studies were carried out for quasifree kinematics, when the
Bjorken variable is x=qi/ 2mw=1, i.e., near the maximum
of the quasifree peak (Fig. 6). The azimuthal asymmetry A ,
has been measured at Bonn'?® and at SLAC.'® Some of the
results of these measurements will be discussed in Sec. 4.8.

Figures 9 and 10 show our calculations at transferring
electron energies E=1 GeV. The values of the other vari-

94 Phys. Part. Nucl. 26 (1), January—February 1995

10-'

d¥0/d€'d,dRp, nb-MeV ™' sr™?

30 60 90 120 150

150 120 90 60 30 O
8(DEG)

FIG. 9. The same as in Fig. 7, as a function of the angle 6 between I;p and
q for the right-hand part of the quasifree peak.

ables are given in Table I. We see from these figures that the
cross sections for e'p coincidences have a clearly expressed
azimuthal asymmetry relative to the case of #=0° (parallel
kinematics). The polarization of the knocked-out protons
also has a noticeable azimuthal asymmetry.

This is easily explained when we consider the properties
of the transformation

Ry(m)Jx y(q)R7 ' (m)—Tx y(q), (4.6)

with rotation R () of the reference frame about the vector
nz by 180°. From (4.6) it follows that

Wers(¢=0)=W¢ rs(p=m),

Wi(¢=0)=—W,(d=m) 4.7)
and

2c15(9=0)=—2crs(p=m),

2(¢=0)=2/(Pp=mm). (4.8)

The values of the polarization are more sensitive to the
choice of current model. In going from one to another we
observe qualitative changes in the angular dependence of the
polarization.

On the left-hand part of the quasifree peak, proton emis-
sion is possible only into the forward hemisphere. The maxi-
mum proton emission angle is given by

2

n

co8Ojm= {(w+md)2—[(w+md)2+m§—m
— q2]2/4m12,}l/2/q,
where m,(m,) is the proton (neutron) mass.
The corresponding cross section (Fig. 10) has a special

feature: as 6 tends to 6, (in this case 6;,=~16.6°), the cross
section increases sharply. This growth is due to the behavior

4.9
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FIG. 10. The same as in Fig. 9 for the left-hand part of the quasi-

free peak.

of the kinematical factor R: R— if — 6, . However, this
feature is rather weak, so that in an experiment (with finite
angular resolution) the cross section takes a finite value.

The curves corresponding to different current models
come closer together for 6— 6;,,. The differences between
them are most noticeable for §=0°.

As can be seen from Fig. 10, the polarization of protons
emitted in the direction of the vector g reaches a sizable
value of =40%. The & dependence of the polarization
changes significantly in going from the case with ¢=0° to
the case with ¢=180°.

Equations (4.7)—(4.8) make it possible to extract the 6
dependence of the structure function 3; :

. oo(#=0)P($=0)+oo(¢=m)P(p=)

The results of the calculations'** using Eq. (4.10) are shown
in Figs. 11 and 12. In our opinion, measurements of this
azimuthal asymmetry could be a good test of our understand-
ing of deuteron electrodisintegration mechanisms.

(4.10)

TABLE I. Values of the kinematical parameters for E=1 GeV.

4.3. Polarization observables for the reaction

d(é,e’p)n. Polarization transfer. The MIT—Bates
experiment

Let us consider the breakup of unpolarized deuterons by
longitudinally polarized electrons under conditions where the
Bjorken variable is x=1. Theoretical research (Refs. 6, 18,
and 131) in this area has to a significant degree been stimu-
lated by the proposals*'! for the MIT program. It is sug-
gested that the measurements!! of the polarization transfer in
d(¢é,e’'p)n reactions be measured for initial electron energy
E=880 MeV. The other parameters are given in Table II

Before commenting on our calculation in Fig. 13, we
note that in the parallel kinematics, of the two structure func-
tions for each component Py , only one survives, because

F=3x=0. (4.11)
The angular dependences of the structure functions in
(2.13)—(2.14) can be studied by forming polarization-transfer
asymmetries like (4.10) (Ref. 18). :

As shown in Fig. 13, the components of the proton po-
larization vector can take large values which can be mea-
sured. In the parallel kinematics the FSI and MEC effects are

E', MeV 6,, deg 4, MeV/s E,, MeV T,, MeV 6, deg n', MeV/s
Right side 830 10 233 154.5 128.4 0 274.8
39.45 180 507.5
Left side 827 50 788 13.2 131.8 0 273.4
711 16.58 4442

Only the limiting values of 6, the neutron momentum n’', and the proton kinetic energy T’ » are given in this table.
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FIG. 11. Angular dependence of the interference (longitudinal—transverse)
structure function for the proton polarization in the reaction d(e,e’p)n on
the left-hand part of the quasifree peak; 6* is the angle between the momen-
tum of the knocked-out proton and the momentum transfer in the c.m.
frame.

insignificant. The same is true near 6;,=90° (parallel kine-
matics for neutrons with k,=q. At intermediate angles FSI
effects are important and the MEC contributions are small.

Detailed analysis shows that for proton emission angles
6=<45° the dominant contribution to the cross section for e’p
coincidences comes from direct proton knockout (for ex-
ample, for the MIT-1 kinematics, with 6=45° this contribu-
tion is =75%). As @ increases the electromagnetic interaction
with the neutron plays an ever greater role, so that at 6=,
the cross sections are completely determined by the contri-
bution of this recoil mechanism (cf. our results in Ref. 132
for the reactions *He(y,p)°H and *He(7,n)>He with lincarly
polarized photons). The same pertains to the observables
Py 7. When this mechanism is neglected, they depend
weakly on 6.

. The relations between quantities in the lab frame
(P,=0) and in the c.m. frame of the final np pair, in which,
according to the Madison convention, the Z* axis points
along the momentum k, (Fig. 14; Appendices B and D),
need to be explained.

In particular, as shown in Appendix D, up to terms of
order q/m, we have for ¢*=180°

P,=Pj cos 6*— Py sin 6*,

1 1 i 1 1
307 =7 307 6
L 1 [ | 4
Z° 0 160° 6
DEG

FIG. 12. The same as in Fig. 11 for the right-hand part of the quasifree peak.

where P;, Py, and P, are the longitudinal (along k), trans-
verse (along the X *axis, i.e., perpendicular to k and lying in
the reaction plane), and normal (along k;',‘ X g) components
of the polarization vector py in the c.m. frame. These defi-
nitions are equivalent to those often used.!! Arguments in
favor of using results in the lab frame (especially at large
momentum transfers) can be found in Ref. 18.

4.4. Extraction of the neutron electric form factor
from polarization experiments. Exclusive and
inclusive reactions

It is well known that the quality of the available infor-
mation about the electromagnetic properties of the neutron
leaves much to be desired. As was stressed in Refs. 7, 12,
and 15, study of the induced polarization P as a function of
GE can improve this situation. In fact, as can be seen from
Fig. 15, this observable changes significantly in going from a
current model with G3=0 to one with a scaling version'** of
G}%: Gi= 1x,G%, where 7=qi/4m2<0 and «, is the neu-
tron anomalous magnetic moment. The corresponding varia-
tions are especially large in the parallel kinematics, where
they are almost 30%. Another calculation (Fig. 16) demon-
strates the qualitative changes in the angular dependence
Py(0) for the reaction d(e,e'p)n with G&=0 replaced by
GE from Ref. 133.

P, =P, sin §*+ P} cos 6*, (4.12) As was shown in Ref. 18, the component Py of the
polarization transferred to the proton is also sensitive to this
P,=Py, substitution at angles close to 6;,=90°. This is due to the
TABLE II. Kinematical conditions of the MIT—Bates experiment.
w, MeV 6,, deg g, MeV/s E;,, MeV T,, MeV 6,, deg
I 142 —56.8 531 69 140 37.0
II 210 —49.1 659 101 208 48.0
I 282 —41.6 779 136 281 60.1
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FIG. 13. Polarization observables in the reaction d(€,e’p)n for the MIT-I kinematics. The curves were calculated (Ref. 18) using the Born approximation
(- - -), including the FSI and MECs for A=4m, (— ), and including the FSI but not MECs (---). Curves b were obtained from curves a using Eq. (4.12).

increased importance of the recoil mechanism, which was
discussed in Sec. 4.3. In this regard it is preferable to mea-
sure the polarization transferred directly to the neutron in the
reaction d(é,e'n)p.”

Actually, in the PWIA, which, as we have seen, works
well in the k,||g kinematics, we find (as in the case of
eén—e'n’ scattering):

’ n q
IoPy=—&nGLGY, -

~2

1P =&+ DGz, 4.13)

Io= G+ £+ G"Zé2
0=&1GEI+| 5 £+ m|(Gyl"5, 2

In other words, the observable Py in this approximation is
determined by the product GG’ .'% We also note that these
components of the polarization vector in this case are inde-
pendent of nuclear-structure effects (the deuteron wave func-
tion).

The mixed asymmetry A ,(0y=7/2,$yz=0) for the re-
action d(e,e’'n)p, which in the parallel kinematics depends
on a single structure function,

o
UML(570)=‘UMW7/2§WL'1T1R, (4.14)
in the PWIA has a simple relation to Py:
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’ & f ’
A,,( 3 ,0) = 3PX. (4.15)

It therefore depends on the same combination of neutron
form factors.

The components of the neutron polarization vector P;,
P/, and P, and the asymmetry A ,[(7/2,0)] from Ref. 21
calculated for the kinematical conditions of the MIT
experiment* (Table III) are shown in Figs. 17 and 18. Here
we see that the observables P, and A ,, depend strongly on the
model of the neutron electric form factor at neutron emission
angles close to #*=0 (cf. the dot—dashed and solid lines 1).
We also see that they are weakly sensitive to FSI effects for
neutrons emitted along g. As far as MEC contributions are
concerned, their effect in this case with x=1 is insignificant
in the entire angular range.

Strong dependence on G is seen (Figs. 19 and 20) in
the calcul*ated20 polarization transfer to the neutron P, in the
reaction d(e,e'n)p and in the double polarization transfer to
the proton P3,(p) in the reaction d(v,e’p)n. Again the cor-
responding structure functions depend on G through the
product GEGY; -

This product enters into one of the formulas of the im-
pulse approximation for the spin-dependent response func-
tions in (2.50):7

RTL’(QZ’wmax)z -2 V2§_1(§_1—1){PHGZG'A'!

Kotlyar et al. 97



FIG. 14. Particle momenta in the reaction d(¢,e’p)n for coplanar geometry.
All the starred notation refers to the c.m. frame, and the unstarred notation
to the lab frame. For this arrangement of the vectors the angle ¢ (¢*) is
180°.

+2P,GEGH}F (@), (4.16)
Rp(Q% 0m) =2(67'=1){P,[G}])?
+2P [ G} F (0ma), (4.17)

where F(wp,,) is the scaling function for quasifree scatter-
ing on the *He nucleus at the maximum of the quasifree
peak, x=1. The nucleon polarization P, (P,) is the differ-
ence of the probabilities for the nucleon to have spin up and
spin down, averaged over the momenta.

If, following Ref. 73, we assume that in polarized He
the nucleon spins are arranged so that the neutron spin on the

4 1

©6° 2° 89 49 0° 4° g 12° 0

L 1

1
80° 40°

1 1

40° 60°
D

I 1 1 J 0*
20° 0° 20°

EG
FIG. 15. Dependence of the proton polarization in the reaction d(e,e’p)n
on the choice of G% on the right-hand part of the quasifree peak (Table I).

The curves were calculated using the MEC model with A=4m .. The solid
line is for G from Ref. 133, and the dotted line is for GE=0.
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FIG. 16. The same as in Fig. 15 for the MIT-I kinematics.

average points along the *He spin, and the spins of the two
protons nearly cancel each other (|P,|<|P,|), favorable con-
ditions can be created for the separation of the neutron con-
tributions (4.16) and (4.17). This argument was the main
motivation for the “one-shoulder” experiments.”"’>

As above, an attractive object for study is the function
Ry, which depends linearly on G%, i.e., not only on the
modulus of this form factor, but also on its sign.

In contrast to this, the nucleon form factors enter qua-
dratically into the longitudinal and transverse response func-
tions for unpolarized particles:

R1(Q% 0ma) =2(§7' = D{[G} 1> +2[GH 1} F (@ma)
(4.18)

RU(Q% 0ma) =& H{[GEP+2[GE}F (0pa).  (4.19)

Two quantities have been measured’” for separating the
different contributions: the asymmetry A;» ~ Ry (for
0y=0,7) and the asymmetry Ag;: Ry (for
Oy=m/2,3m/2). The value A =(+1.75£1.2+0.3)% at
Q%= —0.2 (GeV/s)? is not very accurate. Using the predic-
tions of Ref. 73 for the proton and neutron polarization in
polarized 3He and taking into account the existing uncertain-
ties (for example, for G}), the authors of Ref. 72 arrive at
the result GE=0.044+0.074, which, of course, cannot be
considered satisfactory. This situation may improve with in-
creasing |Q?|, when a decrease of the relative contribution
proportional to P, in (4.16) can be expected.

Some of the uncertainties mentioned above originate in
the assumptions made in deriving Egs. (4.16)—(4.19); along
with the impulse approximation, they are:

TABLE III. Values of the kinematical parameters for the d(e,e’n)p reac-
tions.

E, MeV E', MeV 6,, deg q, MeV/s E,, MeV

868 730 37 524 68

Ey, is the relative energy of the np pair in the c.m. frame.
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FIG. 17. Angular dependence of the components of the neutron polarization
vector in the reaction d(¢é,e’'n)p. Calculations of Ref. 21 in the PWBA
(dotted lines), DWBA (dashed lines)) DWBA+MEC+RA (dot—dashed
lines) with F{=0, i.e., from Ref. 133, DWBA+MEC+RA (solid lmes 1),
and DWBA+MEC (sohd lines 2) with Fj=—7x,GE(1—-7)7}, ie,
GL=0.

1. Neglect of the FSI of the knocked-out nucleon in
the reaction 3He(e e’'N) with the residual system.'?

2. Use of the completeness condition for the vectors of
the final 2N states after introduction of the average (fitted)
mass (the closure approximation).

3. Restriction to only the one-body virtual-photon ab-
sorption mechanism without including MECs.

0.1
0.0
-0.1
0.2
40 80 120 160
6*(deg)

FIG. 18. Mixed asymmetry A ,(m/2,0) in the reaction J(é,e’n)p for the
case ¢=0. The notation is the same as in Fig. 17.
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FIG. 19. Polarization transfer in the reaction J(e,e'ﬁ)p. Results of Ref. 20
obtained in the DWBA (dot—dashed line), DWBA+MEC+contributions of
isobar configurations (ICs) (dotted line), DWBA+MEC+IC+RA (solid
line) using the model of Ref. 135, and DWBA+MEC+IC+RA (dashed
line) with Gx=0.

These approximations give the scaling behavior of the
inclusive cross sections with the so-called y, variable, which
is different from the West variable (see Ref. 137). In further
studies we hope to go beyond this simplified approach.>>!38

The Mainz experiment has certainly led to great progress
in the study of spin physics for the *He nucleus.”’ Here
for g #—0 31 (GeV/s)* the two asymmetries A (SHcJ_q)
and Al! (Suld) were measured with the values
A A= (0.89+0.30)% and A”—AZ (—=7.40%0.73)%.
The ratio A | /A | is independent of the degree of polarization
of the electron beam and the target and gives
Gg=0.035%0.012+0.005. Of course, it should be borne
in mind that the data in this case were analyzed in the im-
pulse approximation, which is not completely satisfactory
from the theoretical point of view. The studies of the Bo-
chum group®#5 may be of orientational value for obtaining
more reliable information about nuclear-structure effects and
the electromagnetic properties of the bound neutron.

There is yet another assumption'® which is made in the
inclusive scattering of polarized electrons on polarized deu-

0.6 S—

0.5 F P"zx(P)
0.4 f

0.3

W T 1 .‘JJ i P
=160 -120 ~80 40 0 40

FIG. 20. Double polarization exchange in the reaction [i(E,e’p’)n. The dif-
ferences between the curves are given in the caption to Fig. 19.
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terons. As shown in Fig. 21, at the maximum of the quasifree
peak the structure function'? F}}~1 changes by 10% and
17% in going from the model with GE=0 to the parametri-
zations of Refs. 135 and 136, respectively. Owing to the
weak dependence on the contributions of non-nucleon de-
grees of freedom and on the np interaction model, this result
makes the reaction d(é,e’)np one of the most promising
candidates for solving the problem in question.

We see from Fig. 22 that even at small values of g* the
choice of G% significantly affects the asymmetry ay,. As g*
increases this effect becomes even stronger.

In relation to this, we note that according to our
calculations,’® the cross sections for the reaction d(e,e’)np
at threshold, i.e., far from the quasifree peak, for qiz 20 F2
change by several times in going from one model of the
neutron electric form factor to another. Of course, this obser-
vation is not very important, owing to the dominant contri-
butions of meson-exchange currents, which can be calculated
by model-dependent methods.

4.5. MEC and FSiI effects in electrodisintegration of
polarized deuterons. The VEPP experiment in
Novosibirsk

The results of our studies of the target asymmetries
and azimuthal asymmetries for the reaction d(e,e'p)n as a
function of the model of the EM current of the deuteron and
FSI effects have been presented at the conference in
Adelaide'* and published in Ref. 19. There it was shown
that the FSI in the np pair plays an important role in forming
the angular and energy dependences of these asymmetries.
Our calculations have been carried out both near the maxi-
mum of the quasifree peak and far from it. Some of the
asymmetries depend significantly on Gz and on the spin—
orbit EM interaction with the nucleons.

In Figs. 23 and 24 we show our results for the conditions
of the experiment in Ref. 45 with a tensorially polarized
(internal) deuterium target for energy of the electrons in the
storage ring E =2 GeV. In this experiment the scattered elec-
tron was not detected, and np coincidences were recorded.
Events corresponding to the situation where electrons are
scattered at zero angle, i.e., 6,=0°, were selected. In other
words, the cross sections for the reaction d(e,pn)e’ at the
photon point (qi=0,q= ) were measured. The average de-
gree of tensor polarization of the deuterium jet obtained in
Ref. 45 was Pz,==*(0.778*0.075). We note that
P,=P,,/ V2. Other details and explanations can be found in
Refs. 19 and 45.

In this case it follows from Egs. (2.27)—(2.29) that

oO=wr,

o@=P, >, Wi cos[M (¢~ ¢y)1dio(6n).
M=0
The quantities of interest to us are defined as ratios
Top=WHM/w, (4.20)
of transverse structure functions.
In the PWIA we obtain
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Tyo=2u(k,)d2,(0y), Tap=4u(k,)d3o(6y), (4.21)
1 uZ(kn)

k)=|ug(k,)— — uy(k,) | ——, (4.22

u( n) uO( n) \/gul( n) u(z)(kn)+u§(kn) ( )

where u, (u,) are the S (D) components of the deuteron
wave function, and 6, is the neutron emission angle in the
lab frame relative to q.

Equations (4.21)-(4.22) have to a considerable degree
provided the motivation for measurements which have re-
vealed a way of directly probing the properties of the deu-
teron. However, as can be seen from Fig. 23, the simple
PWIA predictions are strongly distorted by FSI and MEC
effects (especially with increasing momentum of the neutron
in the deuteron). Meanwhile, these factors must be taken into
account in describing the experimental data (Fig. 24). Of
course, the data of Ref. 45 contain large uncertainties. Future
measurements at electron accelerators with high duty-factor
will ensure a qualitatively new level of research.

4.6. Mechanisms of the reaction *He(y,p)d.
Calculation using Faddeev wave functions

An important element determining the amplitude (2.53)
is the wave function of the *He nucleus. This function can be
expressed in terms of the Faddeev component ¥);

|¥y=[1-(1,2)—(1,3)]|¥D), (4.23)

where (a,B) is the operator permuting the nucleons num-
bered a and B.

In our calculations the vector |¥) is projected onto the
basis of vectors |p,g;SM¢m;(Tt).7.7 ) (see Refs. 9 and 10).
Each such vector is the product of space, spin, and isospin
parts. The relative momenta p and q are related to the
nucleon momenta in *He as

F=3ap0). i=3 1P ).
The spin part of the basis vector is an eigenstate of the com-
muting operators
$*=(5,+5)%.51.5%,55, Sz and 51z,
and the isospin part is one of the operators

T*=(t,+13)%,6,05,62, T2=(T+1)? and J7,

.where 5, (f,) is the nucleon spin (isospin) operator. The

wave function of the *He nucleus in this basis is determined
by a set of 16 complex numbers at each point of phase space:

Y smumr(P-q) =(P-q:SMsm;(Tt).TT 7| ¥ =1, =112),

where J (J) is the total angular momentum (its projection
on the Z axis) of the *He nucleus.

The wave function W,,,.r(p,q) has been calculated
from the expressions of Ref. 10, using the parametrization of
Ref. 141 for the solutions of the Faddeev equations with the
Reid soft-core potential. The good agreement between the
values of the charge form factor F_,(Q) of the 3He nucleus
obtained with the exact and the parametrized functions for
momentum transfers Q<8 Fl ie., up to the second mini-
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FIG. 21. Longitudinal-transverse response function for the reaction
d(é,e’)np for q*>=12 F~2. The curves were calculated (Ref. 16) for:
GE=0 (dotted line), Ref. 135 (dashed line), and G% from Ref. 136 (solid
line). Further explanation can be found in Ref. 16.

mum (see Fig. 1 in Ref. 141), indicates that the quality of
this parametrization is quite high. Our calculations of F,(Q)
confirm this.

The amplitude (2.53) without the FSI is

T\(moM J ;)= —e(6m/E )&
X(<Pf;1) ¢Ede(2,3)IJ(IZy)|\If1,Z,Z),

P"p
(4.24)

where the plane wave qo,;mp(l) @k ,m, (2,3)] describes the
state of the emitted proton (deuteron).

Using the properties of the current (2.10), it is easily
seen that

T=(=mp, =My, =J )= (= D)o Ma2T¥ (m M 4T 5).
(4.24")
In other words, for each \ only six of the matrix elements
(4.24) are independent,
Furthermore, taking into account the symmetry of the
amplitudes under reflection in the reaction plane, we find’

T|(m,MoJ ) =Tf (m,M T ), (4.25)
T (mMaJz)=—T}(m,Mu ).

Therefore, when &, lies in the reaction plane (perpendicular
to it) the amplitude of the reaction (2.52) without the FSI is
real (purely imaginary). In particular, these relations are
good tests for the complicated numerical calculations involv-
ing the Faddeev wave functions.

It follows from (4.24’) that

(4.26)

o\=do,/dQ,=R X, |T\(m,M,)|%, (4.27)

mpyM

where
1
Tx(mpMd)=T)‘(mI,MdJZ=+ 5)
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FIG. 22. Effect of G} on the mixed asymmetry a),(#/2,0) in the reaction
d(é,e")np for quasifree kinematics with 6,=60°. The differences between
the curves are the same as in Fig. 21.
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FIG. 23. Tensor asymmetries for 2I:I(e,pn)e’ under the VEPP-3 conditions.
The curves show our results (Ref. 19) in the PWBA (dotted lines 1), PWIA
(dotted lines 2), DWBA (dashed lines), and DWBA+MEC (A=4m . ; solid
lines).
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FIG. 24. Comparison of the calculated asymmetries T, and T, with the
data of Ref. 45. The solid (dashed) lines were calculated with inclusion of
FSI and MEC effects with A=4m . (A=1.2 GeV).

In addition, in the plane-wave approximation the cross
section is the sum of two incoherent parts:

o) = 0, (CC+ MEC) + 7, (MC+S0), (4.28)

where the abbreviations CC, MEC, (MC), and SO stand for
the convection current, meson-exchange current, magnetiza-
tion current, and spin—orbit contributions. These properties
simplify not only the calculations, but also the estimates of
the various contributions to the cross sections.

Our results are compared with the experimental data and
with calculations of other authors in Figs. 25-30. All the
calculations have been carried out using Faddeev wave func-
tions of the *He nucleus for the Reid soft-core potential
(Refs. 31, 51, 75, 76, 79, 110, and 148) and the Paris poten-
tial (Ref. 89). The quantitative discrepancies between the re-
sults of our calculations and those of Ref. 79 are most likely
due to the differences between the *He wave functions that
are used: whereas in Ref. 79 this wave function contains 11
components with relative angular momenta L,/<3, in our
approach ¥ is constructed by using Eq. (4.23) for the five
partial components of v (Ref. 141) with L,/<2. We note
that in Ref. 79 (Ref. 141) the solutions of the Faddeev equa-
tions obtained in Ref. 149 (Ref. 150) were used.

In Fig. 25 we see that the addition of three D waves to
the two S waves in the partial-wave expansion of ¥ (Ref.
141) significantly increases the cross section for £,=100
MeV, making the energy dependences and asymmetries
smoother, and filling in the dip whose location is determined
by the line of nodes in the *He wave function (cf. Ref. 10).
The reason for the large discrepancies with the Laget
calculations®® remains unclear.
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The MEC contributions nearly always increase the dif-
ferential cross section. As shown in Fig. 26a, this enhance-
ment is about 50% beginning at £, =30 MeV.”® Meson-
exchange currents have nearly the same effect on the proton
angular distribution in Fig. 27a up to angles 6,~120°. For
6,=150° there is destructive interference of the CC and
MEC contributions, which leads to a decrease of the cross
section. Moreover, more detailed analysis (see Ref. 110, for
example) reveals a strong mutual cancellation of the contri-
butions from seagull and pionic currents. Their total contri-
bution can be enhanced by increasing the value of A (for
example, taking A=1.2 GeV). However, our calculations
show that this leads to even greater discrepancies between
theory and experiment for the asymmetry. We again find it
necessary to have a consistent definition of the MECs and
NN interaction, and we see that it is important to carry out
combined studies involving unpolarized and polarized par-
ticles.

As far as the competition of the (CC) and MEC contri-
butions is concerned, we should note the inequality
0)(kT)>ao (kT), except for certain angular ranges of the for-
ward and backward proton emission, where the asymmetry
falls rapidly from 1 to zero because we approach the collin-
ear kinematics. As can be seen in Fig. 27b, the corresponding
range in the forward hemisphere is very narrow. Meson-
exchange current contributions lead to a noticeable deviation
of % from 1 beyond these ranges. For §,=90° the asymme-
try Z(MEC) is a function of E, with changing sign (Fig.
26b).

The addition of the magnetization current to the CC and
MEC contributions increases the differential cross section,
since its contribution calculated without the FSI is, as noted
above, incoherent with respect to these currents. As ex-
pected, the magnetic interaction is manifested most strongly
at angles 6, close to 0° and 180°. For proton emission angles
in the backward hemisphere the recoil mechanism domi-
nates; it corresponds to photon absorption by spectator
nucleons. A similar result was obtained in the study of the
reactions “He(y,p)°H and *He(7,n)°He (Ref. 132).

We note that whereas the contribution of the recoil
mechanism related to the CC is determined by the compo-
nents of the wave function ¥ with S=1 and 7=0,1," in
the case of the MC the corresponding amplitude depends on
the entire set of components of this wave function. Our
analysis of the formation of the angular dependence of the
cross section in Fig. 28a has shown that the contribution of
the recoil mechanism for the MC depends on the components
of the *He wave function with 7=1.0. However, owing to
the inequality (pp—#,,)2>(p,p+/.l,,,)2, where w, (u,) is the
proton (neutron) magnetic moment, the relative importance
of transitions via the intermediate state with 7=1 is notice-
ably enhanced. Therefore, this result does not correspond to
the ideas of the quasideuteron mechanism of photonuclear
reactions at intermediate energies.'>!

The MC has a significant effect on the asymmetry coef-
ficient. The photon interaction with the nucleon magnetic
moments increases o, so that o, (MC)>0(MC) for
10<E <110 MeV. The equation o, (MC)=0}(MC) holds if
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FIG. 25. Differential cross section and asymmetry coefficient for two-body
photodisintegration of the *He nucleus versus the photon energy at proton
emission angle in the lab frame 6;=90°. The results of the calculations
with only the CC and MC contributions are shown. The solid (dashed) line
is taken from Ref. 79 (Ref. 89). The dot—dashed lines with short (long)
dashes were calculated in Refs. 75 and 110 using S (S+D) waves in ¥®
and S +D waves in the deuteron wave function. The points A, A, O, and @
are the data of Refs. 142, 143, 144, and 145, respectively.

we restrict ourselves to only S waves in ‘I’(l), and it is vio-
lated when D waves are included in ¥ or the *He wave
function.

In trying to improve the agreement between theory and
experiment, we studied other mechanisms of photon absorp-
tion by the *He nucleus, viz., inclusion of the 7-meson cur-
rent with A-isobar excitation in the intermediate state, the
p-MEC, and the nucleon spin—orbit electromagnetic interac-
tion. The role of the latter is discussed in Sec. 4.7; here we
note that the inclusion of the A-isobar current®® does not
have any noticeable effect on the energy dependences in Fig.
25. This is the case because its contribution is suppressed, for
example, relative to the seagull current by a factor ~k/m
where k is the virtual pion momentum. The p-MEC effects
are shown in Fig. 30.

4.7. Relativistic corrections to deuteron
electrodisintegration and two-body breakup of *He by
linearly polarized photons

Let us begin our discussion of relativistic corrections
(RCs) in these processes by defining the spin—orbit (SO)
current mentioned in Secs. 3.2 and 4.6. Earlier it was
shown'>>'53 that the inclusion of the SO current improves
the description of the cross sections and the polarization ob-
servables for deuteron photodisintegration below and above
the pion-production threshold. This contribution is usually
viewed as the result of the nonrelativistic reduction of the
one-body current J[)(g):
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FIG. 26. The same as in Fig. 25. The dashed (dot—dashed) lines were
calculated with CCs (MECs), and the solid lines were calculated with both
CTs and MECs.

P5D=3dg(9), (4.29)

K@ =[K.8(d)], (4.30)

-, > i iar.r = >
g(‘])z_ WE (F1u+2F2a)elqra[o-aXpa]‘

Following Ref. 153, we define the spatial components of the
SO current as

I50(9)=J50(9) + I5a(9) =[H.&(D)]-
The current J5o(4) = (p54(¢).J50(4)) is conserved, since

4Iso(@)=[H,p5)()], (4.32)

i.e., this inclusion of the SO electromagnetic interaction does
not spoil the gauge invariance of the theory.

It is easy to see that the on-energy-shell matrix element
of Jso(g) coincides with the well known result'®’ for the SO
contribution.

We also note that, according to the classification used in
Ref. 154, the current (4.31) is of order m > and is therefore
a relativistic correction to the CC and the MC, which are
~m~'. As shown in Fig. 28a, the contribution of Jg,, to the
differential cross section for §,=90° is small compared with
that of MECs for £, =300 MeV. The relative importance of
this current increases with the photon energy.

In the proton angular distribution the contribution of the
SO current is concentrated in the forward hemisphere, and
050(6,=0°)> 075(6,=180°). This property is explained by
the fact that the contribution of the recoil mechanism due to
Jso is not really noticeable in the background of direct pro-
ton knockout in the entire range of angles 6,.

(4.31)
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FIG. 27. Angular dependences of the differential cross section for E,=240
MeV and of the asymmetry coefficient for £, =200 MeV. The calculations
were done using the same currents as in Fig. 26. The points A, A, and O are
taken from Refs. 146, 147, and 144.

The spin—orbit interaction has a much greater effect on
the 3 asymmetry. In particular, the values of 3, in Fig. 28b
are significantly decreased for £,>150 MeV. For E,=300
MeV this relativistic effect reaches about 30%, making the
calculated energy dependence of 3, approach the experimen-
tal data. As shown in Figs. 3134, the RCs can affect various
observables in deuteron electrodisintegration. In particular,
our calculations of A , in which along with the SO interaction
we included the Darwin—Foldy corrections to the charge-
density operator, improve the agreement between theory and
experiment (see the dotted and solid lines in Fig. 32). The
dependence of A 4 that we calculated is, for small p,, <150
MeV/s, practically the same as the curve obtained in the
relativistic description.>> The main ingredients of the latter
are:

(a) The use of the complete on-mass-shell current J E](q)
with Dirac form factors F; and F, [cf. (3.25)].

(b) The solutions of the quasipotential equations for the
initial and final states of the np pair with a relativistic np
interaction generated by , p, £, w, 7, and é exchange.

Meson-exchange currents were not considered in
Ref. 53.

On the whole, the sizable discrepancy between the re-
sults of various groups, on the one hand, imposes stricter
requirements on the theory, while, on the other, it requires of
experimentalists more precise measurements at larger p,,
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FIG. 28. The same as in Fig. 26. The dashed (dot—dashed) lines were
calculated with the CC and MEC (CC, MEC, and MC) contributions, and
the solid lines were calculated with the CC, MEC, MC, and SO-current
contributions.

The behaviors of the calculated ratios shown in Fig. 33,
Sp/Sr=Wywr/Wrwe, S /Sr=Wprwr/Wrwy,

where we, wy, and w; are defined according to the CCl1
prescription in Ref. 69, display different trends after the in-
clusion of RCs. In particular, the inclusion of RCs in Fig. 32¢
leads to overestimation of the Saclay data.'>’ The results of
other authors are also overestimated (see Fig. 5 of Ref. 126).

The distinctive feature of the Bonn measurements'*® is
that they probe the high-momentum components of the deu-
teron wave function (314<p,, <653 MeV/s). Under these
conditions relativistic effects play an ever greater role. As
our calculations (solid line in the upper part of Fig. 34a)
show, they improve the agreement between theory and ex-
periment, and they produce a qualitative change in the polar-
ization of the knocked-out protons (particularly at large W).
Of course, in order to understand the true role of the relativ-
istic dynamics at these values of the invariant mass it is
necessary to have a consistent covariant description of the
reaction mechanisms and the deuteron structure.

Relativistic effects are manifested particularly clearly
under conditions close to the parallel kinematics (cf. the
solid lines 7 and 2 in Figs. 17 and 18), when small momenta
of the nucleons inside the deuteron are probed. Our analysis
shows that here the dominant contribution comes from
Darwin—Foldy relativistic corrections.

4.8. Angular distributions and polarization of
cumulative protons in the reaction d(e,e’p)n

Study of the polarization phenomena in deuteron electro-
disintegration at large nucleon emission angles (=90°) rela-
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FIG. 29. The same as in Fig. 27. The differences between the curves are
given in the caption to Fig. 28.

tive to the direction of the incident electron beam, i.e., in the
so-called cumulative kinematics forbidden for eN scattering
on a free nucleon at rest, can provide an additional test for
the mechanisms of particle production at backward angles
(see, for example, the reviews of Refs. 159 and 160 and
references therein).
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FIG. 30. The same as in Fig. 25. The solid line was calculated with the CC,
MEC, and SO-current contributions, and the dashed (dot—dashed) line was
calculated with the 7-MEC (7~ and p-MECs) for A,=1.2 GeV, A,=1.5
GeV and the tensor coupling parameter x,=6.6 (Ref. 96).
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Here we present (Fig. 35) the results of our first
calculations®’” of the angular dependences of the cross sec-
tions and polarization of cumulative protons in the case of
deuteron electrodisintegration. We also show the left—right
asymmetries A,=A, and A ,:

A;=[F(m)—F(0)lloo(m)+0y(0)]7", (4.33)

where F (¢)=o0¢(¢) and F,=oy($)P(¢). These studies
are also of independent interest, because cumulative pro-
cesses on the simplest bound system of nucleons are impor-
tant ingredients in searches for manifestations of short-range
correlations in few-particle clusters embedded in a nuclear
medium.61:162 we prefer to use the meson—nucleon picture,
because we think its possibilities are far from exhausted.

The calculations of Fig. 35 were carried out at fixed
values of the energy E=1.8 GeV and E' =1.64 GeV of the
incident and scattered electrons and at scattering angle
6,=15°. This situation corresponds to the so-called dip re-
gion with x<1, where manifestations of non-nucleon de-
grees of freedom can be expected.
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FIG. 31. Dependence of the structure functions isolated in the experiment of
Ref. 54 on the missing momentum. The solid (dashed) lines were calculated

with the FSI and MEC contributions (A=1.2 GeV) and with (without) rela-
tivistic corrections.
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FIG. 32. Azimuthal (left—right) asymmetry versus p,, The dashed lines 1, 2,
and 3 are the results of the calculations in the approaches of Refs. 39, 53,
and 156, respectively. The differences between the dashed and solid lines are
the same as in Fig. 31. The points are taken from Ref. 54.

We see that FSI effects play an important role in forming
the cumulative proton angular distributions. The FSI distor-
tions can probably be imitated by adding non-nucleon com-
ponents to the deuteron wave function. However, when cu-
mulative proton polarization is studied simultaneously this
procedure is subjected to serious tests. The inclusion of
MEQC:s generated by 7 exchange slightly changes the DWBA
predictions.

Work on off-shell and relativistic effects in this region is
in progress.

5. CONCLUSION

Among the problems and successes in current studies of
polarization phenomena in photo- and electrodisintegration
of few-nucleon systems are the following:

(1) Measurements using polarized deuterium and helium
targets and polarized high-intensity photon and electron
beams are among the main activities at many scientific cen-
ters. This research, which has already produced rich informa-
tion about the properties of bound nucleons, is constantly
becoming broader (especially with the introduction of elec-
tron accelerators with a small off-duty factor).

(2) The presently existing theoretical results in the spin
physics of very light nuclei using unpolarized and polarized
photons and electrons (especially reactions with the detection
of scattered electrons in coincidence with nuclear fragments)
form a solid basis for future polarization experiments which
will be even more informative. This joining of forces of
theoreticians and experimentalists can lead to a deeper un-
derstanding of the effect of the nuclear environment on the
electromagnetic interactions of a bound nucleon (for ex-
ample, off-shell effects at the yNN vertex, which have been
little studied so far), the role of meson exchange in forming
the spin-dependent response functions of few-nucleon sys-
tems, and the behavior of nuclear wave functions at small
distances in approaching momentum transfers ~1 GeV/s.
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FIG. 33. Ratios S;/S7 (a) and S7;/St (b) versus p,, for g=400 MeV/s.
The differences between the curves are given in Fig. 31. The points are
taken from Ref. 157.

(3) Satisfaction of the requirements of gauge indepen-
dence of the theory is important for achieving these goals. In
particular, as shown by our calculations, the proton polar-
ization for the reaction d(e,e'ﬁ)p, the tensor asymmetries
of the target for the reaction d(e,e’'p)n, and the beam
asymmetry in the reaction He(7,p)d 