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Tvvo-body correlations from (e, e'd) reactions: He(e, e'd)2H as a test case
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The utility of (e, e d) reactions in providing information about dynamical correlations in nuclei
is discussed. The breakup of He into two deuterons is taken as a model case. We show how
two-nucleon dynamics of both short range and tensor nature affects the (e, e'd) cross section in
difFerent kinematical regions. The role of final state interactions is also discussed. Within our
model, kinematical conditions can be chosen to emphasize the sensitivity to a particular aspect of
the ground state dynamics thereby suggesting promising avenues for experiment.

PACS number(s): 21.45.+v, 25.30.Fj, 27.10.+h

I. INTRODUCTION

Electron induced two-body knock-out reactions appear
to offer the most direct route to studying nucleon-nucleon
correlations in nuclei [1]. The two-nucleon emission pro-
cess provides richer and more direct information on NN
dynamics than does the one nucleon knock-out process.
In fact it is evident that one-body knock-out reactions re-
flect the two-nucleon dynamics only in an integrated way.
Nevertheless (e, e'NN) experiments are difficult because
they involve triple coincidences. However, an interesting
exception occurs in the (e, e'd) reaction which was pre-
viously suggested as a tool for investigating short range
correlations [2—8].

The viewpoint most often taken regarding dynamical
correlations is that they are given by the difference be-
tween the true two-body density and the one of an inde-
pendent particle model (IPM). In this picture the IPM
is considered the approximation wherein the sole effect
of NN interactions has been to establish a mean field.
What is missing then are two-body and higher order cor-
relations which do not allow the wave function to be ex-
pressible as a single Slater determinant. For example,
dynamical NN correlations would appear as an infinite
sum of Slater determinants describing the scattering of
a pair of particles in an occupied orbital to orbitals far
above the Fermi surface.

Clearly what is required in order to experimentally
study correlations is direct access to the two-body den-
sity. As is well known this is not easy and, even if one did
have such access, there would stiH remain uncertainties
because the free two-body density is not an observable.
That is, the extraction of the dynamical part of the two-
body density would not necessarily be straightforward.
In principle the integrated strength of the longitudinal
form factor can give direct knowledge of the two-body
density. There are obvious experimental difficulties with

this approach although it has been carried out for He

[9]. It has been shown [4] that (e, e'NN) or (e, e'd) cross
sections could provide direct information on the two-hole
spectral function only by invoking rather severe assump-
tions. In fact, as opposed to the case of one-body knock-
out reactions, here the neglect of final state interactions
(FSI's) and proper antisymmetrization still does not per-
mit a factorization of the cross section. Rather, to obtain
factorization one requires the additional approximation
of zero-range NN interactions [10]. This is an unaccept-
able condition for a formalism designed to help investi-
gate just that question, namely, the nature of NN cor-
relations in nuclei.

Cognizant of these difficulties we adopt a different ap-
proach in our study of correlations from the two-body
knock-out cross sections. We calculate and compare two
cross sections: one obtained within the assumption that
the nucleons move nearly independently and one in which
some model correlations are superimposed on top of this
independent motion. In addition all other conditions
such as FSI's can be Gxed. By nearly independent mo-
tion we mean that the model properly includes the effects
of antisymmetrization and center of mass motion. Thus
there are already minimal two-body correlations present
in our nearly independent motion model, namely, those
due to Pauli and center of mass motion. In this way we

avoid the ambiguities related to the (non)factorization of
the cross section and hence we can check various kinemat-
ical regimes for sensitivity to the additional short range
and tensor correlations.

The aim of this work is to study in a model case the
sensitivity of the (e, e'd) cross section to dynamical corre-
lations. Various kinematical regions are explored in order
to Gnd those where particular aspects of the ground state
dynamics dominate the cross section. At the same time
the influence of FSI's is analyzed to understand whether
or not they can mask ground state correlation eKects. All
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this is done in the model case of He(e, e'd)d. The choice
of this reaction stems flLom the following two considera-
tions. First, as already mentioned, the concept of corre-
lations applies to systems for which the IPM represents—with c.m. corrections —a reasonable approximation.
In our view He is the lightest and therefore simplest sys-
tern where this is true. Second, in order to simplify the
study of FSI's, a reaction in which the (A —2) system
remains in its ground state is preferred.

Although we do not expect the model presented here
to be realistic enough to permit a serious comparison of

our results to data, it may nevertheless be a useful guide
to future investigations of (e, e'd) knock-out from heavier
systems. Our model is simple but we have constrained
it to be as realistic as possible. This is accomplished
by choosing parameters so that quantities like elastic
form factors and asymptotic D/S ratios compare favor-
ably with the corresponding quantities from experimen-
tal data or more realistic few-body calculations. However
our treatment of FSI's is at best rudimentary and impor-
tant efFects such as inelasticities due to channel coupling
are neglected.

II. FORMALISM

In general the (e, e'd) cross section can be written as

dso (Mgp) 1= o Matt
I I

(VL+L + VT+T + VLT+LT + VTT+TT))
deq dAq dAq g 2 ) 1 —q 2p cos 8&q

where ep and Op are the scattered electron energy and solid angle, Op and p are the laboratory system solid angle and
momentum of the detected deuteron, q is the magnitude of the three-momentum transfer of the scattered electron,
and 8&q is the angle between p and p. The kinematical factors V are de6ned as

VL= —,, VT=, +tg
I

—I,'4 '4 ~ &8~1

q 2q2 (2) (2)

1 q„' q„', (&.&—", +tg'
I

—
I

VTT
~2q q' (2) ' 2q' '

where q„and 8, are the electron four-momentum transfer and scattering angle, respectively, and where the structure
functions F are given by

FL = l&flPli)l, FT = i&f1J+Ii)l +' l(fl J li (4)

+LT = —2Re(f Ipt I') ('I J+ J—If) ETT = 2Re(f
I
J+'Ii) &il J- If) .

Here p and J are the nuclear charge and current operators, respectively, and

1
Jy = p (J 6 iJ„).

2

Antisymmetry of the wave functions allows one to write the matrix elements (f I J„li) as sums of direct and exchange
terms:

(flJ„li) = /2A(A —1) D+ EA —2

With a choice of coordinates where the nucleus c.m. coordinate is R, the displacement between particles A and
(A —1) is x, the displacement between the center of mass of those two particles and that of the (A —2) system is y,
and the Jacobi coordinates ('q, g2, . . . , g& s are relative coordinates of particles in the A —2 system, D and E assume
the following forms:

D =).&C'p(x y)@'~(6, C2, " &A —3)le "'"e * " '"4(A)li)
P

E = ) &4'p(x, y)@p(fz, (2, . . . , (& s)le'& "e'"-& '~"-' J„(A —2)li),
P

where @p($&,$2, . . . , g& s) are the antisymmetric eigenfunctions of the (A —2)-particle Hamiltonian, and 4&(x, y)
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the projections of the final state on 4'p($~, (z, . . . , $z 3), i.e. ,

@p(x~y) = "~&' '"~&—3@@(~»~» . ~~&—3)@f( ~»~»~»''''~& —3) .f

The one-body current operators J„(n) are 2[1 + T3(n)]
for the charge p, 2[1 + r3(n)](—i/m)V(n) for the con-
vection current, and iq x [p, + p„r3(n)]cr(n) for the spin
current. Specializing to the case of the He(e, e'd)d re-
action, the residual A —2 system is simply a deuteron
so that @p($&,$2, . . . , g& 3) becomes dM(x), a deuteron
wave function with spin projection M. Then

4p(x, y): 4o(x, y) = dM(x)&„(y),

and 4p(a) is the relative wave function corresponding to
four nucleons in a harmonic oscillator OS orbital. Thus,

op(~) = @
I I

@
I

l@(~y) 1[1]' ~=oT=o)(ccxb /n()
2) & 2)

(16)

where

where y„)(y) is the asymptotic ingoing wave of the two
deuterons with relative momentum K. Thus, in this case, 4(nz) = Ro(z)Yoo(z) = 4o,3

e 2 Ypp(z) .
7r

D = (dM(x)dM (()y& (y)le'&'"e'&'"J„(A)lcc), (12)

where ln) represents the He ground state. The exchange
term E is obtained by the replacements

E = D [y m —y; x m —(] .

The relative coordinates are defined through

x=r3 —r4,
1

y = —(rq + r2 —r3 —r4)
2

(18a)

(18b)

In the following we describe our model in detail and
then give explicit expressions for D and E.

III. DESCRIPTION OF THE MODEL

A. Ground state model

We want to allow for both NN correlations as well
as a D-state component in the He ground state. The
correlated S-wave part is taken as

(14)

where No is a normalization constant, the Jastrow func-
tion is of Gaussian form

(18c)

or, in terms of particle coordinates r, and the usual c.m.
coordinate R,

r~ ——R+ —,'y
r2 ——R+ -'y

r3 R 2

r4 ——R —
—,'y

+ —,'$,
1+2X)
1—X2

(19a)

(19b)

(19c)

(19d)

cr,, = cr(i) —cr(j), (2o)

Next a D-wave component is introduced into the alpha
particle ground state. To do this we follow the method
Gerjuoy and Schwinger [11]. These authors did not use
isospin formalism, and so we have to modify their method
accordingly. Specifically if one defines

f("'i &) (15) then the operator

2
M = (cruz . $) (cr34 x) + (cr&2 - x) (cr34 . $) ——(x ()(cruz . cr34),

3
(21)

acting on a state with L = S = J = 0, yields a state with L = S = 2 and J = 0. An antisymmetric wave function is
obtained then by the linear combination

l@~(~' ~')) = ~D [1+ (14) + (»)] M l@s(~' ~'))
= ~~M„ les(~', &')),

where (ij) is a permutation operator and N~ is a normalization constant determined from

1 = (@a(o',w')l@D(o'', p')) = &~(@'s(cz', ~') lM, AM al@s(cz', a')
= 4 ~'(~s( ' ~')IA'( 4 y)l~s( ' ~')) (23)
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where

2+192
(25)

In Eq. (22) we have allowed for possibly different oscil-
lator and Jastrow parameters than what is used in the
S-wave part. Finally the mixing between S and D states
is included by a mixing angle ~. Thus our model for the
alpha particle is now

4'( He) = cos(e)4s(a, p) + sin(e)@~(a', p') . (26)

The ground state wave function described above con-
tains several parameters which need to be constrained

3/'(x, g, y) = $ + x +16y +6((' x) —12(g. y)
—12(x.y) +8(x +4( y +4x y

(24)

For the noncorrelated case, i.e., 4g(n', p') = @o(n'), one
obtains

&2

in some reasonable fashion. First we set the D-wave pa-
rameters o.' and p' equal to the S-wave parameters o. and

There is no reason other than simplicity for making
this assumption. Neither the S-wave nor D-wave spatial
distributions bear any relation to the one-pion-exchange
component of the N-1V potential. Nevertheless, as we
will see at the end of this paragraph, our model leads to
reasonable results for the static He properties of Figs.
1 and 2. Still there remain four parameters, e.g. , o, , p,
e, and the sign of e. Our procedure is as follows: For a
fixed value of e or equivalently, percent D wave, we ad-
just n and p to obtain the 4He charge radius of (r2),h=
2.80 fm and in addition we fix the position of the first
digraction minimum at q = 10, 13, and 16 fm . That
is, for a given D-wave percentage, we have three sets of
(a, p) which each give the correct nuclear size but corre-
spond to Jastrow correlations of varying strength, the set
giving the form factor minimum at q =10 fm being the
strongest. In detail the model charge radius is computed
&om

(R.'hs) = (~('He)
I

—).[r(t) —R]' -[1+~s(t)]1@('He))

1 2(4( He)~ —(x'+y +2x. y)~4( He))

= cos (e) (4's (o., p) i
—(x + y + 2x . y) i

4's (a, p) )4

+4' sin'(e)(4s(o. , p)~
—(z + y + 2x. y)A'(x) 4c) y)~4's(a, p)) (27)

Since we take the proton radius as (r )=0.64 fm the

value of (R,& ) is set to 2.16 fm2. Similarly the model
elastic charge form factor is obtained by the replacement

with

1 Aq~q( —1, —1, k)
shoo k2 Aozoz(0, 0, k)

—(z +y q2x. y) + e'"t("+")
4

(28) 10

in Eq. (27). Since the wave functions and correla-
tion functions are Gaussians, the integrals required can
be performed analytically. A symbolic logic program,
MATHEMATICA, was used to keep track of the algebra.
Thus there is no truncation of the correlation function in
the calculations described here. Figure 1 illustrates the
elastic charge form factors corresponding to P~=1&%.
We note that even more realistic calculations [12] can-
not describe the high-q form factor with only a one-body
charge operator.

The above criteria do not determine the sign of the
mixing angle. However, the experimental determination
of the parameter D2, which is related to the asymptotic
ratio of the radial D- and S-wave functions in the d + d
amplitude, suggests a definite sign, which according to
our definitions corresponds to a positive mixing angle e.
The D2 value is given by

10
--- -.-.- ~14.8---- ~7 53
—- —~3 26
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FIG. 1. Charge form factor of He for the models with
Po = 10%: model 4 (dotted curve), model 3 (dashed curve),
model 2 (dash-dotted curve). Experimental data from [19,20j.
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A'„„(M,M', k) = 47r A (dM (x)dM (6 )Yi (fltI) ji (ky) I
e('He)) .

50

The results for D2 with positive e and the parameter val-
ues for the various models are listed in Table I. One notes
that all D2 values are compatible with the experimental
result of —0.3 6 0.1 fm [13]. To further demonstrate
that our D-state model is not much at variance with
more realistic models Fig. 2 compares our Ao&o&(0, 0, k)
and A&22&( —1, —1, k) amplitudes to those obtained using
more realistic He wave functions [14]. Thus we are confi-
dent that the parameter sets shown in Table I will enable
us to study the He(e, e'd)d reaction systematically with
respect to ground state properties such as short range
correlations and D-wave content.

B. Final state model

1
dM(x) = U(x) + W(x) Si2 yM rlo,

8
(34)

C. Transition matrix elements

The direct and exchange parts of the matrix element
of the charge operator

i(m, MM'
l p l

4( He)) = ~24 [DMM (p) + EMM (p)]

(35)

where U(x) = u(z)/z and W(x) = w(z)/z are obtained
from the Paris potential [17] and Si2 denotes the tensor
operator.

The final state we consider is an incoming wave corre-
sponding to two deuterons with asymptotic relative mo-
mentum m, i.e.,

(x, y, ( l~, MM ) = IfM(x)dM' (g)y (y) ~ (31)

are given by

DMM'(p) = — (~, MM'
l
e '~ "+"

l
@('He)), (36)

2

where in the limit of no final state interactions between
the outgoing deuterons one has simply

(32)

Our estimates of the efFects of final state interactions will

adopt the method of [15,16] in which y„(y) is con-
structed from a d-d cluster model employing a Woods-
Saxon potential. In essence this just; means that we make
the replacement

EMM (p) = —I (~, MM'le+ ~' ~+"
l

4'( He)), (37)
2

where we have used the fact that only the isoscalar part
can contribute to this process. A relationship between
direct and exchange parts can be obtained after invoking

10

(a)

ji, (Ky) -+ RL, (K, y) e*",

where BL,(r, y) is the Lth partial wave in the Woods-
Saxon potential. This model for the FSI is primitive. A
proper many-body calculation would include the coupling
of the d + d state to other channels such as the (3+1)
and (2+1+1) channels. Such calculations, using modern
potential models, are only now becoming feasible for the
three-nucleon system and are not yet practical for the
four-nucleon problem. In the meantime we hope that
our treatment of the (2+2)-body breakup channel alone
may provide a useful guide to the importance of the FSI
and ground state correlations.

For the deuteron wave functions dM we take

TABLE I. Model parameters, position of elastic form fac-
tor minimum (q;„),and asymptotic D/S ratio D2

10
Al
ol

10

10

C)
C)
CO
CI

10

(b)

o [fm ']
Po [%]

No
N~

q';„[fm ']
Dg [fm ]

Model 1
7.596
0.7382

0
1.0776

13.0

Model 2

3.264
0.7815

10
1.2628
0.0203

10.0
-0.21

Model 3
7.533
0.7531

10
1.0786
0.0203
13.0
-0.23

Model 4
14.784
0.7437

10
1.0294
0.0203

16.0
-0.24

Model 5

7.860
0.7667

20
1.0739
0.0211

13.0
-0.33

10
0.0

I

0.5
I

1.0
kffm ]

1.5 2.0

FIG. 2. The amplitudes Ass( —1, —1, k) (a) and Azz(0, 0, k)
(b) for models 3 (dotted curve) and 5 (dashed curve). The
results for potential models of Argonne (dash-dotted curve)
and Urbana type (solid curve) from [14).
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the various permutation and parity properties of the wave
functions. One obtains

EMM (p) = —{ l(K, MM'
~

e ~'{" "l
~
e( He)), (38)

2

which is almost the same as DM M except for the sign of

y in the exponential.
To calculate the charge matrix elements one has to

perform the following nine-dimensional integration:

where

(.)+~ (.) = fff~'*~'«"x! '(~)-( -"'""'+""""')
x cos(e)MMM~ + ND sin(e)MMMM @s(ir, p), (39)

M~~M, ———(MM']M, ~ ~ [1] S = OT = 0) (4o)

denotes the spin and isospin dependent piece. Note that M s is defined in Eq. (22), while M,&
——1. The matrix

elements fulfill the following symmetry relations:

M M'
MMM =( ) (41)

MM M = MMM (x~ 4) (42)

Because of these relations, it is sufFicient to give explicit results for the matrix elements with (MM ) = (1 —1), (0,0),
(0,1), and (1,1).

For the S-wave part only three combinations of M and M' lead to nonvanishing results [(1 —1), (—ll), (00)]. In
detail one finds

+ ' + ) (—) [3m + b p(l —3m)] Y2 (x)Y2 (()
1 U(z) U(() Vp(x, {e ) W(z) W(()

8 3 2m Rr 20 6
(43)

and

Mpp ——Re — + ' + W(x)W(() ) Yg~(z)Y2 ~(()
-

U(z)Ug) V,(x, q)- -(—)
+'

I, 4 3 2 2~ 5ir 10 3 —m

where we have introduced

(44)

V (x, $) = U(z)W(()Y2~(() + W(x)U(()Y2~(z) .

The nine matrix elements of the D-wave part generally have the form

2

(45)

MMM' ) z Y2 (z) + f Y2 (() —4y Y2 (y) L(MM (m). (46)

Using the symmetry relations Mpp can be reduced to a shorter expression

2

) z'Y2na(z) +( Y2rn(() 4y Y2vn(y) +pp (m)
m=O

(47)

The most important D wave effects arise -&om interference with the S wave. We list the MMM, (m) only for these
cases:

&i-i(0) = 1 (U(x) U(f) 1 2vr

2 3 ( /10ir
Vp(x, g) + —W(x)W(() ) (6 —5b p)Y2 (x)Y2 (IE)

+i—i(1) — W(x) U(()Y21(x) + W(6) Y21(z)Y2p(() + ~6Y22(x)Y2—1(()
l

(49)
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u, , (2) = W(x) Y22(x)
~3
5

~(()Y o(&) (50)

u (—m) =u (m, x E-+(, Yj (x) M Yj (()).

The structure of the nine-dimensional integral in Eq.
(39) becomes very complicated if short range correlations
are taken into account in the ground state wave function.
Therefore, as in the form factor calculations we have eval-
uated the integral using the Monte Carlo method.

IV. RESULTS AND DISCUSSION

To establish a perspective for viewing the effects of
correlations and FSI's in our model we first discuss some
aspects of a more naive model in which both these ef-
fects are absent. In particular we use an uncorrelated
ground state and the plane wave impulse approximation
(PWIA) for the final state. The first point we wish to
establish through the use of this simple model is that,
for the kinematical situation of parallel kinematics, the
longitudinal response is the dominant part of the cross
section. Figure 3 shows the angular distribution of the
four structure functions for the highest momentum trans-
fer (q2 = 4.79 fm 2, E, = 35 MeV) of the NIKHEFK
kinematics [7] discussed in our previous publication [18].
At this setting, which corresponds to nearly parallel kine-
matics, i.e., Og 15, one can see that the longitudinal
response dominates the cross section at all angles. All
results in this paper are given for kinematical situations
where the longitudinal structure function continues to
dominate the cross section. In this regard it should be
pointed out that a particular feature of the He(e, e'd)d
reaction is that because it is a pure isoscalar transition
the lowest order exchange currents will not contribute to
the transverse structure functions.

In addition to using a simple model for illustrating the
relative order of magnitude of the various structure func-
tions we also employ it to illustrate the role of antisym-
metrization, i.e., the importance of the exchange terms E
in Eq. (7). In Fig. 3 we also show how the longitudinal
structure function depends on this quantity. One sees
that whereas the direct matrix element D dominates at
forward angles, as expected, the exchange term starts to
become important at relatively small angles, in this in-
stance at about 30 . For this reason, although we always
include the exchange term E in our calculations, we will

only show results for 0~ ——0. This might be the course
of action to take with heavier nuclei where E could be
more difFicult to assess.

We present our results as follows: For a fixed value of
the kinetic energy of relative motion of the two deuterons
we show, separately, results for energy transfers to the
left of the quasielastic (QE) peak for deuteron emission

(~ ( 2~~ ) and again for the right hand side of the QE
2

peak (w ) 2M~ ). The first case allows for investigation of
2 g7

10

10 LT

10
LL

10 :( /

(
l

I/

I

10
0 30

/

iL(D)

60 90
0, [deg]

120 150

l

I

ij

I

I

18

FIG. 3. Angular distribution of the four structure functions

FI. (solid curve), FT (dotted curve), Fr,T (dashed curve), and

FTT (dash-dotted curve) at E, = 35 MeV and g„= 4.79
fni (PWIA, no correlations). Fi, (D) is the longitudinal
structure function +shen exchange contribution is neglected.

the structure functions for very high values of the missing
momentum, p = ~p ~

= ~p
—q~, while the range of p

is restricted by the photon point in the latter case. As in
the case of one-body knock-out reactions it is the study
of the dependence of matrix elements on p which is
expected to re8ect most clearly the effect of dynamical
correlations. In the following we investigate deuteron
center of mass energies (E, = h e /Mg) varying from
10 to 200 MeV. Also, when quantities are shown as a
function of p we have plotted the curves using a step size
for p of 0.25 fm . Sample errors due to the Montecarlo
integration are illustrated for all kinematics, although not
for all curves, since the size of the error is very similar
within one kinematical setting.

Figure 4 depicts the longitudinal structure function for
E, = 10 MeV as a function of p for kinematics to
the left of the QE peak. Central correlations are seen
to show considerable effects only for p & 2 fm where
they increase the form factor by one order of magnitude
or more. The further inclusion of noncentral correlations
leads to a marked change in shape of the curves with
the apparent development of a minimum near p = 1.5
fm . This minimum appears to shift to lower p as the
D-wave percentage increases. The change in shape seems
to be due only to noncentral effects. Thus although the
inclusion of FSI's slightly changes the slope, they do not
introduce any minimum structure into the curves. This
is a promising landscape for further experimental work
since we have presented a situation where short range ef-
fects are considerable at high p, where FSI effects do
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10

10

10
0

P =10%
D—- —P M0%D

~--~ ~7.53
~- ~ ~3.26

I I

1 2
p ffm

------ PWIA
——— orth
—- —FBI

PD=0

(c)

FIG. 4. Various effects on
Fi, at E, = 10 MeV and Hq

——0' as a
function of the missing momentum p at the
left of the QE peak. (a) Various D-wave ad-
mixtures, i.e., model 1 (dotted curve), model
3 (dashed curve), and model 5 (dash-dotted
curve). (b) Constant P~ of 10% and vari-
able strength of short range correlations, i.e.,
model 4 (dotted curve), model 3 (dashed
curve), and model 2 (dash-dotted curve). (c)
PWIA (dotted curve), orthogonalised PWIA
(dashed curve), and FSI (dash-dotted curve)
for model 1. The solid curve in (a) and (b)
depicts the uncorrelated PODIA.

not appear to be too strong, and moreover where the
presence of tensor correlations seems to give a definite
character to the curves. Confirmation of these conclu-
sions by a proper quantum mechanical treatment of the
four-body bound state and continuum is desirable but
improbable in the near future.

Figure 5 illustrates the longitudinal structure factor for
E, =50 MeV and energy transfers to the right of the
QE peak. One sees that Fz, appear as bell shape curves
whose height is determined by the strength of central
and tensor correlations while the latter seems to deter-
mine the position of the maxima. Figure 4(c), at low p
and in particular Fig. 5(c) show a very strong reduction
due to FSI's. A large part of this effect can be explained
by the lack of orthogonality in the P%IA. This becomes
evident in both figures if a simple orthogonalization pro-
cedure is employed, i.e., jo(icy) ~ sin[my + b(e)] with
suitable b(e) (see curves labeled "orth"). We have previ-
ously pointed out the importance of orthogonalization in
[18],where we studied the role of FSI's for the kinematics
of the NIKHEFK experiment [7]. Since the effect is only
important at moderate values of E, and q, it will not

be discussed for the following cases where we consider
higher E,

The kinematics on the right of the QE peak presents
comparatively more interesting results as E, increases.
For E, =150 MeV Fig. 6 shows how short range effects
induce a displacement of strength in the structure func-
tions towards lower missing momenta. This results in a
quenching which can be considerable close to the pho-
ton point. FSI's amplify these effects, but the form of
the curves remains unchanged. On the contrary noncen-
tral effects create a minimum between p equal to 1 and
1.5 fm, whose position as well as the height of the sec-
ond maximum are ruled by the D-wave percentage. Such
a minimum occurs because of a cancellation between 8-
wave and 8-D-wave interference contributions. Changing
the sign of the D wave gives rise to a maximum instead
[see Fig. 7(a)]. Studying the structure function in this
kinematical region would allow an independent experi-
mental check of the sign of the D wave.

By fixing the D-wave admixture and increasing the
strength of the short range correlation one simply in-
creases the depth of the minima but does not displace
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FIG. 5. As Fig. 4 but at E, = 50 MeV
and at the right-hand side of the QE peak.
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FIG. 6. As Fig. 4 but at E, = 150 MeV
and at the right-hand side of the QE peak
[result for orthogonalized PWIA not shown in

(c)]. The long-dashed curve in (a) is obtained
with a negative e [see Eq. (26)].

its position. This efFect shows up more clearly if we look
at the E, =200 MeV case as given in Fig. 7. There
one sees for the case with no D wave that short range
correlations create a minimum at p 2 fm . How-
ever this minimum is markedly shifted to lower p by
the presence of noncentral correlations. This behavior is
reminiscent of a similar D-state-induced shift to the left
which occurs in the elastic form factor computed earlier.
A similar shift occurs in the elastic magnetic form factors
of the trinucleons. The reason why it did not appear in
the case of E, =150 MeV is simply a limitation of the
photon point, which restricts the physical range of inves-
tigation to lower values of p . Again as in the case of
E, = 150 MeV, once the D-wave percentage is fixed
the strength of the short range correlation determines the
depth of the minima, but not their position.

Ng I + ) g(r;~) @p, (52)

the second order correlated wave function as

Following the above discussion of our results for the
4He(e, e'd)d reaction we comment on a technical point,
namely, the convergence of the cluster expansion of Jas-
trow correlations. This convergence will be an important
consideration when similar calculations are attempted in
heavier nuclei, where a full Jastrow calculation will be-
come increasingly prohibitive with increasing mass num-
ber A. The 4He nucleus is probably a good test case
because of its high nuclear density. For this test we de-
fine the first order correlated wave function as

ra &n
rrt) i

( ij) g(rrt rt )

g(r V)g(r-)
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FIG. 7. As Fig. 4 but at E, . = 200 MeV
and at the right-hand side of the QE peak
[result for orthogonalized PWIA not shown

in (c)].
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2 2
etc. , where g(r) = e ~ " . In each case we treat the
wave functions as if they were exact; that is, the normal-
ization constants and other quantities are calculated at
the same orders of g(r). The approximation 4q gives
more than 97% of the complete Jastrow result up to
p = I fm . That percentage decreases to 88% at
p = 2 fm . About half of the remaining difference
to the full calculation is then recovered by the second or-
der. Thus we conclude that for the case of heavier nuclei
a second, or even a first order, Jastrow calculation would
be suKcient to describe the effects of correlations.

In summary our results show that there are various
interesting effects due to short range and tensor correla-
tions in the 4He(e, e'd)d reaction. Particularly interest-
ing is the increase of the longitudinal structure function
at high p due to central correlations for the kinemat-
ics, on the left of the QE peak. Similar to the one-body
knock-out case this sensitivity to short range correlations
is probably reminiscent of the analogous sensitivity of
the two-nucleon center of mass momentum distribution
to the same effects. However, the link between the cross
section and the two-body momentum distribution cannot
be established.

We have found an interesting feature of the longitudi-
nal structure function caused by the D-wave admixture,

i.e., the minima which appear on the left as well as, and
even more pronounced, on the right of the QE peak. The
search for and study of these minima in He as well as in
heavier systems could provide information on dynamical
correlations of tensor character. They would also allow
an independent experimental check on the sign of the D
wave in He. Finally, with regard to central correlations,
we could show that the various orders of the Jastrow cal-
culations converge rapidly, which is an important fact for
similar calculations with heavier nuclei.

In spite of the simplified model used for the reaction,
particularly the lack of coupling to other channels in the
final state, these results can be a useful guide for future
theory and experiments.
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