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The cross section for the d(e, e'p)n reaction is calculated for quasi-free kinematics in the impulse approximation includ- 
ing the final state interaction and the pair current contributions. Its dependence on the recoil momentum agrees quite well 
with recent Saclay data up to p = 350 MeV/c. We also show how a measurement of the cross section for quasi-elastic scatter- 
ing in which one detects low energy protons may provide information on G~. 

The electromagnetic properties of  the deuteron are 
of interest for several reasons: (i) the deuteron plays a 
central role in establishing the properties of  the nucle- 
on -nuc l eon  interaction so that  detailed tests of  the 
two-body wave function are essential; (ii) the deuteron 
is the most obvious choice for a source of  neutrons to 
obtain information on neutron form factors. 

The (e, e 'p) reaction recently investigated at Saclay 
with good energy and momentum resolution provides 
a powerful tool to study the electromagnetic proper- 
ties of  the deuteron. For quasi-free kinematics the 
cross section is, in good approximation,  described by 
the plane wave impulse approximation,  where it is di- 
rectly proport ional  to the deuteron momentum distri- 
bution. The primary motivation for the Saclay experi- 
ment was in fact to probe the effects of the deuteron 
D-state, which should show up more clearly at higher 
recoil momenta.  

In this letter we report  on a calculation on the d(e, 
e 'p )n  reaction at quasi-free proton kinematics. For a 
quantitative comparison with the data the effects of  
final state interactions and/or the so-called pair current 
are included. In addit ion we examine the question 
whether the same reaction at quasi-free neutron  kine- 
matics can be used to obtain information about  the 
neutron electric form factor. 

The nuclear current matrix element Ju for the A 
= 2 system can be expressed as [1] 

/ ' d  r f  d3T e i r ' r  
Ju (q )=J  3 J 

(1) 
* ~ 1 

X ~bf(r)L(~ q +x,-~q - x)~bi(r), 

where q is the three-momentum transfer and ~bi, f are 
the initial and final nuclear wavefunctions. For quasi- 
free kinematics the dominant contribution is given by 
the PWlA (fig. la)  

L ( k , / )  = (2rr)3(~ 3(/)J(P)(q ) + 6 3 ( k ) J ( n ) ( q ) ) ,  ( e )  

b c 

Fig. 1. Diagrams considered here: (a) PWIA, (b) final state in- 
teractions, (c) meson pair current. 
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where J(P) (j(n)] is the proton (neutron) current op- # " : , u  -" 

erator. 
The final (pn) state wavefunction is given by 

S dPf(r)= eik'r?XMs ~T ~ ~ , 

where × and r~ are the spin and isospin function, re- 
spectively, and k is the relative (pn) momentum. After 
summing over the final nucleon spins and averaging 
over the deuteron spin, and making the usual non-rela- 
tivistic expansion of the covariant single-nucleon cur- 
rent (neglecting the electron mass and keeping only 
the proton current in eq. (2)) the cross section in the 
laboratory frame can be expressed as 

doPWlA_ o~ 2 1 M 2 

EiE f 47r 3 EpfEnf 

X ~ (E i - Ef - Epf - Enf + 2/1//+ Bd)(Z2(nf)+ Z2(nf)) 

71" X I(2EiEf--~t)aTr(G~;) 2 +~tM-~ (FPPt)2 

( 3 )  
41r 

- "-M GPFP(Eiki "Pt + Efki'Pt) 

+ 27r (FP~2 +2~T (EiEfcos20 lq2) M 2 1- ki'Ptkf'Pt M 2 "2 + 

× (GPMt)21 d3kfd3P f. 

Here 0 is the electron scattering angle, Pi, f(Epf), hi, f 
( fnf )  and ki, f(Ei, f) are the initial and final momenta 
(energies) of  the proton, neutron and electron respec- 
tively; Pt = Pi + Pf, q = ki - kf; t is the four-momen- 
tum transfer. The structure functions Z 0 and Z 2 are 
defined as 

Zl(p) = f drrJl(Pr)ul(r), 
0 

where uo(r ) = u(r) and u2(r ) = w(r). 
Corrections to the PWlA are calculated as follows. 

The effect of  final state interactions (fig. lb)  is in- 
cluded for the l = 0 states 

/ oO00 (r) ~  f= PW - O,r/1 
- 7 ) × o o  

~,[/°(kr) _ v °~1 ~ 1 0 
. 
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(4) 

Of the various exchange current contributions only the 
pair current (fig. lc) which appears to be the dominant 
contribution [2] has been included. The nucleon form 
factors are taken from ref. [3]. The deuteron wavefunc- 
tion and the scattering wavefunction v °°0 have been 
calculated from the Reid soft core (RSC) potential [4] ; 
v011 is obtained from the potential III of  Malfliet and 
Tjon [5]. (The latter potential yields the same phase 
shift for l = 0 as the coupled 3 8 1 - 3 D  1 RSC potential.) 

Quasi-free proton kinematics. In fig. 2 the calculated 
cross section as a function of the recoil momentum p is 
shown for various cases: (A) pure S-state deuteron (Z 2 
= 0), calculated in PWIA, (C) full deuteron wavefunc- 
tion in PWIA, (B) full deuteron wavefunction plus final 
state interactions, (D) full deuteron wavefunction in- 
cluding exchange currents. It is seen that the effects of  
final state interactions and exchange currents are oppo- 
site and largely cancel. Moreover even at larger p the 
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Fig. 2. The d(e, e'p)n cross section as a function of the recoil 
momentum. The experimental points from ref. [6] are renor- 
realized by a factor 1.69. Curve A gives the result for S-state 
deuteron, curve C is the result if the deuteron D-state is taken 
into account (PWlA). The curves B(D) give the result of final 
state interactions (exchange currents) for the full deuteron 
wavefunction. 
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effect of  these corrections is small compared with the 
effect of  including the D-state. The data [6] were 
taken at E i = 500 MeV and two different q values: q 
= 450 MeV/c, 0 = 59 ° and q = 350 MeV/c, 0 = 44.4 °. 
The direction of  q was taken in between k i and pf. 
We have renormalized the data by an overall factor of  
1.69. This factor represents an estimated 25% effect 
from radiative corrections, plus an instrumental cor- 
rection for the target thickness [6]. We find that in- 
clusion of the D-state predicted by the RSC interac- 
tion leads to fairly good agreement with the data. We 
have not made X 2 fits nor have we considered other 
values of  the normalization factor. 

Quasi-free neutron kinematics. We now consider 
whether it is feasible to get information about the 
neutron electric form factor G~ in a similar experi- 
mental setup. The usual approach, quasi-elastic e - d  
scattering, involves measuring the ratio of  ep and en 
cross sections at the quasi-elastic peak thereby mini- 
mizing uncertainties associated with the two-body 
wavefunction. To our knowledge even in the most re- 
cent of  these experiments [7] it has not proved possi- 
ble to do more than set limits on the departure o f  G~ 
from zero. 

However, the coincidence quasi-elastic scattering 
d(e, e 'p)n may prove useful. By detecting the recoil- 
ing proton and varying the outgoing electron energy 
and/or angle one can selectively explore the kinemati- 
cal region where the cross section is most sensitive to 
G~. It is necessary to find a compromise between the 
following constraints: (i) the kinematics should be 
chosen not too far from quasi-free kinematics to en- 
sure a reasonable cross section, (ii) the proton energy 
must be large enough for it to escape from the target, 
and (iii) momentum transfer must not be too large in 
order to minimize the effects of  G~.  

As an example we have calculated the cross section 
at E i = 500 MeV for fixed pf (corresponding to Ep 
= 12 MeV) and fixed t (t = 0.2 (GeV/c)2). Since pf  
is much smaller than nf the impulse approximation 
cross sections (solid lines in fig. 3) have been calcu- 
lated with the neutron current in eq. (2). In the pres- 
ent case in which the knocked out proton is almost 
at rest, the effect of  any reasonable non-vanishing 
value of  G~ is likely to be masked by the dominant 
photon-proton vertex in combination with any process 
involving momentum transfer to the neutron ,1 

:tq We thank A.D. Jackson for bringing this point to our atten- 
tion. 
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Fig. 3. Calculated d(e, e 'p)n cross section at quasi-free neutron 
kinematics as a function of the final electron energy. The solid 
lines represent the PWIA result, the broken lines give the result 
with final state interactions, and the dashed-dotted curve the re- 
sult including the pair current (no f.s.i.). 

Therefore we stress here the corrections from final 
state interactions and exchange currents; these are 
shown by the dashed (dashed-dotted) lines in fig. 3. 
Indeed we note how the exchange current can simu- 
late a non-vanishing G~. This agrees with a similar 
conclusion of  Jackson and Hadjimichael as quoted in 
ref. [8]. 

We note that in the present calculation no effect 
from the isobar current has been taken into account. 
From the results in refs. [2,9] it may be inferred that 
for kinematics not too far from the quasi-elastic ridge 
and low relative n - p  energy (Enp ~ 10 MeV) the con- 
tribution of the isobar configuration is small compared 
to that of  the meson exchange current. With increasing 
energy transfer the effect of  the isobar current is ex- 
pected to become more important; in a more detailed 
calculation of  the present case (Enp ~ 50 MeV) its ef- 
fect should be investigated. 

We wish to thank Dr. Royer for permission to use 
the Saclay data prior to publication, Dr. E. Hadjimi- 
chael and Dr. A.D. Jackson for useful communications 
and Dr. A. Lande for a critical reading of  the manu- 
script. This work was performed as part of  the research 
program of the "Stichting voor Fundamenteel Onder- 
zoek der Materie" (FOM) with financial support from 
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