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In  the absence of free neutron targets, neutron form factors are normally deduced 
from electrodisintegration of the deuteron (1). Assuming a one-photon exchange, the 
impulse approximation away from the forward direction leads to a cross-section for 
this reaction which is just the sum of the cross-sections of the proton and the neutron, 
folded into the momentum distribution of the deu- 
teron. This however neglects the effects of final- 
state interactions between the neutron and the proton. 
For low momentum transfers, DURAND (2) and Mc- 
GeE (3) have studied this by making an effective 
square-well potential model for each of the n-p par- 
t im waves. For large energies of the n-p system 
this procedure is tedious, but  in this l imit the final 
state may with advantage be described by an eikonal 
wave function (4). 

If we neglect the effects of spin, then, using the 
notat ion of Fig. 1, the amplitude for the scattering 
from deuterium is 

(1) F = ]p(P, q)F(k~, q) + ]n(P, q) F(k~, q ) ,  

P q P' 

__ _ p  
Fig .  1. - K i n e m a t i c s  for  t he  r eac t ion  
ed~-~epn.  The  reco i l ing  p r o t o n  in-  
t e r ac t s  w i t h  the  s p e c t a t o r  n e u t r o n .  

(1) W.  AUBRECtIT, ]~t.-J. BEHRUND, H .  DORNER, W.  FLAUGER a n d  H.  ttULTSCHIO: Phys .  Le f t . ,  
9.6 B,  64:2 (1968). 

(t) L.  DURAND: P h y s .  l~ev., 123, 1393 (1961); 115, 1020 (1959). 
(0  I .  J .  MCGEE: P h y s .  Bey . ,  161, 164:0 (1967). 
(4) R .  J .  GLAUBER: Lectures at the S u m m e r  Ins t i tu te  /or Theoretical Physics ,  Boulder,  Colo., 1959, 

Vol.  1 (New Y o r k ,  1960). 
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where /p~,,) is the scat ter ing ampl i tude  from a free pro ton  (neutron) and F is t i le form 
factor  

(2) 
t, 

F(k .  q) = j ,/'*(r) exp l ikr] ~(r) dar 

with qo tile normal ized deuteron  wave  funct ion  and y, the in ternal  wave  funct ion of tile 
recoil ing n-p system, which is llllity ill tile absence of res( 'at tering corrections.  For  large 
momentu , , l  transfers,  1)roviding the n-p charge exchange potent ia l  is small,  the inter-  
ference te rm betwe(m ]p and 2'~ is negligible and so we cmt calculate  the cross-sections 
for scat ter ing from the proton and the neut ron  separately.  The eikonal  approx imat ion  
to the final wave  funct ion is 

(a) 

g 

where b is the impac t  pa rame te r  for the sca t ter ing  and Z is the  direct ion of the re la t ive  
m o m e n t u m  K. For  momentun~ transfers  q. much larger than  the Fe rmi  motion,  the 
Z-direct ion can be taken  along q. The effective n-p potent ia l  Vp, can be deduced sinlply 
from the n-p ampl i tude  (a). but  a more direct  approach is preferred.  If  the range of 
the n-p force were llluch larger  than  the deuteron  radius, then  we could pu t  Z =  0 
as the lower l imit  of in tegra t ion  in equa t ion  (3) and thus derive a form of Watson ' s  
theorem (5) 

(4) 

co 

[;J l ,/'*(r) : exp -'_~c V ( b . Z ' ) d Z '  = , 'xpfi¢)(b)] . 

o 

i.e. the  final s ta te  just  acquires ~ phase g iven  by the impact  pa ramete r  phase shift  6(b). 
In  pract ice  we are faced wi th  a lmost  the opposi te  condit ion.  Because of the  hard  core, 
i t  is a good first approx imat ion  to take  the neut ron  and tile p ro ton  as nonaver lapp ing  
in the  deuteron,  and hence 

(5) */,*(r) = exp I2ia(b)] O( Z) ~. O(Z) . 

.i.e. if the  e lectron kicks the pro ton  towards  ti le neut ron  it  gets the  full  phase shift  25(b), 
o therwise  it  stays unchanged.  R e a r r a n g i n g  (5), 

(6) , / ,*(r)- 1- F(b)O( Z) .  

where  the imi)act pa ramete r  a lnpl i tude F(b) is connected to the sca t ter ing  ampl i tude  / 

(5) [U~, 51. \VATSON: t'hlls, leer,, 88, 1163 (1952). 
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of momentum transfer q by  

(7) if F(b) = 2 ~  exp [--iq.b]/(q) d2q. 

Substi tut ing (7) and (6) into (2) 

1 f d3pq~(p) ](k ~_pb) 
(8) 9(k, q) = q~(k) + ~ kZ--P z - i e  , 

where ~v(p) is the deuteron wave function in momentum space and pb are the components  
of p perpendicular  to the  direction of q. The first te rm in (8) is the usual plane-wave 
approximat ion;  the  rescattering corrections arc all  in the second term. I t  is interest ing 
to note tha t  if one writes down a Feynman  integral  corresponding to Fig.  1 with the  
~ b l o b ,  being the p-n ampl i tude  and makes the Glauber approximat ion of linearizing 
the propagator  of the struck nucleon, one immedia te ly  obtains the second term of (8). 
Unlike most applications of Glauber 's  theory, the off-shell pa r t  of the propagator  does 
not  vanish from the final expression (6). 

In  simple experiments (1) only the  angle and momentum of the scat tered electron 
are measured, fixing t and k . Thus we require 

d2ct 

(9) dtdk"-- [it°l* + t1,#]-r. 

For  high-energy small-angle scattering 

(lo) k z ~_ 2m(p- -]p- -q l  ) + t 
2q 

Using our expression (9), and spl i t t ing the p z  integrations into pr incipal-part  and 
delta-function contributions, we obtain 

(11) I ~ 1 + ~ + 9 ~ +  ~ B = 93  + 93  , 

(12a) 91 = f d ko[ (k) , 

1 
(12b) 9~ --  

2a:K 
f d2p b d2kbcp*(pb, k z) q~(k b, k z) hn  (](/d - - p ~ ) ) ,  

02c) 
1 /, 3 2 k b ? " d T d  * ' 'k '  

/~2 n =  ~ J k z - - ~ - ~  v tp)~t ~ Re(l(kb--Pb)), 

(*) D. R.  HARRINGTON: Phys. Rev., 184, 1745 (1969). 
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(laa) 1,'3' = , f  l~i.7"-'K-' d 2 1 / ' d 2 p ' l ' ~ ( p  ''. 1 , ' z )q (p% t , ' z ) / (k  ~' ... p t ' ) / * ( k~  p " ) d " U ' .  

1 
(13b) F~ 

1 6.-P l (  2 
c p f  daP dap ' 

(L.z p z ) ( k z  pz )  
7 * ( p ) , # p ' ) / ( k  ~ - p ' , ) / * ( k  ~, p~,)del, .', 

Suppose now that  lhe n-p sys t em has insufficient energy  for pion produc t ion .  Then 
for F a we can use mfitari~y and  spa, e.e inw' rs ion  

(14) f f* (k" -  p ' " ) / ( k  ~' p " ) , t k "  = 4 n K  l m  ( / ( p " . -  p ' " ) )  

to give 

(15a) 1,'3 ~ 1 " 

l P ? ( ( l a P d 3 p ' q : * ( p ) q ( p ' )  In, ( / (p~  p ' ) )  
(15b) l"~ = 4-r3 t (  j (k z pZ t ( t . z  p ' z )  

Abow,  the pion produc t ion  threshold ,  the  expe r imen t s  do not  de te rmine  whe the r  pions 
are p roduced  in the resea t te r ino .  But  F a in equa t ion  (13) involves only elastic final 
st ' l tes.  F o r t u n a t e l y  the un i t a r i t y  re la t ion is deficient in exac t ly  the santo way,  so t h a t  
if the  extr~ eh 'mnels  are i n t roduced  into equa t ion  (13) and in to  the un i t a r i t y  rela- 
t ion (14) t hen  it ean easily be seen t h a t  (12) and  (15) also describe pion p roduc t ion  in 
the final s ta te .  For  example  they  sa t i s fy  the  closure stun rule, whereas  equa t ions  (12) 
and (la) do not.  the two neu t rons  in ~eneral  not  forming  a comple te  set  of s ta tes .  

F o r  eomlmia t iona l  ea.~e the  amp l i t ude  was p a r a m e t r i z e d  as a Gaussian 

Ka~r~n( I i gw)  
(1~) /(q) - -  i ,,xp [ -  fl~,[-' 2 j .  

4~ 

The to ta l  cross-sect ion da t a  w e r e  ob ta ined  from the  da ta  compi la t ion  of V~rlLSON (?), 
the  va.tue~ of Ow f rom the  dispersion relat iov calculat ions of CARTEr¢ and Bua(~ (s) 
and fi~ was ob ta im,d  by  inspec t ion  of the  scalar  amp l i t ude  unfo lded  from t.he Mac- 
Greg~or, A r n d t  and  Wrigh~ phase  shi f ts  (~) at t =  0 and t = - - 1  al~ each value of K.  

The wave func t ion  was wr i t t en  a.s a sum of O'mssians  

(17) q(P) ~ a,. ,'xp [ b , p  "2] , 
i=1 

where the  coefficients a i and  b, were chosen (~) s as t~ reproduce  re sore bly the  

(;) It. \VILSI)N: The .\-~t-h',n-_\'u,'le,ll l ,h 'rm'l ion (New York, 1963). 
(s) A. A. CARTER and IL V. IH-~O: l'h!ls. Lell.,  20. 21)3 (19661. 
(~) ~[. [{. )[XI'I4RI.]GI~(~R, 1~. A. ARNI)T and H. 31. \~'I¢IOI{T: l)hys, leer., 182, 1714 (1968), iu(!l~,lding 

rofet'enees to lheir o:~rlier work: their data listing: l,.lt.I,, t.vept'int UCHL-50426. 
(1~) ( . I . .kLBI4RI:  private eOllllllltllieotioll. 
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Gartenhaus s-wave function. The integrals in (13) and (15) can then be done in terms 
of Gaussians and Dawson's integral  D (11). As a simple example, at  the peak of the 
momentum spectrum of Fig. 2 (kZ~ 0, and F 2B = F3B ~ O) if we take only one term 
in the wave function expansion (17), we find tha t  the rcscattering reduces the cross- 
section by  a factor ( 1 - -  %JSzb),  i.e. by  the order of 4%. This rough est imate is 
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Fig .  2. - Curve  _4) r ep re sen t s  a t y p i c a l  t heo re t -  
i ca l  s p e c t r u m  for  d e u t e r o n  e l e c t rod i s i n t e g ra t i on .  
Curve  B)  is t h a t  p a r t  of t he  s p e c t r u m  w h i c h  i s  
due  to  t he  f ina l - s ta te  i n t e r a c t i o n  (a f a c t o r  of 

- 10 is inc luded) .  
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Fig .  3. - P e r c e n t a g e  r e d u c t i o n  in  t he  p e a k  h e i g h t  
due  to  f ina l - s ta te  i n t e r ac t i ons .  Curve  A)  is  cal-  
c u l a t e d  v i a  u n i t a r i t y  (eqs .  (12) a n d  (15)), w h i l e  
cu rve  B)  neg lec t s  p ion  p r o d u c t i o n  (eqs.  (12)  

a n d  (13)). 

borne out by  more detai led calculations with the full wave function. There is a l i t t le  
uncer ta inty  about  the values of f12 to be used, but  since fl2<<b~, this does not  signif- 
icant ly  affect the results. In  Fig. 2 a typical  theoretical  momentum spectrum of 
d a / d ~ b  diD' for the electron scattering from the proton only and corresponding to the 
sum F I +  F2-{-F 3 is plot ted against  P ' =  I P - - q l ,  the scat tered electron's momentum, 
together with the correction te rm corresponding to F 2 + F3, for this cross-section. 
The off-shell contributions, especially ~ have a re la t ively big effect for large k z since 
they decrease only as 1/(kZ) 2 ra ther  than  exponential ly.  However the cross-section is 
then small  compared to the  background due to direct pion production etc., so tha t  this  
is not  significant. I t  would though be interest ing to look for this ta i l  in coincidence 
experiments.  The reduction factor in the peak height is only a function of t if spin 
dependence is ignored, and this is plot ted in Fig. 3. If  the approximate  formula (13) 
ra ther  than (15) is used the effect would be rather  larger, up to 7% (see Fig. 3). This 
is due pa r t ly  to the pion production and pa r t ly  to the inabi l i ty  of the paramctr izat ion (16) 
to be uni tary.  

Work is a t  present  in progress on the inclusion of spin dependence and the deuteron 
d-state, but  prel iminary calculations indicate tha t  apar t  from the well-known apparent  
reduction in the overall  normalization (relative to the s-state calculation) of the order 
of 5% due to the weak scattering of the d-state (2), the percentage effects of the final- 
s tate interact ion are not  al tered by  much. I t  is also hoped to consider these effects 

(11) M. ABR~OWITZ a n d  I .  A .  STEGUN.* Handbook of Mathematical Functions (New Y o r k ,  1965), 
p.  298. 
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in the ease of coincidence experiments, which have recently attracted considerable 
experimental effort (1+). I t  is possible that  the approximate wavefunction (6) or its 
partial-waw, analogue will find other applications in final-state iilteraetion calculations. 
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