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Relativistic corrections to Schiff's nonrelativistic analysis of the three-body nuclei form factors are 
estimated. High-energy electron scattering from these nuclei is re-examined using an impulse approximation 
in which the intermediate nucleon states are taken to propagate and interact as free particles. We conclude 
that the corrections to the form factors are small (<5%) for — q2<8 F~2. However, it is shown that they 
assume great importance if the experiments are used to investigate the neutron charge form factor. Various 
effects arising from the use of the impulse approximation are discussed. These include considerations of 
current conservation, of the static limit (q2 —* 0), and of the extraction of nuclear form factors from the 
impulse-approximation nuclear current. 

I. INTRODUCTION 

INFORMATION on the structure of the three-body 
nuclei (H3 and He3—the trions or trinucleons) and 

an independent indication of the neutron charge form 
factor have been obtained from recent analyses of high-
energy elastic electron-scattering experiments per­
formed at Stanford.1 Both nuclei have spin \y and the 
Rosenbluth formula2 has been used in each case to 
extract two form factors. All radiative corrections have 
been included in the experimental analyses. 

Schiff3 has attempted to fit these measured form 
factors by using a nonrelativistic additive electro­
magnetic nucleon current to describe the nuclear-
current operator and making various assumptions 
concerning the form of the nuclear wave function. 
Several attempts to improve upon his results by a more 
detailed examination of the nuclear states4-5 and through 
considerations of general meson-exchange effects5-6 

have been made. In all these papers it has been assumed 
that relativistic effects are small (<5%), the moti­
vation for this coming from the fact that a Foldy-
Wouthuysen (F.W.) reduction7 of the nucleon-current 
operator yields an additional term of relative order 
f/%M2, which is < 5 % (upper limits in this paper will 
always be defined by the present experimental upper 
limit of -f£8 F~2).8 

f Work supported in part by the U. S. Air Force through Air 
Force Office of Scientific Research Contract AF 49(638)-1389. 
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It is the purpose of the present paper to examine in 
more detail, although still not completely, these rela­
tivistic corrections. We first point out the physical 
origin of the parts of the problem from which these 
corrections arise: 

(a) In the intermediate states, both the interacting 
particle and the two "spectator" particles must be 
reduced to nonrelativistic (N.R.) form; 

(b) the nuclear wave function or, in momentum 
space, the vertex that connects three nucleons with a 
trion "the trion-3 nucleon vertex," has, in principle, a 
completely covariant form and this must be reduced to 
N.R. form; 

(c) the nuclear wave function, referred to in (b), is 
normally described in the center-of-momentum system 
(CM.) of the nucleus, while we shall require its form 
in a moving frame. 

We shall consider (b) and (c) together in what 
follows. In Sec. II we set up the formalism so that the 
impulse approximation (I.A.) may be used in a way 
that we consider the most natural here, namely, that 
of using truncated sets of intermediate states. The 
calculation follows in Sec. I l l , where a partial-inte­
gration technique, explicitly illustrated in Appendix I, 
is employed to perform the integrations over the inter­
mediate nucleon momentum variables. In Appendix II 
we indicate how nuclear form factors may be extracted 
from the impulse-approximated T matrix while in 
Appendix III we show that even in the I.A., current 
is conserved. 

n. FORMALISM 

As stated above, the method employed is one closely 
related to the I.A., which in turn is closely related to 
the formalism of the many-body theory. Just as there 
are several equivalent techniques for attacking the 
latter there are several for the former,9 the choice of 

a-b^a^^a^b0—abj 

and in particular qz—(q°)2—qi. The usual conventions involving 
summations and indices are observed. For convenience, we put 
h=c=l, so that the fine structure constant a in these units 
becomes e2, the square of the electron charge. 

9 See, for example, G. F. Chew and M. L. Goldberger, Phys. 
Rev. 87, 778 (1952), who use the time-independent techniques of 
Lippmann and Schwijnger. 
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any particular one depending very much upon the 
nature of the problem. Since high-energy electron 
scattering is more familiarly described in terms of a 
time-dependent formalism2 and because relativistic 
effects are clearly bound up with the idea of covariance, 
we employ the time-dependent approach and use the 
Heisenberg representation. We shall often employ the 
language of field theory, although this is not necessary. 

The complete Hamiltonian H will describe the free 
fields of electrons, nucleons, mesons, and photons as 
well as the specific interactions; that is, we take 
electrons interacting with the nucleon field only through 
intermediate photons, and nucleons with each other 
only through mesons. There may also be a photon-meson 
interaction. All renormalization effects are assumed to 
have been included. 

Let us first consider the electromagnetic (e.m.) 
interaction (the scattering) which is described by the 
term 

J JS*K*nU»(Xn)dXn+ J jS*l)(x.M>(**)d*.l, U ) 

(n indicates the nucleon, el the electron). The electron 
current j M

( e l ) is well known10; it is how we treat iM
(n), 

the nucleon current, that defines the LA. We do know 
that if we include all the mesonic effects in j M

( n ) we 
can replace it by j ^ N )

} the current describing the 
nucleus (N) as a whole, and which, from general 
invariance principles,10 can be written in terms of the 
nuclear form factors. Alternatively, if we include only 
part of the mesonic effects (only those contributing to 
the diagrams in which a meson line begins and ends on 
the same nucleon, or is coupled to a photon), j ^ n ) can 
be written in terms of nucleon form factors. The re­
maining meson effects, in which the meson line connects 
different nucleons, give rise to the binding and may be 
treated in some higher order.9 It is this latter approach 
that we pursue. 

We shall always be working to order o? in the e.m. 
interaction, i.e., only one photon is exchanged between 
the electron and the nucleus. Higher orders have been 
discussed elsewhere in dealing with nucleon2 and a-
particle11 targets, and there is no reason to believe that 
the contribution in our case exceeds these estimates. 

The initial and final states, describing free nuclei 
and electrons, are denoted by |<J>); these are eigen-
functions of the complete Hamiltonian H and are 
assumed to be separable into an electron and nuclear 
part. 

We write the S matrix as 

S&«=<<l>6|Sc|$>a), (2) 

where the subscript c indicates that we focus our 
attention on the "bare" nucleons making up the 
nucleus. 

10 V. Glaser and B. Jaksic, Nuovo Cimento 5, 197 (1957). 
11 A. Goldberg, Nuovo Cimento 20, 1191 (1961). 

BOUND INTERMEDIATE 
STATE STATES 

FIG. 1. The zeroth-order impulse-approximation term in elec-
tron-trinucleon scattering. The kinematical notation as used in 
text [see Eqs. (4)] is explicitly illustrated. 

We now insert two complete sets of states which 
must span the space of H. The LA. essentially limits 
this set of states to those containing no mesons; we 
call these j<£). Hence we define the S matrix in the LA. 
as 

SbJ^ E (*b I *»><*• | Sc 14>n){4>n | * . ) . (3) 
m,n 

If we neglect antinucleon effects, the intermediate states 
will contain only three nucleons. 

The electron sums are straightforward and we obtain 
the expected factor (k0+q|yM

(el) |k0). In calculating 
the nucleon contribution we put the intermediate states 
on the mass shell; this is equivalent to neglecting the 
principal value part of the nucleon propagator. This 
gives rise to a lack of energy conservation at the trion-3 
nucleon vertex, normally associated with the LA.9 

In terms of diagrams, we are considering only Fig. 1 
and rejecting all diagrams of the type of Fig. 2, the 
so-called ladder diagrams. As to actual computation 
there are evidently various methods of approach, e.g., 
one could write down the diagrams initially and use 
Feynman-type rules to calculate, or, as has been at­
tempted with the deuteron,12 use dispersion-theory 
techniques to describe the vertices. We choose the 
direct method of evaluating each factor separately. 

in . CALCULATION 

The matrix element (Sc)mn=(0m|Sc|<£n) describes 
the scattering from a system of independent nucleons 
and can be easily evaluated. One obtains—(we suppress 
the electron factors)— 

SbaI=iS J2 (P&w&|p»—q, XrjpjXj-; p&X*) 
ijkr 

X<p<-q>Xr|i"<«>|p<,X<> 

x (P*,X* ; P;AJ ; P* MI P«wa) 

X 6 [ ^ ~ ^ + ( q 2 + p ^ - 2 p , . q ) 1 / 2 ] , (4) 

where | Fm) represents the nuclear eigenstate of H with 
cm. momentum P and internal quantum numbers m\ 

12 See, for example, H. F. Jones, Nuovo Cimento 26, 790 (1962). 
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YMW/A 

FIG. 2. Two graphs 
showing typical first-
order corrections to Fig. 
1 arising from the 
nuclear vertex. The 
electron contribution 
and notation are 
suppressed. 

W?F?Z 

y;p*A*> is a three-nucleon eigenstate of the 
noninteracting Hamiltonian (H with the mesonic part 
subtracted); p is a momentum and X spin-isospin 
variables; p£ is taken to be on the mass shell: 
pi°= (p^+M2)1'2 (similarly for j and *). 

This may be transformed to a coordinate-space 
representation to give 

Sfeo
7= E E dpidpjdpk 

{ijk} r J 

Xidx^dx/dxk'U(J^i) x%\x/,xk%(px—q)u{p3)u{pk) 

X eiPb' *'er* (**-«)' *i'eripi'xi'eripk' xk'yryjyk} 

X(p l-q,Xr |i^)|p l-,X l-> 

X5[g0~-^0+(q2+p^~2p i.q)1/2] 

X j / dxidxjdxku(pi)u($j)u(pi 

Xeipi'xieip>'xieipk'xkr)?Ti*rii? 

XU{¥a)xhxhxk)e-iP«'x\ . (5) 

The notation £{#&) implies a sum over the three 
cyclic permutations of {ijk}. The exact relativistic 
nuclear wave function U (P; Xi,Xjfxk) transforms like a 
spin-! spinor in "nuclear space"; its dependence on the 
external coordinates of the nucleons (xiyXj,xk) is 
explicitly indicated. Likewise, u(p) is a nucleon spinor 
and transforms like a spin-§ spinor in nucleon space. 
We use invariant normalization for both U and u. 
Nucleon isospinors are represented by r?. The cm. 
coordinate x is related to the xt. 

We now attempt to make a consistent nonrelativistic 
reduction of this equation. Immediately one sees the 
difficulties associated with the time-like integrations 
and the subsequent extraction of energy conservation. 
In this examination we limit ourselves to the assumption 
that, from a proper treatment, these problems would be 
resolved and that the term d(Pb°-Pa

Q+(f) would 
factor from SbJ leaving a completely time-independent 
T matrix. The motivation for this approach is that we 

are hoping to gain insight into the three-body wave 
function. The only forms of this that we can construct 
with any certainty are N.R. and necessarily refer to an 
"equal times" nucleus. In this case one can show that 
the relevant 8 function does indeed factor out. 

We now assume that the above do not introduce 
errors into the problem any greater than those to be 
neglected (one can give plausibility arguments to lend 
weight to this).13 Further, we work in the laboratory 
frame (defined by Po=0) since at the moment, it does 
not appear that any one frame has any overwhelming 
advantage or deeper physical significance. 

We transform to relative coordinates defined by 

rt=Xi— x (similarly for j , k) 

and change integration variables from (xi9Xj,xk) to 
(x,r,p), where (r,e) have yet to be specified. The x 
and x' integrations are now straightforward and we 
can separate out the momentum 5 functions 

«[P&- (pd-^+Pt)+q]«Cpi+Pi+pjfc- Pa]. 

The PA integration then gives the expected 6 (P&—Pa+q). 
The relativistic spinors are replaced by their upper 

("large") components; this is a consistent approxi­
mation so long as g2/36if2<<Cl%. To see this, consider 
the following plausibility argument: U(P) contains 
nucleon spinors whose average momentum is ~ J P ; 
the intermediate-state spinors have momentum p and, 
as illustrated later, these give contributions ~ | q . The 
lower spinor components, which we shall neglect, 
therefore give rise to contributions 

~ | J P | | | q | / 4 ^ . 

As the maximum value of P is q, this factor becomes 
g2/36M2<l%, which is comparable to terms already 
neglected.13 We now have 

2 V ' > ^ £ £ /dPl<*p^(P6-P t t+q) 
[ijk] r J 

XI \dxf \ d9'H\T'tf)xrxpckwmi\ 

Xgt(Pi-q) •*•; Vp/T,-'e-t(pi+p/) 'Xk' 

/Ej+M\/Ek+M\ 

\ 2M A 2M I 

X j \dx\ dgX^X/X^^rjkU-^'^e-^''^ 

Xe*<»*w>-r*ff(r,0)l , (6) 

13 We are essentially always neglecting binding energy terms; a 
term like (p2), the average square of the nucleon momentum in 
the nucleus at rest, contributes ~<p2)/Af2~l%. 
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where H(t,9) is the N.R. nuclear wave function in the 
nuclear cm. system, and the x's are two-component 
Pauli spinors. 

The energy of one of the spectator nucleons Ek is to 
be taken as a function of pt and p ; ; the normalization 
factor for the interacting particle (Ei+M)/2M is to 
be taken as incorporated in the single-particle current 
matrix element, now indicated by a prime. Further­
more, the Jacobian for the transformation to the (t,9) 
system is taken to be one. 

The py integration is easily performed to give de­
rivatives of the 5 function 5(r'—r), where r is defined 
by r^Tk—Tj. We now complete the definition of our 
change in variables by the equation 

(the factor — f ensures that the Jacobian is 1). 
The r' integration is trivial, while the r integration 

can be reduced to a convenient form using a partial 
integration as illustrated in Appendix I. If we neglect 
all terms of 0(1/M4) and terms like (p2)/4M2,13 (this 
is consistent with all our previous assumptions), one 
obtains 

T V ^ E E /dprfCPb-P.+q) fdt(l+—) 

X j [d9'H*(t,9')x1iirr
i**'''e*i*-'' j 

X(p»-q ,Xr |^ ( w ) / |P t ,X £ ) 

x { Jd9xWH(r,9)e^p\ (7) 

Hence we now can obtain the T matrix in a consistent 
N.R. reduced form containing relativistic corrections 
correct to 0{q2/M2). Following the procedure Gourdin 
has used for the deuteron,14 we equate this with the 
invariant form of the T matrix (^Tba

iE)) written in 
terms of nuclear form factors. From this equation, 

This contains the nuclear effects described under (b) 
and (c) in the Introduction as well as contributions 
from the free propagation of the spectator nucleons. 
We emphasize at this point, the role of the intermediate-
state p's. They act as momentum operators between the 
initial and final states and hence can be of order q. In 
general, therefore, care must be taken before dropping 
various orders of terms like p?/M2 when compared to 
terms like q2/M2. 

We have not yet said anything of the interacting 
particle current; from general invariance principles it 
can be written in terms of nucleon form factors2-10 

(^1.2) 

<P*—q, Xr |yen) |p<, Xi)=u(Vi-q)r}r1l(Fl
8+TdFl

v)y^ 
+i(F2

s+r3F2-)a^gp']ti(Pi)vi, (8) 

where T% is the z component of the nucleon isospin 
operator, and S and V stand for isoscalar and isovector, 
respectively. The form factors Fi.2 are scalar functions 
of q2 only (see, however, Appendix III). This may be 
reduced to two-component form by either a F.W. 
reduction7 or, more simply, by direct computation. 

ThaW = Tba^, (9) 

individual nuclear form factors may be deduced. 
Each T matrix, Tba

(E) or r&a
(J), is of the form 

r & a c x ( k a + q | y ( e l ) | k a ) ( l / g 2 ) ( r , ) 

X 5 ( P 6 - P a + k a - k 6 ) , (10) 

where (r**) represents the total nuclear current. It is 
clear that we cannot simply cancel out the electron 
part on each side of Eq. (9) and say that the nuclear 
currents, written in their respective forms, may be 
equated. We discuss this point further in Appendix I I ; 
in the following, we shall employ the results proved 
there. 

The time-like components of (r*) are easiest to deal 
with and we briefly indicate the steps. To 0(1/M2) 
one easily obtains (in the nuclear laboratory frame) 

q2 3 «r-(p<xq)i 
X {1 + pr ( p - q 

4jf2 4 M 2 AM2 \ 

t<r-(p<*q) 
+Fn AM2 l^Wiy (11) 

where the isospin operator r3 has for convenience been 
incorporated into our form factors PT: 

^ch(mag)T —> ^cMmagZ+TsFchCmag)* 

= i(l+r3)^ch(mag)p+i(l-r3)Fch(mag)« (12) 

(here p indicates the proton and n the neutron). Fch is 
exactly the same as Fch (or Gch) used in Refs. 1-6. 
Fmag is related to their corresponding magnetic form 
factors by 

(13) Fmag/29fTC = /X^mag = M^rr 

(ji is the magnetic moment of the particle in terms of 
particle magnetons, i.e., in terms of Zeh/2My where 
Ze is the particle charge and 3TC its mass). Equation 
(11) is now substituted into (7) and the spin-isospin 
sums are performed. The pi integration gives rise to 
various derivatives of 5(9—9'), making the 9' inte­
gration trivial. The partial integration technique used 
previously in the r integration is now employed to 
rearrange the form of the integrand (see Appendix I). 

14 See, for example/JM. Gourdin, Nuovo Cimento28, 533 (1963). 
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We obtain 

{ijk} r J J 

X( l+# i )# ( r , 9 ) . (14) 

Di is an operator defined to be £>i=— Vp
2/M2, where 

Vp represents the gradient operator with respect to 
the coordinate 9. H(r}9) is now understood to contain 
the nucleon spin-isospin variables, and £)u/*} to 
represent the sum of the contributions from each 
particle, the index i occurring in the guise of p^fr*. 
Note that, to this order, spin-dependent terms do not 
contribute. 

It is an easy matter to show that the time-like com­
ponents of the nuclear current, expressed in terms of 
nuclear form factors, may be written as 

<T0)(*) = (l-f/AMjyPxfFdFXa. (15) 

The Pauli spinors Xa and Xh here refer to the nucleus. 
Note that f/4MiV

2~g2/361f2< 1% and may be con­
sistently neglected.13 

Equating (14) and (IS) [see Eq. (A10)], we obtain 

^ch*=£ E fdrfd9H*(rf9)e^'P(F^+r^^) 
{ijk} r J J 

X(l+DdH(t,9). (16) 

The nuclear spin states are both taken to be "up" in 
this representation. We can easily compare our results 
with the N.R. work, by taking Di=Q* Note that the 
Vp

2 term is still a "relativistic" effect, due to the 
presence of the phase factor e***'*. 

We may perform an exactly analogous procedure 
with the three-vector current to extract the magnetic 
form factor. Besides being plagued by lengthy algebra, 
the manipulation here is complicated by the fact that 
we must pay due regard to certain restrictions in the 
choice of axes, as discussed in Appendix II. Using the 
notation established there it is easy to obtain 

(B)= - (l-f/4MiJ'y*xf(Fm.t»/2M N)«NXa 

(17) 
(B)^-Pm&g»/2MN, 

where we have chosen a representation in which the 
only nonzero contributions arise when the initial and 
final nuclear states differ by a spin flip. We now extract 
(B)* from ( r ) j . A lengthy calculation then leads to 

- ^ ^ E £ [dt[d9H*(r,9)eV*'4—) 
2MN \m r J J X2M/ 

Xt(Pmag
g+TsFm&g»)(l+D2) 

+ ( F c h * + T3Fo h«)I>3Mr,s>), (18) 
where 

q2 3 d2 

Dt^ 
12M2 AM2 dp2 

and 
D^{\/2M2)d2/dp2. 

The z axis, "the axis of quantization," is chosen along 
q. Note that the representations used here are arbitrary, 
as may be checked by direct computation using a 
different choice of axes and a different spin representa­
tion. 

IV. DISCUSSION 

In order to discuss the correction terms Dh D2, and 
Dz we must make a choice of wave function. Using the 
notation of Ref. 3 we take, for simplicity, the Gaussian 
form of the totally symmetric S state: 

u=A exp[~a2(e2+fr2)]; Eq. (24) of Ref. 3. 

Other states mix in with only a small probability and 
our percentage correction to their contribution is not 
expected to be very different from corrections to the 
S state. Furthermore, other choices for the wave 
function, such as the Irving form, do not seem to give 
vastly differing fits to the data from those of the 
Gaussian form, but are far less tractable. We feel, 
therefore, that our general conclusions will not be very 
sensitive to a choice in wave function. 

With the stated form of the wave function one easily 
calculates that terms like (l/M2)d2/dpx

2-> ^a2/M2 

< 1%. We have, of course, implicitly neglected terms 
like this when neglecting binding effects.13 This implies 
that effects due to the motion of the nucleon charge 
distribution are small. It should be noted that this type 
of effect is expected to be maximized in higher angular-
momentum states, although as mentioned previously, 
because of the small admixtures of these states, the 
extra contributions will still be very small. 

Calculating Dx and D2 under the above assumptions, 
one obtains 

Dl->~q2/9M2<5% and D2-> -£2/12M2<3%, 

implying that, indeed, the relativistic corrections are 
small. As far as these effects are concerned, therefore, 
one may feel confident that the present work does not 
require gross modification.15 

We can ask, of course, the inverse question to that 
considered above, viz., at what q2 value do these 
relativistic effects become important. In order to have 
a 15% correction one would require —g2~30 F"*2. Note 
that the terms we previously neglected and which are 
~q2/36M*, only give ~ 3 % even at this energy. 

If one wishes to obtain the neutron charge form factor 
from these experiments, then the relativistic corrections 
must be accurately calculated. To see how sensitive the 
neutron charge form factor is to the form of the D% 
consider only the charge equation (16). By analogy 

15 Note, however, that other effects ~ 5 % have been considered 
—see Refs. 4, 5, 6, and B. F. Gibson (private communication). 
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with Schiff, define 

F x s dx dg e^'Pu(l+Dx)u 

and 

Fv=z dx dg e***'*lu(l+Ddvi+Vi(l+Ddu\. 

A typical relationship is then 

flia 2Foh(He3)+Feh(H3) = fiP^Fi. 

We evaluate Fi, again using the Gaussian form, and 
obtain 

F1c^.{l-q2/9M2)e^^a\ 
or 

ln.(^1 /6F0^)^(^/lBa2)- (<72/9M2). 

If we take a2 (~ 0.16) as the only unknown in this 
equation, we may clearly neglect (f/9M2 on the right-
hand side. However, suppose FChn is taken to be the 
only unknown. We may take its q2 dependence in this 
range as linear, i.e., oc f/cM2, where c is some constant 
to be determined. Our equations will now contain the 
term (q2/M2)(l/c— i ) . We know from previous experi­
ments2 that c>3 which immediately indicates that the 
determination of c by this method will be very sensitive 
to the D's. 

We conclude with a remark concerning the q2 —> 0 
limit. This limit has often been used as a check on the 
high-energy results. Conversely some authors have 
attempted to make remarks about the static limit from 
the high-energy behavior. The LA. is an approximation 
that is good only for high energies and cannot be 
expected to give exact results at very low energies. 
Indeed, upon examining the magnetic moment operator 
in Eq. (18), it is obvious that no angular-momentum 
operator explicitly appears in the low-energy limit, 
which disagrees with the standard definition of the 
static nuclear magnetic moment operator.16 The reason 
for this discrepancy is, once again, to be found in the 
replacement of all intermediate state nucleons by 
nucleons on the mass shell and without any orbital 
angular momentum. That the static limit does make 
some sense is simply a reflection of the fact that the 
intermediate states are actually only just off of the 
mass shell. However, as already noted, Eq. (18) does 
contain some angular-momentum dependence, arising 
from the d2/dpx

2 terms. This is because we have taken 
our free operators between "real" nuclear states which 
contain states of given angular momentum. 
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APPENDIX I: A USEFUL PARTIAL-
INTEGRATION TECHNIQUE 

Frequently in this work we are confronted with 
integrals of the following type 

'« - JLMr(y)eia^}10f(y)dy, (Al) 

where da means a differentiation along an arbitrary 
direction in coordinate space, a is a c number, 0 is an 
Hermitian operator independent of y (i.e., it commutes 
with any function of y), and / is an arbitrary function 
of y except that it represents a bound state and may be 
restricted to only real values. 

Ja= [^'{iaqap+dapWfdy 

= iaqa J e**''pOfdy- / pda{Ofeiaw)dy, (A2) 

where we have performed a partial integration on the 
second term and assumed the surface integral does not 
contribute. Using the Hermitian property of 0 and the 
reality of / we see that the second term is just Ia again. 
Hence 

Ia=iiaqa / eia*'JfOfdy (A3) 

and in this way, one may reduce integrals of this type 
containing any odd number of differentiations to those 
containing an even number. 

APPENDIX H: EXTRACTION OF NUCLEAR 
FORM FACTORS 

We wish to discuss the steps leading from Eq. (9) 
to the identification of the nuclear form factors. We 
rewrite Eq. (9) as 

(J/el)K^)i=(j^XT^E, (A4) 
The subscript / indicates that the I.A. has been used 
and ( )/ indicates various sums and integrals as 
explicitly written in Eq. (7), say; E indicates that the 
"exact" covariant form, in terms of nuclear form factors 
is used, and ( )E now indicates a matrix element 
between definite nuclear spin states. We stress here 
that we are dealing with only one scattering at a time, 
in which the electron and nucleus pass from one definite 
spin state to another. Whatever spin states are used on 
the left of (A4) must be used on the right. For the 
electron ( ) always represents spin-state matrix ele­
ments. 
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Any current in (A4) must be conserved in the sense 

q»jM=0 or q-j = 2°jo. (AS) 

We use this in (A4) to obtain, (provided <?°7̂ 0), 

(i/^)<q.jw>><q-r>/-<jW)>-<r>/ 
= (i//)<q-J<eI)><q-r>s-<i<el)Hr>s. (A6) 

We can always decompose ( r ) into two parts, one 
perpendicular and one parallel to q : 

r=^4q+iBxq, say. (A7) 

In the laboratory frame, A is related only to FCh(N) 

while B is related only to Fm&g
m (and the spin operator 

QN). Each side of (A6) has the form 

(92/3°2)M)[q-(J (e l ))]+i<B)-CqX(j"1>}]. (A8) 

This implies that, with respect to the angle between q 
and (j ( e l )), the T matrix has split up into two inde­
pendent portions, one involving only i?

ch
(JV) and the 

other only Fm&g
(N). 

Hence if we decompose Ti: 

rj=aq+;(5xq, (A9) 

we may immediately put 

(a)=(A)ocFchw 

and 

x here indicates the direction qX(j ( e l ) ) . Note that, 
since (r«q)/q2=^4 (or a), we may use (A5) to give us 

<r°>j=<r°>, (Aio) 

and we may obtain FCh(N) directly from the zeroth 
current components. 

To obtain Fm&g
iN) we see that, for an unpolarized 

nucleus, we may assign an arbitrary direction to q (z, 
say), after which we may assign either x or y, but not 
z to (B) or ((5). I t is in this choice of axes that the no-
spin-flip amplitude is associated with the electric 
transition, while the spin-flip amplitude is associated 
with the magnetic transition. 

There are clear advantages in dealing with the matrix 
elements rather than with the cross section, as Krueger 
and Goldberg5 have done. First, we avoid the squaring 
and averaging procedure, which for (T)i might prove 
an immense task. Secondly, we retain equations that 
contain all polarization effects and which may be useful 
for future references. 

One last point of interest is the previously precluded 
case of £°=0, defining the Breit frame. In this case TE° 
depends only upon Fch

(N) and rE only upon Fm&g
m 

and there is no need to decompose the 3-current. 

APPENDIX III: KINEMATICS, CURRENT 
CONSERVATION, AND CORRECTIONS 
TO THE NUCLEON FORM FACTORS 

For the nucleus in the laboratory frame, we have 
q=Pa—Pb where P 0 = (MN,Q), Pb=(Eb, — q), and 
paz=ph2=M}?. Hence q°=q2/2MN. For the nucleons 
we have taken pi2=pf=pk2=M2 and Pi+pjH-pfc=Pa. 
Note that although p»—pr=q, Ei—Er^q0. In making 
our N.R. reduction we have expanded Ei and Ej in 
powers of 1/M2. 

The ambiguity arising when considering current 
conservation comes from the definition of q°. There is 
no question that for the over-all process q°=q2/2MN, 
so that the nuclear current must obey (AS) in the form 

q-(r)E=(q2/2MN)(ro)E. (All) 

In terms of the LA., we should have the analogous 
equation: q-( r ) j= (q2/2MN)(To)i. Now, we can take 
the scalar product q • on the left-hand side through the 
( )j brackets to operate on the individual nucleon 
currents, in which case one has the relationship 

q-<r>/=((£,-£ r)ro>j. (A12) 

The question is, are the relationships (All) and (A12) 
consistent. Expanding out Ei—Er to 0£(q2/2M) 
X (q2/M2)2 one has 

(2p;-q-q2)r (2p*-2p rq+q2)-] 
Ei-E^q'o- 1 . 

2M2 L AM2 J 
Substituting this into (A 12) and performing the implied 
integrations, [cf. the steps in going from Eq. (7) to 
Eq. (14)], one may verify that, to within the approxi­
mations used,13 current is conserved. 

There is one other effect, connected to the above, so 
far neglected. Since the q2 for the over-all process is 
different from the q2 associated with the virtual process 
[call this ^ , 2=(g'0)2—q2], we should evaluate the 
nucleon form factors at q2=q'2 before performing the 
intermediate state integrations. That the contribution 
from this effect is completely negligible may be seen 
by expanding F(qf2) about q2=q'2 using a Taylor's 
series. 


