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In the context of the Dirac equation, we show that the Schwinger-DeWitt proper-time expansion
of the exact Green’s function is useful for high-energy scattering and, in fact, provides a systematic
generalization of the eikonal approximation. Because of its simplicity and its direct appeal to the
coordinate-space scattering picture, the Schwinger-DeWitt expansion method should be valuable in
studying corrections to the lowest-order eikonal approximation. A numerical comparison is made
for an exponential potential. Within the same framework a systematic formalism is also developed
to deal with large-angle scattering, and this yields a generalization of Schiff’s large-angle formula.
Applications to high-energy scattering problems in quantum field theories are indicated.

I. INTRODUCTION

Schwinger first proposed the use of the proper-time
Green’s function as a simple gauge-invariant regulariza-
tion scheme in QED.! In Ref. 1, Schwinger considered
vacuum polarization in the presence of an external elec-
tromagnetic field. His method has since developed into a
useful field-theoretic tool, mainly through the hands of
DeWitt.2 DeWitt extensively used the proper-time tech-
nique to study one-loop renormalization counterterms in
various quantum field theories with his background-field
formalism.>® Aside from finding renormalization coun-
terterms, the proper-time technique is known to be very
convenient in identifying the so-called chiral and trace
anomalies (in flat or curved space-time).* Also, one of the
present authors recently initiated an attempt to systemize
the proper-time renormalization scheme, in conjunction
with the background-field formalism, beyond one-loop or-
der.’

The basic idea is simple. Consider a charged spin-
field in the presence of an external (or background) elec-
tromagnetic field. The ordinary Feynman Green’s func-
tion can be written as
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=—(iPx+m) fowid're"fo+<XT ly),
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iD—m+i0+

SF(x,y)=<x
(1.1)

where D, =3d,+ied,, (the gauge-covariant derivative), 7 is
Schwinger’s proper-time variable,! and

(x,r|y>:____<xle—iT(D+im)(D—im)‘y> (1.2)

denotes the proper-time Green’s function. In this paper,
we use the y-matrix and metric conventions of Bjorken
and Drell,® and set ¢ =#=1. The function (x7|y) will
obviously satisfy the Schrédinger-type equation
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With proper-time representation (1.1), the short-distance
(i.e., x ~y) singularities of the ordinary Feynman Green’s
function transform into the small-r singularities of
(x7|y) (at the coincidence limit x =y), while not spoil-
ing the gauge transformation character. Moreover, it is
very easy to identify those small-7 singularities by using,
with the “Schrodinger” equation (1.3), the following
asymptotic series (often called the DeWitt WKB form?):

. _ =i _~M_- 2
T—0+{x7|y)= = exp | —i=~ im*r
X | > ayx, )| . (1.4)
n=0

(For mathematical investigations on this series, see Ref.
7.) There exist simple recurrence relations for the coeffi-
cient functions a,(x,y), and for renormalization problems
it is only the coincidence limits ay(x,x), a;(x,x), and
a,(x,x) which are important. They can be easily ob-
tained, as well-defined local functions of a background
electromagnetic field, through successive differentiations
and then by taking coincidence (i.e., x =p) limits with
those recurrence relations.”> For other possible applica-
tions of the DeWitt WKB form (1.4), we suggest readers
read the introduction of Ref. 5.

So far, in all known applications of the small-proper-
time expansion, only the coincidence limits a,(x,x) [or at
most the coincidence limits of the space-time derivatives
of a,(x,y)] have been considered. Hence one might think
that the DeWitt expansion is useful only for problems like
renormalization (this appears to be also a prevailing feel-
ing among experts on the subject, despite the word
“WKB” of the DeWitt WKB form). That is quite
misleading. In fact, contrary to what one may guess,
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finding the coefficient functions a,(x,y) for arbitrary
values of x and y is also simple. With such explicit solu-
tions for a,(x,y), we find that the small-proper-time ex-
pansion can generate a systematic approximation for
high-energy scattering problems. The scattering ampli-
tude involves the coefficient function a,(x,y) with one of
the arguments taken to be timelike infinity, i.e., x2— + o
with x>+ o or y> >+ with y°—>— . In the
present work, we shall concentrate on the external-field
problem. In the near future we plan to report our general
approximation procedure for high-energy scattering am-
plitudes in quantum field theories, utilizing the DeWitt
expansion together with the (path integral) background-
field method. It goes without saying that the analysis in
the present paper will be a prerequisite for this latter in-
vestigation.

In a localized external electromagnetic potential, the ex-
pression for the scattering amplitude which we shall
derive in this paper has the series form

(const) 2 f diy " Prh”
X@(pr,sg)By(pr;y)AY)u(pi,s;) (1.5a)
or, equivalently, |
(const) i fd“yei(pf‘p")'y
" XzT(pf,sf‘)A(y).@n(Pi;y)u(p,-,s,-), (1.5b)

where py, s¢ (p;,s;) designate the final (initial) state and

B,(ps;y)
vz |”
= lim N an(xry)
%24 2m
[with m(x /\/——2 _pf(ﬁxed
(1.6)
A n(pisy)
n
. x?
= 211m [ 2m a,(y,x)
xX“—>+ o0
[with —m(xt/V x2)=pf(fixed)]
(1.7)

The right-hand sides of Egs. (1.6) and (1.7) can be shown
to be well-defined for a sufficiently localized potential
A,, and are given by a relatively s1mple, explicit, expres-
sion for small n.

For a moderate potential, we find that the series (1.5a)
or (1.5b) is a valid expansion if

lplo>>1, [q|b<]1 (1.8)

where p=py or p;, q=py—p; is the momentum transfer
and b specifies the rough range of the external potential.
Under these restrictions, it may be used for ultrarelativis-
tic (|p| >>m), relativistic (|p| ~m), for high-energy
nonrelativistic (|p| <<m) scattering problems. The
range (1.8) corresponds to that for which the so-called
eikonal approximation®~!! is useful, and in fact, keeping

only the lowest-order term proportional to Bo(ps;y) or

A o(p;;y) in our series (1.5a) or (1.5b) produces the well-
known eikonal formula. Higher-order terms proportional
to B,(ps;y) or #,(p;;y) (n=1,2,3,...) in the series are
suppressed by powers of 1/|p | b as n increases, thus giv-
ing systematic corrections to the lowest-order eikonal re-
sult. Practically, these correction terms are expected to be
particularly important when the magnitude of |q|b is
not small compared to 1. (See our numerical illustration
in Sec. VI.) With the value of |q|b significantly larger
than 1 (i.e., large-angle scattering), the series (1.5a) or
(1.5b) may not be reliable since

(i) the degree of spatial variation of the functions
B,(ps;y) or & ,(p;;y), besides their magnitudes, becomes
also relevant and there is no guarantee of smoothness of
these functions as n increases, and

(ii) with a relatively smooth potential the scattering am-
plitude itself will become extremely small at large angle.
But, when the external potential has a rather strong
short-range core or the Fourier transform of the given
external potential has sizable large momentum com-
ponents, there will be a strong interest also in large-angle
scattering. To deal with such a situation we have given a
further improved, and still quite elegant, formalism in
Sec. VII, which basically incorporates the idea of the
distorted-wave Born approximation!? into our framework.
This yields a systematic generalization of Schiff’s large-
angle formula.!”

We now summarize the contents of this paper. In Sec.
11, we solve the recurrence relations for the coefficient
functions a,(x,y) for arbitrary values of x and y. In Sec.
111, we develop a systematic approximation for S-matrix
elements on the basis of the Schwinger-DeWitt expansion.
Here we reformulate the scattering theory with the Dirac
equation such that S-matrix elements may be obtained
directly from the large-timelike-distance behavior of the
exact Feynman Green’s function. This coordinate-space
description of scattering is the most natural one to use for
our investigation, and it also simplifies calculations con-
siderably.

In Sec. IV, we discuss the validity range of the expan-
sion and establish that the series (1.5a) or (1.5b) provides a
useful approximation scheme for high-energy scattering.
In Sec. V we specialize ourselves to the case of static
external potentials. Here we give the explicit formula for
high-energy differential scattering cross sections, keeping
up to the terms Bi(ps;y) or # 1(p;;y) in the series (i.e., in-
cluding the leading-correction term to the lowest-order
eikonal result). A numerical illustration is given with a
simple exponential potential in Sec. VI. In Sec. VII, we
present our improved approximation method for S-matrix
elements which is suitable for large-angle scattering as
well. Section VIII is devoted to discussions of our work.

II. THE SCHWINGER-DeWITT EXPANSION

With the exact Feynman Green’s function written in
the form (1.1), let us use the DeWitt WKB expansion (1.4)
for the proper-time Green’s function (x7|y). If we are
allowed to perform the 7 integration term by term, we will
then obtain the following series expansion for Sp(x,y):
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' n
Sp(x,y)=(iBx+m) | 3 a,(x,y) |i— | Aolx—y;m?) |, (2.1)
‘ n=0 am
where
Ag(x — ;m2)=—-(x —_— )
XYy Frmi—iot P
1/2,(3/8)mi
— ® —10+ —in(324+m?) ~ m_""e —im[(x—y)?]172 (2.2)
=— fo idre <x ie y) mx eyt 0 2572 (x —p PP
denotes the free scalar Green’s function. Moreover, noting that
(iD )+ >< : ) ( >(%‘ +m) 2.3)
—(i mi{x ————ly)=—(x|——5—— i m .
® DD +m—i0+ | pD+m—io+ P/
with ﬁ(y)z —B(y)+iedy), it is also possible to expand Sr(x,y) in the form
e ) " 2 =
Sp(x,y)=| 3, a,(x,y) ey Ag(x —y;m?*) |(iD )+ m) . (2.4)
n=0 m .
[
Note that the series (2.1) or (2.4) for Sgp(x,y) with finite _ [_. x #] 1
values of x and y may be regarded as a systematic heavy- @o(x,y)=exp e f y Ap(@dz" |, 2.10)

mass (i.e., large-m) expansion, but the nature of the series
may be different when one of the arguments approaches
timelike infinity. (See the last paragraph of Sec. IV.)

It is the series (2.1) or (2.4) which we shall use to evalu-
ate S-matrix elements. For scattering problems, we are
interested in certain specific asymptotic regions with coef-
ficient functions a,(x,y) (see Sec. III). The functions
a,(x,y) for general values of x,y should be of course
determined by using the Schrodinger equation (1.3). Here
note that Eq. (1.3) can also be written as

ié%(x'rly y=(D?+3e0""Fyy+m*)x7|y)
a,w=é'[7,u,,,v] (2.5)

with F,,=3,4,—3,4,, and (x7|y) should obey the
boundary condition

T—>0+:{x7|y)—>8x—y)I . (2.6)

Now, inserting the small proper-time expansion (1.4) into
Eq. (2.5) and then matching various powers of T yields the
following recurrence relations:?

(x—p¥DFap=0, @.7)
ina,=—i(x—y )"DL")a,, +[Dx2+ %ea’“’F,w(x)]a,, 1
(2.8)

For the boundary condition (2.6) to be fulfilled, we must
here require that

aglx,x)=1I. (2.9)

- We shall solve the recurrence relations (2.7) and (2.8)
below.

The regular solution to Eq. (2.7), satisfying the boun-
dary condition (2.9), is well known; it is given by

gn(x,y)=exp [ie :F; A, (2)dz*

where :f—; represents the line integral along the straight-
line path from y to x. For a,(x,y) with n>1, we may
integrate the recurrence relations (2.8) successively as fol-
lows. First, we define the functions @, (x,y) by setting

ap(x,y)=exp [—ie :F;A,,(z)dz” a,(x,y). (2.11)
Then, Eq. (2.8) may be cast into the form
in,(x,y)+i(x —y F3a, (x,y)=qy(x,y) (2.12)

with

[D(x)>+ 50*"F,,(x)]

X exXp [—ie :F; Ag(2)dz® ]E,,_l(x,y) . (2.13)

To solve the linear partial differential equations (2.12), we
may imagine the new functions

An(s;x,y)=a,(s(x—y)+y,y),
(2.14)
0,(s;%,y)=qp(s(x —=y)+y,y) ,

which are respectively obtained from a,(x,y), g,(x,y)

_ through the substitution

(xH,pt)—(s(x —y Y +y¥,p#) .
In terms of these new functions, Eq. (2.12) simply reads

s, =—ig, 2.15)

which is trivial to solve. Moreover, it follows from Egs.
(2.12) and (2.14) that
An(s =03%,0) = (y,y) =~ G (y.¥) . (2.16)

Now the solution to Eq. (2.15), satisfying the boundary
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condition (2.16), is given by

A,,(s;x,y)z:’—li fosds'(s’)”“Q,,(s’;x,y) . (2.17)
s

Then, all that is needed is to set s=1 in Eq. (2.17), to ob-
tain!3
J

D;f) [exp [——z’e f}‘Aa(z)dza] ]:exp t—ie :,C;As(z)dza] [a}u")—ie(x —y) fol dssF,,(s(x —y)+y)] .

1
Gx,p)=—i [ dss" TG (s(x—p)+y,y) . (2.18)

Using Eqgs. (2.13) and (2.18) iteratively, one can in prin-
ciple determine all coefficient functions @,(x,y) explicit-
ly. For such calculations, we find the following identity
particularly useful:

(2.19)

If we make use of Eq. (2.19) twice in Eq. (2.13), we may now write

7, (x,y) = [a(xf—zie(x—y)v[foldssFW(s(x—yHy)]af;)_ie(x—yv[foldss%a#F,w)(s(x—yHy)]

_ez(x_y)v(x_y)x[fo’dssF,w(s(x——y)_{_y)] [folds’s’Fﬂk(s'(x—y)+y)]

+ —;—ea‘“'Fm,(x) ](T,, _1{x,p) .

[Here, (3*F,,)(s(x —y)+y) is equal to [0¥F,,(x)]|

xH—s(x—yH+y

(2.20)

»]. Note that exponential phase factors no longer ap-

pear in Eq. (2.20). To obtain g(x,y) for instance, we may set n =1 and @y(x,y)=1 in Eq. (2.20); this gives the expres-

sion

’ 1
71(x,p)= —ie(x—y)¥ [ fo dssza”F#v(s(x —y)+y)]

1 ‘ 1
—eXx—yM(x —y)P { fo ds sF,,(s(x —y)+y)] [fo ds's'FFA(s'(x —y)+y) +%ea’“’F,w(X) .

From Egs. (2.18) and (2.21), we then find

()= —i fol du (_%(x —p) [ S ds S0 F ) (s(x —p) ) ] +LeotF,,(u(x —p)+)

2.21)
2 u u
._i_z’(x_y)V(x_y)A [ fo d$SFyv(s(x—y)+y)] [fo ds’s'Fl‘?\(s’(x—y)+y)]
v ! " iy [
= —elx—y) fo ds s(1—5)3F,(s(x —y)+y)—eo fo ds F(s(x —y)+y)
2ie2(x —y ) (x—y)* [ ds(1—s)F,(s(x —p)+p) [ ds's"FFA(s"(x —p)+3) (2.22)
+2ie“(x —y)(x—y) fo s(1—5)F,(s(x —y)+y fo s's s'(x—y)+y), .

where we have changed the order of integration to obtain
the second expression. Inserting the expression (2.22) for
a,(x,y) into Eq. (2.20) will give the function g,(x,y) ex-
plicitly, and the result can be in turn used to determine
a,(x,y) via Eq. (2.18), etc.

III. APPLICATION TO SCATTERING PROBLEMS

In an electromagnetic potential 4,, the Dirac equation
for a charged spin-+ particle reads

(iD—m)¥=0 (D,=3,+ied,) . (3.1)

For an external potential 4,, we will assume the general
form

A, =e "1 4, (x,x°) . (32)

Here, e %ol (n is a very small, but finite, positive num-

ber) is the adiabatic switching factor and has been intro-
duced explicitly such that 4,(x) may be always imagined

[even with a static potential Z”(x,xo)z;f,,(x)] to be lo-
calized in the finite, albeit very long along the time direc-
tion, space-time region around x*=0. Note that, in our
approach, the external potential 4, is treated as being al-
ways time dependent. This will contribute significantly to
simplifying our formula for S-matrix elements, making it
possible to treat space and time coordinates on an equal
footing.!* Moreover, with a suitable reinterpretation, this
formalism with a general time-dependent potential 4,
can be utilized in studying bremsstrahlung from a charged
particle.’® S-matrix elements in a static external potential
can be obtained as a special case by letting 7—0+ in the
final stage (see Sec. V).

To describe scattering in the presence of an external po-
tential A, let ¥f,9; denote the final and incident plane-
wave solutions of the free Dirac equation, i.e.,
172 ]

pp,sple™ ™, (3.32)

l/Jf(X): EfV
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P(x)= ﬁ —ip"'xu(p,-,si) . (3.3b)

Then, S-matrix elements for particle scattering can be ob-
tained from!®

Sp=8p—ie [ d* F;(x) AW Hx) (3.4)

where W*)(x) represents the scattering solution to Eq.
(3.1), satisfying the asymptotic condition:

(positive—frequency part) of ¥{*(x) ~ 4;(x),

xo-a-w

and

W+)(x) N (positive—frequency, outgoing,
*¥—+e  scattering waves only).

With the help of the exact Feynman Green’s function
Sr(x,y), W'+ (x) can be expressed as

W) =g(x)+e [ dYy Spx, ) AP(y) . (3.5)

Alternatively, S-matrix elements can be obtained also
from

Sp=8p—ie [ d* ¥ () Ax)Y(x), (3.6)

where W'~)(x) represents the scattering solution now
satisfying the asymptotic condition,

(positive—frequency part) of ¥'~(x) ~ ¢,(x)

x5 + o

| x| —o00,x%> 4+ o (such that 9x°>>1) with

and

\y(-—)(x) ~

X"—>—o0

(positive—frequency, incoming
scattering waves only).

This function W'—) is given by
¥ =gp(x)+e [ dY P APISE(p,x) . (3.7)

The exact time-dependent scattering solutions W'*)(x) will
obey the following integral equations:

Y =g;(x)+e [ dy SAx,p) AP H(p),  (3.8)
T =gsx)+e [dY T ) A@)SAy,x), (3.8b)

where the S2(x,y) is the free Feynman Green’s function

1

0 Y S S
Sr(x,y) <x id—m +i0+

y> . (3.9)

Our approximation scheme is based on the series expan-
sion (2.1) or (2.4) for Sg(x,y) which has its simplest form
naturally in the coordinate space. This is in contrast to
the usual Born series for which momentum-space calcula-
tions are simplest. Hence there follows a significant cal-
culational advantage if the S-matrix formula (3.4) or (3.6)
is recast into the one which uses the coordinate-space
scattering description in a more direct way, i.e., asymptot-
ic behaviors of the exact scattering solutions ¥*)(x). The
latter can be related to the appropriate asymptotic
behaviors of the exact Feynman Green’s function Sg(x,y)
as follows. First with W ~)(x) specified by the right-hand
side of Eq. (3.7), we may look at the region

R+); 0 (3.10)
x%— + o (i.e., timelike) and the ratio x] fixed
Note that the free Feynman Green’s function has the asymptotic behavior
x € R and y* finite:
172, (3/8)mi, —imV x2 x ) Vo
0 m ‘e e u im(xt/V x2)y 1
Sr(x,y)— 25723725 2374 my# Vi +m (e “+0 x| (3.11)
In the same asymptotic limit, we may express the exact Feynman propagator in the form
Sp(x,y)=SP(x,p)+ [ d*zSP(x,2)eA(2)Sp(z,p)
1/2,,(3/4ymi, —imV/ x? x Y Y
m e e I im(x*/V x%)y 4 im(xF/V x%)z
T )i my* Vo +m [e By f dze LeA(z)Sk(z,y) (3.12)
Now suppose we identify (note that ps2=m?)
Xk
m—— =pk 3.13)
Ve o (
in Eq. (3.12). We then find the following very useful connection:
172 3/2,(3/4)mi, —imV x2
m m>’e e =
—— 7 > S ) =) ; > . ‘
EfV u(pf Sf) F(X y)—> (217)3/2(x2)3/4 v (y Dr Sf) (3.14)

Inserting Eq. (3.14) into Eq. (3.6), we find
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lim (x2)3/4e"'"‘/x_2fd“y T(ps,s)Sp(x, ) —ied(]le " ulp;,s;) . (3.15)

X2—>OO

Spi=8p+

(27T)3/2€ —(3/4)mi
m l/ZV(EfEi )1/2

(with m ‘;:_2 =p})
Alternatively, with the scattering solution W'+’ specified by Eq. (3.5) or Eq. (3.8a), we may look at the asymptotic re-
gion )
| x| — o0, x’—>— oo (such that+n |x°| >>1) with
R 0 . (3.16)
x2—+ oo (i.e., timelike) and the ratio fixed

|x|

In this region, identifying —m (x*/V x?) with p{*, we find

172 372, (3/8)mi, —imV x2
m m3/%e e (+)(+e
EV Sey,2)ulpirsi)— (23 2x 234 W y5pissi) (3.17)
and
‘ (207)3/%e ~3/4mi . 2\(3/4) , imV/ %2 4, = ppye s
e _ Xulps;) . (3.18
Sp=bpt | (g, E Jlim B [ d*ya(ps,sp)e™ [ —ieAD)ISFy,x)u(psi) . (3.18)
(with —m—X —pp
v

Here we just note that, due to our identification m(x*/V xz)zp}‘ [or —m(x*/V x?)=p}], different asymptotic re-
gions of Sp(x,y) [or Sg(y,x) with Eq. (3.18)] correspond to different kinematical regions of given scattering ex-
periments; using m (x#/V x?)=pl,

1V x2
()] vs] = el m (ultrarelativistic): XL 1, X2~ 0,
Ef Ef X X
w)
(i) v, | =0 <1, - =0(1) <1 (relativistic)~X and ~X~ are 0(1) (3.19)
E, x x

Vx?
(iii) | vy | «<1, Ep~m (nonrelativistic):—]ldL(~ [ve]) <1, —x0—>1 .
- x x
We now consider the application of the DeWitt WKB form for evaluating S-matrix elements approximately. First we
look at the formula (3.15), for which the expansion (2.1) for Sg(x,y) is especially useful. Note that the expansion (2.1)
can be rewritten in the form

n

Sp(x,y)=exp —ie-JC;Aa(z)dz8 > @ xy)Nidx+m) i——-—aiz Aglx —y;mP)+ K, (x,y) (3.20)
. n=0
with
1 a |" ’
K,(x,y)= {ia(x)a_,,(x,y)—f— ey#(x_y)VIO ds sFy,(s(x —y)+y) a_,,(x,y)] ia 5 Aolx —y;m?) (3.21)
m

where we have used Egs. (2.11) and (2.19). We may then insert the series (3.20) into the formula (3.15). At this stage, for
a localized potential, it can be shown that

. xH .
x2>+ o |with m 5 =p¥§ | and y* finite:
x

=
(Vx*"g,(x,y) — (an x*independent function) , (3.22)
" 12,/8mi, —imV'x2 (/22 |" ..
i—2 5 | Aglx —y;m?) — m_¢ ¢ X_ | P (3.23)
om 257232 2)3/4 m
n L 2 n
. ) m 1723/ —imVx2 (/2 "
(100 +m) i Ag(x —y;m?) — FERYNGIT - e prdm) . (3.24)

Since the behavior (3.22) will be evident in Sec. IV, we shall here excuse ourselves from providing its justification [see
Egs. (4.6) and (4.12), for instance]. On the other hand, the behaviors (3.23) and (3.24) are direct consequences of the
asymptotic behavior shown in Eq. (2.2).
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Accepting the behavior (3.22) implies that

ith X —pt
T

(VR |00 ea0)+ (et =9 [ ds sFpu(s(x —9)+9) [ay(x.9) | —0

x5 4w and y* finite:

[ Ve (3.25)

The situation became quite clear. According to the formula (3.15) and Egs. (3.22)—(3.24), the K, (x,y) pieces in Eq.
(3.21) do not contribute to S-matrix elements at all. And the formulas (3.14) and (3.15) now become

172 - ;
W ysppsp)= —Eﬂ; #(ps,spexplipsy —ieH(ps;p)] | X Bulpgsy) (3.26)
f n=0
(—ie)m 4 . . e = .
Spi—8pi=———"17 2, f d®y expli(py—p; )y —ieH (ps;y)1a(ps,sp)B, (pr;y)A(y)u(p;,s;) , (3.27)
V(EFE;)"* 120
where
- Ve
B Y= i 7.
w(DF3Y) le—lﬁw l m a,(x,y) (3.28)
(with m(x#/V x2)=p)
and we have also set
ey )= . x
Hopp= Jim [ f5 4o ], (3.29)
(with m‘;::_z =p#)
The connection from Eq. (3.28) to the formula (1.5a) given in the Introduction can be made as soon as one notes that
B (pf'y):e_iempf;y)l_f (pr3y) (3.30)

with the quantity B,(py;y) defined by Eq (1.6).
With the S-matrix formula (3.18), it is the expansion (2.4) which is more convenient to use. Interchanging x and y in
Eq. (2.4), we may rewrite it as

Sr(y,x)=exp [—ie fy As(z) dZ 2 a,(y,x { [l a’iz AO(x__y;mZ) (_ﬁa—(x)_‘_m) +K,',(y,x) (3.31)
n=0
with n
, L v ! — . 9 2
K,(y,x)= [—zan(y,xﬁm+ [e'y"(x—y) fo dssF,“,(s(x~y)+y)]a,,(y,x)] lza 3 I Ay(x —y;m*) . (3.32)
m

Then we may follow the same reasoning as above to show that the K, (y,x) pieces in Eq. (3.32), when inserted into Egs.
(3.17) and (3.18), yield no contribution to S-matrix elements and the scattering solution ¥{*’. We thus obtain alternative
formulas to Egs. (3.26) and (3.27):

172 -
Y y;p,s)= —-EmV expl —ip;'y —ieX(p;;y)] | 3 B npisy) |ulpisi) (3.33)
i n=0
S5 _(—ie)m . . N1 T (p:: . 3.34
=S = 2 fd yexpli(py—p;)y —iep;;y ) u(ps,sp)A(Y) B o (pisy u(p;,s;) (3.34)
V(E E;) n—0
with
— . . Vix? | _
B npisy)= ngrixw H m a,(y,x) (3.35)
. xH
(with —m‘/x‘?_-=p,“)
and
Hpiy)= i [fﬁA,‘mdz“] . ‘ (3.36)

(with —m—=

"
Vo
X
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Since the quantity % ,(p;;y) defined by Eq. (1.7) can be
written as

—ie(p;;y) =

B n(pisy)=e #,(pi;y), (3.37)

we see that Eq. (3.34) coincides with Eq. (1.5b).

As will be shown in the next section, the expansions
(3.27) or (3.34) can be used to obtain a systematic approxi-
mation in high-energy scattering problems. Which form
between Eqgs. (3.27) and (3.34) one uses is really a matter
of convenience; they are equivalent within application
range. The full right-hand side of Eq. (3.27) is equal to
the full right-hand side of Eq. (3.34), but not necessarily
in each order or when the series are truncated. Probably
the most preferable would be to take the symmetric aver-
age of the two, thus making the symmetry of the .S matrix
(concerning the incoming and outgoing states) manifest in
each order.'” Note that if we neglect the distorted phase
factors e Y or ¢ TP ang keep only the first
term in the series proportional to

Bo(ps;y)=Bopisy)=I , (3.38)

the expansions given above reduce to the usual lowest-
order Born approximation result.

IV. VALIDITY CRITERIA

In this section, we shall investigate the validity of the
series (3.27) as a useful approximation for exact S-matrix
elements. Conclusion for the series (3.34) will then be ob-
vious, too. The potential 4,(x) is assumed to be localized
both in space and in time [see Eq. (3.2)]. Let b and 7,
represent the spatial and temporal (or time duration)
ranges of the external potential, respectively'® and, just for
the sake of making discussions simple, we may here as-
sume that b <79. To study convergence of the series
(3.27), we shall need a careful estimate of the ratio

B, 1(psiy)
T s 1(pyiy) = ot LPLYT @.1)
B,(ps;y)
for y values restricted by [due to the presence of the A(y)
factor in the integrand]

ly| <b, [¥°]<70.

The case of a long-range potential will be treated separate-
ly.

_ We first look at the ratio 7, in some detail. Noting that
By(ps;y)=1I and using Eq. (2.22), we may write

(4.2)

rppy)=Bipsy) | = | Xippy)+Yilpsy)+Z 1 (psiy) | 4.3)
with :
. % x2 v 1 1 u 2
Xl(Pf;y)‘—:ll_Ig)(—e) m (x—y) fo du? fo ds s“(0FF,, )(s(x —y)+y), (4.42)
v (—ie) ,,Vx® !

Yi(psiy)= :}memz o* o fo duF,,(u(x —?)+y) , (4.4b)
.. Vx? 1o u v, ,
Z\(ppsp)= lim (ie?)—=—(x —p)(x —p)* foaruF [fo dssF,w(s(x——y)-*-y)] [fo'ds SFEALs (X —p)+p) | -

(4.4¢)
As a shorthand notation, we have here set (and assumed hereafter)
lim =lim , 4.5)
x>+ x—P

[with m(xF/V x2)=p#]

for y values constrained by the condition (4.2). For a localized potential, it is easy to see that the limits specified by Egs.
(4.4a)—(4.4c) are in fact well defined, with nonzero contributions due entirely from integration over very small

[~O(1/]x|)] u, s, and s’ regions. This also implies that
lim V'x%a@,(x,y)=finite) .

X—>p

(4.6)

One may expect that relative order of magnitudes for X;(ps;y), Y1(ps;y), and Z (ps;y) depend strongly on the specif-
ic kinematical region in consideration [see Eq. (3.19)]. However, when we introduce the dimensionless variable

eF,,b 2

G= A

(4.7)

with F,, representing the rough strength of external electromagnetic fields, we have obtained the following estimates

with the expressions (4.4a)—(4.4c):"°

X, (ps;y)~0O , for all kinematical regions

G
[prld
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o I G[b , if | vy | =0(1) (including the limit |v,|—1)
Pr
Tilpry)~ 4.8)
0|—5— ||v], if |v| «<1
Ipslb
G? . . .
Z,(ps;y)~0 o, 15 | for all kinematical regions .

Note that G ~eF,wb2 for (ultra) relativistic [i.e., | vy | =0(1)] scattering, and for nonrelativistic scattering the validity
range of the usual Born series® in fact coincides with G =eF,,b*/ | v | <<1.

Having completed the estimate of rl(pf;y)=§,(pf;y), we may now turn to the estimation of [E,,_gpf;y) | (n>2).
Here, due to the iterative nature of the very way the functions @,(x,y) are constructed, the estimate for | B,(ps;y) |, once
made, can be readily generalized to draw conclusions about B, (ps;y) with n >3, too. [In this regard, r;(ps;p) is a bit
special due to the fact that @y(x,y)=I for all x,y]. Using Egs. (2.18) and (2.20), B,(ps;y) can be expressed in terms of
ai(x,y). We organize the result as

| Boprsv) | = | Lalpssy)+Mapssy) + X, (psiy ) + Yalprsy)+Zy(pgsy) | (4.9)

where Ly(ps;y), My(ps;y), . . ., Zy(ps;y) are special cases (i.e., n=2) of the functions defined by

n

. . 2 l
Ln(pf;y)=}Ln11)(—t) 2:1 fo du u™ [0 @ _1(X,9)] | x suix—pray > (4.10a)
1/ 2 " 1 _ _ u
Mn(pf;y)=lLTI}>(—2€) [——*—-2:1 (x—y) fo du u” "2@y _1(x,9) | xsux—p)ty fo ds sFp,(s(x—y)+y),
. (4.10b)
n
. X v ! n—3- “ 2(gH
Xn(Pf;y)=£LIT},(~e) e (x—y) foduu @y _1(u(x—y)+y,y) fo ds s(*F, Nu(x —y)+y) , (4.10¢)
. (—ie) ., | Vx? 1 e
Y,(psiy)= lim 2‘9 ot | = [, duu Gy _1(u(x =) 49,9 Fp(u(x —p)+) (4.10d)
v | 1
v)= } i02) | —2 v A 3
Zn(psiy)= lim (i )l oy | FYY(x—y) [, duu" =, _((u(x—p)+y.p)
X [ ds sFu(sGx—y)+p) [N ds' SFEA( (x —p)+9) .
(4.10e)
In fact, E,,(pf;y) for n > 2 can also be written as
B, (pr;y)=L,(ps;y)+Mu(pp;y)+X,(pp;y)+ Yo(pssy) +Z, (pgiy) . ‘ (4.11)

Using the behavior (4.6), it should not be very difficult to see that the functions defined by Eqs. (4.10a)—(4.10e) for
n =2 are well defined, i.e.,

limP(VxZ)za‘z(x,y)=(finite) . (4.12)

Moreover, Eqgs. (4.10a)—(4.10e) also imply that any nonvanishing contributions to Ly(ps;y), Ma(pssy), ..., Zy(py;y) are
obtained entirely from the very small [~O(1/|x|)] u, s, and s’ regions; viz., to calculate B,(p £;¥) by our iteration pro-
cedure, it is @;(x,y) for finite values of x (more specifically | x| <b) which becomes necessary. This may be compared
to the calculation of B, (pf;y) for which only the x — P limit of @;(x,y) is necessary. According to Eq. (2.22), we may
here set

_ eF,,(y) x|

a(x,y)~0 —lv—fl— [1+0(G)], for |x| <b and |x°|= T (4.13)

f

Based on these observations, we have estimated the magnitudes of L,(ps;y), My(psip), .. ., Z,(py;y), obtaining the re-
sults
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for all kinematical regions

(4.14)

[140(G)], if |vs|=0(1) (including the limit |[ve| —1)

G
L2(Pf})’)~0 [W ][1+0(G)]
f
2
M;(psiy)s Xa(pgiy)~O —E—z—z [1+0(6)]
Iprl°b
G3
Z,y(ps;y)~0O W [14+0(G)]
G2
_ Ip|%?
Yy(ppsy)~ 2
O(W [ve[[1+0(G)), if |vp| «<1.

The analysis may be extended for n=3 and larger in an obvious fashion. For instance, the behavior (4.12) together
with the formulas (4.10a)—(4.10e) for n =3 in turn leads to the conclusion that L;(ps;y), M3(ps;y), ..., Z3(ps;y), and
accordingly B;(ps;y) are well defined. In the formulas (4.10a)—(4.10e) for n =3, it is now a@,(x,y) for | x| <b which is
responsible for nonvanishing results for those quantities. ‘Here, using Egs. (2.18) and (2.20) for n =2, one may find

eF,,(y)

a—z(x,y)~0
b2 vy

[14+0(G)+0(GH)+0(G?)], for |x| <b and |x°] =-m—,

(4.15)
[vyel

where the O(eF,,( y)/b?|v | )1 contribution is due to the piece proportional to 9,%a;(x,y) from the right-hand side of
Eq. (2.20). Then, estimates for the magnitudes of L3(ps;y), M3(ps;y), ..., Z3(ps;y) can be made using Eq. (4.15) in the
formulas (4.10a)—(4.10e). For general n, repeating this procedure yields the following estimates:

G

D E—— o(G*™ 3],
( I Pf f b)"

L,(ps;y)~O [1+0(G)+ -

G2

M, (pr;y), X, (pr;y)~0 | ————
d 4 [( AL

3
Zn(Pf;y)~O = [1+0(G)+ - -~ +0(G2n—3)],
(|pflb)
2
o|—%—
(|pf|b)
Yn(Pf;y)~ 2
o|——
(Ipsl|b)

We are now ready to discuss the physical domain for
which the series (3.27) may be useful. First, look at the
series (3.26) for the scattering solution. According to the
estimate shown in Eq. (4.16), it is clear that the series
(3.26) will be useful for

W |psld>>1,
and (4.17)
eF,,b?
(ii) «<1 |with G =—*"—
Ipsld [vel
Namely, the series (3.26) provides a systematic high-
energy approximation for the scattering solution

¥ =Xy;ps,ss) (for finite values of y) when the external

][1+0(G) ce O(G™Y),

for all kinematical regions

(4.16)

j[1+O(G)+-~' FOG» Y], if |vs|=0(1) (or |vs|—1)

VA [ [140(G)+ - - O(G*" 73], if |vs| «<1.

r

potential is slowly varying in the distance scale defined by
the particle three-momentum, 1/|ps|. The ratio
ro(ps;y), defined in Eq. (4.1), measures the degree of con-
vergence for the series (3.26), and we find here

—1_ | forG<1
Iprlb
r,(y)= (4.18)
G2
, for 1<G «<( b)'\2,
o/ 16 es|

The criteria (4.17) and (4.18) for the expansion (3.26) are
valid for all kinematical regions, covering from the ul-
trarelativistic [i.e., |vs|—1 or (m/|ps|)—0] case to
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the nonrelativistic (i.e., |vs| <<1) case. Also note that,
unlike the Born series which is known to be useful for
G << 1, one may use the series (3.26) at sufficiently high
energy even with G=O(1) or larger. [See (ii) in Eq.
4.17).]

When the expansion (3.26) is used to evaluate S-matrix
elements via Eq. (3.27), we actually have another scale to
worry about. It is due to the factor
ei(pf—p,-)~y

=exp{i(m2+pf2)1/2y0

—i[m?+(p;—q)*1""*°—iq-y}

(4.19)

with q=py—p; denoting the three-momentum transfer,
which introduces the additional distance scale, 1/|q].
Of course, for |q|b <1, it should be possible to take the
criteria (4.18) for the series (3.26) also as the measure for
the convergence of the expansion (3.27) for S-matrix ele-
ments. On the other hand, the situation is quite different
for |q| b >>1: the presence of the rapidly oscillating fac-
tor (4.19) then results in vanishingly small S-matrix ele-
ments if the remaining term in the integrand,

e —:-eH(pf;y) A(y) , (4.20)

> Bu(pssy)
n=0

is slowly varying in the distance scale 1/|q|. According
to our recurrence formula for a,(x,y), it is quite conceiv-
able that B, (p £;¥) may involve more variations within the
given y range (4.2) as n increases, simply because of the
appearance of more F,’s with different arguments.
Thus, although suppressed by the ratio given in Eq. (4.18),
B, (ps;y) terms combined with the oscillating factor
(4.19), for relatively large |q|b, may yield larger contri-
butions to the scattering amplitude when » is larger. This
observation leads us to the conclusion that, as |q|b in-
creases beyond 0(1) (i.e.,, for not-so-small-angle scatter-
ings), we must taken into account more En(pf;y) terms
(than necessary for small-angle scatterings) to obtain an
equally good approximation to corresponding S-matrix
elements. When |q|b is much larger than 1, we do not
expect the expansion (3.27) to be very useful.

The validity range of our expansion (3.27) clearly over-
laps with that of the so-called eikonal approximation. In
fact, keeping only zeroth-order term Bo(pf,y) I in Eq.
(3.27) yields the well-known eikonal formula,®~!! and
thus terms coming from B, »(Dr;y) with n > 1 may be then
regarded as giving systematic corrections to it (see Sec. V
for a more explicit exposition on this with a general static
potential). The series (3.26) for the scattering solution de-
scribes our systematically improved eikonal wave function.
|

1 ~ E
Hlpsy)= lim (x—y)* Jo ds Auls(x—y)yde—nst et | L—D%py;y)—psD(By3y)

with

D%pssy)= ' ll'm
X| —>o00

1 ~ . 0 ~
D/(pyiy)= lim [1x1 [, as A(s]x]ﬁf+y)]=f0 ds A(sp+y) ,

1 ~ © ~
[|x| f, dsAO(s|x|ﬁf+y)]=fo ds A%sp;+y) ,

Here, simplicity of the functions En(pf;y) at least for
small n should be a big asset of our series (3.27). An
analogous conclusion may be reached also with the expan-
sion (3.34).
_For a long-range potential with the behavior
A%x)~K/|x| (K a constant) at large distance, some
modifications are necessary with the above discussion.
Following the same line of arguments as given above, it is
easy to show that the quantities B, #(Df;y) defined by Eq.
(3.28) [or # ,(p;;y) defined by Eq. (3. 35 )] are still well de-
fined. But the function H(ps;y) or #(p;;y), defined by
Eq. (3.29) or Eq. (3.36), diverges logarithmically. This
divergence arising from H(ps;y) or (p;;y) only results
in an overall (divergent) phase to S matrix and the scatter-
ing cross section is still well defined (in this regard, see
also the end of Sec. V). In practice, to use our formalism,
it is thus sufficient to regulate such long-range potential
at large distance (e.g., Coulomb by a screened Coulomb)
and remove the regularization at the level of scattering
cross section. With this understanding, the condition
(4.17) and the convergence ratio (4.18) are valid for the S-
matrix formula (3.27) in such Coulomb type potential if
one here identifies b with 1/]q| and G with eK/ | vy |.
Before closing this section, there is a remarkable fact
worth mentioning with our series (3.27) or (3.34). It is
that Eq. (3.27) continues to be useful for studying high-
energy scattering [under the condition (4.17) and for
| q| b not too large compared to 1] even with a massless
particle, i.e., m—0+. [Note that, in the limit inside Eq.

(3.28) for E,,(pf;y ), we may replace V'x2/2m by
|x|/2|ps|. Also, the factor m at front in the right-

hand side of Eq. (3.27) is just due to the specific normali-
zation assumed for Dirac spinors u#(p,s).] This is in a
marked contrast to the expansion (2,4) for Sg(x,y) which
becomes ill defined for m —0--, but consistent with the
simple physical picture that the mass term may be ignored
in ultrarelativistic scattering. Stated differently, our ex-
pansion (3.27) or (3.34) for S-matrix elements really corre-
sponds to the high-energy (and not heavy-mass) expan-
sion.

V. STATIC EXTERNAL POTENTIAL

Since most applications in the external-field problems
involve static potentials, i.e.,
ARx)=e =11 G B (x)=e 115" (4 (), A(x)) (5.1)

we here consider our expansion for S-matrix elements in
more explicit forms for this case. First let us look at the
function H(py;y) defined in Eq. (3.29). For a sufficiently
localized function 4 (x), it now reduces to

(5.2)
Pr |

(5.3a)

(5.3b)
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where we have set ps/ | ps | =py- Thanks to Eq. (5.2), the zeroth-order approximation with Eq. (3.27) reads

(—ie)m
VEs

(Sfi—8fidn=0= (2m)8(E;—E;) [ dyexp

E
—i(py—p;)'y— |P;| D%py;y)+iepy-D(py;y)

X (ps,sp)Aly)u(p;,s;) . ' (5.4)

Using Egs. (5.3a) and (5.3b) for the functions D Pr;y) and D(py;y), the distorted phése factor present in the right-hand
side of Eq. (5.4) may be expressed explicitly as (vy=p,/Ey)

—exp |—ie [ dt A%y+vst)+ie fomdtvf'g(y+vft)] : (5.5

. Ef [VZ N . ~ o,
exp | —ie D%py;y)+ieps-D(Pr;y)
Ipsl
The next order (i.e.,.n =1) term with the series (3.27) will be given by

(—ie)m
(Sf,-——ch,-),,=1= V(E E )1/2 fd Y exXp

%ps;y)+iepr-D(Py;y)

. . Ef
i(pr—p;)y—ie
|Pf|

Xi(ps,sp)Bi(pr;y)AW)u(p;,s;) . (5.6)

The quantity B(p ;¥ ) may be calculated using Egs. (2.22) and (3.28). For an external potential (5.1), we immediately ob-
tain

B\(ppy)= Jim, -Z‘Hi—fl(x,y)
ie o
= 2|p |2pff dssaFw(spf+y)—— +1ps ] fo dsF,.,(spr+y)
. 2
+ te 'Spfpf f dsFm,(spf—ky)f ds’ s’F“A(s r+y), ‘ (5.7

where we have denoted v_a A —avA {Note that the limit x —P here [see Eq. (4.5)] may be represented by
[ x| — o0 with m(x”/\/J )=p¥ ( ﬁxed) and y* finite}. Inserting Eq. (5.7) into Eq. (5.6) and then integrating over the
variable y° yields

(Sfi—8p)n=1

_ (—ie)m

(2m)8(Ef—E;) f d’y exp

E A 7~
—i(py—p;)y—ie |pf! D%ps;y)+ieps D(Py;y)
f

Xu(pg,sg) ——'—e——l~2—pff ds sO'F, spr+y)— | o"vf dsF,w(spf+y)
io2 o ~ ’ —~ ~
e pvoh (% asE, (spr+y) [ ds'sFEAsBp+y) |Aly)ulpss:) .
’pf | 3PFPf Jg I3 f 0

(5.8)

Explicit consideration beyond the n=1 term with the expansion (3.27), which is straightforward but undoubtedly more
complicated, will not be given here.

The information given above on S-matrix elements can be readily transcribed into that for the differential scattering
cross section, do/dQ. In the approximation keeping up to the term proportional to B 1{ps;y) in the series (3.27), we
have (before considering the spin sum)

do m? 3
:16:———4772 1fd yexp

—i(py—py)y—ie [ dt A%y+vpt)tie [T devy Aly+vs)

2
) (5.9

X B(pp,sp) [QUpssy) + 0" QI pssy) |e Ay prs)

where we have used the notation (5.5) and the functions Ql(pf;y), Q"(pf;y) are given by
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© e~ je? © ~ t ~
QY psiy)=1— 262(1—vf2)p; [ at tdFily+vpt)+ S5 (—vp)pip} [ 7 dt Fuly+vst) [ de' tFEMy+vst)
m m
(5.10)
Q,I,Iv(pf;y)=—-;—;(1—vf2)1/z fow dtffw(y+vft). (5.11)

Setting QI(pf;y)=1 and ng(pf;y)=0 in Eq. (5.9) produces the result which would be obtained if only the Fo(pf;y)
were kept with the series (3.27); this gives (one version of) the usual eikonal formula.8~!' Our expression for do/dQ
specified by Eqgs. (5.9)—(5.11) also includes the leading corrections to it, with the quantity Ql(pf; y)—1 giving the correc-
tion to charge scattering and the term proportional to QHV( Pr;y) generating important spin-dependent effects. Also, ac-
cording to Egs. (5.10) and (5.11), it may well be that those correction terms could be given some simple physical interpre-
tations along the classical coordinate-space scattering picture.

Alternative expressions for the differential cross section may be obtained by using the series (3.34) instead of Eq.
(3.27). We shall here only state the result when the series (3.34) is used with a static potential. With 4,(x) given by the
form (5.1), the function 2#(p;;y) defined in Eq. (3.36) reduces to (p;=p;/ | p; |, vi=p;/E;)

Ei 0 5 0/ N 0 NS
Hpiy)=o [ ds A%pi+y)—Br [ ds Alspi+y)
0 ~0 0 ~
= [__atA%+vit)— [__dtviAly+vit), (5.12)
and from Eqgs. (2.22) and (3.35) the quantity Z (p;;y) acquires the form
— 0 . i 0
- AB(piy)= ¢ b ds sO'F,,(sp; +y)— € omv ds F,,(sp; +y)
' 2|pi|? I-. v 41pil S ds Funtshicty
e’ _voh [ asF,(sp ®ds’ s F A"
— o PP [ s Futshiry) [ ds' s FeMspity) (5.13)
We thus find the following alternative expression for do/dQ:
do m? 3 , .0 <0 .0 ~
0= a2 fd y exp [—z(pf——pi)'y——ze f_wth (y+v;t)+ie f_wdtv,vA(y—{—vit)
' - 2
X @pys)edly) |[TUpsy)+0" Tihpisy) |u(prs:)| (5.14
with the functions TX(p;;y), T},Iv( Di;y) given by
0 .
THpi;y)= 1+ 2,‘;2 (1—v2p? [__detdFily+vit)
ie21 2937290 [ 4 F O gt FEA
_}7( —v; 23 2pp] f_w t Hv(y+v,~t)ft t P FEMy+vit) (5.15)
; 0 ~
T}}v(p,.;y)_—._z”%u_v,.z)l/z f_wthm(y+v,-t). (5.16)

Again, setting TXp;;y)=1 and T,I,Iv(p,-;y)=0 in (5.14)
gives another version of the usual eikonal formula.

For a given external potential, numerical analysis will
usually be required to perform the integrals appearing in
(5.9) and (5.14). In the next section, we will present nu-
merical calculations of the high-energy scattering cross
section for a simple exponential potential.

We make a brief comment on the case of a long-range
potential. If A%x)~Z/| x(L for large |x| (..,
Coulomb-type), the quantity D%ps;y) defined by (5.3a) is
ill defined since the integral

“ds A%pry) ~Z [ ds——
s P~z

is logarithmically divergent. Here, suppose we regularize

(5.17)

the potential by a Yukawa-type, ie., A°%x)~(Z/
|x])e x| with a very small positive number A. Then,
for this regularized potential,
fw ~0 fw e—7~|-‘ﬁ/+)’|
ds A°(spr+y)=2Z ds————
0 o |spr+yl

— —Z InA+(finite terms) .
A—0+

(5.18)

But, this logarithmic divergence in Dg(py;y) only intro-
duces a phase e —ieZEp/Ipr 1A it S-matrix elements
[see Eq. (5.8)], and thus it will completely disappear in the
scattering cross section formula (5.9). In this manner (due
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to Dalitz?! originally), unambiguous results for the high-
energy scattering cross section may be secured by our
method even for a Coulomb-type potential at large dis-
tance.

VI. NUMERICAL ILLUSTRATION

We now want to see, through numerical calculations,
the degree of improvements over the standard eikonal for-
mula when we keep the first-order correction terms with
our formula (3.27). This will be done by comparing our
results and standard eikonal results on the scattering am-
plitude with those from the partial-wave analysis.

We shall consider the exponential potential, which has
often been used to test various approximation methods of
analyzing the scattering amplitude with the Schrodinger
equation.’? We thus take

U
V(y)[Eer(y)]:—-—’;zo—exp Ayl |, 6.1)

2 b
with suitable values for Uy( >0) and b. With this choice,
the function eH(ps;y) becomes
7Y

2|prl

where y =E;/m.
Specific values taken for numerical calculation are
(i) m=1GeV, |p;| =1GeV,

Uy/2m=0.24 GeV, b=1/1.45fm,
(i) m=1 GeV, |p; | =3 GeV,
Ug/2m=0.24 GeV, b=1/1.45fm .

The magntiudes of 1/|p; |b and G2/ |p; | b, which play
an important role for the convergence of our series, are
respectively,

Case (i): 1/|p; |b=1/3.5,

G*/|pi|b=% (G=1.2),
Case (ii): 1/|p; |b=1/10.5,
G*/|pi| b=+ (G=0.9) .

eH(pys,y)= fow exp(— |y+spy| /b)ds , (6.2)

For these two cases, we plot the ratios
_ (da/dQ)eix
! (da/dﬂ)phase shift ’

(6.3)
(do /d Q) gyrs

2= (dO'/dQ)phase shift

in Figs. 1 and 2. Here note that (do/d Q). is specified
by our formula (5.9) while (do/dQ )y, the usual eikonal
cross section, corresponds to the result obtained by setting
Q’(pf;y)=QLIV(pf;y)=0 in the same formula. The
scattering cross section by the phase shift analysis,
(do/d Q)ppase shifey 1S calculated following the standard
procedure (see Ref. 23, for instance). All cross sections
are spin-averaged ones. For the sake of more detailed
comparison, we plot, in Fig. 3, the spin-nonflip part of the
scattering amplitude for the case (i). The spin-nonflip

~——
N

.
~..

0 20 40 60 (deg.)

FIG. 1. The ratios R{,R; defined in Eq. (6.3) for the case (i).
The result of the phase shift is based on the partial-wave sum up
to /=69.

part, f(6), and the spin-flip part, g(8), of the scattering
amplitude are related to the spin-averaged cross section,
(da/dﬂ)spin-ave by

da

a0 (6.4)

=|f(0)|*+ |g)|2.

spin-ave

Note that the spin-nonflip part comes not only from
Q'(ps;y) but also from QM(ps;y).

As is shown in Figs. 1 and 2, the improvement is sig-
nificant when the scattering angle is not too large com-
pared to the angular range fixed by the condition
[q|b<0(1),ie.,

Case (i): sin(6/2)< 7,

Case (ii): sin(6/2) < 5.

The fact that, at large angle, the spin-averaged cross sec-

tion obtained from the usual eikonal formula approaches

that of the phase-shift analysis should be considered for- -
tuitous. This can be immediately seen by looking at Fig. 3

where we compare the spin-nonflip parts f(60) due to our

method, eikonal and phase-shift analysis.

If we set y=1 in Eq. (6.2), it reduces to the phase fac-
tor of the usual eikonal formula for the Schrodinger equa-
tion. With the Schrédinger equation, Berriman and Cas-
tillejo?? used the exponential potential to compare various
methods of improving the usual eikonal formula. In fact,
one of their choices for parameters coincides with our
case (i). Given their plots, it may be also interesting to see

0 ) 20

30 6(deg)

FIG. 2. The ratios R{,R, defined in Eq. (6.3) for the case (ii).
The result of the phase shift is based on the partial-wave sum up
to /=169.
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the result obtained via our Eq. (5.9) but with y set to 1.
For the case (i), we have thus plotted

y=1 Schrddinger
Sch do do
RT™=12a aQ ’
eik phase shift
y=1 Schrédinger (6.5)
Sch do do
Re7=laa a0
ours phase shift

in Fig. 4. Of course, (do/d Q)f,ﬁ';;‘g‘fﬂéf’ here refers to the
cross section obtained by partial wave analysis with the

Schrodinger equation. The improvement, shown in Fig. 4,
is again quite good. Comparing the results with those
from Ref. 22, we see that our formula in this case yields
the result which is better than that of Sugar and Blanken-
becler!! and comparable to that of Saxon and Schiff.!!

VII. EXTENSION TO LARGE-ANGLE SCATTERING

We have shown that the scattering formula (3.27) or
(3.34) generalizes the eikonal formula for small-angle
scattering. However, according to our discussions in Sec.
IV, this scattering formula may not be applicable for a
strong potential or for sufficiently large-angle scattering.
On the other hand, many potentials of physical interest
possess a rather strong short-range core region which may
give significant large-angle scattering. We now extend
our work also to deal with such a case in a systematic
way. The resulting formula will correspond to a generali-
zation of Schiff’s large-angle formula.!%2*
For our present purpose, we find it convenient to as-

sume that the external potential has the following general
form:

A, (x)=A(x;A)+ AP (x;A)

(7.1
with
AP M) =11 T Pix,x%A)
(7.2)
A:‘Z)(x;A)ze——q|x0|22‘2)(x’x0;A) A

Here, A is an adjustable parameter to be explained shortly.
In Eq. (7.2), the adiabatic switching factor e=11%° has
been introduced by the same reasoning as in Eq. (3.2). In
separating a given external potential 4,, into two pieces as
in Eq. (7.1), it will be assumed here that the usual Born
series is applicable with AL” set to zero while the eikonal

~~

™T T T T T

0

20 20 80 B(deg)

FIG. 4. The ra}tios R$®, R5® defined in Eq. (6.5) for the case

(i) with y=1.
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approximation is valid with Am set to zero. In practice,
depending on the shape of the glven external potential 4,
and/or on the interested momentum-transfer range, such
separation may be affected, smoothly, by adjusting a cer-
tain free parameter A. Our strategy is that, by combining
the eikonal approximation with the (distorted-wave) Born
series, we can deal with a quite broad class of external po-
tentials and/or study high-energy scattering amplitudes
over broad momentum-transfer range. Note that the
underlying physics of the separation (7.1) is quite similar
to the distorted-wave Born approximation'? (when the po-
tential is divided, in configuration space, into the short-
and long-range components) or to the standard treatment

Sp=8n—i [d*xd
XSF(x’y

Y Pr(x)id—m)
W=D, —m ) (y) . (7.3)

Of course, this formula is equivalent to Eq. (3.4) or Eq.
(3.6). We may now expand the exact Feynman propagator
(x,y) as
Sp=S1 1+ 5Med DSV 1+ S Ve g5V en 250 4
(7.4)
with

1

S (x,p)= <x

of hard versus soft photons in QED (when the Fourier y> . (7.5)

transform of any given potential A, is divided into two
parts in comparison to the magnitude of the observed
momentum transfer q=py—p;). We shall return to the
question of suitably choosing A at the end, and until then
the parameter A will be suppressed in the discussion.

In this section, we find it convenient to use the more
symmetrically written form for the S-matrix elements:

exk) —i f d*x

(dist Born) _
Sy

id—eAd'V—m +i0+

Then, the formula (7.3) may be cast into the form

E S(dlst Bom) (7.6)

n=1

Sf, =8ﬁ +S(I<_tik)

where

d*y T8, —m)SE e,y ) —iF, —m () 7.7

’

i [dtxd®y TT d* Bx )8 —m)SEx,2)ed(z)SEz1,22) - - eAdPz,)SE2 ) (=i T, —m W ()

i=1

(7.8)

Of course, all the formulas derived in Sec. III may be directly used for all quantities which involve the e1kona1 part 4, (D
only. The piece S ¢k) can be immediately obtained from the formula (3.27) or (3.34) if we replace 4, by 4, 1 there.
Using Egs. (3. 5) and (3.7), the piece Sjist Bo™ can be rewritten as

S },d’,f‘ Born) __ _; f H dz; W (—

i=1

(zi3psspled Pz, )SEz1,2) -+ - ed Pz, W' 2,5p,5:) (7.9)

where \I’ *) here denote the exact scattermg solutions in the presence of the potential 4,, ‘" only. The expansion (7.9) has
the form of distorted-wave Born series and thus its validity range may well be taken Just as that for the usual Born series,
i.e., ‘

eFZ)b 2 i
bl = Ip{)l or IPO! (7.10)
[v] bf Di

where F (2) represents the average value of F m(x)— 2(x)—3,4 m(x) and b, is the range [actually the smaller be-
tween the temporal and spatial ranges of the potent1a1 A (2 (x)]

For the right-hand side of Eq (7.9), we may use our 1mpr0ved eikonal series (3.26) or (3.33) (with 4, replaced by 4 (”)
for the scattering solution ¥'* and the expansion (2.1) for S5, Explicitly, for n =1, this gives the result

= —je f d4y \I,(—)(y;pf’sf)A(Z (y)\I/

=S 2 2, % ewlitey —py —ie psy)—ie X i)

(dist Born)
Sft n=1

+)(y;p,-,s,-)

X(pp,sp)B(priy ) A DDA 1(pisyu(pi,s;) . (7.11)

Owing to the presence of A‘?(y) inside the integrand, this piece can, especially, provide information on high-energy
scattering at large-momentum transfer In fact, keeplng only the (n=0, /=0) term in this series yields the so-called
Schiff’s large-angle scattering formula;'? viz., our series (7.11) for S (,d‘,f‘_Bf’m) corresponds to a systematic generalization of
Schiff’s result. It is straightforward to express Sy (dist Born) with n >2 [see Eq. (7.8)] in an analogous manner. But, one
must also use here Eq. (3.20) or (3.31) for S{'(x, y) and not just the series (3.26) or (3.33), and accordmgly the expressions
will be more involved. For practical purposes one may limit oneself to the consideration of S ¢k) and S ‘?‘,ft_Bf’m) first, and

after that think about the SfistB™) term, etc. For practical calculations, we give here the exphclt expression for
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Sdist Bom) " ssuming static potentials and keeping only the n,/=0,1 terms in Eq. (7.11). This leads to

fi,n=1

S } ;:f):t—Blom) ( VEf

M it —Ep) [ dyatprsy) | [Q4e0)+ THpip) =1 | £20)+0# 0 (psiy) ()

+ AD(p)otTH (p,,y)]u(p,-,s,.)

X exp

0 ~
— e f_‘ dt[A Yy +v;t)

where the quantities Q', Q", T', and T" are given by
Egs. (5.10), (5.11), (5.15), and (5.16) with 4, set to 4 \’.

We finally return to the question of how one may
divide a given potential 4,(x) into two pieces as assumed
in Eq. (7.1). The free parameter A may be naturally iden-
tified with b, [i.e., the range of the potential A;f)(x)],
while b, represents the range of the given potential 4, (x)
from the long-range side. By high-energy scattering we
mean the region |p;|b;>>1, |ps|b;>>1. To include
short-range (p0331bly singular) or large-momentum com-
ponents of a given potential 4, in the part A i ) while
reserving its Iong range or relatively small-momentum
components for A P U A may be naturally chosen to fulfill
the following condmons

) eF 2IA?
(1) A <<b,, —E—

V] << 1 [see Eq. (7.10)]

and

(i1) the Fourier transform of AL”(x ), say, A (kO k),
should be strongly suppressed outside the momentum
range k°A<O(1), |k|A<O(1). Note that, in view of
the condition (i), the magnltude of F mlght be signifi-
cantly larger than the average value of F For high-
energy scattering at relatively small- momentum transfer
[i.e, |q|b; <O 1)], the dominant role will be played by
the eikonal part .S’ ¢k) while S fj',f‘_Bf’m) can be useful to
study contnbutlons, say, due to a strong short-range term
in the potential. On the other hand, for the case of large-
momentum transfer (i.e., |q|b;>>1), A may be chosen
such that

-—l—<<A <<b, (7.13)

lal

and this will make the part Sfin "™ dominant over the
eikonal part. It is the case of intermediate momentum
transfer where contributions due to both parts (and possi-
bly the pieces SjistB™ with n >2) should be carefully
assessed. In thls last case, considerable arbitrariness may
show up in the results (with a truncated series) depending
on the choice of A and for the best result one may adopt a
suitable optimization scheme.?”> To examine such features
further, we feel that numerical analysis of high-energy
scattering (with some typical potentials), on the basis of
our general scheme, will be extremely valuable. This is
under consideration.

—l(pf—-p,) y—le f dt[A O(y—t—vft)—vf

(Y+Vft)]

—vi:AD(y+v;)1 ], (7.12)

VIII. DISCUSSIONS

The Schwinger-DeWitt proper-time expansion, proved
to be powerful in dealing with renormalization problems,
is marked by its simplicity and elegance. In this work, we
have found another important aspect of the same expan-
sion in that it can be used to generate a systematic high-
energy approximation to the scattering amplitude—it gen-
eralizes the eikonal formula. The lowest-order coefficient
function ay(x,y) in the Schwinger-DeWitt expansion,
which plays the role of a covariantizing phase factor in re-
normalization problems, is also responsible for the usual
eikonal formula. Correction terms to the usual eikonal re-
sult can then be related to the suitable asymptotic limit of
the coefficient functions a,(x,y) (rn>1). All quantities
are calculated in the coordinate space directly. The lead-
ing correction terms are given by especially simple expres-
sions, and we have seen that numerical calculations in-
cluding those terms yield quite encouraging results.

We believe that our correction terms share the same

physical origin as the Saxon-Schiff (or Sugar-
Blankenbecler) correction terms,!! but ours appear
simpler. Also, it may be possible to reproduce our

method (which is based on the DeWitt WKB expansion)
by making a systematic approximation with the standard
WKB approach. The precise connection, which we do not
have at this moment, is desirable since it will further il-
luminate the physical source of our various correction
terms to the leading eikonal formula. [In this regard, see
expecially Yennie, Boos, and Ravenhall.!! These authors
obtain a systematic (eikonal-type) high-energy approxi-
mation starting from the standard WKB method.]

Even though our formula for the not-so-small-angle
scattering developed in Sec. VII is a bit involved, it is
straightforward and can be systematically improved
within the validity range of DWBA. For the subject of
the fixed-angle high-energy scattering, it seems worth
mentioning an interesting recent paper by Cheng, Coon,
and Zhu.?® With a Yukawa-type potential as an example,
these authors obtained the fixed-angle scattering ampli-
tude by using the WKB method together with a rather
elaborate analysis near the origin. Within the validity
range of DWBA, our formula should also give results
consistent with theirs. But, we believe that the detailed
comparison should be made with the help of extensive nu-
merical calculations—this is being pursued by Park.?’

Although we have concentrated on the Dirac equation
in this paper, our method can be used, with certain
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straightforward changes, to study high-energy scattering
of particles with different spins, too. It is not necessary to
restrict the external potential to an Abelian background-
gauge field, either; high-energy particle scattering in a
non-Abelian background-gauge field and/or Lorentz-
scalar potential may also be considered. (A physical ex-
ample is the ’t Hooft-Polyakov monopole solution®® as the
background potential.) When a non-Abelian gauge field
matrix A =A°T%T* generator matrices in the given fer-
mion representation) is used with the Dirac equation (3.1),
the function ay(x,y) in the proper-time expansion is given
by the path-ordered phase factor

ao(x,y)=P [exp[—ie :F; A, (2)T%dz"]

and correspondingly a,(x,y) for n > 1 become also more
involved. But, recurrence relations are still solved by a
straightforward generalization of the method described in
Sec. II. Our analysis may also be carried over to the case
with a background-gravitational field (e.g., in the
Schwarzschild metric).

As mentioned in the Introduction, we believe that the
present investigation on the external-field problem can be
really turned into a part of a useful quantum-field-
theoretic tool. Just like the Born series in the ordinary
quantum mechanics, the usual perturbation series in quan-
tum field theories have a rather limited range of applica-

tions. In certain cases (e.g., bremsstrahlung of soft parti-
cles, Sudakov form factor,?” and various high-energy ex-
clusive or inclusive scattering processes), this has been cir-
cumvented by summing an infinite number of Feynman
diagrams of certain particular types together with a
specific approximation made for each chosen Feynman
diagram. But it will be nice to have a systematic
machinery which may provide us with correct physical
amplitudes more directly. One possible approach may be
obtained by a judicious combination of

(i) the Feynman path-integral formulation of quantum
field theories,

(ii) the background-field method,? and

(iii) the Schwinger-DeWitt proper-time expansion for
the Green’s functions in the presence of background
fields. (See Ref. 30 for a related attempt.) Note that
background fields in this approach will be dynamically
generated ones. But, much further work will be required
to effect this idea in a concrete way (and also to see its
limitation).
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