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Classical theory of Compton scattering: Assessing the validity of the Dirac-Lorentz equation
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The Dirac-Lorentz equation describes the dynamics of a classical point charge in an electromagnetic field,
accounting for radiative effects in a manifestly covariant and gauge-invariant manner. The validity of this
equation is assessed by direct comparison between the Dirac-Lorentz dynamics of an electron subjected to a
plane wave in vacuum and the well-known recoil associated with Compton scattering. In the small recoil limit,
the classical Dirac-Lorentz is shown to yield the correct momentum transfer. For larger values of the recoil, the
quantum scale appears explicitly, and the classical Dirac-Lorentz equation does not properly model this situ-
ation, as shown by deriving an exact analytical solution for a monochromatic plane wave of wave number k
to any order in kor(, where r, is the classical electron radius.
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I. INTRODUCTION

In 1938, Dirac published an important paper [1] dealing
with radiation reaction within the context of classical relativ-
istic electrodynamics, and containing the derivation of a
manifestly covariant and gauge invariant equation for the
dynamics of a point charge in an electromagnetic field ac-
counting for radiative effects: the Dirac-Lorentz equation
[1-21]. The main purpose of that work was to determine
which of the divergences arising in QED, if any, had classi-
cal counterparts, thus providing physical insight regarding
their origin. Interestingly, however, Dirac did not necessarily
regard the Dirac-Lorentz equation as representing some clas-
sical limit of QED; rather, he considered it as a mathematical
extension of the Lorentz equation, possessing both covari-
ance and gauge invariance.

Since then, a rather large number of papers have been
published (see, for example, Refs. [2-21]), and the Dirac-
Lorentz equation has been used to account for radiation re-
action in semiclassical systems. The question of the domain
of applicability of the Dirac-Lorentz equation has been ex-
amined by various authors, and shown to be rather limited; in
particular, the classical approach is known to fail when quan-
tum effects become important; nevertheless, some aspects of
this question remain open.

In this paper, we propose a direct comparison between the
Dirac-Lorentz dynamics of an electron subjected to a plane
wave in vacuum and the well-known recoil associated with
Compton scattering. In this manner, the validity of the Dirac-
Lorentz equation can be assessed within a simple, well-
defined context; furthermore, the problem can be studied
analytically and compared in both cases. To our knowledge,
the exact plane wave solution for the Dirac-Lorentz equation
presented here had not been previously derived.

This paper is organized as follows. To provide the proper
background, the Lorentz dynamics of an electron subjected
to a plane wave of arbitrary strength are first briefly reviewed
[6,22-25], as well as the salient steps of the derivation of the
Dirac-Lorentz equation; the plane wave dynamics of an elec-
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tron are then studied including classical radiation reaction
effects, and compared in detail to the well-known Compton
scattering kinematics.

II. LORENTZ PLANE WAVE DYNAMICS

This section is intended as a review of the covariant mo-
tion of a classical electron subjected to a plane electromag-
netic wave of arbitrary intensity; while this has been exten-
sively studied in the past [6,22-35], it is included for
completeness; it also helps define various quantities and
units, and to emphasize the absence of recoil in the case of
the pure Lorentz force; finally it serves as an introduction to
the derivation of the radiation reaction effects for a plane
wave. We also note that this derivation forms the basis for
the theoretical analysis of a number of Thomson and Comp-
ton scattering experiments performed in the past few years
[36-47].

For conciseness, we use electron units, where length,
time, mass, and charge are measured in units of the classical
electron radius ry=e?/4meymyc?, ol c, the electron rest mass
mg, and its absolute charge e, respectively. In these units, the
vacuum permittivity is gg=1/4, and its permeability is
=4r; the reduced value of Planck’s constant is given by the
inverse fine structure constant: h=1/a=x_./ry, which is also
the ratio between the quantum and classical scales.

The electron normalized four-velocity and four-
acceleration are defined as u,=dx,, and a,=du,, where 7
is the dimensionless proper time along the dimensionless
electron world line x,(7) and where the notation d,=d/dr is
used. The length of the velocity four-vector uMu“=—1=u2
— v reflects the relation between energy and momentum,
while the four-velocity and four-acceleration are orthogonal:
d (u,ut)=0=2u,a*.

Within this context, the Lorentz force equation reads a u
=-F,u"=-(d,A,~3d,A, u’, where the antisymmetric elec-
tromagnetic field tensor F,, is expressed in terms of the
normalized four-potential A, and where the standard nota-
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tion d,,=d/dx* is used. For a plane wave with four-wave
number k,, the four-potential is only a function of the phase
¢p=—k,x", with A ,(x")=A ,(¢) and the partial derivatives re-
duce to d,A () =0, dpd A, =—k,d 4A,. Applying this result to
the Lorentz force equation, we have a,=k,(u"d4A,)
—(k,u")d4A,; now taking the derivative of the phase with
respect to the proper time, d,p=r=-d (kx")=—k,dx"=
—k,u”, which defines the light-cone variable «, we find that

d dA d¢pdA
aﬂz—u’i:k“<u”—v>+—¢—ﬁ,
dr d¢ dr d¢
d dA,
d_T(“M_AM)=kM(” dd’)- (1)

The dynamics of the light-cone variable are described by

dk du*
— =k —

dA” dA*
7 "y =- (kﬂk“)<—u,,) + (k”u,,)(k —)

dé "dg
2)

The first term in Eq. (2) corresponds to the dispersion rela-
tion in vacuum, or photon mass-shell condition kMk“:O,
while the second term corresponds to the Lorentz gauge con-
dition d,A*=0=4,,¢d A*=~k,d4A*. The light-cone vari-
able is a constant of the electron motion d,x=0.

Equation (1) suggest seeking a solution of the form u,,
=A,+k,f(¢), where f is a function of the electron phase to
be determined. As the ponderomotive force is proportional to
A, A" and directed along the incident wave propagation, we
consider the linear combination f(¢)=£A ,A*(¢p)+ ¢, where &
and ¢ are constants that are determined by satisfying both
Eq. (1) and the condition u,u*=-1. Differentiating u,=A,,
+k,[ A ,A¥(¢)+ 4] with respect to 7, and inserting the result
in Eq. (1), we find that

pen A o AT A @Ay A
gvdT_g Vd¢_ud¢_ +f¢ d¢_ Vdd)’
3)

where we have used the gauge condition to eliminate k"d 4A,.
Equation (3) then yields é=1/2«. The normalization of the
four-velocity yields -
uut=—1= (A, +k,f)(A* + k"f)
— 2
=A, A"+ 2fk A¥ + [k K",
- 1=A,A"+2fk A=A A"+ 2k, A"(EA A* + )

7

k,A
=AMA”(1 + —'“k—> + 2k, At (4)
The result is

1+AVA”(¢)] -

2k,A"(Y)

Finally, initial conditions can be matched by regauging the
four-potential by a constant four-vector A*— A*+uf. Fur-
thermore, because of the photon mass-shell condition, the
light-cone  variable  reduces to  k=—ku*=-k, A"

u,(x")=A,($) —k,{
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—(k,k*)f(¢)=—k,A*, which has the constant value x=x,
=—k,uf; as a result, Eq. (5) can be expressed as
14 14
W= uft + AP+ k"(A—VA * zf””‘)) (©6)
2k ug
by noting that (A +uy) (A +ug)*=A ,A*+2A ,uff~1. We now
have limy_,...u*(¢)=ufy, since lim_,,..A*(¢)=0. This result
shows that for a classical electron interacting with a plane
wave in vacuum, there is no net energy exchange in the
absence of radiative corrections, and is generally known as
the Lawson-Woodward theorem. The condition that the four-
potential vanishes at infinity, to within a constant, is quite
general; in particular, there are no temporal profiles that will
yield electron acceleration for plane waves in vacuum, in-
cluding chirped pulses. This also confirms that the Lorentz
force does not yield radiative recoil: Ay=7yy 10— Vy

=y~ =0.

II1. DIRAC-LORENTZ EQUATION

The Dirac-Lorentz equation includes such radiative ef-
fects; for completeness, the main steps of the derivation are
outlined here. The electron four-current is

J) = f () 840y — ) )

and the corresponding self-electromagnetic field F}, ,=d,A;
-d,A;, satisfies the wave equation LA} (x\)=-4mj, (x)).
Green functions can be used to solve this problem, with
A (x))=4m T, ()G (xy—x,)dT .

The self-force is simply given by the Lorentz force in the
self-fields

F,==(3,A5- 9,A )u”
400
__ j w1 () = ()0, ]G (o = 3]V

(8)

The advanced and retarded Green functions depend on the
spacetime interval s2=(x—x’)’u(x—x')“:G1=—5(s2){1 F[(x
—xp)/ |xo=x(|1}. As a result, the partial derivatives operate
identically to 9, =2(x,~x,)dp:

FL=—2 f o) a0, 0}) 5, = 30) = 1,0 3, )

X ng'. 9)

Introducing 7'=7— 7', and Taylor expanding around the elec-

tron, at the singular point 7'=0, we have

! U 1 /. 1 !
xﬂ—xﬂ=7’u#—57’2aﬂ+gr’3d7a#+ EE
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1
() =uy (1= 7)) =u, — 7'a, + 57”2+ <o, (10)

which yields s?>= 72, and dG/ds*=—(1/27")(dG/7"). The
self-electromagnetic force is

. 7 Rt
Fﬂzf_x {— Eaﬂ+ ?{ﬁ—uﬂ(a,ﬂ )]}ﬁdf

(11)

This equation can be integrated by parts; following Dirac’s
procedure and using the time-symmetrical Green function
G=(G*-G")/2 to renormalize the divergent electromagnetic
mass of the point electron [*2.8(7")d7"/2|7"| and adding the
Lorentz term yields the Dirac-Lorentz equation

d
a,=-F,u"+ TO{—&; —uﬂ(a,ﬂ")] (12)
T

Here, 7,=2/3 is the time scale for classical radiative correc-
tions, expressed in units of ry/c. A number of conceptual
difficulties arise within the context of Eq. (12), including
so-called runaway solutions and acausal effects; for more
details, see Refs. [1-21].

IV. DIRAC-LORENTZ PLANE WAVE DYNAMICS

We now turn our attention to the Dirac-Lorentz dynamics
of a point electron in a plane wave. Using the four-potential,
the Dirac-Lorentz equation reads

du da
—+=—0,A,-09 w4+t —E-u,laa’)|. (13
dr ( 7 VA,u) 0 dr ,u.( e ) ( )
As seen in Sec. II, in the case of a plane wave, the electron
phase is ¢=—k, x*, and the partial derivatives of the four-
potential take a simple form

dA, Jd¢dA, dA,
0A,=—— =~ =-k,~—=-k,E,. (14)
axt oxt de de
The Dirac-Lorentz equation now reads
du ) ) da Y
ﬁ =k, (Eu") = E, (ku") + 7'0|:7;‘L -u,(aa )} :
(15)

Choosing the reference frame so that the incident plane wave
propagates along the z axis, with k,=(w,0,0,w,), we have
k,ut=wy(u,~y)=—x; furthermore, the gauge condition
leads to E,=E:

do dA*
—¢)———k#E’L=m’0(E0—EZ). (16)

ﬁﬂA“:O: =
oxt* do

The scalar product of the field and four-velocity is now given
by
EMM;L:EJ_'HJ_ +EH(MZ—')/), (17)

where we have defined Ej=E,=E,, and Eq. (15) now reads
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du
= klE L+ B = )] - By, - 9)
da
+ TO|:_EdT - uu(alﬂv)] (18)

Since k| =0, the transverse dynamics are governed by

du

da
=-E wy(u,—y) + 7'0[ = - ui(avay):|
dr dr

d
=KEL+TO[%—uL(aVaV)] (19)

while the axial and temporal components of the Dirac-
Lorentz equation yield

du
—p = @lE L uL B = )] - Exwo(u - )
d
+ 7'0|:& - uz(ayav):| > (203)
dr ‘
dy
Z’ =wolE, -u, +Eu, - y)] - Eqw(u,— y)
d
ot o]
dr

respectively, and reduce to

du du

d_;:WOEL'uL+TO|: dez_uZ(aVaV):|’ (21a)
dvy dz‘y Y
E_szEL'uL+TO F—y(aya) : (21b)

Multiplying Egs. (21a) and (21b) by @, and subtracting the
axial from the temporal component, we obtain an equation
governing the evolution of the electron light-cone variable

dk ’x
i TO[P - K(a,ﬂ”)} (22)

Now using the electron phase as the independent variable,
and the fact that d_¢=k, we have

drc _ [d_(_) } 2
d¢_TO d¢?\ 2 —aa. (23)

A. First-order recoil

In the limit where radiative corrections are small, one can
replace the quantities inside the brackets by their Lorentz
dynamics, zeroth-order values

aa’=a* + a? —ay=al =(dn,)*=(dA )= Kz(d¢AL)2
(24)
and d 4«=0. Equation (23) then reduces to

dx 5 (dAl>2
— =—-KT\ — |,
dr do
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2
] ~ m(%) S A2ND),  (25)

d [ 1

dé| k(¢)
where the last equality holds for circularly polarized light,
and where g(¢) is the temporal envelope of the electric field.
Equation (25) can be solved to find

LI SRPPY L
PR Lg (). (26)

Here K()=1im¢_>_OCK(¢) is the initial value of the electron
light-cone variable. To calculate the total recoil momentum,
we first consider the limit of Eq. (26) for ¢— +o0:

+00

-1
K= Koll + KOTQA(z)f 82(¢)d¢}

—oo

+%0

=~ Ko — KyToAy f g (p)de. (27)

—00

After the interaction, for small momentum transfer, where

u; <1, energy conservation implies that "=\l +u;2. Fi-
nally, we use the definition of the light-cone variable x=
—k, ut=wo(y-u,), where @wy=wyry/c is the wave frequency
measured in electron units. Combining these results, and
considering a reference frame where the electron is initially
at rest, with yy=1,u,,=0, and xy=w,, we find that the clas-
sical Dirac-Lorentz recoil Au, is

+

e LlKo— KéToA%J‘Jm 82(¢)d¢]’

W W

+00

2 r
Au,=ul —uy= gwozoAéf g (p)do. (28)

—o0

B. Higher-order perturbation theory

We now consider higher-order terms; proceeding system-
atically, we first express the square of the four-acceleration in
terms of derivatives with respect to the phase

2 2 2
o= () <) -(2)
dr dr dr

SIERERE

2
= K (&> + i(uz— 7)i(uz+ 7)}

L\ d¢ d¢ d¢
| c&)iii ]
=K _( d¢ p— d¢(uz+ ’y) . (29)

Here the prime denotes derivation with respect to ¢.
The transverse dynamics equation is
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du, { d( dui)
k— =kE | + 1) k—

d dp\" dp
o ﬂ)z_ii ]
u, K [( ié m0d¢(uz+ i¢, ((30)

while the evolution of the light-cone variable is governed by
dk & [k S| (du,\* K d
— =1\ T |-« |\ =) —— =+ |,
do dep=\ 2 do wod¢

(31
In order to make the perturbation parameter € =17, appear
explicitly, we introduce g=7y—u,=«/w,; the light-cone dy-
namics are now described by

TR CY R
Wod¢—moTo A\ 2 —-q dd —qdd)”z"‘)’ ,

du, \? d
q’=8{q’2+qq"—q2{(;—¢> 4 gl 7)”

=8[61'2+6]q"—612l1f+6]261’(uz’ + '}”)] (32)
The transverse dynamics equation reads
u, =E, +e[q'u) +qu -u qui’+u qq' (ul+7)].
(33)

Using the normalization of the four-velocity u Mu“:—l:ui
+u§— ¥* and the definition of g=vy—u,, the derivative 7
+ v can be expressed in terms of u | , ¢, and their derivatives

1+ul -4 1+’ +¢?
u = —, = —’
) 2q 2q
' ' d<1+uzl> 1[2 ’ /(1 2)]
u+y =—|——=|==|2qu, -u, - +u’)].
z Y d¢ q q2 qu 1 q 1
(34)
Using this result in Egs. (32) and (33), we have
q'=elq?+qq" - g +2qq'u, -u - q"*(1+u7)]
=elqq" - gPu'?+2qq'u, v - ¢’ ] (35)

and

u, =E, + S{Q,UL +qu’ —u qu’+2u,q'qu; -

12
—qu—(1+ui)] (36)
q

At this point, we note that a number of terms can be elimi-
nated by taking the limit where the normalized vector poten-
tial A(2)< 1:¢q' and its derivatives are all at least quadratic in
Ap, and u, and its derivatives are all at least linear in A,
therefore g'u’, *A;>,q'u, -u’, «A5* and ¢'*u’ «A;°. This
limit is appropriate, since we intend to compare the Dirac-
Lorentz recoil to Compton scattering, where the vector po-
tential of the incident photons is vanishingly small; note that,
as a result, the motion induced by the external field is non-
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relativistic and could also be treated within the framework of
the Abraham-Lorentz force [2-8]. However, since the Dirac-
Lorentz equation is the more general framework, and as the
solution derived here does satisfy both the Dirac-Lorentz and
the Abraham-Lorentz equations, we will continue our discus-
sion within the Dirac-Lorentz context. With this limit, Eqgs.
(35) and (36) reduce to

q' =elqq" - gu'2+0(Ag")] (37)
and
u, =E, +&[qu] +0(457%)]. (38)

Equation (37) shows that g=go+0(e")O(A;"), therefore,
we can recast Egs. (37) and (38) as

q' =eqlq" - qou'’? + 0(A57Y)] (39)
and

u, =E, +gqou’| + 0(332) + 8[0(1‘\023)]

u, =E, +equ’], (40)

and solve Eq. (40) by recurrence: assuming that we have, to
order n,

d¢”

and differentiating twice with respect to ¢, we find that

(41)

u, =A, +-+ (ECIO)n

n+2

1
d¢n+2 .

(42)

u =E| + - +(gq)"

Now replacing u’| by the above expression in Eq. (40), we
have

n+2

’ 4 ’ n 1
u|, =E, +eqou’| =E| +eqo| E'| + -+ +(eqq) 1
) dn+2A
=E, +eqE| + - + (eqo)™"! d¢n+2l, (43)
which integrates to
n+1
uL=AJ_+8q0EJ_+ e +(8q0)n+l d¢n+li’ (44)

and proves the recurrence. Equation (44) can now be gener-
alized to read

u, = 2 (8610)” (45)

d ¢” '
C. Exact plane wave solution

In the case of a linearly polarized, monochromatic plane
wave, where we have

d"A |
de¢"
the summation in Eq. (45) can easily be performed analyti-
cally:

A | (¢) = %A Re(e'?), =xRARe(i"¢'?), (46)
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u, =, (840)" 14" —onRe[e ¢ (ieq)" ]
n=0 d) n=0
i¢ cos ¢ — eqysin
=)2A0Re( ¢ ) =§AOW. (47)
1-ieqy 1+ &g

Using this result in the equation governing the dynamics of
the light-cone variable leads to a slightly more complicated
differential equation

, . sin ¢+ gq(cos ¢
ul=—xA0—2 3
1+e%q

’ " A() : . )
q' =eq0| 4" —qo| ——5 3| (sin ¢+ eqqcos ¢)” |,
1 +e7q
(48)
which can also be solved analytically [48] to obtain
242 - 2)s?
( CIOAO
=qo+—F 55—~ (1 -cos2
Q(¢) 40 2(4 2 %+1) ( ¢)
56202 — 1) ea?A2 caPA2
+( 6]02 2) quosin2¢>— CIvo &.
4(48q5+1) 2?2 +1)
(49)

Note that the general solution contains a runaway exponen-
tial, of the form e?®%, which is eliminated by choosing the
proper initial conditions for ¢’ and ¢”; in addition, ¢(¢$=0)
=qo. The second-harmonic oscillatory terms are driven by
the ponderomotive force, while radiative recoil accumulates
linearly with ¢.

To determine the momentum transfer over a finite phase
interval A¢ we simply average out the second harmonic mo-
tion:

£qA; N
<Q(A¢)>_q0=_ 2(82q%+ I)A(ﬁ: 1- u,,
gA] A? 2 ryAl

Au u, = 2(8 +1) Ap =79 OA¢—_0)0_0_0A¢'

2 ro Ad D)
=S, A% (pdyp. (50)
cJo

Here, we have chosen gy=7yy—u, =1 to model an electron
initially at rest; we have also neglected the term in & finally,
we clearly recognize that [§?A% (¢)di=ApA%/2 for a lin-
early polarized plane wave of constant amplitude over the
phase interval A . This result is completely analogous to the
one derived for circular polarization, and presented in Eq.
(28).
The complete result is
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hk,z
AARAAA >
VUTTVTY

FIG. 1. (Color) Interaction between an electron initially at rest with an incident photon, propagating along the z axis, with momentum
hkyZ; after the event, the probability distribution for the scattered photons is given by a dipole radiation pattern, which results in an average
null momentum for the scattered radiation: the electron recoil is then equal to {mycu*)="hkyz, on average.

3 2 0
=k,
3 0’0

2 1 Aé
Au, = —koro—zf A’ (Pdip. (51)
1+ ( )
To exhibit the higher-order classical radiative corrections, we
simply Taylor expand (1+&2)7":

2
eAj

Au, = ——0—
T 024 1)

2 rg 8¢ 2 . 2
Ap=Zop ! fo ALY (=)

3
(52)

Beyond the lowest-order term, the corrections scale as even
powers of e=kgry; these results are in sharp contrast with the
Compton scattering theory, which is presented next.

V. COMPTON SCATTERING

To assess the validity of the results derived above, we
need to compare them with Compton scattering both in the
small recoil limit, and for larger values of the momentum
transfer. Energy-momentum conservation can be written as
u2+ XK =u,+Xky; using the normalization of the
4-velocity and the photon mass-shell condition, one obtains
the well-known relation between the initial and final photon
states k;(u{)‘+7(ckg)=k2u6‘. In the specific frame chosen here
ub= (1,0,0,0) and the electron momentum after scattering is
simply given by

h(Q)
1+ Xko[1 —H(Q) - 2] } (53)

where n({) is the propagation direction of the scattered pho-
ton. For direct comparisons with Egs. (28) and (51), the mo-

ut(Q) = Xcko{i -

mentum transfer needs to be averaged over the compton scat-
tering differential cross-section, which represents the
probability of radiating a photon over a small solid angle

1 do
(u* = f u*(Q)d—QdQ. (54)

A. Small recoil limit

In the small recoil limit, where Xko<1,u*(Q)=Xk[z
-n(Q)]; furthermore, in the rest frame of the electron
dol/ dQ:résinze, where 6 is the angle between the direction
of polarization and n({)). Using symmetry arguments, it is
easily seen that [H()sin’6dQ=0, and (u*)=2(u;) =X kz,
as shown in Fig. 1. At this point, to obtain the total momen-
tum transfer we need to evaluate the average number of scat-
tering events between the electron and the incident photons
in the plane wave. The electromagnetic energy density in
vacuum is d*W/dxdydz=E?*/4mw=(wymycAle)*/4, and the
photon density can be written as

1 &w 1 A?

=— == . 55
"™ hwg dxdydz 2 rgkong (53)
The average number of collisions is then
+00 8 1 +00
2
(N) = Uf_w ny(t)cdt = 577r02r0}(0)\0 f_w A%(1)cdt
4 7 i dp 2 i
=3 }(—;)\()Aﬁcf S, = gK—OAéf (B)dp,
(56)

and the average recoil is
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+

S 0G) =3y f(0as 67

—00

which is precisely the result obtained using the classical
Dirac-Lorentz equation, shown in Eq. (28).

Before examining the physical meaning of this result, we
note that the frequency of the incident plane wave w, repre-
sents an average for a short pulse; however, since the result
holds independently of the pulse duration, one can consider
arbitrarily long pulses with correspondingly narrow Fourier
transform-limited bandwidths.

As expected, the classical Dirac-Lorentz result does not
involve Planck’s constant, while Compton scattering, for an
individual event, clearly reflects the quantum nature of light.
Once an average number of collisions are considered, how-
ever, Compton scattering yields the same momentum transfer
as the classical derivation. This might seem paradoxical, but
the averaging clearly yields a continuous momentum transfer
value because, while each collision results into a quantized
average recoil, the energy density of the incident plane wave
itself is partitioned into discrete quanta, thus eliminating
Planck’s constant from the final result.

This further establishes the well-known fact that, for free
electrons, the electrodynamical length scale is the classical
electron radius ry; indeed, the Compton scattering cross sec-
tion is essentially classical, and independent from the Comp-
ton wavelength X.=ry/a: 0:87Tr(2)/3.

B. Average recoil

Equation (54) can also be used to determine the average
electron recoil for arbitrary values of kyA,; in that case, the
differential Compton scattering cross section must be cor-
rected for the reduced density of states at the energy of the
scattered photon; this is illustrated in Fig. 2, where we rec-
ognize the dipole radiation characterizing Thomson scatter-
ing for kyX.<<1, and the corrected pattern for kyA,.=0.5. For
spinless particles, and using é=kyX,, we have [49]

+12 2502
2 k rosin” 6

(o
— . 20 _ = ’
a0 = T+ &1 = sin Gcos @)

(58)

where we have used spherical coordinates f({))=X cos 6
+¥ sin @sin @+Z sin fcos ¢; we then have, for the total
cross section

r(z)sinza

2w ™
o(é) = fo d‘PJO sin 9d3[1 + &(1 —sin 6 cos @)

1+€12(1+& 1
Wr(z)? ng—gln(l+2§) . (59)

The electron momentum components perpendicular to the
incident photon wave vector average to zero:

. £ (7. rgsin®@cos 6
<llx>=— — de | sin 6do - 3
a8 J, 0 [1+ &(1-sin O cos ¢)]
=0,
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FIG. 2. (Color) Top: Compton scattering differential cross sec-
tion in the Thomson limit (kyX,<<1). Bottom: Compton scattering
differential cross section for kyX.=0.5. Note that the scales are dif-
ferent: o(koX.=0.5)/o(kgX.=0)=0.51167.

<u;'> __ ¢ f” d(pf#sin 0o rosin’6 s-in f'sin ¢ :
o(&)J, 0 [1+ &1 —sin fcos ¢)]
0, (60)

while the average axial recoil is

21 T
(uh)=¢ 1—Lf d<pJ sin 6d6
) a(§) 0 0

resin®@sin 6 cos @
[1+ &1 —sin Ocos ¢)]?

2
1
O e 4 p0E - 6¢-3)

= e 29
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FIG. 3. (Color) Comparison
between the average axial electron
recoil from Compton scattering
[red, Eq. (64)] and the Dirac-
Lorentz momentum transfer [blue,
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Eq. (51)]; the dashed line corre-
sponds to a regime where the per-
turbation in e=kgro=aé<1 is no
longer valid. In both cases, the
momentum transfer Au_ is nor-
malized to %koro JT2A% ()d .

: |
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+3(1+28)%n(1 +28)]. 61)

For small values of &, the recoil is given by

6
<ll+> = kO}(c(1 - gkO}(c)i’ (62)

where a quadratic correction term appears; the average mo-
mentum transfer is

2 a¢ 6
Auz=<N><uZ>=§rokoA§ f g2(¢)d¢<1 —§§>. (63)
0

This last result is important, as it combines the classical and
the quantum scales; the correction term is purely quantum
mechanical. By contrast, the Dirac-Lorentz radiative scale is
e=kyro=aé, and the first correction beyond the lowest-order
term is quadratic in &.

For arbitrary values of {=kyX,, the recoil is

_ n_ 2 M 3
AMZ—<N><L£Z> = 3"0k0{1 - 0_(5)54(1 + 25)2[25(1 +&)(2¢

A¢
—6&£-3)+3(1+2&)n(1 + 25)]“ A% (p)de.

0
(64)

Note that the classical scale e=kyry= a&; therefore, perturba-
tion theory still applies for values of é<a7!
=137.0359895(61), and we can compare the Dirac-Lorentz
theory with Compton scattering, as shown in Fig. 3. Clearly,
the classical electron theory breaks down beyond the lowest-
order value of the momentum transfer, which scales as the
classical electron radius; of course, this is not unexpected, as
the quantum scale characterizing Compton scattering recoil
correction is not present in the classical theory. Therefore,
radiative corrections should in most cases be treated via
QED, although this becomes difficult in the classical nonlin-

ear regime, where the normalized potential Aj=1. A more
detailed inspection of Fig. 3 shows that for {<a, both theo-
ries agree, as recoil remains negligible; the Compton knee is
located near &=13.18, where classical recoil is still very
small (e=2a<1); finally, a crossing point exists at &
=1.01686, beyond which the two theories predict different
behaviors: while the Compton corrections become nearly
constant, the Dirac-Lorentz solution trends toward larger ef-
fects before the perturbative approach breaks down.

VI. CONCLUSIONS

In conclusion, we have presented a direct comparison be-
tween the Dirac-Lorentz dynamics of an electron subjected
to a plane wave in vacuum and the well-known recoil asso-
ciated with Compton scattering; in the small recoil limit, the
classical Dirac-Lorentz is shown to yield the same momen-
tum transfer as that derived from Compton scattering kine-
matics. While this further establishes the well-known fact
that, for free electrons, the electrodynamical length scale is
the classical electron radius, questions remain open about the
transition between the classical regime, where Dirac-Lorentz
electrodynamics applies, and the quantum electrodynamical
regime, where QED concepts, including Delbriick scattering,
pair creation, and the Schwinger critical field play a major
role. When higher-order corrections are included, an exact
analytical solution to the plane wave Dirac-Lorentz equation
has been derived, and used to show that the classical electron
theory breaks down beyond the lowest-order value of the
momentum transfer, which scales as the classical electron
radius; of course, this is not unexpected, as the quantum
scale characterizing Compton scattering recoil correction is
not present in the classical theory. Therefore, radiative cor-
rections should in most cases be treated via QED, although
this becomes difficult in the classical nonlinear regime,
where the normalized potential Aq=1.

026502-8



CLASSICAL THEORY OF COMPTON SCATTERING....

ACKNOWLEDGMENTS

This work was performed under the auspices of the U.S.
Department of Energy by the University of California,

PHYSICAL REVIEW E 72, 026502 (2005)

Lawrence Livermore National Laboratory under Contract
No. W-7405-Eng-48. One of us (FV.H.), would also like
to acknowledge very useful discussions with D.T. Santa
Maria.

[1] PA.M. Dirac, Proc. R. Soc. London, Ser. A 167, 148 (1938).
[2] W. Pauli, Theory of Relativity (Dover, New York, 1958), Secs.
19, 27, and 28.
[3] E. Rohrlich, Classical Charged Particles (Addison-Wesley,
Reading, MA, 1965), Chaps. 6 and 9, and references therein.
[4] A. O. Barut, Electrodynamics and Classical Theory of Fields
and Particles (Dover, New York, 1980), Chaps. 3 and 5.
[5]S. Coleman, in Electromagnetism, Paths to Research, edited
by D. Teplitz (Plenum Press, New York, 1982), Chap. 6; P.
Pearle, Electromagnetism, Paths to Research, Chap. 7.
[6] F. V. Hartemann, High-Field Electrodynamics (CRC Press,
Boca Raton, FL, 2002), Chap. 12, and references therein.
[7] M. Abraham, Ann. Phys. 10, 105 (1903).
[8] M. Abraham, Phys. Z. 5, 576 (1904).
[9]J. Schwinger, Phys. Rev. 75, 1912 (1949).
[10]J. S. Nodvick and D. S. Saxon, Phys. Rev. 96, 180 (1954).
[11] C. Tetelboim, Phys. Rev. D 1, 1572 (1970).
[12] T.S. Mo and C.H. Papas, Phys. Rev. D 4, 3566 (1971).
[13] J. Huschilt and W. E. Baylis, Phys. Rev. D 9, 2479 (1974).
[14] A. O. Barut, Phys. Rev. D 10, 3335 (1974).
[15] W. E. Baylis and J. Huschilt, Phys. Rev. D 13, 3237 (1976).
[16] W. E. Baylis and J. Huschilt, Phys. Rev. D 13, 3262 (1976).
[17] E. J. Moniz and D. H. Sharp, Phys. Rev. D 15, 2850 (1977).
[18] F. V. Hartemann and A. K. Kerman, Phys. Rev. Lett. 76, 624
(1996).
[19] E. V. Hartemann, Phys. Plasmas 5, 2037 (1998).
[20] J. R. Van Meter et al., Phys. Rev. E 62, 8640 (2000).
[21]J. Koga, Phys. Rev. E 70, 046502 (2004).
[22] L. S. Brown and T. W. B. Kibble Phys. Rev. 133, A705
(1964).
[23] E. S. Sarachik and G. T. Schappert, Phys. Rev. D 1, 2738
(1970).
[24]J. W. Meyer, Phys. Rev. D 3, 621 (1971).
[25] F. V. Hartemann et al., Phys. Rev. E 58, 5001 (1998).

[26] P. Sprangle, A. Ting, E. Esarey, and A. Fisher, J. Appl. Phys.
72, 5032 (1992).

[27] E. Esarey, S. K. Ride, and P. Sprangle, Phys. Rev. E 48, 3003
(1993).

[28] F. V. Hartemann et al., Phys. Rev. E 54, 2956 (1996).

[29] S. K. Ride, E. Esarey, and M. Baine, Phys. Rev. E 52, 5425
(1995).

[30] E. Esarey, P. Sprangle, and J. Krall, Phys. Rev. E 52, 5443
(1995).

[31] F. V. Hartemann et al., Phys. Rev. E 54, 2956 (1996).

[32] F. V. Hartemann, Phys. Rev. E 61, 972 (2000).

[33] F. V. Hartemann et al., Phys. Rev. E 64, 016501 (2001).

[34] W. J. Brown and F. V. Hartemann, Phys. Rev. STAB7, 060703
(2004).

[35]J. Gao, Phys. Rev. Lett. 93, 243001 (2004).

[36] R. W. Schoenlein et al., Science 274, 236 (1996).

[37] W. P. Leemans et al., Phys. Rev. Lett. 77, 4182 (1996).

[38] W. P. Leemans et al., IEEE J. Quantum Electron. QE11, 1925
(1997).

[39] C. Bula et al., Phys. Rev. Lett. 76, 3116 (1996).

[40] D. Burke et al., Phys. Rev. Lett. 79, 1626 (1997).

[41] C. Bamber et al., Phys. Rev. D 60, 092004 (1999).

[42] I. V. Pogorelsky et al., Phys. Rev. STAB3, 090702 (2000).

[43] M. Yorozu et al., Jpn. J. Appl. Phys., Part 1 40, 4228 (2001).

[44] D. J. Gibson et al., Phys. Plasmas 11, 2857 (2004).

[45] W. J. Brown et al., Phys. Rev. STAB7, 060702 (2004).

[46] F. V. Hartemann et al., Laser Part. Beams 22, 221 (2004).

[47] S. G. Anderson et al., Appl. Phys. A: Mater. Sci. Process. 78,
891 (2004).

[48] S. Wolfram, Mathematica Book, 4th ed. (Wolfram Media/
Cambridge University Press, Champaign, IL, 1999).

[49] J. D. Jackson, Classical Electrodynamics, 3rd ed. (J. Wiley,
New York, 1999), Chap. 14.

026502-9



