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Laser-induced Compton scattering at relativistically high radiation powers
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We reconsider nonlinear Compton scattering, induced by a linearly polarized laser field. The radiation power
is assumed to be in the relativistic regime such that the ponderomotive energy of an electron in the field is of
the order of magnitude of the electron’s rest energy or even above it, i.e.,Up>mc2. We investigate in detail for
several scattering configurations the angular dependences of the induced nonlinear Compton processes of the
orderN of absorbed laser photonsv, assuming that in general the electron beam and laser beam can cross at
an arbitrary angle.
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I. INTRODUCTION

Laser-induced Compton scattering was one of the fi
nonlinear processes that was intensively investigated im
diately after the first lasers were brought into operation. N
surveys of this early work and discussions of the vario
questions raised at that time can be found in the review
Eberly @1#, Bunkin et al. @2#, Mitter @3#, and Neville and
Rohrlich @4#. However, a long time before the laser was
vented, Thomson and Compton scattering, induced by a c
sical electromagnetic background field, was discussed
considerable detail by Sen Gupta@5#. This early work was
also reviewed by one of us@6#, where we reported that th
first theoretical investigations of stimulated nonlinear Tho
son scattering can be found in papers that were written in
forming years of the development of quantum mechanic
the 1920s. In the early days of laser research, the attain
powers of laser radiation were so low that the nonlinear
fects predicted were not accessible to observation. The
periment in which the second harmonic of nonlinear Com
ton scattering was observed is the one reported by Eng
and Rinehart@7#. Therefore, one of the present authors
considered Compton scattering in an intense, linearly po
ized laser field in a semirelativistic approximation and
envisaged also the process of laser-modified x-ray scatte
in the relativistic regime@8#. At about the same time, class
cal Thomson scattering in a powerful, linearly polariz
plane-wave radiation field was analyzed numerically to
considerable extent by Puntajer and Leubner@9#, while this
process was considered several years before in great d
for linear as well as circular laser polarization by Sarac
and Schappert@10#. With the advent of very powerful lase
sources in recent years, the predicted energy and mome
shifts in a laser field became observable and were analy
carefully by Meyerhofer and co-workers@11#. Their experi-
mental results gave rise to renewed interest in the invest
tion of relativistic Thomson scattering in an extremely po
erful laser field by Hartemann and Kerman@12#, and in a
series of papers by Salamin and Faisal@13#. The correspond-
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ing quantum-mechanical Compton process was reinve
gated by Narozhny� and Fofanov@14#, describing the pow-
erful laser pulse by a circularly polarized electromagne
plane-wave field. Finally, the old question why the quantu
electrodynamic treatment of laser-induced processes
which the laser dressing of the electron was treated by s
ming up Feynman diagrams, as in the work of Fried a
Eberly@15#, does not yield laser-induced energy and mom
tum shifts, while the classical description of the laser fie
does, has been reconsidered by Reiss and Eberly@16# and
more recently by Ko¨rmendi and Farkas@17# who apparently
find a reasonable explanation for this discrepancy.

It is the purpose of the present work to reanalyze las
induced Compton scattering in a very powerful radiati
field in which the ponderomotive energyUp of the electron
in the field is of the order of magnitude of the electron’s re
massUp.mc2, or even larger. Since most calculations
this process, performed in the past, of which we beca
aware, were performed for a classical, circularly polariz
electromagnetic plane-wave field and mainly analytic form
las were presented, it will be our aim to consider Comp
scattering for a linearly polarized radiation field, in whic
case we expect a much richer and more complicated sca
ing spectrum. Moreover, we want to find out whether at
high-laser powers envisaged above, of about 1018 Wcm22

and beyond, spin effects are of importance or, whether
treatment of nonlinear Compton scattering for a Kle
Gordon particle or a Dirac particle lead essentially to t
same results. We shall consider various different scatte
configurations in which the electrons are moving at hi
speed initially, which historically was not the usual assum
tion, and we shall permit the collision of the laser beam a
the electron beam at an arbitrary angle and investigate
angular dependence of the cross sections of the scatt
radiation of harmonicsNv. Our calculations will lead in the
present case of linear laser polarization to generalized Be
functions of the form

BN~x,y!5 (
l52`

1`

JN22l~x!Jl~y!. ~1!

The evaluation of such functions has been analyzed s
©2002 The American Physical Society12-1
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time ago in the complex plain by Leubner@18# who devel-
oped for that purpose generalized saddle-point methods
who wrote a program for the corresponding numerical cal
lations. His investigations were based on earlier work
Bleistein and Ursell@19,20# as well as by Nikishov and Ritu
@21#. Similar work was performed much earlier by Rei
@22,23#. We started from the work of Leubner@18# to design
a completely newC11 program for the evaluation of th
generalized Bessel functionsBN(x,y) for large values of the
parametersx, y, andN and we found that in the paramet
range 1022104 there is excellent agreement between the
sults of our computer program and the data obtained fr
Eq. ~1!. Therefore, we can expect that for parameter val
larger than 104, the numerical results for the evaluation
BN will also be correct, since in that case the saddle-po
method should work even better.

In the next section we shall first derive the generaliz
Compton formula for scattering of a powerful laser beam
a Klein-Gordon particle of spin 0 and we shall then consi
the same process for a Dirac particle of spin 1/2. In Sec
we shall present and discuss our numerical results for var
scattering geometries and combinations of parameter va
The final section will be devoted to a summary of our resu
and to some concluding remarks. We shall use units\5c
51 throughout this work.

II. NONLINEAR COMPTON FORMULA

A. Scattering by a Klein-Gordon particle

The derivation of the scattering formula for a Klein
Gordon particle is relatively simple and straightforward. W
start by considering the exact solution of the Klein-Gord
equation for a particle of massm and chargee embedded in
an electromagnetic plane wave of vector potentialAW (t) in
the Coulomb gauge. Here,t5t2nW •rW andnW is the direction
of propagation of the plane-wave field. If the particle h
initial energy E and momentumpW and if adiabatic decou
pling of the particle from the plane wave is assumed,
corresponding Gordon solution@24#, normalized to the vol-
umeV, reads@25#

cpW5
1

A2EV
exp@2 i ~Et2pW •rW !# f ~t! ~2!

with

f ~t!5expH i

E
2`

t FepW •AW ~t8!2
e2

2
AW 2~t8!Gdt8

E2pW •nW
J . ~3!

Describing the powerful laser field by a monochroma
plane wave of amplitudeA0, linear polarizationeW , frequency
v, and wave vectorkW5knW , represented by the vector pote
tial

AW ~t!5A0eW cosvt, ~4!
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we obtain from Eqs.~2! and ~3! the corresponding solution
for the initial particle state

cpW5
1

A2EV
exp@2 i ~Ēt2pW̄ •rW !#exp@ i ~a sinvt

2b sin 2vt!#. ~5!

Here we have introduced the abbreviations

Ē5E1d, pW̄ 5pW 1dnW , d5
m2m2/4

E2pW •nW
,

a5
m~m/k!pW •eW

E2pW •nW
, b5

m2m2/8v

E2pW •nW
, m25S eA0

m D 2

. ~6!

The laser-dressed energyĒ and momentumpW̄ fulfill the re-

lation Ē25m̄21pW̄ 2 and correspond to an on-shell particle
effective massm̄5m(11m2/2)1/2 @26#. The characteristic
parameter, determining all the laser-induced nonlinear int
sity effects, is given bym25I /I c , where I is the average
intensity of the laser field andI c5av2/8pr 0

2 (a5e2, r 0

5e2/m) represents the critical laser intensity at whichm2

51 and where the problem becomes relativistic@27#, in
which case the ponderomotive energyUp5mm2/4 is ap-
proaching the rest energy of the electron.

Writing down a corresponding wave functionc
p8W
* for the

scattered particle of energyE8 and momentumpW 8 with ap-
propriate coefficientsa8, b8, andd8 in Eqs.~5! and~6!, we
can evaluate in lowest order of perturbation theory
T-matrix element of nonlinear Compton scattering by
Klein-Gordon particle, viz.,

Tf i52 i E drWdtcpW 8
* HintcpW , ~7!

in which the interaction HamiltonianHint for a laser-dressed
charged Boson of spin 0, interacting with a quantized el
tromagnetic fieldAW 8 in the Coulomb gauge is given by@28#

Hint5 ie@AW 8~t8!•¹W 2¹Q •AW 8~t8!#12e2AW 8~t8!•AW ~t!,
~8!

whereAW (t) represents the laser field, defined in Eq.~4!, and
the effective vector potentialAW 8(t8) of the spontaneously
emitted photon of frequencyv8 and wave vectorkW8 has to be
evaluated from the quantized field operatorAW 8, by consider-
ing the matrix element

^1kW8uAW 8u0kW8&5A 2p

Vv8
eW8ei (v8t2kW8•rW). ~9!

If we insert Eq.~9! into Eq.~8! and use the resulting expres
sion in Eq. ~7! together with the appropriate Gordon sol
tions Eq.~5!, we obtain after Fourier decomposition ofTf i
and integration over space and time,
2-2
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Tf i5 (
N52`

1`

TN ,

TN5 i ~2p!4
em

2VAE8E
A 2p

Vv8
MNd~Ē82Ē1v8

2Nv!d3~pW̄ 82pW̄ 1kW82NkW !, ~10!

in which the matrix elementsMN are given by

MN5
~pW̄ 81pW̄ !•eW8

m
BN~x,y!2F v

2m
~a81a!~nW •eW8!

1m~eW8•eW !G@BN11~x,y!1BN21~x,y!#1
v

m
~b81b!

3~nW •eW8!@BN12~x,y!1BN22~x,y!# ~11!

with the argumentsx andy defined by

x5a82a, y5b2b8, ~12!

wherea,b and, similarly,a8,b8 are defined in Eq.~6!.
The transition probability per unit space-time volume f

nonlinear Compton scattering of a Klein-Gordon partic
with the absorption ofN laser photonsv, can be evaluated
by standard methods. We find

wN5E uTNu2

VT
V

~2p!3
dkW8

V

~2p!3
dpW̄ 8

5
e2m2

8pVEE uMNu2

E8v8
dVkW8v82dv8d~Ē82Ē1v8

2Nv!dpW̄ 8d3~pW̄ 82pW̄ 1kW82NkW !. ~13!

In order to obtain the nonlinear differential cross sectio
dsN /dVkW8 , for the general case where the electron be
and laser beam cross each other under an arbitrary angle
have to divide the expression Eq.~13! by the relative average
flux j el

m ( j ph)m of the ingoing electrons and photons. This e
pression is found by adapting the Lorentz invariant form
the relative particle flux of two-particle collisions, if one o
the particles is massless@27,28#. The fluxes of electrons an
photons we can obtain from

jWel5
pW

EV
5

m

EV
bW , jWph5

1

v
^SW &5

A0
2v

8p
nW , ~14!

and therefore the relative flux is given by

j rel5
A0

2vm

8pEV
~12nW •bW !. ~15!

Consequently, the nonlinear cross sections of the orderN of
laser-induced Compton scattering by a Klein-Gordon part
will read
02271
s
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dsN

dVkW8

5r 0
2S v8

v D S m

E8
D uMNu2

m2~12nW •bW !
, ~16!

where r 05e2/m is the classical electron radius. Next, w
consider the energy and momentum conservation relati
expressed by thed functions in Eq. ~13!. These can be
squared and subtracted to yield

v8~Ē82pW̄ 8•nW 8!5Nv~Ē2pW̄ •nW !, ~17!

and by substituting on the left-hand side of Eq.~17! Ē8 and

pW̄ 8 again from the energy and momentum conservation r
tions in Eq. ~13!, we find for the frequencies of scattere
radiation the generalized Compton formula

v85
Nv~E2pW •nW !

E2pW •nW 81~Nv1d!~12nW •nW 8!
. ~18!

If the electron is initially at rest,E has to be replaced bym
and pW 50, while d reduces toUp5mm2/4. In that case, the
Compton formula Eq.~18! reads

v85
Nv

11S Nv

m
1

Up

m D ~12nW •nW 8!

. ~19!

At very high laser powers withm.1 and for a large numbe
N of absorbed laser photons, the frequenciesv8 of the scat-
tered photons will strongly depend on the quantu
mechanical recoil effect, determined in the denominator
Eq. ~19! by the factorN\v/mc2, as well as on the classica
laser-induced drift motion of the electron, yielding in th
denominator of that frequency formula the contributi
Up /mc2.

B. Scattering by a Dirac particle

The treatment of laser-induced Compton scattering b
Dirac particle of spin 1/2 can follow similar lines, as in ou
discussion in the previous subsection for a particle of spin
We start from the Dirac equation for an electron moving
an arbitrary electromagnetic plane-wave field

~ igm]m2egmAm2m!c~x!50, ~20!

where the vector potentialAm has the general form

Am5Am~k•x!, A•k5k•k50. ~21!

We use the Einstein summation convention and notat
namelyvmwm5v•w, wherem50,1,2,3. The solution of the
above equation, Eq.~20!, was derived by Volkov@29# and its
explicit form can be found in the paper by Denisov and F
dorov @30#. Assuming adiabatic decoupling along the lig
cone in the past between the particle and the field we ob
2-3



-

t-

er
th

Eq
ro

ou

or
in

r the

t

e-

ta-

lcu-
ec-
le,
ons
he
ross
o-
hese

n

h

all
ser
indi-
y
re-
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c~x!5@11kgmkmgnAn~k•x!#expF2 ip•x

2 i E
2`

k•x

S~f!dfGup, ~22!

whereup is a free particle solution of the equation (gmpm
2m)up50 with pm being a four-vector of energy and mo
mentum. The constantk and the functionS(f) can be evalu-
ated and we find

S~f!5
eA~f!•p

p•k
1

e2A2~f!

2p•k
, k5

e

2p•k
. ~23!

After normalization to the volumeV, the required Volkov
solution for an electron of initial four-momentumpm reads

cp~x!5A m

VEp
F12

egmAm~k•x!gnkn

2k•p GexpF2 ip•x

2 i E
2`

k•xS eA~f!•p

p•k
1

e2A2~f!

2p•k DdfGup . ~24!

A similar solution,cp8(x), can be written down for the sca
tered electron of four-momentumpm8 .

The T-matrix element of laser-induced Compton scatt
ing by a Dirac particle can be easily evaluated, since
interaction Hamiltonian of this process is determined by@28#

Hint5ec̄p8~x!glcp~x!Al8~x!. ~25!

Therefore, by choosing the appropriate Volkov solutions
~24! for the ingoing and the corresponding outgoing elect
in Eq. ~25! and by using the effective vector potentialAl8(x)
for the scattered photon, given by Eq.~9! and taken in its
covariant form, we obtain

Tf i52 ie
m

VAEpEp8

A 2p

Vv8
E d4xūp8F1

1
egsAs~k•x!gtkt

2k•p8
Gglel8F1

2
egmAm~k•x!gnkn

2k•p Gupexp@ i ~p82p

1k8!•x#expF ieS p8

p8•k

2
p

p•kD Ek•x

A~f!dfGexpF ie2S 1

2p8•k

2
1

2p•kD Ek•x

A2~f!dfG . ~26!

By inserting the vector potential Eq.~4! of the laser field,
used in its covariant version, we can easily perform the F
02271
-
e
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rier decomposition of the matrix element Eq.~26! and we
obtain, as in the previous case,Tf i5(N52`

1` TN where the
transition matrix elementsTN of the different nonlinear pro-
cesses of the orderN have exactly the same structure as f
Compton scattering by a Klein-Gordon particle, shown
Eq. ~10!, except that the matrix elementsMN are different for
the present process. The same conclusion also holds fo
differential cross-section formuladsN /dVkW8 in Eq. ~16! and
for the frequenciesv8 of the scattered radiation in Eq.~18!.
The above matrix elementsMN are found to be in the presen
case

MN52~A2C!BN~x,y!12B@BN11~x,y!1BN21~x,y!#

2C@BN12~x,y!1BN22~x,y!#, ~27!

where the coefficientsA, B, andC have the explicit form

A5ūp8g
lel8up ,

B5
eA0

4
ūp8Fgsesgtntg

lel8

p8•n
2

glel8gmemgnnn

p•n Gup ,

~28!

C5
e2A0

2

8~p8•n!~p•n!
ūp8~gsesgtntg

lel8gmemgnnn!up ,

and theBN(x,y) are the generalized Bessel functions, d
fined in Eq.~1!, with the argumentsx andy given in Eq.~12!.
In writing down these expressions, we introduced the no
tion km5vnm wherenm is a unit-four vector. The evaluation
of the matrix elementsA, B, andC in Eq. ~28! will not be
done here analytically since these coefficients can be ca
lated by a computer. In evaluating the differential cross s
tions of nonlinear Compton scattering for a Dirac partic
we have to be aware of the two possible spin polarizati
s561/2 of the electron in its rest frame with respect to t
z axis, taken before and after the scattering, leading to c
sections with and without spin flip during the nonlinear pr
cess. We shall therefore denote the cross sections of t

processes bydsN
(s,s8)/dVkW8 where in an abbreviated notatio

(s51,s851) and (s52,s852) will refer to the cross
sections with no spin flip and, correspondingly, (s51,s85
2) and (s52,s851) will denote the cross sections wit
spin flip.

III. NUMERICAL EXAMPLES

For the evaluation of our numerical examples, we sh
consider the scattering geometry depicted in Fig. 1. The la
beam and the electron beam are counterpropagating, as
cated by the arrows denoted byv for the laser beam and b
e2 for the electron beam. The scattered radiation of f
quencyv8, wave vectorkW8 and linear polarizationeW8 is emit-
ted with an angleu8 and the linear polarizationseW andeW8 are
oriented in the scattering plane. The scattering angleu8, de-
fined as the angle between the wave vectorskW and kW8, can
vary between 0° and 360°.
2-4
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In Fig. 2 we show the nonlinear differential cross-sectio
dsN /dVkW8 as a function of the scattering angleu8, evaluated
from Eqs. ~11! and ~16! for a Klein-Gordon particle. The
data turn out to be identical to those calculated for a Di
particle, using forMN the expression, Eqs.~27! and ~28!, if
spin flip is not taken into account. The data are expresse
units of r 0

2 where r 052.82310211 m is the classical elec
tron radius. We took for the laser frequencyv51.54 eV~as
one of the frequencies of a Ti-sapphire laser! and the inten-
sity of the laser beam isI 51022 W cm22. The data pre-
sented in panels~a!–~f! correspond, respectively, to the in
tial kinetic electron energies E2mc2 equal to
10, 103, 105, 106, 107, and finally 108 eV. The number
of absorbed laser photons is for all panelsN5103. The num-
bers along the circumferences of the circles in panels~a!–~f!
indicate the scattering anglesu8 in degrees. By inspecting
these data, we observe that for such intense laser fields
nonlinear Compton radiation is predominantly emitted in

FIG. 1. Presents the scattering geometry considered.

wavevectorkW of the laser beam, the momentumpW of the counter-

propagating electrons, and the wave vectorkW8 of the emitted pho-

tons define the scattering plane. The polarization vectorseW of the

laser radiation andeW8 of the emitted field are located in this plan
02271
s

c

in

the

the forward direction with respect to the direction of prop

gationnW 5kW /k of the laser beam, as is also known to be t
case for the generation of harmonics. This is even true
electron kinetic energies of the order of magnitudemc2, as
shown in panel~d!. However, if the electron kinetic energy i
increased still further, the scattering pattern becomes
versed so that for highly relativistic electron energies of
order of magnitude 100 MeV the Compton radiation will b
emitted into the backward direction with respect to the dir

tion of propagationnW of the laser beam. Moreover, we fin
that with increasing electron energy, the maximum values
the differential cross sections drop down significantly as
dicated by the numbers inside the circles.

In Fig. 3, the same parameter values are used in pa
~a!–~f! as in Fig. 2, but instead of presenting the cross s
tions, we now consider the corresponding efficiency of
frequency conversion as a function ofu8, measured by the
ratio v8/Nv. As we can see, for the lower electron kinet
energies this efficiency has its largest values in the forw
directionnW and its maximum value does not exceed 1. On
other hand, for the higher electron energies, the efficienc
large in the backward direction and its maximum values
come larger than 1. This finding could suggest that in or
to generate radiation of frequencies as high as possible
should use electron beams of very high energy. But this
not true, since the power of the emitted high-frequency
diation, being proportional to the product of the conversi
efficiency and the cross sections, drops down very rap
with increasing electron energy and therefore the most fav
able case turns out to be the one in which the electrons a
rest, initially. Consequently, we shall consider in our furth

e

ions

the

ely
omp-

0

FIG. 2. Shows the differential cross sectionsdsN /dVkW8 evaluated for a Klein-Gordon particle and the identical cross sect

dsN
(s,s8)/dVkW8 for a Dirac particle with no spin flip, i.e., either (s51,s851) or (s52,s852). The data are measured in units ofr 0

2, where
r 052.82310211 m is the classical electron radius. The scattering angleu8, defined in Fig. 1, is measured in degrees, as indicated by
numbers along the circumferences of the circles in panels~a!–~f!. The laser frequency isv51.54 eV, the radiation intensityI
51022 W cm22, and the number of absorbed photonsN5103. In panels~a!–~f! we consider increasing electron kinetic energies, nam
E2mc2510, 103, 105, 106, 107, and 108 eV, respectively. Evidently, for most of the electron energies considered, the nonlinear C

ton radiation is predominantly emitted into the forward direction with respect tokW ~or u8.0) and only for the highest electron energy of 10
MeV in panel~f! is the radiation emitted mainly into the backward direction in the vicinity ofu85180°.
2-5
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FIG. 3. Presents for the same parameter v
ues as in Fig. 2 in panels~a!–~f! the efficiency of
the frequency conversion, measured by the ra
v8/Nv as a function of the scattering angleu8 in
degrees. This efficiency is largest in the forwa
direction nearu850 for the lower electron ener
gies in panels~a!–~d! and does not exceed th
value 1, as indicated by the numbers inside t
circles. For the very large electron energy
panel~f!, the effect is strongest in the backwar
direction nearu85180° and the maximum effi-
ciency is becoming larger than 1.
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In Fig. 4 are shown the differential cross sections, in
same units as before~evaluated equivalently for a Klein
Gordon or a Dirac particle without spin flip!, in the upper
row and the corresponding conversion efficiencies in
lower row for the parametersN5103, v51.54 eV, andE
2mc25103 eV. For the data in frames~a! and~b!, the laser
intensity is I 51020 W cm22, for ~c! and ~d! we have I
51021 W cm22, and for ~e! and ~f!, I 51022 W cm22. As
the data show, the maximum values of the cross sect
increase with increasing laser intensity but in such a way
the conversion efficiency remains roughly the same an
equal to 0.6. Let us notice, however, that during the fi
stage of panels@(a!,~b)→(c!,~d)#, in which the laser inten-
sity has increased by one order of magnitude, the cross
tions have increased by almost three orders of magnitu
This is not the case in the second stage@(c!,~d)→(e!,~f) #
02271
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where the cross sections have increased rather margin
This indicates that in the Compton process we observe in
beginning a very rapid increase of the cross sections, wh
is followed by a ‘‘saturation’’ of the magnitude of the cros
section data, i.e., they do not increase so strongly any m
with a further increase of the laser intensity as before. T
suggests that there should be a most favorable choice of
intensity below which the cross sections change significa
with increasing intensity, but above of which this change
becoming marginal. In our opinion, this optimum intensi
that has the approximate valueI .1021 W cm22 for the pa-
rameter values of Fig. 3, will be the best choice for gene
ing high-frequency radiation by means of the nonline
Compton process~at least from the economic point of view!.

In Fig. 5, we present the cross sections of Compton s
tering for a Dirac particle as a function of the nonlinear ord
N for the large scattering angleu85178°, the kinetic elec-
tron energy E2mc25107 eV, the laser frequencyv
-

e
d
in

ith
t a
FIG. 4. Shows in the upper row the differen
tial cross sections in units ofr 0

2 as a function of
the scattering angleu8 in degrees.~The data are
identical for a Klein-Gordon and a Dirac particl
with no spin flip.! In the lower row are presente
the corresponding conversion efficiencies
atomic units ~a.u.!. The parameters arev
51.54 eV, E2mc25103 eV, and N5103.
Three different laser intensities are chosen:I
51020 W cm22 in panels ~a! and ~b!, I
51021 W cm22 in panels ~c! and ~d!, and I
51022 W cm22 in panels~e! and ~f!. The maxi-
mum value of the cross sections increases w
increasing intensity but apparently saturates a
laser intensity of about 1021 W cm22.
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FIG. 5. Depicts the Compton cross sections in units ofr 0
2 for a Dirac particle as a function of the nonlinear orderN. The scattering angle

is taken asu85178°, the electron kinetic energy isE2mc25107 eV, the laser frequencyv51.54 eV, and the laser intensityI
51022 W cm22. For all data presented, we find thatdsN

(1,1)/dVkW85dsN
(2,2)/dVkW8 and, similarly,dsN

(1,2)/dVkW85dsN
(2,1)/dVkW8 . For

much smaller laser intensities, the cross sections drop down to zero very rapidly, whereas for higher intensities, the spectrum
sections extends to very largeN. Moreover, the cross-section values for no spin flip dominate by far over those for spin flip by about a
of 107 and the data for no spin flip are identical to those for a Klein-Gordon particle.
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51.54 eV, and the laser powerI 51022 W cm22. All data
have the property that for no spin flip, we finddsN

(1,1)

5dsN
(2,2) , as shown in panel~a! and that for spin-flip

dsN
(1,2)5dsN

(2,1) , depicted in panel~b!. Moreover, the data
for no spin flip are evidently many orders of magnitu
larger than those for spin flip. For much smaller intensit
than I 51022 W cm22, the cross-section data drop down
zero very rapidly. However, for intensities I
*1022 W cm22, the scattering spectrum extends to ve
large values of nonlinearityN and shows rapid oscillations
Nevertheless, the spin nonflip process dominates over
spin-flip effects.~We should remember that the projection
the spin is defined in the rest frame of the electron and no
the projection of the spin operator on the direction of pro
gation of the electron.! The above oscillations of the cros
section data are general features that we have found fo
parameter values considered, stemming from the prope
of the generalized Bessel functions, Eq.~1!. Moreover, it
appears that the cross sections for a Klein-Gordon par
are almost identical to those for a Dirac particle in the
spin-flip case. This demonstrates that even for such h
laser field intensities the spin effects are only margina
present and, therefore, from the practical point of view,
dynamics of the scattering process is very well described
the solutions of the Klein-Gordon equation. The only ca
where the no spin-flip and the spin-flip processes for a Dir
particle yield comparable cross sections occur for such s
tering geometries for which the cross-section data fo
Klein-Gordon particle vanish. This happens, for instance
cases where the polarizationeW8 of the scattered radiation i
perpendicular to the scattering plane considered in Fig. 1
this case, however, the scattering cross sections are
small, namely, by at least four orders of magnitude sma
than the cross sections evaluated for a Klein-Gordon part
using the scattering geometry of Fig. 1.

Finally, in Fig. 6, we consider the same configuration as
panel ~a! of Fig. 5 but for a much smaller range ofN in
which case we recognize, by using a larger scale along
abscissa, that the cross-section data are very rapidly osc
ing in magnitude. This has its origin in the rapid oscillatio
of the values of the generalized Bessel functions in th
02271
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dependence on the argumentsx andy, defined in Eqs.~1! and
~12!, as they determine the values of the matrix elements
Eqs.~11! and ~27!.

IV. SUMMARY AND CONCLUSIONS

In the present work, we considered nonlinear Comp
scattering for a very powerful laser field such that the po
deromotive energyUp can be considerably larger than th
rest energymc2 of the electron. We envisaged the case
which the electron beam and the laser beam
counterpropagating as depicted in Fig. 1. Our main conc
sions were that this highly nonlinear process is most effici
for generating high-frequency x rays if the kinetic electr
energy is in the keV range and if the laser power is of
order of magnitude or larger than 1021 W cm22 for a Ti-
sapphire laser of frequencyv51.54 eV. To take even
higher laser powers is not useful since the process shows
feature of saturating. Concerning the relevance of poss
spin effects, we compared the data, evaluated by either tr
ing the electron as a spinless Klein-Gordon particle or
considering a Dirac particle of spin 1/2. The general conc

FIG. 6. Considers the same cross-section data as in Fig. 5
only for a smaller range ofN values and on an enlarged scale alo
the abscissa such that we can recognize the rapid oscillations o
cross sections as a function ofN, having their origin in the proper-
ties of the generalized Bessel functionsBN(x,y).
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sion is that the cross-section data for spin flip are mu
smaller than those for no spin flip and that the latter d
very well agree with those for a particle of spin 0. Therefo
the consideration of elementary scattering processes in
powerful laser fields requires the inclusion of spin effe
only for very specific geometries. Hence, since spin effe
turn out to be marginal, the question arises whether our p
cess could not be treated entirely classical since also
laser-induced frequency shift by far exceeds the quant
mechanical nonlinear Compton shift in Eq.~18! at the very
z.

ev
.
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high laser powers considered in our present work, even
very larger valuesN of absorbed laser photons.
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