PHYSICAL REVIEW A, VOLUME 65, 022712
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)jz.m . We investigate in detail for
several scattering configurations the angular dependences of the induced nonlinear Compton processes of the
orderN of absorbed laser photors, assuming that in general the electron beam and laser beam can cross at
an arbitrary angle.
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[. INTRODUCTION ing quantum-mechanical Compton process was reinvesti-
gated by Narozhnyand Fofano\14], describing the pow-
Laser-induced Compton scattering was one of the firserful laser pulse by a circularly polarized electromagnetic
nonlinear processes that was intensively investigated immeplane-wave field. Finally, the old question why the quantum
diately after the first lasers were brought into operation. Niceelectrodynamic treatment of laser-induced processes, in
surveys of this early work and discussions of the variougvhich the laser dressing of the electron was treated by sum-
questions raised at that time can be found in the reviews dffing up Feynman diagrams, as in the work of Fried and
Eberly [1], Bunkin et al. [2], Mitter [3], and Neville and Eberly[15], does not yield laser-induced energy and momen-
Rohrlich [4]. However, a long time before the laser was in- tum shifts, while the cla_lssmal descrlptlon of the laser field
vented, Thomson and Compton scattering, induced by a cla§loes, has been reconsidered by Reiss and Ebp&flyand
sical electromagnetic background field, was discussed iffiore recently by Kamendi and Farkafl7] who apparently
considerable detail by Sen Gugt]. This early work was find a reasonable explanation for this discrepancy.
also reviewed by one of ys$], where we reported that the It is the purpose of the present work to reanalyze laser-
first theoretical investigations of stimulated nonlinear Thom-induced Compton scattering in a very powerful radiation
son scattering can be found in papers that were written in thBeld in which the ponderomotive enerdy, of the electron
forming years of the development of quantum mechanics i the field is of the order of magmtude of the electrqn’s rest
the 1920s. In the early days of laser research, the attainablBassU,=mc’, or even larger. Since most calculations of
powers of laser radiation were so low that the nonlinear efthis process, performed in the past, of which we became
fects predicted were not accessible to observation. The exaware, were performed for a classical, circularly polarized
periment in which the second harmonic of nonlinear Comp-£lectromagnetic plane-wave field and mainly analytic formu-
ton scattering was observed is the one reported by Englel@s were presented, it will be our aim to consider Compton
and Rinehar{7]. Therefore, one of the present authors re-scattering for a linearly polarlzed radiation flel_d, in which
considered Compton scattering in an intense, linearly polarlc@se we expect a much richer and more complicated scatter-
ized laser field in a semirelativistic approximation and heiNg spectrum. Moreover, we want to find out whether at the
envisaged also the process of laser-modified x-ray scatterirfgjgh-laser powers envisaged above, of abouf’ Mem~?
in the relativistic regimé8]. At about the same time, classi- and beyond, spin effects are of importance or, whether the
cal Thomson scattering in a powerful, linearly polarizedtreatment of nonlinear Compton scattering for a Klein-
plane-wave radiation field was analyzed numerically to g>ordon particle or a Dirac particle lead essentially to the
considerable extent by Puntajer and Leubji@r while this ~ same results. We shall consider various different scattering
process was considered several years before in great det&@nfigurations in which the electrons are moving at high
for linear as well as circular laser polarization by Sarachikspeed initially, which historically was not the usual assump-
and Schappefft10]. With the advent of very powerful laser tion, and we shall permit the collision of the laser beam and
sources in recent years, the predicted energy and momentu#€ €lectron beam at an arbitrary angle and investigate the
shifts in a laser field became observable and were analyzedgular dependence of the cross sections of the scattered
carefully by Meyerhofer and co-workef41]. Their experi- radiation of harmonic®w. Our calculations will lead in the
mental results gave rise to renewed interest in the investigdresent case of linear laser polarization to generalized Bessel
tion of relativistic Thomson scattering in an extremely pow-functions of the form
erful laser field by Hartemann and Kerm@h2], and in a

+ 00
series of papers by Salamin and Fajd&]. The correspond-
papers by el P BUOY= 3 Iv (0. &
*Email address: Fritz.Ehlotzky@uibk.ac.at The evaluation of such functions has been analyzed some
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time ago in the complex plain by Leubngt8] who devel- we obtain from Eqgs(2) and (3) the corresponding solution
oped for that purpose generalized saddle-point methods arfdr the initial particle state
who wrote a program for the corresponding numerical calcu-

lations. His investigations were based on earlier work by 1 = = i )

Bleistein and Ursel[19,20 as well as by Nikishov and Ritus ‘ﬂﬁ:ﬁ/exd_'(a_ p-rlexdi(asinor

[21]. Similar work was performed much earlier by Reiss

[22,23. We started from the work of Leubngt8] to design —bsin2w7)]. 5)

a completely newC+ + program for the evaluation of the _ o
generalized Bessel functiof(x,y) for large values of the Here we have introduced the abbreviations
parameter, y, andN and we found that in the parameter

range 16— 10" there is excellent agreement between the re- E=E+d p=p+dn d= m?u?/4

sults of our computer program and the data obtained from . P=P ' E-p-n’

Eqg. (1). Therefore, we can expect that for parameter values

larger than 18, the numerical results for the evaluation of m(u/k)p- e m2u2/8w eA,\2

By will also be correct, since in that case the saddle-point a= ——, b= —, 2=(— . (6)
method should work even better. E-p-n E-p-n m

In the next section we shall first derive the generalized _ —
Compton formula for scattering of a powerful laser beam byThe laser-dressed energyand momentunp fuffill the re-
?hKIeln—Gordon parftlcle CI’Df_Sp'” 0 ?nld W‘fa sh_alllt/hzer: COS”S'dﬁ?ation E2=m?+p? and correspond to an on-shell particle of
€ same process lor a Birac particle o1 spin L. N S€C. Woge ive massm=m(1+ w2/2)2 [26]. The characteristic
we shall present and discuss our numerical results for varioug —_— ! . .
) . S arameter, determining all the laser-induced nonlinear inten-
scattering geometries and combinations of parameter value%.t offects. is aiven bvu?=1/1. wherel is the average
The final section will be devoted to a summary of our results y 159 W =1e, 9

and to some concluding remarks. We shall use uhitsc intensity of the laser field ant,=aw?/8mrg (a=e? rq
=1 throughout this work =e?/m) represents the critical laser intensity at whiefl

=1 and where the problem becomes relativigi&7], in
which case the ponderomotive energ})bzm,uzm is ap-
Il. NONLINEAR COMPTON FORMULA proaching the rest energy of the electron.

A. Scattering by a Klein-Gordon particle Writing down a corresponding wave functimz», for the

The derivation of the scattering formula for a Klein- scattered particle of enerdy’ and momentunf)’ with ap-
Gordon particle is relatively simple and straightforward. Wepropriate coefficients’, b’, andd’ in Egs.(5) and(6), we
start by considering the exact solution of the Klein-Gordoncan evaluate in lowest order of perturbation theory the
equation for a particle of mase and chargee embedded in  T-matrix element of nonlinear Compton scattering by a

an electromagnetic plane wave of vector potendigr) in  Klein-Gordon particle, viz.,

the Coulomb gauge. Here=t—n-r andn is the direction

of propagation of the plane-wave field. If the particle has Tﬁz—if dthl,//E,Himl//';, !
initial energy E and momenturrﬁ and if adiabatic decou-

pling of the particle from the plane wave is assumed, thén which the interaction HamiltoniaH,,; for a laser-dressed
corresponding Gordon solutidi24], normalized to the vol- charged Boson of spin 0, interacting with a quantized elec-

umeV, reads{25] tromagnetic fieldA’ in the Coulomb gauge is given §28]
1 N s TPAYE vAR v A 2AT( 1\ A
_ iRt Hi=ie[A'(7')-V=V-A'(7)]+2e?A’(7')-A(7),
exd —i(Et—p-r)]f 2 int
¥p J2EV H—i(Et—p-r)]f(7) 2 @®
with whereA() represents the laser field, defined in &4, and

the effective vector potentia&’(r’) of the spontaneously
emitted photon of frequenay’ and wave vectok’ has to be
evaluated from the quantized field operafdr, by consider-

(3 ing the matrix element
L. . . 277 TR TN WA
Describing the powerful laser field by a monochromatic (1 |A|0g ) = _,Glel(w =kt 9
plane wave of amplitudé,, linear polarizationg, frequency Vo

, and wave vectok=kn, represented by the vector poten- |f we insert Eq.(9) into Eq.(8) and use the resulting expres-
tial sion in Eq.(7) together with the appropriate Gordon solu-
tions Eq.(5), we obtain after Fourier decomposition of;
A(7)=Ay€ COSwT, (4)  and integration over space and time,

f(r)=exp| i

E\r
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!

- = - doy Z(w
L= , =r R
1= 2, T dQp O\

m
E’

[My|?
pA(1-n-p)’

(16)

, 4, €m 2 . = =, wherer,=e?/m is the classical electron radius. Next, we
Tn=i(27) JVIEE Vw’MNg(E —Eto consider the energy and momentum conservation relations,
expressed by theS functions in Eq.(13). These can be

_ Nw)63(g’ —EJF K —NK), (10) squared and subtracted to yield

in which the matrix elements are given by o (E'—p'-1")=Na(E—p-n), (17)

(E’ +§).2' (OIS - -, and by substituting on the left-hand side of E’ and

M= B (x y)— | o (a +a) (- €') and by . R0 E ¢
p’ again from the energy and momentum conservation rela-
o o tions in Eqg.(13), we find for the frequencies of scattered
+u(€ - €)|[Bns1(X,Y)+Bno1(X,y) ]+ ﬁ(b, +b) radiation the generalized Compton formula
X (R €)[Ba2(X,y) + Bu_2(X.y)] (11 ,_ N (E—p-n)

o' = — —. (18
E-p-n"+(Now+d)(1—n-n")

with the arguments andy defined by

x=a'—a, y=b—b’, (12)  f the electron is initially at rest has to be replaced by
and p=0, while d reduces toUpzm,u2/4. In that case, the
wherea,b and, similarly,a’,b’ are defined in Eq(6). Compton formula Eq(18) reads
The transition probability per unit space-time volume for
nonlinear Compton scattering of a Klein-Gordon particle N
with the absorption oN laser photonsv, can be evaluated o' = N U . (19
by standard methods. We find 1+ Fw+ Fp) (1-n-n")

C(INEvo v =

WNT | T (2m)° ’(277)3dp’ At very high laser powers witlk=1 and for a large number
N of absorbed laser photons, the frequeneiésof the scat-
e2m? [ [My? o tered photons will strongly depend on the quantum-
= dQgo'?dw’ S(E'—E+ o’ mechanical recoil effect, determined in the denominator of
87VE) E'w’ Eq. (19) by the factorNzw/mc?, as well as on the classical
- = = R laser-induced drift motion of the electron, yielding in the
—~Nw)dp’ 8*(p' —p+k’—NKk). (13 denomciznator of that frequency formula the contribution
Up/mc”.

In order to obtain the nonlinear differential cross sections
doyn/dQy., for the general case where the electron beam ] ] ]

and laser beam cross each other under an arbitrary angle, we B. Scattering by a Dirac particle

have to divide the expression BEg?3) by the relative average The treatment of laser-induced Compton scattering by a
flux j&(jpn) , Of the ingoing electrons and photons. This ex-Dirac particle of spin 1/2 can follow similar lines, as in our
pression is found by adapting the Lorentz invariant form ofdiscussion in the previous subsection for a particle of spin 0.
the relative particle flux of two-particle collisions, if one of We start from the Dirac equation for an electron moving in
the particles is massle$27,28. The fluxes of electrons and an arbitrary electromagnetic plane-wave field

photons we can obtain from

(iy*d,—ey*A,—m)p(x)=0, (20)
. P m. . 1. Ao.
fe=gy=gyB = (9=5N (14 where the vector potenti#,, has the general form
and therefore the relative flux is given by A=A, k-x), A-k=k-k=0. (21
. _Agwm 1-A- B) (15 We use the Einstein summation convention and notation,
er'_swEv( B)- namelyv#w,=v-w, whereu=0,1,2,3. The solution of the

above equation, Eq20), was derived by Volkoy29] and its
Consequently, the nonlinear cross sections of the didef  explicit form can be found in the paper by Denisov and Fe-
laser-induced Compton scattering by a Klein-Gordon particladorov [30]. Assuming adiabatic decoupling along the light
will read cone in the past between the particle and the field we obtain
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rier decomposition of the matrix element E@6) and we
P(x)=[1+ KV”k#?’”Ay(k‘X)]GXF{—iP'X obtain, as in the previous cas€;==,”_,.Ty where the
transition matrix element$y, of the different nonlinear pro-
cesses of the ordéd have exactly the same structure as for
Up; (22) Compton scattering by a Klein-Gordon particle, shown in
Eq. (10), except that the matrix elemerithy are different for
whereu,, is a free particle solution of the equation(p, the present process. The same conclusion also holds for the
—m)u,=0 with p, being a four-vector of energy and mo- differential cross-section formuldoy /d(: in Eq. (16) and

mentum. The constamt and the functiors( ) can be evalu- for the frequencies’ of the scattered radiation in E(L8).
ated and we find The above matrix elementd are found to be in the present

case

K- X
=i | S(¢)do

eAl¢)-p e’A%(¢)
S == o

K

(23 Mn=2(A=C)Bn(X,Y) +2B[ By 1(X,y) + By-1(X,Y) ]

—C[Bny2(Xy) +By-2(X,Y)], (27
After normalization to the volumé&/, the required Volkov N2 N2
solution for an electron of initial four-momentup), reads where the coefficientsl, B, andC have the explicit form

_ m [ e’y'uAM(k'X)’kaV . A:Upl’y)\é';\Upa
zpp(x)—\/VEpll— 2K p exg —ip-X

:2p~k'

e e,y N, Y el  velyFe,y'n,
(ex[eAd)-p  EANS) p= oy | VeV NG Y Oaray i,
—i K + T do|u,. (24 4 p’-n p-n
A similar solution, i,/ (x), can be written down for the scat- 0272
0

tered eIectron_ of four—momentupL_. C=—————Uy( Y e,y N, Y e v e, "N, Uy,
The T-matrix element of laser-induced Compton scatter- 8(p"-n)(p-n)
ing by a Dirac particle can be easily evaluated, since the

interaction Hamiltonian of this process is determined2§] ~ and theBy(x,y) are the generalized Bessel functions, de-
fined in Eq.(1), with the arguments andy given in Eq.(12).

HimZGJpr(X) YN (X)AL(X). (25)  In writing down these expressions, we introduced the nota-

tion kM= on, Wheren# is a unit-four vector. The evaluation

Therefore, by choosing the appropriate Volkov solutions Eqof the matrix elementsd, 5, andC in Eq. (28) will not be
(24) for the ingoing and the corresponding outgoing electrordone here analytically since these coefficients can be calcu-
in Eq. (25) and by using the effective vector potenthg](x) lated by a computer. In evaluating the differential cross sec-

for the scattered photon, given by E@) and taken in its tions of nonlinear Compton scattering for a Dirac particle,
covariant form, we obtain we have to be aware of the two possible spin polarizations

s= *1/2 of the electron in its rest frame with respect to the

m 20 o z axis, taken before and after the scattering, leading to cross
Ts=—le ,f d4xup, 1 sections with and without spin flip during the nonlinear pro-
VVEREy YV Ve cess. We shall therefore denote the cross sections of these
ey7A, (k-x) 77k processes byo(>*)/dQ; where in an abbreviated notation
+”—,T "e;[l (s=+,s'=+) and (s=—,s'=—) will refer to the cross
2k-p sections with no spin flip and, correspondinglg=+,s’ =
v —) and (s=—,s’=+) will denote the cross sections with
_ey*ALK-X) ¥k, U exili(p’ — sp)in flip.( )
2k-p P p=p
' IIl. NUMERICAL EXAMPLES
Tk )'x]exr{le< For the evaluation of our numerical examples, we shall
consider the scattering geometry depicted in Fig. 1. The laser
p k-x L1 beam and the electron beam are counterpropagating, as indi-
- ﬁ J’ A(p)de (exp ie m cated by the arrows denoted hyfor the laser beam and by
P e~ for the electron beam. The scattered radiation of fre-
kx quencyw’, wave vectok’ and linear polarizatioé’ is emit-
- 2p-k f A(¢)dd|. (26)  ted with an angle’ and the linear polarizationsande’ are

oriented in the scattering plane. The scattering adgede-

By inserting the vector potential E@4) of the laser field, fined as the angle between the wave vectomnd k', can
used in its covariant version, we can easily perform the Fouvary between 0° and 360°.
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7’ w/ the forward direction with respect to the direction of propa-
5’\/ gationn=k/k of the laser beam, as is also known to be the
. case for the generation of harmonics. This is even true for
W e 0/ e electron kinetic energies of the order of magnitud€?, as
""" - shown in panel(d). However, if the electron kinetic energy is
el increased still further, the scattering pattern becomes re-

_ _ versed so that for highly relativistic electron energies of the
FIG. 1. Presents the scattering geometry considered. Therder of magnitude 100 MeV the Compton radiation will be
wavevectork of the laser beam, the momentymof the counter-  emitted into the backward direction with respect to the direc-

propagating electrons, and the wave vedtoof the emitEed pho- tion of propagatiorﬁ of the laser beam. Moreover, we find

tons define the sc:':\ttering plane. The polarization veatoo$ the  that with increasing electron energy, the maximum values of

laser radiation and’ of the emitted field are located in this plane. the differential cross sections drop down significantly as in-
dicated by the numbers inside the circles.

In Fig. 2 we show the nonlinear differential cross-sections In Fig. 3, the same parameter values are used in panels
doy/dQg. as a function of the scattering anglé, evaluated  (a)—(f) as in Fig. 2, but instead of presenting the cross sec-
from Egs.(11) and (16) for a Klein-Gordon particle. The tions, we now consider the corresponding efficiency of the
data turn out to be identical to those calculated for a Diradrequency conversion as a function f, measured by the
particle, using forM the expression, Eq$27) and(298), if ratio o' /Nw. As we can see, for the lower electron kinetic
spin flip is not taken into account. The data are expressed ianergies this efficiency has its largest values in the forward
units of rj wherer,=2.82<10"** m is the classical elec- directionn and its maximum value does not exceed 1. On the
tron radius. We took for the laser frequeney=1.54 eV(as other hand, for the higher electron energies, the efficiency is
one of the frequencies of a Ti-sapphire lasend the inten- large in the backward direction and its maximum values be-
sity of the laser beam i$=10°2 Wcm™ 2. The data pre- come larger than 1. This finding could suggest that in order
sented in panel&)—(f) correspond, respectively, to the ini- to generate radiation of frequencies as high as possible, we
tial kinetic electron energies E-mc® equal to should use electron beams of very high energy. But this is
10, 1¢, 10°, 1, 10/, and finally 18 eV. The number not true, since the power of the emitted high-frequency ra-
of absorbed laser photons is for all panils 10°. The num-  diation, being proportional to the product of the conversion
bers along the circumferences of the circles in patels(f)  efficiency and the cross sections, drops down very rapidly
indicate the scattering angles in degrees. By inspecting with increasing electron energy and therefore the most favor-
these data, we observe that for such intense laser fields, tlble case turns out to be the one in which the electrons are at
nonlinear Compton radiation is predominantly emitted intorest, initially. Consequently, we shall consider in our further

()

21

270 © 50 T

FIG. 2. Shows the differential cross sectiods/d(};, evaluated for a Klein-Gordon particle and the identical cross sections
do&,s'sr)/dﬂg, for a Dirac particle with no spin flip, i.e., eithes€ +,s"=+) or (s= —,s’ = —). The data are measured in unitsréjwhere
ro=2.82x10" mis the classical electron radius. The scattering adgjedefined in Fig. 1, is measured in degrees, as indicated by the
numbers along the circumferences of the circles in pafais(f). The laser frequency isv=1.54 eV, the radiation intensity
=10 Wem 2, and the number of absorbed photdtis 10, In panels(a)—(f) we consider increasing electron kinetic energies, namely
E-mc®=10, 1, 10, 10°, 10, and 16 eV, respectively. Evidently, for most of the electron energies considered, the nonlinear Comp-

ton radiation is predominantly emitted into the forward direction with respeIZ:(un #’=0) and only for the highest electron energy of 100
MeV in panel(f) is the radiation emitted mainly into the backward direction in the vicinityyof 180°.
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(a) 120 950 € (b) 120

()

FIG. 3. Presents for the same parameter val-
ues as in Fig. 2 in panels)—(f) the efficiency of
the frequency conversion, measured by the ratio
o'/Nw as a function of the scattering anglé in
degrees. This efficiency is largest in the forward
direction nearg’ =0 for the lower electron ener-
gies in panelga—(d) and does not exceed the
value 1, as indicated by the numbers inside the
circles. For the very large electron energy in
panel(f), the effect is strongest in the backward
direction near’=180° and the maximum effi-
ciency is becoming larger than 1.

analysis of the nonlinear Compton effect a beam of slowwhere the cross sections have increased rather marginally.
electrons. This indicates that in the Compton process we observe in the

In Fig. 4 are shown the differential cross sections, in thebeginning a very rapid increase of the cross sections, which
same units as beforévaluated equivalently for a Klein- is followed by a “saturation” of the magnitude of the cross-
Gordon or a Dirac particle without spin flipin the upper section data, i.e., they do not increase so strongly any more
row and the corresponding conversion efficiencies in thewith a further increase of the laser intensity as before. This
lower row for the parametel=10°, w=1.54 eV, andE  suggests that there should be a most favorable choice of laser
—mc=10° eV. For the data in frame®) and(b), the laser  intensity below which the cross sections change significantly
intensity is |=10°° Wcm™?, for (c) and (d) we havel with increasing intensity, but above of which this change is
=10? Wem 2, and for (e) and (f), I=10°2 Wem 2. As  becoming marginal. In our opinion, this optimum intensity,
the data show, the maximum values of the cross sectionthat has the approximate vallie-10?* W cm™ 2 for the pa-
increase with increasing laser intensity but in such a way thatameter values of Fig. 3, will be the best choice for generat-
the conversion efficiency remains roughly the same and i;ng high-frequency radiation by means of the nonlinear
equal to 0.6. Let us notice, however, that during the firstCompton procesgt least from the economic point of vigw
stage of panel§(a),(b)—(c),(d)], in which the laser inten- In Fig. 5, we present the cross sections of Compton scat-
sity has increased by one order of magnitude, the cross setering for a Dirac particle as a function of the nonlinear order
tions have increased by almost three orders of magnitudeéN for the large scattering anglé¢’ =178°, the kinetic elec-
This is not the case in the second stdge),(d)— (e),(f) ] tron energy E-mc®=10" eV, the laser frequencyw

7 0.2
. ° (c) (e)
c 5 0.15
= 4 FIG. 4. Shows in the upper row the differen-
bz s 01 tial cross sections in units of as a function of
o the scattering anglé’ in degrees(The data are
e ? 0.05 identical for a Klein-Gordon and a Dirac particle
1 with no spin flip) In the lower row are presented
o w0 % m P A the corresponding conversion efficiencies in
atomic units (a.u). The parameters arew
=154 eV, E-mcZ=10° eV, and N=1C.
1 1 1 Three different laser intensities are chosén:
— 1020 -2
0.9 (b) 08 (d) os (f) = 1021 Wcm_2 in panels (& and (b), |
—_ =10 Wem 2 in panels (c) and (d), and |
= 08 06 06 =10?> Wcm 2 in panels(e) and (f). The maxi-
E o7 mum value of the cross sections increases with
3 0.4 0.4 increasing intensity but apparently saturates at a
Z 0.6 . : —2
y laser intensity of about & W cm 2.
~3 0.5 0.2 0.2
0.4 0 0
0 10 20 30 0 10 20 30 0 10 20 30
¢’ (in degrees) ¢ (in degrees) ¢’ (in degrees)
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(a)

FIG. 5. Depicts the Compton cross sections in units(z)dbr a Dirac particle as a function of the nonlinear ortlefThe scattering angle
is taken as#’=178°, the electron kinetic energy E—mc>=10" eV, the laser frequencyw=1.54 eV, and the laser intensity
=10 Wem 2. For all data presented, we find théw " )/dQ g =do{/dQg and, similarly,do{ /dQg =dolH/dQyg, . For
much smaller laser intensities, the cross sections drop down to zero very rapidly, whereas for higher intensities, the spectrum of cross
sections extends to very large Moreover, the cross-section values for no spin flip dominate by far over those for spin flip by about a factor
of 10" and the data for no spin flip are identical to those for a Klein-Gordon particle.

=1.54 eV, and the laser powér 107> Wcm 2. All data  dependence on the argumeriandy, defined in Egs(1) and
have the property that for no spin flip, we firdb{"*) (12), as they determine the values of the matrix elements in
—do{;"7), as shown in panela) and that for spin-flip Eds-(11) and(27).

do{")=do{ ", depicted in pangb). Moreover, the data

for no spin flip are evidently many orders of magnitude IV. SUMMARY AND CONCLUSIONS

larger than those for spin flip. For much smaller intensities

than| =102 W cm™?, the cross-section data drop down to  In the present work, we considered nonlinear Compton
zero very rapidly. However, for intensities | scattering for a very powerful laser field such that the pon-
=10 Wcem 2, the scattering spectrum extends to veryderomotive energyJ, can be considerably larger than the
large values of nonlineariti and shows rapid oscillations. rest energymc’ of the electron. We envisaged the case in
Nevertheless, the spin nonflip process dominates over th&hich the electron beam and the laser beam are
spin-flip effects.(We should remember that the projection of counterpropagating as depicted in Fig. 1. Our main conclu-
the spin is defined in the rest frame of the electron and not asions were that this highly nonlinear process is most efficient
the projection of the spin operator on the direction of propafor generating high-frequency x rays if the kinetic electron
gation of the electron.The above oscillations of the cross- €nergy is in the keV range and if the laser power is of the
section data are general features that we have found for a@rder of magnitude or larger than 220w cm™2 for a Ti-
parameter values considered, stemming from the propertiedapphire laser of frequency=1.54 eV. To take even

of the generalized Bessel functions, Hd). Moreover, it higher laser powers is not useful since the process shows the
appears that the cross sections for a Klein-Gordon particléeature of saturating. Concerning the relevance of possible
are almost identical to those for a Dirac particle in the nospin effects, we compared the data, evaluated by either treat-
spin-flip case. This demonstrates that even for such hugég the electron as a spinless Klein-Gordon particle or by
laser field intensities the spin effects are only marginallyconsidering a Dirac particle of spin 1/2. The general conclu-
present and, therefore, from the practical point of view, the

dynamics of the scattering process is very well described by x107°

the solutions of the Klein-Gordon equation. The only cases 2
where the no spin-flip and the spin-flip processes for a Dirac-
particle yield comparable cross sections occur for such scat-
tering geometries for which the cross-section data for a
Klein-Gordon patrticle vanish. This happens, for instance, in

cases where the polarizatiar of the scattered radiation is
perpendicular to the scattering plane considered in Fig. 1. In
this case, however, the scattering cross sections are very
small, namely, by at least four orders of magnitude smaller

than the cross sections evaluated for a Klein-Gordon particle, 5 ‘ 201 202 203
using the scattering geometry of Fig. 1. N < 10°
Finally, in Fig. 6, we consider the same configuration as in
panel (@) of Fig. 5 but for a much smaller range &f in FIG. 6. Considers the same cross-section data as in Fig. 5 but

which case we recognize, by using a larger scale along thgny for a smaller range dfl values and on an enlarged scale along
abscissa, that the cross-section data are very rapidly oscillaghe abscissa such that we can recognize the rapid oscillations of the
ing in magnitude. This has its origin in the rapid oscillationscross sections as a function Nf having their origin in the proper-

of the values of the generalized Bessel functions in theities of the generalized Bessel functidBg(x,y).
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sion is that the cross-section data for spin flip are mucthigh laser powers considered in our present work, even for
smaller than those for no spin flip and that the latter datavery larger valueN of absorbed laser photons.

very well agree with those for a particle of spin 0. Therefore,
the consideration of elementary scattering processes in very
powerful laser fields requires the inclusion of spin effects This work was supported by the Scientific-Technical Col-

only for very specific geometries. Hence, since spin eﬁectég‘(?gé%ilon ﬁgre;:mfent Nbeth’?g(r)lo (,)Au(s)tria ?nﬁ Poland for
turn out to be marginal, the question arises whether our prog uncer Project No. 2 - One of the present au-
: : . thors(P.P) acknowledges partial support by the Polish Com-
cess could not be treated entirely classical since also thﬁ']ittee for Scientific ReseardlGrant No. KBN 2 PO3B 039
laser-induced frequency shift by far exceeds the quantumig) e are also very much indebted to Professor H. R. Reiss

mechanical nonlinear Compton shift in E3.8) at the very  for his most valuable comments and critical remarks.
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