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Quantum electrodynamics of strong-field Compton scattering and its ponderomotive
and drift energies
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In earlier classical, semiclassical, and quantum electrodynamical treatments of the Compton scattering in
strong fields the strong component of the radiation remained unchanged or forward scattered during interaction
with the electron. In our analysis, along with the Compton scattering of a single photon the simultaneous
nonforward elastic scattering of the other photons of the intense radiation is also taken into account, resulting
in changed kinematical relations that enable the electron to absorb or emit a larger amount of energy up to the
ponderomotive energy, in agreement with the experimental re§8t850-294®9)03506-4

PACS numbg(s): 12.20.Ds, 32.80.Cy, 42.50.Hz, 34.50.Rk

I. INTRODUCTION of higher harmonics that has been treated in the framework
of quantum electrodynamics ji19] and experimentally veri-

The interaction of strong radiation fields with truly free fied in[20], the absorption of an integral number of photons,
electrons has been treated in the past using claddied], analyzed if21-25, the simultaneous elastic scatteringnof
semiclassica[6—11], and quantum electrodynamicfl2—  photong26], the strong-field Compton effect we aim to con-
14] methods, all under the assumption that the “strong-fieldsider here, and many others.
component” remains unchanged or elastically forward scat- In order to evaluate the transition probabilities per unit
ters while one or several photons inelastically scatter out ofime and the differential cross sections of the strong-field
the beam. The quantum electrodynamical calculatidr®y  Compton process described above, we set up the four-
predicted no changes in the kinematics of the Compton promomentum conservation law that gives the necessary kine-
cess while the semiclassical analyses asserted a minor freratical relations. Let us assume that a collimated single
guency shif{8] that remained disputable until now. On the mode laser beam with linearly polarized photons of four-
other hand, in all these considerations the quiescillatory)  momentak,=(g4/c,Ko), co=rwy, wo being the angular
energy of the electron in the radiation field, also called thefrequency of the photons, interacts with a free electron ini-
ponderomotive energyi5], appeared without an explanation tially at rest with four-momentumpy=(Ey/c,0), E,
for now it could be converted into translational energy at=mc2, wherem, is the electron rest mass andhe speed
four-momentum conservation. This question represents g light. During interactionn photons elastically scatter into
timely subject of investigatiopl6)]. Thg experiments, how- . a1 state with four-momenturk= (£o/¢,K), |K|=|Rko|
ever, proved that the electrons, leaving the laser beam and

. . . =¢gg/c under an angle of relative to the propagation direc-
becoming truly free, have a translatioreift) energy up to tion of the incident beam while simultaneously a single
their quiver energy in the fielfl7,1§.

. . ! Compton photon withk, inelastically scatters into a final
In this paper we describe, in the framework of quantum P P 0 y

electrodynamics, a multiphoton—free-electron interactiorstate With four-momenturkc = (ec/c,kc) under an angle of
process in which, along with the Compton scattering of a®c transferring an amount of energye=go—ec to the
single photon, the simultaneous nonforward elastic scattering/€ctron with final four-momenturp=(E/c,p), as is shown
(in the electron rest framef the other photons of the intense " Fig- 1. We note thak anda do not necessarily lie in the
radiation is also taken into account. This process transfers@Me plane. _ _ _ _
only momentum but no energy between the field and the A Process in whichm photons scatter into a single final
particle, enabling the electron to definitively absorb or emit a&5t&t€ iS chosen because its probabiftys n! times higher
larger amount of energy up to its quiver energy at four_than.the probability? 4 of then-photon scattering into differ-
momentum conservation. Even if the calculations are elabcent final statesP=n!Py, as is shown, for example, {27].
rate, the results are worthwhile because the analyzed proce&§€ four-momentum conservation law governing this inter-
explains the conversion of ponderomotive energy into trans@ction process is given by the formula

lational energy. They also prove that quantum electrodynam-
ics is able to produce classical results without using approxi-
mations in which the Planck constant is taken zére,0, as
well as to give correct results for high-order processes.

po+nky+ko=p+nk+Kkec. (D)

Expressing from Eq.(1) as a function of the other terms
II. KINEMATICAL RELATIONS and squaring both sides, we readily arrive at an equation for

n,
In intense radiation various free-electron—multiphoton in-
teraction processes appear with appropriate kinematics and
probabilities; among them are, for example, the production  n2?kok—n(ko—kc)(kg— k) — po(ko— k) + Kokc =0,
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Thus deletinge c(cosac—Ccose)/2e7(1—cosa) relative
to 3 and egec(1—cosag) relative toEqAe, Eq. (2) is ap-
proximated to

EoAe . 1]¥2 1
n~—-——""—+-| —5.
ego(l—cosa) 4 2

The minimal value oEOAs/sS(l—COSa) for optical and
near-optical frequencies is about*1@iving n=10?, which
permits us to omit and 3, resulting in, to a good approxi-
mation,

FIG. 1. Momentum vector conservation in the Compton scatter-
ing and simultaneous-photon nonforward elastic scattering pro-
cess.kg, k, and ke are the momentum vectors of the incident,
scattered, and Compton photon whilés the final momentum vec-
tor of the electron. The anglesandac do not necessarily lie in the From this formula the energy of the Compton photon is
same plane.

EoAS 12

n~————
e5(1—cosa)

(©)

ec=go[1—n%eoEy H(1—cosa)], (4

H 2_ A2 2_12_2
where we took info account that”=py ?nd l(o_k _k.C which basically differs from the energy,, of the Compton
=0 as well as thapo(ko— k) =(Eo/c,0)(0ko—k)=(0,0) in  scattered photon in weak fields,
the electron rest frame.

The solution of this equation is gcw=¢80[ 1+ e0Ey H(1—cosac)] ™t (5)

(kg—ke) (kg—k) (ko—ke) (ko—Kk) 2 asec in Eq. (4) practically does not depend ey, due to the

- 2K,k + 2koK decisively large amount of transferred three-momentum by
the n elastically nonforward scattered photons. Since
Po(Ko—kc) —koke| 2 2 -1

+ Kok - Aeleg=n?gyEqy "(1—cosa)<1,

By inserting the components of the four-momeka k, :‘orTulél(4)Scan also be written in an approximate form simi-
ke, andpg given above, we obtain ar to Eq.(5),
~ 2 —1:1 _ -1

_ ec(cosac—cose) 1 ([ec(cosac—cose) 1]? ec~ el 1+n%eok, (1-cosa)] ™, 6)
~ 2gg(l-cosa) 2 2gp(l—cosa) 2 noting, however, thatr in Eq. (6) is the scattering angle of

the n photons whileac in Eq. (5) is the scattering angle of
) the Compton photon. When the electron has an appropriate
initial momentum vector relative to the propagation direction
of the incident beam, it can lose energy at simultaneous in-
@ being the angle between andkc. At Aecp<As=<gy, crease in the energy of the scattered photgfi>¢,. The
WhereAsCm~2£S/Eo is the maximal energy transfer to the kinematical analysis of this case can be carried out in the
electron at ordinary weak-field Compton scattering, the finapasiest way in a coordinate system in which the electron is at
electron three-momentum, and thus its energy, is essentialfgst in its final state.
determined by ther-photon scattering; in this casg-/2¢
<1/2 and ll. DIFFERENTIAL CROSS SECTIONS AND THRESHOLD
BEAM INTENSITIES

EoAS - 808c(1_ COSaC) 12
£5(1—cosa) ’

ec(cosac—cosp) 1
2eo(l—cosa) 2

Some important characteristics of the described electron-
multiphoton process can be obtained starting with the Comp-
ton scattering and simultaneous two-photon nonforward elas-
tic scatteringh=2, and generalizing the results for arbitrary
numbern. The appropriate Feynman diagrams are given in

(COSac—COSg)—0, Fig_. 2, where the _solid lines represent Fhe electron states
while the dashed lines represent the incident and scattered

even for small values ofr since in this casep— ac and
hence

the square root Compton photon; vertexis a sum of two elements, 1 and 2,
as is shown in Fig. 3. Figure 2 is divided into two groups, A
goec(1—cosac)<EpAe and B. In A, a—d the number of absorbed and emitted

gquanta is equal in every even intermediate state, thus having

at optical and near-optical frequencies since a near-resonance character, in contrast to the diagrams in

group B, where some or all the intermediate states lie farther
EoAe=myCc?Ae>egec. from the initial state, contributing much less to the transition
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in which &; is the energy of the initial state of the interacting
P A4 system and, the energy of itg th intermediate state. Sum-
Lo mation. 4 is over all different near-resonance diagrams and
LAy 3, over all states within one intermediate state. Later we
| B VAR shall also sum over the initial and final spin states of the
electron,S; andS. The partial matrix elementd in Eq. (9)
are, for the absorption of the th photon,

He—(r+1= — €[ poC*h?(ni =+ 1)/28qVIVAUF, iU ),
(10
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, and for the emission of the,th quantum,
|
| 4 Hi ()= — e[ ot ?n [2oVIYA U, 1asU)), (11)

while for the emission of the Compton photon

A B
He o= — €[ moC* %26 VIVAUS, 1o Uy), (12

FIG. 2. Feynman diagrams for two-photon nonforward elastic

scattering and simultaneous Compton scattefitaghed linesfrom ~ Wheren,=1,2,3, etc. forr=0,1,2, etc.U are the spinors
the electron(solid line). from Dirac’s wave equation with Dirac’s matrix3(a). In

the above formulag is the electric chargey, is the mag-
probability than those in group A. Hence, when determiningnetic permeability of the vacuumy;=a-&, aj=a-é;,
the threshold incident laser beam intensity above whiclwith & andé; being the polarization vectors of the incident
Compton scattering with energy chande becomes prob- and scattered photons, respectively. For the scattered Comp-
able, group B may be temporarily neglected. All the dia-ton photonac=a-€:. In our calculations;=n;eqc/V is
grams in group A can be constructed using the elements the incident and ,=neqc/V the scattered light intensityy,
andx and Compton scattering elemgngiven in Fig. 3. The being the number of incident photons in voluide My in
diagram summation can be carried out first pairaygo, G Eq. (9) can also be written in the form
andd in such a way that they differ only in their first ele-
ment, @,b) = (x1Xzy,X1Xzy) and (,d) =(x1Xzy,X1Xzy) and Mor=MnMe,
summing over them, which gives<{+Xx;)x,y for (a+b)

and (,+x)%y for (c+d), and, finally, g +x)(xp V0"

+X,)y for (a+b+c+d). Generalizing this procedure for a 2" 12"=1H

numbern one obtains M. = z E fzo rg—(r+1)g (13)
" g=1 Hrzl(go_grg)

(a+b+c+d+---)
- o . o and
= (X1 +X1) (Xa+X2) (Xa+X3)* (Xt Xn)y. (7) ) .

_ 2 E 1_[r=2nHrgf(r+l)g

One has to note here that these elastic absorption-emission M= - (Eo—& ) (14)

g=1 0~ ¢(2n+1)g

processes result in “dressing” the originally free electron

when interacting with the strong field, attaining in this way afollowing closely the method of calculation j&g], a factor
quiver (ponderomOUVkenergy as we shall see below. Qg appears in the numerator Mn for every diagram as a

~ The transition probability per unit ime” for arbitraryn  generalization of a simple absorption-emission process,
is given by the well-known formulf28]

Qg=Konai i Kaa; 1Koa {Kyaj ¢, (15
P’ =(2m/t)|Mof|?ps, (8) _ o
wheree; ;= a;=a- & for the absorption of an incident pho-
where the matrix element is ton with polarization vectog;, or a; (=as=a- & for the
emission of a scattered quantum. Faan odd number,

N

I k

i
I
I
! 0

1 A1

/

X X y with_+ andk for thex, element in the diagram and andIZo
for x, . K, for r an even number is
FIG. 3. Elements from which diagrams in group A in Fig. 2 are .
constructed. K,=Eu(1+B)+ra(ky—k)c. (16b
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In the denominator oM,, we have, without the signs of the ra16m2chi(6;- 6,21 2|"
quantities (Egeq)—which will be incorporated in the Pn~ 1 30)? =K", (22
numerator—a factor golAe

n where we used Stirling’s formula far, r being the classi-
~ n L 2:2(0 _\2 cal electron radius. ObviouslR,, has a maximal value for
~(2Eos0) r];'[l[ rei (ko= k). 17 (6-8)2=1. At optical radiation the minimal value af,

from Eq. (3), is nyi>10? and thusP,, practically differs
The summation of the factof@y in Eq. (15) is carried out by  from zero only ifK—1 in Eq. (22). This condition gives
the summation of diagran(§). So (x,+X;) in Eq. (7) gives  from Eq. (22) the threshold intensity. above which the
in Q,=24Qq a factor process has a measurable value;&té)>~1,

Koaoi(— K)o+ KoaK o li=lc=e5Ae(rqdmch?) L, (23)

in which the — is taken as the sign of the appropriate Formula (23) gives the energyAE=Ae, definitively ab-
(2Eqe0) in Eq. (17), with the result sorbed by the electron in this process, as a linear function of
the incident beam intensitly,
~2Eqeo(6€-€;)(1+ B)
T AE=Ae=4mlch?roled=dmliroclwd,  (24)
and similarly for ,+X,) and so on. InM_ in Eq. (14) a

factor Q¢ is present representing the translational energy of the Compton scat-

tered electron witlhAe <gy. On the other hand, Eq24) is
Qc=¢ectacK ai(1+B)— &y taiKoac(1+ 8), (18) the well-known formula for the ponderomotive energy of the
electron oscillating in the electromagnetic wave. It is impor-
with tant to point out that Eq24) is a classical quantity obtained
in the framework of quantum electrodynamics without the
Ki=Eqo(1+ B)+ e+ @&(Af,+Ko)C approximation=0. We emphasize that the above results
refer to a single scattering event only, after which the elec-
and tron is detected. At certain laser pulse shapes and intensities
the electron can suffer a number of scatterings before leaving
Ko=Eo(1+B8)—lec+a(Ap,—Ke)c, the field; in such adiabatic cases the final electron energy
will also depend on the intensity distribution in space-time.
WhereAﬁn=n(I20—IZ) is the momentum of the nonforward  1hen the process of the conversion of the ponderomotive

elastically scattered photons transferred to the electron, FENErgy into translational energy requires a further, detailed
nally we have analysis that we plan to present in future, including the com-

parison of different differential cross sections for different
Mot~ (U¥QcQnUo) =~ (4Eqe0)(& - &)"(U* QcUy). scattering processes at different intgnsities.
(19) We note that al\e = & the scattering process transforms
into photon absorption by the free electron that has been
One can now sum over the initial and final spin states of th@nalyzed in detail if21-23 with possible applications in
initially unpolarized electroi28], to obtain [24,25.
At near-threshold intensitiels=~1 the electron is accel-

, (1 N 5 erated withAe very nearly normal to the propagation direc-
[Mof*~ 2 SoS|UF QcQnUol tion of the incident photons. For higher intensitles | - the
electron can also absorb the same amount of endrgy
=[4Eqeo(&-€)]?" T Q. (He+E)Qe(1+ )] being accelerated under a smaller angle relative to the propa-
(8E)~1 (20) gation direction of the incident photoit&hile then photons

scatter under larger angle); in this case formula(22)

where Tr denotes the trace of the matrix dtglthe Hamil- changes into

tonian of the electron in its final state. From E#9) follows r332772c2ﬁ4(éi 8211,
that the transition probability per unit timB’ in Eq. (8) P.~ T A2 =K", (22)
appears in the form of a product eo(Ae)

where |, is the intensity of the scattered photonis,
=negc/V, n<n;. At K—1 one obtains now from Eq. (2@
the threshold intensity; forg - &;)2~1,

P'=P,P., (21

whereP,, is the probability of the nonforward elastic scatter-
ing of then photons and¢. is the Compton scattering prob- l,=1c~m(Ae)?arhn, (23)
ability per unit time(with altered kinematics relative to the

weak-field casg Taking the factors that stand before Atincreasing incident light intensities abolg the probabil-
(Uf, 1 :U,) from Egs.(10) and(11), as well as the value ity P, cannot rise above the value of 1 because at above-
in Eqg. (17), Q, from Eq. (19), and, with full “dressing” of  threshold intensities forward scatterift2—14] and multiple

the electronn+1=n;, we arrive at reabsorption[29] will damp the near-resonance processes



4176 F. F. KORMENDI AND GY. FARKAS PRA 59

given in Fig. 2, group Aa—d and the interaction will pro- —0, its validity extends to the value when E@8) reaches
ceed through processes given in Fig. 2, group B with probthe value of the differential cross section for the absorption
ability P,=1 in a wide range of above-threshold light inten- of a photon by the free electrodg /d()., given in[22],
sities. This means, in fact, that momentum transfer between 12

the radiation field and the electron occurs with certainty, as is ﬂ _ rz( E) ( 16E,
the case with electrons in electrostatic fields. The second dQ. °l2E, €g
factor inP’'=P,P¢ in Eq. (21) is

(Ex=¢g0) (30

because for sufficiently smadl. the Compton photon can be

P’Cz(zw/h)|MC|2pf, (25 treated as a part of the background noise. Comparing Eq.
(28) to Eq. (30), one obtains the validity condition for Eq.
where (28),
a&| 1 2Ae\ E(2EoAe)Y2V dQ, ep |13
Pi= |5 Pe= 3 (26) 80280 P r—
JE Neg (2mhc) 137E,16

is the density of final energy states of the interacting systemgor photon energies af,=1 eV,
pe being the density of final electron energy states dfi)q,
the solid angle into which the electron scatters. With the use ec=goX 103,

of Egs.(12), (18), (20), (25), and(26) we get
which means that the scattered photon may be sufficiently

Pe~rilisg [2A8(2EoAe) Y nede ] soft that
X[4Eq(&-6c)%+2ec (gg8ct—1)(6cAPLC)? doc doy dog
a0, a0, a0,
+2e5 M(1—eceq ) (EAPC)?1dQ,, (27 e e e

We emphasize that E¢27) may be made finite foec—0

2 N2 2l \2n2_
where @ p,c)"=n"(ko—k)“c"=2EAe. by renormalization, as is given in detail for double Compton

In order to assess the maximal value of the. d'fferer.]t'alscattering in30] and thus we shall not consider it here.
cross section for the electron scattering nearly in the direc-
tion of the polarization vector of the incident photons,

doc/dQ., we shall assume that the incident light intensity
l; reaches the threshold value lgf for which As~s,, &c It is shown, in the framework of nonlinear quantum elec-
<gg. At threshold intensitie®’ =P,Pc=P; asP,=1. Be-  trodynamics, that a multiphoton—free-electron interaction
sides thisP¢ is maximal when the direction & is parallel  process, in which the Compton scattering occurs simulta-

IV. CONCLUSIONS

with Ap,,. Under these conditions neously with the elastic nonforward scattering of the other
) photons of the intense radiation, explains the conversion of

doc [ To Eo |\ &0\® the ponderomotive energy of the electron—oscillating in the

dQ, \137/|2E,) \ec/ (28 adiation field—into translational energy at four-momentum

conservation. The energy absorbed by the free electron in
whereE,=AE=Ag is the kinetic energy of the electron in this process is much higher than that in weak fields and ex-
its final state. Formul&28) is similar to the differential cross tends up to the energy of one photon when instead of the
section for inverse bremsstrahludgg/d(), when the free  Compton effect photon absorption occurs.
electron receives momentum—but no energy—from a proton The obtained energy absorbed by the electron as a linear
and simultaneously absorbs a single photon from the inciderfuinction of the incident radiation intensity is a classical
laser beam, becoming accelerated in the direction of the pauantity, showing that nonlinear quantum electrodynamics is

larization vector of the incident photoh28], able to produce classical results, in which the Planck con-
) " stant is absent. The derived formulas may be used, for ex-

%:(EME) (29) ample, in the analysis of the above-threshold ionization of

dQ, \137/\2E, atoms in strong fields, in plasma physics, astrophysics, and

_ o _ _ elsewhere.
The difference is in the factorsg/ec)® in Eq. (28). This

similarity is reasonable since in our case only the inter(;hange ACKNOWLEDGMENTS

of momentum between the proton and the electron at inverse
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