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Abstract

The nonlinear Compton scattering cross-section for laser
light is formulated by treating the electron in the laser field
as a dressed electron, in which the laser field is expressed as
classical field. In comparison, multi-photon Compton scat-
tering can be represented by the Feynman diagram where
the electron is treated as an undressed one; hence, this for-
mula can be applied only to a low intensity laser. To study
the effect of the coherency of the photon on Compton scat-
tering, these two formulas were compared for the case of
two-photon scattering. The difference might be due to the
fact that the Feynman formula cannot take into account the
coherency of the photon. To account for the coherency of
a laser field in quantum mechanics, therefore, the formula
based on coherent-state formalism is required.

1 INTRODUCTION

There have been many investigations of multiphoton pro-
cesses in strong electromagnetic fields since the inventionwherep andy’ are four-vector momentums of the initial

of the laser in the early 1960s. Nikishov and Ritus derivedq final states of electron, akdand &’ are photons. We
formulae for the multiphoton absorption of an electron iro|jow the formulae in ref. [9] to derive the differential

a plane electromagnetic field [1]; this effect was observegoss-section of an unpolarized electron scattering with two
recently [2]. Other theoretical studies made by the Classth'npolarized photons, as shown in the Feynman diagrams,

cal approach [3] - [7] and also by the semiclassical scattegpove. The formulae will much simplified if we use the
ing theory, as reviewed by Ehlotzky [8], all of which de- (k'

. . . Sinvariantu = L5 andu; = 2E2) | then:
scribe multiphoton absorption processes, have contributed T BT
to great advances in our understanding. Both the classical )
approach and the semiclassical theory use the classical way do, = 7ro? e 2m X, du (1)
to describe the field of laser beam; therefore, they yield the 2uim?w (1 + u)?
same results for multiphoton processes [3]. wherer, is the classical radius of electron, and,

In using quantum theory to describe multiphoton pro- 32 112 — 16w —116 + 36u;
cesses in the intense electromagnetic fields of laser beaf, = ——4u4 o3 u® 2 2
one encounters difficulties. The laser beam is a kind of ! ! !

. - . . -1 1 1

electromagnetic wave which has high density of photons + 6 +236u1u + 6+ 36us 16+ 36us (2)

. 2 2
that may be in coherent states; therefore, the usual per- & & (1 +uw)u

turbation theory of Quantum electrodynamics(QED) may To compare our findings with the results in ref. [1], we
be not appropriate for such a case. In the present papesbstitutev in equation (1) to;fl’;—ezz, as was done in section
we calculate the cross-section of Compton scattering of the1 of ref. [10], wher¢ is a parameter of the laser beam’s
absorption of two photons by an electron from Feynmafhtensity. Then equation (1) becomes:

diagrams, and compare our results with the semiclassical
QED theory [1].

do, =

2

o< o 2T

— & —=X,d 3
8ul5 (14 u)? Y (3)

and the total cross-section can be obtained by integral it
We can illustrate the Feynman diagrams for the absorptiasveru,

of two photons by an electron as:

2 FORMULAE OF CROSS-SECTION
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The formulae in ref. [1] are probabilitiedv rather than 3.5 | |

cross-sectiondo, and the initial photon is linearly polar- exact —
ized. Therefore, by integrating the initial polarization angle 3r expansion - - -]
#, and dividing the incident flux density, then we obtain: do 95 L Feynman diagram — |
(unit: N
16792 du 2 , .
doy = —— —— dop X 5 2y 21 ¢_ y . .
%= e Tk ), 2.0 (5) m™o°) £€=0.1 _
1.5 F up =0.1 —
where,
1 — —
Xy =—-A" + €2+ v )(A1?2 — ApAy) (6)
b — 0 1+u 1 0412 0.5 K ]
where the functionsly, 4;, and A, are those found in 0 ' ' '
APPENDIX of ref. [1]; here, we consider only the case of 0 005 01 015 0.2 0.25
the absorption of two photon, in this case, we have, u
- 90 | | |
A — J. J 7 80 - exact — —
o(a, B) Z_Z: 221(a) J1(B) (7 ol expansion - - - - |
- 9= Feynman diagram —
whereJ;() is Bessel functiond; andA, can be calculated  (unit: 60 - RN ]
by formulae in ref. [1]. The total cross-section of the ab- 7ry?) 50 - £ =0.5 .
sorption of two photon can be obtained by integral over 40 - uy =01 - |
and azimuthal angle, 30 L . i
167792 [27 i gy 20 i
me [a [t @ Ty -_
wig* Jo o (1+u) 10 - =
The X, in equation (5) can be expanded by powers of 0 ' ' '
¢, and the term of* order corresponds to two-photon ab- 0 005 01 015 02 025
sorption [11]. Because the formula is for linearly polarized u
plane waves, therefore we should integrate over azimuthal 400 | T |
angleg, then we get the term of th&* order of equation 350 | exact — -
(6): d expansion - - - -
de 300 - : -
. 5 g2 du Feynman diagram
X, = _3u_ 4 10u_ _ A 5i (unlt:250 - _ -
ur? ud  2uy? U 7ro?) R
Clatd) o ©) WWp =0 o i
2u1(1+u)  wi?(l+wu) 150 - up =0.1 .- g -
and the differential cross-section is: 100 |- | m
Ira 27d 50 ' -
do, = 110 g2 ZTAM (10) '
up (1+u)? 0 ' ' '
. . . 0 0.0 0.1 0.15 0.2 0.25
the total cross-section can obtained by integral (10): u
_2mrg? 2 ordu X (11) Figure 1: The differnetial cross-sections of an electron scat-
7T T o (T+u)2™° tered by two photons via.

The cross-sections given in above formulae are easy to Cai‘agram" to express the results of solving equation (3). The
culate by computer. calculated cross sections are all relativertg?.
The three graphs in Figure 1 correspond to differential

3 NUMERICAL RESULTS cross-section of = 0.1, £ = 0.5, and¢ = 1.0 (top to
With the formulae discussed in previous section, we capottom). Whené = 0.1, the “exact” curve and “expan-
make numerical calculations. For the sake of simplicitysion” curve are very close, but gsincreases tg = 1.0
in the following discussion and figures we use “exact” tdor instant, the discrepancy between them becomes large.
denote the results with the semiclassical QED (equation 5Jhe results from “Feynman diagram” also differ from the
Similarly, we use “expansion” to denote the results fronfexact”; as¢ increases, at first when< 0.4 they become
the expansion of “exact” formulae and the term “Feynmanlose, after then gradually the difference between them also
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Figure 3: The total cross-sections of an electron scattered
12 ] by two photons vig.
g _ _
(unit: 10 [} &= 06 4 CONCLUSION
2
mro” 8 exact Our numerical calculations show that tffeterm of the ex-
6 Fo nmaﬁxcﬁzn:;ﬁ ] pansion in powers &f differs from the results of the pertur-
_ Y & bation theory of Feynman diagram, but they are in the same
4 H\N . order of magnitude. Both the “expansion” and “Feynman
N diagram” are different from the “exact” results, and the dif-
2 . ference becomes larger gancreases, which means that
0 I T R N T R R the intense laser beam has strong coherent effects.
01 2 3 45 6 7 89

Uy 5 ACKNOWLEDGMENTS

g’&\e authors acknowledge to Avril Woodhead for her edi-
toral work on this paper. This work was performed under
the auspices of the U.S. Department of Energy under Con-
tract No. DE-AC02-76CH00016, and was partly supported
by Power Reactor and Nuclear Fuel Development Corper-

becomes greater. There are no such changes between -ation.
pansion” and “Feynman diagram” gsincreases. These
discrepancies supposedly arise from the approximation of 6 REFERENCES
tze e'e‘atrorl -:'tate'i sute 10 2 tfr:e? state, fatherlth?”dtt @ A.LNikishov and V.I.Ritus, Sov. Phys. JETEB, 529(1964).
“dr " which mean Wi ve n

esseds state, ¢ cans that we ha ? gg ecte 2? C.Bula, K.T.McDonald, and E.J.Prebyt al, Phys. Rev.
coherent effects of laser beam. The laggsignifies the

. . . Lett. 76, 3116(1996).

strong intensity of the laser beam which may be related _
to its strong coherence. However, although there are $81 Vachaspati, Phys. Re¥28 664(1962).
many difference between these results calculated by ti¥ E.Esarey, S.K.Ride, M.Baine, A.Ting, P.Sprangle, Nucl. In-
three methods, they are of the same order of magnitude. str. and MethA 375, 545(1996).
Fig. 2 shows the results via another parametgwhich  [5] A K.Puntajer and C.Leubner, J. Appl. Ph{d, 1606(1990).

is the relative value of the incident particle’s energy an?s] Lowell S. Brown and T.W.B.Kibble, Phys. Revi33
the electron’s mass. From the figures, we see that the dif- A705(1964). ’

ferences between these different theory are not changed
that parameter.

Figure 2: The total cross-sections of an electron scatter
by two photons viau;.

[tﬁ/ A.K.Puntajer and C.Leubner, Opt. Commuig, 153(1989).
[8] F.Ehlotzky, Can. J. Phy$3, 907(1985).

Fig. 3 demonstrates the total cross-section calculated 8] F.Mandl and T.H.R.Skyrme, Proc. Roy. Soc. 215
different theories; their different increases as the intensity 497(1952).

of laser beang increases. In the strongest laser beam  [10] V.B.Berestetskii, E.M.Lifshitz, and L.P.Pitaevsi@uantum
0.6, either the “expansion” line or the “Feynman diagram”  Electrodynamics2nd ed. (Pergamon Press, New York, 1982).

line differ from “exact” line by aboutt00%. Therefor, if [11] ALNikishov and V.LRitus, Sov. Phys. JET, 757(1965)
one uses the perturbation theory to consider the intensity

field, coherency should be taken into account.

882



