PHYSICAL REVIEW A VOLUME 59, NUMBER 6 JUNE 1999
Energy-exchange characteristics in ordinary and nonlinear Compton scattering
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Free-electron—photon interaction, if it occurs inside an intense laser field, will be dominated by nonlinear
Compton scatteringNLCS), which is quite different from the ordinary Compton scattering. The difference can
be, for example, in the number of photons involved in one interaction. In this paper, by both analytical and
numerical methods, we will explore in detail their characteristics from the viewpoint of energy exchange in the
interaction. Based upon the well-displayed results, we are able to, furthermore, reveal some phenomena
underlying NLCS and investigate the corresponding physical implications, such as the threshold effects in
NLCS. That is, wherQ=eE/(m.wc)>0.1, the low-order NLCS will be depressed while the high orders will
be excited. And wherQ>10, the high-order NLCS process will become dominant in the electron-photon
interaction. As forQ>100, the extra-high-order NLCS will be so strongly excited that the electron dynamics
will enter a new regime. Also, we can make use of the obtained results to explain qualitatively the NLCS
experiment by Bulat al. [Phys. Rev. Lett76, 3116(1996]. [S1050-294{@9)02106-X]

PACS numbe(s): 34.80.Qb, 32.80.Cy, 42.50.Vk, 41.75.

I. INTRODUCTION electron can exchange not only momentum but also energy
with a stationary intense laser beam when the field intensity
With the advances of laser technology in the 1960s, ther&eets the requireme@>0.1 in the interaction region. This
emerged a lot of related research areas in fundamental phykind of inelastic effect originates from the nonlinear Comp-
ics, such as multiphoton ionizatiofL—3], high-harmonic ~ ton scattering and provides us with more accessible stand-
generation in atomic physici], laser-plasma interaction Point to study the free-electron—intense-laser field interac-

[5,6], laser acceleratiofi7], etc. Among them, the nonlinear tion, since the charged electron can be more easily controlled
i én the experiments than the emitted neutral photons of weak

Etensity. We know that the electron energy change through

laser fields in vacuum has been attracting wide attention ev S 4 ,
e scattering is an overall effect of combined ordinary and

since its beginning. A great deal of theoretical work in bothnonlinear Compton scattering. To fully understand this in-

quantum and classical frames has appegBedlI. Unlike elastic effect, it is necessary to study at first in detail the

atom-laser or plqsma-laser Interaction, to dlst|_ngwsh thecharacteristics of electron-photon energy exchange in both
nonlinear effect in free-electron—laser interaction, much

) i o the ordinary and nonlinear Compton scattering.
higher intensity is needddx2>10'% (W/cn?) wm?, wherel . o . )
is the laser intensity in units of W/cirand \ is the wave- At present, the chirped pulsed amplification technique de

length in units ofum]. This nonlinear effect, usually referred veloped in the 1980s has been widely applied in strong laser
. y H : 2 8
to as nonlinear Compton scatterifiR,13, is the process in physics and lasers witlQ>1 [IA*>10"% (Wenr) um’]

; are readily available. As shown above, under such intense
which an electron absorbs more than one photon before

high-frequency photon is emitted. Because of this com lexf%ser fields, the electron-photon interactions have entered the
ng quency p ) PEXNLCS regime. To our knowledge, no detailed quantitative
ity, experimental research progressed very slowly until re-

cently when Bulaet al. succeeded in observing the absor “study of NLCS has ever been presented in the literature.
-ently : i 9 P Thus to probe NLCS and to investigate its application to
tion of up to four photons simultaneously by an electron in

. SR . o strong-field effects are meaningful, which is the main moti-
e e D CioLL U2l tlon i caryingout e esearh i s paper
y y b In the following, we will first study the ordinary Compton

etersQ=e(A%)/me=ey(A*A,)/m,, in which —¢ ar_1dme scattering. Next, the focus is set on the nonlinear Compton
are the electron ch.arge and rest mass, respgctmélys the scattering and the application to the electron inelastic scat-
four-vector pqtenual, and) denotes th_eV time average. tering by an intense stationary laser beam together with the
Throughout this paper, Wwe use the mewt’=(1,—1,-1, experiments. Finally, we will summarize our results.

—1) and the natural units with=c=1. The scalar product

of four ve%tors are written simply a&-b=a*b, anda-a Il. ORDINARY COMPTON SCATTERING

=a*a,=a“.

In our previous work[15-17, we have found that an To facilitate the discussion, we will present the theoretical
formulas for ordinary Compton scattering before giving the
numerical results and discussion.

* Author to whom correspondence should be addressed. Address
correspondence to Institute of Modern Physics, Fudan University, A. Theory
Shanghai 200433, China. FAX:86-21-65104949. Electronic ad- The configuration of the following electron-photon inter-
dress: hoyk@fudan.ac.cn action is presented in Fig. 1:
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X cosa’ =sina sin 6 cos¢+ cosa cosd. @)

In the electron’s rest framey=(1,0,0,0m, and the interac-
tion is independent of, which leads to

!

2
dQ’, (8

w'\? '
—| sinfddfdop=|—
m m

e e

wx dy=

~

whered()’ is the solid angle of the final photon. Sindg
andw’2dQ’ are Lorentz invariant, we can obtain the differ-
ential cross section in the laboratory frame,

r do _ 1 2do
y - ay

FIG. 1. The configuration of the photon—free-electron interac-By multiplying AE and integrating over the solid angl€)’

tion. The initial photonk propagates along the axis making a we can get the average energy change of the electron in one
crossing anglex with the electron running in the directign The

P o
©

mX

Mg

. i o _ interaction,
scattered photok’ is emitted to the direction defined 1§9,¢). The
crossing angle betweeki andp is o’. p lies in thex-z plane. AE f(do!/dQ")(AE/w)dQ’ 10
@ y - (TT ] ( )
et+k—e +k'. (1) ave
) ) _ which can be numerically calculated.
By standard perturbative method, the covariant differen-
tial cross section can be obtaingtB]: B. Numerical results and discussion
do 272 4y? 4y 1 The practical background of our discussion is the electron
—= 0 5 >— +1-y+1+—]|, interaction with an intense laser beam. Considering the usual
dy — x [x(1-y)® x(1-y) 1-y . experimental setup, in all the following analysis, we will use
2) the optical wavelengtih=1.06 um as an example, which
~10-6
wherer,=e?/(47m,) is the electron classical radius, leads tow/me=~10"". _
Usually, in order to overcome the repulsive ponderomo-
k-k’ 2p-k tive potential[19] of the laser field withQ~1 to reach the
y= W and XZW, 3 beam center, the electron momentum should be at leaws of
e

magnitude, which meangB8=1> w/m,. Thus, to the first-

in which k andk’ are the photon initial and final four mo- Order approximation, we can neglestmg(1—coso) in Eq.
mentum, respectively, anglis the electron initial four mo- (6), and it yields

mentum. The total cross section is AE yB(cosa—cosa’)

x(1+x)do w  y(1—Bcosa’)+ w/my(1—cosh)’
el

(11)

The above equation tells us that only wheh<a, namely,

2712 4 8 the photon is scattered into a cone aroypnaith a crossing
=— 0 (1_ - —Z)In(1+x) angle a{= «a, will the electron energy be reduced after the
X X X interaction. Otherwise, the electron energy will increase.

And, when the small contribution ab/m¢(1—cosé) in Eq.
. 4) (6) is included, the delimiting angle| will be a little smaller
than «. Hence, when the electron runs along the photon

+1+8 1
27X 2(1+x)?

According to the four momentum conservation, propagation direction witlx=0, «; equals zero, too, which
means the electron will never lose energy. Of course, this
p+k=p'+k’, (5) conclusion concerning=0 is generally correct and not lim-

ited by the conditiong/8=1> w/m,, as can also be directly
we obtain the electron energy difference before and after theeen from Eq(6).
interaction, Because the interaction probability is dependent on the
photon scattering direction, which is of no interest to the
electron inelastic scattering, the more important task next is
to obtain the electron energy change averaged over the solid
angle of the emitted photons. This can only be accomplished
wherea anda’ are the crossing angles between the incidenthrough the numerical calculations of Eq.0).
electron and the incident photon, between the incident elec- Figures 2 and 3 show the case wher0. It is obvious
tron and the emitted photon, respectively; ahid the cross- that the electron dynamics is symmetric with respect to the
ing angle between the incident and emitted photorazimuthal angle. And as the electron incident energy is
(0<da’,6<m). By introducing the azimuthal angks between increased, the photon will be emitted with an increasing
the planes ok X p andkXxk’, we have probability in a cone around the electron incident direction,

AE B vB(cosa—cosa’)+ w/M(1—cosh)
o  y(1-Bcosa’)+ w/my(1—cosh)

)
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FIG. 4. The same as Fig. 2 but the electron runs with a crossing
=S angle«=30° relative to the photon propagation directidrE is in

_ _ _ ~ units of w anddo/dQ in units of 3.

FIG. 2. Differential cross section and energy exchange in the

ordinary Compton scattering when the electron is at rest or rung,|nost invariant wheny3 is large enough. As already men-
parallel to the photon propagation direction for different electron

A /m.=10-5 for this and all the following fi tioned the electron will never lose energy wher0, viz.
:Jnr';': momentum.«/me= or this and all the following fig-  AE=0 |t is no wonder that AE) ,ve=0. But when we turn
' to the case withw#0, things begin to change.

namely, the forward scattering is enhanced. This phenom- Flgure_s 4 and 5 show the case when30 .As_expected,

enon is very similar to the synchrotron radiation of high- yvheny,B IS Iarg_e enough, th? electron energy will be rgdgced

energy electrons, in which most of the emitted photons arglthe ph(()jt_on IS sca_ttherehd Into a cone, arour|1|d thﬁ incident

confined to a small cone around the electron-beam directiorf €Ctron direction with the cone angle, smaller thana,

On the other hand, the energy chanie/w reaches maxi- WhICh.IS quite oppo_s[te.to those shown in Fig. 2. Corrg-

mum when the photon is backscattert=180%. Thus it spondingly, for relativistic electrons, the most probable di-

can be understood that the average energy change in Fig. 3' ction of the e_mltted photon is also in a sma_lll crossing angle
aroundp. Thus it can be concluded that for high-energy elec-

0.6
B . 4
< 3
HC
g 03 2
i E -4t
E 2

i _®-8f

D0 2.5 5.0 u 2

P(units of m,) e 8

4
P(units of m )
FIG. 3. Variation of the average electron energy change versus

its initial momentum in the case of Fig. AE is in units of o and

FIG. 5. The same as Fig. 3 but the electron runs with a crossing
do/dQ is in units of 7rr3.

angle =30° relative to the photon propagation direction.
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4 e
2 0 D=1+ —(y-K)(y-A) |—
° q=0 ] p ‘y ‘y
g’ =10 k-p V2po
0
iﬁ -4 0.=20 exl e o2 )
o Xexp—i -x+f —p-A——A%|do ¢,
< -8 a=30" PP 0 k-pID 2k-p ¢
-12
0 8 16 (12
P(units of m,) which is the solution of the Dirac equation,
FIG. 6. More examples for the variation of the electron average y*(id,—eA,)P,=0. (13
energy change versus its initial momentum for different crossing
anglea in ordinary Compton scattering. When the above dressed state is simultaneously transited

from @, to @/, a high-frequency photon having four mo-

trons the average energy chan_ge yvill be negative. This_ isnentum k“'=(w’,k’) and four-polarization vector’ is
really the case as can be seen in Fig. 5. Generally speakingmitted. To the first order, th&matrix element is
the sign of AE) . is determined by botlx and the electron

initial energy. Figure 6 shows more examples of the relation- — " ek 4
ship between & E) ,oandP(= yB). An interesting phenom- Si |ef Dy (y-€')Py d®x, (14)
enon about Fig. 6 is that for an incident electron with definite 20’

energy, there will always exist a delimiting angt&; so long

as the electron incomes with a crossing angless tham*,

it will obtain net average energy gain after the interaction.
The smaller the electron initial energy is, the bigger ] AF=A,, coSh+Ay, SiN, (15)
be. From another viewpoint, the electron loses energy on

average so long as its energy is large enough under the cowhere €A, /m.c)?=(eA,/m)?=Q? and A,-A,=0, the

from which the reaction cross section can be obtained. For a
circularly polarized plane wave,

dition a#0. differential cross section has a very simple forb8],

All the above results and discussions are based on the d d
ordinary Compton scattering. The nonlinear Compton scat- _‘722 290 (16)
tering, which plays a much more important role in the inter- dy “ dy

action between the free electron and the strong laser ﬁel(\jNh
will be discussed in detail next. ere
do, 2mr3 u?
N0 32+ 2+
IIl. NONLINEAR COMPTON SCATTERING dy X QZ™n 1+u

In an intense laser field, a new free-electron—photon in-
teraction mechanism, usually called nonlinear Compton scat- X[Jﬁ,l(z) +Jﬁ+l(z) - ZJﬁ(z)]], (17
tering (NLCS), in contrast to the ordinary or linear Compton
scattering, emerges. Besides the number of photons involvgd which
in the interaction, the other conspicuous characteristic of
NLCS is its dependence on the field intensity. When the field 2k-p kK y
intensity is high and the number of photons is large, the m2 Y=pk 1-y
electron dynamics, such as the electron energy change and

the reaction probability will be much different from those 5 2 nx
discussed above for ordinary Compton scattering. Similar to z=Qv1+Q7 \u ivoz Y (18
Sec. Il, we will conduct the study in two steps. First, theo-
retical formulas used in the calculations will be derived, andThe total cross section is
next the numerical results and discussions will be presented. 2 )
27rg 1 fnﬂ(1+Q2) du 42402 2+ u )
OnT=" A2 2| — Fn T
A. Theory x Q%Jo 1+u 1+u
A great deal of theoretical discussion describing the free- ) 5 5
electron—photon interaction in a strong laser field appeared X[Ih-1tdne1= 2000 (19

in the 19609 8]. Here we will just give the main points of
the widely applied theory18] before going to the analysis As n=1 andQ—0, Egs.(17) and (19) will evolve to Egs.
and numerical calculation. (2) and (4), respectively[18].

The interaction configuration is the same as that given in It is often believed that Eq(17) describes the following
Fig. 1 except thak is changed intak and the electron is nth order NLCS,
dressed by a plane wave*=A*(y), wherey=Kk-x.

With p?=m2, k?=0, andy* denoting the Dirac matrix,
the plane-wave-dressed electron is described by the welln which the corresponding four-momentum conservation is
known Volkov state, expressed as

e+nk—e’+k’ (20
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"=p'+ eZ(AZ)k (23
g+nk=q’'+k’, (21) =P ok
where are the so-called quasimomenta of the electron embedded in
o) o the plane wave.
—p+ e(A >k 22) From Eq.(21), we can get the frequency of the scattered
q=p 2p-k photon and the electron energy change,
|
' B v(1— B cosa) od
» _ny(l—ﬁCOSa’)+{nw/me+Q2/[2y(1—,BCOSa)]}(l—cose)’ (24
AE o' Q? 1—cosé
— =n—{1+— y . (25
O w 2 y(1—pBcosa)[ y(1—Bcosa)—w'/mg(1l—cosb)]

The subscriph represents tha-photon-absorption reaction.

To acquire the average electron energy chamge)(yen ,
the relationship betweedy andd()’ must be known first.

For this purpose, we return to the electron’s rest frame,
which

!

. ww 1
y= W( —Ccos#)

o 1—cosé 26
p-K"° 1+ (nw/m+Q2%2)(1—cosh) 26
Thus,
dy w/2
dcosé np-k’ @7)

It is expected that the dependence anand Q of
(AE/w) aven Will make the energy exchange characteristics
in NLCS quite different from that of the ordinary Compton

irscattering.

B. Numerical results and discussion

Before discussing the characteristics of the energy ex-
change in NLCS, we shall first present the analysis of the
high-frequency-photon emission through E48).

Figure 7 shows the dependenceogfr on the initial con-
dition represented by=2p- k/mgz 2vy(1- B cosa)w/m,,
which is proportional to the photon frequency in the elec-
tron’s rest frame. It is important to note that the reaction
probability of nth order NLCS is not sensitive to the initial
conditions in a wide range of For example, when the 46.6-
GeV e beam from SLAC is used in the head-on collision
with Nd: glass laser puls€44], x is below 0.8. In a typical

Because the whole dynamics is symmetric with respect t@lectron inelastic scattering by intense continuous laser beam

¢ in this frame, hence

_wIZdQ/
- 2mnp-k’

dy
dy= aq

dQ’ (28)

Becausew’?d()’ is Lorentz invariant, the expression for
(AE)aven in the laboratory frame can be obtained,

(A_E) _ [(da,/dy)(AE/w)(dy/dQ")dQ
- .
aven

onT

(29

—

o
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3 ~n=1

‘n=10
n=1073

n=10"
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FIG. 7. The dependence of the total cross sectign on the
initial conditions denoted by=2p~k/m§ of the laser-electron in-
teraction for different orden in the nonlinear Compton scattering

with Q<10, one gets<10~“. Becauses/m, has been set to
106, x is decided by the electron initial energy and its
incoming angled. The results obtained as shown in Fig. 7
tell us the totalnth order reaction probability does not
change very much whether the electron is incident along or
against the photon propagation direction, viz, is de-
cided mainly by the orden and the field intensityQ.

The dependence af, + on Q andn makes NLCS quite
different from ordinary Compton scattering witQ=0 and
n=1. The relationship between, + andQ for differentn is
shown in Fig. 8, where it can be seen easily thaQam-

- 100 n=1
g /
< n=2 N
2 6
s 10 =
3 " n=10| [P=100
o n=4
10.12 -2 0 2
10 10 10
Q

FIG. 8. The field-intensity dependence of the total cross section
for the nth order nonlinear Compton scattering. The dotted line
corresponds to the laser intens@y0.6, which is the value used in

. Bula’s experiment.
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1 10 n 100

AE(units of 10 o)

FIG. 9. The total cross section ath-order nonlinear Compton

scattering as a function af for different field intensities. 0 90 180
O(units of degree)

creases the contribution of high-order NLCS to laser—free- FIG. 10. The differential cross section and electron energy
electron interaction will become more and more importantchange as a function of for different field intensities in the non-
For Q>0.1, the importance of NLCS with=2 begins to linear Compton scattering with=1. The line withQ=0 corre-
emerge. Then, after a transition region fro@=0.1 to sponds to the ordinary Compton scattering. The electron is initially
Q=10, the NLCS contribution becomes prominent Compared"t .rest. Because the whole system is symmetric with respect to the
with that of the ordinary Compton scattering. It can be saic?2muthal anglep, the dependence upapis omitted.

that when Q>10, NLCS will dominate the laser—free- 14 compare with the case of the ordinary Compton scat-
electron interaction. Furthermore, it is worthwhile pointing tering, we first consider the differential cross section and the
out that the above threshold@$=0.1 andQ=10 are consis- energy change witm=1 and a=0. As shown in Fig. 10,
tent with the results found in the research of the ine'aStinhen Q increases both the reaction cross section and the
electron scattering by a stationary laser beam. The resulignergy exchange will be reduced, namely the low-order re-
showed that the inelastic effect begins to appeaQa®.1  action(heren=1) will be suppressed in high-intensity fields.
and becomes dominant &>10. Hence, from the above This can be explained using a simplified physical picture.
discussions, we have another reason to attribute the inelastgith the field intensity increasing, the electron drift velocity
effect in the intense-laser—free-electron scattering to NLCSynd effective mase? will be increased too. Thus, for high
Moreover, besides the appearance of high-order NLCS, Figntensity laser fields, the sharp peaking of the differential
8 shows us that the low-order NLCS will be suppresse@as cross section in the forward direction in Fig.(&Dis very
increases further. For example, wher10, oy, will in- gimjlar to that in Fig. 2 for ordinary Compton scattering with
crease withQ until Q~10. Then as the field intensity be- jncreasing electron velocity. Similarly, the decreasing of en-
comes higherg, 1 begins to decrease while the contribution ergy changes with increasir in Fig. 10b) can be attrib-
from higher-order NLCS, such as=100, 200, etc. becomes yted to the increased effective mas#. Of course, the
again more and more important. Actually, wh@a-0, the  apove analog does not mean an exact account can be given
increasing part of the curves in Fig. 8 is proportional ofsince the interaction mechanisms are in essence quite differ-
Q®""*(n=1), which can be estimated from E(L7) by us-  ent, Whena+0, the conclusion found in Fig. 10 can be seen
ing J,(2)=Q". Moreover, wherQ is large enough, viz., in  to be true also in Fig. 11 witke=30°. Compared with Fig.
the decreasing part of the corresponding curves in Fig. &(c), which has the same electron energy and electron/photon
on T 1/Q?. By numerical analysis, we find that the two scal- crossing anglé=30°), both do,1/dQ) andAE/w are sup-

ing laws are fully consistent with Fig. 8. Hence, it can bepressed ag increases although the forward scattering of the
said that as the field intensitQ is being increased, theth photon is similaf20].

order total cross section, + will first increase rapidly, es- For high-order NLCS, the differential cross section is
pecially whenn is large, and will then decrease at a muchquite different, as shown in Fig. 12. It is obvious that the
slower rate after reaching maximum. contribution to forward scatteringg=0) is mainly from the

Recently, Bulaet al. [14] has performed the experiment n=1 reaction. And when the initial velocity of the electron
on NLCS atQ=0.6. According to Fig. 8, it can be found that rynning along the incident photon is increased, the influence
the total reaction probablllty witln>10 is smaller than that of the relativistic effect upon NLCS is more pronounced’
with n=4 by several orders. This is consistent with the ex-yiz., the scattered photons is limited to a smaller and smaller
perimental results quantitatively, which has demonstrated th§o||d ang|e with an increasing probab|||ty This phenomenon

reaction order up to=4. is very similar to the harmonic production by the electron
From another viewpoint, the above results can also bgmbedding in a plane wave in the classical electrodynamics.
found in Fig. 9, which shows the relationship betwegn; The overall contribution from high-order NLC®=2) to

andn for differentQ. For definiteQ, o, r decreases with.  the total cross section and average energy exchange can be
And when Q<1, the cross section drops rapidly where asexpressed as
Q>10, it varies smoothly, firmly demonstrating the impor-

tance of the high-order NLCS. =

Up to now, we have put the emphasis upon the impor- UnzZ,T:nZZ On,T» (30
tance of high-order NLCS. Since the electron inelastic scat-
tering is directly related to the electron energy exchange, it is AE S % (AE/©) ayant
natural to ask what are the energy exchange characteristics in (—) Sl nT (30)
NLCS. @ Jhsor 22100
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a) Q=0.1 _ 04
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(b) Q=1.0 % 90 180

6(units of degree)

FIG. 12. Differential cross section of NLCS with=1,2,3,4 for
different electron initial momentunma) y8=0 and(b) y8=3. The
electron is incident along the photon propagation direction with
a=0.

do /d0

large enough, which is similar to the ordinary Compton scat-
tering. It should be mentioned that Figs.(iBand 14b) are
almost the same, which demonstrate once more the insensi-
(¢) Q=2.0 tivity of the cross sectiowr, 1 to the initial conditions as has
been shown in Fig. 7.
From all the above numerical results and discussions
~ about NLCS, we can see that the most significant character-

<

a istics of NLCS is the important role played by the high-order
- reactions in affecting both the average electron energy ex-
T o change and the total reaction probability when the intense
5 laser field is used.

IV. SUMMARY

In this paper, we have studied numerically in detail the
energy exchange characteristics in the ordinary Compton
28 scattering and NLCS. The main conclusions can be summa-
rized as follows:

FIG. 11. The same as in Fig. 10 but the electron runs with a
cross anglex=30° relative to the photon propagation direction and (1) When the electron runs parallel to the photon propa

an initial momentum|p|=5m,. AE is in the units of w and

do/dQ is in the units ofrr3. - 1X10°° ‘

Gy
Figure 13 shows the dependence of,-,7 and ; 5%10-°t

(AE/w)n=21 oOn the field intensity when the electron is at g

rest. For comparison, the case witk-1 is also presented =] I

and (AE/w), 1 is defined as = 0 )
~ 4 . -

(ATE) :(Aé/f;)ave,plﬂl 32 Ng (b)
1T n=10nT - R

It is marvelous to notice that a3 increases, the NLCS with g T

n=2 plays a more and more important role in both the aver- =

age energy exchange and the total reaction probability while o 0

the reaction withn=1 is greatly suppressed. The positive 0 ! 2
sign of the average energy exchange is the same in the NLCS
as well as in ordinary Compton scattering when the electron g, 13. A comparison of the contributions from the nonlinear

is at rest, which can be easily understood. When we turn t@ompton scattering with=1 (dotted liné andn=2 (solid line) to

the conditions witha#0, as is shown in Fig. 13, the above the average electron energy change and the total cross section of the
conclusions remain the same except that the average electrger—electron interaction as a function of the field inten@itiThe
energy exchange is negative when the electron energy islectron is at rest initially.
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This result will help to design the electron acceleration by
intense lasers in vacuum.

(2) When the field intensity is low@<1), the mecha-
nism of the free-electron—laser interaction is mainly the or-
dinary Compton scattering, and whéx>0.1, the importance
of NLCS begins to show. And fo®>10, NLCS will domi-
nate the interaction. Using this conclusion, we can explain
-6 ‘ ‘ the intensity-threshold effect found in the study of electron
0 1 2 inelastic scatterings by an intense stationary laser beam.

(3) When the field intensity increases, the low-order
NLCS will be suppressed and high-order NLCS will play a
R more important role, resulting in much greater energy ex-
2t ] change and total reaction probability. This is not only con-
sistent with electron radiation studies in the classical frame-
AETN work, but also consistent with the results obtained in our
0 . other papeff21], which states that a®=100, the electron

0 1 2 can be captured and get violent acceleration by the laser
Q beam. It is hoped that these conclusions can be submitted to
the NLCS experimental test.

FIG. 14. The same as in Fig. 12 but the electron runs with a
crossing anglex=30° relative to the photon propagation direction ACKNOWLEDGMENTS
and an initial momentunfp|=5m,.
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