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Energy gain of injected electrons subjected to an intense laser field
and its magnetic field induced in plasma
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Cyclotron-resonance energy gain of injected electrons subjected to an intense circularly polarized laser field
and the magnetic field induced in a low-density plasma is investigated theoretically. By considering the inverse
Faraday effectIFE), where a circularly polarized finite area laser beam induces an axial magnetic field in a
plasma, it is found that very interesting energy gains can be obtained by Doppler-shifted cyclotron resonance
in this field for the appropriate injection velocity. This same IFE field also acts to confine these electrons
radially and, on exiting the plasma adiabatically, it is in this way that the transverse electron energy is
converted to axial energy. Two limits to the energy gain are discugsedyclotron radius of the energetic
electrons becoming comparable to the beam, @ndxial dephasing.S1063-651X99)09509-4

PACS numbes): 52.75.Di, 52.40.Nk, 52.35.Mw

[. INTRODUCTION ization and antiparallel for the right circular one. The in-
jected electron motion will be a combination of circular or-

The recent advent of extremely high intensity, ultrafastbits at the cyclotron frequency and at the Doppler-shifted
lasers using fiber compressiph], Kerr-lens mode locking laser frequency. When these two frequencies are close so the
[2], and more recently, chirped pulse amplificati8+-5], cyclotron-resonance condition is nearly satisfied, the energy
has made it possible to explore a new regime of relativistiof the electrons can be changed dramatically and favorably
laser-plasma interaction. This has stimulated a great interephased electrons gain considerable energy. Thus the electron
in the investigation of charge particle acceleration by an inis accelerated by the like-ECR mechanism. However, the ac-
tense laser beaf6—18]. Various ideas for electron accelera- celeration will be terminated when the cyclotron radius of
tion may be separated into three kinds of schemes, viz., adhe injected electron is larger than the effective spot of laser
celeration (a) by the strong field or the longitudinal beam or the injected electron escapes from the laser pulse
ponderomotive force of laser pul§—10, (b) by the high- because of axial dephasing. The trajectory of the injected
gradient field associated with plasma waj/&$s-16¢, and(c) electron depends on the induced magnetic field. Due to the
by a strong laser field with weakly external field in vacuuminduced magnetic field dependence on the laser intensities,
[17,18. In schemda), the particle gains energy and momen- one can control the electron motion by the laser intensities.
tum at the expense of the pulse, and the particle is acceler- In the new regime of relativistic laser-plasma interaction,
ated in half-pulse extent. The most elaborate models of théhe proposed mechanisms for the induced magnetic field in-
scheme (b) are the plasma wake-field acceleration, theclude the ponderomotive force mechanigi®—-21], the in-
plasma beat-wave acceleration, and the laser wake-field awerse Faraday effe¢tFE) [22—285, the ionization fron{26],
celeration, including the self-modulation regime and wakeand the vortex dynamics mechani$@v]. Here, we are in-
accelerator driven by multiple laser pulse. In these configuterested in the IFE mechanism. By taking into account rela-
rations, a high-gradient plasma wave is excited resonanthtjvistic effects, a relativistic evolution equation for the in-
and accelerates the particle. In schefmethe weakly exter- duced magnetic field is obtained, which in the nonrelativistic
nal field breaks the symmetry of the laser field, so that thdimit had a form analogous to that presented in RgZ6,21].
electron may be accelerated in the half-wavelength region oA numerical solution of the equation obtained gives the
the electromagnetic wave. These concepts each have theiariation of the induced magnetic field along and across of
difficulties and so it is not without interest to consider a newthe laser beam.
idea. This concept requires the use of circular polarization This paper is organized as follows. Due to this model
for the laser pulse since it relies on some features of théeing associated with the induced magnetic field, it is given
well-known inverse Faraday effect that is produced by such a detailed discussion in Sec. Il. An acceleration scheme is
pulse. proposed in Sec. lll, and an energy evolution equation for

The combination of an electromagnetic field of circularly the injected electron in the combination field is derived. Re-
polarized laser light and an IFE magnetic field created by theults show that the energy of the injected electron increases
laser itself can bring about the acceleration of injected elecwith time, however the electron spirals outward from the
tron as in the conventional electron cyclotron-resonancdaser beam when the cyclotron radius is sufficiently larger, or
(ECR) scheme. A quasistatic magnetic field is produced bythe electron escapes from the laser pulse due to the dephas-
IFE for a circularly polarized laser wave. The effect occurs ating in the longitudinal direction. In Sec. IV, we analyze the
the periphery of a wave beam when the latter is not uniformtrajectory of the injected electron in the laser beam and the
in the transverse direction. The magnetic field is parallel teemission angle of the injected electrons. In Sec. V, we re-
the direction of wave propagation for the left circular polar- mark on this topic and the conclusions are presented.
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Il. QUASISTATIC MAGNETIC FIELD where the dimensionless coordinates variableskpr, ¢
& Kpo, =Koz, 7= wpt, are.used_V2=Vf+_VE,,. V2 in Eq.
42.1]) denotes the Laplacian with the derivatives designated
with respect to these variablesp)( and (#), and Vf?

Interaction of an ultraintense laser with plasma can b
described by Maxwell's equations and relativistic equation
that describe the motions of the cold electron fluid,

=d*lan°.
1 #B 4Ax By averaging over the fast laser frequency time scale but
V2B-— - W = TV XJp, (2.1 not over the plasma frequency, one obtains
c

2
V2p.— J bs_lb :&<V<L
, 2.2 7 R 2 ) Ny

E+ Pxp pr>' 212
c

Py
W_F(VD'V)PD: —e

wherep,=P,/mc, bs=eBs/mcw, anda=eE/mcw.
an Equation(2.12 is not only valid for the well-known pon-
ot —V-(nVy), (2.3 deromotive mechanism and the inverse Faraday mechanism,
but also for other mechanisms. It has no restriction for the
whereP,,V,, are the plasma electrons momentum and veloclaser parametergi.e., polarization and intensitiesand
ity, andJ,=—enV,,,J, is the current density. Letting plasma characteristicgi.e., underdense and overdense
plasma. The relativistic effect plays an important role in the
induced magnetic field generation. The source tefn,
= wplw (V(n/ngy) X pp), depends on the relativistic factor
v. In addition, the linear ternbs/y of Eq. (2.12 also de-
and defining the vector field pends ony. This implies that the relativistic effect signifi-
cantly influences the magnitude, growth, and saturation of

41
Q= ?VXJp, (2.9

P — M. — SA 2.5 induced magnetic field generation. In the weakly relativistic
T YV oM : regime[ (v/c)?<1], Eq.(2.12 has a form analogous to that
presented in Ref§20,21].

where A is the vector potential of the laser pulse, We approximate the radiation fiell=mc?a/e as

=41+ pzp is the relativistic factor. By taking the curl of the R .

plasma electron momentum equation, we obtain a=3a(x,,zt)(e+tire)expiy)+cc, (2.13
AP, where a(x, ,z,t) is the real amplitude, slowly varying in
WIVXVpXV>< Pc. (2.6)  time and space is either equal to 1 or 1, corresponding

to right and left circular polarization, respectiveby, ande,
If VXP,=0 everywhere at=0, VXP, vanishes every- are the unit vector in the and @ direction, and c.c. denotes

where for all time[19]. Equation(2.5) gives the complex-conjugate terms. We can get the momentum,
e i A .
EBZVpr, 2.7 Ppi=—Emca(el+|)\e2)exp(|¢)+c.c., (2.19
In term of Eq.(2.7) andP,=myV,,, we have and the density,
eB oA o iNe) Yy Dexpiv)+cc. (2.1
VXV s =V inyxvy,. 2.9 n=-—, (@tire)V(y Hexiy)+cc. (219
By the relationship For a slowly varying laser pulse, we ha\&?bslasz
<bg,0%bs/d7°<bg, where j=r,6,z. Combining Egs.
( n ) 1 ( n) Vy n (2.12—(2.19 gives approximately
—|==V| ==, (2.9
Yo/ v \no/ 42 Ng s p pwgaz[(l az)
Eq. (2.4 can be rewritten as p vy Py 2 ¥ 2y°
) nkg +(5a2 o 1)"2 (2.16
Q=K3V|——|xP,— —"B, 2.1 — 1|5, :
P o P yng (219 2y* Po

where k,=w,/c. Then the total magnetic field obeys the wherep,=k,R,R is the effective spot size of the laser. In the
following evolution equation: relativistic case, the induced magnetic fiddd approaches
this level,

XP wf,
|bs|N BEE (2.17)
w
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0.1 where ny and n are, respectively, the background plasma
0 density and the plasma electron density. When the laser
pulse widthL and the effective radiuR are, respectively,
0.1 larger than the plasma wavelengthy, i.e., L>\, and R
48 02 >N\, , the effect of the statically electric field is so small that
03 it can be neglected. In the remainder of this paper, we only
’ consider the ultraintense laser electron interaction in the long
04 laser pulse regime.
05 ‘ : s ‘ Consider an axially symmetric laser pulse. In cylindrical
6 5 10 15 20 2 coordinates, the fields of laser and the induced magnetic field
kpr are expressed by
° . B= (Bocos 1) Bosin( 1), By), (3.33
01
o E= (Eosin(¢), —Eqcog ¢),Ey), (3.3b
g where = wt—kz, ® andk are the laser frequency and the
037 wave number, respectively, am},E, are, respectively, the
04l amplitude of the electric field and the magnetic field of the
laser wave.
0.5 . ' ' . : Equation(3.1) can be rewritten as three component equa-
0O 10 20 30 40 50 60 .
tions,
ko€
e . . dP, .
FIG. 1. Axial distribution of the magnetic field at the beam axis, — 4 wPy=—mcaw—kz)siny, (3.4a
r=0, and transverse distribution lgf¢=20.0. In bulk of the laser dt
pulse, the me_tgnetic field is almost a consta_nt. 'I_'he normalization dp
\(/oicltzr:%%%r.ltlalaL 1.0, the laser pulse duration kgL =60, and d_ta_ 0P, =mca w—kz)cosy, (3.4b
The numerical solution of Eq(2.12 gives the axial and dp, Bo _
radial variation of the induced magnetic fielsee Fig. 1 Wz—ch—s[PrSIWP)—PoCOS(l//)], (3.49

For a long laser pulse, the variation lnf with variables¢ is

weak, wheref=t—2z/Vg,V, is the group velocity of the la- \yhere the dot over denotes derivation versus time, is
ser pulse in plasma. In the bulk of the laser pulse, the inyefined as the cyclotron frequency,
duced magnetic field is almost a constant in the long laser

pulse regime. So the magnetic field can be treated approxi- eB; eBgc
mately as a constant magnetic field without variation with W= =
time in the following procedure. The quasistatic magnetic

field may reach to the mega-Gauss level. For example, in thgnd ¢ is the energy of the injected electron, which satisfies
constant region of Fig.(b), the corresponding induced mag-

, (3.5

mcy, €

netic field isBs=7.65 MG for the laser with frequency de
=3.0x 10" rad/s. g &vVE (3.6)
Ill. RELATIVISTIC DYNAMICS OF THE INJECTED Supposing a slowly varying laser pulse, the Maxwell equa-
ELECTRON tion gives approximately
A. Basic equations of electron motion w
- . o . kX E=—B. (3.7
An injected electron with velocity in an intense laser c
pulse can be described by the relativistic momentum equa- o _
tion, Combining Egs(3.1), (3.6), and Eq.(3.7), we obtain
dpP 1 de o dP, eB.c dw,
—=—¢e|E+-VXB], 3.1 —_——_——= )
dt ( c @1 dt k dt w? dt 3.8

whereP is the momentum of the injected electrdb=E_  Equation(3.8) expresses the fact that the laser wave cannot
+E;,B=B_+Bg, E_ andB, are the electric field and the change the energy of the electron without also changing its
magnetic field of the laser, respectiveB, is the induced momentum, a relationship easily understood if one adopts a
magnetic field, and; is the statically electric field. It can be photon picture of the interaction. It can be found that the
obtained by Possion’s equation, energy of the injected electron is proportional to the longitu-
dinal component of the momentum. Inserting E8.8) into
V.E;=4me(nyg—n), (3.2 Egs.(3.4) gives
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dpr o d2
— +wpy=—alw—k2)siny, (3.99 O=-—+owo. (3.19
dt d;
dp, _ This condition is satisfied by two different casdp. The
W—wcpsa(w—kz)cosdx, (3.9b injected electron is at resonance &t0, i.e., w—Kv,
—we=0, and the laser field satisfié&g=B,. (ii) The in-
3 duced magnetic field satisfies
do. ¢ a . 3.9
TR bs[prsm('ﬁ) pocos#)]. (3.99 bs= 72(1— y)+ y— Vo, (3.17)
) o wherevo=u,y/c. The subscript O denotes the initial values.
B. Acceleration of injected electron Inserting Eq.(3.14) into Eq. (3.12 gives
For investigating the acceleration of the injected electron,
we try to obtain the energy equation. Definin @ a .
y gy €a 9 —§=T|pmsn{dla(t)+d2wt—5o]
t ¢ bsw
U(t)=f drwe(7), (3.10
0

+ aftdr[(dﬁ D w(7)+drw]cogdio(t)+drwt
0

Eq. (3.93 and Eq.(3.9b are equivalent to the integral equa-

tions _dlU(T)_dZwT]J’ (3.18

t . )
Pr=PioCo3o(l)+ao] - afodT[(w_ kz(7)]sing, where §y=kzy+ ao+ /2. Multiplication by dyw.(t) +dw
(3.113  and integrating Eq(3.12 from O tot gives

d; dyo apyg
—+ —=——=sind;o(t) +dywt— 5
we ng bgw r[ 1 () 2 0]

t :
Py=PLoSiNa(t)+ a0]+adeT[(w—kZ(7')]COS(p,

(3.11H
a (t .
where o= 0o (t)— o(7) + w7—kz(7) andp,, is the normal- + bz—fodT[(dﬁ D wc(7)+daw]sindio(t)
ized initial transverse momentum &&0, which satisfies s@

P+ P2e=p2,, the constanix, given by tanwg=p,o/pgo.

d
Inserting Eqgs(3.11) into Eq. (3.99, gives +dpwt—dyo(r) —dyor]+ ——+
weo 20

d2w

w a ) t . ap, oSind
—§=T{pmsm(<b1)+af dr[(w—kZT)]cos@z)}, #. (3.19
w. bsw 0 bsw

(3.12
If we now differentiate Eq(3.18 with respect to time and
where & =wt—kz(t)—o(t)—ay and P,=wt—kz(t)  subtract the resulting equation frohw,+d,w times Eq.
—o(t)—wrt+kz(7)+o(7). The phase satisfies the follow- (3.19, we have
ing equation:

d? [ 1 d30?  3d,dyw
+ _NowC+M0:0,

d(w—k kc d(wcP — | +
—(w VZ)— (0cP2) (3.13 dt? ng ng 20

dt  eB; dt

d,dro  d30?  dy,wap,sind, a2d,

Solving Eq.(3.13 gives Ma=d2—
041 w 2 2 27
c0 2wg, biw b
w—kv,—w.=diw.tdrw, (3.19
d?  did,o diwap, osing a
where d1=(7"0 =KV~ wco) [weo, d2=1—7%7 No=——+ ——— +— p;O o (dyt1)
=By /Ey. We note that the Doppler frequency is induced by @Weo  2wgg bsw bsw
the longitudinal velocity component, of the injected elec- (3.20

tron and the phase depends on the induced magnetic fie
and the refractive index.

The resonance condition for an electron with a velocity
component in the longitudinal direction is

| . . .
Efter appropriate calculation, one obtains the energy equa-
tion of the injected electron,

d?e? 2(eB)®N,
+d3w?e?+3eBcd;dyws — —————
w—kv,—w.=0. (3.15 dt? 20 ® s- 1208 e

It can be rewritten as +2(eB)?’My=0. (3.21)
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FIG. 2. The evolution of energy of the injected electron with ~ FIG. 3. The energy ratde=¢/g, is plotted as a function of
time. §y=m/3, By=0.9, a,=2.0, w=6.0<x10" rad/s, w,/w laser intensities. The more intense laser is more efficient for elec-
=0.01(solid), andw,/w=0.1 (dashegl tron acceleration. The parameters ag=7/3, ct=0.15 cm, o

=6.0x 10" rad/s, B=0.5, w,/w=0.01 (solid), and w,/w=0.1
If E,=B,, and the cyclotron-resonance condition is satisfieddashegi
att=0, Eq.(3.2)) gives ) ) o
Numerical evaluation has been performed for an injected
de\ 2 - €0 , 0|2 electron in the following. Eqsi2.12 and (3.22 are solved
(H) -—w 80{2h1?+(h2—2h1)(;> ]:o, for an initial radiation pulse of the forma
(3.22 =agsin(m/L)¢exp(-r?/Rg) with k,L=60, k,Ry=10. The
energy of the injected electron increases with time. Figure 2
whereh, = —ab, andh,= 8,a cosd,. It is easy to obtain the shows that the more den_se plasma density is more effective
injected electron energy, for the _e!ectron acceleration. The dependence qf the energy
of the injected electron on several parameters is plotted in
6hZwt=u®—3(h2—2h,)u+2h,(h2—3h,), (3.23  Figs. 3-5. One sees that the more intense laser enhances the
electron acceleration; the asymptotic expres$®a4) is ap-
parently in agreement with these results. The energy of the

— 2 _ :

r:lzr?;\e/grsé/ i?)?r(lgonzor?t/ %ﬂhr:ez’irﬁt?al \\iéfolgi’tyéndvm 's the injected_e_lt_ectron is asspciated_ with the initial velocity,

Equation(3.23 expresses time as a function of energy. Inand the initial angley,. With the increase ob,/w, however,
order to invert it and express energy as a function of time, ihe dependence of energy on the, and 5, becomes weak.
cubic equation must be solved. While it is possible to do thig=SPecially, for the plasma with,/w—1, the effects o,
in closed form, the resulting expression is quite involved an&md Bo are so weak ;hat these _effects can be negl_ecte_d.
will not be given here. The asymptotic form of the solution Consider a special case, ’30‘305250:23'355 which is
ast—o is quite simple, however, and can be directly ob-€duivalent to the conditiom= So/2bsCos'd, h3—2h;=0.

tained from Eq(3.22, Equation(3.21) gives
/ 9h 1/2 2/3
e 9_azw_§ - as_ | 22| T ’ Tr ik e=go| 1+ 5| ot (3.25
(wt)*=| 5 (k,L)“a , 2
&0 2 ? 2°°° Tr/ \ 7L

We note that, with the enhancing of the induced magnetic
(3.249 field, the energy of the injected electron increases. In addi-

tion, the longer accelerating time is beneficial to the electron
wherer_ is the laser pulse duratioig=kR?/2c is the Ray-  acceleration.

leigh time, andT is the accelerating time of an electron in the
combination field. It is easy to keep the right-hand side of 240

Eq. (3.24) larger than unity, so Eq3.24 demonstrates that S~ TN TN T
the injected electron obtains energy from the laser pulse. 200 ¢
As an example, we consider an intense laser beam propa- 160 [
gating in an underdense plasma. The following parameters 3
were chosena=0.33, k,L =60, andk,R=10. It has been 120
illustrated that, in a preplasma leaky channel, byl 2@he ol
pulse keeps the same smooth shape as the initial one but with
a slightly reduced amplitude28]. So in our case, taking the 40

propagation timeT=20Tg, then the energy rateSe* 6 4 2 : 2 4 6
1¢]

(=¢&*/ey) of the injected electron can be estimated, i.e.,

Se* ~10%. If the initial energy of the injected electrasy, FIG. 4. The energy ratée is plotted as a function of initial
=1 keV, the energy gain of the electron from the laser pulsengle 5,. The more dense plasma density is, the more weak is the
ise*~100 keV. If we use the energy obtained as the initialdependence of energy a%. The parameters a®t=0.15 cm,w
energy, and let the electron inject another combination field=6.0x 10" rad/s, B,=0.5, a=2.0, w,/w=0.01 (solid), and

the final energy of the injected electron may reach 10 MeVw,/»=0.1 (dashed
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190 The injected electron escapes from the combination field
@ in two ways. (i) The injected electron spirals outward when
185 F the cyclotron radius is larger than the laser beam radiis.
The injected electron dephases with the laser wave in the
8 180t longitudinal direction. To demonstrate these two physical
processes, we calculate the critical phase and the accelerating
175 | time in the following.
First, we assume the injected electron is in phase with the
178 ] ] - laser wave in the longitudinal direction, which needs the re-
01 003 005 007 009 lationship
Bo
803.05 V,=Vq, (3.29
®)
80295 where Vg=c(1— w§/2w2y) and V,(¢)=cp,/e’. Equation
(3.29 gives
& 80285
Ye  2(1=npyleq) (3.30
80275 Y w%/sz—(l— n)y
8028801 003 005 007 009 Keepi inj i i
I ) ) I I ping the injected electron in the laser beam requires the
Bo condition
FIG. 5. The energy ratde is plotted as a function of initial kpr$k Ry, (3.30)

normalized velocityB,. The more dense plasma density is, the

more weak is the dependence of energydanThe parameters are  yyperer js the cyclotron radius of the injected electron, given

— _ 4 _ _
ct=0.15 cm, ©=6.0x10" rad/s, &=m/3, a=2.0, wy/w by r=ry7.. After simple derivation, the critical phase is
=0.01(a), andw,/w=0.1 (b). given by

However, the interaction of the injected electron with the
combination field is terminated, as the cyclotron radius of the Bre=
injected electron is larger than the effective spot size of the 2a
laser beam, or the injected electron escapes from the laser (3.32

ulse due to the dephasing in the longitudinal direction. We
P phasing g Where /=1(Ro/feo— ) 2(1— 72) —ho(Ro/Tco—e4). The

study the accelerating time in the following.
injected electron spirals outward from the laser beamy as
> ¢.. The accelerating time of the injected electron is deter-

+p?,sirfag+8(e'5+/?)—p, ¢Sinag

C. Termination of electron acceleration

mined by
1. The general case
. . R
In the cyclotron-resonance condition, the phase of the in- T=— 0 Pt ¢°_ (3.33
jected electron satisfies o bsw
d¢ eBgc Next, consider the dephasing of the injected electron with
T (3.2 laser wave in the longitudinal direction. Indeed, this condi-
dt 2

tionV,=Vy is very restricted, because it needs a much Iarger
Equations(3.11) and Eq.(3.99 give the components of the electron energy Equatiof8.30 showsy,/y—4w?/ w?,

momentum as a function ap, n—1. For a plasma withw,/w=0.01, Yo~ 10, SO the
dephasing of the injected electron in the longitudinal direc-
Pr=P,oCOL ¢+ ap) —ag sin( ), (3.278  tion is more important. In this case, the accelerating time is
given by
Psp=P.oSiN(¢+ ap) +ag cog ¢), (3.27H
7L
P=Paot n(e' ~sp). (3.279 =35 (3.39

For convenience, we express the energy as a function Qfherea = 7= Bg» By=Vylc, o= (ney—py)le,, ands, is
phase. By the rczlatlvzlsgc energy-momentum transfer relaghe normalized energy at the time of the electron escaping
tionship, &2 +P%c%, we have from the laser pulse. Becausg is a function ofT,, i.e.,
(1— P )w2—2haw=f(), (3.28 e.=1(T)), Eq.(3.39 is a nonlinear algebraic equationBf.
As o0—0, EQ.(3.34 can be expressed by

where  w=e'—ef.h=(pon—=ef),  f(¢)=alp?

+p, o2 sinaO—Za{)z, ¢’ is the normalized energy, and T = L 33
= - (3.39

=g/mc. n Bg
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FIG. 6. The accelerating tim€, as a function of laser intensi- FIG. 7. The accelerating timg, as a function ofA =7— 8.
ties.Ry=15 um, w=6.0x 10" rad/s, w,/w=0.01. 7—Pyple4=0.8, 7. =1 ps.
It illustrates that the more underdense plasma density is more . P10
effective for the accelerating timg, . It may become much (A— ?) Yec™ 71— (3.4
|

larger asA approaches zero. 0

where ye.=[1+(9h;/2)*?wT,]?3. The accelerating time as

a function ofA is plotted in Fig. 7. Notingy.>1, Eq.(3.4)
For demonstrating and clearly showing the physical pro-gives T,=r_/A. It has nothing to do with the laser intensi-

cess, we only consider now a special case, in which the eriies.

ergy of the injected electron is given by E@.25. In the

2. The special case

cyclotron resonance-condition, E(.26) may be rewritten IV. TRAJECTORY OF THE INJECTED ELECTRON
as The velocity components of the injected electron can be
expressed by
d¢ bswH? (336
dt o2’ . cp cp cp
go(¢—H) Vi(#)=—, Va(¢):8—,0, Vi p)=—=. (4.1
whereH = \/(2|bg|/a)/e; and ¢, is the phase at=0. In the _ _
following calculation, we takep,=0. It is easy to obtain 't IS straightforward to show that
d(kyx 15)
2 . (pl‘):_ppr, (423
Vi(p)=cy1l-—h*(¢—H) “, (3.37) do bsw
€o
whereh* =g 7—p,o. The relationship/,=V, is valid with do bs_wp-% (4.2b
the condition(3.30, and the injected electron is in phase
with the laser pulse. d(kpX,)  op
The cyclotron radius can be expressed by the plfase dé = w_bs(pzo+ 7W). (4.20
r=reoep(p—H)2H?, (3.38 Subsequently, the trajectory of the injected electron is de-
scribed by
wherer, is the initial radius of the injected electron. The
cyclotron radius becomes large with time. Whee Ry, _ % : o
which is equivalent to the condition ks bsw{pm[sm(¢+a0) sin(ao)]
2[bd Ry 2by [ Ry | 2 —a(sing— ¢ cose)}, (4.33
¢=Hej+ \|— —=\/—| —| +1|,
a rg a|\reo o,
(3.39 KpXp= — b_w{PLo[COSQZH' @) —Cog ag)
S
the electron spirals outward from the laser beam. The critical —a(1-cosd— dsing)}, (4.3b

phase is directly influenced by the laser and the induced
magnetic field. The time of the injected electron in the laser

w ¢
pulse is given by kpxzzj{ P,o( d— o) + nJ wd¢>]. (4.30
S ¢0
T ZL\E (&) 3/2+1} (3.40 Equations(4.39 and (4.3b show that the variation of the
Y 3w Vhyl\re ’ ' transverse coordinates with phase has nothing to do with the
form of the energy of the injected electron, but the trajectory
The accelerating timd&@, as a function of laser intensities is of the injected electron depends on the induced magnetic
plotted in Fig. 6. field. Due to the induced magnetic field dependence on the
By Eg. (3.34 and Eq.(3.25, the accelerating time in the laser intensities, we can control the electron motion by the
longitudinal direction is given by laser intensities.
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In the special case, the velocity of the injected electron iplasma, it is subject to various limitatiof29] placed on the

given by
cH? cofptag)  ¢sin(e)
V - —
r(¢) 86 ‘pLO (¢_H)2 a(¢_H)2},
(4.49
_cH?|  sin(¢tag)  ¢cog¢)
V()= c [pLO (6—H)2 +a(¢—H)2}1
(4.4b

H2
vz(qs):c[l——,h*((z)—H)—Z}. (4.49
€o

It is straightforward to obtain the following expressions:

dkpx, o) .
e bsw[pwwcocos(qﬁJr ap)—agsing], (4.5a

dkpX(;_ wp )
A bsw[plowc05m(¢+ ag)ta¢cosp],
(4.5b
dkpxz_ wp 86 2 2
dé —bs—w(pzoJrﬁm[((ZS H)*—=H"]]. (4.50

The transverse coordinatégx, and k,x, of the electron
keep the same form as E¢.3a and Eq.(4.3b), respec-
tively, andkyx, may be expressed as

neo(p—H)®
3H?

_ @p ’
kpxz_bs_(z)[ h*¢+ 7]80H+ } . (46)

When ¢= ¢, the injected electron will exit the combi-

nation field with a certain anglé}, where ¥ is the angle

between the propagation direction of the laser and the emi

sion direction of injected electron. One can easily obtain

2 7.2
Piota‘g;

tand=
P20+ mWe

(4.7
where w, satisfies EQ.(3.28 and takes the value ap
=¢.. By Egq. (328, one can get w.~(a’¢?
+p, padeSinag—28,9)(eh—pon) as n—1. When agp,
>1JAZ+8¢2— LA,w >ad,, whereA=hg+p, osinag. In

addition, p,q,p%,<a’¢2. Consequently, the range of the
emission angle is€ 9<m/4. Att=0, the incidence angle is

tand,=p, o/p,o, Obviously 3< ;.

V. REMARKS AND CONCLUSIONS

acceleration distance, such as diffraction, phase detuning dis-
tance, laser depletion, and various instabilities, i.e., Raman
instabilities[29,30. These effects strictly shorten the propa-
gation distance, and subsequently the accelerating time. For-
tunately, these limitations may be overcome or partly
avoided by the optical guiding. It has been found that the
relativistic guiding is efficient for a long intense laser pulse
when the power of the laser is greater than the critical power,
P(GVV)>17.4(w2/w,2)) [31], and the plasma channel can ef-
fectively guide the ultraintense short laser pulse. Experimen-
tal results have confirmed these predictipd®,33. A recent
experiment demonstrates that the ultraintense laser pulse can
be guided for a long distance, i.e., 2.2 ¢88].

The transverse gradient of the induced magnetic field
causes a transverse drift velocity of the injected electron,

V= (BsX VBg)(3Vi+V{)/Bsweo, (5.9
wherev, is the cyclotron velocity of the electron am is
the drift velocity of the electron in the longitudinal direction.
However, the gradient of the magnetic field is so small for a
wide laser beam on the scale of the accelerated electron that
this effect can be neglected. It is noticeable that due to nega-
tive magnetic field, the transverse drift velocity confines the
injected electron radially.

The above theory is valid in the bulk of the laser pulse,
and is valid for the plane electromagnetic wave. However,
the validity is deviated in the edge of the laser pulse due to
the magnetic field dependence on the coordingést
—12Z/vg). In this region, the magnetic field varies in the direc-
tion of the laser propagation with time. A more accurate
theory will be necessary.

In conclusion, the relativistic dynamics of the injected
electron subjected to a combination field of an electromag-
netic field of an intense circularly polarized laser pulse along
with the quasistatic magnetic field produced by the inverse
Faraday effect is investigated theoretically. The injected

Flectron is accelerated by the like-ECR mechanism: energy

gains of injected electrons can be obtained by Doppler-
shifted cyclotron resonance in the combination field for the
appropriate injection velocity. This IFE magnetic field also
acts to confine these electrons radially and on exiting the
plasma adiabatically. At a special case, the emission angle of
injected electronsy<w/4 and9<4;, it is in this way that

the transverse electron energy is converted to axial energy.
There are two limits to the energy gaifi) the cyclotron
radius of the energetic electrons becoming comparable to the
beam, andii) axial dephasing, but the latter limit is more
important. These limits depend on the initial parameters of
the laser and the injected electron, as well as the propagation
length of the laser pulse in plasma. The induced magnetic
field influences significantly the motion of the electron. Due
to the induced magnetic field dependence on the laser inten-

For an efficiently accelerating electron, optical guiding issities, one can control the electron motion by adjusting the
needed. When an ultraintense laser pulse propagates inlaser intensities.
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