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Proposal for electron acceleration by two collinear, overlapping laser beams

Satoshi Takeuchi and Ryo Sugih&ra
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(Received 18 March 1996; revised manuscript received 17 July)1998

Two collinear Gaussian beams having the fundamental mode are directly applied to electron acceleration.
An optimal longitudinal electric field is created by overlapping the two beams. The field has a significant peak
when the phase difference between the two traveling waves is just half a wavelength. In contrast, the transverse
electric and magnetic fields cancel each other in this region. Hence electrons that resonantly interact with this
axial field can be stably accelerat¢81063-651X98)12512-§

PACS numbeps): 41.75.Lx

The energy density of a focused laser beam is usually A X
much greater than that of microwaves. Consequently many f=fmn=5 Hm(‘/z —) Hn(‘/2 —>
ideas for accelerating electrons by the use of a single focused
beam or an electromagnetic pulse have been proddsed. ) ikr?
The laser beam is, however, essentially a transverse electro- X exp{ —lmpt m
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magnetic wave and directions of acceleration in those

sch(;mestgre transyerse..This giv;as riseI totg complexit;;' Where P2=x2+y2 ¢ =(m+n+1)tam {Zz)(m=0n
;g%lgﬁr?hg)?éseé?k;;?ggfg]]g a uniform electric or magne |c>0)' W(Z):WO\/mg_a R(z)=z+_zzR/z, 2= !<W§/2, and
On the other hand, a narrow beam like a Gaussian beatlFl.m andH,, are the Herm|te polynomlals. T is the Ray-
in vacuum has an axial longitudinal electric field that is for- leigh range andw, is the bearE width at the waist. If we
mally described byE,=— [V,-Edz where subscriptt choose fundamental moda,fm) = (0,0), functionf is given
stands for the transverse component. By the use of this fieIBy
of a single beam, novel ideas of electron acceleration have o 5
been reporte9—12]. o éex;{ it ikr® r_) _ éex;{ "
We report here an idea for accelerating electrons by the w 2R w? F F
use of an axial longitudinal field produced with two Gaussian
beams which collinearly overlap. The field pattern is similarwhere F=2iz/k+w3. By the use of V.E=0 and the
to a TM mode. Alternatively, electron acceleration by two paraxial approximation, functiog is given by
crossing beams in free space is also prop¢48dl4]. Beam
fields used in this case are purely transverse and noncol- 2%
linear; therefore the mechanism of acceleration is different 9=l 5)
from that being presented here.
To analytically derive the optimal field for electron accel- c
eration we explicitly describe all components of the beam

N C)

onsequently all components are explicitly written as

field through the vectorial analysj9,15]. Suppose that the A (2 ox
electric field components are presented by — — — tikz—i i = =
E, I:ex F+IkZ iot+ia|, E,=0, E, ikFEX’
(EX vEy ’ EZ) = [f(xryaz)10!g(xayrz)]exrxlkz_ I wt+ l a)! (6)
D
4xy (y*=x?) 2y
where functionsf and g indicate beam envelopes;=kc B":—(kF)Z Ex, By= 1+2—(kF)2 Ex, B =7 pgEx
with wave numbek and frequencyw of the traveling wave, (7)

and « is an arbitrary phase. Substitutirigy, into the wave
equation we obtain a Helmholtz type equation in the form Now let us set one beam axis at,§)=(—r,,0) and the
5 ) other at k,y) =(rq,0); ro will be optimized later on. We call
ot ot of the former beam 1 and the latter beam 2. All field compo-

x> * ay? +2ik iz 0, @ nents of the two beams are given by replacing the variable
by x—rq in beam 1 and byx+r, in beam 2 in Eqs(6) and
under the paraxial approximations®f/dz?|<|2kaf/dz|. (7). Therefore these beams collinearly overlap each other and
This equation has a familiar Gaussian solution. the gap distance between the two beam axes js b order

that transverse components of the two beams cancel each
other out, the phase difference between the beams must be
*Present address: Department of Physics, Graduate School of Sdisr. Thus the combined fiel&%(x,y,z) (j=X,y,2) is given
ence Nagoya University, Nagoya 464, Japan. by
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FIG. 1. Cross section of the longitudinal electric field of the
superposed beams on tkez plane, wher& ;=kry andZg=kzg.
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BXxY.2)=Ej1 T Bj2=Ej(x+10,y.21) FIG. 3. Comparison between the numerical and analytical cal-

+E (X—rg,y,z,t)expim), (8) culations of the net gaim y=y—y,. Parameters used akew,
) =10, qEy/mcw=4 for a single laser beam, ang~70. Accord-
ing to the sign of sinPy, acceleration or deceleration takes place

where Ej(x,y,z,t) are defined in Eq(6). Also B%(x,y,z) whereW,=—k/+a.

will be given in the same procedure.

Figures 1 and 2 show cross sectiong of beam.profiles on P~ w (z+/) - i(z+/) K/ +a
the x-z plane att=0 under some optimal condition de- c Uy
scribed later. In both figures regions of strong field are K(z+/)
shown by dark streaks. The longitudinal electric field is pre- ~—————k/ta~—k/+a="V,, 9
sented in Fig. 1. The overlapping region of the beams in the 2y
center of the figure is mainly occupied by the strong electric
field, while in the case of the transverse electric field dewhere we used=~(z+/)/v,, and (1-B,)~1/2y*. The
picted in Fig. 2, the field intensity in the overlapping region Magnitude ofz and /" may be of the order of the Rayleigh
is not very large. In particular, on treaxis, the transverse ange and then, if>kwp, ¥ is nearly located at the initial
electric fields cancel each other out. Hence, the electroRN@se—k/ +a=W,. In order to reduce the number of ar-

moving along the axis can be stably accelerated by resd?itrary param_eter§ we extra_ct the test electrom=at” sym-
nantly interacting with the longitudinal fields. metric with z= —/ aroundz=0. Another choice of the ex-

The phase velocity of the Gaussian beam is usuall)}ra
greater than the speed of lightand the interaction range is
essentially finite[9]. A relativistic test electron withy
=10 is supposed to be injected from the left hand side and

cted point might give more efficient acceleration.
Now the energy gait=mc*(y— y,)=mc?A vy is given

directed to the right; the direction is the same as the IaseerRe{—eJ/ (Ex+Ez)dz (10
beams. Since the transverse field on the axis is zero, we only -7

focus our attention on the interaction with,=Re(E, at

(x,y)=(0,0). Before proceeding we evaluate the phase fac- 4eAry (7 1 r(z) _

tor P=kz— wt+ a. The test electron is assumed to pass a *R% Tk J,/ aem( — g tivo|dz). (11)

pointz=—/ att=0. Then we may approximat& by

Noting F =2z/ik + w3, we obtain an explicit form,

4eA £ 2
G=——ex

= . sin
Woé 7”+1

nzfl)sin v, (12

‘ “‘ (1 u«

|
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whereé=rq/wy and n=/1zy.

We proceed to optimize th&and » parameters. Note that
V¥, includes/” or . We, however, assume thit, is always
adjustable to sifWy=1 by changinge, the arbitrary phase
constant, for any pair of and ». In other words, we choose
such an electron whose phase is adjusted t&Vginl in the
initial phase. The maximum d& is obtained for suclf and

FIG. 2. Cross section of the transverse electric field of the su# that £&27/(1+ 5?)<a. At the maximum point &, 7m)
perposed beams on tiez plane, wher&,=kry, andZg=kzg. we havedG/ié,,= dG/dn,=0, which gives

—2Zr —ZRr 0 Zr 2Zgp
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electrons between peaks, and tends to drive particles to the
center. This is favorable for acceleration and for particle con-
finement. Furthermore, a high energy electron traveling with
the wave experiences the transverse electric field reduced by
(2y) ! and is affected mainly by the longitudinal field. Thus
the transverse instability is negligibly small and the longitu-
dinal field plays the dominant role in the acceleration.

Figure 4 shows a schematic diagram of experiment to
verify this acceleration mechanism. The part of optical mix-
ing to create two collinear, overlapping beams is constructed

FIG. 4. Schematic diagram of a proof-of-principle experiment.based on the principle of the Mach-Zehnder interferometer.
Two collinear, overlapping beams are collimated in a portion whereTwo optical paths BEM, and M;-BS, are equal to each
parts are arranged following the principle of the Mach-Zehnder ingther in length, while the path B9,(L,) is a little shorter
terferometer. BS and/ stand for a beam splitter and a mirror, than the path MBS,(L,). Hence, to obtain an optimal field

respectively, and matching conditidn,—L,+ (1—n)=(\/2)(2m
—1) must be satisfied witm=1,2,... .

ta §r2n77m
77r2n+1

and obtain numericall\¢,,=1.37 and#»,,=2.18. Thus the

§2

282 =nh—1 (13

21
m

the matching conditiorL;—L,+(1—n)D=(\/2)(2m—1)
must be satisfied, whei®@ is the width of a material whose
dielectric constant i; while m is an integerm=1,2,... .

There will inevitably be a small angle between the two
beams. We will evaluate an allowed angle to the experiment.
The distance between the lens and the focal point and the
separation between the beams on the lens are assumed to be
L and 2, respectively. When the angle is zero the configu-

optimal configuration of the two beams is attained by settingation is optimized. Suppose one beam makes an afgle
the gap distance to berg=2.74v, and the test electron with the z axis and then the ray path deviates Ibg. Also

being injected at= —2.18&y and extracted at=2.1&y ob-
tains the maximum energy gain.

the deviation of the path of the other beam is supposed to be
L#’. Then the phase differenc® between the lens and its

Denoting A by Eqw3, E, being the peak intensity of a focal point may be

single laser beam at the beam waist, and ugipagnd »,,, we

finally obtain a workable formula for the maximum energy

gain:
Gpmax=1.37eWoEq (14)
=6.72(E) mar (19
=0.38 16[ P(W/cm?)wj(cm)]¥? eV. (16)

It is noted tha‘P’JTW% is constant provided the total output

power of the laser beam is fixed and herBg;,y is un-
changed while the acceleration lendrh=4.46z; is reduced

if we have a stronger focusing. In Fi§ a numerical evalu-

ation of Eqg.(10) and the analytical value of Eq12) are

shown. The net gairy's are calculated when the test elec-

tron is injected az= -/, and is extracted a= /", where
/' m=ZrMm- The initial phasel y,,= —k/ ,+ a changes a&

2w
WZTL|0—0,|, (17)

which must be less thatm, i.e.,
|6— 6| <\/2L.

This gives|#—6'|<10°° for A=10"°m and L~0.1 m.
Also deviation in they direction gives almost the same se-
vere redundancy. This would be negligibly small, e.g., by the
use of a free electron las@fEL) with a longer wavelength.

In Table | we present optimal energy gains and accelera-
tion lengths for various lasers. Energy gains obtained here
are comparable with those obtained in experiments on the

does. Expressiofil2) carries a good approximation to Eqg. plasma beat wave acceleratidv,19 and on the laser wake-

(10) though a small discrepancy is appreciable ré€gf,=
— wherek(z+ /) /2y*~K/ 1 y*~O0.

field acceleratiorf18]. We may have a 1 TeV electron in a
device of several kilometers long which is composed of a

As is shown in Fig. 2 the longitudinal field is much larger few ten thousand units of acceleration elements. This will

than the transverse field near thexis while the latter be-

comes greater as one goes off laterally in xhe plane. The

accompany many technical hurdles to be overcome.
In summary, we show the fundamental mechanism of

transverse field has two peaksxatry, and—r,, produces a electron acceleration by two collinear, overlapping laser

restoring force as a form of ponderomotive forcdd] on

beams. The optimal acceleration is analytically derived in the

TABLE |. Optimal energy gains and acceleration leng®ysfor various lasers.

Laser A (um) W, (cm) P (Wicn?) Grax (8V) R, (cm)
Cco, 10 10?2 10 1.2x10 1.37

Nd glass 1 10° 10 1.2x10 1.37x10°1
Ti sapphire 1 10° 1048 3.8x 10’ 1.37x10°1
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high energy region with the gap distancey,2 2.74w, and This work was carried out under the Collaboration Re-

with the acceleration lengtiR,=27=4.36g about two search Program of the National Institute for Fusion Science
times confocal parameter. An optimal energy gain is giverand of the Institute of Laser Engineering, Osaka University.
by the product of the waist length and the magnitude ofit was partially supported by a Grant-in-Aid for General Sci-

transverse electric field. If this electron acceleration isence Research of Ministry of Education, Science and Cul-
proved experimentally, it will also verify the existence of the ture. S.T. thanks Dr. Mutoh for valuable comments on opti-
longitudinal electric field of a focused laser beam. cal mixing.
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