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The basic physical characteristics of electrons accelerated by two linearly polarized and circularly symmetric

crossed Laguerre—Gaussian (LG) laser beams with equal frequency and amplitude in vacuum are studied in detail. The

condition, under which electrons can be accelerated effectively, and the energy gain are discussed.
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1. Introduction

The advent of ultrashort high-power laser technol-
ogy capable of building up terawatt and petawatt laser
systems has given rise to a renewed interest in the pos-
sibility of directly accelerating electrons in vacuum by
ultrahigh-power lasers.!'=% Scully and Zubairy pro-
posed the idea that particles were directly accelerated
by using the longitudinal electric field of a focused
laser beam.!”] Then Esarey and Sprangle made a de-
tailed study of the laser acceleration of electrons in

[6.7] The methods of the electron acceleration

vacuum.
by a single and two crossed beams, such as by a sin-
gle asymmetric Hermite—Gaussian (HG) beam, Bessel
beam and two crossed Gaussian beams, two crossed

plane waves etc., were proposed and analysed.!®—10]

Like HG beams, Laguerre-Gaussian beams are of
considerable importance both in laser theory and prac-
tical applications.!'!! The purpose of the present paper
is to study the direct acceleration of electrons by two
linearly polarized and circularly symmetric crossed
LG beams with equal frequency and amplitude. In
Section 2 the theoretical formalism of electric-field
components of two linearly polarized and circularly
symmetric crossed LG beams is presented. The basic
physical characteristics of using the resulting longi-

tudinal electric field on the z-axis of two crossed LG

beams are discussed in Section 3. Finally, the main re-
sults obtained in the paper are summarized in Section
4.

2.Theoretical formulism

Consider two linearly polarized and circularly
symmetric LG beams with equal frequency and ampli-
tude in vacuum. The first LG beam propagates along
the z1-axis and the second one along the z-axis. The
z1- and zx-axes are rotated through angles § and —0
with respect to the z-axis, respectively, as shown in
Fig.1. The transverse electric-field components in the

cylindrical coordinate system read.!!
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Fig.1. Rectangular coordinate system and electric

fields of two crossed LG laser beams.
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E.j(rj, i, 2j,t) :EOuTjLP wif

2

X exp (;22) exp(—iv;), (la)
Byj(rj, ), 2j,t) =0, (1b)
where j=1, 2 (unless otherwise stated), Ey > 0 is
the amplitude (a constant), rj:(m? -|-y]2.)1/27 w;(z) =
w0(1+z?/Z§)1/2 is the width of the corresponding
Gaussian beam, wy is the waist width, Zr=mw?/\
is the Rayleigh length, the wavelength A is related to
the wave number k and frequency w by k=27 /A\=w/c
with ¢ being the speed of light in vacuum, L, (-) de-
notes the Laguerre polynomial with index p, and the
phase term ; is

2
Z]’I"j

Zrwij(z)?

— (2p + 1) arctan <;—J> + bo;, (2)

R

¢j :ij — wt +

where ¢g; is the initial phase (a constant), t is the
time.

Recalling the relation between the transverse and
longitudinal electric-field components £, and E., i.e,
E., = —(i/k)V - E;,'? and taking into consideration
OL,(u)/du = —L%_,(u), in the paraxial approxima-

tion the longitudinal electric-field component FE, of

the jth LG beam is obtained and in the rectangular

coordinate system is expressed as

QiEo’wOCIJJ‘ sz' 1 27']2
E,,=———— ——= | |12Lp_; | —
J kw? exp( sz P-1 w]2-
L2 27‘2
+ <1 + 1Z—;> L, <w_§> ]exp (=) (3)

From Egs.(1) and (3) the total transverse and lon-

gitudinal electric-field components are given by

Ez(may7z) = [Eml(xlaylazl) + Ez2($27y2a 22)] COSH
+ [E (21,91, 21)

— E.2(z2,Y2, 22)] sin b, (4a)
Ey(z,y,2) =0, (4b)
E.(2,y,2) = — [Ex1(21,Y1,21) — Ex2(2,y2, 22)] sin 6

+ [Ea (21,91, 21)

+ E.2(x2,Y2, 22)] cos 0, (4c)

where 1 = xcosf — zsinb, y; = y, z1 = xsinf +
zcosl, xo = xcosh + zsinb, ys =y, zo0 = —xsinf +
z cos 6.

Substituting y = y; = y2=0, z=0 into Eqs.(4),
the resulting transversal and longitudinal electric-field

components on the z axis are expressed as

2E0w0
E.(0,0,2) :Mexp(—az) {22cos0 (Z3 + %) Lp(207)
+1iZg [—2w®a® (Ly(20%) + 2L, 1(20%))] } exp (—ithym) cos @, (5a)
E.(0,0, z) :2E()Z)70351I“96xp(—a2) {i2Zg Ly(2a2)
w
—2zcos 6 [Ly(2a°) + 2L}1)_1(2a2)} } exp (—ithm) sin @, (5b)

where w = wo(1 + 22 cos? 0/Z2)'/2, a = zsinf/w,

3 cos O sin® 0
nt =kz cos 0 — wt 4 VS 7

ZR’LU2
— (2p+ 1) arctan <ZCZO§9> n (do1 ‘2|' ¢02)' 6)

Equations (5) indicate that the resulting transverse
and longitudinal-field components on the z-axis de-
pend on the amplitude Fjy, initial phase ¢g;, mode
index p, angle € and propagation distance z in gen-

eral.

3. Laser-accelerated electrons in
vacuum

The basic idea of laser-accelerated electrons in
vacuum is to use the axial longitudinal electric-field
component F,(0,0,z) on the z-axis for accelerating
electrons, which requires E,(0,0,z) to be non-zero
and maximized. From Egs.(5) it can be seen that,
if ¢o1—po2=m, the resulting transverse field compo-
nent E,(0,0,z) on the z-axis vanishes and the result-
ing longitudinal-field component on the z-axis reaches

a maximum. It means that the initial phase difference
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(do1—do2) plays a key role in accelerating electrons,
and the two circularly symmetric crossed LG beams
with a 7w-rad phase difference are favourable for di-
rectly accelerating electrons.

Assume that ¢g1 —do2=m7 , the real part of Eq.(5b)
is written as
4Fqwga

kw?

X {éLP (20®) cos ¢y + cos O[L,, (2a°)
z

EZ(O,O,Z) = eXp(—Ckz)

+ 2L11)71 (2a2)] sin zbt}, (7)

where
23 cos fsin? 0

Py =kzcosh — wt + T

zcos@

— (2p + 1) arctan <
R

) + ¢o1.  (8)

The corresponding transversal and longitudinal
magnetic-field components can be found from the re-
lation B = —(i/w)V x E and given by

B,(0,0,2) = B,(0,0,2) = B,(0,0,2) =0. (9)
|

vph =w/ V)|

If & << 1, one has a—0, L,(0)=1, and L;(O):p—l—l.
Then Eq.(7) becomes

E.(0,0,2) = — % {1 +(2p+1)° ,22} i
X exp (—%) cos b, (10)
where
Tﬁ:—% j—g—%—(?p-i-l)arctané
— arctan [(2p + 1) 2] + o1, (11)
t = [ dz/v., 7. = (1 —v?/c?)"'/2, v, and t being

the electron velocity along the z axis, and time re-
spectively. 2 = z/Zg is the propagation distance nor-
malized to the Rayleigh length , g = wo/Zr is the

diffraction angle.

From Eq.(11) the phase velocity of the accelerat-

ing field can be expressed as!'3]

:c{l B [(1 —22) 62+ (2p+1) (14 22) 62 +T20§] }_1, (12)

N 1/2 A 2] 1/2
where 7 = (1+ 22) (2p+1) [1 +22(2p+1) }
Near the waist |z| < Zg, if

(1-22)62+ (2p+1) (1+2%) 05 + 72

N << 1,
2(1+422)
we have
Uph 6% +2(2p + 1)62 1
—rl+—F—=14+—>1, (13
c + 2 + 272 (13)

where ~v.=[02+2(2p+1)02]~'/? is the critical energy.
Equation (13) implies that the phase velocity vpy is
greater than the speed of light ¢ in vacuum and the
axial field slips ahead of the electrons. The slippage

distance zs, which is defined as the distance over which

2(1+ 22)?

an electron phase slips by m, is

-1
2s R (w ‘v;hl — ’Uz_l‘)
B %2/\ B A
14242 0242(2p+1)62°

(14)

The normalized accelerating longitudinal field
—E,(0,0,2)/Ey of two circularly symmetric crossed
LG beams versus the normalized distance z/A given
by Eq.(10) is shown in Fig.2(a) at wg/A=5,p=0, 1, 2
and Fig.2(b) at p=1, wy/A=5, 8, 15, and 6=0.1rad.
As can be seen, both the waist width-to-wavelength
ratio wo/A and mode index p can affect the acceler-
ating field, and the slippage distance zg increases as p
decreases and wy increases, which is consistent with
the result from Eq.(14).



No.5

Direct acceleration of electrons using two crossed Laguerre—Gaussian laser ... 1025

1.5

1.0}

0.5

........... e
T

—E.(0,0,2)/Eo

-1.0
-200

-100 0 100 200

1.5

1.0}

0.51

—E.(0,0,2)/Eo

-150 0 150 300
z/A

Fig.2. Normalized accelerating axial field —FE- (0,0,

z)/Eo versus normalized axial distance z/A for two

crossed LG beams at (a) §=0.1rad, wo/A=5, p=0, 1,

2, and (b) 6=0.1rad, p=1, wo/A=5, 8, 15.

In the low-energy limit v, << 7., slippage is dom-
inated by the low electron velocity, i.e. the first term
in Eq.(11), whereas in the high-energy limit v, >> .,
slippage is dominated by diffraction, i.e. the rest terms
except the first one in Eq.(11). In the case of our inter-
est the accelerating axial electric field can be written
as the gradient of a potential, i.e. E, = —ZglaU/aé,

where

N _2E00’UJO 1 2 .2 1/2
U == / T [1+ (2p+1)%2
(260/60)°
X exp< T
£(6/60) :
X cos {— Tr2 (2p + 1) arctan 2
—arctan ((2p +1)2) + ¢01] dz. (15)

Equation (15) indicates that the potential is depen-
dent on the waist width wg, mode index p, amplitude

FEy, angle 6 and axial distance z. The influences of

wo/A and p on the potential are shown in Fig.3 by
using Eq.(15), where the normalized accelerating po-
tential U(z)/Uy versus the normalized distance z/A is
plotted at (a) p=0, 1, 2, wo/A=5, and (b) wy/A=5,
8, 15, p=1, and 6=0.1rad. The energy gain AW from
the injection point 21 to the extraction point zp is
determined by AW = e[U(zr) — U(z1)] with e being
electron charge. In the special case of Zp = — 21 = 2,

the energy gain is given by

2eFy0 %o 1 1/2
bo s (14 82)%
(26/60)°
X —_
exp< Ty
5(0/6p)>
X cos [— % —(2p+ 1) arctan 2
—arctan (2(2p+1)) + ¢01] dz. (16)
2
(a) B
1 4 77‘\/i~
5 //.'\‘\, S op=0 T
3 0 ,I \\\ 1\“*\ // 1
S y \\\\ ! p=
S /, \}/ /
-1 T ’
-2
-500 -250 0 250 500
z/A

U(z)/Us

-500 -250 0 250 500
z/ A
Fig.3. Normalized U(z)/Up versus normalized ax-

ial distance z/\ for two crossed LG beams at (a)
0=0.1rad, wo/A=5, p=0, 1, 2, and (b) 6=0.1rad, p=1,
wo/A=5, 8, 15.

For p=0 Egs.(10), (11), (15) and (16) reduce to
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E.(0,0,2) = iia p ( L2 cos Yy, (17)
1 L 2(08/6y)? .
o = _720(2) /dz — % — 2arctan 2 + ¢g1, (18)
. 2BEZpb? (20/60)%\ . 262
Uz) = Texp _1+722 sin m — %o1|, (19)
4eEyZrby (200/60)*] . 200°
AW = —Yp o8 dorexp | — 1+ 22 sin 0t 2)%] (20)
respectively. Egs.(17)—(20) are consistent with those presented in Refs.[5,6].
For p=1, Egs.(10), (11), (15) and (16) become
L 2E00 on1/2 (26/6,)
Ez(0,0,Z) = —m (1 + 92 ) exp _W cos 1, (21)
1 2(0/6,)?
¥y = _'y26’2 /d,% — 251722) — 3arctan 2 — arctan 32 + ¢g1, (22)
z70
.y _ 2Eowofy (26/00)° [ 42 oo ((28/60)°
YO e e ) (e (T e
X X . [2(6/60)°
—[(322 —1)6* + 4 (2> + 1) 6] sin [% - ¢01} }, (23)
4eE0w090 (200/00)2 R 2’0(0/00)2
AW =208 268 exXpl ny> cos ¢o1 4 42062 cos a2
0 0 0
22 2 22 21« [20(6/60)°
_ [(320 — ]_) 0 + 4 (ZO + 1) 00] Ssin W 5 (24)

respectively. From Eqs.(20) and (24) we see that
AW —0 as Zy — oo, which is in agreement with that
obtained from the Lawson-Woodward theorem.4:15]

A finite energy gain AW takes place over a finite
interaction range 2z9. From Eq.(24), it follows that

the energy gain AW is maximized when Z, satisfies

20 (0/80)°
1+ 28

33— 1255 +1

t .
an 20 (3 — 522)

(25)

For the two crossed LG beams with index
p=1, and A=1pm, 6=0.1rad, wo/A=5, 15, we have
the optical interaction distances z;=29 pm, 78.7 um,
and diffraction angles 6y=63mrad, 21mrad, respec-
tively. Within the interaction distance zs =
220, AW (Mev)=16.8P/2 (TW)'/2 (P-laser power)
for wo/A=5 and AW (Mev)=14.6P'/2 (TW)!/?
for wo/A=15.  Therefore, for P=20TW we ob-
tain the maximum energy gains AW =75Mev,
65 Mev and average accelerating gradients < E, >=
AW /ez,=2.577TV /m, 0.827TV/m for wo/A=5 and

15, respectively. Similarly, for p=0, under the same
condition we have z;=55um, 92um, AW =133 Mev,
75.4Mev, and < E, >=241TV/m, 0.82TV/m for
wo/A=5 and 15, respectively. The results show that
for a fixed laser power P, AW increase as wy/\ and
p decrease. However, z, increases with the increase of

wp /A and decrease of p.
4. Conclusions

In this paper the direct acceleration of electrons
by using two linearly polarized and circularly sym-
metric crossed LG beams with equal frequency and
amplitude is proposed and studied. It is shown that
the initial phase difference plays a key role. For two
linearly polarized crossed LG beams with a phase dif-
ference of m-rad the resulting axial transverse electric
field, axial transverse and longitudinal magnetic fields
disappear, and the resulting longitudinal electric field
achieves a maximum, which can be used to effectively

accelerate electrons in vacuum.
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