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Electromagnetically induced guiding of counterpropagating lasers in plasmas
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The interaction of counterpropagating laser pulses in a plasma is considered. When the frequencies of the
two lasers are close, nonlinear modification of the refraction index results in the mutual focusing of the two
beams. A shortof order of the plasma peripdiaser pulse can also be nonlinearly focused by a long counter-
propagating beam which extends over the entire guiding length. This phenomenon of electromagnetically
induced guiding can be utilized in laser-driven plasma accelerd®1863-651X99)00201-9

PACS numbd(ps): 52.40.Nk, 41.75.Lx

[. INTRODUCTION Harris [4], a similar process can take place in cold electron
plasmas, where the two lasers have to be detuned by

The past decade witnessed a dramatic increase in intensiw,,. The transverse profile of the nonlinear index of refrac-
ties of laboratory-scale laser systefils2], stimulating sig- tion can be changed by the second pulse to prevent, e.g., an
nificant interest in the nonlinear optics of plasm&s-5]. intense pulse from self-filamentind?2]. EIG of copropagat-
One of the areas of active research is propagation of intendag lasers in plasma was also considered by Gibbon and Bell
laser pulses over long distances in plasmas because of {t$3] in the context of the cascade focusing, and by other
importance for a number of applications, including laserauthors[14]; the required laser power in that case is, how-
wakefield particle acceleratof§]. A laser will, in free space, ever, much larger than in the counterpropagating case, and
remain focused over a diffraction lengtRayleigh range  guiding of pulses shorter than a plasma wavelength is impos-
Z,=mwo?l\y, where\, is the laser wavelength, andis the  sible.
laser spot size at the focus. Nonlinear effects, such as rela- The remainder of the paper is organized as follows. Sec-
tivistic and ponderomotive self-focusing, which can over-tion Il introduces the general formalism describing the inter-
come diffraction, have been studied theoreticillyg] and  action between two low-intensity counterpropagating lasers.
observed experimental(®]. Nonlinear self-focusing is inef- The results of a direct numerical simulation, confirming the
fective for short laser pulsd40] and requires a very high mutual focusing of two long pulses, are also presented. In
laser powerP; =170/ w2 GW, wherew?=4mn,e?mis  Sec. lll we develop a simplified theory of EIG by assuming
the plasma frequencyy, is the background electron density, that the guided pulse is transversely Gaussian. Section IV
and —e and m are the electron density and mass, respecdeals with guiding ultrashort pulses. It turns out that the most
tively. power-efficient way of guiding a shotbf order plasma pe-

In this paper we demonstrate how a laser pulse can b#od) pulse is to employ a lon¢twice the desired propaga-
guided through the plasma without diffraction due to its non-tion distance low-intensity Bessel beam. It is demonstrated
linear interaction with another, counterpropagatiggiding  that, depending on the frequency detuning of the two lasers,
beam. Such electromagnetically induced guidigG) oc-  €ither the zeroth- or the first-order Bessel beam is appropri-
curs at laser intensities much below the relativistic thresholdte for guiding. The validity of the linear theory is also dis-
P.;. The guiding and guided beams interfere, forming a pecussed. Section V concludes and outlines the directions for
riodic intensity pattern which ponderomotively drives the future work.
plasma wave. The guiding beam undergoes a Bragg reflec-
tion off this periodic density perturbation, scattering into the
guided pulse. Two distinct problems are analyzed in this pa- ll. BASIC FORMALISM
per: (i) mutual guiding of two long counterpropagating laser
pulses andii) guiding of an ultrashort tightly focused laser - - - S s
pulse by a counterpropagating, lower-intensity Bessel bean$€l Pulsesay and a;, where ag,=ao,/2(ex*iey)e"o1
In both cases the length of the loriguiding beam is ap- +c.c. are the normalized vector potentiaksg (r, ,z,t)
proximately twice the desired propagation distance. =eAy1/mc?. The subscripts 0 and 1 distinguish the right-

The technique of employing a second laser pulse tdnoving (guided pulse and the left-movingguiding pulses,
change the propagation properties of the first pulse is widelyespectively. The phases of the waves ége= (Koz— wqt)
known in conventionalatomig nonlinear optics. For ex- and 6;=(k;z+w4t), and we choose|Aw|=|wy—
ample, by utilizing the effect of electromagnetically induced<<wy. It is further assumed that the pulses are propagating
transparencyEIT) [11], the medium which is opaque to the through a tenuous plasma,<w,, so that the phase and
laser pulsgaken alonecan become transparent in the pres-group velocities of both pulses are close to the speed of light
ence of the second pulse. As was recently demonstrated lay and, to lowest order im,/wq,Ko~k;~wq/cC.

Consider two circularly polarized counterpropagating la-
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Assuming that both lasers are of nonrelativistic intensity,creased, of course, by tuning the lasers to the plasma
ap1<1, the dominant nonlinear force experienced by theresonancd13], |Aw|~w,, but this imposes additional re-
plasma electrons is the ponderomotivgx By+voX B, strictions on the plasma m_homogenelt_y. Comparing the two
force Wherez;o 1=c501 On a time scale much longer than expressions for the density modulation demonstrates that

1l/wg, plasma electrons are pushed by the intensity gradie oun_terpropagation enables a_Iarger modification of the re-
of the “optical lattice” which is produced by the interfer- raction |nde>§ th_an copropagation. . N
ence of the two beams and has a spatial periodigjty k; As Eq.(2) indicates, the EIG of a given longitudinal laser

~2kg. This ponderomotive force generates a density perturg’Iice 7 is determined by the laser intensi_ty at all garlier in-
bati - . hich les th stancesr’ <, so that the degree of focusing experienced by
ation 4n/no=n expi(fp+6y)+c.c., which couples the o 5 ghort puise is not uniform along the pulse and determined

laser beams. Serw_ng as an index gratmg with the wave nu"By its longitudinal profile. One finds that, if the pulse inten-
berk=ko+ki, oscillating at the difference frequencyw,  gjry grops off faster than exponentially ifv|, the ratio
fchls denS|_ty pertl_eratlon backscatt_ers the Ieft—gpln_g paise ao(7— U)/ag(r) decreases withs|. For example, for a lon-
into the right-going pulsa,, andvice versa This is pre- ﬂitudinally Gaussian profilag= agexp(— 7/27%) the leading
cisely the mechanism responsible for the stimulated Ramaedge 7< - slowly erodes becausgo(7)e /2. How-
backscattering in the plasma, which received a lot of theo- f L: y N (I) q L th
retical[15,16] and experimentdl17,1§ attention. Below we ever, 1orao _aoseq(r ) (expone.n lal decay irj7|) the
demonstrate how this interaction between the counterpropd€2ding €dge is uniformly focused: fdrw=0,

gating lasers leads to the nonlinear focusing of @reboth
pulses.

b ThE r:_(;n:?nea;]intera;q;iog bletwealadand_?l .iStCE}[EUIated _Since the plasma does not respond on a time scale faster than
y substituting the modiiied plasma density Into the paramah/wp X0~ TE, resulting in the reduced guiding for ultrashort

wave equations for the right- and left:moving pulses. I:orpulses. However, the leading edge remains exponential for
example, for the guided pulse we obtain

all times.

The mutual refraction indeyq is, in general, a complex
—lapgt+ Vfa(): —kf,)(oao, (1) number. The real part of, is much larger than the imagi-
nary part when the beams are detuned far from the plasma
resonance|,Aw2—w§|>w§. For such detunings there is no

Xo=2|ay 207/ (1+ wirl). 4

where xq is the mutual refraction indegwitnessed by the

guided bean which is given by energy exchange between beams, and their interaction is
purely refractive. This is assumed for the rest of this section.
2w§|al|2 o . . ag(t—u) The nonlinear interaction betweag anda; can then lead to
Xo(7)= w—pfo du sin( wpu)e'A"’”m, (2)  electromagnetically induced guidirigf one or both beams

if xo is peaked on axis. The refraction index depends on the
spatial and temporal profiles of the pulses and their fre-
quency detuning. For a long guided pulse of duratign
>min(1/Aw,llwp), the nonlinear index of refraction is in-
ensuring uniform focusing of the entire

wherer=t—2z/c is comoving with the guided pulse coordi-

nate and the guiding pulse is assumed very long.
Equation(2) is obtained by formally solving the linear

equation for the ponderomotive excitation of the densitydependent ofr,

wake[19]: guided pulse;xo=2|a;|?w§/(w;—Aw?). Thus, the mutual
refraction index acquires a transverse variation proportional
92 sn c2 . to the transverse profile of the guiding laser. Two long trans-
(ﬁ + wg) . EV2|a|2/2, (3)  versely Gaussian beams focus each othévaf< w,,.

where|a|?=|a,|?+|a,|2+2a, - a, is the total laser intensity lll. NUMERICAL CONFIRMATION OF EIG

andV?~ (k,+k;)? for the counterpropagating lasers. There- AND THE ENVELOPE EQUATION

fore, the magnitude of the density perturbation scales, Since this type of nonlinear guiding relies on a rather
roughly, as&n/n0~a0alw(2)/w§. Therefore, Eq(3) makes delicate mechanism of generating an index grating with a
the advantage of using counterpropagating pulses appareniry short wavelength, and then backscattering off this grat-
the longitudinal gradient scale of laser intensity becomesng, we use direct particle in cefPIC) simulation in a slab
very small (aboutXy/2), greatly reducing the laser power geometry to demonstrate the existence of the mutual focus-
required to produce a given density modulation. Equat®)n ing effect. Then we develop a simplified analytical descrip-
is also a convenient starting point for comparing the mutuation of the nonlinear guiding of Gaussian pulses in the slab
focusing of counterpropagating beams, considered here, arhd cylindrical geometries, interpret the simulation results,
the earlier suggestdd 3,14 cascaddor beatwaviefocusing  and address problefii).

of two copropagatingoeams. In the case of copropagation of To simulate the mutual focusing of two identical laser
two lasers with very close frequencies, one should usgulses, we use a 2D version of the relativistic electromag-
c?V2~4?/972. If the laser detuning is not close to the netic PIC code VLPL(Virtual Laser Plasma Lak[20] run-
plasma frequency,|Aw2—w§|~w§, density perturbation ning on a single processor workstation. The grid size was
scales asSn/ny~apa;. Relativistic corrections to the elec- 4000x 120 with 4x 10° electrons on it. The two counter-
tron mass, which enters the expression for the plasma freggropagating laser pulses with wavelengths=A,=1 um
guency, scales the same way. Plasma response can be are focused to the spot sizeg=o,=3 um at their corre-
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I normalized radius of a guided beam is derived:
0.010 - (@ ) 2 o
0.005 w d__RO= i+ 20 f+ocdy Ye*YZ/ZRﬁ% 5
' dZ R} 2#R3)-= ay
0.000
20 (b) g for flat beams, and
d?’R, 4 4kic?

e _ 220X
o _R_8+ Fsg J'O dp p?e leo&_pO (6)
for round beams, wheng=x/0 andp=r/o are the normal-
ized transverse coordinates andi/dz= 2koo?(dl 9z
+dlcat).
To interpret the results of the PIC simulation, assume that
FIG. 1. (a) On-axis intensityl =2|a|? of a right-going laser ~the guiding pulse is also Gaussian with radiys simplify-
focused az=0 in vacuum(dashed lingand in the plasmasolid N9 Eq. (5) to yield

line). Contour plot of the intensity of the right-going laser in 2 2 2 2
vacuum(b) and in the plasméc). d?Rg 1 _4kp0' agwy Ro

dZ R} wl-Aw® (RE+RH

(7
sponding entrances into a 400mx40 um slab of ng
=10 cm 3 plasma. The normalized vector potentials of
both lasers at their respective foci are equakge-0.07. The
intensity gray scale plots for the right-moving pulsevacuo
and in the plasma are shown in Figgbjland Xc), respec-
tively. The snapshots d@t=500\q/c of the on-axis x=0)
laser intensities for both cases are plotted versus the prop
gation distance in Fig. (&).

confirming that the lasers focus each otheAib<w,. Ac-
cording to Eq.(7), the two lasers can, in principle, form a
mutually guided stat®,=R;=1 if ¢y=~0.05. This state is,
however, unstablf21], so that it is never reached in a time-
dependent situation, such as the one modeled by the PIC
&imulation. At the beginning of the plasma region the guided
As Fig. 1(a) demonstrates, in the presence of the plasm Ol\JI:IS; :2:::;?; \./rvgg tg)c(epgif;;ac\;lﬁc}i/ gu;%;%xﬁzehghguch

. . . _ - 2 — - . _
the intensity of the right-going Iasdlao.l (z I.‘g) IS In =0.07 was needed in the simulation to observe the EIG.
creased by a factor 2. Thus, the nonlinear interaction be-

tween the lasers strongly reduces laser spreading, confirming

the electromagnetically induced guiding. Note that in this IV. FOCUSING OF ULTRASHORT PULSES

example EIG occurs at a very_modest laser power, which is \we now address the second problem: focusing of an ul-
almost three orders of magnitude smaller than the powefrashort tightly focused laser pulse by a counterpropagating
threshold for the relativistic focusing?/Pc;=0.0016. The  |ower intensity long laser pulse. One application of such ul-

simulation was run untit=800\,/c, with no degradation of  trashort pulses is laser-wakefield acceleration. To increase
the mutual focusing. The driven density modulation remainsne final energy of accelerated electrons, two quantities have
coherent despite the modest plasma heating, which raises thg he maximized: the amplitude of the plasma wave left be-

temperature to about 500 eV. Note that for the parametergind the pulse and the total acceleration length. Large plasma
of the simulation, the growth rate of the Raman backscatteryake is excited by a laser pulse of a duration shorter than the
ing (RBS) instability of the guiding beanygrgs<wy, so that  plasma period. Assuming that the guided pulse has a longi-

the frequency of the guided beam is outside of the RBSydinal profilea,= apsec(/ ), it can be demonstrated that
amplification bandwidth. RBS can grow from plasma noisehe optimal pulse duration for wake excitation ig

causing the beam reflection from the plasma. However, the. 1.2, . Guiding of such short pulses can be achieved by
saturated reflectivity is quite small for the underdense p|asm§enerating a plasma density depression on axis through the
assumed in the simulatidri6]. _ hydrodynamic expansion of laser-produced plasp2@$ or

A simplified analytical treatment of electromagnetically i, 5 capillary discharg§23]. Here we demonstrate how an
induced guiding can be developed by assuming that theg|ectromagnetic channel” can be created by a counter-
guided laser pulse has a Gaussian transverse profile Whenﬂ?opagating laser beam.
enters the plasma, and that it remains such in the plasma. Flat The yitrashort pulse is guided by the long guiding pulse
and cylindrical beams are considered separately because Qlfong its entire passage through the plasma. In contrast, the
the different laser intensity normalizations. The case of ﬂabuiding pulse is only briefly affected by the guided pulse.
beamg is important because it provide_s the t_)asis for comparherefore, it has to propagate through the entire plasma re-
son with the results of the 2D PIC simulation. The guidedgion without any additional nonlinear focusing by the short
beam is assumed to have an intensity profile giveidl§  pulse. We found that the most power-efficient choice of the
= (1/Ry) ajexd —x%2R%c?] in slab geometry andlalj  guiding beam is a Bessel beam.

= (1/R3) ajexr —r?/Ro?] in cylindrical geometry, wher®, It has been known for some timg4] that apertured
is the dimensionless spot size. Applying the sourceBessel beams with sharply peaked radial profiles propagate
dependent expansion to the envelope equationgfa@imi-  without diffraction over distances much exceeding the

larly to the way it was done in Ref8], the equation for the Rayleigh length. Such beams transport energy within a
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narrow spot o;<W over the distance of ordeily  fractional density perturbation, a smaller laser intensity is

:ZZTW‘Tzl /N1, where the laser intensity profile is given by neegeq to generate the sameaccording to Eq(3). The
2] :al‘]p(”‘;l) antld the beafm IS aperltlfjred at the rad't‘)‘Stheory of the EIG, developed in this paper, assumes a linear
W0, [24]. The total power of a Bessel beam is given yplasma response, which is only valid whes 1. Combining

_ 2\ 2 _ _
Pp/Po=mWoy|ay|*/\g, wherePo=mc’/re=8.0 GW and i’ recrriction with the guiding condition, given by E®),

— a2 ; ; i
re=e?/mc” is the classical electron radius. Therefore, thejmposes an upper limit on the intensity of the guided pulse:
propagation distance is proportional to the beam power. Be-

low we demonstrate how low-intensity Bessel beams can baOSkoal)\g. More extensive numerical study is needed to
W W : : W low-l Iy ! ﬁjlly understand how the guiding is affected when the linear
used to guide ultraintense short Gaussian beams. Apart fro

the basic interest to nonlinear laser-plasma science, an e@eow breaks down, but it is reasonable to expect that the
. ) . Ser-p o ' guiding saturates and weakens at higher intensities of the
perimental implementation of this novel guiding scheme

X ) ” uided pulse.
would enable, for example, detailed studies of the stability of? Sincgthe focusing strength is determined by the curvature
guided laser propagation in overmoded chanh2ig.

A large spot-size Gaussian beam. such that its Ravei f the x, rather than by its absolute value, a possible solution
g€ sp : - . YI€I91b the nonlinear saturation of the EIG is to use a first-order
length is equal to the required guiding distaricg, may

aopear 1o be an alternative to the Bessel beam. At firs§essel beam, which has an intensity node on axis. The den-
pp . oo o ity perturbation on axis vanishes while its curvature does
glance, the on-axis mutual refraction indey, which is pro-

portional to the peak intensity of the guiding beam, Wouldnot. To utilize thel, Bessel beam, frequency detuning has to

71 . .
be, roughly, the same for the equal power Gaussian anEPe gho;enAw>wp,7L ' Fgr ? gu2|ded Eeam of grbnrary
Bessel beams. This is because the product of the peak ofngitudinal shapeyo~2|ay|“wg/ (0, ~ Aw®), enabling fo--
axis intensity and the propagation distance is, approximatelyFUSing by a beam with intensity minimum on axis. The guid-
the same for the equal power Gaussian and Bessel bearfd) condition similar to Eq.(8) can be derived for the
[26]. However, following Eq.(6), the focusing strength of J1(f/o1) beam. The strongest focusing occurs fog

_ Al 2 2 2 2 i
the guiding beam is proportional to tervatureof yo, and = 1-040, yielding kyoai=>5[(Aw/wp)—1], from which
is, therefore, larger for a Bessel beam. the power threshold condition can be derived:

The choice o, the order of the Bessel beam, depends on
the freqL_Jency detuning of t_he I_asers. _Consistent with our Pg1=3.6 GWMAww2—1) Lg _ (10)
assumption of purely refractive interaction between beams, P Koo?

we consider two casesi) zero detuningAw=0,p=0 and
(i) Aw>wp,p=1. For a zero-detuning case, assuming The linear theory breaks down at=~o if aq
= agsec(r/ 1), xo at the leading edge is given by E@), >2.7)\Oo/)\f,. In practice, this limitation is likely to be over-
XO:2|a1|2ngf/(1+ wgrf), Clearly, xo, peaks on axis for a stringent since the nonlinear saturation of the EIG in a lim-
zeroth-order Bessel beam. ited spatial region may not strongly influence the overall
Numerical modeling of guiding a short pulse by the focusing. As a numerical example, consider guidinga
Bessel beam requires a 3D PIC simulation and imposes very 10 fs long,o=18um wide laser pulse through 1 cm of
strict limitations on the spatial and temporal resolution andno=10" cm 3 plasma. ForAw/w,=1.5 the threshold
the size of the simulation domain. This makes direct PICpower of the Bessel beaRg;~16 GW. This beam can
simulations very difficult, and we rely on our analytical re- guide a pulse with a normalized vector potential up to at least
sults. The power of the backward-moving Bessel bé&xp, ag=0.5, 0r 2.2 TW.
required for guiding, is estimated by substituting,|? The guided pulse generates an appreciable long-
= aﬁ\]g(r/al) into Eg.(6) and assumingry=1: wavelength k=\,) plasma wake, which can interfere with
the short-wavelength plasma wake responsible for guiding
d . [27]. If the fractional density modulation of the fagbong-
ta[e '0(”]} =-1 (8) wavelengthwake isn,, then, according to Ref27], the fast
wake starts suppressing the slow wake wméholkpml.
This corresponds roughly, to the parameters above. The
physical mechanism behind such suppression is that an elec-
tron, executing plasma oscillations in the field of the fast
wake, sweeps across a wavelength of the slow wake. How-
ever, this effect is likely to be small for very shddf order

2 2
K202| |2 20p7
O(T aq 2 2

1 WL

wheret= 0?20 and | y(t) is a modified Bessel function.
The strongest focusing occurs for~0.80. Since the guid-
ing distanced_ is related to the beam powB¥,, Eq.(8) can
be rewritten as a power threshold for the EIG:

1+szE L wgl) pulses, since there is not enough time for the electrons
Pgo=1.27 G > p2 92. 9 to get sufficiently displaced. However, guiding suppression
T koo due to the fast wake generation deserves careful consider-

ation.
The EIG thresholdPg, differs from the relativistic guid-

ing thresholdP; in two respects: first, it isndependenbdf

the plasma density, enabling electromagnetically induced
channeling in very tenuous plasmas, and second, it depends In conclusion, we demonstrated analytically and numeri-
on the propagation distance. The qualitative reason for theally the electromagnetically induced guiding of two coun-
first difference is that, although smaller plasma density reterpropagating lasers in the plasma at intensities much below
duces the effectiveness of the nonlinear guiding for the samthe threshold for relativistic guiding. In addition, we de-

V. CONCLUSIONS
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scribed the technique for electromagnetic channeling of apossible energy exchange between the beams is the subject
ultrashort laser pulse by a lower-intensity counterpropagatef the future work.
ing Bessel beam. Depending on the frequency detuning be-
tween the guided and guiding beams, the zeroth- or first-
order Bessel beams can be used for guiding ultrashort pulses.
A first-order Bessel beam requires higher power, but enables
guiding higher intensity pulses. The authors gratefully acknowledge helpful discussions
In this work we assumed that the two lasers are detunedith J. S. Wurtele and N. J. Fisch. This work was supported
sufficiently far from the plasma resonance, so that the interby the U.S. Department of Energy under Contract Nos. DE-
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