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The conventional approach to exciting high phase velocity waves in plasmas is to employ a laser
pulse moving in the direction of the desired particle acceleration. Photon downshifting then causes
momentum transfer to the plasma and wave excitation. Novel approaches to plasma wake excitation,
colliding-beam acceleratafCBA), which involve photon exchange between the long and short
counter-propagating laser beams, are described. Depending on the frequency detubetgeen

beams and duration of the short pulse, there are two approaches to CBA. First approach assumes
(7.~2lwp). Photons exchanged between the beams deposit their recoil momentum in the plasma
driving the plasma wake. Frequency detuning between the beams determines the direction of the
photon exchange, thereby controlling the phase of the plasma wake. This phase control can be used
for reversing the slippage of the accelerated particles with respect to the wake. A variation on the
same theme, super-beatwave accelerator, is also described. In the second approach, a short pulse
with T|_>w‘;1 detuned byAw~2w, from the counter-propagating beam is employed. While
parametric excitation of plasma waves by the electromagnetic beatwavew@tof two
co-propagatingasers was first predicted by Rosenbluth and [INU N. Rosenbluth and C. S. Liu,

Phys. Rev. Lett.29, 701 (1972], it is demonstrated that the two excitation beams can be
counter-propagating The advantages of using this geomethjigher instability growth rate,
insensitivity to plasma inhomogenejtyare explained, and supporting numerical simulations
presented. €2002 American Institute of Physic§DOI: 10.1063/1.1468649

I. INTRODUCTION AND MOTIVATION driven by the nonlinear ponderomotive force, or could also
represent an external current provided by injected electron
Plasma is an attractive medium for ultrahigh gradientbeam. Taking the time derivative of the Ampis law yields:

particle acceleration because it can sustain a very high elec- 2

e - S dd
tric field, roughly limited by the cold wavebreaking field + 02 |E+C2VXVXE= — 47 —2 (1)
Ews=mMmcw,/e~n[cm ]V/cm, where w,=4me?n/m a2 = eo at

is the plasma frequency amd is the electron density. To \yhere the VXV XE term naturally vanishes in one-

accelerate injected particles to velocities close to the speed ‘aﬁmensional(lD). One can say that the science of making a

light c, this electric field has to be in a form of a fast longi- plasma accelerator is about finding the most effective way of

tudinal plasma wave with phase velocity,~c. The fre- producing the appropriatd,,(z,t). Of course, not every

quency of the fast plasma waveds,, and its wave number  fynctional form of J,,(z,t) is useful for making plasma

is kp~wp/c. Excitation of such plasma waves can be ac-wayes suitable for relativistic particle acceleration. In

complished by lasers or fast particle beaims. the rest of this paper we concentrate on excitihg(z,t)
Below we review the basics of linear plasma wave exci-= ‘]22(2_ Ct) using one or several laser pu|ses_

tation in very general terms, without restricting ourselves to

the specifics of the wakefield driver. Let us assume that

plasma electrons are subject to the electric field of the fasltI COMPARISON OF SINGLE-BEAM AND COLLIDING
plasma waveE, as well as other nonlinear forcés, , for . )

. BEAM ACCELERATORS
example, the ponderomotive force of one or more laser

pulses. The total current=J,+J, which enters Ampe’s The simplest laser-driven plasma accelerator, which was
law VX B=(1/c)d;E+ (4m/c)(J,+J,) is intentionally split  also the first one realized in the experiments, is the plasma
into two components. The first ong,= —env,, wherev,  beatwave accelerafor® (PBWA). It employs a pair of co-

is the electron fluid velocity, is driven by the electric fidfld  propagating laser beams with normalized vector-potentials
and satisfiesd;J,=e’nE. The second component, is ay 1= eAg1/mc? and frequenciesy and w;= wo— w,. The
nonlinear currend,, is driven by the ponderomotive force of

apaper GI2 3, Bull. Am. Phys. S0é6, 136 (2000. the resulting electromagnetic beatwave according),th,
Pnvited speaker. =end,(ay-a,). If the two laser-beams are detuned by the
1070-664X/2002/9(5)/2383/10/$19.00 2383 © 2002 American Institute of Physics
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Kinematics of Wake Excitation tion is not resonant, and even larger than in PBWA
intensity is neededypically, close to 18 W/cn? to achieve
o . E/Ewg~0.2).
& In a colliding-beam accelerataqiCBA)*>*® we take a
S o very different approach by employing twaounter-
PBWA P | propagating laser beams with differing frequencies: one
short and another longeferred to as the pump, with dura-
plasma wake tion 7,=2L,/c, whereL, is the length of the plasmaTwo

types of short laser beams are envision@gicontaining two
spatially and temporally overlapping discrete frequency
components of duratiom>w,;1, or (b) single-frequency
ultrashort w,7 ~1) laser pulse. When the two beams inter-
act in the plasma, the photons of the higher-frequency beam
scatter into the photons of the lower-frequency beam. The
crucial difference from the PBWA case is that now approxi-
mately twice the total photon momentum is deposited into
the plasma: the recoil momentum of scattering a forward
moving photon with frequencw, into a backward moving
Kk photon with frequency w, is #hwg/c—(—fw,/C)
~2hwglc. Thus, the laser beams’ intensities required to
FIG. 1. PBWA: Kinematics of the plasma wake excitation by a co- produce a given accelerating field can be smaller for counter-
propagating wave packet_ consisting of two frequency components diﬁeringbropagating geometry than for the LWI{Ar PBWA).
by Aw=w,. Phase velocity of plasma wakg,~uv, , wherev, is the group The bottom drawing in Fig. llabeled CBA illustrates
velocity of the wave packet; CBA: Same, only using an extra counter- . e . .
propagating laser beam. Nonlinear beating of two slow waves gives rise t1€ nonlinear excitation of the fast plasma waves which is
fast plasma wake. significantly more complex than in PBW&r LWFA). Spe-
cifically, we assume that two frequency components, sepa-
rated byw,, are propagating in the forward direction. These
plasma frequency,, plasma wave is resonantly excited. two frequency components could either belong to two sepa-
The beatwave scheme was also considered by Rosenblutate and long laser beanfas in PBWA, or to a single ul-
and Liu** for plasma heating. trashort laser pulsés in LWFA). In the latter case, a con-
From Eq. (1), to excite a plasma wave one needs totinuum of such frequency pairs separated by can be
deposit momentum into the plasma. The source of this moidentified. Only one such pair is shown in Fig. 1. The fre-
mentum is the laser. However, since the typical laser frequency phasor for the counter-propagating beam is labeled as
quencieswg > wp, it is impossible for a laser photon to backward beam. The beating between the different frequency
impart its entire momentum to the plasma. What happensomponents of the forward beam and the backward beam
instead is that the frequency of a laser photon is downproduce two “slow” plasma waves which are shown as
shifted by the amounb,, depositing the remainder momen- almost-horizontal lines in the drawing. It is the nonlinear
tum and energy into the plasma. In the case of PBWAMixing of these two slow waves that gives rise to the “fast”
higher-frequency photons at, are scattered into the lower- plasma wavélabeled as plasma wakelherefore, the accel-
frequency photons ab; = wo— w,. Schematically, this pro- erating plasma wave is produced by a super-beatwave: the
cess is shown in the top Fig. 1. The phasors of the lasers lieatwave of two beatwaves.
on the w2=w§+ c?k? dispersion curve, and the vector dif- Visually, one can deduce from the drawing that the phase
ference of these phasors gives the phasor of the drivewelocity of the fast wave is much larger than that of the slow
plasma wave. Phase velocity of the plasma wave is thewaves. Mathematically, one can show that the phase veloci-
given by vyn=(wo— w1)/(Ko—ky)~vy, where vg~c(1 ties of the slow waves roughly scale@g~ w,/ko, while the
- ws/ZwS) is the group velocity of the laser packet. Since phase velocity of the fast wake is close to the speed of light.
vpn=C, thus excited plasma wave is suitable for particle acdn Sec. Il we derive formulas for the fast wake amplitude
celeration. and demonstrate that, under some circumstances, it can be
The total momentum transfer rate to the plasma inmuch larger than the regular wake produced by only the
PBWA is then proportional to the relative momentum trans-forward propagating pul$s).
fer per photony, = w,/wg, times the rate of scattering which
is proportlo_nz_il to beam !nten3|ty. _Smce _t_he relative amounhl_ COLLIDING BEAM ACCELERATOR
of down-shifting 7;<<1, high laser intensities are needed to
ensure the high overall rate of the momentum transfer. Note To provide motivation for the rest of the paper, we
that Fig. 1 (top) is also applicable to the laser wakefield present a numerical simulation which demonstrates that the
acceleratorLWFA) which employs a single ultrashort(  addition of a backward-propagating laser beam to a forward-
%2&)‘;1) laser pulse. Broad bandwidth of the pulse impliespropagating beam can excite very largel GeV/m) plasma
that it contains a continuum of frequency pairs differing fromwaves which are stronger than the ones excited by the
each other byw,. Because the pulse is short, wake excita-forward-propagating beam alone. The following physical
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B+ B? 0p/ wg=0.05 laser pulses. It turns out that the magnitude of the enhanced
0.004 v v wake E<(w,/wo)Eyp. This limit is set by the maximum
(@) Sianal velocity of the plasma electrons which cannot significantly
0.002 b u { aro0.12 exceed the phase velocity of the beatwave between the short
and long laser beam, equalig=(wq— w1)/2Ky. Excitation
0.008 4 4 of the fast(acceleratingplasma wake is a strongly nonlinear
oF muge (b) process, with the slowshort-wavelengthplasma waves gen-
ook No pump erated as intermediaries. These short-wavelength plasma ex-
0=0 citations can be excited either linearly,(@s it is the case for
016 ' ' the simulation parameters of Fig) Bonlinearly. Below, we
eE /mupe () Pump,1.1x ig separately analyze these two excitation regimes, starting with
N AN / \ / \ a1= 005 the linear regime.
¢=n/2 A. Linear regime: Four-wave mixing
i T ) ) ' ) Pum The above kinematic illustration in Fig. 1 is, of course,
eE,/mo,c p,0.9x g - ' .
L 00 W_ a;=0.05 o_nIy a cartoon, wh|ch doe_s _not explain the physical mecha-
' l(p=—1t/2 nism of the nonlinear mixing between the slow plasma
016 ) , ) , ) waves. To derive the equations for the excitation of the ac-
) 110 130 150 celerating plasma wake, assume that two laser pulses with

X/ frequencies detuned from each other by are interacting
FIG. 2. Top to bottom{a) single short laser pulse withy=0.12 and fre- ~ With the counter-propagatmg pump. Slow plas_m_a wave are
quencyw, propagates from left to rightb) short pulse generates a weak honresonantly driven through the two-wave mixing of each
plasma wakeE, ; (c) in the presence of counter-propagating pump with of the forward-moving components of the beatwave with the
a,=0.05 and frequency, = 1.1w, the wake is enhanced, and its phase is ,;mn The beating between these slow plasma excitation is a

shifted by #/2 with respect to the “regular” wake ofb), which is also | hani f driving f | = E
shown for comparison{d) same ag(c), only a down-shifted pump with novel mechanism of driving fast plasma waves. From(&p.
a{nv)

w1=0.99 is used, and the phase shift-ism/2. 92
( ag

problem was simulated using a one-dimensional particle-inwhere{=t—z/c, and(nv) =g + 105 +c.c., wherefig;

cell (PIC) code VLPLY An ultrashort circularly polarized andog, are, correspondingly, fractional density and velocity
Gaussian laser pulse with duratiop= 1_5(1,;1 and normal-  perturbations in the first and second slow plasma waves. The
ized vector potentiah,=0.12, propagating in the positie  fast wave, characterized by its amplitulg, is then nonlin-
direction, collides in a plasma with a long counter- €arly driven by the right-hand sid®HS) of Eg. (2). Equa-
propagating pulse wita; =0.05. Plasma density was chosen tion (2) mathematically expresses the nonlinear mixing be-
such thatw,/wy=0.05. The snapshot of the pulse intensity tween the slow plasma waves schematically shown in Fig. 1.
normalized to 2.% 10'® W/cn? is shown in Fig. 23). Two Let us further assume that pulses 0 and 1 are both flat-
cases, corresponding to the different frequencies of the lonépps of durationr, , and their corresponding detunings from
pulse, w;=1.1lw, and w;=0.9w,, were simulated. The re- the counter-propagating pump at,=wo—w, and A,

2

E,=—4me

2
ap Tt

sulting plasma wakes are shown in Figéc)2and 2d), re- =1~ w,. The normalized vector-potentiads= eA/mc? of
spectively. For comparison, we also plot the wake producedhe lasers are given by

by a single short pulsén absenceof the long counter- F(t—2/vg) _

propagating pulse in Fig.(B). a0,1=TaO,1e+e”’0vl+ c.c.,

Since the intensity of the short pulse is chosen nonrela-
tivistic, the magnitude of the plasma wake left behind the
pulse is much smaller than the limitingravebreakingfield
according toE/Ewb~a§/2, whereg,,=mcw,/e. The situ-

a .
a2=72e,e"92+c.c., 3

ation changes dramatically when a counter-propagatin beaWhereF(t):H(t)_H(t_T'-) is the flat-top profile of the
9 y propagating forward propagating laser beant, ;= Kq 12— wq 1t are their

is added. As Figs. (@) and Zd) indicate, the addition of the = . .
pumping beam increases the electric field of the plasma walR135es, and;=kyz + w,L is the phase of the pumping beam

by an order of magnitude. To further illustrate this point, weWhICh Is assumed infinitely Iong.- .

S . Slow plasma waves are excited according to
plotted the regular wakgésame as shown in Fig.(®] in ,
Figs. 4c) and 2d) for comparison. Note that the vertical f?_ + o2
scales of the Figs.(2) and 2d) and Fig. 2b) differ by a a2 “p
factor 20. Plasma wakes prodqced as a rgsult of the CO”'S'OExpressing the density perturbationas a sum of the two
between the counter-propagating beams is referred to as t

g ow waves
enhanced wake because it is much larger than the regular , ,
wake. A=fpe kot ka)z—(wo—wat . f gilkatka)z—(w1-wlty ¢ ¢
This conclusion about the relative magnitudes of the ()

regular and enhanced wakes is only valid for nonrelativistiove insert this expansion into E¢4) to obtain

f |al?
—_—= 2 2—
- cV 5 (4)
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Ay (Kot ky)2c?aga, Also, according to Eq(10), fast wave generation in the col-
o T 2A2-w?) liding beam accelerator is a four-wave process.
o 7p Note that in the particular case af,+ A ;=0 wakefield
A, (ki +ky)2c?a,a, vanishes. Sinces;=wo— ), this case corresponds to,
n - 2(A§—w2) : (6) =wo—0.50,. Therefore, the scattering of the photons from
p

. _ . _ _ beam 0O into beam 2 proceeds at the same rate as the scatter-
Expanding the velocity perturbations in the slow waves ining of the beam 2 into beam 1, and the overall momentum
the same way as it was done in Ef), we calculatedy and  deposition into the plasma vanishes.

v, from the continuity equation We simulated the beatwave enhancement using a one-
) Ay Py A,y dimensional particle-in-cellPIC) code VLPLY Forward
Yot e n’ YTk (7) moving waves have identical normallz_ed vector potentials

02 1hre ap,=a,=0.025, the counter-propagating beam has
We are now in a position of calculatingv) =0.03. Laser and plasma frequencies were chosen as fol-
2 lows: wg=10.50,, ©;=9.50,, w,=11.0w,. Plasma den-
M: Oafle':(t_TZh’g)ei(ﬂofﬁl) sity was chose?n=1019 cmPg (correspor?ding to plasma
nc

wavelength\ ,=2mc/w,= 10 um), beatwave pulse duration
0,7 =25, and the total simulated plasma regios 10\,
=100 um long. Electric field produced as the result of the
interaction is plotted in Fig. 3. The smaller sigiabout 2
GeV/m) is the electric field obtained in the simulation with
C.C. 8 identical parameters, except that the pump was turned off. As
Fig. 3 clearly indicates, the enhanced beatwave significantly
Note that the expression in front of the square brackets igxceeds the regular beatwave, and produces the accelerating
proportional to the direct beatwave strength in the plasmdield E,~12 GeV/m.
beatwave accelerator. The term in the square bra¢ketsh Electric field driven by the super-beatwave appear less
we label n) is proportional to the super-beatwave strength.regular than the one driven by the regular beatwave mainly
Whenever the term in the square brackets exceeds unity, theecause of the finite short-wavelength electric field which is
super-beatwave results in a larger accelerating wake than theoportional to the amplitude of the slow waves. As far as
usual beatwave. A more compact simplified expressionjfor the accelerating properties of the enhanced wake are con-
can be obtained by noting that in a tenuous plasma witlterned, short-wavelength excitations should not affect accel-
wp<wy, Ko, ki~k;~w,/c, yielding eration because of their low phase velocity. More on this is

said in Sec. V.
w_ﬁ (A0+A1)w3

Ay Aq
kot Ky Kyt Ky

|

(Kot Kz)?(ky +ky)?c3|a,)?
2(A5— wp) (Al - ?)

n~8|a,|?—5| 7| 9) Let us now turn to another scenario, which is conceptu-
wp| (Ag—wp) (AT~ wp) ally related to the laser-wakefield acceleratbwFA).b"~11
The magnitude of; is, roughly, determined by the quantity Here an ultrashort laser pulse replaces the forward-moving
8|a2|2w§/w3. Equation (9) is only valid whenASlq& w2 beatwave. Simulation results presented in Fig. 2 assumed a
which physpically means that none of the slow’wavgs ardarge enough laser amplitude to cause the breaking of the
resonantly excited. slow plasma waves. However, at small enough laser ampli-

Substituting(nv) into Eq. (2), we calculate the electric tude (precisely how small is explained in the Sec. IIB

field behind the forward-moving beatwave in the regton linear calculation similar to the one presented for the beat-
—2lv>T wave case becomes valid. An expressionEgr similar to
g

Eqg. (10), was derived in Ref. 15
eEZ _ (I)pTLaoal

= cog 0p— 6 2\ 2
mcw,, 4 7codbom 01 eE, 7o 0| 2 2 —wa
= d4azag— | wpTie “P'L

3 3 map 8(1)0 wp

W5T (Ag+A)w
~2|aga,al| — 0 P
~zlapd18z — 2 2 A2_ 2

wp [(Ap— wp) (AT~ wp) w | e (@p=20)27 | a=(wpthw)?r | %eﬂw%ﬁ ,

X COi 00_ 01), (10)

11
where 6p— 6;=(ko—ki)z—wyt is the phase of the fast 1

plasma wave. Note that the phase velocity of the fast plasmahere a Gaussian laser puIsaaxp—tZIZTf was assumed.
wave (which is produced by the super-beatwpigethe same The most efficient excitation of the accelerating wake re-
as that of the regular beatwave, and equal to the group vee:fuireST,_~2.Oij1 andAw=*1.1w,. For these parameters
locity of the forward-moving laser packet. The phase of theeE,/mcw,~0.6w,/wq (4a0a2w§/w§)2. The enhanced
fast plasma wake is determined by the relative phases of th@ake exceeds the regular wake from forward scattering
forward-moving laser pulses. The phase of the counterwhenevera,™>(w,/wg)*¥4. For ng=10"cm=2 and \,
propagating pump does not matter at all, while its amplitude=1 um, the corresponding critical pump intensity for which
affects the enhancement coefficient of the super-beatwave the enhanced plasma wake exceeds the regular one is given
thereby determining the amplitude of the fast wave as wellby |,~2x 10'* W/cn?. Note that this criterion is very simi-
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20 T T T T T T T T T

FIG. 3. Accelerating fielcE, produced by the regular
beatwave without pumgsmall wave and with pump
a,=0.03 (large wave. Beatwave parametersw,

=10.50,, 01=wo—w,, w7 =25, pump frequency:

. w,=11w,, plasma densityn=10" cm™3,

E, (GeV/m)

_20 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

X (microns)

lar to »>1, wherey is given by Eq.(9). This is not surpris- space at different times: Before the arrival of the short pulse,
ing: in both cases fast plasma waves are produced via founear the maximum of the short pulse, and right after the
wave mixing. wavebreakingFig. 4).
Numerical simulations indicate that the largest momen-
tum gain is achieved for the frequency detunidg~ wg
and pulse duratiornr, =~2/wg . For those parameters, plasma
The above picture of a four-wave process resulting in theslectrons execute about half a bounce in the ponderomotive
excitation of a fast wave via the super-beatwave mechanisipotential, and leave the ponderomotive bucket with average
is only true when all waves in question are linear. Fastvelocity v,~cwg/wy. The nonlinear current,,= —en, is
plasma wave always remains linear because its amplitude igen inserted into Eq(2) to yield Eq.(12).
below the wavebreaking limit. Slow wavesvhich beat
against each other to produce the super-beatwaveak
much easier, their breaking limiting the fast wave amplitude.'V' PARAMETRIC EXCITATION OF PLASMA WAVES

The ease with which the slow waves break is related to theif ¥ 2« DETUNING
low phase velocity. Indeed, breaking of a particular wave | the previous section we considered two approaches to
with phase velocityv,, occurs when plasma electrons are excitation of fast plasma waves: One involved two pulses
accelerated to velocities=v,. After wavebreaking, par- moving in the forward direction and another in the backward
ticle motion is determined SO|9|y by the ponderomotive beat'direction (Super_beatwave approacmnd the other one re-
wave force between counter-propagating beams. Spacgiired a short £ ~2/w,) forward-moving pulse and a
charge force becomes smaller than the ponderomotive fOfCQackward-moving puls€CBA approach The beatwave ap-
and can be neglected. proach is complex for two reasor(s) Three laser pulses are

The most interesting and easy-to-understand regime cofreeded, andb) laser pulses have to be detuned by the
responds to the single-frequency short pulse of duration plasma frequency. Most laser systems have a fairly small
</ w, Which is strong enough to cause wavebreaking. Theyandwidth (several perceint This reduces the resonant
incidence of wavebreaking is, approximately, determined byylasma density and the accelerating gradient. For example, if
the ratio of the bounce frequeneys=2wovaoa, and the the fractional frequency detuning iSw/wy=3%, then the
plasma frequency. In the strongly nonlinear regind§  resonant plasma density for a win laser is Ny
>w?, and the space-charge force which is proportional to=10'8 cm™2. Since the accelerating gradient is limited by
w,% can be neglected in comparison with the ponderomotivevavebreaking to onlE,~ (w,/wp)Mcw, /e, the accelerat-
force which is proportional ta»g. In this regime plasma ing gradient in of a super-beatwave accelerator in such
wave amplitude is estimat&tias plasma is only 3 GeV/m.

Single-pulse CBA can also be challenging with presently
ek, _<Pz> . . (wB) . . . .

—= Sinwp{~signAw)| —| sinw,l, (12 available lasers because it requires a very short pulse. For

mewp — MC @o example, assuming,=10° cm ™3 and 7,= 2w, * yields the
where (P,) is the average momentum transferred to thefull width, half maximum (FWHM) of only 14 fs. While
plasma by the laser pulse. The physics of this momentursuch short pulse lasers do exi&they are not widely avail-
transfer can be visualized by plotting the electron phasable and are, typically, low power.

B. Nonlinear regime: Particle trapping
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(a) (b) (c)
1.0 . 3.0 . 5.0
4.0
2.0 o~ |
e 3.0 ..
3 :’/\s . KX . c.
S B s B 2.0 .
2 ; 1.0 - 1 ' .
N g kY S . 1.0 3
£ oo ; ] 00| - ] 00 ° }
2 § 3 10/
c 3 i - S
g [ K -1.0 N 2.0 S
2 A% Sl e a
= -2.0 S :
-4.0 ceses®
%1 0.00 3.14 3% 13 0.00 3.14 %1 0.00 3.14

Ponderomotive phase 2kgz;

FIG. 4. Left to right: Electron phase spa@ before the arrival of short pulséh) near maximum of short pulséc) at wavebreaking. Rapid current jolt
developing at wavebreaking drives the enhanced wake behind the short pulse.

All these limitations, and also the simultaneous avail- We simulated the interaction between a trapezoidally-
ability of Nd:Yag (\;=1.06 um) and Ti:S §,=0.8 um) shaped short pulse and a long counter-propagating laser
laser systems in a number of laboratories compels one tbeam using a one-dimensional version of a VEPparticle-
think of other possible techniques of wake excitation. Ain-cell code. The amplitude of the circularly-polarized short
novel schem¥ has been recently suggested: parametric expulse isa,=0.1, its rise and fall times are 15/c and
citation of accelerating plasma waves using counterb\y/c, respectively, and the flat portion is X§/c, where
propagating laser beams detuned by, approximataly,.2 \o=2wc/wy. The amplitude of the counter-propagating la-
Short-pulse duration no longer is required to be comparableer beam isa;=0.015, rise and fall times are 2g/c, and
to wgl; in fact, it is advantageous to use significantly longerthe flat portion is 10Ry,/c. Frequency of the counter-
pulses withw,7 ~25. From experimental standpoint, this propagating beam is chosen to de¢=0.8w, and the plasma
could be a fairly attractive regime: iby— w,=2w,, then  frequencyw,=0.1lw,.
the desired plasma density~2.5x< 10" cm™2, and the re- Intensity profile of the short pulse is plotted in Figap
quired pulse duratioan~25w;1 corresponds to 160 fs 85 laser periods after it entered the plasma and interacted
(FWHM). Such plasma and laser parameters are achievablejth the counter-propagating pumping beam. Uniform
making the practical implementation of the scheme feasibleplasma extends frord=5 um to Z=90 um. Assuming for

4 T T T T T T T T T
5
=31 (a) iy
0
E
% 2- i
‘?
21k -
2
=
_0 . \ X ) FIG. 5. Short laser pulse of trapezoida_l sha(pgs:e
0 10 20 30 40 50 60 70 80 90 100 =15\g/C, Tgop=5No/C, Tha=15\o/C) with ampli-
tude ay=0.1 and frequencyw, collides with counter-
propagating pump witte; =0.015 andw,=wy—2w,
20 T T T T T T T T T

generating an accelerating wake. For\y=1 um and
w,/we=0.1, (a) short laser pulse intensityh) acceler-
ating wakefieldg, .

E_(GeV/m)

z

_20 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Z (microns)
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simplicity that \o=1 um, the peak intensity of the short =kiz+w;t. In nonrelativistic case, this translates into a
pulse is 2.% 10'® W/cn?. As the short pulse interacts with simple expression fov | =ca which was used to derive the
the long pump, an accelerating wake grows from the front ofquation for the ponderomotive force. We are interested in
the short pulse towards the back, as shown in Fig).5he  the cross-term in the expansidal®=|ag|*+|a;|*+2a,-a;
peak accelerating gradient is about 10 GeV/m. Wakefield dewhich is responsible for the beatwave excitation of the
creases forZ<20 um because the two pulses met At plasma.

=20 um. Noting that g+ 6;=(kotk;)z—Awt~2kyz— Awt,
Periodicity of the plasma wake is 1§=2mc/w,. WhereAw=wo—w;, we obtain from Eq(13)

Therefore, the phase velocity of this wake=is, and it is . _ _

suitable for particle acceleration. The spiky appearance of ¢+ wjl=ikoc?asa,e 2kt glldet=2konlycc. (14

the wake is due to the simultaneous generation of the slow ) o
plasma waves, just as it was the case in Fig. 3. The samaue to the nonlinear term ex2iko{ in the RHS of Eq(14),

simulation was repeated without the low-intensity counter-S€Veral modes of plasma oscillation can become coupled. We
propagating beam, and the accelerating field was muchoncentrate on the coupling between two particular plasma

smaller. This simulation confirms that the counter-Mmodes with wave numbersks=2ko—k, and ki=kp
propagating laser beam initiates a parametric instability= @p/C- Hereks andk; are the wave numbers of the slow
which amplifies a very small initial wakefield. To our knowl- @nd fast plasma waves, respectively. These two waves are
edge, this is the first direct PIC simulation of the plasmaSt'ongly coupled to each other when=2aw,,.

wake generation by two counter-propagating lasers detuned !f @o IS constant, any two waves wity andk; satisfy-
by 2w, . It confirms the effect which was previously mod- "9 ks+ k¢ =2k, are strongly coupled. In reality, howevep,

eled analytically and using a simplified time-averaged par_represents the vector potential of an ultrashort laser pulse

ticle simulation'® In the co-propagating geometry and at Proragating with the group velocityg~c. Therefore,a,

much higher intensity, parametric wake excitationfap = ao(t—Z/vg)~ap(t—2z,/c) since the laser envelop is
= 2w, detuning was recently simulated by Rehal 2° longer than the wavelength. This selects the wave number of

That a plasma wave can be driven unstable by tg 2 the fast wavek;= w,/c and, therefore, the wavelength of the

beatwave was originally proposed by Rosenbluth and!tiu, SIOW waveks=2ko—k,. Numerical results presented in Fig.

who calculated the growth rate of a fast plasma wayg 5 also reveal the strong excitation of a plasma wave With

~ wp0a,/2 (co-propagating lasexsThis instability is high- =wplc. ) . .

order, with growth rate scaling as the product of laser ampli- 10 describe the instability, we assume the most general

tudes. Thus, for pump waves of sub-relativistic intensity, i.e. Wo-waveansatz for an electron displacement

ag,a,<<1, this decay instability is too slow to be of great -~ .

practical interest. Simulation results presented in Fig. 5 indi- §=AgsinlkpZo = wptt ¢y

cates that theounter-propagatinggeometry(i) results in a + AgsinksZog— opt+ ¢s], (15

much larger growth rate, and) produces fastaccelerating

plasma waves, just as the co-propagating geometry wouldvhereAs (¢¢) andAs (¢s) are the amplitudegphases of

Both effects were overlooked in the original calculation of the fast and slow plasma waves. Of interest to plasma accel-

Rosenbluth and Liu. Thus, Fig. 5 illustrates a totally differenterators is, of course, only the fast plasma wave with phase

laser-plasma instability. Below we explain the basic physicgrelocity close to the speed of light. For simplicity, in the

of this instability. analytic calculation we assume monochromatic laser
To describe the one-dimensional plasma motion in thevaves. Short-pulse effects are numerically treated later on

field of two laser beams, we use the Lagrangian appr&ach. (see Fig. 6.

Plasma electron position is characterized by its time- e proceed by substitutingfrom Eqg.(15) into the non-

dependent displacemelifz,,t) from the equilibrium posi- linear term exp-2iky{ in the RHS of Eq(14) and using the

tion z,. By definition,{ =z—2z, and{(zy,t=—=)=0. Elec-  Bessel identitye'* *" ?=3,J,()e*’. Equation(14) then be-

tron equation of motion is then given by comes
. e c? PE o k|
§z+w;2)§z:_m_chXBLE_§V|a|2’ (13 W‘prf:'koc aOalg (= 1) Jk(2koAr)J1(2KoAs)

_ _ K[k Zo— ot + (] il [Kezo— ot + el i [ Aot — 2k2g]
where the second term in the left-hand sid#iS) of Eq. XeTpR Tpt PreTieh Tt vse 0%

(13) is the restoring force of the ion background which is +c.c., (16)
assumed immobile. The RHS of E@.3) is the ponderomo-

tive force, anda=ay+a, is the total vector potential. The where sw=Aw—2w,. A set of purely time-dependent
expression for the ponderomotive force was derived usingqguations can now be obtained by separatingzthdepen-
conservation of the canonical momerfq and P, of the  dent terms on both sides of E.6). Thus, substituting Eq.
electron. Conservation d?, and P, follows from the as- (15) into LHS of Eq.(16) and matching the corresponding
sumption that both laser fields are given by plane wavefarmonics ok,z, andksz, on both sides of the equation, we
which do not depend orx or y: a5;=ag (e exp{by 1) can write for the k=0]l=1) and k=1,]=0) terms the fol-
+c.c.), wheree, y=(g*xie)/2, 0y=Koz— wot, and 6, lowing:
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1 =1pum pulse in a 18 cm 2 plasma. These wavelengths
correspond to widely available laser systefsS and Nd-
glasg, and the plasma density was chosen to satisfy
=w,+2.350,. Other laser parameters are as followas:
=0.15exp—%272] with 7 =25 (160 fs FWHM and
déw/d{=—9.5%X 10_3cop (3% bandwidth. The initial fast
plasma wav&,=10"° anda;=0.0165 have been assumed.
Simulation results are shown in Fig. 6, where we observe the
excitation of both the fast and the slow plasma waves.

Despite the small amplitudes of both forward and back-
ward pulse, and despite the fact that the duration of the short
pulse is too long for the efficient wake generation, we find
0 that a significant fast plasma wa#g=7 GeV/m is excited.
300.0 Parameters used in the simulation are fairly standard for Ti:S

and Nd-Glass systems.
o o ) o Simulation results presented in Fig. 6 point to another

FIG. 6. Solid line: Fast electric fiel@,, long-dashed line: normalized in-

tensity of short puls@3, dashed line: Density bunching of the slow plasma important aspect of the parametric excitation of fast plasma

wave Refy)=(cos6). Rapidly varying part of, is the driven plasma re- waves using counter—propagating laser beams. Despite the
sponse inside the laser pulse. fact that the frequency detuning between the two laser beams

differs from 2w, (A w=2.350, in the simulation, instability
still proceeds. This means that the growth rate of the insta-
20 03 bility is not very sensitive to variations in laser detuning or in

Re(n,)

»

Alsualu| pazjjeuwlioN

2¢E, o/mcwm °,

B .

i~ 90— - 0,G(Ar Agsing, (17 the plasma density. This is quite advantageous since plasma
density may not be known to high accuracy, and may vary

a(koAp) O across the interaction region.

(?((1) t) :TJO(ZkoAf)Jl(ZkOAS)Cosd)' (18)

P
I(KoAs) Qé V. UTILITY OF COLLIDING BEAM ACCELERATOR
S
I wpt) B TJl(ZkOAf)JO(ZkOAS)COS¢’ (19 One obvious benefit of the counter-propagating geom-

etry is that very large accelerating wakeésf order 10

_ 2_ 2, 2
e of th eleatron boumos frequency i ine sptcal laticS /M can be produced with moderate-ntensiy Iasdrs (
c?eated by the interference of theqcountZr— ropa F<)':1tin lasers, 10" Wen). Another, less obvious benefit is the ability to

y bropagating control the phase of the accelerating wake. One observes

and from Fig. 2 that by changing the frequency of the long pulse
Jo(ZkoAf)Jl(ZkoAs) ‘]l(ZkOAf)‘]O(ZkOAS) from (0121.1(,00 [F|g 2(0)] to (.')1:0.9(1)0 [Flg Z(d)], the
G(Ar,A9)= koA + KoAs : phase of the wake is changed Byp=. Thus, one can

envision a “plasma linac” which consists of independently

The general case of nonzero laser detuning and larggpase-controlled acceleration sections, separated by drift
wave amplitudes were analyzed in Ref. 19. Here we restncgpaces_

ourselves to the resonanég=0) and linear (RoAr,s<1) Numerical implementation of the plasma linac concept is
case, for which Eqs(17)-(19) are simplified to yield¢  shown in Fig. 7. Collision of a short “timing bean(TB) of
=~ QFA(A/A+ASIA)sINg, Aj=QFAJ4cosp and A, durationr = w, " and normalized vector potentiah=0.08
=Q§AS/4 cos¢. Since the phase rapidly locks at¢=0, the  with a long “pumping beam”(PB) a;=0.012 is modeled
two plasma waves, fast and slow, feed on each other andsing a one-dimensiongllD) version of PIC simulation
exponentiate with the growth raiéizwéalaolwp. code VLPL?Y Figure 7a) illustrates the temporal profile of
The instability mechanism is easy to understand. Fasthe PB, which moves to the left; Figs(bf and 7c) are the
plasma wave which varies a#;~ coswy(t—2z/c) modulates  snapshots of the generated plasma wake and the phase space
the ponderomotive force which oscillates &s-cos(Xy,z  of accelerated electrons, which are continuously injected
—2w,t) to resonantly drive the slow wave which varies aswith initial energy 10 MeV electrons; Fig.(d@) shows the
ong~cos(Xy—kp)z—wyt. In its turn, the slow wave modu- evolution of the TB as it moves through the plasma. To show
lates the ponderomotive force, driving the fast wave anchow one can control the phase and the magnitude of the
completing the feedback loop of the instability. Instability resulting plasma wake, we split the PB into two sections:
persists until the wavebreaking of the slow wave. NumericalThe leading section of duratioAt;=500X 27/ w,, where
simulations indicate that the amplitude of the fast wave isAw=—1.70,, and the trailing sectiott;=250X 27/ w,
limited by approximaterEmaX=mmﬁ/Zwoe. where Aw=1.70,. These two pump beam sections are
Using a one-dimensional time-averaged particle c8de, separated by the middle section of duratioi = At,, where
we simulated excitation of the fast and slow plasma waveshe pump is switched off.
by a short slightly chirpedunder-compressegulse with the As Figs. 1a) and 7b) show, the three pump sections
wavelengthA(=0.8 um which collides with a longeix;  map into three spatial acceleration regions, which are differ-
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FIG. 7. Collision between a short timing beday=0.08, rl_=w;1) and an
intermittent pump §,=0.012) in ny=2.5x10"¥ cm™3 plasma fo/w,

=20). 10 MeV electrons are continuously injected into the plasakg.

Time-dependence of the pumping beam intensity a2; (b) longitudinal
electric fieldeE,/mcwg; (c) phase space of injected electrog) propa-
gation of the TB through the plasmi=a3.

ent from each other in TB dynamics, magnitude, ahadse

Excitation of accelerating plasma waves . . . 2391

8 GeV/m is induced. The middle region is void of the pump.
Here the TB interacts with the plasma through the usual
LWFA mechanism only, producing a weak,1 GeV/m, ac-
celerating wake. In this region the energy of the injected
electrons does not significantly change, as seen from Fig.
7(c). When the trailing(low-frequency part of the pump
collides with the TB, the energy flows from the TB into the
PB, Fig. 7d). Again, a strong plasma wake is induced, Fig.
7(b). This wake, however, is shifted in phase by = 7 with
respect to the leading region. As a result, electrons which
gained energy in the leading region ateceleratedn the
trailing region, Fig. Tc). This shows that both amplitude and
phase of the enhanced plasma wake can be controlled by
shaping the long low-intensity pump beam.

Note that the accelerating wake in Figbylooks some-
what irregular due to the presence of the slgshort-
wavelength plasma waves. Nevertheless, the particle phase
space does not show any irregularity. Relativistic particles
experience a much smoother accelerating field because the
phase velocity of the slow plasma waves is much smaller
than the speed of light.

Plasma linac can be used to prevent phase slippage be-
tween ultrarelativistic particles and the wake which has the
phase velocity yn/c~1— w}/2wf. Since particles are mov-
ing slightly faster than the wake crests, they eventually out-
run the accelerating phase and move into the decelerating
phase of the wakéFig. 8, leff). This occurs after one dephas-
ing IengthLdz)\S/)\S. After that, acceleration has to be ter-
minated by terminating the plasma. The next acceleration
stage needs to be in phase with the previous one, presenting
a serious technical challenge.

In a colliding beam plasma linac shown in Fig. 7 dephas-
ing can be circumvented by taking the length of the leading
pump section equal to 2. Particle phase dynamics is
shown in Fig. 8, right. After advancing in phase By
=1, electron finds itself in the gap between accelerating
sections. Accelerating field in the gap is very small because
there is no enhanced wake there. After the gap, electron en-
ters the second accelerating section, where the phase differs
from the first section byr. Therefore, electron is in the ac-
celerating phase again. This sequence can be repeated indefi-
nitely, ensuring that electron is never decelerated.

of the plasma wake. In the leading region the pump beam ha¥l- FUTURE WORK

higher frequency and energy flows into the TB, amplifying it.

An important unresolved problem is generation of accel-

A strong plasma wake with the peak accelerating gradient oérating plasma waves using the CBA technique in a plasma

FIG. 8. Schematic of the phase slippage of electron
with respect to the wake in a standard wakefield accel-
erator(left) and in a “plasma linac’(right).
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