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Particle injection into the wave acceleration phase due to nonlinear wake wave breaking
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We present analytical results and computer simulations of the nonlinear evolution of wake field waves in
inhomogeneous plasmas. The wake wave break that occurs due to the inhomogeneity of the Langmuir fre-
guency makes it possible to inject electrons into the acceleration phase of the wave. Particle-in-cell simulations
show that stable beams of energetic electrons are formed. These beams are well bunched in coordinate and
velocity space and contain a considerable fraction of the pulse ef8if)63-651X98)50311-X]

PACS numbgs): 52.40.Nk, 41.75.Lx, 52.65.Rr, 52.75.Di

Among the charged particle accelerators that use collemvercome these synchronization problems, we propose using
tive electric fields in plasmadd], the laser wake-field accel- for electron injection the wake-field breaking of the wake
erator (LWFA) provides one of the most promising ap- wave of a single laser pulse.
proaches to high-performance compact electron accelerators The basic properties of nonlinear wave breaking are well
[2]. Acceleration of electrons in electric fields of up to 100 known (see[6] and[7]). In the case of nonlinear Langmuir
GVI/m has been observed in LWFA experiments during thewvaves, the Akhiezer-Polovin constraji@] limits the ampli-
interaction of high-intensity laser pulses with plasni8s  tude of a stationary wave and consequently the acceleration
The production of accelerated electron beams with low+ate in the LWFA: E,=(MCwye/€)[2(ypn— 1)]1¥2, with
energy spread requires a very precise injection of extremelyyphz(l—Bﬁ,)‘l’2~w/wpe, Bor=vpn/c, and vy, the plasma
short electron bunches in the appropriate phase of the wakgave phase velocity which is equal to the group velocity of
field. Since the typical length of the wake-field plasma wavethe laser pulse.
is of the order of Zrc/w,~10-100um, the length of the Even in the one-dimensiondlD) case, wave breaking
injected electron bunch must be less than 2x#0 Recently  can either completely destroy the regular structure of the
an optical method for injecting electrons in the acceleratingvave, or it can develop quite gently, with only a small por-
phase of the wake field has been propoghd This method  tion of the wave involved in the break. Even when the crash
uses two laser pulses: the first pultige drive) generates the of the wake field occurs at the plasma-vacuum interface and
wake field, while the second intersects the wake some disdestroys the wave pattern locally, it may serve the purpose of
tance behind the driver pulse. The ponderomotive forcenjecting a portion of the electrons in the accelerating phase
~Va? of the second pulse can accelerate a portion of thén the wake behind the laser pulse far from the plasma
electrons so that they become trapped. Hea® boundary[9]. In a homogeneous plasma the wake wave
=(eE/mwc)?=7x10"1\? [um]l [W/cn?], A=2mClw breaks when the square of the laser radiation ampliafde
is the laser radiation wavelength, ahits intensity. As was €xceedsyy,. This regime has attracted attention since it pro-
shown with one-dimensional particle-in-célPIC) simula-  Vides both the injection of electrons into the acceleration
tions, high intensitieg! >10'8 W/cn?, corresponding ta  Phase and, at the same time, a high rate of accelergit@n
~2) are required in both the driver and injecting pulses. A !N the 1D case the Langmuir wave break occurs when the
scheme of optical injection which uses three laser pulses, orf#Ver velocity of electronsy, becomes equal to the phase
high-intensity driver, and two counterpropagating injectingV€!0city of the wave. We use the Lagrange variablest),
laser pulses with moderate intensities, has been proposed Yt the Euler coordinatex expressed ag=xo+£(xo,1),
Ref.[5]. In this model the colliding laser pulses excite a slowWhereé(xo,t) is the displacement of an element of the elec-
phase velocity beat wave that injects electrons into the acceffon fluid from its initial positionx, during timet. The
erating phase of the fast wake wave. Such all-optical electrol@ve-breaking - singularity appears when the Jacobian
injectors would be important in reducing both the size andd(Xo,t) =[dxX|=[1+3y €| of the transformation from the
the cost of the laser-driven accelerators. Euler to the Lagrange coordinates vanishes. For nonrelativ-

However, a problem arises from the requirement to tundstic electron oscillation velocities, the time evolution equa-
the wake field and the injecting laser pulses very preciselytion of Langmuir waves is linear in Lagrangian coordinates.
In the range of relativistic intensities of the laser radiationFor §(Xq,t) = &r, Coskx—wpd), the Jacobian vanishes when
with a>1, the wavelength of the wake field depends on the&ké,=1. This condition can be reexpressedvasd X=uv y,
laser pulse amplitude and frequency, which in turn changavherev is the electron velocity and,,=wye/k is the phase
due to such nonlinear effects as self-focusing, pulse energyelocity of the wave. In a plasma with inhomogeneous den-
depletion, and down-shifting of the carrier frequency. Tosity, the Langmuir wave wave number depends on time
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FIG. 1. (a) Pattern of the electric field in the wake wave in the-@ 4t,t) plane.(b) Plasma density distributiof@otted ling, dependence
of the Jacobiarisolid line), and of the wave phase veloci(gashed ling on the Lagrange coordinaté) Electron momentum versus the
Euler coordinate in the breaking wave) Pattern of the electric field in the wake wave in thet] plane.(e) and(f) The same quantities
as in framegb) and(c) in the case when the plasma-vacuum interface is taken into account.

through the relationshig7] d;k=—d,w. The resulting 1(b) the dependence of the Jacobian and of the wave phase
growth over time of the wave number results in the break ofvelocity v ,(Xo,t) = w/k= —(atiﬁ)/(axow) on the Lagrange
the wave even when the initial wave amplitude is below thecoordinate is shown. In Fig.(@) the electron velocity in the
wave-break threshold. We can use the fact that in this casgave is plotted as a function of the Euler coordinate at the
only a relatively small part of the wave is involved, to inject preaking timetyrea 2L/ émA wpe. In the inhomogeneous re-
the electrons gently into the acceleration phase. The Langjion, the wake phase velocity decreases until it becomes
muir wave frequency may depend on the coordinate also duggual to the quiver velocity of the electrons.
to relativistic effects that cause the wake wave amplitude to Since the parameters of the nonlinear Langmuir wave ap-
vary[11]. This appears naturally due to the laser pulse depleproach wave breaking gradually, its pattern in phase plane
tion as it is accompanied by the downshifting of the laser(p x) takes specific features. Assuming that the inhomoge-
pulse frequency12], which in turn changes the wake field peity is weak compared to the plasma wave wavelength, we
amplitude. describe the wave structure in the co-moving frame taking a
We assume the plasma frequency to vary between the Wearozen” dependence on time. In a relativistically strong
valueswy,; andwp, with a dependence on the Lagrange co-| angmuir wave, the electron quiver velocityand the elec-

ordinatex, of the form tron densityn depend on the coordinaté=Ky(x—v )
through the relationships]
wpd Xg) = ©p1 ¥ @p2 _ Op1 Op2 tanhﬁ (1)
peLo 2 2 L,’

Po (Bph—S)
21/2X= f P

ds
_a2)\3I _p2\—12_ _ <2\~ 1/2q1/2
with L, the width of the region where the plasma is inhomo- (1-8%)*1(1-Bp) (1-s%) 7]

geneous. The displacement and the velocity in the plasma

wave behind the laser pulse are given by _ [P
—fﬁ g(s)ds, ()
(X0, 1) = EmCo1h(Xo, 1)),
— i (2) nOﬂph
v(Xo,1) = — Emwpd Xo) SIN(P (X0, 1)), n= B.—f
ph™

where the phase of the wave is defined &gfxg,t)

= wpdXo) (t—Xo/vg), and we neglected the dependence ofHere ky=wpe/C, B=v/C, Bm=vm/c=Kpém, with vy

the group velocity 4 of the pulse orxg. = wpedm the maximum value of the electron quiver velocity
The resulting wave pattern in the,f) plane is shown in in the wake wave. Close to the wave-breaking limit we have

Fig. 1(a), where the longitudinal electric field in the wake Bm=Bpn. We assume that the wave break occurs at the point

wave is shown in the frame moving with the laser pulseX=0 and sefB,= B, as the upper limit of integration in Eq.

Behind and ahead of the inhomogeneity region, the waveg3). By expanding the integrangl(s) in Eq. (3) in series of

length of the wake field does not depend on time, while in8y,—s<1 for 8,<Byn, and for 8= B,n, and integrating

the inhomogeneous region it decreases with time. In FigEq. (3), we obtain forg,< By,
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m 1- %)3/2
U(X):vm—C%z—xz‘F‘” (4)

and

Znoﬁph(ﬁph_lgm)z NEN
(Bon—Bm)® = B 1~ BZ)¥?X°

Near its maximum the density distribution has a parabolic 50 v Y
shape, with3 maximumgmszn%gph/(ﬁph—ﬂm) and width 50 150 250 200 300
(z(ﬂph_ﬁm) /[IBm(l_,Bm) 1Y% When IBm_>,8pha the o ] ]

maximum density tends to infinity while the width of the  FIG. 2. Pattern of the electric field in the wake wave in thetX

density spike tends to zero. F@,= B,n, from Eq.(3) we plane:(a) in the region of plasma inhomogeneitfh) behind the
obtain laser pulse.

n(x)=

(5

2
v(X)=vm— (9B Y (1 22X+ (§) + wp2) — (0p1— wpp)tanhgo/L)[1+tanho/Ly)].  In  the
vacuum-plasma interface we see the formation of wake
breaking toward the vacuum region. This process is similar
B to the “electron vacuum heating” discussed in Rf3].

73 AT v R (7) We have performed a long-time run, up to 5600, i.e.,
(9Bm/2)" (1= Bm) X up to 2500 periods of the electromagnetic wave, in order to
study both the injection and the subsequent acceleration of
the electrons injected into the wake field. The simulations
were made in a “moving window” with length 320

the electron density in the spike tends to infinity as

n(x)=

for X—0, and a characteristic cusplike pattgriex’?? ap-
pears in the phase plane

p(X) B (98 /2)V3 In Fig. 2, we show the electric field in the wake in the
=~ ”‘2 5= m — X3 . (8)  inhomogeneous plasma regifffig. 2] in the time interval
mc  (1-8n) (1-8w 0< wt/27w<280, and, in Fig. @), behind the laser for 300

<wt/27<2500, where it has a regular stationary structure.
. ) ) The local wavelength of the wake field changes, in agree-
borhood of the singularity, we find that the total number Ofment with Fig. 1d). In Fig. 3, the phase plane at different

particles in the density spike is finite. : : — )
As the result of the break, fast electrons from the wave’%] es is shown. Awt/2m=130 [frame (a)] we see the for

However, integrating the electron densif) in the neigh-

i i d by th d lerated into t ation of the cusp structures that characterize the wave
crestare trapped by the wave and are preaccelerated into Weq . qescriped by E¢8) and correspond to Figs(é) and
region where the phase velocity increases and the wake fie

has a regular and steady structure. In this way we obtain D). Al wtf2m=200 [frame (b)], during the wave break,
reguie y St ' vay . articles are injected into the accelerating phase of the wake
gentle injection of electrons into the acceleration phase in th

ield. Further acceleration is seen fot/27=300[frame(c)]

wake far from the breaking region. - X o
The breaking leads to the local decay of the wake Wave".’lnd wt/2m= 2500 [frame (d)]. At time wt/27=2500, the

) maximum energy of the fast particles is approximatel
Its energy is transported away by the fast electrons. From th§30 mé. The ngt energetic parfi)cles have be(frf accelerat}éd

energy balance we estimate th(ifaSt electron density in thl% the first period of the wake wave behind the laser pulse. In
breaking region to be equal @,;=nyéy,/L.

In order to study the long time evolution of the breaking Fig. 2(c), the amplitude of the wake wave for periods with

wake wave, we performed numerical simulations using the
1D PIC code described in Rdf12]. In these simulations a =130 (@
circularly polarized laser pulse is initiated in the vacuum i ]
region and then interacts with a weakly inhomogeneous™* f
plasma. The laser pulse length is\t224src/ w, and its am-

plitude isa=eE/mwc=2. lons are assumed to be immobile. g 1 P
Asymptotically, asx—, the plasma is homogeneous witha 0 *N\/\A}—— 07,

8_t='200' )

density n/n.,=1/625 that corresponds t@/wy.=25. The Ry
plasma density varies smoothly from zero »at 32\ to 30 150250 x 30 150 250 x
1/54'h, at x=96\ to avoid the distortion of the plasma F=300 (é)- 300F1=2500 (@)
wave due to wave break at the vacuum-plasma interface dis 20} 1 }

cussed in Ref[9]. The plasma is homogeneous in the do- B |
main 96<x/\ <128 and its density decreases gradually from jpt
1/54'h, to 1/6251, in the domain 12& x/A <152. To illus-
trate the difference in the wake-field evolution that arises 1. ; . MR Y
because of the finite width of the vacuum-plasma interface, -

we present the electric field distribution in the planet) 30 150 250 x 2300 2500 x
[Fig. 1(d)], the Jacobian and phase velodiBig. 1(e)], and FIG. 3. Electron phase plang) att= 130, (b) att=200, (c) at
the wake wave patterdFig. 1(e)] for wpdXg)=[(wp1  t=300, and(d) att=2500.
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numbers larger than 3 is much smaller than the amplitude irder of the quiver amplitude of the electrons, the wake starts
the first period since the wake wave is loaded by the buncto break. This provides a mechanism for the injection of
of accelerated electrons and loses its energy. Thus in thelectrons into the acceleration phase of the wake field. The
regime presented in Figs. 2 and 3, a significant portion of thé&Sonant wave-particle interaction in the region of homoge-
energy of the laser pulse is converted into the energy of fadieUs plasma forms electron bunches that are well localized
particles. In coordinate and in energy space, are stable and contain a

In conclusion, the main goal of LWF accelerators is toflnlte portion of the laser pulse energy.
reach the largest possible accelerating field which is limited The authors are grateful for conversations with F. Amira-
by wake wave breaking. In a smoothly inhomogeneoushoff, T. Katsouleas, K. Mima, K. Nishihara, and D. Ums-
plasma(and/or when the amplitude of the wake depends onadter. One of the authot$.B) appreciates financial support
the coordinatgsthe wavelength of a relativistically strong from the Japan Society for Promotion of the Scien@@sant
Langmuir wave depends on time, and when it becomes of thilo. L96556.
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