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Trapping and Acceleration in Self-Modulated Laser Wakefields
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Trapping of plasma electrons in the self-modulated laser wakefield accelerator via the coupling of
Raman backscatter to the wake is examined analytically and with 3D test particle simulations. The
trapping threshold for linear polarization is much less than for circular polarization and occurs for wake
amplitudes of 25%, which is well below wave breaking. Self-channeling provides continuous focusing
of the accelerated electrons, which, along with relativistic pump laser effects, can enhance the energy
gain by a factor o=2. [S0031-9007(98)06509-0]

PACS numbers: 52.75.Di, 41.75.Lx, 41.85.Ar, 52.40.Nk

Plasma-based accelerators [1] are capable of sustainirigan the cold 1D wave breaking limit, which is shown
ultrahigh electric fields, in excess offy = cmw,/e = 1o be Ewg = [2y10(y, — 1)]/2Ey, wherey o = (1 +
97ng "[cm™3] V/m, wherew, = (4mnge®/m)'/? is the  ad)V/2,ad = 3.6 X 10~1°A2[ um]I[W /en?] (circular po-
plasma frequency and, is the ambient plasma density. larization), and! is the laser intensity. It is also shown
Several recent experiments [2—6] have demonstrated thbat the self-trapping threshold is considerably lower for a
self-trapping and acceleration of plasma electrons in thénearly polarized laser pulse as compared with circular po-
self-modulated laser wakefield accelerator (SMLWFA)larization. By including the space-charge field due to self-
[1,7,8], with electron energies as high as 100 MeV [5,6]channeling, it is shown that the maximum energy gain is
over a distance~2 mm. In the SMLWFA, ng is suf- Wy = 4')/12,ch. Nonlinear effects can further increase
ficiently high (np ~ 10" cm™3, Ey ~ 300 GV/m) that Wiy, by a factor ofFy, = (y . ono/n)*> ~ 3, wheren is
the laser pulse extends over many plasma wavelengthie self-channeled density. This can account for the final
Ap =2mc/w,(A,/A ~ 8, where A = 27c/w is the energies observed in experiments and simulations. Test
laser wavelength). A large amplitude plasma wave (wakeparticle simulations of self-trapping in 3D indicate a large
field) is generated via a self-modulation or Raman forwarchumber(10°) of relativistic electrons with a 100% energy
scattered (RFS) instability [9] with a phase velocity  spread and a low normalized emittaneg,~ 1 mm mrad.
near the group velocity, of the laser pulsey, = v,, and As the pump laser self-modulates, it also undergoes
Yp = v, = (1 —v2/c?)"/2 = A,/A. The wakefield RBS, which is the fastest growing laser-plasma instability
rapidly grows to extreme values such that electrons arfl,15—18]. RBS is observed in intense short pulse experi-
self-trapped from the background plasma. Furthermorenents, with reflectivities as high as 10%—-30% [15]. RBS
the maximum electron energies observed in experimenigenerates redshifted backward light of frequenay —

[5,6] and simulations [6,10] are in excess of the standard, and wave numberky, which beats with the pump
dephasing limit [10,11]W,; = 2712,m02 (Wg ~ 65 MeV).  laser(wo, ko) to drive a ponderomotive wavéw ,, 2k).

It has been suggested that wave breaking is the mechas the instability grows, the RBS beat wave, which has
nism for self-trapping [2,6,10]. Wave breaking of aa slow phase velocity, = w,/2k) < ¢, can trap and
cold plasma wave in 1D occurs at [1B}yg = [2(y, —  heat background plasma electrons [16]. These electrons
]2 E, > E,. Thermal and 3D effects can lower can gain sufficient energy and/or be displaced in phase
this value, but typically wave breaking requires nonlin-by the RBS beat wave such that they are trapped and
ear plasma waves witl, > E, [13]. The observed accelerated to high energies in the wakefield [1,5]. A
wakefield amplitude [14], however, is in the range similar two-stage acceleration process involving the cou-
E./Ey ~ 10%—-30%, well below the wave breaking limit. pling of RFS and RBS has been simulated in 1D by
Accelerated electrons have also been observed with nBertrandet al. [17], however, in a much different regime
evidence of wave breaking, i.e., no broadening of thevith high density(2 X 10 cm™3, wy/w, = 2.36), low
anti-Stokes peaks [5]. Wave breaking has been suggestéttensity(10'® W/cn?), and high temperatur@0 keV) at
as the mechanism by which the electron energies exceeaudhich the effects of strong Landau damping are important.
the dephasing limit [6,10]. To analyze self-trapping, the motion of test particles in

In this Letter, it is shown that self-trapping and accelera-analytically specified fields is studied. The effects of four
tion can result from the coupling of Raman backscatterindields will be considered: (1) the intense pump laser field
(RBS) to the wakefield. Self-trapping is found to occurag, (2) the RBS radiation fiela;, (3) the plasma wake-
at modest wakefield amplitudeg, /E, = 25%, on the field ¢,, and (4) the self-channeling space-charge field
order of those observed experimentally, and much lowerp;, where ¢ = e®/mc? and a = eA | /mc* are the
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normalized scalar and vector potentials, respectivelyincreases with increasing, i.e., the stronger the pump
Once the fields are specified, the electron motion is evolvethser field, the more difficult it is to trap. The back-
via the relativistic Lorentz equatiorlu/dct = V¢ +  ground plasma electrons lie on an untrapped orbit (be-
da/dct — B X (V X a), whereu = p/mc is the normal- low the separatrixX)u.; given by H,,(u;r, ) = 1. At
ized electron momentung = u/y, andy = (1 + u?)'/2.  wave breaking, the bottom of the separatiix i, co-
The pump lasefi = 0) and RBS radiatioi = 1) fields  alesces with the electron fluid orbit,s = u, min. It can
are assumed to be of the form = &;(Z;, r) (sing;e, + be shown that this occurs at a wave breaking field of
o cosye,) + aze,, where {; =z — vyt = kiz —  Ews/Eo = [2y.10(y, — ]2, e.g., Ews/Eo = 5.1 for
wit, vg0 = cBgo = c*ko/wo is the group velocity, y ,=.3andy, = 8.5.
o =0(c = 1) for linear (circular) polarization, and  In the absence of the wakefields, = 0), electron
V -a; = 0. The wave numberg; and frequencieso;  motion in a 1D ponderomotive beat wave is described by
satisfy ck; = 8;wi(1 — w2/w; — 4c*/riw])V/> with  the HamiltonianH, = y — By — yiWn)]? + &,

8o =1 (pump) and 6, = —1 (RBS). The wakefield Circular polarization is assumed such thdt= 1 + aj +

is ¢, = ¢p(lp.7) cosy, where {, =z —wvpt and 2 1 2444, cosy,, where ¢, = (ko — k1) (z — vppt)

¢ = (wp/vp){,. The field envelopes are andv,, = cByy = w,/(ko — k1) = w,/2k is the beat
(ai, dp) = (ai, po) exp(—r?/r}) phase velocity, assuming?/w; < 1 and 1/kgr] < 1.

X {1 —exd—(& — &)Y/ L2, (1) The beat separatrix is given W, (8., ¥,) = Hy(B,»,0)

for & = ¢,;(j = 0,1, p) where(ip ¢0)J o 1 and,,  With maximum and minimum axial momenta of
J J 9 b i) s b WA ] J

are constants that determine the amplitude, position ofuy,, = ¥,p{Bpsll + (a0 + a1)*]V? = 2(agar)/?}. (3)
the leading edge, rise time, and spot size of the field,
respectively. The average powerBg GW] = 21.5(1 +
o) (a;ri/A)*> and equal power comparisons require
(a})y=1 = (a?/2)y—o. Furthermore, w, = wy — w,,
v, = v, = vy, andr? = rj/2 are assumed.

In the combined slow beat wave and the fast wakefield,
self-trapping can occur as follows. Below wave breaking
(e.g., o < 1), plasma electrons are oscillating on an un-
trapped orbit below the wake separatrix, i.e., with insuffi-
The RBS instability is considered in the strong-pumpf:r'ﬁg:/ ecg?gﬁésvgsg:a%%e?r;\g;gz fﬁla;;h: gl)olez ke<f<|eg.

I'm'té\r'lvg'(i:: i/?/hcizﬁr?t?(teegfeeitzyoi I?ggeRgé%w;h ;?E-(?ar ebeat wave. The effect of the beat wave is to displace the
]f;’éd can be neglected [15,18]. The satrl)Jration ar(~;’1_electrons in both momentum and phase such that a frac-
plitud(gl[18] of the gtrong-pumb R'BS radiation dg — tion of the orbits cross the wake separatrix and become

(w,,/wo)4/3G(a0), whereG is a function ofa, €.g.,a, = trapped. Although the actual orbits in both the wakefield

0.046 for linear polarizationao = 2, andwo/w,, — 8.5. and beat wave are highly nonlinear, an approximate trap-

In the absence of RBS, trapping could be induced by in_ping threshold is given by an island overlap condition:

jecting a backward laser field of sufficient intensity [19]. - 2PPINg occurs when beat and wake separatrices over-

In the long pulse(Ly > A,) SMLWFA regime, the 1ap, i.€.,up max > tymin- Using Eqs. (2) and (3) gives a
. P trapping threshold of
ponderomotive force of the pump laser pulse expels elec-

trons (self-channeling), thus creating an electron density Y10 ul% max /2 Up max 1

turbationsn/ng = k,2V? d -ch - P> |\ ) By |
perturbationdn/ng , V’¢, and a space-charge po 720 ” 5 y
1 P

tential [20] viaV@, = Vy o, i.€., 5 = y10 — 1, where
vio =1+ (1 + o)a}/2. The radial space-charge force (4)
leads to enhanced focusing of the accelerated electrons.In the limitsy, > 1, 8,, < 1, anda; < 1, Eq. (4) be-

It is insightful to consider the effects of each of the comes ey > (1 — B,5)y10/2 — (aga;)'/?. The above
waves (wakefield and beat wave) independently. Inthe atassumes that, in the presence of the wake, well defined beat
sence of RBSa; = 0), electron motion in a 1D wakefield wave separatrices exikoaoai/y 10 > k,|¢ol. For lin-

is described by the Hamiltonia#/,, = y — B,(y> —  ear polarizationy? = 1 + a} sir? ¢y oscillates on a fine
Y32 — &(), where y o = (1 + a3)'/? is constant scale(Ao/2) with a phase velocity near. This creates a
(circular polarization)8, = v,/c,¢ = ¢, + ¢,, s =  “fuzzy” wake separatrix, the bottom of which is given by

Y10 — l,and¢, = ¢ocosy. Inphase spade:., ), the EQ. (2) withy, o — 1. Hence, itis easier to trap with lin-
boundary between trapped and untrapped electron orbits &ar polarization. Forexample, = 1.4, v, = wo/w, =
given by the separatriif,, (8., ) = H(B,, 7). Themax- 8.5 (Bp = 0.063), anda; = 0.033 give upmax = 0.54
imum (+) and minimum(—) axial momenta of an electron and athreshold ap, > 0.54 (¢o > 0.24) for circular (lin-
on the separatrix are ear) polarization.
= Yp¥10iBp(1 + 260,/ v 10) _ The 1D theory ngglects the ef‘fecys of transverse focus—
Y ing. As_soc[ated with a 3D wakép. is a perlodlt_: rad@l
+[(1 + 20yp/v10)” = 11771 (@) field which is /2 out of phase with accelerating field,
In the limits 2¢y,/y10 > 1 and y, > 1, uymx = .., there exists a phase region)of/4 that is both accel-
4yf,¢0, andu,, min = yio/4¢o — ¢o. Notice thatu,, min erating and focusing. If an electron is to remain in this
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phase region, it must lie within the “3D separatrix” de- 150 , r r 35
fined byH,. (8., ) = H,,(B,, m/2) with extremum given _:_i::g::g:(‘; -
by thymax = 272 o anduy, min = y10/2¢0 — $o/2.i.€., i~ = 180 £
given by Eq. (2) with the substitutidbo)ip — (b0/2)3p. 2 _9_2252218 125 5
Similarly, the threshold for trapping on the 3D separatrix >~ 100F S
is given by Eq. (4) with ¢o)1p — (¢o/2)3p; i.€., it takes 2 , l20 5
a wake twice as large to trap on the 3D separatrix as com- % Fs 3
pared to the 1D separatrix. = o 115 3
In the SMLWFA, additional transverse forces arise from 2 50p s B
the self-channeling space charge potenial which is % £ 110 (‘—)'
focusing for all phases. HencelW | ¢,| > |V, ¢,l, the b= { lg 2
radial space-charge force dominates the radial wake and P e =
an accelerated electron is focused for all phases. This 0 VA — L : 0
condition implies < (1 + o)agr2/2y 1013, €.9..0 < 0 02 04 06 0.8 1
0.58 for o = 0, ap = 4, and r2 = r3/2. When this is WAKEFIELD POTENTIAL

satisfied, the “1D separatrix” trapping results apply, i.e.FIG. 1. Maximum electron energy (open points) and trap-
Egs. (2) and (4). Furthermore, the maximum energy gaimping fraction (solid points) versug, from 1D simulations

IS Winax = 47§¢0m02 which is twice the conventional With wo/a{p = 8.5 after 2 mm for circular polarizatior] (splid
resulthd/.2 In addition, relati\lli/gtic pump intensities imply fgg‘éﬁ? dvgﬁtlfé)s):vvliigoaidzaé @2;01305?15'26.“”8& polarization
¢o = v oE./Eyandy, = y /¢ wo/w,. Self-channeling

may increasep, andy, by a factor of(no/n)"/?. Hence,
nonlinear effects may increas&,.x by a factor as high
asFy. = (y.1ono/n)*? = 3.5, assumingy 1o = +/3 and
n/ng = 3/4.

Simulations of trapping were performed by pushing
test (noninteracting) electrons in analytically specified
1D and 3D fields 49,a:,¢,, and ¢, as described
above). A short axial segment (typically wm) of
stationary electrons (typically 16 000 particles) is ini-

tiated in front of the laser pulse and is evolved in_ . . S .
the fields via the relativistic Lorentz equation. The fiCiently largea; is shown in Fig. 2(b). In the 3D simu-

simulation parameters were (unless otherwise specl@ONS, Wi is slightly higher than the 1D theoretical
fied) flattop field amplitudes ofip = 1.4(ap = 2) and Maximum, e.g., 48 MeV ford, = 0.3 as compared to

a; = 0.033 (a, = 0.046) for circular (linear) polarization 41 MeV from theory. For circular polarization, theory pre-
(equal power), wo/w, = 8.5(ny = 1.5 X 10! cm3 dicts trapping whef.52 < ¢o < 0.58. This behavior is

for Ay =1 um) w) = oy — o, (B = 0.063) confirmed in 3D simulations which show a narrow band of
v, = vy = g1, fise lengths on the field profiles of trapping peaked abous = 0.6 with f = 1072,

Lo =L, =L, = 4A,, and positions of the field fronts _Longitudinal  (u; vs { =z — cr) and transverse
of o = 0andZy = &y = — A, (Bx vs {) electron phase spaces are shown in Figs. 3(a)

Figure 1 shows simulation results for 1D fields for cir- and 3(b), respectively, for a 3D linearly polarized run
cular (solid curves) and linear polarization (dashed curvesyVith #o = 0.3 after 0.5 mm of propagation. The high
Plotted versugp, are the maximum electron eneri,., ~ €nergy electrons are confinedto= 1 um with a 100%
(open points) and fraction of the initial electrons that be-€nergy spreadWm.x = 47 MeV, fi; = 0.6%, and rms
come trapped, (solid points) after a distance of 2 mm. normalized emittance, = (0.5)7 mm mrad.

When trapping occursWmax agrees with the expression  The test particle simulations neglect several effects such
from 1D theory, Eq. (2) withy, = 8.5. Note that the as the self-consistent evolution of the fields, space-charge
simple expression fop,, ¢o/y 10 > 1 significantly under- effects of the accelerated electrons, and beam Ipadlng
estimates the energy gain, i.8max = 4y§¢0 = 59 Mey  effects. For example, Raman S|de_scatt§r will intro-
for y, = 8.5 and¢, = 0.4 as compared to 73 MeV from duce additional waves with, < ¢ which will further

Eq. (2). For circular (linear) polarization, trapping occursenhance trapping. Beam loading degrades the wakefield
for ¢o = 0.55 (¢o = 0.2), in approximate agreement with When the total number of trapped electravisapproaches
theory. A similar sudden onset in trapping was observedhe beam loading limit [21Nmax = n0(A,75/2)E. /Ey.

Figure 2 showsV . (solid curve) andf, (dashed curve)
after 1 mm with (a)¢, varied (a; = 0.046) and (b)a;
varied (¢ = 0.4). Figure 2(a) shows the onset of trap-
ping at ¢¢ = 0.2 (theory gives¢, = 0.23) and peaks at
do = 0.35(f = 0.66%). Beyonde¢y = 0.6, trapping is
greatly reduced f,, < 0.05%), in agreement with theory
that predicts radial scattering (defocusing) by the wake
when ¢y > 0.58. A sharp threshold for trapping for suf-

whena; was increased for fixee,. In the simulations Ny = ftranrng, whereL, is the
Figures 2 and 3 show results for linearly polarizedpropagation length and, = 2 um. For the parameters
3D fields with ro = r; =2r, =4 um(y, = y,o = no= 15X 10" cm>3, 1, =85 um,  ro=4 um,

7). The initial electrons are loaded in< r, =2 um  f = 0.5%, and E,/E, = 0.5, the beam loading limit
(simulations show electrons at> 2 um do not trap). N7 = Npax = 5 X 10% is reached aftet, = 0.5 mm.
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