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Abstract 2 PHASE SPACE ANALYSIS

A proposed laser-plasma based electron source [1] usifge colliding pulse optical injection scheme employs three
laser triggered injection of electrons is examined. Thehort laser pulses (shown in Fig. 1): an intensge € 1)
source generates ultrashort electron bunches by dephaspigse (denoted by subscript 0) for plasma wake genera-
background plasma electrons undergoing fluid oscillationon, a forward going injection pulse (subscript 1), and a
in a plasma wake. The plasma electrons are dephasedtyckward going injection pulse (subscript 2). The pump
colliding two counter-propagating laser pulses. Laser inpulse generates a plasma wake with phase velocity near
tensity thresholds for trapping and optimal wake phase fake speed of light. The injection pulses collide some dis-
injection are calculated. Numerical simulations of test patance behind the pump pulse. When the injection pulses
ticles, with prescribed plasma and laser fields, are used ¢ellide, they generate a beat wave with a phase velocity
verify analytic predictions and to characterize the quality, = Aw/Ak ~ Aw/2ko, where the frequency difference

of the electron bunches. of the injection pulses idw = w; — w, and the wavenum-
ber difference isAk = k; — ko with &y ~ |kao| ~ ko.
1 INTRODUCTION During the time when the two injection pulses overlap, the

slow beat wave injects plasma electrons into the fast plasma
The characteristic scale length of the accelerating field Wwake for acceleration to high energies.

a plasma-based accelerator [2] is the plasma wavelengthThe colliding pulse injection mechanism can be studied
Ap[Mm] = 3.3 x 104ne_1/2[cm*3] wheren, is the plasma using a Hamiltonian approach. The electron motion in the
density. In such short wavelength accelerators (typicallglasma wake is described by the Hamiltonian

Ap ~ 100pm), production of electron beams with low mo-

mentum spread and good pulse-to-pulse energy stability re- H(y,9) =7 — By [72 — 1] 12 oY), (1)
quires femtosecond electron bunches to be injected with
femtosecond synchronization with respect to the plasmahere ym.c? is the electron energy and, = (1 —

wake. Although conventional electron sources (photoc:atta);%/wg)l/2 is the plasma wake phase velocity (group veloc-
ode or thermionic RF guns) have achieved sub-picosecofg of the pump pulse). Here, = kyc = (47762ne/me)1/2
electron bunches [3], the requirements for injection intgs the plasma frequency withe the electron chargen,
plasma-based accelerators are presently beyond the p@e electron mass, andthe speed of light. It is assumed
formance of these conventional electron sources. Novg{at% =(1- 55)71/2 > 1. The scalar potential of the
schemes which rely on laser triggered injection of plasmglasma wake is assumed to have the foim) = ¢, cos 1)
electrons into their own plasma wake have been proposg@ghere the wake phasejs= kpz —wpt and the normalized

[4] to generate the required femtosecond electron bunchggake potential amplitude i, = e®,/mcc?. The ampli-
Recently a new optical injection scheme was protude of the wake potential is determined by the pump pulse
posed [1] which uses two relatively low intensity counteramplitude and shape. The normalized axial momentum of
propagating laser pulses in addition to a pump laser pulgge electron in an orbill of the plasma wake is

for plasma wake excitation. This colliding pulse scheme

has the ability to produce femtosecond electron bunchesg y — 2 2 2 _q)'/2

with low fractional energy spreads using relatively low in-ﬁﬁ&) PerelH + ot (% o+ o) 1) 2)
jection laser pulse intensities compared to the pump las¢he boundary between trapped and untrapped orbits is
pulse @7,; < apupp ~ 1). Herea = ed/mc? ~ given by the separatrix orbil (v = 7,,¢p = 7)) =

8.5 x 10~'°A[um|I'/2[W/cn?] is the normalized vector 4! + ¢,.

potential, I is the laser pulse intensity andis the laser  The colliding injection pulses lead to formation of a
wavelength. The colliding pulse concept also offers depeat wave with phase space buckets (separatrices) of width
tailed control of the injection phase through the position of7/ Ak ~ )\ /2 (much shorter than those of the wake field
the forward injection pulse with respect to the pump pulse\p)_ The motion of the electron in the beat wave is de-
the beat wave velocity via the injection pulse frequenciescribed by the beat wave Hamiltonian,

and the number of trapped electrons via the injection pulse

intensities. Hy(v,%) = v — Bo[7v* — 2 ()], (3
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and the optimal wake phase for injection

o.7s . (p;, _ 1
o L. . oS Yopt = P, ! Yo (1= BofB) v1(0) — ) (1+H)|.
+ ! , - Here H = 7;1 + ¢, for a trapped plasma wake orbit and
R Voo | H = 7;1 for a trapped and focused plasma wake orbit.
o .- For example, if5, = 0.7 andByeq; = 0, then(a,as)1/* ~
B e T 0.25 for injection of plasma electrons into a trapped and
had focused orbit.

Minimizing the injection pulse amplitudes (operating

Figure 1: Normalized potential profiles of the pump Iaserr]ear the threshold amplitude given by Eg. (5)) will mini-

| the plasma wake. forward intection [aser pul mize the laser poweP[GW] ~ 21.5(a;r;/)\;)? required
puis€ao, the plasma wa: ¢'.O a Jection faser pulse for trapping and is therefore important for the experimental
a1, and the backward injection laser pulse

realization of this injection scheme. For illustration, if the
injection pulses have a wavelength of .8 and a spot
) size of 15um, then the injection laser pulse power required
where§, = Aw/cAk = (X2 — A1)/(A2 + A1) is the  for trapping isP < 1 TW.
beat wave phase velocity, = Ak(z — Byct) is the beat
wave phase, ang? (v) = 1+ a? + a3 + 2a;az cos ¥y
with a; and a, the rms amplitudes of the forward and 3 NUMERICAL STUDIES
backward injection pulses respectively. The separatrix of further evaluate the colliding pulse scheme and to test
bit in phase space of the beat wave Ham"tgqlan has thge analytic predictions for the trapping thresholds pre-
value Obe(27j/27b%(0)a¢b_ = 0) = 71(0)y,~ where gented in Sec. 2, the motion of test particles in the com-
Y = (1 = G;)""/%. The maximum and minimum normal- pineq wake and laser fields was simulated by numerically
ized axial momentum of an electron in a beat wave orbi{y|ying the equations of motion for the electrons using an
(extrema of the separatrix) are adaptive stepsize Runge-Kutta method.
We assume the laser pulses are linear polarized funda-
[(vB:)beat)maz fmin = 18671 (0) £ 275(a1d2)*/?. (4) mental Gaussian beams with half-period cosine longitudi-
nal envelopes. The polarizations of the laser pulses are cho-
o ) - . sentobe& g =zandé, ; = é o = ysuchthatiy-d, ~ 0
The threshold injection laser pulse intensities _reqUIregnd thus there is no beating (no wake generation) from the
for trapping of background plasma electrons into theyieraction of the pump pulse and the counter-propagating
plasma wake can be estimated by considering the effeGigoction pulse. The plasma wakefields produced by the in-
of Fhe plasma wake and the beat wave |nd|V|dua_IIy and r€action pulses can be neglectet] (~ d» < ) since the
quiring resonance overlap, namely that the maximum Ménjection pulse amplitudes required for trapping are much
mentum of the beat wave separatrix exce_ed the MINIMUPss than the pump pulse amplitude and the pulse lengths of
momentum of the plasma wake separatrix and the Minjpg injection pulses can be chosen to provide poor coupling
mum momentum of the beat wave separatrix be less thgRveen the plasma response and the injection pulses.
the fluid momentum of electrons in the plasma wake. The Assuminga? < 1, the axial and radial components of
maximum and minimum momentum of an electron in ge glectric field (to lowest order in pump pulse amplitude)
beat wave orbit are given in Eq. (4). The momentum ofy ;e 1 the excited plasma wake near the waist of the pump
an electron undergoing fluid oscillations is given by Eqpulse areE, = (mec®k,/e)do exp|—2r2 /r2]siny and
(2) with H = 1. The momentum of an electron in a = (me::Q/e)(4r/r20§¢>o exp[—2r2/r2] CSgS?/J where
trapped orbit of the plasma wake is given by Eq. (2) wit%o — a2 /4 andry is the pump pulse sSot size. The radial
H < H(y =19 =m) =7, + ¢, and for an electron o cric field will provide a focusing force for an electron at
ina trapped and focused orbit, the momentum is given plasma wake phase afs < > 0 and a defocusing force
Eq. (Q)withH < H(y = v,,¢ =7/2) =7, ". Atrapped ¢, cos b < 0.
and focused electron orbit is one where the wake phase reTrhe plasma was assumed to be initially homogeneous
mains in a range su_ch that the transverse elegtnc field dUfy cold such that the test particles were loaded uniformly
to the plasma wake is always providing a focusing force %Rith no initial momentum. Unless otherwise stated, the
the eIec.tr.on. _ parameters used in the numerical simulations are listed in
Requiring resonance overlap yields the threshold beghble 1. Simulations indicate good agreement with analytic
wave amplitude parameter for trapping plasma electrons estimates, Egs. (5) and (6).
The fraction of loaded test electrons which become
W12 1-H 5 trapped as a result of the colliding injection pulses was
(a182),1,” = 47,(By — Bp)’ ®) found to peak at an injection wake phase (plasma wake
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Table 1: Simulation Parameters

Plasma wavelength, 40 um 006 |- 1s
Pump laser strengidy 0.94 - 0
Plasma wake potential, 0.7 [ 44 5
Pump pulse lengti, = A, 40 um f. iy 1. 5
Pump pulse wavelengtky 0.8um 003 |- 5
Laser spot size,g = 751 = 1y 15um 002 L 12 8
Injection laser pulse strength = a- 0.3 o 1,
Injection pulse lengttLy = Ly = A, /2 20 pm -

Injection pulse (forward) wavelength ~ 0.83um o ‘ ‘ ‘ ‘ 0

Injection pulse (backward) wavelength  0.80pm

0.06 1.6

0.05 | 114

phase where the maxima of the injection pulses collide
of 9op =~ £1.0 which agrees well with the analytic pre- 5 o0 |
dictions Eg. (6). Significant trapping of electrons occure: ﬁ _
for an injection wake phase region efl.5 < t;,; < 1.5.

This indicates that the two colliding injection pulses mus 002
be synchronized with the plasma wake with an accuracy 001 L
~ 10 fs, which is not a serious timing constraint for presen
laser technology. 4 a5 5 55 60 o

The quality of the electron bunch can be examined ¢
the beat wave amplitude parametéra.)'/? is increased
beyond the threshold value for injection into a trapped an
focused orbit, Eq. (5) withH < 7;1. Fig. 2(a) shows _ _
the fraction of loaded test electrons which become trappddgure 2: (a) Fraction of loaded test electrons which be-
and focused, as well as the bunch duration for trapped ele&ame trapped and focused (solid line) and bunch duration
trons versus the beat wave amplitude parameter. As &#ashed line) versus beat wave amplitude parameter. (b)
example, for a plasma density of = 7 x 1017cm—3, Asymptotic fractional energy spread,/ (y) (solid line)
the maximum fraction corresponds to a bunch number @d normalized transverse rms emittarcgmm-mrad)

Ny, ~ 0.5 x 107 electrons. Fig. 2(b) shows the asymp{(dashed line) of trapped electron bunch versus beat wave

totic fractional energy spread.,/ () and the transverse amplitude parameter.

normalized rms emittance of the electron bunch versus the

beat wave amplltude_para.meter. As expectet_i, therms phase 5 REFERENCES
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