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Abstract. An injection scheme for a laser wakefield accelerator that employs a counterpropagat-
ing laser (colliding with the drive laser pulse, used to generate a plasma wake) is discussed. The
threshold laser intensity for electron injection into the wakefield was analyzed using a heuristic
model based on phase-space island overlap. Analysis shows that the injection can be performed
using modest counterpropagating laser intensitya1≤ 0.5 for a drive laser intensity ofa0' 1.0. Pre-
liminary experiments were preformed using a drive beam and colliding beam. Charge enhancement
by the colliding pulse was observed. Increasing the signal-to-noise ratio by means of a preformed
plasma channel is discussed.

INTRODUCTION

Laser-driven plasma-based accelerators operating in the self-modulated regime (for a re-
view, see Ref. [1]) have succeeded in producing electron beams containing up to multi-
nCs of charge with energies in excess of 10’s of MeV [2]. Due to the uncontrolled elec-
tron injection into the plasma wave, characteristic of the self-modulated regime, the en-
ergy distribution contains 100% energy spread. Generating electron beams with narrow
energy spread (few %) is required for many applications. As has recently been shown
[3], through careful control of the acceleration length, laser and plasma parameters, elec-
tron beams with %-level energy spread can be produced. Control of the trapping process
is needed to generate monoenergetic electron beams in a reproducible manner. Here we
discuss progress on the use of colliding pulse injection (CPI) for stabilizing the produc-
tion of monoenergetic electron beams. Electron injection into the accelerating field of the
plasma wave is problematic using conventional RF technology, since the characteristic
scale length of the wake field in a plasma-based accelerator is the plasma wave lengthλp
(typically≤ 100µm), i.e., much shorter than conventional RF accelerators. In addition,
to perform with good pulse-to-pulse energy stability, the femtosecond synchronization
between the injection process and the phase of accelerating field is required, which is
beyond the performance of current conventional accelerator technology.

All-optical schemes to perform such a highly precise injection have been proposed



[4, 5] which rely on laser trigged injection of plasma electrons into a plasma wakefield.
The colliding pulse injection (CPI) scheme [5] relies on the ponderomotive force asso-
ciated with the beating of two lasers to inject electrons into the plasma wave. This CPI
method requires lower laser intensity, compared to the LILAC scheme [4] which uses
the ponderomotive force associated with a laser envelope.

In this paper we consider a CPI configuration in which the electron injection results
from the beat wave generated by a counterpropagating injection pulse and the trailing
part of the drive laser pulse [6, 7]. In the following, analytical models, simulations, and
preliminary experimental results of two-pulse CPI concept are presented and discussed.

PHASE SPACE ANALYSIS OF TWO-PULSE CPI

The injection threshold for two-pulse CPI scheme is analyzed by considering the motion
of electron in phase space. Hamiltonians describing the electron behavior in the wake-
field and the beat wave are derived individually, and particle trapping from the back-
ground plasma by the laser beat wave is examined using a phase-space island overlap
criterion for the two waves [8].

In the absence of the beat wave (or counterpropagating, colliding laser pulse), the
electron motion in a one-dimensional plasma wake is described by the Hamiltonian [6]

H(uz,ψ) =
√

γ2
⊥(ψ)+u2

z−βφuz−φ(ψ) , (1)

where uuu = ppp/mec is the normalized electron momentum,ψ = kp(z− vφt) is phase
of the plasma wave,kp = ωp/c is the plasma wavenumber,vφ = cβφ is the phase
velocity of the plasma wave, which is near the group velocity of laser pulsevg ' cβφ,
γ2
⊥ = γ2/γ2

z = 1+a2, a is the normalized vector potential of laser pulseaaa= eA/mc2, and
φ(ψ) is the laser-driven plasma wave potential,

φ(ζ) = kp

Z ζ

0
dζ′ sinkp(ζ−ζ′)a2(ζ)/4 , (2)

whereζ = z−vgt ' z−vφt. The normalized axial momentum of the electron in an orbit
(H = constant) of the plasma wake is

uz(ψ) = βφγ2
φ(H +φ)± γφ

√
γ2

φ(H +φ)2− γ2
⊥ , (3)

whereγ2
φ = 1/(1− β2

φ). The background electron fluid motion in the plasma wave is
defined byH = 1.

Neglecting the wake field generated by the main drive pulse, the motion of the electron
under the beat wave alone is described with the beat wave Hamiltonian [5]

Hb(uz,ψb) =
√

γ2
⊥b(ψb)+u2

z−βbuz , (4)

whereψb = ∆k(z−βbct) is the beat wave phase,∆k = k0−k1≈ 2k0, with the notation 0
and 1 for drive beam and colliding beam, respectively,γ2

⊥b(ψb)' 1+a2
0 +2a0a1cosψb



FIGURE 1. (a) Phase space(ψ,uz) showing trapped and focused separatrix (solid line), cold fluid orbit
(dashed line), and maximum of the beat wave separatrix (dot-dashed line) fora0 = 0.95, a1 = 0.5, βb = 0,
andL0 = λp. (b) Trapping fractionftr as a function of angle for two laser beams with equal polarization
at ωpt = 50with a0 = 1.0,ω0/ωp = 50,L0 = 9λp/8,a1 = 0.5,ω1/ωp = 50, andL1 = λp/2.

(wherea1 ¿ 1 is assumed), andcβb = ∆ω/∆k ¿ c is the beat wave phase velocity
(∆ω = ω0−ω1). The normalized axial momentum of an electron under the beat wave
potential is

uzb(ψb) = βbγ2
bHb± γb

√
γ2
bH2

b − γ2
⊥b . (5)

By using of a phase-space separatrix overlap condition [8], the threshold laser inten-
sity for electron injection into the wakefield can be estimated. Phase space(ψ,uz), with
the trapped and focused separatrix, the untrapped electron orbit, and the maximum of
the beat wave separatrix, is shown in Fig. 1(a). If the beat wave separatrix overlaps with
the trapped wake orbit and the background electron orbit, an electron can be accelerated
(and dephased) such that the background electrons become trapped. Overlap in phase
space requires

ub(max) ≥ uz(trap) , (6)
ub(min) ≤ uz(H=1) . (7)

For the case of the counterpropagating colliding laser beam, trapping thresholds can
be determined by solving Eqs. (6) and (7) for the normalized vector potentials of laser
beamsa0 and a1. Solving Eqs. (6) and (7) for several drive laser beam lengths with
βb = 0.05 and ψ = −3π/2 (near the back of the drive pulse), the lowest threshold
is obtained in the resonant case (L = λp) where the largest wake field amplitude is
produced. Also, the injection can be performed using modest laser intensitya1 ≤ 0.5
for drive laser intensitiesa0 ' 1.0 [6]. Estimates based on the above Hamiltonian
analysis have been shown to qualitatively agree with particle-in-cell simulations [7].
As shown in following section, experiments were performed having an angle of5π/6
between the two colliding laser beams. Therefore, the effects of interaction angle were
examined. Figure 1(b) shows the trapping fraction (the fraction of the initial electrons
that remain on trapped and focused orbits) versus interaction angle atωpt = 50 with
a2

0 = 0.5,ω0/ωp = 50,L0 = 9λp/8,a2
0 = 0.125,ω1/ωp = 50, andL1 = λp/2. One can

see that the trapping fraction decreases to zero as the angleθ decreases fromπ to π/2,



and 15% of the electrons are trapped for the case of5π/6 interaction angle compared to
the case of head-on collision (π).

EXPERIMENTAL SETUP AND MEASUREMENTS

The experiments described in this paper were based on the 10 Hz Ti:Al2O3 CPA laser
system at the Lawrence Berkeley National Laboratory [9]. Low energy laser pulses from
the oscillator (of wavelengthλ ' 800 nm) were first temporally stretched, and split
into two pulses. One was amplified up to 1 J/pulse level for driving a plasma wave,
and the other was amplified to 0.3 J/pulse (colliding pulse). The drive and colliding
beams were focused to a spot size6 µm with the 30 cm focal length off-axis parabolas
(OAP0 and OAP1, respectively). The colliding beam intersected the drive beam from the
downstream direction at a 30 degree angle. The schematic of the experiment is shown in
Fig. 2.

The CPI experiments were performed with the drive and colliding laser beams focused
onto a 2 mm long supersonic helium gas jet backed with up to 70 bar. The laser beam
intensities werea0 = 1.3 anda1 = 0.78, to meet the analytical prediction of electron
injection into the laser wakefield. The electron beam parameters were measured using
an integrating current transformer (ICT) and a magnetic dipole spectrometer. As a rough
measure of electron energy, the gamma ray yield, produced through Bremsstrahlung of
the accelerated electrons when stopped in a high Z material, was also recorded using
an ionization detector. The density profile of the plasma was measured using side-on
interferometry of the folded-wave type, using a 400 nm wavelength, 50 fs duration laser
pulse. The interferometer was also used for temporal and spatial alignment of the two
laser beams. Horizontal alignment was performed using plasma recombination radiation
from the top view of the interaction point. Measured electron charge is shown in Fig. 3(a)

FIGURE 2. Schematic of the experimental setup. The high power laser beams are focused using an
off-axis parabolic mirrors (OAP) onto a high pressure pulsed gas jet operating with about 70 bar helium
backing pressure, respectively. An integrating current transformer (ICT) is used to measure the charge per
bunch of the electron beam and plasma densities are measured with the interferometer (IFT).



for the cases with and without the colliding laser pulse. One can see the enhancement of
the acquired charge by the colliding laser beam and the dark current produced from the
drive pulse without the colliding pulse. To verify CPI as the source of the enhancement,
the time delay dependence of the current was measured and shown in Fig. 3(b). We
expect the number of trapped electronsNtr to show a dependence on the delay timeτd,
Ntr ∝ a0 ·a1(τd), since two-pulse CPI relies on the beat produced by the driving and the
colliding laser beams. Therefore, one expects that theNtr has a maximum as a function
of τd whose width is of the order of the length of the colliding beam. The result is shown
in Fig. 3(b) and does not show sensitive dependence (on the ps-scale) of the electron
yield nor gamma ray yield on the time delay between the two laser beams. This may
be a result of the rather rough time scan as well as the low signal-to-noise (S/N) ratio
between electrons generated by wavebreaking and CPI.

In order to increase the S/N ratio, we are designing a future CPI experiment system
that will use a preformed plasma channel generated by the ignitor-heater method [10] in
conjunction with a slit nozzle (200µm × 4 mm) gas jet. The CPI scheme is based on
the standard laser wakefield regime with laser trigged injection [5]. Extended interaction
length requires a preformed plasma channel since pulses in the standard regime will not
self-guide. Using a preformed plasma channel, the resonant drive pulse is expected to
generate a wakefield inside the plasma channel without trapping significant amounts
of background electrons. Using CPI in a preformed plasma channel, we expect to
produce narrow energy spread electron bunches. Fluctuations of the mean electron
bunch momentum is also expected due to the pointing instability of lasers. A magnetic
spectrometer, with large momentum acceptance (80 MeV to 1 GeV with maximum
excitation current), is also under development to characterize the electron bunches in
a single-shot.

FIGURE 3. (a) Enhanced electron yield by colliding laser beam. Measured charges are shown with and
without the colliding beam. (b) Charge and gamma ray yield as a function of time delay of colliding laser
beam.



SUMMARY

We have discussed the two-pulse colliding pulse injection method and preliminary
experiments. The analysis indicates that injection can be performed at modest laser
intensitya1 ≤ 0.5 for a drive laser intensity ofa0 ' 1.0. In the experiments using a 30
degree interaction geometry, the enhancement of accelerated electron generation using a
colliding laser beam was observed. Future CPI experiments, that will utilize a preformed
plasma channel and a large momentum acceptance magnetic spectrometer to obtain a
high S/N ratio, were also discussed.
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