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Cold Optical Injection Producing Monoenergetic, Multi-GeV Electron Bunches
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A cold optical injection mechanism for a laser-plasma accelerator is described. It relies on a short,
circularly polarized, low-energy laser pulse counterpropagating to and colliding with a circularly
polarized main pulse in a low density plasma. Contrary to previously published optical injection schemes,
injection is not caused here by electron heating. Instead, the collision between the pulses creates a
spatially periodic and time-independent beat force. This force can block the longitudinal electron motion,
leading to their entry and injection into the propagating wake. In a specific setup, we compute after
acceleration over 0.6 mm, a 60 MeV, 50 pC electron bunch with 0.7 MeV rms energy spread, proving the
interest of this scheme to inject electron bunches with a narrow absolute energy spread. Acceleration to
3 GeV with a rms spread smaller than 1% is computed after propagation over 3.8 cm in a plasma channel.
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Over the past few years, striking progress on laser-
wakefield acceleration of electrons [1] has been achieved.
In particular, since the production of the first experimental
quasimonoenergetic spectra [2—4], GeV energy has been
reached [5,6], guided propagation [7] and acceleration [5]
in a capillary have been demonstrated, and the use of
optical injection has proven that stabilization and control
of electron beams are possible [8]. Further developments of
laser-wakefield accelerators reside in the improvement of
the beam energy and quality, overall system stability, and
reproducibility. In this Letter, we report on a new scheme
for optical injection that enables injection of narrow-en-
ergy-spread bunches in low-plasma-density wakefields,
allowing large energy gain. Control of injection with an
all-optical method, high energy gain, and narrow energy
spread are thus the major interests of the proposed method.

Optical injection was first proposed in Ref. [9]. In this
scheme, injection is triggered by a second laser pulse
(injection pulse) coming perpendicularly to the pulse gen-
erating the wakefield (pump pulse). When the injection
pulse collides with the wakefield, the transverse pondero-
motive force of the pulse provides some electrons with the
necessary momentum to cross the wakefield separatrix and
be trapped in the wake. These electrons can then be accel-
erated to high energy. The same scheme is used in
Ref. [10], but the authors show that wake-wake collisions,
rather than the injection pulse ponderomotive force, can
also give to some electrons the necessary momentum for
injection and trapping. A third scheme [11] uses three laser
pulses instead of two and operates in a collinear geometry.
A pump pulse creates the wakefield while two other coun-
terpropagating pulses collide inside the wake. Electrons are
heated in the collision and, as in the first case, those with
enough momentum are trapped. This scheme has then been
simplified [8,12—14] by keeping the collinear geometry but
only using two pulses. The pump pulse still creates the
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wakefield but also collides with the second pulse, coming
from the opposite direction. This collision, as previously,
heats the electrons and some of them can then be trapped.
Two counterpropagating laser pulses are also used in the
cold optical injection scheme presented in this Letter.
However, in this regime, injection relies on a fundamen-
tally different mechanism as no momentum gain is needed.
Here, during the collision with a very low-energy second
pulse, the longitudinal electron motion is frozen and elec-
trons can enter into the propagating wake, at a position
allowing their injection. As a result of this mechanism,
low-energy-spread electron bunches can be produced.

To introduce the cold injection principle, we present a
1D analysis which can give qualitative understanding of
the physics involved. Electron motion in the wakefield is
described by the Hamiltonian [12] H(¢, u,) = [¥3 (¢) +
u?]'? — B,u, — ®(4), where ¢y = x — B, ct is the wake
phase, 8, = v,/c with v, the laser pulse group velocity
and wake phase velocity, y; = (1 +u?)"? wu; =
p.1/m.c and u, = p,/m,c are the electron normalized
transverse and longitudinal momenta, and ®(¢) is the
wakefield potential. An electron at phase ¢/, with a longi-
tudinal momentum u,, is characterized by H, =
H(ifr¢, u,). The evolution of its longitudinal momentum
is then

=y ViHo + PP — YA, (D)

where y, = (1 — 82)/2. The boundary between trapped
and untrapped orbits (the separatrix) is given by a critical
value, H,., of the Hamiltonian. Its equation is thus
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uze () = B,yilH, + (4)]

=y, VaH + PP — ). @)

Figure 1 shows a typical separatrix and the fluid orbit of
electrons in a wake favorable for cold injection. In this
figure, the separatrix is well above the fluid trajectory
indicating that self-injection cannot occur for electrons
initially at rest. An interesting feature of Fig. 1 is the region
where the separatrix is under the u, = 0 axis. The exis-
tence of this large region indicates the possibility to inject
electrons without giving them additional longitudinal mo-
mentum. If we can simply modify their motion so they can
enter this region with negligible momentum, then they will
be trapped. This is exactly what is done by the injection
scheme proposed in this Letter.

To understand how a low-energy injection pulse can
modify the electron motion and cause injection, we need
to describe this electron motion during the collision of both
pulses. Still, for the sake of simplicity, we present a 1D
analytical description made with monochromatic laser
waves and we consider the motion of an electron in vac-
uum. The normalized vector potentials of the two counter-

propagating laser waves are, respectively, Ay =

(ao/N2)[cos(wot — kox)e, + sin(wqt — kox)e,] and A, =
y z

(a;/N2)[cos(wot + kox)e, + sin(wgt + kox)e,]. The

Hamiltonian of an electron in this field is H(u,, x) = y =
[1 + u? (x) + u2]V/?, where u; = Ay + A,. The equation
governing the evolution of the longitudinal momentum, u,,
is du, = 9H/dx = —(2y)~'du? /dx, leading to
du,
dt

1
= —koaoal Sin(2k0x). (3)
Y

This equation shows the existence of a beat wave force F,
time independent and spatially oscillating with a Ay/2
period. In comparison, the longitudinal ponderomotive
force F,, generated by the main pulse envelope, scales as
F, = (2y) 'aj/(c7), where 7 is the pulse duration. As
1/ky < c7, we have F/F,=2kyaga,/(aj/cT) =
2wgTa;/ay > 1. Thus, electrons are trapped inside the
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FIG. 1 (color online). Phase space plot of 1D fluid orbit and
separatix calculated in a typical case for cold optical injection.

Ao/2-long beat wave buckets and cannot have the large
longitudinal motion normally caused by the ponderomo-
tive force F),.

To illustrate this mechanism, we consider two 30 fs,
circularly polarized laser pulses with wavelength A, =
800 nm. The pump pulse with energy of 4.2 J is focused
to a 18 um full width at half maximum (FWHM) focal
spot. The peak normalized vector potential for this pulse is
ag = 4. A2 mJ injection pulse, propagating along the same
axis but in the opposite direction, is focused to a 15 um
focal spot (FWHM) with a peak normalized vector poten-
tial a; = 0.1. The value of the plasma density is n, =
4.4 X 107 ecm™3 = 2.5 X 107*n,, n. = m,€eyw}/ e
being the critical density and €, the permittivity of free
space. To model this setup, simulations have been run with
the particle-in-cell code CALDER [15], in 2D geometry. The
simulated on-axis wakefield has been used to plot Fig. 1.

Beat wave influence can be seen in Fig. 2(a) where the
trajectory in the laboratory frame of an electron under-
going the collision and being injected (two pulse case) is
compared to the trajectory of the same electron obtained in
a simulation where the injection pulse is turned off (refer-
ence case). In this last case no electron is injected. The
trajectory of the injected electron is representative of the
other injected electrons. In the reference case, the electron
is first pushed forward and sideways by the laser pondero-
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FIG. 2 (color online). Trajectories in laboratory frame (a) and
wake frame (b) of an electron in simulations with injection pulse
(two pulse case) or without (reference case). Both trajectories
originate from the same point represented by a cross in (a). Dark
gray (red) points and light gray (yellow) or white points repre-
sent electron position at ¢ = 820w, 1 je., at the end of the
collision in the two pulse case. The slow-evolving electron
density map is plotted as background in (b).
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motive force, and then its motion is determined by the
wakefield. This electron is untrapped and slips backward
in the wake frame. In comparison, the electron in the two
pulse case is first trapped in a beat wave bucket. It is pushed
sideways by the transverse ponderomotive force, but can-
not move in the longitudinal direction on a distance greater
than A,/2. As a consequence, just after the collision this
electron is at a more backward position than in the refer-
ence case. Both electron trajectories are plotted in the wake
frame in Fig. 2(b), together with the electron density
computed in the reference simulation. Because of the
collision, the wake generation is disturbed and inhibited
[16]. However, as the pulse lengths are much shorter than
the wake wavelength (approximately 10 um compared to
60 wm), the wakefield is not dramatically changed by the
collision in our case. Using the reference electron density
to analyze the trajectories in both cases is thus correct as a
first approximation. Figure 2(b) indicates that after the
collision, as the electron in the two pulse case is at a
more backward position, it enters the blowout region. In
this region, the wake transverse electric field is large and
the electron is pulled towards the axis. Figure 3 represents
the longitudinal momentum evolution with time for both
electrons. For the two pulse case, in a first phase, the
electron momentum oscillates slowly as it is trapped in
the beat wave bucket. Then, the overlap of both laser pulses
decreases and the beat wave force becomes weaker.
Because of the fields of the back of the pump pulse, which
still influences the electron, the electron momentum oscil-
lates with a smaller period, as shown in Fig. 3. At the end of
this collision phase, at time r = 820w, ! the electron has
gained a negligible longitudinal momentum. At this time,
it is located inside the blowout region, as can be seen in
Fig. 2(b) where its position is represented by a gray (red)
point. Electron motion in the longitudinal direction is no
longer restricted to the Ay/2 beat wave bucket and
the electron can move on a larger distance, as shown in
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FIG. 3 (color online). Momentum evolution with time of an
electron in simulations with injection pulse (two pulse case) or
without (reference case). Dark gray (red) point and light gray
(yellow) point represent electron momentum at time ¢ =
820w, !

Fig. 2(a). Its position at this time is also represented by a
dark gray (red) point in this figure. The electron can now be
considered as injected, as it has been shifted backward in
the wake by the collision, leading to its entry with negli-
gible longitudinal momentum inside the region where
Uy, < 0. It can then be accelerated to high energy.

Because of the laser and plasma parameters used in our
simulation, the wake generation conditions are not far from
the blowout regime [17] so multidimensional effects are
important. Moreover, the electron is off axis when it enters
the wake. However, as the longitudinal electric field in the
blowout region is nearly constant in the transverse direc-
tion, the longitudinal momentum evolution of an on-axis or
off-axis electron is not dramatically changed. 1D, on-axis
analysis as it has been done then remains consistent, and
can give the basic physical understanding of the process.
This behavior is representative of the large majority of
injected electrons, proving that injection relying on mo-
mentum gain due to the collision, as proposed in Refs. [11-
13], is a different concept from the one discussed here.

This new injection mechanism can exist in our case be-
cause a higher pump pulse intensity than in Refs. [12,13] is
used, leading to the generation of a large wake with a
separatrix crossing the momentum axis u, = 0 on a large
region. Moreover, as previously described, operating at low
plasma density allows us to use a wake wavelength much
longer than pulse length, reducing wake inhibition during
the collision. This is paramount for the injection of elec-
trons, as they can therefore be accelerated by the regular
wakefield just after the collision.

To underline the importance of this trajectory modifica-
tion due to beat wave for injection, we have run an addi-
tional simulation where only the injection pulse po-
larization is changed. Circular polarization is still used
but now rotates in the opposite direction. The normalized
vector potential is then A; = (a;/v/2)[— cos(wqt +
kox)e, + sin(wgt + kox)e,]. For infinite pulse, Eq. (3)
becomes d,u, = 0, so no beat wave occurs for this polar-
ization case. For real, finite duration pulses, the pondero-
motive force of the injection pulse and its wake could
disturb the main wake evolution, and can cause energy
gain as in Refs. [9,10]. However, no injection is observed
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FIG. 4 (color online). Electron distributions obtained after
acceleration over 0.6 mm (a) and over 3.8 cm in a plasma
channel (b).
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in our simulation with these polarizations. This result
emphasizes the particular role of beat wave. With injection
pulse energy kept constant, only the presence of the beat
wave can lead to injection.

The electron beam injected by this cold injection method
has a very good quality as can be seen in Fig. 4(a), which
represents the electron distribution calculated after accel-
eration over 0.6 mm. A 62 MeV and 50 pC monoenergetic
bunch is being accelerated by the wake. The rms energy
spread of electrons with energy over 60 MeV is 0.7 MeV.
Because of the absence of heating during injection, elec-
trons are injected in a small volume of the phase space,
allowing this low value of energy spread. This proves the
interest of this method to inject electron bunches with
narrow absolute energy spread. The bunch is still at the
back of the wake bucket, indicating that its acceleration is
just beginning and much higher energy can be reached.

One of the interests of this injection scheme is to offer a
method to inject electrons in a wake created in a low
density plasma, well under the self-injection threshold.
Higher electron energies are then potentially reachable,
but longer acceleration distances are needed. As we oper-
ate in low density plasmas, self-focusing is not large
enough to guide the main pulse over long distances. We
have then run a different simulation using a plasma channel
profile. Plasma density n, is now parabolic in the trans-
verse direction: n,(r) = (1 + r2/R?)n,y, where r is the
radial position, n,, = 2.5 X 107*n, is the unchanged
plasma density on axis, and R = 27 um is a value chosen
to provide good guiding of the pump pulse. In such a
plasma channel, 2D simulation shows that the pump pulse
can propagate over a few cm and keep a relatively stable
spot size and intensity, pump depletion being the main
limiting mechanism. The use of a plasma channel does
not change the injection mechanisms described above, and
a very similar distribution to the one plotted in Fig. 4(a) is
obtained after 0.6 mm of propagation after collision. The
simulation has been continued, and the dephasing length is
nearly reached after 3.8 cm of propagation. Figure 4(b)
shows the electron distribution found after this accelera-
tion. The 50 pC electron bunch has now reached an energy
of 3 GeV. The rms energy spread of electrons above
2.9 GeV is 0.9%. Because of the difference between 2D
and 3D geometry, higher energy is expected in the 3D case.
Beam loading is found to be the main cause for the absolute
energy spread increase. We have run a second simulation
with a; = 0.07 instead of a; = 0.1 used previously. In this
case, the beam charge is 28 pC, showing the interesting
possibility of tuning the beam charge by changing the
injection pulse energy, and energy spread is reduced to
0.45%. We have checked that apart from the charge in-
jected, injection is very similar in both cases. However, as
the charges are different, the wakefield modification due to
beam loading is also different and explains the variation of

the energy spread values. As a result, if beam loading is
optimized (which is beyond the scope of this Letter), very
narrow energy spreads are potentially reachable. For a; =
0.07, the normalized rms emittance is 2.6 mm mrad and
the rms bunch duration is 4.8 fs.

To conclude, we have presented an optical injection
mechanism based on electron spatial trajectory modifica-
tion. Only mJ energy is needed for the injection pulse. The
beat wave created during the laser pulse collision is re-
sponsible for the trajectory modification. This scheme is
able to inject electron bunches with narrow absolute energy
spreads in the wake. As this injection can be achieved in
low density plasmas, multi-GeV energy gain can be ob-
tained, with an energy spread ultimately limited by beam
loading.

This work was carried out in the framework of the ANR
project ANR-05-NT05-2-41699.
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