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Abstract—This paper describes an experiment to demonstrate,
for the first time, laser wakefield acceleration (LWFA), driven by
10.6-p1m light from a CO; laser. This experiment is also note-
worthy because it will operate in a pseudoresonant LWFA regime,
in which the laser-pulse-length is too long for resonant LWFA, but
too short for self-modulated LWFA. Nonetheless, high acceleration
gradients are still possible. This experiment builds upon an earlier
experiment called staged electron laser acceleration (STELLA),
where efficient trapping and monoenergetic laser acceleration of
electrons were demonstrated using inverse free electron lasers. The
aim is to apply the STELLA approach of laser-driven microbunch
formation followed by laser-driven trapping and acceleration to
LWFA. These capabilities are important for a practical electron
linear accelerator based upon LWFA.

Index Terms—Capillary discharge, carbon dioxide lasers, elec-
tron accelerators, laser accelerators, laser wakefield acceleration.

. INTRODUCTION

NUMBER of different mechanisms are being investigated

around the world to develop electron linear accelerators
driven either directly or indirectly by laser light; see examples
in [1]. High acceleration gradients > 1 GeV/m have been
demonstrated; thus, laser-driven accelerators (laser linacs)
may someday enable compact, potentially less expensive
accelerators.

However, acceleration of useful amounts of charge requires
efficiently grouping the electrons into a microbunch(es), and
trapping the microbunch(es) in the ponderomotive potential
well (“bucket™) of the accelerating wave. This can be an electro-
magnetic wave, such as in inverse free electron lasers (IFELs)
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[2], or a plasma wave, such as in laser wakefield acceleration
(LWFA) [3]. Having a narrow energy spread of the accelerated
electrons (i.e., monoenergetic) is also important for efficient
trapping and is often required by many applications.

Generally, these mechanisms have practical limits to the max-
imum length of the acceleration regions. For example, gradual
phase slippage can occur between the accelerating wave and the
accelerated electrons. Hence, it will be necessary to repeat the
acceleration process by staging multiple laser-driven accelera-
tion sections. This implies the need to resynchronize the phase
of the trapped electrons with the accelerating wave in these
stages.

This process of trapping and staging is exactly analogous to
the method utilized in microwave-driven accelerators. A key
difference is the wavelength of the accelerating wave in laser-
driven devices may be of order one to several hundred microns
instead of centimeters.

Most laser acceleration research has focused on studying
specific acceleration processes. The staged electron laser ac-
celeration (STELLA) experiment [4] was specifically designed
to demonstrate efficient trapping and staging of laser-driven
acceleration devices. STELLA used IFELs, which were
chosen primarily for experimental convenience. In fact, the
overall STELLA approach can be applied to other acceleration
methods.

This approach consists of first creating a microbunch or train
of microbunches using the laser-driven mecharism, e.g., [FEL.
The microbunches are spaced apart by a length A, ... where
Auccel 18 either the laser or plasma wavelength. The microbunch
length is also very short, typically ~ A,ccer/10, which means
the microbunch(es) are in a configuration that allows them to be
trapped and accelerated in subsequent laser-driven stages.

This paper describes an experiment to apply the STELLA
approach to a plasma-based acceleration scheme, specifically
LWFA. The experiment is called STELLA-laser wakefield
(STELLA-LW). This experiment is motivated by the fact that
IFELs have inherent scaling limitations and, in particular,
become inefficient as the energy of the e-beam increases. In
contrast, LWFA has more favorable scaling characteristics and
offers the possibility of much higher acceleration gradients
than IFELs.

The next section describes the STELLA-LW experiment and
predicted results. Conclusions are given in Section II1. as well
as implications of this experiment and possible future work.
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Fig. 1. Basic scheme for resonant laser wakefield acceleration (LWEFA).

(a) Prepare appropriate plasma with parabolic density distribution for
channeling laser light. () Send laser pulse through plasma, which creates
wakefield behind laser pulse. Properly phased witness electron can then be
accelerated by the wakefield.

II. DESCRIPTION OF STELLA-LW EXPERIMENT
A. Pseudoresonant LWFA

In a typical LWFA experimental arrangement, the e-beam and
laser beam interact within a plasma as illustrated in Fig. 1. This
plasma might be formed using a gas jet [5]. a laser beam fo-
cused by an axicon in a gas [6], or a capillary discharge [7].
If the plasma density distribution has the proper characteristics
[see Fig. 1(a)], it can also channel the laser beam [8]. Without
this channeling effect, a tightly focused laser beam could not be
maintained longer than a Rayleigh length.

The laser beam excites a wakefield in the plasma, which can
be made to travel close to the speed of light ¢. This wakefield
consists of a plasma wave with alternating concentrations of
negative and positive charge; see Fig. 1(b). The e-beam elec-
trons sense these charges. Depending on the electron’s phase
position in this wakefield, it can be accelerated or decelerated.
Thus, the wakefield has many of the same basic characteristics
as the laser field in an IFEL. If electrons are distributed over
all phases of the wakefield, then their energy will be modulated
just as in an IFEL buncher. If the electrons are concentrated in
a microbunch whose longitudinal and transverse size is small
enough, these electrons can be trapped and accelerated by the
wakefield. Key differences are the wakefield is capable of much
higher acceleration gradients than IFELs and there can be strong
radial focusing forces on the e-beam.

There are two well-known modes of LWFA operation.
The first is resonant LWFA, where the laser pulse length
7. ~ Ap/2¢, where ), is the plasma wavelength. The short
laser pulse resonantly excites a wakefield in the plasma because
its primary Fourier component maiches the plasma frequency.
The plasma wavelength is related 1o the plasma density n.. via

q 10
Ap(pm) ~ —'-—(J‘J X0 ) . (h
n, (em™2)

The second mode of operation is self-modulated LWFA (SM-
LWFA), in which the laser pulse length is intentionally much
Jonger than Ap,/2e. This permits the laser electric field to feed
energy into a wakefield via forward Raman scattering (FRS)
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and/or self-modulation instability. Much higher gradients are
possible using SM-LWFA. However. it starts from noise and
becomes a highly nonlinear process, which may interfere with
control of the wakefield phase.

LWFA experiments to date have primarily concentrated on
studying the basic mechanism and have typically been per-
formed using 0.8—1-pm laser wavelengths, where terawati-level
(TW-level) lasers are readily available. The STELLA-LW ex-
periment will be one of the first to investigate LWFA using
10.6-ppm laser wavelength. This is made possible by recent
upgrades to the Brookhaven National Laboratory Accelerator
Test Facility (ATF) COs laser, which is presently able to pro-
duce near-terawatt peak power levels with 10-ps pulse length,
Eventually, the ATF CO» laser should produce pulses as short
as = 2 ps.

Wakefield generation at long laser wavelengths has certain
inherent advantages [9]. One is that the normalized laser field
parameter a is proportional to the laser wavelength Ay, (ie.,
a = ek, /wme, where e is the electron charge, Fy, is the laser
electric field, w is the laser frequency, and m is the electron
mass). This means for the same laser beam focus area, 10-m
light will provide a factor of 10 increase in o compared to 1-pom
laser light, and a 100 times increase in the ponderomotive po-
tential, which scales as a®. While it is true that 1-yum light can
be focused to a smaller area than 10-zm light to compensate
for this effect, the minimum usable laser beam size is limited
by the minimum e-beam size that can be obtained. The ¢-beam
size depends on other factors, such as the e-beam emittance
and space charge spreading. From an experimental viewpoint,
larger e-beam sizes are generally favored because these limita-
tions are eased. Hence, LWFA at 10.6 jin has certain practical
advantages.

Theoretical analysis of LWFA driven by 10.6-pum laser light
has already been performed [10]-[12]. For the anticipated
conditions of the ATF TW CO laser (i.c.. ~ 2 ps pulse length,
5 I/pulse), an electric field gradient of ~ 1 GV /m is predicted.
This is for n. ~ 10'% cm ™3, which is higher than the usual
density required to satisfy the resonant condition for a 2-ps
laser pulse. Even more noteworthy is this high gradient arises
from a strong wakefield that is created despite the fact the
2-ps laser pulse is too long for resonant LWFA and too short
for SM-LWFA. It was found that interaction of the laser light
with the plasma causes pulse steepening to occur at the trailing
edge of the light pulse. This effectively initiates the wakefield
generation as if the laser pulse length were much shorter, but
the pulse terminates before FRS can play a significant role.
Nevertheless, the wakefields produced can be comparable to
those formed by SM-LWFA with a longer pulse.

A model simulation [12] of the laser pulse steepening effect
and subsequent wakefield generation at 5.5 cm into the plasma
is shown in Fig. 2. Plotted is the laser pulse temporal profile
with and without the steepening effect, where the former also
displays an increase in height.

In Fig. 2, the change in wakefield potential 6 = & — 1 is
plotted, where @ is the scalar potential of the wakefield normal-
ized by ¢/mc?. A significant wake trails after the laser pulse,
but the laser pulse terminates before appreciable interaction oc-
curs between the laser pulse and the evolving wake.

We refer to this operating regime as pscudoresonant LWFA
because the laser pulse effectively acts like a shorter pulse that
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Fig. 2. Laser pulse intensity and change in wakefield potential &% on
axis (lines marked by circles) at propagation distance = = 5.5 cm into
the plasma versus the dimensionless coordinate § = k,q(z — of), where
koo = Are?Ng/m)'23[e, e is electron charge, Ny is the unperturbed
electron plasma density, m is the electron mass, and 1 is time [12]. Dashed
curve is the laser intensity without pulse steepening, and the solid curve is with
pulse steepening.

would occur in resonant LWFA. This pulse-steepening phenom-
enon was also independently uncovered in [ 13]. published at the
same time as [ 12].

Because the laser pulse terminates before significant FRS
growth occurs, aspects of SM-LWFA that are difficult to control
may be mitigated. Thus, the wake produced in the pseudores-
onant regime may be more controllable, which would make it
casier to stage the LWFA process.

B. Capillary Discharge

STELLA-LW will use a capillary discharge to make the
plasma channel because of prior experience at the ATF with
capillary discharges [ 14]. There are two basic types of capillary
discharges that can be used. The ATF used the ablative wall
technique. where the plasma is generated by discharge-induced
ablation of the polypropylene capillary wall material [7].
Fig. 3(a) shows a schematic of the polypropylene capillary
discharge,

A second capillary technique [ 15] uses an alumina or sapphire
capillary channel rather than polypropylene. Hydrogen gas is in-
jected into the capillary to provide the medium for the plasma
discharge. This method has the advantage of a longer capillary
lifetime compared to the ablative method, and the ability to con-
trol the plasma density by the amount of gas ejected into the
tube. Fig. 3(b) illustrates this gas-filled capillary approach.

A plasma density of ~ 1019 em ¥ is low enough to avoid ab-
sorption of the infrared radiation by the plasma. In addition, the
wakefield damping time is inversely proportional to the plasma
density with a damping time of ~ 100 ps for 10'%cm ™ densi-
ties. This provides plenty of time for a witness electron pulse to
follow the laser pulse and be accelerated by the wakefield.

Nonetheless. achieving a stable and reliable low density of
10 e~ may be an issue. Generally, capillary discharges
have produced plasma densities ~ 10** — 10" cmn=?, but
this is primarily because these are the densities required for
subpicosecond LWFA experiments performed using solid-state
lasers.

Polypropylene
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Fig. 3. (a) Schematic of polypropylene capillary discharged based upon [7].
{b) Diagram of gas-filled capillary discharge based upon [15].

In a polypropylene capillary discharge, n. depends on the
discharge current I and capillary tube inner radius R ;. ie.,
n. ~ IRZ2 [7]. This effect was demonstrated during the ATF
channeling experiment where the I-mm-diameter capillary pro-
duced n,. ~ 10'7 em =3 [14]. Thus, ~ 10*%-cm™* density might
be achievable by increasing the capillary tube inner radius.

However, it may be easier to achieve 10'% cm ™~ density with
a gas-filled capillary by simply injecting an appropriate quantity
of gas. This helps decouple the plasma density from the capil-
lary dimensions. This is important because the capillary diam-
eter also affects the shape of the parabolic plasma profile, which
determines the laser beam size that can be guided and, therefore,
the laser intensity in the plasma.

The length of the capillary discharge is a more flexible quan-
tity. In general, longer plasma lengths yield higher energy gains.
However, the wakefield also has strong radial focusing com-
ponents, which can defocus the e-beam passing through the
plasma. One way to avoid these focusing forces is to tightly
focus the e-beam inside the center of the plasma channel where
the radial field gradient is small. The maximum transverse size
of the e-beam to avoid radial focusing depends on the wakefield
channel characteristics. In [14], the plasma channel radius (ra-
dius of density doubling) was 200-250 pm. Based upon earlier
preliminary analysis, it appears the e-beam diameter should be
~ 5x smaller than the wakefield diameter to avoid the radial
forces. This implies an e-beam diameter of ~ 40 jun may be
needed.

The ATF has demonstrated e-beam focusing down to a
spot size of &= 15 pm-rms. However, this small diameter can
only be maintained over a limited distance. Fig. 4 shows an
example simulation of the e-beam size versus distance for
the STELLA-LW experiment. We see the e-beam diameter is
< 40 yun if the plasma length is < 3 cm.

Detection of the wakeficld inside the capillary discharge will
be done utilizing coherent Thomson scattering (CTS) [ 16]. This
diagnostic has been used extensively in plasma-based laser ac-
celeration experiments [17] and [18]. but not in capillary dis-
charges. Hence, STELLA-LW will also be one of the first to use
CTS on a capillary discharge.
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C. Estimation of Peak Energy Gain

The change of electron kinetic energy £ is described by the

equation

dF

— =cE, v 2)

di ! ¢
where E,, is the accelerating electric field strength and v is the
velocity. For one-dimensional motion (z— axis ||E,) of an ul-
trarelativistic electron with a velocity near the speed of light
(|v] = ¢), it follows from (2) that the energy gain AFE during a
time 1" is equal to

L=eT
AE = / el dz. (3)
Jo

If the wakefield potential has the form
b = bo(z)sin(kps), £=2z—Vyut 4

where V,;, is the phase velocity of the wake wave, k, = 2r /A,
is the plasma wave vector, and the characteristic space scale of
the wakefield potential amplitude ©4(z) is much longer than
the space scale }a;' of the plasma wave, then /7, = 9% /0¢ and
from (3) and (4), one can get

L
AFE = /
Jo

For our experimental conditions, we can assume the length of
acceleration L is much less than the maximum acceleration
length Lianey Lewdi <€ Diggane = )\L'T;h/Z. where .5, is the
Lorentz factor for the wake. This means the change of the phase
during the acceleration is small and cos(k,&) = 1. Then, for
an electron placed at the maximum of the accelerating field, it
follows from (5)

ePy(z)ky cos(k,&)dz. (5)

L I
AB o & / e®q(2)kydz = me? / wo(2)kpdz  (6)
0 W)

where @y = e®g/(me?) is the dimensionless amplitude of the
wakefield potential.

For the parameters modeled in [14], ie., Ay, = 10.6 pm,
Yph = 30, kp, ~= 198 e, Ly = 14.3 em, (6) gives

L
AE . [MeV] = 101 / wolz)dz (7)
Jo

where L is in centimeters. This equation is a good approxima-
tion for the results of modeling a constant wakefield amplitude,
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and can be used to estimate the maximum energy gain for the
more realistic case when the wakefield oscillates with distance.

Due to the dynamics of the interactions of the wakefield with
the laser field inside the plasma, the wakefield potential oscil-
lates as it grows with distance z. This is illustrated in Fig. 5
[12]. The area under the curve shown in Fig. 5 as a function of
L yields the integral term in (7). Thus, a plot of (7) can be con-
structed showing the maximum energy gain versus the plasma
interaction length. This is given in Fig. 6.

For a 3-cm length, as limited by the 40-pm e-beam di-
ameter, we predict a maximum acceleration of = & MeV
(~ 18% energy gain), corresponding to an acceleration gra-
dient of ~ 270 MeV/m. While modest compared to other
LWFA experiments, this gradient is still several times higher
than microwave systems and sufficient as a proof-of-principle
demonstration of pseudoresonant LWIEA, driven by 10.6-pum
light.

[1I. CONCLUSION

The STELLA-LW experiment represents an effort to demon-
strate several new advances in laser acceleration research. Tt will
explore the new operating regime of pseudoresonant LWFA, It
will be one of the first to demonstrate LWFA, driven by 10.6-um
laser light, and to use CTS on a capillary discharge.

STELLA-LW also represents the first phase of a longer-term
program to apply the STELLA approach to LWFA. Possible
future experiments include demonstrating a LWFA buncher.
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Since A, ~ 300 pm, one would expect microbunches to be
formed that are ~ 30 pm in length and separated by A,,. These
microbunches can then be sent into a LWFA accelerator where
they can be trapped and accelerated, The goal of the LWFA
buncher/accelerator experiments would be demonstration of
high trapping efficiency with narrow energy spread, exactly
analogous to the STELLA experiment with I[FELs. Hence, these
future CO4-laser-driven LWFA experiments will demonstrate
the basic features needed by a practical LWFA laser linac.
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