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Laser-wakefield acceleration of electron beams in a low density plasma channel
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The generation of quasimonoenergetic electron beams, with energies greater than 500 MeV, in a laser-
plasma accelerator driven by 2.5 J, 80 fs laser pulses guided in a low density plasma channel, is
investigated. The laser energy required to achieve electron injection is found to depend strongly on the
quality of the input laser focal spot. Simulations show that, although the matched spot size of the plasma
channel is greater than the self-focused spot size, the channel assists relativistic self-focusing and enables
electron injection to occur at lower plasma densities and laser powers than would be possible without a

waveguide.
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In a laser-plasma accelerator, an intense laser beam is
used to drive a relativistic plasma wave, within which are
formed strong longitudinal electric fields able to accelerate
beams of charged particles [1]. This approach has been
used to generate quasimonoenergetic beams of electrons
from plasma accelerators driven in plasma channels [2—4]
or gas jets [5—7] to energies as high as 1 GeV [3,4].

Most experiments to date have operated in the nonlinear
regime, characterized by a normalized vector potential
ay > 1, where ay = eAy/m,c and A is the peak vector
potential of the laser field. For sufficiently high peak laser
powers P, and for a, > 2, the bubble (or blowout) regime
[8,9] is reached in which essentially all the plasma elec-
trons are expelled from an approximately spherical region
immediately behind the laser pulse. Electrons from the
plasma can be trapped within this cavity and accelerated
until either they move into a decelerating phase of the
wakefield, which occurs after acceleration over a distance
L, = (4/3)(w}c/w3)./ag, or until the pump laser depletes,
which occurs after propagation over L,; = (wo/w,)*cT
[8]. Here wy = 27c/ Ay, where Ay is the wavelength of the
driving laser; 7 is the full-width at half-maximum
(FWHM) duration of the laser pulse; and o, =
(n,e2/m,€y)"/2, where n, is the electron density.

In the bubble regime relativistic self-focusing plays an
important role in keeping the spot size of the laser of
the order of the plasma wavelength. The condition for
self-focusing is wusually taken to be Py>P,=
17.4(wo/w,)* GW. However, transverse density gradients
at the front of the laser pulse almost cancel self-focusing so
that the front of the pulse diffracts essentially freely. Lu
et al. have shown [8] that the laser pulse and bubble will
propagate stably if: (i) the laser spot size wy =~ wy, =
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2k;1 ay, where k, = a)p/c; (i1) the rate of erosion of
the leading edge of the pulse by diffraction is slower than
that caused by transfer of laser energy to the plasma wave.
In the absence of any external waveguide, the condition for
self-guiding (ii) becomes P, = PYff, where PUlf =
(1/8)(wo/w,)®°P.. A waveguide with a matched spot
size w,, = w, relaxes condition (ii) to Py = P, as diffrac-
tion of the leading edge is eliminated.

In this paper we report experiments in which electron
beams are generated in plasma channels with matched spot
sizes w,, > w,r. We show through simulations that even in
this case, diffraction is suppressed sufficiently for a laser
pulse with P, < P4 (but P, = P,) to evolve to one which
propagates stably with a spot size close to w, ¢, and that this
enables electron injection at lower laser powers and plasma
densities than possible without a waveguide. In our experi-
ments we observe the transition between relativistically
guided and channel-assisted guiding in the behavior of
the generated electron beams. We also show that improving
the transverse profile of the driving laser pulse can reduce
significantly the laser energy required to achieve electron
injection.

In this work the plasma channel was formed by a
hydrogen-filled capillary discharge waveguide, as de-
scribed in detail elsewhere [10,11]. The capillary was
33 mm long and 200 pwm in diameter; slots of diameter
650 um were machined 4 mm from the ends to allow H,
gas to flow into the capillary. A discharge current was
driven through the capillary by connecting a 1.7 nF ca-
pacitor, charged to 25 kV, across electrodes located at each
end; the resulting current pulse peaked at ~500 A and was
of duration ~200 ns. Previous work [12] has shown that
the plasma channel evolves slowly near the peak of the
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FIG. 1. (Color) Schematic diagram of the experimental layout.

current pulse, with an axial electron density n,(0) which
depends only on the initial H, pressure P. In the experi-
ments reported here this ranged from n,(0) = 1.2 X
10'8-4.4 X 10" cm™3 for P = 50-200 mbar, and for
these pressures n,(0) varies linearly with P.

The experiments were performed with the Astra-Gemini
laser, which for this work delivered pulses with full-width
at half-maximum (FWHM) duration of 80 fs and a central
wavelength of 780 nm. A simplified diagram of the experi-
mental layout is shown in Fig. 1. An f/20 off-axis parabo-
loid, with a focal length of 3 m, focused the beam to a spot
size of 22 um (FWHM) at the entrance to the capillary.
For the range of initial H, pressures investigated, the
FWHM of the lowest-order mode of the plasma channel
ranged from 3242 pum [12]. To better match the input
spot, and to improve the focal spot quality, a soft aperture
was placed in the amplifier chain; this increased the size of
the focal spot to 35 um (FWHM), and removed structure
in the transverse wings of the focal spot, but limited the
maximum laser energy on target to 3 J.

Laser radiation transmitted by the waveguide was re-
flected from optically flat wedges W1 and W2, and colli-
mated by reflection at normal incidence from a spherical
mirror (SM1). The intensity of this parallel beam was
further reduced by a reflection from another wedge and
transmitted out of the vacuum chamber. This beam was
refocused by a second combination of a wedge (W3) and
spherical mirror (SM2), further reduced in intensity by
reflections from a wedge and a dielectric beam splitter,
and imaged onto a 12-bit CCD camera by a X5 microscope
objective. The beams transmitted by the wedge and beam
splitter were imaged onto a photodiode and optical spec-
trometer to give the energy and spectrum of the laser
radiation.

Electron beams generated within the capillary discharge
passed through a 5 mm diameter hole in W1, were dis-
persed by an electron spectrometer, and detected by a
phosphor (Lanex) screen (L2) imaged by a 12-bit CCD
camera. The electron spectrometer used an electromagnet
to disperse the electron beams, which could produce mag-

netic fields of up to 1.2 T and had an effective field radius
reig = 167 mm. The wedge W1 could be replaced by a
Lanex screen (L1), allowing the electron beam profile and
electron energy spectrum to be recorded simultaneously.
The charge of the electron bunches reaching the electron
spectrometer was determined by cross calibrating the fluo-
rescence signal produced by L2 with the signal produced
by a calibrated image plate (Fuji BAS MS).

The delay t,; between the onset of the discharge current
and the arrival of the laser pulse was measured by a fast
photodiode and Rogowski coil.

We first present results obtained with the aperture in
position and with a mean on-target pulse energy of (2.53 =
0.15) J and laser pulse duration of (80 = 5) fs, correspond-
ing to a peak normalized vector potential a, = 0.9 at the
entrance of the capillary.

Figure 2 shows the total electron charge, as measured on
L1, against t;,. As L1 was located before the electron
spectrometer, electrons at all energies contribute to this
value. The inset shows the delay at which electron beams
were first observed and at which the highest bunch charge
was recorded. It is seen that the electron beam generation is
quite different for P = 100 mbar than at lower pressures:
for P = 100 mbar electron beams are not recorded until
t; = 150 ns, while for higher pressures they are observed
shortly after the breakdown phase of the discharge. It is
noticeable that for P = 80 and 110 mbar the total charge of
the electron beams shows a well-defined optimum delay;
whereas for P = 200 mbar, beams of similar charge are
generated for a wide range of delays.

Figure 3 shows, for several values of P, measured elec-
tron energy spectra at delays 7, corresponding to optimum
beam generation. It may be seen that the beam energy
is maximized, and the energy spread minimized, for
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FIG. 2. (Color) Total electron beam charge Q measured on L1 as
a function of delay ¢, for P = 80, 110, 200 mbar. The solid lines
are a moving average using a Gaussian function, defined by
e~a/™  where 7 = 5 ns. Inset: Delay ¢, at which electron beams
were first observed, and delay at which the highest bunch charge
QO was observed, as a function of P.
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FIG. 3. (Color) Raw electron energy spectra (a)—(d) showing the
fluorescence from L2, and spectra in units of charge per relative
energy spread (e)—(h) for: (a),(e) P = 50 mbar, 7, = 147 ns;
(b),(f) P = 80 mbar, t; = 189 ns; (c),(g) P = 110 mbar, r;, =
181 ns; (d),(h) P = 200 mbar, t; = 150 ns.

P = 80 mbar. The beam shown in Fig. 3(b) has an energy
of 520 MeV and a charge of 70 pC.

At lower pressures the electron beam divergence was
smaller, however the pointing fluctuations were larger. For
example, for the beams shown in Fig. 2 at 80 mbar, the
mean beam divergence (1/e full width) in the horizontal
(A6y) and vertical (Afy) directions was (3.9 * 0.8) mrad
and (5.4 * 1.3) mrad, respectively, where the errors are the
standard deviation; the rms variation in beam pointing was
4.6 and 2.4 mrad in the horizontal (o) and vertical (o)
directions. In comparison, at 200 mbar, Afy = (13.9 =
3.7) mrad and Afy = (16.0 = 3.7) mrad with oy =
1 mrad and oy = 1.5 mrad.

Figure 4 compares the total electron bunch charge mea-
sured by L1 as a function of the laser pulse energy on
target, with and without the aperture in position. It is seen
that introducing the aperture reduced the threshold energy
for generating electron beams from 3.5 J to less than 2 J. In
both cases E,,, > 500 MeV.

The results obtained may be interpreted with the model
of Lu et al. [8]. For P = 80 mbar (n, = 1.8 X 10'8 cm™3),
we find Py~ 1.7P, and P¥T =77P_, and hence the
condition for self-guiding is not satisfied. In contrast, for
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FIG. 4. (Color) Total beam charge Q measured on L1 as a
function of input laser energy with and without the aperture in
position, for P = 95 mbar. Inset: Images of the focal spot with
and without the aperture, on a logarithmic scale to emphasize
features in the wings of the pulse.

P =200 mbar (n, = 4.4 X 10"® cm™3) we have P, =~
4.2P. and PYT = 4.5P ., which is close to satisfying the
self-guiding condition. Thus, it would be expected that for
P = 200 mbar relativistic self-focusing would play a big-
ger role in the laser propagation than the plasma channel,
and hence the propagation of the laser pulse would be
similar to that in a gas jet or cell at the same density.
However, at lower densities the plasma channel should
play a more significant role in the propagation of the
driving laser pulses, and in the development of the wake-
field. Given that guiding is required to reach the conditions
for electron injection, as discussed below, this explains the
observation that for P = 200 mbar electron beams were
generated over a wide range of delays t,—behavior more
characteristic of a gas cell—whereas at lower pressures
injection was much more sensitive to the delay 7,, consis-
tent with an evolving plasma channel. The sensitivity to 7,
may be caused by evolution of the longitudinal and trans-
verse density profiles of the plasma channel; it has also
been shown that ionization might assist electron injection
at delays ¢, for which the plasma is partially ionized [13].

The role of the plasma channel at low densities is con-
firmed by simulations with the 3D axisymmetric particle-
in-cell (PIC) code WAKE [14], as shown Fig. 5. We see that
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FIG. 5. (Color) Calculated values, as a function of propagation
distance z, of: (a) peak a,, (b) mean spot radius (e%) (solid) and
FWHM duration (dashed) of laser pulses propagating through a
gas cell (black) and a plasma channel (red/blue). For these
calculations the channel was parabolic, with 7n,(0) =
1.8 X 10" cm™3 and lowest-order mode of 41 um FWHM,
corresponding to P = 80 mbar; the gas in the cell was fully
ionized, with an electron density of n,(0). The temporal and
transverse spatial profiles of the input laser pulses were
Gaussian, with initial FWHM duration of 80 fs and FWHM
focal spots of 35 wm (black/red) and 22 pum (blue). The input
laser energies were adjusted to give the measured input fluences
when the total on-target laser energy was 2.5 J, i.e., 2 and 1.2 J
with and without the aperture, respectively.
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for P = 80 mbar the propagation of the laser pulse is
similar for a plasma channel and gas cell up to z =
5 mm; at this point, for both cases, wy = w,y = 12 um
and ag =~ ay = 2.4, where ay; is the normalized vector
potential for a pulse of spot size w,;. Beyond this the
channel assists relativistic self-focusing in maintaining an
almost constant mean spot size w, = w,, whereas in a gas
cell the pulse diffracts rapidly. The small spot size main-
tained in the plasma channel allows a; to grow through
temporal compression of the pulse and enables the thresh-
old value for self-injection (a, = 3—4 [8,15-17]) to be
reached at z = 25 mm. Figure 5 shows that a, never ex-
ceeds 2, and hence the conditions for self-injection are not
reached, if the same laser pulses are input to a gas cell with
a density corresponding to P = 80 mbar. The simulations
show that with the plasma channel the peak laser power
remains below PYf up to the point of self-injection. It is
clear from these simulations that an external waveguide is
necessary to achieve electron injection at these low den-
sities and laser powers.

It is interesting to note that for P = 80 mbar the length
of the plasma channel after the point of self-injection is
approximately equal to the dephasing length L, = 8 mm,
and is less than the pump depletion length L,; = 20 mm,
which would assist the generation of monoenergetic elec-
tron beams. Additional simulations with WAKE show that at
higher (lower) initial pressures the conditions for electron
injection are reached earlier (later), which can be expected
to lead to broader electron energy spectra—as observed in
Fig. 3—owing to acceleration over distances longer
(shorter) than L.

Figure 4 shows that changes in the transverse profile of
the input laser beam can have a significant effect on the
total laser pulse energy required for injection and accel-
eration. The effect of the aperture on the propagation of the
driving laser pulse is modeled in Fig. 5, which shows that
without the aperture a, does not exceed 2 for an on-target
total pulse energy of 2.5 J and hence that injection would
not occur, as found experimentally. Additional simulations
of the propagation in a plasma channel of laser pulses with
a Gaussian transverse profile show that the propagation
beyond the first few mm is relatively insensitive to the
input beam spot size. We conclude that the reduced thresh-
old observed with the apertured beam did not arise from
better matching of the input spot size to the channel, but
from an increase in the proportion of energy contained in
low-order transverse modes.

In conclusion we have shown that plasma channels with
matched spot sizes w,, > w, can suppress diffraction
sufficiently for a laser pulse with P, < P% to evolve to
one which propagates stably with a spot size close to wy,
and that this enables electron injection at lower laser
powers and plasma densities than possible without a wave-
guide. We demonstrated this approach using plasma chan-
nels with 7,(0) = 1.8 X 10"® cm™3 and w,, = 35 um to

generate quasimonoenergetic electron beams with energies
greater than 500 MeV with an input laser energy of only
2.5 ], corresponding to a peak power of 30 TW ~ 0.2 Pdiff
and wyy = 12 um =~ 0.3w,,. It is interesting to note that,
in experiments with the same laser and focusing optic (no
aperture), but employing a gas-jet target, 12 J, 55 fs,
220 TW laser pulses were used to generate electron beams
with energies up to 800 MeV at an electron density of 5.7 X
10'® cm ™3 [7]. Hence, use of a plasma channel enabled the
generation of electron beams with energies of 65% of those
obtained with a gas jet, but using laser pulses of only 4 J
(no aperture) or 2.5 J (with aperture). We also demon-
strated that optimizing the quality of the input laser beam
can significantly reduce the laser energy required. In
Ref. [3] laser pulses of lower energy, but with better focal
spot quality and shorter pulse duration, were guided in a
plasma channel to generate electron beams with energies
up to 1 GeV. The results of the present paper and those of
[3] show that optimization of the plasma channel and the
driving laser pulses are likely to lead to further improve-
ments in the performance of the plasma accelerator.
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