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ABSTRACT Energetic electron bunches were generated by irra-
diating a solid tungsten wire 13 um wide with 50 femtosecond
pulses at an intensity of ~ 3 x 10! W/cm?. The electron yield,
energy spectrum and angular distribution were measured. These
energetic electron bunches are suitable for injection into a laser
driven plasma accelerator. An all-optical electron injector based
on this approach could simplify timing and alignment in future
laser-plasma accelerator experiments.

PACS 41.75.Ht; 41.75.Lx; 52.38.Kd; 52.38.Ph

1 Introduction

Present-day tabletop high power lasers based on
the technique of chirped pulse amplification (CPA) [1] pro-
duce multiterawatt femtosecond laser pulses that can be used
to drive plasma-based electron accelerators. In the laser wake-
field accelerator (LWFA) [2—4, 6—19], the laser pulse excites
a large amplitude plasma wave that propagates at nearly the
speed of light and accelerates electrons to high energies over
very short distances. However, LWFA acceleration experi-
ments have primarily operated in the self-modulated (SM)
regime, which relies on laser-plasma instabilities to produce
the accelerating wakefield and generally produces poor qual-
ity electron beams with a large energy spread [11-19]. In the
SM-LWFA, electrons are accelerated from the laser-produced
plasma, so external electron injection is not required. The SM-
LWFA operates in a high plasma density regime where the
laser pulse length cty. is much shorter than the plasma wave-
length A, = 27cw,, and wy, is the electron plasma frequency.
Recently, the breakthrough bubble acceleration approach that
was proposed by Pukhov and Meyer-ter-Vehn several years
ago, was verified experimentally [16—19]. Its unique feature
is the generation of monochromatic electrons with energies
up to 400 MeV [20]. However, significant pulse to pulse varia-
tions were observed.

It has been recognized for some time that the standard or
resonant LWFA regime [2—4, 6—10], in which the laser pulse
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length is comparable to the plasma wavelength, offers a more
promising path to producing a high quality electron beam.
However, since accelerating gradients are generally smaller
than in the SM-LWFA regime, the standard LWFA regime is
expected to require external injection of electrons with suffi-
ciently high axial velocity so that they can be trapped by the
plasma wakefield before slipping behind the laser pulse. With
phased external injection and optical guiding, available short
pulse lasers are theoretically capable of producing high qual-
ity, stable GeV electron beams [6—8]. Although external injec-
tion could in principle be provided by a linac or RF gun, as
has been done in an unguided standard LWFA experiment [9,
10], such systems are relatively large, and precise timing and
alignment is difficult. There has also been considerable inter-
est in all-optical injectors. Several optical injector concepts
have been proposed, including LILAC (Laser Injected Laser
Accelerator) [22], CP (colliding pulse) [23], and LIPA (Laser
Ionization and Ponderomotive Acceleration) [24]. All of these
concepts are theoretically capable of producing extremely
short (« 100 fs), precisely-timed electron bunches with good
beam quality, and all have been demonstrated experimentally
to some extent. An SM-LWFA is also a potential all-optical in-
jector candidate [11-19], although the beam produced is less
suitable. However, optical injection into a separate LWFA ac-
celeration stage presents substantial experimental challenges
and has not yet been demonstrated.

In this work we describe a new optical injector con-
cept that employs a femtosecond ultrahigh intensity laser
pulse focused onto a metallic wire. This interaction produces
aforward-directed beam of electrons with an energy spread of
up to a few MeV. Strong phase bunching and good accelerated
beam quality was shown by extensive simulations [25] using
phased injection of test particles with a similar broad energy
spectrum. With a proper choice of laser, plasma channel, and
injected beam parameters, the LWFA can trap a significant
fraction of the injected pulse while producing an ultrashort,
high-quality accelerated pulse [26]. Energetic electrons from
the interaction of ultrashort laser pulses with solid targets
have been produced at a number of laboratories [24,27-29].
However, most of these experiments have used foil targets,
which presents geometrical difficulties for a LWFA applica-
tion because the foil would block the accelerating laser pulse
from the plasma acceleration region. The solid wire can be
placed at a short distance from a plasma channel where the
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injected electrons can be further accelerated by a laser pulse.
The plasma channel is used to guide the laser pulse at a high
intensity, thereby increasing the interaction or acceleration
length. Suitable plasma channels for guiding can be formed
using capillary discharges [30], or line focused lasers with
gas jets [32]. Since the wire can be placed very close to the
plasma channel, this approach should be simpler to imple-
ment than other all-optical injection schemes. Although it
may be possible to produce both the injected electrons and the
channel-guided acceleration with a single laser pulse, it may
be necessary to split the laser pulse in order to produce elec-
trons at the proper phase for subsequent acceleration.

The energetic electrons were produced by focusing
a linearly-polarized 6 TW laser onto a 13 pm diameter tung-
sten wire. The wire diameter chosen was smaller than the
focused laser spot to allow a possibility of using a single laser
beam for injection and acceleration. The proper phase match
can be obtained by varying the distance between the wire and
the capillary. The electrons were characterized both in their
energy spectrum and angular distribution. The number and
temperature of the electrons generated in this experiment dif-
fered significantly when the laser polarization was changed
between S and P polarization, where P polarization means that
the E vector of the laser field is parallel to the wire axis and the
S polarization E vector perpendicular to the wire axis.

Section 2 describes the experimental setup. Section 3
presents measurements of electron energy spectra and angular
distribution for both S and P polarization. Section 4 compares
the measured energy spectra with the Boltzmann distribution
expected for ponderomotive acceleration and discusses the
polarization dependence. Section 5 describes transport of the
injected electrons through a capillary discharge and discusses
the role of fringing magnetic fields due to the current in the
discharge. Results are summarized in Sect. 6.

2 Experimental setup

The experiments were conducted using a 6 TW
short pulse Ti-sapphire laser with a wavelength of 800 nm.
The laser delivered 45 fs FWHM pulses with a maximum
energy up to 600mJ at a pulse repetition rate of 10 Hz.
A schematic drawing of the experimental set up is shown in
Fig. 1. The laser beam was focused to a 30 um diameter spot
using an f/6 off-axis parabolic mirror at perpendicular inci-
dence with respect to the target. The maximum intensity in
the focal plane was estimated to be about 3 x 10'8 W/cm?.
The contrast ratio of the main pulse to the prepulse that pre-
cedes it by 8 ns was greater than 10*. The targets were solid
tungsten wires 13 wm wide. For the purpose of comparison,
electron generation from solid 25 pm thick tungsten foils was
investigated as well.

The electron energy distribution in the forward direction
was measured with a magnetic spectrometer. The detector
was a BC-400 scintillator located at 19 cm from the back-
side surface of the target. The scintillator was 14 cm long
and 2.5 mm thick and was coupled to an ICCD (Intensified
Charged Coupled Device) Andor camera. A cylindrical colli-
mator with an entrance opening of 3 mm was placed between
the target and the scintillator. The collimator was made of
50 mm thick graphite and 5 mm lead. The scintillator was cov-
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FIGURE 1 Experimental setup. The laser is focused by an off-axis parabola
onto a wire target, producing energetic electrons. These electrons pass
through a collimator and are deflected by a vertical magnetic field and de-
tected by the scintillator

ered with two layers of 20 wm Al foil as a light shield that
prevented light penetration without affecting electrons with
energies above 100 keV. For electrons in the energy range be-
tween 100 keV and a few MeV, the number of photons created
in this scintillator is proportional to the number of electrons,
although there is a difference in penetration depth at differ-
ent energies. This feature allowed us to obtain the number of
electrons and to derive their energy distribution.

Energetic electron spectra were measured for both P and
S laser polarization. The angular distribution of the electrons
was also measured using a curved film that was placed at 5 cm
from the target and surrounded the target over a 180° angle.
A 30 wm thick Al filter was inserted in front of the film to
block direct laser light and soft X-rays. Electrons with ener-
gies lower than ~ 100 keV did not penetrate the filter.

3 Measurements of electron energy spectra

Figure 2 shows an example of the electron image
recorded by the ICCD camera in an experiment with a ver-

C ' s L s > B RS
FIGURE 2 The electron image recorded by the ICCD camera in an experi-

ment with a vertical wire target, P laser polarization and a magnetic field of
83 Gauss (a), 40 Gauss (b) and no magnetic field (c)
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FIGURE 3  Spectrum of fast electrons measured in the forward laser direc-
tion for irradiation of a wire target with P laser polarization

tical wire target and P laser polarization. The three images
correspond to spectrometer magnetic fields of (a) 83 Gauss,
(b) 40 Gauss, and (c) zero Gauss. The energy of the electrons
was derived from the calculation of electron trajectories using
a map of the measured magnetic field.

Figures 3 and 4 show the energy spectrum of electrons
generated from wire targets for P and S polarization. The
number of electrons calculated from the integrated spectrum
was about 1.5 x 10 per pulse for wire targets under laser
P polarization. The electron yield was about 20% less for S
polarization. The electron density spectrum peaked at about
600-700 keV. A tail of hotter electrons with energies of up to
3 MeV is seen in the spectrum; however their number is close
to the noise level of the detection system. The cutoff on the
low energy part of the spectrum can be attributed to the strong
space charge field created on the surface of the wire. This field
only allows escape of the energetic electrons. The peak of the
electron distribution can be controlled by the laser intensity
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FIGURE 4  Spectrum of fast electrons measured in the forward laser direc-
tion for irradiation of a wire target with S laser polarization
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FIGURE 5 Spectrum of fast electrons measured in the forward laser direc-
tion for irradiation of 25 um foil targets with P laser polarization

and can be tuned for optimal conditions of electron injection.
The curves in Figs. 3 and 4 are Boltzmann fits to the experi-
mental data.

Figure 5 shows the energy spectrum of electrons gener-
ated from 25 pm thick foil targets for P laser polarization. In
this case, the electron generation is not enhanced for laser P
polarization, as measured for the case of a wire target.

The angular distribution of energetic electrons was meas-
ured by removing the collimator and surrounding the target in
the forward direction with AGFA D-7 film. The film was bent
into a semicircular shape and placed 5 cm from the target, thus
providing angular coverage of 180°. This film is relatively in-
sensitive to energetic X-rays and highly sensitive to charged
particles. The influence of relatively low energy X-rays and
electrons with energy below 100 keV was eliminated by using
a 200 um Al foil in front of the film. The angular distribu-
tion of forward electrons and the raw film image are shown in
Fig. 6. The angular distribution of the electrons emitted in the
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FIGURE 6 The angular distribution relative to the laser forward direction
of the energetic electrons emitted from a wire target. The raw film image is
shown at the bottom of the figure
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forward direction shows a beam of collimated electrons mov-
ing within ~ 20° of the direction of laser propagation. This
narrow bunch is accompanied by a low intensity ring with an
angular spread of ~ 50°.

4 Interpretation of electron energy spectra

The energy spectrum of hot electrons generated by
ultrashort laser pulses is usually well described by a Boltz-
mann distribution with an effective temperature 7},. For elec-
trons generated by ponderomotive acceleration [29, 32, 33],
and laser intensity between 10'® and 10'” W/cm?, this tem-
perature is related to the ponderomotive potential by [27]

ke Ty = moc? (\/1  2[W/cm® um?]/1.38 - 1018 — 1) )

For I =3 x 10" W/cm?, and A = 0.8 um, the predicted tem-
peratureis 273 keV. The electron temperatures were estimated
by fitting experimental spectral data to a Boltzmann distribu-
tion

o AN E
=—n~—exp|l——,
ae 2 P\ Tk,

in the range between 500 keV and 1 MeV. Figure 7 compares
the results of the Boltzmann fits of the spectra in Figs. 3-5 to
the ponderomotive scaling, 7, = 273 keV. The fitted electron
temperature for the foil target experiments (329 keV) agrees
well with the ponderomotive value. For wire targets, the fitted
electron temperature is substantially lower.

The lower temperature obtained for the wire targets may
be due to difficulties in focusing the laser beam onto these tar-
gets. Another explanation for this lower electron temperature
may be related to the geometry of the wire experiment. If the
fast electrons are produced by ponderomotive acceleration in
the plasma generated on the surface of the solid target, the
electron energy gain should be larger for cases with a larger
plasma scale length. The plasma scale length on the wire sur-
face is probably significantly smaller than that for the foil, due
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FIGURE 7 Normalized Boltzmann fit to the energy spectra of the elec-
trons emitted from wire targets for P and S laser polarization, foil target. The
fourth curve (T = 0.273 MeV) gives the theoretical ponderomotive scaling
based on (1)

to two-dimensional geometrical effects and the fact that the
wire is a factor of two thinner than the foil.

The data obtained from wire targets also exhibits polar-
ization dependence. The fitted temperatures are 205 keV for
laser P polarization and 174 keV for S polarization in the case
of wire targets. These polarization differences may be related
to the appearance of additional mechanisms such as reson-
ance absorption [32—-34]. For wire targets with width smaller
than the diameter of the laser spot, the laser electric field
has a non-zero component perpendicular to the target at nor-
mal incidence, and resonance absorption may occur during
the irradiation. This process may contribute to the increase
in the number of electrons in the case of a P polarized laser
beam. Alternatively, a mechanism known as Brunel (or vac-
uum) heating [35] may be more efficient for energetic electron
generation in the case of P polarization. In Brunel heating the
electrons are pulled into vacuum in one half-cycle of the laser
field, accelerated in vacuum, and re-injected into the dense re-
gion and farther into the target in the next half-cycle. In the
case of a wire target, it may be possible that electrons that are
pulled from the sides of the wire will subsequently be acceler-
ated away from the target.

5 Transport of electrons
through a capillary discharge

In order for a capillary discharge to be suitable for
a channel-guided LWFA, energetic electrons must be injected
into the capillary with high efficiency and transported without
substantial losses. The electrical current in the discharge pro-
duces substantial magnetic fields that can affect electron tra-
jectories both inside and outside the capillary. For the LWFA
parameter regime, the electromagnetic fields produced by the
laser plasma interaction are generally much larger than the
discharge fields. However, the fringing magnetic fields in the
region just outside the discharge could deflect the externally-
injected electrons and cause them to be lost. This problem
was recently examined theoretically by Hafizi et al. [36], who
concluded that for typical LWFA parameters, the deflection
of injected electrons by the magnetic field of the discharge
should be small compared with the acceptance of the wake-
field.

A series of shots was taken in which electrons from a wire
target were injected into a capillary discharge. The polarity of
the discharge current was chosen such that the magnetic field
inside the capillary confined the electrons. The standoff dis-
tance between the wire and the entrance to the capillary was
500 pm. The average number of electrons transported through
the capillary was 1.49 x 10 when the capillary current was
triggered. When no discharge current was triggered, the cap-
illary acted as a simple collimator, and the average number of
electrons transported was actually slightly lower (1.41 x 10°).
These results are consistent with the theoretical model [36]
and suggest that there were no significant losses due to mag-
netic fields outside the capillary.

6 Conclusions

In conclusion, electron bunches with energies up
to several MeV were generated by irradiating tungsten wires
with 45 fs, 3 x 10'® W/cm?, 10 Hz laser pulses. The energetic
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electron yield was about 1.5 x 10° per pulse into a 20° cone.
This energetic electron bunch will be used as an optical in-
jector for a channel-guided laser wakefield accelerator. The
proposed method provides the possibility of simplified timing
between injection and acceleration.
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