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Temporal characteristics of monoenergetic electron beams generated
by the laser wakefield acceleration
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Pulse length of quasimonoenergetic electrons accelerated by the wakefield generated by 12 TW, 40 fs
laser pulses in a gas jet is determined via spectral measurements using a bolometer to detect coherent
transition radiation. A quasimonoenergetic electron beam with its mean energy £ = 21 MeV, dispersion
AE = 4 MeV, total charge ¢ ~ 30 pC, and the geometrical emittance 0.0777 mm mrad is generated with
high reproducibility. The averaged duration of only the quasimonoenergetic electron bunches peaked
around 20 MeV is 130 = 30 fs (FWHM), while it is 250 = 70 fs (FWHM) for electron bunches with
quasimonoenergetic distributions peaked around 4 MeV, at a distance of 180 mm far from the gas jet
because of relatively large electron energy spread. Pulse elongation of the electron bunch with the
quasimonoenergetic distribution after 180 mm path is 60-220 fs (FWHM). Therefore, the initial duration

of the electron bunch at the gas-jet rear is expected to be less than 100 fs (FWHM).

DOI: 10.1103/PhysRevSTAB.10.031301

Recent progress in the laser-plasma electron accelera-
tion [the laser wakefield acceleration (LWFA)] [1,2] has
brought about interest to detail characterization of dense
and short electron beams generated by the laser wakefield.
The temporal characteristic of such beams is of particular
importance. The LWFA allows the jitterless generation of a
set of bunches with their durations shorter than a typical
relaxation time of the electronic subsystem of a condense
matter [3]. A rate of nonadiabatic excitation of the electron
subsystem by a time-dependent electric field is usually a
Gaussian @ ~ exp[ —(w7)?/2] with w[~10'* s 1] a typi-
cal frequency and 7 the duration of the electric field,
therefore for nonzero w the bunch duration should be
shorter than few tens of femtoseconds; for picosecond
and subpicosecond electron beams w is practically zero.

The self-injection of plasma electrons in the acceleration
phase of the laser wakefield is a key part of the LWFA. One
laser pulse can provide both the electron injection and the
electron acceleration [1,2,4,5]. However, results of various
numerical simulations of LWFA have shown that the fem-
tosecond duration of driving laser pulse cannot guarantee
the short duration of accelerated electrons [4,5]. The length
of the electron bunch strongly depends on the way of their
injection in the phase of laser wake for further acceleration.
Although the mechanism of generation of accelerating
laser wakefield by the ponderomotive force [6] is well
known, various mechanisms of electron injection and their
effect on the bunch length have yet to be understood.
Therefore, only a direct measurement of electron bunch
duration is a supreme test [7,8]. In Ref. [7], the bunch
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duration is estimated by the detection of THz radiation
from the plasma boundary. Though there is no serious
doubt in the result, this measurement cannot provide com-
plete assurance that the radiation comes from the beam not
from the plasma itself. In the present rapid communication,
we perform a direct spectral measurement of the coherent
part of transition radiation from a Ti foil produced by
quasimonoenergetic electron beams accelerated by the
wakefield of 17 TW, 40 fs laser pulses.

The experimental setup is shown in Fig. 1 (see also
Ref. [2]). A supersonic pulsed helium gas jet settled in a
vacuum chamber. The pulsed-slit gas jet is generated by a
device consisting of a shock-wave-free slit nozzle and a
solenoid fast pulse valve. The supersonic slit nozzle is
designed to be forming the Mach number M, = 5.0 flow
for helium and has a 1.2 mm width and 4.0 mm length at
the rectangular exit. The stagnation pressure of the valve
can be varied up to 80 atm. With this pressure the density at
the exit of the nozzle ranges up to Ny, = 6 X 10! cm™3.
Uniform density distributions with the sharp boundary of
the slit gas jet near the exit are verified by interferometry.

The 17 TW Ti:sapphire laser system generates with the
pulse energy up to 650 mJ, 40 fs laser pulses at a funda-
mental wavelength of 790 nm with a 10 Hz repetition rate.
The details of the laser system are described in Ref. [2]. In
the present experiment, a 12 TW laser pulse with its
diameter of 50 mm is delivered into the vacuum chamber
and is focused to the gas jet by an off-axis parabolic mirror
with a focal length of 178 mm. The focus position is
170 pm inside from the front edge of the slit nozzle
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FIG. 1.

boundary at a height of 1.5 mm from nozzle exit. The focal
spot size is 6.0 um in full width. The maximum laser
intensity on the target is estimated to be [ =4 X
10" W/cm?. The contrast ratio of main pulse to the am-
plified spontaneous emission (ASE) prepulse preceding it
at 150 ps is typically 5 X 1077 at a fundamental wave-
length. The nanosecond-scale prepulse, the pedestal can be
controlled by tuning of the Pockels cells inside the regen-
erative amplifier.

To characterize and control the quasimonoenergetic
electron beams in one shot, the measurements of plasma
density dynamics by the shadowgraph, the spatial and
energy distribution of the electrons, and the charge are
performed. For the shadowgraph, a part of the laser pulse
carrying about 1% energy of the main pulse is divided
through a 2 um thickness Pellicle window as a beam
splitter. It is delivered into the target region in the direction
of 90° from the laser propagation axis and is used as a
probe pulse for the plasma diagnosis. The shadowgraph
image of the plasma by this probe pulse provides informa-
tion of the density structure of the evolving plasma with a
time resolution ~100 fs; it is detected by a 14 bit charge
coupled device (CCD) camera. A bandpass filter AA =
20 nm at A = 790 nm is put in front of the CCD to cut the
plasma light. The polarization of the main laser pulse at the
target is parallel to the probe beam axis. The synchroniza-
tion of the probe pulse with the evolving plasma is adjusted
by changing the length of the optical path on the delay line.

The spatial distribution of the electron beam ejected
from the gas jet is directly detected by a phosphor screen
(DRZ), which is set at the rear of the gas jet [2]. The DRZ is
sensitive to high energy particles and radiations, and is set
150 mm away from the focus point behind the 300 um
titanium foil; the exposure to x-rays, low energy electrons,
and the laser pulses is eliminated.

The energy spectrum of the electron beam is detected by
a magnetic electron deflector, which is set in the laser axis
between the gas jet and the DRZ screen; see details in
Ref. [2]. This setup allows detecting the energy spectrum
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Experimental setup for bunch duration measurement. Transition radiation emitted from Ti foil is detected by a bolometer.

of the electron beam from 7 to 60 MeV. Total charge of the
electron beam is measured by an integrated current trans-
former (ICT), which is set at the laser axis behind the gas
jet. We also perform the 2D particle-in-cell simulation by
FPLaser2D code [5] to understand the process of the
electron acceleration.

The transition radiation is generated at the rear of a
300 pum thick Ti foil. The radiation from the rear side of
the foil is focused through a high-pass spectral filter (A <
50 pum or A <100 wm) to a bolometer by a system of
parabolic mirrors as seen in Fig. 1. The cryogenic silicon
bolometer (Infrared Laboratories Inc.) operating at 4.2 K
temperature with the noise equivalent power less than
10~13 W/Hz!/2 is equipped by set of 4 spectral low-pass
filters transmitting the radiation with A > 28 um,
>50 um, >100 gm, and >280 um, respectively, and
several mesh high-pass filters.

The spectral intensity of THz transition radiation pro-
duced by an electron bunch strongly depends on the bunch
length [9,10]:

Prr(A) = n[1 + nf(M)]P.(A), (D

where n is the number of electrons in a bunch,
) 2
1) = ‘ JECECEVE @)

is the bunch form factor with S(z) the one-dimensional

density distribution function;
aB%sin’fcos?

A1 — B%cos?6)?

P,()) = [£17dQdA; B=v/c,

3

where « is the fine-structure constant, A the wavelength, 6
the direction angle from the electron beam axis, & the
permittivity of the metal, () the solid angle in the @
direction,;
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FIG. 2. Plasma shadowgraph image. The channel in the pre-
plasma is produced by the laser prepulse.

DB Bl i)
[ecosh + (e — sin20)'/2][1 — B(e — sin26)'/2]’
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This equation is used to calculate the spectrum of the THz
radiation. One can see that for the wavelength A longer
than the typical bunch length the intensity is proportional
to n>—the coherent radiation; in the opposite case the
intensity is small, ~n—incoherent. In contrast to P,(A),
the form factor f(A) strongly depends on the radiation
wavelength that can be detected.

In the condition when the laser prepulse produces a
plasma channel before the main pulse, as seen from the
shadowgraph image in Fig. 2, relatively stable, low emit-
tance electron beams are generated with a good reproduc-

ibility. Figure 3 shows spatial distributions of the electron
deflected by a magnetic electron deflector and the energy
spectrum; (a) and (b) with quasimonoenergetic distribu-
tion, (c) with Maxwell-like energy distribution, respec-
tively. A typical image of the low emittance electron
beam on the DRZ plate is shown in Fig. 3(al). The emit-
tance is estimated to be 0.0777 mm mrad. The energy spec-
trum of the beam given in Fig. 3(a2) shows that the energy
of the quasimonoenergetic electron beam is improved by
factor 2 compared to our previous report [2]; the mean
energy of the electrons is (E) = 21 MeV with the energy
spread AE ~4 MeV (~ 20%). The total charge of the
electron estimated via ICT measurement is about 100 pC.
To determine the charge in the narrow range AE =
19-23 MeV where the electrons constitute a monoener-
getic distribution, we use the results of PIC simulation.
However, we also have obtained another electron bunch
with spatial and energy distributions as shown in
Figs. 3(b1) and 3(b2) with the same experimental condi-
tions as Figs. 3(al) and 3(a2). The peak energy and the
energy spread have changed shot by shot due to shot-to-
shot instability of laser and plasma parameters. For the
channel with the minimal density N, = 1 X 10! cm™3,
the maximal density Ny, = 4 X 10" cm™3, and the di-
ameter D = 20 um, we get the distribution that is very
close to the experimental one as seen in Fig. 4(a). The
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FIG. 3. Spatial distributions of the electron deflected by a magnetic electron deflector and the energy spectrum: (a) and (b) with
quasimonoenergetic distribution; (c) with Maxwell-like energy distribution, respectively.
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FIG. 4. (a) Energy distribution of the electron bunch and

(b) spatial distribution of the longitudinal component of electric
field of the plasma wave, in PIC simulation.
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FIG. 5. Optimal signal form detected by the bolometer with a
spectral low-pass filter of A > 100 um. Its gap at r =0 is
proportional to the number of photons detected.

typical distribution of the plasma field is presented in
Fig. 4(b). After normalizing the distribution function, we
calculate the electron charge in the range; it is about 30 pC.
This charge is big enough to produce a detectable signal of
the transition radiation.

An optimal signal form detected by the bolometer with a
spectral low-pass filter of A > 100 wm is shown in Fig. 5
and its gap at ¢t = 0 is proportional to the number of
photons detected. The results of spectral measurements
of the transition THz radiation are presented in Fig. 6.
The circles show averaged signals of the transition radia-
tion generated from (a) quasimonoenergetic distributions
peaked around 20 MeV, (b) quasimonoenergetic distribu-
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FIG. 6. Spectra of the transition radiation measured by a
bolometer, generated from (a) quasimonoenergetic distributions
peaked around 20 MeV, (b) quasimonoenergetic distributions
peaked around 4 MeV. The circles show averaged signals of the
transition radiation, placed at the middle of the detection ranges
(determined by bandpass filters) shown by the horizontal error
bars, and the vertical error bars describe these standard devia-
tions. The calculated spectra of the transition radiation for
different bunch duration are also included.
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FIG. 7. Pulse elongation of the electron bunches: (a), (b) and (c) with the energy distributions as in Figs. 3(a2), 3(b2), and 3(c2),
respectively, after 180 mm path, supposing initial bunch duration to be zero at the gas-jet rear.

tions peaked around 4 MeV, placed at the middle of the
detection ranges (determined by the bandpass filters)
shown by the horizontal error bars, and the vertical error
bars describe these standard deviations. Along with the
results, the calculated spectra of the transition radiation
with use of Eq. (1) for different duration of a monoener-
getic electron bunch are given. According to the calculated
spectra, we can define the averaged duration of the high
quality bunch as 130 = 30 fs (FWHM), while it is 250 =
70 fs (FWHM) for the low quality bunch. These are dura-
tions of the bunch after it propagates 180 mm behind the
gas jet. Since the electron energy distribution has 100%
dispersion in the Maxwell-like or about 20% dispersion
even in the quasimonoenergetic, the bunch duration be-
comes longer. The durations are still almost equal to the
top value of an electron bunch generated from a traditional
radio-frequency linear accelerator: 240 fs (FWHM) at the
S-band linac of University of Tokyo or from a SASE-FEL.:
100 fs (FWHM) at DESY in Germany [10-12]. Assuming
the energy spread, we can restore the initial duration of the
electron bunch. In Figs. 7(a)—7(c), pulse elongation of the
electron bunches with the energy distributions as in
Figs. 3(a2), 3(b2), and 3(c2), respectively, is presented.
Supposing initial bunch duration to be zero at the gas-jet
rear, the pulse elongation of the quasimonoenergetic elec-
tron bunch after 180 mm path is ~60-220 fs (FWHM).
Therefore, the initial duration of the electron bunch at the
gas-jet rear is expected to be less than 100 fs (FWHM).
In conclusion, a quasimonoenergetic electron beam with
its mean energy E = 21 MeV, dispersion AE = 4 MeV,
total charge g ~ 30 pC, and the geometrical emittance
0.077 mm mrad has been generated by the laser wakefield
acceleration with high reproducibility. The bunch duration
has been determined via direct spectral measurements of
the coherent transition radiation. Because of the energy
spread, the averaged duration of the bunch has been found
to be 130 = 30 fs (FWHM) for the quasimonoenergetic
distributions peaked around 20 MeV and 250 * 70 fs
(FWHM) for the quasimonoenergetic distributions peaked

around 4 MeV, respectively, at the distance 180 mm far
from the gas jet. The initial duration of the electron bunch
at the gas-jet rear is expected to be less than 100 fs
(FWHM) at present. As the next step, we will perform a
single-shot measurement using a polychromator to obtain
more precise durations of electron bunch at the gas-jet rear
very soon. We anticipate that such beams can be used for
the femtosecond pump-probe analysis of condense matter.
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