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Abstract

The electron beam generated in a self-modulated laser
wakefield accelerator is characterized. It was observed to
have a multi-component beam profile and its energy distri-
bution undergoes discrete transitions as the laser power or
plasma density is varied. In addition, dark spots that form
regular modes were observed in the electron beam profile.

1 INTRODUCTION

Acceleration of electrons by an electron plasma wave has
been of great current interest because of its much larger ac-
celeration gradient than that of conventional rf linacs [1].
Several methods have been proposed for driving a large-
amplitude fast-phase-velocity plasma wave [1]. In the
Laser Wake-Field Accelerator (LWFA), an electron plasma
wave is driven resonantly by a short laser pulse through
longitudinal laser ponderomotive force [2]. In the Self-
Modulated Laser Wake-Field Accelerator (SMLWFA), an
electron plasma wave is excited by a relatively long laser
pulse undergoing stimulated Raman forward scattering in-
stability [3, 4, 5]. The injection of electrons can oc-
cur by trapping of hot background electrons, which are
preheated by other processes such as Raman backscatter-
ing and sidescattering instabilities [6, 7, 8], or by wave-
breaking (longitudinal [1] or transverse [9]). It can also be
achieved by specific injection schemes [10, 11] in order to
control the characteristics of the generated electron beam.

Several groups have observed the generation of MeV
electrons from the SMLWFA [7, 8, 12, 13, 14, 15]. In
this experiment, the electron beam produced from a self-
modulated laser wakefield accelerator injected with self-
trapping of electrons was characterized in detail. The
observations of up-to-three-component electron-beam pro-
files and up-to-two discrete changes in the slope of electron
energy distribution are reported. In addition, dark spots that
form regular modes were observed in the first beam-profile
component. These new observations provide us important
new clues to the underlying dynamics of electron accelera-
tion in a three-dimensional (3-D) plasma wave.

2 EXPERIMENTAL SETUP

The experiment was done by using a Ti:sapphire/Nd:glass
laser system that produced 400-fs-duration laser pulses at
1.053-�m wavelength with a maximum peak power of 4
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TW. The 50-mm-diameter laser beam was focused with an
f/3.3 parabolic mirror onto the front edge of a supersonic
helium gas jet. The focal spot in vacuum was a 7-�m-
FWHM near-Gaussian spot, which contained 60% of the
total pulse energy, and a large dim spot (100�m FWHM).
The helium gas was fully ionized by the foot of the laser
pulse. At a laser power of� 2 TW and a plasma density
of � 2�1019 cm�3, the laser pulse underwent relativistic-
ponderomotive self-channeling [13, 16], and the laser chan-
nel of< 10-�m diameter extended to be 750�m in length,
the length of the gas jet. An electron plasma wave was
excited by the laser pulse through stimulated Raman for-
ward scattering instability, as was evident from the ob-
servation of Raman satellites in the transmitted light [7].
An electron beam was produced, when the laser power or
gas density exceeded a certain threshold, and propagated
in the direction of the laser beam. The spatially-averaged
time-resolved plasma-wave amplitude was measured us-
ing collinear collective Thomson scattering [17]. The peak
plasma-wave amplitude was observed to increase with in-
crease of laser power or plasma density, and the maximum
observed was about 30% density perturbation.
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Figure 1: Total number of electrons with energies>60 keV
in the generated electron beam as a function of laser power
at3:7� 1019-cm�3 plasma density.

The electron energy spectrum in the low energy range
(< 8 MeV) was measured using a dipole permanent magnet
with a LANEX scintillating screen imaged by a CCD cam-
era as the detector. Higher-energy electron energy spec-
tra were obtained by using dipole electro-magnets and a
multi-wire proportional chamber (MWPC). The electron-
beam spatial profile at 16 cm away from the gas jet was
measured using a LANEX scintillating screen imaged by a
CCD camera. Because of the aluminum foil in front of the
LANEX, which was used for blocking the laser light, only
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electrons with kinetic energies higher than 100 keV were
imaged. Since the source size of the generated electron
beam was small,� 10 �m in diameter, the electron beam
profile on the LANEX was actually a measurement of the
angular pattern. The total number of electrons in the beam
was measured either by using a Faraday cup to directly col-
lect the entire electron beam or by using a collimator and a
calibrated scintillator-PMT (photomultiplier tube).

3 RESULT AND DISCUSSION

3.1 Number of Electrons

Figure 1 shows the total number of electrons in the beam
as a function of laser power at a fixed plasma density [7].
Below a threshold, no electron is observed. When the laser
power exceeds this threshold, the number of electrons in-
creases exponentially with increase of laser power, and then
gradually saturates. The variation of the number of elec-
trons with change of plasma density shows the same be-
havior. The threshold of the electron production is believed
to be associated with the electron trapping threshold.

3.2 Transverse Beam Profile
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Figure 2: Lineouts of the electron beam profiles for various
laser powers at2:3 � 10

19-cm�3 plasma density: (a) 0.6
TW, (b) 1.1 TW, (c) 2.0 TW, and (d) 2.9 TW.

The electron beam profile (angular pattern) was ob-
served to contain several concentric Gaussian-like-profile
beams, and the number of beam components depends on
laser power and plasma density. For a plasma density of
2.3�6:2� 10

19 cm�3, only one beam component (� 20
�

FWHM) exists in the electron beam at 0.6-TW laser power.
At a laser power larger than 1 TW, a second beam compo-
nent grows up on top of the first beam component, with a
divergence angle of5��10

� FWHM. For 2.3�3:4�10
19-

cm�3 plasma density, a third beam component with a di-
vergence angle of1� � 3

� FWHM appears when the laser

power is higher than 2 TW. Figure 2 shows the lineouts
of the electron beam profiles for various laser powers at
2:3� 10

19-cm�3 plasma density. Basically, the divergence
angle of the second beam component increases and that
of the third beam component decreases with increase of
laser power, while the divergence angle of the first beam
component is roughly invariant (20�� 25

�). The multiple-
component electron beam profile is believed to result from
the transverse electric field of the plasma wave.

(a) (b) (c)

Figure 3: Images of the transverse electron beam profiles
at various laser powers and plasma densities: (a) 1.1 TW,
3:4�10

19 cm�3, (b) 3.5 TW,6:2�10
19 cm�3, and (c) 2.0

TW, 2:3� 10
19 cm�3.

The appearance of the second beam component was ob-
served to coincide with the sudden extension of the plasma-
wave channel (which is determined by the laser chan-
nel) caused by laser self-guiding. In addition, when the
second beam component appears, there are usually some
holes appearing in the first beam component, as shown in
Fig. 3. These holes form regular patterns that are simi-
lar to TM12, TM22 and TM32 electromagnetic modes in
a circular waveguide, or to (1,0), (1,1) and (1,2) Hermite-
Gaussian modes of a laser beam. Furthermore, under the
highest laser power and plasma density in this experiment,
a density depression at the center of the accelerated elec-
tron beam was observed occasionally, as shown in Fig. 4.
The dark modes appearing in the electron beam profile may
be caused by the excitation of electron plasma waves with
higher-order modes or with density depressions.

3.3 Electron Energy Spectrum
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Figure 4: Image and vertical lineout of the transverse elec-
tron beam profile at 3.5-TW laser power and6:2 � 10

19-
cm�3 plasma density.

Figure 5 shows the normalized electron energy spectra in
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the low energy range for various laser powers and plasma
densities. The spectra were found to have Maxwellian-like
distributions, i.e., exp(-�
), where
 is the relativistic fac-
tor of electron energy. The slope,�, of the spectrum was
found to change discretely with variation of laser power
and plasma density. For instance, at a fixed plasma density,
the slope remains the same with increasing laser power un-
til a certain threshold is reached. Then the slope� changes
to a lower value, and stays the same with further increase of
laser power until the next jump. The same behavior occurs
for varying plasma density at a fixed laser power. Three
� values were observed in this experiment: 1.0, 0.6 and
0.3. The occurrence of the first jump coincides with the
extension of the laser channel from< 400 �m to 750�m;
however, when the second jump occurs, there is no change
in the laser channel length. The slopes of the electron en-
ergy spectra in the low energy range were found to be the
same for these three beam components. The transition of
the slope may be related to the ratio between the plasma-
wave channel length and the electron detuning length.
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Figure 5: Electron energy spectra for various laser powers
and plasma densities: (a) 2.6 TW,3:4� 10

19 cm�3, (b) 2.9
TW, 3:5 � 10

19 cm�3, (c) 3.3 TW,4:8 � 10
19 cm�3, (d)

3.9 TW,4:8 � 10
19 cm�3, (e) 1.7 TW,6:2 � 10

19 cm�3,
(f) 2.7 TW, 6:2 � 10

19 cm�3, and (g) 3.5 TW,6:2 � 10
19

cm�3.

Another important observation in this experiment is a
two-temperature distribution in the electron energy spec-
trum. As shown in Fig. 6, which was obtained using both
the low-energy and high-energy electron spectrometers, the
slope of electron energy distribution in the low energy
range (� 5 MeV) is steep, while the slope in the high en-
ergy range is much less steep (almost flat). The two-slope
electron energy spectrum is believed to be a result of elec-
tron motion inside and outside the separatrix.

3.4 Other Parameters

The temporal duration of the electron pulse should be
roughly equal to that of the plasma wave,� 2 ps [17], since
the former is generated from the latter. The separation be-
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Figure 6: Electron energy spectrum for 3-TW laser power
and3 � 10

19-cm�3 plasma density. The solid lines repre-
sent exponential fits.

tween adjacent micro bunches is equal to the plasma-wave
period, which is 18 fs for a plasma density of3:4 � 10

19

cm�3. The duration of a micro bunch should be less than
that. Therefore, the maximum peak current is estimated
to be about 1 kA or higher. The transverse cross section
of the electron source should be roughly equal to the cross
section of the plasma wave, which roughly equals that of
the laser beam,� 10 �m. In the best cases, the angular
divergence of the electron beam was measured to be� 1

�,
which leads to a normalized transverse emittance of 0.06
�-mm-mrad for 2 MeV electrons.
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