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Spatially Localized Self-Injection of Electrons in a Self-Modulated Laser-Wakefield Accelerator
by Using a Laser-Induced Transient Density Ramp
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By using a laser-induced transient density ramp, we demonstrate self-injection of electrons in a self-
modulated laser-wakefield accelerator with spatial localization. The number of injected electrons reaches
1:7� 108. The transient density ramp is produced by a prepulse propagating transversely to drill a density
depression channel via ionization and expansion. The same mechanism of injection with comparable
efficiency is also demonstrated with a transverse plasma waveguide driven by Coulomb explosion.
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Wakefield acceleration of electrons in a plasma has the
potential of becoming the next generation particle accel-
erator [1]. The acceleration gradient of the plasma wave
can reach several GeV=cm for 1� 1019 cm�3 plasma
density [2], which is about 3 orders of magnitude larger
than the radio-frequency linac. Such a large gradient holds
the promise of a compact high-energy electron source.
Electrons can be trapped and accelerated by the plasma
wave provided their initial position is at the right phase of
the wave and their initial velocity is above a trapping
threshold [3]. Self-trapping of electrons has been observed
in many experiments in the self-modulated laser-wakefield
accelerator (SM-LWFA) regime [4,5], in which a laser
pulse with a duration larger than several plasma-wave
periods is used to drive the wave through Raman forward
scattering (RFS) instability [6]. Plasma-wave breaking [4]
and preacceleration of plasma electrons by the slow plasma
wave driven by Raman backscattering instability [7] were
identified to be the injection mechanisms. Controlled in-
jection by a collinearly propagating prepulse has also been
demonstrated [8].

To obtain an electron beam with small-energy spread
and short duration, electrons must be injected into a single
bucket of the plasma wave at a spatially localized position.
This is difficult to achieve with a radio-frequency electron
gun. Several optical injection methods have been proposed
for precise control of the timing of injection. Umstadter
et al. proposed that by using the transverse ponderomotive
force of a laser pulse crossing the plasma wave perpendic-
ularly, the trajectories of some electrons in the plasma
wave can be altered and become trapped [9]. Esarey
et al. proposed to use the moving beat wave of two collid-
ing pulses with different frequencies to inject electrons into
a plasma wave [10]. Kotaki et al. proposed to use a
counterpropagating pulse of the same frequency to collide
with a pump pulse, and electrons are injected by the optical
standing wave [11]. By computer simulations all these
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schemes have been shown to produce a short-duration
and small-energy-spread electron beam.

A different category of electron injection schemes in-
volves shaping of the gas target [12–15]. Suk et al. pro-
posed that by creating a sharp downward density ramp in
the plasma, background electrons can be injected into the
plasma wakefield at the ramp. The physical picture is that
when a plasma wave is generated across a sharp density
down ramp, electrons near the boundary move toward the
higher density region and then oscillate back into the lower
density region. Since the oscillation period is longer in this
region, these electrons are dephased with respect to the
background plasma-wave electrons and thus become
trapped. For significant self-injection to occur, the scale
length of the ramp should be close to or less than the
plasma-wave wavelength. In Ref. [15] it was suggested
that the wall of a transverse plasma waveguide can serve as
the density ramp for self-injection even though its scale
length is several times the plasma-wave wavelength. In this
Letter, we report the first experimental demonstration of
self-injection by a sharp density ramp in a SM-LWFA. By
using a transverse prepulse to ionize and heat the gas target
locally, a transient density up ramp and a down ramp are
created as a result of plasma thermal expansion. The
number of injected electrons reaches 1:7� 108. The
same mechanism of injection is also demonstrated with a
transverse plasma waveguide driven by an intense prepulse
via Coulomb explosion. If a temporally localized plasma
wakefield can also be produced by two optimally separated
collinear pump pulses as proposed in Ref. [9], the combi-
nation is expected to lead to femtosecond single-bucket
injection, which is an essential step toward producing high-
quality ultrashort-pulse electron acceleration.

A 10 TW, 55 fs, 810 nm, and 10 Hz Ti:sapphire laser
system based on chirped-pulse amplification [16] is used in
this experiment. After the amplifier chain the pulse is split
into two, each going through an energy tuner and a pulse
3-1  2005 The American Physical Society
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FIG. 1. (a) Images of the electron beam from ramp injection
(first column) and 90� (second column) and 18� (third column)
side scattering of the pump pulse for various vertical positions of
the prepulse with respect to the pump pulse. The prepulse is 7 mJ
and 55 fs, the pump pulse is 210 mJ and 260 fs, and the pump
pulse delay relative to the prepulse is 4 ns. The helium gas
density is 2� 1019 cm�3. The white arrows indicate the propa-
gation direction of the pump pulse. The electron beam profile
and the side-scattering images taken without the prepulse are
shown for comparison. (b) First-Stokes RFS satellite energy
(open circles) and the number of accelerated electrons (solid
squares) as a function of the vertical position of the prepulse.
Both signals are obtained by averaging over 100 laser shots on
the CCD camera.
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compressor. One serves as the pump pulse for driving a
plasma wave, and the other is used as the prepulse for gas
jet drilling. The pump pulse is focused by an f=8 off-axis
parabolic mirror to a focal spot of 8:5 �m diameter in full
width at half maximum with 80% energy enclosed in a
Gaussian-fit profile. Perpendicular to the pump pulse, the
prepulse is focused with an f=4 off-axis parabolic mirror to
a focal spot of 4 �m diameter with 54% energy enclosed.
The 2� 1019 cm�3 helium gas target is produced from a
pulsed valve with a supersonic conical nozzle. The density
profile has a 1 mm flattop region with 250 �m boundaries.
Two side-scattering imaging systems are used to observe
the laser channel of the pump pulse by Thomson scattering.
The directions of observation are in 90� polar angle and
90� and 18� azimuthal angles, respectively, with respect to
the propagation axis of the pump pulse. The 0� azimuthal
angle is defined as the direction opposite to the propagation
direction of the prepulse. Because the intensity of
Thomson scattering is a product of laser intensity and
plasma density, the plasma density ramp can be visualized
in side-scattering images. Raman forward scattering spec-
tra are measured by collecting the emission with a concave
mirror at a 15� angle with respect to the propagation axis of
the pump pulse and imaging onto the entrance slit of a
spectrometer. The beam profile of the accelerated electrons
is measured with a LANEX (Kodak) scintillating screen
imaged by a charge-coupled device (CCD) camera [17]. A
25 �m aluminum foil is placed in front of the LANEX
screen to block the laser beam. The foil and the back
support of the LANEX screen together also block electrons
with energy below 100 keV. The electron number is mea-
sured by integrating the signals on the LANEX screen,
with the absolute number calibrated by using a scintillator-
photomultiplier assembly of known sensitivity. The collec-
tion angle of electrons is 6:6� � 13�. The electron energy
spectrum is measured by adding a collimator and a dipole
magnet in front of the LANEX screen [17].

For a plasma electron density of 1� 1019 cm�3, the
wavelength of the plasma wave is about 10 �m. A density
ramp of this length scale cannot be produced by mechani-
cal shaping of the gas nozzle. In this experiment, we
produced such a sharp ramp by using transient laser drill-
ing on the gas jet. A 55 fs, 7 mJ prepulse is used to ionize a
transverse plasma column in the gas jet, and 4 ns later after
expansion of this plasma column, a density depression
channel is formed in the neutral gas. By positioning this
channel in the path of the pump pulse, the pump pulse
driving a plasma wave is forced to go through sharp ramps
for self-injection.

Figure 1(a) shows the images of injected electron beam
and side scattering of the pump pulse for various vertical
(perpendicular to the plane of the prepulse and the pump
pulse) positions of the prepulse focal spot with respect to
the pump pulse. The 210 mJ, 260 fs pump pulse is nega-
tively chirped, with its duration optimized for maximum
RFS satellite intensity [18]. The image of the injected
electron beam is obtained by subtracting the image of the
11500
electron beam without the prepulse from that with the
prepulse. As shown, a sharp dark zone is present in the
laser channel of the pump pulse when the density depres-
sion channel intersects it. In addition, bright scattering
appears at both the edges of the dark zone, also indicating
the presence of sharp density ramps. Such a sharp density
ramp is expected since optical field ionization (multipho-
ton ionization) is a highly nonlinear process with a sharp
intensity threshold. As we move the prepulse vertically
away from the best overlap position, the dark region be-
comes smaller as expected from a cylindrical density de-
pression channel. This observation indicates that the
3-2
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vertical spatial extent of the density depression channel is
about 140 �m, consistent with the observed width of the
dark region. The propagation of the pump pulse is not
severely altered when it traverses near the center of the
density depression channel, as shown in the side-scattering
images for the regions between �25 �m. When the pre-
pulse position is displaced by �50 �m, the pump pulse
deflects, as seen clearly in the 18� side-scattering images,
due to the sharp transverse density gradient at the bounda-
ries of the channel. As shown, injection occurs only when
sharp density ramps appear in the path of the pump pulse,
and the electron beam profile is similar to that from self-
trapping.

Figure 1(b) shows the first-Stokes RFS satellite energy
and the number of accelerated electrons as a function of the
vertical position of the prepulse, both normalized to that
without the prepulse. The number of self-trapped electrons
without the prepulse is 6:8� 108. With the prepulse the
electron number increases by 25% in the region within
�25 �m, while the first-Stokes RFS stays the same or is
reduced. Both signals drop to about 70% at �60 �m, at
which the pump beam hits the vertical boundary of the
density depression channel. As the prepulse is moved
farther away from the pump pulse, both the electron num-
ber and the RFS satellite intensity return to the same levels
as without the prepulse.

Since the RFS satellite intensity is a measure of the
plasma-wave amplitude, the data show the increase of the
electron number within �25 �m is due to an enhanced
electron injection rather than enhanced self-trapping. The
vertical spatial extent of the region where the electron
number increases correlates well with the observation of
1010 mµ12.8o
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FIG. 2. First-Stokes RFS satellite energy (open circles) and the
number of accelerated electrons (solid squares) as a function of
pump pulse delay for the zero vertical position of the prepulse.
The inset shows the images of the electron beam from ramp
injection (first column) and 18� side scattering of the pump pulse
(second column) for a pump pulse delay of 67 ps, 333 ps, 1 ns,
and 4 ns (from the first to the fourth row). Other parameters are
the same as that described in Fig. 1.

11500
the density depression zone in the side-scattering image.
This correlation identifies that the additional electrons are
injected by the density ramps. To self-trapping the density
depression zone causes the opposite effect because in the
zone the trapping threshold is much higher. The ramp scale
length can be estimated from the distance between the
edges of the high-density region and the density depression
zone in the lineout of the side-scattering image of the pump
pulse. From Fig. 1 the distance from the edge of the high-
density region to the position of 75% of its density is
5:5 �m (19:8 �m at 10%), which is very close to the
plasma-wave wavelength of the high-density region
(5:2 �m). This is consistent with Ref. [14], in which the
simulation shows that electron injection occurs for a ramp
of length equal to or less than one plasma-wave wavelength
with a high-density region of 5� 1018 cm�3 density and a
ratio of 75% between the plasma densities of the low-
density and the high-density regions. In addition, no de-
pendence of the electron number on the polarization of the
two pulses is observed. The relative temporal position of
the pulses and the polarization independence rule out all
the optical injection mechanisms described in the second
paragraph.

Since the density profile encountered by the pump pulse
is a combination of the preformed plasma and the residual
neutral gas, the density ramp should become sharper with
time as the preformed plasma expands outward and dis-
sipates on the nanosecond time scale. Figure 2 shows the
first-Stokes RFS satellite energy and the number of accel-
erated electrons as a function of the pump pulse delay. The
inset of Fig. 2 shows the corresponding images of the
injected electron beam and side scattering of the pump
pulse. As shown, the fraction of ramp-injected electrons
increases from 0% at 67 ps to 25% at 4 ns, which verifies
the prediction of Ref. [13] that a sharper density ramp
1st-Stokes RFS satellite energy
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FIG. 3. First-Stokes RFS satellite energy (open circles) and the
number of accelerated electrons (solid squares) as a function of
the vertical position of the prepulse. The insets show the profile
of the ramp-injected electron beam (left) and 90� side scattering
of the pump pulse (right) for the zero vertical position of the
prepulse. The prepulse is 80 mJ and 55 fs, the pump pulse is
210 mJ and 260 fs, and the pump pulse delay is 67 ps. The
helium gas density is 2� 1019 cm�3.
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FIG. 4. First-Stokes RFS satellite energy (open circles) and the
number of accelerated electrons (solid squares) as a function of
the pump pulse delay for the zero vertical position of the
prepulse. The inset shows the electron energy spectra with (solid
line) and without (dashed line) the prepulse at a pump pulse
delay of 67 ps. Other parameters are the same as that described
in Fig. 3.
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enhances electron injection. In contrast, the RFS satellite
energy drops, which can be understood from the shortening
of the interaction length for RFS by the density depression
channel. In addition, no difference in the propagation of the
pump pulse between these cases was shown in the side-
scattering images. These observations strongly support our
interpretations.

To demonstrate electron injection by a transversely in-
tersecting plasma waveguide as proposed in Ref. [15], the
prepulse energy is raised to 80 mJ (peak intensity: 4:1�
1018 W=cm2) to drive a plasma waveguide through the
Coulomb explosion [19]. The insets of Fig. 3 show the
images of the injected electron beam and side scattering of
the pump pulse for the zero vertical position of the pre-
pulse. It can be seen clearly that the prepulse has created a
plasma density depression channel (plasma waveguide) at
a delay of 67 ps. Figure 3 shows the first-Stokes RFS
satellite energy and the number of accelerated electrons
as a function of the vertical position of the prepulse. As in
the case of Fig. 1, the injection of electrons occurs only
when the density depression channel intersects the path of
the pump pulse, and the number of injected electrons
decreases with an increasing displacement of the density
depression channel. Again, such a correlation with vertical
overlap, the slightly suppressed RFS satellite intensity, and
no dependence on laser polarization verify the mechanism
of ramp injection by the plasma waveguide. The length
scale of the density ramp (< 4 plasma-wave wavelengths)
also compares well with the simulation in Ref. [15]. The
inset of Fig. 4 shows the electron energy spectra for the
cases with and without the prepulse. The continuous dis-
tribution instead of a monoenergetic peak for the ramp-
injected electrons is expected because, although the elec-
trons are injected in a highly localized region, every bucket
11500
in the plasma wave can inject electrons as they traverse the
density ramp.

Figure 4 shows the first-Stokes RFS satellite energy and
the number of accelerated electrons as a function of the
pump pulse delay for the zero vertical position of the
prepulse. Ramp injection of electrons with a fraction rang-
ing from 25% to 45% is attained in the region of the pump
pulse delay of 0–80 ps. The time scale of the evolution of
the plasma density depression channel is consistent with
that reported for the plasma waveguide formation driven by
the Coulomb explosion [19]. Note that between 0–3 ps the
increase of the electron number can reach as high as 70%.
However, this increase is clearly due to the enhanced
Raman forward scattering instability, since the RFS satel-
lite intensity also increases significantly in this region
while no dark zone is observed in the side-scattering
image. The underlying physics of such an enhancement
of RFS requires further investigation.
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