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Production of a monoenergetic electron bunch in a self-injected laser-wakefield accelerator
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Production of a monoenergetic electron bunch in a self-injected laser-wakefield accelerator is investigated
with a tomographic method which resolves the electron injection and acceleration processes. It is found that all
the electrons in the monoenergetic electron bunch are injected at the same location in the plasma column and
then accelerated with an acceleration gradient exceeding 2 GeV/cm. The injection position shifts with the
position of pump-pulse focus, and no significant deceleration is observed for the monoenergetic electron bunch
after it reaches the maximum energy. The results are consistent with the model of transverse wave breaking and
beam loading for the injection of monoenergetic electrons. The tomographic method adds a crucial dimension
to the whole array of existing diagnostics for laser beams, plasma waves, and electron beams. With this method
the details of the underlying physical processes in laser-plasma interactions can be resolved and compared

directly to particle-in-cell simulations.
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I. INTRODUCTION

Laser-wakefield acceleration (LWFA) [1] of electrons in a
plasma has the potential of becoming the next-generation
electron accelerator [2] because of the extremely large accel-
eration gradient and compact size. The acceleration gradient
of relativistic plasma wave can reach several GeV/cm, which
is approximately three orders of magnitude greater than that
of the conventional radio-frequency linac limited by break-
down occurring on the wall of the structure [3]. In the early
stage of development electrons produced by laser-wakefield
accelerators have an energy spectrum of quasi-Maxwellian
distribution and a maximum energy of a few hundreds MeV
[4,5]. These continuum electrons are trapped from the back-
ground plasma continuously rather than being injected at a
specific space and time. Such a continuum energy distribu-
tion poses serious limitations on applications. Recently pro-
duction of well-collimated electron beam with up to GeV
energy and narrow energy spread was achieved by many
groups using a laser pulse in either a bare gas jet [6-13] or a
preformed plasma waveguide [14—17]. With this advance-
ment the laser-wakefield accelerator is now brought closer to
being an alternative to the conventional accelerator for prac-
tical applications [18-21].

The processes of self-injection and acceleration of the
monoenergetic electron beam have been studied by particle-
in-cell simulations and theoretical analyses [22-28]. Accord-
ing to these works the basic physical picture is as follows.
When an intense laser pulse propagates in a plasma, it drives
a plasma wave and at the same time undergoes self-focusing
and longitudinal compression, thus creating a highly nonlin-
ear large-amplitude plasma wave and propagating for a long
distance without significant spreading. The laser pulse can
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evolve into a state where its ponderomotive force causes
electron density cavitation (which resembles a bubble). As
the radially expelled electrons flow along the cavity bound-
ary and collide at the bubble base, transverse breaking [29]
occurs and a dense bunch of electrons are injected into the
plasma wave. The trapped electron bunch produces a field
that terminates further injection of electrons into the first
bucket and damps the plasma wave behind the first bucket
(beam loading), resulting in spatially and temporally local-
ized injection and thus formation of a monoenergetic elec-
tron beam. In addition, the trapped electrons that are isolated
in phase space will be further compressed in energy when
they are accelerated to the maximum energy as the dephasing
length is reached. If the plasma wave distribution is not ter-
minated at this location, then the central electron energy will
start to decrease and the energy spread will increase as the
electrons enter the deceleration phase of the plasma wave
[15,26].

Many works have been done to experimentally resolve the
physical processes responsible for the production of the mo-
noenergetic electron beam [12,30-33]. By using the laser
machining technique [34,35], recently we have demonstrated
tomographic measurements that resolve the injection and ac-
celeration processes of the monoenergetic electron bunch
[12]. In this paper, we present the tomographic method and
the resolved injection and acceleration processes in detail,
including a systematic investigation on the dependence of
the characteristics of the monoenergetic electron beam on
experimental parameters. The results are consistent with the
model of transverse wave breaking and beam loading for
injection of monoenergetic electrons [6-9,14-17,22-24].
This work also demonstrates the great potential of the to-
mographic method as a new diagnosis tool for laser-plasma
interactions.

II. EXPERIMENTAL SETUP

A 10-TW, 45-fs, 810-nm, and 10-Hz Ti:sapphire laser sys-
tem, upgraded from that reported in Ref. [36], is used for this
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LI & AREES
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FIG. 1. Experimental layout (for clarity, the wall of the vacuum chamber is not shown). P1, pump pulse; P2, machining pulse; P3, probe
pulse; P4, reference pulse; CLP, cylindrical lens pair; OAP, off-axis parabolic mirror; IF, interferometry imaging system; G, gas jet; PM,
permanent magnet; RI, pump-pulse relayed imaging system; OL, objective lens; W, glass wedge; ICT, integrating current transformer; TS,
Thomson scattering imaging system; LI & AREES, LANEX-1 imaging system and nonimaging angularly resolved electron-energy spec-
trometer; CA, camera lens; MI, machining-beam profile imaging system; Q1-03, quadrupole electromagnets; D, dipole electromagnet;
IEES, imaging electron-energy spectrometer; CCD, charge-coupled device camera.

experiment. After the amplifier chain of the laser system the
laser beam with a clear aperture of 4 cm diameter is split into
two, each going through an energy tuner and a pulse com-
pressor. One beam serves as the pump pulse for driving a
plasma wave, and the other, set to be 7.5 ns earlier than the
pump pulse, is used as the machining pulse for the tomogra-
phic measurement described in Sec. III. The temporal con-
trast of the laser pulses is measured to be about 10° at =50 ps
and 10* at —1 ps.

Figure 1 shows the experimental layout. The pump pulse
is focused by an f/8 off-axis parabolic mirror onto a gas jet.
The focal spot has a 8-um diameter in full width at half
maximum (FWHM) with 80% energy enclosed in a
Gaussian-fit profile, measured with a relayed imaging sys-
tem. The pump-pulse peak intensity in vacuum is 5.6
X 10'® W/cm? for a 230-mJ, 45-fs pump pulse, correspond-
ing to a laser strength parameter of ay=1.5. The relayed im-
aging system is composed of a glass wedge, a pair of lenses
with 300-mm focal length, an objective lens, and a charge-
coupled device (CCD) camera. The first lens and the wedge
are mounted on motorized stages so that the pump-pulse
beam profiles at various positions can be imaged and the
wedge can be removed out of the way to allow measurement
of the electron beam.

The hydrogen gas jet is produced from a pulsed valve
with a supersonic nozzle. Three different nozzles are used in
this experiment. The first nozzle, with a round outlet, pro-
duces a l-mm gas jet with a uniform-density region of
0.9-mm length and a slope of 200-um length at both edges
along the pump propagation direction. The second nozzle,
with a rectangular outlet, produces a 2-mm gas jet with a
uniform-density region of 1.4-mm length and a slope of
200-um length at the front edge. The third nozzle, also with

a rectangular outlet, produces a 5-mm gas jet with a uniform-
density region of 4.4-mm length and a slope of 200-um
length at the front edge. For the latter two gas jets a mask is
adhered to the entrance edge of the nozzle to sharpen the gas
boundary. The widths of both gas jets are 600 pum.

The transverse profile of the electron beam is measured
by a LANEX (Kodak) scintillating screen imaged by a CCD
camera [37], referred to as LANEX-1 in Fig. 1. The
LANEX-1 screen is covered with a 50-um aluminum foil on
the front face to block the laser light and electrons with en-
ergies below 200 keV and placed at 34 cm (unless specified
otherwise) downstream behind the gas jet along the pump-
pulse propagation direction. The absolute electron number
measured with the LANEX-1 imaging system is calibrated
by using an integrating current transformer (ICT) of known
sensitivity. By putting a permanent magnet behind the gas jet
to disperse the electron beam on the LANEX-1 screen, an-
gularly resolved electron-energy spectra are obtained [37].
Both the permanent magnet and the LANEX-1 screen can be
moved in or out of the way of the electron beam in vacuum.

Electron-energy spectra with higher accuracy and resolu-
tion are measured by using an imaging electron spectrometer
composed of three quadrupole electromagnets, one dipole
electromagnet, and a LANEX screen imaged by a CCD cam-
era, which is referred to as LANEX-2 in Fig. 1. The
LANEX-2 screen is covered with a 25-um aluminum foil on
the front face to block the laser light and electrons with en-
ergies below 100 keV. The electron beam propagates in
vacuum through all the four electromagnets until it reaches
the LANEX-2 screen which also plays the role of vacuum
window. The quadrupoles image the electron beam from the
position of the gas jet to the LANEX-2 screen so that the
error in energy measurement that may arise from pointing
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fluctuation of the electron beam is greatly reduced. The ef-
fective lengths of the three quadrupole electromagnets (Q1,
02, 03) and the dipole electromagnet (D) are 10 ¢cm, 15 c¢m,
10 cm, and 50 cm, respectively. When varying the field of
the dipole electromagnet to measure the electron spectrum in
a different range, the fields of the quadrupoles are tuned
accordingly to maintain the imaging condition.

The propagation of the pump pulse in the plasma is ob-
served by imaging Thomson scattering of laser light from
plasma electrons. The direction of observation is in 90° polar
angle and 18° azimuthal angle with respect to the pump-
pulse propagation direction. A Mach-Zehnder interferometer
is used to measure the plasma density distribution in the gas
jet. The probe and reference beams, obtained by splitting
from the output of the second-stage amplifier and com-
pressed with a separate pulse compressor, have 40-uJ en-
ergy, 55-fs pulse duration, and 1-cm diameter. A polarizer
with a contrast ratio of 10* is put in front of the CCD camera
to eliminate the contamination in the interferogram image
due to the scattering of the pump pulse.

III. TOMOGRAPHIC MEASUREMENTS BASED
ON LASER MACHINING

The setup of the machining beam for the tomographic
measurement is shown in Fig. 2(a) and the working principle
is illustrated in Fig. 2(b). Propagating roughly perpendicu-
larly to the pump pulse, the 60-mJ, 45-fs machining pulse is
focused vertically by a cylindrical lens to 20-um width and
imaged horizontally by another cylindrical lens from the lo-
cation of a knife onto the plane overlapping with the pump-
pulse propagation path. In the vertical focusing, 80% energy
is enclosed in a Gaussian-fit profile, and in the horizontal
focusing 80% energy is enclosed in a Lorentzian-fit profile.
For each nozzle used in the measurements, the length of the
line focus of the machining pulse is varied to match with the
length of the gas jet. This line focus overlaps with the propa-
gation path of the pump pulse inside the gas jet and the
intensity of the machining beam within the overlapped re-
gion exceeds the threshold of optical-field ionization. The
purpose of the knife is to block part of the machining beam.
In the part of the line focus not blocked by the knife, gas
irradiated by the machining beam is ionized and heated. Af-
ter 7.5 ns the region ionized by the machining beam is
evacuated as a result of hydrodynamic expansion of plasma.
In this way we can adjust the length of the interaction region
by scanning the knife-edge position and measure the number
and spectrum of accelerated electrons as functions of pump-
pulse propagation distance. The spatial resolution of the to-
mography along the beam propagation direction is better
than 20 um, as shown by the boundary sharpness of the side
scattering images [35]. Note that such a tomographic mea-
surement cannot be accomplished by using a set of gas jet
nozzles with various lengths, because the atomic density and
density profile all change with nozzles. In that case it is
difficult to vary the interaction length while keeping other
parameters fixed.

Figure 3(a) shows the intensity distributions of the ma-
chining pulse in vacuum on the plane of pump-pulse propa-
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FIG. 2. (a) Setup of the machining beam. (b) Working principle
for the tomographic measurement: (1) The laser intensity within the
entire gas-jet length is set above the intensity threshold of optical-
field ionization, and the boundary between the unirradiated and ir-
radiated regions is set by the knife-edge position, (2) Plasma is
formed only in the irradiated region, (3) The plasma is heated by the
same machining pulse through above-threshold ionization heating
and inverse bremsstrahlung heating, (4) The plasma expands out-
wards via hydrodynamic expansion, (5) After a long delay on the
order of 10 ns, the plasma is almost completely evacuated, (6)
When the pump pulse propagates through the gas jet, the actual
interaction length is determined by the position of the knife edge.

gation for various knife-edge positions. These intensity dis-
tributions are used in the experiment with the 1-mm gas jet.
The interferograms of the plasma taken at 20 ps after the
pump pulse traversing the gas jet with (4.0 X 10'%)-cm™ hy-
drogen atom density for various knife-edge positions are
shown in Fig. 3(b). The plasma density distributions before
and after the position of the knife-edge image are character-
istically different. After retrieving the plasma density distri-
bution from the interferograms, it is found that the on-axis
plasma density in the unmachined region is the same as the
hydrogen atom density while that in the machined region is
greatly reduced. If a cylindrically symmetric plasma is as-
sumed, the retrieved on-axis plasma density in the machined
region is about 1/20 of the initial hydrogen atom density.
However, since the Rayleigh length of the machining beam
is much larger than the vertical width of the machining
beam, the machined region should be of elliptical cross sec-
tion. With the assumption of no plasma density variation
along the probe direction, the retrieved on-axis plasma den-
sity is about 1/5 of the initial hydrogen atom density. There-
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FIG. 3. (a) Line profiles and images of the machining-beam
intensity distribution in the region of pump-pulse propagation for
various knife-edge positions. The gas density distribution of the
I-mm gas jet is shown at the bottom graph for comparison. (b)
Interferograms of the plasma taken at 20 ps after the 230-mlJ, 45-fs
pump pulse traversing the gas jet of (4.0 X 10'%)-cm™ hydrogen
atom density for various knife-edge positions. The white arrows
indicate the image position of the knife edge.

fore, the actual on-axis plasma density in the machined re-
gion should be smaller than 1/5 and larger than 1/20 of the
initial atom density. In addition, the cross section of the
reduced-density region is around 100 um by 500 wm, which
is determined by translating the position of the vertically
focusing cylindrical lens in the two directions perpendicular
to the pump-pulse propagation direction to observe the cor-
responding variation in the number of accelerated electrons.
The dimension of 100 wm by 500 wm is consistent with that
estimated from the interferograms shown in Fig. 3(b), for the
vertical direction, and that estimated from the Rayleigh
length of the machining beam, for the horizontal direction. In
the machined region the pump-pulse intensity is much lower
than that in the unmachined region, because the pump pulse
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cannot undergo relativistic self-focusing under such low
plasma density. The machined density channel may act as a
plasma waveguide [38]; however, in this condition the
guided beam size is too large to support the intensity re-
quired for plasma wave excitation. The low plasma density
and low laser intensity render the plasma wave excited by
the pump pulse in the machined region insignificant for
changing the characteristics of the electron beam produced in
the unmachined region. To resolve the electron acceleration
process, this is the key element for the tomographic measure-
ment to work properly. With the current experimental setup,
the maximum length of machining is 2 mm with 60-mJ
machining-pulse energy.

The intensity of the machining beam used in our experi-
ment is just slightly higher than the saturation intensity of
ionization of the gas. The temperature acquired by the
plasma electrons from the machining beam through inverse
bremsstrahlung heating is low because of the short pulse du-
ration. Therefore, the expanding plasma does not lead to col-
lisional ionization of the surrounding neutral gas and thus no
shock wave is formed. This is different from the case of
plasma waveguide formation driven by a line-focused long-
duration and high-energy heater pulse in which the expand-
ing plasma leads to collisional ionization of surrounding neu-
tral gas and formation of shock wave. The difference in
plasma temperature is the reason why a longer time scale for
plasma expansion is required in this experiment (4-10 ns)
than that in the case of plasma waveguide driven by long
heater pulse (1-2 ns). In the tomographic measurement, af-
ter the long delay the ionized gas expands to a much larger
volume and thus the plasma density in the unmachined re-
gions after ionization by the pump pulse is increased only by
a small ratio, even smaller than the density fluctuation of the
gas jet. This is supported by two observations in our experi-
ment. First, when a stretched pump pulse is used as a longi-
tudinal probe to observe the density structure produced by
the machining beam via side imaging of Thomson scattering
[35], no increase of side scattering intensity in the unma-
chined regions is observed. Second, the interferogram taken
without the pump beam shows no discernible fringe shift.
Both of them indicate that there is no significant increase of
plasma density in the unmachined regions caused by the ma-
chining beam at the arrival time of the pump pulse. There-
fore, the expansion of the plasma ionized by the machining
beam in the longitudinal direction does not affect the tomog-
raphic measurement.

From Ref. [34] it may be expected that some electrons
can be injected at the boundary between the unmachined
region and the machined region when the pump pulse driving
a plasma wave traverses it. However, this does not interfere
with the tomographic measurement since there is basically
no plasma wave afterwards to accelerate these electrons to
significant energy.

IV. CHARACTERISTICS OF THE MONOENERGETIC
ELECTRON BEAM

The inset of Fig. 4(a) shows the angular distribution of the
electron beam produced by using only the pump pulse with
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FIG. 4. (a) Pointing directions of the monoenergetic electron
beam measured with the LANEX-1 imaging system with (open
circles) and without (open triangles) the dispersing permanent mag-
net. The permanent magnet with 0.15-T magnetic field and 4-cm
effective length is placed at 5 cm behind the gas jet, and the
LANEX-1 screen is placed at 40 cm behind the gas jet. The inset
shows the angular profile of the electron beam. The data are taken
with the 2-mm gas jet, a hydrogen atom density of 4.0
X 10" em™3, and a focal position of 200 wm. The pump pulse is
230 mJ in energy with a pulse duration of 45 fs. The error bars
denote the standard deviation for 50 laser shots. The cross point of
the two dash lines indicates the laser pointing direction in vacuum.
(b) Angular profiles of the accelerated electron beam measured by
the LANEX-1 imaging system for several unusual cases without (1,
2) and with (3, 4) the dispersing permanent magnet.

the 2-mm gas jet at a hydrogen atom density of 4.0
% 10" cm™ and a focal position of 200 um behind the front
edge of the gas jet. The pump pulse is 230 mJ in energy with
a pulse duration of 45 fs. Two beam components appear in
the electron beam: one has an angular divergence of
~4 mrad and the other has an angular divergence of
~50 mrad. Measurements using the nonimaging angularly
resolved electron-energy spectrometer reveal that the elec-
tron beam with a smaller divergence has a quasi-
monoenergetic energy spectrum and that with a larger diver-
gence has an approximately Maxwellian energy distribution.
The number of electrons in the monoenergetic electron beam
is 1.4x 10° and that in the continuum electron beam is 4
X 10'°, The fluctuation of number of electrons for the mo-
noenergetic electron beam is about 43% in standard devia-
tion for 20 samples (laser shots in which a monoenergetic
electron beam appears), close to that reported by Faure et al.
[6] and Leemans et al. [17]. Figure 4(a) shows the pointing
directions of the monoenergetic electron beam measured
with the LANEX-1 imaging system with and without the
dispersing permanent magnet. The permanent magnet with a
0.15-T magnetic field and a 4-cm effective length is placed
at 5 cm behind the gas jet, and the LANEX-1 screen is
placed at 40 cm behind the gas jet. The pointing fluctuation
of the monoenergetic electron beam is found to be about
8 mrad (horizontal) by 13 mrad (vertical) in standard devia-
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FIG. 5. (a) Positions of the monoenergetic electron beam on the
LANEX-2 screen with (open circles) and without (open squares)
turning on the dipole magnetic field of 23 mT in the imaging
electron-energy spectrometer. The data are taken with the 2-mm gas
jet, a hydrogen atom density of 4.0 10" cm™3, and a focal posi-
tion of 200 um. The pump pulse is 230 mJ in energy with a pulse
duration of 45 fs. (b) Images on the LANEX-2 screen under the
same experimental condition for various dipole magnetic fields. The
quadrupole magnetic fields are varied in accordance with the dipole
magnetic field to maintain a minimal spot size on the screen. The
vertical dashed line indicates the position of the monoenergetic
electron beam without the magnetic field.

tion. With or without the permanent magnet, the pointing
fluctuation is roughly the same. The pointing fluctuation may
be due to fluctuation in the amplitude and phase of channel
betatron oscillation [18,19,24], which originates from fluc-
tuation in the injection by transverse wave breaking. Since
the beam pointing fluctuation interferes with the electron en-
ergy measurement, the fluctuation in the electron energy
shown in Fig. 4(a) is not the real energy fluctuation. By
comparing the electron beam directions averaged over 50
laser shots with and without the magnet, the energy of the
monoenergetic electron beam is measured to be around
45 MeV.

Occasionally multiple bright spots in the electron beam
are observed in the LANEX-1 imaging system without [(1)
and (2) in Fig. 4(b)] and with [(3) and (4) in Fig. 4(b)] the
dispersing magnet. Such a structure may be caused by simul-
taneous injection of many electron bunches into the first
bubble at transverse wave breaking or by the injection of
electrons in multiple bubbles (multiple plasma-wave buck-
ets) [8].

Figure 5(a) shows the position of the monoenergetic elec-
tron beam on the LANEX-2 screen with and without the
dipole magnetic field in the imaging electron-energy spec-
trometer under the same experimental condition of Fig. 4.
The central energy of the monoenergetic electron beam is
measured to be 43 MeV. With the quadrupole electromag-
nets the fluctuation of the horizontal position of the monoen-
ergetic electron beam on the LANEX-2 screen due to the
electron-beam pointing fluctuation is greatly reduced. The
energy fluctuation of the monoenergetic electron beam pro-
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FIG. 6. Typical single-shot energy spectrum of the electron
beam measured by the imaging electron-energy spectrometer. The
data are taken with the 2-mm gas jet, a hydrogen atom density of
4.0x 10" ¢cm™3, and a focal position of 200 um. The pump pulse is
230 mJ in energy with a pulse duration of 45 fs.

duced in this condition is measured to be ~9% in standard
deviation for 127 samples in consecutive experimental runs.
Figure 5(b) shows the images on the LANEX-2 screen under
the same experimental condition of Fig. 4 for various dipole
magnetic fields. The quadrupole magnetic fields are varied in
accordance with the dipole magnetic field to maintain a mini-
mal spot size on the screen. The electron energy measured by
this spectrometer is about the same regardless of the different
magnetic fields used, as it should be for a well-functioning
spectrometer.

Figure 6 shows a typical single-shot energy spectrum of
the electron beam under the same experimental condition of
Fig. 4, measured with a dipole magnetic field of 14 mT. For
the monoenergetic electron beam the central energy, the en-
ergy spread in FWHM and the ratio between them are about
42 MeV, 1.3 MeV, and 3%, respectively. However, the ac-
tual energy spread should be smaller than 3% because the
resolution of this spectrometer is limited by the spot size of
the monoenergetic electron beam on the LANEX-2 screen.
Improvement in the resolution of energy spread measure-
ment will be done by adding an extension chamber so that
the LANEX-2 screen can be moved further away from the
exit face of the dipole electromagnet. From the measured
electron number and energy it is estimated that the total en-
ergy contained in the monoenergetic electron beam is about
10 mJ and the energy conversion efficiency from laser to
monoenergetic electrons is about 5%. The average energy of
the continuum electron beam is only about 3.5 MeV and thus
the efficiency of energy conversion from the laser pulse to
the continuum electron beam is about 10%. Therefore, the
efficiency of energy conversion from the laser pulse to the
whole electron beam is about 15%, which is somewhat larger
than the 10% energy conversion efficiency reported by Faure
et al. [6]. The higher energy conversion efficiency can be
ascribed to the much higher plasma density in our experi-
ment, even though the laser peak power is lower.

The energy fluctuation of the monoenergetic electron
beam reported by Mangles et al. [8] for a 70-MeV electron
beam is about 30% and that reported by Geddes et al. [15]
for an 86-MeV electron beam is about 15%. In comparison,

PHYSICAL REVIEW E 75, 036402 (2007)

dlstance mm

\ 238 mJ
233 mJ

electron energy (MeV)

FIG. 7. Typical images of the electron beam recorded with the
nonimaging angularly resolved electron-energy spectrometer
(LANEX-1 screen) for various pump-pulse energies at 4.0
% 10"-ecm™3 plasma density and various plasma densities at 230-mJ
pump-pulse energy with the 2-mm gas jet. The pump-pulse duration
is 45 fs and the pump focus position is at 200 um. The permanent
magnet used has 0.15-T magnetic field and 2-cm effective length,
and it is placed at 4 cm after the gas jet. The vertical dashed line
indicates the average position of the monoenergetic electron beam
without the magnetic field.

our results show a smaller energy fluctuation of 9%. The
origin of the energy fluctuation of the monoenergetic elec-
tron beam may be ascribed to the fluctuations in the energy,
pulse duration, and spot size of the pump pulse, since the
bubble-regime acceleration is a highly nonlinear process that
involves longitudinal compression and transverse self-
focusing. Mangles et al. [8] ascribed the 30% energy fluc-
tuation in their results to the +5% fluctuation in laser pulse
energy, +12% fluctuation in pulse duration, and +11% fluc-
tuation in focal spot size. In contrast, the fluctuation in the
laser parameters of the laser system used for this experiment
is 1.3% in laser pulse energy, 2.4% in pulse duration, and
2.4% in focal spot size [36]. Therefore, it is reasonable that
the energy fluctuation of the monoenergetic electron beam in
our experiment is smaller. The fluctuation in electron number
may be triggered by a certain instability. However, once the
electrons are injected, the final output energy of the monoen-
ergetic electron beam is mainly determined by the way the
laser pulse evolves.

V. PARAMETER SPACE FOR THE PRODUCTION
OF MONOENERGETIC ELECTRON BEAM

Figures 7 and 8 show the typical images of the electron
beam recorded with the nonimaging angularly resolved
electron-energy spectrometer (LANEX-1 screen) for various
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FIG. 8. Typical images of the electron beam recorded with the
nonimaging angularly resolved electron-energy spectrometer
(LANEX-1 screen) for various pump-pulse duration and chirp. The
data are taken with the 2-mm gas jet, a hydrogen atom density of
4.0x 10" cm™3, and a focal position of 200 wm. The pump pulse is
230 mJ in energy. The permanent magnet used has 0.15-T magnetic
field and 2-cm effective length, and it is placed at 4 cm after the gas
jet. The vertical dashed line indicates the average position of the
monoenergetic electron beam without the magnetic field.

pump-pulse energies, plasma densities, and pump-pulse du-
rations and chirps, respectively. The measurements are done
using the 2-mm gas jet. At a pulse duration of 45 fs and a
plasma density of 4.0 X 10" cm™, the monoenergetic elec-
tron beam appears when the pump-pulse energy exceeds
~170 mJ. At a fixed pump-pulse energy of 230 mJ and a
fixed plasma density of 4.0 X 10'° cm™, the monoenergetic
electron beam disappears when the pump-pulse duration ex-
ceeds 70 fs. These two observations seem to indicate that
self-injection of the monoenergetic electron beam can occur
as long as the peak power of the incident pump pulse ex-
ceeds a threshold (~3 TW), regardless of the ratio of the
pump-pulse duration to the plasma-wave period. In the re-
gime where the pump-pulse duration is longer than the
plasma-wave period, self-modulational instability can break
up the pump pulse into a pulse train with the pulse duration
matching the plasma-wave period. After that, self-focusing
and longitudinal compression of these pulses can lead to ex-
citation of a few plasma bubbles as described by the bubble-
regime model. The bubble that first evolves to the shape that
can induce transverse wave breaking may dominate the ob-
served monoenergetic electron bunch. Therefore, that the ini-
tial pump-pulse duration must be shorter than the plasma-
wave period may not be a strict requirement for producing a
self-injected monoenergetic electron beam [8,26], and our
experimental data support this point.

As the plasma density is varied at a fixed pump-pulse
energy of 230 mJ and a fixed pulse duration of 45 fs, the
monoenergetic electron beam appears only in the range of
3.3%x10"-6.2x 10" cm™. Below the lower limit both the
monoenergetic electron beam and the continuum electron
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FIG. 9. Typical interferograms of the plasma taken at 20 ps after
the 230-mJ, 45-fs pump pulse traversing the 1-mm gas jet of (4.0
X 10'%)-cm™ plasma density for various temporal contrasts. From
(a) to (c) the prepulse level is increased by detuning the pump
timing of the laser amplifiers.

beam vanish. Above the upper limit the monoenergetic elec-
tron beam vanishes while the electron number of the con-
tinuum electron beam increases. The thresholds of pulse du-
ration, pulse power, and plasma density for the production of
the monoenergetic electron beam suggest that self-focusing
seems to play a crucial role in the production of the monoen-
ergetic electron beam, which is consistent with the model of
injection by transverse wavebreaking in the bubble regime.
For various plasma densities, the ratio of the pump-pulse
peak power to the critical power P,=17(wg/ wlz,) GW [3],
where w, is the laser frequency and w), is the plasma fre-
quency, must be in the range of 3.4-8.8 in order to produce
the monoenergetic electron beam. Such an observed range of
P/ P, is consistent with the results reported by other groups
[6-8,10,13]. In this experiment, we did not observe a signifi-
cant dependence of the parameters of the electron beam on
the sign of laser pulse chirp. This is consistent with the ob-
servations reported previously that chirp has no significant
effect on relativistic self-guiding [39] and Raman forward-
scattering instability [40] under our experimental condition.

Under the optimal condition the probability of appearance
of the monoenergetic electron beam is about 80%. It seems
that the pre-ionization front produced by the pedestal of the
pump beam plays a nontrivial role in determining the appear-
ing probability of the monoenergetic electron beam. It is ob-
served that the probability goes down when the temporal
contrast is reduced by detuning the pump timing of the laser
amplifiers. Figure 9 shows the corresponding interferograms
of the plasma taken at 20 ps after the 230-mJ, 45-fs pump
pulse traversing the 1-mm gas jet of (4.0X10'%)-cm™
plasma density for various temporal contrasts. As shown,
better self-guiding is achieved when the laser temporal con-
trast is increased. In addition, it is found that the appearing
probability decreases when the steepness of the front slope of
the gas jet is reduced. According to the observations in the
past [37,39], the quality of self-guiding is also better when
the front slope of the gas jet is steeper. These two observa-
tions again support the correlation between the production of
the monoenergetic electron beam and self-focusing or self-
channeling. The origin of the probabilistic nature in the ap-
pearance of the monoenergetic electron bunch is believed to
result from fluctuations in the transverse wave breaking due
to fluctuations in the evolution of the pump pulse. In such
highly nonlinear process, even a small shot-to-shot fluctua-
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tions in laser beam profile, temporal shape, or pulse energy
may have an observable influence on the transverse wave
breaking.

VI. TOMOGRAPHY OF THE INJECTION
AND ACCELERATION PROCESSES

Tomographic measurements are carried out by using the
laser machining technique in conjunction with various diag-
noses for the electron beam. Figures 10(a) and 10(b) show
the central energy of the monoenergetic electron beam and
the typical energy spectrum, respectively, as functions of po-
sition in the 2-mm gas jet measured by the imaging electron-
energy spectrometer. The pump pulse is 230 mJ in energy
with a pulse duration of 45 fs, the plasma density is 4.0
X 10" ¢cm™3, and the pump-pulse focal position is at 200 wm
behind the front edge of the gas jet. As shown in Fig. 10(a),
the central energy of the monoenergetic electron beam in-
creases roughly linearly from 6.2 MeV at the position of
550 wm to 42.7 MeV at the position of 700 pm, correspond-
ing to an acceleration gradient of 2.4 GeV/cm. The tomog-
raphy technique provides a direct measurement of the elec-
tron acceleration gradient in a laser-plasma-based electron
accelerator. Previously the electron acceleration gradient was
calculated from the final energy of the electron beam divided
by the interaction length estimated from side images of Th-
omson scattering or the gas-jet length, both of which over
estimated the true acceleration distance as revealed by the
direct tomographic measurement.

According to the one-dimensional theory [3], at (4.0
X 10'%)-cm™ plasma density the dephasing length is 220 um
and the nonrelativistic wave-breaking limit is 6 GV/cm. The
acceleration gradient measured in this experiment is
2.4 GV/cm, corresponding to a plasma-wave amplitude of
40%. In comparison, the plasma-wave amplitude calculated
using one-dimensional standard laser-wakefield theory at
resonant pulse duration is about 85%. The dephasing energy
calculated using 40% plasma-wave amplitude is about
56 MeV. It seems that all these parameters measured except
the plasma-wave amplitude are close to that calculated with
one-dimensional theory. However, the three-dimensional na-
ture of the bubble-regime model makes accurate comparison
with simple one-dimensional theory less meaningful.

As shown in Fig. 10(a), the energy of the monoenergetic
electron beam reaches a maximum after the position of
700 wm and stays at the same value for the rest part of the
2-mm gas jet. The observation of energy saturation in the
monoenergetic electron beam is also supported by the mea-
surement with the 5-mm gas jet under the same experimental
condition. In that case the output energy of the monoener-
getic electron beam is ~41 MeV, which is close to that with
the 2-mm gas jet regardless of the great extension of the
gas-jet length. According to previous theories the accelerated
electrons should enter the deceleration region of the plasma
wave after the dephasing length and start to lose energy,
instead of staying at a saturation value. In contrast, our ob-
servation seems to indicate that in our experiment the plasma
wave is terminated or becomes incoherent after an accelera-
tion distance of 150 um such that the electrons are not af-
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FIG. 10. Central energy (a) and typical energy spectrum (b) of
the monoenergetic electron beam, respectively, as functions of po-
sition in the 2-mm gas jet measured by the imaging electron-energy
spectrometer. The pump pulse is 230 mJ in energy with a pulse
duration of 45 fs, the plasma density is 4.0 X 10'° cm™, and the
pump-pulse focal position is at 200 um. The error bars represent
the standard error of mean over 15 laser shots. The energy spectrum
for the case of no machining pulse is also shown for comparison.
The vertical scale is a logarithmic scale and each spectrum is offset
vertically to prevent overlap. (c) Typical images of the electron
beam on the LANEX-1 screen for various interaction lengths set by
the knife-edge position with pump-pulse focal positions of 200 wm
and 600 um, respectively.

fected afterwards. The termination or breaking up of the
plasma wave at a distance after entering the bubble regime
may be caused by catastrophic evolution of the pump pulse
or by a prepulse in the pump beam that preforms a density
inhomogeneity in the propagation path to break up the propa-
gation of the main pump pulse [41]. It can be noted that the
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FIG. 11. Numbers of electrons in the monoenergetic electron
beam and the continuum electron beam as functions of position in
the gas jet (a) and the corresponding typical electron beam profile
images (b) for pump-pulse focal positions of 450 um, (1), and
950 um, (2), respectively. The data are taken under the same con-
dition as for Fig. 10 except that the focal-spot diameter of the pump
pulse is 11 um. The error bars represent the standard error of mean
over 10 laser shots (for squares and circles) or 20 laser shots (for
triangles).

saturation energy in Fig. 10(a) is equal to the electron energy
measured without the machining beam and there is no varia-
tion of electron energy after the saturation position arising
from the effects of the plasma wave excited in the machined
region. Both of these two facts verify that the tomographic
measurement is working properly.

Figure 10(b) also provides information on the evolution of
energy spread of the monoenergetic electron beam after the
injection position. Although the resolution of energy spread
is limited by the spot size of the electron beam on the
LANEX-2 screen, it can be seen that the monoenergetic elec-
tron beam has already acquired a finite energy spread since
its injection and stays so during the acceleration. This indi-
cates the energy compression that occurs when the electrons
approach the dephasing length is not a necessary condition
for the production of a monoenergetic electron beam, even
though it may help reduce the energy spread.

Figure 10(c) shows the typical images of the electron
beam on the LANEX-1 screen for various interaction lengths
set by the knife-edge position with pump-pulse focal posi-
tions of 200 um and 600 um, respectively. By integrating
the intensity of the images of the monoenergetic electron
beam component and the continuum electron beam compo-
nent separately, the numbers of electrons for these two com-
ponents are measured as functions of position in the gas jet.
From the data in Fig. 10(c), the data in Fig. 11 which are
taken with a different set of focal positions and focal spot
size, and the data in Ref. [12], it is consistently found that the
injection of continuum electrons starts at an earlier position
and continues along with the propagation of the pump pulse.
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In contrast, the monoenergetic electron beam is injected at a
later position along the propagation path and no further in-
jection occurs afterwards. For each pump-pulse focal posi-
tion all the monoenergetic electrons are found to be injected
at the same spatial position, and right after their injection the
number of continuum electrons ceases to increase. These ob-
servations are consistent with the bubble-regime model, in
which monoenergetic electrons are injected by transverse
wave breaking only after the laser pulse has evolved to a
particular three-dimensional shape by self-focusing and lon-
gitudinal compression, and once the injection occurs the
beam loading effect inhibits further injection of both the mo-
noenergetic electrons and the continuum electrons. The pro-
duction of the continuum electrons can be ascribed to the
injection of electrons into the plasma wave by Raman
backward-scattering instability [42,43]. The acceleration of
continuum electrons should damp the plasma wave, which
leads to a longer distance required for the laser pulse to
evolve to the status for inducing transverse wave breaking
and thus injection of monoenergetic electrons.

Figure 10(c) also shows the dependence of the position of
injection of the monoenergetic electron beam on the focal
position of the pump pulse. The injection position is shifted
from 600 um to 800 um when the pump-pulse focal posi-
tion is moved from 200 um to 600 wm. Figure 11(a) shows
the numbers of electrons in the monoenergetic electron beam
and the continuum electron beam as functions of position in
the gas jet, and Fig. 11(b) shows the corresponding electron
beam profile images. The data in Fig. 11 are taken with a
larger pump-pulse focal-spot size of 11 um in diameter. The
injection position of the monoenergetic electron beam is
shifted from 1050 pwm to 1300 wm when the pump-pulse fo-
cal position is moved from 450 um to 950 um. These re-
sults indicate that the position of injection of the monoener-
getic electron beam shifts downstream when the pump-pulse
focus is moved deeper into the gas jet, and the injection
occurs at an earlier position when a smaller pump-pulse focal
spot is used. Such observations are consistent with the
bubble-regime model, since both the focal position in the gas
jet and the size of the focal spot should affect how fast the
laser pulse evolves to the specific shape for inducing trans-
verse wave breaking and thus injection of the monoenergetic
electron bunch. With the pump-pulse focus positioned at
roughly the beginning of the uniform-density region, the dis-
tance of pump-pulse propagation for inducing the injection
of monoenergetic electrons is about 400—700 wm. This dis-
tance is consistent with that observed in the three-
dimensional particle-in-cell simulations with a laser pulse
duration longer than the plasma-wave period in a bare gas jet
[26]. Tt is also noted that the output energy of the monoen-
ergetic electron beam is about the same for different pump-
pulse focal spot positions. This result seems to indicate that
there is little difference in the evolution of the plasma bubble
after the position of onset of transverse wave breaking, al-
though it takes different time to evolve into this state for
different focal spot positions.

VII. SUMMARY

In summary, we have carried out a detailed investigation
on the production of a monoenergetic electron beam in a
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self-injected laser-wakefield accelerator. A tomographic
method based on laser machining is developed to resolve the
injection and acceleration processes. With this method we
are able to measure the true acceleration gradient directly,
which is significantly larger than the value obtained by indi-
rect measurements. It is found that the acceleration distance
is only 150-200 wm in our experiments, and the electron
energy saturates long before reaching the end of the plasma
column. No deceleration is observed beyond the point of
saturation, where the plasma wave and/or the driving laser
pulse may have evolved into a catastrophically unstable
state.

The injection of the monoenergetic electrons occurs a few
hundred micrometers later than the starting point for the in-
jection of the continuum electrons. All the monoenergetic
electrons are injected at the same location, and at that point
the injection of the continuum electrons stops. Right after the
injection, the monoenergetic electrons acquire a narrow en-
ergy spectrum and remain so toward the end of acceleration.
All the experimental data are consistent with the bubble-
regime model, and the beam diagnoses and power threshold
verify the important role of self-focusing or self-channeling
in the production of monoenergetic electrons.

As we have demonstrated also in the study of high-order
harmonic generation [44] and soft x-ray lasers [45], the to-
mographic method adds a new dimension to the diagnosis of
laser-plasma interactions. With this method, effects that are
accumulated in the longitudinal direction can be resolved by
measuring them differentially with an increasing interaction
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length. When this method is combined with the frequency-
domain holography [46], even the most difficult measure-
ment on the spatiotemporal evolution of plasma wave can be
achieved.

The method can also be used to analyze the evolution of
the pump pulse in laser-plasma interactions by replacing the
electron diagnoses with optical diagnoses, such as relayed
imaging systems and optical spectrometers. With sufficient
machining beam energy to produce a machined region of a
larger diameter, tomographic measurement of the pump-
pulse beam profile at various positions along the pump
propagation direction can be achieved by keeping the imag-
ing plane of a relayed imaging system at the boundary be-
tween the unmachined region and the machined region while
scanning the knife edge. In this case the tomographic reso-
lution will be determined by both the sharpness of the
boundary between the machined and unmachined region and
the depth of field of the imaging system. By using an optical
spectrometer, the process of longitudinal compression of the
pump pulse can also be analyzed. Such measurements, to be
performed in the near future, will provide further insight into
the underlying physics of monoenergetic injection and en-
ergy saturation in self-injected laser-wakefield accelerators.
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