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Short-lived, �10 ps, deep plasma channels, with their lengths of �1 mm and diameters of �20 �m,

are observed and characterized in Ar gas jets irradiated by moderate intensity, �1015–16 W=cm2, laser

pulses with a duration from subpicosecond to several picoseconds. The channels, upon 2D particle-in-cell

simulations including ionization, fit well in the guiding of high intensity femtosecond laser pulses and,

therefore, in laser wakefield acceleration with a controllable electron self-injection.
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I. INTRODUCTION

Recent notable progress in the elaboration of laser-
driven electron acceleration [1–3] with internal particle
injections (the self-injection) in the acceleration phase of
the laser pulse wake has brought up the problem of devel-
oping full-optical accelerators with controllable character-
istics of accelerated particles. Primarily, such accelerators
could make a basis of high-temporal and high-spatial
resolution imaging systems [4] as well as the first stage
in the ultrahigh energy multistage acceleration technique
[5]. However, despite the high stability of gas jets and laser
pulses, the laser wakefield acceleration (LWFA) technique
gives only accelerated electrons which do not constitute a
practical beam: the best electron energy spread �10%,
shot by shot energy and charge fluctuations � by factors
2–3 and 10–100 correspondingly, pointing stability miss-
ing. The electron acceleration by laser wakefields may
remain as only a sample of the laser plasma interaction if
ways for the stable beam generation will not be found. One
of the most serious sources of fluctuation is laser prepulses
in the picosecond range [5,6] and the amplified spontane-
ous emission [3]. Fluctuations induced by laser prepulses
could be eliminated by artificial preplasma such as plasma
channels with controlled parameters.

The use of plasma channels in the laser wakefield
acceleration has been shown to provide a controllable
self-injection that results in production of higher quality

electron bunches [1–3,5–7]. Moreover, the longer guiding
of the laser pulses in a plasma channel leads to a higher
energy of accelerated electrons. There are several ways of
making plasma channels suitable for the laser guiding:
laser ablation [8], capillary discharges [9], and laser-
induced plasma [5,10–13]. The last mentioned, being the
full optical, seems to be more preferable for developing a
jitter-free pump and probe system. The past decade there
were several notable works on the creation of laser-induced
plasma channels [10,11]. First, the collisional heating of
plasma by long,�ns, laser pulses has been used: preheated
electrons move transversely from the vicinity irradiated by
a laser pulse dragging ions out and, therefore, creating a
plasma channel. This process usually takes a time order of
�1 ns; after �hundreds of ns the channel disappears due
to the retrograde waves. Higher intensity femtosecond
laser pulses have also been used [12,13]. However, the
mechanism of channel formation was similar and took
time also the order of a nanosecond. In this case, after
irradiation by a femtosecond laser pulse, energetic elec-
trons are rapidly evacuated by the strong ponderomotive
force charging the plasma because plasma ions are still
immovable. Coulomb repulsion and the remaining elec-
trons, which are heated in collisions, drag ions out.
Nevertheless, if the pulse duration is longer, the order
of a picosecond, the scenario of channel formation may
become different.
It is clear that a real channel can be formed due to an ion

displacement. The velocity of cold ions dragged by hot

electrons is vion ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zTe=Mion

p
, where z is the ion charge Te

is the electron temperature, and Mion is the ion mass.
Neglecting the gas pressure and following Ref. [14], one
can get the following for the plasma density at the laser
axis: N � N0ðw0=viontÞ2, where w0 is the pulse waist, and
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N0 is the initial ion density. Setting the temperature of
electrons equal approximately to the ponderomotive po-
tential of the laser pulse, �mc2a20=2 and a0 ¼ eE=mc!,

where E is the strength of the laser pulse field, and assum-
ing that the channel is formed when N ¼ 0:5N0, for the
laser intensity I � 1015 W=cm2 and �� 0:8 �m, one can
get the necessary duration of the pulse about �� 0:5 ps.
That means a plasma channel can be formed with the use
of a picosecond laser pulse if its intensity is the order of
I � 1015 W=cm2. Such channels can be called splash-
plasma channels because, due to the retarded motion of
plasma, such splash-plasma channels can exist only for a
short time.

The splashlike channels have been observed in Ref. [5]
in helium gas jets in the presence of the external magnetic
field. In helium gas jets, such channels had been very
rarely observed without a magnetic field. In Ref. [5] the
splashlike channels were formed by fluctuating laser pre-
pulses with undefined intensity and duration. Therefore the
parameters of the splashlike channels could not been
characterized.

In this paper, we experimentally investigate the forma-
tion of the splash channels exploiting well-defined pico-
second laser pulses in argon gas occurring even without
external magnetic fields and quantitatively characterize the
channels using the picosecond time-resolved interfero-
meter. Such channels, we anticipate, can tolerate the laser
prepulses without significant change in the initial plasma
parameters and drastically reduce the fluctuations in
parameters of accelerated electrons. To understand usabil-
ity of the channels for the laser wakefield acceleration, we
perform two-dimensional (2D3V) particle-in-cell (PIC)
simulations, which include ionization, with the initial con-
ditions fitting the measured plasma profiles. PIC simula-
tions in 2D, we believe, are enough to demonstrate the
existence or the absence of extra diffraction of laser pulses
owing to the optical field ionization and guiding ability of
splash channels.

II. EXPERIMENTAL SETUP

The experiment was performed at JLITE-X 800 nm
Ti:sapphire chirped pulse amplification (CPA) laser system
at the JAEA-KPSI (Kansai Photon Science Institute, Japan
Atomic Energy Agency) [15,16]. An outline of the experi-
mental setup is given in Fig. 1. Laser pulses with an
initial diameter �30 mm were focused with f=5:9 off-
axis parabolic mirror to the position of �200 �m behind
the front edge of the slit gas jet and height of �1:5 mm
form the nozzle exit. The focal spot size was �16 �m in
the full width at 1=e2 of maximum; the corresponding
Rayleigh length is approximately 186 �m. The energies
of laser pulses with different durations, including the pure-
pulses part, were constant and equal to 90 mJ in this
experiment.

To study effects of intensity of laser pulses on the
channel formation, durations of laser pulses were varied
by tuning the distance of the gratings in the pulse com-
pressor. The pulse durations of 0.3, 1.8, and 6.0 ps were
chosen as typical values with different ponderomotive
potentials.
The maximum intensity of main pulses, corresponding

to the pulse duration of 0.3 ps on the target, was estimated
to be I ¼ 3:5� 1016 W=cm2. The middle intensity of
the main pulses, corresponding to the pulse duration of
1.8 ps, was estimated to be I ¼ 5:7� 1015 W=cm2, and
the minimal intensity of main pulses, corresponding to
the pulse duration of 6.0 ps, was I ¼ 1:7� 1015 W=cm2.
Amplified spontaneous emission (ASE) prepulses with
duration �3:5 ns were monitored by a photodiode and a
third-order cross correlator (Amplitude Technologies Co.,
Ltd, Sequoia). Their typical shape in 100 ps before the
main pulse is shown in Fig. 2. The intensity of ASE
prepulses was almost constant for every duration of main
pulses and was estimated to be I � 2� 1011 W=cm2.

FIG. 1. Experimental setup.

FIG. 2. Third-order autocorrelation trace of the driving laser.
The ASE pedestal level is around 10�5. The pulse duration of the
main pulse is 0.3 ps.

Y. MIZUTA et al. Phys. Rev. ST Accel. Beams 15, 121301 (2012)

121301-2



Argon slit gas jets were used as a target. The dimension
of the slit nozzle is 4� 1:2 mm2 as shown in the inset of
Fig. 1. The slit gas jet was produced by the supersonic slit
nozzle of Mach number 5 for argon gas, which is driven by
a fast pulsed valve (Smartshell Co., Ltd A6 series). The
uniform density distributions with the sharp boundary of
the slit gas jet near the exit were characterized by inter-
ferometry with the computed tomography technique [7].
The neutral gas density at the height of 1.5 mm from the
nozzle exit is estimated to be N0 ¼ 1:5� 1019 cm�3 for
the stagnation presser of the nozzle of 2.0 MPa.

In order to observe the formation of plasma channels, we
used a time-resolved interferometer. Measurements were
performed in the one-shot technique. As shown in Fig. 1,
part of the main laser pulse carrying about 4% energy of
the main pulse was split by a 4 �m thickness window
(National Photocolor Co., Ltd: Pellicle). It was delivered
into the target region as a probe beam for the plasma
diagnosis in the direction of 90� from the laser propagation
axis. For the interferometry of the plasma, a biprism was
installed on the probe laser axis behind the imaging lens.
The wavelength of the probe laser pulses was 400 nm,
which was produced with a 2 mm-thickness BBO (barium
metaborate: BaB2O4) crystal. The interferograms are
imaged on a 16 bit charge coupled device (CCD) camera.
A band-pass filter (�� ¼ 10 nm at � ¼ 400 nm) was
put in front of the CCD to cut the plasma light.
Synchronization of the probe beam with the evolving
plasma was adjusted by changing of the length of the
optical path on the delay line. Spatial resolution of the
measurement was 5 �m; temporal resolution of the mea-
surement was the same as the pulse duration of the probe
beams depending on the main pulse.

III. SPLASH-PLASMA CHANNELS

Probing-pulse-time-integrated interferograms of traces
which occur during the propagation of a CPA laser pulse
through argon gas jet target are shown in Figs. 3–5 for laser
pulses of 0.3, 1.8, and 6 ps, respectively. Several time
delays between the main pulse and probing pulse, 1, 3, 6,
and 9 ps, were chosen to illustrate the most important
stages of channel formation and relaxation. (In all figures,
laser pulses come from the left side.) Corresponding elec-
tron density distributions are shown in Figs. 6–8. The
electron density distributions were calculated from the
phase shift. Some cases required a small postprocessing
on the phase-shift discontinuity. IDEA code was used to
obtain a phase-shift map [17]. Then, the fast Fourier trans-
form technique was used to retrieve the plasma-imposed
phase shift [18]. The phase-shift map was processed then
with an Abel inversion algorithm [19,20] assuming the
cylindrical symmetry of the channels. Restored transverse
electron density distributions at different positions, A, B, C
as in Fig. 6(d), in Fig. 7(d), and in Fig. 8(d), are shown in
Figs. 9–11, respectively.

FIG. 3. Interferograms of the plasma channel at the laser
power P ¼ 0:3 TW (the pulse energy 90 mJ and pulse duration
0.3 ps) and 1:5� 1019 cm�3 gas density at different times. Parts
(a)–(d) show the interferograms at different time delays: (a) 1 ps,
(b) 3 ps, (c) 5 ps, (d) 9 ps.
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FIG. 4. Interferograms of the plasma channel for the laser
power P ¼ 50 GW (the pulse energy of 90 mJ and pulse
duration of 1.8 ps) and 1:5� 1019 cm�3 gas density at different
times. Parts (a)–(d) show the interferograms at different time
delays: (a) 1 ps, (b) 3 ps, (c) 5 ps, (d) 9 ps.
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One can see the formation of channel structures in
all cases for durations from 0.3 to 6 ps. However, the
structure essentially depends on the pulse duration as
seen in the transverse cross section of the density profile
(see Figs. 9–11). The differences are demonstrated in
Fig. 12. At the pulse duration of 0.3 ps, the length of
the plasma channel is as long as 600 �m as shown in
Fig. 12(a). It is approximately 3 times longer than the
Raleigh length. The length decreases with pulse duration
down to 400 �m for 6 ps pulse duration. The opposite
dependency is observed for the channel diameter; being
about 15 �m in the case of 0.3 ps pulse duration, it
increases up to 37 �m for 6 ps duration pulses as shown
in Fig. 12(b). The channel depth (the ratio of maximal and
minimal electron density) is not monotonic, Fig. 12(c). It
falls from �50 to 25 when the duration increases form 0.3
to 1.7 ps. Then it increases again to the factor of 35. We
attribute this to decreasing of ponderomotive force with
laser intensity decrease, as ��1, where � is the pulse
duration, and to the growing effect of elastic collisions
which result in the electron heating at a longer pulse
duration. Figure 13 gives insight into the difference be-
tween the channels formed by shorter and longer laser
pulses after 9 ps of plasma relaxation. For the highest
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FIG. 5. Interferograms of the plasma channel for the laser
power P ¼ 15 GW (the pulse energy of 90 mJ and pulse
duration of 6 ps) and 1:5� 1019 cm�3 gas density at different
times. Parts (a)–(d) show the interferograms at different delays:
(a) 1 ps, (b) 3 ps, (c) 5 ps, (d) 9 ps.
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FIG. 6. Restored electron density distribution of the plasma
channel for P ¼ 0:3 TW (the pulse energy 90 mJ and pulse
duration 0.3 ps) and 1:5� 1019 cm�3 gas density at different
times. Parts (a)–(d) show the interferograms at different time
delays: (a) 1 ps, (b) 3 ps, (c) 5 ps, (d) 9 ps.
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FIG. 7. Restored electron density distribution of the plasma
channels for the laser power P ¼ 50 GW (the pulse energy of
90 mJ and pulse duration of 1.8 ps) and N0 ¼ 1:5� 1019 cm�3

gas density at different times. Parts (a)–(d) show the interfero-
grams at different time delays: (a) 1 ps, (b) 3 ps, (c) 5 ps, (d) 9 ps.
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intensity (the shortest pulse of 0.3 ps), the ponderomotive
potential, and the hot electron energy, is as �6 keV. This
energy is sufficient for ion drag in 1 ps to a distance
�10 �m. For the lowest intensity (the longest pulse of
6 ps), the ponderomotive potential is �150 eV and is not
enough for direct ion drag. However, the elastic collisions
may result in a rapid growth of electron temperature up
to �1–2 keV resulting in the ion motion. The pulse dura-
tion necessary for the collision heating can be estimated

with the well-known elastic collision frequency: �� 5�
10�5Z2Ni=T

3=2
e [14]. For Z� 3, Ni � 3� 1019 cm�3, and

Te � 100 eV it is approximately equal to ��1 � 0:1 ps,
while at Te � 1 keV, ~�1 � 2 ps. That means for the effi-
cient heating the pulse duration should be longer than a
picosecond [14]. In all cases the deep channel structure still
exists. However, the change of electron heating mechanism
is seen in the dependencies presented in Figs. 12 and 13.
The shortest pulse makes a thinner and deeper channel,
while the channel structures for 1.7 and 6 ps laser pulses
are quite similar.

However, all these measurements were performed for
the electron density. The ion density was not measured
in the present experiments. Even though it is clear that
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FIG. 8. Restored electron density distribution of the plasma
channels for the laser power P ¼ 15 GW (the pulse energy of
90 mJ and pulse duration of 6 ps) and 1:5� 1019 cm�3 gas
density at different times. Parts (a)–(d) show the interferograms
at different delays: (a) 1 ps, (b) 3 ps, (c) 5 ps, (d) 9 ps.
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FIG. 9. Transverse cross section of density profiles at different
positions: A, B, and C as in Fig. 6(d).
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observed channel structures cannot be a result of atomic
physics only, we have to prove this. In Fig. 14 the
dynamics of transverse density distribution at the channel
entrance and the channel exit are given for pulse duration
of 0.3 ps. One can see that in the beginning the density
profile is quite usual: its maximum reaches in the channel
axis. In the case of the 0.3 ps laser pulse, the ionization is
mostly due to the optical field ionization. After the laser
pulse past in cold plasma, the electron density should
decrease due to the three body recombination [14]. The

time of the recombination is approximately �R � 1:6�
1026T9=2

e =z3N2
e , where Te is the electron temperature in

FIG. 12. Plasma channel parameters at different pulse durations
(0.3, 1.8, and 6 ps). (a) Channel length, (b) channel diameter,
(c) channel depth (maximal density/minimal density).
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dashed line: 6 ps [Fig. 8(c)].
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density distribution at the entrance of the plasma channel.
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eV, z is the ion charge, and Ne is the electron density
in cm�3. For the electron density from our measurements
and z ¼ 1, the recombination time exceeds �1 ps for the
electron temperature of only 1 eV, and it exceeds 30 ns
for Te ¼ 10 eV. Therefore the recombination in such a
short time scale plays no role. Collisional ionization may
result in the electron density profile. Using the Lotz
approximation for ionization cross section, �ion �
4� 10�14� lnð"=IÞ="I½cm2�, where � is the number of
equivalent electrons in a shell, " is the electron energy in
eV, and I is the ionization potential in eV, one can get for
the ionization time in Ar: �� ð�ionvNeÞ�1 � 0:3 ps for
" ¼ 100 eV. However, the collisional ionization cannot
explain the reduction of electron density in the channel
axis and the retreat wave at t ¼ 9 ps as seen in Fig. 14.
These estimations prove the ion motion took place with
the formation of a splash-plasma channel.

IV. PIC SIMULATION OF LWFA
IN A SPLASH CHANNEL

To estimate the usefulness of the splash channel for the
laser wakefield acceleration, we perform 2D particle-in-
cell simulation which included the optical field ionization
of plasma. We use the variable particle weight approach
[21] to calculate plasma ionization. The method is based on
the solution of balance equations for density and momen-
tum [14,21]:

dNi=dt¼Si�1Ni�1; ND¼X
i¼0

Ni; d ~P=dt¼0; (1)

where Si is the ionization rates for the ith ion,
Ne is the electron density, ND is the gas density,
and P is the total momentum. The ionization rate can
be written in the well known approximation used in
Refs. [21–24]:

FIG. 15. Calculated laser and plasma field distributions: (a) Laser field distribution at different times, (b) Plasma field distributions at
different times.
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Sk ¼ 4!Agk

�
Ik
Ry

�
5=2 EA

E
exp

�
� 2

3

�
Ik
Ry

�
3=2 EA

E

�
; (2)

where !A ¼ me4=@3 and EA ¼ m2e5=@4 the atomic fre-
quency and atomic electric field strength; Ry ¼
m2e4=2@2; Ik is the potential for ion with charge k; gk
is a factor �1; E is an external field strength. The energy
and momentum conservation is achieved by introducing
an atomic current, which provides the Ohmic heating

equivalent to the power loss for the ionization: ~jA ~E ¼P
k¼0IkSkNk, to Maxwell equations. In the method, a

charge growth is calculated from the balance equations
as �QM ¼ �e�tVM

P
k¼0SkNk and is redistributed over

all particles in a kinetic cell M with its volume VM.
PIC simulations are performed for a linearly polarized

laser pulse propagating in Ar under 1=2 of the normal
pressure or N0 ¼ 1:5� 1019 cm�3, and for the laser,
intensity I ¼ 3� 1019 W=cm2, � ¼ 0:8 �m, and 40 fs

full width at half maximum duration. The s-polarized laser
pulse is numerically focused in the 16 �m diameter in
150 �m numerical focal length. The initial density profile
is chosen to emulate the density profile from the experiment
with 6 ps laser pulse, see Sec. III. While the channel
diameter is kept constant atD ¼ 37 �m, the channel depth
is a parameter. In the PIC simulation we use the code
FPLASER2D [22] exploiting the moving window technique.

We use a 320 �m� 150 �m window and �=10 spatial
resolution; the kinetic cell is 2 times as large as the PIC one.
The laser and plasma field distributions for the deepest

plasma channel are given in Fig. 15. They exhibit the
typical field distribution for the plasma guiding: the strong
self-focusing and well-structured pulse wake. The diffrac-
tion of the light through the thin channel border exists but it
is not strong. Electron density distribution for two channels
with different depth is shown in Figs. 16(a) and 16(b).
One can see that the ionization of higher density plasma

FIG. 16. Spatial distribution of electron density distribution in plasma channels with the different depths: (a) maximum electron
density is 3� 1019 cm�3 and minimum density is 0:5� 1018 cm�3; (b) maximum electron density is 3� 1019 cm�3 and minimum
density is 2:0� 1018 cm�3.
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periphery by the main laser pulse changes the electron
density distribution in the splash channel. Therefore, the
initial plasma structure cannot completely determine the
electron self-injection and provide the controllable self-
injection at the long pulse guiding; the ionization effects
have to be taken into account. Nevertheless, finally, the
electron acceleration can be controlled by the splash chan-
nel structure.

In Fig. 17 spatial distribution of momenta of accelerated
electrons for two different plasma channels are given. One
can see that in the shallow channel the maximal energy of
electrons is expectedly lower than that in the deepest

channel. The geometrical emittance and energy spread
are also poor in the shallow channel. That means the
formation of the splash channel may result in the quality
of the electron beams and their total charge. The energy
spread also depends on the channel depth: it decreases
from 30% for the shallow splash channel down to 8% for
the deep channel.

V. CONCLUSION

We have studied the process of formation and relaxation
of short-lived plasma channels (splash channels), produced
by picosecond laser pulses in argon gas jets. The quantita-
tive characterization of splash-plasma channels has been
performed with the use of the picosecond time-resolved
interferometry. In the present experiments we could pro-
duce a splash channel with its length�600 �m, which is 3
times larger than the Rayleigh length. The channel diame-
ter depends on the pulse duration and is about 15–30 �m;
the minimal electron density in the channels is almost
2 orders lower than the maximal. The lifetime of the
channels is about 10 ps. We can also accept that far longer
channels with their lengths of the order of several mm can
be created by this technique (see also Ref. [5]).
Upon use of two-dimensional particle-in-cell simula-

tions which include the plasma ionization (only optical
field ionization was taken into account), we have demon-
strated the usefulness of splash channels for the laser
wakefield acceleration. The quasimonoenergetic beams
(�E=E < 10%) with their stability and parameters deter-
mined by splash channel structure can be generated.
Apparently, the splash channel structure cannot be essen-
tially changed by the laser prepulse with the energy less
than 90 mJ. That supports such acceleration techniques as a
basis for high-temporal and high-spatial resolution imag-
ing systems as well as the first stage in the ultrahigh energy
multistage laser acceleration.
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