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ABSTRACT
A capillary gas cell for laser wakefield acceleration was developed with the aid of three-dimensional computational fluid dynamics simula-
tions. The gas cell was specially designed to provide upward density tapering in the longitudinal direction, which is expected to suppress
the dephasing problem in laser wakefield acceleration by keeping the accelerated electrons in the acceleration phase of the wake wave. The
density-tapered capillary gas cell was fabricated by sapphire plates, and its performance characteristics were tested. The capillary gas cell was
filled with a few hundred millibars of hydrogen gas, and a Ti:sapphire laser pulse with a peak power of 3.8 TW and a pulse duration of 40
fs (full width at half maximum) was sent through the capillary hole, which has a length of 7 mm and a square cross section of 350 × 350
μm2. The laser-produced hydrogen plasma in the capillary hole was then diagnosed two-dimensionally by using a transverse Mach–Zehnder
interferometer. The capillary gas cell was found to provide an upward plasma density tapering in the range of 1018 cm−3–1019 cm−3, which
has a potential to enhance the electron beam energy in laser wakefield acceleration experiments.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009632., s

I. INTRODUCTION

In 1979, Tajima and Dawson1 proposed a novel particle accel-
eration scheme based on laser–plasma interactions that can pro-
vide an extremely high acceleration gradient of ∼100 GV/m. This
plasma-based acceleration scheme with such a high acceleration gra-
dient may lead to the development of compact high-energy particle
accelerators and new radiation sources.2–4 In this kind of research,
a plasma source is one of the most important parts. So far, sev-
eral different types have been developed, including a gas jet,5–7

a discharged capillary,8–11 and a gas cell.12,13 To generate stable
electron beams from the laser wakefield acceleration (LWFA), the
plasma source must provide a stable plasma density.8,14,15 A stable
plasma density can be achieved in a gas cell when a high-power
laser pulse propagates in the gas cell,?,16 making it a good plasma
source.

Another important issue in LWFA is how to increase the elec-
tron energy for a given laser power. The three main factors for
energy saturation are known, which include the diffraction of a
focused laser pulse, laser energy depletion in the plasma, and the
dephasing problem. The diffraction problem can be solved by a

plasma waveguide18–20 with a parabolic density profile in the trans-
verse direction or by the relativistic self-focusing of the intense laser
pulse in the plasma. The energy depletion problem can be avoided by
staging of the plasma source and laser.21,22 The dephasing problem,
which is caused by the velocity difference between the accelerated
electron beam and the wake wave in the plasma, can be solved by
upward density tapering along the longitudinal direction.23,24 Den-
sity tapering allows the injected electrons to be accelerated to higher
energies because in the upward density profile, the electron beam
can stay continuously in the acceleration phase.23,24 Further accel-
eration for even higher energies may be achieved by multi-staged
laser-plasma accelerators.21,22,25

To avoid the dephasing problem, we developed a special cap-
illary gas cell that can provide a stable plasma density and upward
density tapering along the longitudinal direction. Furthermore, we
implemented a three-dimensional (3D) structure of a capillary sys-
tem using 3D computational fluid dynamics (CFD) simulations. We
tested the performance characteristics of the capillary gas cell with a
femtosecond-laser-based Mach–Zehnder interferometer, leading to
complete two-dimensional (2D) plasma density profiles. Our results
show that the capillary gas cell can provide a stable plasma electron
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density with a density tapering in the range of Ne = 1018 cm−3–1019

cm−3, which may enhance the electron beam energy in LWFA.23,24

In this paper, we describe the details of the developed capillary gas
cell.

II. CAPILLARY GAS CELL DEVELOPMENT
A. 3D CFD simulations

To design the capillary gas cell, we performed 3D CFD sim-
ulations using the student version of the commercial code ANSYS
FLUENT.26 While the CFD simulation cannot fully reproduce all of
the experimental conditions, it may give a rough tendency and idea
for design in our case.

The 3D structure for the simulations consists of a 7-mm-long
capillary hole with a square cross section of 350 × 350 μm2 and two
gas feedlines, as shown in Fig. 1(a). Hydrogen gas is injected into the
feedline 1 and feedline 2 with input pressures of 200 mbar and 600
mbar, respectively, to achieve a density gradient along the longitu-
dinal direction. The injected hydrogen gas flows into the capillary

FIG. 1. 3D CFD simulation results for a capillary gas cell with a capillary hole length
of 7 mm and a square cross-sectional dimension of 350 × 350 μm2. (a) A typical
3D CFD simulation result for a hydrogen gas pressure (density) distribution in a
capillary with two gas feedlines; one with a width of 350 μm and the other with a
width of 1400 μm. (b) Longitudinal gas pressure (density) distributions for different
widths of the second feedline (350 μm, 700 μm, and 1400 μm) and the first feedline
with a fixed width of 350 μm. The first feedline was at 200 mbar, and the second
was at 600 mbar.

hole and is ejected from both ends of the capillary. The gas dynam-
ics in the capillary gas cell was studied by CFD simulations in which
the Navier–Stokes equation is numerically solved with an implicit
density-based solver for the capillary gas cell can be realized by vary-
ing the input gas pressures at the feedlines, and Fig. 1(b) shows
the gas density distributions in the capillary gas cell for various sit-
uations. The gas feedlines [gray shading in Fig. 1(b)] are located
1 mm away from both edges of the 7-mm-long capillary hole. The
CFD simulations imply that the longitudinal density profile can be
controlled by adjusting the input pressure and feedline width. The
result shows that the density gradient in the capillary gas cell can be
controlled by adjusting the pressures and further enhancement of
tapering is achievable using different feedline widths.

B. Fabrication of the capillary gas cell
Based on the CFD simulation results, we designed and built a

capillary gas cell using sapphire plates. Figure 2(a) shows the assem-
bled capillary gas cell system with its housing, which is small enough
to be held in one hand. The sapphire plates were machined by a local
company (COMA Technology Co.27) according to our design. All
machined sapphire plates were polished by an Oscar type polishing
machine, and the machining tolerance was kept within ±10 μm.

Figures 2(b) and 2(c) show magnified pictures of the side and
front views, respectively, of the assembled capillary. A square cross-
sectional capillary hole was formed by placing two thin (350 μm)
sapphire plates between two thick (2 mm) sapphire plates, as shown
in Figs. 2(c) and 2(d); the thick plates were tied tightly together to
avoid gas leakage. Figure 2(e) shows a detailed view of the machined
feedline and the through-hole in the thick sapphire plate. Since all
of the sapphire plates were polished, they are transparent to the
laser beam, allowing laser beam transmission for 2D density map-
ping using the laser interferometer. Two high-speed solenoid valves
(Parker Hannifin, model 009-0181-900) with response times of less
than 2 ms were used for the gas injection system, and the gas was
injected via the through-hole in one of the thick sapphire plates.

III. EXPERIMENTAL SETUP
To investigate the performance characteristics of the capillary

gas cell, we conducted experiments in our laboratory. The exper-
imental setup is shown in Fig. 3. For the characterization experi-
ments, nitrogen gas was used for the neutral gas density measure-
ment, and hydrogen gas was used for the laser-induced plasma den-
sity measurement in the capillary. For our laser wakefield acceler-
ation experiments, hydrogen gas will be used in the capillary. Ide-
ally, all gas and plasma density measurements should be done using
hydrogen gas, but the phase shift by hydrogen gas along a distance
of a few hundred micrometers is too small to analyze. Instead of
hydrogen, therefore, we used nitrogen gas that has a significantly
higher refractive index than hydrogen. Using CFD simulations, we
confirmed that nitrogen and hydrogen show similar density distri-
butions in the capillary gas cell for the same input pressures at the
feedlines, as shown in Fig. 4.

For the laser-induced plasma density measurement, we used
the 20 TW/40 fs Ti:sapphire laser system28 in our laboratory at
the Gwangju Institute of Science and Technology (GIST). Specif-
ically, only 200 mJ of the pulse energy was used for the laser-
induced plasma diagnostics. This Ti:sapphire laser system had a
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FIG. 2. Detailed pictures of the capil-
lary gas cell. (a) Assembled capillary
gas cell system with its housing. Mag-
nified images of the side (b) and front
(c) views of the assembled capillary. (d)
The 3D modeling structure of the assem-
bled capillary. (e) Detailed view of the
through-hole and the machined feedline
in the thick sapphire plate.

center wavelength of 805 nm with a spectral bandwidth of 37 nm.
The pulse duration (τL) was about 40 fs full width at half maximum
(FWHM), which was measured by the frequency-resolved optical
gating (FROG) method (Fastlite, GRENOUILLE). The high-power
laser beam was divided into two beams before the off-axis parabolic

(OAP) mirror, as shown in Fig. 3. One beam was the reflected driv-
ing laser pulse for plasma generation in the capillary hole, and the
other beam was the transmitted probe laser pulse, which had only
0.3% (0.6 mJ/pulse) of the driving pulse energy for the transverse
interferometer.

FIG. 3. Experimental setup for the capillary plasma density measurement using a Mach–Zehnder interferometer. The main driving laser pulse to the capillary hole has an
energy of 200 mJ/pulse and a pulse duration of around 40 fs. A small portion of the main laser pulse passing through the mirror before the OAP is used for the Mach–Zehnder
interferometer.
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FIG. 4. Comparison between nitrogen and hydrogen. At a given pressure, the CFD
simulation results show similar density distributions in the capillary gas cell for the
two gases.

The probe pulse had the same center wavelength and spectral
bandwidth as those of the driving pulse, although the pulse duration
was slightly longer (43 fs) due to transmission through several opti-
cal elements. The driving laser pulse was focused onto a spot diam-
eter of 30 μm (FWHM), which corresponds to the peak intensity of
I0 ≃ 4 × 1017 W/cm2. The focusing position was adjusted around
the feedline 1 of the capillary gas cell. This focused laser intensity is
strong enough to ionize the hydrogen atoms completely because it
is much higher than the hydrogen ionization intensity of 1.4 × 1014

W/cm2.29 The focused laser beam has the Rayleigh length of around
2.5 mm and has a waist of 24 μm at 1/e2. The plasma density profiles
in the capillary hole were measured by the Mach–Zehnder interfer-
ometry using the transmitted probe beam. As shown in Fig. 3, the
probe laser pulse was time-delayed by the delay line, and then, it was
sent to the Mach–Zehnder interferometer for plasma diagnostics. In
the interferometer, the probe laser beam was divided by the pellicle
beam splitter (BS) into two beam lines. One beam passes through
the laser-induced plasma transversely (purple line in Fig. 3), and
the other beam is used as a reference (yellow line in Fig. 3). Merg-
ing the two laser pulses results in an interferogram that includes
the plasma density information by the phase shift. The probe laser
beam size in the interferometer was large enough to cover the entire
capillary. For the neutral gas density measurement, a nanosecond
frequency-doubled Nd:YAG laser was used as the interferometer
probe beam, and the beam line was shared with the signal beam
line for the plasma density measurement. For the performance char-
acterization experiment, we used a capillary gas cell with a length
of 7 mm and feedline widths of 350 μm and 1400 μm. Nitrogen
or hydrogen gas was injected into the feedline 1 and feedline 2 to
generate longitudinal density profiles.

IV. RESULTS
Before performing the laser-induced plasma density measure-

ment, the temporal evolution of the gas density in the capillary was
measured using the nanosecond interferometer as shown in Fig. 5,
where the valve was kept open for 100 ms. The gas density in the cap-
illary gas cell increases almost linearly after opening the valve, and
the gas cell is completely filled up after 60 ms. This rather long filling
time is due to the 20-cm-long gas tube between the pulsed solenoid

FIG. 5. Gas density temporal evolution in the capillary gas cell. The valve was
opened for 100 ms to inject the nitrogen gas into the capillary gas cell. The capillary
gas cell was full after 60 ms and retained the maximum density for 40 ms before
decaying exponentially with a decay time constant of 85.4 ms.

valve and the gas feedline of the capillary. If we consider only the
capillary itself, it may take a few hundred microseconds. The peak
density remains for 40 ms, and then, it decays exponentially with a
decay time constant of τ = 85.4 ms. The fact that the peak gas den-
sity remains constant for 40 ms means that we can reduce the valve
opening time significantly for the laser wakefield acceleration exper-
iment, always considering the filling time of the tube between the
valve and capillary.

We also used a high-power laser pulse to measure the gas den-
sity just outside the capillary, as it may play an important role in
LWFA. Figure 6 shows the gas density distribution near the capil-
lary entrance. The gas density at the entrance is about 30% of the
density inside, and it decreases to about 10% of the inside density at
a distance of 0.6 mm from the capillary entrance.

For the plasma density measurement, the 200-mJ driving laser
pulse was sent through the capillary hole filled with hydrogen
gas, and the transverse Mach–Zehnder interferometer was used for
plasma diagnostics. Figures 7(a) and 7(b) show the interferograms
without and with the driving laser pulse, respectively. Figure 7(b)
was obtained 24 ps after the driving laser pulse entered the capil-
lary entrance, that is, it is just after the driving laser pulse exited the
7-mm-long capillary gas cell. It should be noted here that the tim-
ing difference between the driving laser pulse and the probe laser
pulse was adjusted very carefully by the delay line. As shown in
Fig. 7(b), the focused driving laser pulse propagates from left to right
as indicated by the green arrow, producing clear phase changes along
the axis of the capillary gas cell. This result implies that the driving
laser pulse generated a laser-induced plasma channel by ionization
of the hydrogen atoms in the capillary cell, which is expected given
that the focused intensity of the driving laser pulse is much higher
than the ionization threshold of hydrogen atoms. Hence, analysis
of the interferogram in Fig. 7(b) can provide the plasma density
profile along the capillary hole. To analyze the interferograms, we
subtracted the reference interferogram (without the plasma) from
the signal interferogram (with the laser-induced plasma). The Abel
transform technique was employed to obtain the absolute den-
sity. The measured phase shift φ(y)and the electron density have
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FIG. 6. Gas density distribution near the capillary entrance. The squares show
the experimental results. The capillary entrance edge and the feedline 1 starting
edge are indicated by the vertical blue lines at z = −3.5 mm and z = −2.5 mm,
respectively.

the following relation:30

φ(y) = −( 2π
λNcr
)∫

rp

y

Ne(r)
(r2 − y2)1/2 rdr,

where Ncr is the critical plasma density and is given by Ncr
= 4π2c2meε0/e2λ2. Here, λ is the laser wavelength, rp is the plasma
radius, r is the radial distance from the axis (it has the relation of r2

= x2 + y2 in the xy plane), c is the speed of light in vacuum, ε0 is the
electric permittivity of free space, and me and e are the electron mass
and charge, respectively.

The electron density can be calculated using the inverse Abel
transform, which is given by31

Ne(r) = (
λNcr

π2 )∫
rp

r

∂φ(y)
∂y

1

(y2 − r2)1/2 dy.

FIG. 8. Longitudinal plasma electron density profiles in the capillary gas cell. The
hydrogen gas was injected into the feedline 1 at 200 mbar, while the feedline 2
hydrogen gas pressure was set to 400 mbar, 500 mbar, or 600 mbar. Note that the
feedline 1 has a width of 350 μm, while the feedline 2 has a width of 1400 μm.

In this way, we obtained the longitudinal plasma density profile
by using the transverse Mach–Zehnder interferometer. Figure 7(c)
shows some examples of the plasma density profiles at different
longitudinal positions in the capillary gas cell.

In the experiment, the input gas pressure for the feedline 1
(Pfeed1) was 200 mbar for all cases, while the pressure for the feedline
2 (Pfeed2) was initially 400 mbar (2 × Pfeed1), but then was increased
to 500 mbar (2.5 × Pfeed1), and finally to 600 mbar (3.0 × Pfeed1). Fig-
ure 8 clearly shows that the pressure ratio can be used to control
the longitudinal plasma density profile and its gradient in the capil-
lary gas cell. It should be noted that Fig. 8 does not show the plasma
density at the capillary edges; this is mainly due to the diffraction
of the probe laser beam by the edge of the capillary, which had an
unpolished surface, meaning that the interferogram near the cap-
illary edges could not be analyzed. In addition, the plasma density
outside the capillary hole is not shown here, as the femtosecond laser

FIG. 7. (a) Interferogram without plasma, (b) interferogram with the laser-induced plasma, and (c) density profiles at different longitudinal positions in the capillary hole.
Figures 5(b) and 5(c) show that the driving laser pulse propagates through the capillary hole without a significant beam size change.
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interferometer has a limited coherence length.32 In other words, the
optical path difference of the probe beam inside and outside the cap-
illary is calculated to be about 260 μm (considering the refractive
index of sapphire) for the laser wavelength of 800 nm, and this is
larger than the coherence length, which is in the range of 10 μm–
100 μm for a laser pulse of tens of femtosecond duration. Hence, the
interferogram cannot simultaneously show a clear image of inside
and outside of the capillary.

From the presented interferometric experimental data, it can
be seen that there is a self-focusing effect of the high-power driv-
ing laser pulse (see Fig. 7). The self-focusing effect requires the peak
power of the driving pulse to be higher than the critical power in
the plasma, which is given by Pcrit (GW) ≃ 17.4 × (ω0/ωp)2 in prac-
tical units,33 where ω0 is the angular frequency of the driving laser
pulse, and ωp is the plasma frequency given by ωp = (Nee2/meε0)1/2.
Based on the induced plasma density at the focal point (around the
feedline 1), the critical power is estimated to be Pcrit ≃ 3.6 TW and
decreases to less than 1 TW in the high-density region around the
feedline 2. The peak power of the driving laser pulse in this exper-
iment is higher than the critical self-focusing power. In the case of
a short laser pulse, the self-focusing threshold can be defined by the
effective plasma frequency and the duration of the driving pulse34 as
ωp(1 + a2

0/2)
{−1/4}τL ≥ 4.6, where a0 is the normalized laser ampli-

tude. In our experiment, ωp(1 + a2
0/2)

{−1/4}τL was 7, satisfying the

self-focusing requirement for a short laser pulse. To confirm the self-
focusing effect, we performed PIC simulations using the 2D EPOCH
code,35 which includes the laser-induced ionization process. For the
simulations, we used the experimental parameters for the laser beam
and hydrogen gas (density and density profile) in the capillary gas
cell. Figure 9 shows the simulation results for the evolution of the
peak laser field amplitude when the laser pulse propagates in the
hydrogen-filled capillary. For the results shown in Fig. 9, the mea-
sured plasma density profile for the case where Pfeed2 = 600 mbar
(see Fig. 8) was used for the hydrogen gas density.

Figure 9 shows the PIC simulation results obtained for two dif-
ferent laser intensity regimes: (i) a high-intensity laser pulse with
I0 = 4 × 1017 W/cm2 (fully ionized case) and (ii) a low-intensity
laser pulse with I0 = 2.5 × 1014 W/cm2 (partially ionized case). In
Fig. 9, the dotted blue line shows the hydrogen gas density dis-
tribution, and the solid red line indicates the peak field evolution
of the driving laser. In the simulation, the laser beam propagated
from left to right and interacted with the hydrogen gas. The high-
intensity laser pulse produced a fully ionized plasma, 29 and could be
self-focused in a high-density plasma regime, as shown in Figs. 9(c)
and 9(d). However, it was not self-focused in a low density plasma
[see Figs. 9(a) and 9(b)], in which the laser pulse did not satisfy the
self-focusing criterion. The low-intensity laser pulse does not sat-
isfy the self-focusing condition, either, so in this low-intensity case,
the ionization-induced diffraction effect is dominant, as shown in

FIG. 9. Propagation of the laser pulse along the longitudinal direction in the capillary, which shows the EPOCH code simulation results for the laser field evolution for different
focused laser intensities and hydrogen gas densities. (i) High-intensity laser pulse, I0 = 4 × 1017 W/cm2 (fully ionized case). (ii) Low-intensity laser pulse, I0 = 2.5 × 1014

W/cm2 (partially ionized case). The blue dotted lines represent the hydrogen gas density profile in the capillary gas cell, and the red solid lines represent the laser field
strength. Note that the high-intensity laser pulse of I0 = 4 × 1017 W/cm2 is self-focused in a high-density plasma as shown in (c) and (d), but not in a low density plasma [(a)
and (b)]. [(e)–(h)] The low-intensity laser pulse of I0 = 2.5 × 1014 W/cm2 does not satisfy the self-focusing criterion, and the ionization-induced diffraction effect is dominant.
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Figs. 9(e)–9(h). These simulation results show that the ionization-
induced diffraction effect becomes more dominant as the plasma
density increases.36

V. CONCLUSIONS
We successfully developed a capillary gas cell with a longitu-

dinal density gradient. Density tapering was generated by using two
feedlines into which hydrogen gas was injected at different pressures.
A TW-level femtosecond driving laser pulse was sent to the capil-
lary hole, and a long laser-produced plasma channel was formed by
the self-focusing of the driving laser pulse in the plasma. Transverse
femtosecond laser interferometry revealed that the capillary gas cell
can have a longitudinal plasma density gradient, which may be use-
ful for the suppression of the dephasing problem in laser wakefield
acceleration. In future LWFA experiments, we will use the developed
capillary gas cell with the high-power Ti:sapphire laser system (after
upgrading to 30 TW) in our laboratory.
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