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Abstract

Straight plasma channels are widely used to guide relativistic intense laser pulses over several Rayleigh lengths for laser
wakefield acceleration. Recently, a curved plasma channel with gradually varied curvature was suggested to guide a
fresh intense laser pulse and merge it into a straight channel for staged wakefield acceleration [Phys. Rev. Lett. 120,
154801 (2018)]. In this work, we report the generation of such a curved plasma channel from a discharged capillary.
Both longitudinal and transverse density distributions of the plasma inside the channel were diagnosed by analyzing the
discharging spectroscopy. Effects of the gas-filling mode, back pressure and discharging voltage on the plasma density
distribution inside the specially designed capillary are studied. Experiments show that a longitudinally uniform and
transversely parabolic plasma channel with a maximum channel depth of 47.5 wm and length of 3 cm can be produced,
which is temporally stable enough for laser guiding. Using such a plasma channel, a laser pulse with duration of 30 fs
has been successfully guided along the channel with the propagation direction bent by 10.4°.
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1. Introduction

The natural diffraction of a laser pulse limits its focus dis-
tance within the Rayleigh length, which is a main shortcom-
ing of laser wakefield acceleration (LWFA)!'=3. In LWFA,
strong wakefields can only be excited when the laser intensity
is high enough. Several schemes to stably guide the laser
pulse to distance over several Rayleigh lengths have been
proposed and demonstrated in the last few decades*/,
where a plasma channel with transversely parabolic density
distribution is usually used to balance the natural diffrac-
tion!”). In this way, electrons have been accelerated to the
multi-GeV levell®. Up to now, quasi-mono-energetic elec-
tron beams with peak energy of 7.8 GeV have been generated
by guiding a relativistically intense laser pulse with a peak
power of 0.85 PW over 15 Rayleigh lengths!”!, which is the
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highest energy record in single-stage LWFA. However, due to
the dephasing of the accelerated electrons, the energy deple-
tion and the natural diffraction of the drive laser, the energy
gain of an electron beam in single-stage LWFA is limited to
10 GeV based on the current laser technology and relativistic
laser guiding ability, which is far from the requirement
of many applications, such as TeV-level electron-positron
colliders!'’!. To further increase the electron energy, multi-
staged LWFA by using multiple drive lasers is proposed!''!.
Besides the laser guiding in a straight channel, how to guide
a second relativistic laser to the straight acceleration line is
another challenge for staged LWFA.

Recently, by analytical and numerical studies, Luo et al.l'’!
proposed a scheme to guide the second laser to the accel-
eration axis of the electrons, where a specially designed
curved plasma channel was suggested. However, detailed
experimental investigation of such a curved plasma chan-
nel is still lacking. In this paper, we show experimental
results of curved plasma channel generation, and measure-
ment of the plasma density distributions inside the channel.
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Figure 1. Design of the curved capillary: (a) schematic view of the curved plasma channel on a sapphire substrate; (b) typical cross-section of the laser

etched channel on the substrate.

We tried two different gas-filling modes for the capillary
and found that using two-side gas-filling ports can produce
more uniform plasmas along the capillary. The dependence
of transverse density distribution of the plasma channel
on the back pressure and discharging voltages was also
investigated.

2. Capillary fabrication and installation

Since the laser for LWFA is usually relativistic, to avoid
capillary damage after a few laser shots, the requirement on
the thermal and optical properties of the capillary substrate
is very high. Sapphire has been proved to be an ideal
material. However, it is too hard for the usual process-
ing methods. Femtosecond laser machining is used here
to fabricate our specially designed capillary. As shown in
Figure 1(a), two half-curved channels were firstly etched
with semicircular cross-sections on two rectangular sap-
phire substrates. The dimension size of the substrate is
30 mm x 2 mm x 5 mm.

The capillary is composed of two parts: a curved part with
length of 22 mm and a straight part with length of 8 mm,
which is geometrically tangent to the end of the curved part.
The channel radius is 250 pwm, as shown in Figure 1(b).
According to the theoretical study, the curved part should
have a varying curvature. The central line [the red line shown
in Figure 1(a)] of the channel is numerically fitted by the
following:

0, 0Omm < x < 8§ mm,

= 1
Y (’;;S())}, 8 mm < x < 30 mm. M

In our experiments, two substrates are tightly clamped by a
fixture to form a quasi-circular laser channel with a diameter
of 500 pm.

As we know, to guide a laser pulse over several Rayleigh
lengths, the refractive index of the plasma channel should
balance the laser defocusing effect. A parabolic distribution
of plasma density has proved to be useful for laser guid-
ing!'*~31 A typical plasma density distribution inside the
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channel can be expressed as follows:

Angr?
n(r) =ny+ > 2)
o

where ry represents the plasma channel radius and
An. = 113 x 1020/;"% (wm) is the critical depth of the
plasma channel. Such a plasma channel can be generated
by discharging a gas-filled capillary!'®'”), where the on-axis
ohmic heating due to the discharging current can induce
plasma expansion along the transverse direction and a
parabolic plasma distribution can then be naturally formed
after some time. A Gaussian laser pulse can propagate in
the channel with a constant spot size when the injected laser
waist equals ry.

The discharging electric circuit and gas-filling device used
in our experiments are shown in Figure 2. To control the
back pressure conveniently, a gas box and two throttle valves
are used. Two Parker pulse valves are employed to separate
the gas flow between the gas box and the vacuum chamber.
Helium gas was used in our experiments, and the gas is
finally filled into the capillary by quartz or plastic pipes.
An imaging grating spectrometer was used to measure the
transverse plasma density distribution.

The electric circuit for high-voltage discharge is shown
in the red dashed box in Figure 2. A capacitor (6 nF)
is charged by the high-voltage power supply. To protect
the power supply, a 5 MS2 resistor is used to limit the
charging current. A neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser (CFR 200, Quantel Laser) and a pair
of copper electrodes are combined as a trigger switch. When
the laser is shot onto the copper electrodes, the trigger switch
will be turned on, and the gas filled into the capillary will
be ionized instantaneously. An integrated current transmitter
(ICT) is used to measure the discharge current going through
the capillary.

As shown in the black and violet dashed square of Figure 2,
a special fixture is made to install the capillary, discharging
electrodes and gas-filling ports. Two L-shaped copper dis-
charging electrodes with holes are closely touched to the
front and rear sides of the capillary. The hole diameter is
a little bit larger than the inner diameter of the capillary.
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Figure 2. Schematic diagram of a plasma channel generated by high-voltage discharging of a gas-filled capillary.

Cylindrical ports are connected to the capillary along the
transverse direction for filling gas. The whole clamping
structure is well sealed to avoid gas leakage.

3. Diagnostic of plasma distribution inside the capillary

To get a clear picture of laser guiding, it is necessary to know
both the longitudinal and transverse plasma distributions
inside the capillary. When the gas is ionized by high-voltage
discharge, atoms will emit characteristic lines during their
transition from a high energy state to a lower one. During this
process, the collisions among electrons and ions will broaden
the width of the characteristic lines, which is known as Stark
broadening. It can be used to calculate the plasma density. A
typical relation of plasma density and the spectral width can
be written as follows:

lg (ne) = a+b Le, L, | I +ple(Arg)

n, =a X — _ s

g (e T T plg(Adg
A3

where T, is the plasma temperature and Al is the full
width at half maximum (FWHM) of the spectral line.
According to Ref. [18], a = 23.287156, b = 0.083064,
p = 0.988943, T, = 11,648 and T, = 132,390. We use the
brightest spectral line (587.6 nm) of helium for the density
calculation!'”!.

To diagnose the longitudinal plasma density distribution
of the capillary, a light collection device with 10 optical
fibers was used, as shown in Figure 3(a). The 10 fiber probes
are fixed on the top surface of the capillary fixture. They
are uniformly positioned along the longitudinal direction

)
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of the capillary, but the transverse position of each fiber
changes with the central line of the capillary. The 10 fibers
are combined to be a line and transmit the collected light to
the entrance slit of the spectrometer. The spectral resolution
of the spectrometer is about 0.5 nm, which is much smaller
than the Stark broadening.

We first used the single-side gas-filling mode, where the
gas-filling ports are on the same side of the capillary and
are near the middle, as shown in Figure 4(a). The back
pressure is 25 psig and the gas-filling duration is 100 ms.
The discharge voltage is 20 kV. The acquisition time for the
spectrometer is set to be around the first discharge current
peak, as shown by the dashed box in Figure 3(b). The raw
spectral image obtained by the spectrometer is shown in
Figure 3(c). Since the transmission efficiency of the fibers
and their coupling to the vacuum feed through on the flange
are different, the spectral intensities for different fibers are
not the same. However, the line width is crucial for the
density calculation, rather than the brightness. The FWHM
of the line can be calculated by making a Lorentz curve
fitting. The plasma density is then calculated and a typical
result is shown in Figure 3(d). It can be seen that under the
current condition, the plasma density along the longitudinal
direction is not uniform. In general, the plasma density near
the center region is higher than that at the ends of the
capillary.

4. Characterization of the curved plasma channel

To produce more uniform plasma density distribution along
the laser propagation direction, two gas-filling modes were
investigated. In the single-side gas-filling mode, the helium
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Figure 3. Scheme for plasma density measurement inside the capillary: (a) diagram of the optical fiber detector for spectrum collection; (b) normalized
discharge current waveform and collection gate (labeled by the dashed box); (c) typical spectrum detected by a CCD; (d) typical calculated density distribution
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Figure 4. Effects of different gas-filling modes on the plasma density distribution: (a) single-side gas-filling; (b) two-side gas-filling.

gas is filled into the capillary from the same side of the cap-
illary, as shown in Figure 4(a). The distances from the two
gas-filling ports to their nearest capillary ends are 7.5 mm. In
the two-side gas-filling mode, as shown in Figure 4(b), two
pairs of gas-filling ports are fabricated on each side of the
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curved capillary. The distance from each port to its nearest
capillary end is 3 mm.

In Figure 5 we show the plasma density distribution along
the capillary with different back pressures. The gas-filling
duration is set to be 100 ms by adjusting the Parker pulse
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Figure 5. Plasma density distribution along the laser propagation direction in the curved capillary with different back pressures: (a) single-side gas-filling

mode; (b) two-side gas-filling mode. The discharge voltage is 22 kV.
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Figure 6. Effects of the discharge voltage on the longitudinal plasma density distribution: (a) single-side gas-filling mode; (b) two-side gas-filling mode.

Here the back pressure is fixed to be 15 psig for all cases.

valves. The discharge voltage is 22 kV. The error bars in the
figures represent the standard deviation of 10 measurements.
All data are collected by a charge-coupled device (CCD)
within a duration of 750 ns, as shown on the discharge
waveform in Figure 3(b).

The results show that when the back pressure is 10 and
15 psig, a uniform plasma density distribution can be gen-
erated inside the capillary for both gas-filling modes. How-
ever, when the back pressure is over 20 psig, the density
distribution is obviously higher around the middle of the
capillary. Further, a low-density trap is always formed around
the position x &~ 23 mm for the single-side gas-filling mode.
Our Ansys simulation shows this is due to the formation
of local gas vortices near the gas-filling port. However, as
shown in Figure 5(b), when the two-side gas-filling mode is
used, the density distribution is more uniform. There is a flat
region between 6 and 24 mm inside the capillary. For both
gas-filling modes, the plasma density increases with the back
pressure.

We then studied the effects of discharge voltage on the
longitudinal plasma density distribution. Figure 6 shows the
density distributions when different gas-filling modes and
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discharging voltage are used. As one can see, for both cases
the plasma density is higher at higher discharge voltage.
For the two-side gas-filling mode, more uniform plasma
density distribution can be generated within 7-23 mm inside
the capillary when the discharge voltage is 19 kV. The
plasma density near the middle of the capillary is signifi-
cantly higher as the discharge voltage increases to 25 kV.
Overall, the plasma density distribution is more uniform
in the two-side gas-filling mode. In this mode, the plasma
density distribution is also less sensitive to the discharge
voltage.

For relativistic laser guiding, besides the longitudinal
plasma distribution, a transversely parabolic plasma channel
is essential. The discharging plasma at the capillary end is
imaged onto the slit of an imaging grating spectrometer, so a
spatially resolved spectrum of the plasma is obtained. We
then use Equation (3) to calculate the plasma density for
each transverse position. In this way, we get the transverse
density distribution. Figures 7(a) and 7(b) show the raw
spectral images when the back pressure is 15 and 30 psig,
respectively. The acquisition time for the spectrometer in
both cases is 250 ns and the discharge voltage is 22 kV.
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Figure 8. Temporal evolution of a plasma channel: (a) normalized discharge current in the capillary; (b) evolution of ry and np when the back pressure is

25 psig and the discharge voltage is 26 kV.

The images show obviously narrower line widths around
the channel central region, which means the density there
is much lower.

Figure 7(c) shows the measured plasma density distribu-
tion along the radial direction when different back pressures
are used. It can be seen that the electron density increases
with gas back pressure. However, for all cases, the plasma
density around the central region is obviously lower than that
at the edge regions. Owing to the asymmetry of the capillary
used in the experiment, the minimum values of the transverse
density distributions are not at the zero points along the
radial direction. However, the density distribution still shows
a parabolic profile, as shown by the fitted lines. The radii
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of the channels (ry) are calculated from the fitted lines.
Figure 7(d) shows the variation of ry with different discharge
voltages. It can be seen that when the discharge voltage
increases from 19 to 26 kV, ry gradually decreases. The
reason is that the higher voltage brings stronger ohmic heat-
ing. It thus enhances the thermal expansion of the plasma
and results in a deeper channel (i.e., small ry). Furthermore,
when the back pressure increases, the number of electrons
involved in the thermal expansion increases, which favors the
formation of a deeper plasma channel.

In Figure 8(a) we show the temporal evolution of the
normalized discharge current in the capillary. We set
the moment of maximum discharge current to be t = 0.
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Figure 9. (a) Focused laser spot at the entrance of the curved capillary in a vacuum. (b) Laser spot at the exit of the curved capillary without discharging.

(c) Guided laser spot at the exit of the curved capillary with discharging.

Experiments show that at this instant the channel radius r
reaches its minimum and the on-axis density ny reaches
its maximum, as shown in Figure 8(b). When the discharge
current through the capillary gradually increases, the number
of ionized electrons increases as well. Simultaneously, the
ohmic heating expels more electrons around the central
region, which deepens the plasma channel. In contrast, when
the current decreases, the thermal expansion is weakened,
so the plasma channel becomes shallower. From Figure 8(b),
we found that in our experiments the deepest plasma channel
can be 47.5 pum, and it lasts from —20 to 50 ns. After that, the
plasma channel gradually disappears. We also found that the
channel radius is less than 50 pwm for the period from —50 to
100 ns, corresponding to the shadowed area in Figure 8(a).
Such a stable period is long enough to guide a second laser
for multi-staged LWFA by using the curved plasma channel.

5. Laser guiding in the curved plasma channel

To show the guiding ability of the curved plasma channel,
a laser pulse with duration of 30 fs (FWHM) and central
wavelength of 800 nm was used in experiment. Due to
the space limitation of our current experimental layout, the
relativistic laser guiding cannot be performed and only low-
intensity laser guiding is tested. The pulse energy was kept
below 10 mJ during the experiment to avoid damaging the
optics.

The laser is initially focused at the entrance of the capillary
by an f/20 off-axis parabolic mirror. A typical laser spot in a
vacuum is shown in Figure 9(a). The spot diameter is about
56 pwm. When the curved capillary was filled with gas but
without discharging, which means the plasma channel was
not formed, the laser spot at the exit of the capillary was
significantly diverged due to the scattering and diffraction, as
shown in Figure 9(b). As a comparison, when the helium gas
was filled into the capillary and discharging was triggered,
a better laser spot can be observed at the exit, as shown in
Figure 9(c). The experiment shows that the laser pulse can
be guided in the curved capillary and bent by 10.4°. In this

https://doi.org/10.1017/hpl.2023.40 Published online by Cambridge University Press

guiding test, about 30% of the laser energy contained in the
focal spot was successfully guided to the exit of the capillary.
Relativistic laser guiding experiments will be carried out in
the future.

6. Conclusions

In conclusion, we have experimentally generated a plasma
channel in a curved capillary with gradually varied curva-
ture. The results show that the axial plasma density dis-
tribution is more uniform when the two-side gas-filling
mode is used. In this gas-filling mode, the radial density
distribution of the plasma shows a parabolic shape, and the
deepest channel with a radius of 47.5 wm can be formed.
The channel properties can be tuned by controlling the back
pressure and discharge voltage. The temporal evolution of
the channel shows that a plasma channel can be formed at
20 ns before the peak time of the discharge current, and it
can last for 150 ns. A test experiment for low-intensity laser
guiding shows that the curved channel can be used to guide a
femtosecond laser, which shows the potential application for
future staged LWFA.
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