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We describe the development and operation of a regenerative, cryogenically-formed discharge
waveguide formed by freezing nitrous oxide gas onto the inner wall of a sapphire capillary. We
demonstrate a technique for varying the channel diameter in situ and present guiding of low-power laser
pulses through 6-cm long waveguides with channel diameters of 0.7, 0.8, and 1 mm. Measurements and
simulations of the output laser fluence showed that the matched spot size could be adjusted with the
thickness of the solid nitrous oxide layer.
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With the expanding number of petawatt-class laser
systems [1–3] and recent advances in laser plasma accel-
erators (LPAs) [4–6], there is an increased interest in using
novel accelerating structures as a source of energetic
particles for applications including high-energy physics,
free-electron lasers, and sources of THz and x-ray radiation
[7–14]. For many of these applications, optical guiding is
required to keep the laser intense over extended distances.
Without any form of guiding, the interaction length is
typically limited by diffraction to the Rayleigh length
ZR ¼ πw2

0=λ, where w0 is the laser spot size and λ is the
laser wavelength.
To counteract laser diffraction and propagate a pulse over

many Rayleigh lengths, thus increasing the final particle
beam energy, various waveguides have been developed
[15–21]. In a gas-filled capillary discharge waveguide, a
discharge pulse heats and ionizes gas inside the channel to
form a plasma which develops a radial temperature gradient
as heat flows from the hot plasma center to the cold
capillary wall [22–30]. This temperature gradient produces
a density distribution with an approximately parabolic
radial profile of the form neðrÞ ¼ neð0Þ þ n00eð0Þr2=2. A
low-power transversely Gaussian laser pulse can propagate

with constant spot size and intensity if the input laser spot
size equals the matched spot size

wm ¼
�

2

πren00eð0Þ
�

1=4
; ð1Þ

where re is the classical electron radius. If the input spot
size is not matched to the channel, the spot size will
oscillate as the laser propagates. In a capillary discharge
waveguide, once the plasma reaches equilibrium, the
matched spot size scales with the average density ne and
capillary radius rcap as wm ∝ n−1=4e r1=2cap [28].
The maximum particle energy gain achievable in a single

laser plasma accelerator stage scales with the plasma
density as n−1e . Guiding of pulses with peak intensity of
5 × 1018 W=cm2 has been demonstrated in a 9-cm long
capillary discharge waveguide with a plasma density of
approximately 7 × 1017 cm−3, accelerating electron beams
up to 4.2 GeV [31]. Further increases in beam energy can
be achieved by decreasing the plasma density. However, a
smaller capillary radius is required to maintain matched
guiding at a lower density, leading to damage as the wings
of the laser pulse interact with the channel entrance and
walls. Instead, a channel with a larger radius can guide a
laser pulse if the depth of the density profile n00eð0Þ is
increased. By coupling a nanosecond-scale laser pulse into
a capillary discharge waveguide, the plasma can be addi-
tionally heated through inverse-bremsstrahlung absorption
[32]. This heating reduces the density on axis and creates a
stronger channel capable of guiding pulses with a smaller
matched spot size. Guiding of pulses with intensities
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up to 1019 W=cm2 has been demonstrated in a 20-cm long
capillary discharge waveguide, accelerating electron beams
up to 7.8 GeV with a plasma density of 3 × 1017 cm−3

[6,33,34]. However, to further increase the beam energy, a
reduction in the plasma density is again required, leaving
the capillary susceptible to damage.
In this paper, we report the development and operation of

a regenerative, variable-radius, cryogenically-formed
waveguide. The design of the waveguide enables in situ
adjustment of the channel radius, allowing for improved
laser guiding. The ability to regenerate the waveguide
allows for a wide range of channel diameters to be explored
while alleviating the problem of laser damage, increasing
the waveguide lifetime.
The waveguide was a modified 6-cm long and helium-

filled capillary discharge waveguide with a 1-mm diameter
channel laser machined into sapphire plates. Two slots
1 mm in diameter were machined 6 mm from the ends of
the sapphire plates and introduced gas into the central
channel. Using liquid nitrogen, the sapphire plates were
cooled at a rate of 1.5 K=s. The temperature was measured
by a thermocouple attached to an outside wall of the
sapphire. Once the temperature reached 155 K, nitrous
oxide (N2O) gas controlled by a pulsed valve was flowed
through the gas slots into the central channel for up to 2.2 s
with a backing pressure of 10 psi. At this wall temperature,
the gas deposited onto the inside wall of the channel,
forming a stable shell of solid N2O.
The thickness and uniformity of the solid N2O shell

along the length of the center of the channel, between
the gas slots, was measured by a Thorlabs spectral-
domain optical coherence tomography system with a 5 μm
axial resolution. The capillary was imaged using two
f ¼ 200 mm, 2 in. diameter achromatic lenses. A sche-
matic of the setup is shown in Fig. 1(a).
In this design, longitudinally uniform solid N2O shells

were achieved only at a wall temperature of 155� 2 K. At
a higher temperature, the nitrous oxide gas would not
deposit onto the channel wall. In addition, because the
entire sapphire plate was cooled, deposition also occurred
inside the gas slots. At a wall temperature much lower than
155 K, gas deposited inside the slots at a much faster rate
than inside the central channel which resulted in longitu-
dinally nonuniform shells and eventually blockage of
the slots.
The duration of the N2O gas flow through the capillary

as set by the opening time of the pulsed valve determined
the thickness of the solid layer: the longer the duration of
the gas flow, the thicker the solid N2O shells (see
Supplemental Materials [35]). The inset in Fig. 1(b) shows
an example longitudinal measurement of the shell thickness
between the gas slots for a valve opening time of 1.5 s,
resulting in a 111� 7.5 μm thick shell. The thickness is
defined as a moving average over successive 60 μm
increments to smooth out small-scale fluctuations in the

thickness caused by surface roughness. By adjusting the
opening time of the pulsed valve from 0.25 to 2.2 s, solid
shells with thicknesses varying from 50 to 180 μm were
reproducibly deposited [see Fig. 1(b)]. The N2O shell
thickness increased at a rate of 67 μm=s the pulsed valve
was open. The maximum shell thickness was limited by
deposition inside the gas slots which prevented gas flow
into the central channel. Reduced heat transfer between the
gas and the sapphire through improvements such as
thermally isolating the gas slots can help mitigate this
problem, allowing thicker shells and smaller channel
diameters to be realized.
Once the solid N2O layer formed, the capillary was filled

with 20 Torr of helium gas. Two stainless steel electrodes at
each end of the capillary, separated from the sapphire by
approximately 0.5 mm to prevent a decrease in the
electrode temperature, provided a voltage differential along
the length of the capillary. A 17-kV pulser system caused
the helium gas to breakdown, and a damped, approximately
sinusoidal current pulse flowed through the capillary with
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FIG. 1. (a) Schematic of the laser guiding and optical coherence
tomography system setup. (b) Average thickness of the solid N2O
shell as a function of the pulsed valve’s opening time. The error
bars correspond to fluctuations in the measured thickness as a
result of surface roughness. The inset shows the longitudinal
thickness between the gas slots for an opening time of 1.5 s. The
gray shaded region represents fluctuations in the measured
thickness as a result of surface roughness.
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500 A maximum current and 320 ns quarter period.
The discharge evenly ablated the solid N2O at a rate of
approximately 50 nm=shot for the thicknesses tested.
Allowing more N2O gas to flow through the channel
enabled further deposition and regeneration of the
solid shell.
In order to understand the behavior of the plasma density

profile inside a capillary discharge waveguide with solid
N2O walls, we performed magnetohydrodynamic simula-
tions using the 1D code NPINCH [28]. To correctly model
the capillary with a solid layer of N2O, the description of
the N2O layer as well as the phase transition from
condensed to gaseous N2O were incorporated. The phase
transition onsets were set at a spinodal curve, when the
matter becomes dynamically unstable, with thermodynami-
cally unstable states included in the equation of state. Only
the first stage ionization of helium was included with a
maximum ionization level of seven for nitrous oxide. The
description of the N2O layer included only the inner 10 μm,
assuming that deeper layers were not affected significantly
during a single shot simulation. The boundary was set to
have no motion with a temperature of 100 K such that the
resulting N2O vapor pressure matched the experimentally
measured vapor pressure of 0.1 Torr. The region inside the
internal diameter was at first occupied by helium with a
density of 4.32 μg=cm3. The discharge was defined by the
boundary condition for the azimuth component of the
magnetic field, which required the total electric current
through the capillary to be of the form IðtÞ ¼ I0 sinðπt=t0Þ,
where I0 ¼ 500 A and t0 ¼ 650 ns.
From Fig. 2, we can see the evolution of the plasma

density during the discharge for a 100 μm shell thickness.
In a manner similar to the case with no solid N2O present, a
parabolic density profile forms as the helium is heated and
ionized by the electrical current [28,36]. However, at
approximately 100 ns before the peak of the current the
ablation of the N2O layer starts. A fraction of the ablated
material forms a cold, dense, and almost neutral gas layer of
about 22 μm thick on top of the shell. This layer has Te ≫
Ti and is slightly ionized (the degree of ionization varies
from 10−4 to 0.1). The ablated N2O plasma then propagates
inward, pushing helium toward the capillary axis and
increasing in the plasma density. However, the helium
plasma maintains an approximately parabolic shape near
the axis. By the end of the current pulse, approximately
130 nm of the solid N2O layer is ablated, approaching the
experimentally measured ablation rate considering a frac-
tion of the nitrous oxide will redeposit. The N2O plasma
extends up to 150 μm into the channel, and at the helium-
N2O interface, the plasma temperature is approximately
3 eV with an ionization level of 1.8. Since diffusion of
different ion species is not included in the model, the
interface between helium and N2O is a sharp discontinuity.

NPINCH simulations were performed for 0 (no solid
N2O), 100, and 150 μm shell thicknesses. Using the plasma

density profile obtained in these simulations, the matched
spot size was calculated for each of these channels [37].
The on axis densities and matched spot sizes are shown in
Fig. 3. When no solid N2O is present, the density is nearly
uniform after the peak of current, as expected from the
quasistatic equilibrium shown in previous work [28].
Correspondingly, the matched spot size is approximately
constant. In contrast, in the channels with solid N2O layers,
a continuous rise in density, and thus a continuous decrease
in matched spot size, is observed after the peak of the
discharge current as ablated N2O compresses the helium
inside the channel. In this case, the equations for the
matched spot size and density as given in Ref. [28] are not
appropriate, and the scaling of the matched spot size is
determined by the motion of the ablated solid N2O-helium
interface.
After 350 ns, near the peak of the discharge current, the

densities in the 0 and 100 μm cases are almost identical
while the matched spot sizes are 118 and 100 μm,
respectively, demonstrating some tunability in the matched

FIG. 3. Temporal evolution of the current (black, dashed line),
as well as on axis density (colored lines) and matched spot size
(colored points) for solid N2O layers of thickness 0 (red), 100
(green), and 150 μm (blue).

FIG. 2. Simulated radial density profiles for various times in the
discharge. Discontinuities in the density are seen after 250 ns,
corresponding to the contact discontinuity at the interface
between the helium and N2O plasmas.
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spot size as a result of the N2O. It should be noted that for
the current used, the helium is only singly ionized, and for
guiding laser pulses above the ionization threshold of the
second level, it would be advantageous to either increase
the current or replace the helium with hydrogen.
To study the guiding properties of the plasma channel,

low-power laser pulses were propagated through the
capillary. Guiding of pulses was performed using a fraction
of the 1 Hz repetition rate, Ti:sapphire-based BELLA
petawatt laser [38], providing pulses with 785 nm central
wavelength, 1 ns full width at half maximum (FWHM)
pulse duration, and 4 nJ on target. As shown in Fig. 1(a),
the laser pulses were focused using an f ¼ 1.68 m lens into
the entrance of the capillary to an 87 μm FWHM beam
waist for an intensity of 33 kW=cm2. Laser transmitted
through the capillary was imaged onto a charge-coupled
device which could be translated along the beam axis to
image either the entrance or the exit plane of the capillary.
Solid N2O shells with 100 and 150 μm thicknesses were

formed and compared to the case with no solid N2O. N2O
was redeposited onto the walls of the channel every 200
shots, corresponding to a 10 μmchange in thickness over the
lifetime of the shell. The arrival time between the laser pulse
and the discharge current was varied, and Fig. 4(a) shows
representative images of the transmitted laser mode at the
exit of the capillary.When the laser pulsewas injected before
and early in the discharge, the output spot sizewas large. For
later times in the discharge, the spot size decreased as the
plasma channel formed and guided the pulse.
The normalized peak fluence, defined as the ratio of the

peak fluence at the exit plane of the capillary and at the
focal plane, for the different solid N2O shell thicknesses
was measured near the peak of the discharge. Figure 4(b)
shows the normalized peak fluences as well as the channel
matched spot sizes. In the case of no solid N2O, the
matched spot size could be retrieved from measurements of
laser centroid oscillations [39]. For the cases with solid
N2O, the low-capillary temperature introduced significant
temporal jitter in the experiment that rendered that tech-
nique time-consuming. Therefore, the matched spot size
was retrieved by modeling the beam propagation using the
2D cylindrical code INF&RNO [40,41]. The measured laser
mode, retrieved from its vacuum propagation using a
Gerchberg-Saxton algorithm, was propagated through par-
abolic plasma channels of different matched spot sizes. By
matching the simulated laser fluences with the experiment,
the matched spot sizes of the channels were obtained, and
the results are also shown in Fig. 4(b).
In order to check the validity of this method, the matched

spot size for the case of no solid N2O was also retrieved
using the laser centroid oscillation technique. The results
obtained by the two techniques were equal to within the
experimental error of �3 μm. When the laser spot size
approaches the matched spot size, the output fluence is very
sensitive to the channel and thus the matched spot size.

Therefore, there is significant ambiguity in the matched
spot size in the 150-μm thick shell because of the
experimental fluctuations in peak fluence. Nevertheless,
it is clear that the matched spot size is reduced for
increasing ice thickness as predicted in Fig. 3.
In addition, INF&RNO simulations were performed using

the NPINCH density profiles and the experimentally mea-
sured laser mode. The results as shown in Fig. 4(b)
demonstrate the same trend: the matched spot size decreases
as the shell thickness increases. For thicker shells, simu-
lations using the NPINCH density profiles predict higher
fluences and lower matched spot sizes relative to the
parabolic density profile. Further work is required to under-
stand the differences between the two approaches which
may be due to the assumptions of one-dimensional sym-
metry, approximations of the equations of state, or errors in

FIG. 4. (a) Representative images of the laser output mode at
the exit of the capillary for 150, 100, and 0 μm shell thicknesses
for discharge delays of −130, 60, 430, 560, and 770 ns. Image
intensities have been normalized to the maximum intensity for
that diameter. (b) Output fluence measured in the experiment
(red) and simulated using the experimentally measured matched
spot size (blue) as a function of shell thickness. Data were
averaged for delays between 20 ns before and 60 ns after the peak
of the discharge pulse. The error bars correspond to the standard
deviation of the data, and the labels represent the matched spot
sizes wm. In the case of no solid N2O, the experimental
normalized peak fluence has an error of 0.006.
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the knowledge of the initial experimental conditions. The
error bars are the standard deviation of the matched spot
sizes shown in Fig. 3 for times between 20 ns before and
60 ns after the peak of the discharge where there is larger
variability in the matched spot size.
Here, we presented the development of a new waveguide

formed by flowing N2O gas through a capillary with walls
cooled to a temperature below the freezing temperature of
the gas. The nitrous oxide deposited onto the walls of the
capillary, forming a stable, solid shell whose thickness was
controlled by the duration of the N2O gas flow. Channels
with longitudinally uniform shell thicknesses from 50 to
180 μmwere reproducibly formed. Helium flowing through
the channel facilitated discharge and an approximately
transverse parabolic plasma density profile developed as
was corroborated by simulations and experiments. We
verified in situ adjustment of the waveguide’s matched spot
size by forming solid N2O shells with varying thicknesses
and detailed a technique for regenerating ablated layers.
This waveguide has several important features for

applications that require guiding of laser pulses. In a
discharge capillary, the matched spot size is controlled
using the channel radius and on axis density. To reach
higher particle beam energies, lower plasma densities are
required which, for a fixed laser spot size, necessitates a
smaller channel radius. However, the capillary then
becomes more susceptible to laser damage [31]. With
the ability to redeposit solid N2O onto the capillary walls,
the cryogenic waveguide could operate with a longer
lifetime. Additionally, the design allows for some inde-
pendent control of the on axis density inside the channel
using the helium gas pressure and control of the channel
radius using the flow duration of the N2O gas. Through
coordination of these two parameters, better matching
between the channel radius and the laser spot size could
be achieved for improved guiding in a variety of different
regimes. Future work will examine whether this cryogenic
waveguide can be applicable as a hollow or near-hollow
plasma channel.
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