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Laser-heated capillary discharge waveguides as tunable structures
for laser-plasma acceleration
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Laser-heated capillary discharge waveguides are novel, low plasma density guiding structures able to guide
intense laser pulses over many diffraction lengths, and have recently enabled the acceleration of electrons to 7.8
GeV by a laser-plasma accelerator (LPA). These devices represent an improvement over conventional capillary
discharge waveguides, as the channel matched spot size and plasma density can be tuned independently of
the capillary radius. This has allowed the guiding of PW-scale pulses focused to small spot sizes within large
diameter capillaries, preventing laser damage of the capillary structure. High performance channel-guided
LPAs require control of matched spot size and density, which experiments and simulations reported here show
can be tuned over a wide range via initial discharge and laser parameters. In this paper, measurements of the
matched spot size and plasma density in laser-heated capillary discharges are presented, which are found to be
in excellent agreement with simulations performed using the MHD code MARPLE. Strategies for optimizing
accelerator performance are identified based on these results.

I. INTRODUCTION

Laser-plasma accelerators (LPAs) have attracted in-
tense research attention in recent years due to their
ability to support extremely large accelerating gradi-
ents, up to 104 times greater than achievable in con-
ventional accelerators.1 LPAs have numerous potential
applications as compact sources of relativistic electron
beams, which include free-electron lasers and electron-
positron colliders. To date, the highest energy electron
beams from LPAs have been produced using pre-formed
plasma channels, which maximize energy gain by sup-
pressing diffraction of the driving laser pulse, enabling
plasma waves to be driven at high amplitude over dis-
tances longer than the Rayleigh length.2,3 Gas-filled cap-
illary discharge waveguides4 have been particularly suc-
cessful as plasma channels for LPAs due to their simplic-
ity of implementation and the relative ease with which
they can be scaled to long guiding lengths. For example,
4.2 GeV electron beams were produced using 300 TW
from the BELLA laser in a 500 µm-diameter, 9 cm-long
capillary discharge operating at an on-axis plasma den-
sity ne0 of 7.8× 1017 cm−3.5

When guiding structures are used to mitigate diffrac-
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tion, beam energies are limited by depletion of the
driver energy and dephasing of the electron bunch from
the plasma wave accelerating field. In the quasi-linear
regime, energy gain scales as ∼ a0n

−1
e , with a0 the laser

strength parameter,1 and so the production of higher en-
ergy beams requires both increasing driver energy and re-
ducing plasma density. Parabolic plasma channels have a
plasma profile of the form ne(r) = ne0 +r2/πrerm

4, with
re the classical electron radius, and rm the matched spot
size. The on-axis density ne0 sets the limit on energy gain
due to dephasing and pump depletion, and the matched
spot size rm characterizes the strength of the guide. If
a low power Gaussian beam is coupled into a channel
at focus with rm equal to its beam waist r0, the guided
beam will maintain a constant size while it propagates in
the channel. If the beam waist and matched spot size are
not equal, however, the guided beam will undergo oscilla-
tions in spot size as it propagates, degrading accelerator
performance and possibly destroying the guiding struc-
ture. In the quasi-linear regime, self-focusing helps con-
fine laser energy near the axis and relaxes the condition
for matched propagation, but this amounts to a modest
increase in the required matched spot size and does not
eliminate the need for a pre-formed plasma channel to
guide over long distances.6

The density profile of a capillary discharge waveguide
is closely approximated by a parabola near the axis, and

the matched spot size obeys the scaling rm ∝ r1/2c n
−1/4
e0 ,

with rc the capillary radius.7 This scaling law dictates
that the only means of tuning rm and ne0 in a capil-
lary discharge waveguide are the fill gas pressure and the
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capillary radius, with the latter fixed at the time of fabri-
cation. The matched spot size rm then becomes a strictly
decreasing function of ne0, leaving a capillary discharge
waveguide with effectively one degree of freedom.

This coupling of rm and ne0 is problematic for efforts to
increase the performance of channel-guided LPAs. First,
reducing ne0 to increase energy gain requires reducing
the capillary radius to avoid increasing rm and weaken-
ing the channel, which in turn exposes the capillary to
laser damage from the wings of the driver beam. For
example, reducing plasma density from 7.8× 1017 cm−3,
which produced 4.2 GeV with 300 TW of power from the
BELLA laser, to 2.7 × 1017 cm−3, which produced 7.8
GeV with 880 TW of laser power, would have required
a 40% decrease in capillary radius in order to maintain
the same matched spot size. However, the previous ex-
periments on the BELLA laser with 500 µm diameter
capillaries operated at ne0 = 7.8 × 1017 cm−3 observed
destruction of the capillary by energy in the wings of
the focal spot when laser power was increased above 300
TW.5 Therefore, capillaries of that size or smaller cannot
be used at petawatt-scale laser power, even with state-
of-the-art laser modes.

Additionally, independent control of rm and ne0 is use-
ful for tuning of a laser-plasma accelerator: rm can be op-
timized for matched guiding and ne0 can be optimized for
acceleration, e.g. pump depletion and bunch dephasing,
or bunch injection. Furthermore, at high laser power,
the channel matched spot size, on-axis plasma density,
plasma wave phase velocity, and laser intensity are all
coupled.6 Independent control of ne0 and rm adds a de-
gree of freedom that may be useful for optimization un-
der this coupling. For example, an injection scheme may
place constraints on laser intensity and plasma density,
requiring an independent adjustment of matched spot
size to preserve guiding.

In order to meet the requirements on rm and ne0 for
high energy electron beam production without exposing
the capillary to laser damage, and independently tune
rm and ne0 to optimize accelerator performance, greater
control of the plasma profile beyond that afforded by a
conventional gas-filled capillary discharge is needed. To
provide this additional control of the plasma profile in-
dependent of the capillary radius, the laser-heated capil-
lary discharge was developed.8–10 In this scheme, a joule-
level, nanosecond-scale laser pulse is coupled into a cap-
illary discharge waveguide, which heats the center of the
plasma through inverse-bremsstrahlung absorption. The
expansion of the heated plasma reduces the density on-
axis, creating a channel with a smaller matched spot size
than the capillary discharge alone.8 This new structure
recently enabled the production of electron beams with
energies up to 7.8 GeV.9,10

In this paper, a detailed characterization of laser-
heated capillary discharge waveguides is presented, rely-
ing on experiments and on simulations with the magne-
tohydrodynamics code MARPLE.11 Trends are identified
in channel properties relevant to optimizing laser-plasma

acceleration with respect to plasma density and temper-
ature, and laser energy. Relatedly, the matched spot-size
and on-axis density are found to be independently tun-
able over a large parameter space. In general, agreement
between experimental measurements and MARPLE sim-
ulations is excellent.

In addition to the tuning of channel properties, several
new results are presented which are relevant to the design
and operation of laser-plasma accelerators implementing
laser-heated capillary discharges. Channel properties are
found to be very sensitive to delay relative to the heater
pulse due to rapid evolution of the plasma, enabling fur-
ther optimization of laser-guiding and accelerator perfor-
mance over previous experiments, which were performed
with the driver injected only at the peak of the heater
pulse.9,10 Also, the effect of plasma heating was observed
to saturate with heater pulse energy, which is shown to be
a consequence of the temperature dependence of inverse-
bremsstrahlung absorption. Finally, the heater beam and
hence plasma channel were steered away from the capil-
lary axis for sufficiently high heater pulse energies, which
was attributed to the transverse asymmetry of the beam.

The paper is organized as follows. In section II, chan-
nel formation by inverse-bremsstrahlung heating is dis-
cussed. In section III, the experiment setup and meth-
ods are described. Results of experimental measurements
and simulations of the formation of a plasma channel by
laser heating are presented in section IV, and tuning of
channel properties through laser and plasma parameters
is demonstrated in section V. Conclusions are summa-
rized in VI. Appendices A and B discuss the matched
spot size diagnostic and experimental uncertainties in the
density measurements in greater detail, respectively.

II. PLASMA RESPONSE TO
INVERSE-BREMSSTRAHLUNG HEATING

In a laser-heated capillary discharge, a channel is
formed by the expansion of plasma near the discharge
axis upon heating by an energetic laser pulse propagat-
ing collinearly with the capillary axis. Similarly to other
types of laser-formed or laser-enhanced plasma channels,
heating and expansion of the plasma on axis enhances
the channel by lowering on-axis density and the matched
spot size.12,13 In the regime under consideration, heating
occurs through inverse-bremsstrahlung absorption,14–16

which is described by the imaginary part of the complex
permittivity ε = ε′ + iε′′. For the relatively low laser
intensities (∼ 1012 W/cm

2
) used in the experiments de-

scribed here, the inverse-bremsstrahlung power density
in the Kramers approximation is given by14

QIB = kε′′I =
25/2π1/2

3

Zq4eneI

(kbTe)3/2m
1/2
e c

ω2
p

ω2
Λ, (1)

with ω, k, and I the laser frequency, wavenumber, and
intensity, qe and me the electron charge and mass, Z the



3

ionization degree, ne the electron density, ωp the electron
plasma frequency, Te the electron temperature, kb the
Boltzmann constant, and the Coulomb logarithm

Λ = max

{
π√
3
,

1

2
ln

25(kbTe)
3

exp(5Cγ)ω2Z2q4eme

}
, (2)

where Cγ = 0.57721... is the Euler-Mascheroni constant.
Eq. (1) is valid when Te � Z2q4eme/~2 ∼ 27Z2 eV, and
ω � ωp.

The inverse-bremsstrahlung power density [Eq. (1)]
was implemented in the MARPLE magnetohydrodynam-
ics code, the relevant equations of which are described
in Refs. 7, 17–19. Laser absorption by the plasma
first proceeds through electron heating via inverse-
bremsstrahlung, followed by collisional heat transfer to
the ions. Plasma expansion is driven by the resulting in-
crease in pressure and temperature of both the electrons
and ions. Generally, Te > Ti if plasma heating occurs on
a timescale shorter than the characteristic timescale for
electron-ion energy exchange. However, this timescale
is of order 100 ps for the plasmas typical of the experi-
ments reported here, which have temperatures Te of a few
eV and initial densities ne of a few 1017 cm−3. Hence,
for the plasmas under consideration, the approximation
Te ≈ Ti can be made for inverse-bremsstrahlung heating
with few-ns laser pulses.

Inverse-bremsstrahlung absorption is a collisional pro-
cess. Using Eq. (1) and approximating Te ≈ Ti, a sim-
plified model of the plasma temperature evolution can
be written in terms the electron ponderomotive energy
Ep = 2πq2eI/mcω

2 and an effective collision frequency
νe,IB :7,17

d(kbTe)

dt
=

d(kbTi)

dt
=

1

2
νe,IBEp . (3)

with

νe,IB =
27/2π1/2

3

Zq4ene

m
1/2
e (kbTe)3/2

Λ (4)

from rearranging the factors of Eq. (1), and the factor
1/2 from the partition of the absorbed energy between
electrons and ions. The experiments described here in-
volve peak laser intensities up to 4× 1011 W/cm2, yield-
ing a heating rate of a few eV/ns for the plasma param-
eters stated previously.

Eq. (3) describes the heating of electrons and ions
by the extraction of electron ponderomotive energy at
the effective collision frequency Eq. (4), which is closely
analogous to resistive heating and obeys a very similar
scaling law:

dTe
dt
∝ neI

ω2T
3/2
e

Λ. (5)

It is apparent from this relation that the heating rate
increases with initial plasma density and laser intensity,
and decreases with temperature. As will be shown later,

the dependence of the heating rate on these variables en-
ables tuning of channel properties in a laser-heated cap-
illary discharge.

The effect of plasma motion in response to heating on
the propagation of the heater beam is an important con-
sideration in the formation of a channel by laser heat-
ing. The effect becomes important if the laser pulse
length is similar to the time scale for plasma motion,
which can be estimated with the ion acoustic speed
cs =

√
(kbTe + kbTi)/mi, with Ti and mi the ion temper-

ature and mass. For plasma parameters representative of
these experiments, and taking the spatial scale length L
equal to the heater laser beam waist r0,h = 82 µm, the
time scale for plasma motion is ∼ 3 ns.

The first simulations of laser-heated capillary dis-
charges considered a 1 ns pulse length, which was chosen
to be shorter than the plasma motion timescale.8 In this
regime, the heater beam propagation is mostly decou-
pled from plasma motion because the plasma is nearly
stationary during the pulse, and the pulse propagates
as in a linear medium. However, this also requires that
the heater be matched to the initial discharge channel
to avoid oscillations and nonuniform energy deposition.
This limits the heater spot size to the matched spot size
of the initial discharge channel, which for the parameters
of interest is quite large, and thus limits the matched spot
size of the heated channel. In Ref. 8, the heater beam
reduced the matched spot size of the channel from 145
µm to 100 µm. This is much larger than the ∼ 60 µm
focal spot of the BELLA laser, and insufficient for good
confinement of driver energy toward the axis, even ac-
counting for self-focusing effects.

It can be advantageous to use heater pulses signifi-
cantly longer than the few-ns plasma motion time scale.
In this regime, plasma expansion during heating forms a
channel during the rise of the pulse, and therefore much
of the energy is guided with a smaller effective matched
spot size than the discharge alone. This “self-channeling”
effect relaxes the requirement to match the heater beam
spot to the initial discharge channel, enabling the pro-
duction of smaller matched spot sizes than in the short
pulse regime.9,10 To take advantage of this effect, an 8
ns heater pulse length was used in the electron beam
production experiments in Refs. 9 and 10 and the exper-
iments reported here.

III. EXPERIMENT SETUP AND METHODS

The setup used for the experiments described in this
paper is pictured schematically in Fig. 1(a). The cap-
illary and heater laser system were selected to match
the parameters of the electron acceleration experiments
of Refs. 9 and 10. A 800 µm-diameter, 20 cm-long
hydrogen-filled capillary was used, driven by a high volt-
age pulser generating current pulses of the form shown
in Fig. 1(b), which peak at 450 A with a FWHM of 500
ns. A frequency doubled Nd:YAG laser system was used
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FIG. 1. (a) Schematic of the optical setup for performing density and matched spot size measurements of laser-heated capillary
discharges. (b) Discharge current pulse.

FIG. 2. Heater beam profile as a function of distance z from
the capillary entrance plane. Images are plotted with a nor-
malized scale to show detail away from focus.

for laser heating, supplying up to 300 mJ at 532 nm in
an 8 ns FWHM pulse, which was focused to a 1/e2 spot
size of 82 µm. The heater laser beam was non-Gaussian
and significantly asymmetric in the midfield, which is ev-
ident in the beam profiles shown in Fig. 2. A separate
probe laser was used to diagnose channel properties. It
consisted of 4 nJ sub-ns pulses at 780 nm with 30 nm
bandwidth carried by a single mode fiber, which were
injected collinearly with the heater laser using a fiber
collimator and Galilean telescope. The probe beam was
near Gaussian at focus, with a 73 µm waist and beam
quality factor M2 = πθ0r0/2λ . 1.3, with θ0 the diver-
gence angle, and λ the laser wavelength (M2 = 1 for a
pure Gaussian TEM00 beam).

Separate CCD cameras for each laser wavelength were
used for beam tuning and imaging the transmitted laser
beam at the capillary exit. For accurate measurements, it
is essential to align the probe precisely to the laser-heated
channel. This was done by first aligning the probe and
heater beams to each other in vacuum, and then aligning
the capillary to the heater beam. To facilitate this, the
probe imaging line consisted of an achromatic doublet
in the chamber after the capillary and a second doublet
before the stage mounted microscope lens and camera,

and was capable of imaging the heater beam with an
appropriate change of filtration. This system was used
to overlap the probe and heater beam to within ≤ 20 µm
in position and ≤ 100 µrad in angle.

The relative delay of the probe and heater pulses, as
well as the heater pulse shape, were recorded for every
shot with a pair of photodiodes upstream of the target.
Leakage light from the final steering mirror was separated
into both wavelengths with a dichroic optic, which were
then sent to the photodiodes. The timing jitter between
the two pulses was ∼ 0.3 ns.

The longitudinally-averaged plasma density on the
channel axis ne0 was diagnosed by measuring the average
group velocity of the guided probe pulses using spectral
interferometry.20,21 The group velocity of a plane electro-
magnetic wave propagating in a homogeneous plasma is
βg = vg/c ' 1 − βne0 , with βne0 = k2p/2k

2, and kp and
k the plasma and laser wavenumbers. The small term
βne0 is proportional to plasma density and manifests as
an additional delay of the probe pulse compared to prop-
agation through vacuum. Neglecting transverse variation
of the plasma profile, for a 20 cm capillary with an on-
axis density of 3 × 1017 cm−3, this yields an additional
group delay ∆T ≈ 60 fs relative to vacuum.

A fiber-based spectral interferometer was built for per-
forming the group velocity measurements. A 50-50 fiber
splitter upstream of the fiber collimator split the probe
pulses, sending one copy through the target and another
to the reference arm of the interferometer. A movable
dichroic optic was positioned inside the target chamber
after the collimating doublet that can be moved into the
beam line to send probe pulses to the interferometer for
group velocity measurements. Although the spectrom-
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eter does not image the capillary exit, the collimating
doublet and the lens before the slit render the delay mea-
surement insensitive to displacement and angular deflec-
tion of the probe beam in the capillary exit plane. Ray
tracing simulations showed that these effects contribute
an uncertainty . 1 fs, or . 5 × 1015 cm−3 in these ex-
periments.

The most important source of random error in the den-
sity measurement is jitter in the relative delay of the
probe and reference pulses from the vibration of optics
in the setup. Optical fibers were used in the interferom-
eter to reduce this delay jitter, at the cost of introducing
a relative spectral chirp between the probe and reference
pulses and a temperature drift in the measured group
delay, due to the dispersion and temperature dependent
refractive index of the fibers, respectively. These issues
were addressed through the use of an FFT-based phase
mapping technique22 and a data acquisition procedure
that tracked the group delay drift during measurements.

The matched spot size was diagnosed using well-known
techniques based on laser propagation in plasma chan-
nels. The spot size of a Gaussian laser beam injected
into a mismatched parabolic channel will oscillate with
wavenumber 4/kr2m.23,24 This oscillation in laser spot size
is a diagnostic for rm, and particularly well suited for
laser-heated capillary discharges. If rm is known for some
set of plasma parameter values, oscillations in exit beam
size that occur as plasma parameters are slowly varied
away from those values can be counted to determine rm
for a different set of parameter values. For laser heated
channels, MARPLE calculations show significant longitu-
dinal variation in the plasma profile. Therefore, in these
experiments, spot size oscillation tracking yields the lon-
gitudinally averaged matched spot size rm. Because the
probe beam was non-Gaussian, the INF&RNO code25,26

coupled with a detailed phase and amplitude model of
the probe laser was used to map oscillation periods to
rm values (see Appendix A).

Similarly to spot-size oscillation, the centroid of a laser
beam injected into a plasma channel off-axis will oscillate
within the channel with a wavenumber kβc = 2/kr2m.23,24

Laser centroid oscillation is an accurate and easily im-
plemented diagnostic for capillary discharges,24 but it is
more difficult to implement for laser-heated capillary dis-
charges because the measurements require precisely dis-
placing the channel from the probe beam. The difficulty
arises from pointing jitter of the heater beam, which in-
troduces an uncertainty in the position of the channel
and increases the measurement error. Spot size oscilla-
tions, however, are relatively insensitive to alignment of
the probe beam to the channel. Therefore, rm in laser-
heated channels was measured by using centroid oscilla-
tions to determine rm for the capillary discharge in the
absence of heating (in which case rm = rm), and then
using spot size oscillations to track the change in rm as
heating was gradually increased to the value of interest
for measurement (see Appendix A).

Accurate density measurements using the channel

group velocity require knowledge of rm and the true prop-
agation distance within the channel L. Group velocity
in a parabolic channel is lower than in a homogenous
medium, posessing a term βg,geo ∝ r−2m as described in
Ref. 27. In these experiments, this reduction in group
velocity increases the apparent on-axis density by a max-
imum of 4× 1016 cm−3 at rm = 60 µm.

Additionally, it was found that transverse asymmetry
of the heater laser mode resulted in the creation of curved
plasma channels. As is discussed later, this is evidenced
by an intensity dependent deflection of the heater beam
as it exits the capillary. It is thus inferred that the center
of the heated channel does not remain in the center of the
capillary, and in fact follows a curved path through the
capillary. This occurs because the tail of the heater pulse
is “steered” by the channel created by the head of the
pulse in a similar manner to “self-channeling,” where the
tail of the heater pulse is guided in the channel created by
the head as described in Refs.9,10. This “channel curva-
ture” causes the probe beam to become misaligned as it
propagates and undergo centroid oscillation, introducing
additional path length δL ∝ r−2m and increasing appar-
ent plasma density. The degree of channel curvature is
dependent on the properties of the heater beam and the
effect was not observed in the experiments of Refs.9,10,
which used a heater beam with a more symmetric mode.
For the experiments in this paper it is estimated that
this effect contributes a maximum of 4 × 1016 cm−3 to
the apparent on-axis density at rm = 60 µm.

Precisely modeling the group velocity reduction from
finite matched spot size and the increased path length
from channel curvature is difficult, and lies beyond the
scope of this paper. Therefore, these propagation effects
are estimated here using a model of a misaligned probe
beam propagating in an longitudinally uniform parabolic
channel (see Appendix B). Because of the limitations
of this simplified model, these effects are treated as a
systematic error defining the lower uncertainty bound on
the plasma density.

IV. CHANNEL FORMATION AND EVOLUTION IN A
LASER-HEATED CAPILLARY DISCHARGE

Experiments and MARPLE simulations show signifi-
cant modification of the plasma density by laser heat-
ing, with reductions of both ne0 and rm. Fig. 3 shows
a case for heater pulse energy 300 mJ, arriving at the
capillary entrance at a delay td of 440 ns after the peak
of discharge current, with initial on-axis plasma density
ne0,i = 3.9 × 1017 cm−3. Images of the guided probe
beam are shown in Fig. 3(a) for a range of delays t rela-
tive to the centroid of the heater pulse. In Fig. 3(b), ne0
and rm from measurements and a MARPLE simulation,
and the heater power are shown as a function of delay t.
The heater power trace shown was obtained by averaging
1000 photodiode traces and smoothing with a lowess fit,
and was used to model the heater pulse in the MARPLE
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simulations.
An average on-axis density of 2.4 × 1017 cm−3 and

matched spot size of 65 µm is measured at t = 4.6 ns,
parameters suitable for acceleration to energies approach-

ing 10 GeV.10,28 Because of the scaling rm ∝ r
1/2
c n

−1/4
e0 ,

realizing these parameters in a capillary discharge would
require a 60% reduction in capillary diameter from the
initial 800 µm to ∼ 300 µm. Capillaries of this size are
vulnerable to damage from the BELLA laser and are un-
suitable for PW-scale experiments, based on the destruc-
tion of 500 µm-diameter capillaries observed above 300
TW of laser power in the experiments of Ref. 5.

Modification of the guided probe beam can be seen in
Fig 3(a) as early as t = −6.4 ns, indicating signicant evo-
lution of the plasma profile ∼ 1 ns after the foot of the
heater pulse at t = −7.4 ns. This is consistent with the
3 ns timescale for plasma motion calculated in section II.
The modification of the guided probe beam beginning at
t = −6.4 ns in Fig. 3(a) is also evidence of self-channeling
of the heater beam. The evolution of the guided probe
beam early in the heater pulse shows that the majority
of the pulse energy propagates through a plasma chan-
nel with different guiding properties than the discharge
before heating at t = −8.8 ns. It must be noted that an
increase in probe intensity in the exit plane does not nec-
essarily correspond to a reduction in matched spot size.
Rather, this indicates that a minimum in the probe spot
size oscillation has moved near the exit plane, which can
occur during either an increase or decrease in rm depend-
ing on the oscillation phase.

The data of Fig. 3 show the channel evolves on a
nanosecond time scale, and that properly timing the
driver pulse relative to the heater pulse is critical for
achieving maximum accelerator performance. In typical
operation, the driver pulse is timed to arrive during the
time interval extending roughly from t = 0 ns to 15 ns af-
ter the peak of the heater pulse, as density and matched
spot size are significantly reduced from the discharge val-
ues during this time. This interval is marked in Fig. 3,
with times lying outside it shaded. For the experiments
of Refs. 9 and 10, the driver was timed at t ∼ 1 ns. How-
ever, the data of Fig. 3 show that ∼ 5 ns after the peak
of the heater pulse, the plasma density reaches a mini-
mum with rm . 65 µm, still sufficiently well matched to
the ∼ 60 µm BELLA beam waist. Hence, it is expected
that accelerator performance can be improved over pre-
vious experiments by taking full advantage of the plasma
evolution to achieve optimal channel properties.

A. MARPLE simulation

For the simulations in this paper, the MARPLE code
was augmented with modules from INF&RNO and im-
plemented the inverse-bremsstrahlung power density [Eq.
(1)]. The heater beam intensity at the capillary entrance
was modeled as a function of the form J1

2(r)/r2 with a
1/e2 radius of 82 µm, where J1(r) is a Bessel function

(a)

Accelerator 
Operation

FIG. 3. Guided laser beam and channel properties for a 20
cm-long, 800 µm-diameter capillary filled with 17.6 torr of
H2, heated with 300 mJ of laser energy. (a) Images of the
guided probe beam at the capillary exit vs. delay from the
peak of the heater pulse. Jitter in probe beam position at
the capillary exit was < 10 µm. (b) Longitudinally averaged
on-axis density ne0 and longitudinally averaged matched spot
size rm vs. delay t from the heater pulse centroid from mea-
surements and a MARPLE simulation. The representative
heater power trace used in the MARPLE calculations (ob-
tained from averaged photodiode traces) is shown in green.
Narrow-cap error bars denote uncertainty from group delay
jitter between the probe and reference pulses. Wide-cap er-
ror bars denote uncertainty in the density measurement from
misalignment of the probe to the channel due to channel cur-
vature. ne0 and rm values are omitted when the MARPLE
simulation shows the channel size is below the input laser spot
size of 73 µm. Driver arrival times typical for accelerator op-
eration are marked, with shading applied for times outside
this interval.

of the first kind, and the laser power was modeled using
the trace in Fig. 3. The simulations were performed on
an 800 µm-diameter, 20 cm-long, axisymmetric, uniform
(r, z) grid with 50 cells in the radial direction and 200
cells in the longitudinal direction, with a time step of 0.1
ns. Plasma evolution was simulated from the the initia-
tion of the discharge 420 ns before the peak of current,
through the arrival of the heater laser pulse, to 1000 ns
after the peak of current. The initial neutral hydrogen
density was chosen to match the measured density at the
arrival time of the heater pulse. The discharge plasma
was modeled as initially longitudinally uniform, ignor-
ing the 6 mm density ramp at each end of the capillary
arising from gas flow out the ends into the surrounding
vacuum. These “end effects” are expected to have little
effect on guiding since the 6 mm length of the density
ramp is smaller than the 20 and 40 mm Rayleigh lengths
of the probe and heater beams, respectively.

The longitudinally-averaged matched spot size rm was
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calculated from the MARPLE output by computing the
quasi-matched Gaussian spot size derived in Ref. 29 for
each longitudinal grid point of the calculated electron
density ne(r, z) and then averaging in z. This definition
of the matched spot size was used because it is well de-
fined for non-parabolic plasma profiles. MARPLE sim-
ulations show that early in the heater pulse, the density
well formed by laser heating is small in radial extent be-
cause the heated plasma has had little time to expand
under its own pressure. In this situation the channel may
be smaller than the guided beam, and a large fraction of
the beam will not be coupled into the channel formed by
heating. Instead, the beam will effectively sample two
guiding structures: both the density well on axis from
heating and the density well formed by the background
plasma profile of the discharge. Another condition that
may arise is the formation of a local maximum of the
plasma density on the channel axis, due to plasma mo-
tion driven by uneven heating in the transverse plane by
the mismatched, multimode heater beam.

Both of these conditions constitute a qualitative de-
parture from the model on which the spot size oscillation
diagnostic is based, which assumes propagation in a sin-
gle, parabolic density well, and thus renders the measure-
ment difficult to interpret. Therefore, rm measurements
were only retained at times where the MARPLE output
shows the average radial extent of the channel as defined
by the location of the first radial inflection point of the
plasma density (i.e., ∂2ne/∂r

2 = 0) to be greater than
the probe input spot size, and the density to be locally
minimized in the transverse plane (∂2ne/∂r

2|r=0 > 0)
at all points on the channel axis. Overall agreement be-
tween experimental measurements of plasma density and
MARPLE simulations is excellent.

Due to mismatched guiding and self-channeling of the
heater beam, ne0 and rm are not longitudinally uniform
in general. This is clear in the MARPLE output shown
in Fig. 4, which is for select time points of the case in
Fig. 3. MARPLE simulations show that self-channeling
and mismatching of the heater beam produce a channel
with complex structure problematic for guiding at early
times. Fig. 4 shows that during the rise of the heater
pulse at t = −3.0 ns, the transverse extent of the chan-
nel is small, and in some longitudinal positions a local
density maximum exists on axis. This can be seen in
the transverse density profiles plotted in Fig. 4(a). The
longitudinal variation of rm is plotted in Fig. 4(e), with
values suppressed at locations with channel extents less
than the probe beam waist size or density maxima on-
axis. At t = −3.0 ns, roughly 25% of the length of the
channel meets these criteria, hence the spot size oscilla-
tion diagnostic for rm cannot be applied. Near the peak
of the heater pulse at t = 1.6 ns, a density well has formed
at all points on the channel axis, but the channel remains
relatively small in transverse extent and highly nonuni-
form in the longitudinal direction. However, several ns
later at t = 5.6 ns the channel has expanded radially and
become more uniform, with longitudinal variation of ne
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FIG. 4. MARPLE output for the case of Fig. 3. (a),(b) Radial
plasma density profile at 6 longitudinal positions z, for two de-
lays from the peak of heating power: t = −3.0 ns, t = 1.6 ns,
and t = 5.6 ns. (c),(d) Channel parameters vs. longitudinal
position for t = −7.4, −3.0, 1.6, 5.6 ns, with t = −7.4 ns cor-
responding to the unmodified discharge plasma density. rm
values are omitted at locations where the channel extent is
less than the probe beam spot size or a density maximum ex-
ists on axis as described in Section IV A.

and rm < 10%.

B. Density measurement uncertainty due to channel
curvature

As stated previously in Section III, asymmetry of the
heater beam introduces curvature in the heated plasma
channel. Evidence of this can be seen in Fig. 3(a), which
shows considerable deflection of the probe beam as the
channel evolves. Moreover, this deflection is very repeat-
able between shots, with jitter in the probe beam centroid
< 10 µm. Overlap of the probe and heater was accurate
to within 20 µm and 100 µrad at the capillary entrance,
which for the measured values of rm should yield a max-
imum deflection < 25 µm, and a maximum density er-
ror < 5 × 1015 cm−3 from probe centroid oscillation.24

Instead, the maximum deflection observed was 175 µm.
This is attributed to “steering” of the heater beam within
the discharge channel due to the combined effects of the
beam asymmetry visible in Fig. 2 and self-channeling,
which creates a slightly curved plasma channel.

Consistent with the evolution of the guided probe
beam during the rise of heater pulse shown in Fig. 3(a),
the effect of self-channeling on the heater beam itself
can be seen directly in Fig. 5, which shows the time-
integrated downstream nearfield of the heater beam af-
ter propagation through a 9 cm-long, 800 µm-diameter
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capillary operated at a similar initial plasma density to
the case plotted in Fig. 3 as a function of laser arrival
time td relative to the discharge peak. The capillary dis-
charge channel axis was aligned to the heater beam such
that the paths of the guided and vacuum beam centroids
overlapped within 20 µm and 200 µrad using the meth-
ods of Ref. 24, with a pulse energy of 30 mJ at delay
td = 56.8 ns from the discharge peak.

Fig. 5 shows the heater propagation is strongly depen-
dent on pulse energy and arrival time in the discharge
pulse. At 30 mJ the nearfield is nearly unchanged as dis-
charge timing is varied. This is consistent with a capillary
discharge in the quasi-static regime, a condition reached
near the peak of current where the plasma density profile
ceases evolving and the electron temperature becomes a
function of current alone, varying as Te ∝ I1/2.7 How-
ever, at 420 mJ, reductions of ∼ 3 mrad in divergence
angle and deflections of ∼ 3 mrad are observed when the
heater pulse arrives later in the discharge. Similarly to
the deflection of the probe beam shown in Fig. 3(a), the
changes in heater beam divergence and propagation di-
rection are stable between shots, with jitter < 1 mrad.
Increased delay relative to the discharge current peak on
the falling edge of the current pulse corresponds to lower
plasma temperature because of the Te ∝ I1/2 scaling in
the quasi-static regime.

That the influence of pulse energy on the propagation
of the heater beam is greatest at low plasma tempera-
tures, where inverse-bremsstrahlung heating is stronger
according to Eq. (5), is consistent with guiding of the
heater beam within a channel created by plasma motion
driven by the heater beam itself. Furthermore, deflec-
tion of the heater beam from the vacuum beam path and
capillary axis at the later discharge times at 420 mJ in
Fig. 5 implies that this channel is curved under these
conditions.

This “self-steering” of the beam is attributed to asym-
metric plasma heating, which is in turn due to the asym-
metry in the heater beam shown in Fig. 2. This effect will
complicate the alignment of an electron beam to the axis
of an accelerator system. Thus, it is beneficial to sup-
press self-steering to the greatest extent possible, which
requires maximizing symmetry of the heater beam. The
experiments of Refs. 9 and 10 used a different laser sys-
tem for heating, which produced a more symmetric beam,
and self-steering was not observed.

Diagnosing the path of the curved channels formed by
self-steering is quite difficult, as discussed in Section III.
However, assuming that guided probe beam oscillates
about center of the channel as it evolves, the maximum
deflection of the probe beam in the exit plane can be used
to roughly estimate a characteristic displacement of the
channel from the capillary axis. For the case of Fig. 3,
taking the maximum probe deflection of ∆xf = 175 µm
as the peak-to-peak oscillation amplitude about the chan-
nel center yields the estimate ∆xf/2 ≈ 90 µm for the dis-
placement of the channel center from the capillary axis at
the exit plane. This value is merely representative, how-

FIG. 5. Images of the heater beam downstream nearfield
(imaging infinity) after interacting with a 9 cm-long, 800 µm-
diameter capillary filled with 17.2 torr H2, vs. delay td of the
heater pulse relative to the peak of discharge current. Images
are shown for 30 mJ and 420 mJ pulse energies. Shot-to-shot
variation of propagation direction and divergence angle are
both < 1 mrad.

ever. The position of the channel center varies with longi-
tudinal position along the capillary, and in fact coincides
with the capillary axis at the entrance plane to within
the alignment precision of 20 µm previously quoted.

The main difficulty introduced in this experiment by
self-steering of the heater beam is a systematic error in
the density measurement, caused by the increased path
length traversed by the probe pulse in a curved channel.
The wide-cap error bars of Fig. 3(b) denote the uncer-
tainty in plasma density due to channel curvature and
finite matched spot size effects. Uncertainty from jitter
in relative group delay of the probe and reference pulses
is denoted by the narrow-cap error bars. The wide-cap
error bars were calculated using measurements of rm in
combination with the observed maximum deflection of
the probe beam, ∆xf = 175 µm (see Appendix B). Be-
cause these propagation effects scale roughly as r−2m , they
are most pronounced close to the peak of the heater pulse,
where rm is smallest.

The peak in ne0 visible in the experimental data plot-
ted in Fig. 3(b) at t ∼ −4 ns is a diagnostic artifact
rather than a physical increase in the plasma density.
Measurements on the BELLA main beamline9,10 using
a different diagnostic technique, common-path two-color
spectral interferometry,30,31 agreed well with the simula-
tions and measurements reported in this paper but did
not observe this feature. Moreover, ionization by the
heater laser cannot account for the observed effect, as
MARPLE shows the fraction of neutral hydrogen on axis
to be . 2%,10 leaving insufficient neutral hydrogen to
produce the observed ∼ 25% increase in apparent elec-
tron density.

In Fig. 3(b), the simulated density lies within the sys-
tematic uncertainty from propagation effects, with the
exceptions of the points at t = −6 ns and -4 ns. The dis-
crepancy at these times may arise from the assumption
of an ideal, longitudinally uniform parabolic channel in
the model of the decreased group velocity and increased
path length due to finite matched spot size and chan-
nel curvature (see Appendix B). As previously discussed,
the MARPLE simulations show that early in the heater
pulse, the channel is both longitudinally nonuniform and
has a complex, non-parabolic transverse profile. In ad-
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dition to having these properties, the physical channel
is non-axisymmetric. The group velocity of the probe
pulse in such a structure will be less than in the ideal-
ized parabolic density profile used in the model, in which
case the apparent density contribution from propagation
effects will be underestimated.

Nevertheless, the group delay plasma density measure-
ments agree well with simulation in the interval most use-
ful for laser-plasma acceleration 0 < t < 15 ns, when the
channel is fully formed and on-axis density and matched
spot size are low. Fig. 4 shows that plasma expansion
produces a transverse density profile with a wide, on-axis
minimum by t ≈ 2 ns, which further evolves into a lon-
gitudinally uniform, nearly parabolic shape on-axis by
t ≈ 6 ns. Additionally, the effects of matched spot size
and channel curvature are greatly reduced at later times
due to increasing rm after t ≈ 0 ns and the r−2m scaling of
these effects. Therefore, the diagnostic artifacts and non-
idealities of the plasma profile previously discussed pose
little difficulty for measurements in the interval relevant
to accelerator operation.

The measurements and simulation output of Figs. 3
and 4 show that, for a given capillary radius, laser heat-
ing of a capillary discharge can create a channel with
lower matched spot size for a given density than the
discharge alone. Equivalently, channels can be created
with matched spot size and density that would otherwise
require a significantly smaller capillary radius without
laser heating: 60% smaller in the case of Figs. 3 and
4. The properties of the channel, including ne0, rm, and
the longitudinal variation of the plasma profile, evolve
on a nanosecond timescale due to plasma motion. This
requires precise timing of the driver pulse to achieve opti-
mal channel properties, with a minimum in on-axis den-
sity occuring ∼ 5 ns after the peak of the heater pulse.
Furthermore, MARPLE simulations showing ∼ 10% lon-
gitudinal variation in rm and ne0 ∼ 6 ns after the peak
demonstrate that, despite mismatch of the heater spot
size to the channel and the complex coupling between
plasma motion and heater beam propagation, channels
with a high degree of longitudinal uniformity can be cre-
ated.

V. TUNING CHANNEL PROPERTIES VIA PLASMA
AND LASER PARAMETERS

The primary difficulty addressed by laser-heated cap-
illary discharges is the lack of independent control of
rm and ne0 in a conventional capillary discharge. For

a capillary discharge, the scaling rm ∝ r
1/2
c n

−1/4
e0 re-

stricts a capillary of fixed radius to a one-dimensional
curve in (ne0, rm) space. Independent control of ne0
and rm enables matched guiding of petawatt-scale laser
pulses at low plasma densities required for ∼ 10 GeV en-
ergy gain without reducing capillary diameter to a size
at which the structure is subject to laser damage. This

additional freedom is also useful for optimization of a
channel-guided laser-plasma accelerator, where matched
spot size, plasma density, laser intensity, and plasma
wave phase velocity are all coupled to one another.

It was demonstrated in Ref. 9 that a laser-heated cap-
illary discharge can be tuned over a two-dimensional re-
gion of (ne0, rm) by varying the initial discharge plasma
density and temperature. In the experiments of Ref. 9,
the driver arrived at the peak of the heater pulse, and
channel parameters were reported for that delay relative
to the heater pulse. Here, the full time evolution of the
plasma upon heating is presented for the parameter space
discussed in Ref. 9, as well as additional measurements
demonstrating the effect of the total heater pulse energy.
In agreement with the data of Fig. 3, the data presented
here show that a minimum in the on-axis density consis-
tently occurs 4-7 ns after the peak of the heater pulse,
indicating that for a wide range of parameters, channel
properties are optimal for high energy gain at that time.
Tunability of channel properties over a wide range via
heater laser energy, driver timing, and initial plasma pa-
rameters is shown, and strategies for channel optimiza-
tion are identified.

A. Initial plasma density

Experiments and MARPLE simulations show that the
reduction of ne0 and rm increases with initial plasma
density. Fig. 6 shows ne0 and rm plotted for a heater
laser arrival time td = 320 ns after the discharge peak
for four initial plasma densities ne0,i. Reduction of ne0
and rm from their initial values is found to increase with
ne0,i. This relationship is to be expected from the ne
scaling of the heating rate [Eq. (5)]. Low densities and
matched spot sizes cannot be achieved by simply lowering
the initial plasma density, because the modification of rm
decreases rapidly with density. Instead, there exists an
optimal initial density for guiding and acceleration that
produces the required reduction in both rm and ne0.

B. Initial plasma temperature

Initial plasma temperature Te,i has a strong effect on
plasma profile modification. Fig. 7 shows ne0 and rm for
three different arrival times of the heater pulse relative
to the discharge peak, which correspond to different ini-
tial plasma temperatures Te,i. As previously discussed,
plasma temperature decreases with delay from the peak
of discharge current because of the Te ∝ I1/2 scaling in
the quasi-static regime.7 Lower Te,i at later times yields

larger reductions in both ne0 and rm, due to the T
−3/2
e

scaling of the heating rate [Eq. (5)].
Initial plasma temperature is the most readily ex-

ploited parameter for optimization of the heated chan-
nel because it can be easily tuned while minimally alter-
ing other discharge channel properties. Once the quasi-
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FIG. 6. (a) ne0 for 4 initial densities, with arrival time of the
heater pulse relative to peak discharge current td = 320 ns.
Error bars as in Fig. 3. Values from MARPLE as dotted
lines. (b) Measured rm and MARPLE calculated values for
the cases of (a).

static regime is reached near the peak of the current
pulse, the shape of the plasma profile does not evolve sig-
nificantly. Centroid oscillation measurements show the
matched spot size rm of the capillary discharge channel
(without heating) varied < 2 µm between the three de-
lays shown in Fig. 7, which cover an interval of 420 ns.

However, the requirement of near-total ionization on-
axis for acceleration imposes a minimum allowable initial
temperature, and therefore maximum allowable laser de-
lay from the peak of discharge current. If the neutral
fraction becomes too great, ionization defocusing of the
driver can overwhelm the effect of the channel. Laser
heating can ionize a partially recombined plasma at late
times in the discharge current pulse, and therefore the
plasma is not necessarily required to be initially fully
ionized. The maximum allowable delay from the peak
of current is therefore dependent on the parameters of
the capillary discharge and the heater laser. For these
experiments, ionization blueshifting measurements and
MARPLE simulations indicate that up to 420 ns after
the peak of discharge current, the plasma on the channel
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FIG. 7. (a) ne0 for 3 arrival times of the heater pulse relative
to the discharge current pulse. Heater pulse arrival times td
are marked on the discharge current trace in the inset. Later
times and lower currents correspond to lower initial plasma
temperature. Error bars as in Fig. 3. Values from MARPLE
as dotted lines. (b) Measured rm and MARPLE calculated
values for the cases of (a).

axis is fully ionized ∼ 5 ns after the peak of a 300 mJ
heater pulse.10

C. Heater pulse energy

It might be expected that increasing the energy of the
heater pulse would be a straightforward means of decreas-
ing on-axis density and matched spot size. However, the
plasma response was observed to saturate with increas-
ing pulse energy. Fig. 8 shows ne0 and rm measurements
at four heater pulse energies for ne0,i = 3.8× 1017 cm−3

and laser timing td = 440 ns after the peak of discharge
current. Measurable modification of the plasma occurs
with as few as 30 mJ of laser energy, 10% of the pulse
energy that was used in the LPA experiments of Refs.
9 and 10. The plasma modification observed at 30 mJ
is strong evidence for the influence of self-channeling on
the propagation of the heater pulse at higher energies:
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based on the effect observed at 30 mJ, the rising edge
of a joule-level pulse contains sufficient energy to signif-
icantly modify the plasma profile before the majority of
the pulse energy has been deposited.

The effect of laser-heating begins to saturate above en-
ergies of 100 mJ. Measurements of ne0 and rm cannot dis-
tinguish between channel properties for the cases of 200
mJ and 300 mJ of laser energy, although the MARPLE
simulations show a slightly lower density for 300 mJ. This
saturation with heater pulse energy is a consequence of

the T
−3/2
e scaling of the heating rate [Eq. (5)]. As the

plasma absorbs energy from the heater pulse and Te in-
creases, it becomes more transparent.

Saturation of the plasma response with respect to pulse
energy is predicted by a simplified model of heating as

function of the fluence Φ ≡
∫ t
−∞ I dt′ derived from Eq.

(3). Taking the factors Λ and ne constant in Eq. (3) and
ignoring heat conduction, solving the resulting differen-
tial equation yields

Te = (KneΦΛ/ω2 + T
5/2
e,i )2/5, (6)

with Te,i the initial plasma temperature and

K =
27/2π3/2

3

Zq6e

k
5/2
b m

3/2
e c

(7)

a proportionality constant composed of dimensionless
factors and physical constants from Eqs. (3) and (4).
Note that as a consequence of neglecting plasma motion
and heat conduction, the expression for Te is indepen-
dent of the temporal structure of the laser intensity I,
depending only on the fluence Φ. This follows from the
linearity of the heating rate in the intensity. The satu-
ration behavior is evident from the fact d2Te/dΦ2 < 0.
In reality, this simplified model overestimates heating for
the experiments reported in this paper, as plasma mo-
tion will reduce ne during heating and heat conduction
will allow energy to migrate out of the heated region of
the plasma. Therefore, plasma temperature will saturate
more rapidly than the ∼ Φ2/5 scaling of Eq. (6).

It is also evident from Eq. (6) and its derivation
from Eq. (3) that sensitivity of the plasma response
to the temporal structure of the heater pulse arises
through plasma motion and heat conduction, provided
the laser intensity remains low enough that the inverse-
bremsstrahlung heating rate remains linear in the inten-
sity. Although not directly applicable to the experiments
in this paper, this may be an important consideration in
situations where the heater pulse length is shorter than
the characteristic timescales of these processes.

However, the heating rate [Eq. (3)] will become non-
linear in the intensity if the electron ponderomotive en-
ergy becomes comparable to the plasma temperature, be-
cause the collision frequency νe,IB will begin to decrease
with laser intensity.15,16 In this regime, Eq. (6) will no
longer hold and Te will become dependent on the heater
pulse shape. For the laser and plasma parameters con-
sidered in this paper, this occurs at a laser intensity and

FIG. 8. (a) ne0 for 4 heater pulse energies, with identical
initial plasma temperature and density. Initial plasma den-
sity is 3.8 × 1017 cm−3, arrival time of the heater relative to
peak discharge current td = 440 ns. Error bars as in Fig. 3.
Values from MARPLE as dotted lines. (b) Measured rm and
MARPLE calculated values for the cases of (a).

pulse energy of order 1014 W/cm2 and 100 J, respectively.
Moreover, Eq. (6) does not hold for heater pulse lengths
shorter than the electron-ion energy exchange timescale
regardless of intensity, as the approximation Te ≈ Ti from
which Eqn. (3) is derived is no longer valid. Therefore,
per the discussion in section II, Eq. (6) is not valid for
heater pulse lengths of order 100 ps and shorter for the
plasmas considered here.

Measurements and simulations show that for laser-
heated capillary discharges, channel properties are sen-
sitive to initial plasma density and temperature, delay
from the heater pulse, and heater pulse energy. This
enables independent tuning of ne0 and rm, and enables
optimization of guiding with a fixed capillary radius. For
example, MARPLE simulations show matched spot sizes
of 75 µm and 65 µm at a density of 2.4× 1017 cm−3: 75
µm at discharge timing and initial density td = 320 ns
and ne0,i = 3.3 × 1017 cm−3 (Fig. 6), and 65 µm at
td = 440 ns and ne0,i = 3.8×1017 cm−3 (Fig. 6). To vary
matched spot size over the same interval with a capillary
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discharge, the scaling rm ∝ rc
1/2ne

−1/4 would require a
50% increase in density for fixed capillary radius, or a
25% decrease in capillary diameter for fixed density.

Density can be tuned while matched spot is kept fixed
as well. The MARPLE simulations of Fig. 8 show
that density can be tuned between 3.4× 1017 cm−3 and
2.5 × 1017 cm−3 at a constant matched spot size of 69
µm by varying laser energy between 30 mJ and 300 mJ
and delay from the heater pulse peak between 5 and 8
ns. Simulations show that single-stage acceleration to en-
ergies approaching 10 GeV is possible within this space
of accessible spot sizes and densities,28 and tunability
of these parameters independent of the capillary radius
adds useful flexibility over a conventional capillary dis-
charge, especially when capillary radius is restricted by
other factors such as laser damage.

VI. CONCLUSION

Laser-heated capillary discharge waveguides have been
characterized as novel, tunable guiding structures for
LPAs. The independent control of matched spot size and
plasma density afforded by these structures has enabled
guiding of petawatt-scale pulses focused to a beam waist
of ∼ 60 µm at low plasma densities required for the pro-
duction of multi-GeV electron beams within capillaries
of large enough diameter to avoid laser damage.9,10 This
independent tunability of matched spot and density is
also useful for the optimization of channel-guided LPAs,
where one of these parameters may be constrained by
such considerations as required beam energy or control
of bunch injection. In this paper, important trends in the
properties of laser-heated capillary discharge waveguides
have been identified. Guiding and acceleration can be
tuned via initial plasma density and temperature, heater
laser pulse energy, and arrival time of the driver rela-
tive to the heater pulse. Trends observed in these ex-
periments are consistent with theoretical models of low
power inverse-bremsstrahlung, and specific experimen-
tal measurements are well reproduced by the MARPLE
MHD code. Importantly, the measurements of the time
evolution of the plasma channel reported here indicate a
path toward improved accelerator performance over prior
experiments9,10 through optimizing the arrival time of
the driver relative to the heater pulse.

Future experiments and simulations with MARPLE
will investigate additional strategies for optimizing chan-
nel performance through tuning of the heater beam focal
spot size, pulse length, and wavelength, which are known
to be important parameters for laser-heated capillary dis-
charge waveguides.

ACKNOWLEDGMENTS

This work was supported by the Director, Office
of Science, Office of High Energy Physics, of the

U.S. Department of Energy under Contract No. DE-
AC02-05CH11231 and DE-FG02-12ER41798, the Na-
tional Science Foundation under grant numbers PHY-
1415596 and PHY-1632796, the project High Field Initia-
tive (CZ.02.1.01/0.0/0.0/15 003/0000449) from the Eu-
ropean Regional Development Fund, and RFBR project
number 20-31-70015. This work used resources of the Na-
tional Energy Research and Scientific Computing Center
(NERSC), a U.S. Department of Energy Office of Science
User Facility. The authors gratefully acknowledge techni-
cal support from Zac Eisentraut, Dave Evans, Mark Kirk-
patrick, Art Magana, Greg Mannino, Joe Riley, Tyler
Sipla, Will Waldron, Don Syversrud, and Nathan Ybar-
rolaza.

DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

Appendix A: Matched spot size diagnostic

A Gaussian laser beam propagating in an longitudi-
nally uniform parabolic channel will undergo oscillations
in spot size according to23,24

r2s =
r2i
2

[
1 +

r4m
r4i

+

(
1− r4m

r4i

)
cos (2kβcz)

]
. (A1)

with kβc = 2/kr2m. This oscillation can be used as a
diagnostic for rm, by imaging the beam at the capillary
exit as rm is varied. The peak intensity of the probe
beam at the capillary exit will oscillate as rm is varied,
and so an oscillating peak intensity “trace” is obtained.
The extrema of the peak intensity trace occur at values
of rm determined by the input beam parameters. In the
experiments discussed here, rm was varied by adjusting
the fill pressure of the capillary, while the probe delay
relative to the heater pulse was held constant.

To identify the rm values for extrema in the peak in-
tensity trace, the peak intensity must include a pressure
with known value of rm. This was accomplished by be-
ginning each peak intensity trace at very low fill pressure,
where the heater has a negligible effect of on the plasma
profile and the matched spot size is unchanged from that
of the discharge without heating. Therefore, measure-
ments of rm for the discharge alone using probe centroid
oscillations were used to determine rm at the low pres-
sure end of the peak intensity trace, and the fact that
rm decreases with pressure was used to identify the rm
values of the extrema in the trace as pressure was in-
creased. Values of rm at points between extrema in the
peak intensity traces were interpolated. Uncertainties in
the measurements of rm were calculated from the uncer-
tainties in fill pressure and probe delay associated with
each of the extrema in the peak intensity traces.
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Because the probe beam used in these experiments
was non-Gaussian, a more detailed model for the spot
size oscillation than Eq. (A1) was required to assign rm
values to the extrema in the peak intensity traces. To
facilitate this, a model of the probe beam field was con-
structed using a wavefront measurement. This model
of the probe beam was used as input to the INF&RNO
code,26 where it was propagated through a set of 20 cm-
long parabolic channels with rm ranging from 40 to 120
µm. The INF&RNO simulations were used to calculate
the peak irradiance at the channel exit as a function of
rm, and the extrema of this function were mapped to the
experimental peak intensity traces.

Appendix B: Density measurement uncertainty due to finite
matched spot size and channel curvature

Finite matched spot size and misalignment due to
channel curvature increase the apparent on-axis density
obtained from the group velocity measurements reported
in this paper. These effects are treated as a systematic
error in the density measurements, denoted by the wide-
cap error bars of Figs. 3, 6, 7, and 8. In this appendix,
the model used to estimate this error is described in de-
tail.

In the experiments here, the group velocity of the
probe pulse centroid was used to measure the on-axis
plasma density ne0. In practice, the average group veloc-
ity is obtained by measuring the additional group delay
induced by propagation through the channel as compared
to vacuum:

∆T ≡ T − Tvac =
1

c

∫ L

0

(
1

βg
− 1

)
dz, (B1)

with L the path length traversed in the channel, which is
typically the capillary length. The group velocity βg of
the centroid of a laser pulse propagating in an longitudi-
nally uniform parabolic channel is given by the following
formula27

βg =
vg
c
' 1− βg,ne

− βg,geo (B2)

with the component βg,ne
= k2p/2k

2 from the on-axis
plasma density ne0, and the component

βg,geo(z) =
2

k2r2m

{
r20r

2
m sec2 (kβcz)

r40 + r4m tan2 (kβcz)
+

2r20r
2
m(r4m − r40)(kβcz) tan (kβcz) sec2 (kβcz)

[r40 + r4m tan2 (kβcz)]2

}
(B3)

from the finite matched spot size of the channel. The to-
tal contribution of βg,ne0 and βg,geo is typically . 10−4,
and so Eq. (B1) can be simplified to the following ex-
pression, substituting in Eq. (B2):

∆T ' 1

c

∫ L

0

(βg,ne0
+ βg,geo) dz,

yielding

∆T ' L

c
(βg,ne0

+ βg,geo) (B4)

The quantity of interest for ne0 is βg,ne0
, and so βg,geo

must be determined and its contribution to the group ve-
locity subtracted from Eq. (B4). This requires an accu-
rate measurement of rm, and can be readily accomplished
for capillary discharges using the methods previously dis-
cussed from Ref. 24. However, the channels formed by
laser heating can be significantly longitudinally nonuni-
form, and so Eq. (B3) is approximate at best. Because
of the lack of diagnostics for the longitudinal variation of
rm, the effects of finite channel matched spot size were
treated as a systematic error in the density measurement,
estimated with Eq. (B3) using rm values from spot size
oscillations.

As discussed in section IV, asymmetry in the heater
beam leads to the creation of curved plasma channels
misaligned to the probe beam and the capillary axis. This
misalignment increases the path length traveled by the
probe beam and thus the apparent plasma density. The
channels curvature itself contributes little to the path
length of the probe beam through the plasma, but ulti-
mately leads to misalignment of the probe from the chan-
nel center, resulting in centroid oscillation of the probe
beam. This oscillation contributes significant path length
for the probe beam and increases the apparent plasma
density by roughly the same amount as finite spot size
effects.

The path length contributed by this misalignment was
estimated by modeling the channel produced by laser
heating as a straight parabolic waveguide, with the probe
beam injected at the channel center in the entrance plane
but at a nonzero angle θi relative to the axis. This ge-
ometry does not reflect the curved shape of the chan-
nel, which is difficult to diagnose directly and neverthe-
less contributes negligible path length. However, this
model is a useful approximation with which the probe
beam path length contributed by centroid oscillations can
be estimated analytically while preserving some physical
features of the probe beam’s coupling into the channel,
namely the initial overlap of the probe and heater beams
at the capillary entrance plane. In the model, the total
path length traveled by the probe beam is then

L = L0 + δL =

∫ L0

0

√
1 +

(
dx

dz

)2

dz, (B5)

with L0 the capillary length. The trajectory of the probe
centroid according to Refs. 23 and 24 is

x = xi sin (kβcz) , (B6)

with xi = θi/kβc and kβc = 2/krm
2. Because the addi-

tional path length from the centroid oscillation is small
compared to the capillary length (at most 10 µm), δL is
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well approxmated by

δL '
∫ L0

0

1

2

(
dxi
dz

)2

dz. (B7)

Using Eq. (B6) in Eq. (B7) and integrating,

δL ' 1

2
L0k

2
βcx

2
i

[
1

2
− cos (2kβcL0)

4kβcL0

]
. (B8)

The model has two free parameters, rm and xi, which
must be determined by external measurements. The
matched spot size rm is set to rm as measured with the di-
agnostic techniques described elsewhere. The oscillation
amplitude xi is estimated as half the greatest distance
between two probe centroid positions over the course of
the plasma evolution. For the case of Fig. 3, this distance
is 175 µm/2 = 87.5 µm.

The additional path length δL can be incorporated into
the model for channel induced delay Eq. (B4) by expand-
ing around L0 in Eq. (B1):∫ L0+δL

0

1

βg
dz '

∫ L0

0

1

βg
dz +

δL

βg
(B9)

Taking βg ' 1 in the second term on the RHS of Eq.
(B9), substituting through Eq. (B1) and Eq. (B4), the
following equation for βg,ne0

is obtained:

βg,ne0
=
c∆T

L0
− βg,geo −

δL

L0
(B10)

This equation includes both the effects finite matched
spot size and channel curvature in the terms −βg,geo and
−δL/L0, respectively. These two terms are always nega-
tive and therefore define the lower bound on the plasma
density for the measured channel induced delay ∆T , and
are treated as a systematic error. As discussed in sec-
tion IV, rm measurements are omitted where MARPLE
simulations show the channel radius to be less than the
probe input spot size. However, these omitted values
were used to calculate the wide-cap error bars from the
finite matched spot size and channel curvature effects.
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