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Summary

Measuring and modifying plasma density profiles to
confine high power lasers

Since the development of the first particle accelerators in the 20th century, they have
been used for many different applications, ranging from x-ray light sources to TeV-
class colliders that push our understanding of subatomic particles. The conventional
scheme uses radiofrequency (RF) cavities to drive the charged particles with
oscillating electromagnetic fields. Even with state-of-the-art RF cavity technology,
the acceleration gradient is limited by RF breakdown to around 100 MV/m. Laser-
plasma accelerators (LPAs) circumvent this limit by employing an entirely different
acceleration mechanism, without the need of a cavity to confine the electromagnetic
fields: ultrashort (< 0.1 picosecond), high-powered, focused laser pulses drive
waves in ionized gases, which in turn accelerate charged particles. This allows for
acceleration gradients orders of magnitude higher than in the conventional scheme,
enabling the development of compact, centimeter to meter scale accelerators.

Due to the high laser intensity required to drive the waves necessary for particle
acceleration in an LPA, it is desirable to counter the effects of diffraction that
cause the laser to defocus, so that the region of acceleration can be extended. Such
laser confinement can be achieved by using plasma channels with an appropriate
radially increasing density gradient. One way to create such a channel is by applying
a pulsed high voltage (10 kV or more) to a cylindrical capillary (diameter 100-
1000 µm) filled with hydrogen gas. The electrical breakdown ionizes the hydrogen,
and heats the resulting plasma column. Relatively cold sapphire walls maintain a
radial temperature gradient, resulting in a parabolic density profile in the channel.
The steepness of this profile has an associated width, called the matched spot size.
The associated gradient in the index of refraction causes the plasma to act like a
positive lens, keeping the laser focused if the matched spot size equals the laser spot
size (matched guiding), or inducing a longitudinally oscillating laser spot size if this
is not the case (mismatched guiding). The details of the laser propagation determine
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Summary

the intensity distribution across the plasma and hence influence the accelerator
performance.

While the matched spot size (a plasma channel property) governs the
propagation profile of the laser pulse, the absolute on-axis electron density n0
determines the group velocity of the laser, and the velocity of the plasma wave, or
wake. This in turn affects the maximummomentum gain possible for the accelerated
particles before they slip out of phase of the wave and decelerate. This dephasing
length decreases for increasing n0, making the on-axis density a critical parameter
for optimizing accelerator performance.

In Part I of this thesis, a diagnostic is described to measure n0. In this
technique, a ~40 femtosecond laser pulse is split into two separate beam paths,
one of which propagates through the plasma channel, while the other bypasses it.
After recombining the two pulses, an interferometric method is used to measure the
path length difference between the two arms. This is a direct measurement of the
laser group velocity, and previously developed theory is used to derive the on-axis
density from the measured velocity. The setup allowed the measurement of temporal
shifts down to femtosecond levels, and the on-axis density was retrieved for a range
of LPA-relevant parameters to an accuracy of 0.8 ·1023 m−3. A linear scaling was
derived for the on-axis electron density versus neutral H2 pressure. Shot-to-shot
stability was good, with typical RMS error values < 2 · 1022 m−3. Particularly
suited for longer (& 10 cm) channels, this method provides accurate measurements
of the longitudinally-averaged laser group velocity, a critical parameter for LPA
tuning. Different target designs can be characterized for improved knowledge of
the initial conditions of the plasma before being operated in high-powered LPAs.
The pressure scaling that was derived can serve as a guide to select the appropriate
parameters to control the wake velocity of the accelerator and maximize particle
energy.

From the pressure scaling, it is clear that to increase the wake velocity, lower
pressure is required. However, the matched spot size was found to increase at lower
pressure, weakening the channel and causing poor confinement of the wake-driving
laser pulse. In many current-day LPAs, including the 1.3 petawatt BELLA system
at Lawrence Berkeley National Laboratory, the laser focal spot size is fixed. This
means that the matched spot size ideally would be set independently from the
on-axis density, to tune the laser propagation. It was proposed that a secondary,
nanosecond-scale laser be used to locally heat the plasma and change the density
profile before the wake-driving pulse arrives. The experimental implementation of
this scheme, called the laser-heater, is described in Part II of this work.

A heater laser with wavelength 1064 nm was installed on a test bench with
a low-power probe pulse, to study the inverse Bremsstrahlung heating effect.
A nanosecond gated camera was used to measure the temporal evolution of
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transversely emitted plasma light, using the ratio of hydrogen-alpha spectral
line emission intensity to broadband (continuum) radiation to estimate plasma
temperature. A rapid increase of at least several electronvolt was observed upon
arrival of the heater pulse, although the presence of contaminant species from the
capillary walls in the plasma prevented a more precise measurement. Probing the
heated plasma at different times relative to the heater pulse with a 100 picosecond-
scale, 800 nm pulse, yielded results consistent with a reduced channel matched spot
size, with the temporal evolution dependent on heater pulse energy (10.2 mJ to
1.93 J).

The heater concept was implemented on the BELLA petawatt system, by
coupling the heater pulse through the final steering mirror of the existing system.
The heater was operated at two different wavelengths: 1064 nm (max. 1.5 J)
and 532 nm (max. 430 mJ), allowing for smaller heater spot size with the
532 nm configuration. In both cases, due to the short timescale of the heating
and transport processes in the plasma, the heater was found to influence its own
propagation, resulting in energy-dependent propagation properties. A simple model
based on analytical equations for inverse Bremsstrahlung heating and Gaussian
laser propagation was developed, using a quasi-neutral, two-fluid approximation
and basic estimates for heat conduction and bulk particle movement. By adjusting
the heat conduction length scale, good agreement with measurements of heater and
probe spot size at the capillary exit was obtained. The model showed that the heater
laser induces a non-uniform longitudinal density profile, due to modulation in its
propagation as a function of instantaneous laser power. The simulations suggested
that it is possible to reduce the matched spot size by up to 50%, and to guide a
probe pulse with minimal modulation inside the channel for certain parameters.
The results at the capillary exit agreed well with experimental results.

At higher driver laser power, non-linear effects play a role that can help confine
the laser beam radially inside the channel. Indeed, the output pulse size and
transversely scattered light were observed to depend on pulse power. For the
first time, the full power pulse from the BELLA laser was guided in channels of
90 mm length and longer without rapidly evolving target damage. The combination
of a larger diameter capillary and the effect of the heater are thought to be
the cause for this, enabling operation of a single target for multiple high power
experiments, exceeding 6000 shots above 12 J on target. High power operation
yielded measurements on the effect of the heater, showing a reduction in the spectral
redshift associated with wake production when the driver pulse was timed near the
peak of the heater. This was attributed to changes in the pulse propagation and
lower densities due to the laser-heater. Electron beam production was also reduced
at this time due to reduced availability of trapping electrons. To increase the number
of available electrons, nitrogen was added to the plasma in the front region of the
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capillary, resulting in higher bunch charge and higher energy electron beams, due
to ionization injection.

In order to fully understand the physics of the accelerator in the experiments
and allow further improvement, knowledge and control of the density profile in the
plasma is critical. The on-axis density diagnostic as well as the matched spot size
measurement techniques described in this work allow for accurate determination of
the density profile. The laser-heater concept can then be used to further adjust the
plasma, tailoring it for optimum guiding of the driver laser and particle acceleration.
Since the writing of this thesis, electron energies well exceeding the 4.2 GeV result
from 2014 were achieved using capillaries up to 20 cm in length. Capillaries up
to 40 cm are envisioned for BELLA in the near future, pushing the field of laser-
plasma accelerators towards a new regime of 10 GeV-level electron bunches from a
very compact source.
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Chapter 1

Introduction

For over half a century, particle accelerators have been the source of many discoveries
and new technologies. Applications range from cancer therapy to advancement of
basic science, and to satisfy the wide range of requirements, accelerators have been
built for varying particle types and energies, with the famous Large Hadron Collider
(LHC) currently holding the beam energy record with particle beams of multiple
TeV. Large machines like the LHC are used to push the limits of our understanding
of subatomic particles, but many scientific and medical applications can benefit
from lower energy, compact accelerators. Examples include free electron lasers,
XUV light sources and compact colliders.

The majority of currently operational accelerators is based on the conventional
scheme of radiofrequency electromagnetic waves. The acceleration gradient of such
devices is limited by RF breakdown at around 100 MV/m, which means that for
higher energies, long machines are required. A relatively novel acceleration scheme
is that of the laser plasma accelerator (LPA), which can fundamentally sustain much
higher electromagnetic field gradients.1 These gradients are created in a plasma by
an intense, ultrashort laser pulse: electrons are expelled from the area of intense
irradiation to areas of lower fields by the ponderomotive force. After the laser pulse
passes, the electrons return near the axis due to the restoring force of the ions.
This oscillatory charge separation creates a strong electric field in the plasma on
the order of 100 GV/m, which is called a wakefield. It is this wakefield, with a phase
velocity comparable to the laser’s group velocity, that can trap charged particles
and accelerate them to relativistic speeds.

To excite a significant wakefield suitable for electron acceleration, laser
intensities on the order of 1018 W/cm2 are required. To achieve such intensities,
ultrashort pulses are focused to sub-millimeter size spots. With such a tight
focus, the beam will diverge again quickly, reducing the intensity and limiting the
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Chapter 1: Introduction

interaction length of the laser with the particles to be accelerated. To increase this
interaction length, the laser can be guided by a plasma channel; if this channel has
the right density profile, the plasma can act as a lens, keeping the laser confined.
This concept is critical in increasing the energies of particles accelerated by LPAs.2,3

Plasma channels capable of guiding the ultrashort, high-intensity laser pulses
used in LPAs can be formed by preionization of a gas jet by a laser or by an electric
discharge. Based on the latter, capillary-discharge waveguides are the focus of this
work. Such a waveguide is established by applying a high voltage to a sub-millimeter
diameter cylindrical capillary filled with gas, typically hydrogen. The resulting
electric breakdown of the gas creates a plasma channel with a characteristically
parabolic radial density profile. This gradient causes a radially varying index of
refraction, which keeps the laser confined. A characteristic measure for the shape of
the channel is the matched spot size, which governs the propagation and confinement
of the laser. Meanwhile, the on-axis density in the plasma determines the group
velocity of the laser, and thus the velocity of the wake. A faster wake, necessary
for electron acceleration to high energies, requires a lower density. A large section
of this thesis is devoted to techniques used to measure these important channel
characteristics, treated in part I.

Over the course of this work, numerous high-power experiments were carried out
on the various LPA systems at the BELLA Center at Lawrence Berkeley National
Laboratory. This includes the current world record for energies attained by an LPA,
4.2 GeV, obtained using the PW-class BELLA laser with a 90 mm long capillary
waveguide target.4,5
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Figure 1.1: Energy spectrum for the 4.2 GeV electron bunch obtained with BELLA.
Reproduced from Ref. 5.

This record also indicates a limit of what is currently possible with systems
with fixed spot size such as BELLA; confinement of the small focus requires a small
matched spot size, which is obtained by using a relatively high gas pressure in
the target. The resulting on-axis electron density is of order 1018 cm−3, which
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caps the wake velocity such that the electrons overtake the wake after several
centimeters. This dephasing causes deceleration of the electrons and is detrimental
to accelerator performance. Designing a plasma channel to overcome this challenge
is the focus of part II of this thesis. In brief, the discharge-based channel is heated
by a nanosecond-scale laser of lower intensity than the wake-driving pulse. This
heating causes a localized, on-axis depression of the plasma density profile, used to
access a new regime of low-density, high-confinement waveguide for LPA pulses.

The plasma diagnostics and controls described in this thesis have been developed
to push LPA technology towards the next milestone: the development of a compact
10 GeV accelerator module. In the future, combinations of multiple such modules in
a staged configuration may be used to obtain small-scale high-energy accelerators
and colliders, or stand-alone modules can provide relatively compact sources of
ultrashort electron bunches for a multitude of applications.

All of the work described in this thesis was carried out with very strong support
of BELLA Center group members. In particular, the concept of the group velocity
and density diagnostic was conceived by J. van Tilborg and all experiments in
this thesis were carried out on a setup designed and built by A.J. Gonsalves and
J. van Tilborg, but modified and extended by the author with their help. The
laser-heater concept was proposed by W.P. Leemans and a test setup for the laser-
heater project was designed and built by the author, as well as the design of the
setup on the high-power BELLA system. Implementation and experiments on the
PW-system were done with strong technical and scientific support by the entire
BELLA PW-team. The laser-heater model described in Section 9.4 was developed
by the author. Design of the setup measuring density of the laser-heater channels
was done by the author, whereas the majority of implementation and analysis was
performed by C.V. Pieronek. All work was overseen by W.P. Leemans.
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Part I

Measuring density in capillary
discharge channels
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Chapter 2

Introduction to plasma channels
for laser confinement

Since the first experimental demonstration of the laser by Theodore Maiman in
1960, coherent beams of light have been implemented in a very broad spectrum
of applications.6 Not only in science is the laser now commonplace, but in
industry (e.g., laser cutting and engraving), medicine (e.g., skin and eye treatment),
communication (e.g., fiber optics) and defense (e.g., LIDAR, guidance systems),
lasers of all power levels are being used. Lasers are attractive tools in many
fields because they can be used to transfer information over long distances with
minimal loss, and because of the ability to focus energy tightly and accurately in
small spots, allowing for well controlled material modifications such as cutting and
melting. In many situations, the interaction of the laser with matter is limited
by the propagation of the laser, which typically diffracts quickly after coming to a
focus, limiting the high intensity field to a small region near focus characterized by
the Rayleigh length. This can be extended by focusing less tightly — employing
a larger f-number — which for given wavelength will require decreasing the source
beam diameter (or increasing focal distance), resulting in an increase in the focal
spot size. In high power applications, the damage threshold of optics constrains the
minimum beam size at the focusing optic while the desired intensity puts an upper
limit on the size of the focal spot. In practice, high power laser systems often have a
fixed f-number, so that the Rayleigh length — and thus the interaction length — is
fixed by design. In laser plasma accelerators in particular, this means the laser can
only drive a wakefield for a certain distance, typically on the order of millimeters
to a few centimeters in a homogeneous plasma. Increasing this interaction length
requires a waveguide to confine the laser radially.

Plasma channels can form suitable waveguides if the on-axis index of refraction
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is higher than the index at larger radius, such that the plasma acts as a lens
with positive focal length. This refractive guiding can be achieved in several ways,
depending on the radial profile of both laser intensity and plasma density.3 For high-
power laser pulses, self-guiding effects can result in optical guiding: in relativistic
optical guiding, a refractive index change is induced by the relativistic mass change
of electrons quivering in a laser field above a certain power threshold, and localized
electron density changes due to the ponderomotive force.7–11 Note that self-guiding
is intensity-dependent, and changing laser power to control the wakefield will also
change the propagation of the laser. In this thesis, I focus primarily on another
method to achieve the desired radial index profile over extended distances: use of
a pre-formed plasma channel, with a density minimum on axis. There are various
ways to establish such a condition, which can be grouped in two categories: laser-
induced hydrodynamic expansion and capillary discharges. In the former, a gas is
first ionized and the plasma density is subsequently modified through laser-induced
heating. Ionization and heating can be done by a single, ∼100 ps laser pulse that
precedes the guided pulse.12–14 Alternatively, the gas is first ionized by electrical
discharge14 or an ultrashort laser pulse13,15–17 before an additional laser pulse heats
the resulting plasma. Axicon lenses or transverse line-focus geometries have been
studied to improve waveguide uniformity and length in these preformed channels.
In a perhaps more simplified scheme, pre-pulses in the temporal profile of the guided
pulse can be used for channel formation, eliminating the need for separate lasers.18,19

In part II of this thesis, laser-induced hydrodynamic expansion will be revisited
in more detail in the scope of channel modification. However, the primary
mechanism for laser guiding in all experiments described in this work is the
preformed channel created by a capillary discharge. This technique of applying
a high voltage pulse to create a plasma channel inside an elongated structure
has been developed and studied for the purpose of laser guiding since the 1990s.
Distinction can be made between ablative capillaries where ablation of wall material
provides a significant fraction of the plasma particles,20–22 and gas-filled capillaries
where breakdown is induced in an initially neutral gas.23–28 The latter is the
design of choice for experiments at the BELLA Center, as it allows for over 106

discharges without significant degradation of the structure, and provides a degree
of controllability by adjusting neutral gas fill pressure and gas composition.29–32

The remainder of this chapter serves as a brief review of capillary discharge
plasma formation, control, and its laser guiding properties, as a basis for the various
diagnostic techniques used in the experiments.

8



2.1 Plasma channels through capillary discharges

2.1 Plasma channels through capillary discharges
In the basic design used in this thesis, a discharge capillary consists of a cylindrical
structure created by combining two sapphire (Al2O3) plates. Each plate contains
a semi-cylindrical groove of 100-500 µm diameter and several centimeters long,
created by ablative laser-machining on a 1 kHz, 40 fs, ~10 µJ pulsed system. In
addition, two to four curved gas slot grooves in each plate provide a way to flow gas
into the channel (see Fig. 2.1). These grooves join the main channel at 2-6 mm from
each capillary end, establishing a constant pressure between the slots. Typically,
the capillary is filled by a neutral gas with low atomic number, such as hydrogen.
Applying 10-30 kV through a pulsed discharge system across electrodes at each
capillary end provides the necessary conditions for electric breakdown of the gas
and controls subsequent heating.30,31

0 V- V

gas supply slots

pressure sensing slots

laser

Figure 2.1: Longitudinal cross-section of the discharge capillary design, showing
approximate location and design of gas slots, as well as electrode positioning. Both
the main channel and gas slots have a circular or elliptical cross-section in the
assembled target.

Bobrova et al. described the plasma dynamics inside a discharge capillary
based on a numerical magnetohydrodynamic (MHD) code.33,34 Assuming a 300 µm
diameter capillary and a 200 ns long, half-sinusoidal discharge current pulse with
a peak of 250 A, they identify three stages of plasma evolution. From the initial
steady-state conditions, the first stage of 50 ns consists of a mostly homogeneous
rise in electron density ne, temperature Te and ionization degree Zi as the current
rises and the plasma is heated throughout by Ohmic heating. In the second stage,
lasting ~30 ns, a radial dependence of ne and Te becomes apparent, due to the
cold sapphire walls with high heat conductivity. A balance with ongoing Ohmic
heating is observed during the next 70 ns, where the radial profiles of temperature
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and density are nearly constant. Both show a parabolic shape, with a maximum
Te of 6.7 eV on-axis, and an on-axis minimum in ne of 2.3 · 1018 cm−3. With a
basic understanding of discharge dynamics and the formation of a parabolic density
profile summarized here, I will treat the properties of laser guiding in such channels
in the next section.

2.2 Guiding of Gaussian pulses

Plasma channels with a parabolic shape have been shown to form suitable
waveguides for laser pulses with a Gaussian transverse profile.35–37 Here
we assume a laser pulse with a radial intensity profile defined by I(r) =
I0(r0/rs)2 exp

[
−2r2/r2

s(z)
]
, where I0 is the peak on-axis intensity, I0(r0/rs)2 is

the on-axis intensity at any given location along the channel’s longitudinal axis z,
and r0 and rs(z) are the focal spot size and local spot size, respectively, defined
as the radial distance where the intensity reaches 1/ e2 of the on-axis value. We
consider a parabolic plasma channel of the form

ne(r) = n0 + r2

πrer4
m

, (2.1)

where n0 is the on-axis electron density of the plasma channel, re = e2/mec
2 is

the classical electron radius in CGS units with e and me the electron charge and
mass, and c the light speed. We have also introduced the matched spot size rm
which is a measure for the width of the channel. Provided the laser is focused at
the channel entrance (i.e., rs(z = 0) = r0 and r′s(z = 0) = 0 ) we speak of matched
guiding when rm = r0, and the laser pulse will be confined with a constant spot
size rs(z) = r0.36–38 It is important to note that we neglect any self-focusing effects
here, which imposes the condition that the power ratio P/Pc � 1, with the critical
power for self-focusing approximated by

Pc [GW] ≈ 17λ2
p/λ

2, (2.2)

where λp is the plasma wavelength, and λ the laser wavelength. The plasma
wavelength depends on the plasma frequency ωp — the density-dependent oscillation
frequency of plasma electrons — as λp = 2πc/ωp.

While matched guiding is a relatively simple concept, it can be hard to
achieve under experimental conditions. It is therefore important to understand
the implications of mismatched guiding, where either rm < r0 or rm > r0.

10



2.2 Guiding of Gaussian pulses

2.2.1 Spot size and centroid evolution

The propagation of a laser pulse in mismatched channels has been studied in detail
before.39,40 By analyzing the paraxial wave equation in the low-power limit under
the condition k2

pr
2
0 � 1, with plasma wavenumber kp (k2

p = 4πe2n0/mec
2 in CGS,

or kp ≈ 1.9 ·103√n0[1024m−3] cm−1), simplified equations have been derived for the
evolution of the spot size rs along the channel, as well as the effects of decentering –
a centroid offset – or misalignment of the laser at the channel entrance. If the laser
focus is at the channel entrance (z = 0), the spot size evolution is given in Ref. 40
as

r2
s = r2

i

2

[
1 + r4

m

r4
i

+
(

1− r4
m

r4
i

)
cos (2kc.o.z)

]
, (2.3)

for input spot size ri, where kc.o. = λ/πr2
m is the wavenumber of the oscillation

described by the laser centroid. It is found that the spot size oscillates between the
input spot size and r2

m/ri. This oscillation has a wavelength π2r2
m/λ. This well-

defined behavior has become an important tool at BELLA Center in determining
the matched spot size of a given channel; under assumption of a longitudinally
homogenous plasma, a measurement of the output spot size yields a set of
possible solutions for rm, which can be further narrowed down by determining
the directionality of spot size change (divergence) at the channel output, using
simulations or previous results to select the most probable solutions, or by measuring
similar capillary structures with different lengths.5,40,41 As an example, Figure
2.2 shows how the output spot size depends on rm for typical BELLA conditions.
Possible solutions consistent with rm = 85 µm within a 2 µm measurement error
are indicated by red circles in Fig. 2.2. Two solutions are found near 85 µm, but the
higher one can be excluded based on output divergence (the beam diverged in the
experiment). Good separation with the other solutions makes it straightforward to
select the correct result with an educated guess.

Just as the spot size oscillates longitudinally when ri and rm are mismatched,
the transverse centroid location xc(z) oscillates along z as well. Citing again Ref. 40,
this centroid offset is given by

xc = xi cos [kc.o.z − arccos (xci/xi)] , (2.4)

which contains an initial phase arccos (xci/xi) with the initial transverse centroid
offset xci. In the absence of a non-zero misalignment angle θi, this initial phase
is zero, and the centroid oscillation amplitude equals the initial offset xci. More
generally, the amplitude is given by x2

i = x2
ci + θ2

i k
−2
c.o.. It is worth noting that

the oscillation period of xc is twice that of the spot size. By giving the input
laser an intentional offset and measuring channel output centroid offset, rm can

11



Chapter 2: Introduction to plasma channels for laser confinement

Figure 2.2: Example graph of laser output spot size (Eq. 2.3) at the exit of a 90 mm
channel for a 64 µm input spot size and 800 nm wavelength. Solutions consistent
with the solution for an 85 µm channel are highlighted.

be determined in a similar fashion as in the spot size oscillation example above.
Furthermore, by doing this for a range of offsets, the slope xc/xci can be determined
to obtain rm with increased accuracy. In practice, it is often more convenient
to translate the capillary than the laser spot, an example of which is shown in
Figure 2.3, using experimental data from a BELLA capillary.41 Again, additional
information is needed to select the most probable solution, but the centroid offset
method is typically preferred experimentally, due to the increased accuracy obtained
by scanning xci, and the complications introduced in the spot size method if the
transverse input pulse profile is not perfectly Gaussian. The centroid method is
largely independent of transverse profile and spot size as long as the centroid offset
and spot size mismatch are small enough to not be affected by regions in the plasma
where the parabolic density shape assumption fails. As shown in Ref. 40, the shape
of the curve in a measurement of output offset actually contains information about
the shape of the channel in the region sampled; a parabolic channel will yield a
constant slope, but higher order terms in the density profile (e.g., an r4 dependence)
will result in a non-linear curve.

2.2.2 Estimates of rm

As shown above, the matched spot size of a parabolic plasma channel governs
guiding of the laser pulse and determines how the laser spot size varies inside the
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2.2 Guiding of Gaussian pulses

Figure 2.3: Example of an rm measurement by giving the channel an intentional
offset xci, which results in a laser centroid shift xci + xc at the channel exit. For
increased accuracy, the slope (xci+xc)/xci is determined for a range of shifts (inset).
After subtracting xci/xci = 1, the value for xc/xci is retrieved. The result is
compared to the theoretical values for a parabolic channel at different matched
spot sizes (main figure). The highest solutions for rm (fewest oscillations inside the
channel) are 71 µm, 42 µm, and 32 µm. Using Eq. 2.3, only 71 µm was found to
be a probable solution based on comparison of the measured output spot size with
the theoretical spot size oscillation associated with the proposed values of rm.

channel for low power pulses. Even at higher power, where self-guiding starts to
occur, rm can be a major factor in controlling guiding distance and local intensity.
Several authors have studied how the matched spot size depends on various
controllable experimental parameters. Spence and Hooker used a longitudinal
inferometric method to sample the radial density profile in a channel, but did not
provide a study of how their result varied with applied gas pressure or capillary
diameter.29 Bobrova et al. compared two methods: an analytical model balancing
Ohmic heating with electron heat conduction to the cold walls, and their one-
dimensional dissipative MHD code described above. They found good agreement in
the stable regime after the initial ionization stages, and describe the matched spot

13



Chapter 2: Introduction to plasma channels for laser confinement

size by34

rm,Bobrova [m] ≈ 4.7 · 103 (R0 [m])1/2

(Zini0 [m−3])1/4 , (2.5)

which depends most strongly on the capillary radius R0, and weakly on the
ionization degree Zi and neutral gas number density before discharge ni0. Good
agreement is found with Spence and Hooker’s experimental result.

Broks et al. describe the development of a two-temperature quasineutral fluid
model to simulate the plasma. Importantly, this is a non-local thermal equilibrium
model (non-LTE), as opposed to Bobrova’s quasistatic approach. Furthermore,
Broks et al. couple their plasma model to a 1D wall heating model for increased
accuracy of heat (re)distribution. They observe a weak dependence on peak
discharge current, but formulate their result assuming the peak current is scaled
with the capillary radius42–44

rm,Broks [m] = 7.3 · 103 (R0 [m])0.5625

(ni0 [m−3])0.25 . (2.6)

One might note that Zi is not present in Broks’ result. Assumption of a unity
degree of hydrogen ionization in the stable channel phase, Eqs. 2.5 and 2.6 agree
well for typical operating conditions.

An experimental study of the channel shape in capillary discharges was done
by Gonsalves et al.28 The authors employ a transverse interferometric method, but
are forced to use capillaries of square cross-sectional geometry to avoid refractive
effects phase errors induced by unpolished capillary walls. The advantage of this
approach is that end-effects that strongly affected Spence and Hooker’s result can
be neglected. Furthermore, it was shown that the geometry of the capillary has a
negligible effect on rm, and the channel is typically nearly cylindrically symmetric
near the axis, where the same rm is obtained with a square capillary with size X
and a cylindrical capillary with diameter 2R0 for X ≈ 2R0.45,46 Their result for
the matched spot size is

rm,Gonsalves [m] = 5.3 · 102 (X [m] /2)0.651

(ni0 [m−3])0.1875 . (2.7)

The three equations listed in this section form the basis of estimating rm of a
channel for given experimental parameters, and can help select the most probable
solutions when centroid shift and spot size measurements are used to determine
rm experimentally. Two remarks should be made: firstly, the equations show a
dependence on the initial neutral hydrogen number density ni0, but experimentally,
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2.2 Guiding of Gaussian pulses

it is more convenient to control and measure the capillary pressure pcap. For the
conversion we use the ideal gas law,

ni0
[
m−3

]
= pcap [Pa]

kBT0
≈ 133.3 · pcap [Torr]

kBT0
, (2.8)

with Boltzmann constant kB, where we assume, for convenience, that the neutral
gas temperature T0 to be equal to the ambient laboratory temperature of 295 K.
We note that thermocouple measurements of the external sapphire surfaces have
yielded temperatures of several 10s of Kelvin higher after prolonged discharge and
high-power laser operation. A second remark is that the three scaling laws listed
above are independent of capillary end effects. Due to the capillary design (see
Fig. 2.1) and vacuum conditions outside the structure, a linear drop in neutral
hydrogen pressure is expected from each gas slot to the exit of the target, assuming
gas-loading of the vacuum chamber is negligible. It is difficult to determine how this
affects the temperature and density distributions near the capillary ends during the
discharge, but an estimate is offered in section 6.5. Unless otherwise noted, we will
assume expansion during the discharge results in a longitudinally constant plasma
channel equal to the capillary length, effectively neglecting end effects.

2.2.3 Using rm for channel alignment

The dependence of rm on capillary pressure as well as discharge timing provides
a useful tool for laser-capillary alignment; those two parameters can be varied,
measuring output centroid offset. If the laser is well aligned to the plasma channel,
its centroid should be in the same location in the capillary exit plane whether the
channel is present or not, and should not change with pressure (as the phase of
the centroid oscillation shifts, due to the rm-dependence of xi in equation 2.4).
With this diagnostic, the alignment of the capillary to the laser can be iteratively
optimized.

A perhaps more convenient method of getting the desired alignment is based on
centroid shift measurements as referenced in Fig. 2.3; repeating this measurement
for varying pressure or discharge timing will yield multiple curves, which cross at
the capillary location of best alignment. An example is shown in Figure 2.4 for a
90 mm long capillary.

2.2.4 Limitations for high-power laser pulses

While the matched spot size dominates guiding at low power, for intense pulses,
self-guiding has to be taken into account. As a result, a ‘matched’ channel will no
longer provide guiding with a constant spot size, as the laser self-focuses. Instead
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Chapter 2: Introduction to plasma channels for laser confinement

Figure 2.4: Example of capillary alignment optimization by doing vertical centroid
shift scans at low laser power, from an experiment with a 765 µm wide, 791 µm tall
elliptical capillary of 90 mm length. Plots for different capillary density (pressure)
cross at the location of best alignment, around 45 µm. Error bars indicate the
quarter percentile range of 10 shots at the same capillary position.

of considering only the density profile, other contributions to the index of refraction
have to be taken into account. In the linear regime, for the magnitude of the
normalized vector potential a, a2 � 1, the refractive index can be approximated
by47

η(r) ' 1−
ω2
p

2ω2

(
1− a2

2 + ∆np
n0

+ δn

n0

)
, (2.9)

where a generic radial density profile n with a minimum n0 on axis is assumed.
This can be described by n = n0 + ∆np + δn, where ∆np = ∆nr2/r2

0 defines
the channel profile, and δn denotes a longitudinal plasma wave. In Eq. 2.9 we
see in this weakly relativistic case that in addition to the preformed density term
∆np, relativistic optical guiding appears in the form of the a2/2 term, and self-
channeling, plasma wave guiding and self-modulation can occur as feedback from
the wave excited in the plasma – the δn term.3 It should be noted that even when
these effects occur, the density profile still plays a role, and may need to be tuned
to compensate for increased self-guiding. In the remainder of part I of this work, all
terms but the preformed density term will be ignored, because all of the experiments
are performed at very low power, where P/Pc < 10−5 using the definition in Eq. 2.2.
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Chapter 3

Theory of measuring on-axis
density in parabolic channels

In the previous chapter, several diagnostics for the matched spot size rm were
discussed briefly. In summary, the width of the channel can be derived in a
straightforward manner in capillary discharge plasmas using just images of the
guided laser profile at the channel exit. The other key parameter in parabolic
plasma channels, the on-axis density n0, can be more complicated to measure. Its
value is important, because it has implications for electron acceleration: increased
density will reduce the group velocity vg of light in the plasma, which reduces the
phase velocity of the wake vp, in turn limiting the electron energy gain length.
The quantity of importance here is the dephasing length Ld, over which electrons
can pick up enough kinetic energy from the wake to outrun the plasma wave
and enter the decelerating phase of the plasma wave. The length required for an
ultrarelativistic electron to slip by half a period in the plasma wave is given by1,48

Ld ' γ2
pλp, (3.1)

with the requirement that γp ' ω/ωp � 1, where we have introduced the plasma
wave relativistic factor γp = (1 + v2

p/c
2)−1/2. Taking for the plasma frequency

ωp = 2πc/λp = (4πn0e
2/me)1/2 in CGS units, with electron charge e and mass me,

the dephasing length scales with density as Ld ∼ n
−3/2
0 . Meanwhile, the accelerating

gradient Ez ∼ mecωp/e ∼
√
n0, making the product of Ld and Ez, the maximum

energy gain, scale as 1/n0. So, to achieve larger gain, lower density is required.
This makes n0 a critical parameter to tune accelerator performance.

The on-axis density can be difficult to measure in capillary discharge channels.
In small diameter, long capillaries, longitudinal methods such as the one used by
Spence et al.49 tend to fail due to propagation effects in the channel, and end effects
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Chapter 3: Theory of measuring on-axis density in parabolic channels

can dominate in short capillaries. Transverse sampling methods are complicated
by the cylindrical geometry, refractive effects from the capillary material (typically
sapphire), and diffusion / phase errors due to capillary surface roughness. Gonsalves
et al. minimized these errors by opting for a square capillary geometry, measuring
phase shifts through interferometry on a transversely propagated sampling laser.28
For capillaries with side X = 125, 210, 465 µm they found the following relation
for the on-axis electron density:

n0,Gonsalves
[
m−3

]
= 0.87 · ni0

[
m−3

]
+ 0.11 · 1024. (3.2)

The authors compare their results to a range of theoretical results, including the
analytical quasi-static model by Bobrova et al., their numerical MHD results, and
the numerical non-LTE results by Broks et al..34,43,46 In the regime studies, they
found good agreement with the non-LTE simulation results, given by

n0,Broks
[
m−3

]
= 0.74 · ni0

[
m−3

]
+ 0.28 · 1024. (3.3)

These are some of the only direct, low-power scalings to date for the on-axis
density in capillary density plasmas. Other techniques have been employed at high
laser power, for example by studying Raman shifts in the guided laser spectrum.50
Another example of an indirect method to determine the on-axis density is found in
Ref. 96, where the authors deduce the plasma wavelength by sampling a laser-driven
wake with an electron beam at different delays. It should be pointed out that this
is a by-product of a complicated experiment with multiple high-power laser beams,
and it is not straightforward to derive a density-scaling equivalent to Eqs. 3.2 and
3.3. In this and following chapters, we demonstrate a density retrieval method by
measuring the on-axis laser group velocity through spectral interferometry of a low
energy guided laser pulse51,52. By recording the laser pulse arrival time with and
without plasma present, the plasma-induced change in group velocity (proportional
to the plasma density) can be retrieved53. This method takes advantage of the laser
delay across longer channels, resulting in an accurate density diagnostic that does
not require the application of non-linear optical elements such as BBO crystals54.
Part of the theory and experiments presented here have been published in peer-
reviewed literature, see Refs. 51 and 52.

3.1 Using laser group velocity to determine plasma
density

We demonstrate a technique to measure the on-axis electron density n0, which is
related to the plasma wavenumber through kp = (4πren0)1/2. The density is found
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3.1 Using laser group velocity to determine plasma density

by measuring the laser group velocity in the channel. Schroeder et al. describe in
Ref. 53 how the normalized group velocity βg = vg/c can be derived, concentrating
primarily on the transverse and longitudinal centroid of the laser pulse, defined as

〈z〉 =
∫∞

0 rdr
∫∞
∞ |â|2zdz∫∞

0 rdr
∫∞
∞ |â|2dz

, (3.4)

where |â|2 is the amplitude of the normalized laser vector potential. Assuming the
laser is focused at the channel entrance, the centroid group velocity is described by

βg,global = 1−
k2
p

2k2 −
1

k2r2
0

(
1 + r4

0
r4
m

)
(3.5)

for a fundamental Gaussian TEM00 laser mode with wavenumber k = 2π/λ, where λ
is the laser’s central wavelength. This is referred to as the global group velocity, since
it concerns the velocity of the radially and longitudinally averaged laser position
〈z〉. In the experiments described here, we focus on the local, on-axis group velocity
βg0 = βg,local(r = 0). This can be derived from the equation for the local laser
velocity from Ref. 53 (Appendix B), considering r = 0:

βg0 (z) '1−
k2
p

2k2 −
2

k2r2
m

{
r2

0r
2
m sec2 (z/Zm)

r4
0 + r4

m tan2 (z/Zm)
−

2r2
0r

2
m

(
r4
m − r4

0
)

(z/Zm) tan (z/Zm) sec2 (z/Zm)[
r4

0 + r4
m tan2 (z/Zm)

]2
}
, (3.6)

where Zm = kr2
m/2 is the Rayleigh range of the matched radius. The last of the

three terms in this equation is referred to as the geometrical component to βg0 (z),
βg0,geom, since it is a z-dependent term related to the laser spot size oscillations along
the channel. For rm = r0, this simplifies to the same equation as the global group
velocity Eq. 3.5, because no oscillations of the spot size or wavefront curvature
occur:

βg = 1−
k2
p

2k2 −
2

k2r2
0
. (3.7)

Note that βg0,geom has been reduced to −2/k2r2
0 in this case.

As an example, we study the influence of variations of rm and r0 on the group
velocity, averaged over the length of the channel. For a Gaussian intensity profile
and LPA-relevant parameters (e.g., λ0 = 800 nm, rm = 40 µm, n0 = 1018 cm−3),
with r0 = 38 µm, the longitudinally-averaged on-axis group velocity βg0 for
a 100 mm channel is 1 − βg0 ≈ 3.1 · 10−4. This corresponds to a delay of
approximately 9.55 fs per cm of channel, depending primarily on the plasma density.
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Chapter 3: Theory of measuring on-axis density in parabolic channels

Figure 3.1 shows how the longitudinally-averaged geometrical term βg0,geom changes
for varying r0 and rm along a 100 mm channel. This is equivalent to 1− βg0 with
n0 = 0. We compare this to the geometrical contribution to the global group velocity
(the last term in Eq. 3.5, which is independent of z), the red dashed line in Fig. 3.1.
It is observed that, for input spot sizes larger than 30 µm, variations in r0 on the
order of 10 µm affect βg0,geom (and thus βg0) by less than 2 ·10−5. Unlike the global
group velocity, βg0,geom does not have a minimum for r0 = rm. The matched spot
size shows a more complicated effect; the larger the mismatch between r0 and rm,
the larger the variations in βg0,geom. Again, the effect of these variations does not
exceed 2 · 10−5 for typical rm (30 µm < rm < 90 µm). The variables rm and r0 are
coupled in Eq. 3.6, and their interaction is taken into account in the calculation of
the measurement errors (section 6.5). Typically, for r0 =10-80 µm, the contribution
of variations of less than 10 µm in r0 and rm amount to < 7% of the density term
kp/2k2 in Eq. 3.6 for n0 ≈ 1018 cm−3. Hence, if knowledge of these variables is
poor, a reasonable estimate of the on-axis electron density can still be obtained.

Experimentally, βg can be measured by comparing the delay of the a pulse
propagating through a channel, to the delay when no channel is present. Figure
3.2 shows a schematic of a setup where a pulse is split so that the travel time of
the beam sampling the channel can be compared to a bypass beam. Interference
of the two pulses in the spectral domain can then be used to determine the arrival
time difference ∆t = ∆tout −∆tin to the fs-level accuracy needed for typical LPA
channels. The group velocity can then by found through

L

c

(
β−1
g − 1

)
= ∆t, (3.8)

where L is the length of the channel. It should be noted that the sign of ∆t
depends on which pulse arrives first, with the bypass beam arriving later in the
example shown here.
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3.1 Using laser group velocity to determine plasma density

Figure 3.1: Dependence of the geometrical contribution to the longitudinally
averaged group velocity, βgeom, on the input laser spot size r0 and the channel
matched spot size rm, for the on-axis case (βg0,geom, see text) compared to the
global case (last term in Eq. 3.5). The channel length was taken to be 100 mm, and
for figure (a) rm =40 µm and for (b), r0 = 38 µm. The geometrical contribution is
approximately an order of magnitude lower than the plasma contribution; e.g. for
n0 = 1018 cm−3, k2

p/2k2 ≈ 3.1 · 10−4.
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Chapter 3: Theory of measuring on-axis density in parabolic channels

Δtout

plasma channel
short-pulse source

beam splitter

(a)

Δtin(b)

Figure 3.2: Concept of a setup to measure pulse delay in a plasma channel, where the
bypass pulse arrives after the probe pulse due to the path length difference (pulses
propagate from left to right). In figure (a), the probe pulse propagates through
vacuum, while in (b), the pulse propagates through the channel. The reduction in
laser group velocity reduces the difference in delay of the output pulses ∆t.
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Chapter 4

Experimental setup for channel
diagnostics

The theory above can be applied to determine the on-axis density in capillaries of
different sizes and lengths for a range of conditions. The remainder of Part I of
this thesis describes the experimental implementation and demonstration of this
method. Figure 4.1a presents an overview of the experimental setup used for all
experiments described here. The basis of this setup is a low-power equivalent to a
capillary-discharge channel LPA experiment; an ultrashort (<100 fs) pulsed laser
(∼1 µJ per pulse) is focused onto a capillary that is filled by a continuous flow of
hydrogen by gas slots 2 mm from each end. An electrical discharge is used to pre-
ionize the plasma and establish a channel before the laser arrives. The guided laser
pulse is imaged by a CCD which can be positioned to image either the capillary
entrance or exit plane. This imaging system consists of a two-lens system and a
microscope objective to provide the necessary magnification. Before being focused
onto the capillary entrance, the laser is split by a 50/50 beam splitter to create a
reference bypass path. A delay stage controls the path length of this arm, after
which a set of mirrors allows for the reference pulse to be recombined and axially
aligned with the guided pulse after channel interaction. The combined beam is
measured by an imaging spectrometer to visualize the spectral interference of the
two pulses in the horizontal plane (Fig. 4.1b). The spectrometer was set up to
image a plane 54 cm downstream of the capillary. In the guided beam path, a
lens is positioned after the capillary to reduce the divergence of the beam, so that
the difference in beam size and intensity between the beams at the spectrometer is
typically less than a factor three. The spectrometer imaging plane is downstream
from this lens, meaning that both beams are more or less collimated and the image
at the spectrometer does not vary much if the exact location of the imaging plane
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Chapter 4: Experimental setup for channel diagnostics

is moved; therefore an imaging location away from any optical surfaces was chosen
to prevent dust particles from affecting the measured profiles. The input laser
intensity profile was shaped to maximize the energy in the fundamental Gaussian
mode, using a reverse apodizing filter. Excellent agreement of the data with the
TEM00 mode was found (Fig. 4.2). Therefore, the laser profile will be approximated
by the fundamental mode in the analysis of the experimental results. It should
be emphasized that this presents a notable difference from previous experiments51
where strong multimode patterns were introduced by a varying aperture that were
included in the analysis to determine the global group velocity (Eq. 3.4).

Delay stage

Capillary

Spectrometer

CCD

y

λ780 nm 840 nm
0 mm

4 mm (b)

(a)

Figure 4.1: (a) Schematic overview of the experimental setup showing the main
laser beam propagating through the plasma channel, the bypass curve and their
routing into an imaging spectrometer. Inset (b) shows a typical image as captured
by the spectrometer, displaying the pulse delay-dependent spectral fringing. The
difference in wavefront curvature between the incident pulses causes these fringes
to be slightly curved.
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Figure 4.2: (a) Typical transverse profile of laser pulses at focus, compared to a
fundamental Gaussian mode profile. (b) Measured spot size evolution of the laser
pulses compared to the propagation of a Gaussian pulse.
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Chapter 5

Simulations of an
interferometric method to
measure short pulse delays

In this chapter, simulated images are presented to explain properties of the
diagnostic also observed in the experiments, which are discussed in chapters 4 and 6.
The simulations are designed to characterize the 2D images obtained by the imaging
spectrometer, where the horizontal axis is the spectral axis, and the vertical axis
retains spatial information. The input for the MATLAB program consists of two
radially symmetric beams with a Gaussian transverse profile of the form E(r) =
exp[−r2/w2] with Gaussian waist w. Each of the pulses has a specified central
wavelength λ0 and full width half maximum (FWHM) bandwidth ∆λ defining a
Gaussian spectral profile of the form E(λ) = exp[−(λ−λ0)2/(∆λ/

√
2 ln 2)2], unless

a specific spectral profile is defined. The wavefront of each beam is assumed to
be without phase errors (flat wavefront at focus), but the relative vertical offset,
linear chirp, angle and divergence of each beam is used to calculate a phase map
for each beam and construct the associated electric fields. A relative delay ∆tdelay
between the pulses is defined, and the fields of both pulses are added at the plane
of the spectrometer slit. In the spectral domain (in 1D), this can be described
by E(ω) = E1(ω) + E2(ω) exp[−iω∆tdelay], resulting in a total spectral phase
φ(ω) = φ1(ω) + φ2(ω) + ω∆tdelay. In the absence of chirp, i.e., φ1 and φ2 are
independent of frequency, we can write ∆φ = ∆ω∆tdelay. This means that for a full
phase rotation, 2π = ∆ω∆tdelay. As an example, at a wavelength of 800 nm and
with pulse delay 4 ps, the fringe spacing in the spectral domain is approximately
0.53 nm. In order calculate the fringes for our 2D case with asymmetries introduced
by the offset, angle and chirp, a MATLAB’s Fast Fourier Transform (FFT) routine
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Chapter 5: Simulations of an interferometric method to measure short pulse delays

is carried out on a vertical region of the calculated electric field to mimic the
spectrometer slit and grating used to obtain an image that is spectrally dispersed
in the horizontal direction.

Figure 5.1 shows what the result looks like for typical experimental conditions
(measured spectrum), with ∆tdelay = 4 ps, where divergence and spot size of
the beams have been chosen to match the experimental results. Unless otherwise
indicated, the divergence is defined by an f-number, taken to be the ratio f/2w of
focal distance f to the defined Gaussian waist w at the spectrometer plane. Good
agreement is found of experiment and simulation, where the main discrepancies are
attributed to limited imaging resolution and imperfect slit smoothness, the latter
resulting in variation in signal strength along the vertical axis.
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Figure 5.1: Comparison of experimentally obtained spectrometer image and
simulated image for a pulse delay of 4 ps. In the simulated image, both beams
have the same size, but one beam has an f-number of 800, while the other has f-
number 10000. Both pulses are bandwidth-limited from a measured spectrum with
38 fs FWHM.

The spectrogram obtained by the spectrometer or the described MATLAB
routine can be analyzed to estimate the pulse delay. This is done using MATLAB’s
inverse Fast Fourier Transform (iFFT) function, and the result is shown in Figure
5.2a. For the conditions described in Fig. 5.1, a clear peak occurs along the temporal
axis of the retrieved image, which varies in location along the vertical axis due to
the wavefront curvature of the two converging pulses.

5.1 Experimental variations
In comparison with the simulated image for typical experimental conditions shown
in Figs. 5.1 and 5.2a, I now present several scenarios that deviate from these
conditions, to explain some of the considerations and complications of the technique
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as a diagnostic.
During analysis of experimental results, beam divergence and temporal pulse

separation were found to be important parameters in obtaining a spectrometer
image that could be analyzed to a high degree of accuracy. Figure 5.2 compares
two scenarios to the baseline case outlined above. In Fig. 5.2b the pulse separation
is shortened by a factor 4, to 1000 fs. This results in wider spacing of the
spectral fringes in the raw spectrometer image, although the iFFT analysis show no
difference with that in Fig. 5.2a, besides the shift to lower delay. Experimentally, we
found it to be important to choose a long relative pulse delay of several picoseconds
that provides a large number of nodes in the spectral fringes to achieve high precision
of the delay measurement. Meanwhile, delays were chosen that were short enough
to obtain high fringe contrast given the spectral resolution of the spectrometer, for
improved signal-to-noise ratio (SNR) in the experiment.

Figure 5.2c shows the result of changing wavefront curvature (through tighter
focusing) of one of the pulses at the spectrometer input. The curvature of the
fringes in the spectrometer image becomes stronger, and the Fourier transform
reflects the larger phase delay between the pulses at off-center locations. Note that
the relative wavefront curvature and pulse arrival order governs the direction of this
observed curvature changes in the raw spectrum and the transform. Experimentally,
the base situation can be adjusted to favor analysis: we achieved best results
and reduced alignment sensitivity with minimal difference between pulse wavefront
curvatures. However, when using a plasma channel to guide one of the pulses, the
pulse divergence is inevitably changed, and influenced by the matched spot size. In
principle, this effect can be used to derive the channel’s matched spot size from the
spectrometer images, but in the experiments described here, we relied on centroid
shift and spot size measurements as described in Section 2.2.1.

As the relative wavefront difference increases, the sensitivity to pulse alignment
increases. Figure 5.3 shows how transverse offset (Fig. 5.3a) and angular
misalignment (Fig. 5.3b) affect the measurements. An offset of one spot size
clearly shifts the vertical intensity distribution of the spectrogram, and results in
asymmetric fringes. Similarly, the location of delay peaks in the Fourier transform is
asymmetric. Not shown here is the effect of mismatched beam size; this only affects
the vertical intensity distribution (and hence, SNR) of spectrogram and transform,
without changing the fringe and temporal peak morphology. Angular misalignments
of the two pulses results in a similar break of symmetry in the raw and processed
spectrometer images. However, it is noted that the vertical intensity profile of either
image is not shifted vertically, as that is governed by the location of the incident
pulses. Offset and angular misalignment together can give the appearance of a well-
aligned system while this is not actually the case; in experiments, alignment can be
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(a) Base image; input parameters as in Fig. 5.1: two perfectly aligned beams with the
same spectrum as in the experiment, separated by 4000 fs in time, where the first pulse has
f-number 800, and the other f-number 10000. On the right, the location of the peak in the
Fourier transform image is shown.
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(b) As in 5.2a, but with a pulse delay of 1000 fs. This causes wider spacing of the spectral
interference pattern and a corresponding shift in the iFFT analysis.
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(c) As in 5.2a, but the first pulse has f-number 200 instead of 800. The larger difference
in wavefront curvature between the two pulses causes stronger curvature of both the raw
spectrum and the Fourier transform.

Figure 5.2: Spectra and corresponding iFFT peak profile for several variations of
experimental conditions. The pulses are perfectly compressed (no chirp).
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fine-tuned by changing pulse delay and divergence (by controlling channel matched
spot size or lens position).

Changes in the initial spectral composition of the pulses do not affect the
iFFT analysis, as long as both pulses share the same spectral phase (chirp), and
the spectrum is well resolved by the spectrometer. This means that temporally
stretched pulses as used in chirped pulse amplification (CPA) can be used for this
diagnostic. However, if spectral phase evolves in one pulse relative to the other,
additional features are observed in the spectrogram, which are briefly mentioned
here as they play a role in a version of the density diagnostic discussed later on in
this work.

Neglecting higher order dispersion, only linear chirp is introduced in the pulses.
The amount of the frequency-dependent spectral phase-shift is described by the
group dispersion delay (GDD), indicated by φ2, which characterizes the quadratic
spectral phase term φ2(ω − ω0)2/2 (relative to the central frequency ω0). Two
examples are shown in Figure 5.4: the first one shows what happens when chirp is
added to the pulse that arrives later (Fig. 5.4a). As a result, the pulse shape is
increased from about 30 fs to almost 28 ps, and the pulses overlap in the temporal
domain. The spectral fringes are no longer equidistant but chirped, and the relative
divergence of the pulses causes a hyperbola-shaped structure to appear in the
spectrogram, the location of which depends on the pulse delay and chirp magnitude.
If relative chirp is reversed, as in Fig. 5.4b, an elliptic feature is observed instead.
In both cases, the iFFT no longer shows a distinct peak for the pulse delay due
to the strongly increased temporal extent of the chirped pulse. Specifically, the
delay between the two pulses now consists of a range of values (different for each
wavelength in the spectrum), causing the peak in the iFFT to broaden to an extent
no longer observable in the range shown here. The periodic structures shown in
the iFFT of both chirped cases are attributed to sampling artifacts in this case,
enhanced by the lack of signal. In order to determine the delay between the pulse
centroids in the case of a difference in chirp between pulses, a more advanced analysis
technique is required.
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(a) The pulses are misaligned by one spot size at the spectrometer entrance (2.5 mm) via
translation. This manifests itself as a vertical offset of the curves in the spectrum and the
transform.
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(b) The pulses are misaligned by an angle of 1 mrad, but enter the spectrometer in the
same vertical location. The fringes tilt in the spectrum and in the iFFT, due to the angled
wavefront.

Figure 5.3: Effect of misalignments of the two pulses on the spectral interference
pattern and corresponding iFFT peak profile. In each image, the input parameters
were as in Fig. 5.2a: two perfectly aligned beams with the same spectrum as in the
experiment, separated by 4000 fs in time, where the first pulse has f-number 800,
and the other f-number 10000. The pulses are perfectly compressed (no chirp).
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Spectrometer image
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(a) Pulse 1 is unchirped, pulse 2 has φ2 = 3 · 105 fs2.
Spectrometer image
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(b) Relative chirp negated: pulse 1 is unchirped, pulse 2 has φ2 = −3 · 105 fs2.

Figure 5.4: Effect of relative spectral chirp of one of the pulses. Conditions are
similar to the other examples in this section, with the exception of spectral content;
both pulses share a Gaussian spectral distribution with 40 nm FWHM, with linear
spectral chirp added to one of the pulses, while the other remains compressed
in time. Note that a larger temporal extent is shown for the Fourier transforms
compared to the other images. The amount of chirp added is consistent with adding
several meters of single-mode fiber in either arm of the split beam, as is done in the
setup described in Chapter 10.
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Chapter 6

Experimental results of plasma
density measurements

In this chapter, results are presented of density measurements carried out using
the interferometric diagnostic detailed in the previous chapters. Experiments were
focused on parameters relevant for BELLA high power targets, and targets for the
now-decommissioned 50 TW TREX laser system26. Of importance are the evolution
of the density with time during a capillary discharge, as well as the dependence on
pressure and capillary diameter. Targets of various lengths are studied in an effort
to determine the influence of end effects.

6.1 Varying spot size
In Section 3.1, a description was given of the group velocity of a TEM00
(fundamental Gaussian) mode propagating through a parabolic plasma channel.
This is a simplified approach, and a more generally applicable version of Eq. 3.5
was derived by Schroeder et al. in Ref. 53:

βg,global = 1−
k2
p

2k2 −
1 + 2m+ p

k2r2
0

(
1 + r4

0
r4
m

)
, (6.1)

where the Laguerre-Gaussian (LG) mode parametersm and p have been introduced.
For any LG mode higher than the fundamental (m = p = 0), the group velocity
will be reduced. The equation also shows that a minimum in the group velocity
occurs when r0 = rm, that is, when the input pulse is matched to the channel.
An adjustable aperture before the beamsplitter was used to change the focal spot
size, allowing for a measurement of both matched spot size and group velocity
by finding the location of the minimum in channel delay. Before the aperture, the
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Chapter 6: Experimental results of plasma density measurements

transverse intensity profile resembled a Gaussian with w ≈ 4.9 mm. Results of these
experiments have been published in Refs. 51 and 30, and are briefly summarized
here.

Since the approximately Gaussian transverse pulse profile was truncated by a
hard-edged aperture, LG modal content changed as the iris diameter was varied.
To account for this, simulations using the Physical Optics Propagation package in
ZEMAX were used to approximate the amplitude αm (relative contribution) of the
30 lowest order modes m, to decompose each pulse into a set of LG modes, on which
Eq. 6.1 can be applied. Radial symmetry was assumed, so that p = 0. Figure 6.1
shows the result of this mode analysis, proving that higher order mode content
(αm>0) approaches zero as the iris is opened up.
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Figure 6.1: (a) Normalized amplitude αm of each mode m in the modal
decomposition of irised pulses for different iris opening diameters d. (b) Comparison
of simulated and measured transverse focal spot FWHM at the capillary input plane,
using the CCD shown in Fig. 4.1. (c) Comparison of simulated and measured radial
profile at focus for d = 2.5 mm.

The first experiments with the interferometric density diagnostic showed a clear
effect of the presence of the plasma channel on the group velocity. In Figure 6.2,
an example is shown of a measurement on a capillary of 33 mm length, 250 µm
diameter, and gas slots 2 mm from each end, filled with 22 Torr of hydrogen. Delay
is visualized here by the spatial parameter ζ = z − ct (10 µm is roughly equivalent
to a delay of 33.3 fs). The iFFT shows a distinct peak, and the standard deviation
of a sequence of consecutive shots is approximately 1 fs. Clear separation of the
measurement with and without capillary shows that the associated delay can indeed
be resolved by the diagnostic.
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6.1 Varying spot size
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Figure 6.2: First results of the interferometric density diagnostic, on a 33 mm long
capillary with nominal diameter of 250 µm, filled with hydrogen to a pressure of
22 Torr (molecular density of 0.72·1024 m−3), and a delay from the discharge current
peak (260 A) of 90 ns. (a) Raw spectrogram for a typical measurement. (b) iFFT
of spectrogram with clear side peak representing the pulse delay. Close-up views of
the side peak are shown for the capillary in (c) and capillary out (d) case.
(e) Separation in delay of consecutive shots. The red circles display the measured
delay for 25 shots for the capillary in, while blue circles show the on-axis delay with
the capillary removed. (f) Histogram of the retrieved pulse centroid for a sequence
of shots (capillary in). The red curve represents a Gaussian distribution curve with
a standard deviation of 0.32 µm (equivalent to 1.1 fs).
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In order to isolate the influence of the laser profile on βg, two scans were
performed where the channel properties were held constant but the laser spot size
was varied. The data for two capillaries (same design parameters) are shown in
Figs. 6.3(a) and 6.3(b), with the laser arrival times +90 ns and -40 ns from the
discharge current pulse peak. As predicted from theory, a certain optimum input
spot size exists where the pulse delay is minimized. Away from this optimum,
mismatched spot-size oscillations cause a longer optical path length, thus slowing
down the pulse. For any given single-mode laser beam, the fastest group velocity
is achieved when rm = r0. However, for beams consisting of multiple modes there
is an additional (more complex) contribution to the group velocity. By using rm
as a fitting variable, simulated iris scans (incorporating the modal content αm at
each iris diameter d) were performed and compared to the data. Fits based on
rm = 38.5 µm and 41.5 µm are shown as solid curves in Figs. 6.3(a) and 6.3(b),
respectively. The on-axis density (which merely provides a vertical adjustment to
the modeled curves) was chosen to optimally overlap with the data. The error χ2

(sum of squares) between simulation and data is plotted in Figs. 6.3(c) and 6.3(d),
respectively, showing that while certainly an estimate for rm can be obtained, several
solutions over a <8 µm range exist. The fit error increases threefold if we limit
the simulation to the single-mode m = 0 geometry. This emphasizes the need to
take into account the contribution of the higher-order modes for the comparison
between experiment and simulation. Note that in the (hypothetical) single-mode
laser beam scenario, we would expect to retrieve a unique solution to rm (and thus
enable a cleaner diagnostic). It should be emphasized that the multi-mode model
implemented here assumes a parabolic density channel. At smaller iris openings
(and thus larger focal spot sizes with more energy in the higher-order modes), the
overlap of the laser with the non-parabolic part of the channel (such as the channel
walls) could introduce errors in the validity of the model. A careful study of this
effect, which for our experimental parameters is expected to only play a minor role
at iris diameters below 3 mm, lies outside the scope of this thesis but deserves future
consideration.

In conclusion, we have investigated the propagation-averaged group velocity of
channel-guided multi-mode laser beams. A diagnostic was realized, characterizing
the delay of the guided pulse with respect to a reference. A delay of order
10 µm (or 34 fs) in 33-mm-long channels with 22 Torr of hydrogen was observed,
corresponding to a reduction in the normalized group velocity βg of 3 · 10−4. While
dominated by the on-axis plasma density, contributions related to the modal content
(affecting longitudinal centroid position), spot size, and channel size were found to
be significant. These three parameters influence the optical path length that the
beam accumulates (yielding a pulse velocity reduction). The iris diameter scan
demonstrated that an optimum spot size exists for minimal delay. For single-mode
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6.1 Varying spot size

beams this optimum would occur exactly at r0 = rm, while for multi-mode beams
an additional contribution to βg is present. Due to the experimental knowledge of
the modal content, agreement between data and simulation was retrieved.
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Figure 6.3: (a),(b) Measured dependence of the group velocity on the laser spot
size for two different capillaries. The solid curves represent fits based on simulations
with the channel size rm varied for optimum agreement, and include the multi-mode
contributions.
(c),(d) Corresponding sum of squares of the errors between the fit and simulation
versus rm, indicating that multiple solutions exist.
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6.2 Density dependence on pressure
One of the primary control variables in LPAs is the gas pressure. To see how the
plasma density is affected, the pressure of hydrogen gas supplied to the capillary
structure was varied. Figure 6.4 shows the measured on-axis density for experiments
on multiple days (where the system had been realigned and a full vacuum cycle
performed) on the same capillary. This target consists of a 90 mm long cylindrical
capillary with an average diameter of 511 µm that is of the same design as the
targets used for LPA experiments yielding particle bunches over 4 GeV in energy4,5.
Hydrogen gas is provided by continuous flow, and ionized by applying a potential
difference of 24 kV across the capillary, resulting in a discharge current peak of 265 A
and 220 ns FWHM (see Fig. 6.5). The ultrashort laser pulse is sent through the
channel approximately 130 ns after the peak of discharge, when a stable waveguide
has formed.

Figure 6.4: Experimental results for the on-axis electron density in a plasma
channel, for various days. The grey area visualizes the remaining systematic error
on the fit (see section 6.5).

To derive the temporal separation of the laser pulses and calculate βg0,
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6.2 Density dependence on pressure

a 1D discrete Fourier transformation is performed on the spectrometer image
(Fig. 4.1(b)). The spectral interference manifests itself as a temporal side-peak at
the timing equal to the two-pulse separation. βg0 is then derived by comparing the
pulse separation measured for the case where the channel guides one of the pulses
(∆tchan), to a situation where the capillary is removed from the laser’s path (∆tvac),
as described by Eq. 3.8. In this calculation, the channel length L was determined as
follows: the capillary consists of a section between the gas slots Lmid (for the 90 mm
capillary, Lmid = 86 mm), and a section Lend of 2 mm length between the gas slot
and capillary end on each side. Before discharge, the density is constant throughout
Lmid, but is assumed to drop linearly across Lend from the gas slot to the capillary
end (vacuum). Therefore, one might approximate L by Lmid+2·(Lend/2) to account
for the pressure drop near the ends. We note that Gonsalves45 showed a plasma
velocity of 12.2 km/s during the discharge. Taking this as an approximation of the
average plasma velocity during the discharge, the plasma column is estimated to
move about 2 mm outward to each end of the capillary during the time from the
onset of the discharge until the laser arrival (200 ns). The density drops rapidly
at the ends, where the hydrogen escapes from the capillary. This means that the
actual channel length likely is close to the capillary length. Therefore, we simply
assume the channel length equals the capillary length, L = Lcapillary. In Section 6.5,
the validity of this assumption is tested.

Instead of setting the delay stage such that ∆tvac = 0, it was used to adjust
the timing between the two pulses so that clear fringes were observed whether the
channel was present or absent. To obtain the on-axis density n0 from βg0, the
measured r0 was used, as well as an estimate for rm based on Ref. 43.

The experimental result in Fig. 6.4 shows a linear increase of plasma density
with initial H2 pressure niH2

. The fit to all data shown is described by:

n0[m−3] ' 0.57niH2 [m−3] + 0.17 · 1024. (6.2)

The 95% confidence interval in the slope and intercept include values within 0.02
and 0.01·1024 m−3, respectively. Transverse interferometry on smaller diameter,
shorter length, square cross section capillaries as reported in Ref. 28, resulted in
higher slope and lower intercept (specifically, a slope of 0.87 and an intercept of
0.11·1024 m−3 were found, Eq. 3.2). These observed differences may be caused by
the difference in geometry; for absolute comparison, capillaries with identical shape
and diameter should be used. For completeness, we note that Ref. 43 reports a slope
of 0.74, based on two-temperature non-local thermal equilibrium fluid simulations
of the plasma in cylindrical capillaries with radius 150 µm. We emphasize that
direct comparison between sources is complicated by variations in discharge current
(heat dissipation), discharge-laser timing and capillary wall variations. Figure 6.4
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demonstrates that good reproducibility was established (within the error explained
in section 6.5). For lower pressures, the reproducibility decreases because the timing
of the discharge shows variations on the order of tens of nanoseconds. At the high
end, the pressure range is limited by the pumping power on the vacuum chambers.
This result shows that it is possible to measure the density in cylindrical discharged
capillaries with good accuracy, taking advantage of the channel length for increased
signal-to-noise.

6.3 Channel evolution

The plasma channel dynamics can be studied by varying the laser arrival time
relative to the discharge pulse. Fig. 6.5(a) shows the result of such a measurement
with the same 90 mm, 511 µm diameter capillary discussed before. The current
pulse is plotted, as well as the on-axis density that was retrieved. Fig. 6.5(b) shows
the normalized laser energy transmission, as well as the root-mean-square (RMS)
error in the individual points in Fig. 6.5(a). Stable guiding is distinguished by high
transmission of laser energy and very low shot-to-shot jitter. It should be noted that
since the matched spot size changes significantly throughout the discharge (from
infinity to several tens of µm back to infinity), the assumption of constant rm (for
constant timing) is not strictly valid. However, since the matched spot size is not
known for all times, a constant rm of 73 µm was assumed, which was estimated
for the region of optimum guiding. The maximum error from this approximation
is made for very early and late timing (where rm → ∞), and is estimated to be
smaller than 0.01·1024 m−3, assuming 73 µm < rm < ∞. It should be emphasized
that the main source of error is the systematic error made by conservative estimates
of the errors in rm and r0, which can potentially be reduced, and that shot-to-shot
jitter is very low (typically < 2 · 1022 m−3 RMS, equivalent to <2 fs in the delay
measurements).

The electron density varies smoothly and remains relatively high, even after
the discharge current has dropped significantly. This is consistent with MHD and
non-LTE simulations34,42,45, which predict that after the peak of current, when the
Ohmic heating reduces due to the current drop, the plasma starts to cool down.
The lower plasma temperature results in lower conductivity of heat and current,
positively affecting Ohmic heating and reducing heat loss to the walls.

6.4 Capillary radius

The matched spot size of the plasma channel has been simulated34,43 to depend on
the radius of the capillary rc through rm ∝ r0.5625

c . This allows for tuning of the
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6.4 Capillary radius

Figure 6.5: (a) Measured on-axis density evolution as a function of time, at an
initial molecular hydrogen density of 0.79·1024 m−3. A constant rm of 73 µm was
assumed. The thin grey lines indicate the estimated total (systematic + statistical)
errors in the data, the discharge current profile is shown in green. (b) Normalized
energy transmission is shown by the black line, while the RMS error indicating low
shot-to-shot jitter in the density measurement is shown by the red dotted line.
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matched spot size to some extent, potentially without affecting the on-axis density
in a capillary. Figure 6.6 compares the measured on-axis density for two capillaries
of 33 mm length and different diameters of 242 µm and 507 µm.

Figure 6.6: Measured on-axis density as a function of pressure, for capillary
diameters of 242 µm and 507 µm, and length 33 mm. The errors on each data
set are depicted by the color-coded lines.

It should be noted here that due to filling of the vacuum chamber at high pressure
the pressure limit for larger bore capillaries is lower, hence the discrepancy in range.
The data shows that no significant difference exists between the different capillary
diameters, and the linear trend continues for higher pressures. Although variations
in diameter do not affect the on-axis density, it should be reiterated that the
matched spot size does depend on the diameter. Therefore, a capillary radius can be
selected based on considerations of matched spot size, vacuum loading (large bore
capillaries will have lower limits for similar pump power and vacuum requirements)
and possible damage effects close to the laser axis. As a sidenote, we clarify that
the discharge voltage was adjusted between the capillaries of different diameter, in
an attempt to maintain a constant current density. The smaller diameter capillary
was limited at 220 A in these tests by the occurrence of discharge timing jitter
when lower currents were used. Compared to 330 A in the 507 µm capillary, the
current density in the 242 µm target was approximately 3 times higher. Under
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the assumption that this does not affect the plasma channel at the time probed
(assuming full ionization is reached in both cases, and wall ablation effects are not
present), we neglect this difference.

6.5 Error analysis and channel length

The accuracy in the determination of the on-axis channel density through pulse
delay characterization was found to vary, based on several parameters. The
following errors were identified: Firstly, shot-to-shot fluctuations in the arrival time
were small (< 2 fs RMS, equivalent to < 2 ·1022 m−3), as noted above. Secondly, as
seen in Eq. 3.6 and Fig. 3.1, βg0 depends on rm and r0. rm was calculated from the
capillary radius rc by rm = 7.3·103(niH2

[m−3])−0.25×(rc[m])0.562543, with an error of
10 µm to conservatively account for discrepancies between theory and experiment,
and error in initial pressure measurements. The input spot size was measured at the
beginning of each measurement day, with an estimated 3 µm error. The magnitude
of the resulting error in density varies with pressure (as can be seen in Fig. 6.4),
but is typically smaller than 0.08·1024 m−3 (4 fs).

The on-axis arrival time as measured 54 cm from the capillary exit is, although
dominated by the channel’s on-axis density, also affected by the off-axis propagation
through the channel. Modeling of this small correction term was performed and was
found to be dependent on the spot size oscillations caused by the mismatch of rm
and w0. This was included in the calculation of errors.

The appearance of small multi-mode interference on the spectrogram images of
the radial profile of the guided beam results in an error of up to 2 fs. Furthermore,
the sensitivity of the measurements to day-to-day laser and channel alignment
variations was determined through measurements on a channel-equivalent gradient-
index lens (a flat-surface optic with parabolically-varying index of refraction). Five
independent measurements on this reference optic not only yielded a group velocity
consistent with theoretical predictions but also a reproducibility error of only 2 fs.

Finally, even though the gas inlet slots are embedded inside the capillary,
based on the plasma expansion argument, the channel length was estimated to
be Lmid + 2Lend (equal to the capillary length). Due to the evolution of the plasma
and the outward plasma flow, an uncertainty of ±2 mm in the channel length is
included in the measurement error, a ±2% effect for a 90 mm capillary.

To verify that the error made by the channel length assumption is small,
capillaries of lengths 33 mm, 60 mm and 90 mm (all with gas slots 2 mm from
each end) were used and the density measured. Figure 6.7 shows the result for
various pressures. The results for the different length capillaries vary less than
0.12·1024 m−3. This is on the order of the systematic error in the measurement,
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as can be seen from the fact that almost all data points are within the grey area
in Fig. 6.7, which depicts the error in a typical measurement, including multiple
independent data sets, obtained after realignment of the laser and a vacuum cycle.
This demonstrates that for these measurements the assumption of a channel length
equal to the target length is acceptable, and end effects between the gas feeds and
the end of the capillary are considered negligible for the purpose of the density
measurements described above.

Figure 6.7: Scan of channel length to study capillary end effects. In these results,
a channel length equal to the capillary length has been assumed, in accordance
with the discussion in Section 6.5. As a guide, the same fit error region as in Fig.
6.4 is plotted in grey. The errors on the individual data sets have been omitted for
clarity. These errors are approximately 2.1·1023 m−3, 1.4·1023 m−3 and 0.9·1023 m−3

on average, for 33 mm, 60 mm and 90 mm, respectively. This can be reduced by
taking several data sets to eliminate variations caused by alignment changes.
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6.6 Verification of density measurements with a high
power laser

One way to verify the experimental results for matched spot size and on-axis density,
is to measure the effect of certain plasma conditions on a high power laser, and
compare the result with simulations. This was done on the BELLA system with
laser pulses up to 10 J, using a 90 mm long, 500 µm diameter target. Then, the
measurements of on-axis density and matched spot size described in the previous
chapters were used to describe the density distribution of the pre-formed plasma,
which was used as the input for simulations. These simulations were performed with
the 2D cylindrically symmetric code INF&RNO55, and carried out by C. Benedetti.

Figure 6.8 shows the result, where the output laser spectrum is compared
between experiment and simulation. Interaction between the high power laser and
the plasma affects evolution of the laser, and processes such a red-shifting through
wake formation56 cause complex modulation of the output laser spectrum (measured
capillary input spectra were used as the input for simulations). Simulation
and experiment agree well; while not all features are precisely identical, general
morphology of the graphs is in agreement. Specifically, a vertical offset between
the graphs at left and right would indicate that the on-axis density measurements
discussed previously may be incorrect, but reasonable agreement is found.
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Elaser = 2 J Elaser = 2 J

Elaser = 2 J Elaser = 2 J

Elaser = 2 J Elaser = 2 J

Experiment INF&RNO simulation

Figure 6.8: Comparison of experimental and simulated output spectra after
interaction with the plasma in a 90 mm long, 500 µm diameter capillary.
Experimental results were obtained with the BELLA system (see Part II of this
thesis), the simulations were done in INF&RNO, using experimentally measured
parameters. The spectral sensitivity and geometry of the spectrometer were taken
into account in the simulations.
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Chapter 7

Discussion and conclusion on
density measurements

The on-axis electron density in capillary discharge plasma channels is a critical
parameter that affects laser propagation and wakefield evolution. By measuring
the group velocity in the channel, the on-axis density was retrieved for a range
of LPA-relevant parameters to an accuracy of 0.8 ·1023 m−3, and a scaling was
derived for the on-axis electron density versus neutral H2 density. Shot-to-shot
stability was good, with typical RMS error values < 2 · 1022 m−3. Estimates of
the systematic errors in laser input, channel matched spot size, and channel length
were the main contributions to the total error. By measuring the on-axis group
velocity (instead of the global group velocity) and using a Gaussian laser pulse,
more complex interactions with the channel are avoided (see for example the multi-
modal global group velocity measurements in Ref. 51). Dependence on input spot
size and matched spot size of the on-axis method is found to be weak for the
laser-plasma parameters considered. Particularly for longer channels, this method
provides accurate measurements of the longitudinally-averaged laser group velocity,
an important parameter for LPA tuning.

It should be noted that the technique has only been demonstrated in the low-
power limit where no self-guiding occurs, and the values obtained may be of limited
use in systems with long pulses where significant plasma evolution occurs within
the timeframe of a pulse. The diagnostic proved to be stable, and a small amount
of leakage light (< 10 µJ) was all that was required for good SNR. Different target
designs can be characterized for improved knowledge of the initial condition of the
plasma before being operated in high-powered LPAs. The pressure-scaling that was
derived can serve as a guide to select the appropriate parameters to control the
wake velocity of the accelerator and maximize particle energy. From the scaling it
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becomes clear that to increase this wake velocity (which requires increasing the laser
group velocity), lower pressure is required, which can limit the guiding properties
of the channel. The next part of this work is dedicated to a potential solution to
this problem.
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Part II

Application of a laser-heater to
control plasma density
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Chapter 8

Introduction to laser-heater
techniques

As detailed in Chapter 2 of this thesis, confinement of laser pulses by plasma
channels is governed by the matched spot size of the channel in the low power
limit. At higher power, other contributions to the refractive index, such as
relativistic optical guiding and self-channeling, start to play a role. These effects
not only depend on laser power, but also plasma density. Meanwhile, accelerator
performance is limited by dephasing, resulting in a maximum particle energy gain
that is inversely proportional to plasma density (see Chapter 3). The use of
preformed plasma channels can be viewed as a means to operate at the density
for maximum energy gain by confining the laser pulse over the dephasing length,
for given laser parameters. For the capillaries used in the record-breaking 4 GeV
result mentioned in the introduction to this thesis4, on-axis density and matched
spot size have been studied in detail, as published in Ref. 5. Figure 8.1 shows how
rm and n0 depend on the applied capillary pressure. In order to reach the densities
of order 1023 m−3 required for acceleration up to 10 GeV57, the capillary pressure
needs to be below 20 Torr for these targets. This results in a matched spot size of
>75 µm, which is strongly mismatched with the BELLA focal spot size of 53 µm58.
Unless strong self-focusing occurs, this means that the beam will diffract to a large
extent inside the channel, reducing wake amplitude and increasing the potential for
target damage.

In order to confine the electron-driver laser better, the use of a secondary
‘heater’ laser was proposed by W.P. Leemans and analyzed by Bobrova et al.59
This nanosecond-scale laser is to be guided by the discharge plasma and to heat
the plasma locally near the axis, creating a density depression in addition to the
existing discharge channel. Heating of the channel with a nanosecond-scale heater
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Figure 8.1: Graph pressure-dependence of matched spot size, measured using the
centroid shift method, and the on-axis density, measured with the longitudinal
interferometric diagnostic described in Part I. Capillaries used were typical 500 µm
diameter BELLA targets.

laser occurs through inverse Bremsstrahlung (IB), where electrons can be excited
by incident photons from the laser field, whose energy may then be transferred to
the other species in the plasma12. The process of IB heating has been used in the
past for various concepts in creating and modifying plasma channels12, including
the ignitor-heater scheme, where a primary laser is used to ionize a gas column and
a heater laser to create a plasma channel.16,60. Experimental difficulties with using
this technique for creating long and low density channels led to the use of capillary
discharges, but combining these techniques has the potential to produce long, low
density, strong plasma channels. Bobrova et al. showed through MHD simulations
that this concept can indeed be applied to modify a pre-existing channel59, as
shown in Figure 8.2. It can be seen that although the reduction in the on-axis
density is moderate, a significant change in channel steepness is observed locally.
The remainder of this work treats the theory and experimental implementation of
these promising simulation results on the BELLA systems.
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Figure 8.2: Radial density profile inside a 500 µm radius capillary at various times
after a 2 ns-long heater laser pulse passes.59
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Chapter 9

Theory and simulations on
heating with inverse
Bremsstrahlung

In this chapter, the theory of IB heating and our heating diagnostics are briefly
explained. Inverse Bremsstrahlung has been studied for several decades and much
more in-depth analyses can be found in the literature, which are beyond the scope
of this work. Parts of the text in this chapter have been published previously in
proceedings from several conferences, Refs. 61 and 62.

9.1 IB-heating

Many authors have described the process of IB heating analytically or numerically,
for varying laser field and plasma density regimes63–65. In our experimental setup,
on-axis electron densities are on the order of 1023 to 1024 m−3, a regime of
moderately coupled plasma, and the heater laser field has a peak intensity on the
order of 1011 W/cm2. For such conditions, Refs. Polishchuk and Meyer-ter-Vehn64
and David et al.65 derived relevant results. David et al. used a molecular dynamic
code to numerically fit an equation adapted from Polishchuk and Meyer-ter-Vehn,
but although the absolute heating rates differ, the trends found for different laser
energies and densities are similar. Polishchuk and Meyer-ter-Vehn’s result reads for
the heating rate R (in SI units),

R = 8nie4Z2v2
E

3me (4πε0)
(
v2
E + v2

e
)3/2 ln Λ , (9.1)

57



Chapter 9: Theory and simulations on heating with inverse Bremsstrahlung

with the Coulomb logarithm described by

ln Λ = ln2 [1 + ξ]
4 + ln

[
ξ + exp

(√
π/2
3

)]
ln
[
Te
~ω

]
, (9.2)

where ni is the ion density, Z the ion charge number, ξ = mev
2
E/Te, vE =√

2cµ0Ie2/meω the electron quiver velocity for laser intensity I, and ve =
√
Te/me

the thermal speed with Te the electron temperature64.
Experimentally, for a hydrogen plasma, the heating rate can thus be controlled

by the laser intensity I, density ni, laser frequency ω or electron temperature Te.
In the regime treated here, with heater intensities below 1012 W/cm2, the heating
rate depends linearly on I. This is in contrast with the behavior near 1015 W/cm2

studied by other authors, where a maximum in R occurs. In our regime, where
vE � ve and ξ � 1, we can summarize the dependencies with

R ∝ niIλ
2

T
3/2
e

ln
(
Teλ

2πc~

)
. (9.3)

As a numerical reference, typical heating rates near peak laser intensity in the
experiments presented here are expected to be of order 1 eV/ns. Using nanosecond-
scale heater pulses, this can induce significant heating in hydrogen discharge plasmas
that typically have temperature distributions peaking at a few eV34.

9.2 Modifying plasma waveguides

In Ref. 59, Bobrova et al. describe the use of a 1 J, 2 ns-long heater pulse
(FWHM 1 ns) with spot size 161 µm and wavelength 1 µm, incident on a hydrogen-
filled capillary target of 500 µm diameter. Before arrival of the heater pulse, a
high-voltage discharge pulse creates a plasma channel, characterized by an on-axis
electron density of 0.2·1024 m−3, and a matched spot size of 164 µm. The heater
pulse spot size was chosen to be nearly-matched to the channel, excluding effects
of self-evolution which are not included in the model. This choice was made to
minimize longitudinal variation of the heater plasma. The authors employ a one-
dimensional, two-temperature, multi-fluid magneto-hydrodynamics (MHD) code to
simulate the effect of the heater pulse on the pre-existing channel. The heater pulse
arrives at the peak of the discharge current, and is found to significantly affect the
electron density distribution in the 25 ns following arrival of the peak of the pulse.
An effective reduction of the matched spot size is observed in the 15 ns following
arrival of the pulse, with a minimum 2 ns after arrival, at the end of the pulse.
At this time, the matched spot size was calculated38 to be approximately 100 µm,
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a significant reduction of over 35% of the initial condition. The effective matched
spot size for a high power electron-driving lasers pulse was also approximated, and
found to be even smaller, due to self-guiding effects.

As these parameters were selected with the BELLA PetaWatt system in mind,
the goal of the experiments in this work is to use this promising result to improve
high power laser guiding with capillaries on the BELLA PW-system. In the
remainder of this work, the 800 nm wavelength, ∼40 fs duration BELLA pulse
will be referred to as the (wake) driver or probe pulse.

Figure 9.1 shows the result of INF&RNO simulations performed by C. Benedetti,
demonstrating the effect of a modified channel on guiding of the BELLA laser. In
the absence of a heater laser, strong mismatch of the driver pulse and plasma channel
results in significant diffraction of the pulse, causing a drop in the normalized vector
potential a0 and reducing the wake amplitude. This causes loss of the accelerated
electron bunch, and may induce capillary damage. In contrast, with the heater
pulse reducing the channel matched spot size, a0 remains higher, and a stronger,
more constant wake can be created.

Figure 9.1: Comparison of the axial normalized vector potential a0 of the BELLA
laser pulse for a capillary of 500 µm diameter with and without heater laser
(INF&RNO simulations). For the driver laser, a pulse energy of 15 J was assumed,
with a spot size r0 = 53 µm and FWHM pulse duration of 33 fs. The heater laser
has pulse FWHM of 10 ns, wavelength 1064 nm, energy 2.3 J and r0 = 100 µm.
For the channel before heater arrival, n0 = 0.3 · 1024 m−3, rm = 89 µm.

These simulations were extended (again, by C. Benedetti, using INF&RNO) to
show that energy transfer to the wake continues and higher energy electron bunches
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can be created: one result shows that energy is gained for up to 420 mm, with the
bunch reaching an average energy of 8.4 GeV with 7% energy spread and nearly
100 pC charge. It should be noted that in this result, injection of additional free
electrons near the channel entrance was assumed, since at the low densities required
to prevent dephasing, the number of electrons in the right location to be accelerated
by the wake is low. Experimentally, this can potentially be achieved by (locally)
adding a small amount of gas of high atomic mass, e.g. nitrogen, to release more
electrons as the high-power laser drives the plasma into a higher-charge state50,66,67.

9.3 Laser-heater diagnostics

To demonstrate whether the heater laser has the desired effect on the plasma
channel, a combination of diagnostics is used. The main techniques rely on spectral
analysis of transversely emitted light, and measurements of the output pulse size
and divergence of both heater and probe beams.

9.3.1 Plasma emission

Heating of the plasma is studied using spectral analysis of transversely emitted
light from the plasma. In the hydrogen-based capillary plasmas at hand, this light
consists of three main contributions: hydrogen spectral lines, contaminant spectral
lines, and continuum radiation.

The spectral emissions from hydrogen are well studied and well documented. In
the visible range, the Balmer lines (where an electron transitions to a state with
principal quantum number n = 2) are strongly indicative of hydrogen, and are
clearly visible in all spectra collected in this work. Specifically, the H-α (656.3 nm),
H-β (486.1 nm), and H-γ (434.1 nm) are common features in the experiments that
can be used to calibrate the spectral diagnostics. It is worth noting that emission
of Balmer lines requires electrons to be bound to the nucleus, and thus always stem
from neutral hydrogen.

Besides hydrogen spectral lines, other lines are sometimes observed. These
originate from contaminants in the plasma, most commonly from capillary wall
ablation. The ablated sapphire (Al2O3) can contribute in the form of aluminum
lines, primarily Al-II and Al-III ions. Figure 9.2 shows an example of some lines
that may be observed, for a measurement with strong wall ablation.

Continuum radiation refers to any emission that is not bound to discrete
wavelengths. Contributions to the continuum that are relevant to our case are
the recombination of electrons and hydrogen ions, and Bremsstrahlung from free
electrons being deflected by ions. Both effects require ionized particles; if the
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Figure 9.2: Example of transverse capillary spectrum with a misaligned heater laser
introducing contaminant species in the spectrum and increased continuum.

ionization degree is non-homogeneous, the amount of radiation emitted may vary
spatially.

The ratio between continuum radiation at a certain wavelength and the hydrogen
line intensity depends on temperature in a pure hydrogen plasma: Griem68,69

published the relation of total line versus continuum intensity for all Balmer lines,
where the continuum intensity was taken as the total intensity of a 10 nm band
centered around the associated line. In this work, this line/continuum ratio is
determined as follows. First, a modified Cauchy-Lorentz distribution is fitted (least
squares method) to the emission spectrum in a 140 nm wide band centered on the
H-α (656.3 nm) line, using the following definition:

I = a1
Γ

2π
[
(λ− λ0)2 + (Γ/2)2

] + a2λ+ a3, (9.4)

with fit parameters λ0 (which should be the location of the H-α line), Γ, a1, a2 and
a3. Here, the continuum contribution is given by the linear component a2λ + a3,
while a1 governs the relative intensity of the spectral line, which is described by the
first term. In the experiments, the line/continuum ratio is determined by integrating
both fit components in a 10 nm band around the H-α line. An example is shown
in Figure 9.3.
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Figure 9.3: Demonstration of Cauchy-Lorentzian fit (Eq. 9.4) to the experimentally
obtained plasma emission around the H-α line. The grey band indicates the region
where the ratio of the integrated line and continuum intensity is determined.

In general, the line/continuum ratio decreases for increasing temperature. This
can be seen by analyzing the Saha equation, simplified for singly ionized states
(ni = ne),

n2
e

nH2
=
(2πmekBT

h2

)3/2 2g1
g0

exp
[
− ε

kBT

]
, (9.5)

with electron (or ion) density ne, neutral density nH2, Planck constant h, ionization
energy ε and degeneracy g1 and g0 of upper and lower ionization states (singly
ionized and neutral, in this case). From this, it is clear that the balance between
neutrals and ions is dependent on temperature, which forms part of Griem’s analysis.

Comparison of l/c ratios has been used in the past to estimate average plasma
temperatures in capillary discharges,70 and is used here to study the effect of the
heater laser. It is worth noting that the relations published by Griem for hydrogen
lose their validity when contaminants are present in the plasma, because of the
release of additional electrons at different ionization energies.

9.3.2 Pulse propagation

Propagation of heater and probe pulse individually in the discharge plasma is
diagnosed by the methods described Chapter 2. Centroid shift and output spot
size measurements can be used to derive the matched spot size of the channel, and
in the assumption of Gaussian beams, the full (low-power) beam evolution can be
described by the equations from Ref. 40.
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Based on symmetry, discharge-only plasmas are assumed to be longitudinally
constant, at least between the capillary gas slots (see section 6.5). In the case of
modified channels this is not necessarily the case; if the heater laser is mismatched
or if it self-evolves, the resulting channel will change along the capillary axis,
and misalignment can cause break of radial symmetry. Significant effort is made
to eliminate the latter by careful capillary and laser alignment, but longitudinal
variation in the density distribution is expected. To this end, the channel should be
sampled at various locations. The capillary structure prevents direct measurement
of spot size inside the channel, therefore many of the experiments described in
following chapters are repeated with capillaries of various lengths. This technique is
time-consuming, so where possible, transverse scattering of both heater and probe
beam is used to gain knowledge of propagation properties. Similarly, using the
group velocity measurement technique developed in Part I relies on knowledge of
the pulse propagation, and capillaries of different lengths can be used to verify the
result. Note that if the heater propagation is near-matched, longitudinal variations
in the channel are minimal, greatly simplifying diagnostics and interpretation.

9.4 A model for laser-heated capillary discharge
channels

In order to study the effect of a non-matched heater pulse and to get a better
picture of the distribution of density and temperature in the plasma, simulations
were performed. TheMATLAB code, developed by the author, was based on a semi-
analytical approach, using established equations for Gaussian beam propagation,
Inverse Bremsstrahlung heating and basic assumptions on plasma motion. The
crude model is used to explain some phenomena observed in the experiments, but
redistribution of heat and density over time is strongly simplified.

The simulations were applied to initial conditions matching a series of
experiments done on the low power laser-heater test bench, described in Chapter 10.
The capillary of length 60 mm had an approximately elliptical cross-section with
major axis 815 µm (horizontal) and minor axis 763 µm (vertical) and gas slots
6 mm from each end, but a perfectly cylindrical capillary of diameter 789 µm was
assumed for the cylindrically symmetric simulations, and end effects between the
gas slots and capillary ends neglected. The capillary was filled with hydrogen at a
molecular density of 0.35·1024 m−3 (10.8 Torr measured). A half-sine-like discharge
pulse with FWHM 183 ns, peaking at 384 A was used in the experiments, where the
heater laser was incident 122 ns after the peak of the discharge current. Only the
peak current is used as input for the simulations. The heater laser was adjusted to
energies ranging from 10.2 mJ to 1.50 J, but for the base scenario we have assumed a
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heater energy of 198 mJ, with a wavelength of 1064 nm. A measured temporal pulse
profile was used as input for the simulation (FWHM 9.3 ns). Using the experimental
data, a Gaussian was fit to the heater transverse profile, yielding r0 = 91 µm. A
Gaussian fit to the beam exiting the plasma gave a spot size of 124 µm, with an
FWHM of the raw data of 137 µm and output transmission of at least 92%.

In the semi-analytical simulation, initial conditions for the plasma were
established using a combination of methods. The temperature distribution due
to the discharge was calculated using the formulas for the quasi-static model by
Bobrova et al. in Ref. 34, setting the boundary temperature to ambient laboratory
temperature. Previous measurements of on-axis electron density (Part I of this
thesis) agreed poorly with this model, so in this simulation, the initial electron
distribution was derived from experiments. The density profile was described by
a parabolic curve, with an on-axis density of 0.36·1024 m−3 in the example shown
here. This number was taken from the measurements described in this work for
500 µm diameter capillaries, for lack of a better estimate. We point out that for
the initial laser propagation, this value is of little importance, but the IB-heating
rate is linearly dependent on density (Eq. 9.3). The shape of the parabolic density
profile is determined by a defined matched spot size, for which the best estimate
based on centroid shift measurements is used, i.e. 105 µm in this example.

Since different methods are used to calculate initial temperature and density,
their distributions are not necessarily consistent and a non-uniform pressure results.
Using the ideal gas law P = nkBT to approximate this pressure, Figure 9.4 shows
the initial plasma profile, which is constant along the capillary axis. It can be seen
that the pressure is nearly constant at radii less than 250 µm, the area typically
sampled by the lasers.

Heater propagation was approximated by the known evolution of a Gaussian
pulse inside a parabolic channel, for a pre-defined matched spot size and input
spot size, assuming cylindrical symmetry. The actual (measured) temporal profile
was used to determine the power distribution, and combined with the Gaussian
transverse pulse shape, a laser intensity field was calculated for the entire capillary
at each time step (dt = 0.1 ns). For each timestep and each longitudinal slice, the
matched spot size rm(t, z) inside the channel was determined using the low-power
limit of the integral proposed in Ref. 38:

1
2 =

∫ Rcapillary

0
rdrk2

p

ne(r, z, t)
n0(t, z)

(
2r2

r2
m(t, z) − 1

)
exp

(
−2r2

r2
m(t, z)

)
, (9.6)

where plasma wavenumber kp and the on-axis density serve to scale the radius and
density to dimensionless parameters. The propagation of the Gaussian pulses was
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Figure 9.4: Initial plasma temperature, electron density, and approximate pressure
for the semi-analytical simulations described in Section 9.4.

then calculated numerically by solving for the local spot size w(z), using71

d2w(z)
dz2 = λ2

π2w3(z)

[
1−

(
w(z)
rm

)4]
. (9.7)

Heating of the channel was then introduced, based on the results by David et
al. in Ref. 65, using their results to calculate a heating rate R for every spatial
cell in the simulation. Here, R depends on the local density, temperature and laser
intensity, with the latter being dominant in determining the heating distribution.

For each time step in the simulation, the calculated heating rate is used to adjust
the temperature. A simple model has been devised to account for heat conduction
and density redistribution. The following discussion is based on Braginskii collision
transport theory72. Here, cooling is governed by the electron thermal conductivity,

ke = 3.2nekBTeτe
me

, (9.8)

in erg·cm−1s−1, with the basic collisional time τe, given by

τe =
3√me(kBTe)3/2

4
√

2πne ln Λe4 , (9.9)

yielding ke ∝ T
5/2
e , a strong dependence. This conductivity is used to determine

the electron heat conduction time constant,

τth = L2
tne
ke

, (9.10)
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where an appropriate length Lt must be chosen. It seems reasonable that this would
be on the order of the radial extent of the heater pulse, around 10−4 m, and fine-
tuning of the model to improve agreement with experiments is done by adjusting
Lt. To determine the evolution of the electron temperature over time, the increase
in temperature due to IB-heating is approached as a perturbation δTe,IB of the
discharge-induced background distribution Te0. Relaxation of the temperature to
Te0 is implemented in the model through a Newtonian cooling approach,

Te = Te0 + δTe,IB · e−t/τth , (9.11)

where τth is recalculated in each cell at every time step due to the strong temperature
dependence.

We note that in this model, all electric and magnetic fields have been neglected,
aside from their contribution to the background Te0. In the moderately coupled
plasma observed here, with longitudinal electric fields of order 0.3 MV/m and
azimuthal magnetic field gradients of order 600 T/m this omission is not negligible.
While the electric field exerts a longitudinal force on the charge carriers, the Lorentz
force prevents linear travel, resulting in Z-pinch-like electron paths, with particles
gyrating with a Larmor radius ρLarmor = vme/eB of order 10-100 µm. This effect
can limit heat conduction, but since the mean free path of electrons is of order 1-
10 µm, the effect of gyration is likely small. Still, the heat conduction in our model
can be tuned to account for simplifications by empirically changing Lt, which is
taken to be a constant across the entire channel (but note that ke varies spatially and
temporally). Longitudinally directed grad-B drifts caused by the B-dependence of
the Larmor radius are neglected, as the model does not take longitudinal movement
of particles or heat into account.

Since IB-heating affects primarily the electrons, which dominate the heat
conduction, a two-fluid approach is taken, allowing Te and Ti to vary independently.
Transfer of energy between the two species was taken into account by a heat transfer
rate 3me(Te − Ti)/miτe

73. It is assumed that the temperature distribution moves
along with the density redistribution (since conduction has already been accounted
for separately). In the absence of significant ponderomotive forces from the lasers
(a0 << 1), the electron density ne must follow the ion density ni closely (quasi-
neutrality is assumed). Therefore, the calculated Ti and Te distributions were both
allowed to spread at the ion acoustic velocity,

vac =
√
γZkBTe
mi

, (9.12)

with adiabatic index γ and charge state Z (= 1). Here, γ = γe + γiTi/Te, where we
take γe ≈ 5/3, approaching the electrons as an ideal gas, and γi ≈ 3, corresponding
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to one-dimensional motion. Typically, Te/2 < Ti < Te, so we take γ ≈ 4 to speed
up our calculations, the result of which depends only very weakly on the exact value
of γ.

With ion acoustic speeds of order 40 µm/ns, this redistribution of temperatures
is significant and this is what drives the relaxation of the channel to the quasi-
static discharge-only state. Allowing the temperature distributions to spread is a
computationally less intensive equivalent of calculating the pressure perturbation,
allowing that to equilibrate at the ion acoustic speed, and having the temperature
distributions follow the particle redistribution. Numerically, radial spreading of the
temperature and density is implemented by spreading the thermal energy in each
cell evenly across a region determined by the product of the ion acoustic speed
and the time step size. By keeping the radial pressure distribution fixed, a density
distribution that follows the temperature profile is obtained. This approximation
likely overestimates the density reduction slightly because the pressure is not allowed
to increase. This can be compensated for empirically by adjusting Lt, effectively
reducing (underestimating) the heating rate to match the observed density changes.

Now, we will show some of the results of this simulation. Most notably, Te
and n0 distributions at the peak of the heater (where good probe guiding was
observed in the experiments), as well as the evolution of the matched spot size
profile. Figure 9.5a shows how the intensity of the laser is distributed as it traverses
the channel at the beginning of the pulse, before any modification to the plasma
is caused. The measured temporal pulse profile shown in Fig. 10.16 was used as
input for the temporal profile of the heater. For comparison, Figure 9.5b shows the
intensity distribution at the peak of the pulse, when significant modification of the
plasma profile by the heater has taken place.

A map of the heating rates at the peak of the heater is shown in Figure 9.6.
Rates up to several eV/ns are observed. As expected, the heating rate closely follows
the laser intensity distribution.

Figure 9.7a shows the electron temperature at t = 0, when the peak of the heater
pulse passes the channel. As seen above, the heating rate follows the distribution
of the laser intensity, but since the heater propagation is constantly changing, the
instantaneous temperature distribution shows the cumulative effect of the heater.
The maximum temperature (at t = 0) of ∼10 eV is observed where the heater spot
is smallest at the peak of power, 20 mm into the capillary, while varying by about
20% along the channel axis. The corresponding density distribution is shown in
Figure 9.7b. It is seen that a significant reduction in rm is achieved compared to
the initial value of 105 µm. The longitudinal temperature gradient also results in
a gradient in density, and the matched spot size is modulated, oscillating between
65 µm at the front and 50 µm at z = 20 mm.

We can use the matched spot size at the entrance to compare our result with
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(a) 10 ns before the peak of the pulse.
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(b) At the peak of the pulse.

Figure 9.5: Simulated spatial map of heater laser (1064 nm, 198 mJ) intensity (a)
before heater is intense enough to change the density profile and its own propagation,
and (b) after significant evolution of the channel has taken place. The black line
indicates the 1/e2 radius w(z) of the heater.

t = 0 ns

0 10 20 30 40 50 60
z (mm)

0

50

100

150

200

r (
m

)

0

1

2

3

4

5

6
H

ea
tin

g 
ra

te
 (e

V 
/ n

s)

Figure 9.6: Heating rate R in eV/ns at t = 0, when the peak of the 1064 nm,
198 mJ heater pulse passes the channel. The heating rate is dominated by the
heater intensity distribution, shown in Fig. 9.5b.
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Figure 9.7: Temperature and density distribution for a 60 mm channel with 198 mJ,
1064 nm heater pulse, at the peak of the pulse.

the rm evolution obtained by Bobrova et al. from their 1D MHD simulation59. The
laser and channel parameters are significantly different from the case studied here,
but using the same input parameters, the result shown in Figure 9.8 was obtained.
Reasonable agreement between the simulations is found, with both creation and
relaxation of the rm reduction happening on very similar timescales. A more
oscillatory behavior is seen in the MHD simulation; this is likely a result of the
response from the denser plasma at larger radii to the density perturbation. In
our model, this relaxation is intrinsically smooth, and the channel is approximated
by an infinite parabola, so that a response from the capillary walls is not possible.
Nonetheless, our simple model appears to approximate the time scales and extent
of the matched spot size perturbation well.

A perhaps more useful benchmark is a comparison to simulations done on
the multiphysics code HYDRA74, performed by A. Sefkow, using parameters
from our experiments. HYDRA includes radiation transfer, atomic physics
and hydrodynamic packages and is expected to simulate inverse Bremsstrahlung
accrately. Figure 9.9 shows the evolution of the channel at the capillary entrance,
with a 1.09 J heater. At this energy, a large difference is observed between the
simulations done here and HYDRA results. Inspection of the radial electron density
profile before arrival of the heater (dashed lines in Fig. 9.9b) and at the peak of the
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Chapter 9: Theory and simulations on heating with inverse Bremsstrahlung

Figure 9.8: Comparison of the result in Ref. 59 for a0 = 0 to the simulation method
described in this work, for a capillary with radius 500 µm, with an electron density
distribution described by n0 = 0.2 · 1024 m−3 and rm = 145 µm, and a heater laser
of 1 J at wavelength 1 µm, with a 2 ns-long temporal profile described by a cos2(t)
function with FWHM 1 ns. In Ref. 59, a sin2(r) function resembling a Gaussian
with r0 = 145 µm is used to describe the radial profile, while for our simulation we
used an actual Gaussian distribution. To compare with the 1D simulation, we use
only the temporal evolution at the capillary entrance where no self-evolution takes
place. Lt was chosen to be the same as for the test bench experiments, the dashed
and dotted lines shown the effect of varying Lt by 50 µm.
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9.4 A model for laser-heated capillary discharge channels

heater pulse (solid lines in Fig. 9.9b) shows that the assumed density profile before
the heater is significantly different: the simple parabolic curve assumed here does
not match the HYDRA simulation. To decouple the effect of the initial density
assumption, we applied our simulation to the same initial (discharge-only) density
profile. The result (shown by the green dotted line) matches the density profile
reasonably well, although rm still differs from the HYDRA result. This can be
addressed to some extent by adjusting Lt, although the morphology of the HYDRA
result is never perfectly reproduced. We conclude that improvement of our simple
parabolic initial density profile model should be investigated.

(a) Matched spot size at different times
relative to the heater pulse peak.
Dashed/dotted lines show results for
different Lt.

(b) Simulated radial density profile at the
peak of the heater (t = 0 ns); dashed
blue/red lines show the profile before the
heater arrives.

Figure 9.9: Comparison of HYDRA simulations to the method developed here.
Input parameters: capillary radius 400 µm, discharge peak current 384 A, hydrogen
pressure 10.9 Torr, heater energy 1.09 J, wavelength 1064 nm, input spot size 91 µm.
Temporal profile of heater derived from experiment, with FWHM 10 ns. rm was
obtained from the simulations with the method given by Eq. 9.6. Only the result
at the capillary entrance is compared. Lt was chosen to be the same as for the test
bench experiments, the dashed and dotted lines shown the effect of varying Lt.

To determine the best time to guide a probe/driver pulse, the evolution of
rm over time is of importance. Figure 9.10 shows the variation over time for the
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Chapter 9: Theory and simulations on heating with inverse Bremsstrahlung

present case of a 198 mJ heater pulse. The greatest local reduction in matched
spot size is found just after the peak of the heater, but this also causes a significant
longitudinal gradient in rm. Later, the density depression relaxes and the profile
gradually becomes more uniform as the matched spot size increases. Simulation
results for rm at different heater energies are presented in Appendix A. It should
be noted that cable impedance and response time of the photodiode used to obtain
the temporal profile convolute the signal; the relatively long tail of the pulse is likely
an experimental artifact. This is considered to be of little importance to our results,
since the region of interest for the experiments is within 10-15 ns.
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Figure 9.10: Evolution of the matched spot size in the channel with a 198 mJ,
1064 nm heater pulse. The approximate power profile of the heater laser is shown
by the dashed line.

To allow comparison with experimental results, averaged temperature plots are
shown in Figure 9.11. A distinction is made between a radial average and cross-
sectional average. The former is associated with diagnostics where temperature
is measured along the diameter, a one-dimensional chord through the center of
the plasma, whereas the latter averages the temperature in a full, two-dimensional
radial slice (a cylindrical section with thickness δz). The results in Figure 9.11b are
based on a simulation associated with the experimental results plotted in Fig. 10.6a.
In the simulation result, a rapid rise in temperature is observed, peaking near the
peak of the heater pulse. The temperature is slightly higher at higher density when
measured with the slice-based method, as is expected due to the ni dependence of
the heating rate.
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20 ns from the peak of the heater pulse, for
the 198 mJ case described in Section 9.4.
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Figure 9.11: Simulated temperature distributions as they may be obtained with the
gated spectrometer setup described in Section 10.1.
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While the main properties of the heater and plasma evolution in our model
have been discussed, the propagation of a probe beam is of particular interest
for the experiment. This is done in the same fashion as the propagation of the
heater, by applying Gaussian propagation theory to the approximated rm. For the
experiments referenced in this section, simulation results are shown in Figure 10.16,
and reasonable agreement with the experiment is found. A more detailed analysis
of the differences and agreement between model and experiment is provided in the
next chapters.
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Chapter 10

Test bench experiments and
simulations

To demonstrate the effect of a laser-heater on preformed plasma channels,
experiments were designed in two phases. The first phase consisted of a low power
test bench, built around a vacuum chamber that was designed as a duplicate of the
BELLA beamline target chamber. Sub-µJ pulses serve as the probe on the system
with small footprint (several m2). The test bench was designed for extensive plasma
channel diagnostics to precede implementation on the main BELLA beamline. This
second phase of heater implementation consisted of designing and building the
capability to guide a heater pulse collinearly with the driver pulse, with minimal
impact on the existing BELLA beamline.

Both setups were designed and built by the author with support from the
BELLA technical and scientific staff, with the exception of the implementation
of the density diagnostic on the test bench, which was built by C.V. Pieronek.

Capillary targets were shared between the two heater setups, with sapphire
capillaries of the same basic design as shown in Fig. 2.1. The typical dimensions
were 90 mm length, 800 µm diameter, with 2 gas slots (1 for gas feed, 1 for pressure
sensing, approximately 1 mm2 cross-section each) located 6 mm from each end. A
replaceable ceramic protective pellet with 790 µm bore and 5 mm thickness was
used to protect the capillary entrance and discharge electrode from laser damage.

10.1 A low power laser-heater test bench

The low power test bench was developed in a room adjacent to the BELLA laser
room. Two new laser sources were implemented. Firstly, a laser-heater line,
consisting of a Continuum Powerlite Nd:YAG system operated at 1 Hz, delivering
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Chapter 10: Test bench experiments and simulations

up to 2.3 J of 1064 nm light in a 12 ns FWHM pulse. Secondly, a 1 kHz single-
mode fiber source, transporting a small (∼37 nJ) amount of 800 nm light from the
BELLA frontend system to the test bench, through a 25 m long fiber. The input
to the fiber consisted of the partial output of a Regenerative amplifier (RA), which
amplified the pulses from a Coherent Vitara-T 73 MHz oscillator58. This RA output
was chirped with a group velocity dispersion (GVD) of 1.6·106 fs2, yielding a pulse
duration of order 100 ps. A small fraction of the energy produced was launched
into a FC/PC-connectorized fiber using a 10x microscope objective. Significant
dispersion occurs over the fiber length, but the magnitude was not quantified.

Both the long pulse and short pulse beams were conditioned to provide the
right focal spot size. This was done on a setup denoted as the laser source area in
Figures 10.1 and 10.2. The 1064 nm heater pulse first passes a half-waveplate and
polarizer combination used to tune laser energy. After that, leakage light through a
mirror is focused on a CCD to serve as a (far field) pointing diagnostic, allowing for
correction of laser output pointing drifts. An attenuator consisting of two mirrors
at 45◦ from the beam axis can be used to switch between full beam power and
a low-power alignment mode. In alignment mode, the attenuator has an effective
optical density (OD) of 4, whereas the optics are completely removed in full power
mode. The two mirrors are angled such that the transverse beam displacement from
the angled surfaces on the first optic is negated by the second optic. Following the
attenuator is a telescope, resembling a Keplerian design: the laser is focused (by
lens H-TL1 with focal length 565 mm), where the area near focus is inside a small
vacuum chamber to avoid pulse degradation by ionization of air. After focus, the
beam is collimated again, either by a single lens (H-TL3 only, H-TL2 not present)
of focal length 1130 mm to provide a 2x beam expansion, or by two lenses (H-TL2
present, f=-1130 mm) which can be shifted longitudinally to allow control of beam
size, but are typically set up for expansion by 3x. Another far field pointing camera
aids alignment, while a camera imaging a card behind a 1% transmissive mirror
records the near field beam profile (H-NF1).

Using a fiber splitter and a reflective collimator, approximately 50% of the short
pulse energy in the fiber is collimated into a 12 mm diameter beam. A two-lens
Galilean telescope expands the beam by 3x, after which a near field diagnostic
records the transverse input pulse profile. The final mirror in the 800 nm line is
motorized for increased alignment precision.

The pulses are combined by a single optic, which rejects a small amount of
each wavelength. Two photo diodes are used to measure the relative timing of
the two pulses. After the beams are combined, a plano-convex focusing lens
(f1064nm=1.70 m, f800nm=1.68 m) changes the divergence of both beams just before
the vacuum chamber, yielding a typical f-number of 85 for the 1064 nm beam (3-
lens telescope) and 85 for the 800 nm beam, where the FWHM has been used as
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10.1 A low power laser-heater test bench

the beam diameter for the 1064 nm beam, since the near field profile resembles a
top-hat shape. The 1/e2 diameter was used for the near-Gaussian 800 nm beam.
The spot sizes at focus were measured to be 94 µm and 62 µm for the heater and
the probe, respectively (see Figure 10.3). The final telescope lens location of the
800 nm line is adjusted to ensure that the focal location for both wavelengths is the
same.

Inside the vacuum chamber, the capillary target is installed on a motorized
hexapod for accurate alignment to the beams. A gated camera (Andor iStar) with
an adjustable gate width down to 2 ns is used to image the capillary, where a slit and
grating are installed to spectrally disperse the light, providing a measurement of the
longitudinal spectral evolution. After the target, a positive lens roughly collimates
the beams before the leave vacuum. A movable mirror with high transmission
at 1064 nm allows redirecting of nearly all 800 nm light to the plasma density
diagnostic. This setup resembles the setup described in Fig. 4.1, except the bypass
pulse is provided by an extended single-mode fiber and fiber collimator. This extra
fiber length (3.4 m) introduces additional dispersion of the bypass pulse, resulting
in spectral fringes as presented in Figure 5.4. This requires a different analysis
technique, developed by C.V. Pieronek. The method employs a different background
subtraction technique and a 2D spectral phase fit, and will be described in a future
publication.

If the movable mirror inside vacuum is pulled out of the beam path, the pulses
propagate to near field and far field diagnostic cameras. The latter can be moved to
image a range of locations inside the chamber, including the capillary entrance and
exit planes. This forms the main diagnostic of laser propagation inside the channel.

The purpose of the low power test bench was to diagnose the plasma and
the heater propagation in detail on a flexible system with small footprint and
good access, in contrast with the robust BELLA system, which requires more
effort in terms of alignment and personnel support, and may be used for other
experiments. The gated camera was used to diagnose plasma heating effects of
both discharge-only and laser-heated plasmas, and output mode analysis was used
in conjunction with centroid shift measurements to determine the discharge-only
matched spot size (see Section 2.2.1). The heated channel was then probed with
the low-power short pulse at various times to study the evolution of the channel
modification. The obtained information was used to link with simulations in an
effort to determine the conditions at any location inside the channel. Finally, the
longitudinal interferometry method detailed in Part I was applied to obtain an
estimate of any density modifications. The results of the different diagnostics are
discussed in the following sections.
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Figure 10.1: Schematic layout of the laser source area on the low-power test bench.
Far field (FF) and near field (NF) camera locations are indicated for both heater
(H) and probe (P) beam lines. Both lines share a final focus lens.
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Figure 10.2: Schematic layout of diagnostics on the low power laser-heater test
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Figure 10.3: Horizontal lineout of probe and heater pulses on low-power test setup.
The Gaussian fit of the heater and probe beams yields r0 of 94 µm and 62 µm,
respectively. The FWHM is 111 µm and 73 µm, respectively.
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10.2 Time-resolved transverse spectrometry

10.2 Time-resolved transverse spectrometry

The basic theory of spectral plasma emission features was explained in Section 9.3.1.
Studies of emission were done both for discharge-only and laser-heated plasma tests.
Figure 10.4 shows the discharge-only result for a 90 mm long capillary with slightly
elliptical cross-section with major axis 531 µm in the horizontal plane and minor
axis 501 µm in the vertical plane. In this case, a narrow region in the center of the
plasma <5 µm in the transverse direction and 5 mm in the longitudinal direction
was imaged, providing an estimate of the average temperature along the capillary
radius, which will be referred to as the radially averaged temperature, which differs
from the cross-sectionally averaged temperature. For the discharge pulse peaking
at approximately 400 A, temperatures up to 4 eV are measured. As a reference, the
plot also shows a radial average of the temperature distribution described by the
quasi-static model by Bobrova et al. for these conditions34. Note that the quasi-
static equilibrium condition is not necessarily met in this experiment. As a result,
our measurements and the model converge later in time where the transient effects
of rapidly changing current are reduced.

Figure 10.5 shows how the peak temperature (near the peak of current) depends
on hydrogen density in the same capillary as above. A weak dependence is found
for densities 0.2·1024 m−3 and above, while a significant increase is measured at
lower pressure, with larger uncertainties. From the spectra shown in Figs. 10.5b
and 10.5c, we see that while the absolute plasma emission increases at higher
density, but continuum and Balmer line intensity increase by equal factors. At low
density however, the signal-to-noise ratio is reduced significantly and the signature
of aluminum contaminants appears in the sub-500 nm regime. This could be due to
ionization of remaining on-axis neutrals occuring faster at lower density, reducing
the relative intensity of the H-α line compared to the contaminant radiation.
This radiation signifies ablation of the capillary wall, so that the use of Griem’s
line/continuum ratio relations is no longer warranted.

Using the conditions in Fig. 10.4 as the base parameters, the heater laser was
introduced 30 ns after the peak of discharge current, and set to deliver an energy of
2.3 J at the capillary. We studied the effect on the temporal evolution of the spectra
in 6-ns steps, adopting a time scale relative to the peak of the heater laser. At each
time, 70 consecutive shots were taken to improve statistics, and the following plots
show median as well as first and third quartile values. Figure 10.6a shows how the
line/continuum ratio (l/c ratio) for the H-α line evolves over time as the heater pulse
passes, for different densities. For convenience, the l/c ratio has been converted
to an eV scale, indicating the temperature if the source were an uncontaminated
hydrogen plasma. For all densities shown, a significant increase is observed in the
10 ns after the peak of the heater pulse passes, followed by a drop before leveling
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Chapter 10: Test bench experiments and simulations

Figure 10.4: Radially averaged electron temperature Te in a discharge-only capillary
plasma. A 90 mm long, elliptical 531x501 µm capillary was used at a neutral
hydrogen density of 0.51·1024 m−3 (15.7 Torr). Temporal evolution of temperature
is obtained by varying the timing of the camera gate relative to the peak of discharge
current. Each point represents the median of 50 shots at the same camera gate
timing setting. Gate width was fixed at 6 ns. Error bars show the quartile ranges.
Estimates based on the quasi-static model (QSM) by Bobrova et al. are shown for
reference.
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10.2 Time-resolved transverse spectrometry

(a) Radially-averaged temperature
for a range of densities. Error bars
indicate the quartile ranges. Paren-
theses indicate points with low con-
fidence due to plasma contamination
dominating the spectrum.

(b) Spectra for different densities.

(c) Normalized spectra for different densities.

Figure 10.5: Discharge-only, diameter-averaged Te at the peak of discharge current
for a range of different capillary densities. On-axis electron density is indicated in
(a), which has been calculated using the scaling law in Eq. 6.2.
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off at a level above the original state. This morphology resembles the simulated
result shown in Fig. 9.11b, but at significantly later time. Later in this work,
changes in the channel are measured with a probe laser pulse, where an effect is
also clear well before the peak of the heater pulse passes the plasma, in agreement
with the simulation. In the spectral measurements presented here, the effect of the
heater only becomes apparent after the peak passes, which is attributed to the time
required for a significant volume of plasma to change ionization degree and show a
spectral response to the heater. This delay is increased by the fact that the plasma
at larger radius contributes more strongly to the emissions due to the higher density
off-axis; heating is slower in those areas because of the lower heater intensity and the
time required for heat to be conducted from the channel axis. Overall, agreement
of the l/c ratio with the temperature in the model is poor. We suspect that the
spectroscopic temperature diagnostic is compromised at these parameters due to
contaminants in the plasma. However, a rapid rise in temperature of several eV
indeed occurs, and it is unsurprising that this was resolved to some extent in the
experiment.

In order to determine what is actually happening in the plasma, it is instructive
to compare the spectra at various times and pressures. Figure 10.6b shows
normalized spectra of the peaks of the l/c ratios of the same three densities. The
spectra of the two lowest densities are nearly identical, and display clear Al-III
contaminant lines at 453 nm and 570 nm. This means that the l/c ratios for
these spectra cannot be used to accurately determine the electron temperature in
the plasma. The large spread of the quartiles in Fig. 10.6a are testament to the
transient occurrence of wall ablation affecting the emission spectrum. At this point
it is worth noting that stronger heating is expected for higher density (see Eq. 9.3),
but the figure appears to show an opposite trend. The increasing contribution of
electrons freed by wall ablation at lower pressure can explain a rise in continuum
radiation, lowering the apparent temperature.

Figure 10.7 shows the temporal evolution of emission spectra. For the case of
0.48·1024 m−3 initial molecular density (Fig. 10.7a), appearance of contaminants
is faintly visible at 18.4 ns and later. At 18.4 ns, the intensity of the H-α line is
significantly reduced compared to the spectrum before heater arrival. This likely
indicates a reduction of neutral hydrogen present in the plasma, associated with
heater-induced ionization. The continuum between the Balmer lines also increases
at this time. Later, the continuum level is seen to slightly decrease as the plasma
cools again. Perhaps surprisingly, the intensity of the H-α line then increases
past pre-heater levels. This increase in n=3→2 transitions could be associated
with an increased rate of hydrogen recombination due to release of electrons from
contaminants. Applying the Saha equation (Eq. 9.5) this relation is clear, although
we note that the contaminant species should be included in a proper analysis of
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10.2 Time-resolved transverse spectrometry

(a) H-α line/continuum ratio of plasma emission at different densities. The vertical axis
units have been converted to electronvolt, using Griem’s relations for a pure hydrogen
plasma. Error bars indicate the interquartile range.

(b) Plasma spectra for different densities at the peak observed in (a). Each spectrum is an
average of 70 consecutive shots.

Figure 10.6: Pressure dependence of transverse capillary plasma emission, with
2.3 J, 1064 nm heater pulse, on the heater test bench, using a 90 mm long, 500 µm
diameter capillary.
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plasma ionization and recombination processes. In addition, the late timing in the
discharge means that ohmic heating has reduced, and the plasma may be cooler
than before the heater arrival, increasing the recombination rate.

For an initial density of 0.29·1024 m−3, contaminant lines are clear at 17.9 ns and
after, with intensity increasing between 17.9 ns and 36.2 ns (Fig. 10.7b). The relative
reduction in H-α emission is smaller than in Fig. 10.7a while continuum increase
is significant. This could indicate that much of the heater energy is absorbed
by the walls, or, perhaps more likely, that ionization levels in the region of the
heater are already so high at this density that the presence of the heater makes
little difference in the abundance of neutral hydrogen. An almost 2x increase in
H-α intensity at later times (more than observed at higher density) may indicate
significant recombination due to large quantities of electrons released by ablated
wall material.

These qualitative observations show that the heater laser indeed does deposit
significant amounts of energy in the plasma. However, reliable quantitative
measurements of the plasma temperature are difficult to obtain with the methods
described: not only do contaminants introduce error in use of existing l/c ratio
formulas, but the measurements are convoluted by several effects. The small field
of view of the diagnostic samples only a ‘slice’ of plasma (of which the shape
of the temperature distribution is not known), and scattering of light on the
unpolished capillary walls adds further uncertainty to the measurement. Despite
these concerns, it is clear that the heater has a significant impact on the plasma,
heating and eliminating neutrals from the core, introducing relatively cold, heavy
contaminants from the wall and raising continuum emission. How these effects
modify the radial plasma density distribution, and hence guiding of a probe or
driver pulse, is studied in the next sections.

10.3 Pinhole closure
Initial experiments of heater and probe guiding revealed a problem when operating
500 µm diameter capillaries: laser-induced ablation of the protective pellet and/or
electrode and wall material was found to affect the coupling of the laser pulses into
the plasma channel. The heater pulse is long enough to ionize the ablated material,
forming a plasma at the edges of the capillary entrance which expands to cover the
capillary bore to some extent. Depending on the density distribution, this plasma
can cause deflection or divergence changes, changing the properties of the laser
before being coupled into the plasma channel. This was observed as a dramatic
reduction of both heater and probe energy transmission as measured by the total
irradiance levels on the mode imager cameras. Figure 10.8 compares this effect for
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(a) Evolution of plasma spectra for 0.48·1024 m−3 hydrogen density, showing minimal
contamination. Each spectrum is an average of 70 consecutive shots.

(b) Evolution of plasma spectra for 0.29·1024 m−3 hydrogen density, showing significant
contamination. Each spectrum is an average of 70 consecutive shots.

Figure 10.7: Time dependence of transverse capillary plasma emission, with 2.3 J,
1064 nm heater pulse on the heater test bench, using a 90 mm long, 500 µm diameter
capillary.
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a heater energy of 145 mJ and 528 mJ, on a 90 mm long capillary with major and
minor axes of 536 µm and 490 µm, respectively. At 145 mJ, the transmission of
the probe is unaffected, but at 528 mJ, almost complete extinction of the probe
pulse occurs, as well as a significant reduction in heater output. Figure 10.9 shows
that even before full extinction, the transverse profile of the probe output pulse is
significantly affected. In addition, a plasma plume was visible in front of the target.

Figure 10.8: Energy transmission of the probe laser at different timings of the probe
relative to the heater. Each point indicates the median value of 5 shots. At 145 mJ,
the FWHM of the heater pulse is approximately 25 ns (blue dotted line), while at
the 528 mJ setting the pulse duration was measured to be 17 ns (red dotted line).
The dashed lines indicate the heater laser energy transmission at different energies,
which is reduced by pinhole closure. Error bars indicate the interquartile range in
the data (obscured by the marker size for the blue and black data). The capillary
had length 90 mm, and an elliptical cross-section with major and minor axes of
536 µm and 490 µm, respectively.

Pinhole closure has been observed by many authors in the past, for example
in applications where pinholes are used as a spatial filter for high-powered laser
pulses75–81. Milam et al. found that pinhole closure on carbon, white delrin
and aluminum targets occurs at speeds of 0.09 mm/ns after irradiation with
130 GW/cm2 laser power, and that this velocity scales linearly with intensity. In
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10.3 Pinhole closure

our case, at 528 mJ, closure of the 257 µm radius pinhole occurs in about 20 ns,
depending on definition. Figure 10.10 shows the average intensity of the heater at
outer radii. Intensities upwards of 5 GW/cm2 are observed outside the capillary
and protector pellet radius. Hence, pinhole closure appears to occur at a rate of
0.01 mm/ns at an irradiance at the capillary edge of order 5 GW/cm2.

Figure 10.9: Capillary output probe profiles at different times relative to the heater
peak, for a heater energy of 528 mJ (red diamonds in Fig. 10.8).

Figure 10.10: Average heater intensity at the capillary entrance. The approximate
outline of the capillary is overlaid in white. The color scale has been adjusted to
reveal more detail at larger radius.

If the speed of closure is low enough, the probe pulse may pass the capillary
entrance before pinhole closure occurs, in which case the effect may be of no concern
(barring cumulative target damage). Figure 10.11 compares the probe output spot
size for the two heater energies and a discharge-only plasma to the input spot size.
In the absence of a heater laser, the output spot size is nearly the same as the input
spot size, which indicates either near-matched guiding, or the location of a node in
the spot size oscillation at the capillary exit plane (see Eq. 2.3). With the heater,
the output spot size is larger than the input spot size, indicating that the channel is
still too weak to keep the probe confined (rm > r0). For now, we have assumed that
the channel is longitudinally homogeneous. In order to achieve the desired effect of

89



Chapter 10: Test bench experiments and simulations

the heater, i.e., to reduce the channel’s matched spot size, a higher heater energy
may be required. Pinhole closure would certainly be prohibitive in the current
configuration, so several options were pursued. A spatial filter was considered, with
tapered80 or glass81 pinholes. Experiments of extended duration at laser energies up
to 2.5 J showed however that pinhole closure from the ceramic pellet had reduced
to a <3% effect on probe transmission once the pellet was ablated to a large enough
bore, approximately 700 µm in diameter. For this reason, subsequent experiments
mainly used 800 µm diameter capillaries, successfully avoiding pinhole closure under
most conditions, and reducing the risk of catastrophic target damage during high-
power driver experiments on the BELLA system.

Figure 10.11: Probe output spot size, determined as the radially averaged 1/e2

intensity radius, for different heater levels, at the exit of a 90 mm long capillary.
Error bars indicate the interquartile range of the data. The capillary had length
90 mm, and an elliptical cross-section with major and minor axes of 536 µm and
490 µm, respectively.
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10.4 Guiding of the heater laser

To study guiding of the heater laser by the plasma channel, capillaries of different
lengths were used to effectively sample the channel at different locations. Between
the different capillaries, the maximum discharge current varied by up to 20%, due
to target resistance and discharge system changes. This can affect the initial plasma
temperature by a similar amount, but should barely change the heater propagation.
Capillaries used were a 33 mm long, 710x771 µm elliptical target (peak current
550 A), a 60 mm long, 815x763 µm elliptical target (400 A peak) and a 90 mm
long, 765x791 µm elliptical target (500 A peak). In all cases, the discharge current
had a half-sine-like shape of 250-290 ns duration, where the heater laser was set
to arrive nominally 100 ns after the peak of current. The heater output profile
was insensitive to exact timing, showing no significant change in spot size in the
window between peak of current and the node in the current profile. Figure 10.12
shows the measured output spot size (FWHM) from the different capillaries, at
different pressures. Centroid shift measurements on the 60 mm capillary yielded an
estimated matched spot size of 119 µm and 106 µm for initial molecular densities
of 0.39·1024 m−3 and 0.70·1024 m−3, respectively. The propagation of a Gaussian
pulse in such a channel is also shown in Fig. 10.12 (from Eq. 2.3). Agreement
with the output spot data for the different capillaries is poor; the capillaries vary
slightly in diameter but the main source of the difference is believed to be the
asymmetric non-Gaussian heater input pulse, which propagates differently from a
perfect Gaussian, as shown in Figure 10.13. Nonetheless, it is clear that the channel
is strongly mismatched to the laser; at 7 mJ (movable attenuator in), the heater
diffracts significantly before being focused again to a large extent near the end of a
90 mm channel. At higher energy, in the absence of self-evolution, such propagation
characteristics would result in less localized heating, likely reducing the effect of the
heater near the longitudinal center of the channel.

Figure 10.14 shows sample images for the output profile of different capillaries,
at different heater energies. While some asymmetry exists at the channel input
(0 mm), this is much more severe at 33 mm and 60 mm for the 7 mJ case. There,
the laser is clearly not well described by a Gaussian profile, which explains the
disagreement in Fig. 10.12. Again, the laser seems well confined at the output of
the 90 mm target. It is important to note the differences for increasing heater
energy. While the difference in input profile is minimal when energy is changed, the
output profiles change significantly. For increasing laser energy, the laser appears
increasingly well confined. This is attributed to the response of the plasma to the
long heater pulse; enough time elapses between the front and tail of the pulse that
the tail encounters a plasma that is already locally heated by the front of the pulse.
At an electron temperature Te of 3 eV, the ion acoustic speed (cs = (γTeZ/µ)1/2,
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Figure 10.12: Measured horizontal intensity profile FWHM of a low-energy heater
pulse after different length capillaries. As a reference, the longitudinal evolution of
a Gaussian pulse is shown for two different matched spot sizes, where 119 µm and
106 µm match centroid shift measurements of the matched spot size on a 60 mm
target with initial molecular density 0.39·1024 m−3 and 0.70·1024 m−3, respectively.

Figure 10.13: Measured propagation of the 1064 nm heater pulse on the low-power
test bench in vacuum (median and quartile values for 5 shots shown), compared
to that of a Gaussian with the same focal spot size. While similar near focus,
the difference is significant even within one Rayleigh length (zR ≈ 27 mm for the
Gaussian). Error bars indicate the interquartile range of the data.

92



10.4 Guiding of the heater laser

with ion/proton mass ratio µ, charge state Z and adiabatic index γ ' 4) is of
order 30 µm/ns, meaning that there is ample time for the density to redistribute
significantly upon heating during the passing of the pulse of order 20 ns. Essentially,
the back of the heater pulse encounters a different waveguide. This is clear from
Figure 10.15, where the change in output size is shown as the capillary pressure is
increased. The evolution at different energies is quite different; even at relatively
low initial density (∼0.2·1024 m−3), the spot size is small due to the location of
the node in the spot size oscillation. However, the self-guiding effect of the more
energetic pulse effectively makes a stronger guide for the rear of the pulse, shifting
the node further forward, away from the capillary exit, and yielding a larger spot
at the capillary output (around 0.5·1024 m−3). A similar reduction in the spot
size oscillation period occurs in the 7 mJ case as pressure is increased, due to the
decreasing matched spot size of the channel. However, a mode size similar to that
with 200 mJ is not observed until (0.75·1024 m−3). Overlap of the two curves below
0.3·1024 m−3 suggests that the heater has little effect on its own propagation below
that density; the matched spot size of the channel may not be influenced by the
heater.

An important conclusion from the different curves at different heater energies
is that a plasma channel that is well matched to the input laser spot size is not
actually desired for the long pulses at hand, since the self-guiding would result in
modulation of the heater spot along the channel, causing ‘hot spots’ due to IB-
heating. A larger matched spot size – a weaker channel – may actually be required
to achieve a more homogeneous distribution of heating. A model simulating these
effects was presented in Section 9.4.
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Figure 10.14: Images of the heater beam after different channel lengths for an initial
molecular density of 0.44·1024 m−3. For each situation, the horizontal FWHM is
shown. Each image has been scaled to the maximum value shown. Due to laser
improvements and telescope changes, a larger and more symmetric input pulse was
used for the 90 mm data, as shown by the bottom image.
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Figure 10.15: Evolution of heater spot size at the 90 mm capillary output for
increasing density, at two different heater energies. Error bars indicate interquartile
values.

95



Chapter 10: Test bench experiments and simulations

10.5 Guiding a low-power probe pulse with a heated
channel

The effect of the heater laser on the plasma waveguide was studied by propagating
a low-energy probe pulse through the channel, at varying delays between the heater
and probe. Figure 10.16 shows how the spot size of the probe at the end of the
60 mm capillary is affected, at an initial hydrogen density of 0.39·1024 m−3. The
images show a very clear reduction of the spot size when the probe is timed near the
peak of the 198 mJ heater pulse. The probe pulse was aligned to the channel created
by the heater; this may be the reason the probe pulse is asymmetric when timed
away from the heater pulse. Either the heater was misaligned, causing the heated
channel to deviate from the discharge-only channel, or the heater and probe may
not have been perfectly collinear. It is clear that without the heater laser, the probe
pulse (r0 = 60 µm) is strongly mismatched with the channel, which has matched
spot size 119 µm (see Fig. 10.12). At early times in Fig. 10.16, the output spot size
is 245 µm FWHM, which, despite the observed asymmetry, agrees very well with
the 247 µm that is expected for a Gaussian pulse in a perfectly parabolic channel.
This shows that the pulse, coming from a single-mode fiber, indeed matches the
propagation of a Gaussian pulse.

In order to explore the tunability of the heated channel, probe guiding was
studied for different heater energy levels from 10.2 mJ up to 1.93 J. Figure 10.17
shows a summary for several energies. The same measurements were performed at
intermediate energies with 100 mJ increments up to 1.00 J and 1.50 J, but results
are not shown as they follow the same trend. Without a heater pulse present, there
is no significant change in the output spot, as the timing change of 22 ns is too small
to register changes in the discharge-only plasma. At the low energy of 10.2 mJ, the
heater already yields a clear effect, becoming more significant at 98.5 mJ, where
a mean spot FWHM of 99 µm is reached, 3 ns after the peak of the heater pulse.
Further increments in heater energy bring the smallest observed output spot size
down to 80 µm, still slightly larger than the input spot size of 72.7 µm FWHM.
This means that the effective matched spot size of the channel never drops below
the size of the input spot r0, however it is possible near-matched conditions are
reached. For increasing energy, the minimum output spot (the strongest channel) is
reached at earlier times, as increased energy in the leading part of the pulse induces
more rapid modification of the channel. The duration of the guide seems to shorten
for higher energy. This is attributed to pinhole closure and plasma contamination;
while full rejection of the probe pulse is never observed (transmission exceeds 88%
in all cases at all times and appears independent of heater energy), heater output
transmission reduces to 94.5% and 89.1% at 499 mJ and 1.93 J, respectively.
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Figure 10.16: Spot size evolution of the probe (blue points) at the output of the
channel for different probe timings relative to the peak of the 198 mJ heater (black
line). Images show the (normalized) average of 5 images at various times. Spot
size is calculated as the average of the FWHM of the full image in the horizontal
and vertical direction. 5 images at each timing are used to calculate the provided
statistics (median, 1st and 3rd quartile). Simulation images are created using the
methods detailed in Section 9.4 with Lt = 150 µm. Initial molecular hydrogen
density was 0.39·1024 m−3.
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Interestingly, at 1.93 J, the probe output spot size reduced again 8 ns after the
peak of the heater. This may be related to the effects of contaminant material
contributing to the electron density for higher energy, as the timescale matches the
time it would take a density perturbation to travel the 400 µm from the wall at an
ion wave speed of order 50 µm/ns. This hypothesis is consistent with the findings
in Figs. 10.6 and 10.7, where for the lower densities as shown here, significant line
emission from aluminum is observed (at 2.3 J heater energy).

The experiments described here marked the first time probe guiding was
diagnosed in a capillary discharge channel with IB-heating from a separate pulse.
While a full understanding of probe propagation in the channel cannot be derived
from the output spot size only, capillaries of different lengths can be used to
effectively probe the channel at different locations. Such experiments have been
performed on the BELLA system, explained in Chapter 11.
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10.5 Guiding a low-power probe pulse with a heated channel

Figure 10.17: Channel output spot size as a function of delay from the heater peak,
for different heater energy levels. Line thickness increases for increased energy. The
dashed black line indicates the size of the beam at the capillary input, while the red
line indicates the result when the heater is blocked (the plasma channel is formed by
the discharge only). Capillary length 60 mm, initial density 0.39·1024 m−3. Error
bars indicate the interquartile range of the data.
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Chapter 11

Experiments on the BELLA
beamline

After initial heater experiments on the low-power test bench showed promising
results, a heater beamline was designed on the BELLA PW system. In this
chapter, the experimental setup and two sets of experiments with different heater
wavelengths are discussed.

11.1 Laser-heater setup on BELLA

The implementation of a heater line on the existing beamline was based on the test
bench setup described above, but modified to fit the main constraint of the 12.5 m
minimum focal length possible for the final focusing optic (due to the location of
existing optics), as well as space constraints. A brief overview will now be given of
the BELLA beamline before detailing the heater setup. An extensive report of the
BELLA laser parameters and amplification stages can be found in Ref. 58. More
information about the beamline design, high power diagnostics and electron beam
diagnostics is provided in Refs. 4 and 5.

11.1.1 BELLA beamline

Figure 11.1 schematically shows the BELLA beamline, including the main laser-
and electron diagnostics. Not shown are the individual amplifier and pulse shaping
stages, as well as beam alignment diagnostics. The Ti:Sapphire-based BELLA PW
laser can be described by several modules: a frontend system generating the main
pulse characteristics, and 3 consecutive amplifier stages (AMP1, AMP2, AMP3)
boosting the pulse energy from 40 mJ up to 1.5 J, 20 J and 60 J, respectively. The
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Chapter 11: Experiments on the BELLA beamline

amplification stages form a two-part chirped-pulse amplification (CPA) system82,
separated by a cross-polarized wave contrast enhancement system in the frontend.
The laser energy out of AMP1 is fixed, but energy after AMP2 and AMP3 can
be tuned in several ways to provide a range of power levels at the target. AMP2
consists of a Ti:Sapphire crystal pumped by 4 THALES GAIA 532 nm pump lasers,
AMP3 consists of another Ti:Sapphire crystal pumped by 8 additional GAIA pump
lasers. The number of pump lasers pumping the crystals can be varied, giving
coarse power level adjustments. Furthermore, between AMP2 and AMP3, a variable
attenuator can be used to control the energy in 1% increments, and an additional
attenuator can be inserted to provide 97% rejection. Importantly, although the
amplifier crystals are liquid-cooled, varying pump energy levels and extraction levels
result in significant thermal lensing effects. To correct for this and other beam
aberrations, a deformable mirror (DM) is installed after AMP3. After the DM, the
beam enters the vacuum system and is compressed. Following the compressor, an
off-axis parabolic mirror with focal length 13.5 m focuses the beam, after which the
final steering mirror points the beam onto the capillary target.

After focus, the laser beam is allowed to diverge for 10.5 m where a wedged
optic with a 25.4 mm diameter hole allows sampling of the laser pulse after
plasma interaction, while allowing any electron bunches to pass through to the
electron diagnostics. Detailed explanations of the electron beam diagnostics are
available elsewhere in Refs. 4, 5, 83–85, a short summary is given here. The
transverse electron beam profile is recorded by a camera imaging a phosphor screen,
while a magnetic spectrometer is used to measure bunch energy. This magnetic
spectrometer consists of an electromagnet with adjustable field, with cameras
imaging phosphor screens to determine electron beam divergence and deflection
by the field (which directly relates to electron energy). An integrating current
transformer (ICT) and Turbo-ICT85 at the entrance of the magnetic spectrometer
provide a means of measuring electron bunch charge. The laser pulse enters the high
power diagnostic area, containing several low-reflectance curved and flat mirrors to
attenuate the laser beam and reduce its transverse size. A near field camera and
spectrometer are set up such that they image the plane of the wedge with hole,
while a movable CCD can be used to image the mode of the laser at any location
near focus, including the capillary exit.

11.1.2 Heater beam implementation

At focus, the heater spot size is desired to be larger than the driver size. In the near
field, that means that the heater beam needs to be smaller than the BELLA beam.
The BELLA compressor output beam is large in diameter to reduce fluence on the
beam transport optics. These optics are up to 46 cm in diameter and 76 mm thick,
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Figure 11.1: Schematic layout of the BELLA system with the heater
implementation. Several diagnostics have been omitted for clarity.
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potentially adding significant aberration to any (heater) beam injected through
such a mirror. A basic system with a 3-lens telescope was designed and modeled
in ZEMAX, where parameters were iteratively modified to minimize aberrations.
Injection through the driver beam final steering optic was proposed to minimize
heater beam losses on 800 nm-coated optics, see Fig. 11.1 (green). In this location,
space constraints restricted the maximum size of heater beam optics.

Experiments were performed with two different heater wavelengths, using a
similar source as in the low power setup: a Continuum Powerlite laser provides
1064 nm or 532 nm with the optional doubling crystal installed. More heater
energy was available at 1064 nm (up to 1.5 J on target), but maximum optic size
limitations resulted in a minimum focal spot FWHM of 157 µm. Due to clipping
by the undersized optics and the top-hat shaped input pulse, higher-order mode
structure was clear (Figure 11.2). At 532 nm, the maximum energy on target was
approximately 400 mJ, due to doubling losses, and poor transmission at 532 nm of
several optics. A significantly smaller spot size was obtained at focus, although not
2x smaller due to differences in the telescope.

Figure 11.2: Comparison of horizontal heater focal spot lineouts. At 1064 nm, a
spot with FWHM 157 µm and fit r0 = 132 µm was obtained, at 532 nm we found
FWHM 92 µm and fit r0 = 78 µm. The inset shows the 2D profile of each focal
spot, in linear scale, with a field of view of 400 µm x 400 µm.

104



11.1 Laser-heater setup on BELLA

The telescope design differed between the 1064 nm and 532 nm operation modes.
At 1064 nm, a three-lens system was designed to minimize spherical aberrations
while keeping the number of curved surfaces to a minimum. The three lenses
had focal lengths of -76 mm, +1.23 m, and +12.58 m respectively. The beam
was approximately collimated between the second and third optic. At 532 nm,
experiments were done with a two-lens telescope, consisting of -150 mm and +2.11 m
focal length lenses. In both cases, the telescope was followed by a (203 mm diameter)
final steering optic, just before the heater beam enters vacuum. After conclusion of
the 1064 nm experiments, it was discovered that the optic coated for 1064 nm had
poor surface flatness (surface figure ∼2λ, instead of λ/10), which may have limited
the ability to tune out aberrations and achieve a smaller focal spot.

The driver final steering mirror had a 28 arcminute wedge between the front
and rear surface in the vertical plane (to prevent co-propagating ghost beams
and improve flatness measurements). The simulations showed this introduced
coma and astigmatism in the heater beam that could not be corrected with the
preceding optics. Therefore, an ‘unwedger’ was designed and mounted in contact
with the driver final steering mirror: this optic had an opposing 28 arcminute
wedge, resulting in a net wedge angle of zero, but increasing the total (angled) glass
thickness the heater had to propagate through. The astigmatism introduced by the
angled optics was shown to be correctable by tilting the final telescope lens in the
opposite plane.

A small percentage (< 0.1%) of the driver beam passes through the driver final
steering mirror, while part of the heater beam is reflected by the same surface. These
‘leakage’ beams copropagate into a pointing and diagnostic area which contains a
far field camera for each beam. Since these diagnostic beams are partially clipped
by the unwedger and its mount, they are used as proxy for the transverse focus
location in the target plane, but not for beam profile measurements. A photo diode
for each beam allows measurement of relative timing of the two pulses.

Since the heater beam is significantly smaller than the driver beam in the near
field, the hole in the wedge after focus transmits a large fraction of the transverse
profile, affecting the diagnostics relying on the reflected part. To address this, the
optic was installed on a stage, so that the hole can be placed off-center where it does
not affect the heater beam significantly. Only when electron beam diagnostics are
desired, the hole is moved back on-center. Since the driver beam diagnostics setup
consists of all-reflective optics, the same beam line was used for the heater beam.
A near field CCD and far field (mode imager) CCD were installed to diagnose the
heater beam after guiding by the plasma, with appropriate absorptive and reflective
filters to keep diagnostics for the heater and driver beams separate.
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11.2 Results with a 1064 nm heater

Experiments performed on the BELLA Petawatt beamline are divided here into two
separate sets. As discussed above, two operation modes based on different heater
laser wavelengths and focal spot sizes were designed and implemented. The 532 nm
line is considered an upgrade to allow a smaller focal spot at the target, and the
design was based on experimental results with the 1064 nm setup. For completeness
and to compare results with the low power test bench experiments, the main results
from the 1064 nm setup are discussed first.

Due to space constraints in the experimental area, the 1064 nm line on the
BELLA PW system featured a significantly larger focal spot size than the test
bench. This changes the propagation properties of the heater laser and the resulting
plasma conditions sampled by the probe/driver pulse. Therefore, an overview of the
propagation properties is now given, based on techniques similar to those presented
for the low-power test bench.

11.2.1 Heater guiding

For the input pulse with a waist r0 of approximately 132 µm (Fig. 11.2), very
different matching conditions are expected and observed than with the 94 µm pulse
on the test bench. The same capillaries of length 33 mm, 60 mm and 90 mm as
described in Section 10.4 are used. The BELLA setup allows a larger range of
pressures, and therefore centroid shift measurements were carried out to determine
the matched spot size in the channel. The 33 mm and 90 mm capillary were used,
but the discharge pulse (duration, timing) was different between the data sets.
Figure 11.3 presents the results, obtained with the heater laser, operated at mJ-
level energy to prevent evolution of the channel during the presence of the pulse. In
the 33 mm capillary, plasma resistance is decreased and the discharge current peaks
at 505 A. Matched spot size results are shown at two different timings relative to
the peak of discharge for the 33 mm target, where the 1000 ns delay case represents
typical operation for this capillary. At earlier time, the channel was found to be
stronger, but the difference was less than 10%. At higher pressure, the dependence
of matched spot size on pressure seems to decrease significantly. In the 90 mm
capillary, significantly higher rm is found. We attribute this to the larger capillary
radius and the difference in the discharge pulse; the discharge current at the time
the plasma was probed was significantly lower (inset in Fig. 11.3). The highest
pressure measurement exhibited a minimum at 12 Torr. This is a trend that differs
from the model by Broks et al. and the other plots where rm consistently reduces
for increasing pressure. We note that the error bars shown in the figure simply
represent the difference between the measurement result in the horizontal and
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vertical direction. True error analysis has not been carried out; more measurements
are required, but it seems reasonable to expect uncertainties on the order of that in
the 500 µm diameter capillaries, with a standard deviation of approximately 7 µm.
With this error, the apparent minimum in the 90 mm data may be consistent with
a monotonically decreasing trend with pressure. These centroid measurements form
the basis of the initial density assumptions in the model described in Section 9.4.

By measuring the output spot size of the heater pulse with different capillary
lengths, the propagation inside the channel can be compared to that of a perfect
Gaussian in an ideal parabolic channel. Figure 11.4b shows that comparison for the
1064 nm heater on BELLA, where propagation of a Gaussian for two matched spot
sizes from Fig. 11.3 is shown. Since the discharge pulse profile changes between
capillaries, the laser delay was adjusted so that the heater passes the channel as the
current decreases to 175 A after the peak. The heater was fixed at 242 mJ on target,
within 12%, between experiments. Agreement between the theoretical propagation
and the experimental results is poor, albeit better than for the results on the test
bench. The reason is that again, in the theoretical curve, the self-evolution of the
heater pulse is neglected, which provides an additional focusing force. In this case
however, the trends are preserved: due to r0 being much larger than rm, the pulse
is focused by the channel at around 3 cm, and then expands again. The spot size
oscillation in the channel can be 50% or more, which is expected to significantly
affect channel homogeneity due to strongly localized heating at the nodes. Only
at the lowest density shown, this oscillatory behavior is somewhat reduced; the
low density diminished the effect of self-evolution, and at lower density, the initial
channel is weaker already, resulting in smaller oscillations. Overall, morphology of
the theoretical curves matches the result better than in Fig. 10.12, because rm < r0
in this case; the laser is always confined at r < r0, instead of reaching any channel
imperfections and the capillary walls at larger radius that affect the spot quality,
when the spot oscillates to a size larger than r0.

11.2.2 Low-power probe guiding

The propagation of a probe pulse in a channel where the heater is modulated
as shown above can be difficult to determine. Output probe sizes are shown in
Figures 11.5, 11.6 and 11.7 for capillaries of different lengths, where the 242 mJ
heater propagates as described above. The output spot profile varied significantly
between Gaussian-like, symmetric beams, spots with strong Airy rings, and spots
apparently consisting of multiple beamlets. In order to assign a representative
size value to the spots, the following procedure was followed: after background
subtraction, each image was summed both in vertical and horizontal direction,
yielding two linear profiles. The second moment σ2 of each was determined,
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Figure 11.3: Estimated channel matched spot size from centroid shift measurements.
Two capillaries were used: a 33 mm long capillary, with horizontal dimension 710 µm
and vertical dimension 771 µm (blue circles and red diamonds). The 10% difference
in radius between the horizontal and vertical axes resulted in a consistently lower
measured matched spot size horizontally. The error bars indicate the result for
the two different directions. The other capillary was 90 mm long, with horizontal
dimension 765 µm and vertical dimension 791 µm (orange squares). The discharge
pulse was different for the two data sets, as well as the timing of the laser relative to
the peak, as shown by the inset. The peak current varies by 10% when the pressure
is varied over the range shown. Data for a 90 mm, 500 µm diameter capillary is
shown as reference.
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11.2 Results with a 1064 nm heater

(a) Comparison of the measured FWHM of the 1064 nm heater beam in vacuum
to that of a Gaussian with the same focal spot size.

(b) Propagation of a 1064 nm, 242 mJ heater pulse through capillaries of different
lengths, with a focal spot size of 148 µm. Here, spot sizes are determined as
the average spot size of the best fit of a horizontal and vertical lineout to a
Gaussian. The median value and quartile errors for at least 40 consecutive shots are
shown. While the fit was occasionally poor, the size of the beam was generally well
represented by the number retrieved. Different molecular densities are indicated
by the different symbols. Also shown is the propagation of a Gaussian in channels
with rm of 89 µm and 82 µm, based on Fig. 11.3. Agreement with the experimental
result is limited because the heater pulse does not propagate like a Gaussian, as
seen in (a).

Figure 11.4
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and rs = 2
√
σ2 calculated, so that for a Gaussian profile exp

(
−2x2/r2

s

)
, the

characteristic spot size rs is obtained. The result of the horizontal and vertical
profiles is averaged, and multiple shots at the same conditions are used to form
the statistics shown in Figs. 11.5-11.7. Variation in the input profile between
experimental days results in a different value for the capillary input reference,
therefore r0 is indicated, an average derived from a Gaussian fit to lineouts through
the centroid of the recorded input profile.

Figure 11.5: Probe output size for a capillary with a length of 33 mm. Values shown
are median values of four or more shots, with the interquartile range indicated by
the error bars.

At 33 mm, almost no effect from the heater is observed, with the exception of
the highest pressure case. From Fig. 11.4b, we know that the heater pulse converges
in this stage, meaning heating of the channel is initially weak, allowing the probe to
diffract. For higher pressure, the mismatch between channel radius and heater spot
size increases, resulting in stronger convergence of the heater pulse. This results
in the heater being tightly focused before reaching the end of the 33 mm capillary,
and affecting the probe pulse. With this knowledge of the heater propagation, it
is reasonable to assume that the effect on the probe pulse results from a relatively
short longitudinal region in the channel. Hence, even when the probe output spot
nears the size of the input pulse just before the peak of the heater, propagation
inside the channel is likely strongly modulated instead of matched.

At the output of the 60 mm capillary, the heater has an effect on the probe pulse,
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11.2 Results with a 1064 nm heater

Figure 11.6: Probe output size for a capillary with a length of 60 mm. Values shown
are median values of four or more shots, with the interquartile range indicated by
the error bars.

Figure 11.7: Probe output size for a capillary with a length of 90 mm. Values shown
are median values of four or more shots, with the interquartile range indicated by
the error bars.
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increasing slightly with applied pressure. Note that the probe guiding conditions
of the discharge-only channel (before arrival of the heater pulse) also change for
increasing pressure, effectively the shifting the entire graph. At the higher pressures,
again, the output size reduces to nearly the input size, giving the impression of a
matched channel, however the case of the 90 mm disproves this; higher pressure
results in a larger spot here. This means that compared to the discharge-only
case, the node of the spot size oscillation shifts bringing it closer to the end of
the 33 mm and 60 mm capillary ends, and shifting it away from the 90 mm end
at higher pressure. Figure 11.8 shows the propagation of a Gaussian input pulse
in homogeneous channels of different matched spot size, matching the results from
Fig. 11.3. For such a Gaussian in a perfect (discharge-only) channel, the first node
in the spot size oscillation is near the end of the 90 mm capillary. The experimental
results indicate compression of the propagation curve towards the capillary entrance,
effectively making reducing rm to some extent. The propagation in a 69.6 µm
channel is plotted as a reference, chosen because it has a node at 60 mm. The
propagation found in the experiments at 26 Torr is somewhat consistent with this
result in morphology, but from the snapshot images provided, it is clear that the
Gaussian fit to the output spots from the 33 mm and 90 mm is poor. The probe
pulse is not well confined in these locations, and the image for 90 mm appears
to have a ‘hole’ in the profile; this may have been induced by the probe traveling
through an area of very localized heating while the probe rs is large, so that the
beam is affected differently at different radii. Comparing Figs. 11.8 and 11.4b, it
seems plausible such a large mismatch between the two pulses may exist in certain
locations, for example at z = 40 mm.

112



11.2 Results with a 1064 nm heater

Figure 11.8: Theoretical evolution of the spot size of a Gaussian pulse with
rs = 48 µm and wavelength 800 nm in a parabolic channel, for different values of
rm, matching indicated capillary pressures (from Fig. 11.3). Values of a Gaussian fit
to experimental results of the probe, 4 ns after the peak of the heater are included
for reference, as well as snapshots of these profiles at a scale of 250x250 µm.
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11.2.3 Guiding of high-power pulses with application of a 1064 nm
heater

The previous sections showed that, using the setup described for a 1064 nm heater
pulse, a significant mismatch of the pulses with the channel may exist. This picture
is further complicated as the power of the probe pulse is increased. For convenience,
we make the distinction between a probe pulse and a (electron) driver pulse: when
the pulse energy exceeds the arbitrary threshold of 100 mJ we speak of a driver
pulse. At increasing power, nonlinear effects such as relativistic optical guiding
start to play a role, and can help keep the pulse confined even when the plasma
channel is too weak to do so. Therefore, high power experiments were performed
with the channels studied above. In this section, a few key results are highlighted,
including a study of electron energy and output laser pulse spectrum. More detailed
results are provided in the next section, where experiments with a near-matched
heater pulse profile and consequently more homogeneous channel are discussed.

The spectral content of the laser pulse that has passed the capillary plasma
contains information about the channel. A wide range of related diagnostics exists,
but here we focus on some of the more straightforward features that can be used
to qualitatively describe the laser-plasma interaction. Specifically, the spectral
intensity profile as measured by the spectrometer shown in Fig. 11.1 used to look
for shifting of (part of) the spectrum towards higher frequency (blueshift) or lower
frequency (redshift). Blueshifting can occur when an intense laser pulse interacts
with a gas or a plasma that is not fully ionized; laser-induced ionization occuring
as the pulse passes can result in refractive index changes, in turn causing a gradient
in the phase velocity along the pulse. Since the pulse does not propagate at the
same speed everywhere along the temporal axis, local compression of the pulse
profile occurs: its frequency increases86. This effect can be used to diagnose the
plasma if it is not fully ionized3,87,88. Redshifting of the output laser spectrum can
be the result of wake formation in the plasma; laser energy depletion by transfer
of energy to the plasma wave is proportional to the amount of redshift56,87,89.
Several characteristics of the experimental setup complicate a quantitative analysis
of spectral shifting effects; at high power, spectral phase modulation (SPM) occurs
in the vacuum window, located between the second and third optic after the target.
This induced spectral modulation, and can also effect the spatial mode profile.
Similar effects occur as part of the pulse propagates through the third optic after
the capillary, to the spectral diagnostic. To prevent SPM from affecting the spatial
mode analysis, a gold-coated Mylar foil (dubbed GCF in the remainder of this text)
can be inserted just before the vacuum window, transmitting approximately 2.5%
of the beam. However, reflectivity of this foil is highly non-uniform spectrally and
spatially, resulting in modulation of the spectrum. Further complication of spectral
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11.2 Results with a 1064 nm heater

analysis at high power is the hole in the wedged optic that allows passage of electron
beams. Part of the laser energy will also pass through this hole, which may affect
spectral analysis if the pulse is radially non-uniform. As a result, we will only use
the spectrum as a means of qualitative analysis in this work.

Figure 11.9 shows the result of a scan of spectral chirp, performed by changing
the separation of gratings in the final optical compressor. A shorter pulse
width (near 0 group velocity dispersion) results in higher power, which changes
the occurrence of ionization-blueshift and redshift. In this case, the result was
obtained with a 60 mm capillary, with an applied hydrogen pressure of 24.6 Torr
(0.80·1024 m−3), and a 243 mJ heater pulse, where the driver is timed to arrive
at the peak of the heater. The driver pulse had an energy of 19.2 J, delivering a
power of approximately 0.43 PW (P/Pc ≈ 3) at maximum compression. Both the
GCF and the holed wedge were in the beam. The image shows how the spectral
intensity shifts as the GVD is adjusted, where both blueshift and redshift have
been quantified as follows: the wavelength λR is defined as the threshold where
1/e2 of the total energy in the spectrum is above λR. Conversely, 1/e2 of the
energy is below λB, the blueshift wavelength. In Fig. 11.9, a clear redshift occurs
near optimum pulse compression, indicating transfer of energy to the wake. This
behavior is typical for scans of pulse compression. Since the plasma is fully ionized,
no clear ionization-blueshift is observed, which would be most apparent at negative
chirp where higher frequencies lead the pulse, resulting in further shifting of the
high-frequency part of the spectrum to the left in the figure.

Increased energy and increased density result in increased redshifting during
compressor scans, as shown in Figure 11.10 for a 90 mm capillary, indicating
increased wake amplitude. This is an important result since we seek to lower the
density in order to increase the dephasing length Ld. Simulations with INF&RNO,
courtesy of C. Benedetti, showed the necessity to implement an electron injection
scheme to provide electrons to the accelerating field in the wake in low-density
plasmas. This may be achieved by introducing density gradients or by ionization-
injection66,90,91. In the latter scheme, high atomic density species are introduced
in the front region of the capillary, which will not be fully ionized by the electric
discharge or the heater laser. Experimentally, we have implemented this method
by providing a different gas mixture to the front gas slot of the capillary, consisting
of 99% He and 1% N2, while flowing H2 to the rear gas slot. This choice of gases is
based on ionization-injection from high-charge states of nitrogen; partial ionization
up to N5+ is possible due to the discharge and ionization in the leading part of
the driver pulse. For the N6+ and N7+ states, with ionization energies of 552 eV
and 667 eV, respectively,92 stronger fields are required for tunneling ionization. As
a result, ionization to these levels only occurs near the peak of the driver pulse,
allowing for the release of electrons into the wake50,67. The reason for using He
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Figure 11.9: Spectral shifts as a function of driver pulse compression, measured
on the output spectrum of the driver laser after interaction with a 60 mm long,
laser-heated plasma with a heater energy of 243 mJ (λheater = 1064 nm) and a
driver energy of 19.2 J, and initial capillary pressure of 24.6 Torr (0.81·1024 m−3).
The blueshift and redshift values are indicated by the black and red dashed lines,
respectively, as defined in the text. Note that the location of the zero-point on the
y-axis is approximate.
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11.2 Results with a 1064 nm heater

instead of H2 in conjunction with the N2, is to indicate the presence of the nitrogen-
doped gas on the transverse spectral diagnostics through its strong line emissions
in the visible spectrum.

To control the relative mixing of the gases in the capillary, the percentage of
pressure applied to the front slot relative to the rear slot is varied. For ratios
p% = pfront/prear well below 100%, the N2-doped He will be restricted to the area in
front of the first gas slots (6 mm in length), since the pressure gradient will allow flow
of H2 from the rear of the capillary. Two-dimensional spectrometry on transverse
capillary emission, with the spectral dispersion in the direction perpendicular to
the capillary axis, shows the location of the He-I line radiation at 588 nm along the
capillary. This allows for straightforward calibration of the extent of gas mixing in
the target, by comparing the location and intensity of the He-I spectral line to that
of the hydrogen lines along the capillary axis.

Figure 11.10: Trends in redshifting of the optical spectrum with pressure, driver
energy and pulse compression. Redshift determined on output spectrum of the
driver laser after interaction with a 90 mm long plasma channel (1064 nm heater,
energy of 243 mJ). Error bars indicate the interquartile range of the data.

Figure 11.11 shows the importance of ionization-injection to provide electrons
available for trapping by the plasma wave, by comparing electron beam spectra (as
a distribution of momentum) for otherwise identical situations without (Fig. 11.11a)
and with (Fig. 11.11b) nitrogen-doped He in the front of the capillary. MKS
Baratron R© gas-independent capacitance manometers were used to accurately
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measure the pressure applied by each gas slot in the capillary. Mixing of helium
with hydrogen beyond the first gas slot is only seen to occur when the pressure
in the upstream (closer to laser source) gas slot is 0.5 Torr below the pressure in
the downstream slot or higher. In the plot shown, the pressure in the front is
kept at 90% to prevent mixing. We note that a narrow bar at 0.5 GeV/c and
a wider bar near 1 GeV/c in the plots are caused by gaps between the magnetic
spectrometer cameras. We observe significantly increased charge of the beams from
the nitrogen-doped channel, producing tails in the distribution exceeding 2.5 GeV/c.
The increase in charge and energy with pressure is explained by the presence of more
electrons in the trapping region, but likely is affected by improved guiding (better
matching) of both heater and probe pulse, as discussed in the previous sections.

To determine how the presence of the heater laser affects wake formation and
electron acceleration, a scan of relative timing between the heater and probe pulses
was performed and compared to the effects of a pulse compression scan. The result
is shown in Figure 11.12 for a 33 mm capillary. In this data the wedged optic
with hole was offset so that the hole does not affect spectrum retrieval, precluding
accurate measurements of electron beam charge and spectrum. In Fig. 11.12a, the
delay of the driver relative to the peak of the heater is changed, resulting in a
marked change in λR. The reduction in λR induced by the heater may be the
result of reduced density on axis, due to the heater, which will have the strongest
effect near the exit of the 33 mm capillary for the current configuration (see previous
sections). However, the guiding of the driver pulse appears not significantly affected
in terms of energy transmission, and the amount of transversely scattered light is
also unaffected. In contrast, the pulse compression scan shows a peak in redshift
near best compression, which is expected as that is where the highest power and thus
strongest wake occur. This effect is stronger than the reduction shown due to heater
timing. Again, driver transmission does not seem to have changed significantly, but
a significant increase in emission is observed from the capillary, which could be due
to poor laser confinement. In a 33 mm target this may not be strong enough to
affect the transmission measurement significantly, but based on the propagation
inferred for a low power pulse (Fig. 11.8) a large output spot may be expected
for the conditions studied, so that part of the laser may strike the channel walls.
This issue was mitigated by some extent by operating at relatively high pressure in
order to reduce rm. Increased contribution of the laser power to the effective index
of refraction, inducing self-focusing, may be critical here to prevent erosion of the
capillary.

The highest energy electron beams observed with the 800 µm diameter
capillaries and a heater pulse, were obtained in a 90 mm capillary with a nitrogen
mixture in the front of the capillary. Electron acceleration was found to be highly
sensitive to p% in this case, with electron beams being observed as soon as this value
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(a) Hydrogen only, pressure applied to the
front of the capillary is equal to that in the
rear. Step size 2.8 Torr, 15 shots at each
pressure.
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(b) Hydrogen supplied to the rear, a 1%
N2/He mixture supplied to the front, at
90% of the pressure in the rear. Step size
1.1 Torr, 20 shots at each pressure.

Figure 11.11: Dependence of electron acceleration parameters on capillary pressure,
compared for a hydrogen plasma and a hydrogen plasma where nitrogen is used in
the front of the capillary to induce ionization-injection. Pressure indicated is the
measured capillary pressure in the rear. Electron spectra are provided for every
shot in each scan, by stacking the individual shots in the same bin on top of each
other. Total beam charge measured by the ICT is indicated by the red line, where
the standard error within each bin is provided. In both scans, all other parameters
are nominally the same, including the 60 mm-long capillary, and 19.2 J driver laser
pulse, 243 mJ heater pulse, where the driver is timed 3 ns after the peak of the
heater pulse.
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(a) Driver pulse timing scan, relative to
heater peak. GVD ≈ 0.

(b) Compressor grating spacing scan.
Driver timing = 0 ns.

Figure 11.12: λR as a function of driver timing relative to the peak of the heater
pulse, and driver pulse compression, at a driver energy of 14.9 J in a 33 mm
capillary, with a 1064 nm heater laser of 243 mJ. Also shown are light collection
at the near field diagnostic after focus, scaled to collection in the absence of a
capillary, and the relative amount of transversely emitted light. The GCF was
in for these experiments, and the wedged optic was moved so the hole did not
affect laser reflection. Capillary pressure was 40.9 Torr (1.3·1024 m−3 molecular
density). λR was calculated from the main optical spectrometer, for which the
spectral response of the detector was calibrated, but the response of the optics
was not. No spectral response correction was performed on the transmission and
transverse scatter diagnostics. Error bars indicate the interquartile range of the
data.
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exceeded 100%, indicating that nitrogen is required inside the capillary between the
gas slots; this point to injection and trapping not occurring at the entrance of the
target, but at a later point along z, possibly where 800 nm confinement is stronger.
Applied pressure was 28.3 Torr in the rear slot, 29.0 Torr in the front, with a
1% N2/He mixture (p% = 102%). Figure 11.13 shows statistics on 50 consecutive
electron beam spectra as measured by the magnetic spectrometer. Many shots
are poorly centered on the diagnostics, with electron bunches partially hitting the
wedged optic outside the hole. This pointing fluctuation causes large shot-to-shot
variation of the measured spectra, shown in Fig. 11.13a. The charge, as measured by
the calibrated phosphor screen, was 230 pC on average, with a standard deviation
of 106 pC. While most shots show relatively large energy spread, several shots were
observed with narrow spread, such as the one shown in Fig. 11.13b, with a peak
momentum of 1.6 GeV/c, with 7.2% standard deviation.
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(a) Electron beam statistics (mean, maximum and standard deviation σ) for 50 consecutive
shots at the same laser and discharge parameters.

Horizontal angle (mrad)

Ve
rti

ca
l a

ng
le

 (m
ra

d)

(b) Example electron energy spectrum for a shot that was well centered on the diagnostics.
The charge of the electron bunch was estimated to be 242 pC from the calibrated phosphor
screen image. At right, the corresponding image from the phosphor screen in front of the
magnetic spectrometer is shown, indicating that most of the electron beam went through the
hole in the wedge and was within the 1 mrad acceptance angle of the magnetic spectrometer.

Figure 11.13: Electron beam results using a 1064 nm, 0.24 J heater laser and 23.2 J
driver. The area around 1.2 GeV/c is obscured by a vacuum chamber joint.
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11.3 Low power results with a nearly-matched heater
pulse

As discussed in Section 11.1, the heater injection line on BELLA was modified to
operate at a wavelength of 532 nm after initial experiments with 1064 nm heater
pulses showed clear mismatch in the channel. For a diffraction-limited Gaussian
pulse, the spot size at focus r0 for a single-lens system can be approximated by
r0 = 2λf/πD, in terms of a collimated input beam with diameter D, lens focal
length f , and, importantly, the wavelength λ. For Gaussian beams, we opt to
define D = 2w(z), where w(z) follows the previous definition as the radius at which
the intensity reduces to 1/e2 of the on-axis value. Because the maximum value
of D and minimum f were constrained by the existing BELLA system, a non-
linear potassium dideuterium phosphate (KD*P) crystal was inserted in the heater
beam to generate the second harmonic pulse, at 532 nm, reducing output energy by
approximately 50%. As detailed in Section 11.1, partial replacement of the optics
system, most notably the telescope optics, was performed to increase energy of the
pulse at focus. Still, maximum energy on target was 0.43 J, a 52% loss, primarily
due to reflections off the unwedger optic and 800 nm beam final focusing optic, the
latter of which was prohibitively expensive to replace in the time frame provided.
The focal spot indeed reduced significantly in size, as shown in Fig. 11.2, to a
typical value of 81 µm, smaller than the matched spot size of the plasma channel
under typical conditions (Section 10.4). Pulse duration had also changed slightly,
to 7.5 ns FWHM, yielding a peak intensity of 3.5·1011 W/cm2. In this section, an
overview of the derived heater and probe/driver propagation properties is given,
before focusing on the results of high-power experiments in the next section. At
the time of writing, experiments are still continuing, so more results for increasing
capillary lengths expected in the near future.

11.3.1 Low power guiding

All data in this section was obtained with a 90 mm capillary, 765 µm along the
horizontal axis and 791 µm along the vertical axis. Since no data was available
for capillaries of different lengths, the change in heater output spot size as a
function of capillary pressure is measured, and compared with the heating model
detailed in Section 9.4. Figure 11.14 shows the result, where the electron thermal
diffusivity was adjusted to match the data, by tuning the conduction length scale Lt.
General morphology of the result from the simulation is similar to the experimental
results, which were obtained by fitting a Gaussian to the measured intensity profile.
Absolute spot size does not match between Figs. 11.14a and 11.14b, and this is
attributed to several factors. First, the model assumes a perfect parabolic guide and
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(a) (b)

Figure 11.14: Dependence of heater output spot size on capillary pressure, for the
90 mm capillary and 532 nm heater pulse, with peak discharge current 460 A.
(a) Here, the spot size is determined by fitting a Gaussian curve with width rs
through the centroid in two directions, and averaging the result. Five or more shots
are combined to yield the median and quartile values shown. We remark that the
fit was poor in all cases with the 8.6 mJ data, and below 16 Torr in the 422 mJ
case, but its width represented the beam width well. Two example output profiles
are shown at a scale of 200 µm x 200 µm.
(b) Result of modeling the heater output pulse for different values of the
characteristic length of thermal conduction, Lt.
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Gaussian intensity profile to the full radius of the capillary, but for strong mismatch
of laser spot size r0 and rm, deviations from this assumption that exist at larger
radius become clear. Such a mismatch is the case here, as the low-power output
profile is much larger than the 76 µm input size. In vacuum, the observed heater
propagation deviates from a Gaussian pulse; just one Rayleigh length (37 mm)
downstream from focus, a Gaussian fit to the measured profile yields a spot size that
is 63% larger than that of a Gaussian beam with the same size at focus, a difference
of the same order as the difference in scale in Fig. 11.14. This deviation from
Gaussian behavior is considered to be the main factor contributing to differences
between the simulation and experiment. Our conclusions from comparing model to
the measurements are therefore necessarily qualitative in nature. Another reason
the vertical scale in Fig. 11.14 differs so much between model and experiment when
the spot size is large, is that the beam shape at the capillary output does not
resemble a Gaussian, so that the width of the Gaussian fit cannot be accurately used
to describe the beam profile (but was found to be a reasonable proxy of changes
in its width, hence the use here). Lastly, the modeled output spot size is strongly
dependent on the defined rm and, to a lesser extent, the on-axis density n0 of the
discharge-only plasma, as well as the details of the temporal heater pulse shape (the
measured pulse is used here). The ‘knee’ in the modeled result around 11 Torr is
attributed to the rm assumptions used here, which stem from the result shown in
Fig. 11.3. Those centroid measurements were obtained in a different data set using
the same capillary but with different discharge parameters: for the matched spot
size measurements, the heater was timed 250 ns later. The low-power curve shape
in Fig. 11.14a is directly related to the pressure-dependence of rm.

The main influence of Lt on the modeled results is the shift of the observed
minimum output spot size to lower pressure for increasing Lt. By matching this to
the experimental data, 130 µm was chosen for Lt in all simulations in the remainder
of this chapter. We note that this value is within 10% of the average FWHM of
the low-powered heater along the capillary axis. Lt influences the extent to which
the heater pulse can affect its own propagation when its power is high enough, and
therefore has little effect on the low-powered pulse, where IB-heating is minimal.

The reason for fitting the model to the observed heater evolution, is to estimate
the properties of the heater propagation and the plasma channel. Figure 11.15
shows how the heater behaves inside the channel in this simulation, showing the
evolution of the Gaussian width rs along the capillary, for different time slices.
Initially, the channel confines the laser very weakly (dark red), but as the laser
intensity increases, the matched spot size of the channel is reduced. Eventually this
causes strong confinement of the later parts of the heater pulse, in this case showing
a strongly modulated propagation for the most intense part of the pulse (yellow).
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(a) (b)

Figure 11.15: (a) Propagation of the 532 nm heater pulse inside the 90 mm channel,
for different time slices 0.4 ns apart. This simulated profile assumes a parabolic
plasma channel, and Gaussian transverse pulse profile, as well as the temporal
profile shown in (b), where the tail of the measured profile is likely convoluted by the
diagnostic (dashed line). Pressure 16.2 Torr (nH2 = 0.53·1024 m−3), Lt = 130 µm.
The dotted grey line shows the shape of the 7.5 ns FWHM pulse used in Fig. 11.17.
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By applying Eq. 9.6 to the density distribution in the channel at every time
step, a longitudinally-varying matched spot size rm(z, t) can be found. Although
the channel is not necessarily parabolic, this approximation can help visualize
the strength of the guide, and is used here to determine the propagation of the
heater pulse, as well as the low-power probe pulse (neglecting any self-focusing or
relativistic guiding effects). Figure 11.16 maps the evolution of rm through the
channel, for two different pre-discharge pressures. Based on the previously derived
scaling of discharge-only rm with pressure, the matched spot size in both cases starts
out nearly equal before arrival of the heater, at 103 µm. As the heater propagates
through the channel, it is initially poorly confined (Fig. 11.15), resulting in increased
heating in the front of the capillary relative to the back. This causes the matched
spot size to decrease faster in the front of the channel than in the back due to the
associated density decrease. Between 0 and 5 ns after the peak of the heater pulse
passes the channel, the pulse profile is strongly modulated, inducing longitudinally
localized heating. Two density ‘wells’ appear at 33 mm and 80-90 mm, reducing rm
to below 40 µm in the higher-pressure case. After this stage, as the heater intensity
tapers off, the channel relaxes, becoming more uniform longitudinally while rm
increases everywhere.
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Figure 11.16: Temporal evolution of the approximated matched spot size rm along
a 90 mm channel, as a heater pulse (532 nm) of 0.42 J traverses the channel. The
dashed line shows the temporal power profile of the heater, peaking at 44 MW.
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Chapter 11: Experiments on the BELLA beamline

It is worth remarking that no longitudinal transport is taken into account in the
simulations. The electron thermal velocity vth =

√
kBTe/me is of order 1 mm/ns,

so some reduction of gradients can be expected on the time scale of the heater
pulse. Furthermore, the 25 kV discharge voltage induces an electric field of order
0.3 MV/m. While the current is no longer at peak at the time of the heater
arrival, the current is approximately 150 A, which – assuming uniform current
distribution – can drive azimuthal magnetic fields Bφ of up to 75 mT. This gradient
∂B/∂r = µ0I/2πR2

0 of order 200 T/m is strong enough to be a consideration for
active steering and focusing of electron beams93,94. However, in this model we
are not necessarily interested in electron motion patterns; the fields involved in
the capillary discharge have been well studied and are in this study regarded as
a quasi-static equilibrium condition. Transport of heat can be influenced by the
effects of the Lorentz force FL = q(E + v × B), but as discussed in Section 9.4,
this influence is likely small because the electron mean free path is smaller than a
Larmor radius. Despite the simplifications, we will show that the model gives useful
qualitative insight into the channel evolution due to morphological similarities with
the experiment.

To show the effect of the heater on the propagation of a low-power pulse,
the BELLA 800 nm pulse was attenuated to 35 mJ, and used to probe the
plasma channel at various stages during heating. Experimentally, this was done
by adjusting the relative timing of the heater pulse, as the BELLA beam arrival
is fixed in the timing system. Nonetheless, we present the delay from the heater
peak to the probe arrival as a positive quantity when the probe arrives after the
heater. At this energy level, a Gaussian fit to the transverse input profile yielded
r0 = 56 µm (grey dashed line in Fig. 11.20b). The plasma channel was probed
for an initial molecular hydrogen density of 0.53·1024 m−3, just as in the analysis
above. The result is shown in Figure 11.17, and compared to a simulation at the
same parameters. Morphology and size of the experimental and simulated curve
are similar, and a few notable features – numbered in Figs. 11.17 and 11.18 – are
discussed next.

At -7 ns (1), the effect of the heater starts to be apparent; without the heater, the
output probe size is constant over the times sampled. The output spot obtained
experimentally is smaller than the simulated version, which is the result of non-
Gaussian pulse propagation. In addition, the mismatch with rm is large, which
increases the effects of beam and channel imperfections such as a non-parabolic
density curve at larger radius, and the higher order mode content in the probe
pulse. The timing of the earliest effect of the heater depends on the temporal heater
profile; the dashed reference in Fig. 11.17 shows the effect of a Gaussian temporal
shape. Note that the horizontal axis is relative to the peak of the pulse, resulting
in the Gaussian to extend earlier in time (see the dotted line in Fig. 11.15b). This
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11.3 Low power results with a nearly-matched heater pulse

Figure 11.17: Probe output spot size versus delay from heater peak of a
90 mm capillary with pressure 16.2 Torr (nH2 = 0.53·1024 m−3). Comparison of
experimental results with simulation for a 0.42 J heater pulse, with two different
temporal profiles. Also shown is the result of a Gaussian fit to simulations performed
in INF&RNO, using the density profiles obtained with the measured heater profile.
Numbered morphological features are discussed in the text, and correspond to the
profiles in Fig. 11.18. For the experimental data, the heater delay from discharge
peak (450 A) was approximately 350 ns.
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Chapter 11: Experiments on the BELLA beamline

Figure 11.18: Probe propagation from model, for the various features indicated in
Fig. 11.17. Also shown is the propagation at 0.4 ns, where the oscillation of the
matched spot size was smallest (calculated as least squares from mean).

will cause IB-heating earlier, while the actual profile has a steeper rise, causing
more quickly evolving effects in the beginning. Feature (2) in Fig. 11.17 is a peak
during the relatively rapid heating stage as the intensity of the heater increases at
its fastest. Inspection of the matched spot size evolution in Fig. 11.16 shows that
this stage is associated with a relatively smooth longitudinal gradient in rm. As rm
decreases, the laser is better confined, reducing output spot size and the spot size
oscillation period. The peak at (2) occurs when the channel becomes strong enough
to reduce the oscillation period such that 1.5 periods fit in the length of the channel.
It should be noted that the error bar at this point in the experiment is high; this
could be due to small timing variations between shots, in combination with the
very narrow peak suggested by the simulation. However, it is possible that the
median value showing a peak does not represent the actual experimental condition
well. The time around the peak of the heater (3) was observed to be a relatively
stable region in the experiment, while further decrease in the output spot is seen
in the simulation. At this time, the well-like structures in rm are starting to form,
and the probe spot size oscillates, but with small amplitude. This timing provides
good confinement of the beam. At (4), the evolution starts to reverse as the peak
of the heater has passed and rm slowly relaxes into the equilibrium state. This
happens gradually, with a fairly uniform channel, resulting in a steady increase
in the amplitude and period of the spot size oscillation. Since two nodes of the
oscillation were inside the channel at (4), the rs oscillation period increase causes
the output size to increase first until at (5), a similar situation as in (2) is reached,
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11.3 Low power results with a nearly-matched heater pulse

with 1.5 periods of the spot size oscillation. Another minimum is reached at (6), at
around 20 ns after the peak in the heater profile. Although the output spot is small
at 56 µm, the pulse is poorly confined in the center of the channel. In conclusion,
a regime of good, near-matched guiding of the probe is found at 0 to 5 ns after the
peak of the heater. Due to modulation of the density profile, the matched spot size
is not constant along the channel, but a probe beam can be guided well. The axial
density is plotted in Figure 11.19, and it shows that this region of good guiding
exhibits the strongest non-uniformity in the axial density, with a minimum density
occurring 2.4 ns after the peak of the heater passes the channel. This minimum
density has a value of 0.37·1024 m−3, a reduction of 21% from the starting value of
n0. Such a strong longitudinal variation in density may affect high-power results,
such as the details of relativistic self-guiding, redshifting, electron injection and
most importantly, it may cause loss of the electron beam. This was illustrated
by means of INF&RNO simulations presented in Ref. 4. Further simulations are
required to determine the effect of the density modulations observed here.
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Figure 11.19: Temporal evolution of the on-axis density n0 along a 90 mm channel,
as a heater pulse of 0.42 J traverses the channel. The dashed line shows the temporal
power profile of the heater, peaking at 44 MW.

11.3.2 Sampling the channel with different spot sizes

In order to gain a basic understanding that does not rely on the assumptions
made in the simulations and to better match the probe to the heated channel,
low-power probe guiding was performed with different input profiles. The profile
was adjusted by installing foam rings of varying inner diameters in the collimated
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Chapter 11: Experiments on the BELLA beamline

BELLA beam just after AMP3. Apertures of 156 mm, 125 mm and 100 mm inner
diameter were used, creating Gaussian fit spot sizes of 63 µm, 77 µm and 95 µm
at focus, respectively, at the cost of increased energy in the outer regions of the
beam (Fig. 11.20b). From Eq. 2.3, it is clear that an output spot size smaller than
the input spot size is only possible when rm < ri, so that changing the input size
can yield information about the strength of the channel. In this case, due to the
heater, the channel is non-uniform, so this method can only yield an estimate of
the equivalent, z-independent matched spot size r∗m.

Figure 11.20a presents the results of this measurement, studying the evolution
of the output spot size as a function of heater-probe delay, for different channel
input spot sizes. The spot size values shown here are different from the r0 numbers
in Fig. 11.20b because they represent a measured value of FWHM, obtained by
adding all rows and all columns of the image to form two lineouts (a vertical and a
horizontal sum), and averaging the FWHM of the two. This was found to be a more
robust method to compare profiles with varying shapes, while the fit to a Gaussian
provides better detail when profiles are small and closely resemble Gaussian shapes.
The dashed lines indicate the measured spot size at the capillary entrance (again,
the averaged FWHM value).

The output spot size in the case without iris never reduces below the input size,
indicating that the equivalent matched spot size r∗m is larger than the input spot
size. At all irised settings, the FWHM at the output reduces below the input, and
Fig. 11.20b confirms the output profile is indeed smaller and more intense than
the input. This is a significant result: it means that, at least at certain timings
relative to the heater peak, the heater pulse has produced a channel with an effective
matched spot size smaller than the probe input. Specifically, with the 156 mm iris,
r∗m< 63 µm between +1 ns and +7 ns from the heater peak. Equivalently, from the
non-irised case, we know that the heated channel has a matched spot size larger
than 55 µm at all times. Therefore, we conclude for the equivalent matched spot
size of the heated channel at this combination of pressure, capillary and discharge
settings, 55 µm < r∗m < 63 µm. This also means that a channel was created that
is nearly matched to the probe beam (within 8 µm), with the 156 mm aperture,
where less than 20% of the beam energy is blocked. This is the default condition for
the high power experiments described in Section 11.4. It is worth noting that the
timing at which the minimum spot size is observed changes with each iris setting,
but this does not mean that the guide is strongest there, as it is a convolution of r∗m
and the phase of the spot size oscillation. Also, as seen in the comparison with the
model above, the channel is not well characterized by a single value as variations
in rm and n0 can occur along the channel. The first-order approximation using r∗m
serves to confirm that a strong channel was created, capable of confining a pulse
with r0 of order 60 µm.
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11.3 Low power results with a nearly-matched heater pulse

(a) Average FWHM of horizontally and vertically summed image. Error bars show
quartiles around the median of 5 or more shots at each setting.

(b) Smallest output transverse profile from (a) (solid lines) compared to reference
input profile (dashed lines, r0 from best fit by Gaussian indicated) for the different
aperture settings. Plots are normalized to the peak in the reference profile, and
results for different profiles are offset horizontally for clarity.

Figure 11.20: Probe output profiles on the BELLA system with a 90 mm capillary
and 0.42 J, 532 nm heater pulse, with three differently sized circular apertures in
the collimated BELLA beam. The H2 pressure was 19.1 Torr (0.63·1024 m−3).
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Chapter 11: Experiments on the BELLA beamline

11.4 High power experiments with a nearly matched
heater pulse

At higher power, nonlinear effects can change the response of the laser to the plasma,
which can affect confinement. In this section, observations on the output mode,
transversely scattered laser light and energy transmission are summarized, and an
overview of electron beam properties from experiments with PW pulses is provided.

11.4.1 Laser propagation

Applying Eq. 2.2 to typical plasma conditions for the BELLA experiments (i.e.
n0 < 0.4 · 1024 m−3), we find for the critical power for self-focusing, Pc ≈ 74 TW.
Figure 11.21 shows how the measured output spot size from a 90 mm capillary
changes with driver pulse power, for a series of experiments with similar conditions.
Heater energy was approximately 0.42 J in all cases, so that the channel parameters
discussed previously are valid. As expected, when increasing laser power beyond Pc,
a significant change in output size is observed when the driver energy is changed
from the sub-TW probe power, to peak power levels up to 0.9 PW. The most
significant change is observed between the lowest power levels shown. The results
are different when the driver is timed just 2 ns before the peak of the heater;
large output spots with correspondingly large error bars are obtained. This is
evidence of poor laser confinement, and shot-to-shot fluctuations that are increased
because the driver enters the channel as it is still rapidly changing due to IB-heating.
Overall, stable, small output spot sizes are observed at 19.0 Torr when the driver is
timed around 6 ns after the heater peak. The behavior is significantly different at
16.7 Torr, even though these pressures are less than 3 Torr apart. This difference in
guiding can be studied in more detail by comparing the change in output size with
increasing pressure at different laser power levels. This is shown in Figure 11.22.
At nominally equal heater parameters and input driver spot size, the first step
up in power (127 TW) yields larger output spots, but the trend with pressure is
similar to that at lower power. At 305 TW, more than double the laser power,
the trend with pressure has changed again significantly. The dependence becomes
weak, with output spot size 65±5 µm at all pressures. This confirms the indication
in Figure 11.21 that the driver output spot size becomes less dependent on pressure
at higher laser power. As the pressure is changed, heater propagation changes
and hence, the heated channel is different (Section 11.3.1). This suggests that
self-guiding occurring at higher driver energy compensates for these differences to
some extent. To better understand how this may be happening, further simulations
or experiments are needed. Repeating the above for different capillary lengths,
especially shorter capillaries, is important to understand how the driver propagates.
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11.4 High power experiments with a nearly matched heater pulse

Figure 11.21: Driver laser transverse output size, determined by Gaussian fit, at
different laser power levels. Optimum compression and the energy-normalized
peak power of 25 TW/J obtained in Ref. 58 have been assumed in determining
the laser power from energy measurements. Measurements spanned three non-
consecutive days and different laser, input aperture (no near-field-reducing aperture
unless indicated), and diagnostic configurations (wedge hole out unless noted), but
were performed on the same 90 mm capillary, consistent discharge and heater laser
settings, and similar input laser profile of 59±4 µm as determined by a Gaussian
fit. The legend indicates different delay of drive from the peak of the heater pulse,
and capillary H2 pressure.
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Figure 11.22: Correlation of driver output spot size with capillary pressure
(molecular density) at different driver power levels. Spot size was determined by
fitting a Gaussian to the measured profile in two directions and averaging the result.
Error bars show quartile values around the median of 5 or more shots. Input driver
spot size was 58±2 µm. Driver timing relative to the heater is indicated, but was
7.5±0.5 ns for all data shown here. The heater was operated at 532 nm with an
energy of 0.42 J. No aperture-limiting irises were present, the wedge hole was away
from the beam axis and the GCF was not in place.
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11.4 High power experiments with a nearly matched heater pulse

Another method to gain an understanding of the propagation is the analysis of
transversely scattered light. The capillaries typically have a rough finish, allowing
both plasma emission and laser light to be scattered. By looking at the longitudinal
variation of this scattered light, information on laser confinement and spot size
oscillations can sometimes be obtained. Figure 11.23 shows this longitudinal
variation in transversely scattered light, as measured by the capillary emission
spectrometer, a camera imaging the capillary through a transmission grating. Only
light in the range 700-1050 nm was considered in this analysis to neglect the
contributions of hydrogen line emission. The data obtained at increasing power
levels (matching the data described above) has been divided by the median of all
curves combined, to reduce the convolution introduced by longitudinal variation
due to capillary inhomogeneity and the gas slot locations. For the two power levels
above 0.5 PW, an increase in emission is observed in a region 30-40 mm from the
capillary entrance. This may indicate a modulation in the driver spot size to larger
diameter, causing more energy to reach the walls. As shown by the dotted line, the
simulation results presented in the previous section predict an area of lower density
in this region (by about 9%), as well as a smaller rm by about 25% compared to
surrounding regions. Figure 11.16 suggests the matched spot size can be as small as
48 µm under these conditions. The radial extent of the density depression around
z=35 mm in our simulations is approximately 120 µm (outside this radius the
density profile differs less than 1% from the discharge-only profile). With smaller
rm, better confinement is expected, but it is possible that the localized density
reduction is too small radially to confine the outer ‘wings’ of the beam (that may
be present well outside the 120 µm central region).

The power levels above 0.5 PW share the distinction that the data was obtained
with an iris in the beam to increase spot size, which was observed to increase energy
in the Airy rings surrounding the central focal spot. It is hypothesized that it is
part of this energy that is being scattered near 35 mm. By analyzing the emitted
spectrum and determining the redshift parameter λR, and normalizing again by the
median of the different curves, we see that λR is reduced slightly in the 30-40 mm
region at the highest power levels, while the total intensity has gone up. This is
consistent with reduced a0 due to spot size modulation. Increased nonlinear effects
in the front of the capillary may cause the laser to diffract as the area of lower
density is encountered. In addition, it is possible that the part of the pulse that
is most redshifted is guided better by the local density reduction, while energy at
larger radii is scattered more.

In order to determine the effect of the laser power in more detail, the compressor
was adjusted to change the driver pulse duration. Figure 11.24 show how the
transversely scattered light changes when this is done at full power. The total
emission intensity has a minimum at or near highest compression (short pulse, high
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Figure 11.23: Intensity of transversely scattered light in the horizontal plane, with
a wavelength range of 180 nm around the laser wavelength of 800 nm, at different
driver power levels. Intensity is normalized to the median value of all plots shown
to reduce the influence of uneven scattering off the rough capillary wall. Solid lines
indicate results at a H2 pressure of 19.0 Torr, the dashed line represents 16.7 Torr.
Two 5 mm regions are compromised by scatter from gas slots and have been omitted.
The driver was timed 6±2 ns after the peak of the heater; the dotted line indicates
the simulated on-axis density distribution along the channel at this time. The
normalized λR/λmedian of the transverse emission is also shown for the five power
levels at 19.0 Torr, above.
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11.4 High power experiments with a nearly matched heater pulse

peak power). As the pulse duration was moved away from compression, more light
was collected by the capillary spectrometer, and λR increased. Careful inspection
reveals two zones with less transverse scatter: 20-40 mm and 65-80 mm. We suggest
that the laser is better confined there due to the locally smaller rm.
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Figure 11.24: Analysis of transversely emitted light from the capillary at
wavelengths between 650 nm and 900 nm, from a 90 mm capillary and 35 J driver
energy. The pressure was 22.9 Torr, heater energy 0.42 J and driver was timed 6 ns
after the heater peak. Pulse duration was varied by changing grating separation in
the optical compressor.

The laser output spectrum at these conditions is shown in Figure 11.25 for
a driver energy of approximately 35 J. The hole in the wedge was centered on
the beam, and the GCF was in, compromising reliable absolute measurements
of spectrum and laser profile, but trends can be qualitatively analyzed. The
output spectrum shows a slight reduction in redshift near compression; the most
intense, central part of the laser pulse goes through the hole in the optic (which is
arguably more redshifted than outer regions), so the change in laser evolution with
pulse length referenced above may be causing this changed in perceived spectrum.
Figure 11.26 provides a qualitative way of testing this hypothesis, by plotting the
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spot size and total energy incident on the near field and far field cameras. The near
field camera roughly images the plane of the optic with hole, and a best Gaussian
fit to the profile in the region outside the hole suggests up to 47% of the laser
energy goes through the hole at -500 fs2 in this data. Therefore, the FWHM of
the beam outline outside the hole is used as a proxy for beam size, and for larger
spot size, a higher amount of energy should reach both cameras. However, the
opposite is observed, where the normalized energy level on the cameras is reduced
near compression, although the near field size is bigger and a larger fraction of the
beam is collected by the diagnostics. This suggests depletion of the laser by transfer
of energy to the plasma wave is increased near compression, as is expected. The
far field spot is also larger: while we hesitate to draw conclusions on the shape and
size of the observed mode when such a large fraction of the laser passes through the
hole, this may reflect a larger size at the capillary output near compression, while
the divergence is reduced creating a smaller near field profile. Efforts to simulate
the laser evolution for these conditions are underway, in hopes of confirming the
hypotheses provided in this section.
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Figure 11.25: Driver laser output spectrum as a function of pulse compression, for
35 J driver energy, 22.9 Torr pressure, and driver delay 6 ns. The red and black
dashed lines indicate λR and λB, respectively.

Figure 11.27 shows the average LPA performance in terms of electron bunch
momentum and charge (for the same data set shown above), as measured by the
magnetic spectrometer and a calibrated phosphor screen. As expected, maximum
energy and charge is observed when the pulse is compressed because that yields the
highest field intensity in the plasma.
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11.4 High power experiments with a nearly matched heater pulse

Figure 11.26: Normalized spot sizes and total counts on diagnostic as function
of pulse compression, for the near field diagnostic imaging the wedged optic with
hole, and the far field mode imager, for the same conditions as in Figs. 11.24 and
11.25. Measurements are convoluted by the presence of the hole in the wedged
optic, and the gold-coated foil. The spectral dependence of the diagnostics (optics
and cameras) was not taken into account. The markers and error bars indicate the
median and interquartile values, respectively.
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Figure 11.27: Electron beam momentum and charge as a function of driver pulse
length. Electron beam spectra have been averaged from 15 shots at each setting.
Total bunch charge was determined by total light collected on a phosphor screen,
and is shown in red, with standard deviation indicated by the error bars. The
156 mm iris was in the 35.2 J driver beam. Timing was 6 ns after the heater peak,
and pressure was 22.9 Torr.

11.4.2 The effect of the heater laser

Changing LPA performance when chromatic dispersion is added is not a new
observation. The focus of this work has been on the heater concept, and therefore
what follows is a study of how the heater changes LPA performance of the 90 mm
capillary at PW laser power levels.

Figure 11.28 shows how the optical spectrum of the driver laser changes as the
delay from the heater pulse is varied. While the change in overall spectrum is
subtle compared to that of a compressor scan, the reduction in λR is significant,
despite an uncertainty (interquartile range) of order 20 nm. The reduced redshift
is consistent with a lower density plasma encountered by the laser. This reduction
seems to follow the heater pulse directly, as it is nearly symmetric around the peak
of the pulse, stabilizing around 5 ns after the peak. The fact that the total counts
in the detector range does not correlate with λR, means that no significant amount
of energy was lost outside the spectral range. It should be noted that the hole in
the wedge affected the spectral measurement, as did some unknown amount of self
phase modulation in the diagnostic optics, since the GCF was not used to attenuate
the diagnostic beam.

The spot size at the far field diagnostic was found to reduce by 34% at times
0-5 ns compared to the value at -5 ns, while the transversely emitted light in the
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Figure 11.28: Driver laser (35 J) output spectrum for varying delay from the peak of
the 0.42 J heater laser, with a hydrogen pressure of 19.2 Torr. Wedge hole in, Gold-
Coated Foil out. Also shown is the summed counts of the spectrometer between
740 nm and 1050 nm at each timing, showing no correlation with λR. The spectral
response of the detector was taken into account, but the spectral dependence of
reflection of the various optics was not.

700-900 nm wavelength regime increased by approximately 50%. An increase of the
redshift wavelength λR was seen in the rear half of the capillary compared to the
front, but since the change was of order 0.5%, further study is required to verify
the significance.

The spectrum of electron energies produced by the LPA correlated strongly with
the heater timing and the reduction in redshift of the driver spectrum, as shown
in Figure 11.29. Near the peak of the heater, almost no accelerated electrons were
captured by the detectors at this pressure. This may be indicative of the reduction in
density that is predicted by the models, reducing the number of electrons in phase
with the wake, and the wake amplitude, which scales3 with √n0. As discussed
previously, INF&RNO simulations using low-density plasma channels showed good
laser confinement and electron bunches up to 8.5 GeV in energy, when electrons
were injected in the beginning of the capillary. The experimental results presented
here suggest that an injection mechanism is indeed necessary to seed the sparsely
populated trapping region of the plasma.

Alternatively, the hydrogen pressure can be increased to provide more free
electrons to be trapped. This also affects guiding of the heater pulse and as a
result, the density profile changes. Figure 11.30 shows that electron beam energy
and charge increase for increasing pressure (at delay -1 ns). A modest increase of
4 Torr yielded similar electron beam results as seen in Fig. 11.29 at -5 ns delay.
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Figure 11.29: Electron beam parameters for different delay of the compressed driver
beam from the peak of the heater laser, with a pre-discharge hydrogen pressure of
19.2 Torr. Values shown are average values of 10 shots at the same input parameters,
with standard deviation of charge shown. The maximum charge observed in a single
shot was 238 pC, 5 ns after the peak of the heater. Each spectrum represents the
mean of 5 or more shots.
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Figure 11.30: As Fig. 11.29, but varying pressure while at a fixed discharge-driver
delay of -1 ns. Error bars in the charge show the standard deviation of 5 or more
shots.

At this point, a note on electron beam pointing and detector acceptance
angle is in order. The magnetic spectrometer has a narrow acceptance angle of
approximately 1 mrad. The phosphor screen preceding the spectrometer allows
imaging of a field of view of approximately 5 mrad, which is partially obscured
by the wedged optic and energy diagnostic with hole. The hole allows electron
beams within a solid angle of approximately 2 mrad to pass through undisturbed.
Electrons outside this angle travel through aluminum and glass. They may still be
detected by the phosphor screen, but their precise pointing and transverse beam
size can not be accurately determined5. This calibrated phosphor screen can yield
a bunch charge measurement for electron beams outside the magnetic spectrometer
acceptance angle. Due to pointing fluctuations of both lasers, pointing stability
of the electron beams is poor and most bunches miss the magnetic spectrometer
partially, resulting in an energy measurement of only part of the bunch, and
sometimes partial measurement of bunch charge. Due to the large number of
partially obscured beams that still yielded an energy measurement, we chose not to
exclude data where the electron beam is not well centered. Figure 11.31 provides
examples of well-aligned and partially obscured electron beams, as recorded by
the calibrated phosphor screen diagnostic. Pointing issues are considered the main
source of the large statistical uncertainties in beam energy and charge data shown
here. An investigation into correlation of electron beam angle with the pointing of
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Chapter 11: Experiments on the BELLA beamline

both lasers is ongoing. A discussion on the laser pointing stability is presented in
Section 11.4.4.
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Figure 11.31: Example images from the calibrated phosphor screen diagnostic for
electron beams going through the hole in the wedge (left) and beams that are
partially misaligned (right). The images shown correspond to the data shown in
Fig. 11.29 at -4 ns delay, with 35 J driver beam. Measured bunch charge is indicated.

11.4.3 Ionization injection

The effect of adding nitrogen as a source gas for ionization injection was studied
by direct comparison with hydrogen-only operation, in a 90 mm capillary with
horizontal and vertical axes 762µm and 771µm, respectively. In both cases, the rear
gas slot of the capillary structure provided H2, but in the modified case, a mixture
of 1% N2 with 99% He was applied to the front slot, where the pressure differential
between the slots determined the amount of mixing between the N2/He gas and
H2. In the data shown here, the pressure in the front was always lower than in the
rear, effectively restricting the nitrogen mixture to the 6 mm long region upstream
of the first gas slot.

At a driver energy of approximately 38 J, the data shown in Figure 11.32b was
obtained. It shows that electron beam parameters are still strongly dependent on
the driver-heater delay, but very different trends are observed with the hydrogen
plasma and the mixed species plasma. With hydrogen only, electron acceleration of
significant energy and charge is only observed around 10 ns after the heater peak
has passed the channel, where the model shows the plasma density and temperature
profiles relax and the on-axis density has risen about 15% from its lowest value
(Fig. 11.19). In contrast, with the nitrogen-seeded plasma, a decreasing trend
with laser timing is found. Overall, charge and energy were larger for a greater
range of timings, which is consistent with the results by Pak et al. that showed
lower laser vector potential a0 is required for trapping of electron in the wake
when ionizing nitrogen67. Involving the trend observed with laser delay, irreversible
damage of the capillary is considered a contributing factor as discussed below, but
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11.4 High power experiments with a nearly matched heater pulse

charge measurements were found to be repeatable within the standard deviation
at -5 ns through 0 ns delay. In part, the reduction of acceleration (energy and
charge) with delay can be attributed to reduced on-axis density caused by the
heater laser, making fewer nitrogen ions available for ionization to higher charge
states by the driver laser. However, the model shows that this density depression
is short-lived, and reduces to less than 10% by the time 10 ns has passed since the
heater peak, while the electron beam results show a continuing trend of reducing
electron beam energy and charge. Increased acceleration with nitrogen-doped gases
has been attributed to ionization of electrons in the K-shell of nitrogen, which
occurs above a threshold intensity of 1019 W/cm295. The heater laser has a peak
intensity below 1012 W/cm2, and is therefore not expected to affect availability of
these bound electrons. However, the heating rate R depends on the charge state
as Z2, as shown in Eq. 9.1, and the heavy nitrogen ions are less mobile than the
hydrogen ions, with a thermal velocity four times less. Together, this changes the
dynamics of the plasma response to the heater significantly, possibly changing local
species composition with a concentration of nitrogen ions near the axis, and further
investigation into the relevant processes is ongoing.

Over the course of high power experiments capillaries typically degrade due to
imperfections in the laser and channel, with a conically-shaped ablation pattern
near the entrance of the target often being the most obvious effect. This opening
up of the front causes changes in flow and pressure in the upstream capillary, as
the ablated material has been observed to be redeposited in the gas slots. In
the above comparison between pure hydrogen and nitrogen-doped gas operation,
significant degradation was observed both visually and as a change in pressure
and flow in the upstream capillary section during operation with nitrogen. During
pure hydrogen operation, the change in pressure in the upstream section of the
capillary was 1.3%, and flow reduced by less than 0.5% over the course of the
scan, which consisted of 210 shots at a repetition rate of 0.5 Hz. Repetition of
the timing scan with the nitrogen mixture cause a much more dramatic change,
shown in Figure 11.33. Significant visual damage of the region in front of the gas
slot was observed between these scans, especially in the 3 mm section directly in
front of the slot. This may indicate that guiding of the laser is significantly affected
when nitrogen is introduced, and more investigation is required with different laser
power and nitrogen percentage to determine the precise cause for damage, and the
observed trend with heater timing.
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(a) Hydrogen-only plasma, with 20.4 Torr at the rear gas slot, and 19.3 Torr
(95%) at the front. A maximum bunch charge of 663 pC was recorded in a
single shot at a timing of +10 ns.
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(b) N2/He mix in the front of the capillary, filled to a pressure of 15.4 Torr on
average (77%). The maximum bunch size observed in a single shot was 732 pC
at a driver-heater delay of -2 ns. Notably, over the course of the scan, which was
performed in the direction of negative delay, pressure in the front of the capillary
decreased due to capillary damage.

Figure 11.32: Comparison of electron bunch energy and charge between a capillary
filled with H2 and a capillary filled with H2, but a mixture N2/He in the front
6 mm of the capillary. Approximate bunch charge was obtained via a calibrated
phosphorescent screen; the red line presents the median values with the standard
deviation indicated by the error bars. Driver energy 38 J, heater energy 0.83 J.
Each spectrum represents the mean of 5 or more shots.

148



11.4 High power experiments with a nearly matched heater pulse

Figure 11.33: Reduction in pressure and flow due to evolution of the capillary
structure in a heater-driver delay scan with mixed gas in the front of the capillary
(Fig. 11.32). Pressure was measured by a separate gas slot directly opposite the
slot providing flow of gas. Error bars indicate the interquartile range around the
median of the data.
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Chapter 11: Experiments on the BELLA beamline

11.4.4 Accelerator performance

In the previous sections, trends in electron beam energy and charge were discussed
on the basis of averaged data from multiple shots. As the error bars in the charge
graphs suggest, fluctuation in measured electron beam parameters was typically
large. In the previous section, the acceptance angle of the electron beam diagnostics
was discussed. The electron beam diagnostics are highly sensitive to misalignments,
which depends on both beams being well aligned to each other and the discharge
plasma channel. Several methods are currently being considered to increase the
robustness of the electron beam diagnostics, including the use of quadrupole
magnets and active plasma lensing to reduce the beam size and deflection at the
diagnostics93.

Electron beam pointing is expected to be more stable if the laser pointing
fluctuation is reduced. In the experiments presented here, typical root-mean-square
(RMS) horizontal and vertical pointing fluctuations of σx,heater ≈ 0.78 µrad and
σy,heater ≈ 0.95 µrad are observed. For the high-powered BELLA beam, we found
σx,driver ≈ 1.2 µrad and σy,driver ≈ 2.4 µrad. In our experiment, this means that 33%
of the driver shots fall within a 20 µm radius, or about 20% of a typical matched
spot size. The heater has about 84% of shots within that same area. Together,
this means that in the absence of drifts, 28% of experiment shots both lasers are
pointed within 20 µm on the capillary. Similarly, in only 2% of shots are both lasers
within a 10 µm radius, assuming perfect alignment of the mean pointing. That is a
small number, and sub-10-µm alignment of both beams is likely required for stable
electron beam pointing. Therefore, improvement of pointing stability is desirable.

Different operating regimes have been studied in the past to determine
parameters for stable, semi-monoenergetic electron beams with low divergence5.
An extensive study has not been carried out with the application of the heater,
yet. In Appendix B, several electron beam spectra for various input parameters are
shown.
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Chapter 12

Discussion and conclusion on
channel heating

The need to reliably guide a PW-level laser pulse in a plasma channel has been a
major topic of study for capillary-based LPAs. As density is reduced to increase
the acceleration length, the guide typically degraded, causing capillary damage and
poor energy transfer to the wake. Here we have demonstrated how a heater pulse
can help improve laser confinement so that the high powered pulses can be guided
in structures with an extended lifetime.

On our low-power test bench, time-resolved spectrometry on transversely
emitted plasma light was used to prove that plasma heating indeed occurs as the
heater laser passes the channel. The determination of absolute numbers for the
temperature and temperature profile is difficult due to contamination with ablated
wall material and scattering on the walls. Doing experiments with even larger bore
capillaries with polished round or square walls may help improve this diagnostic.
An in-depth comparison with the heater model developed in this work may increase
understanding of the results and allow the emission measurements to help determine
the on-axis temperature in the plasma.

Using a near-Gaussian probe pulse from a single-mode fiber, the low-power
test bench was used to demonstrate an effect on the probe output spot size, which
strongly depends on the time delay between the heater pulse and the probe. Pinhole
closure was observed, which was caused by laser-induced ablation of capillary and
electrode walls. To address this, larger bore capillaries were designed and the heater
spot size was reduced, effectively reducing the fluence on the walls. The typical
diameter of capillaries was increased to 800 µm, based on the size of the bore
created by the laser after an extended period of irradiation. It is possible that
different diameter capillaries benefit the experiments and the ideal size is worth
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Chapter 12: Discussion and conclusion on channel heating

investigating to balance damage induced by the laser and the channel’s guiding
properties.

A density diagnostic similar to the one developed in Part I of this thesis was
designed and implemented. A major distinction with the previous setup was the
use of single-mode fiber to transport the beam over parts of the required path.
While this can benefit stability of the system, the introduced dispersion called for a
more advanced analysis technique. The setup was designed with the presence of a
heater pulse in mind, and a detailed analysis of the results is pending. Multi-mode
effects contributing to the measured delay are still under investigation, to obtain
an accurate measurement of the longitudinally-averaged on-axis density.

With promising results on the low-power test setup, a method of implementing
a heater pulse on the 1 Hz PW-class BELLA system was designed and built, with
minimal impact to the existing beamline. Heater (at 1064 nm) and probe/driver (at
800 nm) propagation was investigated by operating capillaries of different lengths,
as a means of sampling the plasma in different z-locations. Space limitations on the
size of optics used for the heater setup had resulted in a relatively large heater spot
size at the target and strong modulation of the heater pulse along the channel was
observed. At half the wavelength (532 nm), a much smaller spot size was achieved
which matched the size of the waveguide better.

A simple model based on analytical equations for inverse Bremsstrahlung
heating and Gaussian laser propagation was developed, using a quasi-neutral, two-
fluid approximation and basic estimates for heat conduction and bulk particle
movement. By adjusting the heat conduction length scale, good agreement with
measurements of heater and probe spot size at the capillary exit was obtained. The
model showed that a non-uniform longitudinal density profile was created by the
heater laser, due to modulation in its propagation as a function of instantaneous
laser power. The simulations suggested that it was still possible to guide a probe
pulse with minimal modulation inside the channel, and the results at the capillary
exit were reproduced well in the experiment. This was mostly thanks to the large
extent of time-dependent modulation of the heater pulse; nodes in its oscillation
were smoothed out partially by the rapid change in oscillation period. In order to
create a more uniform channel, more uniform heater propagation is required. One
way to achieve this would be by using a heater pulse shorter than the time scale
of the plasma response, approximately 1 ns. Improvements in the model to better
describe the transient nature of the waveguide modification can still be made. Most
notably, a more comprehensive approach to heat and density distribution upon
heating may be desirable, as well as extension to non-Gaussian transverse pulse
profiles and non-parabolic channels. Currently, our understanding of the channel
and the propagation of both lasers is based on assumptions of initial conditions in
the channel, characterized by the on-axis density n0 and the channel matched spot
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size rm. The dependence of propagation on n0 is not very strong, but rm governs the
spot size oscillation of both beams. Centroid oscillation measurements formed the
basis for the rm assumptions made in the model, but comparison of experimental
and modeled propagation suggests that the coarse rm trend with pressure may not
be completely accurate. The model and its assumptions may be further verified by
using a gated camera to resolve the time-dependent heater output profile.

At higher driver laser power, non-linear effects play a role that can help
confine the laser beam radially inside the channel. Indeed, the output pulse size
and transversely scattered light were observed to depend on the pulse duration.
For the first time, the full power pulse from the BELLA laser was guided in
channels of 90 mm length without immediate catastrophic target damage. The
combination of a larger diameter capillary and effects of the heater are thought to
be the cause for this, enabling operation of a single target for multiple high power
experiments, exceeding 6000 shots above 12 J on target. High power operation
yielded measurements on the effect of the heater, showing reduced redshift when
the driver pulse was timed near the peak of the heater. This was attributed to
changes in the propagation and lower densities. Electron beam production was also
reduced at this time due to reduced availability of trapping electrons, with best
electron beam results observed approximately 10 ns after the peak of the heater,
when the plasma channel settles into a more uniform state. To increase the number
of available electrons, nitrogen was added to the plasma in the front region of
the capillary. This resulted in higher charge and higher energy electron beams,
even near the peak of the heater pulse, consistent with the expectations. However,
capillary damage also accelerated, which is a major concern for capillary longevity
that should be addressed.

In order to fully understand the physics of the accelerator in the experiments,
knowledge of the density is critical. While the simulations presented form a basis of
understanding of the plasma dynamics, the simplifications in beam and plasma
profile from the actual experiment warrant additional verification. The group
velocity-based measurements will be an important tool to quantify the density
modification caused by the heater. Furthermore, INF&RNO simulations comparing
spectral shift of the driver laser output spectrum with the experiment may help
verify the conclusions from the model presented here. Once the density profile is
accurately known, further tuning of the accelerator may be possible. The amount
of density reduction governs the potential bunch energy gain, while controlling
longitudinal inhomogeneities may be critical to ensure electron injection happens
in the right location in the target. These inhomogeneities may also play a role in
the efficiency of acceleration over longer lengths.

High power experiments with the heater laser and ionization-injection scheme
are still ongoing, and much can be learned from performing the experiments
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Chapter 12: Discussion and conclusion on channel heating

with different lengths. Shorter capillaries can help gain understanding of the
propagation of the lasers and the electron injection source, while longer targets can
demonstrate an increased acceleration length and are useful for the longitudinal
density diagnostic. Since the writing of this thesis, electron energies well exceeding
the 4.2 GeV result from 2014 were achieved using 20 cm long capillaries. Capillaries
up to 40 cm are envisioned for BELLA in the near future, based on simulations
with low-density plasma waveguides. The success of such a campaign with 10 GeV-
level electron bunches hinges on getting low enough density in the channel while
maintaining a good waveguide. The theory and results shown in this work form a
basis of knowledge about the heater propagation and its effect on the plasma, for
experiments and simulations to build on for continued high energy experiments.
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Epilogue

Current LPA research is aimed at several different applications, including colliders,
free electron lasers and medical applications. In each, the main benefit of LPAs
versus different accelerator techniques is the potential for compact size. While the
high power lasers required to drive an LPA are rapidly reducing in footprint, a true
tabletop system is likely still a decade or more away. The research efforts described
in this thesis are not focused on reducing the size of the system, but rather target
improvements in accelerator performance. By improving knowledge of the density
in the plasma, and increasing tunability of the profile, a new regime of discharge
capillary-based electron acceleration is accessed, characterized by lower densities
and consequentially longer dephasing lengths.

In a collider consisting of many accelerator stages, this allows for increased gain
in individual accelerator modules, as well as higher final energies. In current PW-
level BELLA experiments, the longer dephasing lengths allow for acceleration to
higher energies in a single stage of increased length, and record-breaking bunch
energies were recently achieved. However, compromises were made: the reduction
in density also reduces the accelerating gradient in the LPA, requiring longer
interaction lengths, and thus, longer capillaries. Since the size of current LPAs
is dominated by the laser system, this is not a major problem for development of
compact accelerators. However, the application of a heater laser adds a significant
level of complication to the system, by requiring extra alignment steps, timing
controls, diagnostics and techniques to inject the heater laser into the path of
the ultra high powered driver laser. Performing the alignment and pulse tuning
required in the current experiment for each stage in a 100-module collider seems
unimaginable, as this currently takes up to half a day for a single stage. Major
improvements in day-to-day laser stability and automation will be required before
more than a handful of stages can be combined efficiently into one system. Of course,
these are just a few of many challenges to be overcome before a proposed TeV-
level collider can become reality, although recent staging experiments have certainly
demonstrated an important first step by combining separate seeding, accelerating
and beam divergence control modules.96
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Epilogue

The complexity added by the heater laser could be greatly reduced if no separate
laser is required. With recent advances in temporal pulse shaping, it is not entirely
unthinkable that this could be done in a way to create a nanosecond-scale pedestal
in the driver pulse. In this thesis, some of the first steps towards longitudinally and
radially tailored capillary plasma channels were taken, and further research should
improve the level of control. In the future, more advanced tuning of the plasma
channel and laser pulse shape may allow for careful shaping of particle bunches to
match their application, whether it be optimized multi-stage acceleration or any
other application that benefits from energetic, ultrashort particle pulses from a
compact source.
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Abbreviations and variables

αm amplitude of each mode in Laguerre-Gaussian decomposition
βg normalized group velocity, vg/c
βg0 on-axis, normalized group velocity
βg0 longitudinally averaged, on-axis, normalized group velocity
γ adiabatic index
γp plasma wave relativistic factor
ε ionization energy
ζ spatial parameter z − ct
η refractive index
θi laser input angle (misalignment from channel axis)
λ laser (central) wavelength
λB laser blueshift, 1/e2 of the laser energy is below this wavelength
λp plasma wavelength associated with plasma oscillations
λR laser redshift, 1/e2 of the laser energy is above this wavelength
µ0 vacuum permeability
σ standard deviation, square root of variance
τe electron collisional time
τth electron heat conduction time constant
φ spectral or temporal phase of a wave
ω angular laser frequency
ωp angular plasma frequency, a density-dependent plasma property
â normalized laser vector potential
a0 laser strength parameter
B magnetic field

BBO Barium borate, a nonlinear optical crystal substrate
BELLA BErkeley Lab Laser Accelerator, a 1.3 PW LPA system

c light speed in vacuum
cs ion acoustic speed, equivalent to vac

CCD charge-coupled device, a type of camera sensor
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Abbreviations and variables

CPA chirped pulse amplification or amplifier
D diameter

DM deformable mirror, an adaptive optic to correct laser phase errors
e elementary (electron) charge
E electric field
Ez accelerating gradient in an LPA
f focal length

FFT Fast Fourier Transform, a discrete Fourier transform algorithm
FL Lorentz force

FWHM full width at half maximum
g0,1 degeneracy of ionization state

GCF gold-coated foil, a high-power optical attenuator
GDD group dispersion delay
GVD group velocity dispersion

h Planck constant
~ reduced Plank constant h/2π
I laser intensity
I0 on-axis laser intensity
IB inverse Bremsstrahlung

ICT integrating current transformer
iFFT inverse Fast Fourier Transform

k laser wavenumber
kB Boltzmann constant
kc.o. wavenumber associated with laser centroid oscillations in plasma
ke electron thermal conductivity
kp plasma wavenumber associated with plasma wavelength
L plasma channel length

Lend distance from center of capillary gas slot to nearest end
Lmid distance between gas slots in capillary (center to center)
Lt electron heat conduction length scale, main tunable parameter of

the heating model in this work
l/c ratio line/continuum ratio of plasma emissions

lnΛ Coulomb logarithm
LBNL Lawrence Berkeley National Laboratory

Ld dephasing length of electron in a plasma wave
LG Laguerre-Gaussian, a mode description of laser beams

LPA laser plasma accelerator
LTE local thermal equilibrium, a common assumption in plasma physics
m Laguerre-Gaussian mode number or mass
me electron rest mass
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mi ion rest mass
MHD magneto-hydrodynamic

n number density
n0 on-axis electron density in a plasma channel
ne electron number density
nH2 molecular (neutral) number density of hydrogen in capillary
ni ion number density
ni0 neutral gas number density before discharge
p Laguerre-Gaussian mode parameter

p% ratio of gas pressure in front of capillary versus rear: 100% · pfront/prear
pcap pressure inside capillary
P pressure or power
Pc critical power for self-focusing
q electric charge

QSM quasi-static model
r radial coordinate in cylindrical coordinate system
r0 laser focal spot size, defined as the Gaussian waist unless otherwise noted
rc capillary radius, equivalent to R0
re classical electron radius
ri laser spot size at capillary input
rs radial size of laser at given location, usually defined as Gaussian width
rm matched spot size, a property of the plasma channel indicating its

guiding strength
r∗m equivalent matched spot size, assuming homogeneous channel
R (inverse Bremsstrahlung) heating rate
R0 capillary radius
RA regenerative amplifier

RMS root mean square, equivalent to standard deviation σ
SNR signal-to-noise ratio
SPM spectral phase modulation, a non-linear optical effect

t time coordinate
T0 neutral gas temperature
Te electron temperature
Ti ion temperature
vac ion acoustic speed
ve electron thermal speed
vE electron quiver velocity in an external field
vg laser group velocity
vp phase velocity of plasma wave
w Gaussian beam size, equivalent to rs
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Abbreviations and variables

xc transverse laser centroid offset
xci transverse laser centroid offset at channel entrance
xi transverse laser centroid oscillation amplitude
X side of capillary with square cross-section
z longitudinal capillary coordinate, along capillary and laser axis

〈z〉 laser centroid location
zR Rayleigh length
Z(i) plasma ionization degree
Zm Rayleigh range of matched channel radius
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Appendix A

Heater simulation results for
different energies

In this Appendix, results are presented from the heater simulations detailed in
Section 9.4, for different energies of the heater laser. Figures A.1 through A.5
show the evolution of rm as a function of time and longitudinal coordinate z, for a
60 mm channel. It is important to note that in this simulation, the propagation of
the heater pulse is assumed to be following that of a Gaussian with r0 = 91 µm.
Significant self-evolution of the heater pulse is observed for energies above 10 mJ
(peak power exceeding 1 MW). Furthermore, the temporal heater pulse profile was
assumed to be the same at each energy, such that the resulting power is obtained
by scaling the profile with the total pulse energy. The heat conduction length scale
Lt was maintained at 150 µm for all images shown in this Appendix.

We see that as a result of self-evolution, two regions of lower rm are created at
the location where the node of the heater spot size oscillation occurs, around the
peak of the heater pulse. The location of this depression does not change much
for increasing energy between 98.4 mJ and 1 J, but the depth and duration does
increase significantly due to the higher heating rate. It is worth noting that this
increases the longitudinal gradient in rm, which may result in poorer matching to
the input probe/driver pulse. At all energies, the plasma becomes progressively
more uniform along the axis for later times.
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Figure A.1: Matched spot size evolution in a 0.39·1024 m−3 channel irradiated by
a 10.2 mJ, 1064 nm heater pulse.
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Figure A.2: Matched spot size evolution in a 0.39·1024 m−3 channel irradiated by
a 98.4 mJ, 1064 nm heater pulse.
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Figure A.3: Matched spot size evolution in a 0.39·1024 m−3 channel irradiated by
a 198 mJ, 1064 nm heater pulse.

0 10 20 30 40 50 60
z (mm)

-10

0

10

20

30

t (
ns

)

50

60

70

80

90

100
r m

 (
m

)

2040

Pulse power (MW)

499 mJ

Figure A.4: Matched spot size evolution in a 0.39·1024 m−3 channel irradiated by
a 499 mJ, 1064 nm heater pulse.
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Figure A.5: Matched spot size evolution in a 0.39·1024 m−3 channel irradiated by
a 1.00 J, 1064 nm heater pulse.
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Appendix B

Electron beam spectra obtained
with high power BELLA pulses
and a laser-heated channel

Here, we present a selection of shots that were notable based on their energy
distribution or total charge. In general, such conditions occurred away from the
peak of the heater influence, where electron acceleration was found to be suppressed
(Fig. 11.29). In Figures B.1 and B.2, applicable experimental conditions are
indicated. Electron beams up to 660 pC and peaking at 4.1 GeV were observed
using pure hydrogen, and charge up to 745 pC was observed with a nitrogen mix
in the front of the capillary. In some shots, mixed gas operation yielded electron
spectra with local maxima at 4.5 GeV, but generally this was paired with a large
energy spread and the majority of the charge at energies below 3.5 GeV. Shot-to-shot
fluctuations were large due to inconsistent pointing through the small acceptance
window to the magnetic spectrometer. As expected from the trends shown in
Figs. 11.29 and 11.30, the highest electron energy and bunch charge was observed
when the driver was timed away from the heater peak. Furthermore, Fig. B.2 shows
the increased bunch energy and charge that are obtained for increased pressure, and
when filling the front section of the capillary with the nitrogen/helium blend.
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Appendix B: Electron beam spectra obtained with high power BELLA pulses and
a laser-heated channel
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Figure B.1: Selected electron beam energy distributions from a 90 mm capillary,
with 38 J driver energy (approx. 0.8 PW) at the indicated delay relative to a
0.42 J, 532 nm heater pulse. Every image represents a single shot at the indicated
conditions. The molecular hydrogen density is shown for each shot.
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Figure B.2: Selected electron beam energy distributions from a 90 mm capillary,
with 38 J driver energy (approx. 0.8 PW) at the indicated delay relative to a
0.42 J, 532 nm heater pulse. Every image represents a single shot at the indicated
conditions. The molecular hydrogen density in the rear of the capillary is shown for
each shot. For the mixed gas cases, the He/N2 pressure in the front of the capillary
was 74% of the pressure in the rear.
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In the past few decades, accelerators have taken a prominent role 
in the advancement of fundamental science, as well as biomedical 
applications. The conventional accelerator scheme employing RF 
cavities is limited in compactness by RF breakdown. Laser-plasma 
accelerators (LPAs) form a new generation of accelerators that do 
not share this limitation, and allow accelerating gradients that are 
several orders of magnitude higher. This relatively novel concept 
relies on high-power lasers to drive wakefields in ionized gases 
(plasmas), that in turn accelerate charged particles. Electrical dis-
charges in gas-filled capillaries are used to create these plasmas, 
establishing waveguides confining the laser energy and maximizing 
energy transfer. The conditions inside these capillaries are critical 
for LPA performance but are difficult to measure. In this thesis, the 
concept and results of several diagnostic methods for capillary 
waveguides are presented. In addition, the results of implementing 
a secondary laser on the BELLA petawatt system are discussed. This 
laser-heater was demonstrated to assist in controlling the shape 
of the waveguide, increasing capillary longevity and allowing for 
longer accelerating structures, and increased particle energy gain.
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