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Summary

Compared to conventional particle accelerators, laser plasma accelerators (LPAs)
have accelerating gradients that are orders of magnitude larger. This means that
fundamentally these devices can be kept singificantly smaller, making LPAs promis-
ing for future applications such as seed for a free electron laser or high resolution
X-ray sources. On the path to widespread application of the technique several
scientific and technological advances are still required.

In this thesis three aspects of the development and improvement of an LPA are
treated. First, special attention is paid to the capillary gas discharges that can be
used to create the required plasma for an LPA. In particular, the electric circuit is
optimized for smooth, short current pulses. This is done by modeling the system and
then applying the modification experimentally. The key component introduced in
the circuit is a saturable inductor, which suppresses oscillations depending on their
frequency. A discharge pulse is obtained that can provide smooth and dependable
discharge dynamics in the capillary.

The main body of this work focuses on the plasma channel that is key to a
succesful LPA. This plasma channel guides the incoming laser pulses so that they
remain focused over a longer distance, increasing the interaction length with the
particles to be accelerated. Simulations and experiments are described that study
the use of longitudinal interferometry in the development of a diagnostic for the on-
axis electron density in the channel and the width of this plasma channel, for low
laser intensities. The basis of this technique relies on the fact that the group velocity
of the laser pulse is lower at higher plasma densities, introducing a delay on the
order of femtoseconds. The measurement of this group velocity dispersion (GVD)
is demonstrated to yield a measure for the on-axis density but direct comparison
to an alternative technique is necessary to benchmark the method. Similarly, GVD
measurements can be used to probe the channel width by changing the input spot
size. In the experiment this introduces higher order laser modes which influence
the result. These effects are studied in simulations and confirmed in experiments,
concluding that for more reliable measurements a single-mode input would be ideal,
in combination with a different technique such as a laser-centroid based diagnostic
to increase the accuracy of the measurement.

Finally, many possible applications of LPAs such as X-ray imaging would benefit
tremendously from an increased repetition rate; whereas current-day LPAs operate
at 1 Hz-level repetition-rates, the feasibility of using capillary targets for kiloHertz
repetition rates is investigated. To cope with the increased heat load, the per-
formance of diamond is compared to the more conventional material sapphire. By
exposing the target to 1.3 million discharges, it is shown that erosion of the diamond



is indeed significantly less. In addition, comparison with previous experimental re-
sults shows that the current experiment causes an order of magnitude more erosion
of the substrate. This suggests that the experimental conditions should be adjusted
to increase the lifetime of the targets. More research is necessary to directly com-
pare the quality of laser guiding in diamond and sapphire capillaries. While the
diamond is shown to establish a waveguide, it is not as symmetric as the one in
the conventional sapphire capillary. This observation is attributed to the non-ideal
flatness of the diamond surfaces, allowing for small gas leaks that result in reduced
plasma temperature and pressure. Additional research with more suitable diamond
substrates is recommended to verify this hypothesis.

These three topics each have expanded the knowledge of what happens to a
gas-filled capillary when a discharge strikes and the effect on a laser pulse. Un-
derstanding these processes is essential in improving LPA operating parameters
and performance, with the final goal to make the technology suitable for use in a
multitude of applications.



Samenvatting

In vergelijking met conventionele deeltjesversnellers kunnen laser-plasmaversnellers
versnellingsgradiënten van enkele ordes groter bewerkstelligen. Dit betekent dat
deze machines fundamenteel kleiner in formaat kunnen zijn, hetgeen een veelbelo-
vende eigenschap is voor toekomstige toepassingen zoals vrije elektronenlasers of
röntgenstralingsbronnen met hoge resolutie. Voordat zulke toepassingen veelvuldig
kunnen worden gebruikt, moeten er nog diverse technologische en wetenschappelijke
mijlpalen bereikt worden.

In dit verslag komen drie aspecten van de ontwikkeling van plasmaversnellers aan
bod. Ten eerste wordt aandacht besteed aan gasontladingen in capillaire buizen (ook
wel kortweg capillairen genoemd) die kunnen worden gebruikt om de juiste plasma-
condities te genereren. Het elektrische circuit dat aan de basis van deze ontladingen
staat is geoptimaliseerd voor korte, gladde stroompulsen. Dit is gedaan door het
systeem eerst te modelleren en aanpassingen die hieruit voortvloeien vervolgens in
het experiment toe te passen. Een belangrijk element dat hierbij is gëıntroduceerd
is een verzadigbare spoel die oscillaties in de stroom kan onderdrukken afhankelijk
van de frequentie. Uiteindelijk is een ontladingsstroompuls verkregen die voor een
geleidelijke en betrouwbare ontladingsdynamiek kan zorgen.

In het grootste deel van dit verslag ligt de nadruk op het plasmakanaal dat
een belangrijk deel uitmaakt van elke plasmaversneller. Een plasmakanaal geleidt
de invallende laserpulsen zodanig dat ze langer gefocusseerd blijven, waardoor de
interactielengte met de te versnellen deeltjes toeneemt. Zowel simulaties als expe-
rimenten worden beschreven waarbij longitudinale interferometrie wordt gebruikt
om een diagnostiek voor het plasmakanaal te ontwikkelen, waarmee zowel de axi-
ale elektronendichtheid als de breedte van het plasmakanaal kan worden bepaald
voor lage laserintensiteit. Deze techniek is gebaseerd op het feit dat de groepssnel-
heid van een korte laserpuls langzamer is bij hogere plasmadichtheid, waardoor de
puls typisch enkele femtoseconden wordt vertraagd. Een methode is ontwikkeld om
deze groepssnelheidsdispersie (GVD, naar het Engelse group velocity dispersion) te
meten en een axiale plasmadichtheid kan inderdaad worden berekend, hoewel een
directe vergelijking met een alternatieve techniek zal moeten uitwijzen of de gevon-
den waarden kloppen. Door een vergelijkbare meting uit te voeren kan GVD ook
gebruikt worden om de breedte van het plasmakanaal te bepalen door de grootte
van de binnenkomende laserpuls te variëren. In het experiment worden hierdoor ho-
gere orde elektromagnetische modes gecreëerd die het resultaat kunnen bëınvloeden.
Dergelijke effecten zijn gesimuleerd en vervolgens ook aangetoond in de experimen-
ten. Uit deze experimenten kan worden geconcludeerd dat een binnenkomende puls
idealiter slechts uit een enkele mode bestaat teneinde een betrouwbaar resultaat



te verkrijgen. Bovendien kan deze techniek in combinatie met andere technieken
worden gebruikt om de betrouwbaarheid van de metingen te verhogen.

Veel van de mogelijke toepassingen van plasmaversnellers zoals beeldvorming
met röntgenstraling hebben baat bij hogere pulsherhalingsfrequenties. Moderne
plasmaversnellers opereren met frequenties rond 1 Hz. De haalbaarheid van een
kiloHertz-systeem gebaseerd op gasontladingen in capillaire structuren is onder-
zocht. Omdat hierdoor de warmtelast op de materialen toeneemt, is het effect
van structuren van diamant vergeleken met structuren gemaakt van het doorgaans
gebruikte saffierglas. Door deze materialen bloot te stellen aan 1,3 miljoen gasont-
ladingen is aangetoond dat het diamant inderdaad veel minder erosie vertoont. Ook
blijkt uit een vergelijking met oude resultaten die elders verkregen zijn dat er een
ordegrootte meer erosie plaatsvindt in ons systeem. Hieruit kan worden geconclu-
deerd dat de eigenschappen van de ontlading anders zijn en mogelijk moeten worden
aangepast om de levensduur van de capillaire ontladingsbuizen te verlengen. Om de
kwaliteit van het plasmakanaal te vergelijken voor beide materialen is aanvullend
onderzoek nodig. Hoewel in de diamanten structuur duidelijk ook een plasmakanaal
wordt gevormd, is dit niet zo symmetrisch als het kanaal dat in saffieren capillairen
kan worden gevonden. Deze observering is toegekend aan de niet-ideale vlakheid
van de diamanten substraten die gebruikt zijn, waardoor de druk en temperatuur
in het gas en plasma mogelijk worden verminderd. Verder onderzoek met vlakkere
diamantcomponenten zou dit moeten aantonen.

Deze drie onderwerpen hebben allemaal tot gevolg gehad dat we iets meer weten
over wat er in een gasgevulde capillaire gasontlading gebeurt en hoe dat de laser
kan bëınvloeden. Het begrijpen van deze processen is een essentiële stap in het
verbeteren van plasmaversnellers, met als ultiem doel het beschikbaar maken van
laser plasmaversnellers voor een breed scala aan toepassingen.
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Chapter 1

Introduction

Laser plasma accelerators (LPAs) offer the possibility of building compact high
energy accelerators that can be used for future applications such as free electron
lasers, XUV light sources and possibly high-energy particle colliders.

Compared to a conventional accelerator relying on the fields of radiofrequency
waves, an LPA can fundamentally sustain much higher electromagnetic field gradi-
ents. In the case of a laser plasma accelerator (LPA), these gradients are created
in the 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,1 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. Electrons have
been demonstrated to be accelerated to energies over 1 GeV across centimeter-scale
structures.2

To excite a significant wakefield suitable for electron acceleration, laser intensi-
ties on the order of 1018 W/cm2 are required. To achieve such intensities, ultrashort
pulses are focused to sub-mm size spots. As a result, the beam will diverge after
coming to a focus, so that the power density quickly reduces again, limiting the
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 with a minimum on axis, the laser pulse can be confined
to the channel due to the increased index of refraction away from the plasma axis.
This is a very important concept in increasing the efficiency of LPAs.3,4

In this work, parabolic density profiles are assumed for guiding of laser pulses
with a Gaussian intensity profile. For a given density profile width, a laser spot
size can be found that is maintained along the channel length. This is called the
matched spot size, and is a characteristic of the plasma channel. Laser pulses with
smaller or larger spot sizes may be guided as well but will exhibit oscillations in
spot size.

Such plasma channels can be formed for example by preionization of a gas jet by
a laser or by a discharge. At the LOASIS Program at Lawrence Berkeley National
Lab (LBNL) — where all of the work described in this thesis was performed —
a capillary gas discharge is used. A high voltage source induces a large potential
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difference across a capillary filled with a gas (for example hydrogen). This gas
breaks down to form a plasma channel, where the thermodynamics of the discharge
and successive plasma current influence the density profile in the channel. Part I of
this work describes how a suitable discharge pulse is obtained that results in a stable
plasma channel formation and prevents unnecessary heat deposition. Simulations of
a pre-existing setup are described first, then optimized and followed by experiments
to confirm the conclusions drawn from the simulations.

A second subject studied in this work is the propagation of a laser pulse in a
parabolic plasma channel. By using the fact that the group velocity of the laser
pulse is reduced at higher plasma densities, measurements of this delay caused by
group velocity dispersion (GVD) were used to study the conditions in the channel.
One quantity that can be determined in this way is the on-axis density of the plasma
electrons. This value is of importance in benchmarking against existing discharge
simulations and for calculating the number and energy of electrons accelerated by
the wake.2 The electron density is a key parameter in optimizing the LPA as it
determines the interaction regime between laser and plasma and quantities such
as field strength, phase velocity and dephasing length. In addition to the on-axis
electron density, the width of the plasma channel was determined by measuring the
GVD delay. This work is treated in part II of this thesis. In the same part, several
other waveguide diagnostics are explained to support the GVD measurements.

The number of applications for which LPAs are suited depends on the quality
and energy of the accelerated particle bunches, but also on the shot-to-shot repro-
ducibility and repetition rate. The first steps in the investigation of the feasibility
of a 1 kHz LPA have been taken by studying the influence of a large number of
discharges on the capillary surface in the case of a sapphire and diamond target.
The results of these experiments are described on page 90 and further in part III
of this work.

The three subjects studied in this work share the intention of improving the un-
derstanding of LPAs based on capillary discharges. The ultimate goal is to develop
LPAs to the level that their potential applications can be implemented various fields
from medical science to particle studies and high-resolution imaging. This thesis
represents just one of many steps still to be taken until that level of familiarity with
LPA technology is reached.

All of the work described in this thesis was carried out with very strong sup-
port of LOASIS group members. In particular, the simulations on the discharge
circuitry were based on a model developed by A.J. Gonsalves and extended by
the author. The concept of the GVD 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. All experiments and ZEMAX simulations were carried out by
the author, again with support by A.J. Gonsalves and J. van Tilborg. Multi-mode
GVD simulations were performed by J. van Tilborg. The simulations and surface
measurements described in part III were provided by EuclidTech Labs while the
guiding and discharge experiments were carried out by the author in cooperation
with A.J. Gonsalves. All work was overseen by W.P. Leemans.
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Part I

Discharge pulse experiments
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Chapter 2

Introduction to plasma channels
through capillary gas discharges

A plasma channel suitable for use as a waveguide can be created in several ways. For
example, an ionizing and heating laser pulse can be used to create a channel in a gas
jet,5,6 or a plasma can be created by ablation of a capillary wall.7,8 Alternatively, by
applying a potential difference over the two ends of a gas-filled capillary, a discharge
can be induced that ionizes the gas. In case of the latter, the most important
parameters that determine the degree of ionization and the density profile of the
resulting plasma channel are the capillary dimensions, initial gas pressure and the
shape of the discharge pulse.

Previous experiments2 have shown a dependence of laser transmission on the
evolution of the current, as shown in Fig. 2.1. This shows that in order to get
a stable behavior of the laser in the waveguide, the discharge pulse needs to be
smoothened out.

Figure 2.1: Energy transmission of a laser pulse (dots and dashed line) and the
discharge current (solid line) for changing time delay between the laser entrance
and discharge initiation in previous experiments at LOASIS. Figure reproduced
with permission from Ref. [2].

This section deals with the experiments carried out to optimize the voltage
pulse driving the discharge to obtain a current profile that can be modeled and
corresponds to the shapes used in recent simulations at LOASIS.
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Chapter 3

Theory

3.1 Discharge dynamics

In the experiments described in this work, a plasma is created by applying a voltage
of 10-30 kV across the ends of a cylindrical capillary filled with a gas, for example
hydrogen. Breakdown occurs and the gas will be ionized, creating a plasma column.
Due to the applied potential difference across the capillary a current will run through
the plasma, inducing Ohmic heating. The solid walls are colder, so a temperature
gradient towards the center will appear. The increased temperature causes the
plasma to expand towards the walls, creating a parabolic density profile.9 Such
profiles have been demonstrated in experiments.10,11 The discharge current pulse
is often modeled and implemented as having a half-sine shape of several hundred ns
long.9,12,13 Around the peak of current the plasma is fully ionized and a maximum
in the Ohmic heat load will cause the steepest density gradient close to the channel
axis. In this phase of the discharge the electron density profile remains nearly
constant for over 70 ns (Fig. 3.1).

Figure 3.1: Calculated radial electron density profiles for various times (40, 60, 80,
100, 150 ns) after discharge initiation. Figure reproduced with permission from
Ref. [13].

.

After this time, the reduction in current and decrease in plasma resistivity due
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to the temperature increase result in reduction in Ohmic heating. The density
gradient will smoothen out as the temperature becomes more homogeneous, until
eventually the steady-state situation is reached.

The exact shape of the discharge current pulse is of importance for the experi-
ments: not only is the heat deposition necessary to create a channel in the plasma
(and determines the channel depth), once the gas is fully ionized the additional
heating poses a risk of causing structural damage and contamination by ablation of
the sapphire wall.14,15

3.2 Creating the voltage pulse

In order to drive the desired discharge current pulse in the capillary, an LRC-
circuit is used to create a pulsed voltage on the capillary ends. In conjunction with
a thyratron — a fast high voltage switch — a pulse profile approximating a half-
sine can be formed. To prove this, we set up the basic model depicted in Fig. 3.2,
consisting of an inductor L, a capacitor C and a resistor R. Furthermore, a switch
serves as a (greatly) simplified model of a thyratron and a power source delivers a
DC voltage V0. The resistor Rsupp is added to suppress the effects of short circuiting
the power source when the switch is closed.

C L

V0 R

Rsupp

Figure 3.2: Basic LRC model to serve as a pulse generator.

Kirchhoff’s second law states that the voltage in any closed loop adds up to
zero. Applying this to the loop on the right when the switch is closed, Eq. (3.1) is
obtained, where q(t) denotes the charge of the capacitor.

L
d2q

dt2
+R

dq

dt
+
q

C
= 0 (3.1)

In addition, we can add the following initial conditions based on the fact that before
the switch is closed at t = 0 after allowing the system to stabilize; no current will
flow through the circuit and the capacitor is fully charged.

dq

dt

∣∣∣∣
0

= 0 (3.2a)

q(t = 0) = CV0 (3.2b)

The second order homogeneous differential Eq. (3.1) can now be solved for the
charge q to find the development of the current I over time. The obtained result
for the current is plotted in Fig. 3.3 together with a perfect sine for comparison.

q(t) = c1e
r1t + c2e

r2t (3.3a)
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I(t) =
dq(t)

dt
= c1r1e

r1t + c2r2e
r2t, where (3.3b)

c1 =
CV0

2

(
1 +

(
1− 4L

CR2

)− 1
2

)
, c2 =

CV0
2

(
1−

(
1− 4L

CR2

)− 1
2

)
, (3.3c)

r1 =
−R+

√
R2 − 4L

C

2L
, r2 =

−R−
√
R2 − 4L

C

2L
. (3.3d)

In the figure an exponentially decaying periodic function can be seen, where the
first oscillation very closely resembles a sine-profile, proving that an LRC-system
like the one described can indeed be applied to obtain a half-sine-like current pulse
as used in previous simulations.

0  

 

Cu
rre

nt

T i m e

 A n a l y t i c
 S i n e

Figure 3.3: Comparison of the analytic solution to the simple LRC circuit described
by Fig. 3.2 with a basic sine pulse shape.

So far, the impedance of the transmission lines have been neglected. In Chapter
5, the basic LRC-model will be expanded to include these impedances. To un-
derstand the difference between different cable types, the electric properties of two
commonly used designs — coaxial cabling and parallel wires — are discussed briefly
in Appendix A.

3.3 Ferrimagnetism

In the experiments the application of ferrite-core solenoids will be discussed. To
understand the properties of these components, ferrimagnetism and its relation to
the more commonly known concept of ferromagnetism are discussed briefly.

The origin of magnetic effects in a material is usually explained by analyzing the
orientation of spins:16 small magnetic dipoles usually resulting from the quantum-
mechanical concept of spin of an electron. Due to the exchange interation between
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these spins a pattern can develop in the orientation of the individual spins. In
the case of ferromagnetism all spins are aligned if the temperature of the material
is below the Curie temperature, where thermal effects cause random alignment of
the spins in the absence of a magnetic field. In the ordered state, the alignment
of all spins in the material results in a macroscopically measurable magnetic field:
this is a permanent magnet. Similarly, the exchange interaction can cause opposite
alignment of neighboring spins, a phenomenon called antiferromagnetism.

Ferrimagnetism is similar to antiferromagnetism in that the magnetic moments
have alternating orientation, but the differently oriented moments have different
magnitude, resulting in a net magnetic field as in a ferromagnetic material.17 A
detailed explanation of how the magnetic permeability of a ferrimagnetic material is
determined is not given here, but it is important to introduce the complex magnetic
permeability µ = µ′ − iµ′′. This concept stems from the time delay between the
application of a magnetic field H and the resulting B-field in a material. µ′ and
µ′′ are frequency-dependent, as can be seen in Fig. 3.4 for the commercial ‘Type
73’ ferrimagnetic material.18 It can be seen that one order difference in magnetic

Figure 3.4: Dependence of the complex permeability of 73 material on magnetic
field oscillation frequency.18

field frequency can result in order of magnitude differences in both the imaginary
as well as the real part of the magnetic permeability. The relevance of this can be
illustrated by considering a solenoid with a ferrimagnetic core.a

In general, the inductance of a toroidal solenoid is given by:

L =
µN2A

2πr
(3.4)

where N is the number of windings, A the cross-sectional area of the coil and r the
major radius of the toroid. For a vacuum core, µ equals the permeability of vacuum
and we define the corresponding inductance L0. The impedance of the system with
core is:19

Z = µωL0 (3.5)

aThis is sometimes called a ferrite choke due to the suitability of such components to suppress
high-frequency noise.
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This can be split into the effective inductance Ls and the effective series resistance
(ESR) Rs:

Ls = L0µ
′ (3.6)

Rs = ωL0µ
′′ (3.7)

Here it can be seen that the inductance of the solenoid depends on real part of the
permeability µ′ while the ESR depends on the imaginary part µ′′. A higher ESR
means higher losses, so µ′′ is essentially an indicator of losses. In material science,
this is usually documented as the loss tangent tan δ = µ′′/µ′. By looking at fig.
3.4, it can now be concluded that for a solenoid with a core made of 73 material,
the inductance will drop at frequencies over 106 Hz, while the ESR will peak,
resulting in losses, effectively suppressing any field oscillations at that frequency.
This can be seen also in Fig. 3.5, where for a particular commercial ferrite choke, the
impedance is plotted for various numbers of windings. It is observed that depending
on the number of windings, strong suppression of narrow frequency domains can
be induced. For this property, ferrite cores are often used on electrical cabling to
reduce interference noise.

Figure 3.5: Dependence of impedance of a ferrite choke made of 73 material on
magnetic field oscillation frequency.18

The significant drop in µ′ observed above is caused by the inability of the mag-
netic moments in the material to follow the changes in the magnetic field; the
moments do not have sufficient time between the oscillations to fully reach their
ordered state, which reduces the resulting B-field. In the experiments presented
here, this property is exploited to suppress certain oscillations on a pulsed signal.

Another effect that can be present in ferrimagnetic materials is saturation: above
a certain magnetic flux density H all magnetic moments will be ordered such that
the resulting field strength B is maximum and cannot increase any further. Here µ′

is essentially reduced to zero. The saturation flux density is an important parameter
specifying ferrimagnetic materials for commercial applications. In ferrite chokes
saturation may be reached for high numbers of N at high currents, which result in
strong fields in the core. This is generally avoided because it inhibits the ability of
the component to suppress noise (as the magnetic moments are fixed in position)
and the inductance is strongly reduced.

12



Chapter 4

Experimental setup

Fig. 4.1 demonstrates schematically how the elements of the LRC-circuit described
in Section 3.2 together form the system capable of delivering an approximately
sinusoidal current pulse to the capillary. The switch used is a thyratron — essen-
tially a gas-filled tube capable of switching high voltages by externally controlling
breakdown in the tube. Other components are a capacitor Cpulser = 3.6 nC, an
inductor Lpulser = 1.5 µH and resistance Rpulser = 11.1 Ω which accounts for both
a 7.5 Ω resistor and resistance in the other components. The capillary itself serves
as a resistor as well. The thyratron, capacitor, inductor, resistor and the circuitry
reside inside a metal chassis for safety and stability. We will refer to this system
as the pulser. A coaxial cable delivers the high voltage pulse to the capillary which
is placed inside vacuum. The main power source can be regulated to deliver up to
30 kV, but for the purpose of this experiment it will be kept fixed at 20 kV. The
capillary used in these experiments is a 33 mm long, 250 um cylindrical capillary
with sapphire (Al2O3) walls. The hydrogen pressure applied to the capillary can
be regulated between 0 and 70 Torr, but is typically maintained at 30 Torr.

Cpulser

Lpulser

V0

Rcap

Rsupp

Thyratron

Capillary

Pulser chassis

Vacuum chamber

Rpulser

Figure 4.1: Schematic view of the experimental setup and the basic electric circuitry
in the high voltage pulser.
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Chapter 5

PSPICE Simulations

Before carrying out any experiments on the setup described, the system is modeled
in OrCAD PSPICE circuit simulation software to predict how the pulse shape
can be enhanced for a close match to a smooth half-sine like signal and improve
understanding of the system. First, a basic LRC model serves as verification of the
method by comparing this to the analytic solution found in Section 3.2. Then, the
model will be extended to fit some experimentally obtained data by compensating
for non-ideal components. Once a representative model has been established the
parameters will be varied to investigate how the performance can be improved.

5.1 Verification by means of a simple model

As a starting point, the simple LRC circuit described in Fig. 3.2 was modeled in
PSPICE. The result is plotted in Fig. 5.1, alongside the already obtained analytic
solution. Here a source voltage of 20 kV was assumed, Cpulser, Lpulser and Rpulser

were taken as specified in Chapter 4. Rsupp was set at 500 Ω and Rcap at 10 Ω.
With the exception of Rcap, all these values were determined experimentally on the
setup discussed in Chapter 4.

From the figure we can conclude that the analytic solution presented and the
PSPICE model are indeed in perfect agreement. Now that this simple model has
been verified, a more complex system can be designed in PSPICE to match the
experimentally determined current traces.

5.2 Expanding the PSPICE model to fit the experimen-
tal data

Preliminary experiments on the setup described in the previous chapter yielded the
current trace in Fig. 5.2.

First of all, we note that the experimental data never drops below zero as the
simulation does. This can be attributed to the thyratron, which in this and all
subsequent simulations is modeled by an ideal switch, but in reality is far from
ideal. Most importantly, the behavior of the switch changes as the voltage reverses,
something that is neglected in the model. Additionally, simulations have shown
that a quasi-equilibrium is established by the time the current peak is reached,13 so
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Figure 5.1: Comparison of the analytic solution and PSPICE simulation results of
the simple LRC model from Fig. 3.2 to a sine pulse.
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Figure 5.2: Experimental data compared to basic LRC model in PSPICE.

the exact shape of the downward slope is of minor importance. For these reasons
we will not be concerned with the exact modeling of the current pulse where it
approaches zero.

Another striking difference between the simulation result and the experimental
data is the strong oscillatory behavior observed in the experiment, with a 50-100 ns
period. To account for this, the basic model from Fig. 4.1 is expanded. The most
obvious simplification in the basic model is that cable impedance is ignored. How-
ever, for the coaxial cabling used in the initial experiment this is not accurate: due
to concentric configuration of the two cables carrying current in opposite direction
inductance will be low, but depending on the thickness of the sleeve between core
and braid wire, the capacitance may not be negligible.

To improve the model, the cable capacitance and inductance were estimated
using Eq. A.5 and A.8 for estimated cable properties (l = 3 m, a = 1.4 mm
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and b = 3.6 mm). This was then modeled as a multi-component transmission line
without loss. The resulting model is pictured in Fig. 5.3. The capillary was modeled

Figure 5.3: Circuit as modeled with the inclusion of transmission line impedance of
the original coaxial cabling.

as a switch (which simulates breakdown of the gas) and 10 Ω resistor, based on
previous measurements of the voltage across the target and current flowing through
the capillary.20 Similarly, previous measurements have shown a pulser resistance
of 11.1 Ω which has been accounted for. An additional 0.9 µH inductor was found
necessary to match the experimental data better, which could indicate that the
cabling had a higher impedance than estimated. Fig. 5.4 shows the result of the
simulations compared to the experiment. A very good agreement is found; the

Figure 5.4: Comparison of modeled circuit with coaxial cable impedances to the
measured data.

amplitude of the overall signal is correct, as are both the amplitude and frequency
of the oscillations measured. The signal only starts to deviate significantly when
the signal becomes dominated by the thyratron after around 500 ns.
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5.2.1 Varying the cable impedance

Now that a working model of the system has been developed, possible improvements
can be investigated. First one can replace the coax cable by a cable with lower
capacitance. For this, a cable consisting of two parallel wires is chosen, for which
the capacitance and inductance were derived in Chapter A. For a = 1 mm d =
10 mm and l = 3 m this yields the cable components in Fig. 5.5 which replace the
components from Fig. 5.3. The results are compared to the case of coaxial cabling

Figure 5.5: Modeling of cable impedance for two parallel wires.

in Fig. 5.6.
It can be seen that while the overall signal amplitude did not change much, the

amplitude of the ringing is reduced significantly. The frequency of these oscillations
is increased, and a slight increase in overall pulse length is observed. This suggests
that increasing the inductance of the system can be a way to reduce oscillatory
behavior of the current pulse. To test if adding another inductive component to
the system would further improve the pulse, a 10 µH inductor was added in series
with the capillary. The resulting current trace is shown in Fig. 5.6 as well. Indeed,
the oscillations are reduced further but at the expense of both the amplitude and
main frequency. It can be concluded that replacing the cables by parallel wires
and adding additional inductance can be effective measures to battle the ringing
observed in the existing system, if the longer pulse duration is not a concern. Note
that for an additional inductance of 10 µH the pulse duration is extended to over
700 ns, while simulations of capillary discharges have generally taken 500 ns half-
sine current evolution or less. While this difference may not matter much for laser
guiding experiments, increased pulse duration can increase the heat load on the
capillary and reduce the lifetime of the target, which is discussed in Part III of this
thesis.

The next section will treat the experimental implementation of these conclu-
sions. However, for practical reasons and for safety, not all cabling can be replaced
to inductive wiring. Instead, the system is modified such that the entire transmis-
sion line essentially consists of three sections. The first section is a shielded coaxial
cable of 0.6 m in length from the pulser chassis to the vacuum chamber. Based on
standard cable parameters the inductance Lcoax and capacitance Ccoax of this cable
are estimated to be 0.13 µH and 60 pF, respectively. The next section of the trans-
mission line consists of two parallel wires in the vacuum vessel: one wire connects
one side of the capillary to the braid of the coaxial cable, the other connects the
core of the coaxial cable to a coil. This section is approximately 1.8 m long and is
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Figure 5.6: Comparison of simulations for capacitive (coaxial) cabling and inductive
cabling of the same length.

estimated to have inductance Lwire = 1.8 µH and capacitance Cwire = 20 pF. The
coil is the last section in the line. It is made up of the same type of cable as used
for the parallel wires, is spooled around a thin ceramic tube, such that the core of
the coil is mostly vacuum. For the 5.6 meter of wire an inductance and capacitance
of Lcoil = 6 µH and Ccoil = 66 pF are assumed. In addition, the fact that the
wire is coiled increases the inductance. Based on the dimensions the approximate
inductance can be calculated by:

L =
µN2A

l
(5.1)

with N the number of turns, A the cross-sectional area of the coil, l the length of
wire and µ the relative magnetic permeability of the core of the coil (vacuum in this
case). For the present case, this extra inductance Lextra is calculated to be 6 µH.
Fig. 5.7 shows the final model taking all these separate parts into account. The
comparison of the resulting capillary current in the model and the experimental
data will be shown in the next section.
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Figure 5.7: Final model including three different sections for the transmission lines.
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Chapter 6

Experiments and results

In Chapter 5 simulations were described that show how the oscillatory behavior
of the current pulses on the existing setup can be suppressed. First, the result of
partially replacing the existing coaxial cabling is described and compared to the
result obtained using the model in Fig. 5.7. Then, the effect of using a coil with
a ferrite core is studied. After this, several other steps taken to obtain a smoother
current pulse are explained.

6.1 Inductive cabling in the experiment

The previous chapter already treated the changes made to the experimental setup
with regard to the transmission lines. Three sections were distinguished in the
model, which cannot necessarily be separated in the experiment. Both the exper-
imental result and the result of simulation of the cable upgrade are shown in Fig.
6.1. A very good agreement is found in terms of pulse duration and ripple fre-

Figure 6.1: Current through the capillary for a 20 kV pulser voltage. The model
from Fig. 5.7 (red) is compared to experimental data (black) and a 500 ns half-sine
pulse as typically used in simulations.
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quency. The overall amplitude of the experimental data is slightly lower than the
simulation. This difference may be caused by the cumulative errors in the actual
voltage applied, the pulser impedances and the effective resistance of the capillary.

6.2 Introducing a frequency-dependent inductor

The replacement of coaxial cabling by inductive cabling in the vacuum vessel and the
addition of extra inductance helped reduce the higher-frequency oscillatory effects
observed in Fig. 5.2 significantly, but the pulse is now clearly longer than the 500
ns pulse it was designed to be. Also, some oscillatory behavior is still visible. From
the simulations it is known that increasing the inductance may further reduce the
ringing, but this will also cause a further increase in the pulse duration (Fig. 5.6).

In an attempt to further reduce oscillatory variations of the current without
increasing the pulse duration a different approach was taken: the wire coil was
unwound and coiled around two ferrite toroids with rectangular cross-section, as
shown in Fig. 6.2. The result of this change is presented in Fig. 6.3 below. In

Figure 6.2: Wire coiled around two ferrite rings, forming a toroidal solenoid with a
ferrite core.

Figure 6.3: Experimental results with a coil with ferrite core compared to results
with a vacuum core.
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the case of a vacuum core, the oscillations observed are over 6 times as fast as
the main pulse. These frequencies are suppressed by the presence of the ferrite
core, although the main pulse is hardly affected. This indicates that the effective
inductance has not changed significantly from the vacuum case. An explanation
for this is saturation of the ferrite; once the saturation flux density in the core is
reached, the inductance due to the core effectively becomes zero as explained in
Section 3.3. A possible explanation for this is that the ferrite core suppresses the
high-frequency effects that caused the oscillations on the signal at an early stage
during the discharge, when the conditions for saturation are not yet met. As the
current rises however the core saturates, reducing the inductance to the value for
a vacuum core, avoiding the pulse-lengthening that would have been caused by
additional inductance. Alternatively, the oscillatory behavior may be suppressed
by the frequency-dependent ESR (where the higher-frequency ringing experiences
higher resistance than the main pulse) of the saturated inductor.

It should be noted that aside from geometric information the properties of the
ferrite toroids used are not known. The ferrites had already been used in experi-
ments and the magnetic properties can change when exposed to strong fields, high
temperatures or mechanical impact. Even if the origin of the ferrites used could
be determined, this does not mean that the specifications are still valid. Important
quantities such as the saturation flux density should be determined in future ex-
periments to quantify the results and possibly further improve the setup. One way
to determine the performance of the ferrites would be with a spectrum analyzer;
the frequency-dependent response can be used to deduce the complex permeability.
Alternatively, the ability to suppress the ringing in the setup can be compared to
the effect of sample ferrites with known magnetic properties.

6.3 Additional pulse improvements

As can be seen in Fig. 6.3, even with the ferrite chokes the signal is not completely
smooth. More importantly, to reduce heat load on the capillary it is worth investi-
gating if a shorter, sharper pulse can be obtained. Several ideas to accomplish this
and their results will now be presented.

The residual light ringing visible in the red curve in Fig. 6.3 may be caused by
the presence of too much inductance (as a result of the inductive cabling) and/or
capacitance in the system. In addition, it may be possible to reduce the duration of
the pulse to reduce the heat load on the capillary. To separate the contribution by
the ferrite and the other impedances present as much as possible, the cable inside
the vacuum chamber with a total length of 7.4 meter was reduced to the minimum
length necessary; approximately 3 meter. In addition, to reduce interference and
inductance, the two wires were twisted. Finally, the 1.6 µH inductor in the pulser
chassis was removed. Fig. 6.4 shows the cumulative results of these changes. Each of
the steps described helped with making the pulse shorter and some of the remaining
ringing was reduced noticeably by using shorter cables. Removing the inductor from
the pulser chassis appears to have had the most effect in creating a smooth and short
pulse. This indicates that while in the original model the inductance was necessary
to get a pulse of 500 ns duration, the additional impedance in the real system caused
a mismatch.
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Figure 6.4: Comparison of the current pulse for four cumulative changes to the
system. The black line is the same as the red line in Fig. 6.3, shown again here for
reference.

6.4 A new model

By adopting a ferrite core, the validity of the model developed in Chapter 5 was lost.
Since the (frequency-dependent) magnetic properties of the ferrite are unknown,
the model cannot be expanded accurately. Instead, an empirical model can be
designed based on the pulse obtained in the updated system. Fig. 6.5 shows how
closely the final result found in the previous section resembles a half-sine of 500 ns
duration. It was already shown in Chapter 5 that a half-sine-like oscillation can be
modeled by an LRC circuit in a straightforward manner. Based on the experimental
pulse profile, a circuit was designed that outputs the same current profile, without
modeling all components separately as before. A schematic of this new model is
shown in Fig. 6.6. The known capacitor in the pulser was not changed, but the
inductance of the system was set to 6.5 µH to match the experimental curve. This
is a reasonable value: by assuming the same inductance per unit length taken
in Fig. 5.7 a contribution of 3.2 µH is expected from the wire alone. Previous
measurements20 had already shown the pulser to have an intrinsic inductance of 1.1
µH, leaving 2.2 µH unaccounted for. This is assumed to be a contribution of the
ferrite-core coil.

To get the correct peak current, the resistance of the pulser and capillary in the
model had to be increased by adding an additional resistor of 14 Ω (Rvac in the
figure). This can be interpreted as the effective series resistance of the transmission
lines and coil, and a compensation for a possible errors in the pulser impedances and
supply voltage. As plotted in 6.5, the resulting current trace from this model indeed
matches the experimental data very well, despite the omission of the ferrite-core
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Figure 6.5: Comparison of the experimentally determined pulse, a perfect 500 ns
half-sine and the result of the new model developed in this section.

Figure 6.6: New model based on a simple LRC circuit with added impedance to
match the experimentally determined current profile.
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solenoid in the model.
Since the experimental data now shows a current profile that resembles the

500 ns half-sine modeled in density simulations, it is expected that the laser trans-
mission will vary more smoothly and region of stable transmission is predicted.
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Chapter 7

Conclusions

LPA experiments have been shown to benefit from smoothly evolving capillary dis-
charges. These can be created by making sure the current profile is a smooth
function. In simulations this has been assumed to be the form of a half-sine of
500 ns duration. By modeling an existing setup, possible improvements in the real
setup could be studied. From this investigation, it was concluded that the system
would benefit from parallel wires instead of coaxial wires and the addition of an
inductor (Fig. 7.1). These changes were implemented in the experimental setup
and indeed resulted in a smoother pulse. An even smoother pulse was then obtained
by replacing the coil by a coil around a ferrite toroid. Due to the saturation effect
of this material the higher frequency oscillations could be suppressed while satura-
tion early on in the discharge prevented pulse lengthening by increased inductance.
Then, a number of small improvements was made by shortening the cables, twist-
ing them and removing an inductor from the pulser system. With the introduction
of the ferrite, the old model became invalid but a simplified model was developed
empirically to predict the current profile. The result was a well-modeled pulse that
was experimentally determined to closely resemble a 500 ns half-sine.

It can be concluded that the system was successfully upgraded to produce
smoother discharge pulses and is therefore expected to create more stable plasma
conditions for laser guiding. This can improve the stability of the energy trans-
mission and may also positively affect the production of electron beams in LPA
experiments.
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Note: the different traces were manually
offset in time for clarity. This does not 

represent actual timing shifts.

Figure 7.1: Summary of the changes made to the setup, in chronological order.
The black line represents the original data, obtained with a system using coaxial
cables. These were replaced by parallel wires in the model to obtain the red graph.
The green plot show the current profile form the model for an added inductor (a
vacuum coil). The navy and cyan curves are experimental data for the introduction
of a ferrite core in the coiled wire and subsequent shortening of excess cabling. The
purple trace is the final result of the experiments, compared to an analytic 500 ns
half-sine pulse.
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Part II

Plasma density diagnostic based
on group velocity effects
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Chapter 8

Introduction to group velocity
diagnostics

An important parameter in the experimental operation of laser-plasma accelerators
(LPAs) is the plasma density, as this dictates how a channel is formed to guide the
laser. Without this wave guide the laser will simply diffract after coming to a focus,
interaction between the laser and the particles to be accelerated will be minimal
and no significant acceleration can be achieved.

Cylindrical capillary structures can be used to aid in creating the desired plasma
profile and this is done in current-day experiments.2 It is not straightforward how-
ever to determine the density in the plasma channel: many traditional pressure and
density diagnostics fail due to the confinement of the channel in the capillary, the
very intense laser pulses used and the extreme conditions in the plasma, which is
often generated by high voltage discharge.

A density diagnostic that has been demonstrated to work on capillaries with
square cross-section is based on transverse interferometry.15,21 A problem with this
method is that it is complicated: changes in the capillary walls during the discharge
require the use of multiple colors of light, directed transversely at a capillary with
square cross-section.

The next few chapters describe a novel method to determine the density in a
plasma wave guide. In brief, the speed of light in a plasma channel is dependent on
the density of said channel. The denser the plasma, the slower a laser will travel.
This so-called group velocity dispersion (GVD) will result in a slight delay of the
order of femtoseconds (10−15 seconds) in the laser output from the channel. The aim
of this project is to measure that delay and investigate the use of this measurement
as a shot-to-shot reproducible and reliable density diagnostic.
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Chapter 9

Theory on GVD

Before moving on to describe the experimental implementation of the GVD density
diagnostic in Chapter 10, several physical principles related to laser amplification,
laser propagation, waveguides and optics in general are treated in this chapter. This
is to form a sound basis to the concept of group velocity dispersion as a means to
a diagnostic and its implications for laser wakefield acceleration.

9.1 Chirped pulse amplification

Present-day laser-plasma accelerators such as the BELLA accelerator are designed
to create very high peak power densities or intensities of over 1019 W/cm2 to ac-
celerate electrons. To obtain such densities, the pulses do not only need to be
compressed to a small domain spatially, compression in time is also important. In
practice, for the BELLA laser this means that every pulse needs to be of the order
of a hundred femtoseconds or shorter.22 Such ultrashort pulses can be generated
by oscillator cavities but amplification of the seed pulse is usually necessary. In
the LOASIS-BELLA labs, chirped pulse amplification (CPA)23 is the method of
choice to increase the energy of a short pulse. In short, this means that the pulse is
stretched in the time domain, resulting in lower peak power densities. Stretching is
done by using gratings to ‘chirp’ the pulse. The mutual distances and angles between
the gratings are chosen such that the spatial separation of different wavelengths in-
troduced by the first grating is converted to temporal separation by another grating,
as schematically demonstrated in Fig. 9.1. The result is a longer pulse where the
different wavelengths are separated in time, i.e., longer wavelengths precede shorter
wavelengths (positive chirp) or vice versa. The duration of the chirped pulse can be
multiple orders of magnitude longer than the original pulse; in the LOASIS labs the
first amplifier after the oscillator stretches the pulse by several orders of magnitude
before amplification. After stretching the pulse can be amplified through conven-
tional methods by passing the laser through a gain medium. After amplification
the chirped pulse is recompressed to get a short pulse again, with a set of gratings,
effectively doing the opposite of the stretcher.

The main advantage of amplifying a chirped pulse versus an unchirped, ultra-
short pulse is that the peak power density in the gain medium and other optics is
greatly reduced. This increases the lifetime of these materials and also helps prevent
the occurrence of nonlinear effects such as self-focusing and self-phase modulation.
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Figure 9.1: Schematic view of a pulse stretcher as used for chirped pulse amplifica-
tion.

Both of these effects result from the intense electromagnetic waves causing a change
of refractive index in the medium. This can lead to lensing because of the radial
intensity gradient in the beam (self-focusing) or a varying phase-shift over the dura-
tion of the pulse, resulting in frequency modulation (self-phase modulation, SPM).

Gain medium

n (r)

Collimated laser pulse

Figure 9.2: Laser self-focusing by intensity-induced modulation of the index of
refraction n. Just like in a positive lens, the optical path length OPL = n · d (with
d the length of the gain medium) in the center of the beam is longer than at larger
radius, resulting in a focusing effect.

Thus, chirping a pulse can help reduce the influence of amplifiers and other
transmissive optics on the spectral profile of the beam. Ultrashort pulses used in
this project may still possess some residual chirp due to improper compression or
interaction with transmissive optics. Moreover, even propagation of laser pulses
through air can induce nonlinear effects. The possible implications of spectral
modulations for GVD experiments will be discussed later.

9.2 Focusing a laser

Laser beams used in the experiments are focused to reach high intensities. In
contrast with the classical picture of light rays, it is not possible to focus a laser
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Figure 9.3: Graphical representation of the effect of self-phase modulation. For
increasing intensity in the medium (when the front of the pulse passes) the phase
shift due to SPM will result in a downshift of the frequency, while a decrease in
intensity (the back of the pulse) causes an upward frequency shift.

beam to an infinitely small point. Diffraction limits the size of the spot to a value
related to the diameter of the beam before focusing and the focal length of the
focusing optic. A more quantitative description will now be given to introduce
several parameters important for laser guiding.

Consider the radially symmetric case of a laser beam of wavelength λ with a
gaussian intensity profile I(r, z) described by:

I(r, z) = I0

(
w0

w(z)

)2

exp

(
−2r2

w2 (z)

)
(9.1)

Here r and z represent the radial position and distance to the narrowest point of
the beam (the waist), respectively. I0 is the beam intensity at the beam axis at
z = 0, w(z) is the spot size: the radius at which the intensity drops to 1/e2 of the
value on axis.

w (z) = w0

√
1 +

(
z

zR

)2

(9.2)

An important parameter is w0, the waist size or focal spot size of the beam. It will
be seen that this strongly influences the guiding in the channel. As an example,
typical LPA laser spot sizes in present-day LPAs are of the order of several tens of
microns.2,24 Assuming these beams can be considered to be gaussian, without a
laser waveguide they would diffract at a rate determined by the Rayleigh range of
the beam, zR. This quantity is defined as:25

zR =
πω2

0

λ
(9.3)

See also Fig. 9.4. The Rayleigh range indicates the distance over which the cross-
section area of the beam is doubled. Taking the λ = 800 nm, w0 = 18 µm beams
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Figure 9.4: Propagation of a gaussian beam around focus, with w(z) the size of the
beam, w0 the minimum spot size and zR the Rayleigh length.

from2 the Rayleigh range becomes 1.3 mm. Without guiding this means that after
33 mm (the length of the capillaries in the present case) the beam has a radius of
467 µm and the intensity has decreased to less than 0.15% of its maximum value.
This highlights the need to keep the laser pulse guided to maintain the maximum
energy density over a longer distance and increase the length of interaction with
the plasma to form a wake.

To see how the spot size depends on the optical system, the divergence θ of the
incoming beam needs to be considered. For a one-lens system with a positive lens
of focal length flens and a collimated input beam with 1/e radius w(z = −flens) we
write:25

θ = lim
z→∞

w(z)

z
≈ w(z = −flens)

flens
(9.4)

which is only valid for flens � zR. In brief, the final waist size depends on the
radius of the beam before it hits the lens and the focal length. For a fixed lens
(focal length constant) this allows for control of the spot by varying the input
radius, for example by changing the size of an aperture limiting the beam. The
diffraction effects introduced by such methods will be discussed in some detail later
in this text.

In the following we will make use of the term near-field (also known as Fresnel
region) for beams within a Rayleigh length from a gaussian waist and far-field for
beams outside of this region.

9.3 Apertures and beams

In geometrical optics the propagation of light is described using light rays. If a
coherent, collimated laser beam of radius r0 consisting of parallel light rays is con-
sidered, introducing a circular aperture of radius a in the beam will simply block
all light for r > a everywhere along the beam axis downstream of the aperture.
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Moving to a wave optics point of view, one obtains a very different picture: perfect
collimation does not exist anymore, waves diffract off the aperture edges and spread
out and interference comes into play. The result is a pattern of concentric circles
in the transverse plane (Fig. 9.5). In the far-field this will result in the well-known

z

x

y

Figure 9.5: Interaction of a coherent beam with flat wavefront with an aperture.
At right, the resulting intensity pattern in the transverse plane is shown.

Airy disc pattern (Fig. 9.6). We will not go into the full mathematical derivation of
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Figure 9.6: Airy disc pattern resulting from a far-field observation of a coherent
beam interacting with an aperture.

the fields here, for demonstration purposes it will suffice to show the radial intensity
distribution after irising of both a gaussian and top-hat beam (see Fig. 9.7). Of
particular interest is the near-field picture, since eventually a beam at focus at a
capillary entrance will be considered.

Mathematically, the general case of a cylindrically symmetric source function
u0(r0) incident on a circular aperture can be described in the form of a Huygens
integral for the field amplitude u(r):25,26

u(r) = j2πNe−jπN(r/a)2
∫ 1

0

r0u0(r0)e
−jπN(r/a)2

a
J0

(
2πNrr0
a2

)
d
(r0
a

)
(9.5)

with the Fresnel number N ≡ a2/(zλ) at distance z away from the aperture and
r0 the radial coordinate in the plane of the aperture. We will consider the cases of
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a gaussian source beam u0(r0) = exp(−r20/w2
0) and a top-hat source where u0 = 1

for r < r0 and u0 = 0 everywhere else. The general equation can be expanded for
a gaussian beam; this will result in an infinite sum of bessel functions of increasing
order.27 Fig. 9.7a shows numerical solutions for multiple values of N . Analytically,
the two leading terms are sufficient to describe the field near the axis of propagation
(r � a) for any z in both near-field and far-field. This yields for the intensity:

I(r, z) ≈
(
w0

w(z)

)2

|1− e−a
2/w2

0e−jπNJ0 (2πNr/a) |2 (9.6)

For a top-hat overfilling the aperture the result is very similar, only lacking the
gaussian input amplitude term exp(−a2/w2

0):

I(r, z) ≈
(
w0

w(z)

)2

|1− e−jπNJ0 (2πNr/a) |2 (9.7)

The intention of this section is merely to show the effect of introducing an
aperture in a laser beam. Obviously, for w0 � a the effect of the aperture will be
minimal, and for gaussian beams with w0 � a the result will be similar to that
for a top-hat (Fig. 9.8a). Further on in this thesis, a numerical approach validated
with the actual experimental parameters will be applied.

35



(a) Gaussian input beam

(b) Top-hat input beam

Figure 9.7: Numerical solutions of Eq. 9.5 for (a) gaussian and (b) top-hat beams
incident on an aperture of radius a. The dotted lines illustrate the shape of the
incoming beam. Note that larger N means a plane closer to the aperture is imaged.
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(a)

(b)

Figure 9.8: Intensity pattern of an irised beam at N = 5 for (a) a gaussian input
beam with w0 = a/3 and (b) a gaussian input beam with w0 = 2a compared to a
top-hat.
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9.4 Laser guiding by a plasma channel

A very important aspect of this project is the behavior of the laser during the
interaction with the plasma. Even though wakefields and accelerated particles do
not play a significant role at the pulse energies studied, the basic principle of guiding
a laser beam is the same at these lower energies. The requirement to keep a laser
pulse guided beyond its Rayleigh length in a plasma is the presence of a maximum
on-axis in the index of refraction η so ∂η/∂r < 0 around r = 0.28 For the index
of refraction we have η = (1− ω2

p/ω
2)−1/2 with ωp for the plasma frequency and ω

the laser frequency. Accommodating for a possible pre-existing density profile ∆np
and plasma wave effects ∂n (so that n = n0 + ∆np + δn), a more comprehensive
description of η can be written as:29

η = 1−
ω2
p,0

2ω2

(
1− a2

2
+
δn

n0
+

∆np
n0

)
(9.8)

under the conditions a2 � 1, |∆np/n0| � 1 and |δn/n0| � 1 , with the a2 term
indicates relativistic optical guiding.4 In this thesis, the focus is on pre-ionized, pre-
shaped plasmas and therefore only the ∆np will be discussed. Eq. 9.8 shows that
in order to obtain a peaked index of refraction on axis, the pre-formed density must
have a depression for r = 0. Indeed, successful results have been obtained in theory
and experiment with densities that have a minimum on-axis.30,31 Specifically, a
parabolic shape of the density channel is often assumed:

n(r) = n0 +
∆nr2

r20
(9.9)

Here r0 = w0 of the laser at the entrance to the plasma channel and ∆n = n(r0)−
n(0). Taking this density profile and analyzing the paraxial wave equation the
evolution of an axially uniform laser pulse with normalized spot size R = rs/r0 can
be found to be:30,32,33

d2R

dz2
=

1

z2RR
3

(
1− P

Pc
− ∆n

∆nc
R4

)
(9.10)

Here we have introduced the laser power P and the critical power for relativistic
self-focusing Pc ≈ 17.4(λp/λ)2. In the remainder of this thesis the laser power will
be assumed to be below Pc.

a Writing re = e2/m0c
2 for the classical electron radius

(in CGS units), ∆nc = 1/πrer
2
0 is the critical channel depth for which the spot

size remains constant (rs = r0) throughout the plasma channel34 (Fig. 9.9 & 9.10).
This is called matched guiding. The matched spot size rm is the spot size of the
incoming beam for which matched guiding occurs at a given density profile.

Several ways to establish a parabolic density profile have been proposed and
studied, such as using an electron beam or a low intensity laser (through the self-
focusing effect).6,31,34 In the latter case a laser pulse can be self-guided through
the plasma to create a suitable density profile for the main pulse. In this project

aIn the experiments demonstrated here, the peak power is below 10 GW, while Pc is of the
order of 3 · 104 GW. Self-focusing effects can thus be ignored.
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rm-rm

w0

nc
n0

Figure 9.9: Schematic view of relation between gaussian beam and parabolic density
profile with critical density drop for a matched pulse.

Figure 9.10: Relation between critical channel depth for matched guiding and spot
size for a gaussian beam and parabolic channel.
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however, plasma formation and shaping is done by a high-voltage gas discharge,10,35

as described in Part I of this work (see Section 3.1).
The dynamic character of a capillary discharge plasma means that the guiding

properties of the channel change during the formation and deterioration of the
plasma density profile. As will be shown in the discussion of the experiments, this
is a measurable effect which means that the channel conditions can be optimized
by changing the timing of the incoming laser pulse.

9.5 Plasma channel and laser diagnostics

Many LPAs currently in operation such as the 100 TW TREX system and the
1 PW BELLA system, both at Lawrence Berkeley National Lab, utilize robust
optical systems such as off-axis paraboloids for final focusing of the laser beam
on target, essentially fixing the laser focal spot size. At the same time, a certain
operational freedom is required for efficient research. Therefore, densities in plasma
channels will not always be the same while changing the incoming spot size may be
complicated or impossible. This illustrates the need to understand what happens
to a laser pulse that is not perfectly matched to the plasma channel. In brief, it has
been shown that a mismatch of the spot size causes spot size oscillations along the
channel axis, while a transverse or angular misalignment of the laser centroid with
respect to the channel axis causes ‘snaking’ around this axis.32,36,37 These effects
will now be explored more quantitatively to aid in the understanding of alignment
techniques and laser/channel diagnostics discussed later in this thesis.

Assuming a laser pulse focused at the entrance of a plasma channel (z = 0) so
that dr(z=0)/dz = 0 dr

dz |z=0 with P � Pc, the spot size rs evolves as follows:36

r2s =
r2i
2

[
1 +

r4m
r4i

+

(
1− r4m

r4i

)
cos (2kβcz)

]
(9.11)

where we have introduced the initial spot size upon entry of the plasma channel ri
and kβc = 1/zm the inverse of the matched Rayleigh length zm = πr2m/λ. In Eq.
9.11 one can see that the spot size oscillates between ri and r2m/ri. In Fig. 9.11 the
spot size is plotted for a channel with matched spot size of 40 µm and two different
input spot sizes: 20 µm and 60 µm. Important to note is that the spot size at
the exit of the plasma channel will thus depend on the length of the channel. In
addition, the divergence drs/dz also depends on the channel length, meaning that
the output pulse may have a focus anywhere downstream of the channel. With the
very intense pulses used in LPAs this may pose a risk of damaging any downstream
optics.

For a moderately short pulse (shorter than zm) with an angular misalignment θi,
the following set of equations has been derived from the paraxial wave equation:36,37

xc = xi cos [(kβcz)− φ]
φ = arccos (xci/xi)

xi =

√
x2ci + θi

k2βc

(9.12)

Newly introduced here is the initial phase φ which depends on the initial centroid
offset upon entrance of the channel xci and the amplitude of the oscillation xi. We
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Figure 9.11: Spot size evolution for a channel with matched spot size 40 µm and
input spot sizes 20 µm and 60 µm.

find that kβc, introduced earlier for the spot size evolution, is the wavenumber of
the centroid oscillations. Furthermore, the frequency of the centroid oscillation is
half the frequency of the spot size evolution.

9.5.1 Centroid shift as an alignment method

Knowledge of laser guiding properties such as the response to spot size mismatching
and centroid offset discussed above can be used to develop diagnostics for the plasma
channel, a few of which are described in.36 One such diagnostic is based on the
centroid oscillation; since the plasma changes over time, the matched spot size
changes. Since the centroid oscillation wavelength depends on the matched spot size
(2πzm=πklaserr

2
m), a pulse that is offset upon entrance of the channel will show a

changing output offset when rm changes, as shown in Fig. 9.12. A perfectly aligned
laser however will show no dependence on the matched spot size in terms of output
position. Thus, laser-channel alignment can be verified by scanning the discharge
delay — the time between discharge and laser arrival time — while measuring the
transverse laser centroid position at the channel exit.

9.5.2 Matched spot size measurement with centroid shift

The centroid shift measured at the channel exit can also be used to determine the
matched spot size of the channel. With Eq. 9.12 the direct relation between the
centroid offset xc and rm is known. To uniquely determine rm based on channel exit
observations the following technique has been described:36 Assuming the matched
spot size will continuously decrease for increasing discharge delay, rm can be traced
back by either looking at the spot size at the exit of the channel or by purposely
adding a centroid offset at the entrance and measuring the centroid movement as
the discharge delay is reduced. Fig. 9.13 shows the behavior of the spot size and
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Figure 9.12: Centroid oscillations for two different matched spot sizes rm. In both
cases the input angle is zero and the input offset is 50 µm.

centroid offset for changing rm. The angle of the output beam can also be used as
a measure for matched spot size with a similar method as described for the spot
size and centroid offset, but this technique has not been used in the work for this
thesis.

9.5.3 Density profile measurements with centroid shift

The centroid shift at the channel output can also be used as an indirect measure
for the transverse density profile in the channel.36 For the parabolic density profile
that Eq. 9.12 was derived for, a linear relationship between xco and xci is expected
if z is kept constant. This linear curve can be obtained by changing the input offset
and measuring the output offset. For the matched spot size follows:

r2m =
2z

klaser| arccos (dxco/dxci) + 2πj|
(9.13)

where the integer j can be obtained by counting the number of nodes using a laser-
discharge delay scan, assuming the matched spot size continuously decreases after
a certain point in the discharge; by varying the arrival of the laser from long after
the discharge to earlier in the discharge, a plot showing an evolution similar to Fig.
9.13 can be obtained. If the density profile is not parabolic, dxco/dxci will not be
linear; a higher order dependence could indicate a steeper than quadratic profile.36

9.6 Group velocity

The diagnostic demonstrated in this thesis is based upon dispersion of the group
velocity of the laser pulse in the plasma. In this section some of the relevant physical

42



Figure 9.13: Centroid shift xco and spot size at the channel output rout as a function
of matched spot size. The input angle is zero, input centroid offset 10 µm, input
spot size 60 µm and channel length 30 mm.

principles will be explored.
The group velocity vg for a laser pulse guided by a plasma channel may be

written as vg = cβG, with c the speed of light in vacuum and βG the normalized
group velocity. In Ref. [32] an expression for the normalized group velocity for the
case of a matched Gaussian laser pulse βmatch was described:

βmatch = 1−
k2p
2k20
− 2

k20r
2
m

(9.14)

where βmatch is observed to be dependent on the wavenumbers of the plasma kp
and laser k0. For the plasma frequency ωp/c = kp =

√
4πn0re with n0 the on-axis

density and re the classical electron radius. This dependence on n0 forms the basis
of the density diagnostic that will be investigated: by measuring the group velocity
the on-axis density can be deduced.

Eq. 9.14 is only valid for matched guiding. The appropriate equation for mis-
matched guiding was derived in Ref. [38]. Its generality is extended even more
since the solution is not only valid for gaussian input pulses, but allows for arbi-
trary Laguerre-Gaussian modes

ak = bk

(√
2r

rs

)p
Lpm
(
2r2/r2s

)
e[iθ−(1−iα)r2/r2s+ipφ] (9.15)

where the generalized Laguerre polynomials with mode numbers m and p have been
introduced:

Lpm =
exx−p

m!

dm

dxm
(
e−xxm+p

)
(9.16)
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with laser amplitude bk, curvature α, phase shift θ and spot size rs. The subscript

k represents the wave vector k. In principle, any beam can be described as a
superposition of Laguerre-Gaussian modes. Setting both mode numbers zero yields
the fundamental gaussian solution.

The result found in Ref. [38] for a particular Laguerre-Gaussian mode is

βG = 1−
k2p
2k20
− (1 + 2m+ p)

k20r
2
0

[
r20
r2i

(
1 +

r4i
r40

∆n

∆nc

)
+
z2R
r20

(
∂ri
∂z

)2
]

(9.17)

Note that both the laser focal spot size r0 and the channel input spot ri are present
in this equation so the equation is also valid for laser focus away from the channel
entrance. In addition, the input divergence is included in the term ∂ri/∂z. In the
absence of such a divergence and taking ri = r0 Eq. 9.17 reduces to

βG = 1−
k2p
2k20
− (1 + 2m+ p)

k20r
2
0

(
1 +

r40
r4m

)
(9.18)

The relative density depression term was substituted to obtain a matched spot size
dependence: ∆n/∆nc = (r0/rm)4. For matched guiding, this vanishes altogether
and for the fundamental gaussian Eq. 9.14 is retrieved.

It can be concluded from Eq. 9.18 that the fundamental gaussian mode will
have the highest group velocity; any higher order modes will lag behind. The result
is a lengthening of the laser pulse when other modes are present (modal dispersion).
Another process that lengthens the pulse is the dispersion in the channel; since βG
depends on the laser wavelength through k0 = 2π/λ, the group velocity will change
across the spectral bandwidth of the laser pulse. This leads to spreading of the
pulse in time, creating a longer pulse with a spectral chirp.

So far only the group velocity for single-mode pulses has been discussed. For
pulses described by a superposition of Laguerre-Gaussian modes additional equa-
tions can be derived and the definition of group velocity needs to be revisited,
which is done in Section 9.6.2. First however, the use of GVD effects for plasma
diagnostics is explored for the simpler case of a single-mode laser pulse.

9.6.1 Group velocity dispersion as a diagnostic

The main goal of this thesis was to develop a diagnostic for the on-axis density in
a plasma channel employing the group velocity of a laser pulse.

A possible method to achieve this is by splitting a pulse in two equally intense
beams, only one of which will interact with propagate through the plasma channel.
In Fig. 9.14 this is illustrated by using a beam splitter to get the two beams from
the same source. After the channel the beams are combined again, the difference
in pulse delay ∆t between the case with no channel present and with channel gives
a fairly direct measurement of the on-axis density. A disadvantage of this method
may be the need for accurate alignment and possible mismatching of the beam
divergence due to different spot size evolution for the different beams. Their spatial
separation however allows for compensation of optical properties such as divergence
or base delay if necessary. For this method it is also necessary to know what the
mode content is of the beam going through the channel.
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beam splitter
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Figure 9.14: Group velocity diagnostic relying on a bypass pulse that is split of off
the incoming pulse. Combining the channel pulse and bypass pulse two pulses with
mutual delay ∆t.

In this work we focus on the split-beam technique to recover a measure for the
plasma density. Mathematically, the relation between n0 and ∆t can be derived
from Eq. 9.18, taking ∆t = ∆t0 + δt where ∆t0 is the delay between the pulses due
to the difference in path length (excluding the plasma channel) and δt is the time
it takes for the pulse to traverse the channel of length L. Assuming ∆t0 is known,
δt can be determined by measuring the delay between the pulses (Section 9.7). δt
in turn is determined by L/c, the time it takes to propagate through the channel in
the vacuum case, plus τG, the contribution by the plasma. For the group velocity
one can write:

vg = βGc =
L

L
c + τG

(9.19)

For βG follows:

βG =
L

L+ cτG
(9.20)

With knowledge of the channel length L, the group velocity can thus be calcu-
lated from the measured delay. Rewriting Eq. 9.18 in terms of βG then yields an
expression for the on-axis electron density as a function:

n0 =
2π

λ2re
(1− βG)− (1 + 2m+ p)

2πrer20

(
1 +

r40
r4m

)
(9.21)

Here the classical electron radius re =
√
e2/mec2 is reintroduced. Again, the in-

put divergence is neglected so that the waist of the laser pulse coincides with the
entrance of the plasma channel (ri = r0), where edge effects are neglected.

A complication to Eq. 9.21 is the fact that rm is present in the equation.
This can be determined with the centroid technique described in Section 9.5.2, or
measured with the group velocity technique if r0 can be varied. This is illustrated
in Fig. 9.15 for an m= p= 0 gaussian pulse. The group velocity is dependent the
input spot size r0 as per Eq. 9.18 with ∆n/∆nc = (ri/rm)4. βG has a maximum for
r0 = rm so the delay δt will be minimum at that value. This means that the group
velocity can also be used to determine the matched spot size of a plasma channel.

9.6.2 The effect of truncated input pulses

In Section 9.3 the general equations for beams with Gaussian and top-hat trans-
verse intensity profiles going through apertures were discussed. It was found that
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Figure 9.15: Delay per unit length as a function of input spot size r0 for a funda-
mental gaussian mode assuming zero input divergence. A minimum delay is found
at the matched spot size.

introduction of an aperture in the beam will yield higher order mode patterns, so
an effect on the overall group velocity of a guided pulse can be expected.

To determine this higher order mode content of the input beam, the 2010 version
of the ZEMAX optical design software package is used. After modeling the exper-
imental setup, the simulated beams are experimentally verified and their modal
content determined to obtain a more comprehensive understanding of the observed
GVD delay effects.

The optical setup modeled in ZEMAX consists of a Gaussian beam with waist
4.9 mm as was experimentally determined. This beam propagates through a circu-
lar iris, then 355 mm to a perfect lens with focal length 200 mm, and then to a focus
200 mm downstream, where the resulting fields are calculated. All parameters in
the system are assumed ideal; the input beam is assumed to be perfectly Gaussian,
the aperture is assumed to be perfectly circular and the lens is approximated as a
thin lens without aberrations. Moreover, the vacuum vessel port and beam splitter
that are present in the experiment between the aperture and lens are not taken
into account, assuming that their effect on the beam profile is negligible. ZEMAX
models the entire optical system in terms of electric field propagation. The trans-
verse field in any longitudinal position can be chosen as output of the calculations.
In our case, the profile at focus is most relevant.

To verify the validity of the ZEMAX simulations, a comparison based on focal
scans was done. By imaging a range of longitudinal positions a three-dimensional
radial intensity map was obtained and compared to the result of the simulations.
The results will not be discussed in detail here, but good agreement of the simula-
tions and experimental data was found.

The next step is to decompose the electric field EZEMAX(r) into a superposition
of Laguerre-Gaussian modes so that the group velocity can be calculated with the
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equations provided in Ref. [38]. At any location z the field can be expressed as

Elm(r, φ, z) =
Cm,l
w(z)

(
r
√

2

w(z)

)|l|
exp

(
− r2

w2(z)

)
L|l|m

(
2r2

w2(z)

)
· . . .

. . . exp

(
ik

r2

2R(z)

)
exp (iξ)

(9.22)

where the previous definition of the spot size w has been adopted. Cm,l is a
normalization factor, ξ = lφ − (2m + |l| + 1)ζ(z), ζ(z) = arctan (z/zR), and

R(z) = z
(
1 + z2R/z

2
)
. L

|l|
m denotes the Laguerre polynomials as defined in Eq.

9.16. Cylindrical symmetry is assumed, so that l = 0 and Eq. 9.22 simplifies to:

Em(r, z) =
Cm
w(z)

exp

(
− r2

w2(z)

)
L0
m

(
2r2

w2(z)

)
exp

(
ik

r2

2R(z)

)
exp (iξ), (9.23)

Cm can be found through normalization:
∫∞
0 |Em(r, z)|22πrdr = 1. At this point,

the field is described as a single Laguerre-Gaussian function. By superposition
any field can be defined as a sum of such polynomials. To decompose the field
EZEMAX(r) into such a sum

∑
m αmEm(r) the constants need to be determined.

This can be done using

αm =

∫ ∞
0

EZEMAX(r)E∗m(r)2πrdr (9.24)

In principle, this decomposition can be used to calculate the group velocity for
every mode, using the equations in Section 9.6.1. For the pulse as a whole, a possible
description is in terms of the laser centroid. To be able to calculate this, the fields
need to be propagated to the end of the plasma channel. Following the definitions
from Ref. [38], this can be done for any distance z by solving the following equation
for the amplitude of the laser vector potential ak,m(r, z):

ak,m(r, z) = bkL
0
m

(
2r2

r2s

)
exp

(
−r

2

r2s

)
exp (iθ) exp (iα

r2

r2s
). (9.25)

with input spot size ri and minimum spot size rs (previously w(z)). For a channel
of matched spot size rm, this has been solved to find the electric field at a distance
L from the channel entrance. From Ref. [38]:

bk = bk0
ri
rs

(9.26)

α(k) = −1

2

(
r2i
r2m
− r2m
r2i

)
sin 2

L

zRM
(9.27)

θ(k) = (1 + 2m)

[
L

zRM
− arctan

(
r2m
r2i

tan

(
L

zRM

))]
(9.28)

r2s(k) =
r2i
2

[(
1 +

r4m
r4i

)
+

(
1− r4m

r4i

)
cos 2

L

zRM

]
(9.29)

Here bk0 is the initial laser spectrum. A channel Rayleigh range zRM = kr2m/2 =
πr2m/λ is defined. Note that this definition contains λ and k and hence affect almost
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every parameter. Instead of considering just one wavelength, a distribution f(k) is
defined. The next step is to integrate over all wavelengths present.

For a single mode, the total field at location L would be written as

am(r, z, L) =

∫
k
ak,m(r, L)f(k)dk (9.30)

For a Gaussian spectrum centered around k0, the resulting field profile am(z) and
intensity profile |am(z)|2 now represent a finite duration laser pulse. It contains
all complex phase information (such as chirp, phase delay). By extension, for a
collection of modes the electric field at location L is to be written as

a(r, z, L) = E(r, z, L) =

∫
k

[∑
m

αmak,m(r, L)

]
f(k)dk (9.31)

At this point it should be noted that while for single-mode pulses the normalized
group velocity is constant throughout the channel, this is not necessarily the case
for multi-mode pulses due to the complex pulse shape oscillations in the channel.
The normalized laser group velocity of a multi-mode pulse as a whole can be defined
as the velocity of the laser centroid, which is described in terms of the co-moving
variable ζ = z−βg0ct in Ref. [38]. This parameter describes the motion relative to an
imaginary single-mode pulse traveling through a matched channel, with normalized
group velocity βg0 (equal to βmatch in Eq. 9.14). For the laser centroid, we can
write:

〈ζ〉 =

∫∞
0 rdr

∫∞
−∞ |a|

2ζdζ∫∞
0 rdr

∫∞
−∞ |a|2dζ

(9.32)

Using this definition, the normalized group velocity βG is equal to the rate of change
of the laser centroid with respect to βg0.

βG = βg0 +
d 〈ζ〉
dz

(9.33)

It should be emphasized that this βG may vary along z. For the experiment, this
means that any group velocity determined using the direct relation 9.20 actually
represents the average group velocity across length L and is not necessarily equal
to the instantaneous group velocity of the multi-mode pulse. This concept will now
be explored with the use of simulations based on the equations above. These sim-
ulations yield important information in understanding the results in the following
sections.

Consider Fig. 9.16a. This image shows the 2D longitudinal intensity profile of
the laser at the capillary entrance (z = 0), based on the electric field calculated
by ZEMAX. The axes represent the distance to the channel axis r and the co-
moving variable ζ so that the line at ζ = 0 indicates the position of the laser
centroid in the case of matched single-mode guiding. The matched spot size is 40
µm and the input spot size 20 µm, consisting of four modes (m = 0 through m = 3)
at relative amplitudes calculated from ZEMAX simulations using the equations
above. In the figure the centroid at every r is indicated by the black line. If the
laser is propagated further into the channel (Fig. 9.16b), the light at higher radial
positions will start lagging due to the mismatch and increased density. This results
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in the entire centroid of the pulse lagging behind the vacuum diffraction case and
the on-axis part of the beam. At certain positions in the channel a different effect
can be observed: Fig. 9.16c shows the laser pulse in a phase where the spot size
oscillation is near a minimum. Here the light that traveled at higher radial positions
at earlier time approaches the channel axis again. This causes the centroid of the
intensity on-axis to be delayed significantly from the vacuum diffraction case, even
relative to the part of the pulse at higher r. It can be concluded at this z that the
on-axis delay is longer than the centroid of the entire pulse.

(a) z = 0, this is the capillary entrance. (b) z=7.5 mm

(c) z=20.5 mm

Figure 9.16: Laser pulse profile for several propagation lengths through the channel.
The dotted line indicates ζ=0, the position of the laser centroid assuming vacuum
propagation. It should be noted that in these figures ζ is defined as ζ = z − ct
(βg0 = 0). The black solid line shows the centroid of a radial slice of the pulse
intensity profile. Reproduced with permission from Ref. [39].

In the case of a perfectly matched single-mode pulse, the pulse shape would not
change and the pulse centroid would lag behind ζ = 0 linearly with increasing z.
The three added modes cause oscillations of the laser centroid delay around this
linear relation, as shown in Fig. 9.17. There the ‘slippage’ of the delay from the
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Figure 9.17: Slippage of the laser centroid delay and the on-axis component for
increasing channel propagation distance, simulated for a laser pulse described by
two Laguerre-Gaussian modes, except for the blue line. This line indicates the
slippage of the laser centroid in case of a single-mode pulse. Reproduced with
permission from Ref. [39].

ζ = 0 line is plotted for increasing propagation distance through the channel. For
the present case a regular oscillation pattern with increasing amplitude is observed
for increasing propagation distance. The significant variations in the on-axis delay
are also obvious. These oscillations are much stronger than the variation of the
centroid. It is expected that this will result in a measurable difference between
the centroid delay and the on-axis delay, for example in the discharge delay and
pressure scans discussed in the next sections.

By studying the simulations another effect can be investigated; the effect of
changing the input spot size on the measured delay. Assuming the output pulse is
imaged onto the spectrometer so that the measurement represents the radial delay
profile at the capillary exit, the simulations can be used to predict the results of
scanning an aperture opening. For this, ZEMAX was used to calculate the com-
plex electric field at the capillary entrance for a wide range of iris openings. These
electric fields were then decomposed into 30 Laguerre-Gaussian modes and their
relative amplitudes αm using the equations above. This was consecutively propa-
gated through the channel with a certain matched spot size, where it was observed
that taking just the four lowest-order modes is enough to accurately describe the
delay introduced. Fig. 9.18 shows the predicted result of two iris scans at different
matched spot size. It becomes clear that the minimum of the plot is no longer a
valid indicator of the matched spot size when multiple modes are considered. For
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(a) rm = 32.5, multi-mode minimum
near 39 µm.

(b) rm = 35, multi-mode minimum near
27 µm.

Figure 9.18: GVD delay for a varying input spot size, for both a single-mode pulse
(m = 0) and a multi-mode pulse (m = 0 through m = 3) for two different matched
spot sizes rm.

the small difference in matched spot size of 2.5 µm as shown, the multi-mode iris
scan can have a minimum at either 6.5 µm above the matched spot size or 8 µm
below, a very significant difference. This suggests that for accurate measurements
of the spot size based on delay, the mode content needs to be known accurately.
Ideally, the input spot has a Gaussian profile, then the minimum in the graph will
yield the maximum spot size directly.

Several effects related to the input spot size and mode content have been dis-
cussed based on theory and simulations. When higher order modes are present,
changes in the delay can be observed that do not depend on the on-axis density in
the channel. To measure these effects, the position of the imaging plane needs to
be known accurately.
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9.7 Measuring short pulse delays with interferometry

To measure the time interval between two optical pulses of similar frequencies with
femtosecond resolution, interferometry can be used. Using a spectrometer, interfer-
ence in the spectral domain can be measured, and the period of the interference is
a measure for the time delay between the pulses.

In a spectrometer, light is spectrally dispersed. Analytically this is described
by a Fourier integral where the incoming function h(t) is converted to the Fourier
transform H(f), its description in the spectral domain.

H(f) =

∫ +∞

−∞
h(t)e−2πiftdt (9.34)

Similarly, the inverse Fourier transform can be used to convert a function from the
spectral domain to the temporal domain:

h(t) =

∫ +∞

−∞
H(f)e2πiftdf (9.35)

In the case of experimental data the functions h(t) and H(f) can never be deter-
mined with infinite precision because there is always just a finite number of data
points. For these discrete functions it is more appropriate to speak of discrete
Fourier transforms (DFTs). Fast Fourier transform (FFT) algorithms have been
developed to quickly calculate such discrete Fourier transforms. Specifically, the
FFT in the software package MATLAB (version R2010a) is defined as:

X(k) =
N∑
j=1

x(j)e
−2πi
N

(j−1)(k−1) (9.36)

Similarly, for the iFFT:

x(j) =
1

N

N∑
k=1

X(k)e
2πi
N

(j−1)(k−1) (9.37)

Here the function x(j) (length N) can be taken to be the discrete equivalent of
h(t) in Eq. 9.34. X(k) is then equivalent to H(f). These transforms will be used
extensively in the analysis of the spectrometer data. To gain some understanding
of how the Fourier transforms can be used for this purpose, a set of pulses will be
analyzed with the time-frequency domain transformations.

Consider the 1D case of two identical laser pulses with a Gaussian intensity
envelope, as illustrated in Fig. 9.19. For illustrative purposes the wavelength was
chosen to be 5000 nm, the full width half maximum (FWHM) of the pulse enve-
lope is 40 fs and the two pulses are spaced 300 fs apart. As can be seen in 9.34,
the Fourier transform is complex. A spectrometer however does not measure the
complex electric field, but the intensity I ∝ |E|2 instead. This is illustrated in
Fig. 9.19c and 9.19d. From this data an inverse Fourier transform can yield some
information about the original pulses, although without phase information the orig-
inal electric field cannot be reconstructed. As can be seen in Fig. 9.19f the main
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(a)

Δt0

(b)

(c) (d)

(e)

Δt0

(f)

Figure 9.19: Electric field of (a) a single pulse (black) and (b) a set of two identical
pulses (red) in the time domain. After transformation to the frequency domain this
yields (c) and (d) respectively. Inverse transformation to the time domain yields
the remaining figures (e) and (f).
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peak from the one-pulse case (Fig. 9.19e) is preserved, but two side peaks have
appeared. This effect is intrinsic to the symmetry of the Fourier transform. The
distance between the main peak and either one of the side peaks equals the original
time separation of the two pulses, hence providing a method for determining this
delay in experiment. Note that for shorter wavelengths the spacing of the oscilla-
tions in the time-domain may be smaller than the resolution in the data without
having an effect on the determination of the delay between the peaks. The oscilla-
tion frequency in the frequency domain (i.e., the spectrometer image) depends on
the delay between the pulses; this should be optimized for maximum spectrometer
contrast in the experiment.
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Chapter 10

Experimental setup

In Part I the optimization of a capillary system was described. That same system
is used for the GVD experiments at hand, with the addition of a laser system to
diagnose the plasma waveguide. This optical system will now be described in some
detail.

10.1 Optical setup

10.1.1 Laser front end

Fig. 10.1 outlines the optical setup of the experiment. The laser operates at a center
wavelength of 800 nm. A regenerative amplifier seeded by the stretched pulses of
a femtosecond oscillator produces pulses with an energyof about 1 mJ at 1 kHz.
After compression the pulse is approximately 40 fs long. This forms the seed for a
host of other dependent laser systems within the LOASIS group such as the 10 TW
Godzilla laser line and the 100 TW TREX laser system. For our purposes however,
a fraction of the pulse is split off using a beam splitter transmitting approximately
150 µJ per pulse. A chopper can reduce the repetition rate of the laser from 1
kHz to 100 Hz as needed by blocking nine out of every ten pulses. This beam is
then led to a different room that contains the experiment equipment, using a mirror
mounted with picomotor actuators that can be adjusted remotely.

10.1.2 Laser beam line

Before the laser hits the target - the capillary waveguide - it undergoes several con-
ditioning and characterization steps. First off, the beam from the laser front end is
fixed in position on the first mirror by an active feedback program using the actua-
tors upstream and the beam position on a camera that monitors the leakage through
the mirror. The beam then goes through two lenses configured as a telescope. This
will increase the beam size but the beam remains collimated. The purpose of this
telescope is to reduce astigmatism in the beam by tweaking the angles of the lenses.
The telescope is installed in a dog-leg configuration between four mirrors so the
original beam line without telescope is preserved and the alignment of the beam
through the telescope can be altered independently. After the telescope the beam
goes through a periscope to get the laser at the correct height for incidence into
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Figure 10.1: Schematic view of the optical components of the experimental setup.
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the vacuum chamber.a Behind one of the periscope mirrors a fast photodiode is
placed to get a timing reference for the discharge. Next, the beam goes through
a shutter which can be opened and closed to allow single pulses to go through on
demand (provided the incoming beam is being chopped to 100 Hz). The laser then
passes an adjustable half-wave plate which rotates the orientation of the linearly
polarized laser light. A polarizer filter only allows light of a certain orientation
to pass, effectively allowing manual pulse energy control by rotating the half-wave
plate. Before entering the vacuum chamber, a camera and photodiode capture the
beam’s intensity profile and absolute intensity, respectively. Additionally, a manu-
ally controllable iris determines the size of the beam. A calibrated camera monitors
the iris opening to record the beam size.

After entering the vacuum chamber through a UV-grade fused silica window, a
50/50 beam splitter splits the beam with the transmitted part going on through a
focusing lens on a stage to the capillary. The capillary is mounted on a hexapod
for precise control over position and angle of the target. After going through the
capillary the laser goes through a positive lens to exit the chamber at a small angle.
Another positive lens then focuses the beam again onto the mode imager, a 12-bit
camera. The purpose of this camera is to image the profile of the beam at the
capillary exit, aided by a 10x magnification microscope objective. The camera and
objective are attached to a stage which allows the imaging location to be varied.
Three neutral density (ND) foils of various density (but all of thickness < 5 µm)
reduce the intensity of the beam to protect the camera, while the reflections off the
first two filters are used for additional diagnostics: a photodiode to get a measure
of output pulse energy and a fixed camera for alignment purposes. The last foil
before the mode imager is mounted in a filter wheel to allow changing of foils of
various density from OD0 (no foil present) to OD3.

For the GVD experiments, the setup was expanded by adding a ‘bypass line’
that does not go through the plasma waveguide. To determine the delay between
that pulse and the one through the capillary interferometrically, the arrival time of
the two pulses should be comparable and adjustable. For this purpose the two paths
are designed to have approximately equal length (Fig. 10.2). In addition the bypass
beam passes through a prism which can be moved longitudinally to increase path
length and effectively forms a delay stage. A remotely steerable mirror then directs
the bypass beam towards a commercial imaging spectrometer located outside the
vacuum chamber. The capillary beam gets picked off by a flippable mirror near the
chamber exit wall, which sends the reflection to a remotely adjustable mirror which
will be referred to as the capillary beam mirror. This mirror reflects the beam
towards a controllable beam splitter coated for 50/50 transmission on one side and
with anti-reflective coating on the other side, resulting in both the capillary and
bypass beam losing 50% of their energy. More importantly, after this beam combiner
the beams should be collinear (same beam center and angle) and at approximately
equal energy going into the spectrometer. Both the stages carrying the focusing lens
and the prism as well as the hexapod supporting the capillary, the flippable mirror
and the three last mirrors steering the beam onto the spectrometer can be remotely
controlled while the chamber is at vacuum, allowing alignment to be adjusted after
in-vacuum settling has taken place.

aFor clarity the periscope in Fig. 10.1 is drawn in the horizontal plane.
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Since the laser beam propagates through multiple optics the pulse properties
by the time it reaches the capillary will be different from the regenerative amplifier
output. Most importantly, a temporal chirp may be induced, resulting in a longer
pulse.

Capillary

Imaging
spectrometer

Beam
combiner

Beam
splitter

Flipper
mirror

Delay stage

Figure 10.2: Layout of the optical system inside the vacuum chamber.

10.2 Plasma channel

To create a plasma channel suitable for guiding the laser a capillary discharge is
used. This system consists of two parts: the high voltage pulse that induces the
driver and the target, a gas-filled capillary.

10.2.1 High voltage discharge setup

To deliver a pulse of up to 30 kV to the capillary a custom pulser chassis was devel-
oped at LBNL. This is built around a commercial thyratron, a gas-filled tube acting
as a fast high-energy switch. For reliable operation, this tube is kept at a constant
temperature by Ohmic heating through a separate ∼120 W heater circuit. To trig-
ger the thyratron a 1 kV trigger signal is generated by an commercial thyratron
trigger system. This in turn is triggered by a conventional delay generator which
is synchronized with the laser through the laser’s masterclock system. The electric
circuitry in the pulser chassis has been discussed in Part I and will not be repeated
here. Current monitors are used to measure the current on either side of the capil-
lary to insure no current is lost to the grounded vacuum chamber. Fig. 10.3 shows
a typical discharge pulse for 22 kV applied thyratron voltage. It is observed that
for the typical settings used to obtain this graph a 300 A peak current is reached
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Figure 10.3: Typical discharge pulse for 22 kV thyratron voltage, 40 Torr hydrogen
gas pressure applied to a 33 mm long capillary, 250 µm in diameter.

during a pulse with a full-width at half maximum of approximately 330 ns and a
rise time of 230 ns from the 10% level to the peak.

10.2.2 Capillary target

The capillaries used in LOASIS are machined in-house from 33 mm x 20 mm x 4 mm
sapphire plates. Using a 1 kHz laser machining setup a half cylinder is machined
in each plate (see Fig. 10.4). By joining two faces a cylindrical bore capillary
is created. In addition, gas slots are machined in each face. All capillaries used

2 mm

20 mm

33 mm

Figure 10.4: Longitudinal cross-section of sapphire capillary.
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in this work have the same dimensions; the capillary has a diameter of 250 µm
and the gas slots have a circular or cylindrical cross-section with an area of 0.20
mm2. Images 10.5a and 10.5b demonstrate the actual capillary profile and sapphire
mount, respectively. The mount of the sapphire includes a copper disc with a hole
on each end of the capillary to which the HV connectors attach. The pressure of the

(a) Longitudinal view of the front of
a sapphire capillary.

(b) Fully assembled capillary with mount, the
capillary can be seen as the horizontal line in
the middle of the picture.

Figure 10.5

gas that can be supplied to the capillary is limited by the pumping capacity of the
vacuum pumps of the chamber. This means that the maximum supplied pressure
depends on the capillary diameter which determines the ‘leak’ to the chamber. For
the 250 µm diameter capillaries used in this experiment this maximum is around 80
Torr (10.7 kPa). Due to the pressure drop in the gas lines to the target and the gas
slots in the target the actual pressure in the capillary is lower; both experimental
calibrations and calculations in the scope of this project have shown the actual
pressure to be about half of the supplied pressure.40

Due to the placement of the joint between the gas slots and the capillary the
pressure in between the two gas slots is constant (assuming equilibrium). From
the gas slots outward however, the pressure will drop since the vacuum chamber
is maintained at a pressure below several mTorr. This pressure drop has been
studied41 with the fluid dynamics software ANSYS; the result is illustrated in Fig.
10.6 for the steady-state case of continuous hydrogen flow to sustain a pressure of 60
Torr in the capillary. The lower density near the exit of the capillary likely causes
the effective plasma channel for guiding to be shorter than the capillary length of
33 mm.

As discussed in Section 9.5 the laser guiding depends strongly on the angle and
offset between the laser pulse and the plasma channel. The hexapod supporting
the capillary allows for control of these parameters; the laser is never steered away
from its alignment to fixed monuments.
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Figure 10.6: Simulated pressure drop at capillary ends.41

10.3 Imaging spectrometer

The spectrometer used is a commercial imaging spectrometer with a 300 lines/mm
grating. An entrance slit of 10 µm was used for all GVD experiments. The optics
in the spectrometer image the plane of the slit onto a 12-bit camera so that a 65
nm wavelength range can be observed in a single shot.

61



Chapter 11

Experiments on laser guiding
and density diagnostics

This chapter presents the experimental results obtained with the methods described
in Chapter 9. The experimental parameters of laser-discharge timing, pressure,
voltage and input spot size are varied to explore the effect on laser guiding and the
plasma density diagnostic. In addition, changes in the way the two-pulse delay is
measured are implemented and their effect discussed.

11.1 Laser guiding

Before going into the details of the density diagnostic that has been developed, the
laser guiding properties and their dependence on the laser and discharge parameters
are explained.

11.1.1 Laser guiding: discharge delay

An important diagnostic to determine the quality of laser guiding by the plasma
channel is the discharge delay (sometimes refered to as aim delay), defined here as
the delay between the laser arrival and peak in discharge current. As discussed in
Section 9.5.1 a scan of the delay can reveal capillary misalignments. Also, a region
of stable guiding can be found by looking at the energy transmission and spot size
of the output. The former is done by comparing the ratio of the voltages generated
by the output and input photodiodes to the case without capillary (transmission
T = 100%). The position and size of the output spot are recorded with the mode
imager, which is set up to image the exit of the capillary.

For large negative delay, the plasma channel has not formed yet and an infinite
matched spot size is expected. For increasing delay values, the matched spot size
should reduce, until the density depression has reached its maximum depth and
the matched spot size starts to increase again. Fig. 9.13 illustrates the expected
behavior for an offset pulse. The actual result of a discharge delay scan is plotted
in Fig. 11.1. Here the spot size of the input pulse was obtained by determining the
size of the input iris opening and referencing this with a calibration for spot size at
focus that was derived from mode imager data. The red and blue lines indicate the
offset of the centroid at the output of the capillary compared to the case with no
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Figure 11.1: Result of discharge delay scan for 20 Torr gas pressure in the capillary
(before the discharge initiates), 22 kV discharge voltage and ∼ 36 µm input spot
size. For reference, the normalized discharge current is plotted as a dashed line.

capillary present. Every data point in the plot represents the median of multiple
shots with at the same delay, the error bars are quarter-percentile errors: they span
the 50% of the data closest to the median.

Deviations from zero in centroid offset are only of the order of a few µm, in-
dicating that alignment was accurate to the same order of magnitude. Around a
discharge delay of 40 ns, a change in output y-centroid and a smaller deviation in
x-centroid are observed, indicating that the change of matched spot size introduces
a transverse oscillation through the channel. A second peak in centroid offset is
observed around 450 ns, which could indicate breaking up of the waveguide in the
plasma and the matched spot size increasing to infinity again. This explanation is
supported by the decrease in energy transmission. The loss of waveguide quality
(decreased density depression) results in a loss in output intensity. The fact that
the energy transmission never drops below 60% can be attributed to wall guiding
— reflection off the capillary walls — and the fact that some of the diverging light
still reaches the output photodiode as a result of the focusing lens after the capil-
lary. Why the transmission for long delay is lower than for the negative delays is
unclear at this point and detailed energy transmission measurements will be per-
formed to elucidate the origin of this observation. The intial drop in transmission
as the discharge initiates is expected: during this initiation phase the channel is
highly inhomogeneous in density and ionization, which can cause the laser pulse to
be diverted to extreme angles.

A look at the output spot can provide insight in the evolution of the plasma
channel and its matched spot size. Fig. 11.2 shows the output spot size in terms
of the second moment width of a linear outline. Usually the second moment width,
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sometimes called D4σ is defined as

D4σ =

∫ +∞
−∞ (x− x̄)2I(x)dx∫ +∞

−∞ I(x)dx
(11.1)

where x̄ is the mean value of x. D4σ equals 4σ with σ the standard deviation, and
2w0 for a fundamental Gaussian. In the remainder of this text all second moment
values are halved, such that they are equivalent to the focal spot size of a Gaussian
beam.

Figure 11.2: Output spot size for a discharge delay scan at 20 Torr gas pressure, 22
kV thyratron voltage and ∼ 36 µm input spot size.

As seen in Fig. 11.2 even for the longest discharge delays the starting spot
sizes (discharge delay of <-350 ns) have not yet been reached, indicating that an
equilibrium without plasma has not yet been reached 800 ns after the peak of
current. As expected, around -300 ns the spot size drops as the channel starts to
guide. The oscillations that follow indicate a change in matched spot size, caused
by a change in the density profile, equivalent to Fig. 9.13.

For a 36 µm input spot size the theoretically expected spot size evolution is
plotted in Fig. 11.3. Because significant wall guiding influences the result at dis-
charge delays far from zero, a direct agreement between the later discharge delays
and larger spot sizes is not apparent. However, the general shape can be used to get
an indication of the channel matched spot size. In this way, a minimum matched
spot size of the order of 30 µm seems probable for this channel. The actual shapes
of the output spots for various delays are presented in Fig. 11.4. Symmetric guided
spots are seen over several hundreds of nanoseconds, with minimal changes in in-
tensity and spot size. As was already suggested by the energy transmission curve,
the waveguide conditions are stable for this time which means that experimental
results will not be very sensitive to the exact discharge timing.

64



Figure 11.3: Theoretical output spot size versus matched spot size. An input spot
size of 36 µm was assumed and the plasma channel was taken to be 30 mm long.

-203 ns -100 ns 1 ns 104 ns

309 ns202 ns 400 ns 658 ns

-408 ns

Figure 11.4: Output spot images for various discharge timings for a 15 kV thyratron
voltage and 15 Torr approximate capillary pressure. Good cylindrical symmetry is
observed at all timings and absence of a waveguide is clearly observed for discharge
timing before -100 ns and after 300 ns.
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11.1.2 Laser guiding: pressure

While the dependence on initial hydrogen pressure of the profile of energy trans-
mission versus discharge delay was touched on before, the influence of the pressure
on the guiding within the region of constant transmission was not discussed. In
Ref. [21] a scaling law for the matched spot size depending on pressure and cap-
illary size was developed for square cross-section capillaries and compared with
simulations from Refs. [13] and [42]. The resulting equation in terms of the side of
the capillary cross-section X and the initial hydrogen density nH2 is:

wm [µm] = 6.6× 104
(
X[µm]

2

)0.651 (
nH2 [m−3]

)−0.1875
(11.2)

Taking 250 µm for X to approximate our cylindrical capillaries and disregarding
other differences such as the duration and height of the current pulse, the estimated
spot size for this experiment is shown in Fig. 11.5. Disregarding the absolute
value of the spot size which will be different for the cylindrical capillaries in this
experiment one can see that indeed a higher pressure is expected to reduce the
matched spot size.

Figure 11.5: Estimated dependence of the matched spot size of the channel on the
channel pressure, based on Ref. [21].

Fig. 11.6 shows the result for varying pressure at constant 22 kV thyratron
pressure and approximate input spot of 36 µm. For pressures below 15 Torr the
channel does not guide well; this is indicated by the lower transmission and large
output spot size. Around 15 Torr the output spot size drops rapidly and then
increases slowly. This is an unexpected result; from Fig. 11.5 one would expect the
matched spot size to decrease for higher pressures, while a smaller matched spot
for the parameters at hand should result in a smaller output spot as depicted in
Fig. 11.3. Slight changes in discharge timing for the different pressures and a minor
rise in background pressure have been ruled out as possible explanations. However,
the higher pressures around the capillary (for increased capillary pressure) may
cause some of the current to bypass the capillary; this would reduce the heating
of the plasma and hence weaken the guiding, explaining the larger spot size. To
definitively confirm this as the cause additional experiments are needed, primarily
by doing tests at different timing and lower voltage (and hence lower discharge
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Figure 11.6: Dependence of the energy transmission and output spot size on initial
neutral hydrogen pressure for 22 kV thyratron voltage and 36 µm input spot size.

current) as well. In addition, measurements on the matched spot size might explain
whether the matched spot size evolution with pressure is actually as predicted by
Eq. 11.2. This is one of the tests described in the next section.

11.1.3 Centroid shift

In Section 9.5.2 the evolution of the laser centroid was discussed for an offset input
pulse. Because of the dependence on the matched spot size output offset can be
used to determine rm. Previous research had already demonstrated this technique
to work and it will now be applied for several capillaries.

Fig. 11.7 shows the result of a centroid scan; for fixed parameters the capillary
was moved transversely, resulting in an input offset and thus an output centroid
offset which is measured by the mode imager. The result is not perfectly linear; in
particular for larger input offsets there is a deviation. This is an indication that
the plasma channel is not perfectly parabolic. For example, the density may rise
faster near the edges, showing an r4 dependence rather than an r2 parabolic profile.
Since the amplitude of the centroid oscillation is larger for a larger input offset, these
effects are more clearly visible at larger input offsets. To obtain a matched spot
size assuming a parabolic density profile, the data is fitted around the point of zero
offset. The slope of the linear fit equals xco/xci, with the help of Eq. 9.12 the
matched spot size can be determined. Due to the oscillatory behavior inside the
channel the solution is not unique however. For a given output centroid offset, there
is an infinite set of solutions, which can be found by drawing a horizontal line in
Fig. 9.13 and finding the intersections with the curve. Additional information such
as the qualitative analysis based on tracing the spot size as a function of discharge
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Figure 11.7: Centroid scan for capillary #268j at 22 kV and 20 Torr with an input
spot size of 37 µm.

Capillary Input spot Slope Sol. 1 Sol. 2 Sol. 3 Sol. 4
number size (µm) xco/xci (µm) (µm) (µm) (µm)

#257 38 0.90 53.2 46.1 29.2 27.8

#263 35 0.91 53.1 46.2 29.1 27.8

#268j 37 0.98 50.8 48.0 28.7 28.2

Table 11.1: Solutions for the matched spot size of the plasma channels in three
different capillaries based on the centroid offset method.

delay is needed to determine which node indicates the correct spot size. Also,
this approach requires prior knowledge of the plasma channel length z. For these
experiments this length is taken to be 30 mm, based on the neutral density profile
observed in simulations discussed earlier. In addition, an extra 1.5 mm free-space
drift is taken into account since the mode imager images a plane at the exit of the
capillary. In case of no angular misalignment in the input spot, the 1.5 mm drift
between laser focus and channel entrance does not influence the results because the
input offset does not change.

In Table 11.1, the largest solutions (equivalent to the solutions with fewest oscil-
lations inside the channel) are listed for several different capillaries (with the same
length and diameter) at approximately the same conditions; a discharge voltage of
22 kV and gas pressure of 20 Torr, with input spot sizes around 40 µm. Although
the slope values show a 10% variation, the resulting solutions for the matched spot
size are very similar for the different capillaries, down to a few micrometer. To
determine which one of the solutions is the actual matched spot size, the output
spot size is considered. As discussed in Section 9.5, the frequency of the spot size
evolution is twice the centroid oscillation frequency. The three capillaries give an
output spot size of 47 ±4µm. Using the equations in Section 9.5 the output spot
size can be calculated from the matched spot size and input spot size. For the first
four solutions found for capillary #257 this yields 40, 47, 35 and 25 µm, respec-
tively. The second solution gives the best agreement, and the matched spot size is
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therefore assumed to be approximately 46 µm. A way to confirm this value would
be by performing a centroid offset scan for multiple discharge delays to track the
matched spot size through its evolution and confirm the evolution of the matched
spot size follows a profile as shown in Fig. 11.3.

To determine the accuracy of a single measurement of the centroid shift, the
experiment was performed at the same conditions on the same capillary on various
days. Table 11.2 shows the result for these 20 kV, 20 Torr experiments. There

Input spot Slope Sol. 1 Sol. 2 Sol. 3 Sol. 4
size (µm) xco/xci (µm) (µm) (µm) (µm)

∼40 0.75 56.2 44.4 29.6 27.4

∼40 0.98 50.8 47.9 28.8 28.2

46 0.87 53.9 45.7 29.3 27.7

53 0.76 56.0 44.6 29.6 27.5

Table 11.2: Comparison of matched spot size results obtained with the centroid
shift method for similar parameters on the same target.

is significant variation in the slopes found and this results in a ∼ 3 µm error in
the first solution for the matched spot size, which quickly reduces for the smaller
solutions. This indicates a limit in accuracy on the micron level for the conditions
at hand.

One weakness intrinsic to the centroid shift method for determining the matched
spot size is the reliability of the technique for different plasma channel lengths.
The matched spot size results are data points determined by the intersection of
the centroid shift slope xco/xci and the predicted slope for given matched spot
size, determined by Eq. 9.12. This depends on z, the channel length. For the
experiments described in this work, however, the edge of the channel cannot be
determined in detail; while the capillary structure is 33 mm long, the (neutral gas)
density drops going outward from the gas slots, which are spaced 29 mm apart. In
the previous discussion the plasma channel was assumed to always be 30 mm long
with a free-space drift of 1.5 mm. The table below compares for the 15 Torr case
the result assuming a 30 mm long plasma channel with 1.5 mm drift with the result
for a channel of 33 mm and no extra drift. In this case the difference is minimal and

Channel + Pressure Slope Sol. 1 Sol. 2 Sol. 3 Sol. 4
drift length (Torr) xco/xci (µm) (µm) (µm) (µm)

30 mm + 1.5 mm 15 0.95 53.4 48.0 29.9 28.3

33 mm + 0 15 0.95 53.2 48.3 29.7 28.7

Table 11.3: Comparison of matched spot size results obtained with the centroid
shift method for similar parameters on the same target.

falls within the 3µm error determined before. In cases with a different output angle
the dependence on the channel length may be stronger or weaker, but a detailed
analysis will not be given here.

In conclusion, the centroid shift technique can be used to determine the matched
spot size of a plasma channel. Although assumptions have to be made for the chan-
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nel length, the matched spot size for the capillaries tested was found not to depend
strongly on the assumed value. Different capillaries with the same dimensions yield
similar matched spot size values, although changes in input spot size can introduce
errors on the order of 3 µm. The centroid analysis always yields multiple solutions,
so a different technique is needed to filter the results.
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11.2 Group velocity dispersion

The main goal of this work was to investigate the feasibility and accuracy of a
density diagnostic based on group velocity dispersion as described in Section 9.6.
Two stages in the experiments are distinguished: in the first stage, the setup as
described previously was used, where the spectrometer was not imaging the exit of
the capillary. In the second stage (presented in Section 11.3), the capillary exit was
imaged to allow for more direct comparison to the theoretically predicted plots.

In this section the data analysis is described in some detail and then the effects
of various parameter changes such as pressure, discharge timing and input spot size
are studied for the first stage of the GVD experiments. The observations are then
discussed based on what is already known about the laser plasma guiding in this
experiment, as discussed in the previous sections. Again, it should be emphasized
that for the experiments discussed first the results can not directly be compared to
a laser pulse propagation simulation using the equations above.

11.2.1 Data analysis method

In Section 9.7 a method of measuring short pulse delays was described. The imple-
mentation of this method in the current setup will now be described.

After alignment, the spectrometer can be used to directly measure the laser
wavelength spectrum for the bypass beam. If both beams are allowed to propagate
through to the spectrometer, pattern such as the one shown in Fig. 11.8 can emerge.
Note that the two beams do not have to be overlapped in time. In fact, for optimum
contrast of the spectral interference a delay on the order of a picosecond is found
to be optimal. The spectrometer converts the horizontal axis into a spectral axis,

Figure 11.8: First order spectrum obtained for two beams incident on the spec-
trometer without the capillary in the beam path.

which was calibrated with a Krypton light source. Because the imaging is done
with a 2D CCD the vertical resolution is preserved. The optics in the spectrometer
project the plane of the slit onto the CCD. The curved lines observed in Fig. 11.8
therefore contain information about the beams as they are incident on the slit.
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Specifically, the curvature is determined by the difference in divergence of the two
beams; a difference in divergence means that the phase fronts of the two beams
have a different curvature. This results in a variation in phase in the transverse
plane. The effect seen in Fig. 11.8 is essentially the 1D equivalent (since only the
vertical transverse direction is preserved).

When a capillary is introduced in the focused beam, the vertical component of
the image changes because of the change in divergence and spot size, as can be
seen in Fig. 11.9a where the spectrum is shown for an approximate input spot
size of 76 µm. The first step in analysis is to bin the image vertically (here the
resolution is reduced by a factor four) and consecutively a 1D iFFT is performed
on every row, resulting in Fig. 11.9b. Aside from the central laser peak at 0 fs a
clear sidepeak is found as predicted in Fig. 9.19f. Note that although the iFFT
yields a symmetric result only half of the resulting image is shown without loss of
information. The next step in analyzing the image only considers the area between
the red lines. Furthermore, only rows with a maximum intensity above 30% of
the image maximum are included in the remainder of the analysis. A MATLAB
routine then fits a gaussian curve to the peak in every row to increase accuracy over
simply finding the maximum. In Fig. 11.9c fitting results are shown, where the red
circles indicate the center of the gaussian fit and the black line is a second-order
polynomial fit used to obtain a global delay value. To be able to compare different
shots quantitatively this fit is restricted. Taking t = a(y+b)2+c as the fit function,
the parameter b is fixed in each scan and only a and c are varied for optimum
agreement with the peak values found, and the parameter c — the peak of the fit
— is used as the final number for the global delay of the shot.

Using Eq. 9.18, the typical order of magnitude of the delay δt is found to be
1 fs per mm channel, for current parameters of ri ≈ rm ≈ 40µm, laser central
wavelength 800 nm, and on-axis density n0 ≈ 18 cm−3. To ensure accuracy of the
measurement at the 1 fs/mm level, at least 25 shots are taken and averaged for
every setting in the data collected in this context.
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(a) The original spectrometer image showing the interference pattern in
the first order spectrum.

(b) Spectrometer image after binning and iFFT.

(c) The final result: the red circles indicate the delays found, the black
line is a fit through these points.

Figure 11.9: Example of the various steps involved in the analysis of a single shot
pulse delay measurement.
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11.2.2 GVD: discharge delay scan

Fig. 11.10a shows the result of scanning the discharge delay at 20 kV thyratron
voltage, 17 Torr H2 gas feed and 43 µm input spot size. The total delay between
the two pulses is shown (with the error bars now indicating the standard deviation
of the mean). The intrinsic delay that remains when no channel is present has not
yet been subtracted. This value can be obtained by looking at the delay at extreme
timings, i.e. at long positive or negative discharge delays. In this figure, the point
below -300 ns and above 800 ns appear to indicate the absence of a plasma channel.
These points are not all at the same total delay; this indicates a drift in delay, which
may be caused by an alignment drift over time. To correct for this effect, a linear
fit through these points is subtracted from the data points before the conversion to
a density is performed. This conversion is based on Eq. 9.21. To be able to apply
this equation to the delay values, a few assumptions have to be made. First, the
channel length has to be taken into account. As before, this is assumed to be 30
mm long. The laser pulse is assumed to have a Gaussian intensity profile, taking
the mode numbers m and p to be zero. Even though the beam is known to have a
higher order mode content due to the input iris, the fundamental Gaussian mode
will most likely be dominant. Moreover, the group velocity for the fundamental
Gaussian mode is higher than for higher order modes, and the second order fit to
the data points described in Fig. 11.9c is expected to pick up this fastest, most
dominant peak. To calculate the density one also has to provide a number for the
matched spot size. For extreme timings, rm will approach infinity so the term can
be neglected. For the parameters given, a centroid shift scan has already shown the
matched spot size for this channel to be on the order of 40 µm at discharge delay
zero. For discharge timings in between those values however, the matched spot size
evolution is not precisely known. For now, this problem is avoided by neglecting the
r40/r

4
m term altogether. The error introduced by this approximation is largest at the

point of smallest matched spot size, near discharge delay zero. In the present case,
this error is calculated to be 7.6·1016 cm−3 as shown in Fig. 11.10b. Neglecting the
matched spot size in this case introduces an error of at most 12%.

The density evolution roughly follows the shape and timescale of the energy
transmission, as expected. The slight increase in on-axis density, after the current
has already dropped significantly, has been observed in previous measurements
using a different GVD-related method.43 One might suspect that a reflection of
the expansion following the discharge could increase the on-axis density, but this
would distort the electron density profile and reduce transmission. An alternative
explanation could be an increase of neutral particles that may be expelled from
the walls. This possibility is supported by the results discussed earlier, where a
decrease in transmission was observed at late timing, specifically for higher voltages
and pressures. Such a phenomenon was also suggested in Ref. [44] where partially
ionized species were detected at later timings.

The absolute values of the density determined are consistent with the typical
values expected for these kind of capillary discharges13 that are of the order of
1018 cm−3, confirming the validity of the GVD technique for measuring on-axis
density. In the next section we present results of GVD based density measurements
versus pressure.
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(a) Total delay between pulses as a function of discharge delay.

(b) Density as a function of discharge (aim) delay, with the energy transmission
and normalized current trace for reference.

Figure 11.10
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11.2.3 GVD: pressure scan

Fig. 11.11 shows the dependence on neutral H2 pressure of the on-axis plasma
density as determined by the GVD method. Again, the errors are standard deviation
of the mean for the 25 shots taken at every pressure. A linear fit (red line) shows the
trend. It should be noted that the calibration for the pressure inside the capillary
(shown on the horizontal axis) only gives a reliable lower bound to the pressure in
the channel, and actual pressures may have been higher.

To compensate for the drift in base delay observed in the previous section, all
delays were corrected by the same amount such that the data point at 17 Torr
yields the same density found for a discharge delay of 0 ns in Fig. 11.10b. Since all
experimental conditions are the same, this is a valid way to correct for the drift. It

Figure 11.11: Correlation between measured plasma density and H2 pressure.

should be noted that the absolute number for the on-axis plasma density is sensitive
to the value or range of values used to correct for the delay in the no-channel case.
For the conditions at hand, a 1 fs difference in net delay yields a 0.35·10−17 cm−3

difference in density. During the discharge delay scan, a drift on the order of 1
fs was observed. A reliable measurement of the no-channel delay is important to
reliably compensate for this drift.

The fit through the measured data highlights a clear linear correlation. The
following equation is deduced in terms of neutral H2 density:

ne[1024 m−3] = 0.429 · nH2 [1024 m−3] + 119 · 10−3 (11.3)

For H2 pressure near zero, the on-axis electron density does not reach zero however.
The most probable cause of this is an error in the gas pressure measurement. Espe-
cially at low pressures, the pressure drop over the gas slots and within the capillary
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may depend on the specific capillary used in the experiments and hence needs to
be measured for each individual capillary.

It should be noted that the date deviates to some degree from the linear fit. An
oscillation around the straight line is observed which can again explained by looking
at the delay oscillations in Fig. 9.17. As the matched spot size of the channel varies
with pressure, the phase of the spot size oscillations will vary slightly, causing a
different delay of the centroid. In the data analysis a fixed matched spot size was
assumed, so the oscillating effect of the matched spot size variations is not corrected
for and manifests itself in deviations from the linear fit.

The slope of the fit, can be compared to scaling laws developed in previous
experiments. Ref. [21] and Ref. [45] are shown as black and blue lines, respectively.
The slope was found by fitting experimental data taken on square cross-section
capillaries for various pressures. Other differences include the current pulse ionizing
and heating the plasma and the timing of the laser. The slope does not exactly
match the experimental data. The difference may be due to differences in current
pulse shape and the precise knowledge of the actual pressure inside the capillary.
Another comparison can be made with the results of non-LTE (non local thermal
equilibrium, as opposed to magnetohydrodynamic — MHD — ) simulations for a
cylindrical capillary in Ref. [45], the blue line in Fig. 11.11. There a slope of 0.71 is
found, a bit closer to the value of 0.43 obtained in our data, but still significantly
off. Again, the need for an accurate determination of the actual capillary pressure
is emphasized.
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11.3 GVD: imaging the capillary exit

Until this point, GVD experiments have been described where no particular atten-
tion was paid to which plane was imaged by the spectrometer. The axes of the two
beams were overlapped but the vertical resolution of the spectrometer images did
not directly yield information about the waveguide. Therefore, a rather empirical
approach to increase accuracy was taken by fitting a second order polynomial to the
vertical array of delays found (see Fig. 11.9c). It should be noted in this context
that in many cases a poor fit was obtained because the actual profile showed a much
higher-order behavior.

11.3.1 Data analysis revisited

In an attempt to resolve these issues, the setup was changed so that the spectrometer
would be imaging the exit plane of the capillary, so that the vertical component
of the images contains direct information about the radial variations of the GVD
delay. Fig. 11.12 shows how the existing setup was modified to accomplish this.
A flipper was added in the chamber to be able to observe just the capillary beam

Imaging
spectrometer

Beam
combiner Microscope

objective

Lens

LensFlipper

Flippable
mirror

Alignment
camera

Figure 11.12: Modified GVD setup with spectrometer imaging capillary output.
The names of new components are underlined.

without interference by the bypass beam. Next, a lens (f = 2m) was added in
the bypass beam to match divergence and size on the spectrometer better to the
capillary beam. A 10x microscope objective and focusing lens were added outside
the chamber to increase magnification so the field of view of the spectrometer is on
the order of the capillary exit size. Because the microscope magnifies the beam, the
necessity for good alignment is increased. For this purpose, a flippable mirror and
alignment camera were installed which can be used to align the beams.

Because the spatial resolution has improved, the analysis technique of the spec-
trometer data was changed. First, all spectrometer images were analyzed as de-
scribed before, until the point where a delay is found for every row in the image.
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This time, the peak in every row was found simply by determining the maximum,
since this seemed to give a more stable and reliable result than a gaussian fit or
centroid calculation. Note that the original definition of the group velocity is based
on the laser centroid position (Eq. 9.32). Due to several sidebands in the original
beam spectrum however the horizontal lineout is smeared out and distorted, making
a centroid analysis unreliable and the maximum value gives a more accurate value.

For every combination of parameters (such as pressure, iris opening, discharge
delay) used to record GVD delay data, reference images were taken while the bypass
beam was blocked. This shows the profile of the capillary beam upon exiting the
capillary. The vertical intensity distribution in this reference is used to weigh the
GVD delay arrays found, to get to a global delay — a single number for every shot.
This follows the definition of the laser centroid, as described in the theory above.

This global ‘laser centroid’ delay is used in the analysis of the experiments in
the remainder of this chapter, which will be discussed next. Note that the on-axis
delay can also be determined to verify the observations made in the simulations
discussed above.

To assess the possible improvement of the GVD diagnostic by the changes described,
a set of tests similar to the test described before has been carried out. This includes
a scan of discharge timing, a pressure scan and and input spot size scan. It should
be noted that after additional research into the laser guide a more stable discharge
regime was found around a thyratron voltage of 15 kV. In combination with reduc-
tion of the resistance of the pulser setup, the peak current in the following tests is
around 170 A.

11.3.2 Discharge delay scan

Fig. 11.13 shows the result of scanning the discharge delay for constant voltage,
pressure (27 Torr) and input spot size (44 µm). In calculating the density a gaussian
input pulse was assumed which is focused at the entrance of a 30 mm long channel.
In addition, a matched spot size has to be assumed; this varies as the channel
forms, so this is not constant. Therefore two extreme cases are plotted: the case
of a matched spot size of infinity is plotted in red and a 43 µm matched spot size
is assumed for the data shown in magenta. Note that while the two variations
share the same density axis, the absolute delay is only valid for the red points. For
extreme timings, i.e. discharge delay below -400 or above 800 ns the matched spot
size approached infinity since no channel is present, although some wall guiding may
occur. The the red plot yields the most accurate result. Around a discharge delay
of 100 ns, near the center of the high transmission plateau the matched spot size is
believed to be 43 µm. Although for timings in between these known points the spot
size is not exactly known, the difference between the two plots is only 0.04·10−24

m−3. To determine the density more accurately, one could perform centroid shift
scans or GVD iris scans at various discharge delays to determine the evolution of
the matched spot size and improve the conversion from delay to density.

On a sidenote, the energy transmission measurement never reaches 100% trans-
mission. The suspected reason can be found in the modal content of the input
beam; some of the energy will be in higher order modes, which may be subject to
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Figure 11.13: Measured delay and calculated density of a discharge delay scan with
an input spot size of 44 µm is plotted in red. The delay to density conversion is done
assuming an infinitely large matched spot size. The magenta points represent the
same data but here a matched spot size of 43 µm is assumed (as was determined at
100 ns using a centroid shift analysis). The discharge current profile (dashed line)
and energy transmission (blue line) are plotted for reference.
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strongly mismatched guiding. Because of the mismatch the plasma may cause it
to oscillate so strongly that it penetrates the high density region near the capillary
wall and is lost from the channel. Such effects have been demonstrated and studied
before.6

Like before, the GVD delay lags with respect to the discharge after the peak,
indicating that the channel is still present for some time, although with decreas-
ing on-axis density. The data points show a relatively small standard deviation,
meaning that shot-to-shot variations in delay measurement are small, although the
systematic error introduced by possible alignment drifts can still be on the fem-
tosecond order. To minimize this, a linear correction was again performed to make
sure that at extreme timings the measured delay is zero. The pressure and iris
scans discussed next are referenced off of this discharge timing scan because all
scans share a data point at a discharge delay of around 100 ns, for input spot size
44 µm and pressure 27 Torr (here, the GVD delay is 17.9 ± 0.2 fs and the density
is calculated to be 5.9 ± 0.1 · 1023 m−3).

The plot above only shows the GVD delay and density obtained with the method
described in the previous chapter; here the delay of the laser centroid is determined
by weighing the delay values for every radial position by the beam intensity at that
radial position. Alternatively, one could only consider the values closest to the axis
and average those to obtain a strictly on-axis delay. This delay will in general be
shorter, since the light closer to the axis travels faster longitudinally than the light
at higher radial positions, as was shown in Fig. 9.17. This effect is confirmed by the
measurement, as shown in Fig. 11.14. This effect is particularly strong at discharge
delays around zero. That makes sense, because there the waveguide is strongest,
the density highest and thus the group velocity is reduced more. The difference
between the on-axis light and the off-axis propagated light will also be bigger then.
A curious effect is observed around a discharge delay of 550 ns; here the on-axis
delay is measured to be longer than the overall delay. An explanation for this effect
was also demonstrated in Fig. 9.17: at certain points in the spot size oscillations
— when the spot size is minimum — the on-axis delay can exceed the delay of
the laser centroid. This is observed in the discharge delay scan as the channel’s
matched spot size changes and the oscillations frequency changes.
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Figure 11.14: Measured GVD delay of a discharge delay scan with an input spot
size of 44 µm. Shown are both the results of the regular centroid method and the
result of limiting the analysis to the on-axis region.
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11.3.3 Pressure scan

Next, a pressure scan was performed to determine the relation between the neutral
hydrogen pressure (or H2 number density) and the on-axis electron density. In
essence this relation consists of two factors: the first relates the supplied pressure
to the pressure in the capillary, and a means to measure this directly has already
been used to obtain the capillary pressures in the previous sections. The second
factor determining the on-axis electron density is the electron distribution in the
capillary once the gas is ionized. While the channel is assumed to be parabolic near
the capillary axis, at higher radius the density may increase faster and very close to
the capillary walls rapidly reduce to zero.6 In addition, some of the gas or plasma
may be expelled out the capillary ends and up the gas slots upon discharge, creating
even lower density in the capillary. A GVD pressure scan should give insight in the
actual electron density on axis.

Fig. 11.15 shows the result of a pressure scan while the capillary exit is imaged
onto the spectrometer. The red dots indicate the delay of the laser centroid, the
black points indicate the on-axis delay, which will be discussed later in this section.

Figure 11.15: Measured delay and calculated density of a pressure scan with an
input spot size of 44 µm. The relation found in Section 11.2.3 is shown in blue. In
the density calculation a constant matched spot size of 43 µm was assumed.

As before, the 27 Torr datapoint is referenced off the discharge delay scan in
the previous section. Quantitatively, this meant all data in the pressure scan was
corrected by 2.2 fs for the point at 27 Torr to fit the discharge delay scan at a
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discharge delay of 105 ns. The need for this correction is attributed to alignment
drifts to which the diagnostic is very sensitive. A linear fit to the resulting data
is performed, which gives the following relation between H2 number density and
on-axis electron density:

ne[1024 m−3] = 0.31 · nH2 [1024 m−3] + 0.38 (11.4)

This slope is even lower than the previous data, shown in blue in the figure. Also,
the offset is higher than before, suggesting an electron density of 0.38 ·1024 m−3

when no hydrogen is supplied. This offset may in part be explained by ablation of
wall material, influencing the plasma density. The fact that at pressures of 15 Torr
and higher previous experiments performed by others show much higher electron
densities cannot directly be explained. One possibility is an error in the capillary
pressure calibration: if one of the gas slots induces a lower pressure, for example if
it is obstructed by glue residue, the actual capillary pressure could be lower than
recorded in the figure. This would result in an increase in the slope of the graph.

The result of the experiment does not follow the linear fit exactly; depending
on the phase of the spot size oscillations both the on-axis and the centroid delay
oscillate, with the centroid delay staying closest to the single-mode case. In addition,
the on-axis delay plotted in Fig. 11.15 shows stronger oscillations than the centroid
of the laser, which agrees with the predictions based on the simulations discussed
in Section 9.6.2.

It can be concluded that by looking at the mode content in detail several effects
on the delay can be explained that do not directly relate to density differences.
This complicates the use of the delay as a direct measure of the on-axis electron
density. However, it is expected that this can be mitigated by proper correction
of the effects now that the theoretical basis is understood, or by careful tailoring
of the input modes. One way this could be done is by replacing the aperture
which controls the input spot size by a down-collimating telescope that preserves a
Gaussian laser intensity profile. Such improvements of the diagnostic are planned
for future research at LOASIS.

11.3.4 Iris scan

Separate from the density estimates that can be done using GVD, an aperture scan
can be used to determine the matched spot size of a channel. Fig. 11.16 shows
the result of such a scan. The starting position is at the maximum spot size (iris
closed as far as possible), opening the iris first and closing it again in the end. In
the figure the opening and closing are plotted separately to visualize any trend,
but no consistent difference is seen. A linear correction was applied to the data,
setting the delay of the first and last data point equal. A minimum can be observed
in the plot, in this case around 50 µm. For the case of single-mode pulses, the
delay will be minimum for an input spot size equal to the matched spot size. The
multi-mode pulse propagation simulations show a more complex picture. Since the
mode content of the input pulse is known for a wide range of iris openings from the
ZEMAX simulations, the experimental data cna be fitted with the simulations. In
this case, the best agreement was manually found to be with a 37 µm matched spot
size. The corresponding curve is plotted in Fig. 11.16. The agreement with the
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Figure 11.16: Result of a scan of input spot size at discharge delay 105 ns and
pressure 27 Torr. A 4-mode (m=0 through m=4) simulation result is fitted to the
experimental result.
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data is best further away from the matched spot size; this is interesting because for
larger input spot size the iris is smaller and the higher order mode presence will
be higher, relying heavier on the simulation result. The largest three solutions of a
centroid shift analysis at the same parameters were 58 µm, 44 µm and 30 µm. The
fitted simulation curve suggests a matched spot size exactly in between the smaller
two values. This highlights the most significant differences between using the input
spot size GVD method and the centroid shift technique to determine the matched
spot size of a plasma channel: while it gives a unique solution, the error in the
measurement is larger. In contrast, the centroid shift method is more accurate but
yields multiple solutions. To uniquely and accurately determine the matched spot
size, a combination of the two methods is recommended. Then an input spot size
scan can be used to eliminate most of the centroid shift solutions, ideally resulting
in a unique solution accurate to the µm level. In the experiment described we
are left with two possible solutions. In future research this may be prevented by
increasing the accuracy in the GVD iris scan: if the input pulse is single-mode,
a simple measurement of the minimum in the data reveals the matched spot size,
which is expected to be more accurate than the method used here. To be able to
control the input spot size but keep the pulse as close to single-mode as possible,
the iris could be replaced by a telescope, as was suggested before. It should be
noted in this context that for an easy measurement the pulse does not have to be
Gaussian. Any single mode pulse will have a minimum at the matched spot size,
the larger order Laguerre-Gaussian modes will in fact have a steeper slope making
the measurement more accurate.
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Chapter 12

Conclusions

In search of a novel diagnostic for capillary discharge plasma channels, the effect
of the group velocity dispersion was studied in detail. In particular, a two-pulse
setup relying on interferometry was developed to determine the delay of a pulse
propagating through a plasma channel. The two main goals were the measurement
of the on-axis electron density in the plasma channel and the matched spot size (or
radius) of the channel and comparison to existing techniques where possible.

The first set of experiments showed that the delay introduced by the group ve-
locity dispersion can indeed be determined, and when varying the discharge timing
and pressure, changes in the delay were observed as expected. However, in these
experiments the plane imaged by the interferometer was not precisely determined.
While the expected delay profiles were measured, simulations showed that a de-
tailed analysis requires knowledge of the Laguerre-Gaussian mode content of the
input pulse, as well as a well-defined plane of imaging.

Higher order mode contributions caused by diffraction from edges of a beam
size controlling iris complicated the analysis compared to simple Gaussian beams.
These higher order modes propagate differently in the plasma, resulting in addi-
tional contributions to the delay, for which a working model and simulations were
developed providing the Laguerre-Gaussian mode content of the input beam is
known. Furthermore, the effect on the measurement is currently best understood
for measurements of the radial profile of the delay directly at the channel exit. The
simulations show a difference between the delay of the total pulse determined by
measuring the delay of the pulse centroid and the on-axis delay. Stronger oscilla-
tions were predicted in the latter and observed in follow-up measurements.

In a second set of experiments the capillary exit was imaged onto the spectrom-
eter entrance to make interpretation clearer. The predicted oscillatory effect of the
delay for changing matched spot size or pressure was observed. In addition, time-
resolved plasma density measurements were performed by changing the arrival time
of the laser relative to the discharge pulse. These yielded on-axis electron densities
of up to 0.65×1024 m−3 for an initial hydrogen gas pressure of 27 Torr. This was
significantly lower than the result obtained in simulations and measurements per-
formed by others in the past. Scanning the pressure supplied to the capillary yielded
a difference in delay, as expected, however the pressure-dependence was weaker than
suggested by previous experiments. To verify the validity of the measurements an
independent measurement of density the current setup should be performed, for
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example using interferometry.
Matched spot size measurements were performed by varying the input laser spot

size. A clear correlation was observed, with the shape of the dependence agreeing
with the expectations based on simulations. Due to the presence of higher-order
modes, the data needs to be compared to multi-mode simulations, instead of simply
finding the minimum in delay for varying input spot size (as would be the case for
a single-mode input pulse). In principle even the former yields a unique result, but
the error is larger than for the centroid shift technique. The problem with that
technique is the fact that, while accurate, a large number of possible solutions can
be found. Here a combination of the two methods may yield a single result accurate
to the µm level.

Both the density measurements as well as the matched spot size measurements
would benefit from a less complex transverse laser beam profile. Therefore it is rec-
ommended to replace the iris by a telescope, in this way the beam may be described
by a single mode, making the matched spot size measurement more straightforward,
and eliminating delay fluctuations that do not directly relate to input spot size or
density variations.

In conclusion, an in-depth analysis of the effects of a plasma waveguide on an
ultrashort laser pulse has been performed and measurements were carried out that
confirm the simulations. Although the results can be understood with multi-mode
analysis, as a novel diagnostic the group velocity dispersion may need some more
research; at the moment the result is highly dependent on alignment variations
and input mode content. Despite this fact, the technique was already shown to
provide an independent measurement of the on-axis electron density in a plasma
channel. This is valuable information in the development of plasma channels for
plasma accelerators for example, which rely heavily on laser guiding by a plasma to
couple as much energy as possible into the acceleration of electrons. With advances
in efficiency and reduction in size of these devices future commercial applications
such as high-resolution X-ray lasers may become within reach in the foreseeable
future.
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Part III

Diamond capillaries
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Chapter 13

Introduction

Now that laser plasma accelerators have been developed that produce electron
beams with energiess over 1 GeV24 the technology is getting closer to application
in commercial systems. Such applications can be found in direct electron beam use
in scientific experiments, but also for example in the development of bright light
sources such as free electron lasers (FELs) or more commercial systems such as X-
ray sources (through Thomson scattering) for security applications. Since sufficient
electron beam energies have been demonstrated for some of these applications, the
next factors determining suitability of LPAs can be addressed, such as size and
repetition rate. Current-day LPAs have repetition rates of the order of 1 Hz.4,14

To increase the speed of any potential applications significantly, a multiple order of
magnitude increase in the repetition rate is required.

In this work the feasibility of producing a capillary target for 1 kHz operation
is studied. One potential problem in high rep-rate operation is expected to be the
high heat load on the target originating from the gas capillary discharge. To address
this, where previously sapphire was used to create the entire capillary, this is in part
substituted by diamond for its higher melting point and heat conductivity proper-
ties. This work focuses on comparing the properties of the plasma waveguide in a
diamond capillary to a more conventional sapphire design and their susceptibility
to degradation due to the hydrogen discharges used in their operation.

The experiments described in this thesis were performed in a cooperation be-
tween LOASIS and EuclidTech Labs LLC. Some of the results presented here
are also described in the report concluding Phase I of the joint project.46
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Chapter 14

Theory

The theory on plasma waveguides and capillary discharges has been discussed in
the other parts of this thesis. No particular attention was paid to heat loading of
the target however, so some of the basic concepts involved are discussed here.

14.1 Heat transfer

At the basis of the transport of heat within the target is the heat transfer equation:

∂u

∂t
− α∇2u = 0 (14.1)

Here u indicates temperature, ∇2u is the second derivative of temperature in all
spatial coordinates and α is the thermal diffusivity. The diffusivity can also be
written as k/ρcp where k is the thermal conductivity, ρ the density and cp the specific
heat capacity of the material observed. From Eq. 14.1 it becomes clear that the

Sapphire47 Diamond48

Melting point (K) 2326 ∼3500

Thermal conductivity (Wm−1K−1) 42 1200-2000

Density (kgm−3) 3.97·103 3.51·103

Specific heat capacity (Jkg−1K−1) 0.75·103 0.50·103

Thermal diffusivity (m2s−1) 14·10−6 6.8·10−4

Index of refraction a 1.76 - 1.77 2.4

Table 14.1: Comparison of various material properties of sapphire and chemical
vapor deposition-grown diamond. All values are for standard conditions.

temperature and temperature gradient resulting from a heat flux are dependent
on the diffusivity: a higher thermal conductivity results in a more homogeneously
spread temperature profile. This means that the maximum temperature in the
material is lower as well, allowing higher heat load before the melting point is
reached. Table 14.1 shows that largely due to the much higher value for thermal
conductivity the thermal diffusivity of diamond is two orders of magnitude higher

aIt should be noted that the index of refraction depends on wavelength and crystal axis. The
indices of refraction given are for 800 nm.
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than that of sapphire. The values shown are nominal values for diamond crystals
produced by chemical vapor deposition. Actual values may be different for the
polycrystalline diamond used in the experiments discussed later.

Significant to note is that the values for thermal conductivity reduce at higher
temperatures. Data collected in Ref.46 shows that at 1200 K, the heat conductivity
of sapphire and diamond reduce to approximately 7 Wm−1K−1 and 500 Wm−1K−1,
respectively. Although this drop is significant, even at higher temperatures the
conductivity of diamond is orders of magnitude higher than for sapphire, making
diamond a promising material for prolonged discharge exposure tests.

In the experimental section of this work polycrystalline CVD-produced diamond
is used. The actual thermal properties of this diamond may vary from the values
stated before; in Ref.46 a reduction by 80% in thermal conductivity is suggested.

In the scope of this project, simulations were performed by S. Antipov as de-
tailed in Ref.46 Since capillaries are considered with a high length to diameter
ratio, the heat transfer problem can be described by a 2D model. In assuming
steady-state — i.e. thermal equilibrium is reached in the material faster than the
timescale of changes in thermal load — values were calculated for the maximum
temperatures reached as a function of total power dissipated in the capillary by
the discharge current. For the dimensions of the capillaries used in the experiment,
the diamond could withstand almost two orders of magnitude more power than
sapphire before reaching temperature in excess of the melting point of sapphire.
Depending on the exact amount of energy dissipated in each discharge, repetition
rates in excess of 1 MHz were calculated to be possible with diamond targets, once
again by approximation by steady-state conditions (Fig. 14.1).

Figure 14.1: Result of simulations performed at EuclidTech Labs, showing the
temperature of the material verses repetition rate for diamond and sapphire for
two different cases. Case 1 assumes a plasma resistivity of 4 Ω/cm, a peak current
of 400 A and a pulse length of 250 ns. Case 2 corresponds to the case of lower
heat deposition with 1 Ω/cm plasma resistivity, a peak current of 200 A and a
pulse length of 100 ns, allowing a higher repetition rate before reaching melting
temperatures in both materials. Figure reproduced with permission from Ref. [46].

Previous work has shown significant melting and ablation effects in sapphire
at 10 Hz,15 where the simulations show the maximum temperature is well below
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the melting point of sapphire. This suggests that the steady-state approximation
may not be valid and transient effects may cause the temperature to spike. In the
experimental section of this work the effect on diamond is measured.

14.2 Melting, ablation and etching

In the previous work mentioned before,15 the shape of a sapphire capillary wall had
been observed to change after over a million discharges. As can be seen in Fig.
14.2, wall material had been removed in certain area and accumulated in others,
suggesting that melting and subsequent redistribution or ablation and redeposition
had taken place.

Figure 14.2: Surface of a wall of a square sapphire capillary after 1.3 million dis-
charges. The exposed area shows both removal of material in the center and rede-
position near the corners. Reproduced with permission from Ref.15

For diamond, additional erosion processes are known: erosion can be assisted
by metals, oxygen and hydrogen at elevated temperatures.49 In particular, etching
by the hydrogen ions in the plasma may be of concern.50–52 This an important
reason to study the effect of hydrogen gas discharges as would be used in LPAs on
diamond capillaries.
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Chapter 15

Experimental setup

The experimental setup for all tests described in this part is the same as the setup
explained in Chapter 10 in Part II of this thesis. However, the components spe-
cific to GVD measurements such as the imaging spectrometer, the bypass beam
optical setup and the flippable mirror in the capillary beam (see Fig. 10.2) were
not used. Instead, the diagnostics for laser guiding in the targets are comprised by
energy transmission measurements and mode images revealing output pulse prop-
erties, methods commonly applied to other targets. For details, see Section 9.5 for
explanation on plasma channel diagnostics, laser pulse propagation and the deter-
mination of matched spot size through centroid shift.

15.1 Capillaries

The design of the targets tested differs from the design explained before. While the
mounting method and electrodes are the same, the design of the capillary itself is
different. In brief, two targets were developed; a 14 mm long capillary with CVD
diamond walls and a 15 mm long sapphire capillary for comparison. As opposed
to the experiments discussed previously, both of these capillaries have a square
cross-section. This allows much more accurate measurement of any changes to the
surface of the material after exposing it to many discharges.

Fig. 15.1 shows how the diamond capillary is assembled. The capillary is shaped
by ‘sandwiching’ two 200 µm thick diamond plates in between two larger (14 mm
x 20 mm), 500 µm thick diamond plates, leaving a longitudinal gap in between the
smaller plates, effectively creating a square cross-section capillary. To lead gas into
this capillary two 1 mm diameter holes were laser machined in one of the larger
diamond plates, 2 mm from the each exit of the capillary. This system consisting
of 4 separate diamond plates was then squeezed in between two thicker sapphire
plates to be able to fit the combination into the existing mounts in use at LOASIS,
and to lead gas to the channel; one of the sapphire plates had gas slots machined
in with a cross-section describing half an ellipse with depth 0.60 mm and width
1.02 mm. Due to the edges of the thinner diamond plates not being perfectly
straight, the actual capillary cross-section is somewhat trapezoidal as pictured in
figures 15.2b and 15.2c, and also slightly elongated, so that the cross-section of
the capillary averages approximately 240 µm in vertical direction and 200 µm in
horizontal direction. All plates were fixed in place both by applying a liquid glue
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diamond,
500 μm thick

diamond,
200 μm thick

sapphire,
4mm thick

20 mm

sapphire,
4mm thick

gas slots in
sapphire

holes for gas
in diamond

gas slot

Longitudinal view Side view

(a) Schematic view of the diamond capillary, to scale.

(b) Photograph of the dia-
mond capillary, viewed lon-
gitudinally.

Figure 15.1
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(a) (b) (c)

Figure 15.2: Optical photographs of (a) one of the gas slots machined in diamond,
(b) the front end of the diamond capillary and (c) the back end of the diamond
capillary. The images are not to scale.

to the sides of the plates, and clamping by a number of set screws on the mounting
block.

Even though not the entire target is made up by diamond parts, all walls directly
facing the plasma in the capillary itself are diamond. Therefore this target is deemed
a valid test target to determine the influence of the discharge plasma conditions on
the diamond.

To be able to compare the results of laser guiding and discharge experiments
directly to the case of a sapphire capillary, another target was produced. This
second target was designed to have the same capillary cross-section as the diamond
target, but had a slightly simpler design using just two 4 mm thick sapphire plates
sandwiching two 200 µm thick plates. Again, one of the outer plates had gas
slots machined into one of the faces, with the same specifications as the diamond
capillary. At 15 mm in length, this capillary was 1 mm longer than the diamond
capillary due to material availability. This is not expected to have a significant
effect on heat distribution properties, since in both cases the cross-sectional side
is much smaller than the capillary length. Fig. 15.3 shows a schematic view of
the sapphire capillary design, in Fig. 15.4 photograph of the actual capillary are
displayed. For the sapphire capillary, an average vertical side of 225 µm and a
horizontal side of 200 µm were measured. Again, the plates were glued together
and mounted in the exact same mount used for the diamond setup.
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sapphire,
200 μm thick

20 mm

sapphire,
4mm thick

gas slots

sapphire,
4mm thick

gas slot

Longitudinal view Side view

Figure 15.3: Schematic view of the square cross-section sapphire capillary created
by combining four sapphire plates.

(a) (b)

Figure 15.4: Optical microscope pictures of (a) the front of the sapphire capillary
and (b) the back of the same capillary.
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Chapter 16

Experiments

The experiments performed on the diamond and sapphire capillary consists of two
parts: verification of the laser guiding properties and comparison of the resistance
to a large number of gas discharges. The laser guiding experiments follow some of
the methods and procedures detailed in Part II of this report. Before treating this,
the discharge conditions in both capillaries will be discussed briefly.

16.1 Discharge conditions

Without a method available to directly measure the neutral gas pressure before
discharge inside the capillaries, an indirect method was devised by measuring the
gas flow to the capillary. For this, neutral gas was fed to the capillary gas slots at a
varying supply pressure while measuring the mass flow rate of the gas. In this test,
nitrogen gas was used because the pressure and flow meters were calibrated for N2.
The results were then compared to simulations performed by D.E. Mittelberger
at LOASIS in the fluid dynamics software ANSYS CFX, using a shear stress
transport model. Fig. 16.1 shows the comparison between the experimental data
taken with the diamond capillary and the simulations. Good agreement was found,
confirming the validity of the simulations. In addition, the simulations showed
an capillary pressure of 98% of the supply pressure on average. This means that
within the errors of the pressure measurement, the actual capillary pressure can be
assumed equal to the pressure supplied.

To verify that both capillaries had the same response to the supplied pressure
(and hence have the same resulting capillary pressure), the gas flow rate was com-
pared at various pressures. This is shown in Fig. 16.2 for hydrogen gas, which is
also used for the guiding experiments. H2 is used for guiding since full ionization
is much easier to accomplish with lighter gases. Because of its low molar mass,
hydrogen is harder to pump out of the vacuum vessel efficiently, so the upper limit
for the supplied pressure became approximately 80 Torr before the vacuum pump
performance started to decrease. One can see that the difference between the the
two capillaries is small. In fact, the slight difference in slope can directly be asso-
ciated with the difference in cross-section; the area of the diamond capillary exits
was measured to be approximately 7% greater than for the sapphire, which — as
one would expect — results in a slightly higher flow rate, a difference of about
6%. It can be concluded that both capillaries show the same response to a cer-
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Figure 16.1: Comparison between the experimental data obtained with the diamond
capillary and ANSYS simulations. Plotted is the flow rate at various applied
pressures of N2.

Figure 16.2: The hydrogen gas flow for varying supply pressure for the diamond
capillary and the sapphire capillary compared.
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tain supplied pressure and that the drop over the gas slots towards the capillary is
negligible. In the following the capillary pressure will be taken to be equal to the
supplied pressure.

It should be noted that although the flow rate is according the expectations
based on the simulations, this does not guarantee that there are no leaks; since all
measurements are done on the gas before it enters the capillary, the gas could flow
out into the vacuum chamber before reaching the capillary. However, the measure-
ment of the flow rates for given pressures essentially determines the ‘resistance’ the
gas experiences flowing into the chamber, whether it be through the capillary or
an undesired leak. Because the values agree so well with the values obtained in
the simulations and both capillaries show the same response, a gas leak other than
through the capillary seems highly unlikely.

As was observed in Part II of this report, the initial neutral gas pressure has
a direct influence on the electron density in the plasma channel. Equally impor-
tant for the conditions in the channel and hence the conditions the capillary walls
are exposed to is the discharge current. This current can be varied by changing
the pulser voltage but this was kept constant at 22 kV for all experiments except
where otherwise noted. Fig. 16.3 shows the typical current profile observed during
discharge. The profile looks the same for the two different capillaries, here a trace

Figure 16.3: A typical discharge pulse for a pulser voltage of 22 kV, using a 15 mm
long square sapphire capillary.

obtained with the sapphire capillary is shown. The peak current reached is 360 A,
with a rise-time of just over 200 ns and FWHM of 370 ns. For the discharge en-
durance test described later in this text these parameters will be compared to those
of the experiments performed in Oxford mentioned earlier,15 where the discharge
current had a peak of 300 A and FWHM of 180 ns. A remark on the discharge
voltage: although it related directly to the discharge current, the pulser (or thyra-
tron) voltage is not the same as the voltage applied across the capillary, due to the
impedances in the circuit. More information on the pulser circuitry and discharge
characteristics can be found in the other two parts of this thesis.
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16.2 Laser guiding by a diamond capillary

In Section 14.1 the thermal properties of diamond were found to be promising
for high repetition-rate, high thermal load experiments. In the scope of laser-
guiding experiments the performance as a stable waveguide is an equally important
factor. In this section experiments are described that compare the laser guiding
performance of the diamond and sapphire capillaries described earlier. This analysis
is based on energy output spot quality, transmission and matched spot size.

16.2.1 Output spot quality and energy transmission

To set a baseline for the diamond capillary, the energy transmission by a waveguide
in the more traditional sapphire capillary was determined for various conditions.
The parameters varied were the pulser voltage (22 - 25 kV), pressure (20 - 50 Torr)
and relative timing of the laser to the discharge. Three representative results are
shown in Fig. 16.4, in addition to a typical discharge current trace (dashed line) to
indicate at what point in the discharge evolution the laser arrived. Errors shown

Figure 16.4: Dependence of energy transmission on laser timing for the square
sapphire capillary at various discharge settings.

are again the quarter percentile errors and the points represent median values of
ten shots.

A detailed comparison of the absolute transmission values outside the region of
good guiding will not be given here, this was discussed in Chapter 11 for cylindrical
sapphire capillaries. Focusing on the region where the energy transmission exceeds
80 %, it can be concluded that both higher pressure and higher voltage result in
higher transmission factors. For 25 kV voltage and a pressure of 40 Torr the plateau
of stable guiding is increased from 200 ns to 250 ns. At all conditions the energy
transmission is good for laser timing around the peak of the discharge current. Just
energy transmission alone is not a very reliable indicator of waveguide symmetry,
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therefore the output laser spot should be observed as well.
The output spot size was observed to vary for changing delay with a minimum

size of 30-40 µm. More importantly, the output spots observed showed strong
cylindrical symmetry, as can be seen in Fig. 16.5a. Apparently the geometry of

(a) Output spot image for
the sapphire capillary at 22
kV, 40 Torr and a discharge
delay of 108 ns. Despite
the square capillary cross-
section, cylindrical output
modes are observed.

(b) Typical output spot for
diamond capillary at 25 kV
thyratron voltage, 100 ns
discharge delay and a sup-
ply pressure of 40 Torr. Ar-
tifacts of square capillary
are clearly visible.

Figure 16.5: Output spot images for the sapphire and diamond capillaries compared
for laser input spot size 40 µm.

the walls has little influence on the shape of the density profile seen by the laser.
This cylindrical symmetry has been observed for square capillaries in the past, for
example in Refs. [15, 21]. Note that stronger spot size oscillations may result for
different input spot sizes (dependent on the matched spot size), possibly revealing
a break in cylindrical symmetry of the density profile for greater distance from the
center.

For the 40 Torr tests the onset of this cylindrical symmetry was at negative
timings, during the ramp-up of the current. For the 20 Torr case this was later;
at 25 kV and 20 Torr cylindrical symmetry is not reached until after the peak of
current.

In conclusion, a baseline was created that the diamond capillary will be com-
pared to next. Energy transmission of over 80% was observed at different discharge
settings with a duration of over 200 ns. Output spots were found to be radially
symmetric for most shots where the energy transmission was high, indicating a
waveguide with cylindrical symmetry.

Before discussing the results obtained with the diamond capillary quantitatively,
the following remark should be made. For the discharge settings discussed for
sapphire, the output spots of the diamond capillary were observed to show much
stronger square symmetries and diffraction patterns. In Fig. 16.5b this is shown for
discharge timing set for optimum transmission. Comparing this to Fig. 16.5a, the
difference is clear. The possible reasons for this will be discussed after analyzing the
guiding by the diamond capillary. To be able to compare the capillaries somewhat
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quantitatively, the diamond capillary was operated at higher pressures, close to the
operating limit determined by the vacuum pumps.

Fig. 16.6 shows the evolution of energy transmission for changing discharge
delay, for pressures of 70 and 80 Torr and 22 kV pulser voltage. The two curves

Figure 16.6: Energy transmission at different pressures for various laser timings
using two photodiodes (PDs) or the output imaging camera’s total counts. The
normalized discharge current is shown for reference.

(red and black) are obtained by using the calibrated ratio of the photodiode sig-
nals. These show high transmission, even for very late laser timings. This result is
unexpected, as no such behavior was observed for the sapphire capillary. To verify
that the transmission measurement works as designed, the total number of counts
on the camera imaging the output of the capillary was recorded (shown in blue).
Indeed, these plots follow the energy transmission measurement by the photodi-
odes, showing a nearly constant output energy. Significant wall guiding could be
an explanation for this; if very little light is absorbed or diffusely reflected by the
capillary walls, most of the light at the input of the capillary will also be present
at the output, even when a plasma waveguide is not present (late laser timing).
The walls of the diamond capillary may be smoother than those of the sapphire
capillary, reflecting more light. a

To determine whether a waveguide was established the output spot sizes are
studied; if the laser is exclusively guided by the capillary walls, the discharge delay
should not affect the output spot. Any increase or reduction of spot size or sym-
metry indicates an influence by the plasma. Neither the second moment nor the
FWHM are expected to give a reliable measure for the spot size due to its shape.
Therefore the analysis is based on the raw images. Representative images for vari-
ous discharge delays are shown in Fig. 16.7. These images reveal the presence of a

aOn a more general note, the polished walls of the square capillaries produced in this experiment
are expected to be smoother than the cylindrical capillaries discussed in Part II of this thesis.
The latter are produced via laser machining, without polishing of the capillary surface after the
machining process.
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(a) No discharge (b) -96 ns (c) -48 ns

(d) 0 ns (e) 50 ns (f) 103 ns

(g) 153 ns (h) 203 ns (i) 251 ns

Figure 16.7: Output spot images for various laser timings showing the evolution of
the waveguide. Pulser voltage was 22 kV, pressure 80 Torr. All images shown share
the same color scale.
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waveguide for a time window of at least 100 ns (but less than 200 ns) around the
peak of discharge. While the spots are not as symmetric as observed in the case of
the sapphire capillary, the rectangular symmetry pattern visible in the absence of
any discharge is greatly reduced. A clear circular spot appears indicating that part
of the laser light is guided on-axis by the plasma. At a discharge delay of 103 ns
this spot has disappeared and the capillary relaxes to its original state without a
waveguide between 200 and 250 ns after the peak of discharge. It can be concluded
that although the energy transmission graphs do not yield a reliable measurement
of the amount of light guided by the plasma, a waveguide is clearly established for
at least 100 ns based on output spot analysis.

16.2.2 Matched spot size estimate

To relate the properties of the waveguide in the diamond capillary to the one studied
in the capillary with sapphire walls, the matched spot size of the channels was
estimated using the centroid shift method (Section 9.5.2). The following table
summarizes the four largest spot size solutions to a transverse capillary scan. Using

Capillary Sol. 1 (µm) Sol. 2 (µm) Sol. 3 (µm) Sol. 4 (µm)

Sapphire 38.4 25.3 18.5 16.2

Table 16.1: Possible solutions for the matched spot size of the sapphire capillary
for 22 kV thyratron voltage and 40 Torr supply pressure, assuming an 11 mm long
plasma channel.

Eq. 11.2 — the scaling law from Ref. [21] — for a capillary with side 200 µm a
spot size of 39.7 µm is predicted. This suggests that the value of 38.4 µm found is
the correct solution. It should be noted that the solutions depend strongly on the
length of the channel assumed. Here, the channel length was assumed to be equal
to the distance between the gas slots where the capillary pressure is known to be
almost constant, as shown in Part II of this thesis.

For the diamond capillary the standard method of moving the capillary trans-
versely to observe the centroid shift did not work well, due to the strong wall guiding
and spot shape. Instead, an discharge delay scan was performed while the capil-
lary was purposely offset transversely by 50 µm. The offset of the output spot was
manually determined by comparing images at optimum guiding. Using Eq. 9.13
the folowing solutions for the matched spot size were found:

Capillary Channel length Sol. 1 (µm) Sol. 2 (µm) Sol. 3 (µm)

10 mm 50.4 18.7 13.7
Diamond 12 mm 55.3 20.5 15.0

14 mm 60.0 22.1 16.2

Table 16.2: Matched spot size solutions for the diamond capillary for various channel
length assumptions. Based on output centroid shift for a 50 µm input shift and 22
kV, 80 Torr discharge settings.

None of these solutions appear to correspond well with the value of 34.9 µm
predicted by the scaling law for 80 Torr. In fact, only when a pressure of 10 Torr
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or lower is assumed the scaling predicts a matched spot size of approximately the
value found: 51 µm. This finding is in line with the fact that higher pressure
was needed in the diamond capillary to achieve good plasma channel guiding. It is
therefore suspected that the actual plasma density in the diamond capillary is much
lower than the value estimated by the simulations based on flow measurements,
and lower than the density in the sapphire capillary. This may be caused by a
gas leak upstream of the capillary, but it would have to be sized such that the
flow measurements gave the expected result for a capillary without leak. A more
probable explanation can be found in the assembly of the diamond capillary itself;
the diamond plates were not of uniform thickness, which might lead to channels of
gas in between the plates. These may not influence the gas flow measurement, but
during discharge some of the plasma may be expelled to these regions, reducing
the density difference within the capillary and in turn the plasma channel depth.
In an attempt to mitigate this problem, the capillary had been disassembled and
reassembled with increased clamping during the gluing process. This did not appear
to have a significant effect on the performance of the capillary. Due to its high
hardness, the additional clamping of the plates in the assembly may not have had
an effect. Additional research is advised to determine whether gas ‘leaks’ are indeed
the cause of the observed effects. In follow-up experiments extra care should be
taken in the capillary design and assembly. One way to improve the design is for
example by machining the capillary in the diamond, to reduce the number of parts
used and hence the number of interfaces.

16.3 Ablation of wall material

The main reason to do discharge and laser guiding tests on diamond was to de-
termine its suitability for high repetition-rate, high heat load experiments, such as
the capillary discharge systems used for LPAs. To see how the performance of the
diamond capillary compares to the more conventional sapphire, a simple test was
designed: each capillary would be subjected to approximately 1.3 million hydrogen
gas discharges. This number was chosen because earlier tests described in Ref. [15]
also fired the same number of shots, providing an independent comparison.

16.3.1 Diamond capillary

First, the diamond was exposed to 1.3×106 discharges at 22 kV pulser voltage and
50 Torr supply pressure. This was the maximum pressure that could be sustained
for prolonged periods of time, chosen because the laser guiding data suggests that
the actual plasma pressure may be reduced in this capillary compared to other
capillaries. To reach this number of exposures in a reasonable time, the repetition
rate was fixed at 5 Hz and the test was run over the course of multiple days. There
was no laser present in this test, just the influence of the gas discharge was studied.

Fig. 16.8 shows the clear deposition of copper from the discharge electrodes on
the outside of the capillary on the cathode side, which was also the side of laser
entrance for the guiding tests. This deposition was much less on the anode side of
the capillary.

To determine what the diamond plates looked like on the faces that were exposed
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Figure 16.8: Picture of diamond capillary after 1.3 million discharges, part of the
assembly is removed to expose the copper deposition on the cathode side of the
capillary.

to the discharge, the plates were taken apart and the 0.5 mm thick plates studied
with an optical microscope, a white light interferometer and a scanning electron
microscope (SEM) at EuclidTech Labs with the help of Dr. T. Wade at Applied
Diamond Inc. Their results will now be summarized.

Upon first inspection it became clear that the hydrogen plasma created by the
discharge had etched a channel in both opposing faces of the capillary. In some
locations this channel was wider than the capillary width, indicating etching be-
yond the corners of the capillary. In Fig. 16.9 SEM images are presented that
demonstrate the observed depth, width and shape of the channel for the diamond
plate without the gas feed-through holes.

Closer to the location where the gas was supplied the channel showed a change
in shape from circular-like to bimodal, as shown in Fig. 16.10. In the opposite plate
that had holes to feed in the gas the channel was observed to be shallower close to
the holes. This can be explained by hot plasma flowing up the gas slots, locally
reducing the heat load on the walls.

In conclusion, the discharge exposure did influence the diamond structure, de-
spite theoretically being able to withstand the heat load. Transient effects may
cause increased heat deposition on very short timescales, raising the temperature
significantly. In addition, the hydrogen plasma can etch the diamond. However,
the maximum etch depth was measured to be 45 µm. This may seem significant
on a 200 x 200 µm capillary, but in theory the change in the plasma channel for
the purpose of laser guiding may be corrected for by changing the gas pressure
or discharge voltage (note that this changes the electron density and matched spot
size). In addition, it has been suggested46 that impurities in the gas, such as oxygen
may accelerate the etching process significantly. The amount of possible contami-
nations in the hydrogen gas used is unknown, therefore a careful monitoring of any
impurities is recommended in future experiments.

107



(a) Cathode (entrance) side of the cap-
illary. At the entrance the channel is
approximately 500 µm wide and 15 µm
deep, but narrows to 200 µm within ap-
proximately 1 mm. The channel was too
rough to image with the interferometer.

(b) Anode (exit) side of the capillary.
Here the channel is approximately 300
µm wide and 5 to 15 µm deep at the edge
of the plate, while the channel narrows to
210 µm further inward.

(c) Center section of the capillary, where
the etched channel is deepest at about
45 µm. The width of the channel at this
position was measured to be 250 µm.

Figure 16.9: SEM images of various section of the diamond capillary after 1.3 million
exposures. A thin gold coating was applied to the plates to prevent charging of the
SEM. Note that the images are not reproduced at the same scale.46
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Figure 16.10: Profile of the channel etched in diamond obtained with a white light
interferometer. The shape of the channel becomes bimodal close to the gas inlet.46

16.3.2 Sapphire capillary

The sapphire capillary was intended to be exposed to the same number of discharges
at similar conditions as the diamond, but only 7×104 exposures were done. These
discharges were carried out at 22 kV pulser voltage and a H2 pressure of 40 Torr,
again at a repetition rate of 5 Hz. The reason for stopping the test after 7·104 shots
was that a verification of the laser transmission showed no light was transmitted,
indicating that the capillary was obstructed.

Upon inspection with the white light interferometer, the following observations
were made: again, significant surface changes were observed, primarily the channel-
shaped erosion along the exposed area on the face of the sapphire plates. An
erosion depth of up to 54 µm was found in the center, and up to 72 µm at one end
of the channel. The limited resolution of the linescans near the edges of the etched
channel prevent an accurate measurement of the channel width, but in the center
the channel is approximately as wide as the width of the capillary, but near the
ends the channel is significantly wider at over 300 µm. For reference, Fig. 16.11
shows several SEM images of the channel in the sapphire plate.

In conclusion, erosion of the sapphire plates was significantly more than observed
for diamond, by a factor of two to ten, even though the number of discharges was
almost 20 times less. When comparing to the results obtained previously in Oxford,
the recent tests showed much more erosion. A possible reason for this is difference
in heat load due to different discharge characteristics. Table 16.3 summarizes the
results of these tests and the previous work. The sapphire in our tests eroded
significantly more than in the previous work, despite the lower repetition rate. The
difference in heat deposition due to the discharge current is estimated to be a factor
2-2.25 higher in our experiments, assuming the dissipated heat is directly related
to the current and taking half-sine current profiles. Therefore it can be concluded
that reduction of the peak current and pulse duration may significantly reduce the
erosion observed, which is important to keep in mind when designing future high
repetition-rate systems.

bNote that this is the supply pressure; the guiding experiments suggest that the channel density
may be different.
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(a) (b)

Figure 16.11: SEM images of the ends of one face of the sapphire capillary after
7×104 discharges. A thin gold coating was used to assist imaging with the SEM.

Sapphire, CVD
Ref. [15] Sapphire Diamond

Average capillary side (µm) 210 212 220

Peak discharge current (A) 300 360 360

Discharge rise-time (ns) 225 225

Discharge pulse FWHM (ns) 180 370 370

Hydrogen pressure (Torr) 45 40 50 b

Repetition rate (Hz) 10 5 5

Number of discharges 1.3 ·106 7 ·104 1.3 ·106

Erosion depth < 21 54-72 5 - 45

Table 16.3: Summary of the results of the ablation tests. The current experiments
showed more ablation than expected based on the results from Ref. [15], which can
be attributed to the higher heat load from the discharge.
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Chapter 17

Conclusion

Comparative experiments were performed on two similarly constructed sapphire
and diamond capillaries. Specifically, their suitability to establish a plasma channel
capable of guiding a laser pulse was tested and their resistance to erosion by the
plasma was determined.

The laser guiding tests showed that both capillaries were able to guide a laser
pulse with a plasma channel established through a gas discharge. The percentage of
incident energy guided by this channel could not exactly be determined because of
significant reflection by the walls of the capillary. In addition, the diamond capillary
showed output spot profiles with symmetry inferior to the radially symmetric spot
observed using the sapphire capillary. Although gas flow measurements did not
determine a significant difference in capillary throughput, it is suspected that gaps
between the diamond plates making up the capillary may influence the plasma
density and temperature, resulting in lower waveguide quality. Additional research
is advised, where the capillary consists of fewer components to reduce the number
of interfaces.

Diamond was selected as a candidate for future high repetition-rate and high
heat load applications in LPAs because of its thermal properties such as a high
melting point. Simulations show that due to the higher thermal conductivity the
temperature in the material is lower than when a conventional sapphire target
is used, which is expected to increase the lifetime. The erosion of the diamond
capillary was compared experimentally to that of the sapphire capillary and previous
results. After 1.3 million shots a channel of 5-45 µm deep had etched into the
diamond. This can be caused by the hydrogen plasma but impurities such as oxygen
could have influenced this process significantly. In future tests careful monitoring
of impurities is advised. In comparison, the sapphire capillary showed erosion of a
similar shape but to a depth of 54-72 µm, significantly deeper despite being exposed
to almost 20 times fewer discharges. This clearly shows an advantage of the use
of diamond over sapphire. These results were compared to previous work where a
similar square capillary was exposed to 1.3 million discharges, however at different
discharge parameters. Here the maximum erosion depth was approximately 21
µm, significantly less than observed in our experiments, despite the lower number
of exposures. This is attributed to the lower peak current and shorter discharge
pulse. This means the heat load is lower, which may reduce ablation. To verify
this conclusion, an increase of the sample size is desired and additional research is
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planned.
To summarize, diamond was shown to be a promising candidate for more de-

manding applications in LPA such as high repetition-rate devices thanks to its
thermal properties. A laser waveguide can be established in a diamond capillary
and erosion is significantly less than for sapphire. Topics that require more re-
search are the improvement of the diamond capillary as a waveguide and reduction
of erosion by adjustment of discharge parameters. If these issues are addressed,
diamond capillaries may enable the next generation LPA devices to run at higher
repetition rates. This would yield the higher output and acquisition speed desired
for applications such as FELs or X-ray imaging.
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Appendix A

Cable impedance

In the following the basic LRC-model will be expanded to include cable impedances.
To understand the difference between different cable types two commonly used
designs will be discussed briefly in terms of resistance, capacitance and inductance
in the context of the high voltage circuit at hand.

A.1 Coaxial cable

First we will treat the case of a coaxial cable where a core with radius a is shielded
from the braid (inner radius b, outer radius c) by a tubular insulator with relative
dielectric constant εr (Fig. A.1a). The resistance Rcoax of a coaxial cable at low
frequencies will simply be determined by the cross-section A, resistivity ρ and length
l of the current-carrying components (core and braid).

Rcoax = Rcore +Rbraid =
ρl

Acore
+

ρl

Abraid
=
ρl

π

(
1

a2
+

1

c2 − b2

)
(A.1)

a

b

εr

l

c

(a)

d

b

aεr

l

(b)

Figure A.1: Schematic view of (a) a coaxial and (b) a parallel wire setup.

To calculate the capacitance Ccoax we need to solve the Laplace equation ∇2V =
0 for the potential field between the two conductors. Taking advantage of the
cylindrical symmetry and taking boundary conditions V (r = a) = Va and V (r =
b) = Vb this gives:

V (r) =
Vb − Va
ln
(
b
a

) ln
(r
b

)
+ Vb (A.2)
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Without loss of generality we will take Vb = 0, finding for the electric field ~E =
−∇V :

~E(r) =
Va

r ln
(
b
a

) r̂ (A.3)

Using Gauss’ law ∇ · ~D = ρfree with ~D = ε ~E the total free charge on the surface of
the core can be found:

Qfree =
2πεlVa

ln
(
b
a

) (A.4)

This directly equates to the capacitance as C = Q/V , finally yielding the desired
result for a Ccoax:

Ccoax =
2πεl

ln
(
b
a

) (A.5)

End effects have been neglected, so the result is only valid for l >> b − a. Next,
to calculate the inductance of a coaxial cable we first use Ampère’s law to find the
magnetic flux density, and then calculate the energy stored in the magnetic field
between the core and the braid. Again, end effects will be neglected by assuming
l >> b− a.

~Bcoax =
µIenclosed

2πr
φ̂ (A.6)

Wmagnetic =
1

2

∫
V

B2

µ
dV =

µI2encl

4π
ln

(
b

a

)
(A.7)

Using W = 1
2LI

2 we can write for the inductance of a coaxial cable:

Lcoax =
µl

2π
ln

(
b

a

)
(A.8)

A.2 Parallel wires

Similar to the case of a coaxial cable, we can calculate the resistance, capacitance
and inductance for a pair of identical, parallel wires (Fig. A.1b). The resistance
Rparallel is given in Eq. A.9.

Rparallel = 2
ρl

πa2
(A.9)

Taking the linear charge density carried by the left and right wire to be +λ and -λ
respectively, assuming d >> a, the potential field resulting from each separate wire
Vsingle = λ/ (2πε0) ln r can simply be added to obtain:

V =
λ

2πε0
ln

(
d

a

)
(A.10)

For the capacitance of the pair of parallel wires then follows:

Cparallel =
Q

V
=

πε0l

ln
(
d
a

) (A.11)
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The magnetic flux density from each wire is the same as for the core of the coax
cable:

~Bparallel =
µIenclosed

2πr
φ̂ (A.12)

Calculating the total flux through a rectangle spanned by the length of the two
wires and their distance apart, we find:

LI = 2l

∫ d

a
−a µI

2πr
dr (A.13)

This yields the inductance for a pair of parallel wires a distance d >> a apart,
neglecting any influence of nonuniform current distributions (skin effects).

Lparallel =
µl

π
ln

(
d

a
− 1

)
(A.14)
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