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Abstract

The viability of a plasma wakefield accelerator is limited by the projected emittance growth
of an accelerated electron beam due to chromatic phase spreading. This can be mitigated
through beam-matching via use of a plasma lens, which offers greatly-increased performance
when compared to conventional quadrupole magnetic focusing. We conducted experiments
using a proposed cylindrical-lens telescope with multiple laser systems, and found that in-
stallation and alignment of this lens system is possible without high-precision components. A
properly-sized incident laser beam, focused through these lenses, reaches the optimal dimen-
sions to ionize a plasma lens for use in a plasma wakefield accelerator. We measured the best
focus to have a minor axis of 34.5 ± 3.45µm and a major axis of 120.75 ± 3.45µm, which
compares favorably with the predicted minor axis of 37.4µm and major axis of 118.5µm.
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Chapter 1

Introduction

1.1 Background

Particle accelerators have been vital to the scientific community ever since their invention in
the early twentieth century. They allow physicists to search ever deeper into the constituent
parts of matter, and provide insight to the creation of the universe which we all inhabit.
Particles accelerated by the Large Hadron Collider (LHC) in Geneva have a final energy of
6.5 TeV and thus a total collision energy of 13 TeV. Accelerated particles are also used in
radiation therapy for cancer treatment and electron beam microscopy, and are considered as
a candidate for precision cutting and welding in industrial manufacturing. [1]

A number of landmark scientific discoveries were only made possible due to the precision
and reliability of existing particle accelerators [2–9], significantly increasing our knowledge
of matter. In the more distant long-term, higher-energy accelerators can allow us to de-
rive insight into even smaller subatomic scales than we are able to currently. Accelerator
structures are also vital for a number of medical and industrial uses, such as particle beam
probing for sample analysis in physics, biology, and chemistry [10–12], and can play central
roles in public health and sanitization [13–17]. Accelerated particle beams have significant
utility in their ability to modify the properties of matter through interaction, allowing the
manufacture of everyday objects like shrink-wrap [18]. By reason of the centrality of parti-
cle accelerators to particle physics and a number of related scientific fields, as well as their
ubiquity in the maintenance and advancement of modern everyday life, the continual im-
provement of existing accelerator technology, its miniaturization, and its progression into
higher-energy frontiers is fundamental to the evolution of physics and society as a whole.

1



1.2. BEAM FOCUSING 2

1.2 Beam Focusing

The utility of accelerated particles is limited by our ability to direct and control the charged
particle beam. One metric for beam quality is spot size, or the transverse area of the accel-
erated beam [19]. This is generally controlled by the use of powerful quadrupole magnetic
lenses. These are extremely useful, as they focus charged particles towards the longitudinal
axis of acceleration. Furthermore, a magnetic field perpendicular to the trajectory of a mov-
ing charged particle does no work on the particle as a result of the Lorentz force law, and so
any energy gained by the particle beam through acceleration is not lost through magnetic
focusing.

Figure 1.1: Field diagram of a quadrupole focusing magnet. [20]

The magnetic approach is robust, but not without drawbacks. As the quadrupole magnet
focuses the particle beam along a single transverse axis, the magnetic field also causes other
parts of the beam to diverge along the other transverse axis. This effectively defocuses the
beam, as displayed by the red force vectors in Figure 1.1. Accelerator facilities mitigate
this by using several quadrupole magnet assemblies, rotated 90◦ relative to each other. This
technique is highly expensive, requires lots of space, and provides multiple potential points
of failure. Though the primary goal of this project is immediately suited to emittance
preservation in a plasma wakefield accelerator (see Section 2.2) it provides a powerful method
to mitigate the disadvantages of quadrupole magnetic beam focusing.



Chapter 2

Plasma Formation and PWFA

2.1 Laser Ionization

Plasma is formed when electrons bound to the nuclei of gas atoms are stripped away to travel
freely. This can occur several ways. If the gas is heated, the average kinetic energy of the
gas molecules increases. If two atoms or an atom and electron collide with enough force, it
is possible for the impact to impart enough energy into a valence electron, knocking it free
from the Coulomb potential of the nucleus. This process is called thermal ionization.

It is also possible to ionize a plasma using intense light, since photons also carry energy. If
an electron is bombarded by enough energetic photons, it can overcome the binding energy
of the nucleus. This does pose some practical issues, however. The quickest, and most
repeatable, method for ionization in this way is to use a laser. We can determine the
wavelength of a photon energetic enough to overcome the hydrogen ground-state energy of
13.6 eV:

E =
2πℏc
λ

=⇒ λ =
2πℏc
E

(2.1)

For a photon to carry energy E = 13.6 eV, we find that its wavelength must be around
90 nm, placing it in the ultra-violet regime. Most laboratory laser systems have longer
wavelengths than this, requiring multiple photons to interact with the electron in order to
ionize it.

The most economical ionization technique makes use of a laser. Rather than employing
a laser as a vehicle for energetic photons, however, it makes use of the intense electric field
constituting the laser pulse to generate a plasma. An electron bound to a nucleus sits within
a funnel defined by the Coulombic potential of the nucleus, given as

Φ =
qe

4πϵ0r
(2.2)

A high-power laser is applied to a neutral gas. This causes the potential funnel to “tilt,”
decreasing the maximum energy required for the electron to escape. As the potential funnel

3



2.1. LASER IONIZATION 4

is suppressed, there exists a point where the electron’s ground-state energy is greater than
the Coulomb potential of the nucleus. The dashed line in Figure 2.1 becomes steeper as
the energy carried by the laser pulse (and thus laser intensity) increases. Eventually, the
potential funnel can be suppressed so thoroughly that even the ground state energy of the
electron E1 is greater than the Coulomb potential, allowing the electron to freely leave the
nucleus. This is said to be within the barrier-suppression regime. The intensity threshold
for a laser to ionize atoms through barrier-suppression is on the order of 1016W/cm2.

A laser intense enough to fall within the barrier-suppression regime will guarantee ioniza-
tion of plasma from a neutral gas. However, these lasers can have significantly high energy
requirements, and require a large system of optical components in order to reach the required
intensity. By making use of a fundamental principle of quantum mechanics, it is possible to
laser-ionize a plasma with a smaller, cheaper, and much less-powerful laser.

The moment a laser is applied to a neutral gas, its electric field causes the Coulomb
potential to no longer approach zero as r goes to infinity. Rather, it now defines a potential
“bump” of finite width. As the laser intensity increases, the width, and maximal value, of
the potential bump decreases. Due to the wavelike nature of quantum particles, there is a
nonzero probability of measuring a particle within a classically-forbidden region, where its
kinetic energy would have to be negative in order to satisfy Etot = U + KE. The motion
of these particles is dictated by the Schrödinger equation. For a one-dimensional system of
total energy E characterized by a potential function V (x), eigenfunctions of the Schrödinger
equation are wavelike: [21]

∂2

∂x2
φE(x) +

2m
(
E − V (x)

)
ℏ2

φE(x) = 0 (2.3)

Here φE(x) is an eigenfunction of the Schrödinger equation for a particle of mass m.
Solutions to this are complex exponentials in classically-allowed regions, but are strictly real-
valued exponentials where E < V (x), and must approach zero to remain physically-viable
as solutions. As a result of the continuity of wave functions, the probability of measuring a
quantum particle “past” a potential boundary is directly correlated to the potential bound-
ary’s width. Broadly speaking, we can assert that, for a very narrow potential boundary,
there is a high probability of measuring a particle past the boundary, though the details are
of course a bit more complicated.

As the intensity of a laser incident on a neutral gas suppresses the Coulomb potential
funnel, it eventually forces the width of the potential bump to be small enough that the
electron has a very high probability of tunneling outside of the Coulomb potential well of
the atom during the pulse length of the laser. This is the tunneling-ionization regime, as
described in the Ammosov-Delone-Krainov (ADK) model for tunnel ionization. [22].
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Figure 2.1: Strong-field ionization regimes: (a) Tunneling ionization; (b) Barrier-suppression
ionization. [23]

It is important to note that, while the laser is applied, the neutral gas molecules are
continuing to be bombarded by photons and multi-photon ionization continues to occur. For
sufficiently-intense lasers, tunneling ionization becomes the dominant mode of ionization.
The optimal laser intensity for laboratory plasmas, then, is one which allows electrons to
ionize from their associated nuclei within the duration of the laser pulse, but not require
more energy than is necessary. Tunneling ionization occupies a happy medium between
multi-photon ionization and barrier suppression, and allows for repeatable laboratory plasma
generation.

2.2 Plasma Acceleration

Accelerator structures can be miniaturized through the use of plasma. In conventional parti-
cle accelerators, a powerful electromagnetic wave propagates through a conductive waveguide
called a radio-frequency (RF) cavity. The cavity is designed so that the phase velocity of
the wave matches the velocity of the accelerating electrons, allowing the electrons to remain
at a peak of the wave [24].

Though this is effective at accelerating particles, there is an upper limit to its strength.
RF cavity-accelerators are made from copper, as it’s a cheap, common, and relatively high-
quality conductor. As the accelerating electric fields increase in strength, electrons can ionize
from the walls of the cavity, leading to irreparable damage to accelerator structures [25].
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Figure 2.2: Post-breakdown cratering of a copper RF cavity [26].

RF-cavity breakdown imposes an upper limit on the strength of the accelerating field,
leading to several practical limitations on buildable accelerators. Since operation within the
high-gradient RF breakdown regime eventually degrades accelerator functionality beyond
usability, higher energy thresholds can only be reached by increasing the size of conventional
accelerator structures, rather than the accelerating field strength. As projected costs in-
crease and usable space decreases, conventional accelerators seem to be reaching the extent
of their capability to conduct experiments within new regimes. The maximum acceleration
gradient, or energy gain per unit distance, achievable within an RF accelerator before cavity
breakdown occurs is on the order of 100 MeV/m. Most conventional accelerators operate
below this threshold. As new experiments call for increasing energy thresholds, accelerators
get longer and longer to achieve the required final beam energy. The space required to build
these, as well as the funds necessary, become prohibitively large to consider new conventional
accelerator structures.

A novel technique to circumvent this was proposed in a paper by Tajima and Dawson
in 1979, which makes use of a fundamental property of plasma to miniaturize accelerator
structures and increase acceleration gradients [27]. A high-power laser ionizes a filament
of plasma. This plasma is then perturbed by firing an intense, high-energy beam along
its length. This can be either an intense, ultrashort (femtosecond) laser pulse, or a dense,
high-energy electron bunch. This creates a cavitation inside of the plasma filament that
propagates along with the beam. This is called the plasma wake, and the electromagnetic
fields associated with it are the plasma wakefields. The plasma lensing technique proposed
in Doss 2023 makes use of the latter [28].
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2.2.1 Plasma Wakefield Acceleration in the Nonlinear Blowout
Regime

Figure 2.3: Particle-in-Cell (PIC) Simulation of a relativistic electron beam accelerated in a
plasma blowout wake formed by a relativistic drive beam.

The method by which a plasma wake forms depends on the nature of the drive beam. When
a relativistic electron bunch is used, its electric field pushes away plasma electrons. Special
relativity dictates that, due to the speed of the electron bunch, the electric field is almost
entirely in the radial direction, forcing the plasma electrons away from the axis of propaga-
tion. In the case of laser wakefield acceleration, plasma electrons experience a ponderomotive
force, where the inhomogeneous oscillating electromagnetic field of the laser exerts a net force
which, over one cycle, induces particle motion away from the region of highest field intensity.
Both of these processes occur on timescales very fast compared to the average rate of ion
motion, and a “bubble” of positively-charged ions called an ion column remains within the
plasma. The ion column exerts a powerful transverse electric field, which pulls the plasma
electrons displaced to form the wake back into the plasma filament.

As the electrons are knocked away, they form into a sheath at the leading edge of the
wakefield column which has a greater electron density than the unperturbed plasma density.
The plasma current in the electron sheath is responsible for the powerful accelerating force,
which has been experimentally-verified to reach acceleration gradients of up to 160 GeV/m,
over a thousand times more powerful than RF accelerators [29].

For point of comparison, the FACET-II RF accelerator cavities at SLAC National Labo-
ratory have an average acceleration gradient of 20 MeV/m [30] resulting in an average energy
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of 10 GeV. Further on, the beam-driven plasma accelerator provides an acceleration gradient
of 10 GeV/m for a relativistic electron beam. One meter of plasma accelerator provides the
same energy gain as one kilometer of conventional accelerator.

Though this technology shows significant potential for next-generation accelerators, it is
not yet mature enough for wide-scale implementation. Plasma accelerators suffer from a lack
of transverse emittance preservation, which can cause an irremediable increase in transverse
beam spot size or instabilities resulting in total breakup of the electron beam [31]. This
can be mitigated by “ramping” the density of the plasma filament and allowing the electron
beam to “match” into the plasma [32, 33]. The electron beam needs be focused to a precise
spot size in order for this to work optimally.

This is not trivial to implement. Conventional electromagnets struggle to focus the
relativistic electron beam to a size sufficiently-small enough to match into the density-ramped
plasma. A plasma lens has a much stronger focus, and can effectively focus the electron beam
to the necessary spot size. The plasma lens is thus an extremely potent tool for emittance
preservation, and vitally-useful to the evolution of plasma wakefield accelerators.



Chapter 3

Plasma Lens

3.1 Plasma Wakefield Dynamics

Powerful electric fields within a nonlinear plasma wake are the driving force behind plasma
wakefield acceleration. In a plasma lens, the extremely strong transverse electric fields are
responsible for the radial force that leads to beam focusing. In order to examine exactly how
this occurs, we can derive the transverse electric field strength inside a plasma wake.

Here we are restricting ourselves solely to a plasma within the nonlinear blowout regime.
That is, we are considering the ion column formed by a relativistic electron beam fired
through a quasineutral plasma filament. Over the timescale that this occurs, we can make
several assumptions about what occurs within the wake, namely that the plasma ions remain
stationary.

Two things result from this. First, since the plasma was ionized from a gas of uniform
density, we will assume that the plasma is quasineutral, and that the ion density within the
wakefield is simply the unperturbed ion density of the plasma ni. The charge density within
the column is then

ρ = eni (3.1)

We begin with the inhomogeneous wave equation forms of Gauss’s Law and Ampere’s
Law in the Lorentz gauge. This is then(

∇2 − 1

c2
∂2

∂t2

)
Φ = − ρ

ϵ0
(3.2)(

∇2 − 1

c2
∂2

∂t2

)
A = −µ0J (3.3)

To satisfy the Lorentz gauge, we also have that

∇ ·A+
1

c2
∂Φ

∂t
= 0 (3.4)

We can split the above into transverse and longitudinal components:

9
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∇2
⊥Φ +∇2

||Φ− 1

c2
∂2Φ

∂t2
= − ρ

ϵ0
(3.5)

∇2
⊥A+∇2

||A− 1

c2
∂2A

∂t2
= −µ0J (3.6)

We can simplify this by transforming to a frame co-moving with the electron beam using
the longitudinal coordinate ξ, where for some longitudinal position z,

ξ = ct− z (3.7)

In cylindrical coordinates, the longitudinal component of the Laplacian is simply the
second derivative with respect to z. Using the substitution for ξ, this is then

∇2
⊥Φ +

∂2Φ

∂ξ2
− 1

c2

(
c2
∂2Φ

∂ξ2

)
= − ρ

ϵ0
(3.8)

∇2
⊥A+

∂2A

∂ξ2
− 1

c2

(
c2
∂2A

∂ξ2

)
= −µ0J (3.9)

The derivatives with respect to ξ cancel, leaving only transverse components:

∇2
⊥Φ = − ρ

ϵ0
(3.10)

∇2
⊥A = −µ0J (3.11)

We repeat the same process on the Lorentz gauge condition in cylindrical coordinates:

∇⊥ ·A⊥ +
∂Az

∂z
+

1

c2

(∂Φ
∂ξ

· ∂ξ
∂z

)
= 0

∇⊥ ·A⊥ − ∂Az

∂ξ
+

1

c2

(
c
∂Φ

∂ξ

)
= 0

(3.12)

Here we introduce the wakefield potential:

ψ ≡ Φ− cAz (3.13)

We can rewrite the equation above in order to make a substitution:

∇⊥ ·A⊥ =
∂Az

∂ξ
− 1

c

∂Φ

∂ξ

= −1

c

∂

∂ξ

(
Φ− Az

)
= −1

c

∂ψ

∂ξ

(3.14)
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We can also put the transverse Gauss’s Law and Ampere’s Law in terms of this wakefield
potential by subtracting the longitudinal component of Eqn. 3.11 from Eqn. 3.10:

∇2
⊥
(
Φ− cAz

)
= − ρ

ϵ0
+ cµ0Jz

=⇒ ∇2
⊥ψ = − 1

ϵ0
(ρ− cµ0ϵ0Jz)

= − 1

ϵ0

(
ρ− Jz

c

) (3.15)

Using the cylindrical symmetry of the blowout wake, we can find relevant components of
the scalar and vector potentials in terms of ξ: [28]

Φ = Φ0(ξ)−
r2

4

en0

ϵ0
Az = Az,0(ξ)

Ar = −r 1
2c

dψ0

dξ

ψ = ψ0(ξ)−
r2

4

en0

ϵ0

(3.16)

We also assume that the potential far from the wakefield blowout goes to zero. We then
integrate over the blowout wake to determine the on-axis wakefield potential:

ψ0 =

∫ ∞

0

1

r
dr

∫ r

0

r′

ϵ0

(
ρ− Jz

c

)
dr′ (3.17)

In order to evaluate this, we assume that the electron sheath density is uniform, with
width ∆. The particular density profile follows from the continuity equation [28]:

ρ− Jz
c

= −en0
r2b

(rb +∆)2 − r2b
(3.18)

The on-axis wakefield potential integral then evaluates as

ψ0(ξ) =
en0

ϵ0

r2b (ξ)

4

(
1 + β(ξ)

)
(3.19)

Here the beta function β(ξ) is calculated from the wake potential, and depends on the
properties of the electron sheath and the plasma ions [34, 35]. In the ultra-relativistic limit,
β(ξ) ≈ ∆

rb
and ∆ ≪ rb, the wakefield potential simplifies to

ψ0(ξ, r) =
en0

4ϵ0

(
r2b − r2) (3.20)
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Using this blowout potential, we are able to determine first the transverse electric field
within the wake:

E = −∇Φ− c
∂A

∂t

E⊥ =
(
−∂Φ
∂r

− c
∂Ar

∂t

)
r̂ +

(
−1

r

∂Φ

∂ϕ
− c

∂Aϕ

∂t

)
ϕ̂

=
r

2

(en0

ϵ0
+
dψ0

dξ

)
r̂

(3.21)

We can also determine the transverse magnetic field:

B = ∇×A

=⇒ B⊥ =
(1
r

∂Az

∂ϕ
+
∂Aϕ

∂ξ

)
r̂ −

(∂Ar

∂ξ
+
∂Az

∂r

)
ϕ̂

=
r

2c

dψ0

dξ
ϕ̂

(3.22)

The Lorentz Force Law gives an equation of motion for an electron within the plasma
blowout:

F = −e
(
E+ v×B

)
= −eW (3.23)

Here we define a “wakefield” term W to combine the contributions of both the electric
and magnetic fields. With v ≈ cẑ, the Lorentz Force Law gives the transverse wakefield
terms:

W⊥ = E⊥ + cẑ ×B⊥

=
r

2

(en0

ϵ0
+
dψ0

dξ

)
r̂ +

(
cẑ × r

2c

dψ0

dξ
ϕ̂
)

=
r

2

(en0

ϵ0
+
dψ0

dξ

)
r̂ − r

2

dψ0

dξ
r̂

(3.24)

The transverse magnetic field, generated solely by the plasma current, then cancels out
with the ψ-dependent term of E⊥, which leaves a single non-vanishing term:

W⊥ =
1

2

en0

ϵ0
r r̂

= E⊥

(3.25)

This is the space-charge electric field of the ions within the blowout wake which is simply
the transverse component of the electric field within the wake bubble.
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3.1.1 Betatron Motion

If we consider a single electron within the wakefield bubble, we can determine its equation of
motion using Newton’s Second Law from Equation 3.25. We assume that the force of gravity
on the electron is negligible compared to the Coulomb force from the wakefield. Then, since
the transverse magnetic field within the wake is zero, we have that

me
d2r

dt2
= qE⊥

= (−e)
(1
2

en0

ϵ0
r
)

=⇒ d2r

dt2
= − e2n0

2ϵ0me

r

(3.26)

This describes a simple harmonic oscillator in the radial direction, which allows us to
conclude that an electron accelerated within a PWFA will oscillate about the central axis as
a result of the strong transverse Coulomb force present within the bubble.

3.2 The Plasma Lens

It is possible to use the technique of plasma wakefield acceleration in a broader context than
to simply accelerate particles. In particular, we are able to make deliberate use of betatron
motion to both improve the quality of particle-beam focusing devices and to significantly
decrease the spatial requirement of existing beam focusing technology.

We showed above that the transverse wakefield within the ion column results in the oscil-
lation of electrons within the particle beam about the central axis. If, instead of generating
a long filament of plasma, we generate a small “blip” of plasma, the transverse wakefield
dynamics become the dominant mode of motion for the electron beam. Rather than prior-
itizing the capability of plasma to accelerate electrons longitudinally, this design makes use
of electron betatron motion to decrease the overall beam spot size.

In particular, this study focuses on the plasma lens design proposed in 2019 by C.E.
Doss et al. [28, 36], which makes use of a plasma in the same underdense blowout regime
as is used for PWFA. This design allows the use of the same laser system as used to ionize
plasma filaments for PWFA, and is designed to require no external current, increasing its
repeatability and ease of implementation.
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A plasma lens can focus a relativistic electron beam hundreds of times more powerfully
than a conventional quadrupole magnet, in a distance hundreds of times shorter. This is best
illustrated by comparing the focal lengths of the underdense plasma lens with quadrupole
electromagnets as well as permanent quadrupoles:

Focusing Element Parameter K (m−2) L (mm) f (cm)
Quadrupole Electromagnet G = 1 T/m 0.3 180 1000
Permanent Quadrupole G = 500 T/m 150 8.2 81
Underdense Plasma Lens np = 1017 cm−3 88400 0.34 3.3

Table 3.1: Comparison between focusing elements of a 10 GeV electron beam [28], normalized
such that

√
K × L is equivalent for each optic.

The focusing strength K of all of the above is determined by a characteristic parameter
of the optic, and satisfies Hill’s Equation:

r′′ = −Kr (3.27)

The focusing strength of both quadrupole magnets is determined by the magnetic field
gradient G, and by the plasma density np in the case of the plasma lens.

Even when compared to permanent quadrupole magnets, which are significantly more
powerful than quadrupole electromagnets, a plasma lens provides superior focusing in a sig-
nificantly smaller space. Moreover, since the focusing strength of a plasma lens is dependent
on the density of the gas from which it is ionized, the plasma lens can be easily tuned as
needed to match any experimental setup.

Furthermore, the transverse force on an electron in a plasma wake depends only on r,
as shown in Eq. 3.25, and thus focusing due to the plasma lens is radially-symmetric about
the axis of beam propagation. Since the magnetic field of a quadrupole magnet causes de-
focusing of the electron beam perpendicular to the axis of focus, more than one is required
to improve overall beam focus. The symmetry of a plasma lens’s transverse focusing force
dictates that only one lens is required for optimal focusing.



Chapter 4

Laboratory Optics

4.1 Ultrashort Laser Pulses

In order for a laser to ionize a plasma from neutral gas, a single laser pulse needs to be
significantly intense. The extremely-short pulse length of an ultrashort laser naturally results
in an extremely-high total power, since the average power of a laser pulse with energy E and
pulse length ∆t is given as

P =
E

∆t
(4.1)

Ultrashort lasers are capable of extremely-high peak power values for even small energies.

4.1.1 Bandwidth Analysis of Ultrashort Lasers

Lasers with a wide bandwidth are necessary to generate ultrashort pulses. The infrared laser
oscillator used in the CU-WARG lab outputs laser light with a central wavelength of 800 nm
and a bandwidth of 40 nm [37] at Full-Width at Half Maximum (FWHM), corresponding to
frequencies ranging from approximately 340 GHz to 417 GHz. The overall range of output
frequencies is centered at 375 Ghz and is Gaussian in shape, with a standard deviation
σω ≈ 32.2 GHz. We can express this as a Gaussian function in the frequency domain,
normalized so that its integral over all frequencies evaluates to one:

g(ω) =
1

σω
√
2π
e
− (ω−µ)2

2(σω)2 (4.2)

Here the central frequency µ is 375 THz, corresponding to the central wavelength of 800
nm. To evaluate this in the time domain, we perform an inverse Fourier transformation:

16
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f(t) =

∫ ∞

−∞
g(ω)eiωt dω

=
1

σω
√
2π

∫ ∞

−∞
e
− (ω−µ)2

2(σω)2 eiωt dω

(4.3)

Evaluating this integral gives an expression for the shape of the pulse in the time domain:

f(t) = e−
(σω)2t2

2 eiµt (4.4)

This function has two component parts: the complex exponential, which represents the
carrier frequency, and the Gaussian pulse envelope. If we rewrite this to have the canonical
form of a Gaussian function, we find that the standard deviation in the temporal domain is

σt =
1

σω
≈ 31.1 fs (4.5)

Thus the broad bandwidth of output frequencies from the infrared oscillator corresponds
to a laser pulse with a FWHM of ≈ 73.2 fs. As the pulse undergoes amplification as described
in Section 4.1.2, the material properties of the amplification medium amplify the central
laser frequencies to a greater degree than those on the fringe through a process called gain
narrowing, which increases the pulse length of the amplified laser to 40 fs.

4.1.2 Chirped-Pulse Amplification

Chirped pulse amplification (CPA) begins by generating an ultrashort pulse using a mode-
locked laser, which is projected onto a diffractive grating, placed at an angle relative to the
laser propagation axis. Two converging lenses are placed downstream of this grating, which
impart a chirp to the overall pulse, with the time derivative of the pulse’s frequency now
nonzero [38]. The pulse reflects off of a second, identical diffractive grating and back to the
first. Over this process, the portions of the laser with the largest wavelength travel a greater
path length than those with the smallest. This has the effect of significantly increasing the
pulse duration, or “stretching” of the pulse by many orders of magnitude. The energy of the
pulse is conserved through stretching, and so the average power of the laser pulse attenuates
proportional to the increase in pulse duration.

Now that the pulse is outside of the ultrashort regime, it falls below the damage threshold
for optical components and can be easily manipulated. The pulse is then directed through one
or more amplifier assemblies, which massively increase the energy in the pulse. Following
amplification, the pulse is recompressed to the ultrashort regime via a second diffractive
grating pair. Now that the pulse energy is much higher, a return to the ultrashort regime
results in enormous peak pulse power.
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4.2 Laser System

To achieve the extreme intensity required to laser-ionize plasma, our laboratory uses Chirped-
Pulse Amplification as described above, as well as a specialized beam control system. The
main beam is an 800 nm infrared pulse generated by a Ti:Sapphire oscillator. For maximal
intensity, we use an ultrashort pulse, with a pulse duration between 40 and 55 femtoseconds
and an output energy between 1 and 5 nJ.

The seed pulse is stretched via diffractive grating and directed through a series of am-
plifiers, beginning with a regenerative amplifier supplied with energy by a 523 nm ND:YAG
pump laser, where it is amplified within a cavity until a Pockel cell allows it to leave the
resonator. It then propagates through the first of two multipass amplifiers, where it is passed
through a second Ti:sapphire crystal, pumped by the same laser as the regenerative amplifier.

Figure 4.1: Schematic of WARG Lab Centaurus Laser System

It then propagates through a second multipass amplifier with a larger Ti:sapphire ampli-
fier crystal. In this chamber, energy is added using a more powerful ND:YAG pump laser,
resulting in a final pulse energy of around 500 mJ. The stretched, amplified pulse then enters
a vacuum chamber for recompression, after which the laser pulse has a peak power on the
order of 10 TW. At this point, the pulse energy is high enough that, once the pulse returns
to the ultrashort regime, it is powerful enough to ionize air, and so the chamber is kept under
vacuum.
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(a) Seed laser and first-stage am-
plifier

(b) Second-stage amplifier and
compressor

(c) Experimental Chambers

Figure 4.2: Photographs of CU-WARG Centaurus Laser system

After recompression, the laser is directed into the first of two experimental vacuum cham-
bers, Experimental Chamber A, which contains a deformable mirror used to correct wave-
front aberrations introduced to the laser as part of the amplification process (see Section
4.2.1 below). A wavefront sensor is placed outside of the chamber, which uses leakage light
from a mirror installed immediately after the deformable mirror to monitor the pulse wave-
front. The corrected beam is then directed into Experimental Chamber B, which contains
the experimental designs detailed in Chapter 6.

(a) Schematic drawing (b) Overhead photograph

Figure 4.3: Detail of Experimental Chamber A, containing deformable mirror for wavefront-
correction.

4.2.1 Wavefront Optimization

Much of our analysis makes the assumption that the laser beams we deal with have an ideal
transverse intensity profile and flat wavefront throughout the beam’s path of propagation. In
reality, however, this is not the case, as multiple factors can increase aberrations in the beam.
All optical components, even brand-new ones, exhibit microscopic imperfections which cause
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divergence from an ideal wavefront. Furthermore, interaction with any transmissive optic
with non-uniform thickness will cause a deviation from global phase coherence, even if man-
ufacturing imperfections are not present.

To demonstrate this, we consider an ideal lens of non-negligible thickness. Within the
body of the lens, the laser light travels at a phase velocity vp, determined by the material of
the lens:

vp =
c

n
(4.6)

Here n is the index of refraction of the lens. Light at the edges of the lens will travel
through the lens for a shorter time than light at the center of the lens, and will thus travel
at vp for a shorter time. This results in a differing optical path length, and thus a nonzero
difference in phase, for these two rays. Furthermore, the focused rays no longer all cross the
optical axis at the focal plane, diverging and resulting in spherical aberration of the pulse.
This is generally unavoidable and increases the divergence from an ideal profile as the beam
propagates.

The laser pulse inevitably accrues a number of phase aberrations as a result of interaction
with all the components involved in the amplification process. To correct these, we make
use of a deformable mirror, which gives our lab the ability to re-flatten the wavefront before
it reaches our experimental setup.

Figure 4.4: Cross-section of deformable mirror displaying piston control of mirror surface.

The deformable mirror consists of a reflective surface connected to 38 pistons with a
wide range of motion. After the beam reflects from the mirror, a wavefront sensor outside
of the experimental chamber measures leakage light and communicates with the mirror to
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correct wavefront aberrations in the main laser beam and to produce a flatter wavefront for
use in the main experimental chamber. This is able to make the beam much more globally
coherent, to the point where the phase difference between any two given wave packets of the
laser is much less than the laser’s wavelength (φ≪ λ).

4.3 Gaussian Optics

In ray-tracing optics, a laser focuses to an infinitesimally-small point. This is very useful for
designing and characterizing large-scale optical schema, but lacks precision, especially con-
cerning the region immediately surrounding the focal plane of the lens. As our experiment
requires fine control over the dimensions of a focused laser beam, a more detailed model is
required.

We can make use of a Gaussian optical system to model and diagnose our laser as it
propagates. Though more complicated than a ray-tracing model, it remains robust and
relatively simple in comparison to more detailed methods of optical analysis. The behavior
of most laboratory lasers complies very well with the Gaussian optical model, even if their
intensity profile is not exactly Gaussian [39].

Gaussian optics assumes that laser pulses are characterized by a radially-symmetric Gaus-
sian distribution, and have an intensity profile characterized as

I(r, z) = I0(z)e
− 2r2

w(z)2 (4.7)

where I0(z) is the peak pulse intensity along its axis of propagation, and w(z) is the beam
waist as described later in Eqn. 4.9. Though the on-axis intensity of the pulse varies with
both I0(z) and w(z), the radially-integrated power remains constant along z.

P =

∫∫
S

I(r) dA

=

∫ ∞

0

∫ 2π

0

I0(z)e
− 2r2

w(z)2 r dθdr

= 2πI0(z)

∫ ∞

0

e
− 2r2

w(z)2 r dr

= 2πI0(z)
(w(z)2

4

)
=
π

4
I0(z)w(z)

2 = const.

(4.8)

As the beam propagates, its radius is described by

w(z) =

√
w2

0 +
( zλ

πw0

)2

(4.9)
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where λ is the wavelength of incident light, w0 is the smallest radius of the beam, and z is
the distance of the laser from the point of smallest focus (i.e. w(z = 0) = w0.) We can also
describe this in terms of its Rayleigh length zR, where

zR =
πw2

0

λ
=⇒ w(z) = w0

√
1 +

( z

zR

)2

(4.10)

The Rayleigh length describes the distance over which the beam can propagate without
diverging significantly [40]. For values of |z| ≲ |zR|, the waist grows quadratically as w(z ≃
zR) ≈ w0(1+

1
2
(z/zR)

2); in the limit where |z| ≫ |zR|, the waist grows linearly: w(z ≫ zR) ≈
(w0/zR)z.

Figure 4.5: Evolution of a Gaussian beam near the beam waist. [40]

The beam waist w0 can be evaluated from the beam divergence angle. For a converging
lens, the beam waist occurs at a distance away from the lens equivalent to the lens’s focal
length f , which, in addition to the beam’s radius at the lens plane r0, gives the divergence
angle:

θdiv = tan−1
(r0
f

)
(4.11)

This allows us to fully-define the beam waist at its smallest point as

w0 =
λ

πθdiv
=

λ

π tan−1(r0/f)
(4.12)

This is a simple and robust metric which gives a precise characterization of an evolving
beam near its focus.
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4.3.1 Cylindrical Lenses

In order to ionize a plasma of the proper dimensions for a plasma lens, we need a long elliptical
beam focus. The best way to achieve this without inducing significant beam aberration is
through the use of cylindrical lenses. Unlike spherical lenses, which focus an incoming beam
to a single point, cylindrical lenses focus along one axis transverse to the beam, without
affecting the beam in the other axis. The image at the focal plane is a line whose length is
determined by the unfocused beam diameter.

(a) Ray-trace of converging lens. (b) Detail photos of cylindrical lenses: +200mm
converging (left) and -100mm diverging (right).

Figure 4.6: Schematic and photos of cylindrical lenses. The ability to focus along a single
transverse axis is integral to the lens design presented here.

The optimal dimensions of a plasma lens require that its thickness be significantly less
than the distance a beam electron travels in a single betatron period. While it is certainly
possible to achieve such a precise beam focus using custom-manufactured lenses, a main goal
of this project is to generate a plasma lens using inexpensive off-the-shelf lenses.

Two or more cylindrical lenses, oriented 90◦ relative to each other, form the desired
beam shape when properly positioned within the beam path. The final beam dimensions
are determined by the focal length of the upstream lenses, as well as the initial beam size,
as dictated by Eq. 4.9. We are also free to choose lenses of differing focal lengths for each
transverse axis, allowing for an asymmetric final focus.



Chapter 5

Visible Laser Experimental Tests

5.1 Two-Lens Experimental Design

Prior to using the Ti:sapphire laser system, we conducted two different experiments in open-
air with easy-to-use low-power lasers. The first used a REO R-30989 Helium-Neon (HeNe)
laser, which emitted 633nm red light at an output power of 2 mW. The use of this laser
presented several challenges to accurately diagnose beam alignment through our lenses, as
we discovered that the initial laser profile had extremely heavy diffraction patterns. We
attempted to mitigate this through the use of a pinhole spatial filter, though this was insuf-
ficient to fully correct the poor beam profile.

Figure 5.1: Intensity profile of HeNe laser before (left) and after (right) spatial filtering.

We decided that it would be more useful to use a ThorLabs PL-210 520nm green diode
laser to conduct our analysis. The green diode laser had significantly less inherent diffrac-
tion, but required 5 meters of beam propagation before an acceptable Gaussian profile was
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reached. In order to do this, we allowed the laser to propagate through air a combined
total of 5.2 meters along the entire length of the experimental table and back. The beam
was then magnified by a 10x beam expander to better emulate the laser profile used at SLAC.

In order to verify both the action of the cylindrical lenses and their compliance with
Gaussian optical models, the initial experiment used two converging cylindrical lenses, one
with a focal length of 700 mm and one with 200 mm, placed such that their focal planes
were incident. A camera is used to capture the final beam focus. In order to fully-map the
smallest waist of the beam, the camera is installed on a micrometer stage with a 20-mm
range of travel.

Figure 5.2: Schematic of two-lens experimental setup.

Figure 5.3: Overhead photo of two-lens experimental setup.
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5.1.1 Experimental Considerations

It is common laboratory practice to install a neutral-density (ND) optical filter on the barrel
of a camera used to directly image laser profiles. ND filters are characterized by an optical
density parameter d, and decrease the intensity of incident light by a factor of 10−d. These
components are vital in preventing overstimulation and damage of the sensitive camera
imaging chip. However, the installation of the camera in the region where the beam waist
occurs can cause derangement of the laser beam. This is illustrated by a ray-trace diagram
of a converging laser interacting with an ND filter:

Figure 5.4: Ray-trace diagram for a converging lens with no ND filter (left) and with an ND
filter (right). The dashed line denotes the nominal focal plane.

This disrupts our data in two ways. First, the improperly-converging rays cause the final
captured image to be blurry or otherwise out of focus. More severely, the converging laser
no longer complies with the Gaussian optical model described in Section 4.3, resulting in
inaccurate waist measurements. This is highly detrimental to our ability to characterize a
precise beam focus. Thus, to avoid damage to the camera’s imaging chip, a series of ND
filters with a combined optical density of 5.3 were installed just upstream of the 10x beam
expander, at the last point where a collimated beam was guaranteed.

5.1.2 Data Collection Procedure

In both experiments, we measured the final beam shape by directly imaging the beam onto a
camera. For each lens in the case of the two-lens experiment, or for the combined lens system
in the three-lens experiment, we first performed a coarse scan of 21 data points, collected
over the entire 20mm traversal range of the camera micrometer stage in 1mm increments.
This allowed us to evaluate the overall compliance with Gaussian optics, as well as determine
more precisely where within the range of traversal the beam waist fell.
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We then took a second data scan of 21 data points with a smaller increment size, centered
on the location of the beam waist as determined by the coarse scan. The step size of this
varied depending on the Rayleigh length of the lenses in use, given by Eqn. 4.10. For the
second scan, the step size fell between 250 µm for the 200mm converging lens and 500 µm for
the 700mm converging lens. This higher-resolution scan gave an acceptably precise location
of the beam waist.

After precisely locating the smallest focus of the beam, we took a high-resolution scan
of 41 data points, centered on the location of the beam focus as determined by the second
scan. This scan would provide our best results for the beam profile, and ranged in increment
size from 10 µm for the 200mm lens to 150 µm for the combined three-lens system.

Captured images for each of these datasets was analyzed using a homebrew beam analysis
package, providing overall beam trends and data-fitting.

5.1.3 Results

This experiment verified the compliance of our cylindrical lens scheme with our expectations
from the Gaussian optical model. Both the +200mm and +700mm lenses displayed beam
divergence which was linear for values of z much greater than the Rayleigh length.

(a) +200mm lens scan (b) +700mm lens scan

Figure 5.5: Coarse scan of the evolution of laser beam waist near the focal plane of individual
lenses. Each dataset consists of 21 images collected with a 1 mm step size.

Nearer to the waist, the beam evolution is quadratic about the central point. This data
set was fit to the Gaussian waist equation (Eq. 4.9).
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(a) +200mm lens scan, zR ≈ 118µm (b) +700mm lens scan, zR ≈ 1450µm

Figure 5.6: Fine scan of the evolution of laser beam waist near the focal plane of individual
lenses. Each dataset consists of 41 images collected over a 2mm range with a 50 µm step
size.

When combined, the lenses continued to perform as expected, though we were able to
deduce from the relative location of the waists for the +200mm and +700mm lenses that the
two lenses were not reaching the waist at the same value of z, and that they were thus not
ideally-spaced relative to each other. These were, however, determined to be simple enough
to install and align that we continued onto the explicit lens parameters given by Doss.

Figure 5.7: Scans of the evolution of laser beam waist near the focal plane of the orthogonally
combined +200 mm and +700 mm lenses. Coarse scan (left) consists of 21 data points
collected over a 3mm range in 30µm steps. Fine scan (right) consists of 41 data points
collected over a 1.6mm range in 40µm steps.
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5.2 Three-Lens Experimental Design

The initial experiment was augmented to include a diverging cylindrical lens with a -100 mm
focal length, in accordance with the design proposed in Doss 2023 [28]. The design of this
is the same as the above experiment through the 10x beam expander, but varies in where
the lenses are installed. Rather than positioning the lenses only such that their focal planes
are incident, the 200mm converging lens is placed first, then the diverging -100mm lens is
placed 109mm downstream of the converging +200mm lens, resulting in an effective focal
length of 2.22̄ meters for the combined lens system. The 700mm lens is placed an additional
308mm downstream. As before, the combined 200mm/-100mm lenses focus along x and the
700mm lens focuses along y as described above. For precise alignment, both the -100mm
and 700mm lenses are installed in kinematic tip-tilt mounts allowing precise control of lens
pitch in the transverse plane. The diverging lens is also mounted on a micrometer stage with
a 10-mm range of traversal for precise longitudinal positioning.

Doss places the plasma lens 1117mm downstream of the first cylindrical lens. Our exper-
imental space was too limited to place the camera directly in-line with the lenses, requiring
us to place the camera at ∼ 25 cm perpendicular to the propagating beam and install a
mirror to allow the beam its full required distance. Once again, the camera is installed on a
micrometer stage to allow camera scanning along the optical axis.

Figure 5.8: Schematic of three-lens experimental setup.
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Figure 5.9: Overhead photo of three-lens experimental setup.

5.2.1 Data Collection

Alignment was achieved through use of the CU-WARG data acquisition software (DAQ).
Following initial alignment through the lenses, we increased the camera gain and exposure
time to the point where the image began to saturate. We were then able to find the region
of most intense focus through minute adjustments of the lens. After locating this position,
the gain was reduced to prevent saturation. Dataset images were collected using the same
process detailed in section 5.1.2.

5.2.2 Results

We were able to reach several promising conclusions from our initial low-power tests, which
informed the design of the next experiment. Most importantly, we found that we were able
to generate the predicted beam focus using the three cylindrical lenses. Using direct pixel
measurements, we found that the minor axis of the focus was ≈ 34.5µm with a major axis
of ≈ 124.2µm. The lens proposed in Doss 2023 [28], by contrast, has a minor axis of 37.4µm
and a major axis of 118.5µm, showing that our beam falls within acceptable deviation from
the theoretical prediction. Furthermore, we found that this was achievable without needing
to mount any on the lenses onto high-precision micrometer stages, and that diagnosis of
aberration was possible solely through observation.

We found also that all three of the cylindrical lenses complied with the Gaussian waist
equation when properly aligned. This is highly-promising, as it allows for precise fine-tuning
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of the beam waist as necessary.

Figure 5.10: Fine scan of the evolution of minor axis of the laser beam waist near the focal
plane of the lenses using the 520 nm laser.

Figure 5.11: Intensity profile of the 520 nm laser at the focus of the three-lens setup.



Chapter 6

Infrared Laser Experimental Tests

6.1 IR Laser Diode Tests

The next experimental round was conducted in open air inside the experimental vacuum
chamber using a Class-3B ThorLabs LDM785 infrared diode with a typical wavelength of
785 nm and an output power of 20 mW. This is done for two reasons. Fine alignment of the
main laser can be difficult due to its relatively low repetition rate, and it is simply easier to
set up a lower-power CW diode laser in the same experimental space and use it to align all
of the optical components relative to each other. From here, we need only align the main
laser onto the first optic in this scheme and only minor adjustments are necessary for optimal
alignment. Furthermore, all of the experiments discussed in Chapter 5 were conducted using
a 520nm green laser. Largely, we do not expect the action of the cylindrical lenses to change
significantly with the longer 800nm wavelength of the main laser. However, a material’s
index of refraction is dependent, albeit weakly, on the wavelength of incident light. This
presents a good opportunity to verify that our assumptions regarding lens performance still
hold. At both the CU-WARG lab and SLAC, plasma is generated using an 800nm infrared
Ti:sapphire laser pulse (See Section 4.2). We chose fused-silica lenses for our experiment,
since their index of refraction differs little between 800nm infrared light and the visible range
[41], allowing us to use the same lenses between the open-air and vacuum-chamber experi-
ments.

6.1.1 Experimental Design

The IR diode was installed in Experimental Chamber B, and the laser profile was observed to
be rectangular, with a length of approximately 3mm and a width of approximately 1.5mm.
To better simulate the main laser profile, we manufactured a pinhole with an approximate
diameter of 1mm, and then used the same 10x beam expander as the open-air experiments
detailed in Chapter 5. The expanded laser was then directed through ND filters with a
combined optical density of 7.5 to prevent damage to the camera microchip. The beam then
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interacts with the +200mm converging and -100mm diverging cylindrical lenses and allowed
to propagate 308 mm to the +700mm cylindrical lens. The beam is then measured by a
camera on the same micrometer stage as previously.

(a) Schematic drawing (b) Overhead photo

Figure 6.1: IR diode laser experimental setup.

6.1.2 Results

After collecting the first dataset, we observed that the final lens had a much wider beam
waist and a much longer Rayleigh length than we had expected. Initially, we attributed this
to misalignment, but returned the same trend after realignment. Upon further inspection,
we determined that the beam diameter was less than the presumed 1cm following the 10x
beam expander, as a result of two factors.

The pinhole was manufactured in orange paper using an office thumbtack with a diameter
measured to be 1mm. This procedure left an exit burr on the downstream side of the orange
paper, which could not be cleanly removed and decreased the effective radius of the laser.
The choice to proceed with this pinhole was largely due to time constraints. In addition to
the reduced diameter of the pinhole, we observed that the magnification of the 10x beam
expander was not precisely 10x, and was likely less. The laser beam post-expander was
measured to have a diameter of 6 mm ± 1mm.
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Figure 6.2: Diode laser post-expander. This beam diameter, 6 mm ± 1 mm, corresponds to
an expected final beam waist of 61.1 ±10µm and a Rayleigh length of 15 ±5mm.

Once we identified the issue, we determined that the lenses continued to perform as the
Gaussian model predicted they would, and measured a final beam focus of 76.4± 13.19µm.
The uncertainty in our measurement comes from the pixel size of our camera, which is
3.45µm, added in quadrature with the uncertainty in the diameter of the initial beam.
Furthermore, the final beam focus is at an angle with respect to the camera, so the minor
axis of the lens is slightly smaller with respect to the captured value. Our measured value
is about 15 microns larger than the predicted value of 61.1 µm. With all this accounted for,
our measured value of the beam falls within the uncertainty of the predicted value.

Since our data continued to comply with the Gaussian model, we determined that infrared
light continued to interact with the lenses as expected, and that we were free to continue
with the main laser experiments.
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Figure 6.3: Scan of the evolution of minor axis of the laser beam waist near the focal plane
of the lenses using the IR diode laser.

Figure 6.4: Intensity profile of the IR diode laser at the focus of the three-lens setup.
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6.2 Centaurus Laser Tests

6.2.1 Experimental Design

The beam dump is moved from the chamber entrance to allow laser transport from Experi-
mental Chamber A. The mirror previously used in conjunction with the diode laser is moved
to allow the main laser to interact with the lenses. Following recompression, the amplified
laser pulse has a beam diameter of 30mm. In order to conduct the experiment, which was
designed for a beam 10mm in diameter, an alignment iris in Experimental Chamber A was
apertured-down to match the desired beam radius.

When aligning the main laser to the lenses, we discovered that the optimal beam waist
was upstream of where the camera was installed; the micrometer stage of the camera was
moved to be able to fully image the beam waist region. In order to avoid damage to the
camera, ND filters were added to increase the optical density from 7 to 11.

(a) Schematic drawing (b) Overhead photo

Figure 6.5: Pulsed IR laser experimental setup.

Intensity Considerations

The open-air tests used a low-power class-2 diode laser with an output power of 0.9 mW. At
its smallest focus with our optical design, the irradiance of this is on the order of 1010W/m2

and falls significantly below the level at which silvered mirrors can be damaged, as per the
manufacturer. When using the high-power IR laser, even at a reduced pulse energy of 10
mJ, it is possible for the laser pulse to be focused to a point where its irradiance is high
enough to cause dielectric breakdown of mirrors, leading to damage. In order to fit the full
required path length of the laser inside of Experimental Chamber B, it was necessary to
install several mirrors downstream of the lenses. Prior to using the high-power laser, we had
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to evaluate whether our current setup could be used without damaging it.

To this end, we make several assumptions. First, we assume that the laser complies ide-
ally with the Gaussian optical model described in Chapter 4, initially has a circular Gaussian
profile, and that interaction with cylindrical lenses only affects the beam radius along their
axis of focus. Due to the extremely small transverse size of the focused beam, we will assume
that the beam energy is distributed uniformly across the transverse profile. To better model
the Centaurus laser in our laboratory, we assume that the laser has a diameter of 10mm be-
fore it interacts with the first cylindrical lens, and determine its evolution using Equation 4.9.

The beam intensity is determined by the area of its transverse profile, which we know to
be elliptical in shape. Each set of cylindrical lenses causes contraction of one of the axes of
the ellipse. We will further assume that every mirror in the beam path sits at a 45◦ angle
relative to the beam path, stretching the x-component of the ellipse by a factor of

√
2. The

laser intensity is compiled in the table below, and the mirrors are numbered from 1 to 4
beginning with the first mirror after the -100mm diverging lens, as shown in Figure 6.1b.

Laser Distance (mm) Beam Size (mm2) Intensity (W/cm2)
Mirror 1 121 ± 1 44.9 5.57× 1011

Mirror 2 260 ± 1 37.9 6.60× 1011

Mirror 3 753 ± 1 4.81 5.19× 1012

Mirror 4 877 ± 1 1.34 1.86× 1013

Table 6.1: Laser intensity at 10 mJ pulse energy, assuming an initial beam radius of 5mm.

These all fall well below the upper limit for laser intensity for these mirrors and inform
our energy limit for future high-power tests.

6.2.2 Results

Our previous experiments had given us a high degree of confidence in the beam’s evolution
over the waist region. For an incident beam diameter of 10mm, the Rayleigh length of the
final focusing lens is 5mm. Because of this, we opted to collect only a single scan over the
micrometer range.

We found that the minor axis of the beam focus reached a width of 34.5±3.45µm at the
waist, which was smaller than the nominal parameters given in Doss by only 2.9µm. This
is less than the width of a single pixel in the camera used to measure the laser, and falls
within the predicted uncertainty. The major axis of the focus reached a minimum of 3.4
mm, and continued to increase across the dataset. This indicates that the spacing between
the +700mm lens and the other two lenses is not optimal, and that the spacing between the
+200mm and -100mm lenses may also be incorrect.
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We also observed evidence of diffraction in our captured images. These were largely along
the minor axis of the beam profile, and switched across the axis as the beam progressed
through the waist.

(a) Captured at z(w0)− 7 mm (b) Captured at z(w0) + 7 mm

Figure 6.6: Intensity profile of the pulsed IR laser at points equidistant from the focal point,
z(w0). Note that diffraction effects shift to opposite sides of the center as the beam progresses
through the waist, likely due to a tilt of the vertically focusing lens.

This is likely due to our use of an upstream iris to reduce the beam from a diameter of
30mm to a diameter of 10mm, rather than using a telescope.

Figure 6.7: Scan of the evolution of minor axis of the laser beam waist near the focal plane
of the lenses using the pulsed IR laser.
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Figure 6.8: Intensity profile of the pulsed IR laser at the focus of the three-lens setup.



Chapter 7

Conclusions and Future Work

7.1 Future Work

7.1.1 At CU-WARG Laboratory

At the time the Centaurus laser tests were complete at low power, our laboratory was un-
prepared to utilize the main laser at high peak power to generate a plasma. As discussed in
6.2.1, the main laboratory laser has a post-amplification beam diameter of 30mm, which is
three times larger than the beam radius for which the experiment was designed. The iris we
installed to decrease the overall beam radius is not well-suited for high-power applications,
necessitating a more purpose-built de-magnifying telescope.

The main laser has a high-enough intensity that the Kerr effect becomes non-negligible.
The index of refraction for any transmissive material includes a nonlinear term proportional
to the square of the intensity of incident light. In most applications, light is not intense
enough to change the index of refraction significantly. However, in the context of our lab-
oratory, our laser is powerful enough for pulse stretching to occur through the Kerr effect,
reducing the usable peak power. We can quantify this via the B-integral :

B =
2π

λ

∫
n2 I(z) dz (7.1)

where n2 is the nonlinear index of refraction and I(z) is the intensity of the laser with
respect to its path. The magnitude of the B-integral describes the nonlinear phase shift
of the laser as a result of the Kerr effect, and allows an estimation of the degree to which
the pulse is stretched due, inevitably leading to a loss in laser power. Maximal laser power
results from minimizing the B-integral; realistically, this is only possible by reducing the
number of transmissive optics, which contribute to the B-integral’s magnitude. If we were to
use two fused-silica lenses of thickness ≈ 3mm each, with a nonlinear index of refraction of
≈ 2.5×10−20 W

m2 [42], we can evaluate the B-integral for our laser. We will use the parameters
for the CU-WARG Centaurus laser at maximum output, and assume that the pulse energy
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of 500mJ is evenly-distributed across the initial 30cm pulse.

B =
2π

800 nm

[∫ 0.003

0

n2

(
1.77× 1016

W

m2

)
dz +

∫ 0.003

0

n2

(
1.59× 1017

W

m2

)
dz
]

= 104.167

(7.2)

Pulse stretching due to the Kerr effect becomes a problem when the B-integral is greater
than one. This precludes the use of conventional lenses to reduce the beam radius.

A proposed method of sidestepping this makes use of curved mirrors in place of traditional
lenses. By placing a converging mirror and a diverging mirror at a precise separation, it is
possible for them to act as a beam reducer telescope in the same way as a more conventional
Galilean lens combination. This would reduce the main laser to the desired beam radius
without increasing the value of the B-integral.

Figure 7.1: Schematic of the reflective beam-reducer telescope. Beam is incident from the
right side of the figure.

This will allow plasma to be generated at the CU-WARG laboratory. The CU-WARG
group has previously developed a suite of plasma analysis techniques using shadowgraphy
and afterglow analysis, allowing for diagnostic of the plasma density and dimensions [43].
This will allow a range of diagnostic experiments where the laser energy, gas density, and
plasma species can be varied to determine the optimal parameters for generating a plasma
lens. This provides the best opportunity for fine-tuning the experimental setup for use with
an accelerated electron beam.

7.1.2 At SLAC

The CU-WARG laboratory has no capability to generate or manipulate relativistic electron
beams. After it has been shown that the cylindrical lens scheme is capable of generating a
plasma of the correct size and dimension, we will replicate our setup at SLAC National Ac-
celerator Laboratory, where we will verify the ability of the plasma lens to focus a relativistic
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electron beam. SLAC uses a similar laser system to the CU-WARG Centaurus laser, with
a 40 fs pulse length and a peak power of 10 TW [44], and can use a gas-jet for the plasma
source instead of a static-filled vacuum chamber, if desired.

Figure 7.2: SLAC experimental vacuum chamber installed along the electron beam line.
Gas from a gas jet is ionized by a laser pulse to form a plasma lens, which then focuses the
relativistic electron beam. [28]

7.2 Conclusions

The laser-ionized plasma lens is highly-dependent on having an incident beam of the correct
size. Small departures from the ideal beam diameter of 10mm can significantly increase both
the Rayleigh length of the laser and the focused beam waist size. Since the plasma lens is
designed to be less than a betatron wavelength for an accelerated electron in a wakefield,
the increased plasma lens thickness could significantly alter the effective focal length from
the target value.

The capability of this design to effectively ionize plasma still has yet to be tested. In order
to fit the lens system into Experimental Chamber B, several mirrors were added downstream
of the lenses in order to give the laser adequate space to propagate and to place the beam
waist within the desired final region. With the main laser at low power, there was no danger
of damaging any optical components. However, the significantly-higher output energy of
the laser at maximum power likely makes the pulse intense enough to cause damage in this
regime. In this case, the design would need to be altered to prevent this.

We have shown that the desired Gaussian beam focus, with transverse diameters of
37.4µm and 118.5µm respectively, can be generated using a combined system of a +200mm
converging cylindrical lens in conjunction with a -100mm diverging cylindrical lens, upstream
of a +700mm converging cylindrical lens rotated 90◦ relative to the other two lenses, and
that they are able to do so with a high degree of precision and without overly-fine control
over the placement of the lenses.
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