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Abstract

Laser-plasma interactions from thin tapes for high-energy electron accelerators and seeding
compact FELs

by

Brian Henry Shaw

Doctor of Philosophy in Applied Science and Technology

University of California, Berkeley

Dr. Wim P. Leemans, Co-chair

Professor David Attwood, Co-chair

For over 10 years, laser plasma acceleration (LPA) has been a rapidly growing technology
used to create electron beams on length-scales much smaller than that of a conventional
RF-accelerator [1]. As electron beam properties improve, research for LPAs is expanding to
take advantage of the creation and accessibility of high-quality electron beams from plasma
targets. Two applications which are currently being explored are a multi-stage plasma
accelerator to reach energies greater than those a single-stage accelerator can achieve and
exploring the possibility of an LPA based free-electron laser (FEL) light source. Research
supporting both of these efforts has been performed on the 50 TW TREX laser system at
the BELLA Center at the Lawrence Berkeley National Lab, and the results of these efforts
are described in this dissertation.

Using chirped-pulsed amplification to produce high-quality laser pulses up to petawatt
levels, experimental results have yielded laser driven electron beam energies up to 4.25
GeV [2]. By tuning the density of the target, the accelerating gradients sustained by the
plasma can grow beyond 100 GeV/m [3] (103 times larger than that of a conventional RF
accelerator). However, limiting factors such as dephasing of the electron beam from the
plasma wake, defocusing of a laser pulse, and energy depletion of the laser into the plasma
limit the maximum sensible length of a plasma accelerator. Staging the LPA with two or
more accelerating modules could be the next step towards producing beams with energies
greater than those possible with a single stage.

One requirement for staged acceleration is that the laser pulse used to drive the first
accelerating stage must be coupled out of the beamline, and a fresh laser pulse must be
coupled in for the second stage to post accelerate the electrons. To do this while maintaining
a short scale length between the two stages requires an optic to be placed near the final focus
of the second laser pulse. Because damage will occur when the laser pulse interacts with
a steering optic near focus, the coupling optic must be capable of replacing the surface
following damage on each successive shot. This thesis comprises a detailed investigation of
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the physics of using a plasma mirror (PM) from a tape by reflecting ultrashort pulses from
a laser-triggered surface plasma. The tapes used in the characterization of the PM are VHS
and computer data storage tape. The tapes are 6.6 µm (computer storage tape) and 15 µm
(VHS) thick. Each tape is 0.5 inches wide, and 10s of meters of tape are spooled using a tape
drive; providing thousands of shots on a single reel of tape. The amount of reflected energy
of the PM was studied for different input intensities. The fluence was varied by translating
the focus of the laser upstream and downstream of the tape, which changed the spot size
on the tape surface and hence changed the fluence. This study measured reflectances from
both sides of the two tapes, and for input light of both s and p-polarizations. Lastly, an
analytic model was developed to understand the reflectance as a function of fluence for each
tape material and polarization.

Another application that benefits from the advancements of LPA technology is an LPA-
based FEL. By sending a high quality electron bunch through an undulator (a periodic
structure of positive and negative magnetic poles), the electrons oscillate transversely to the
propagation axis and produce radiation. The 1.5 m THUNDER undulator [4] at the BELLA
Center has been commissioned using electron beams of 400MeV beams with broad energy
spread (35%) [5]. To produce a coherent LPA-based FEL, the beam quality would need to
improve to sub-percent level energy spread. A seed source could be used to help induce
bunching of the electron beam within the undulator.

This thesis described the experimental investigation of the physics of using solid-based
surface high-harmonic generation (SHHG) from a thin tape as a possible seed source for
an FEL. A thin tape placed within centimeters of the undulator’s entrance could act as
a harmonic generating source, while simultaneously transmitting an electron beam. This
removes the need for transport optics for the XUV photons and the need for additional
optics to overlap the seed beam with the electron beam at the undulator entrance.

By operating at sub-relativistic laser strengths, harmonics up to the 17th order of 800
nm light are produced using an SHHG technique known as coherent wake emission (CWE).
CWE pulse properties such as divergence, energy, conversion efficiency, and spectrum are
measured for a wide range of tape materials and drive laser conditions. A clear correlation
between surface roughness and harmonic beam divergence is found. The measured pulse
properties for the 15th harmonic from VHS tape (conversion efficiency ∼ 6.5 × 10−7 and
an rms divergence of 12 mrad), the 100 mJ-level, 40-50 fs-class drive laser, produces peak
powers of several MW’s of XUV pulses. The results of a 1D model indicate that these CWE
pulses with MW level powers are sufficient for seed-induced FEL gain.
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Chapter 1

General Introduction

1.1 Conventional versus plasma-based acceleration

In order to feed a synchrotron with protons or electrons, the particles begin the acceler-
ation process in a linear accelerator which accelerates particles from rest to high energies by
interacting the charged particles with a series of oscillating electric potentials along a linear
beamline. A linear accelerator is ideal for relativistic acceleration of electrons, because fast
electrons traveling in an arc will lose energy through synchrotron radiation; limiting the
maximum power provided to electrons in a synchrotron of given size.

Examples of proposed relativistic linear accelerators are: (1) the International Linear
Collider (ILC) and (2) Compact Linear Collider (CLIC). These proposed projects plan to
accelerate electrons and positrons up to energies of 500 GeV (ILC) and 3 TeV (CLIC) [6, 7, 8,
9, 10, 11]. Using conventional radio-frequency (RF) accelerating technology with acceleration
gradients of 35-60 MeV/m, the projects are estimated to be 30-50 km in length to overlap
(and interact) the electron beamline and positron beamlines. The large size of conventional
accelerators is due to the magnitude of the accelerating gradients that can be achieved
using RF electric fields inside metallic cavities [as shown in Fig. 1.1(a)]. As the electrons
propagate down the accelerator, the RF electric fields oscillate from positive to negative
fields (and negative to positive) in phase with the electron beam’s propagation through the
accelerator. This oscillation of electric field produces a positive accelerating field during the
entire propagation down the accelerating structure.

Other technologies are being investigated as ways to accelerate particles on shorter length
scales. Laser plasma accelerators make use of higher accelerating gradients compared to RF-
accelerators, accelerating particles to GeV levels in centimeters rather than 10’s or 100’s of
meters. The maximum accelerating gradients using RF technology are on the order of 100
MeV/m [3] due to the breakdown within the walls of the RF-accelerator cavities at higher
fields. By eliminating the need for metallic cavities to sustain the RF fields, the acceleration
gradients for LPAs are determined by the magnitude of the electric field gradient which
can be established in the plasma. Electric field gradients within a plasma can reach two
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Figure 1.1: Schematics of accelerating structures for both conventional and plasma-based accelerators. (a)
Conventional accelerator RF cavities where accelerating fields are sustained by charged metallic cavities.
The RF electric fields oscillate from positive to negative fields in phase with the electron beam’s propagation
down the accelerator; creating a positive accelerating field during the entire propagation. (b) Plasma density
perturbation excited by Gaussian laser pulse traveling to the left. LPA accelerating fields are produced
by the electric fields created from localized electron density modulations. LPAs can support accelerating
gradients 100-1000 times greater than those found in conventional RF-accelerators. Fig. (b) from Ref. [3].

to three orders of magnitude higher than those sustained in metallic cavities of an RF-
accelerator. Therefore, with LPA electric field gradients 100-1000 times larger then those in
RF-accelerators, the length of an LPA can be 100-1000 times smaller than an RF-accelerator
to produce particles of the same energy.

Many state-of-the-art plasma accelerators operate at 1-10 Hz or lower [12, 13, 14]. This
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is currently due to the need for a powerful laser to drive LPAs. As laser technology advances
towards higher repetition rate for high peak power lasers, the appearance of higher repetition
LPAs could soon follow.

1.2 Laser-plasma interactions

The motion of a single electron caused by an electromagnetic field E and B in vacuum is
described by the Lorentz equation [15]:

dp

dt
=
d (γmev)

dt
= −e (E + v×B) . (1.1)

For non-relativistic electrons (v/c<<1) and the (v ×B)-term can be neglected and the
maximum oscillation velocity of the electron v⊥ is used to define the normalized potential
for a laser pulse which interacts with an electron as a0, given by

a0 =
p⊥
mec

=
v⊥
c
. (1.2)

Where p⊥ is the transverse momentum of the electron interacting with the light wave, and
me is the rest mass of an electron me = 9.1× 10−31 kg.

As the velocity of the electron approaches the speed of light, the electron motion be-
comes relativistic and assumptions used for Eq. 1.2 break down. As the transverse velocity
approaches c, p⊥ = γmev⊥. Now, a0 takes the more general form,

a0 =
eE0

meωc
, (1.3)

which can be rewritten as

a20 = 7.3× 10−19[λ(µm)2I0(W/cm
2)], (1.4)

with λ the wavelength and I0 the intensity [3].
The normalized laser potential, a0, the electric field potential of the laser on an electron

normalized to the rest energy of an electron. For a0 < 1 the interactions are treated non-
relativistically. For a0 ∼ 1 the interaction will be weakly relativistic. For a0 >> 1 the
interaction will be strongly relativistic.

A plasma, which is a electrically neutral medium of unbound positive and negative par-
ticles, can undergo collective effects which don’t appear for single particle motion. The
particles which make up the plasma are electrons which are assumed to move freely, and
ions which are more massive than electrons and are assumed to by stationary. One example
of the collective effects of a plasma is the plasma’s ability to rearrange and screen an electric
potential, known as Debye shielding [16]. If an electric potential in introduced within a
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plasma, the plasma electrons react to the potential and a change in the localized density is
seen. The characteristic length of a plasma to screen a charge is known as the Debye length,

λD =

√
εokBTe
nee2

, (1.5)

where kB is the Boltzmann constant, Te is the electron temperature, and ne is the electron
density. The Debye length determines how far electrostatic effects can be felt within a plasma
when a charge is present. A Debye sphere is a volume whose radius is the Debye length, in
which there is a sphere of influence, and outside of which charges are electrically screened.For
typical plasmas used in LPA target in this thesis, ne ∼ 1018 cm−3, and Te ∼ 10 eV, giving
λD ∼ 24 nm.

Another characteristic of a plasma, which is determined by the density of the plasma,
is the plasma frequency, ωp. When a laser pulse interacts with a plasma, electrons will be
slightly displaced and ions remain at rest causing a localized charge separation. This charge
separation creates an uniform electric field, which produces a restoring force. The resonance
of the resulting oscillation is known as the plasma frequency

ωp = (n0e
2/ε0me)

1/2, (1.6)

here n0 is the plasma density, the permittivity of free space is ε0 = 8.85×10−12 F/m and the
charge of an electron e = 1.6× 10−19 C. For a typical LPA plasma density, n0 ' 1018 cm−3,
the plasma frequency ωp = 5.7× 1013 Hz.

The density of the plasma that interacts with the laser pulse also determines the propa-
gation conditions of the light. There is a critical plasma density, called ncrit, which is seen
for a plasma with its plasma frequency equals the frequency of the interacting light. The
critical density is given by

ncrit =
εomeω

2
Laser

e2
. (1.7)

A laser pulse with a wavelength λ = 800 nm has a critical density of ncrit = 1.7× 1021 cm−3.
When a laser pulse interacts with a plasma with a density higher than that of the critical

density (over-critical), the light can’t propagate through the plasma. This is seen in the
derivation of the index of refraction within a plasma. The dispersion relation for electro-
magnetic waves in plasma is given by

ω2 = ω2
p + c2k2, (1.8)

c is the speed of light and k is the wave number of the light. Using the relationship between
the wave number and the index of refraction

k =
2π

λ
=

ω

vPhase
=
ωnRef
c

(1.9)

we can solve for the index of refraction, nRef in terms of the the plasma frequency

ω2 = ω2
p + c2k2 = ω2

p + ω2n2
Ref → nRef =

√
1−

ω2
p

ω2
(1.10)
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and plugging in for ωp and the laser frequency ω = ωL, nRef in terms of the critical density
is given by

nRef =

√
1−

ω2
p

ω2
=

√
1− np

ncrit
. (1.11)

Therefore, it becomes obvious that ncrit divides the properties of the plasma into transparent
(underdense) if ωp < ωL (np < ncrit) and opaque (overdense) if ωP > ωL (np > ncrit).
The wave vector k becomes imaginary if np

ncrit
> 1 and hence electric and magnetic field

decay exponentially. An evanescent field can penetrate into the overdense region up to a
characteristic length, the collisionless skin depth, ls, given by

ls =
c

ωp
. (1.12)

1.3 Staged acceleration

While the main advantage of LPAs is the significant size difference between an LPA and
a conventional accelerator, a major hurdle for LPAs is the upper limit of energy achievable
with a single staged accelerator. The current world record for electron energy achieved from
an LPA is 4.25 GeV [2] produced at the BELLA Center at the Lawrence Berkeley National
Laboratory using a peak power of 300TW (16 J, 40 fs) and a 9-cm-long capillary discharge
waveguide with a plasma density of ' 7 × 1017 cm−3. In order to reach electron energies
higher than 10’s of GeV, a multiple staged accelerator could be used to overcome some of
the technical challenges associated with of LPAs.

The biggest challenge for a single staged LPA system is the required energy depletion
from the laser to the plasma [3, 17]. The key to this staged acceleration technique is to couple
the electron beam from the first stage into a second stage which is controlled independently
of the first stage to trap the electrons into the accelerating phase of a new, independent
plasma wakefield.

In order to couple out the laser pulse from the first accelerating stage and couple in
the second laser pulse for the post accelerating stage, timing between the two laser pulses
must be tuned to femtosecond precision. The optic which couples the pulses in (and out)
of the beamline must be able to overcome the damage created when reflecting the second
laser pulse within centimeters of focus (Peak intensity at focus = 2× 1018 W/cm2). A tape-
based plasma mirror has been fully characterized and commissioned as the optic between
accelerating structures for the two-staged accelerator experiment. A schematic of the two
target accelerator is given in Fig. 1.2, and a CAD drawing of the two accelerating stages and
the plasma mirror is shown in Fig. 1.3.

1.3.1 Plasma mirror

During the interaction between a laser pulse and a solid surface, an ultra-fast formation
of a surface plasma can occur. A plasma mirror relies on a self triggering mechanism which



CHAPTER 1. GENERAL INTRODUCTION 6

Figure 1.2: A schematic of the staged acceleration experiment’s focal geometry. Image from Reference [18].
The electron beam is produced in the first accelerating stage (Laser pulse 1 focused into the 1st module which
is shown as a gas filled capillary discharge). Following the exit of the first module, the electron beam travels
through the thin tape, and is coupled into the second stage (Laser pulse 2 focused into 2nd module which
is also gas filled capillary discharge) for post acceleration. The tape between the two accelerating modules
also acts as a plasma mirror and is used to couple a laser pulse from the first stage out of the beamline, and
couples a new laser pulse into the second stage to drive the plasma wave in the second module.

works by ionizing a surface plasma before the peak of the laser pulse arrives, and reflecting
the peak of the pulse with the over critical density plasma (nPlasma > ncrit). This results in
reflection of both laser pulses.

Since the first demonstration of a plasma mirror in 1991 [19], plasma mirrors are most
commonly used to improve the contrast of a laser pulse. The contrast of a laser pulse is the
ratio of the intensity of the peak of the pulse, and the signal before the peak of the pulse.
The signal before the peak of the pulse can be caused by prepulses, amplified spontaneous
emission (ASE) or coherent scattering within transmissive optics. A contrast enhancement
occurs from a PM reflection because the light which has an intensity below the ionization is
not reflected on the rising edge of the pulse. Once the plasma mirror is formed the reflected
signal level has been experimentally measured to as high as 96% of the input energy [20].
The lack of reflection prior to ionization and high reflectance following ionization, results in
an enhancement of the ratio between the peak of the pulse and the prepulse.

A disadvantage of this type of laser-solid interaction is that the formation of a surface
plasma is destructive to the solid surface in the area of the laser focus. After each shot, a
fresh surface must replace the previous target to allow the next shot to interact with a flat
and undamaged target. Using a long, spooled tape as a plasma mirror has the advantage
over more conventional, polished-glass plasma mirrors, because a tape is long and provides a
large number of plasma reflections before the tape must be replaced. An alternative solution
relies on a water film [21, 22] but this is technically more challenging.
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Staged  Acceleration Beam2: 
Coupled in using tape as a plasma mirror

Staged  Acceleration Beam1: 
Coupled out using tape as a plasma mirror

Rotating Motors coupled 
to tape spools

Rotating Linear enocder

15 micron thick VHS tape

Two Capillary Target for Staged Acceleration
Stage 1: Laser Plasma Acceleration
Stage 2: Post-acceleration or deceleration

Figure 1.3: A schematic of the tape drive with the two capillaries mounted in the staged acceleration
experimental geometry is shown. For this experiment, the tape spooled by the tape drive acts as a plasma
mirror at 45◦, coupling a second laser pulse which is overlapped in time and space with an electron beam
from the first stage. The tape drive consists of two motors coupled to rotating reels for spooling the tape, a
rotating linear encoder, and metal pegs to maneuver the tape into place.

Since the reflection from a plasma mirror is a specular reflection, its applications go
beyond the use for pulse contrast enhancement. With a high quality reflection, a plasma
mirror could also be used as a reflective optic, in spaces near focus, where damage to solid
surfaces will occur. Figure 1.3 shows the tape drive spooled with a thin tape used in the
staged acceleration setup [18] at the BELLA Center. This is the application for which the
tape-based plasma mirror was characterized for this dissertation.

1.4 Free-electron lasers

An LPA-based free-electron laser (FEL) is one application which could take advantage of
a plasma-based electron accelerator. An LPA-based FEL would not require electron beam
energies higher than those which have been achieved with current LPA technology [2]. With
current laser technology, a chirp pulse amplification (CPA) based, multi-TW laser system of
this power could fit in a university-sized laboratory.

With the goal of making an FEL with the smallest possible footprint, seeding the electron
bunch with resonant light at the FEL wavelength will further shorten the undulator length
needed for gain saturation. One possible layout of an LPA-based seeded FEL is shown in
Fig. 1.4. This FEL design uses surface high-harmonic generation (SHHG) of an infrared (IR)
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Figure 1.4: A schematic for a possible layout for a CWE-seeded LPA-based FEL. This layout uses an LPA
to produce an electron beam, which is injected into an undulator to produce radiation. By placing a high
harmonic generating source at the entrance of the undulator, resonant photons can be used to enhance
the positioning of the free electrons into microbunches at the undulator wavelength. This process, known
as seeding, is used to shorten the length of the undulator needed to position the electrons into periodic
microbunches, which then radiate coherently.

drive laser to produce photons at the same wavelength as first order of undulator radiation
(λ = 53 nm). As the seed photons overlap with the free electrons in the undulator, the
electrons are driven into bunches separated in space by the wavelength of the seed and
undulator light. For example, if the electron bunches are separated by 53 nm, and the
wavelength of the seed light is equal to the wavelength of the radiation produced by the
electrons’ undulator oscillations (λ = 53 nm), the light radiating from each electron bunch
interferes constructively, leading to gain in the FEL output signal.

The SHHG process explored in this thesis, known as coherent wake emission (CWE),
is a process where a sub-relativistic laser pulse interacts with a surface plasma. The laser
interacts with the free surface electrons, which radiate periodically at the laser frequency,
leading to harmonics in the reflected pulse.

1.4.1 Coherent wake emission

Coherent wake emission (CWE) is a harmonic generating process which occurs on the
surface of an overdense surface plasma. The process begins once a surface plasma is produced
that expands to form a plasma density gradient. Once the gradient is formed, the laser
undergoes Brunel absorption [23].

Brunel absorption begins by pulling electrons out of the plasma by a p-polarized laser’s
electric field component perpendicular to the target surface. When the electric field inverts,
the electrons are accelerated back towards the surface plasma. The electrons propagate
through the density gradient and beyond the critical surface. The critical surface is the
surface within the plasma gradient where the electron density (nPlasma) equals the critical

density of the input light (ncrit =
meε0ω2

Laser

e2
). Beyond the critical surface the electrons are
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no longer affected by the electric field of the laser. Once the electrons are beyond the critical
surface, they propagate freely through the plasma and excite plasma waves. These plasma
waves undergo linear mode conversion [16] and radiate at the local plasma frequency within
the density gradient. Because the relationship between the local electron density and plasma
frequency is ωp ∝ n

1/2
e , the maximum frequency which can be produced by CWE is equal to

that of the plasma frequency of the solid bulk material.
The highest possible harmonic order produced (Nmax) is given by

Nmax = ωmaxp /ωLaser =
√
nmax/ncrit, (1.13)

where nmax is the maximum electron density of the solid used for SHHG and ncrit is the
critical plasma density of the light used to produce the SHHG signal.

For the experiments described in this thesis, a thin tape was used to produce the CWE
harmonics. Thin tape was used in the FEL layout shown in Fig. 1.4, because it allows an
electron beam to propagate through the target used for producing the CWE signal. Also,
the tape allows for a new surface to be spooled, creating an undamaged surface to produce
a CWE source for each laser shot. A full characterization of CWE produced from a thin,
spooling tape surface is presented in Chapter 4.

1.5 Overview

The experimental campaigns discussed in this thesis were performed using the TREX
laser system. The TREX laser currently feeds two separate beamlines with different intensi-
ties on target and two different target geometries. One of the beamlines sends 50 TW laser
pulses to a single LPA target and is used to produce electron beams which get sent to the
THUNDER undulator [4]. This beamline is referred to as the “Undulator Beamline” for the
rest of this thesis.

The second beamline of the TREX laser is the staged accelerator beamline, which splits
the input laser using a beam splitter, and sends each pulse to focus in one of the two targets
of the staged acceleration experiment. This beamline will be referred to as the “Staging
Beamline” for the duration of this thesis. The TREX laser system and its two beamlines
will be described in detail in Chapter 2, in Section 2.2.1.

The experimental campaigns discussed in this thesis show progress towards two high
profile topics within the LPA community: (1) an LPA-based FEL and (2) a multi-staged
laser plasma accelerator. Each of these topics presents a number of different challenges
beyond current LPA technology.

First, an LPA-based FEL could be produced using beam energies which have already
been produced by LPAs. The beam parameters for an electron beam which would be ideal
for driving an FEL at the BELLA Center using the THUNDER undulator beamline are 310
MeV electrons to produce coherent undulator radiation and eventually see gain at λ = 53 nm.

Chapter 3 comprises of the experimental results to produce extreme ultra-violet (EUV)
radiation by oscillating LPA-produced electron bunches within the THUNDER undulator [5].
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The results show broadband spectrums of spontaneous radiation at photon energies from 15
eV to beyond 100 eV. A discussion on the mechanisms causing undulator harmonics is
discussed, as well as how the shape and width of the harmonic orders give insight into the
electron beam’s energy spread and divergence [5, 24].

Chapter 4 focuses on the study of finding a suitable FEL seed using CWE from thin,
spooling tapes [25, 26]. The CWE signal produced from a tape is explored for a number
of different material surfaces. The experiment was performed on the staging beamline,
which allowed for characterization of the harmonic spectrum and 2D mode profile of the
EUV light. The setup allowed for full characterization of the amount of signal produced
at the FEL resonant wavelength of 53 nm and the divergence of each harmonic order. To
understand the results of different harmonic divergences seen from different tapes materials,
we took two measurements of the surface roughness of each of the materials used in the
study, and both measurements showed a clear correlation between the surface roughness and
SHHG divergence [25]. Lastly, a microbunching model was used to show that the CWE
signal which was produced from VHS tape is powerful enough to enhance microbunching in
the current length of the THUNDER undulator [27].

The second laser-tape interaction which is experimentally characterized is the tape-based
plasma mirror (PM) reflection used just before the second acceleration module in the staging
experiment [28, 29]. Chapter 5 presents the experimental characterization of the highly
reflective plasma mirror using the tape as a quasi-infinite, thin, spooling reflective optic near
focus [30]. The characterization of the tape-based plasma mirror includes a study of the
amount of reflected signal by changing (1) polarization of input light, (2) the tape material
used as the reflective surface, and (3) a scan of the laser focus, which changes the spot size
and intensity of the laser during interaction with the tape. A simple model of the PM is
presented and used to explain the three different parameter studies. The model shows the
importance of the ionization time of the surface plasma within the coherent shoulder of the
femtosecond pulses [30].

Lastly, a summary of the work presented and outlook of future research are provided in
Chapter 6.
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Chapter 2

Lasers and Laser Plasma Accelerators

In this chapter, the technique used to produce ultra-short, high-power laser pulses is
discussed. Next, the TREX laser at the BELLA Center is described, and the two beamlines
are outlined where the laser system is used on are outlined. By stretching the pulse first
before amplifying, the power of the pulse is greatly reduced, while the total energy within
the pulse is unchanged. This allows for a large amount of energy to be input into a pulse
before the power in the pulse is too large and the damage threshold of the optics in the
beamline is exceeded. At the BELLA Center, CPA is used to amplify pulses to energies of
1-10’s of Joules and compress pulses down to the order of 10’s of femtoseconds which results
in peak powers as high as 1015 J/s.

Lastly, the way in which the high-powered laser pulses are used to produce relativistic
electron beams using laser plasma acceleration (LPA) is explained.

2.1 Lasers

A laser is a light source which uses stimulated emission to amplify a signal of seed photons
to produce more photons of the same frequency. The process of stimulated emission requires
seed photons of a given wavelength interacting with a gain medium which has a electron
distribution in which there is a population inversion. A population inversion occurs within
a gain medium when there are a larger number of electrons in a higher energy state than
the number of electrons in a lower energy state. This can occur when energy is pumped into
the gain medium using another source of photons which get absorbed by the gain medium
or through an electrical discharge.

The TREX laser system used throughout this thesis has a central wavelength of ∼800
nm, which is determined by the separation in energy levels for which the population inversion
is present. A laser which is centered around 800 nm can be produced using a gain medium of
titanium doped sapphire (Ti3+ : Al2O3 or Ti:sapphire). Although the arrangement of energy
states of Ti:sapphire is more complex than a 4 level energy model (as depicted in Fig. 2.1),
describing a Ti:sapphire crystal as a 4 level system helps to understand how the population
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inversion is produced and leads to amplification.
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Figure 2.1: Schematic of a laser amplifier crystal with 4 energy bands. This is a simplified version of a
Ti:Sapphire crystal used on the TREX beamline. 2.3 eV (visible green λ = 532 nm) pump the electrons
from the ground state into the highest energy state (E3). The highest energy state has a fast decay rate
compared to the decay rate from level E2 to E1. The lowest energy state (above E0) also has a fast decay
rate when compared to the decay rate from level E2 to E1. This ratio of decay rates, combined with a pump
source creates a population inversion between energy states E2 to E1.

A source of 532 nm photons provides photons of energy 2.3 eV which pump the electrons
in the ground state of the Ti:sapphire crystal into the upper energy state. With a decay time
of order 10−13 sec for transitions between states 3 → 2 and 1 → 0, and lifetime of 3.2µsec
between states 2→ 1, a population inversion is quickly produced with more excited electron
in state 2 than in state 1. While the system is in a population inversion, if seed photons with
the correct energy difference (∆E = E2 − E1) interact with the crystal, the probability of
an electron giving up its energy to radiate coherently with the seed photons is higher than
the probability of the seed photon giving its energy to an electron in state 1 to transition to
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state 2, because more electrons occupy state E2 than E1. This is the amplification process
of Ti:Sapphire crystals.

An actual Ti:sapphire crystal energy structure has many states which are situated at
energies close to the states producing the 800 nm transition. The density of the states in
the energy bands leads to transitions which occur at energies close to, but not exactly at,
the 1.5 eV transition shown in Fig. 2.1. The resulting photons will have wavelengths around
the 800 nm central wavelength. This arrangement of multiple wavelengths (or frequencies)
of light centered around a central wavelength (or frequency) gives rise to bandwidth.

2.2 Chirped pulse amplification of laser pulses

Chirped pulse amplification [31] is a technique used for amplifying an ultrashort laser
pulse up to Petawatt power levels and above. First coined in 1985 in Ref. [31], CPA uses
dispersion to first stretch a laser pulse in time and space, amplification occurs on the long
temporal pulse, and the pulse is then recompressed to ultra-short durations, leading to high
powers after compression.

A chirped pulse is defined as a pulse having time dependence of its instantaneous fre-
quency. In a stretcher, gratings are set up such that the lower frequency (higher λ) travel a
shorter path. A stretcher creates positive chirp, which can be thought of as low frequency
arriving first in time, or “red before blue.” The counterpart to a stretcher is a compressor,
which is setup such that the higher frequencies (lower λ) will have a shorter path length. The
compressor reduces the amount of chirp, and is often referred to as “adding negative chirp.”
Following the right amount of compression, a pulse will no longer have a chirp, referred to
as a transform limited pulse, and all the wavelengths have traveled an equal path length. So
all wavelengths are overlapped in time.

A schematic of a typical CPA laser system is shown in Fig. 2.2.

2.2.1 TREX laser system

The laser system used in the experiments described in this thesis is the 50 TW TREX
system at the BELLA Center at the Lawrence Berkeley National Lab. The TREX laser is
a Ti:sapphire-based CPA laser system. A flowchart of each component of the laser system
is shown in Fig. 2.3. The laser system is composed of an oscillator, regenerative amplifier,
a cross-polarized wave generator (XPW), three multi-pass pre-amplifiers, and the main am-
plifier which produces pulses with an energy of 3.6 J before the compression and 2.0 J fully
compressed on target.

The TREX oscillator is a FemtoSource (by Femtolasers) Ti:sapphire oscillator, pumped
by a 3.3 W continuous wave (CW) Millennia laser (by SpectraPhysics) at λ = 527nm. The
oscillator output pulses have a central wavelength of ∼800 nm at 75 MHz with 4 nJ/pulse
and pulses of 15 fs. The pulses are then stretched to 220 ps, and a pair of Pockels cells are
used to couple the pulses into and out of a regenerative amplifier at 10 Hz. A Pockels cell is a
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Figure 2.2: Fig. (a) A schematic of chirped pulse amplification [31]. A laser pulse is first stretched using a
stretcher to add chirp to the pulse. Next, amplification brings the energy of the pulse up, while the pulse
is still stretched. Lastly, the compressor reduces the pulse duration, and brings the power of the pulse up
to its final power. Fig. (b) Shows how the pulse length and power change during the three components of
CPA. First the beam is stretched, increasing the pulse duration and decreasing the power. Next, the pulse
is amplified, increasing the energy but keeping the duration unchanged. Lastly, compression takes place,
which shortens the pulse duration and increases the power of the pulse.

device consisting of an electro-optic crystal which pulses propagate through. By applying a
variable electric voltage to the Pockels cell a phase delay can be produced in the light within
the Pockels cells. This occurs because the crystal within a Pockets cell has a fast axis and a
slow axis. The rotation of the crystal is set up such that the polarization of the electric field
is decomposed onto the fast and slow axis. By applying the correct voltage a phase delay
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Figure 2.3: Flowchart of TREX laser system at the BELLA Center. Laser pulse duration, energy, and
repetition rates are indicated at each of the major components of the beamline.

of ∆φ = π is creates along one of the axis, and the output wave’s polarization is rotated.
When placed between polarizers, the Pockels cells act as a nanosecond fast shutter.

The regenerative amplifier (by Positive Light) is pumped using a 10 W Empower laser
(by SpectraPhysics), operating at 1 kHz, producing pulses of 10 mW. Unlike a multi-pass
amplifier, the regenerative amplifier is an optical resonator cavity with a gain medium inside
the cavity. Using an optical switch, pulses are coupled into the resonant cavity and undergo
multiple passes through the gain medium which produces small amplifications for each of
the many passes (contrary to a multi-pass amplifier which requires few passes due to the
high gain per pass). Pulses are then coupled out of the resonating cavity, using an optical
switch.

Following the regenerative amplifier, the beam energy is split, keeping only 20% of the
energy in the TREX beamline and using the remaining 80% for a test stand for low energy
guiding experiments and a laser machining setup.

Following the regenerative amplifier is a cross polarized wave generator (XPW). XPW
is a third order nonlinear process, which occurs when pulses interact with an anisotropic
crystal of third order nonlinearity (commonly BaF2) [32, 33, 34]. By placing the XPW
crystal between two crossed polarizers, the only light which is transmitted though the set
of polarizers is the light which undergoes this third-order polarization rotation. Although
the XPW process is very inefficient when comparing the input and output energy, it is able
to increase the ratio of the peak of the main pulse to a prepulse from order of 10−3 to
contrasts of order 10−8 to 10−9 or better. For many laser-plasma interactions, a contrast of
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10−8 to 10−10 may be required, due to the time scales on which the interactions occur and
the expansion velocity of the plasma. For example, coherent wake emission (CWE) requires
laser interaction with a plasma gradient with a length scale on the order of λ/20 [35], and
with a typical electron velocity of order 100 nm/ps [36, 37], the plasma must be ionized less
than a picosecond before the peak of the pulse arrives. For this to occur, the light before the
peak within the 2-3 picosecond coherent shoulder must be suppressed below the ionization
level of the surface material. This will be discussed further when solid surface high-harmonic
generation (SHHG) is explained in Chap. 4.

Following the XPW, the pulse energy has decreased significantly as a trade-off for im-
proved pulse contrast. The pulses then go through three successive pre-amplifying stages.
At the output of the last pre-amplifier the pulses are 50 mJ/pulse at 10 Hz. Next, the main
amplifier brings the energy of each pulse up to 3.6 J with a maximum repetition rate of
10 Hz. The main amplifier on the TREX beamline is pumped using 8 frequency doubled
Nd:YAG GCR-350s produced by SpectraPhysics. Each of the GCR-350s produce 15 W of
pump power at 532 nm second harmonic generation.

The final component which is shared by both the undulator and staging beamlines is
the TREX compressor. The compressor is made up of two parallel gratings with a groove
density of 1480 grooves/mm and an angle of incidence of ∼ 50◦. After interacting with the
pair of gratings, the pulses go through a set of rooftop mirrors, and get sent back through
the gratings for a second pass. The compressor is able to tune the pulse duration from 40 fs
(fully compressed) to ≥ 1ps.

Next, the pulses are sent to the switchyard, where a kinematic swing-in mirror is inserted
to reflect the beam into the staging beamline, or removed to let the beam pass through to
the undulator beamline.

2.2.1.1 Undulator beamline

Following the switchyard, with the swing-in mirror removed, the beam is sent onto a
reflective off-axis parabola (OAP) with an f-number f/25. The beam is focused down to a
beam waist ω0 = 22 µm at the entrance of the accelerating capillary. Figure 2.4 shows the
layout of the undulator beamline from the target chamber, downstream to the extreme ultra-
violet (XUV) spectrometer. A 250 µm diameter discharged capillary [12], is used to produce
electron beams of 100’s of MeV. Following the LPA, a magnetic spectrometer (Spectrometer
1) can be used to measure the energy of the electron beam [38]. When the magnet is turned
off, the electrons propagate downstream to the Tapered Hybrid undulator (THUNDER) [4].
The undulator consists of three 0.5 m sections, of 22 periods each, and has a periodicity of
λU = 2.18 cm. The wiggler parameter, K, is K=1.25, which represents a maximum magnetic
field value of +/- 0.60 T on-axis. Following the undulator, the electrons are deflected using
a second magnetic spectrometer (Spectrometer 2), and the spontaneous undulator emission
is sent to an XUV spectrometer, which is setup to resolve spectra around 100 eV[24].

The XUV spectrometer consists of a focusing grating or a transmission grating, and two
dual-stacked micro-channel plates (MCPs). The focusing grating is concave with varying
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Figure 2.4: The experimental setup of the THUNDER undulator beamline of the TREX laser system.
Electron bunches produced by the LPA propagate 7m to the undulator’s entrance. The electrons emit
extreme ultraviolet (XUV) spontaneous emission, which is sent into the high resolution XUV spectrometer.
The XUV spectrometer uses a concave grating to focus the XUV spectrum onto a dual stacked micro-channel
plate (MCP), where the emission spectrum is captured and analyzed.

line spacing to focus the 0th and first order undulator spectrum onto each respective MCP.
It has a photon resolution of 0.1 nm [5], calibrated at 73 eV, yielding a relative resolution
below 1%.

The use of the undulator as a diagnostic for energy spread and electron beam emittance
is discussed in Chapter 3.

2.2.1.2 Staging beamline

When the swing-in mirror (SIM) is inserted into the beamline of the TREX laser in the
switchyard chamber, the pulses are sent to the staging beamline. Each pulse from the TREX
laser system is first split into two pulses using a 70/30 beamsplitter, in order to drive the two
accelerating modules independently. Pulses are transported into the staging beamline from
the lower right corner in Fig. 2.5. The beam’s polarization is rotated from p-polarization to
s-polarization in the chamber (#1). S-polarization is used to increase the laser reflectivity of
the plasma mirror (As discussed in Chapter 5). Before splitting the pulse, the pulse energy is
2.0 J. The beam splitter (#2) reflects 70% (35 TW at 40 fs) of the laser energy and transmits
30% (15 TW at 40 fs) of the energy. Laser pulse 1 is used to produce e-beams in the first
LPA target. Laser pulse 2 is reflected off the plasma mirror and excites wakefields in the
second LPA target for the post-acceleration of the electron beam from the first stage. The
arrival timing of the two laser pulses at the target is controlled with a delay stage (#3).
Both laser pulses are focused using off-axis parabolic mirrors (OAPs) with f-number f/25.
The laser pulses from the TREX laser system are focused down to a spot size of ω0 = 22 µm
onto plasma targets indicated at the beams’ crossing point (#6) .

The staging target chamber contains the target assembly, made up of the first LPA
stage, the second LPA stage, and the spooled tape-drive used as a plasma mirror. For the
experiments discussed in this thesis, the first accelerating stage is a gas jet. The target
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Figure 2.5: The experimental setup of the staging beamline. Top: A photo of the laser transport chambers,
laser diagnostic and magnetic spectrometer. Bottom: A CAD model of the experimental setup indicating
each component in the beamline [18].

assembly is placed on a hexapod, which allows six-axis adjustment of position and angle.
The spooling tape-drive system was used as the plasma mirror in this setup because of its
ability to provide a fresh, undamaged surface for each shot, and the tape is thin enough for
the electron beam to travel through. The plasma mirror targets studied were VHS tapes and
computer data-storage tapes, which are described in greater detail in Chapters 4 and 5. The
distance between the first stage and the front surface of the tape is 11.5 mm. The distance
between the plasma mirror and the second module is 10 mm.

The laser pulses following each stage of acceleration get attenuated and diagnosed using
wedged reflective optics. The first wedge reflects 1% of the energy for diagnosis and the other
99% is transmitted to a laser beam dump. This wedge can be rotated out of the beamline
to let the electron beam propagate to the e-beam diagnostics. The optical image of the laser
at the target was recorded using a 10-bit charge-coupled device (CCD) camera, referred to
as a mode imager. Before the mode imager, the laser pulse is split and optical spectra are
measured. A magnetic spectrometer to measure electron energy distribution is downstream
of the tape drive. A 1 T dipole magnet deflects the electrons onto phosphor screens imaged
by three CCD cameras; enabling single-shot detection of the energy distribution and the
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pointing of the electron beam. There is a limiting aperture of diameter 15.24 mm, 2.0 m
downstream of the tape drive. So, the acceptance aperture for electron beams into the
magnetic spectrometer is 3.8 mrad.

2.3 Laser plasma acceleration of electrons

In plasma-based accelerators a highly intense laser pulse interacts with ionized plasma
electrons. The ponderomotive force of the laser pulse creates a density modulation by driving
electrons away from the center of the pulse as it propagates through the plasma. Plasma ions
are heavier than electrons and are assumed to be stationary during the plasma electrons’
response to the laser fields. The ponderomotive force, given by

Fp = − e2

4mω2
∇E2, (2.1)

where e is the electrical charge of the particle, m is the mass of the charged particle, ω is
the frequency of laser pulse, and E is the amplitude of the laser pulse’s electric field. Since
intensity of a laser pulse scales with E2, the ponderomotive force scales with the gradient of
the laser intensity.

As a result the laser pulse propagates through a plasma, pushing the electrons forward
and off axis, this separation of charge leads to the formation of a wake in the density of
plasma electrons traveling behind the pulse. The excited plasma wave is described by [3, 39](
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As the charge separation oscillates behind the pulse, an electric field is produced between
regions of low electron densities (ion cavities) and regions of high electron densities (the
amplitude or crest of the electron wake).

This charge separations produce electric fields between regions of high and low electron
densities within the plasma wakefield. These fields can grow to as large as the cold wave
breaking limit [3]:

E0[V/m] = cmeωp/e. (2.3)

Using plasma frequency, ωp from Eq. 1.6, the speed of light, c = 3.0× 108 m/s, Eq. 2.3 can
be approximated as

E0[V/m] ' 96
√
n0[cm−3]. (2.4)

For a typical LPA plasma density, n0 ' 1018 cm−3 an electric field on the order of E0 '
96 GV/m can be achieved, which is three orders of magnitude greater than that of a con-
ventional RF-accelerator.

The experiments results of LPA electrons discussed in this thesis are a result of plasma
waves excited by a short, intense laser pulse (> 1018 W/cm2). This regime is a quasilinear
regime (a0 ≥ 1) at which relativistic effects start to appear. At higher intensities (a0 >> 1),
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the interaction becomes more relativistic and the laser is able to fully expel the localized
electrons. This regime is commonly referred to as the blow-out (or bubble) regime because
of the way the laser pulse “blows out” the localize plasma electrons, creating a bubble-
shaped density minimum behind the laser pulse. If the correct initial conditions are met for
a sub-population of plasma electrons near the laser-plasma blowout bubble (correct initial
position and velocity), these electrons can become trapped within the wakefield, and will then
be accelerated by the electric fields created by the charge separation within the wakefield.
This process of an electron becoming trapped in the wakefield of the laser and becoming
accelerated to velocities near the speed of light is know as self-injection. There are a number
of ways particles can get injected into a wake. Colliding-pulse injection is a technique which
uses the interaction region of two pulses to inject electrons. One pulse is used to drive the
density modulation within a plasma, and the second pulse’s ponderomotive force is used to
push electrons into the plasma wake of the first pulse. ionization injection occurs by ionizing
deeply bound electrons from high atomic number (Z) atoms at the proper phase within the
wakefield. When electrons are ionized near the peak of the laser field, these electrons are
easily trapped. Down-ramp injection can occur when a laser pulse propagates in a plasma
with a negative density gradient. This results in the plasma wave’s phase velocity decreases
as the laser propagates. At the lower phase velocity of the wake, self-injection is more likely
to occur. These injections techniques are well understood, and are discussed in detail in
Ref. [3].

This concept of a density wakefield following the laser pulse is analogous to a wakefield
of a density minimum in a water wave following a speedboat traveling through water. In the
water, a surfer will ride in the wake which travels at the speed of the boat producing the
wake, and in LPAs, electrons ride in the plasma wakefield which travels at the speed of the
laser pulse within the plasma, which is near the speed of light.

2.3.1 Limitations of Laser Plasma Accelerators

The three limitations to the acceleration of electrons using LPA are dephasing of the
electron from the accelerating phase of the plasma wave, diffraction of the laser pulse at
focus, and depletion of the laser energy to the plasma to produce the charge separation from
the ponderomotive force. Dephasing occurs because the phase velocity of the optical field
along the axis is greater than the speed of light. For a highly relativistic electron, vz ' c, the
length,LD, over which an electron stays within an accelerating region of the wave (of length
∼ λp/2) is given by [3]

(1− vp
c

)LD = λp/2→ LD ' γ2pλp. (2.5)

Because λp and the phase velocity, vp, are inversely proportional to the plasma density
(vp = ω/k and ω and k are given by Eqs. 1.8 and 1.9), the way to overcome dephasing is by
tapering the plasma density within the accelerator. For example, if an electron is trapped
within a highly dense plasma, and the laser sees a negative density gradient, the dephasing
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length will increasing and the trapped electrons will stay in the accelerating fields over a
larger distance. This longitudinal density tailoring is discussed at length in Ref. [40].

The distance over which acceleration occurs is a limitation of LPAs too, because laser
diffraction occurs as the laser propagates through focus. So the laser intensity drops as
(1/w(z))2, where w(z)2 = w2

0× (1+(z/zR)2) and zR is the Rayleigh length (zR ∼ 2.0 mm for
the TREX laser focusing geometry). Laser diffraction can be overcome, however, using an
optic which counteracts diffraction. At the BELLA Center, diffraction is contracted by using
a preformed plasma waveguide produced by pre-ionizing a gas filled capillary of 250 µm in
diameter. The round capillary is first filled with a neutral gas, and when a ∼ 25 kV discharge
is produces across the 33 mm long capillary, the temperature on axis is the highest, producing
electrons with the largest kinetic energies. The temperature drops as a function of the radial
position within the cap, and the plasma electrons near the walls of the cap have a lower
temperature (and kinetic energy) than the electrons on axis. The resulting density profile
produces plasmas with minimal densities on-axis and increasing densities further off-axis.
Using Eq. 1.11 it is seen that the on-axis index of refraction nRef < 1 and also that the
on-axis nRef is greater than the off-axis nRef . This produces a focusing effect as the light
on-axis travels at a slower phase velocity than the light off-axis. The focusing properties of
the capillary discharges used at the BELLA Center are fully described in Ref. [41].

Laser depletion (or pump depletion) is a result of the laser pulses expelling plasma elec-
trons from the propagation axis and exciting plasma wakefield. For this process to occur, the
laser pulse must transfer energy into the plasma giving the electrons kinetic energy. The only
ways laser depletion can be overcome is if the laser energy can be replenished or if a external
non-depleted laser pulse were used after depletion occurs. This is the motivation for the
Staged Accelerator experimental campaign described in Sec. 1.3. The use of a non-depleted
second laser pulse is first overlapped in time and space using a self-triggering plasma mirror,
and the new, fresh laser pulse is able to post accelerate the electron beam in the second
acceleration stage.

2.4 Summary and conclusions

This chapter discussed the production of high-power, ultra-short laser pulses using CPA.
The laser system used in the experiments outlined by this thesis was described, with all of
its components and how they help produce the pulses used for LPA at the BELLA Center.
The two beamlines which make use of the 50 TW TREX laser at the BELLA Center were
described. The results outlined in chapter 3 makes use of the undulator beamline, while
chapters 4 and 5 were performed experimentally on the staging beamline.

Lastly, the basics behind laser-plasma wakefield excitation and electron acceleration were
described. Due to the laser’s ability to transfer energy to electrons within the plasma
medium, a plasma wave and the accelerating fields are formed. The properties of plasma
waves are determined by laser intensity and plasma density. Once plasma waves are formed,
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electrons may be injected into the wake. The electrons are then trapped in the wakefield,
which is traveling behind a laser pulse at velocities near the speed of light.



24

Chapter 3

Tapered Hybrid Undulator -
THUNDER

3.1 Introduction

As laser plasma accelerator technology advances into producing electron beams of higher
quality and stability, and applications such as powering a free-electron laser (FEL) are ex-
plored, the need for advanced diagnostics will grow concurrently. Diagnostics will need to
have the ability to resolve sub-percent energy spread levels, and ≤ 1 mm mrad normalized
emittance values on a single shot basis. Due to the large range of energies that an LPA
can produce, the current magnetic spectrometers in use at the BELLA Center are all broad-
band, and have energy resolution above 1% [38]. In addition, this diagnostic does not provide
information on the bunching.

To provide higher energy resolution and information on the emittance, an undulator-
based diagnostic is employed at the BELLA Center. The spectrum of the spontaneous
emission produced from an electron bunch in an undulator gives much finer details about the
electrons than a magnetic spectrometer. Since each electron interacts with the same magnetic
field throughout the undulator structure, each electron will radiate its own corresponding
emission spectrum. Given that undulator radiation is directional, electrons traveling off-
axis will radiate differently than those along the axis of propagation; so information about
beam size and emittance is available, too. By measuring the spectrum of a single bunch of
accelerated electrons, one can resolve energy spreads on the sub-percent level and calculate
the beam emittance in the transverse direction.

3.2 First order electron equations of motion

A detailed discussion of synchrotron radiation can be found in Dr. David Atwood’s
textbook Soft x-rays and extreme ultraviolet radiation: principles and applications, Refer-
ence [42].
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Figure 3.1: A schematic showing an undulator’s oscillating magnetic field in +y and -y directions. The initial
electron beam velocity and the oscillations within the magnetic field By[z] are along the z-axis. The initial
motion of the electrons (to first order) will be in the vz ×By direction, which is along the x-axis. It will be
shown in section 3.3, that the velocity along the x-axis gives rise to a second order velocity from the vx×By

force, which will lead to motion in along the z-axis too. This motion is the motion of a single electron, and
is described in section 3.2.

The equations of motion for an electron traveling in the z-direction (along the axis of an
undulator) with magnetic field between the poles of the undulator in the y-axis (as shown
in Fig. 3.1), are given to first order by:

ẍ =
d2x

dz2
=

e

γmec
(By − ẏBz) (3.1)

ÿ =
d2y

dz2
=

e

γmec
(ẋBz −Bx) (3.2)

where γ is the relativistic Lorentz factor, c is the speed of light, e is the charge of the electron,
and me is the rest mass of the electron.

Assuming the magnetic field is directed only along the y-axis, the equations of motion
for ẍ and ÿ simplify to a single term. This assumption sets Bx = Bz = 0 and By = B. Now
Eq. 3.2 becomes ÿ = 0, and Eq. 3.1 becomes

ẍ =
d2x

dz2
=

eB

γmec
. (3.3)

The first order equation of motion is restricted to the x-axis. We know the magnetic
field (By = B) points in the y-direction only, and varies with a period determined by the
undulator pole spacing. The undulator period λU is defined as the distance between the
center of two consecutive poles of the same polarity.
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Given the definition of the undulator period λU , we can set the magnetic field to a
sinusoidal magnetic field of form

By(z) = −Bo sin

(
2πz

λU

)
, (3.4)

and letting z = c× t, gives

ẋ(z) =

∫
d2x

dz2
dz =

eBoλU
2πγmec

cos

(
2πz

λU

)
(3.5)

Often times a dimensionless parameter is used to simplify the equation for ẋ(z), and to
give a dimensionless “strength” parameter to describe the undulator. This parameter, K, is
given by

K =
eBoλU
2πmec

= 93.4Bo[Tesla]λU [meters]. (3.6)

The strength parameter K is analogous to the term a0, which was given in Chap. 2. Similar to
how a0 > 1 refers to relativistic interactions and a0 < 1 refers to sub relativistic interactions,
if K >> 1, the periodic oscillating structure is known as a ”wiggler” and if K ≤ 1 the
oscillating structure is known as an undulator. The differences in the spectra produced by
undulators and wigglers is described in Ref. [42].

Solving Eq. 3.5, substituting in for K, gives

ẋ(z) =
K

γ
cos

(
2πz

λU

)
. (3.7)

A trivial integration of ẋ(z) along the z-axis, by following the same routine to get Eq. 3.3
to Eq. 3.7, gives the first order equation of motion for x(z):

x(z) =
KλU
2πγ

sin

(
2πz

λU

)
. (3.8)

3.3 Even and odd undulator harmonics

This section is not meant to provide a rigorous derivation of the harmonic orders of
electron oscillations caused by electron motion within an undulator (with constants being
kept track of and carried out to the end of the derivation), but rather as a path to follow
(removing details such as constants by referring to a collection of constants as A1, A2, A3, etc.)
for a motivated student to carry out in the future at their leisure.

By solving the equations of motion of the electron trajectories, harmonics orders of the
fundamental frequency arise. One thing to note is that all of the harmonics of even orders
are produced by electron oscillations along the axis of propagation of the undulator (the z-
axis of Fig. 3.1), and therefore, the even harmonics are emitted perpendicular to the electron
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propagation axis through the undulator. This is due to the sin2 θ radiation cone produced by
oscillating electrons in a dipole configuration. The odd harmonics (including the fundamental

undulator wavelength), on the other hand, are produced by the ~v× ~B force, from the velocity
of the electron propagating down the undulator axis. This force gives rise to electron motion
perpendicular to the propagation axis, and produces electron oscillations in the the +/- x
direction. The electron oscillations perpendicular to the undulator axis also radiate a sin2 θ
cone of radiation. This radiation will be directed along the axis of the undulator.
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Figure 3.2: Electron motion and the radiation produced by these electron accelerations. (a) shows the
propagation of an electron, in the frame of the electron; the x’ motion is the first order motion, and the z’
motion is the second order motion, which comes from a ~v× ~B force of the first order motion in x’ and By. (b)
shows the sin2 θ radiation cone of an oscillating electron within the electron’s frame traveling at v ∼ c (with c
being the speed of light). (c) shows the Lorentz transformation of the sin2 θ radiation cone from the electron
frame to the lab frame. Notice that the on-axis radiation in produced by the odd harmonics and the off-axis
radiation is made up of even harmonics. Since light is measured in the lab frame, undulator radiation (as
detected experimentally) has on-axis odd harmonics and off-axis even harmonics. Image reproduced from
Reference [42].

The electron’s first and second order of motion are shown in Fig. 3.2. Since the electrons
are moving at velocities near the speed of light, the motion is relativistic. While in the frame
of the electron the radiation is emitted in a sin2 θ cone, a different pattern is seen in the lab
frame. The emitted radiation must be Lorentz transformed into the lab frame, which results
in odd order harmonics on-axis, and even order harmonics off-axis.

The mathematical algorithm to produce on-axis odd harmonics and off-axis even harmon-
ics, is described below, and because it is repetitive between even and odd harmonics, the
calculation can be carried out beyond the 4 orders shown in the calculation, and continued
on up to the desired harmonic.

An electron enters the undulator on-axis with velocity voZ , and Eq. 3.4, gives the magnetic

field of By(z) = −Bo sin
(

2πz
λU

)
. The Lorentz force of ~v× ~B (to first order) gives rise to motion

along the x-axis. which comes from Eq. 3.7, vx = ẋ(z) = (K/γ) cos (2πz/λU).
The first order equations of the electron’s position and velocity are given by

x(z) =
KλU
2πγ

sin

(
2πz

λU

)
(3.9)
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ẋ(z) =
K

γ
cos

(
2πz

λU

)
. (3.10)

Using these equations and the ~v× ~B term of the Lorentz equation, second order velocity and
position equations are calculated.

Note: the trigonometric identities that are required are,

sin(α) sin(β) =
cos(α− β)− cos(α + β)

2

cos(α) cos(β) =
cos(α− β) + cos(α + β)

2

sin(α) cos(β) =
sin(β + α)− sin(β − α)

2
.

Second Harmonic comes from ẋ(z)×By(z):(
K

γ
cos

(
2πz

λU

))
×
(
−Bo sin

(
2πz

λU

))
. (3.11)

To simplify things, and not to be concerned with constants, we rewrite this as

vx ×By = A1 cos (ωo)× A2 sin (ωo) . (3.12)

Using the trigonometric identities, we are left with a force

Fz =

(
A1A2

2

)
(sin (ωo + ωo)− sin (ωo − ωo)) , (3.13)

which reduces to
Fz = mẍz = A3 sin (2ωo) . (3.14)

Solving for position and velocity,

vz = ẋz = A4 sin (2ωo) (3.15)

xz = A5 sin (2ωo) . (3.16)

We can refer to this as the second order motion which leads to the production of radiation
at 2ωo.

Using the second order motion of the electron, we again use the vz(z)×By(z) (or equiv-
alently the ẋz(z)×By(z)) force:

Fx = mẍx = (A4 sin (2ωo))× (−Bo sin (ωo)) . (3.17)

To simplify things, and not to be concerned with constants, we rewrite this as

vz ×By = mẍx = A4 sin (2ωo)× A6 sin (ωo) (3.18)
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Using the trigonometric identities, we are left with a force

Fx =

(
A4A6

2

)
(− cos (2ωo + ωo) + cos (2ωo − ωo)) (3.19)

which reduces to
Fx = mẍx = A7 cos (3ωo) + A8 cos (ωo) . (3.20)

However, we already have an equation which oscillates at cos (ωo), so the second term of
Eq. 3.20, can be ignored for the sake of this derivation.

Finally, solving for the 3rd order electron motion for position and velocity,

vx = ẋx = A7 cos (3ωo) , (3.21)

xx = A8 cos (3ωo) . (3.22)

We can refer to this as third order motion which leads to the production of radiation at 3ωo
(electrons oscillating in the x-direction, producing radiation along the z-axis, as predicted).

Using the third order motion of the electron, we again use the vx(z)×By(z) (or equiva-
lently the ẋx(z)×By(z)) force:

Fz = mẍz = (A7 cos (3ωo))× (−Bo sin (ωo)) . (3.23)

To simplify things, and not to be concerned with constants. we rewrite this as

vx ×By = mẍz = A7 cos (3ωo)× A9 sin (ωo) (3.24)

Using the trigonometric identities, we are left with a force

Fz =

(
A7A9

2

)
(sin (3ωo + ωo)− sin (3ωo − ωo)) (3.25)

which reduces to
Fz = mẍz = A10 sin (4ωo) + A11 sin (2ωo) . (3.26)

However, we already have an equation which oscillates at sin (2ωo), so the second term of
Eq. 3.26, can be ignored for the sake of this derivation.

Finally, solving for the 4th order electron motion of position and velocity,

vz = ẋz = A10 sin (4ωo) (3.27)

xx = A12 sin (4ωo) . (3.28)

We can refer to this as fourth order motion which leads to the production of radiation at
4ωo (electrons oscillating in the z-direction, producing radiation in the x axis as predicted).

To the informed reader, it should be well understood how to continue this derivation
to higher order harmonics, with even harmonics oscillating in the z-axis, and producing
radiation off-axis of the undulator’s propagation axis, and odd harmonics oscillating in the
x-axis, and producing radiation on-axis of the undulator.
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3.4 Experimental setup

Fig. 1.4 shows the layout of the experiment. A 250 micron diameter discharged LPA [12],
is used to produce electron beams. Following the LPA, a magnetic spectrometer (Spectrom-
eter 1) can be used to measure the central energy of the electron beam [4]. When the magnet
is turned off, the electrons can propagate down toward the BELLA Center’s Tapered Hybrid
undulator (THUNDER).

3.4.1 THUNDER and extreme ultraviolet spectrometer

The undulator consists of three 0.5 m sections, of 22 periods each, and has a periodicity
of λU = 2.2 cm. The wiggler parameter, k, is k=1.25, which represents a maximum magnetic
field value of +/- 0.6 T on axis. Following the undulator, the electrons are deflected using a
secondary magnetic spectrometer (Spectrometer 2), and the spontaneous undulator emission
is sent to an extreme ultraviolet (XUV) spectrometer, which is setup to resolve spectra
around 100 eV.

The XUV spectrometer consists of a variable-width entrance slit, a focusing grating or
a transmission grating, and two dual-stacked micro-channel plates (MCPs). The focusing
grating is concave with varying line spacing to focus the 0th and 1st order undulator spectrum
onto each respective MCP. With a photon resolution of 0.1 nm, calibrated at 73 eV, the XUV
spectrometer has a resolution below 1% of relative electron energies.

3.5 Effect of emittance and energy spread on XUV

spontaneous emission spectrum

For an idealized electron beam with zero emittance and energy spread only one electron
energy would be present to produce spontaneous emission at wavelengths according to the
undulator equation (Eq. 3.29).

λ =
λU
2γ2

(
1 +

K2

2
+ γ2θ2

)
(3.29)

The spectrum of a mono-energetic electron bunch would consist of thin peaks at the fun-
damental undulator wavelength and its harmonics. However, zero percent energy spread
and emittance is not realistic, so using the computer code SPECTRA, the effects of energy
spread and emittance can be modeled.

With a realistic energy spread, the width of the thin spectral peaks will become finite
due to the presence of different electron energies in the beam. This causes the thin spikes
at the undulator harmonics to broaden. Since the energy spread contains electrons above
and below the fundamental wavelength, the broadening of the emission spectrum happens
on both the positive and negative sides of the fundamental orders. The uniform broadening
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of the emission spectrum is directly correlated to the energy spread within the electron
beam [4].

The geometric emittance of the electron beam has two separate effects on the XUV
spectrum [4]. First, the emittance of the electron beam causes some electrons to travel at
an angle with respect to the axis of propagation. This decrease in on-axis velocity reduces
the relativistic gamma (γ) term in (Eq. 3.29), leading to the emission of photons at larger
wavelengths. Because the emittance can only reduce the on-axis velocity, this effect leads to a
broadening of the emission spectrum only in energies lower than the fundamental. Emittance
can therefore be obtained from measuring the asymmetric broadening of the fundamental
harmonic orders (Fig. 3.3).

Figure 3.3: Effects of energy spread and emittance on the spectrum of spontaneous undulator radiation,
with the spectrum measured on the axis of propagation. As energy spread increases, the emission spectrum
broadens uniformly about each fundamental harmonic order. The increase in the geometric emittance causes
an asymmetric broadening of the spectrum in the lower energy spectrum due to a decrease in on-axis
velocities. Also, with off-axis electron trajectories, the on-axis flux of the even orders grows while the odd
orders flux decreases. Image reproduced from Ref. [4].

Emittance also affects the ratio of the flux in even and odd orders. Since undulator
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emission is directional, with odd harmonics emitted on-axis and even harmonics off-axis,
the emittance will change the ratio of even and odd order flux on-axis. With a detector on
axis and near-zero emittance, the undulator’s odd orders will have a much larger flux than
even orders. However, as the beam emittance increases, electrons traveling at an angle with
respect to the axis of propagation will now have their off-axis emission emitted along the
axis of propagation. A detector on-axis will now see an increase in the even order’s flux and
a decrease in the flux of the odd orders. This increase in the ratio of even to odd order
harmonic flux is directly correlated to the beam’s emittance.

3.6 THUNDER undulator’s first light

Figure 3.4: The spectrum of undulator emission from a 400MeV beam with energy spread and emittance
much larger than those modeled using SPECTRA. The raw spectrum is shown with the saturated 0th order,
and the 1st order spectrum on both the left and right. Converting wavelength to photon energy, the plot
shows the spectrum’s corresponding photon energies.

The first step in characterizing the THUNDER undulator was taken using a 100 nm
period transmission grating and concave mirror. Initial experiments on generating undulator
radiation used 400 MeV beams with broad energy spread (35%). Such beams allowed for
studies on beam focusing and are easy to produce. With a fundamental harmonic energy of
40 eV and this level of energy spread and emittance, the structure of undulator harmonics
becomes smeared out. Though this does not provide the high-resolution diagnostic the
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undulator is capable of, it did allow for the characterization of the undulator as a working
beam diagnostic; providing single-shot data retrieval of the undulator spectrum. (Fig. 3.4).

3.6.1 THUNDER undulator’s XUV spectrometer calibration

Figure 3.5: The raw undulator spectrum is shown is shown from broadband undulator radiation with an
aluminum foil in the beamline with cutoff in transmission at λ = 17 nm. The gradient of the spectrum is
plotted (red circles) and is fit to a Gaussian (blue line) peaked at λ = 17 nm. The width of the Gaussian
is calculated to find the with of the drop in signal. This Gaussian width is used to determine the spectral
resolution of ∆λ = 0.13 nm.

After the characterization of the THUNDER undulator was completed with a low-
resolution transmission grating, we replaced the curved mirror and transmission grating
with the concave, focusing, reflective grating. This spectrometer design provides a higher
resolution XUV spectrum, and produces a higher flux for the first order spectrum when
compared to the transmissive grating. In order to produce ample counts on the MCPs,
the slits on the spectrometer entrance remained fully open. Further improvements of the
spectrometer resolution can be gained by closing the slit at the expense of signal level.

In order to calibrate the resolution of the XUV spectrometer, and in turn the electron
energy resolution, a 200 nm thick aluminum foil was placed in front of the grating. The
strong Al absorption line at 17 nm provided a sharp cutout in the undulator spectrum. By
looking at the gradient of the spectrum (Fig. 3.5), the absorption line provided a spectral
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cutoff 0.13 nm wide. This resolution at 17 nm (72 eV) corresponds to a resolution below 1%
in energy spread [5].

3.7 Summary

In this chapter, the design of the THUNDER undulator, along with the spontaneous
emission spectra of the first light and the calibration undulator have been presented. As
a next step, we plan to produce beams of much lower energy spread (on the order of 5%
and below) in order to benchmark our simulations and improve the diagnostic. The under-
standing of the spontaneous emission spectrum allows for high-resolution diagnosis of the
electron beam’s energy spread and emittance values. This high level of resolution is crucial
in order to further diagnose electron beams, as LPA technologies continue to grow. Also,
these high-quality diagnostics will play a crucial role as future undulator applications rely
on sub-energy spread, such as an LPA based FEL.
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Chapter 4

A Tape-based High-Harmonic
Generating Seed for LPA-based FELS

Surface high-harmonic generation (SHHG) from a tape is experimentally studied. By
operating at mildly-relativistic normalized laser strengths a0 ≤ 0.2, harmonics up to the 17th

order are efficiently produced in the coherent wake emission (CWE) regime. CWE pulse
properties such as divergence, energy, conversion efficiency (CE), and spectrum, are inves-
tigated for various tape materials and drive laser conditions. A clear correlation of surface
roughness and harmonic beam divergence was found. At the measured pulse properties for
the 15th harmonic (conversion efficiency ∼ 6.5 × 10−7 and rms divergence ∼ 7 − 14 mrad),
the 100 mJ-level drive laser at 40 fs produces several MW’s of extreme ultra-violet (XUV)
pulses. The spooling tape configuration enables multi-Hz operation over thousands of shots,
making this source attractive as a seed to the few-Hz LPA-driven free-electron laser (FEL).
The results of a 1D FEL simulation code, GINGER, indicate that these CWE pulses with
MW level powers are sufficient for seed-induced bunching and FEL gain.

4.1 Introduction

Intense coherent light sources in the extreme ultraviolet (XUV) domain (wavelength
∼10-120 nm) have applications which span material science, atomic and molecular optics,
single-shot diffraction studies, and non-linear X-ray optics [42]. Two approaches towards the
production of such ultra-short pulses are the electron-beam-driven free electron laser (FEL)
and laser-driven high-harmonic generation (HHG). For example, the FEL facility FLASH in
Hamburg, Germany, can deliver 100 µJ-level XUV pulses at sub-picosecond pulse durations
leading to GW peak powers [43].

One challenge limiting the availability of high-power XUV sources is the intrinsic losses
in reflectivity and transmission of XUV optics. A traditional laser oscillator cavity would not
have the efficiency needed to maintain or amplify the XUV pulses. A common approach for
intense XUV pulse production is laser-production of harmonics of the fundamental frequency.
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At conversion efficiencies (CE’s) of order 2 × 10−6 (described in Ref. [44]) it would take a
100 mJ-level laser system to produce XUV pulses of MW peak power (transport losses are
neglected).

The most common experimental scheme for HHG is to interact a laser pulse with an
underdense (gas-based) target [45]. This HHG scheme requires the ionization potential of
the gas species to be close to the laser intensity. A fs-class 100 mJ-level laser system forces
the use of focusing optics with an f-number of order 103 or greater. Such a weak focusing
geometry combined with the accompanied transport losses (of order 80-90% for a few optics
at 50% loss each) form a major challenge to a practical compact high-power XUV source.
Optics within meters of the source would simply succumb to laser damage.

Solid-surface high-harmonic generation (SHHG) [35, 46, 47, 48, 49, 50, 51, 52, 53, 54,
55, 56] relies on full target ionization prior to arrival of the peak of the laser pulse, hence
requiring a drive laser at intensities ≥ 1016 W/cm2. This intensity regime lends itself to
higher laser energies, shorter focusing optics, but often at lower repetition-rate, reduced
stability, and larger divergence. Nevertheless, with a CE comparable to gas-based HHG,
SHHG can produce XUV pulses at > 1 MW-levels using 100 mJ-level 40 fs laser pulses.

As will be extensively discussed in this chapter, we propose that SHHG could be used as
a compact seed source for an XUV FEL [57]. With tighter focusing optics and the thin tape
acting as both the SHHG source as well as the XUV/e-beam combiner, this setup would
eliminate XUV transport optics and simplify the experimental configuration.

LPA drive 

laser

GeV-scale 

e-beam

Undulator

Tape drive Seed radiation

LPA

HHG drive laser

FEL radiation

Figure 4.1: Schematic of the integration of the tape-based HHG source with an LPA-driven undulator. The
intrinsic synchronization of the e-beam and HHG pulses, as well as the elimination of an HHG transport
line, allow for MWs HHG pulses to initiate FEL lasing.

In an XUV FEL, a relativistic electron beam passing through an undulator uses XUV ra-
diation to produce coherent gain. The periodic magnetic structure of the undulator oscillates
the electron bunch, which producing radiation along the propagation axis. Without using an
external source to seed the FEL, the electrons are initially incoherent and each radiate light
which has an effect on the electrons upstream. FEL’s can generate coherent radiation via
self-amplified spontaneous emission (SASE), where during undulator propagation an electron
beam self-bunching instability grows, leading to the transition from incoherent spontaneous
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emission from unarrangned electrons, to coherent radiation from stimulated emission of elec-
trons which are arranged in micro-bunches separated in space by the FEL wavelength [58].
The self-bunching process can be initialized (and stabilized) if a seed pulse at the resonant
wavelength is co-propagating with the electron beam in the undulator. Recent efforts world-
wide have focused on combining both HHG and FEL technology by configuring the FEL to
amplify the incoming coherent XUV pulses [59, 60, 61]. Such a seeded FEL configuration
would reach saturation over shorter undulator lengths, with improved stability and coherence
properties.

Underdense HHG sources [62] have been primarily considered as FEL seed due to the
gas target’s intrinsic replenishing nature. Indeed, for a solid-surface HHG (SHHG) source,
the target (typically a polished mirror) needs replacement or repositioning after every laser
shot, limiting the repetition rate and experimental life time. However, equivalent CE’s at
much larger laser energies make SHHG sources attractive as a high-power XUV source.

Borot et al. [63] enabled a higher repetition rate by applying a rotating glass mirror.
Here we present a novel solid target configuration based on a tape, allowing for hundreds of
meters (5 mm between successive shots) of solid target to be spooled through the laser focus,
allowing for over 105 shots on target before needing to change tape. Such a source could
be applied to seeding an FEL. By placing the tape right at the undulator entrance, losses
and aberrations from HHG beam transport optics are eliminated, while the electron beam
propagates through the thin (<10 micron) tape, overlapping with the HHG beam inside
the undulator [57]. This compact configuration for HHG could be paired with a compact
LPA [3], operating at a few Hz repetition rate. The high-intensity laser driving the LPA and
the moderate-intensity laser driving the tape-based SHHG source could be derived from a
single laser system, offering intrinsic synchronization between the electron beam and SHHG
seed radiation. Such a configuration is depicted in Fig. 4.1. Development of compact LPA-
driven FELs is an area of active research [60, 64, 65]. LPA electron beams have been used
to produce incoherent undulator radiation in the visible [66] and soft x-ray [67] wavelength
regimes. Application of the Berkeley Lab LPA to generation of incoherent and coherent
(gas-based HHG seeded FEL) radiation can be found in Refs. [5] and [68], respectively.

SHHG from overcritical plasmas has received great interest over recent years (see [35,
49, 69] and references therein). Though the accepted nomenclature of surface high-harmonic
generation, or SHHG, may imply harmonics are created from a laser-solid interaction, it is
in fact the interaction of the laser pulse with an overdense plasma (following a laser pro-
duced surface ionization), which creates a laser-plasma interaction leading to the collective
effects governing harmonic generation. Different emission mechanisms have been isolated:
at relativistic normalized intensities of a0 > 1), the highly non-linear relativistic oscillating
mirror (ROM) regime has extensively been studied [70, 49, 69, 71], while at sub-relativistic
intensities (a0 < 0.2) a more quasi-linear regime referred to as the coherent wake emission
(CWE) regime was identified [52, 53, 54, 47, 46, 55, 72]. For the studies described in this
chapter (and for the proposed seeded-FEL application), the CWE regime was chosen due its
quasi-linear intensity scaling (enhancing shot-to-shot stability), the availability of up to 100
mJ in 40 fs in the seed’s drive laser of our FEL design, and the contrast levels present in the
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TREX laser system.
The outline of this chapter is as follows: we will first present theoretical foundation of

SHHG. Both SHHG produced from laser intensities in the relativistic regime (known ROM
harmonics), and in the sub-relativistic regime (CWE harmonics) are explained. Next, the
experimental setup for the tape-based CWE campaign is discussed along with relevant details
of the experiment, including tape roughness and detector calibration. The experimental
characterization of CWE pulses includes the spectral analysis, spatial/divergence analysis,
and absolute flux derivation. At the 15th harmonic-order conversion efficiencies of 5-7×10−7,
MW pulses are produced at 7-15 mrad (rms) divergences. We conclude with the integration
of the experimental seed parameters and an FEL model, and show that strong electron
bunching is expected for the presented parameters.

4.2 Harmonic generation from solid surfaces

The two mechanisms that have been identified for harmonic generation by interacting
high intensity laser pulses with solid targets are ROM and CWE harmonics. These SHHG
techniques have been understood since the 1980’s [23, 73] and are have recently been shown
experimentally [35, 74] with the availability of highly-intense laser pulses. Due to the strong
electric field of a relativistic laser pulse, ROM is based on the reflection of the incident
laser pulse from a plasma at critical density oscillating at velocities near the speed of light.
The CWE harmonics mechanism uses plasma waves excited by Brunel electrons in a plasma
density gradient. Once absorbed, the electrons undergo subsequent mode conversion from
plasma waves to electromagnetic waves. Each of the two processes has very different prop-
erties. The most trivial difference of the harmonic generating mechanisms is the intensity
range in which they are generated. CWE occurs at sub-relativistic intensities with a0 < 1,
and ROM occurs for relativistic laser pulses and dominates the harmonic mechanism when
a0 > 1.

4.2.1 Coherent wake emission

In contrast to the ROM harmonics, coherent wake emission (CWE) is a bulk process.
Thus, harmonic orders are generated inside the bulk plasma target. Bunches of electrons
(Brunel electrons) are first pulled out of the plasma by the laser’s electric field component
perpendicular to the target surface. Note that p-polarization is required for this first step to
occur. Following being pulled from the plasma, when the electric field flips, the electrons are
accelerated back towards the plasma gradient. As electrons propagate through the density
gradient, they pass through the critical density surface and are no longer affected by the
laser pulse’s electric field. Beyond the critical surface the electrons propagate and excite
plasma waves in their wake. These plasma waves undergo linear mode conversion [16] and
radiate electromagnetic waves. This process is essentially inverse resonance absorption [75].
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It should be noted that CWE harmonics can only be generated in plasmas that have a
gradient length of order λ/100 to λ/10 [35].

The highest producible harmonic order for CWE depends on the properties of the target
material which is used. Since the Brunel electrons are creating a wake and linear conversion
occurs based on the local plasma density, the highest frequency which can be emitted is that
of the highest possible plasma density. This gives rise to the equation for the cutoff order
qcutoff :

qcutoff =

√
nmax
ncrit

(4.1)

where ncrit is the critical density based on the frequency of the input light and nmax is the
density of electrons in the solid material used to produce the plasma.

For typically used target materials, qcutoff lies between 15 for low-density plastics, 20 for
BK7-glass or fused silica, and metal targets which can produce 25+ order for a drive laser
at λ = 800 nm. However, the highest produced harmonic is based on many factors, such as
the intensity of the driver pulse, the pulse contrast, the surface quality of the solid target,
among others. The dependence of the spectral cutoff for CWE harmonics has been shown
in Ref. [50, 76, 77].

To evaluate the physics behind the mechanism of CWE, we first look at the linear density
gradient of length L over which the electron density in the target rises from zero to nmax.
The density as a function of position x can then be written as

ne(x) =
x

L
nmax. (4.2)

The position within the gradient at which each different frequency of light is produced
is given by the localized plasma density at a given depth x. Since the plasma frequency is
proportional to localized electron density (ωp ∝ n

1/2
e ), the position x(q) inside the gradient

at which the harmonics order q is generated is given by [77]

x(q) =
Lncritq

2

nmax
. (4.3)

The discussion of CWE harmonics in this chapter shows that CWE has unique properties
which can be distinguished from ROM harmonics. Mainly that the highest achievable har-
monic is determined by the maximum density of the target. This limits the spectral range
to harmonics up to λ ∼ 40 nm for commonly used BK7-glass targets. There is no universal
spectral roll-off [50, 76, 77].

4.3 Experimental setup

As depicted in Fig. 4.2, laser pulses from the BELLA Center’s TREX [12] laser system
(central wavelength 803 nm +/-5 nm) were focused by a 2 m focal length parabola to a spot
size of 23.0 µm. The Strehl ratio was measured to be 0.73, and the pulse duration was τ0=48
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fs (intensity FWHM). The energy on target was measured with calibrated energy detectors,
and was varied from several mJ’s to over 300 mJ. For a laser energy on target of 70 mJ, this
yielded a peak intensity of 1.8× 1017 W/cm2 (a0 = 0.29).

The laser pulse contrast was optimized with an XPW [34], with the contrast after ampli-
fication measured by a 3rd-order cross-correlator. A fit to the cross-correlation is shown in
Fig. 5.13. The laser pulse can be described as having a 5-ps-long pulse pedestal during which
the contrast increases from 1 × 10−8 relative intensity (the amplified spontaneous level) to
1× 10−4 relative intensity.

Al foil

Transmission

grating

CCD + objective

Phosphor

screen

MCP

Parabola

Solid target

(tape)

Laser

Silicon 

Brewster plate

HHG beam

Figure 4.2: Schematic representation of the experimental setup for the generation of CWE pulses and their
characterization. A 100 mJ-level laser is focused onto a thin tape, with the surface-generated harmonics
propagating to an MCP-based detection setup.

The focal position with respect to the tape surface was varied by two coupled transla-
tion stages (parabola and steering mirror), see Fig. 4.2. A detailed description of the tape
materials and mechanics of the tape drive is described in Chapter 5. The tape was moved
in incremental steps of ∼1 cm between laser shots. The reflected laser, together with the
surface-produced harmonics propagated to a silicon mirror at 74.9◦ with respect to normal
(Brewster angle for 800 nm light), where the bulk of the laser energy was absorbed.

The spatial profile of the XUV light was measured by a phosphor-backed micro-channel
plate (MCP) covering an observation angle of 88 mrad. Insertion of a 200-nm-thick aluminum
foil and/or a 100 nm period transmission grating was possible, allowing for both angular
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intensity and spectral characterization. The transmission grating (described in Ref. [78])
contained free-standing silicon nitride line pairs covering an area of 1.1×4.7 mm2 with added
horizontal support bars every 5 µm. The 575-nm photons from the phosphor screen were
imaged onto a 10-bit (effective range) CCD camera.

4.3.1 Tape materials and surface quality

The CWE performance from three tapes was compared to a polished glass substrate.
The tape materials were Mylar (thickness 24 µm), the magnetic-recording side of VHS (1.5
µm thick iron-oxide layer on a 13.5 µm thick Mylar substrate), and Kapton (thickness 9
µm)1. The iron-oxide layer of the VHS tape is mixed in with a bonding material following
a ∼50/50% volume ratio.

Previous studies have focused mainly on the role of roughness in production of ROM
harmonics. Rykovanov et al. [79] showed through simulations that under sufficiently strong
laser intensities the roughness can get smoothed. Dromey et al. [80] indeed confirmed the
limited or absent impact of roughness on ROM divergence. In Dromey’s work, the roughness
was expressed as a sample averaged standard deviation.

While the mechanics of ROM surface denting can be used to directly determine pulse
divergence, pulses generated using CWE depend on the intrinsic emission phase across the
2D interaction area. Since the interaction of the drive laser with a spatially non-uniform
solid surface governs the spatial phase, the roughness values of the tape will be used to
parametrize the material’s surface properties, and in turn influence the divergence of the
generated CWE pulse.

Here we will discuss the impact of roughness on CWE harmonic divergence (at lower laser
intensities than for ROM), with the roughness analyzed explicitly in terms of its spatial-
frequency spectrum. It will be shown in Sec. 4.4.2 that an experimental correlation between
roughness and CWE divergence clearly appears.

For an arbitrary surface of height distribution h(x, y), it is most common to discuss the
surface properties in terms of the profile at a given spatial frequency. The measurement of
h(x, y) is typically a discrete 2D array hm,n, with M × N number of pixels at physical size
∆x and ∆y for the tangential and sagittal directions, respectively. In the Fourier domain the
2D power spectral density (PSD) function S2(l, κ), with l the tangential and κ the sagittal
spatial frequency, is then defined as [81] S2(l, κ) = MN∆x∆y|Fl,κ|2, with

Fl,κ =
1

MN

M−1∑
m=0

[
e−2πıml/M

N−1∑
n=0

hm,ne−2πınκ/N

]
. (4.4)

The estimates for the 1D two-sided tangential (positive and negative frequencies) PSD S ′1(l)
and sagittal PSD S ′1(κ) are obtained by integrating over rows (κ) and columns (l), respec-
tively. These are then converted to 1D one-sided (positive frequencies only) PSD’s S1(l)

1Mylar is the brand name for a stretched film made of polyethylene terephthalate (PET), while Kapton
the brand name for DuPont’s polymide film with chemical name poly(4,4’-oxydiphenylene-pyromellitimide).
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and S1(κ) by multiplying the 1D two-sided PSD’s by ×2. Note that these concepts are
extensively discussed in Ref. [81].
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Figure 4.3: Measured surface profiles for the (a) Mylar and (b) Kapton tape. From the raw measurements
(a) and (b), the 1D one-sided power spectral density was calculated (averaged over the tangential and sagittal
planes), shown in (c). The polished glass substrate has the smoothest surface, while for spatial frequencies
above 0.02 µm−1 (corresponding to spatial wavelengths below 50 µm) Mylar, Betamax and VHS tapes are
rougher than the Kapton tape and the computer storage tape.
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We have performed measurements on the surface roughness in two spatial frequency
ranges. The first measurement was performed with a interferometric microscope (MicroMap
Corporation, MicroMap-570), capable of measuring the surface distribution at spatial fre-
quencies below a few µm−1 depending on objective selection [81]. Such a detection range
is ideal to study the surface quality for spatial structures ranging from ∼ 1 µm to larger
features of the order of the laser spot size (few tens of microns). Figures 4.3(a) and (b)
show the spatial profiles obtained with a 5× objective for Mylar tape and Kapton tape. The
average of the 1D one-sided PSD in both tangential and sagittal planes for each substrate
is shown in Fig. 4.3(c). Note that no corrections for the instrument response and resolution
were made [82, 83]. One can see that the polished glass substrate is the smoothest substrate.
Both the VHS tape and the Mylar tape are significantly rougher than the Kapton tape for
spatial frequencies > 0.02 µm−1 (spatial wavelengths < 50 µm). The relevance of these
findings will be addressed in the experimental discussion of Sec. 4.4.2.

A second roughness related measurement was performed at the soft X-ray beamline
(beamline 6.3.2) at the Center for X-ray Optics (CXRO) at the Advanced Light Source (ALS)
in Berkeley, California (details online2). At the ALS, monochromatic light was delivered
onto a tape at the desired wavelength. The energy in the reflected beam was measured by
a photo-diode downstream of the tape. When operated at grazing incidence angles (> 80◦

with respect to the surface normal), the reflectivity measurement in this configuration is
dominated by the energy loss due to scattering of surface fluctuations at spatial frequencies
above the inverse XUV wavelength > 1/λ (discussed in Ref. [81]). Under these assumptions
(also referred to as the Nevot-Croce regime [84]), the surface roughness can be described by
a single roughness parameter σ. The database of CXRO (available online3) incorporates a
choice for σ in order to adjust the reflectivity, with the roughness-adjusted reflectance R(λ)
expressed as

R(λ) = R0(λ) exp

[
−
(

4πσ

λ

)2

nint sin θi sin θt

]
, (4.5)

where R0(λ) is the reflectance from a smooth surface (σ = 0), and ni,t and θi,t are the refrac-
tive index and angle of incidence of the incoming and transmitted beam [84] respectively.

The results for (a) the Mylar tape at 80◦, (b) the iron-oxide side of the VHS tape at
80◦, (c) the Kapton tape at 80◦, and (d) the polished glass substrate at 82◦, are shown in
Fig. 4.4. Note that these are the same materials studied by the optical interferometer as
shown in Fig. 4.3. We can see from Fig. 4.4 that also in this spatial-frequency regime, the
glass substrate is the smoothest at σ=4 nm, followed by the Kapton tape at σ=8 nm, the
VHS tape at σ=11 nm, and the Mylar tape at σ = 13 nm. As will be shown, the roughness
of the material determines the SHHG pulse divergence.

2cxro.lbl.gov/als632
3henke.lbl.gov/optical constants/mirror2.html
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Figure 4.4: Plotted are the theoretical and measured grazing-angle reflectivity curves for (a) Mylar tape,
(b) VHS tape, (c) Kapton tape, and (d) a polished glass substrate. The theoretical curves represent the
values given by the CXRO database assuming no surface roughness (blue line), and a surface roughness
value (σ) that best matches the measured reflectance values (red line). The reflectance values from each
tape surfaces were measured at the ALS and are plotted at each wavelength (grey circles). Note that the
database roughness parameter σ is physical only in a regime where the measurement is performed within
the Nevot-Croce frame (i.e. where the relevant spatial frequencies are higher than 1/λ).

4.3.2 Absolute calibration of XUV detector

As described in the setup discussion, the detection of the XUV photons was done by
a phosphor-backed MCP (see Fig. 4.2). An f/1.4 objective, placed at 30 cm from the
MCP/phosphor detector, enabled imaging of the spatial XUV profile at the MCP onto a
10-bit (effective) CCD camera. In order to obtain an absolute number for the XUV photons
in a given harmonic, a calibration (XUV photons to CCD counts) is essential. A wavelength-
dependent calibration was realized at the CXRO beamline at the ALS. Note that the ALS
beam is free of higher-order grating reflections by means of foils and order suppressors, avail-
able at a wavelength range of ∼1-50 nm. A calibrated photodiode measured the absolute
photon flux at a given wavelength, and the MCP/phosphor detector (under identical imaging
conditions as in the CWE SHHG setup) measured the total counts. The resulting calibration
curve of photons per count is shown in Fig. 4.5.
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Figure 4.5: Calibration of XUV photons per CCD count from the MCP+Phosphor as measured at the ALS
beamline. The calibration curve for wavelengths above 50 nm was obtained through extrapolation.

At the same ALS beamline, the wavelength-dependent reflectivity of the Brewster-angle
silicon plate and the transmission of the 200-nm-thick aluminum foil, see Fig. 4.2, were
recorded. The losses at a wavelength of 50 nm were 35% for the silicon plate and 40% for
the aluminum foil.

4.4 Experimental results

The experimental results are divided into three sections: spectral measurements, spatial
or divergence measurements, and absolute photon yield. An overview of the measured CWE
parameters is presented in Table 4.1 at the end of this chapter.

4.4.1 SHHG spectral measurements

Figure 4.6(a) shows a typical spectrally-dispersed CWE image obtained from VHS tape.
This image was obtained with the transmission grating, and aluminum foil in the beamline,
while the focus was positioned 1 mm downstream of the tape surface. A 260 mJ pulse
with pulse duration of 79 fs (chirped with ξ=1.32 following τ = τ0

√
1 + ξ2), yielded a focal

intensity of 2.8×1017 W/cm2 (a0 = 0.36). Even and odd harmonic orders up to the 18th can
clearly be observed. Note that the horizontal support bars of the transmission grating add
secondary dispersion in the vertical plane as can been seen in the raw image in Fig. 4.6(a),
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Figure 4.6: (a) A typical spectrally-dispersed spatial profile of CWE harmonics produced off the VHS tape
(on-target laser energy of 150 mJ). A line-out is shown in (b). Even and odd harmonics up to the 18th

order are observed. The strong peak at the position of 3 mm is the 0th-order transmission through the
grating. The vertical bars represent the calibrated locations of integer harmonics. See Fig. 4.5 for the
relative photons/counts calibration at each wavelength.

which was extensively described by Kornilov et al.[85] The spectral image was vertically
averaged over the relevant region to form the line-out in Fig. 4.6(b). With the spectral
calibration dictated by the grating and setup configuration, we used the drive wavelength
λ as a variable to match the individual qth-order harmonics (following λ/q). As seen from
Fig. 4.6(b), the lines overlap with the observed harmonics of the drive laser’s wavelength
centered at 800 nm (∼1% error in absolute spectral calibration), which is in agreement with
the measured central wavelength.

A comparison between VHS tape, Kapton tape, and polished glass is shown in Fig. 4.7.
The three spectra are representative of several successive shots, and were recorded under
identical laser conditions. The laser energy was 70 mJ with a focal intensity of 1.8 × 1017

W/cm2 (a0 = 0.29). The glass produced a spectrum up to the 20th order, which is consistent
with the maximum density of 7.8×1023 cm−3 and qmax =

√
n/ncr ' 21 as described in the

supplement of Thaury et al. [76] with ncr = 1.75× 1021 cm−3 the critical density for 800 nm
light. The observed cut-off for both the VHS and Kapton tape was ' 16. Though the exact
density is unknown for both tapes, their density is greater than that of pure CH plastics,
which have a predicted cut-off at 15th order. [76]

4.4.2 SHHG spatial profile measurements

By removing the transmission grating in front of the MCP (see Fig. 4.2 for the setup),
the full spatial profile (and hence divergence) of the CWE beam was recorded. With the 40
mm diameter MCP placed 455 mm from the tape surface, the total observable angle was 88
mrad. The divergence of the CWE drive laser was 34 mrad (FWHM).

Representative images for the divergence off Mylar tape, VHS tape, Kapton tape, and
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Figure 4.7: Representative CWE spectra off (a) a polished solid glass substrate, (b) the VHS tape and (c)
the Kapton tape. All spectra were taken with an energy on target of 70 mJ. The red curve in the plots
shows the transmission curve of the 0.2-µm-thick aluminum foil. The dashed black line shows the harmonic
cut-off of each material [74]. See Fig. 4.5 for the relative photons/counts calibration at each wavelength.

a polished glass substrate, are shown in Fig. 4.8. The data was recorded under identical
laser conditions as the CWE spectra in Sec. 4.4.1, with the drive laser energy of 70 mJ
(intensity of 1.8 × 1017 W/cm2 and a0 = 0.29). With the aluminum foil in place, the
spatial profiles represent a spectrally-integrated CWE beam size, covering orders 11 to 46.
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Figure 4.8: Spatial CWE pulse profiles for Mylar tape, VHS tape, Kapton tape, and the glass substrate.
From these images the CWE divergence (integrated over orders above 11) was derived, ranging from 4 mrad
(rms) for glass, to 7 mrad for Kapton tape, and 12 mrad for VHS tape, and 14 mrad for Mylar tape. The
dashed blue line represents the beam size and divergence of the input IR beam [15 mrad (rms)].

Spectral dependencies on the divergence were not investigated during these experiments.
The measured divergence was found to be correlated to the surface roughness measurements
of Sec. 4.3.1.

The smoothest target was solid glass (see both Figs. 4.3 and 4.4), which yielded a rough-
ness of 4 nm and divergence of 4 mrad (rms). Kapton, Mylar and VHS had measured
roughnesses of 8 nm, 11 nm and 13 nm, respectively, using the Nevot-Croce method [84]
(with relevant spatial frequencies above 1/λ.) Using the power spectrum density in the
Fourier domain of the 2D surface map yielded the same increasing order of materials from
smoothest to roughest: glass, Kapton, VHS, and Mylar. The SHHG beams produced from
these surfaces were ordered in the same way with increasingly larger divergences of 4 mrad, 7
mrad, 12 mrad, and 14 mrad, respectively (Fig. 4.8). Comparison between the Nevot-Croce
roughness values and the rms beam divergences yielded a strikingly similar values with nearly
a 1:1 ratio of roughness (nm) to divergence (mrad) [Table 4.1].
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Other groups have typically used stronger focusing conditions (f/# < 5) for the drive
laser, with corresponding large CWE divergence angles of order 50 mrad or larger. [48, 80,
86] For similar focusing conditions as our setup (f/# > 20), Thaury et al. measured a
similar CWE divergence of 6 mrad (rms). [76] Both this experiment and Thaury et al. [76]
produced XUV pulses from a glass substrate with a divergence about three times smaller
than that of the drive laser, suggesting good transverse coherence of the target surface and
an IR phase-front free of significant aberrations.

In order to demonstrate the shot-to-shot stability of CWE harmonics, nine successive
images of the spatial profile from the VHS tape are shown in Fig. 4.9. The observed stability
is consistent with the quasi-linear nature of CWE. [69] Table 4.1 of this chapter lists the
standard deviation on the divergence and total counts, as well as the pointing fluctuations.
All fluctuations are of few-% level, with the pointing fluctuations of order 0.2 mrad (few %
of the divergence). For the proposed LPA-based FEL application, these fluctuations are well
within the specifications required for the electron and seed beam overlap.

Figure 4.9: Nine sequential CWE spatial profiles measured off the VHS tape. Consistent with theory, we see
excellent shot-to-shot reproducibility, due to the quasi-linear mechanism responsible for CWE emission.

4.4.3 Absolute photon flux

Another critical parameter to be determined is the CE for the 15th order. From the
spatial profiles (collecting the entire CWE beam), and with the ratio of counts in each har-
monic order obtained from the spectral measurements, the total counts in the 15th order
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Table 4.1: Overview of measured CWE pulse parameters

Tape Material Mylar VHS Kapton Glass Substrate5

Thickness [µm] 24 15 (total)4 8.8 5000
Roughness (XUV reflectom-
etry) [nm]

13 11 8 4

Roughness (PSD at 0.1
µm−1) [µm3]

4× 10−3 1× 10−3 1× 10−4 5× 10−5

CWE pulse divergence
(rms) [mrad] 6 7

14 12 7 4

CWE pulse pointing fluctu-
ation (rms) [mrad]

0.6 0.18 0.21 0.15

15th order conversion effi-
ciency

3.5× 10−8 6.5× 10−7 4.8× 10−7 2.9× 10−8

CWE pulse total counts
fluctuation (rms) [%]

2.5 2.8 5.6 7.9

was estimated. Since the CWE beams were typically larger than the size of the transmis-
sion grating, the spectrum was only sampled near the center of the CWE beam (hence, a
spectrally-dispersed CWE pulse divergence was not obtained). For the analysis presented in
the next paragraphs, we will assume that the spectrum measured at the CWE pulse center
is representative of the spectrum of the entire CWE pulse.

To convert counts to photons, the absolute detector calibration described in Sec. 4.3.2
and Fig. 4.5 was used. For VHS, beams of 11 mrad (rms) divergence were observed, with
'23% of the counts in the 15th order, equivalent to 45 nJ of energy.

Using ∼70 mJ of IR light, the 15th order conversion efficiency was 6.5× 10−7. Similarly,
CE’s for Kapton tape (CE= 5 × 10−7), Mylar (CE= 3.5 × 10−8), and the glass substrate
(CE= 2.9×10−8) were estimated. Although future efforts will focus on further enhancing the
CE, these values are already of equal or higher value than measured by other groups (Borot et
al. [63] measured a CE=3 × 10−8 for the 15th order, while Easter et al. [86] measured a
CE=2 × 10−7, although under different drive laser conditions). At a CE=6.5 × 10−7, note
that this SHHG source offers a competitive advantage to gas-based systems. The SHHG
laser focusing system is of length 2 meters versus >10 meters in gas-based HHG (distance
from parabola to first post-focus optic). The long gas-based HHG length explains the limited
number of labs pursuing high-peak-power gas-based sources (one exception is Midorikawa et
al. [87]). Furthermore for the SHHG-seeded FEL application transport optics would not be
necessary, providing a gain of order ×5-10 in on-target delivery (MW at the source translates
to MW at the application). Also, the 10-mrad level divergence removes the shot-to-shot
alignment sensitivity to overlap the seed with the e-beam.
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4.5 CWE induced microbunching

The CWE source characterized in Sec. 4.4 has many potential applications due its high-
power nature. One such application is as a coherent seed for an XUV FEL. In this application
(see Fig. 4.1 for a schematic) the source of the CWE emission would be installed upstream
of the undulator entrance without additional HHG transport optics. The divergence of the
CWE pulse results in an intensity that rapidly decreases along the undulator. Despite this
rapid reduction in radiation intensity, the CWE pulse can still strongly bunch an electron
beam in the undulator, seeding the FEL.
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Figure 4.10: Bunching factor |B| versus normalized undulator length kuz = (2π/λu)z with (solid red curve)
and without (dashed red curve) seed radiation. Without seeding, initial bunching |B(z = 0)| = 10−4 was
assumed. Also shown is the amplitude of the seed radiation intensity as(z) (black curve).

For a given seed divergence, a corresponding source spot size w0s can be defined through
w0s = λ/(πθrms), with θrms = θFWHM/

√
8 ln 2 the divergence. The focus of the CWE will

be located at position zF < 0, with z = 0 the undulator entrance. For our proposed seeded-
FEL configuration (see Fig. 4.1), the undulator entrance is many Rayleigh ranges zRs from
focus (with zRs = πw2

0s/λ). With |zF | >> zRs, combined with the fact that we consider
the electrons to be close to the propagation axis, we may approximate the seed field as a
plane wave. The effects of seed wavefront curvature will be the focus of future studies. For
a Gaussian beam, the z-dependent normalized field strength as is

as(z) =
as0√

1 + (z − zF )2 /z2Rs

. (4.6)

415µm total = 13.8µm (Mylar substrate) + 1.2µm (magnetic coating of iron-oxide and bonder).
5Not a tape material.
6Shot to shot beam divergences fluctuate below 5% of the reported divergences values.
7All measured divergences were smaller than the drive laser’s divergence of 15 mrad (rms).
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Figure 4.11: Bunching factor |B| after 22 periods (kuz = 44π) as a function of CWE seed divergence (with
the seed power of 3 MW fixed). To achieve bunching above |B| = 10−3, a divergence below 20 mrad rms is
required. The measured integrated CWE pulse divergences are of order 7-15 mrad.

The peak strength as0 is related to the seed energy Ws (filtered to include only the 15th

harmonic), pulse duration τs, and source size w0s. We will consider parameters using our ex-
perimental observations and the proposed LBNL LPA-driven FEL design, [65] λu = 2.18 cm,
zF = −1 cm, λ = 800/15 = 53.3 nm, θrms = 5.7 mrad (with w0s = 3 µm and zRs = 524 µm),
and 3 MW power (Ws=60 nJ in τs=20 fs), yielding as0 = 2 × 10−4. A slightly smaller
divergence is considered than the measured 8 mrad for the Kapton tape, since the 15th or-
der divergence is expected to be smaller than the spectrally-integrated divergence. A pulse
energy of 60 nJ is consistent with measured CE’s in the 5 − 7 × 10−7 range for VHS and
Kapton tapes,with >100 mJ drive laser energy available. The z-dependence on as is plotted
in Fig. 4.10 as the solid black curve (note that the propagation distance z on the x-axis is
normalized to kuz = 2πz/λu). For this case, as(z = 0) = 10−5 at the undulator entrance
and decreases to as = 10−6 after kuz = 8π (four undulator-periods). Note that further de-
tails of the CWE seed-induced microbunching model are discussed in Sec. 4.6. As Fig. 4.10
demonstrates, with the 3 MW seed present, the bunching is strongly accelerated and already
reaches |B| = 10−2 within 15 undulator periods (kuz = 30π). So although the seed has a
focus upstream of the undulator entrance (19 zRs’s) and has a divergence of 5.7 mrad (rms),
its as = 10−6 − 10−5-level field strength is still sufficient to induce and dominate bunching.

Figure 4.11 shows the effect of bunching after 22 undulator periods as a function of seed
divergence. To achieve bunching |B| > 10−3, a seed divergence below 20 mrad (rms) is
required. Note that the bunching growth in any FEL (with or without seeding) will be
strongly reduced for an e-beam with slice energy spread σγ/γ larger than the FEL Pierce
parameter ρ.
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4.6 CWE seed-induced micro-bunching model

In this section the basic steady-state FEL equations [58] are extended to include a seed
radiation field that is rapidly evolving compared to FEL gain length [e.g., a strongly diverging
CWE radiation field of the form Eq. (4.6)], and the initiation of bunching by the seed
radiation in the exponential growth regime is examined. A plane wave model of the seed
field is adopted that neglects the phase front curvature of the seed. We expect this to be a
reasonable approximation since we are considering that the seed radiation source (tape) is
many (& 10) Rayleigh ranges from the undulator entrance and that the transverse electron
beam size is much smaller than the spot size of the seed radiation in the undulator.

Consider seed radiation at the resonant wavelength for the beam in the undulator

k = 2kuγ
2
r/
(
1 + a2u

)
, (4.7)

where kc = ω = 2πc/λ is the radiation frequency, γr is the resonant beam energy, and we
assume a planar undulator with λu = 2π/ku the undulator wavelength and au = K/

√
2 the

normalized rms undulator field strength.
The seed radiation co-propagating with the electron beam in the undulator initiates

bunching of the beam. To estimate this bunching we consider a 1D model of the interaction
(note that the decrease in seed strength versus propagation is following 2D geometry). As-
suming the normalized seed field is small as � 1, the combined fields of the undulator and
seed provide a ponderomotive force on each electron such that

dηj/dz = κB
[
(a+ as)e

iθj + c.c
]

(4.8)

where ηj = (γj − γr)/γr � 1 is the energy deviation from resonance of the jth electron,
as(z) = eAs/mec

2 is the normalized seed radiation field, a = eA/mec
2 is the normalized

FEL radiation field, θj = (k + ku)zj − ωt is the ponderomotive phase of the jth electron,
and κB = kK[JJ ]/(2

√
2γ2r ). Here an average over the orbit in the planar undulator was

performed and [JJ ] = J0(ξ)−J1(ξ) with ξ = a2u/[2(1 + a2u)] and Jm are the mth-order Bessel
functions. The position of the electron in the ponderomotive phase evolves as dθj/dz = 2kuηj.

Assuming a slowly-varying envelope approximation and neglecting slippage effects, the
linearized wave equation for the FEL radiation is

da/dz = κM
〈
e−iθj

〉
, (4.9)

where the brackets indicate an average over the beam electrons and κM = k2pK[JJ ]/(2
√

2kγr),
with kpc the plasma frequency corresponding to the beam density. The beam bunching
〈exp (−iθj)〉 drives the emission of FEL radiation. Using Eq. (4.8), neglecting harmonics,
and linearizing, the evolution of the beam bunching is

d2

dz2
〈
e−iθj

〉
= 2ikuκB(a+ as). (4.10)
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Combining Eqs. (4.9) and (4.10) yields the evolution of the FEL radiation driven by the
seed, (

∂3ẑ − i
)
a = ias, (4.11)

where ẑ = 2ρkuz, and the FEL parameter ρ is

ρ =

(
K2[JJ ]2k2p

32k2uγ
3
r

)1/3

, (4.12)

with Lg = 1/(2
√

3kuρ) the 1D FEL power gain length.
Equation (4.11) and the corresponding bunching 〈exp (−iθj)〉 = κ−1M da/dz can be solved

for the a diffracting CWE seed of the form Eq. (4.6). The beam bunching 〈exp (−iθj)〉 is
shown in Fig. 4.10 versus propagation distance in the undulator kuz for the FEL parameters
K = 1.25, λu = 2.18 cm, γr = 600, and ρ = 0.012 (I = 4.4 kA and 24 µm transverse
rms beam size), and the CWE seed parameters as0 = 2 × 10−4, zf = −1 cm, and ZRs =
524 µm [27].

4.7 Conclusion

In this chapter, experimental results for coherent wake emission (CWE) driven surface
high-harmonic generation (SHHG) from a thin-tape were presented. Such an experimental
configuration allows for the SHHG source to be placed near the undulator entrance in an
LPA-based FEL experiment, where the SHHG pulse will act as a seed to enhance FEL
lasing. CWE pulse properties from various tape materials (VHS, Mylar, and Kapton) were
compared to a polished glass substrate. The roughness of the materials, defined as a power
spectral density function versus spatial frequency, was extensively studied. In terms of CWE
pulse characterization, we recorded the spectrum, spatial profile, divergence, and absolute
flux. The glass was the smoothest structure over the relevant spatial scale-lengths, yielding
the lowest divergence [4 mrad (rms)], but at a low 15th-order conversion efficiency (CE)
of 2.9 × 10−8. Its CWE spectrum covered the harmonic orders up to the 21st. Among
the tapes Kapton was the smoothest, resulting in the smallest divergences of the harmonic
signal produced from a tape (rms divergence = 8 mrad). At 4.8 × 10−7, the 15th-order
CE was significantly larger than for glass. The VHS and Mylar tapes were the roughest
targets, and yielded the largest divergences at 12 mrad (rms) and 14 mrad (rms), respectively.
The VHS tape however did produce the largest 15th-order CE at 6.5 × 10−7. All tapes
produced harmonics up to the 17th. An overview of the measured CWE parameters is given
in Table 4.1.

It was demonstrated that the CWE regime offers great shot-to-shot stability due to the
intrinsic nature of the (quasi)-linear physics driving the emission process. The pointing
fluctuation was of the 0.2 mrad level (few % of the total divergence). The shot-to-shot
variations in beam divergence and total counts was also of few % level (without correcting
for laser energy fluctuations).
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Based on these measurements, 3 MW CWE pulses can be delivered into the undulator.
This is based on 60 nJ in the 15th order in a 20 fs pulse, with 100 mJ of laser energy and a
CE of 5-7×10−7. We presented a model that calculated the effect of the seed on the electron
beam micro-bunching following undulator propagation. Parameters close to the proposed
LPA-based experiment [65] (largely based on existing hardware parameters of the BELLA
Center) were used. It was shown that within 10 undulator periods, the seed already initiated
strong bunching approaching normalized bunch parameters of |B| = 10−2. In this model,
the focal location of the a0 = 2 × 10−4 seed was placed 1 cm upstream of the undulator
entrance. For the current measured seed parameters and model results, the outlook for an
LPA-based seeded FEL seems promising.
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Chapter 5

Tape Based Plasma Mirror
Characterization

5.1 Introduction

When a highly-intense laser pulse interacts with a solid surface, ionization of the solid
occurs creating a surface plasma. Following ionization, the plasma expands into vacuum
creating a plasma density gradient seen by the remaining portion of the input pulse. The
remainder of the pulse interacts with the expanding plasma, which reflects the light at the
critical surface, ncrit, creating a plasma mirror (PM) reflection. One challenge to using the
PM experimentally is that the formation of a surface plasma is destructive to the solid surface
in the area of the laser focus. After each shot, an undamaged surface must be provided [63].
This chapter explores the use of a thin, spooled tape surface a plasma mirror, which allows
for 10’s of thousands of shots on target before the tape must be replaced [25, 26].

With a high quality reflection and minimal pointing fluctuations, a plasma mirror can
be used as a reproducible steering optic in a geometry where a laser pulse is near focus
and damage to the optic will occur. PMs are more conventionally used to provide contrast
enhancement.

Using a thin tape as a plasma mirror has other advantages over more conventional,
polished-glass, plasma mirrors [63]. One example is using a thin tape to transmit an electron
beam through the tape while reflecting the input laser light. This creates new experimental
geometries that require the spatial overlap of a particle beam and reflected light [25, 26].

A tape drive has been developed and optimized at the BELLA Center at the Lawrence
Berkeley National Laboratory, which spools 1/2 inch wide VHS tapes of 15 µm of thick-
ness [88]. With pointing fluctuations on the order of the laser itself and reflectance of > 80%
the input light make this a novel, replaceable, steering mirror which can be positioned near
the focal plane of a laser.
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5.2 Thin, spooling, tape-based plasma mirror

5.2.1 Tape drive motion and tape design

PM re�ected laser beamline. 
Tape acts as a pointing Optic. 
Focal scans: scan focus between
+/-15 mm from the tape surface.

PM input laser beamline. 

Rotating Motors coupled 
to tape spools

Rotating Linear enocder

15 micron thick VHS tape
or 6.6 micron thick computer
storage tape. 

Figure 5.1: A schematic of the tape drive is shown here. The tape drive consists of two motors coupled to
rotating reels for spooling the tape, a rotating linear encoder, and metal pegs to maneuver the tape into
place.

The electronics of the tape drive are shown in Fig. 5.1. The tape drive consist of two
Faulhaber DC stepper motors and a linear encoder used to track the movement of the tape.
Each stepper motor is surrounded by water cooled insulation to allow for use in vacuum
without heating up, and the motors are controlled using a Newport ESP301 3-Axis Motion
Controller. When the tape is being held stationary each of the two motors pull the tape
with equal force in opposite directions, creating tension and keeping the tape from moving.
Providing the proper tension on the tape is crucial to ensure the tape surface doesn’t ripple,
bow, or break from the holes created following each laser shot. To spool the tape, the
rotational force in one of the two tape motors is gradually reduced until the tape begins
to move. This tape surface motion is spooled in a controlled way, which is monitored by
the encoder. Once the tape has spooled by the correct amount, the rotational force in both
motors is again equalized, and the tape is held taut.
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5.2.2 Chemical structure and material make up of magnetic
recording tapes

The make-up of the magnetic recording tapes used in this study are all constructed
with a plastic base, which acts as the bulk material support for magnetic particles on the
surface [88]. The magnetic particles are bound to the plastic using a binding polymer, which
has a mass ratio of ∼ 50/50 (mass binding polymer/mass magnetic particles) and a volume
ratio of ∼ 90/10 (volume binding polymer/volume magnetic particles). Since the density of
the magnetic surface polymers differs little for different tapes, manufacturers typically alter
the thickness of the plastic substrate in order to allow for more or less tape to be spooled
onto a single spool, giving consumers more or less data storage capabilities on a standardized
size spool of tape [88]. The tapes used in this study had a thickness of 6.6 µm for computer
storage tape [89] (5.1 µm thick plastic film with 1.5 µm thick recording layer with a possible
backing coating [90] depending on the manufacturer) and a thickness of 15 µm for standard
VHS tapes [88] (13.5 µm thick plastic film with 1.5 µm thick recording layer).

The computer storage tape used in this study is an Linear Tape-Open (LTO) Ultrium 4
800 GB Data Cartridge [89]. In the characterization of the tape to be used for this study
(Shown in Fig. 4.3), LTO storage tapes were chosen due to their thickness of 6-8 µm [91,
89, 92]. Because the PM is being used in the two staged acceleration experiment, which
requires the transmission of an electron beam through the bulk of the tape, the thickness of
the material was minimized to decrease negative affects to the electron beam’s emittance.
The LTO 4 800 GB cartridge was chosen because it is thinner than the LTO 1, 2, and 3
models, and provided a better pointing stability than the LTO 5 1.5 TB tapes, which have
a thickness of 6.4 µm [92].

It has been shown in Chap. 4 of this thesis (see also Ref. [25]), that surface high harmonic-
generation (SHHG) produced from the recording side of a magnetic storage tape produces
harmonics up to λ = 40 nm (20th order of the 800 nm drive laser). The harmonic cutoff
order for the sub-relativistic (ao = 0.29 in Ref. [25]) SHHG scales with the maximum electron
density of the solid material. Plastics are only capable of producing light up to λ ∼ 50 nm
(due to their maximum electron density of ∼ 4 × 1023 cm−3). Therefore, the presence of
sub-relativistic harmonics up to λ = 40 nm produced from the front surface of VHS tape,
indicates the interaction of the laser pulse with magnetic particles (Iron(III) oxide and binder
mixture).

5.3 Plasma mirror (PM) reflectance measurement

The reflectance of a PM is affected by two factors: how much energy gets absorbed by the
plasma, and the flatness of the ionized surface plasma when the peak of the pulse interacts
with the PM. In the left region of Fig. 5.2 (Region I), the focus of the pulse is close to the
tape surface (tape surface at x = 0 mm). Here the spot size of the laser is small, creating
a high fluence on the surface of the tape. With a higher fluence, the surfaced is ionized
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Figure 5.2: A plot showing the reflectance from a PM for different focal locations, x. The tape surface is
at x = 0 mm. Two regions are shown which do not provide the ideal pulse reflection due to the triggering
time of the plasma mirror. The left region (Region I), shows when the focus of the laser is positioned on
or very close to the position of the tape. The right region (Region II), shows when the focus of the laser is
positioned far downstream of the tape surface.

earlier in the pulse’s shoulder, and the plasma begins expanding. The losses in this region
are due to the long plasma gradient lengths. By the time the peak arrives the plasma surface
has already expanded enough to shape the plasma into a convex surface, creating a poor
reflection.

The right region of Fig. 5.2 (Region II), shows when the focus of the laser is positioned
downstream of the tape surface. In this region, the spot size of the laser is large. The low
intensity on the tape will not ionize in the pulse’s shoulder but rather in the peak of the
pulse. Here the pulse sees a flat surface and a high percentage reflection is produced.

The flatness of the ionized surface is the basis of the plasma mirror model discussed
in Section. 5.6. The wavefront of the reflected light is distorted due to the shape of the
PM surface. This will produce a phase shift of δψ caused by nonuniform critical surface
expansion. The maximum phase shift introduced on a surface with a height perturbation of
δx with input angle of θi, is given by

δψ =
2π

λ
2δx cos θi. (5.1)

An equation very similar to the Nevot-Croce method [84] used in Section 4.3.1 was used
to model the reflectance of the plasma mirror data collected from both sides of the VHS and
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computer data tape, as well as a study of reflectances from S-polarized and P-polarized light
from both sides of the VHS tape. The equation used to model the reflectance from the PM
is a statistical treatment of electromagnetic waves incident on a normally distributed surface
given in Refs. [93, 20]:

Icoh = I0 exp

[
−
(

4πσx
λ

cos θi

)2
]
. (5.2)

This is the cornerstone of the reflectance model in Sec. 5.6 used to understand and fit the
experimental data.

5.3.1 Reflectance of s-polarized light

The reflectivity of the plasma mirror will change, as the polarization of light changes.
First, we observe the reflectivity of the plasma mirror when the drive laser is s-polarized. An
s-polarized light wave (E perpendicular to the plane normal to the optical surface) is purely
transverse, and no coupling occurs between the input light’s E-field and the expanding
plasma electrons (∇ · E = 0).

5.3.2 Reflectance of p-polarized light

Light of p-polarization has electric field components which are in the same plane as
the expanding plasma gradient. The Ez component along the plasma density gradient can
drive a electrostatic charge density oscillation at ω = ωp. This transfer of energy, known as
resonance absorption [75], is a coupling between the laser and plasma electrons. Another
interaction, Brunel absorption [23], pulls the electrons from the expanding plasma surface
along the electric field lines in the plane normal to the optical surface. Once the electric
field lines flip, the electron are accelerated back towards the expanding plasma, traveling
through the plasma and creating wakes in the path. These Brunel electrons undergo linear
mode conversion [16], and result in harmonic-generation of the drive laser (As discussed in
section 4.2.1).

5.3.2.1 Resonance absorption

Resonance absorption [75] occurs when a p-polarized laser pulse interacts with a plasma
density gradient at angle θ 6= 0. Since the laser pulse interacts with the plasma at an angle,
there is a non-zero portion of the electric field which is perpendicular to the target surface.
Typically, laser-plasma interaction restricts light from traveling through a plasma with a
density higher than the critical density ncrit, because at this point the index of refraction

n =
√

1− nplasma
ncrit

becomes imaginary, and a small portion of the light is absorbed.

In the case of light interacting with a plasma gradient at an incidence angle θ, the light
is reflected before reaching the critical surface at a density of n = ncrit cos2 θ, as shown in
Fig. 5.3. If the scale length L of the plasma is small enough, a portion of light is able to tunnel
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Figure 5.3: A schematic showing the reflection of an incoming linearly polarized laser pulse onto a plasma
gradient. The pulse is reflected before reaching the critical surface where the density is ne = ncrit cos2 θ. Due
to a short plasma length scale L, the p-polarized electric field is able to tunnel beyond the critical surface,
and drive a resonant plasma wave into the plasma.
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Figure 5.4: Fig. (a) Shows the angular absorption function for resonance absorption for p-polarized light, as
given by Eq. 5.3. Fig. (b) Shows the percent of absorbed energy for resonance absorption different plasma
scale lengths, as a function of input angle.
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through the critical surface, the conversion point where n = ncrit, and drive a Langmuir
oscillation of the plasma. The plasma wave is driven at the frequency ω = ωp = ωLaser, and
this energy absorption technique is called resonance absorption [75].

In Fig. 5.3, the expanding density profile, ne = ncritx/L, of the plasma is determined by
the scale length L. The scale length depends on the expansion velocity of the plasma electrons,
and when the incident surface becomes ionized. In order to ensure that the plasma is not
formed too early (expand too much before the peak of the laser pulse arrives) the temporal
contrast of the laser pulse is an important factor in the amount of light which experiences
resonance absorption. A higher contrast causes a smaller scale length, and small scale
lengths allows the light to tunnel through the critical surface where the plasma wave can be
driven resonantly. The behavior of the absorption for a given angle is given by Φ(ξ) where
ξ = (kL)1/3 sin θ [16, 94]:

Φ(ξ) ' 2.3ξe
−2ξ3

3 . (5.3)

This function is plotted in Fig. 5.4(a).
The amount of absorbed laser energy is estimated as [15]:

fa =
Iabsorbed
ILaser

' 36ξ2
Ai(ξ)3

dAi(ξ)
dξ

, (5.4)

with Ai(x) being the Airy function of x. For our case, the PM is a statistical treatment
of electromagnetic waves incident on a normally distributed surface of roughness σx, which
is discussed and explained in sections 5.3 and 5.6. The percent of absorbed energy from
resonance absorption can therefore be calculated for a plasma gradient with a gradient
length of σx.

5.3.2.2 Brunel absorption

Brunel absorption [23] occurs when p-polarized light interacts with a sharp plasma
density gradient. If the oscillating electrons of the density gradient with the amplitude
xp ∼ eEL/meω

2
L = vos/ωL exceed the density scale length vos/ωL > L the resonance is bro-

ken [15]. However, electrons close to the edge of a sharp density profile can be accelerated
into the vacuum during half of the laser’s electric field cycle. When the field reverses, these
electrons are re-accelerated into the plasma because the laser field can not penetrate beyond
the point of critical density. Thus, electrons are accelerated out of the target, gaining ki-
netic energy before returning and traveling into the target. The angular dependence of the
absorption rate is given in Ref. [15] as:

ηBrunel =
1

πa0
f [
(
1 + f 2a20 sin2 θ

)1/2 − 1]
sin θ

cos θ
(5.5)

where θ is the incident angle, α (θ) = sin3 θ/ cos θ, f =
(√

1 + 8β − 1
)
/(2β) and β =

a0α (θ) /2π. The function is plotted in Fig. 5.5.
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Figure 5.5: Shows the angular dependance of absorption, as given by Eq. 5.5.

Equation 5.5 has a dependence on the intensity of the input laser pulse as well as the
angle of incidence. In the plasma mirror characterization, the intensity of light on the tape
was scanned by shifting the focal position of the pulse in front of, onto and beyond the tape
surface. The intensity changes as the inverse of the spot size (1/πw(z)2). The effect this
will have on the percent of absorbed energy due to Brunel absorption at each of the integer
zRayleigh lengths is shown in Fig. 5.5. When the focus is shifted onto the tape, the value of
a0 = 0.78, and by moving focus away from the tape the value of a0 changes to a0 = 0.52 a z
= 2 mm (1 Rayleigh range from focus), a0 = 0.31 a z= 4 mm (2 Rayleigh ranges from focus)
and a0 = 0.215 at z = 6 mm (3 Rayleigh ranges from focus).

5.3.3 Plasma gradient length effects on absorption in
p-polarization

The gradient length of the plasma is the length over which the plasma has expanded.
At a given time, the density gradient has decreases exponentially as n[x] = nMaxe

−x/L. We
define the plasma gradient length as the length, L, where the density has decrease by on
e-folding.

The temperature of the plasma determines the expansion velocity of the electrons after
ionization occurs. If the plasma has enough time to expand such that the surface is no longer
flat, the reflected energy will decrease. This is seen in region I on the left of Fig. 5.2. In
this region, the spot size on the tape is small, resulting in higher intensities, and ionization
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occurs up to 1.7 ps before the peak of the pulse arrives. If the expansion of the surface
were uniform, the reflectance wouldn’t decrease, because the beam would see an expanding
flat mirror surface. However, a convex curved surface is created because the intensity and
temperature in the center of the pulse is highest, and the intensity drops as a function of
e−r

2
(assuming the laser spot is a Gaussian on the surface of the tape). This curvature of

the PM has been studied and characterized in Reference [20].

5.4 Experimental setup

The plasma mirror characterization experiments were performed on the staging beamline
shown in Fig. 5.6. A laser pulse of 2.0 J with a duration of 40 fs is split using a beamsplitter.
70% of the beam is reflected onto beamline 1 (35 TW at 40 fs) and and 30% is transmitted
onto beamline 2 (15 TW at 40 fs). Both laser pulses are focused using off-axis parabolic
mirrors (OAPs) with f-number f/25, and get focused down to a spot size of w0 = 22 µm.
The PM target is positioned at the two beams’ crossing point .

The laser pulses following the reflection of the PM (on beamline two of Fig. 5.6) are
attenuated and diagnosed using wedged reflective optics in the reflective telescope. The first
wedge reflects 1% of the energy into the reflective telescope for diagnosis and the other 99%
is transmitted to a laser beam dump. The telescope consisted of a concave mirror ( 3© in
Fig. 5.6), and a convex mirror ( 4© in Fig. 5.6). The reflective optics are used to focus the
laser pulses without significant aberrations. The optical image of the laser at the target was
recorded using a 10-bit CCD camera, referred to as a mode imager.

One diagnostic which is not shown in the staging layout in Fig. 5.6 is a diagnostic used
to ensure the tape is spooled correctly. The “Tape Monitor” is used as a interlock with the
high power laser to ensure the tape spooled correctly before a high powered laser pulse is
fired.

5.4.1 Tape monitor diagnostic

The flatness of the tape at focus will affect the direction and angle of the reflected beam
off the tape surface. If the tape is held with too much tension in the motors, the tape surface
tends to bow or ripple, causing the reflected beam to stray from the desired beampath. If the
motors do not provide enough tension, the tape will sag, which will also lead to misalignment
in the reflected beam. A proper tension is required for a given tape, and different tapes will
require different motor tensions depending on the rigidity of the tape. The rigidity of the
tape is determined by the tapes bulk material, as well as the thickness of the tape [88].
Therefore an interlocking feature is employed to ensure the tape at the position of the high
power beamline is flat and correctly spooled.

In order to ensure a proper spooling of the tape, the flatness of the tape surface is
monitored by a low energy, HeNe beam, reflected off of the tape surface, and imaged to
monitor the position of the reflected beam. A cross-hair is used in the HeNe beam as a mask
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Figure 5.6: A schematic of the staging beamline. The input laser is split using a 70% reflective and 30%
transmissive beamsplitter. Laser beamline 1 is used on the staged acceleration experiment to create an
electron beam from a gas jet placed at focus of laser beamline 1. The gas jet is placed a centimeter upstream
of tape surface, and following the creation of the electron beam, the tape is used as a PM to remove laser
beam 1 from the beam line. Laser beamline 2 focuses downstream of the tape drive following a PM reflection
from the tape. By tuning the delay stage in beamline 1, the electron beam from beamline 1 and the laser
pulse from beamline 2 become overlapped in time and space. The reflective telescope is used to change the
location of the imaging plane for the mode imager CCD camera. The schematic of the reflective telescope is
from Ref. [18].

to determine how well the reflected mode looks after reflection from the tape (As seen in
Fig. 5.7). The tape monitor is used with the tape drive and driver software to provide a
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Tape Monitor HeNe Beam
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Figure 5.7: A schematic of the tape monitor consisting of a HeNe laser, cross-hair, reflective tape surface,
and camera are shown. A cross-hair is used as a mask to determine the quality of the reflected mode. If
the image seen on the tape monitor camera has four equally space beamlets, the tape is flat and a shot is
allowed.

quantitative way of determining weather the tape moved successfully and smoothly. This
ensures that their is a flat surface along the beamline, minimizing fluctuations in pointing.
If a poor reflected mode is detected, the tape surface is spooled again, and the laser system
inhibits a shot from being taken.

5.4.2 Pointing fluctuation measurement setup

To measure the shot-to-shot fluctuation caused by the PM, two pointing fluctuation
measurements were taken and compared. A pointing fluctuation measurement of a low
power, HeNe laser was measured from the reflection from the non-ionized tape surface.
By not creating a surface plasma, measuring the HeNe reflection allowed for the pointing
fluctuation caused by the fluctuations in the flatness of the tape. This measurement was
taken for different spooling tensions. The pointing fluctuation setup of the HeNe laser is
given in Fig. 5.8. The setup is made up of an input HeNe, the tape drive spooled with VHS
tape and a CCD camera to record the pointing fluctuations. The tape is spooled between
each acquisition of the CCD camera. Also, a tape monitor (described in section 5.4.1) was
used for this measurement to ensure the tape spooled properly, as it would on a high power
PM study.

The measurement of the ionizing high-power PM pointing jitter is a convolution of the
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Figure 5.8: The experimental setup used to measure the tape surface pointing stability of a non-ionizing,
HeNe laser beam. The HeNe beam is not intense enough to ionized the tape, so the measured pointing
fluctuations are a property of the tape material only. If the reflected laser beam’s pointing fluctuates it is
due to the tape not being flat. This could be due to ripples or slack in the tape which could create a non-flat
surface.
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Figure 5.9: (a) A schematic of the setup used to measure the pointing fluctuations seen in beamline two
following the PM reflection. This measurement is a convolution of the pointing fluctuations of the PM and
the intrinsic laser jitter of the TREX laser pulses. (b) A schematic of the setup used to measure the laser
jitter of the TREX laser system as the focus of beamline one. The pointing fluctuations are measured by
the mode imager, and the contents of the reflective telescope are given in Fig. 5.6.

pointing fluctuations caused by the dynamics of the PM and the intrinsic laser jitter of the
TREX laser pulses. By measuring the two effects separately, the pointing fluctuation of
the PM (without including the laser jitter) can be determined. The pointing fluctuation
measurement from the PM was performed using only beamline two (shown in Fig. 5.9 (a)).
These pointing fluctuations are compared to the pointing jitter from the TREX laser at focus
of beamline one (shown in Fig. 5.9 (b)). Beamline one and two are produced from the same
input beam, and the focusing geometry of the two beamlines is the same. Therefore, it’s
assumed that the laser jitter in beamline one is equivalent to the fluctuations expected in
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beamline two. Both the pointing fluctuations of the PM and the laser jitter were measured
on the mode imager, which was imaging the focal plane of the pulses.

5.4.3 Reflectance measurement setup

The plasma mirror reflectance measurements are also performed using only beamline two.
The laser pulses reflected from the tape-based PM are sent into the reflective telescope, and a
large area energy meter is placed behind an optically flat wedge ( 5© in Fig. 5.6) for diagnosis.
This energy meter is cross-calibrated with an energy meter upstream, which measures the
pulse’s energy at the compressor. This cross-calibration allows for the reflectance to be
calculated for each PM shot.

The input intensity is scanned for the reflectance measurements by scanning the focus
of parabola two along the axis of propagation. By translating the parabola and the final
turning mirror together, the focus can be shifted upstream and downstream of the tape while
maintaining the transverse position of the spot on the tape surface.

5.5 Experimental results

5.5.1 Pointing fluctuations of non-ionized thin tape

The restrictions for the pointing fluctuations of the tape based plasma mirror into a 250
µm diameter capillary are are set by the staged acceleration campaign. The capillary is
placed 10 mm downstream of the tape drive, and the laser spot size is w0 = 22 µm. In
order to keep the laser pulse such that the input beam does not miss the guiding axis of the
channel, the pointing fluctuation of the reflected beams must be < 2.2 mrad. The pointing
fluctuation of the tape surface was measured using the standard deviation of the centroid of
a reflected HeNe was measure to be 310 µrad.

5.5.2 Pointing fluctuations from ionized plasma mirror

The pointing fluctuations of the reflected laser pulse from the plasma mirror were mea-
sured and compared to the input laser jitter without the presence of a plasma mirror. The
results of this comparison are given in Fig. 5.10. The input laser jitter is measured by taking
the standard deviation of the centroid in x and y of the laser pulses at focus on the mode
imager camera (PM removed). The input laser’s pointing fluctuations was measure at focus
with ∆xLaser = 4.1µ and ∆yLaser = 10 µm. These fluctuation values are coupled into the
value of the pointing fluctuation measured from the reflected plasma mirror pulses. The
reflected pulses off the PM were measured when focusing 10 mm downstream of the tape
surface. The PM pointing fluctuations were measured as ∆xPM+Laser = 10.3 µm in x and
∆yPM+Laser = 14.2 µm in y. So we calculate the pointing fluctuations due only to the plasma
mirror as ∆x2PM = ∆x2PM+Laser−∆x2Laser. The results for in ∆xPM and ∆yPM are ∆xPM =
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Figure 5.10: Results of high-power laser pointing study. (a) Input Laser jitter ∆xLaser = 4.1µm and
∆yLaser = 10 µm. (b) Jitter of laser reflected from tape-based plasma mirror ∆xPM+Laser = 10.3 µm and
∆yPM+Laser = 14.2 µm. (c) Schematic of input laser and tape drive showing the axes of the reflected jitter.

9.4 µm and ∆yPM = 10.1 µm. These values are converted to angular fluctuation from the
tape surface 10 mm upstream. The angular fluctuations of the PM are θPM+LaserJitter = 940
µrad in x and θPM+LaserJitter = 1.0 mrad in y. These values are roughly 3 times higher than
the HeNe reflections from the non-ionized tape surface. The increases in pointing fluctua-
tion from the 310 µrad from HeNe to 940 µrad and 1.0 mrad is due to the dynamics of the
expanding plasma.

By placing the focus of the reflected PM pulse 10 mm downstream of the tape, a pointing
fluctuation of θPM+LaserJitter = 940 µrad in x and θPM+LaserJitter = 1mrad produces an aver-
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age pointing error of 13.7 µm at the focal plane. With a second stage 10 mm downstream of
the PM, the reflected beam will enter the cap on-axis. This makes this tape drive an instru-
ment with precision high enough to serve as the coupling optic for the staged acceleration
experiment.

5.5.3 Reflectance study: s and p-polarization

Figure 5.11: Plot showing the reflected energy from each sides of a VHS tape plasma mirror using s and
p-polarized light. The side labeled “front” refers to the side of the tape which contains the magnetic Iron(III)
oxide particles and the bonding material. The side labeled “back” refers to the mylar structure of the VHS
tape which is 13.5 µm thick and is used to support the recording layer during playback of VHS tapes.

The experimental study of the reflectance of s-polarized light and p-polarized light was
studied using the the front and back surface of a VHS tape as the plasma mirror. The results
of the study are given in Fig. 5.11.

The percent of the input laser pulses energy absorbed from Brunel and resonance ab-
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sorption in the cases of p-polarized light is found using

AB+R[z] = 1− RP−pol[z]

RS−pol[z]
. (5.6)

Here AB+R is the percent of input light which is absorbed and R[z] is the reflectance at a
given z location. The function A[z] has a z dependence because of the dependence on the
normalized vector potential a0 in Eq. 5.5 and the different plasma gradient lengths at each
focal location. By changing the focal location with respect to the position of the tape, the
intensity of the pulse on the tape is changed and the amount of absorption from resonance
and Brunel absorption is changed (as discussed in Section 5.3.2.1 and 5.3.2.2).

Table 5.1: Experimental Reflectance of S and P Polarization on VHS Tape During Focal Scan

Tape Surface Z-Location S/P Pol. Reflectance AbsorptionBrunel+Resonance

VHS Back 2 mm S 44%
VHS Back 2 mm P 28% 35%
VHS Back 4 mm S 80%
VHS Back 4 mm P 46% 43%
VHS Back 6 mm S 80%
VHS Back 6 mm P 48% 40%
VHS Back 8 mm S 79%
VHS Back 8 mm P 48% 39%

5.5.4 Reflectance study: tape material comparison

A comparison of materials was studied based on the chemical make up of the tape. As
discussed in Section 5.2.2, the magnetic recording tapes has a surface of plastic and a surface
of Iron(III) oxide particles mixed with a bonder. By studying the PM reflectance from both
sides of the tape, we were able to characterize the reflectance of a PM produced from a plastic
and from a metal (Iron). The different materials have different ionization states required
to produce a surface plasma. The reflectances caused by an ionization of mylar requires
a higher ionization intensity that the reflectances from the Iron(III) oxide particles. The
model’s fitting parameters are in agreement with this as well.

It will be discussed in more detail when describing the analytic model used to fit the data
(in Sec. 5.6.2), but the shape of the computer data tape’s back surface reflection resembles
the shape of a curve with a lower ionization intensity. So it is thought that the computer
data tape either has a back coating which contains parties with a lower ionization intensity,
or the light is transmitted through the 5.1 µm PEN substrate and interacts with the Iron(III)
particles on the magnetic layer.
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Figure 5.12: Plot showing the reflected energy from a plasma mirror reflected off both sides of a VHS tape
and both sides of a computer storage tape.

5.6 Plasma mirror model

5.6.1 Laser pulse’s temporal shape and focal characteristics

The laser pulse’s temporal profile is made up of three regions. The 40 femtosecond
peak of the pulse determines the maximum intensity on target. The coherent picosecond
shoulder is created from scattering events which occur due to scattering interactions with
the laser pulse and transmission through optics. The pedestal which reaches out beyond 10’s
of picoseconds is due to amplified spontaneous emission (ASE) within the many amplifiers.
To fully characterize the laser pulse, three Gaussian functions were added together which
represent each of the three regions. Each Gaussian take the form:

I[t] = A ∗ e
−(t−µ)2

2σ2 . (5.7)

The coefficients for A, µ, and σ of each of the three regions are given in Table 5.2.
The complete temporal profile of the laser pulse’s intensity over the three regions was

measured by a third order cross-correlating diagnostic made by Sequoia Amplified Technolo-
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gies. The pulse’s intensity profile in time is:

I[t] = ITape ×
3∑
i=1

Aie
−(t−µi)

2

2σ2
i . (5.8)

ITape is the peak intensity seen by the tape, given by

ITape =
2W

πw(z)2τ
, (5.9)

where W is the energy of the pulse in Joules, πw(z)2 gives the area of the beam at the
position of the tape, and τ is the duration of the pulse in time. For τ we use the duration
of the peak of the pulse (measured by a GRENOUILLE), of 40 fs full-width half maximum
(FWHM). The energy in the beam at the point of the tape is 650 mJ. These laser pulse
characteristics give a peak intensity of 2× 1018W/cm2.

Table 5.2: Normalized Coefficients of the three regions of the third-order cross correlator Measurement

Region of Laser Temporal Footprint Peak Shoulder Pedestal

Normalized Amplitude (A) 1 3.27× 10−4 5.4× 10−8

Temporal Offset (µ)[ps] 0 3.0× 10−1 5.57× 10−1

Gaussian Width (σ)[ps] 0.0171 1.1 6.47

The size of the beam through focus is used to determine the intensity of the beam when it
interacts with the tape. The beam waist of the TREX beam was measured to be w0 = 22 µm.
The dependance of the beam radius through focus is given by Gaussian beam propagation
as

w(z) = w0 ×

√
1 +

(
z

zR

)2

. (5.10)

Where the Rayleigh length, zR, is found using Gaussian optics as zR =
πw2

0

λ
. The variable λ

is the wavelength of light (λ = 800 nm).

5.6.2 Model’s fitting parameters

The model uses three fit parameters to match the data. The first fit parameter is the
ionization intensity (IIonize) needed to produce the surface plasma. Our values for ionization
intensity are in agreement with previous publications of femtosecond-class laser ionization
of solids [95, 96, 36]. Following ionization, the collisional electron avalanche mechanism [97,
98], discussed by G. Doumy in the creating of a PM [99], rapidly increases the plasma density
above the critical density. The final two fit parameters are the expansion velocity (cs) of
the plasma electrons and the absorption percentage (α) of the input signal. The expansion
velocity of the plasma is given by the ion sound speed, cs =

√
ZkBTe/mi. We used the ion
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Figure 5.13: Normalized third-order cross-correlation measurement used to characterize the temporal shape
of the pulse’s intensity. The three regions of the cross-correlation (blue) are shown and labeled. A fit is
shown of the sum of three Gaussians. The width of the main peak in our resolution-decoupled fit was 40 fs
FWHM measured by a GRENOUILLE. At focus the peak intensity of the pulse was 2× 1018 W/cm2.

sound speed as a fitting parameter and used velocities which are in agreement with previous
PM publications [99, 100, 36, 37]. The expansion velocities used to fit our experimental data
are given in Table 5.3.

The ionization intensity is used to fit the width of the drop in reflectance seen when
focusing within a few Rayleigh ranges from the tape (region I of Fig. 5.2), as well as the
slope that the reflectance drops off, as focus is moved beyond optimal reflectance and further
from the tape. The width of the drop in reflectance when focusing near the tape is due to the
plasma being ionized picoseconds before the peak of the pulse arrives, and expanding into
vacuum to lengths up to 300-350 nm. Since the ionization time is the cause for the change
in reflectance seen between the two regions of the PM, changing the ionization level has a
dramatic affect on the width of region I. This is seen in the material study of the VHS tape.
The mylar side of the tape has a higher ionization intensity than Iron(III) and has a much
narrower drop in reflectance. The magnetic iron(III) oxide layer requires a lower ionization
intensity, which can be reached on the tape surface further from focus, and therefore produces
a wider drop in reflectance around z = 0 mm.

As the focus of the laser is moved further from the tape, the intensity in the far wings
of the pulse eventually drops below the ionization intensity. This results in the gradual fall
off seen when focus is moved beyond the optimal reflectance position, and is explained in
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Section 5.6.3 as the Spatial Reflectance term (S[z] given by Eq. 5.12); which is also dependent
on the ionization intensity.

The final fit parameter is the absorption percentage (α). This parameter was taken from
the experimental data as the amount of energy loss seen at the point of highest reflectance
within the scan. The absorption levels seen in the study of s-polarized light (on the both
sides of the VHS tape and data tape) are in agreement with the values seen in previous
publications from a self-triggered PM such as Ref. [99, 20, 37]. Absorption for scans with
α > 45% have been addressed as p-polarization dependent Brunel and resonance absorption
mechanisms.

It should also be noted that the experimental data for both surfaces of the computer data
tape have a similar shape and width as the VHS front surface. The computer storage tapes
have a sub-micron coating on the back of the plastic substrate s described in section 5.2.2.
Due to the shape of the reflectance curve, it is thought that the ionized PM when the laser
is interacting with the “back” of the computer storage tape is due to a lower ionization
level such as that in the Iron surface. As suggested by some LTO tape manufactures [90],
the experimental data trends (width of the reflectance dip around x = 0 mm) resemble an
ionization state lower than that seen in the mylar VHS back surface. So we have chosen to
use the lower ionization state for both sides of the computer storage tape.

5.6.3 Spatial reflectance term

This spatial dependence of the beam compares the radial intensity distribution of the
laser spot to the ionization intensity needed to create a surface plasma. Assuming the laser
spot as a Gaussian distribution of intensity, regions further from the center of the spot
contain less signal than regions near the center of the spot. The spatial reflectance term,
S[z], in the model calculates what percent of the beam’s full spot size is above the ionization
intensity needed to trigger the plasma mirror, and restricts reflection to only these regions.
This term is included to match the data as the focal position z increases beyond the point
of maximum reflectance and there is a slight drop in the reflectance of the beam.

To calculate the radius which ionization occurs, solve for RIonize in the equation

ITape ∗ e−2R
2
Ionize/w(z)

2

= IIonization. (5.11)

Then we calculate the percent of the laser’s spatial mode which is above the ionization
level, by taking the integral

S[z] =

∫ RIonize
0

(ITape ∗ e−2r
2/w(z)2)r dr∫∞

0
(ITape ∗ e−2r2/w(z)2)r dr

. (5.12)

Here the numerator solves for only the ionized portion of the spot size, and the denominator
calculates the entire intensity within the full spot.
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5.6.4 Reflectance algorithm

The algorithm used in the analytic model to fit the reflectance data draws from the
analytic model used by G. G. Scott et al. in Reference [20]. The intensity reflected is
calculated from

IReflected = I0 exp

[
−
(

4πσx
λ

cos θi

)2
]

(5.13)

at each focal position z. In order to find the roughness σx of the PM surface, the algorithm
goes as follows:

• The time at which ionization occurs (t0) must be solved for at each radial position (r)
within the spot size on the tape. This is done by assuming a Gaussian spot on the
tape of the form e−2r

2/w(z)2 and the temporal intensity profile I[t] given in Sec. 5.6.1
at a given z location2. The ionization time is given by the time which the function
I[zFocus, t] ∗ e−2r

2/w(z)2 = IIonization. This gives an array for the ionization time t0 at
each radial position (r) within the spot size on the tape. The results of this step are
seen for a focal scan from VHS back in Fig. 5.14.

• By taking the ionization time at each radial position, r, and assuming the expansion
velocity using the fitting parameter cs, the position of the PM surface when the peak
of the laser pulse arrives (at time t=0) is solved for at each radial position, r. The
results of this step are seen for a focal scan from VHS back in Fig. 5.15.

• Once the shape of the PM surface is found, the roughness is calculated by taking
the standard deviation of the PM surface positions. The standard deviation is taken
only for the points where the PM has ionized the surface and the PM has expanded
by > 0 nm. This gives the surface roughness (σx), which will be used to find the
reflectance.

• This process is repeated for each value of z within the focal scan; resulting in a value
of σx at each z-location. We call this σx[z].

Once the plasma surface roughness σx is found for the ionized PM, we recall the equation
for the reflected intensity (Eq. 5.13). Lastly, solving for IReflected at each z-location within
the focal scan.

The value of IReflected[z]/I0 gives the value of the reflected intensity for the reflection of
the entire 2D spot size. However, we calculated (in section 5.6.3) the amount of the mode
which reaches ionization as S[z]. Therefore we calculate the reflectance as

R = (1− α)
IReflected[z]

I0
S[z]. (5.14)

2To scale the time-resolved intensity function (I[t]) for the focus positioned at a given z location

I[zFocus, t] = I[t]× w(0)2

w(z)2
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Figure 5.14: Plots showing the ionization time at each radius (R) within the spot size on the tape using
s-polarized light from the VHS back surface. Each plot is at a different focal position with respect to the
tape surface (at z = 0 mm). The ionization intensity in this case is 6.4× 1013 W/cm2

5.6.5 Model fit parameter results

The results for each of the fitting parameters used to fit the PM experimental data
are given in Table 5.3. The resulting plots for each of the reflectance model using the fit
parameters from Table 5.3 are given in Fig 5.16 for the VHS tape polarization study and in
Fig. 5.17 for the study of the different tape materials.

The higher ionization intensity for the VHS back is responsible for the narrow dip in
reflectance when the focus is positioned on or near the tape surface (tape surface at x=0).
The maximum reflectance of the VHS back is produced when the focus is 4 mm (2 Rayleigh
lengths) from the tape surface. The other materials have a lower ionization intensity, which
allows for the solid to be ionized at the ideal time when the focus is positioned further from
tape surface. The maximum reflectance of the VHS front and the computer data tape is
produced when the focus is 14 mm from the tape surface.

The higher ionization intensity of the VHS back also produces a higher electron expansion
velocity. However, since the surface is ionized at a higher intensity than the VHS front and
computer tape, the electrons have less time to expand, because they become ionized later
in time and closer to the peak of the laser pulse. This results in the electrons expanding
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Figure 5.15: Plots showing the shape of the PM reflective surface for a focal scan using s-polarized light from
the VHS back surface. The expansion velocity in this case is 1.8× 107 cm/s (or equivalently 180 nm/ps).

Table 5.3: Fit parameters to each of the material surfaces studied during plasma mirror characterization

PM Surface Pol. Ionization
Intensity
[W/cm2]

Expansion
Velocity
[cm/s]

Absorption
[%]

VHS Back S 6.4× 1013 1.8× 107 18
VHS Back P 6.4× 1013 1.8× 107 48
VHS Front S 1.6× 1013 1.5× 107 19
VHS Front P 1.6× 1013 1.5× 107 46

Data Tape Back3 S 1.6× 1013 1.5× 107 24
Data Tape Front S 1.6× 1013 1.5× 107 18

a shorter distance in case of the VHS back, and the minimum reflectance of 18 − 20% is
seen when the focus is positioned at the surface of the VHS back tape. The VHS front
and computer storage tapes have more time to expand following ionization and result in a
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Figure 5.16: Plots showing the match between the PM Model and the experimental data of VHS tape front
and back surfaces, using S and P-polarized light.

minimum reflectance of 5− 10% when the focus is positioned at the surface of the tape.
The absorbed energy values are used to fit the vertical range of the experimental data.

Our maximum reflectance of 82% is a result of the picosecond contrast of the laser and the
high ionization intensity needed to ionize the VHS back surface. This reflectance matches
the values previously published with a single pulse triggering and reflecting from a PM.

A plot showing the published reflectance values from different PM studies and the year
they were published is given in Fig. 5.18. There is a clear trend that the published values of
reflectance has increased continually over the past 10 to 15 years. The maximum reflectance
seen from a PM is 96% which was published by G. G. Scott et al. in Ref. [20]. This record
PM reflectance was produced by preionizing the PM surface using a controlled prepulse up
to 3 picoseconds before the peak of the laser arrives.

5.7 Summary

The tape drive that has been developed within the BELLA Center at the Lawrence
Berkeley National Lab was designed to be implemented on the staged acceleration experi-
ment. The tape is able to spool a new, undamaged surface into the beamline following each
successive laser shot. This helps overcome the challenge that is created for PM experiments,
which is that the laser damages the surface, significantly reducing the lifetime of an optic.
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Figure 5.17: Plots showing the match between the PM Model and the experimental data of S-polarized light
on the front and back surfaces of the VHS and computer data storage tape.

The tape can be spooled so that 10’s of thousands of shots can be fired before needing to
replace the PM target.

The pointing study showed that the pointing fluctuations caused by the PM are ≤1 mrad
(θPM = 940 µrad in x and θPM = 1.0 mrad in y). Nearly a third of this pointing fluctuation
is attributed to the spooling mechanics of the tape drive. This value was measured to be
θTapeMotion = 310 µrad by measuring a non-ionizing HeNe beam reflected from the solid tape.

The reflectance polarization study of the PM gave a direct comparison to s and p-polarized
light from the front and back surface of the VHS tape. Since Brunel and resonance absorption
are dependent on the p-polarized laser intensity and the plasma gradient length, the value
of absorbed light from Brunel and resonance absorption can be found at each z location by

solving AB+R[z] = 1 − RP−pol[z]

RS−pol[z]
. When the laser beam was focused more than 1 Rayleigh

length from the tape surface, the experimental data gives an absorption of AB+R[z] = 39+/-
4%. This experimental data also showed a peak in reflectance from the VHS Back surface at
+/- 4 mm from the tape surface. So a VHS Back surface should be placed 4 mm from the
final focus location. This makes the tape based plasma mirror a novel optic for experiments
which require beams to be pointed near their final focus.

The reflectance material study showed similar reflectance curved for both sides of the
computer storage tape and the front surface of the VHS tape. These curves are each char-
acterized with a peak in reflectance when focusing 14 mm from the tape surface. Since
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Figure 5.18: Plots showing the published values of reflectances in a given year since the first experimental
PM results in 1991. The publications in the figure refer to: 1991 UCB Ref. [19], 1993 LLNL Ref. [21], 2003
RAL Ref. [37], 2004 LULI Ref. [99], 2007 Saclay Ref. [101], 2009 MBI Ref. [102], 2011 Jena Ref. [103],
2013 MBI Ref. [104], 2014 LBNL refers to data from this chapter, and 2015 RAL Ref. [20].

the beam is much larger on the tape at these locations, this indicates that the ionization
intensity for these materials is lower than that of the VHS Back surface.

The plasma mirror model provided a match between the experimental data and a sta-
tistical treatment of electromagnetic waves incident on a normally distributed surface. The
model’s three fit parameters (IIonize, cs, and α) each affect the reflectance curve in unique
ways. The Ionization intensity determines the wide of the dip around x = 0 mm, and the
rolloff of reflectance observed at focal locations beyond that of maximum reflectance. The
expansion velocity determines the shape/depth of the dip around x = 0 mm, with a sharper
and deeper drop in intensity for higher expansion velocities and a slower and shallow dip
for lower expansion velocities. The numbers used to fit the data matched the numbers used
in previous publications of PM reflectance studies. Lastly, the absorption values were taken
from the experimental data as the loss in energy from the point of maximum reflectance.
Our values of α = 18− 24% agree with the values published previously.
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Chapter 6

Summary and Conclusion

The major results described in this thesis are from experimental campaigns that investi-
gated laser interactions with tape. These efforts were focused towards two future applications
for LPAs:

• Surface high-harmonic generated (SHHG) source for seeding an LPA-based free-electron
laser (FEL)

• Tape based plasma mirror (PM) reflector, placed within centimeters of focus, for a two
staged LPA accelerator.

6.1 Summary

The processes of stimulated emission and amplification were described in Chapter 2 to
understand the components that make up the 50 TW TREX laser system at the BELLA
Center. Chirped pulse amplification was described as the way the BELLA Center’s laser
systems are able to reach up to 40 J of energy with pulse lengths as short as 40 fs; producing
powers up to 1015 J/s. The TREX 50 TW laser system, and the two beamlines which it feeds
(the staging and undulator beamlines) were described. Finally, the process of laser plasma
acceleration (LPA) [or laser wakefield acceleration (LWFA)] was described by focusing the
laser pulse to produce a strong ponderomotive force. The ponderomotive of an ultra-intense
laser able to push free plasma electron off the propagation axis, creating a wakefield behind
the laser pulse. Next, one of the many injection mechanisms is used to trap plasma electron
in the wakefield of the pulse. This process of LPA is discussed throughout this thesis as the
mechanism used to produce relativistic electron bunches.

Next, it was shown in Chapter 3 that the THUNDER undulator has successfully pro-
duced extreme ultra-violet radiation by oscillating LPA electron bunches. The spectrum of
spontaneous radiation at photon energies from 15 eV to beyond 100 eV produced from a
broad energy spread bunch was measured. A discussion of other undulator properties were
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also outlined. A calculation was carried out to show how the undulator harmonics are cre-
ated, with even harmonics emitted off-axis and odd harmonics on-axis. Lastly, a theoretical
approach of inferring the energy spread and emittance of the electron bunch from the spec-
trum of the spontaneous emmission was described. To carry this experiment out, the energy
spread of the bunch should decrease significantly from what was reported here.

Tape-based SHHG was discussed in Chapter 4 as a novel seed source for an FEL which
removes the need for transport optics of seed photons and optics needed to overlap the
seed beam and the electron bunch. This is achieved by producing the SHHG signal at the
undulator entrance and in the electron beamline, rather than producing the λ = 53 nm
signal upstream and coupling the light into the undulator with grazing-incidence reflective
UV optics. The ideal tape-based FEL seed source would be as thin as possible to minimize
the growth of the electron bunch’s emittance, produce the highest efficiency of IR light to the
seed photons (λ = 53 nm), and minimize the seed pulse’s divergence. These properties were
studied to find the best tape material which is capable of seeding an LPA-based free-electron
laser.

The results of the tape-based SHHG campaign led to the measurement of the surface
roughness of each of the tape materials used in the study. A clear correlation between the
surface roughness at spatial wavelengths smaller than 50 µm (the spot size on the tape)
and SHHG divergence was found. The maximum 15th-order conversion efficiency is needed,
because this wavelength (λ = 53 nm) is resonant with the first order of undulator radia-
tion when an electron beam of 310 MeV is sent through the THUNDER Undulator. The
highest efficiency produced from a tape material was 6.5 × 10−7 from the IR-drive laser to
the λ = 53 nm. This efficiency was found using the magnetic “front” surface of a VHS
tape, which produced an SHHG beam divergence of 11 mrad. Lastly, the results of a mi-
crobunching model were used to show that the CWE signal which was produced from VHS
tape was powerful enough to enhance microbunching in the current length of the THUNDER
undulator.

The second laser-tape application which was experimentally studied was the tape based
plasma mirror (PM) reflections. This PM design of using thin tape as the replenishing
reflectic optic is used on the staged acceleration campaign to couple laser pulses into and out
of the staging beamlines near focus. Although a more conventional use for a plasma mirror
is to enhance the contrast of a laser pulse using a polished glass substrate, the tape-based
plasma mirror is a thin, reflective, steering optic with a lifetime of 1000’s of shots. Similar to
the SHHG study, the thin spooling tape is used because it is able to propagate an electron
beam though the materials of tape.

Both VHS tape and computer storage tape were experimentally studied in Chapter 5.
Focal scans were made to change the intensity of the laser pulses on the tape while keeping
the pulse power constant. The reflectance measurements from both sides of the two tapes
were taken with input light of s-polarization. This measurement showed that maximum
reflectance of 82% was produced from the VHS front surface. This was achieved when
focusing 4 mm from the tape, and therefore the VHS front surface should be placed 4 mm
from the final focus using the current laser properties. A characterization of the tape-based
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PM was also studied for different input laser polarizations. As expected, p-polarized light
had a lower reflectance from the PM due to the additional absorption mechanisms of Brunel
and resonance absorption, which only occur for p-polarized light input on a plasma density
gradient. A discussion of this was given in Section 5.6.2. Lastly, A model of the PM was
developed and used to quantify the each of the parameter studies. Using fit parameters
of the ionization intensity (IIonize) needed to produce the surface plasma, the expansion
velocity (cs) of the plasma electrons, and the absorption percentage (α) of the input signal,
each of the reflectance curves is understood and fit well to the model. The model shows the
importance of the ionization time of the surface plasma within the coherent shoulder of the
femtosecond pulses.

6.2 Future Research

The future research which is needed to producing a seeded LPA-based FEL should fo-
cus on producing electron bunches with a narrower energy spread or engineering ways to
manipulate the bunch such that the slice energy spread is reduced. Few-percent energy
spread beams have been produced on the undulator beamline by tailoring the density of the
plasma longitudinally within a discharged capillary [40]. Producing beams of this quality
and sending them through the undulator should produce an spectrum of spontaneous undu-
lator emission which has resolvable harmonics of the undulator’s fundamental wavelength.
If producing stable beams of this quality is a greater challenge than increasing the charge of
a beam, engineering methods could be used to reduce the effective slice energy spread of the
electron bunch. For example, a magnetic chicane is a device that works much like an optical
stretcher. The chicane can separate the energies within an electron bunch in either time
or space by creating different path lengths for different energy electrons. Once the electron
bunch is stretched, the energy spread within a longitudinal slice of the bunch will effectively
decrease. This stretching of the electron bunch will, however, requires an increase in the
charge of the overall bunch.

The future research of the tape based plasma mirror is currently very optimistic. The
results of the plasma mirror experiment have been implemented on the current staging
experimental setup. Recent results have shown successful post acceleration of the electron
beam in the second stage of the experiment [28]. This experimental success opens the door
for a few different ways to proceed. First, the capability to decelerate an electron beam is
also very interesting, as this could be a way to reduce the energy of a bunch to the few-MeV
level, reducing the shielding requirements needed to contain the radiation. Deceleration
occurs when the electron bunch interacts with the decelerating region of the wakefield in the
second stage. Deceleration was shown in the staging experiments, however the broad energy
spread of the electron bunches prevents a deceleration of the entire bunch. A narrower energy
spread would help to produce a visible drop in maximum energy of an electron bunch.

Another experiment that should follow the success of staging is producing a 3+ stage
accelerator. Staging was an experiment designed to overcome one of the basic principle
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drawbacks of laser plasma acceleration, which is laser depletion. Since dephasing can be
overcome by longitudinal plasma density tailoring and diffraction can be overcome by laser
guiding, if laser depletion is overcome, then there seems to be no upper limit to the elec-
tron energy an LPA can produce. Going from a two staged accelerator to a three staged
accelerator seems to be a natural progression, however there were many challenges faced and
overcame in an effort to produce a successful two staged accelerator. Adding a third stage
will not be trivial. First, simulations should run to find the optimum conditions (the laser
intensities, plasma densities, etc.) of running a three stage LPA. Simulations will be much
simpler than the experimental campaign, due to the reduced number of engineering chal-
lenges of running a simulation. Following simulations, an extensive design should be made
that allows the scientists to control the maximum amount of degrees of freedom, including
the time delay of each beamline, the compression of the pulse driving each stage separately,
and full 3-directional and 3-angle positioning of each of the three stages. Further implemen-
tation of the experiment has no major differences than the original staging experiment’s task
of adding an extra acceleration stage, but the lessons learned by the experimentalists in the
BELLA Center will be crucial knowledge in moving to a 3+ staged accelerator.

The third experiment which should be explored following the staging on the 50 TW
TREX beamline is to carry out a staging experiment on the BELLA PW laser system. The
BELLA laser is capable of producing petawatt level pulses at 1 Hz. This system set the
record for LPA electron energy with a maximum energy of 4.25 GeV [2]. If an experiment
were carried out on BELLA such that a two stage accelerator reached near the 10 GeV
level (∼ 5 GeV from each stage), and experiments were carried out to show the success
of a 3+ staged-LPA, the potential for high energy, multi-staged LPA systems could create
applications within high energy density (HED) physics.
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