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ABSTRACT

INSTRUMENTATION FOR ULTRA-INTENSE LASER MATTER INTERACTION STUDIES
AT HIGH REPETITION RATES

A new class of high-repetition rate (HRR) Peta-Watt-class (PW) laser systems make it possi-
ble to study laser matter interaction processes, like laser ion acceleration (LIA) and laser plasma
instabilities (LPI), at unprecedented rates. These systems have the potential to generate immense
amounts of data through rapid multivariable parameters scans of laser energy, pulse shape, spot
size and others, in order to better diagnose and characterize the conditions underlying LPI and
LIA.

However, detection media, typically image plates, film, CR-39, presently limits the repetition
rate at which data can be collected from these systems. Rep-rated diagnostics are being redesigned
to match the capabilities of current multi-Hz present and near future, PW-class laser systems.
Here we present the development of a compact Thomson Parabola Ion Spectrometer capable of
characterizing various ion species of multi-MeV ion beams from > 10?° W/cm? laser produced
plasmas at rates commensurate with the laser operation rates. This diagnostic makes use of a
Polyvinyltoluene (PVT) based fast plastic scintillator (EJ-260), where the emitted light is collected
by an optical imaging system coupled to a thermoelectrically cooled scientific complementary
metal-oxide—semiconductor (SCMOS) camera. This offers a robust solution for data acquisition
at HRR while avoiding the added complications and non-linearities of microchannel plate (MCP)
based systems. Different ion energy ranges can be probed using the modular magnet setup, vari-
able electric field, and a varying drift-distance. We have demonstrated operation and data collection
with this system at up to 0.2 Hz from plasmas created by irradiating a solid target, limited only by
the motorized target motion system. With the appropriate software and the use of machine learning

techniques, on-the-fly ion spectral analysis will be possible, enabling real-time experimental con-
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trol. The diagnostic design, calibration, and results from experiments at the ALEPH laser facility
at Colorado State University (CSU) are presented.

In addition, we describe the results of the development of a novel scheme for the generation
of spike trains of uneven delay (STUD) laser pulses using an array of hexagonal mirrors. By
individually driving the offset of each mirror segment, we can divide the wavefront of the laser
creating a pulse train of arbitrary delay. This pulse-train forming device can be used to conduct
experiments related to a proposed method of mitigating the effects of LPI for inertial confinement
fusion (ICF). By periodically turning on and off the laser drive of the ICF process, it has been
postulated that the growth of parametric instabilities can be mitigated by allowing damping during
the off-cycle of the STUD pulses. The use of the pulse-train forming scheme demonstrated here

will allow us to study the effects of pulse train delay and duration best suited to LPI mitigation.
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Chapter 1

Introduction

1.1 Motivation

Ultrashort high-intensity peta-watt (PW) class lasers [3,4] have emerged as promising tools for
the study and generation of high energy density plasmas. These sources not only provide insight
into different astrophysical phenomena like stellar cores and supernovas, but they also act as very
practical tools for x-ray generation, particle acceleration, and as a potential energy source.

The primary example of this hypothetical laser driven energy source is inertial confinement
fusion (ICF). This is a fusion process based on ablative compression of a fuel pellet. A laser
incident on the ablative shell of a target pellet compresses the fuel enough to where it becomes hot
and dense enough for the atoms in the core to fuse, releasing immense amounts of energy. This
process is a hypothetical source of limitless clean fusion energy. Before this can be realized, issues
plaguing the performance of ICF, like laser plasma instabilities, must be properly understood and
controlled.

Alternatively, these laser systems are promising sources of accelerated protons and heavier
ions. Most modern hadron accelerators rely on ring or linear RF accelerators which are extremely
expensive and time consuming projects costing on the order of billions of dollars. Laser produced
accelerated protons are encouraging sources for an inexpensive and compact injector for larger RF
linear accelerators, energetic ions for hadron therapy, proton fast ignition, proton probing among a
myriad of other applications.

Studies on the conditions required to optimize processes like laser ion acceleration and to
mitigate effects like laser plasma instabilities are becoming increasingly important and necessary as
the scientific community seeks to integrate these technologies into real-world systems. A new class
of high repetition rate PW class lasers are opening the door to large, rapid, multivariate parameter

scans to study the conditions underlying phenomena such as laser ion acceleration and laser plasma



instabilities. Instruments which aid the generation of these conditions as well as the diagnostics
that resolve what occur during the laser matter interaction are being developed for high repetition
rate operation to make these parameter scans possible. The design and results of two of these
instruments are the focus of this thesis and are discussed in detail in the following chapters. Cursory

information describing the laser matter interaction relevant to the tools developed is detailed below.

1.2 Particle Acceleration in Plasmas

As an electromagnetic wave propagates through the plasma, the ions remain immobile due to
their large mass while the electrons are able to respond to the laser electric field. The immobile ion
background will generate a restoring electric field which. the accelerated electrons will respond to

the restoring force and oscillate at what is known as the plasma frequency given as

2
w, = 1] (L.1)
Me7Y€o

Where n, is the electron density, e is the elementary charge, m. is the electron rest mass, v =
1/4/1 — (v%/c?) is the relativistic Lorentz factor and ¢ is the permittivity of free space. An
electromagnetic wave in this plasma will propagate according to Maxwell’s equations with the

dispersion relation

w = w, + k*c? (1.2)

When the laser wavelength w;, > w,, the laser will propagate through the plasma with the following

refractive index

n. = _r (1.3)

When w;, < w, the plasma is described as overdense and the refractive index becomes imaginary

and the laser will penetrate and evanescently decay to a distance of [ = =, known as the colli-
p



sionless skin depth. The plasma is considered overdense for electron densities greater than some

critical electron density that can be written as

MeCoWL

(1.4)

Ne =
e2

As the electron velocities begin to approach c, v becomes non-negligible. In this case the electrons
will have and effective mass greater than their rest mass. As a result w, effectively decreases
resulting in a higher critical density for which the laser light of frequency w; can propagate in a

phenomenon know as relativistic transparency.

1.2.1 Electron Motion and Heating

The details of the many mechanisms of hot electron generation and transport is beyond the
scope of this thesis, however their generation and interaction in the plasma is fundamental to the
understanding of the processes of MeV ion generation. So, they warrant a brief introduction.

For an incident plane wave with field values given by

E — Eoe_i(th_kz)i'
(1.5)

o]

_ Boe—i(th—kz)g

Where Ey By are the slowly varying field amplitudes. An electron placed in the plane wave will

experience the Lorentz force defined as

F=q(E+7x B) (1.6)
when the dimensionless electric field amplitude ay = meEOLc < 1 the electrons are considered

non-relativistic. The electron will oscillate in the field at a velocity know as the quiver velocity

eby (1.7)




In the cases where ag > 1 the v x B component of Equation 1.6 becomes non-negligible and the

electrons will drift along the laser axis with a velocity

2
Qg

4+ad

U cz (1.8)
We can note that for both scenarios the electron velocity depends on the applied electric field and at
no point gains energy. Once the plane wave is turned off, the electrons will stop moving. In order
to see how the electrons would gain energy in the laser field, we need to consider a more realistic
scenario since an infinite plane wave is more of a mathematical construct. Typical laser setups
involve a focused laser pulse whose intensity varies both spatially and temporally. If we think of a
tightly focused beam with a Gaussian focal spot intensity profile, an electron initially in the center
of the focal spot will see the highest intensity anywhere in the laser pulse. In the first half of the
laser cycle the electron will be accelerated away from the center of the focus along the electric
field lines toward the lower intensity region. During the second half of the laser cycle the electron
will accelerate back toward the central focal spot, only that now, since it is in the lower intensity
region, will not be able to return to its original position. This results in a net gain of kinetic energy
for the electron away from the region of highest intensity. The cycle averaged resulting force of

this effect is known as the ponderomotive force and can be written, for the non-relativistic case, as

62

FNR_pona = — sV(E - EY) (1.9)

MW7,

For the relativistic case the cycle averaged ponderomotive force becomes

FNR_pond = —Mec*Vy (1.10)

The final electron energy will be given as

AU = mec*(y — 1) (1.11)



As the photons are absorbed into the plasma, conservation of momentum shows that some of the

electrons must be ejected along the laser propagation axis according to

py = —mec(y — 1) (1.12)

Where Gibbon et al. [5] gives the relationship between p and p, as

2

P = omc (1.13)
It’s clear that the electron emission angle will be given by
2
tan(0) = 2= = /= (1.14)
| y—1

From this we can gather that as v increases, the emission of accelerated electrons lies closer and
closer to the laser axis.

There exists a variety of other mechanism by which laser light is able to couple to hot electrons.
Resonance absorption occurs for obliquely incident light where the electric field is parallel to the
density gradient (p-polarization). In this obliquely incident scenario the light will continuously
refract throughout the underdense plasma according to Equation 1.3. The electron density to which
the laser will propagate is at n, = n.cos(6;)? as opposed to n.. The light will evanescently decay
to the critical density where it resonantly excites plasma waves in the over-dense plasma. However,
this heating mechanism is typically restricted to lower intensities due to the requirement of a longer
scale length and shallow density profile.

More typical in ultra-intense laser matter interactions is the situation where the incident laser
light causes profile steepening of the density gradient due to radiation pressure, a mechanical force
exerted on the plasma as a result of conservation of momentum as the plasma absorbs, transmits
and reflects incident laser radiation. From here electrons are ripped from the plasma accelerated in

the laser field and ejected beyond the critical density into the over-dense plasma where the light will
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n.cos?(8) n.

Figure 1.1: Illustration of resonance absorption where E denotes the laser electric field, B the magnetic
field, and S the Poynting vector. The laser will refract through the plasma to an electron density of n, =
necos(6;)2. The electric field parallel to the density gradient will evanescently decay to the critical density
where it can resonantly excite electron plasma waves in the plasma.

no longer effect them. this results in a net gain of energy on the electrons from their acceleration
in the vacuum and is called vacuum heating [6].

For relativistic scenarios, J X B heating arises from a high frequency 2omega component of the
ponderomotive force [7] . This longitudinal oscillation leads to a non-resonant heating for intense
laser pulses in a manner similar to vacuum heating and is more prominent for normal incidence
beams [7].

Bremsstrahlung refers to the process by which an electron and ion undergo a Coulomb collision
where the electron loses energy. Via conservation of energy, a photon is emitted corresponding to
the energy lost by the electron. The inverse of the process is known as inverse bremsstrahlung,
by which an electron collides with an ion and absorbs a photon, gaining energy in the process [8].

The collision frequency can be written as v,; = n;0.;v., where n; is the ion density, o.; is cross-



section for electron ion collisions, and v, is the electron velocity. This heating mechanism is more
prominent at lower intensities (< 10'® W/cm?) due to the higher collisional cross-section at lower
electron velocities though it is important for the coupling of the pre-pulse to the plasma.

The hot electron energy distribution is described well enough by a Boltzmann distribution

E

Nhot (E) = nge” FThot (1.15)

with the temperature scaling with the ponderomotive potential as described by Wilkes [9]

I)\?
2 pm
Thot = MeC \/1 +—if§?—;—IaT§-— 1 (1.16)

Alternate scalings include Beg [10], Pukhov [11], etc. and the scaling needed for any scenario de-

—— Pukhov
J Beg
1014 — Ponderomotive

10° 4
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Figure 1.2: Comparison between different hot electron temperature scalings

pends strongly on laser intensity, pre-pulse duration, contrast, polarization, angle of incidence, etc.

We can see in Figure 1.2 that there is significant disagreement between the different temperature



scalings at different intensities. This illustrates the motivation for the study of the scaling which

best suits specific laser and target parameters.

1.2.2 Ion Acceleration

While the electrons are highly mobile in the laser field, as discussed above with the myriad of
electrons acceleration and heating mechanisms, the ions are nearly immobile. The large mass of
the 1ons compared to the electrons means the laser field has little direct effect on them. Directly
accelerating ions in the forward direction to MeV energies would require intensities in excess of
10** W/cm? [12] which is far beyond the capabilities of modern laser systems. One of the main
mechanisms currently used for the acceleration of ions is known as target normal sheath accelera-
tion (TNSA) [13]. TNSA provides a mechanism by which strongly beam-like bunches of ions are
accelerated on the rear side of a solid target, normal to the surface of the target. Current experi-
ments have yielded energies in excess of 100 MeV ions [14]. The interaction is quite complex, and
the theory surrounding it is not yet fully developed. However, the process by which it occurs pro-
ceeds roughly as follows. As the laser pre-pulse impinges on the front side of the target, the atoms

Contaminate Layer
Ions

Incident Laser Pulse

Rear Surface

Sheath Field
Pre-Plasma Hot Electrons

Figure 1.3: Illustration of the target normal sheath acceleration process. The incident laser pulse will
couple energy to hot-electrons in the pre-plasma on the target front surface. The hot-electrons will transport
through the bulk of the target, diverging in the process, and emerge on the rear side of target. This generates
a sheath field with a contaminate layer of ions on the rear surface where protons and other heavier ions will
be accelerated in the process.



begin to ionize forming a pre-plasma on the front surface of the target. Via the various heating
mechanisms described above, hot electrons are generated at the target front surface and transport
through the bulk of the target. As the hot electrons emerge from the rear surface of the target and
begin expanding in free-space, the electric field generated by the hot electron cloud ionize a con-
taminate layer of water and hydrocarbons on the target rear surface [15]. This strong sheath field
between the hot electrons and the ionized contaminate ions accelerates the ions in rear surface tar-
get normal direction with beam-like divergence. Just as with the variety of electron scalings, there
are a number of expansion models for ions. One such model is the plasma expansion model which
is a quasi-neutral, isothermal fluid model. Fuchs [16] and Mora [17] are a couple of examples.
Fuchs’ model is a good predictive tool based on varying laser and target parameters and scales the

maximum proton energy by expanding on Mora’s model.

Bz = 2That[ln(t, + (£ + 1)1/2))? (1.17)

wpt

Where t, = \/ﬁ is the normalized acceleration time, wy,; is the ion plasma frequency, ¢,.. is the
effective acceleration time which Fuchs provides as t,.. = 1.3745¢r, and n. o 1s the electron density
driving the rear surface sheath field. The electron density driving the sheath field can be estimated
first with the total number of electrons driving the expansion N, = fFEj e/ Thot» Where f is the
fraction of the laser light coupled to the pre-plasma which scales as f = 1.2 x 1075 0T [W/em?].
These electrons will spread through the target of thickness d and with and angular divergence of
6 to a sheath surface of area Sgpearn, = 7(ro + d x tan(f))? and will give a density of n.o =
Ne(cTigserSsheatn), Where r is the laser spot size. We can note that F,,,, o Ty, which means
the maximum ion energy roughly scales with v/7. Other mechanisms of acceleration have been
studied including radiation pressure acceleration [18, 19], Coulomb explosion acceleration [20],
laser break-out afterburner [21], etc. However at ultra-high laser intensities [22] and micron scale

target thicknesses [23], TNSA often dominates.



1.3 Colorado State University ALEPH Laser System

The laser at CSU [24] is a chirped pulse amplification (CPA) [3] based Ti:Sapphire laser. With
a center wavelength of Ao = 800 nm and a bandwidth of about A\ = 50nm FWHM. A Kerr-cell
mode-locked oscillator operating at a frequency of 86 MHz generates a pulse train seed for the
laser. The pulses are broadened to 550 ps with a grating stretcher and the 86 MHz pulses are down
selected with a Pockels cell to 10 Hz. The pulses go through 5 stages of amplification. The first
two are pumped by a commercially available Quanta-Ray Pro 270, frequency doubled, Q-switched,
Nd:YAG laser with an output of 600 mJ at 10 Hz. The following 3 stages are pumped by a set of
in-house designed Nd:Glass slab amplifiers pumped by Xe flashlamps, capable of firing at up to

3.3 Hz. The slab amplifiers received seed light from a chain of Nd:YLF rod amplifiers fed by a

Ti:Sapphire Amplification Stages Grating Compressor
bt Chamber

Pump Laser
Nd:YLF
Front End

Y,

f/2 Interaction
’f/25 Interacton
Chamber

Nd:Glass Slab Amplifier Tables

Figure 1.4: Overview of CSU ALEPH Peta-Watt Laser System

Q-switched Nd:YLF oscillator. After the final amplification stage, the 36.3 J beam’s diameter is
expanded to 185 mm and sent into the vacuum grating compressor. The pulse can be compressed
to 30 fs. Accounting for the throughput of the compressor, we get a maximum pulse energy of
about 25.4 J on target. This gives a peak power of 0.85 PW. The laser can operate in either its
Ao = 800 nm fundamental wavelength or at its A\g = 400 nm second harmonic. The fundamental
beamline consists of a single turning mirror into the interaction chamber. In the nanosecond range
the contrast of the laser system is measured to be 10®. The second beamline is a high-contrast
second harmonic beamline where the 800 nm pulse is frequency doubled using an 800 pm thick

KDP crystal with conversion efficiencies of > 40% readily achievable. The remaining fundamental
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Figure 1.5: Third order cross-correlation (SEQUOIA) measurement of the fundamental pre-pulse contrast

light is filtered using a sequence of five dichroic mirrors. The second harmonic generation process

improves the contrast to > 1012

11



Chapter 2

Thomson Parabola Ion Spectrometer

This ability to produce yields of high energy protons shows promise as a technology as a com-
pact injector to hadron accelerators, proton probing experiments, hadron therapy, etc. It is impor-
tant to improve the conditions by which you can either increase the maximum energy and yield of
ions. There is promise with current laser systems that generate these energetic ion sources at rates
never thought possible with the systems from some of the earliest ion sources. The high repetition
rate laser system show the potential to generate extremely large data sets from multivariate param-
eter scans of laser energy, pulse shape, spot size in order to better diagnose and characterize MeV
particle acceleration conditions. While many modern ultra high-power laser systems are capable
of the repetition rate required to generate these large data sets, the plasma diagnostics that resolve
what occurs in these plasmas have not evolved with their sources.

Columbia Resin 39 (CR-39) is a solid-state nuclear track detector used for the detection of
ionizing radiation. As ionizing radiation travels through the material, it leaves behind a trail of
damaged polymer bonds in the plastic due to the energy deposited in the plastic structure [25,26].
The detector is then etched in a NaOH solution where the tracks, or "pits" as they are typically
referred to as, etch away faster than the undamaged plate. This allows the user to observe the pits
created from the ionizing particles. Different types of radiation and even different ion species being
observed will create characteristic pits with specific depth of deposition, diameter, shape, etc. This
detection media is quite versatile and detailed in its ability to distinguish between different ion
species and radiation types. However, it suffers from the fact that is is impossible to operate at
high repetition rates. The plates need to be removed from the vacuum system, whether venting
the whole target chamber or a smaller external chamber, which itself can take 10’s of minutes to
an hour or more depending on the size of the chamber and location of the detector plate. An even
larger impediment to the operation rate of CR-39 is the etching process which can typically take

hours to both etch and record the results.

12



Image plate is another ubiquitous detection medium used in energetic particle diagnostics.
This mechanism of detection relies on the dopant Fu** losing an additional electron due to energy
deposition from ionizing radiation [27]. This free electron then becomes bound to either F'Br or
F'I and enters a metastable state. With the excitation of the now F'Br~ or F'/~ with a 620 nm
laser, the electron recombines with the EFu®" ion and emits a 413 nm photon. This process is know
as photostimulated luminescence (PSL). The detector is typically raster scanned in commercially
available IP scanners in which the emitted signal light is collected by a photomultiplier tube (PMT)
internal to the scanner and the signal recorded vs position in the scanner. This scanning process
can take several minutes depending on the size of the image plate sheet. This is in addition to the
vacuum venting cycles needed in order retrieve the detector, similar to the CR-39.

Micro-channel Plates (MCP) offer an option to retrieve data at a high rate, however these
require high vacuum, are expensive, and are prone to damage. MCP’s also gain scales strongly
with the applied voltage, making the retrieval of absolute ion number difficult.

In this chapter, we present the design of a Thomson parabola ion spectrometer that makes use
of a plastic organic scintillator based on Polyvinyl toluene (PVT) to act as a detection medium from
which we can gather large data sets at a high repetition rate (HRR), representing data collection

increases of > 10000 x compared to typical shot per hour experiments.

2.1 Thomson Parabola Ion Spectrometer Design

2.1.1 Thomson Parabola Basics

The Thomson Parabola Ion Spectrometer (TP) is a simple and ingenious diagnostic that has
been around for over a century [28] and is a staple in the field for spectrally resolving various ion
species. In its most basic form, a Thomson Parabola Ion Spectrometer consists of a parallel electric
and magnetic fields. As a charged particle passes through the apparatus it experiences the Lorenz
force seen in Equation 1.6. Setting up a system of coordinates, we say the ion will travel in the +2
direction and the magnetic and electric fields are both in the +2. While in the magnetic field the

ions will see the F' = quU X B component of the Lorentz force and will be swept in the 4+ direction

13
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with the corresponding Larmor radius r; = P

where m is the ion mass, v is the ion velocity
normal to the B-field, q is the charge of the ion, and B is the magnetic field. Since the incoming
velocity of the ion through the pinhole is in the +2 42 the ions initial velocity to v . After passing
through the magnetic field they will propagate with an angle 6 with respect to the 2 axis given by

the equation.

Lp

The overall ¢ dispersion will be both the dispersion from the drift after exiting the magnets as well

as that accumulated in the field. This will be given by,

Ydisp = T1 — 1/ 7“l2 — L2B + Dgtan(0) 2.2)

Where L is the length of the magnets and D is the drift length from the rear side of the magnets
to the detection plane. Assuming Lp < 7; this shortens to
Lg(Dp+12)  ¢BLp(Dp+L2)

isp ~ = (2.3)
Ya P T 2mEkm

1
Vv Ekin :

electric field, the ions will accelerate in the 42 direction along the electric field lines. Note, this

From this we gather that the v4;5, o< Where E};, is the ions kinetic energy. Similarly for the
sweep in the 4+ direction is parallel to the B-field of the magnets and thus this deflection will not
affect the dispersion in the 4y direction at the detector plane. This is important so as to preserve
the spectral information of the ions. After exiting the field of the electrodes, the ions will propagate

to the detector plane with an angle ¢ which can be given by,

_ qELE

tan(¢) 2.4)
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And the total drift of the ions at the detector plane will be

qELY,

_qELg

(Dg + %) (2.5)

+ tan(0)Dg

Ldisp =

Making a few assumptions: Ly = Ly = L, Dg = Dg = D, D > L, we get

,  qBLD

Ydisp = medisp (26)

For an applied electric field E, magnetic field B, field length L, and drift length D our ions will
be sorted into discrete parabolas based on the charge-to-mass ratio -=. This can act as a good first
order calculation of the dispersion. Unfortunately, it does not take into account the designs of many
current TP’s. Many of which make use of different electric and magnetic field lengths as well as
arbitrary field plate geometries. One has to make a choice between the ease of calculation of the
ion dispersion, and more practical consideration for the diagnostic itself in terms of compactness,

spectral range of interest, etc.

2.1.2 Thomson Parabola Design

The Thomson parabola consists of a collimating pinhole, ((a) in Fig 2.1)) a deflection region
containing permanent magnets (b) and a biased electrode pair (c), an alignment back pinhole (d),
and a detector (e). In order to retrieve an ion spectrogram we require a collimated beam of ions.
The collimation of the ion beam was achieved by a brass pinhole. Brass was chosen due to its
relatively high density, easy machinability and because it is non-magnetic. This limits any fringing
magnetic field at the pinhole. Pinholes were machined with 150 pm, 300 pm, and 680 pm diam-
eter hole versions available. The pinhole selection sets the spectral resolution of the instrument.
The pinhole was placed into a tight tolerance recessed hole in a thick aluminum shielding front
wall. This wall limits any other charged particles not collimated by the pinhole , and reduces any
background x-ray signal. After collimation the ions travel through the magnetic and electric fields

and begin to deflect. As seen previously, a main characteristic of a TP is the ability to separate
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different ion species by their charge to mass ratio. There are a few instrument parameters that can
be optimized in order to improve performance, especially for higher energy ions where different
species are more likely to overlap. In increase the electric field the field plates can be placed closer
together, or the voltage can be turned up. Both have major drawbacks as placing the plates too
close limits the lower energy spectrum that can be resolved as the ions start to collide with the
field plates during propagation. Turning the voltage up also has the drawback of increasing the
likelihood of arcing. A solution that has been used before [29-31] is to use a wedge plate config-
uration. This scheme allows for high electric field at the beginning of propagation while allowing
for the lower energy ions to disperse while avoiding spectral clipping. The position and the angle
of the field plates we set by a machined Teflon plastic holder. Teflon was chosen for its high di-
electric strength, ~ 19.7%, and good vacuum properties. The distance between the field plates
was selected to increase from 2 mm to 22 mm. The length of each electrode L is 150 mm. The
Teflon was recessed from the minimum plate separation to avoid arcing across the surface aided by
contaminates or sharp features that may lead to field enhancement. The high voltage connection
to the plate is made with grounded and shielded high voltage (SHV) cables. The magnetic field
was designed with consideration of the fact that different ion spectral region of interest will be
probed depending on the experiment being performed. This means that, barring changing the drift
length of the ions after deflection, we would need to be able to change the magnetic field itself.
One advantage of using something like an electromagnet when operating a Thomson parabola is
the ability to change the field strength by simply varying the voltage/current. However, this de-
sign presents its own issues including the propensity to overheat in vacuum, necessitating the use
of pulsed excitation [32] or water cooling. To avoid the complications associated with running
an electromagnet based TP, we opted for a modular permanent magnet design. In our design the
magnets sit in a pair of removable aluminum holders that can be easily changed allowing us to
insert magnets of varying strength. We used two commercially available neodymium magnets
50.8 x 50.8 x 12.7 mm in size from KJ Magnetics. with a nominal surface field of 0.27 T. The

previous model of TP in use at CSU was external to the chamber. It was mounted on a flange at a
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Figure 2.1: Exploded view of the Thomson parabola spectrometer: (a) Pinhole, (b) Magnets, (c) Wedge
electrodes, (d) rear alignment pinhole, (e) detection media

half meter from the target. This setup results in an extremely small solid angle of collection, thus
requiring the use of an microchannel-plate intensifier (MCP). In order to ensure our scintillator
creates enough photons for a visible camera to see without the use of an intensifier, the spectrom-
eter’s pinhole sits as close to the source as necessary for sufficient signal on the scintillator. Also,
in order to operate in an ordinary experimental configuration, where the TP is used in conjunction
with a multitude of other instruments, the TP was designed to be compact. We designed the front
of the instrument to not exceed a length of 45 mm and the rear of the instrument to not exceed a
length of 70 mm. The main body of the TP was machined out of a single block of aluminum. This

kept the instrument as monolithic as possible.
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Figure 2.2: Calibration experimental layout of the spectrometer in the f/2 configuration at the fundamental
frequency

2.2 Characterization

2.2.1 Simulation

The analytic formula for the dispersion seen in Equations 2.3 and 2.5 are for an ideal Thomson
parbaola with parallel magnets and electrodes. As discussed in the previous section we opted for a
wedge electrode arraignment for the instrument to accommodate the sweep of lower energy ions.
Because of this, a simulation script was written in Python [33] to obtain a first order approximation
of the dispersion from our setup. The script acted as an ion tracking software where ions of a

specified energy range were initialized each with a position and velocity matrix.

x Vg
r=1y |, 7= vy 2.7
z v,

Here z is the direction of propagation, x is the direction of the fields, and y is the energy dispersion

direction. The velocity matrix is initialized to have just a +Z2 component corresponding to the
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kinetic energy of each of the ions. The electric field dispersion was calculated using the time of

flight of the particles, Av, = ‘ffdj , where q is the ion charge, E is the electric field, dz is the step

iU

size, and m; is the ion mass. As the ions are stepped through the B-field, there is rotation matrix

applied to velocity vector.

1 0 0
R=10 cos(9) —sin(f) (2.8)
0 sin(f) cos(0)

The angle of rotation is related to the 6 from the theoretical dispersion 6 = arctan ( dz )

\/ 7"[2 —dz?

where dz is the step size and 7; is the Larmor radius. The electric field used for the simulation was

obtained as a 2-D Vector field inside the wedge plates using the Laplace equation.

1d dV 1 d?V  d*V 1 d?V
2= — (r— — = = 2.9
v rdr(rdr)+r2d¢2+ &z 12 dg 9
Where the E field can be written as
Vo
E(r,¢) =—-VV =—¢ (2.10)
o
Or [30]
% \%
E.(x,z2) = Z—i" E.(z,z) = —x—é (2.11)

(22 + 22)pg (2% 4 22) o

The Z component of the electric field is relatively small compared to the & component, but it is a
necessary addition for the fringing effect of the field. Without taking it into account, the dispersion
of lower energy ions are slightly different than that of the real traces.

An empirical approach was taken for the magnetic field. A Hall probe was incrementally

stepped along the path of the ions to record the field. To get an effective B-field a second order
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Figure 2.3: Measurement of B-field along ion path and corresponding super-gaussian fit

z 4
super-gaussian, B(x) = Ae~lwiam] ~+ 10, was fit to the measured B-field data in Igor. An effective

B-field was calculated according to the following equation

B.ff = L—lB/B(x)dx (2.12)

Where Lp is the length of the magnet, and the length over which ions are dispersed in the simu-
lation. This resulted in an effective B-field of 0.2907 T. The ions were stepped through the TP in
fixed increments of length dz, and the x and y positions were stepped relative to dz based on the
relative velocity of v, and v, to v.. The ions continue to step through the instrument until they hit
the detection plane where their X and y values were recorded.

Figure 2.4 shows an example trace at the detector plane. Plotted are a range of energies for
protons, deuterons, and carbon 1-6+. Note, the overlap between the deuterium and carbon 6+ lines

arises from their equivalent charge to mass ratio.
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Figure 2.4: Simulation of traces for protons, deuterons, and carbon 1-6+ ions

2.2.2 Calibration

The stopping power of ions was calculated by Bethe in 1930 [34] using time-dependent pertur-

bation theory as

dE  2mnz%et 2mu* W ax )
_AE Rl (2 mar ) g2 5 2.1
2= (e ) 20 @19

Where § = % v is the velocity of the particle, [ is the mean excitation potential, n is the electron

2mw?

1-32

density, m is the electron mass, z is the charge of the particle, W,,., = is the maximum
energy transfer in a single collision, ¢ is the density correction. U is the shell correction which
takes into account the orbital motion of target electrons. Ions experience what is known as a Bragg
peak. This arises from the small stopping power for higher energy ions that sharply increases as the
energy decreases. This results in ions traveling through matter like metals or plastics, depositing
little energy, but still enough energy to slow them down. The stopping power sharply increases as

the energy of the particle decreases. This causes a positive feedback loop as the particle slows and

the energy deposition increases resulting in a sharp spike in energy deposition as seen in Figure
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Figure 2.5: Example of energy deposition of 5.12 MeV protons through 200 pm of Al

2.5 for 5.12 MeV protons. This spike in energy deposition occurs at a specific depth beyond which
the ion of a specified initial energy will not penetrate and before which the ions will nearly totally
transmit. This fact is leveraged for the calibration of this diagnostic to avoid the most costly and
time consuming approach of securing time at a linear accelerator facility [35]. If a filter made
of something such as aluminum is placed in the path of a proton beam with a range of energies,
there will be a definite cutoff energy that arises due to the Bragg peak of ions passing through the
material. Specific cutoff energies can be calculated based on the filter thickness. We can use a
series of filters of different thicknesses to obtain a series of cutoff energies. Placing the filter set at
the detector plane allows us to obtain a calibration curve of the instrument’s dispersion. A series
of aluminum foils were used as the absorptive filters for the calibration with thicknesses of 4 pm,
10 pm, 25 pm, and 38.1 pum. FujiFilm BAS MS image plate was used as the detection media.
We note that the MS image plate contains a 9 m Mylar protective layer. In order to perform the
ion cutoff energy calculation we used stopping power data from NIST’s P-star database [36] for
both aluminum and Mylar. The cutoff energy calculation was performed using a Python script

where protons of different energies were iteratively stepped through the aluminum filter and Mylar
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protective layer. The corresponding stopping power was used to calculate the energy lost in each
iteration. The lowest energy proton that was able to transmit through the filters was recorded as
the temporary cutoff energy. Corrections were made to account for the additional path length
of material traversed by ions entering the filters with some angle # which could be estimated
analytically for the temporary cutoff energy by Equations 2.1 and 2.4. The new path length through

each filter was taken as l.fy = COSEQ)' The cutoff energy calculation and corrections were repeated

until the results converged to a final proton cutoff energy. Once the proton cutoff energy was
calculated, data was collected by irradiated a solid 9 pm Al foil target. The results for this series
of shots are show in Figure 2.6. The straight line corresponds to shots that were taken with no
voltage applied to the electrodes and the parabolic traces correspond to protons for a 6 kV voltage

applied to the electrodes. The x-ray/neutral spot, seen as the dot in Figure 2.6 and as the spike

Figure 2.6: Raw images of calibration shots showing traces of protons for no applied voltage as well as
6kV voltage. The spot seen at the bottom of each image corresponds to the x-ray/neutral zero deflection
position.

in the example lineout in Figure 2.7, was taken as the zero point. The distance to the signal cutoff
was recorded for each filter thickness. Recalling from Equation 2.3, the magnetic deflection of
10NS Ygisp X \/LE The observed deflection distance was plotted vs \/LE The calibration curve
was obtained by applying a linear fit to the data. The resulting trace is shown in Figure 2.8 along
with the simulated deflection for the same energies. As we can see, there is strong agreement

between the calibrated and simulated deflection. This calibration was performed for protons only.

23



35000
30000
25000 |

20000 |

Gray Value

15000

10000

5000 [

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Distance (cm)

Figure 2.7: Example lineout of a proton trace used for determining deflection distance of energy cutoff.
The spike on the left corresponds to the x-ray/neutral zero order.

A similar method to calibrate different species of heavier ions would be impractical due to the
higher stopping power seen by these ions. The high stopping power would require the use of
impractically thin filters to observe a low enough cutoff energy that could be generated in this
experimental configuration. However, since we see strong agreement between the simulation and
calibration for protons, the simulation data for heavier ion species could act as a good first order

estimation of the dispersion relation.
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Figure 2.8: Calibration data showing both measured and simulated data points as well as the calibration
curve fit.

2.3 Operation at High Repetition Rate

2.3.1 Scintillator Response and Spectrum Retrieval

In order to retrieve a meaningful spectrum from our scintillator shot results, we need some
form of calibration or model for the spectral response of our scintillator for different ions. In 1951,
Birks [37] proposed an empirical formula for the light yield from scintillators. It states that the
light per unit distance emitted due to the energy deposition from radiation in a scintillator is a
function of the energy deposited where the relation is given as

dE
dL =

G dz 2.14

For ions the equation describes a nonlinear response of the scintillator to the stopping power=. For

dL

low stopping powers, the light yield as a function of distance, =,

is linearly related to the stopping
power of the ions scaled by S, the scintillation efficiency. However, as the stopping power begins

to increase, the emitted light begin to deviate from its linear response and saturates to a constant
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value given by %, where kp is referred to as Birks’ constant or the quenching factor. An example
light yield vs stopping power plot for the organic scintillator Anthracene can be seen in Figure

2.9. The quenching effect is mainly dominated by ionization quenching in organic scintillators
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Figure 2.9: Nonlinear response of Anthracene showing saturation of light yield response as stopping power
increases [1]

wherein ionizing radiation like ions leave a path of damaged or ionized molecules along its path
of travel. These damaged or ionized molecules act to capture excitons and decay non-radiatively.
The excitons would otherwise transfer energy to the scintillating molecule and emit light.

There are two main experimental methods for the determination of light yield as a function
of ion energy [38]. The direct method is to bombard the scintillating material directly with well-
characterized charged particles like ions and measure the response. The indirect method is to bom-
bard a scattering source with neutral radiation like gamma rays or neutrons and use a unique angle
to select the energy of the scattered charged particles on the scintillator an to measure the response.
This indirect neutron scatter technique was used by Awe et al. [39] to retrieve the quenching factors

of protons for the green-shifted PVT based scintillator, EJ-260. An additional non-linear term k¢
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Figure 2.10: Spectral response function for protons in EJ-260 for different scintillator thicknesses

was included in their calibration using the equation

dL B
o S dx -
dz 1+ k9 + ke (4E)

T

(2.15)

There are examples of this method being used to obtain a relative light yield on a similar PVT
based plastic scintillator, EJ-228 [40]. Though there are no absolute calibrations of the response
of these plastic scintillators, and no relative light yield measurements for EJ-260. Because of this,
the quenching factors provided by Awe et al. act as a good first order estimation of the proton
yield. A response function can be obtained using Equation 2.15, and the energy loss vs position
in the scintillator similar to that seen in Figure 2.5. The proton stopping power data for PVT
was estimated using SRIM [41], a software which uses a quantum mechanical treatment of ion-
atom collisions to simulate the ion’s path through matter. Similar to how the proton cutoff energy
was calculated in the instrument calibration, the energy loss as a function of distance was used to
compute the light yield as a function of distance. The results were integrated to get the total light

yield for a single proton of a specific energy. The resulting spectral response function for protons
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is seen Figure 2.10. There is a noticeable discontinuity in the response. This can be attributed to
protons that transmit through the scintillator without encountering the Bragg peak energy loss. This
means higher energy protons will transmit through the scintillator without depositing a significant
fraction of their energy.

A Python script was written to automatically scan for new images as they are saved from a shot,
and retrieve the spectrum. A few inputs were required such as the position of the x-ray/neutral zero
order, the scale of the image in question (pixels to cm), and the ion species of interest. Though
these would remain constant throughout a shot series and would not interfere with HRR operation.
The deflection of the ion species of interest was estimated using a polynomial fit to the deflection
traces from the simulation code seen in Figure 2.4. The position of the parabolic trace for the
species of interest with respect to the zero-order was estimated by the deflection results from the
simulation in Figure 2.4. A background subtraction is performed by sampling the noise along the
magnetic deflection line where no trace bisects and removing x-ray hard hits with a median filter.
Dispersion binning is the integration of signal over a range of ion energies due to the finite pixel
size of the camera. The value was different along the magnetic deflection due to the non-linear
sweep of ion energies. Once calculated this was accounted for in the spectrum. Lastly, the code
deconvolves the spectral response function, seen in Figure 2.10, from the raw data trace in order to
retrieve the estimated proton yield per unit steradian. In addition, the ion characteristic temperature
and cutoff energy were measured. A sample of the resulting spectrum can bee seen in Figure 2.11
This code provides a mechanism to achieve on-shot spectral analysis. As will be discussed later,

this 1s a necessity for single-shot closed-loop neural network training for LIA optimization.

2.3.2 High Repetition Rate Experimental Results and Analysis

For demonstration purposes, a high repetition rate experiment was performed in a different
configuration than the calibration setup. One of the main limitations of the f/2 beamline is the
laser’s short Rayleigh range of approximately 20 pm. This means that any small variation in

flatness in the target holder or of the target foil itself could result in defocusing of the target. As
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Figure 2.11: Sample of proton spectrum showing automatic temperature fit and cutoff energy calculation

a result, each target in the f/2 configuration must be manually aligned to the focus of the laser
using a front surface imaging system. This creates a maximum firing rate of approximately one
shot per minute. One way to circumvent these issues is to use the /25 beamline available at
CSU. The 4.7 m focal length provides conveniently long Rayleigh range of approximately 2 mm
at the fundamental frequency, which relaxes the requirements on targeting positioning accuracy.
This allows us to perform an initial alignment of a target and safely assume the subsequent target
positions to be in focus for the rest of the series. Through the use of motorized target motion in
conjunction with an automated G-code controlled positioning system we were able to reliably and
rapidly position each target in the holder, achieving a shot rate of 0.2 Hz on solid targets.

The first demonstration of data collection at high repetition rate consisted of a scan of the lase
intensity. The laser energy was varied from 3 J to a maximum of 21 J. The resulting cutoff energies
are seen in Figure 2.13. For comparison, the predicted cutoff energy based on the Fuchs model
according to Equation 1.17 is plotted. The model results were obtained using the hot electron tem-

perature scaling given by Wilkes in Equation 1.16, a pulse duration of 45 fs, a target thickness of
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Figure 2.12: Example of proton trace in a high repetition rate run

9 pm, a spot size of 50 um. We see a significant deviation between the measured results and those
predicted by the model which appears to drastically under-predict the experimental cutoff energy.
Brenner et al. [42] proposed a modification of the Fuchs model by modifying the acceleration
time. Fuchs fixed the acceleration time to the laser pulse length by 7,.. = 1.3t45-. Though this
isn’t physically accurate, it agreed well with simulations. Brenner proposed the inclusion of two
additional terms beyond the laser pulse duration accounting for the acceleration time of the ions.
The first, Tezpansion, 18 the time it takes for the ions to expand beyond the sheath region and thus
for the transfer of energy from the electrons to protons to dissipate. Buffechoux et al. [43] gives a
simple relation for the expansion time as Tegpansion = f Additionally Brenner introduces a term,
Tescapes Which accounts for time it take for axial electrons to escape lateral extent of the sheath.
We can write this escape time as Tescape = QDTZ Here Dj e, is the focal spot diameter and . is
the average velocity of the electrons driving the acceleration process which can be taken from the

electron distribution function in Equation 1.15. The new acceleration time will be the magnitude
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Figure 2.13: Intensity scan of proton cutoff energy by varying incident laser energy. The expected Fuchs
relation between laser intensity and cutoff energy is plotted along with a modified Fuchs model.

of these 3 terms and is given as

— 2 2 2
Tace = \/TLaser + Tempansion + Tescape (216)

The modified-Fuchs scaling for the laser parameters at ALEPH are plotted against the results in
Figure 2.13. We can see this fits better with the experimental results compared to the basic Fuchs
model. Much of the difference can be attributed to in part the large focal spot size increasing the
lateral escape time.

We can see that laser and plasma parameters strongly effect the max energy scaling of laser
accelerated protons. However, finding the best conditions for LIA can be a daunting task due to
the sheer number of input parameters at play. Intensity, scale length, pulse duration, contrast, tar-
get thickness, electron density, among many others have drastic effect on the heating, transport,
and acceleration mechanisms involved. Scanning the parameter space necessary to optimise this
interaction is nearly impossible with the more conventional particle-in-cell (PIC) simulation anal-

ysis typically encountered in the field [44,45]. Therefore a main direction of the development of
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an HRR TP is the implementation of HRR diagnostics in conjunction with a neural network (NN)
trained to predict laser pulse shapes to optimize the laser matter interaction, in our case for LIA.
We are developing this approach in collaboration with a group at Lawrence Livermore National
Lab [46]. A first implementation of this artificial intelligence based laser pulse shape optimization
was performed via a parameter scan of the acousto-optic modulator at the front end of the laser.
The NN had been trained previously and output a list of predictive pulse shape parameters. We
note that the scans performed so far were done without feedback from the run. We can conclude
that this is a mode of operation that is now possible with HRR data collection an analysis of the
type presented in this thesis. The combination of the HRR trace capture and the suite of on-shot
spectrum retrieval and analysis software will enable us to operate in conjunction with a neural
network training program to uncover the conditions best suited to MeV ion acceleration. Future
experiments are planned where we would have live feeding of the results from a shot to re-train
the NN and have it predict a new set of optimized conditions. This closed loop NN training and
laser parameter prediction would be the first laser solid-matter interaction experiment controlled

by artificial intelligence.

2.4 Outstanding Issues

Though much of the rep-rated instrument operation showed promising results, there were un-
resolved issues that put limitations on HRR runs at the highest laser intensities. For the results
obtained above, the laser energy was limited to 11 — 12 J, short of the maximum capability of
the system of 25 J on target. At the low energy operation conditions, the instrument was well-
behaved. We were able to obtain clean spectra from nearly every shot taken in the series. However,
for the cases where the laser energy was increased up to its maximum capabilities for energy on
target, some abnormalities in the ion traces began to appear and become more frequent. Two of
the main phenomena observed were EMP related trace distortions and low energy trace blooming
due to pinhole charging. Short pulse laser facilities have a propensity to excite powerful bursts

of EMP [47]. As electrons and other charged particle are accelerated in the plasma source, they

32



(a) (b)

Figure 2.14: Examples of trace abnormalities where a) is due to EMP related trace distortions and b) is due
to pinhole charging

propagate throughout the interaction chamber and collide with the walls and other components.
This impulse of charged particle collisions results in a broad-spectrum RF electromagnetic wave
emission. This EMP is able to interact with sensitive electronics, often damaging cameras or trip-
ping the HV power supplies for the Thomson parabola. This EMP also has the ability to affect the
operation of the instrument itself where the RF excitation can affect the voltage of the electrodes
and thus the electric field that the ions see as they deflect through the spectrometer [48]. This re-
sults in characteristic trace distortions which can bee seen in Figure2.14a. While these distortions
ideally do not effect the spectral calibration of the instrument since the instrument parameter vari-
ation is in the electrode voltage, and thus not the magnetic deflection, the distortions may disrupt
the ability of our software to retrieve an on-shot spectrum and may cause different charge states
of ions to overlap, making resolving a spectrum potentially impossible. Methods to mitigate this
effect were discussed by Morrison et al. [29]. This included the addition of a low pass filter to the
HYV cabling to reduce the influence of the RF interference. An additional solution includes proper

shielding of the instrument in a carefully designed Faraday cage.
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Another trace distortion mechanism seen at higher laser energies was pinhole charging. As de-
scribed before energetic electrons emitted from the plasma source are able to collide with different
components in the interaction chamber. If enough of these electrons collide with the brass pinhole
of the spectrometer, the metal will begin to build up a net negative charge effectively creating an
Einzel lens. As ion propagate through the pinhole they will begin to lens where the low energy re-
gion of the ion trace blooms significantly. This effect can be seen in Figure 2.14b. We can note that
the trace seen was obtained with the larger 680 pm pinhole compared to the more frequently used
300 pm pinhole. Therefore the unperturbed ion trace is thicker than normal. Similar to the EMP
related trace distortions, pinhole charging may cause enough blooming of the traces, especially
at lower energies, such that different ion charge states may begin to overlap. Making resolving a
spectrum impossible. Additionally, blooming may cause the spectral resolution of the instrument
to decrease significantly enough that the results lack significance. One measure taken to reduce
this trace distortion was ensuring the body of the TP had good electrical contact with the ground.
Since the instrument sits on an anodized 3-axis rotation stage this had acted as a form of electrical
insulation between the body of the TP and the interaction chamber which is grounded. The simple
addition of a copper wire attached from the chamber floor to the instrument near the pinhole has

acted to reduce the occurrence of pinhole charging.
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Chapter 3
Novel Scheme For the Generation of Spike Trains of

Uneven Delay and Duration

3.1 Laser Plasma Instability and Control

One of the most exciting areas of research today is the study of schemes for fusion energy, and
the hope that it may provide access to unlimited clean energy. There are two competing fusion
energy schemes - Inertial Confinement Fusion (ICF) and Magnetic Confinement Fusion (MCF).
One of the oldest attempts at the generation of fusion energy was the z-pinch wherein a plasma
column is pulsed with extremely high current. The resulting magnetic field creates a cylindrical
compression on the plasma column which would hopefully compress enough to create the plasma
conditions for fusion energy generation [49-51]. Tokamaks [52-54] and Stellerators [55, 56] are
currently the most promising tools for magnetic confinement fusion energy, wherein hydrogen
plasma is confined by a network of superconducting electromagnets or permanents magnets re-
spectively.

A different approach to fusion energy is based on ablative compression of a fuel pellet. These
systems use some of the most powerful and energetic lasers in the world to compress a small fuel
pellet to extreme temperatures and densities sufficient to drive a fusion reaction. The leading ex-
ample of this technology is the National Ignition Facility (NIF). This laser system consists of 192
of Nd:glass amplified 1.052 pm beams that are frequency tripled to 351 nm delivering 1.8 MJ of
laser light on target with peak powers of 500 TW [57]. For the so-called indirect drive configura-
tion, the 3wy light enters into a capsule known as a hohlraum, depicted in Figure 3.1. This capsule
acts as both a housing for the fuel and as a conversion mechanism for the 3wy light. As it impinges
on the inner walls coated with gold (Au) or depleted uranium (DU), the light is converted to soft

(keV) x-rays with efficiencies exceeding 80% [58]. From here the x-rays bathe the fuel pellet sus-

35



incident laser beams

Figure 3.1: Hohlraum image from reference [2]

pended in the center of the hohlraum. This pellet consists of an external 2 mm diameter ablative
layer typically consisting of copper/beryllium or CH, a 75 pm cryogenic deuterium-tritium (DT)
ice layer with submicron variation, and an inner gaseous DT core [59]. As the x-rays bathe the
outer shell, material ablates outward and through conservation of momentum drives the rest of the
pellet inward which can be described by a spherical rocket equation [60]. This creates a central hot
spot where the fusion reaction begins and creates a self-sustaining outward propagating burn [61].
This compression is extremely sensitive to hydrodynamic instabilities [62]. Additional instabilities
put limits on the x-ray flux variation to < 8% rms on the pellet itself [63-65]. This requirement
is made difficult due to various absorptive parametric instabilities that can occur as the laser light
propagates through the hohlraum to the Au/DU walls.

Two of the main absorptive parametric instabilities seen in these driven fusion plasmas are

Stimulated Brillouin Scattering (SBS) and Stimulated Raman Scattering (SRS). SBS can be de-
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scribed as the coupling and decay of a laser photon into a scattered photon and an ion acoustic
wave (IAW). SRS is a similar instability only it involves coupling of the laser photon into a scat-
tered photon and an electron plasma wave EPW. As the laser light propagates in the hohlraum,
it encounters the low density plasma region of the capsule. It can resonantly excite these para-
metric instabilities where it creates an internal "mode"(the wave) and back-scattered light. This
back-scattered light and the incident light can parametrically excite new plasma waves, creating
an unstable positive feedback loop where these scatter processes grow exponentially. This leads
to a decrease in efficiency of the conversion of laser light to x-rays. Additionally, it results in
scatter light directly impinging on the pellet, creating hot spots, and thus seeding hydrodynamic
instabilities.

The SRS interaction can be described by momentum and energy conservation in the dispersion
relation

Wo = Ws + WEPW

(3.1)
ko = ks + kepw

The minimum frequency the wave can propagate in the plasma is wy = wp.. This limits the SRS

instability to wy > 2w, or n, < “¢. The Raman gain can be written as [60]

1 k202 w w
Vo Wi Wo
Gops = < L0

(3.2)
8 Wowy U Vg

where vy is the quiver velocity of an electron in the laser field, w, is the scattered Raman wave
frequency, w; is the EPW frequency, v; is the EPW damping rate, v, is the group velocity of the
EPW and L is the length over which the three-wave resonance occurs. The threshold intensity for

SRS gain is 1975 > % where Ly is the density scale length for the 7¢ density in um, and A is
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the center wavelength in pm [66]. Similarly for SBS

Wy = Ws + Wraw (3.3)

ko = ks + kraw

Since w4 1s much smaller than the frequency of the laser, the SBS instability can occur through-

out the underdense plasma region.
2
Gsps =g —5———L (3.4)

where, vy and v, are the electron quiver velocity and thermal velocity, w, is the IAW frequency, v,

is the IAW damping rate, v 0 is the group velocity of the IAW. The threshold intensity for which

Te

/nc)hola’ where Te is

this instability occurs in the underdense region is given by I°%% > 1.7
the electron temperature and L,, is the velocity scale length [66]. The exponential gain that these
parametric instabilities experience leads to detrimental effects in the operation of an ICF system.
One proposed solution is to deposit the laser energy by the use of a spike train of uneven delay
and duration (STUD pulses) [67,68]. These pulse trains drive the implosion process in a similar
manner to a normal ICF configuration. However, the pulse is broken into this pulse train which
excites the same parametric instabilities, only now the LPIs are not allowed to grow exponentially
through the entire pulse duration. The light is essentially turned off during the off-duty cycle,
allowing the IAW and EPW to damp in between excitations. Once the next pulse in the train
comes on, there is less of a seed of the instability to grow. This has been shown in simulations
to lead to drastic reductions in the SRS and SBS instabilities as seen in the normal configuration.
Because of this, this technique shows promise as better driver of the implosion process. Here
we present a simple scheme for the generation of these STUD pulses. In the typical setup at the
ALEPH laser facility’s f/25 beamline, several planar turning mirrors are used in the laser chain to

route the 185 mm diameter beam after pulse compression to the /25 off axis parabola, where it

focuses over 4.7 m down to a near diffraction limited spot size of approximately 50 xm in diameter.
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Our scheme for generating STUD pulses revolves around replacing one of these planar mirrors in

the laser chain with a custom-made hexagonal step mirror shown in Fig.3.2.

3.2 Step Mirror Design

Nd}a
1 le

Figure 3.2: Diagram of STUD-forming mirror based on adaptive optics

The STUD-forming step mirror consists of 10 hexagonal mirrors actuated by an array of motors
an mounted on a common body/frame. Each mirror segment is held in position and controlled by
3 Thorlabs Z812V motorized actuators. These actuators give us tip and tilt control of each of the
mirror segments. Additionally, all three motors can be translated in or out to achieve “piston”
control of the beamlets. The main goal of this segmented mirror is to spatially offset the plane at
which the laser wavefront reflects from. When the plane of one mirror segment is offset from the
plane of another mirror segment, the optical path length (OPL) of the wavefront at one mirror face
will be different than the OPL of the wavefront reflecting off another mirror segment creating a
time delay between the pulses. This wavefront division scheme, illustrated in Figure 3.3, generates
10 individual sub-pulses from each of mirror segments which can be temporally offset from one
another. As the these individual beamlets propagate further through the laser chain and through the

OAP, they will focus down to the same spot, however they will arrive at different times according to
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Figure 3.3: Illustration of STUD mirror operation. The initially flat wavefront is divided due to the seg-
mented mirrors, The offset of each mirror creates a delay between the divided wavefronts.

the optical path difference. This effectively creates a pulse train, with arbitrary separation between

each sub-pulse, at the laser focus.

3.2.1 Pulse Timing and Alignment

The timing of the pulses began by choosing a mirror segment to act as the reference time/optical
path length. The procedure consists of overlapping the focal spot of two beamlets at a time, and
changing the pulse duration until they are close enough temporally so that they interfere. This

means that the pulses are within a time At that is less than the coherence time defined as:

AS

=0 3.5
Tecoh CA)\ ( )

where )\ is the laser center wavelength and A\ is the bandwidth of the pulse. For the laser’s
typical operating bandwidth of A\ = 20 nm, the coherence time is 7 = 106 fs and the coherence
length is [.,, = 32 pm. The short distance over which each of the beamlets interfere makes the

task of temporally overlapping all the pulses using this technique challenging. To mitigate this and
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(b)

Figure 3.4: Resulting focus of STUD-forming mirror array where a) shows the spot foci of 10 individual
beamlets timed to ¢y with visible fringing and b) shows the resulting spot focus from the overlap of the 10
beamlets with 200 fs pulse separation

ease the task of timing the pulses, we used the Dazzler, an acousto-optic modulator on the front
end of the laser to cut the band width of the laser. To start the procedure, We cut the bandwidth to
1 nm. This extends the coherence length of the laser pulses to 0.64 mm. Once fringes appear, the
bandwidth is increased to Snm and the path length is adjusted again to bring the pulses to within
the coherence time. This is repeated at 10/;nm and so on, until fringes are visible with the full
bandwidth. This meant the sub-pulses are timed to within 106 fs and the mirror surfaces are flat
with each other to within 23 pm. This is different from the coherence length due to a factor of v/2
arising due to the 45° angle between the mirrors and laser wavefront. This procedure is repeated

for each of the 10 mirrors in the STUD-forming array. To improve the resolution of our ¢, timing
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Figure 3.5: STUD Mirror in Experimental Configuration

even further, we step through the coherence length for the mirror in steps of 1 pum, from where
the interference pattern appears to where the fringes disappear again. Subsequently, we split the
difference and move to the center of the coherence length amounting to a spatial resolution of 1 ym
and a temporal resolution of +4.7 fs. The results from this ¢, timing are shown in Figure 3.4a.
From this point forward any of the timing done for the sub-pulses is done by tracking the relative
positions of the mirrors from their ¢, position. Once offset temporally, the beamlets are overlapped
spatially. The result of stacking the 10 pulses is shown in Figure 3.4b. We can see the smooth
image of the stacked foci. This image was taken for a pulse separation of 200 fs which is greater
than the coherence length of the pulses, thus there was no fringe formation. Characterization of

the full pulse train is still needed where a cross-correlation measurement would suffice.

3.3 Experimental Results

A commissioning experiment wuth the STUD-forming mirror was performed at the ALEPH

laser system. We explored the STUD pulse parameters best suited to LPI control and mitigation in
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aresonance absorption experiment. Recall the discussion earlier of the electron heating mechanism
by which laser light is refracted through the plasma to a electron density given by n, = n, cos?(6;).
The evanescent wave tunnels to the critical density, where it resonantly drives EPW’s at w;. The
laser light can couple to the EPW’s generated at the critical density to emit 2w, light [69-71].
We can contrast this with the SRS back-scattered light that we would observe from the instability
scattering. The SRS scattered light will emit according to the given dispersion relation in Equa-
tion 3.1. At “¢, we get wy = 2wgpw. The SRS light will correspond to side-lobes around the
laser frequency at both ‘(% and %> with each sidelobe extending toward the central frequency for
plasma densities below “¢, though the strongest emission will be at resonance. We can use this
characteristic emission for light that couples to the critical density as an indication of absorption
to the plasma. Similarly, the emission at these SRS side-lobes will act as characteristic indications

of light that scatters at quarter critical or below.
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Figure 3.6: Sample of experimental results for the investigation of STUD pulse based mitigation of SRS
laser plasma instabilities. 2w, 3wp/2, and wy/2 emission from 2 and 3 ps pulses for various duty cycles.
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The experiment was performed in the ALEPH laser system’s {/25 interaction chamber/beamline.
A pre-plasma was generated by an uncompressed 320 fs, 800 nm heater beam focused by a 5 m
lens to a 140 pum spot incident near normal on the target surface. The STUD beam was transported
along the typical f/25 beamline, obliquely incident on the target surface. Optical fiber spectrome-
ters were placed in the back scatter direction and in the specular direction. The 2wy, 3%, and
were observed in the back-scatter direction with the 2wy and 34‘;1 seen with one spectrometer and
the % seen on a dedicated long wavelength spectrometer. Specularly reflected 800 nm light was
monitored by a fiber spectrometer to observe any incident laser light not coupled to the plasma. A
wide parameter space was explored where we varied the delay between STUD pulse, individual
pulse separation, pulse duration, STUD beam intensity, angle between the STUD pulse and the
target, and heater pulse energy. We first set out to optimize the resonance absorption conditions for
the best 2wy signal. In this optimization the planar mirror in the /25 beamline was not replaced
with the STUD mirror, so we worked with 2 ps single pulses. The first optimization began by tun-
ing the angle between the /25 beam and the target from 10° to 40° settling on 20°. Additionally,
we tuned the plasma scale length for optimized RA by varying the heater delay between —100 fs
and +500 fs, settling on 4200 fs. The effect of the STUD pulses on the SRS instability was then
explored with the STUD mirror being placed in the beamline. We varied the energy of the pulses,
with the intensity ranging from 10'* to 10" W/cm?. Lastly, the individual pulse separation and
duty cycle were varied for 2 and 3 ps global pulse durations. In all, we collected > 5000 shots with
strong shot to shot variation. A summary of results from some of these shots for differing duty
cycles are shown in Figure 3.6. A cursory examination of the data indicates increased 2w, emis-
sion for 50 fs STUD pulse duration compared to 260 fs implying more laser light coupling to the
critical density for lower duty cycles compared to a single long pulse beam. Though preliminary
results indicate the ability of STUD pulses to reduce the SRS instability and increase coupling of
laser light to the critical density, there are currently 1000’s of shots that are in the process of being

analyzed.
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Chapter 4

Summary

We have designed, built, calibrated, and tested a compact Thomson parabola ion spectrometer
capable of operating at 10’s of Hz. Additionally, a suite of ion spectrogram retrieval and analysis
software was developed to aid the operation and data collection capabilities of the system. We
have demonstrated this diagnostic is capable of operating without the use of an intensifying screen
or MCP which both simplifies the diagnostic operation and makes it more robust to the harsh EMP
environments of high-intensity short-pulse driven experiments. The rapid data collection, enabled
by the combination of this instrument with high repetition rate lasers, will allow for large multivari-
ate parameters scans to better diagnose complex plasma conditions, allow for studies on sources
of ion beam variation, and enable experiments driven by artificial intelligence algorithms [72].
Commissioning experiments in conjunction with neural network optimization of laser parameters
was performed. Future work would involve live training and feedback from the neural network
algorithms to aid the optimization of laser and plasma conditions for MeV ion acceleration.

In addition, we designed, built, and implemented a novel STUD pulse generation mechanism
using an adaptive array of hexagonal mirrors. This STUD pulse generation method offers a simple
and robust method of generating a pulse train of arbitrary delay in high intensity laser systems
for the study laser plasma instability mitigation. Taking inspiration from the work performed on
the Thomson parabola, future work may involve the implementation of rep-rated diagnostic and
machine learning algorithms to study the STUD pulse configuration best suited to mitigating laser

plasma instabilities and increasing the efficiency and stability of ICF mechanisms.
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