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CHAPTER 1

Introduction

1.1 Thesis Perspectives

Physicists are always interested in new and unknown topics. In 1927, the Nobel
prize-winning American chemist, Irving Langmuir, first used the term “plasma,”
which in Greek means “moldable substance” or “jelly,” to describe an ionized gas;
Langmuir noticed the way blood plasma carries red and white corpuscles similar to
the way an electrified fluid carries electrons and ions. This moment started a new
chapter of physics.

The ordinary matters have a fourth steady state besides solid, liquid, and gas
states, known as plasma. From Langmuir’s discovery, physicists realized that plasma
constitutes more than 99% of the visible matter in the universe; stars, nebulae, and
interstellar matter are all plasma though existing at a wide range of temperatures.

Since Langmuir’s discovery, plasma has become a hot topic for researchers to
explore. A number of theories about plasma behaviors and several plasma models
have been developed to explore the fourth state of matter [30, 40]. The findings of
these studies established the most important concepts of plasma physics, including
the particle and fluid model, plasma damping, plasma decay, Debye sheath effect,

and the collective behavior of plasma.
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Just like the discussion of the light duality dilemma back in 1950, plasma can
have fluid and particle characteristics together. After Einstein suggested the duality
of light, various experiments started to verify the idea. Now, researchers all over the
world are attempting to explore plasma’s characteristics.

Since the invention of an ultrahigh-intensity laser achieved by chirped pulse am-
plification (CPA), lasers have become a source for producing plasma. Furthermore,
since the first publication of particle acceleration from the laser-plasma interaction
in 1995, the nonlinear and relativistic effects that ultrahigh-intensity lasers are capa-
ble of producing inside plasma have attracted researchers’ attention. By the simple
laser-plasma interactions, charged particles can be accelerated to several MeV en-
ergy. Between the accelerating potentials, an up to 102 V/m electric field can be
accumulated. This electric field lasts several femtoseconds to provide the force to
accelerate particles coming out of the plasma.

A small and efficient particle accelerator was developed that provides a new per-
spective on particle and beam physics. From an overdense plasma, an efficient ion
beam can be detected from the rear side of the targets, while from low density plasma,
electrons are accelerated effectively. However, at this beginning stage, many more
details need to be investigated, such as the optimum condition of acceleration or
the mechanism of acceleration, in order to provide better particle sources for various
applications.

The purpose of this thesis is to discover the mechanism and the optimum condi-
tion of proton acceleration from the ultrahigh-intensity laser and overdense plasma
interaction in terms of the proton energy and flux. This topic is identified as being of
importance to researchers in providing them more efficient proton acceleration from

the laser-plasma interaction.
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1.2 Laser-Plasma Research Regime

Laser-plasma research cannot start without the improvement of more and more
powerful lasers. Since high power CO,, KrF, and Nd:glass lasers were used to produce
plasma for fusion experiments, researchers noticed that the characteristics of laser-
produced plasma (LPP) depends on the laser intensity: the more powerful the laser
is, the more nonlinear effects can be induced inside the plasma.

These nonlinear effects provide various interesting phenomena for researchers to
explore. Namely, the mode-locking technique from the 1960’s (see Fig. 1.1) and the
chirped pulse amplification (CPA) [17] (see Fig. 1.2) in the 1990’s have advanced
the laser industry with much shorter pulse duration and much more energy in one
pulse. These effects, together, provide orders of magnitude enhancement to laser

pulse intensity.

Pulse Duration
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100 16 ‘1Hellworth

" »
e \ CPA

J Q-switchingt\ l KLM
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Figure 1.1: Evolution plot of laser pulse duration vs. time.
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Figure 1.2: Evolution plot of laser intensity vs. time.

From Fig. 1.2, the CPA technique provides a tremendous improvement for the
laser-plasma study. CPA made the intensity of a focused laser increase to 10%®
W /cem?. Such high intensity is sufficient to ionize the targets into plasma and quickly
accelerate the particles into relativistic velocities, velocities comparable to the speed
of light. This is called a relativistic plasma regime.

The University of Michigan’s Center for Ultrafast Optical Science (CUOS) has
been at the forefront of nonlinear interactions between lasers and materials. In
1961, the University of Michigan first observed the second harmonic generation phe-

nomenon. Since then, researchers have been using stronger laser and field potentials
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that are much larger than the electron binding energy in the atom to study nonlinear
interactions. When the laser intensity became high enough, we immediately picked
up the lead in, LPP physics research: CUOS was among the first few laboratories in
the world to demonstrate the nonlinear optics in relativistic plasmas and laser wake
field acceleration of electrons [60]. We also produced a MeV laser driven proton
beam from a thin foil target [36]. Plasma-based laser accelerators have achieved the
highest acceleration gradients of 100 MeV/mm for electrons and 10 GeV/mm for
protons from solid targets, at about 10?5 times higher than the earth’s gravity, and
yet higher gradients have been proposed and are under experimental investigation.

The interaction of electrons with both the oscillating magnetic and electric fields
produced a number of nonlinear effects. When the electron velocity is comparable
with the speed of light, the second term of the Lorentz force equation is no longer
negligible (see Fig. 1.3). As a result, various nonlinear effects occur and more inves-
tigation is needed to understand laser-plasma interactions.

An extreme regime of focused laser intensity will be accessible soon with the
development of the zettawatt-class (10'® W) laser systems, where protons will quiver
relativistically in the laser field, elementary particles like pions will be produced,
and the Compton ~? shift of the laser wavelength due to the co-moving accelerated
electron beam will produce Gamma rays. This will allow more interesting nonlinear

phenomena for high field plasma scientists to explore.

1.3 Thesis Outline

During the fours years in the CUOS of University of Michigan, three different
laser-plasma interaction experiments and the theories behind them have been con-

ducted and engaged. These three projects studied the mechanism and the method of
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Figure 1.3: Schematic figure of ultrahigh-intensity laser interacting with plasma. The electrons are
relativistic now and move in a figure 8 pattern [60].

controling proton acceleration from ultra-high intensity laser and solid target inter-
actions. My thesis includes these three different projects as well as the background
theory of the experiments.

An introduction of the T2 (Table Top Terawatt) laser system is in Chapter III. The
T3 laser system is located in the University of Michigan’s CUOS. The experiments
reported in this thesis are all done with the T? laser system.

Chapter IV starts with electron angular distribution measurements, which provide
a good understanding of the mechanism of proton acceleration. However, in the
meantime, I learned from the electron distribution that we may also derive the surface
magnetic field and see how the electrostatic field changes inside the targets.

Chapter V shows the proton beam images from long-scale-length laser-plasma
interactions. Observation of these interactions indicates the effects of target material

and target thickness on proton beam spatial profiles and proton maximum energy.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter VI discusses the prepulse effects on proton acceleration. It shows the
relationship between prepulse intensity and maximum proton energy.

Chapter VII shows some preliminary results about applications of the proton beam
from ultra-high intensity and solid targets. These applications take the advantages
of the compactness and low-cost of laser-driven proton acceleration to achieve their
goals.

Chapter VIII concludes this thesis by summarizing the effects of electrons, target

materials, target thickness and the laser condition on maximum proton energy.
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CHAPTER II

Theory: Plasma Physics and Laser Accelerator

2.1 Plasma Physics

The fourth state of matter, plasma, is the main regime I will deal with when
ultrahigh-intensity lasers interact with solid targets. This plasma is a gas of charged
particles, which causes the gas to absorb more energy. One known characteristic of

plasmas is the “shielding” effect. The shielding distance is called Debye length Ap,:

/€0kTe
(21) /\De = —TL;EE—

where ¢y is the permittivity of free space, k is the Boltzman constant, T, is the
electron temperature, n. is the electron number density, and e is the electron charge.
For distances r > the Debye length, the shielding cloud composed of the particles
in the plasma effectively cancels all the outside forces.

For a classical plasma, a single particle motion is considered. Consider a slab
of plasma of thickness L, where there are ions and electrons present and the ions
have an infinite mass to make the ions immobile while the electrons can move freely
through the ions. When an electric field is added, the electrons are pulled back and

forth around the ions, creating a motion similar to simple harmonic motion with a
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frequency w,, called electron plasma frequency:

2
(2.2) we = 4|

€017
Where ng is the electron density and m, is the electron mass. By analogy with

the electron plasma frequency, we define the ion plasma frequency w; for a general

ion species with density n; and an ion charge Ze as

(2.3) Wi — niZe?
' t €om;

Where m; is the ion mass. But we can see from 2.3 that the ion plasma frequency is
much smaller than the electron plasma frequency; therefore, considering the plasma
as a fluid, we only need to consider the equations of motion for the electrons. Just
like a usual classical wave, all the Maxwell equations, wave equation, and dispersion
treatments are appropriate for electrons in plasmas.

Inside a relativistic plasma, nonlinear effects need to be taken into account.
Lorentz factor <y is a factor used to determine the degree of relativistics for par-

ticles or waves.

1

VG

Where the v is the velocity of the particles or waves, and c is the speed of light.

(2.4)

An important parameter for relativistic phenomena is the normalized vector po-
tential, ag.

CEQ
mwc

(25) apg =

Where Fy is the electric field of the wave; m is the mass of particles; w is the

frequency of the laser light.
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ag provides information as to how strong the laser electric field is. We can now

relate the v and the ag by:
(2.6) y=4/14 =

or ag = 0.85Xo(um)v/I(10'®W/cm?). This high electric field wave induces nonlinear
motion from the second term of the equation of motion, the v x B term; therefore,
we can derive the ponderomotive force by plugging in the E and B relations twice to
produce the formula:

2
27) fur = -5 _vE?

dmw? " °

A significant amount of density fluctuation occurs in the laser-plasma interaction
zone because of coupling of the light wave and the electron-plasma waves. Further-
more, sizable ion density fluctuations can be produced in this interaction, due to the
fact that an excited plasma wave interacts with the laser wave to generate changes
in the electric field. Moreover, the gradient in the field gives rise to a pondero-
motive force which can raise the ion density fluctuations [30]. This ponderomotive
force and corresponding ponderomotive potential are the most important concepts
derived from the nonlinear and relativistic plasma regime. They contribute to the
relativistic plasma effects. For the refractive index changes, relativistic self-focusing,
self-guiding, and self-phase modulation will be introduced. In an underdense plasma,
this ponderomotive force can be high enough at a longitudinal direction to push elec-
trons off-axis. This is also called ponderomotive self-focusing because the refractive
index is higher at the axis.

Another important background element of plasma physics is its instability. No
matter whether the plasma is treated by a single plane wave of finite amplitude

(parametric instability) or by Vlasov fluid theory (two-stream instability), the plasma
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in equilibrium is not necessarily in a stable state. In other words, even when the
plasma is in equilibrium, we still can ask whether it is at a stable or unstable state.
This is called parametric instability [40], and it includes parametric decay instability,

stimulated Brillouin backscattering instability, and two-plasmon decay instability.

2.2 Laser Absorption and Heating

2.2.1 Collisionless Absorption

For a p-polarized light wave, the electric field has a component along the plasma
density gradient. The oscillation of the field can generate fluctuations in the plasma,
which causes the plasma to resonate. Therefore, the energy from the laser light wave
can be transferred to the oscillation inside the electron plasma wave. This is called
resonance absorption. Note that the oscillation in electron densities, which results
in a charge density fluctuation at wp. = w, can provide a different and changing wave
number at the density gradient direction. After integrating the electric field inside

the plasma density region, this can give an energy flux absorbed by the plasma, as

follows [30].
© FZ2 wLE}
2. bs = Ly~ —d
(2.8) Iob /0 Vg dz 3
E; = _%_2'37-6(—%3/3)
V2rwL/c
T = (w_L)1/3 sinf

C

A recent publication also showed the agreement, of the experimental measurements

and the predicted scaling from resonance absorption [42].

2.2.2 Not-So-Resonant, Resonant Absorption

When an intense laser light wave has an oblique incident angle on a sharply

bounded overdense plasma, a strong absorption can be accounted for by the electrons
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that are dragged into the vacuum and sent back into the plasma with velocities that
equal the electron oscillation velocity [6]. With an incident angle 8, the energy flux
absorbed by the plasma is shown below.

2
Uosch

(2.9) Lops = (—72') .

2m
This mechanism is more efficient than the usual resonant absorption for v,s./w > L,

with the L being the density gradient length.

2.2.3 JxB Heating

J x B heating is a heating mechanism which originates from the oscillating com-
ponent of ponderomotive force at normal incidence [31]. This indicates that, when
the ultra-high-intensity laser is incident on the plasma, an electrostatic field driven
by the ponderomotive force is established inside the plasma. This oscillating field
has a strong spatial variation in the laser-plasma interface and is able to heat the
electrons that interact nonadiabatically with it. With an incident laser intensity of
10'® W/cm? on a 100 n. plasma, there is a total of 11% of the laser light being

absorbed by initial-temperature 4 keV electrons [31].

2.2.4 Self-Modulated Laser Wake-Field Acceleration

A new mechanism supported by experimental results leads to efficient accelera-
tion of electrons in plasma by two counterpropagating laser pulses. It is triggered
by stochastic motion of electrons when the laser fields exceed some threshold ampli-
tudes, as found in single-electron dynamics. In vacuum or tenuous plasma, electron
acceleration in the case with two colliding laser pulses can be much more efficient
than with one laser pulse only. In plasma at moderate densities, such as a few
percent of the critical density, the amplitude of the Raman-backscattered wave is

high enough to serve as the second counterpropagating pulse to trigger the electron
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stochastic motion. As a result, even with one intense laser pulse only, electrons can
be heated up to a temperature much higher than the corresponding laser pondero-
motive potential [51, 52]. When an intense laser pulse interacts with a solid-density
target, it is partially reflected, and the beating between the incident and reflected
light in the underdense plasma region will create interference [43], which can modify

the optical properties of the plasma, excite plasma waves and heat electrons [64].

2.2.5 Collisional Heating

The electrons in the plasma wave that absorbs the laser light energy will start
damping. In particular, electron-ion collisions are one of these damping mechanisms.
The coherent motion of oscillation of electrons in the laser electric field wave is
transferred to thermal motion at the rate at which electron-ion collisions occur. We

can calculate the damping rate by balancing the energy dissipation.

2.2.6 Collisionless Damping

An electrostatic wave can be damped, even without any collisions. This phe-
nomenon is also called Landau Damping. When the velocity of electrons is near
resonance, the electrons can exchange energy with the electron plasma wave, and
the electrons can be accelerated or decelerated. We can calculate the changes in the
energy of particles moving in a given field and then average these energy changes
over a Maxwellian distribution (assuming the particles have Maxwellian distribu-
tion). After balancing the energy changes, we can obtain the damping rate from this

collisionless process.
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2.3 Ion Acceleration from Ultrahigh-Intensity-Laser and Solid Target
Interaction

Many different phenomena take place in laser-plasma interactions. Fig. 2.1 shows

at which regime each process needs to be considered in terms of plasma density and

scale length [30].

JxB Heating
. Not-g0-Resonant Heating

. /

L _ / n_. Parametric Instability
Brillouin Backscattering "Resonant Absorption

Self-focusing, Fil@aﬁon

. __——n 2w, decay
Raman Backscattéring

T T T T T T T T |

X

Figure 2.1: Schematic of density profile in plasma.

Working with ultra-high-intensity lasers needs to take into account all the nonlin-
ear effects. This thesis mainly focuses on the “ultrahigh-intensity-laser” and “solid
target” interactions because solid targets can provide energetic protons that are de-
sired for the proton beam applications. Moreover, there are several special points
that need to be considered for these overdense plasma interactions, which is discussed

below.
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2.3.1 Laser Intensity Contrast Ratio Effects

An ideal laser pulse has a huge signal-to-noise ratio; however, in current labo-
ratory settings, such ideal clean-pulses are unachievable. A prepulse coming from
an imperfect pulse compression or amplified spontaneous emission (ASE) can cause
prepulses and pedestal preplasma.

In particular, the imperfection of pulse compression is very typical in a chirped
pulse amplification (CPA) laser [55]. The bandwidth mismatch between the stretcher
at the beginning of the laser chain and the compressor in the final stage of the laser
chain is the main source of the prepulse, thus generating a low-density, preformed
plasma that prevents sharp edge plasma formation produced by the main pulse.

Secondly, the ASE produced from the amplification process within the gain medium
required in the regenerative amplifier (RA) and regular multipass amplifier can cause
a prepulse pedestal. This ASE mainly comes from premature self-lasing in the non-
linear crystals. It not only will distract energy from the pumping laser so as to
decrease the laser output, but it will interact with the target material before the ar-
rival of the main pulse, thus decreasing the efficiency of the acceleration of particles.
From theoretical calculations [34], assume a laser oscillator emits a series of pulses
with power Py and with negligible noise power between pulses. Fluorescence from
the amplifier’s gain medium is emitted in all directions with random polarization.
Only a small fraction of the fluorescence coincides with the injected pulses in the
propagating direction. Part of the initial noise power py (ASE) is amplified along
the pulse.

The initial signal-to-noise ratio is defined as Ry = Fy/po. Then after N round
trips, the contrast ratio is Ry = Py/pn. The pulse power is, in absence of gain

saturation, Py = G2V Py, where G, is the initial, single pass power gain on the line
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center. The calculated noise power is:

2AN+1)
a

PV E G DI+ 2(N + 1)g.]?

(2.10)

where ¢, is the round trip amplitude gain coefficient at the atomic line center. Thus,

we can derive the contrast ratio after N round trips as:

G2 -1
(GO +2(N + 1)ga]*®

(2.11) Ry = Ry

Also the pq is given by:

_ A hwega Aw
3210, T Awp V' in2

(2.12) Do

The next step is to plug in experimental values associated with Ti:Sapphire crystals.
These are as follows:

A, = 1.053 pm,

hw, = 1.186 x 10718 J,

ga ~ 0.2,

Aw/Awy, =1,

stimulated emission cross section o, = 3 x 1071° cm?,

fluorescence lifetime 74 = 3.2us,

which can give a value of py = 1.84 x 107> W, and with an initial peak power
Py = 0.1W, the expected contrast ratio Ry ~ 5.43 x 10%, and with a 60 round trips
for the regenerative amplifier.

With these values, an expected contrast ratio from the RA about 10° can at least,
theoretically, be obtained. From the calculation above, one can notice that the in-

jection power also becomes an issue affecting the pulse intensity contrast. Obviously,

when the injected seed pulse power is higher, the contrast ratio will be larger. This is
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due to the fact that an injected seed pulse with high energy needs less cavity build-up
time, thus reducing the number of round trips of the ASE that can be amplified.

In order to evaluate the contrast ratio, a pulse temporal intensity distribution
trace was taken by a third-order autocorrelator. See Appendix A for details about

the experimental setup. The trace outcome is shown in Fig. 2.2.
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Figure 2.2: Third-order autocorrelator trace of T® laser, July 18, 2004.

The horizontal axis is scaled with time in picoseconds, and the vertical axis is
scaled I/1,,,, in arbitrary units for Fig. 2.2. The maximum of the UV signal occurs
when the fundamental and the second harmonic generation signal have the same
optical length.

The setup has seven orders dynamic range. If one of the arms is blocked, the

third harmonic signal disappears at the noise level that is seven orders of magnitude
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smaller than the maximum. This is shown on the plot at about 35 picoseconds.

The main peak approximately shows a 500-femtosecond full width half maximum
if I assume the shape of the pulse is Gaussian. This measurement is a little larger
than expected. This discrepancy should come at the resolution of the long-range
translational stage, which introduces the delay between the fundamental and the
second harmonic generation signals.

The steps through which the stage travels are too large, so the process of fitting
to a Gaussian distribution is not accurate enough because of an insufficient number
of data points. This problem will be easily solved by replacing the present setup
with a higher resolution stepping motor.

From Fig. 2.2, although I cannot identify exactly how long the pedestal would
be, I can expect that the signal is decreasing toward the outer ends of the plot. The
worst contrast for the pedestal would be five orders. This means that, when the laser
main pulse is focused to an intensity of 10! W/cm?, the pedestal intensity can be
as high as 10 W/cm? at nanoseconds before the main pulse arrives.

In addition to the main pulse, there are several peaks around the main pulse.
The positive time is the front side of the main pulse, and the negative side is the
rear side of the main pulse. If prepulses exist, these prepulses must have arrived
before the main pulse and caused the target heating, ionization, plasma formation,
and the plasma expansion. This expanded plasma is called “preplasma.” If other
peaks appeared at the rear side of the main pulse, they would not cause too many
problems; therefore, I will only discuss the prepulses in front of the main pulses.
Fig. 2.2 shows that there are three pairs of symmetric pulses. These are mainly
caused by the autocorrelator, such as the reflection from the neutral density filters,

the doubling crystal, or the tripling crystal. These three pairs occur at 16, 20, and
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31 picoseconds. I will disregard these artifacts from the autocorrelator. The pulse
at 35 picoseconds, which is a 4 mm delay is a reflection from a BG-39 filter in the
green arm only.

These data suggest that either the prepulse or the pedestal of the main pulse can
introduce a more complicated process during the ultrahigh-intensity-laser and solid
target interaction. When the laser pulse is incident on a solid target, the highest
intensity part of the laser pulse is interacting with the preplasma at the plasma-
critical surface instead of interacting with the sharp solid target surface.

Estimated preplasma length is a few microns for an intensity of 10** W/cm?
prepulse. Unfortunately, this makes the laser pulse interact with this underdense
preplasma first, thus changing the solid target conditions. From a previous report
[61], it was shown that nonionizing prepulses with intensities as low as 108~10°
W /cm? can substantially alter high intensity laser-solid interactions. The prepulse-
heating and vaporization of the target can lead to a preformed plasma once the vapor
is ionized by the rising edge of the high-intensity pulse. Therefore, it is important to

gain a better understanding of ion acceleration processes in this regime.

2.3.2 Ion Acceleration and Absorption

Since the appearance of the short-pulse laser, laser-matter interaction has un-
dergone a significant change. Matter suffers a huge gradient electric field in an
ultrashort time period; this process not only involves linear and nonlinear optics,
but also plasma physics and particle physics. With such a high—intenéity electric
field (10 W/cm?), the plasma becomes relativistic and a high-frequency oscillation
electrostatic field component from the ponderomotive force is developed. The fre-
quency of the ponderomotive force is 2wp; therefore, this means that electrons are

accelerated into the plasma twice every cycle by this ponderomotive force [62].
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This shows a “train” of high energy electrons that are separated by a distance of
half of the laser wavelength. This process can heat the electrons up to about 1.1 MeV,
which is 26% of the incident laser field energy. While the electrons are accelerated,
the huge laser light pressure punches a physical hole on the overdense solid target.
The light pressure is p;, = 2I/c ~ 6 x 10*Mbar with 10'® W/cm? intensity. Further,

by balancing the momentum flux of the mass flow with the light pressure, we obtain:
(2.13) npiMu® =I/c

IX?
¢ 2np M 1.37 x 108

where n,,; and n, are the ion and electron plasma density, u is the ion velocity, M is
the ion mass, and Z is the charge state.

From this equation, we can obtain ion velocity of about 0.025 times the speed of
light. This means that this ponderomotive force can accelerate the ions to a very
high energy (about 10~% Mc?) level with 10'® W/cm? intensity. As the hole forms,
the electric field of the light wave begins to drive the plasma electrons on the sides
of the hole. As expected, the absorption efficiency increases with wgt = 600, and the
effective temperature of the electrons transporting toward the rear side of the target
is about 1.6 MeV. This experiment indicates a 45% increase in the temperature of
the electrons when hole boring occurred.

As well as being heated, the electrons flow outward from the target, thus this
electrostatic field starts to drive the ions to the velocity shown in Eqn. 2.14. Detectors

on the rear side of the target show the accelerated ions at the rear side of the target.

2.3.3 Proton Shock Acceleration

Recent publication [53] showed two proton acceleration regimes: (1) proton ac-

celeration due to the ambipolar fields arising in the free expansion of the strongly
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heated electrons at the front and rear of the target, and (2) proton acceleration in
a collisionless, electrostatic shock formed at the front of the target. The formation
of an electrostatic shock with a high Mach number M= vgp001 /s & 23, where vUgpock
is the shock velocity, and ¢, is the local sound speed, with a laminar structure. In
addition, because of the intense heating of the background electrons by the incident
laser, the effective sound speed is quite large; therefore c,/c can exceed 0.1. This
high velocity shock is responsible for the acceleration of the highest energy protons,
with clear signatures in the proton spectrum and phase space [53], and the proton

shock acceleration dominates at the rage of parameters.

2.3.4 Target Normal Sheath Acceleration (TNSA)

A prevalent mechanism for ion acceleration from solid targets was developed by
Wilks et al. [63]. This ion acceleration mechanism (TNSA) is the result of a “cloud”
of hot electrons, generated in the blow-off plasma created by the laser prepulse
interacting with the target, which go through the target and ionize the proton layer
on the back of the target. These protons are then pulled off the surface by this cloud
of electrons and accelerated to tens of MeVs, in tens of um.

One of the main ideas the TNSA mechanism expresses is that the source of the
protons or ions is from the rear side of the target. Wilks shows a Particle-In-Cell
(PIC) code simulation result that clearly indicates that the front of the target expands
spherically as a plasma due to the interaction with the prepulse. The main laser pulse
follows and hits this plasma and the critical surface, generating a large number of
hot electrons (the electron cloud). Since the target is transparent to these energetic
electrons, the cloud extends past the back of the target, whereupon it ionizes. Then
it accelerates the proton layer on the back of the target.

A modified acceleration mechanism appeared recently [48]. It is called the “ Mod-
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ified TNSA Mechanism.” Several experiment reports observed a front sheath of
target acceleration. Thus, Sentoku investigated the ions’ source topic again by per-
forming PIC code simulations. His results exactly matched many other experiment
results. In developing this modified TNSA, Setoku explored the effect of electron
recirculation on the rear side sheath acceleration and found that the peak proton en-
ergy increases in inverse proportion to the target thickness. Furthermore, he showed
that low-energy protons can come from the front side of the target plasma sheath;
the higher-energy protons are from the rear side of the target plasma sheath. The
derivation follows: to know the ions’ acceleration time in the sweeping potential by

calculating:

d'l)i(t) N El(.’l?)
(2.15) M—= = =

= ZeE,(z)

where x is the direction of laser propagation and this model is a 1D model, assuming
that the electrostatic field is constant at the average of E,9/2 in the Debye length.

Then, the ion energy as a function of x is given by:

ZEE:E()
—X

(2.16) Fi(z) = (Z22a)

The acceleration time 7, is calculated by integrating half the Debye length:

M Xp M
2.1 w = —
(2.17) e Zmyes ¢\ Zmes

where T is a laser oscillation period. With 7, > 7s,, we get:

2,  [2m 2

" /24
o 1.37 x 1018)

usw_ -
(2.18) c ¥V Me A ¢

This is the maximum velocity which the ions can reach, but if the laser pulse duration

is shorter than the sweeping duration, the energy cannot transfer totally to the ions

due to the disappearance of the sweeping potential. Moreover, after the laser pulse
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irradiation is over, the ion velocity is reduced to (71 /Tey)usw. For a 500 fs laser pulse,
u/c ~ 0.028, the peak proton velocity is shifted up with the recession velocity u, and

the final ion velocity from the front side sweeping acceleration is given by:
(2.19) Umaz = U + 1.5Ugy,

Thus, the protons can be accelerated. From this derivation, it shows that the key to
accelerating protons is the electrons’ motion because the sweeping potential and the
ponderomotive potential are built up by the electrons.

Many researchers have tried to simulate the path of the electrons. The modified
TNSA mechanism has another important perspective about the electrons’ movement,
which is the advantage of electron recirculation.
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Figure 2.3: Schematic diagram of the relationship between electron recirculation and target thick-
ness [48].

Fig. 2.3 illustrates that the hot electron bunch length is approximately the same as
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the laser pulse length L, because the velocity of these hot electrons is approximately
the velocity of light, ¢. The bunched electrons travel through the highly conductive
target, like a metal or a plasma, without energy loss. They are then reflected at the
target surface by a self-induced sheath field. When the target thickness, L, is greater
than half of the pulse length, L,/2, as seen in Fig. 2.3, the electrons overlap only
locally at the target edge and there is no significant increase of hot electron density.
When L < Ly,/2, the electron recirculation can provide an increase of electron density.
Note that the electron recirculation can only give a larger yield for electrons but not
increase the electrons’ energy, and the hot electrons do not lose energy inside the
target; they circulate continuously until they transfer their energy to the protons.
Moreover, the result shows that the more the electrons recirculate, the greater the
number of electrons are driven, and overall, the more energy is stored in the electrons.
When all the electrons transfer their energy to protons, the protons can gain more
energy out of the higher electron recirculation. This suggests that a thinner target
can provide more energetic protons.

Another 1D simulation [48], showed the difference between the front side and the
rear side acceleration efficiency in terms of pulse duration, thus indicating that the
rear side of the target has better efficiency of proton acceleration and gives higher
maximum proton energy; however, there are still protons accelerated from the front

side, although with lower energy. See Fig. 2.4.
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Figure 2.4: Front side vs. rear side acceleration [48].
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CHAPTER III

Experimental Setup: Table-Top Terawatt Laser in Michigan

3.1 T3 Laser System

The laser system used in this experiment was developed in the early 1990s. It is
a 10 TW hybrid Ti:Sapph/Nd:Phosphate glass, CPA laser system with 400 fs pulse
duration output. Four main components of T3 laser are:(1) oscillator system, (2)

regenerative amplifier system, (3) power amplifier system, and (4) pulse compressor.
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Figure 3.1: T3 laser schematic plot, including the important parts of T3 laser: an oscillator, a
stretcher, a regenerative amplifier, three heads of amplifier, and a compressor.

The oscillator in T3 is a commercial Mira-900 unit by Coherent that utilizes Kerr

mode-locking to produce an 80 MHz, 2 nJ per pulse, 200 mW average power pulses
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at 1.053 pum wavelength, 100 fs and 3mm diameter beam. The bandwidth of the
oscillator output is about 7 nm. The oscillator is pumped by a commercial CW
Argon ion multi-line (470-530 nm) laser (Innova 200 by Coherent) that emits a 10 W
average power beam which pumps the Ti:Sapph crystal in the oscillator. The pulse
train from the oscillator is sent to the stretcher, which can stretch out the laser pulse
temporally by four passes of a single 1740 lines/inch grating into about a 1 ns pulse
duration.

Afterwards, the beam is reduced in repetition rate, with a Pockel cell, down to
10 Hz before it enters the second component of the laser system, the regenerative
amplifier (RA). The active medium in the RA is a Ti:Sapph crystal that is pumped
by a commercial SureLight unit (by Continuum) through two arms that deliver about
30 mJ each in an 8 ns pulse at 2wp. The seed pulse from the oscillator gets amplified
in the RA up to a 1 mJ level before it enters the third component of the system.

In the amplification chain, the pulse is first spatially cleaned by an air spatial
filter, where a diffraction limited aperture at the center of the filter preserves the
central disk in the Airy pattern beam profile. The spatial filtering takes place before
the beam enters the first 16 mm diameter Nd:Glass rod amplifier.

These three heads in the amplification chain are water cooled and flash-lamp
pumped. When the pulse exits the first head, the energy of the pulse will have been
amplified to a maximum of tens of millijoules. A hard aperture is set up after the
first head that defines the size of the beam at the output of the amplification chain.
The pulse then enters another (vacuum) spatial filter that preserves the TMg mode
and relays images of the pulse with a minor 10% waist increase. Just before entering
the second head, the pulse passes through a Pockel cell. This prevents the pulse from

reflecting back to the system and helps reduce the Amplified Spontaneous Emission
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(ASE) from the rods.

The pulse then enters the second head and gets amplified up to a maximum of
about 1 J. Another vacuum spatial filter relays images and magnifies the beam size
to three times of the incident beam. After that, the pulse passes through a half-wave
plate and an active Faraday rotator sandwiched between two crossed polarizers.
The Faraday rotator is a quarter-wave retarder, which means it prevents the pulse
from reflecting from downstream. If reflection occurred, it would not be destructive
because Faraday rotator would make the beam having the wrong polarization state,
which would prevent the beam from propagating back into the amplification chain.

At this position, the pulse is ready to enter the last amplification stage in the
third head, which is 45 mm in diameter. When the pulse exits the third head, it
will have been amplified to a maximum of several Joules, and then the last vacuum
spatial filter will relay the image of the beam again and increase its size. By then,
the beam diameter will have reached its maximum beam size of 50 mm, and en-
ters the compressor. Finally, the beam enters a two-pass grating compressor (1200
grooves/mm), where it is compressed to a pulse duration of about 400 fs, with about
60% efficiency.

The pulse contrast at the output is about 10° (see the details in Appendix A
and Chapter II). This is a very important parameter for the interaction of high
power lasers with the target. This contrast is considered adequate for experiments,
as the pedestal of the pulse at I = 107° x 10" W/ecm? = 10 W/cm? will not
induce too many pre-ionized electrons at the nanosecond pulse level. Because from
the calculation of the preplasma scale length: [ = ¢; % t;¢5 ~ \/777;:;, where [ is the
preplasma length, ¢, is the sound speed, t is the plasma expansion time, T. is the

electron temperature, and the m; is the ion mass, the preplasma is about 5 pum, which
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is small. The compressor and the subsequent laser system is kept under vacuum to
prevent the laser beam from breaking up in air. To provide enough time for amplifier

rod heat dissipation, 7 minutes are required between each shot.

3.2 Energy Measurement

The energy carried by the output pulse in front of the compressor is measured
by a caloriemeter (Model 380401 by Scientech). The maximum output of T3 laser is
6.5J (See Fig. 3.2).
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Figure 3.2: Energy calibration plot.

During the experiment, the energy of the shot can be measured simultaneously if
a referenced diode is installed. Installed in the laser system, it detects the leakage
from the laser pulse in front of the compressor. In this case, the real time pulse
energy level can be measured by the caloriemeter after the diode voltage output has
been calibrated. Fig. 3.2 shows the calibration data that predicts the laser pulse

energy.
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3.3 Experimental Chamber Setup

The experimental chamber setup schematic plot is shown in Fig. 3.3. This is

a top view of the chamber. The laser pulse after the compressor has an intensity

Parabola

t Diagnostjc
% Area *

Figure 3.3: Experimental chamber schematic plot.

101'W/cm?, which is enough to interact with the air and produce some nonlinear
phenomena; therefore, with a full power beam, a low vacuum must be created in
order for the pulses to propagate. To reduce the nonlinear effect on the beam profile,
the vacuum level should be less than 100 mtorr. Inside the experimental chamber,
vacuum-compatible optical components should be used.

In the figure, the arrow from the right pointing to the left is the laser pulse
propagation direction. The laser beam is 2 inches in diameter. When the laser enters
the experimental chamber, usually, a 33-degree-off-axis £/3.3 dielectric parabola is
used. For different purposes, a shorter focal length parabola, 15-degree-off-axis /1.5,
will be used as well.

Both the parabola mirrors are coated with both 527 nm and 1 m wavelength light.

The target plate is an optically flat 500 pm thick silicon wafer with 3 mm diameter
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holes etched through. When the thin film target is glued to the flat surface, the foil
will be exposed in the etching-through holes.

Inside the chamber, an 8-bit CCD camera is installed to look directly at the target
plate for the alignment of the holes. This is called the low-magnification system. It
provides an overview of the target plate when the experimental chamber is under
vacuum.

A P-I-N diode, which is a good monitor of the x-ray emission, is installed in
the direction of plasma expansion. X-ray signals are always a good indicator of the
alignment of experimental setup. The x-ray signal is larger when the target plate is
put at the focal position of the parabolic mirror.

Outside the chamber, there is another 8-bit CCD camera that can take an image
of the reflection of the laser focal spot on the thin foil target. It is called a high-
magnification system. About three times magnification is achieved by putting in a
lens; this lens collects the scattering from the thin film target at target normal direc-
tion. By using the high magnification system and then fine tuning of the parabolic

mirror, the target plate can be moved to the focal point during the experiment.

3.4 Focal SpotSize Measurement

Fine adjustments of the parabolic mirror are required to optimize the size and
shape of the target spot. The smaller the spot is, the higher the peak intensity of the
interaction. This step ensured that the spatial profile of the target spot is uniformly
flat. To facilitate the adjustment, a 60 times magnification objective lens is installed
into the setup before the chamber is pumped down to a vacuum. Fig. 3.4 shows the
experimental setup.

Fig. 3.5 shows a typical focal spot measurement lineout. It shows that the Full
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Figure 3.4: Experimental setup for measuring the focal spot at the target surface.

Width Half Maximum (FWHM) spot diameter is about 6.8 um. The energy coverage

within the FWHM diameter area is, at most, 40% of the incident beam’s energy.
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Figure 3.5: Focal spot analysis, the spot lineout, and the image of the spot.
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CHAPTER IV

Experiment: Electron Generation from Laser-Solid
Interaction

The physics of ultraintense-laser and solid-target interactions has been explored
for years. For example, a collimated beam of fast protons was reported from ultrahigh-
intensity-laser and solid-target interactions [10, 25, 36, 54]. A target normal sheath
acceleration mechanism was established [63]. All of these experiments indicate that
electrons are the driving force of the proton acceleration process.

However, a thorough analysis of the angles and energies of laser-generated electron
distribution has not yet been developed. Some important applications rely on the
generation of fast electrons from the laser-solid interactions, such as fast ignition of
fusion reaction [56], ultrafast radiation generation [58], and material science research.
Therefbre, fast electrons generated in the interaction of ultrashort intense laser pulses

with solid targets play an essential role in laser plasma interactions.

4.1 Experimental Setup

Electrons have small mass and they can easily respond to electric and magnetic
fields in laser-produced plasma. Previous theoretical publications show that, while
electrons are transporting inside the solid in a collisional plasma [32, 14], magnetic

instabilities (Weibel instability) produces a filamentation phenomenon of electron
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beams through the rear side of the target [21, 26, 49]. On the other hand, the
electrostatic potential built up by the charge separation during the interaction has
a femtosecond time scale, which is still a challenge for direct measurement. The
difficulties come from the fast-evolving particle ionization of the medium; therefore,
making a direct measurement of these changes in such a short time scale difficult.
In [57, 58], the indirect measurements of the electrostatic fields and the magnetic
fields are obtained by observing the changes of the polarization of the harmonic
generated from the interaction and the x-ray fluorescence or optical probing; how-
ever, these methods require complicated setups and introduce large errors into the
measurements.

In this chapter, a thorough electron angular distribution from the ultrahigh-
intensity-laser and solid target interactions is investigated. The experimental angular
distribution results show an explicit correlation with the particle-in-cell (PIC) code
results.

A clear electron beam is observed at the rear side of the target; however, this
electron beam did not follow that of the ions, which is in a direction perpendicular
to the solid target plate, nor did it follow the laser on-axis direction. The dependence
of the deflection angle is then derived according to our measurements.

In addition, another clear tendency is for the electron trajectory to flow along
the tangential direction of the target plate. The analysis of the electron image
shows that electrons are pushed from the laser-solid interaction point toward lateral
extensions along the target surface. Moreover, from the electron ejection angle and
the energy of the electrons, one can derive the electrostatic field changes in laser-
plasma interaction and the magnetic field generated from the surface currents at the

front side of the solid target [38, 59]. The electron beam, which flows close to laser
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on-axis direction, and the electrons ejecting along the target tangential direction have
not yet been reported. This is the first report to use the electron angular distribution
to measure the electrostatic potential changes and the magnetic field generated from
the interactions.

The laser beam is p-polarized and is focused by an f/3 parabolic mirror onto thin
aluminum foil targets (13um) positioned at 35 degrees to the axis of laser incident
propagation. The peak intensity on the target is 1x10'® W/cm? at 7 um FWHM
focal spot size. Around the target plate, a half cylinder of an equal distance of 5 cm
is aligned to wrap the rear side of the target at the laser incident plane.

Radiochromic films (RCF) and x-ray radiography film are the detectors for elec-
trons. They covered the cylinder holder separately and faced the laser focal spot at
the target to be exposed by the dosage generated from the laser-plasma interaction.

See Fig. 4.1.

Parabola

FWHM of Spot Size
dia. is 6pm.

Figure 4.1: Experimental setup for electron observation by the films.

The x-ray film, Extended Dose Range film (EDR2) from Kodak film company,
requires high exposures, 25~400 ¢Gy [20]. The RCF used here is the MD-55, which

is a thin film dosimeter that develops a blue color that is roughly proportional to
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the absorbed dose when it is irradiated with ionizing radiation. The RCF needs no
development procedure; it is based on polydiacetylene and has been introduced for
medical applications, known as GafChromic MD-55.

The film consists of a thin microcrystalline monomeric dispersion coated on a
flexible polyester film base. The film is translucent before irradiation. It turns pro-
gressively blue upon exposure to radiation. The radiochromic radiation chemical
reaction is a relatively slow, first-order solid-state topochemical polymerization of
the film. When the coated layer encounters radiation, the homogeneous planar poly-
conjugation along the carbon-chain shows a dark blue image. This gives a quick and

clear idea of where the electron beam is.

4.2 Observation of electrons

Inserting aluminum step filters or a magnet spectrometer in front of the radio-
graphic films provides an electron energy measurement. From the dosage images on
the film, the relative flux information can be determined; from the calibration curves
[20, 65], the absolute flux information can be calculated, as well. Moreover, these film
measurements have the advantage of providing a spatial distribution. Based on the
measurements described above, a direct and thorough electron angular distribution
can be obtained by this method.

Fig. 4.2(a) shows a scanned image of the x-ray film from a typical shot at I=1x 10"
W /cm?; Fig. 4.2(b) shows the lineout of the real image picture in Fig. 4.2(a). Toward
the left hand side of the film is the tangential direction of the target plate. As seen
in the picture, there are two lobes of electron signals. The center position of these
lobes corresponds to the tangent of the target plate; the spacing in between is the

shadow of the target holder, which we can ignore. Toward the right hand side of the
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Figure 4.2: (a): A false color real image of the x-ray film which covers half of the circle of the laser
incident plane at the rear side of the target shown in Fig. 4.1. (b): The lineout of the
(a) image with labeled correspondent directions.

film is the normal direction of the target plate.

Two, clear, electron signals deposited on the film are worth noticing: one is in the
direction of the tangent line of the target plate and the other is a smaller signal of
electrons flowing close to the laser forward direction. This signal is more like a beam

distribution compared to the broader distribution at the target plane.

4.2.1 Tangential Electron Analysis

Let’s discuss electrons along the tangential direction first, which have not been
reported in publications. In the target tangential direction, the electron energy
spectrum was measured by aluminum step filters. Fig. 4.3 is the scanned image of
the electron signal at the tangential direction. The electron temperature is 475 keV.

Also at the target tangential direction, but outside the laser incident plane, x-ray film
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Figure 4.3: A x-ray film false color real image of the electron signals at tangential direction of the
target plate with step filters (right) and its lineout (left).

detectors were installed on top of the target plate to measure the electron dosage;
however, no significant electron signals were observed. This absence of electron
signals shows the electrons are constrained within the laser incident plane.

Previous publications have studied the electron lateral extension distribution from
solid targets [15, 17]; nonetheless, they observed a uniformly distributed circle of elec-
trons around the laser plasma interaction point. This paper is the first to observe a
nonsymmetric lateral distribution of electrons generated from the solid target which,
instead of forming a circle, only flows along the laser incident plane. This non-
symmetric structure might suggest that the incident laser field momentum plays an
important role in the lateral electron generation.

The electrons may be generated from a sharp laser-plasma interface with a nona-
diabatic heating process driven by the ponderomotive force [62] at the front side of
the target plate. As a result, the electrons will try to leave the heated region. In an

one-dimensional symmetric case, the electrostatic field arising from the breakdown

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

of exact neutrality will return the electrons; however, in an asymmetric response
case, the electrons will not return from the same path, although they will still flow
backward to quasi-neutralize the original expansion. An electron current is formed
and this net circulating, which is called surface current, will induce a magnetic field
B[22, 23]. After combining Faraday’s and Ohm’s law with the electron temperature
gradient, electron density gradient, radiation pressure, and ponderomotive potential
as driving terms, a magnetic field will be derived if the electron density gradient and
the electron temperature are not parallel. Note that for the relativistic laser regime,
the ponderomotive potential provides the largest contribution to the magnetic field.
On the other hand, if the radiation pressure and the ponderomotive potential are
not uniform in the transverse direction, this discrepancy also can serve as a driving
force of the surface current. In [50], the experimental results and their correspond-
ing theoretical predictions indicate that the quasisteady magnetic field induced by
the high-energy currents can collimate the energetic electrons along the specular
direction and pinch the electron stream. These results suggest that the magnetic
field generated from accelerating the electron jet into the overdense plasma by the
ponderomotive force is the key to affecting the trajectory of the electrons in the
ultrahigh-intensity laser and plasma interactions.

Concentrating on the front side electron generation, which ponderomotive force
has effects on, the overdense plasma is ionized by the incident ultrahigh-intensity
laser, and the small-massed electrons are moved by the fields generated from the
interaction.

From many previous publications [29, 50|, a collimated electron jet has been
observed. Assuming these electrons have a uniform momentum profile at jet trans-

verse direction, they are injected into the solid target with momentum (p;,p,).—0 =
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Figure 4.4: Movement of electrons at a tangential direction to the solid target. The green solid
arrows show the electron trajectory. Electrons are first being reflected by the pondero-
motive force toward the laser spectral direction, self-generated surface magnetic field,
bent by the magnetic field and then pushed back by the space charge effect from the
vacuum.

(posin b, p, cos§) with laser incident angle 6, where 7 is the target normal direction
and x is the target tangential direction. This surface current will induce return cur-
rent inside the target material and these two currents will form a loop to induce a

magnetic field By = a,g(zz) at positive y direction. With canonical momentum con-

servation on the magnetic field effects, one can easily derive the charge and surface
electron density with the injected electron momentum py < i—i‘yl”_fé)i—;—;‘@ and reflected
at 2z = zref(po) by the induced magnetic field [38]. The electrostatic potential formed
by these fields and the magnetic field then can be derived analytically with known
boundary conditions.

The schematic figure (Fig. 4.4) shows the movement of electrons at a tangential
direction to the solid target.

A 2D-PIC code simulation result of the surface magnetic field is shown in Fig. 4.5.
These surface electrons can generate a surface magnetic field and, in turn, can bend

other surface electrons. When these electrons flow away from the target (after hav-

ing been bent by the magnetic field), the negative space charge effect pushes them
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Figure 4.5: The simulation result of the magnetic field at the front of the solid target. The target
density is ten times critical density, with a 2 micron width and an initial temperature
of 500 eV. Laser condition: ap=1; spot size is 1 micron; pulse duration is 25 fs. This
plot is adapted from [38] by permission.

back toward the target. However, again, the induced magnetic field pushes the elec-
trons away from the target plate. These electrons flow away from the laser-target
interaction point and are constrained to the surface of the target. As shown in the
simulation, the positive feedback mechanism zone can extend to a millimeter scale
in the vacuum. Our x-ray film detectors are 5 cm away from the laser-plasma inter-
action point; however, after those electrons leave the active magnetic field, they still
keep their momentum in the vacuum and deposited on the film detectors. There-
fore, the electron trajectory spread causes a wider distribution of electrons on the
image. The 2D-PIC code simulation (Fig. 4.6) verifies the observation of the electron
signals at the tangential direction to the target plate. The surface magnetic field,
B, has an estimated magnitude of 30 megagauss. This tangential direction electron
signal is good evidence of the existence of the surface magnetic field. On the other
hand, the electron observation at the target tangential direction mechanism depends
on the magnitude of the magnetic field generated at the front surface, but the the

target material, and the laser incident angle are also the factors to affect the mag-
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Figure 4.6: Electron density at the front of the solid target after the interaction. This plot shows
the lateral direction spread of electrons. Tt is adapted from [38] by permission.

netic field generation. Therefore, more experiments can be designed to verify this
surface magnetic field mechanism, and also observe the corresponded electron energy

changes.

4.2.2 Electrons at Close to Laser On-Axis Direction Analysis

For the electron beam image observed close to the laser on-axis direction (see
Fig. 4.7, Fig. 4.2), we found that there were a large number of high-energy electrons
with a the direction € in respect to the target normal direction. The laser incident
angle with respect to the normal line of the solid target is . We modeled the target
plate with an electrostatic field throughout its thickness; therefore, the Hamiltonian

of the electrons produced by the ultrahigh-intensity laser with the target is H =

V14 (P + A(x,y,t))2 - ®(x,t), where P is the canonical momentum [59], A(x,y,t)

is the vector potential of the laser field and ®(x, t) is the scalar potential with respect
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Figure 4.7: A schematic figure of the laser-target interaction and the corresponding measurement
of the electron image.

to the electrostatic field.
Assume that electron energy changes in a time scale much shorter than the scalar
potential, and H, Hamiltonian, is an adiabatic invariant of motion. Define tan(d) =

%i— and vy = /1 +p2 + pyﬁ. With use of the adiabatic H, we can get:

2y —(71 )_(lltdg); o2 (sin™2(a)) + tan™*(a)]7*/2

(4.1) tan(f) = %[

where §® = ®(z,t) — o

This equation shows that the angle 8 only depends on the electron energy, the laser
incident angle, and the changes of the electrostatic potential affecting the electrons.
These electrons first gain energy directly from the laser electric field. After the
reflection of the laser pulse, the electrons are influenced by the induced electrostatic
fields.

The 1D3V PIC code simulation (see Fig. 4.8) shows the angular dependence of the

electrons’ energy. For 500keV electron energy, it predicts that the deflection angle
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Figure 4.8: (a) shows the angular directions of electrons function of particle energy at various
electrostatic potential levels when a=30 degree and the solid line is for §¢ equals from
0, 0.5, 1 to 5 for different dashed line. (b)-(d) show the angular directions of electrons
after the interaction of a laser pulse with solid targets(ap=3, =30 degree, t=507) with
different scale length from 0, 0.3, and 3 times of laser wavelength. Other than (b)-(d),
the laser is p-polarized, (e) shows the same simulation result with s-polarization laser
pulse. This plot is adapted from [59] by permission.

6 is 18.8 degrees for 1 um laser light at an intensity of 1 x 10W/cm? with 32 %
electrostatic field potential changes. See Fig. 4.9.

Fig. 4.10 shows a beam image from a typical shot of the RCF film. The transverse
divergence of the 7.30 cm-mrad beam centers at § = 18.4 degrees away from the
target normal direction with 500 keV energy. Our laser is at a 1 ym wavelength with
1x10'® W/cm? peak intensity at the focal spot. This angle agrees with the simulation
result with the electrostatic field potential of 0.5 mc?/e, providing good evidence that
the angle @ only depends on the electron energy, the laser incident angle, and the
changes of the electrostatic potential that the electrons experienced. This further
suggests that this is a very simple and convenient method for measuring the changes
of the electrostatic potential, which is the main field to accelerate protons from solid

targets. There was no report on the direct measurements of these potential changes,
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Figure 4.9: Schematic figure to show the agreement of the experimental measurement and the PIC
simulation result. A 32 % electrostatic field potential changes is predicted.
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Figure 4.10: A false color image of RCF of the electron signals at rear side of target plate close to
the laser incident direction.
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and the electron angular distribution that we suggested provides a convenient method

of achieving this goal.

4.3 Summary

The experimental study of the angular distribution of fast electrons provides a
beneficial measurement to obtain the potential electric changes and the magnetic
field generated from the ultrahigh-laser and solid target interactions. A clear electron
beam was observed at the rear of the target; however, this electron beam did not
follow the direction of the ions, which move in a direction perpendicular to the
solid target plate, nor did it follow the laser on-axis direction. The deflection angle
generated from the interaction was then derived. In addition, another clear tendency
for the electron trajectory to flow along the tangential direction of the target plate
was observed. Analysis of the electron image shows that electrons are pushed from
the laser-solid interaction point along the target surface. These electron distributions
can indicate electrostatic field changes inside the target plate and the magnetic field
that are induced from laser-plasma interactions, which have attracted considerable

attention, but still remain underinvestigated.
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CHAPTER V

Experiment: Long-Plasma-Scale-Length Solid Target
Interaction: Proton Acceleration

The recent observation of hot protons [10, 25, 36] from ultrahigh-intensity laser
and thin film target interactions has generated great interest in applying these beams
in a multitude of research areas, including dense-plasma diagnostics [37], radiography
[12], radiation therapy [7], radioisotope production [39], table-top nuclear reactions
[41], nuclear physics [9], compact neutron sources [44], light ion fast ignition fusion
(8], and even space propulsion [28]. These applications require good control of the
proton beam characteristics, which remains underinvestigated. This chapter focuses
on the target material effects on proton acceleration in order to explore the traverse

motion of electrons and protons inside the target plate.

5.1 Experimental Setup

This experiment uses a T laser system in University of Michigan. The laser
system and experimental setup are shown in Chapter III. At the diagnostic area, two
detectors are installed, one is RCF; the other one is CR-39. CR-39 is a transparent
plastic nuclear track detector that is sensitive to all the particles, such as protons,
helium ions, and carbon ions. Charged particles, passing through the CR-39 sheets,

can damage the polymeric bonds; it is possible to highlight this damage with an
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appropriate chemical etching. After etching, the particle paths look like pits (or
holes) because of the linear track loss of the particle energy. The CR-39 is capable
of recording ions with energies of 100 keV/nucleon. The electric charges and the
energy loss of the particles are determined from measurements of the pits’ base area
and depth of the pits.

There are two kinds of etching processes: slow and fast etching. Slow etching,
which requires 160°F incubation for six hours, does not need as high a temperature
as a 6.25N NaOH solution, but requires longer time. In general, these two etching
processes provide similar charge resolution of the pits. Therefore, each charged par-
ticle leaves a track on CR-39 if the energy is above 100 keV; however, a saturation
of the visibility of the tracks is reached beyond a certain point.

As seen from the experimental results, when the number tracks on the CR-39
exceeds 6x10°% particles/mm?, the tracks become too crowded to be distinguished.
See Fig. 5.1. This is called CR-39 bleaching effect. To avoid this effect, decreasing
the etching time by using a fast etching process or inserting filters to filter out some
low energy particles can be used. To obtain the flux information, putting the CR-39
under a microscope and manually counting the number of tracks within one unit
area is typically done.

In our lab, we replaced the lamp inside the normal flat back scanner with a laser
light source. This replacement introduces coherence to the scanning procedure by
allowing better reflection of the light, which is what the scanner detector detects.
This method also provides a good measurement of the bleaching effect area, see

Fig. 5.1.
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Figure 5.1: A comparison of a track counting method and the laser light source densitometer results.

5.2 Origin of Protons from the Ultrahigh-Intensity Laser and Solid Tar-
get Interaction

Previous experiments [39] using thin targets that are coated with deuteron-activated
boron-11 have shown that the majority of high-energy ions originate from a front
surface contamination layer. These front-side protons can be accelerated from two
locations: (1) at the critical surface [24], due to charge separation by laser pon-
deromotive forces; and (2), from the interface of the front-side plasma and the solid
dielectric bulk, due to stochastic heating of the electrons by a standing wave created
by the incident laser pulses and reflected laser pulses in the underdense plasma plume
[47]. The protons and other ions are accelerated to MeV energies through the target
by the huge electrostatic fields. But the heavier ions can traverse only through the
thinnest targets, due to their large energy losses.

Protons from the rear surface also have been reported [25], which are accelerated
by the proposed target normal sheath acceleration (TNSA) mechanism. Achieving

rear-side acceleration requires sufficient electron propagation through the target in
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sufficient numbers to establish the field at the rear side. Combining these two mech-
anisms of proton acceleration, the ”Modified TNSA mechanism” (see Chapter ?7?) is
formed.

Different origins of protons also can be reflected into the proton beam. For ex-
ample, a recent publication compared proton beams from metal and plastic targets
[18, 45] and concluded that their differences could be attributed to the geometry
of the targets and the intrinsic ability for electron transport. This chapter reports
the experiment on the target material effects on proton beam profile quality; the
target thickness also is a related key to influencing on the proton beam profile. A
simulation result will be shown to provide a qualitative comparison of the proton
beam structure to an electron beam simulation by Gremillet et al. [21].

An experiment to verify the origin of the proton acceleration is conducted by
coating deuterons on the target surfaces. A Thompson Parabola (TP) is used to
detect the ions coming out of the target. See Fig. 5.2. The TP can distinguish
the ion species by adding both an electric field and a magnetic field to differentiate

charge-to-mass ratio species.

Figure 5.2: A schematic diagram of the Thompson Parabola.

Fig. 5.3 shows the CR-39 images that are installed at the back of the TP shown in
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Fig. 5.2. These CR-39 slides show the relative contribution of the front-side proton
acceleration to the ion distribution. There is a very strong deuteron component from
the front-side, which is also higher in energy. These data show that the deuteron
signal is strong from the rear in thicker targets, but the front also contributes to the
proton acceleration, and a recent publication also agrees with this measurement [19].

For thinner targets, the rear sheath is disrupted by the prepulse preheating and
burning-through the target. On the other hand, for 12.5 ym aluminum and 13
pm mylar targets, a more pronounced deuteron peak from the rear side coating is
observed. This indicates at T3 laser conditions, 6um thick targets suffer the burn-
through. The 13 pm thick targets may be the optimal thickness for rear-side proton
acceleration, the higher proton energy source. In Fig. 5.3, the plume on the right
shows multiple C* and O™ species, from C*5 to O*®. We never observed C*¢ in any
of our shots. Accordingly, this is good evidence of the “Modified TNSA mechanism”
in our laser conditions. Note that the deuteron and C*® have the same charge-
to-mass ratio, but ionizing both the L-shell electrons requires greater energy. The
deuteron parabola traces in Fig. 5.3 are very pronounced compared to other carbon

species traces. Therefore, the traces in Fig. 5.3 are deuteron traces.

5.3 Electron and Proton Transport in Conductors and Insulators

Due to the electrostatic field, which is built up by the electron and ion separa-
tion, the movement of the electrons is considered the main factor affecting both the
spatial profile and the energy spread of the accelerated proton beam. The behav-
ior of the electrons is governed by Ohm'’s law, j,.=0F}, showing the relationships
among between conductivity, the electric field, and free-space current in static state.

Appreciable transport of such currents can occur only if the background target elec-
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Figure 5.3: CR-39 scanned images showing the front side and rear side proton acceleration.

trons provide almost complete neutralization by return current in collisional plasma,
which also obeys Ohm’s law. However, when the return current is not equal to the
forward electron transport current, conductivity ¢ changes value across the cold solid
target and warm-dense plasma interface. Therefore, we can conclude that conduc-
tivity plays an important role in the electron transport process. Namely, when the
conductivity is low, the return current suffers larger resistivity due to the lack of
available free-charge carriers, and the propagating beam quickly loses energy from
strong Ohmic dissipation. A schematic plot is shown in Fig. 5.4. As shown on the
right hand side of the figure, without this charge neutralization, the electric field
begins to ionize the bulk dielectric. This leads to beam instabilities, as seen in a
recent simulation [21] that modeled electrons propagating through a silica target,
under similar conditions to our experiment.

Why would the return current in conductors be able to provide support to forward

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

laser

target

Aluminum

Figure 5.4: Conductor v.s. Insulator

electron transport? The key is the magnetic field. When the number of forward-
propagated electrons penetrate through the solid target, a magnetic field is induced.
However, this magnetic field potential is the force that prevents the electron forward
transport inside the target. Inside the conductors, more free carriers can transport
return current, and the magnetic field generated from return current has the opposite
sign compared to the one forward-propagated current generated. These two magnetic
fields cancel each other; as a result, in conductors, electrons are easier to propagate
through the target because insulators have no return current to cancel out the self-
induced magnetic field. As we can imagine, a lower number of electrons with lower
energy are generated, so that fewer and lower energy of protons are accelerated from
insulator targets.

In terms of spatial profiles, because the electron response from insulators is not
linear, the accelerated proton beam’s profile also reflects the nonlinear nature of
the target. For conductors, the proton beam shows the homogeneous nature of the
target. See Fig. 5.5.

Fig. 5.5 shows the different spatial profiles of proton beams. All pairs are from

single shots, except (c)-(d), whose images consist of two separate shots. The RCF
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Figure 5.5: Spatial profiles of proton beams. The upper row is the RCF real image. The lower row
is the scanned image of CR-39 detector stack. From left to right are shown materials of
increasing electrical conductivity, from Mylar to silicon, aluminum, and copper. Vertical
image pairs show the same laser shot data, although the RCF is put on top of the CR-
39, which results in the different energy range of these two images. (a)-(b) shows 13-
pm thick Mylar; (¢)-(d) shows 12-um silicon targets; (e)-(f) shows 12.5-ym aluminum
targets, and (g)-(h) shows 12.5-um copper targets {16].

(b) CR-39

images (a),(c),(e) and (g) show protons of ~ 0.2 MeV to ~ 1.4 MeV. The CR-39,
images (b),(f) and (h) show protons of ~ 2.5 MeV to ~ 6 MeV, and (d) ~1.2 MeV to
~ 5 MeV. The darker oval central region in (h) is from protons with energies above
~10 MeV exposing the rear of the slide. The whiter area in the center of the CR-39’s
image is from the bleaching effect of CR-39. At these regions, the track density is
larger than 6x10% particles/mm?; therefore, when the CR-39 piece is scanned by a
normal flat back scanner, the tracks transmit or reflect more light. From this figure,
we can see that when the conductivity is larger, there is a more smooth spatial profile
of the proton beam.

In addition to the beam’s smoothness, we also observe a proton beam ring struc-
ture from both conductors and insulators. The evidence of micro channeling can be
seen in the data from the thinnest targets in Fig. 5.6, which display remarkable sim-
ilarities to each other: mylar I (a), 6 pm; aluminum III (a), 4pm; and mylar III (c),

25 pm. The ring patterns on the RCF is an indication of beam hollowing from the
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electrothermal instability that is predicted by Haines [22] and seen in the simulations
by Gremillet et al. [21]. As the electron beam propagates through the solid, the con-
ductivity becomes a factor with respect to the current. The on-axis part of the beam
heats most significantly, reducing the resistivity, and allowing a return current to
flow on-axis. This return current cancels out the forward propagated beam to form
a hollow region, known as beam hollowing effect. Front-side protons effectively see
no potential on-axis. The sheath for the TNSA mechanism tends to spread itself out
on the rear surface, smoothing out the effect on any rear-side accelerated protons.
Thus, we can say that these rings are due to protons coming from the front surface.

In conclusion, the target material conductivity can have influence on the output
proton beam in three respects. (1) the proton beam’s maximum energy is higher
from conductors; (2) the spatial profile is less structured and more uniform in con-
ductors; (3) the angle of divergence is greater at higher energy protons in insulators.
However, the proton beam from conductors and insulators share the same feature of

the hollowing effect.

5.4 Target Thickness Effects

From the electron transport point, above, we would think the distance the elec-
trons need to travel through the inside of the target material might affect the char-
acteristics of the output proton beam. Fig. 5.6 shows the spatial profiles of proton
beams from Mylar and Aluminum targets in different target thicknesses.

In Fig. 5.6, images are formed on RCF from protons with energy between ~200
keV and ~1.2 MeV. CR-39 images are formed by protons greater than ~2.6 MeV
to ~5 MeV. On both RCF and CR-39 images, the effect of target thickness is that

the beam size becomes smaller as the target thickness increases. This effect is due
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Figure 5.6: Proton beam on RCF and CR-39 images. Rows (I) and (III) are RCF real images.
(II) and (IV) rows are CR-39 images, where (I) and (II) pairs show the data at the
same shot from mylar targets with different thicknesses: (a) 6-pm, (b) 13 pm, (c) 25-
pm, (d) 50-pm, (e) 100-pm; pairs (IIT) and (IV) show the data at the same shot from
Aluminum targets with different thicknesses: (a) 4-pm, (b) 12.5-um, (¢) 25-um, (d)
50-pm, (e} 75-pm [16].

to changes in electron transport. Because the laser on-axis direction has higher
energy electrons in thicker targets, the outer ring of the electrons cannot propa-
gate through the whole target thickness. This target thickness significantly reduces
the forward-propagating electrons, which drives proton generation. Therefore, with
thicker targets, smaller proton beams are accelerated. The proton beams from mylar
targets also have the same features.

Section 2.3.3 showed the significance of the recirculation electrons. As we can see
in this section, the thickness of the target can determine the recirculation of electrons
as well [35]. Fig. 2.3 illustrates that the hot electron bunch length is approximately

the same as the laser pulse length, L,, because the velocity of these hot electrons
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is approximately the velocity of light, c. The bunched electrons travel through the
highly conductive target, like a metal or a plasma, without energy loss. They are
then reflected at the target surface by a self-induced sheath field.

When the target thickness, L, is greater than half of the pulse length, L,/2, as
seen in Fig. 2.3, the electrons overlap only locally at the target edge and there is no
significant increase of hot electron density. When L < L,/2, the electron recirculation
can provide an increase of electron density. Note that the electron recirculation can
only increase electron yield but not increase the electrons’ energy. The hot electrons
do not lose energy inside the target; they circulate continuously until they transfer
their energy to the protons.

For the T? 400 fs laser pulse duration case, the L,=60um. Therefore, if the target
is thinner than 60um, the electrons can circulate more times and transfer more energy
to the protons. The circulation electrons’ effect can be observed in the proton energy
versus target thickness plot in Fig. 5.7.

Fig. 5.7 is a very important experimental plot in proton acceleration research,
especially as evidence of the “Modified TNSA Mechanism.” From this plot, three
kinds of data trends are observed: (1)when the target thickness is thinner than 13um,
the maximum proton energy dropped significantly with thinner target thickness;
(2)when the target thickness is thicker than 13um but thinner than the LET loss
effective thickness, the maximum proton energy starts to drop when the target is
thicker; (3)when the target thickness is thicker than the LET loss effective thickness,
the corrected maximum proton energy stays the same when the target is thicker.

At region I in Fig. 5.7, the target is so thin that the laser-plasma interaction
suffers target “burn-through.” The target cannot withstand the huge field force from

the incident laser pulse; the ion-wave induced shock wave destroys the thin solid
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Figure 5.7: The relationship between maximum proton energy and target thickness. Blue triangles
are aluminum target data; orange dots are mylar target data. Solid points are the
experimental data; the open points are corrected for the particle Linear Energy Transfer
(LET) inside the material at the same target thickness. The dashed line shows the
corrected data trend beyond the point at which LET starts to affect the total energy
output of proton beam [16].

target surface before the main pulse arrives. This process can result from a prepulse
of the incident laser, which is produced by the incomplete compression stage. This
effect significantly decreases the efficiency of proton acceleration, and the influence
is more pronounced on thinner targets. The results show the thinner the target, the
smaller the maximum proton energy.

Region II in Fig. 5.7 illustrates the “Modified TNSA Mechanism.” When L <
L,/2, the electrons have more chances to recirculate with thinner targets so that
more energy transfer from electrons to protons is completed and also more rear-
side proton acceleration is achieved. As a result, maximum proton energy increases
as target thickness decreases. For 13um aluminum, a 13 MeV maximum energy of

proton beam is generated, while for mylar targets, the maximum proton beam energy
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is about 7 MeV.

At region III in Fig. 5.7, L > L,/2, the electrons do not have enough strength
to reach the rear side of the target and be reflected, so no recirculation currents
are present beyond the L = L,/2 point. Based on the TNSA, there should be a
constant output proton beam in terms of maximum proton energy. However, for
thicker targets, the charged particles will suffer the LET loss inside the material.

After the LET correcting of the proton energy, the constant maximum proton
energy, as we expected, is observed at 5 MeV (shown as a dash line in Fig. 5.7).
This implies an important result of metal targets: the target front side acceleration
provides maximum energy of 5 MeV protons, which is without electron recircula-
tion. On the other hand, the rear-side acceleration, for electrons having the greatest
circulation without burn-through effects, the maximum proton energy is 13 MeV.

This trend is predicted by the simulation results as well [48], see Fig. 2.4. The
mylar target shares the same features as the aluminum target, but, due to the lack
of movable carriers to carry the electrons, the maximum energy is much lower than
with the aluminum targets. Inside the mylar target, the LET loss is greater than
inside the aluminum target so the maximum proton energy drops more significantly
for mylar than for aluminum.

In conclusion, for targets thicker than L,/2, thinner targets increase peak proton
energy. For targets thinner than L,/2, the thinner the target is, the lower the

maximum proton energy is.

5.5 Particle Beam Filamentation

The RCF image in Fig. 5.6 I (b) displays a remarkable star-like symmetric struc-

ture similar to that in Fig. 5.5 (a) and (b). Due to the stochastic nature of the
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two-stream and Weibel instabilities in the electron beam, we can observe some evi-
dence of these instabilities in the RCF images of these structures in the proton beam.
Fig. 5.6 (I) shows the evolution of the proton beam from a ring to a star, back to-
wards a ring, and then a lobed structure. 3-D simulation results are shown in [21],
demonstrating a ring pattern at thicknesses less than 20 microns in 3-D isosurface
plots of the current (figure 5 (a) in [21]), as well as the magnetic field slices (figure

6 in [21)).

(b) Silicon

20 40

A {un)

Figure 5.8: A comparison of simulation results (c) and our experimental data (a) and (b). This
plot is adapted from [21] by permission.

The simulation results are of the electron beam transverse profile. Assuming
electrons are driving the proton acceleration, the electron and proton beam profiles
should share some similarities. With this in mind, Fig. 5.8 illustrates the similarities
of the experimentally observed proton beams from (a) mylar and (b) silicon targets
and the simulated electron profile (c) from [21] propagating through a silica target.
The simulated electron beam had a 10um FWHM Gaussian profile, a 405-fs rectan-
gular pulse duration, an energy level of 500 keV, and a density of 102 cm~2. Inside
the target plate, there is always resistive force that drags the propagating currents to

lower velocity. The increased Ohmic dissipation results in increased magnetic field
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generation by the earliest electrons entering the target, but creates some free elec-
trons that can act as a cold background return current for the trailing beam electrons
that are pulsed into the target.

The induced magnetic field grows larger after the electrons enter the target ma-
terial; the magnetic field is then large enough to affect the trajectory of electrons.
The electrons start to be bent by the field, but due to the velocity distribution of
the electron beam, the electron beam starts to form a filament structure. In [21], a
star-like structure of the electron beam is observed between 7 and 20 microns inside
the target, as seen from the transverse direction, shown in Fig. 5.8 (c).

In addition to the star-like structure, some instability effects also are observed in

our experimental results.

Figure 5.9: An enlargement of Fig. 5.6 I (a). The white arrows show the beamlets’ structure.

The small dots on the RCF are filaments due to the two-stream or Weibel in-
stabilities in the electron and proton beams. Fig. 5.9 shows an enlarged image of
Fig. 5.6 I (a). The white arrows mark the presence of multiple beamlets inside the
ring structure. The density of beamlets noticeably decreases toward the center of
the ring with no beamlets present directly at the center of the ring, and none outside

the ring.
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5.6 Summary

From proton acceleration in the long-plasma-scale-length solid target interaction
experiment, the origin of the proton source was explored, the mechanism of proton
acceleration, the spatial profile of proton beams, and the conductor and insulator
targets’ effects on the proton beam. The conclusions about the proton acceleration
are: (1) the higher energy protons are accelerated from the rear side of the solid
target, while the lower energy portions are from front side; (2) the return current
plays a critical part in the solid target experiment; (3) the target thickness plays
an essential role in the proton acceleration: targets thinner than half of the pulse
duration provide more chances for return currents to circulate to give higher proton
energy output; (4) conductive targets can support smoother proton beam output
than insulating targets; (5) instability-induced filamentation structure is observed.

This chapter included a thorough investigation of proton acceleration and pre-
sented good evidence to support the theory researchers have predicted, helping me

to have better control of the laser-driven proton beam.
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CHAPTER VI

Experiment: Short-Plasma-Scale-Length Solid Target
Interaction: Prepulse Effects on Proton Acceleration

The relativistic intensity regime is rich in physical effects, including acceleration
of electrons and ions to multi-MeV energies, vacuum heating at surfaces, relativistic
harmonic generation from free electrons, and relativistic self-focusing of the laser
light. When the laser intensity is high enough, not only do electrons become rela-
tivistic, but so do ions.

The acceleration of protons and other ions from plasmas produced by ultrahigh-
intensity lasers is a rapidly growing research field at the present time. Due to the
various applications, such as proton accelerators {10, 25, 36], proton radiography [4,
12}, material science research, and possible radioactive sources for medical purposes
[7], researchers are interested in optimizing the parameters of ion generation from
the ultrahigh-intensity-laser overdense-plasma interaction.

Previous publications [11, 45] showed the influences of laser intensity and target
materials on proton acceleration. M. Kaluza's report in Physics Review Letters, 2004
[27] suggested that the preplasma created by the laser prepulse is the key to affecting
the efficiency of proton acceleration. The free electrons inside the preplasma is the
main driving force for the proton acceleration; therefore, we need the preplasma. On

the other hand, if the prepulse is higher than the ionization threshold of the solid
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target material, a direct burn-through of the target will decrease the efficiency of
proton acceleration.

In earlier experiments, an optimum magnitude of prepulse for proton acceleration
was found; however, until now, a clear correspondence of preplasma expansion scale
and proton acceleration efficiency has not been established. To optimize the pa-
rameters to provide greater efficiency of proton acceleration, a study of how protons
accelerate from the prepulse and the solid target is necessary. As a result, a more
efficient and smaller-sized proton accelerator can be developed.

This chapter presents the optimization and control of proton acceleration by ex-

ploring the effect that the preplasma creates.

6.1 Experimental Setup

To obtain quantified information regarding the influence from the known pre-
pulse magnitude, an intensity-maintained and timing-controllable laser prepulse is
needed. Unfortunately, there is already a prepulse of unknown intensity in front of
the main pulse due to the incomplete compression process; to eliminate or diminish
this unknown prepulse and introduce a controllable prepulse will be a priority.

In Chapter II, it has been shown that the ASE is the main source of the preplasma,
and to eliminate this nanosecond-scaled ASE is very difficult for us. However, by
utilizing nonlinear optics, reduction of the prepulse intensity to one over the square
of the original magnitude is possible by doubling the frequency of the laser light.
When this high-intensity laser pulse hits the nonlinear crystal, the frequency of the
original laser is doubled.

Due to the fact that the laser pulses meet the Type 1 phase matching condition

(two of the same polarized incident beams give out light beam with polarization that
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is perpendicular to the incident beams), the nonlinear crystal generates the second
harmonic, which has a doubled frequency. In T%’s case, the fundamental beam is at
1.053 pm; the second harmonic is at 527 nm. Although the second harmonic output
still keeps some of the characteristics of the original pulse, the relative contrast is
doubled. A similar experiment has been performed and published in [36], in which
a contrast-improved doubling light was also used.

The relative contrast is important. Originally, the contrast of the T3 laser was
five orders of magnitude (Fig. 2.2). After doubling, the contrast ratio is ten orders of
magnitude. If the intensity of the main pulse is 10! W/cm?, the pedestal intensity of
the second harmonic beam is only 10° W/cm?. This does not affect the solid targets,
which have an ionization threshold of about 10’ W/cm?. As a result, a “clean”
pulse with 10! W/cm? intensity is obtained. The experimental setup is shown in

Fig. 6.1.

Parabola

Diagnostic
", Area

L

o .
---------

Figure 6.1: The laser prepulse experimental setup. The 2-inch fundamental laser beam goes through
a 1/2 waveplate to rotate the polarization of the laser pulse to s-polarization and then
passes through a 4mm KDP to double the frequency, producing p-polarization incident
on the target plate. The frequency doubled light is focused by an f/2 dielectric parabolic
mirror which is coated for 527 nm and 1.053 ym. A spotsize of about FWHM=3 pm is
obtained on the target plate at the focal point.
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The proton beam energy spectrum always has a clear cutoff at the high energy
tail, which is expected by the acceleration mechanism as a result of an electrostatic
field. In the diagnostic area, a CR-39 mounting wheel is installed with eight pieces of
CR-39 per experimental run. The energy limiting filters are inserted in front of the

CR-39 to filter out different energy particles before forming a track on the detectors.

6.1.1 Michelson Interferometer

After a frequency-doubled “clean” pulse is obtained, introducing the prepulse by
inserting a Michelson interferometer is easy. A Michelson interferometer, which has
two identical pulsed outputs (see the Fig. 7.1), is installed inside the laser chain

to maintain the same amplification and compression for the prepulse and the main

pulse.
. Tunable
Mirror intensity by
Delay Waveplate
Beam-
E(t- splitter

g

%—a——ﬂ Mirror

Input
pulse

Figure 6.2: A Michelson interferometer is shown. The output beam will combine the pulses from
the two perpendicular arms with a time delay which results from a distance difference
between those two arms.

A waveplate and a polarizer are inserted into the adjustable arm that sets the
intensity of the pulse. The timing of the arm is set by the translational position

of the micrometer. At the other arm, a movable mirror is installed for alignment
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purposes. CR-39 is used to record the energy of the protons that flow along the
perpendicular direction of the target plate.

Note that the intensity of the pulses of each arm decrease to a quarter of the
original pulse without a Michelson interferometer, due to the 50:50 splitting ratio of
the beam splitter. This may cause the intensity to be too low. In the T2 case, with
full injection energy, a total of 4 J energy can be achieved before the compressor;
after the compressor, a 50% efficiency compressor results in 2 J being thrown away;
after the doubling crystal, another 50% of the energy is thrown away. As a result,
only 1 J of energy can be focused at the target plate. After inserting the Michelson
interferometer, only 250 mJ can be focused at the target plate. With a f/2 parabola,
the peak intensity at the focal spot is only on the order of 10'® W/cm?. This may not
be allow enough dynamic range for the prepulse to be adjustable. Due to the fact that
the losses in the compressor and losses from the doubling crystal are unavoidable, a
harder amplification for the seeded pulse is needed.

The single-pass amplifier glass rod used in T? is Nd:Glass. Three amplifier heads
are used in T2 with aperture diameters of 16mm, 16mm, and 45mm. The heads
are held at a high voltage to increase the energy transfer to the pulse when the rod
discharges. Therefore, higher amplification can be achieved by increasing the rod
voltage up to the medium’s damage threshold. From the calibration experiments,
a 500 volt difference on each head can result in 50% output energy difference at 2
J, indicating that even after the Michelson interferometer is inserted, if a 500 volts
are increased at each head, a 4 J output energy level per pulse can be obtained.
This voltage increase provides enough dynamic range to observe the proton energy

changes at different peak intensities.
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6.2 Measurements of KDP’s Conversion Efficiency

To obtain a good estimate of the spot intensity on the targets, a conversion effi-
ciency measurement is required. Note that this doubling conversion process cannot
be 100% efficient, and there is a saturation point associated with a high incident
beam intensity. The relationship between the second harmonic pulse energy passing
through the KDP crystal and the energy of the laser pulse can be obtained, and
a saturation plateau is observed. Nonetheless, if the incident beam energy exceeds
1 J on the KDP crystal, the high-intensity pulse will initiate a filamentation effect
on the output beam, thus, affecting the ability to achieve tight-focusing. The focal
spot, as a result, is distorted and can introduce unknown factors into the experiment.
Therefore, to avoid a wavefront-distorted focal point and the energy level drop after
the nonlinear crystal, pre-calibrating the laser output energy is necessary to avoid

reaching the saturation point.
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Figure 6.3: SHG output vs. fundamental input. This plot shows that the SHG has a saturation
value when the fundamental input reaches a threshold.

In Fig. 6.3, saturation is observed after the input fundamental pulse power reaches
1.5 J. In Fig. 6.4, the best Second Harmonic Generation (SHG) conversion efficiency
is reached after the input is above 0.75 J. This trend indicates that if the incident

pulse is above 0.75 J, the conversion efficiency is always 45%; however, when the
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input pulse energy is above 1.5 J, the output energy will not keep increasing, but
saturates at around 1.1 J. Although this saturation sets an upper limit of the fo-
cal spot intensity, it helps to prevent exceeding the filamentation threshold of the
nonlinear crystal. When the incident field of the nonlinear crystal is too large, the
higher order nonlinear coeflicients need to be taken into account. Accordingly, small
scale self-focusing occurs. The output SHG wavefront is not uniformly flat; instead,

it shows filamentation.
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Figure 6.4: Conversion efficiency vs. fundamental input. A 45% conversion efficiency is observed
after the saturation.

The SHG energy conversion efficiency also is studied as a function of the crystal

angular mismatch. The tilt sensitivity of the Type I nonlinear crystal is shown

Conversion
Efficiency

SHG Normalized

2.5 2 -15 -1 -0.5 0 0.5 1 1.5
Detuning Angle (mrad)
Figure 6.5: SHG output vs. mismatch angle. Normalized conversion efficiency of 4 mm KDP Type

I crystal as a function of angle detuning plot.

in Fig. 6.5. It is measured by rotating the crystal horizontally along the incident
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plane, which means the laser incident direction is normal to the incident plane.
Theoretically, the detuning curve relative to the output energy is sin2(fg) if the
detuning angle is small enough to use small angle approximation, where x is the arc
length of the detuning sector. Note that the crystal is expected to be more sensitive
to the phase-matching angle for higher-intensity interactions due to higher order
nonlinear coeflicient effects.

As a result, a 45% conversion efficiency is the optimum second harmonic signal.
The laser pulse energy is 3.5 J before the compressor, 1.75 J after the compressor,
and 0.85 J after the doubling crystal. With a focal spot diameter of 3 um, the peak
intensity at the focal spot is 2 x 10'® W/cm?. This intensity is enough to accelerate

particles and observe a large dynamic range of the proton maximum energy.

6.3 Maximum Proton Energy Dependence on Target Thickness

To verify the contrast of the incident laser, aluminum samples of thicknesses from
0.8 pum to 200 um were used as targets to find the relationship to maximum proton
energy. Being able to accelerate protons to higher energy levels against thinner
targets is strong evidence that the laser pulse is “clean” for proton acceleration.

If the foil is burned through by the laser prepulse, the acceleration field at the
back side of the foil must vanish. As a consequence of the vanishing of the field,
the proton energy must drop with decreasing foil thicknesses [63]. Accordingly, the
smaller prepulse can make thinner targets bearable to the pulse pressure coming
from the incident pulses. This indicates that the highest proton energy peak falls at
thinner thickness, while the incident pulse has a better intensity contrast.

Note that from previous results [33], metallic targets can provide higher energy

and smoother proton sources from the laser-matter interactions. Aluminum is rea-
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sonably priced and is a good target material in terms of target flatness,thickness,
and purity. Therefore, aluminum is chosen as the target material in order to have a
larger range in which to see the energy changes of protons.

Fig. 6.6 shows the experimental data of the proton energy dependence on target

thickness.According to the data, thinner aluminum targets give higher proton energy.

max. proton energy (MeV)

0 oo e TR — .
0 25 50 75 100 125 150 175 200 225
target thickness (um)

Figure 6.6: Maximum proton energy vs. aluminum target thickness. This plot shows that the
proton energy is greater with thinner targets.

In Fig. 6.6, the blue dashed line is the corrected data from LET loss (see section
5.4) inside the target material, which shows the same behavior as in Fig. 5.7 except
there is no region I (there is an energy drop when the target is thinner than 6 pm,
as shown in Fig. 5.7). Region I exhibits the burn-through effect. Therefore, the lack
of region I is good evidence that the laser pulse has a high contrast ratio. In other
words, for a fixed prepulse duration, the highest proton energies are obtained at an
optimal target thickness, which, in turn, is determined by the prepulse duration and
intensity. This is known as laser contrast. The results can be consistently interpreted
if one assumes that above the optimal thickness the fastest protons are accelerated
at the target rear side, while for thinner targets only the front side acceleration is

active, resulting in lower proton cutoff energies.
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6.4 Laser Prepulse Effects

Unlike the low contrast case [33], in the high contrast cases, also the short plasma
scale length cases, the optimum target thickness is thicker. This attracted the atten-
tion to explore how the prepulse affects the proton energy and optimum thickness
of target plates. Thus, a prepulse was introduced into the original pulse study the
effect. Besides changing the delay timing and the intensity of the prepulse, different
target thickness effects also have been explored.

Two plots are shown in Fig. 6.7, and Fig. 6.8with two different target thicknesses

(0.8 pm and 4 pm) and different prepulse delay times.
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Figure 6.7: 0.8 pum prepulse delay scan. This plot shows the relationship between proton energy
and prepulse delay and intensity with the 0.8 ym aluminum target. The green dot
shows the proton energy without prepulse and the same intensity main pulse; the blue
diamond shows a prepulse intensity of 10% relative to the main pulse; the yellow triangle
is with 0.5% prepulse; the red cross is with 0.01%; the pink square is with 1% prepulse
intensity. The corresponding colored line is the proton energy trend line to help observe
the prepulse intensity effects on the maximum proton energy.

The significant changes in proton spectra and beam profiles described above can
be interpreted as a transition between two regimes delimited by the optimal thick-

ness: (1) Only the front side acceleration is active for targets thinner than the optimal
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Figure 6.8: 4 ym prepulse delay scan. This plot shows the relationship between proton energy and
prepulse delay and intensity with the 4 pm aluminum target. The pink diamond shows
the proton energy without prepulse and the same intensity main pulse; the purple circle
shows a prepulse intensity of 10% relative to the main pulse; the blue triangle is with
1% prepulse; the red square is with 0.01% prepulse intensity.

thickness and (2) protons are accelerated from both target surfaces for target thick-
nesses above the optimal value. In the second regime, the rear side acceleration leads
to higher cutoff energies.

Typically, the electron cloud occupies a half cycle of the laser wavelength, whereas
the penetration (effective skin depth) of the laser into the target is only a small
percentage of the wavelength. From the plot in Fig. 6.7, a trend of lower and lower
maximum proton energy is observed from the least prepulse intensity, 0.01% of the
main pulse, to the largest prepulse intensity, 10% of the main pulse. It shows clearly
that the preplasma is bad for proton acceleration even farther than the plasma scale
length, which indicates the target plate is too thin to endure the prepulse’s photon
pressure and is burned through by the prepulse. As a result, when the main pulse
arrives, the target is no longer flat and uniform. Electrons cannot accumulate in the
rear surface of the target to form an electrostatic field; consequently, not as much

proton acceleration can be accomplished. Hence, the 0.8 um target is too thin for
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the prepulse study:.

From the 4 um target data, more interesting results can be observed: the optimal
value of the maximum proton energy is a function of the prepulse delay timing. In
Fig. 6.8, four different prepulse intensities were tested, where pink diamond is with
no prepulse; the purple circle shows a prepulse intensity of 10% relative to the main
pulse; the blue triangle is with 1% prepulse; the red square is with 0.01% prepulse
intensity.

These data show the trend that at thicker than 200 um target thicknesses follow,
the smaller the prepulse is, the higher the maximum proton energy is. However, the
blue triangle and the red square series have a pronounced peak at thinner target
thicknesses, especially for the blue triangle series. The prepulse intensity of the blue
triangle is 1%. This is a hint that the plasma expansion condition at 1% prepulse
intensity with short prepulse delay, 75ps, may be good for proton acceleration. On
the other hand, these three different prepulse intensity series share one feature: a
peak close to the zero prepulse delay; however, the peak position and the peak width

are different. See Table 6.1.

I Peak | Max. Proton
prepulse | Proton Ener
W/cm? P;(;l?n &y Width | Energy Cum/ps) | preplasma Scale Length

10" 75ps |160psi2oMeVv | 0.16640 | ~7 um

1016 S50ps | 75ps| 1.8MeV | 0.26310 ~10pum

1017 12ps | 18ps | 0.5MeV | 0.37208 ~15 um

Table 6.1: Table shows three different prepulse intensity observations and their corresponding char-
acteristics. The first red row summarizes the 0.01% prepulse intensity series; the second
blue row summarizes the 1% prepulse intensity series; the third purple row summarizes
the 10% prepulse intensity series.
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When the prepulse intensity is larger, the proton energy peak happens when the
prepulse and the main pulse are closer to each other; the peak width is smaller in
larger prepulse than smaller prepulse cases. This is a good indication of the movement
of preplasma. Besides, this result provides supports to the optimal condition of
proton acceleration: (1) rear-side density profile is important for proton acceleration;
(2) the coupling efficiency between laser pulse and electrons in the plasma depends on
the gradient of the electron density profile; (3) the balanced point between rear-side
disturbance and energy conversion efficiency is the maximum proton energy peak’s
location.

When the prepulse hits the target surface, the rear surface profile is disturbed.
Therefore, when the main pulse arrives, the proton acceleration efficiency is de-
creased. However, after a longer delay between the prepulse and the main pulse,
the front side preplasma has some time to expand. The slope of electron density at
the front end becomes smaller, and this smaller slope of the plasma can couple more
energy from the laser pulse into the plasma. As a result, in Fig. 6.8, proton energy
becomes higher for all of these data series with longer time delay. But unfortunately,
with 4 pm thickness aluminum, the energy conversion efficiency still cannot com-
pensate the rear-side density profile disturbance; therefore, the peak of maximum
proton energy is only equal to the no-prepulse case. It is expected that with thicker
targets, a higher proton energy can be obtained with the same laser conditions.

In addition, because the smaller prepulse induced preplasma has smaller expan-
sion speed (see Table 6.1), the optimal delay between prepulse and main pulse should
be longer, and it is also observed in Fig. 6.8. Consequently, the proton energy peak is
wider than the larger prepulse cases. Namely, the preplasma scale lengths are inves-

tigated in Adumi et al.[1], and the observations in [1] agree with our measurements
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as well. Both of the results show that the process of resonance absorption is not very
efficient for very short, clean (prepulse free) laser pulses, as it needs an optimum
plasma scale length.

The prepulse-induced electrons first are driven by the ponderomotive potential

Pp = MeC®(Yos — 1), where 7,5 = 1/1+ I1 22 /1.37 x 108(Wem=2pm?2) until the elec-
trons’ kinetic energy stand balanced by the electrostatic field by charge separation.
me is the electron mass; I}, is the laser intensity; Ay is the laser wavelength.
Furthermore, the proton acceleration time can be calculated as 7, = Ac“ a—%’;—s
With T? laser system, the acceleration time is 46 fs, which is much shorter than the
laser pulse; therefore, protons have enough time and can initially gain kinetic energies
approaching this potential [48]. Within the first 46 fs, the protons are accelerated to
form a sharp wave front, but afterwards the repulsion force inside the wave expands
the ion wave front. This process also can result in an increased maximum proton
energy of about 50% [48]. Nonetheless, the pre-ionized electrons density profile,
which the prepulse introduced, is the main parameter to determine the electrostatic
field strength. It is the key factor in affecting the movement of the proton harp wave

front. Thus, at our laser condition, 75ps prepulse delay and 1% prepulse intensity is

the optimum for proton acceleration.

6.5 Summary and Future Work

This chapter illustrates the prepulse effects on the maximum proton energy: a
prepulse with about 1% of main pulse intensity at 75 ps before the main pulse
may be the optimal condition for the proton acceleration. The result is within my
expectation due to the fact that the proton acceleration needs a certain amount of

electrons from the plasma to be separated from the ions to establish the electrostatic
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field inside the target plate that drive the protons out of the target. However, this
amount cannot be too large or it destroys the structure of the target surface.

On the other hand, different prepulse intensities reflect different optimal prepulse
delay timings, which shows that smaller prepulse intensity has shorter optimal pre-
pulse delay time. This new result relates to the changes of the scale length with
different plasma temperatures. Unfortunately, as you can see, still more investiga-
tion at shorter prepulse time delays need to be measured. Moreover, the preplasma
expansion behaviors are always the issue for experimentalists to examine. No matter
what the x-ray intensity, it provides an indirect measure of the plasma expansion
behavior. The 2D hydrodynamic simulation can be used to verify the assumptions

of this experiment.
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CHAPTER VII

Experiment: Proton Beam Applications

Due to their particular properties, the beams of the quasilaminar, multi-MeV pro-
tons generated during the interaction of ultraintense (I=10'" W/cm?) short pulses
with thin solid targets are best suited for use as a particle probe in laser-plasma ex-
periments. This chapter presents two proton beam applications that take advantage
of either the small-source or compact characteristics of the proton beam.

First is proton radiography. The recently developed proton imaging technique
uses the beams for point-projection imaging as a diagnostic tool for detecting electric
fields in laser-plasma interaction experiments.

Second is medical proton radiotherapy. In radiation therapy for cancer, using
proton beams provide the possibility of better dose conformity on the treatment
target compared to commonly used photon and electron beams because of the small
emittance of the beam and the Bragg Peak effect. The compactness of the laser-
driven proton beam can provide better clinical usages. From the preliminary results
shown in this chapter, these two applications’ although under investigation, have

very promising possibilities for development and improvement in the future.
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7.1 Proton Radiography

Previous chapters illustrated the mechanisms, characteristics, and controls of the
proton beam accelerated by ultrahigh-intense laser and solid targets. The properties
of the proton beam are of interest for a number of important applications, which
include the ignition of compressed fusion capsules [46] and probing of laser-plasma
experiments [4]. Namely, the point-projection imaging scheme as a diagnostic tool
is an advantage, and high spatial resolution is achievable [5] by back-illuminating
an object with the proton beam. In a point-projection imaging scheme, this emits
the beam from a source with a radius of a few microns. This section presents a

preliminary result for proton radiography uses.

7.1.1 Experimental Setup

Using the five-order-contrast laser, the proton beam images are scanned onto RCF
and CR-39 film. The laser condition is shown in Chapter III. A schematic od the

setup after the solid target is shown in Fig. 7.1.
RCF

Target Mesh

Proton Beam

RCF
Figure 7.1: A schematic figure of the proton radiography experimental setup and RCF and CR-39
scanned images [16].
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The proton beam is detected by RCF and CR-39 pairs. The RCF is put on
top of the CR-39 detectors. In the experiment, the proton source (from a 13 pm
aluminum target) probes objects. The objects can be called “masks.” The mask in
this experiment is a copper mesh, 10 um thick wire with 30 pum spacing. Even with
thin masks, strong modulations of the masks can be imprinted in the proton beam
where the collisional stopping of protons is negligible.

The modulations arise from multiple, small-angle scattering in the mask, which
increases the local divergence of the beam. Therefore, the dark and bright proton
beam shadows can be observed after the mask. In cases without collisional stopping,

this effect can produce a high-contrast, magnified shadow on the mask. See Fig. 7.2.

7.1.2 Proton Source Measurement
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Figure 7.2: The lineout in optical density of the CR-39 images of the magnified mask images.

As shown in Fig. 7.2, the modulations in each grid structure is due to the light
transmittance of a single proton particle track on the CR-39. Each track on the CR-

39 can transmit light, but the wall of each track may block some light transmission.
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Regardless, a clear mesh shadow still can be easily observed.

The geometric magnification should be seven times, which is Mg=L/d, where L
is the distance between the target plate and the detectors, and d is the distance
between the target plate and the mask. However, from the images of CR-39 in
the experiment, the magnification is M.;,=3.3, which is smaller than the geometric
magnification. Borghesi et al. [5] has performed a thorough investigation of this
discrepancy. They explained this discrepancy by supposing that the point source
is not located at the target plane, but at a distance x in front of the target. In
this case, the magnification is Me,,=(L+x)/(d+x)< Mg=L/d. If one makes this
assumption, the experimental magnification, Me,,, can be expressed as a function
of the geometrical magnification, Mg, expected from a point source located at the

target plane, i.e., Megp=M¢(L+x)/(L+ Mgx), as shown in Fig. 7.3.

Mesh
Target g2
Virtual .
Source . 7% @
s
Nee——— :
X

.
RCF CR-39
Figure 7.3: The schematic virtual source plot.
This assumption implies the smallness of the proton source, which is smaller than
the laser focal spot size. This is a big advantage for radiography study because the

source size is always the limitation to achieve better lithography resolution. Using

the laser-driven proton accelerator can overcome this difficulty.
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7.1.3 Future Work

The small-sized proton source has been observed in our experiments, and this is
an advantage for radiography. However, other musts for particle beams are the small-
emittance characteristic and the smaller energy spectrum spread of the proton beam.
The emittance of the laser-driven proton beam still is not fully controllable because
of the unclarity of the target geometry effects; no current result shows control of
the proton energy spectrum. Meanwhile, the proton energy still is too low to have
thicker mask radiography. All these aspects need to be resolved in order to provide
a higher efficiency proton accelerator. Then a better quality proton accelerator will

be achieved for future proton radiography.

7.2 Proton Radiotherapy

7.2.1 LET Advantage

Proton beams also can be used in clinical applications: proton radiotherapy.
Proton beams have advantages in medical therapy. The absorption pattern of a
heavy-charged-particle beam, such as the proton beam, resembles the ideal more
closely than does the pattern of uncharged particle beams, such as photon beams
(see Fig. 7.4). When protons enter the body, they deposit a minimal amount of
energy; as they continue to traverse tissues and gradually slow down, the amount
of energy they deposit per micron of travel gradually increases until they decelerate
to a certain velocity. Then, suddenly, the remaining energy is given up in about a
centimeter of distance. This is the Bragg Peak.

By varying the energy of the beam, the radiation oncologist can spread out the
peak to encompass volumes greater than 1 cm. This essentially reverses the photon

pattern so that protons build up their dose near the end of their travel. This Linear
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Figure 7.4: A comparison of proton, “ideal,” and photon beams. The x axis is the depth under the
skin; the y axis is the proton beam energy absorption percentage.

Energy Transfer (LET) is what non-destructive therapy requires.

7.2.2 Laser-Driven Proton Radiotherapy

From clinical radiography uses, proton therapy has lagged behind photon and
electron beam therapy because of the prohibitively high cost of the conventional
proton therapy system that is based on cyclotron or synchrotron technology. Solu-
tions should be found for smaller, more compact, and cost-effective facilities to make
proton therapy affordable and economical.

Recently, proton acceleration using laser-induced plasmas has garnered more in-
terest. Both theoretical and experimental studies have been carried out to accelerate
protons or light ions using high-power, short-pulsed lasers. These may be further
developed for therapeutic applications.

Unfortunately, for proton therapy, a 250MeV close to monoenergetic proton beam
is required, but the current maximum proton energy is only 60 MeV (see Fig. 7.5).
For such high proton energy, a high-power (10%! to 1022 W/cm?) laser is being ac-

quired for laser-proton acceleration studies. On the other hand, the proton beam is
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Figure 7.5: Summary plot for different institutes, showing the relationship between maximum pro-
ton energy and peak laser intensity.

not monoenergetic.

To fulfill the requirements of proton radiotherapy, further research on improve-
ment of proton acceleration in terms of its efficiency and quality are necessary. Nev-
ertheless, the peak intensity of the current setting has reached 1022 W/cm? [3]; the
emmitance of the proton beam reached 0.004 mm-mrad [13]. The goal of laser-driven

proton therapy is just around the corner.
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CHAPTER VIII

Conclusion

Particle acceleration using ultrahigh-intensity laser-produced plasmas has become
a very interesting area of investigation in recent years. The electrostatic field estab-
lished by the charge separation from a laser-induced ponderomotive force has the
ability to drive particles from plasma into a vacuum. This simple laser and plasma
particle accelerator setup can significantly reduce the size and cost of the accelerator.
More specifically, proton acceleration from the solid target has good prospects for
various applications, which are still pending, on the invention of compact, low-cost
proton accelerators. However, many of these applications would require higher pro-
ton energy production from the accelerator. For this reason, the optimization and
control of laser-plasma interactions are becoming important issues at the present
time.

My thesis not only illustrates the mechanism of proton acceleration by ultrahigh-
intensity-laser and solid-target interaction, but also explores the method by which to
control the quality of the proton beam. Three methods are discussed in the thesis,
including:

(1) From the measurements of electron angular distribution, the effects and im-

portance of the return currents, surface magnetic field, and the electrostatic field
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changes are illustrated. My experimental measurements of the angular distribution
of fast electrons provide a beneficial measurement to obtain the electric potential
changes and magnetic field generated from the ultrahigh-laser and solid target inter-
actions. A clear electron beam is observed at the rear side of the target; however,
this electron beam did not follow the path of the ions, which is in a direction per-
pendicular to the solid target plate, nor did it follow the laser on-axis direction. The
dependence of the deflection angle is then derived.

In addition, another clear tendency is for the electron trajectory to flow along the
tangential direction of the target plate. The electron image shows that electrons are
pushed from the laser-solid interaction point toward lateral extensions along the tar-
get surface. These electron distributions can indicate the electrostatic field changes
inside the target plate and the magnetic field induced from the laser-plasma inter-
actions. With the understanding of electron distribution and the prepulse optimum
condition, a thorough proton acceleration mechanism was plotted.

(2)From proton acceleration in the long-plasma-scale-length solid target interac-
tion experiment, I explored the origin of the proton source, the mechanism of proton
acceleration, the spatial profile of proton beams, and the conductor and insulator
targets’ effects on the proton beam. From these conclusions, I developed knowl-
edge: (a)the higher energy protons are accelerated from the rear side of the solid
target; the lower energy part is from the front side; (b)the return current plays a
crucial part in the solid target experiment; (c)the target thickness plays an essential
role in the proton acceleration: targets thinner than half of pulse duration provide
more chances for return currents to circulate and give higher proton energy output;
(d)conductive targets can support smoother proton beam output than insulating

targets; (e)instability-induced filamentation structure is observed. These factors can
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affect the spatial and energy spectrum of the proton beam.

(3)Many previous publications have suggested that preplasma introduced by the
laser prepulse is the key to affecting the efficiency of proton acceleration. However,
a clear correspondence between preplasma expansion scale and proton acceleration
efficiency has not yet been thoroughly investigated. My thesis provides a study of
the optimization of the preplasma produced by prepulse for proton acceleration from
the ultrahigh-intensity-laser and solid target interaction. A prepulse with known
intensity and delayed timing was introduced by a Michelson interferometer within
the laser system. The prepulse can provide the changes of plasma gradient scale
length and give different preplasma scale lengths. Proton energy distribution was
detected by CR-39 with layered mylar filters. Differing delay times between the main
pulse and the prepulse and differing prepulse intensities were tested to obtain the
correspondence between delayed time and prepulse intensity in relation to maximum
proton energy. The results show that the prepulse provides tremendous influence
on the proton energy. An optimum delay of the prepulse and intensity were found.
Moreover, with the current laser intensity, which is 1022 W/cm?, hundreds MeV pro-
ton energy protons were obtained. With such a high energy proton beam, expected
applications for cancer treatment research and material science will be achieved.

My research explored improving the efficiency of proton acceleration and the mech-
anism involved in the movement of electrons. Specifically, the potential generated
from the electrons is the key to driving the protons. My thesis has documented three
factors that affect the movement of electrons: solid target materials, incident laser in-
tensity, and the peak-to-peak contrast ratio of the laser pulse. By studying the effect

of these factors, an optimum condition of the proton acceleration was achieved.
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APPENDIX A

Third-Order Autocorrelator

A.1 Abstract

The temporal shape of laser pulses generated from a 1.053 um 10 terrawatt hybrid
Ti:Sapphire/Nd: Phosphate glass chirped pulse amplification laser was measured by
the third order autocorrelator. This appendix reports the measurement that shows
an order of five differences between the intensity of the prepulse pedestal and the

main pulse.

A.2 Introduction

Ultrafast lasers create optical pulses on the scale of femtoseconds (1071 s), but
no electronic device has a fast enough response time to resolve changes on such time
scales. Third order autocorrelation, using the laser pulse, is one method to determine
the temporal evolution of ultrafast pulses. The purpose of my directed study is to
develop a third-order autocorrelator and measure the pulse shape of a terrawatt
laser, which would be very important information for laser fusion target irradiation
experiments.

Given the many stages involved in producing and amplifying ultrafast light pulses,

there can be many mechanisms that can lead to an asymmetric pulse shape. Second
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order autocorrelation cannot reflect these asymmetric shapes, due to the symmet-
ric properties of the correlation function. Even so, such information is essential,
since most experiments are particularly sensitive to the prepulse as opposed to the
postpulse.

Third order autocorrelation, on the other hand, yields a true measurement of
pulse shape, as well as a large dynamic range for pulse contrast measurements (107).

Therefore, a third-order autocorrelator is a necessary diagnostic for an ultrafast laser.

A.3 Theory

An autocorrelator uses the principle of harmonic generation from nonlinear ma-
terial to provide temporal information about the ultrafast laser pulse. The method
of nonlinear mixing for the measurement of short optical pulses is well known. The
intensity of the second harmonic generation (SHG) light pulse is proportional to
the square of the intensity of the fundamental pulse, Ia,(t) oc I2(t), and the signal-
to-noise contrast of the SHG pulse is the square of the signal-to-noise contrast of
the fundamental pulse. Therefore, in a frequency-tripling experiment, the SHG is a
rather clean probe for measuring small precursors preceding the fundamental pulse.

The third harmonic signal is given by [2]:

(A1) B3 (1) = Gau(T)
oc / " L) hau(t — T)dt
~ L) / " I(t — 7)dt

When 7 is greater than the laser pulse width,

E3, (1) = Ga,(7) = 1,(t)
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Therefore, the intensity of the third harmonic signal is proportional to the funda-

mental pulse intensity distribution.

A.4 Measurement

The layout of the optics setup for the T? laser for the third order autocorrelation

is shown in Fig. A.1.
KDP
4 "%
Delay lin / pulse correlation
; position translatonal stage

RG64S ma >

GG475

Labview

Oscilloscope

Figure A.1: Experimental setup for third order autocorrelation trace.

The laser beam starts from the left side. In order to increase the intensity of
the laser at the nonlinear crystal, a demagnification telescope is installed. A 1 ym
laser beam from a Ti:/Sapphire oscillator and regeneration amplifier passes through
a KD*P second harmonic generation crystal. A co-directional second harmonic gen-
eration takes place inside the KD*P crystal, and then a GG475 color glass filter
is installed to attenuate the fundamental pulse without decreasing the second har-
monic generation signal. A 5 mm 50% glass beam splitter is used to separate the

fundamental (1.053 pm) and the second harmonic (0.526pum) generation from KD*P
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monic generation signal. A 5 mm 50% glass beam splitter is used to separate the
fundamental (1.053 ym) and the second harmonic (0.526m) generation from KD*P
crystal.

The second harmonic generation (which is green) goes through a delay line con-
trolled by a half-meter translational stage. This half-meter distance corresponds to
about 1.67 nanoseconds in time, which is long enough for the pedestal identification
and detection. The fundamental arm (which is infrared) enters an optical delay line
that has a two-inch translation range for alignment purposes.

BG-39 and RG-645 are glass color filters for filtering green and infrared, respec-
tively. Focusing these two signals onto a third harmonic generation crystal is achieved
by a lens. These two beams need to be incident at symmetric positions (relative to
the optics axis of the lens) in order to have the same focal positions on the tripling
crystal. Lithium iodate crystal was used as the tripling crystal because of its high
efficiency.

These two beams intersect at a narrow angle, which meets the phase matching
condition. The third harmonic signal, at an ultraviolet wavelength of 351nm, should
be in the center of these two beams. An iris is then used to cut these two beam
signals and allow the third harmonic signal to pass through.

In front of the photomultiplier (PMT), used as a detector, a 2 mm glass color
filter, UG-11, was inserted to contribute more to the task of filtering the UV signal.
The PMT , however, needs to be calibrated to work before being used. At a fixed
applied bias voltage, the PMT signal should reflect the same amount of attenuation
of the ND filter when the calibrated ND filter is inserted. Finally, alignment of the
long translation stage is essential; some dropping of signal tends to occur following

even small misalignments.
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With an automatic LabView program, a 50fs-resolution third-order autocorrela-

tion trace can be obtained (see Fig. A.2.)
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Figure A.2: Third-order autocorrelator trace of T2 laser, July, 18, 2004.
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