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Characterization of Electron Propagation via Coherat Transition

Radiation in Two Different Conductivity Regimes
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Supervisor: Todd Ditmire

High intensity lasers interacting with an overdemaryet can accelerate high
energy (“hot”) electrons at currents that would éaceed the Alfven limit. Hot electron
propagation can be inhibited when bulk electroniomois unable to provide a return
current such that the total current is nearly zefbe ability of the material to generate a
sufficient return current, and permit propagatidrite non-collisional hot electrons, is
strongly affected by the material conductivity. releve present an experimental study of
the interplay between the conductivity of stronblyated solid density matter and the
propagation of laser accelerated hot electrons.

We diagnose the hot electrons by imaging the coliéransition radiation(CTR)
generated from the target’s back surface into vacufhe 1 and 2» harmonics of the
CTR were imaged using a 10x microscope objective@® cameras. The spatial profile
and energy emitted at the rear surface were ewayahowing marked differences
between high and low conductive materials.

The conductivity is changed through both target perature and material
selection. CTR images of electrons propagatingigh conductive targets, aluminum,
displayed a high degree of collimation and a sjzat 2.5x smaller than the focal spot. In

contrast, CTR images from low conductive targetilgitd significant expansion of the
Vi



electron beam. Electron propagation through teé&ediric experienced 2x divergence on
average compared to the aluminum. Theahd 2> CTR images of heated aluminum
were both 1.2 times greater area on average tlenaiiesponding unheated spot sizes.
Evaluating the energy contained in a 7.5 x 7.5 amgquare, the unheated targets have
1.6x more energy forcdl and 2x greater forc2 on average. The reduction in material
conductivity produces an electrostatic field oppgsihe hot electron beam leading to a

reduction in energy and increased divergence oélibetron beam.
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Chapter 1: Introduction

Lasers are present in virtually every aspect oflimes and have a wide range of
applications ranging from the ordinary, scanningdzades, to the extraordinary, medical
surgery, fusion energy, etc. High intensity ladease proliferated over the last 30 years
due to the process of chirped pulse amplificatORA) [1]. In CPA, a pulse is dispersed
in time, amplified, and then compressed back toahginal pulse duration yielding a
high peak power. This reduces the potential fonponent laser damage and nonlinear
effects associated with high energy laser puls€3PA has allowed six orders of

magnitude increase in peak power with the potefdramore as shown in figure 1 [2].

Electron
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Figure 1:  Focused laser intensity timeline. Dotted indicates proposed intensity
increase. Reproduced from [2].
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As the above figure displays, the high peak powersbined with a tightly focused beam
generates high intensities which produce large mundd energetic (“hot”) electrons
transported as a current.

There are a wide range of applications for hottedeccurrents including X-ray
generation [3], pulsed radiography [4], warm densater studies [5,6], intense ion
beams [7] and laser fusion [8]. The most promisang widely studied topic is laser
fusion, so this paper will consider electron cutrpropagation in the context of laser
fusion.

Fusion energy is being pursued in two main thrustsiagnetic confinement
fusion (MCF) and inertial confinement fusion (ICFMCF uses a magnetic field to
contain a low density, ~20m3 deuterium-tritium plasma in a 10 meter toroidatwam
vessel. The thermonuclear reaction occurs slowlysecond. In ICF, a 100um
deuterium-tritium target is compressed to densiie$(> m3 by approximately 1MJ of
laser energy [9]. The ICF timescale is 1ns or &ss$the ions are confined by their own
inertia.

The most widely known ICF experiment occurs at M laser facility at

Lawrence Livermore National Lab shown in figure 2.



Figure 2:  Pictures of NIF laser facility. Overfbtprint is equal to 3 football fields
(Image courtesy of Lawrence Livermore National Lrabory).

In ICF on NIF, a target capsule is adiabaticallplioded by an external radiation
source. The kinetic energy of the imploded sheleventually converted to thermal
energy creating ignition conditions at a centrall spot. Several inherent issues have
been encountered: the hot spot requires minimalitignce from laser-target generated
particles, a low adiabat must be maintained foimegltcompression, and the implosion is
inherently unstable hydrodynamically as two flugddifferent mass, target and capsule,
are being accelerated simultaneously.

Another approach to fusion energy that decouplegaiget compression from the
ignition offers a solution with the NIF approachl@F. In the Fast Ignition scheme, a
target experiences reduced compression with a laugeent of relativistic electrons
externally generated striking the fuel creatingtign potentially resulting in greater gain
[10]. In this scenario, the electrons must propaga distance of a couple hundred
microns through a dense plasma without significamérgy loss or divergence. An

overview of both ICF applications is shown in fig.8.
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Figure 3:  Schematic overview of laser ICF ignitsmnemes. Hot spot ignition at top
and the bottom shows fast ignition. (Image courtddyawrence Livermore
National Laboratory)

It has been observed [11-13] that the electrongmaton is affected by a number
of different issues — beam divergence [14-16], pkasnstabilities [17, 18] and electric
inhibition [19-21]. The main purpose of this resdmais to explore the role of electric
inhibition in electron propagation. Intense elentr currents cannot propagate
undisturbed without a compensating return currefite return current is dependent on
the material conductivity. The focus of this tlse® measurement of the quantitative
difference in electron propagation in two differeminductivity regimes. We influence
the material conductivity through two methods, diag the target temperature and

material selection.



The primary diagnostic measuring electron propagatis optical radiation
emitted from electrons escaping, or transitioningm the rear surface of the target into
vacuum. When the emitted transition radiation ahearent (CTR), distinct spectral
components at harmonics of the laser frequency aogerved. The CTR gives
information both about the electron spatial disttibn and the temperature through the
emitted harmonic. The main drawback is the emittadiation intensity depends
nonlinearly on the coherence of the electron buarth gives information only about the
electrons that can escape the target sheath field.

This thesis is organized as follows. The next tdraplescribes the basic
interaction of high-intensity lasers with solid déy targets and single electron motion in
an external field. Chapter 3 introduces the lastaraction with an overdense target.
Different effects manifest as a function of lasgensity. The thermal transport of the
laser pulse throughout the target is discussedapteh 4 explains the propagation of
electrons through a solid density medium. Matedahductivity as a function of
temperature, return currents, and plasma inst&siliare all discussed. Chapter 5
explains the theory of transition radiation. Thedry is extended from single particle
radiation to large numbers of electrons generateal laser-target interaction. Chapter 6
describes the experimental layout including the GHiQaser. The target chamber
geometry is described along with the experimergehniques related to the positioning
of a solid target in the laser focal plane. Chapptdetails the &, 20 CTR observed for
multiple experiments. The hydrodynamic code usedmbdel the heating beam is
explained. A conductor, aluminum, was comparedhwdin insulator, Al/Plastic
sandwich. The Al foil conductivity was reduced imyroducing a heating beam with
different time delays prior to the arrival of theim beam. The emitted CTR energy and

area of the heated Al foils were compared to urdtedt foils. For comparison, the
5



sandwich Al/Plastic target was also heated andbserved CTR compared to unheated
Al/Plastic. Chapter 8 concludes the thesis, surmasithe results and discusses future

directions.



Chapter 2: Introduction to High-Intensity Laser Solid Interactions

High Energy Density Physics refers to states dftenavith an energy density of
at least 18 J/n? corresponding to a pressure of 1Mbar. This regiame be accessed
with many different devices: lasers, pulsed powevicks, linear accelerators and gas
guns. The baseline parameters for High Energy iBeRbysics are 500T magnetic field,
10'* V/m electric fields and light pressure I/c of ~@Gbar[22]. The introduction of
chirped pulse amplification has allowed lasers &silg achieve these values in a
traditional laboratory. The current starting gdor high energy density physics occurs
at a laser intensity of 3.5 * ¥ 0W/cn?. This occurs when the peak electric field of the

lem : : : L
laser wavés, =,/ — is equivalent to atomic unit of the electric field
Cc

2
A€ i< the Bohr radius. In the GHOST lab,

m &

E = =5.1*10°V /cm wherea,,, =

a 2
aBohr

peak intensities above 1* ¥ON/cn? are typical.
In this chapter, basic plasma concepts will beewnincluding general laser target

interaction. Single particle motion in the presepn€an intense field will be derived.

2.1PLASMA CONCEPT OVERVIEW

Plasmas respond to charge perturbations with alaben frequency given by

@, = gnfje @

where eis the electron charge, is the electron density, anal, is the electron mass.

This frequency is called the plasma frequency anatoportional to the electron density.
Each species in the plasma has its own frequentytypically the most important and

the one we are concerned with is the electron &egu A metal target at solid density,

v



1*10%cm™ has a plasma frequenay = 2*10'°s™. The spatial scale of a plasma is

typically defined by the Debye length [23],
/kT + KT
A, = # (2)
men”Z
where KT, is the electron temperatur&T, is the ion temperatureZ is the average

charge state, and, initial electron density. The Debye length is kegth over which a

plasma observes charge neutrality. The DebyeHherglterived based on the assumption
that the plasma is weakly coupled<akT, where the potential energy is much less than
the kinetic energy of the plasma. This assumpBamt always valid in the high energy

density regime.

2.2LASER-TARGET INTERACTION INTRODUCTION

Laser technology has allowed shorter and shortlseplurations, 40fs to 1ps are
typical, with increasing laser contrast. Theowdhic a high-contrast, short pulse laser
can interact with a completely undisturbed tardedemsityn,. In reality, the laser may
consists of prepulses of ¥@o 102 compared to the main pulse intensity and preceding
the main pulse up to 1ns. A laser pulse with pasnsity 168° W/cn? and a pre-pulse
10°% prior the main pulse by 100ps can generate a mienogth preplasma at the target
front surface. As the laser interacts with thgearthe laser energy is transferred to the
electrons which oscillate in the laser electriddfidonization can occur via multiple
processes while some electrons can be directlylaaeted by the laser field which is
covered in chapter 3. The transfer of laser moumarip the target causes the ablated

plasma layer to be ejected away from the targedt wetocity [24]
k(ZT+T)
M.

C.= 3)



whereT,, T, are the electron and ion temperatutdess the Boltzmann constant, aid,

is the ion mass. The density scale length is

L, = n% =CJ1, (4)

wheren is the plasma densit% is the slope at the densityand r, is the laser pulse
X

duration. For a surface temperature of 1keV ardepduration of 120fs, the plasma has
expanded a distance of 10nm in an Al target.
As the laser EM wave transitions from vacuum tgeapreplasma, we obtain the
dispersion relation for an electromagnetic wavesdtiiag through a plasma
W= wf,e +k?*c? (5)

If a wave has a frequenay< w,, , then k<O and wave propagation ceases. Thidfcuto

e !

expressed in terms of electron density, is caledctitical density [25]
1.1x 16" oni®

n,=y—— ——
"

The laser actually can propagate further via aroegptially decaying wave. This is

(6)

called the collisionless skin depth — . Since the critical density is proportional te th
pe

laser intensity, ~ y, the laser can penetrate further into a targdtigiter intensities.

This is due to the fact that the mass of electmti®ase as they become relativistic. This
has been experimentally observed [26] and withctbreect combination of target/laser

parameters the whole target may become transparéme laser pulse [27].

2.3SINGLE ELECTRON MOTION

Lasers transfer the majority of their energy iniecgons through the interaction

of the oscillating laser electromagnetic fieldgha critical density surface. The motion



of an electron in an E-M plane wave has previobglgn solved [28] and is the starting
point for describing electron motion in a lasetdie For a non-relativistic electron in a
vacuum under the influence of a linear polarizexhplwave, conservation of momentum

yields the equation of motion
V= sin(wt)+ v, (7)

osc

where v, is the particle velocity just after ionizatiom) is the laser frequency, and
__eg
m.awy

V, called the electron quiver velocity. The cyclemaged kinetic energy of this

osc

oscillating electron is

u :<1mv2 >: e'E, ®)

2 %) dm}
called the ponderomotive potential. In a planeevateraction with an electron, no net
energy is transferred to the electron. The elactnll oscillate during the pulse
interaction time and then return to initial velgdi29].

For relativistic motion, the electron oscillatiorelocity approaches c. The

oscillation velocity is related to the laser intépsthrough the normalized laser

__6E _ Ve _
& e =8.55¢ 10",/ (W /cnt) 9)

A value of 1 corresponds to a laser intenisityl.4x 10° (W /sz)_ The electron motion
is described by [30] the Lorentz Force equation

amplitude,

@:e( E+lwx Bj (10)
dt C
along with an energy equation

d

a(ymcz):—e(v B (11)

P
e

axis, the transverse momentum can be writien a, mesin(w{) . If the electron is at rest

where p = ymv andy=(1+ j If we consider a plane wave polarized alongxthe

1C



before the EM wave arrives, the longitudinal arahs$verse momentum of the electron

p2

can be related through = . An expression for the longitudinal momentumhert

2
obtainedp, = 8":nc(l— cog Zut)) From the momenta, the electron orbits can betkr

and are plotted for several values effegure 4). The electron now has a longitudinal

component that grows with time or distance callesldrift velocity and can be calculated
1dz 2

as——= o :
cdt 4+&

ky(m)

0 0.5 1.0 1.5 2.0
kx/a,? (m1)

Figure 4:  Electron motion in the presence of adaamplitude intensity EM plane
wave. The values for@&orrespond to intensities of ¥010', and 16°
W/cn.
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At the target plane, lasers are tightly focusethwarge radial intensity gradients
and a plane wave interaction with electron is mobplete. The ponderomotive force, the
gradient of the oscillation potential, describesceion motion at the focus. If we first

consider the non-relativistic case, the equatiomafion for an electron is
dv e
—L=-"E (r 12
dt m (1) (12)
with the EM wave propagating in the x-direction lwt radial variation in the y-axis

only. The electric field can be Taylor expanded

. (r)=E, (y) cos{wi— k) + y% cofwt K 13)

and the velocity approximated t&*drderv, = &) + V7. Plugging back into the Lorentz

equation, the ? order velocity term yields
aV(Z) 2 aE
v = % g -(Y) cog

ot ma’ ° 0y

(at-k2). (14)

Multiplying by m, and taking the cycle-average yields,

OV(Z) &  E?2
f = Y V=-— ° =-U 15
P me< ot > Amar 0y P (15)

which is the gradient of the ponderomotive poténtids the electron motion becomes
relativistic, the force must be derived in a magserous, non-perturbative manner. One
method is to define the oscillation center as aigsearticle with an effective mass in
the rest frame [31]. The relativistic ponderometferce is most commonly expressed in
the literature as

fo =—MCOY, (16)
The ponderomotive force will serve to accelerdie ¢lectrons out of the focus at an

angle as the equations of motion contain both #ense and longitudinal components.

12



2

Po

The angle can be found using the momenta relatimn:2 which yields
mc
tang =0 = 2 .
PNyl

13



Chapter 3. Laser Interaction with Overdense Plasma

The laser-target interaction is governed by theradtaristics of the laser pulse:
energy, pulse duration, and temporal profile. Aetawith low-contrast or long pulse
duration will have to propagate through large antewf plasma before reaching the
critical surface. In this case, significant lasaergy could be consumed prior to reaching
the critical density surface. A high-contrast, shpulse laser will interact almost
exclusively with an overdense target the frontatefbeing the critical surface. The laser
parameters determine the response of the targetnelting, ablation, ionization, which
in turn influences the further laser propagation.

Interaction processes can also be categorized dingoto laser intensity. The
rapid increase in laser intensity has necessitatégrge amount of effort to develop
models that can accurately describe the physicarong. Collisional effects seem to
dominate the laser interaction until intensitieacte10°W /cnt [32]. At this intensity,
the quiver velocity of the electron becomes comiplardo the thermal velocity of the

plasma thus reducing the collision frequency. tectemperature has been found to
generally scale with laser intensty, D(IAZ)b. Early experiments [50] involving

resonance absorption or vacuum heating showin@langcT,,, =100kev( I)Iz)ll3 where

A is measured in microns and laser intensity insuoit0"'W / cnf. For comparison, an
intensity of1.501G°W /cnt yields an approximate electron temperature of BOOKAt
intensities approach0®W /cn? a more appropriate scaling related to the pondetiom

potential is obtained [44]
1/2
Tt = .511[( (1 ,00) 1113 - } (17)

A generalized overview of laser processes conaperdaser intensity is shown

in figure 5.
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Figure 5:  General overview of laser-target intacas as a function of laser intensity.
Reproduced from [33].

3.1COLLISIONAL ABSORPTION

One of the most fundamental laser-target energywergions mechanisms is
through collisions. As mentioned previously, thasdr energy is preferentially
transported to electrons through the electric fielthe electrons then transport energy to
the target via collisions with the ion lattice.

The Lorentz force equation for an electron nowudes a collisional term [24]

mﬂ’:—e( B+ BJ— m, (18)
dt o

wherev,, is the electron-ion collision frequency given by

15
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4(21)" n zée
ei 3 mz\/:

InA . (19)

In this equationp, is the electron density, Z is the number of friseteon per atom, and

InA is the Coulomb logarithm with/\:% corresponding to the limits of the

scattering cross sectionb,_ is the Debye length an8.. is the classical distance of
closest approach. If we consider a plane waveggaiing in the z direction on a slab of
plasma, we obtain the wave equation

d’E o’
+—&(2E=0. 20
iz 2f? (20)

Assuming a linear density profile), = nCrr we obtain an expression for the dielectric

function

z
=l-—— . 21
‘ L(1+iv, /w) (1)

The collision frequency dependence on density gdaated and the value for, is taken

at the critical density. Plugging into the waveiatipn, yields the equation

2
dE &l Z  |gop (22)

9z @ i
d L(1+ We'j
w
2
Changing variables, this equation can be writt%HE—OE =0 which has the solution

E(n7)=aA(n) . The functionA (77) is an Airy function andr is a constant chosen by

matching the electric field at the vacuum-plasntariace, z=0. The electric field at the
interface can be represented as an incident wade aaflected wave multiplied bg?

where
T

4 312
0=2 -7(z=0)] - (23)
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The imaginary part ofg is the damping term and the fractional absorptie to

collisional damping is
8v, L
f,=1l-exp ——| . 24
A F{ 3Cj (24)

This analytical model assumed a smooth, linear ilepsofile and Veiw<<1 which is

rarely encountered with an ultrashort pulse indiden an overdense target. Low
intensity absorption calculations with overdensegdts are obtained through
experimental observation calculating the refledeeser pulse using a Fresnel reflection

model [34, 35]. Laser absorptions of up to ~50-6@%0"°W / cnfwere measured.

3.2THERMAL TRANSPORT

The laser deposits the majority of its energy moumeV = |_7r? wherel, is the skin

depth, andr is the laser focal spot radius. The energy ofléiser pulse can then be
transported in the form of a thermal wave desdripe the traditional heat flux equation
[36] Q =-«00T whereQ is the heat fluxx is the electron thermal conductivity and T is
the electron temperature. The heat transport eatielscribed as collisional or radiative
depending on the material temperature. This thissimarily interested in thermal
transport in the context of a low intensity lasatsp~ 10°W /cnt. In this regime, only

collisional effects are considered. The thermahdemtivity can be expressed as

K :%AMFPVSCV where v, is the electron velocityg, is the specific heat, and,., is the

electron mean free path. The mean free path isldron velocity times the collisional

relaxation timel,,., =v,r . Substituting the coulomb collision relaxatiome yields an

expression for the heat conduction
. 9\/5 kB(kBTe)SIZ

167 JmzénA
17
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Here In A is the Coulomb logarithm which defines the maximamad minimum collision

impact parameters. The thermal conductivity cameleted to the electrical conductivity

by the Wiedemann and Franz ldw~T which means for an ideal plasma T¥?. The
o

heat flow into the target takes the form of a th@rmave with a self-similar solution
which means the shape of the thermal wave remainstant as the wave propagates into

the target. The depth of the heat wave can bexdiyd37]

5/9

NG I NG

X; =65 —=— | Z27° abs nm. 26

f (1023cm‘3j 15 W (100fsj (26)
nt

c

If we assumed 20% absorbed light at an intensityf°W /cn?, after 60ps the
location of the heat front is ~5um. The surfagapgerature can be estimated using the

absorption coefficient for the normal skin effeg8]
1/3

n 1/12 | t 1/6
T(0)=119 —=— | Z'*2 abs ev. 27
-(0) S{1023cm‘3) 105 W (1001‘5] (@7)
cn?

Using the same laser parameters for the heating depth, a surface temperature of
130eV is obtained at a time of 150fs. These smmphalytical estimates can be

compared to the results from a commercial Hydrodyna code described in section 7.1
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3.3COLLISIONLESS ELECTRON TRANSPORT

3.3.1 Resonance Absorption
Consider a light wave incident at an an@len an inhomogeneous plasma slab
with increasing density profile from O to critia@énsity over a length, L. Figure 6 shows

this scenario with y-z being the plane of incidence

Resonant
ayer

A

Figure 6:  P-polarized light wave incident on a plasslab at an angte
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Let’'s first consider a light wave polarized out thie plane of incidence, s-
polarized. The wave is obliquely incident on thasma surface and the wave equation
can be written [24]

OE 05 @ =
oy Tz Tet(AIE=0 (28)

where E = E X and y-z is the plane of incidence. The dieleatanstant is a function of

z only andk,  must be conserved. Plugging in to the wave equaiields

d’E(?) o .
+—|&(z)-sin“@)E(2=0 29
o+ (e(2)-sin" 6) E(2 (29)
. W’ (2) _ . iy .
Sinces =1- Zf , the laser will reflect at a density lower thdue tritical density as

seen byy, =wcosf. The s-polarized wave has no component norméheointerface

and is simply reflected.

If a light wave is polarized in the plane of inade, E=E y+ EZor p-
polarized, a component of the electric field exigtat can drive electrons along the
direction of the density gradient. Consider theedight wave obliquely incident on the

plasma only now the wave is p-polarized. UsingsBmi’'s equation[J«(¢E) =0along

with the vector identity
O«(£E) = e0-E+De-E (30)

we obtairil-E = _1oe E,. Whenw=w,, a resonance is driven duests0 . The light

£ 0z
wave will again reflect at a density lower thanrtlogitical similar to the s-polarized case.
However, it now possesses a field component albaglénsity gradient which generates
a standing wave at the turning point. The standiage drives plasma oscillations along
the density gradient. Although reflection occursl @he electron oscillations do not
match the local plasma frequency, the fields caanescently tunnel to the critical

density and if the distance is not too great, thkl foegins to resonantly excite a plasma

2C



wave. Electrons in the plasma wave then acquieeggrfrom the laser driven oscillating
field and are accelerated into the target througtoaess called wavebreaking [24].
In order to determine the energy transfer, the ntad@ of the driving field must

be calculated. This is most easily done by sol¥omghe magnetic field and relating it to
sind0B(2) _ E,

£(z) £(2)

where the electric field normal component drivihg resonance i, . The B-field is

the electric field via Ampere’s law. The relatioan be writtenE, =

solved using the assumption of a linear plasmaityenghe solution is the Airy function
with an exponential decaying teBr= A(/])exp“’ . We now obtain a solution of the

driving field

E
E =—E—0 31
¢ 2ol /¢ (T) (31)

3 13
wherep(r) = 2.3r exp{ 2; J T :(a)_Lj sind and E. is the electric field of the light
c

wave in free spacem(r) is plotted as a function af in figure 7. At normal incidence,

the light wave has no component along the densigignt and nothing to drive the
plasma oscillation. At large angles, the effecdisiinished as the driver field must
propagate through a large amount of plasma andiglteis reduced when the critical

surface is reached. In between the two anglesptimal angle of incidence is given by
1/3
(%) sind= 0.&.
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Figure 7:  Resonance absorption as a functian of

3.3.2 Vacuum Heating

For resonance absorption, the plasma scale length aonsidered to be quite
largeL> A . For short scale lengths, electrons can be aetete via a different
mechanism, vacuum heating. It was first propose&tonel [39] and has been verified
experimentally [40]. Similar to Resonance Absamptia p-polarized light wave is
obliquely incident on a target. This time the ifdee is a sharp, overdense plasma. The
electric field component normal to the interface pall an electron out of the overdense
target. Once out of the target, the electron mtdeeto~Vv, . and the field sends the
electron back towards the target in one cycle. I[idie wave is stopped at the critical
density while the electron is accelerated into tdmget. The target is modeled as a

perfect conductor with an incident electric fiel(x t) = E sin(wt) and 100% light

reflected [39]. The electric field is given by Bson’s equation on the surface
22



x=0

AE = —4ﬂej ndx= 47 e . (32)

The number of electrons pulled out into the vacusimow knowm :i. Setting the

AAX
two equations equal, relates the electron numbdnecaelectric fleld%—zi—sme the
re
power absorbed per unit area is g|ven—t{ Eﬂbs) %@%Wémovg . This can be
re
written as
f:(i] 2V3¢ ] (33)
2m )\ v,ccosd

where n measures how much heating is lost to the plasndafemnd to be ~1.57.
Numerical simulations conducted with intensities top10®W /cn? [41] have been
performed that yield a wide range of absorption;80@, depending on the input
parameters. It was also observed that the hotrefetemperature scales with the square

root of intensity.

3.3.3 J x B Heating

Another electron acceleration mechanism that ecamr small plasma scale
lengths is JxB Heating. As the light wave intesastth the target, electrons in the skin

depth will oscillate perpendicular to the laserediron due to the ponderomotive force
2
(egn. 15). At relativistic intensitie&.‘lOw\N'Um/rnz , the magnetic field becomes

comparable to the electric field resulting in ardiéidnal force JxB=nmy. x E

0sc
directed along the k vector of the laser. Typgabmetry of a laser interacting with a

step-like overdense target is shown in figure 8.
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Vacuum Overdense plasma
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Figure 8:  J x B heating with linear polarized ligldve normally incident on an
overdense plasma slab.

The relevant physics can be understood by firssidening the nonrelativistic

case. The force felt by the electrons from therlés the ponderomotive force expressed
asF =-U where U is the ponderomotive potential describegdn. 8. Assuming an

electric field of the formE = Eo(x) ysinwtand plugging into the ponderomotive force

equation, the longitudinal component of the pondmive force can be written

F = —?aivﬁsc(x) (1- cos 2ut) X with x the direction along the laser directionhiTis
X

the force felt by an electron a depth x insidefl@sma. The oscillating"2term serves
to accelerate electrons via an electrostatic tieide a laser cycle. Electrons oscillating

in a preferential phase are accelerated into tleedewse target while the laser is reflected
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at the critical surface. J x B heating increaé@sare electrons can be accelerated. Two
obvious examples of this are lasers at higher sgities propagating further into an

overdense target or plasmas with lower densitie®upe skin depth. It should be noted
that the oscillating term arises for a linearlygsaded beam, but is not present when the
beam is circularly polarized. Relativisticallyetthorentz Force equation can be written

in terms of an electron fluid element [43]. Thaiagon of motion for the element is

@+\7-ip=—e{E+ vx B} (34)
ot o

_ - 1 1 : .
wherep = ym vandy = = . Egn. 34 can be rewritten by replacing E and

=R

B with the vector, A, and electrostatip, potentials [44] and decomposing p into
transverse and longitudinal components. The algequation now consists of two

terms, a transverse

aﬁ :_EG_A\ (35)
ot c ot
and longitudinal
B _ e pdp _- € P _x[xA (36)
ot ML+ F/(mg° MC\1+ B/ m

component. Using a vector identity and rewritingerms of the Lorentz factor, equation

36 can be expressed as

a(%:equo—m,éi(y—l) . (37)

The first term is the electrostatic force while #exond is the relativistic ponderomotive
force that accelerates electron forward in therlasetor direction. The corresponding

=2
ponderomotive potential is expressecng;(y—l)mecz. Substituting y = ,/1+ pé
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:h eEL

for linearly polarized light, wherep? o2 with v =

(egn. 9) yields a hot

L

electron temperature scaling for J x B heating [45]

| A2
T =| J1+—~ _-1|51keV 38
hot { 2.8010° J (38)

Summarized in figure 9 are the operating chareatiesi of the three main electron
acceleration mechanisms described — Resonance pgiosgrvVacuum Heating, and JxB

Heating.

Incident
wave

Resonance heating
L>A
i Vacuum Heating

]
|
|
|
|
|
Laser: I
|
| a,>1
|
|
|
|
|
|
|
|
|

a,A\,w,

L.<<A,

Reflected j x B Heating

x N

Figure 9:  Laser —target characteristics of thedhoollisionless processes described —
Resonance Absorption, Vacuum Heating, & J x B HgatiReproduced
from [42].
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3.3.4 Skin Effects

The anomalous skin effect and sheath inverse-bteshfisng are two additional
overdense target energy transfer mechanisms. caiyielectrons interact in a distance

corresponding to the laser skin depth. At highermal velocities, the electrons can
propagate a distance larger than the skin depth>1 into the material and deposit

their energy. The field and the energy deposiiethen nonlocal. For short pulses, the

absorption coefficient is approximately [46F 2.8, .

cos@

In sheath inverse-bremsstrahlung, the transit tinen electron through the skin
depth is longer than the laser period [47]. Theetebn acquire energy from laser field
oscillations in the skin layer. These two proessare analogous to Brunel heating in
that they are present when the scale length isl @mdl the laser is away from normal
incidence. There are greatest when the plasmayeess greater than the light pressure
[30]

IO
PE ne kBTe 160 Q3 -ILeV

For a 10keV plasma and a densifit0**cm ™, we get a value of 6 assuming an
intensity ofL.5010°W /cnt. For our experiment, resonance absorption/vacheating

should be the dominant heating mechanisms.
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Chapter 4: Electron Propagation in Overdense Targes

As discussed previously, lasers propagate a slpthdeto an overdense target at
which the laser energy is deposited. Here we facughe propagation of hot electrons
generated by the collisionless acceleration presedsscribed in Section 3.3. The total
electric and magnetic fields generated in the taage described by Maxell's equations

coupled to the material equations at all times.

O-E=4me(n - n)

DxE:—la_B
c ot

DXB=—4_7TJ'+1'6_E (40)
C c ot

0.B=0

4, 1ELECTRON BEAM CHARACTERISTICS

Electrons are accelerated a spatial scale roughth® order of the laser spot size
and length comparable to the laser pulse duratir. our experiment, we can assume a
cylindrical shape approximately 15um in diameted @@um in length. The energy
distribution is approximately a Boltzmann energgtdpution [48] although there are
several experiments that describe evidence of aémperature distribution [49, 50,51].
This distribution consists of a dense, lower endrgik temperature combined with a
much lower density tail of hot electrons.

Electrons with kinetic energy greater than theaiihdield potential can escape
the target. An electron bunch leaving the podiiwharged target creates a dipole with

increasing length. For electron detachment, wesiden the distance between the
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electron bunch and the target to equal the geotngitze of the bunch length [52]. For

KE>PE, Ab—1>¥ where ), is the bunch Lorentz factorlN, is the number of

electrons in a bunchr, is the classic electron radius, ahds the bunch length. For

| ~40um andN, >1°, the electrons escaping the target must have enggr1.5MeV.

4.2ALFVEN LIMIT

If we consider a reasonable number of electdrsl[110?, accelerated by the
laser, we obtain a current of 1IMA. Using the ogén geometry of the previous
paragraph, a magnetic field of 10,000T exists @nsilwrface of the cylinder. The energy

2
in the magnetic field is proportional t ZB ijLln(Ej where L is the electron
Ho r

propagation distance into the target and r is teetn beam radius. Plugging in the
experimental values, yields a value of 5J whictlarger than the input laser energy.
This suggests there is an opposing field compergaii limiting the value. Currents of

this limit have been shown to be unstable [53] andt obey a limit called the Alfven
limit 1,=170008 @A) where,ﬁ’zX and y is the relativistic Lorentz factor. The limit
c

was derived for monoenergetic, uniform cosmic naith a neutralizing background, but
the physics is extremely relevant to our case. dlaetron current generates a magnetic
field. As the current increases, so too does tagnmtic field. As the Alfven limit is
approached, the outermost electron trajectories dmfdected perpendicular to the

propagation axis by the magnetic field. This candbserved by solving the radial

equation of motion for an electron in a constangmedic field. For a beam of radigs

. : : : : v
electron velocity,, electron radial velocity , electron axial velocityy, andg, =—=,
c
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. . . . . . r
this can written in terms of dimensionless varialfe=—,\, =
rO ﬂoc IBOC r‘O/VO

[54]. The resulting equations are

dR

- :V ,

dr ©

dV; | 2V,

dr =_[4nzoc3,[>’oyo/e] R’ (41)

VZ - (1—V§)1/2
The term in brackets is the Alfven currépt V, is the electron radial velocitR, is the
normalized radiug;is the normalized time, anW,is the axial velocity. The particle

trajectories for different values df/1 , are shown in figure 10.

1.0
=
£ |
T —
=
£ 2
e =
7 K
-1.0
Axial
Position(z)

Figure 10: Single electron orbit in a constant neigrfield generated from a uniform
current. Reproduced from [53].

The particle trajectories are approximately hanmen low ratios of /1 ,. Increasing

the current increases the radial velocity in tueducing the particle oscillation period.
As the ratio approaches 1, the outermost partaiesieflected until they have zero axial
velocity. The process is then self-limiting. Thian be potentially overcome by an

opposing magnetic field from a return current opposhe hot electrons [55].
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4.3RETURN CURRENTS

As the hot electrons penetrate inside a targey, pineduce an electrostatic field.
To preserve charge neutrality, bulk electrons flawthe opposite direction providing a

. . . 2 _
return current. Charge neutrality occurs in a tigneen by Atz—”:l.??Dle’ne_,l’2
w

p
[56]. For densities abou®?cm?,At=10"°s. Return currents have been observed
experimentally [57] but in reality measuring retwsarrents in a solid density target is

quite difficult. So, it is universally presumedattthe hot electron current is balanced by
a return currentj, = —j,_ [58] for a conducting medium. The electric figldnerated by

the hot electrons is related to the current via Ghlaw, j, =0gE where o is the

material conductivity. The electrons heat the @éatgrough collisional heating that can
alter the conductivity of the medium.

A simple heating model has been developed [49] nasgl complete current
neutralizationj, =—j, . The deposited energy per volume is related éaréfurn current

by

vdt e f o

whereT, is the cold electron temperatut@, is the heat capacity, and is the electrical

conductivity. The heat capacity and conductivitg &unctions of temperature and are

computed at each time step. The heat capacityotetad as an ideal gﬁ§:gk5ne :

The background electron density is writtenmas= Z°n  and is a function of temperature

through the ionization state modeled through Moresnula of the Thomas-Fermi
model [59]. The conductivity is adapted from a togtynamic simulation model [61].

Figure 11 shows the time evolution of resistivetimgafor three different hot electron
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current magnitudes froml10?A /cn? told10°A /cn¥ which approximate the

experimental observed value.

Temp(eV)
1000 B
100
10
— 1*1012A/cm?
1 — 5*1012A/cm?
1*10% A/em?
0.1k
0.01 : L. Time(fs)
) 10 15 20 25

Figure 11: Time evolution of the bulk electron tesrgiure as calculated using equation
42. Hot electron current was assumed to be 1MAaoed in a cylinder of
radius ~4um. The return current is calculatedhatsurface of the hot
electron beam.

4 AELECTRICAL CONDUCTIVITY

The Drude model depicting a metal as immobile isasrounded by a free

electron gas is the starting point for derivingcieal conductivity [62]. If we consider

electrons moving in a wire, the current densitygigen by j =n.ev where e is the

electron chargen, is the number of electrons, andis the average electron velocity.
When an external electric field is applied, therage electron velocity can be written as
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eEr , - o :
v, =——— Wherer is the average collisional relaxation time. Plaggn the average
m

avg
neezrjE which is related to
m

velocity, yields an expression for the current agng :(

n.er

the conductivity through=cgE. The conductivity of a metal is then writlers =——.
m

The free electron gas model can also calculate cthreductivity as a function of
frequency. Consider an external electric fieldligopto a metal, the electron momentum

equation of motion is written.

dp. __P._og (43)
dt r

A solution is written in the formp, (t) = Re( p,(w) ex{-iat))and plugged into the

equation of motion. The current density can there hwritten as
. nep(w) (n€/ w o
j(w)=— N pe( )=( r’r) E( ) . The frequency dependent conductivity is then
m (1/7) - iw
o,
olw)=—-= 44
( ) 1-iwr (44)
ner
whereg, = :
m

High intensity laser interactions with overdensgégs are characterized by rapid
heating with plasma temperatures of ~1lkeV are comrfar laser intensities of
1M0°W /cn?. For a short pulse laser, this means the tatygtges from a degenerate
solid to a fully ionized nondegenerate plasma bl siensity. In the degenerate limit, the

electron distribution is described by the Fermidair distribution [60]

f(g)= 1 where  is the chemical potential, kT is the terapge and:
exp(‘g_'“k.l_) +1

is the energy. The distribution gives the probgbilhat a state with energy and

chemical potential p is occupied by fermions (etats). At absolute zero, T=0K, the

electrons fill up all available states accordinghie Pauli Exclusion principle beginning
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2
with the lowest energy states available up to thenfenergyE. ::—m(annL). Above

the Fermi energy, no state is occupied and theilnlision resembles a step function. At
this temperature, the chemical potential is retete as the Fermi energy. The Fermi
energy in metals is quite large ~5-10eV and sostiep function condition is a good
approximation at room temperatures. At temperatslightly above room temp, only the
electrons in the range +/-kT will be able to cdmite. When the energy equals the
chemical potential, the distribution is %2 regardle$ the temperature. This means half
the electrons are in the degenerate state andh&nadf been promoted to an excited state.

These distributions are plotted in figure 12.

kT=0

1.0

0.8

0.6}

0.4

State Distribution, f(E)

=
[
I

Figure 12: The Fermi-Dirac distribution at diffetéemperatures.
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The Fermi energy can be referred to as the Fempéeature, ¥ as plasma distributions
are typically described in terms of temperaturet ténperatures greater thamg, The

chemical potential becomes negative as more th#nohahe electrons are in excited
states. At T>>¥ the Fermi distribution then approximates an idgs. The chemical

potential for a classical ideal gasus —kTIn (%) . The occupancy of single states is

then very small analogous to an ideal gas obeyidgvavell-Boltzmann distribution.

The Fermi energy can be related to the materiatlgctivity through the band
structure of the material. In a single atom, et@w orbits the nucleus in discrete energy
levels. When large number of atoms are combinddrta macroscopic solid, the energy
levels merge together to form broad bands. A natean be classified according to its
representative band structure. The band structafea metal, semiconductor and
insulator are shown in figure 13. In a metal, ffermi energy is located in the
conduction band while in an insulator the Fermirgpeis located in the band gap
between the conduction and valence band. Onlyrelecwith enough energy equivalent

to the band gap energy can be excited to the ceioduzand.
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Figure 13: Fermi level location in band structuf@anetal, semiconductor and
insulator.

If we consider that the melting temperature of & 1leV then it becomes clear
that the Drude model alone cannot explain conditiets/observed in high intensity laser
solid target interactions. A more comprehensivel@hds required to accurately describe
the change in conductivity from a solid to plasmaadunction of temperature. The Lee
and More model solves completely the transportfaeits obtained from the solution
of the Boltzmann equation in the relaxation tim@ragimation [63]. A full quantum
mechanical model using quantum molecular dynamasg¢ on density functional theory
[64]. A qualitative plot of aluminum conductivityersus temperature is shown in figure

14 using the equations from a hydrodynamic simoethodel [61].
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Figure 14: Log plot of aluminum conductivity verdesperature. The three regions
are based on different electron collisional modglen in Ref [58].

. o n¢e :
The plot was generated using conductivity in thenfar = —=— wherev is the electron
nv

collision frequency. The plot shows three différeggions: 1, 2, and 3 with each region
having a unique electron collisional model. Thdfedent models yield different

conductivity temperature dependences.

4.4.1 Region 1 — Solid state Conductivity

The conductivity in region 1 is governed by tramhtal solid state theory. The

electron collisional frequency is dominated by istdins with phonons. As the

temperature is increas&ds T, the phonon wavelength is on the order of thecktt

ebye?
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spacingl=a,. The scattering of electrons occurs predominatitifough thermal

vibrations of the ions. The rms amplitude of tbe motion is directly related to the
temperatura/liwj<r2>:T. The electron-phonon relaxation time can be esqmé as
1 1 7T

When the relaxation time is plugged into the

.. .. ner 1 .
conductivity, we see that the conductivity scaleg a&—= - T This can also be
m,

understood by considering that the phonons in amynal mode are given by [62]

1 k. T
n = =~—B__  The total number of phonons on the surfacelofva&d wave
(a) ) -1 hw(q) P

vectors for the scattering of a given electronrigpprtional to T. Since the number of
scatters scales with T, so will the resistiyity T .

At room temperature, we can use our knowledge @fthaterial band structure to
estimate the difference in conductivity betweenetahand an insulator. For aluminum,
which has three conduction electrons, the dengitpoduction electrons is 1.8*30m=.

For polyethylene, which has a band gap of ~7.563] Y& can solve for the density by
integrating the Fermi distribution over the densuy states ~N :&exp[‘ﬂgk.r}

v,

Q

where V is the volumeAe is the bandgap energy, ang is the quantum volume. The

i -1.%V - 26 i i
exponent |sexp[ /0253\/} 41110”°where the distance from the Fermi level to

the conduction band is 1.5eV and the quantum volisme= =8M0*m’.

()
2*(4m0™)

STL0% =1m™ which is quite

The density of conduction electrons is given—\l?yz

nonconductive.
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4.4.2 Region 3 — Ideal Plasma (Spitzer) Conductiyit

As the temperature increases (>100eV), the targeobrbes a fully ionized, non-

degenerate plasma and collisions are dominatecobpmb collisions. The change of
2

- e . . .
momentum for a large angle coII|S|onAﬁ(mv) =— where v is particle velocity ang
rv
4

is the impact parameter. The cross section isemrias 7’ =——and increasing the
m’v

temperature serves to decrease the cross sectiarfuation of velocity- 1/v; . The
collision frequency is written in terms of the csactionv,, = nov and is given by [66]
4 Zo€
spitzer = _(277-)1/29—”1;%
3 T.)
(mkT,

where Z, . is the ionization degree€l, is the electron temperature, amdA is the

vV InA (45)

coulomb logarithm. Ais defined as/l—D which is the ratio of the maximum/minimum

o

collisional impact parameter.A,is the Debye length. The conductivity is calle@ th

Spitzer conductivity and written as
3/2
.. = 3 (kBT‘?’)
Spitzer 4\/2_]T Ze2 rTi/2|n/\ .

(46)

4.4.3 Region 2 —~Warm Dense Matter Conductivity

In this temperature regime, 1eV - 100eV, neithdidssiate nor traditional plasma
theory adequately describe the governing physidse material is no longer solid with
transition to metal occurring (Al at 1eV is ten émgreater than the melting temperature)
while at constant density. At temperatures excegthie Fermi temperatu(r‘éF ~10eV),
an extremely large number of energy bands is reduin addition to dealing with
multiple particle species. Traditional plasma ptgsheory is not applicable due to the
strong degeneracy within the dense plasma. Thisbeaobserved through the plasma
coupling parameter which is the ratio of the patdnénergy to the thermal energy
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F:E

g Z is the atomic number of the atom andis interatomic distance
r0

1/3
r= [%) . At these densities and temperatures, the plés®a coupling ratio of ~1
7m

meaning electron degeneracy must be addressedtramg) $on correlation exists. The
degeneracy reduces the number of electrons awvaitalparticipate in conduction and as
such the Spitzer conductivity overstates the ed@ctonductivity by a large factor [62].
This is represented in the Coulomb logarithm terimctv give the upper and lower
cutoffs for a Coulomb scattering event. At higilmperatures and low densities, the
maximum screening length of the plasma is govelmethe Debye length which is not
applicable for the densities encountered herecofrect for the electron degeneracy, the
electron contribution is multiplied by the loganthderivative of the Fermi Integral which

represents the ratio of the actual field densitythe free field density. The Debye
1 _4mé F, 4m (e2)’
A K Ry KT,

shielding is modified as where T, and T, are the

electron and ion temperatures respectively. THeviing approximation can be made to
avoid the computation of the Fermi integfals(Tj +T,f)1/2. The approximation was

found to match within 5% of the Fermi integral [Gf}d provides a smooth fit between
the solid state and ideal plasma regimes.  Alainargument can be extended to the
lower cutoff parameter, the denominator in the God logarithm. In a non-generate,

high temperature plasma, the parameter is deschpetie classical distance of closest

approacl’tnc,:% at low energies and the uncertainty principle ahhienergies
A h h . . .

2= = o> With A being the de Broglie wavelength. At these tentpega
2 2mv 2(3mkT)

and density conditions, the screening length of pleesma becomes less than the

interatomic distanceg. When this occurs, defining a collisional impaetrameter less
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than the interatomic distance is not valid. Therefwe seek to express the minimum
impact parameter in the context of the uncertapripciple. At the fully degenerate

limit, the minimum parameter is expressed%as%where the electron

2(ankT)

temperature is replaced by the Fermi temperatbre similar manner to the max impact
parameter, we can connect the de Broglie and Fesmmelength by the interpolation

h2
b2, = [67].
Lomk( T+ )

In section 4.4.1, we derived the number of conductielectrons as

N:V&exp[‘ﬂgk.r]. In this region, let's consider the material henough to
Q

completely bridge the band gap in an insulator, eﬁp[—%]z.& The number of

conduction electrons is nowl*10*m™3.

The number of electrons begins to approach to
number of electrons in aluminum at room temperatukethe temperatures and density
of WDM, the conductivity is not trivial, but it came easily inferred that the conductivity
of an insulator and a metal could be quite favaabund the Fermi temperature.

In the context of the conductivity model presertede, the dense plasma effects
on the collision frequency can be understood byngahat the electron mean free path

becomes less that the interatomic distance. Ifegaire the mean free path to be not less

13
than the ion sphere radius [61]}, >(4iJ , this is identical to requiring the collision
m,

. . 1l v . . . . .
relaxation time be- <— wherer,is the ion sphere radius ang is an electron velocity.

r T
kBTe ]1/2

o

The electron velocity is an interpolation betweegions 1 and Bez(vF+

Plugging the relaxation time into the conductifilymula, we get
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4 -1/3
_en (3 m J 1

o T2
m \/2/me[(:~;/2|<Te)2+(3/2|<TF)2T/2 T

(47)

4 5ADDITIONAL ELECTRON PROPAGATION EFFECTS

The laser has accelerated a small population ofelasitrons whose motion is
opposed by a current of colder electrons in th& bbfiithe material. The interaction of
the counterpropagating currents and their respecfields greatly influences the
characteristics of the hot electron transport. Anisotropy in this interaction will lead
to changes in the current density distribution ltesyiin filamentation.

In this specific experiment, the electrons are pgaing through a thin, 1.5
micron target. This is relevant because virtualljcomparable experimental data in the
literature is measured with thicker targets from10D0 pum. Also, our diagnostic of
transition radiation measures only the high ené¢agyof the accelerated electrons. Each
electron bunch accelerated by the laser propagiatesgh the target in approximately 5
fs with the entire population of hot electrons pags$hrough the target in roughly 100 fs.
The experimental observations of the number ofmi@ats and occurrence with
experimental parameter are shown in figures 151&ndTypical images ofd filaments

from both an aluminum target and an Al/plastic ¢éa@ye shown in figure 17.
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Figure 15: Number of filaments observed for alfjtds.

Figure 15 shows that two filaments are observetthénmajority of cases with only five
instances of three filaments out of almost 400ltotégure 16 shows the frequency of
filament occurrence by experiment type. In aluminuilaments were observed in
approximately 7% of all shots. This is contrastthe Al/plastic target with filaments
occurring in almost 30% of the targets. In alumintargets, there is little difference in
the frequency of filament occurrence for both aexlon processes -1 2w radiation
and whether the target is heated/unheated. Thefevparagraphs will introduce some
of the standard mechanisms attributed to flamenkegation and evaluate their influence

in the context of the experimental results showovab
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Filamentation Observed in Experiment
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Figure 16: Frequency of filament occurrence asmatfan of experimental parameter.
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Figure 17: Typical images ofulfilaments. Al target is on the left and Al/plasis on
the right. The viewing window is 10 x 10 pm.
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Both the hot electron and opposing return currawehmagnetic fields associated
with them. Any perturbation of the magnetic fieldads to displacement of that currents
which in turn further amplifies the magnetic fiel@his process is called the collisionless
Weibel Instability [68]. As the currents are seqtad transversely, current neutralization
goes away and the beam filaments. The instaksbiy be suppressed if the outward

thermal force of the electron beam can balancentagnetic force [69]. Consider an

electron beam with densitp, and radiusr, moving through a solid with density.

The magnetic field with exert a pinching force dme telectron beam given by

Fonen = 267 nBrO(V%)[7O]. The electron beam has a temperature andgéimee which

generate a thermal preSSLﬁgsz—T causing the electron beam to expand. The rétio o
r

[o]

the forces yields a threshold condition for filartaion to occurﬁ > 27ks T when the

n m¢

(o]

beam radius is considered to be a filament of gjze—which is equivalent in size to
w,
p

the collisionless skin depth. It should be notédttthe skin depth dimension is
approximately .1pm which is less than the spaéisblution for this experiment (~2 pm).
In calculating the beam number, the beam was apped&d as a cylinder with radius
4um and lengthwwheret is the laser pulse duration. From CTR analysisdation

7.5.2, the number of hot electrons was determioeoet~1.4*1¢%. This yields a beam

density of 1*16" m3 which gives a ratio of e _ 01with the plasma. For this
n

0]
experiment, the condition for filamentatio@1>~ 1Cis not satisfied and this instability
doesn’t becomes important until the beam encourgkrsma regions of low density.

Additionally, the growth rate can be expressed afirection of the beam density
n

1/2
v : : ,
Fweibelzws(ﬁj ?Bwhere vy is the beam velocity andy,is the beam frequency.
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Assuming the same beam density in our previousysisalyields a growth rate of 17 fs
which corresponds to a distance of 5 um a disttree time longer than the targets used
here. Features attributable to the Weibel ingtglfiave been observed experimentally in
low density targets (foams) and overdense targétsam induced plasma [71, 72]. In
the case of [71], a plasma was generated on thesveface by a™® laser pulse. The
electrons exiting the target propagated throughaanma with a decaying density profile
with the critical density as a maximum. The elecs eventually propagated through a
density region suitable for the instability to occu

The influence of the magnetic field on hot electrpropagation has been
characterized [73] by solving the Fokker-Planck attuns. As the laser intensity
increases, the magnetic field plays a greater moléhe electron propagation. At
intensities 40'*W / cnt, the magnetic field reduces the radial spreath@fdectrons and
increases the electron penetration depth when caupa purely collisional models.
This has been observed in both simulations [74] exgkriments [75]. However, there
have been contradictory simulations [76] which shidsflection of electrons from the
magnetic field highlighting the complexity of theoplem.

The magnetic field is related to the resistiviig [42]

0B

E:”(ijf)-'_l],]xjf' (48)

The magnetic field grows in regions with spatialigons in either current or resistivity.
The first term gives rise to a B-field which pushasctrons into regions of higher
density. In a cylindrically symmetric beam, thisngrates a radial force which serves to

pinch the beam about its axis. Collimation canuod€ the B-field deflects the fast

electrons through an angbeover the distance, /8 in which the beam radius doubles

" o T ,
[42]. For small angles, a condition for collimatioan be written® > 8* where ryis the
r
¢}
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electron gyroradius. Collimation occurs for divemge half-angles less thar abd B-
fields greater than 10T which are attainable fes &xperiment.

The second term in equation 46 arises due to nesigtadients in the material.
The B-field direction depends on the shape of tlagenal resistivity. If the temperature
on axis is higher leading to a lower resistivitarhthe bulk material, then the electrons
will be pushed out of the beam increasing the digece. This effect has been observed
in insulators due to the large difference in maleresistivity [77]. For a metal, if we
assume a hot temperature of ~1keV on axis and teamperature for the bulk material,
the difference in resistivity values (figure 14)dpproximately a factor of 2 different.
However, if the bulk material is preheated to ~10&\d then compared with a lkeV
temperature on axis, then th& ferm increases in size serving to push electrovesya
from the axis.

Resistive filamentation instabilities can occur whéhe return current is
collisional [78]. This a transverse instabilityvam by magnetic field fluctuations from
counter propagating electron currents. This islamto the Weibel instability with the
main difference being collisions drive the resistimstability and the Weibel instability is
collisionless. Increases in the resistivity dueadisions lead to an increasing magnetic
field which then drives the instability resulting the electron current filamenting. The
growth rate peaks for reduced beam temperatureslaagdr wavenumbers. This is
analogous to the Weibel instability in that therthal pressure of the electron beam can
balance the pinching force exerted by the magfielit suppressing the instability.

Experiments have been conducted where filamentdtas been experimentally
observed in insulators, but absent in conductod. [7The generating mechanism is
considered to be a spatial variation in the iomrafront or leading edge of the electron

beam [80]. The ionizing front velocity increasesdecreases due to local increases or
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decreases in the electron beam density. A loahizerease in the electron beam density
accelerates the ionization front with respect torétst of the beam. This further increases
the local beam density leading to filamentation.qualitative picture of the mechanism

is shown in figure 18.

Beam propagation

Figure 18: Qualitative picture of the instabilititbe ionization front in an insulator.
V¢ is the velocity of the ionization front.

The electric field of the ionization front has besstimated to be approximately 10% of

the atomic electric field and the width of the mation front can be estimated from
4rm Af

Poisson’s equation [80E, = where E, is the atomic electric fieldn, is the

o

beam density, and\f is the width of the front. Assuming 10% of the tedectrons

participate in the ionization process, a width ofpm is calculated from Poisson’s

equation. This means that the maximum growth wateld correspond to perturbations
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on the order of the front thickneds: 277f . This wavelength compares favorably to the

images shown in figure 17.

In summary, filaments were observed in heatedwsnietated aluminum less than
10% of the time and were observed in a heated/wetheasulator almost four times
greater rate than metal. The target thickness Jofum allows to exclude several
filamentation process due to the growth rate ofhspmcesses being on the order of
several microns. Additionally, the Weibel instéilwas excluded due to the high
plasma density associated with the overdense targkthe transverse thermal electron
pressure opposing the magnetic pinching force.

The occurrence frequency of filaments in aluminumsvsimilar whether the
material was heated or not. This suggests thatgdsain the resistivity on the order of
several orders of magnitude do not influence thmeegaion of filaments. In the insulator,
filaments are observed with greater frequency wtien material was heated. An
insulator that is heated should have a lower riggisthan at room temperature. Based
on these observations, neither the resistive filgaten instability nor the magnetic field
are the leading cause of filamentation. Spatialiatians in the ionization front
propagating through an insulator have been foungetwerate filaments. The filaments
observed here fit with the analysis performed i pineceding paragraph describing the
ionization front instability. The number of filamis observed is two and in a few shots
three. This low number seems to exclude filamewbmbination or like processes
instead suggesting a single perturbation causiafpéam to split. This would explain the
increase in frequency of observed filaments initiselator as compared to metal. In the
insulator, a greater occurrence of filaments waseoled when the target was heated. A
possible explanation is the heating beam geneet@wall perturbation in the electron

density that in turn is magnified by the main bearA. similar explanation can be
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extended to aluminum. The low frequency of filatseabserved in aluminum, ~7%
suggests the interplay of multiple experimentalapaaters: material defects, irregular
laser performance, etc as opposed to a singletdffat contributes to variations in the
electron density. A more rigorous analysis of filementation is beyond the scope of
this paper and would require additional experimetida. It is worth repeating that the
spatial resolution is limited to 2um and improvitig resolution would yield valuable

insight into the potential existence of smallearfilents.
4.6ELECTRON STOPPING POWER

4.6.1 Collisions

The propagation of hot electrons dominated by siolfis is given by the Bethe-

Bloch [81] formula modified for electrons

]

2 |+F(1)-9(By) (49)
I

Z(meczj |

Here p is the material density =Y , Z is the charge number of the medium, A is the
c

<dE>_ K z1 r’0(r +2)
Y __p__z In| ————2
dx/ 2" ApB

atomic weight,r is the kinetic energy divided by the electron rasss, K is the constant

terms ~ 471N, r’m_¢* , | is the excitation energy of the mediudh,is a density correction
term, and F 4° is a function where the relativistic terms wheognbined. Using the
ESTAR database at NIST, a 1MeV electron has a rahggproximately 2mm. It is
reasonable to assume that ~MeV electrons will trat/keast on the order of 1mm if only

collisions are considered.
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4.6.2 Collective

The bulk electrons associated with the return cinnéll generate an electric field
in opposition to the fast electron current. Théeef of the field can be found by
considering a Maxwellian distribution confined by @lectric field [82FE =-0O¢.
Writing the electric field in terms of the electréemperature and plugging into the

continuity equation yields

on_ D-( T, Dnj . (50)
ot en

This is a nonlinear diffusion equation with theugimn

() wY
"= no[rlaserj(z_i_ ZOJ (51)

2

212 1 . :
where n, =—2b el andzo=3THU. The electron propagation distanzg can be

H abs

written as a function of laser intensity, conduityivand hot electron temperature [82]
-1

— TH ’ g Iabs
% _(20(]<er (1(99‘%1) LW | T (52)

Conductivity values in the region of 10eV have besrasured [34] to be approximately
1MeQ™ m™. If 40% laser absorption is assumed fror.50010°W /cnt laser pulse,

electron temp of 1.5MeV, and a conductivity 1 Q'm™ , a propagation distance of
120um is obtained. This distance is notably |kas the collisional mean free path. The
model has some shortcomings as the Spitzer condyas used for a dense plasma, but
establishes the fact that electric field inhibitimma greater effect than collisions on

electron penetration and dominates target heatinghort time scales [19].
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Chapter 5: Transition Radiation

A charged particle uniformly moving in a homogengomedium emits no
radiation. An exception is Cherenkov radiatiori.thie particle is traveling with phase
velocity greater than light in that medium, ther tbarticle can emit radiation [83].
However, radiation can be emitted when the unifgrmioving particle encounters a
sharp interface between two different media calladsition radiation [84]. The moving
particle has an electric field with certain chaesistics in one region and different
characteristics in the other. At the interfaces #ectric fields are dissimilar and a
transverse current is generated to satisfy the dexyrconditions. The current is then the
source term for the emitted radiation in both tbevbrd and backward direction. In
order for a sufficient current to be generated,diedectric properties of the two materials
should be sufficiently different. Specifically, ilmser-target interactions, the sharp
interface typically occurs between a metal target wacuum although plasma-vacuum
interfaces have been observed [85]. Transitionatiah was initially derived in the
context of a single particle crossing an interfadeecent papers have included theory

applicable to transition radiation from electroeselerated by a laser.

5.1SINGLE PARTICLE TRANSITION RADIATION

Transition radiation is traditionally described tye pseudo-photon method [86].
The pseudo-photon method is a calculation simpgliiien of the perturbation method for
electromagnetic processes. The electric field phadicle can be replaced by a similar
field of photons when the particle nears relatigistelocitiess — ¢. The longitudinal
field of the particle is small enough to be ignoeedl the particle is assumed to propagate
with purely transverse fields like a photon as shawFigure 19.
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Figure 19: Electric field at point r and time taparticle, Ze moving with velocity v.
At the velocity increases, the transverse fieldobees larger than the
longitudinal, E>>E,.

Following the formalism of [87], we consider tharisition radiation of a single particle

traveling perpendicular to one interface. Figu iRustrates the particle-interface

layout.
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Figure 20: lllustration of transition radiation @ingle particle traveling normal to an
interface.&,, €, are the dielectric constants of the first and sdaoedia and

z=0 is the interface.

The patrticle is traveling in the z-direction withetinterface defined to be the plane xy

(z=0) and the angles},d,determine the angles of radiation into the forwarmbl

backward directions. The Maxwell equations for ploéentials are of the form:

2
—%a—f‘: —4—”6\[5( r-vi)
c” ot c (53)
£0°¢ _ 4m
pg-22 - les(r-wt
¢ ¢’ ot? £ (r=v)

where the subscript 1 refers to the left of theriisice and subscript 2 describes the fields
on the right side. The solution for the potentiglound by expanding into Fourier

integrals and the electric field will be expresasd
E(k,a)):%uA(k,w)—ik(ﬁ(kw). (54)

The complete solution for the electric field cotsisf the charge and the radiation fields
E/* =E+ E*. The radiation fields can be solved for by appiyithe boundary

conditions of the electric field at the interfacedz The tangential component is written
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E,+E=E,+E and the normal componen(E,, + Ex’)=¢,( E, + E5'). The
additional requirementls rj“;’ =0 combined with the boundary conditions and electric

field solutions for heterogeneous equations allowobution for the radiation electric

fields. The radiation field in the'®medium is

e iek,g (amE)[l-Ferpleesive)

= (55)

© o mv(gk, +eky) (1—,8252 cos 6’2)( N Siﬁ@z)

whereg :\—é , and the photon radiation angles qre%)\/zlsinﬂl and k , :%)\/5_1 cosé,

to the left on the interface. The angles on thatrof the interface are similar, but with

the subscript 2. The angular and frequency depmedef the radiation is given by the
energy flux through the interfa@gz%f( Ex H) dxdyd. Plugging in for the
T

expression for the fields, yields an expressiortHerangular distribution of the radiation

A _ g fe, |52
dQdw ?12

K2, (56)

2

This equation is referred to as the Ginzburg-Frfankula in the literature.

5.2L ASER ELECTRON TRANSITION RADIATION

The concept of single particle transition radiatiam be extended to the situation where a
high intensity laser accelerates large numberdeatrens available to produce transition
radiation. Hot electrons have a divergence angtetamperature distribution that must
be accounted for. The transition radiation cossief two distinct components,
incoherent transition radiation (ITR) which is tseam of the radiation spectra from
individual electrons and coherent transition radrat{CTR) which is governed by the
interference between the electrons. The colligssmbcceleration mechanisms, resonance

absorption, J x B heating etc., can generate laugeber electron bunches at harmonics
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of the laser frequency. If the bunch form is maimed through the target, coherent
radiation is emitted at specific frequency corregfing to the acceleration process
present and at an angle related to the transversshispread [88].

Following the formalism of Zheng [88], thadiation field can be written as a

N
summationE; = > E (w, y)exp[iwt — i p] for the configuration shown in figure 21.

sl et observer

mEnnEiE o electron

7= - z=0

Figure 21: Configuration of the transition radiaticalculation.® is the electron
propagation angle, artdis the radiation emission angle.

Electrons move from left to right and the interfaggin is located at z=0. The particle

velocity, v, coordinater, and the radiation wave vectirare broken down into the
tangential and normal components:(w,u)=(v, . y).r =(0.z)=(xy,2, and
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k:(q,n):(K, K, I<Z). The particle and radiation emission directioa described by

two sets of angled,®,®) and (6,¢) respectively. The energy spectrum, the Ginzburg-

Frank formulas, is expressed as
d’E _
dawdQ 4( )

(W, y)expf it —ice (57)

The spectrum can be separated into two parts:hereat transition radiation (ITR) given

by
2

dZETR —

dawdQ  4( )smzH

(w.y) (58)

and coherent transition radiation (CTR) given by:

dZECTR_ A
dadQ ~ a(27 ) Mllz_la(w u) E'(w, u)exd wt-t)-ia(p- p)|. (59)

(i=)

5.2.1 Incoherent Transition Radiation

The spectrum of incoherent transition radiationg@/erned by the radiation
spectra, or energy of the individual electronslafge number of electrons are produced
by a high intensity laser and can be describedhbyaippropriate distribution function.
We can select a distribution function and plug ietmation 59. The summation can be

replaced by an integral and the dielectric functtan be approximated dy| >1 which

is the case When the target is a metal. Pluggirtigd electric fields yields
B?sin@ cos O [sing - B si® cofgp—P) *If, (¢ @ D)

[(1— Bsind sin® co§p- CD))2 -3 cob cé@}

B _ €N j dedOdd . (60)

dwdQ 722

For the distribution function, a Boltzmann distfiom is assumed and written

fe = —23T expl-¢ /T]cog ©, where T is the normalized hot electron tempeeatgr="
" c

is the normalized particle velocigps© is the electron divergence, and
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5:(1—,82)_1/2—1 is the normalized electron kinetic energy. In thigh temperature

limit T>>1, integration over the angles yields

d’Epr  3€N )
SoodO 2ﬂz_l_cjdezexp[ £ IT]In[2(1+&)]cos 60 codé. (61)

In the other limit, we assum@ <« 1 and can approximate for low velocities

d’E  3€N
dwdQ  57Tc

j deexp[-¢ /T8 sin 60 sirt6. (62)

The angular distribution of the ITR varies as action of the electron temperature. The

ITR energy is proportional to the electron disttibn temperature.

5.2.2 Coherent Transition Radiation

The spectrum of coherent transition radiation (CTiR)more complex and
demands a more rigorous distribution function. Epectrum depends not only on the
electron velocity, but on the shape of the electronches. The distribution function can

be written as a function of two independent parts

f.(7,p.v)=n(r,p0) £,(V). (63)
The CTR spectrum can be written as
d”Ecrg ” 2 d’E
—=R=(N-1 — R 64
dwdQ ( )‘n(vv, q)‘ dewdQ (64)

where fi(w,q) is the Fourier transformation of the functigft, p). The CTR signal
will be large in the frequency region wheFE(a), q) is far from zero. We can also

separate n into the longitudinal and transversepooentsi(w,q) = fj (w) B,( 9. The

longitudinal component is given by

(o) = 1 ~afrl), A [ _(@-@)T
nl(6())_1+Aexp(—a)§rj/@[e)(p( 2 J+2ex{ 2 J] (63)
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The laser pulse durationiis, the electron bunching frequencyds andAis the electron

bunching amplitude. It is seen that the longitatlioomponent will be largest in the

regions neaw= w,. The transverse component is given by

n,(q) = exp( —q2a J = ex;{— aéc? sif HJ . (66)

From this equation, the angular distribution of CiERmainly contained in an angle

described byeszi where a is the beam radius. For most experiments, ther las
7ma

wavelength is smaller than the beam radius. Thiglitions yields a small emission
angle. The distribution function described aboueeg insight into the electron bunch,

but does not address how the electrons propageadegin the target. A more complete

distribution function is derived that satisfies tkimetic equati0|c(1?;%+v-g]c =0. The
r
distribution function is written
1 (o—wr)’
f(r,p,v)= o(r-d/u)exp —+—*+ 67
(r.oV) =55 )p[ e 67)

where &-like electron pulse is assumed to originate afitiet surface at t=0. Plugging

in the distribution function and consider electrpngpagating in one dimension gives

%:ﬁ J.dz-qgexp[m}(ia-(r_ra_t /ﬁ)( ﬁfv(ﬁ)

Sm2 dex 2a2 T~
da ¢ P 1~ cos 6]

(68)

whereN, is number of electrons in an individual burighs d / cwhere d is the target

thicknessA is the number of bunche,s the incidence angle, andis the time when

the nth bunch is generated. The distribution fienct is given by
fv(,B) :#exp[—s IT]. Integrating ovef and rewriting yields an expression
T(1-8

for the CTR spectrum,
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dZECTR — e2 '\1(2) - 2 2 24~ 2
Tl nchzﬁsm fexpbq’a’|g(w6.T,d) . (69)

The functiong(w,8,T,d) is the Fourier transform of the function
o (wie=r)) ex = 10/t (=2, )F - ]

9(7,6,7,d)=> Tt (70)

p=i [1—(t0 /(T_Ta))z cog 9}[ = (t, '(T‘Ta))z}

‘g(a),é?,T,d)‘2 is the defining term for the CTR spectrum. Theergg radiation

spectrum is plotted in figure 22 for several diffier scenarios.
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Figure 22: Spectrum of CTR plotted fo+r15deg and t=1.5 micron. The left column
consists of electron bunches once a laser cyclerendght hand twice a
cycle. Electron temperature of t=750keV are ptbfte the top row and
3MeYV for the bottom row.

6C



The change of the electron bunch characteristidtspaispagates through the target can be

seen through the function
(t,/(r-7,)) exp[—(l/\/l—(to (r-1,)) - 1) ]
= t, [1—(to I(r- ra))zr2 |

This is the number of electrons crossing the reaiase in unit time. The number of

(71)

electrons for two different target thickness at edactron temperature of 1.5MeV is

shown in figure 23.
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Figure 23: Normalized number of electrons crossimegrear surface in unit time. At
top, a 1.5um thick target and at bottom is a 50pink ttarget.
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Chapter 6: Experimental layout

This experiment was performed on the GHOST (Glagbrid OPCPA Scale
Test) laser system. The GHOST laser architectomsists of an OPCPA front end with
mixed glass, silicate & phosphate, amplificatiomgsts with center wavelength at
1055nm. The baseline operating specifications2dreompressor input energy, 120fs
FWHM pulse duration with on-target intensities ¢fi@*° W/cn¥. The laser layout is
presented in figure 24 with the baseline operapagameters for each laser stage. The
operating parameters of the GHOST laser will bersanzed below. A more detailed
description of the GHOST laser can be found hefe f]. In addition, the target

experimental chamber layout and experimental meithddcussed.

625 psinm

chirp factor
270l fs 1740 lines/imm
2-pass, 4
] - ] bounces
| . 1nJ,1ns 16 nm
\7/ 650 mJ Nd:YAG Pump
/ Laser @ 532nm
h. N
1064 nm
1.5ns
Delay Amj
- BBO BBO I N e
30 mJ nm SO\ N N
X pinhole ;l E{\l N | ¥
— 19mm Nd:Phosphate 19mm Nd:Silicate Vacuum Pulse
Rod Amp I Rod Amp Compressor
B -1
pinholes e
(€ 2 - e —
2J 15nm ' - 164
Ly 115fs

1740 lines/mm

Figure 24: Overview of GHOST laser layout.
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6.1GHOST LASER

6.1.1 Front End

The GHOST oscillator is a Coherent Mira 900 usinglrigsapphire crystal
pumped by a Verdi V-10 diode laser. The V-10 pdegi 1064nm light from a
Neodymium Vanadate crystal doubled to 532nm bynéercavity type 1 LBO crystal.
The output power is 10 watts continuous wave (ow)he Ti:Sapphire crystal. The Mira
900 oscillator produces modelocked pulses at auénecy of 76MHz with a full width
half-max (FWHM) pulse duration of 94fs. The outpptlse has 18nm FWHM
bandwidth centered at 1055nm. Ultrashort pulséymction is due to two basic concepts:
modelocking of pulses and the ability to discriménaetween a modelocked and a cw
pulse.

Laser output consists of longitudinal modes witliegnal half wavelength
equivalent to the laser cavity length. If the modee all at a fixed phase from each
other, the modes are said to be modelocked. e tgpically starts in cw mode. A
fluctuation is created by altering the cavity ldngh this case tilting the angle of a glass
plate. If done fast enough, this allows amplificatof a much larger set of modes
resulting a higher intensity. When high light imééies are incident on a medium, the
index of refraction of the medium changes as atfon®f intensityn=n +n,I. This is
known as the optical Kerr effect [92]. In the MB@O, the Ti:Sapphire crystal is the Kerr

medium. The high intensity pulse is refracted sngmaller than the cw modes. A slitis
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installed in the cavity favorably selecting the Higitensity pulse as shown in Fig 25.

CwW

modelocked
mode

\ slit —

Figure 25: Image at left shows the oscillator sipgen allowing both the cw and
modelocked beam to lase. At right, the cw mod#asked biasing gain for
the modelocked mode.

Once the modelocking process has been initiatedjo#s not require additional
fluctuations for it to continue. The modelockectilbator output beam then passes
through a Pockel’s cell to the stretcher. The Rbslcell operates at 10Hz with a 300ps
rise time allowing the filtering of a single puls@he stretcher is based on the Martinez
design [93]. The beam makes four passes off aflé §j740 groove/mm stretcher at an
angle of @=74.7 and is stretched to 1ns. The oscillator (typicedferred to as the seed)

pulse then enters thé' DPA stage.

6.1.2 OPCPA

The OPCPA consists of two amplification stagesasfum borate (BBO) crystals.
Each amplification stage consists of a pair of tatgs The crystals have a 1deg wedge in
order to reduce parasitic lasing. The crystal disiens are 7mm x 7mm x 15mm for the

first stage and 10mm x 10mm x 15mm for the second.
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The BBO crystals are pumped by a Spectra Physid® BRO350. The GCR is a
g-switched Nd:YAG operating at 10Hz. The beamrexjfiency doubled by a KD*P
nonlinear crystal to 532nm yielding an output egesfy1J. The beam is separated via
polarizer and waveplate into two beams to separaggeimp the first and second OPA
stages. Both beams are down collimated and retageéd to the face of the BBO crystal
by a telescope. The first stage beam has 130nehefgy with a beam diameter of
2.37mm and the second stage has 550mJ with a breanetdr of 4.7mm. In the first
stage, the input seed energy of 1nJ is amplifietDfuJ, a factor o£ 10°. In the second
stage, the beam is amplified from 100uJ to 30mide 29 BBO crystal is separated by a
2ns delay stage from thé! grystal to extract the maximum amount of pump gnefThe
output spectrum saturates and as a results broaml@enSWHM of ~30nm compared to a

FWHM of 16nm for the oscillator output as seeniguiffe 26.

A

Figure 26: Bulk spectrum images of the GHOST lag€F.left, 29 stage OPA beam
with a FWHM of 30nm. Image at right is the moddded oscillator only.
The spatial chirp is due to the slight off-axisigasof the stretcher.
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6.1.3 Glass Rods

The beam now double passes through a pair of 19ametier glass rods. One
rod is Nd:Phosphate glass and the other Nd:Silic@tee rods are flashlamp pumped by
an external pulse forming network (PFN). The défé glasses amplify the seed pulse in
different spectral regions overlapping one anotiédre gain in each glass is basically the
same, but the combined spectrum after amplificagiermits very shots pulses ~100fs.
The appropriate PFN settings for each rod wererexpatally determined to obtain the
operating specifications of 2J energy output.

The compressor consists of two 35 x 15cm dieledratings. The beam is
recompressed through four passes of the gratifge four pass energy efficiency is

78% yielding a baseline output of 1.5J and 120fsepduration.

6.1.4 Autocorrelation

The recompressed pulse duration is measured wih arder autocorrelation.
The autocorrelation is typically aligned with jusie OPA beam. Typical images are
shown in figure 27. The image on the top left igy@ical autocorrelation of only the
OPA beam. The lineout below is the average ofrdeangular highlighted region.
Assuming a Gaussian profile, the FWHM of the pulsgesponds to 68fs. A spatial to
temporal reference was obtained by moving a mictem&age in the autocorrelation
setup. The micrometer delays one pulse in timeh wéspect to the other pulse
corresponding to movement of the autocorrelatianetrfrom side to side on the camera.
The micrometer is moved a precise distance correpg to a range of pixel values.

This gives a temporal/spatial (fs/pixel) calibratior the viewing region.
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Figure 27: Autocorrelation images of the GHOST askhe top left is an OPA beam
autocorrelation with line out average of the highted region of interest at
bottom left. The top right is a 2J full energy shatocorrelation with the
line out of highlighted region below.

A 29 order autocorrelation gives information only abthet intensity of the pulse.

Information is desired about the temporal profifehe pulse in which case & 2rder

autocorrelation is typically employed. Th# 8utocorrelator was built by Toma Toncian

as shown in Figure 28.
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Figure 28: Layout of the™Border autocorrelator.

The 39 order autocorrelator was used to get a detailekl & the temporal pulse profile.
The beam is split into two arms — one at the furetatal laser frequency and the other
frequency doubled. The two beams are recombined KIDP crystal yielding 366nm.

The 39 order signal was measured with a ThorLabs PMTe Jhorder was used to look
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at the laser profile due to suspected prepulse.typical trace from the '8 order

autocorrelator will be discussed in section 7.3.

6.2 EXPERIMENTAL CHAMBER

A new chamber was commissioned to provide"a target chamber for the
GHOST laser. The chamber was outfitted with vacugauges, motor control
feedthroughs and window flanges. Several itemeweachined better accommodating
the footprint of the chamber. The chamber supadie was shortened by 1 foot to allow
personnel access. The support table was re-lewatbdrespect to the lab floor. The
breadboard had to be machined as every thread wotaproperly tapped. The tabs
supporting the breadboard were not level and hdw teedone. Also, a window port was

machined in the lid to allow visual access to thegeét. The chamber with all the

experimental equipment is shown in figure 29.

o0 |

~
N

Beal

Figure 29: Experimental target chamber layout Wwi#hm geometry at target plane.
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The beam enters the chamber from the compresdl@ctseoff a mirror and is split by a
65/35 BK7 beam splitter. The reflected 65% (~800ofjthe beam is called the main
beam while the transmitted 35% (~400mJ) is theihgdbeam. The main beam is
reflected off three additional mirrors and thenused by an off-axis parabola (OAP).
The mirror reflections allows the main beam to hetiee target plane concurrently with
the heating beam. The OAP is protected gold wi#hbadegree input angle with an
effective focal length of 178.53mm resulting in {1 focusing optic. The focal spot

was characterized using the modelocked oscilladdhest focus, the beam has a FWHM

of 6.75um as shown in Fig 30.

Figure 30: GHOST oscillator focal spot at left. rght, a Gaussian fit of the beam
showing a FWHM of 6.75um.

Gaussian optics defines the diffraction limited rbeavaist at 1/ to be [94]
w, :% =3.43um where g is .098 with a 35mm diameter beam. So, the bsaciose

to the diffraction limit.
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The main beam was imaged at the target plane lympus PLN 10x infinity
corrected microscope objective. The objective dagorking distance of 10mm, field
number of 22 and numerical aperture of 0.25. Tumerical aperture, NA, is defined as

[95] NA= n(sinH) where n is the refractive index of the medium &hid one half of the

angular aperture of the objective. Solving tbyields an angle of 14.48The resolution

of the objective is then expressed Rs which for 1 micron light is ~2um,

2n(siné)
less than a third of the focal spot. The microscopjective images the focal plane
directly to a camera. This is slightly unique iratthinfinity corrected objectives are
designed to work in conjunction with a second ggtelement as an imaging telescope.
The location of the camera defines the image placegion of the microscope objective.
Since this is outside of the target chamber, tiséadce to the camera is slightly longer
than the standard microscope image distance of @00ifhe microscope objective will
now be located at a distance greater than the feggkavorking distance. Since the
magnification of an optical element is the ratio whage/object distance, the
magnification will be greater than 10x.

A calibrated Air Force target was used to deterniime magnification of the
viewing area. Similar experiments [96] have obsdremission of multiple harmonics.
This experiment will use two cameras to separately simultaneously capture the
fundamental and second harmonic. The oscillaght lprovides the 1055nm light while
a 532nm diode is injected through a window portimear with the oscillator. A dichroic
mirror separates the harmonics allowing one caneréiew each wavelength. Each
camera was equipped with a 10nm bandpass filteéemhat the specified wavelength.
The filter had an OD4 outside the 10nm window. Hketarget was moved into focus

on thelw camera by moving the target motor. TP@ camera was moved into focus by
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physically moving the position of the camera. Arage of the AF target fdiw and 2w

is shown in figure 31 compared to the laser fopat.s

Figure 31: The top left image is AF target from flaecamera. The bars next to group
7, element 1 are 3.91um wide. The top right imagke same air force
target imaged with a 532nm diode. Note the camem@dipped with
respect to each other. The laser focal spot iwshielow as a reference.

The heating beam consists of the transmitted 35&ug the beam splitter. The
main components of the heating line consists obtorized delay stage and a f=250mm
plano-convex lens. The heating beam intersectstarget plane prior to focus at a
diameter of ~300um. Heating a large area of thgetaensures the main beam will

efficiently overlap with the part of the target tehby the heating beam.
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The heating beam and main beam had to be synckobm&mporally to within
~1ps. This was done by comparing the beams wépex to one another. The target
chamber was left at atmosphere and only the OPGR#fios was used. The focused
OPA intensity is 4*10'"W / cn? which is greater than the ionization threshol@iofand
creates a visible plasma filament. The beams fuestealigned only using the oscillator.
An iris, corresponding to the target location, veasitered on the main beam and the
heating beam was aligned through the iris enswspagial overlap of the two beams. A
single lens was placed in the chamber which imabedheating beam at the iris to a
camera outside the chamber. The OPCPA beam wasdton and the iris was centered
on the plasma filament. If required, the heatiegrh was realigned through the iris.
When the main beam arrived earlier than the hedigagn, the plasma filament would

scatter the heating beam and appear as a darksasesn in figure 32.

Heating Beam
Plasma Plume of Main

Figure 32: Heating beam imaged at the target pldine visible dark spot is light
scatted from the plasma filament of the main beamzing the air. This
indicates the main beam crosses the target pldoestibe heating beam.
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As the heating beam was advanced in time by motthegdelay stage, the plasma
filament would disappear. The indicated that teatimg beam is arriving at the image
plane before the plasma filament. The delay stegean encoder that allows precise
control of motor positioning. Using the encoddére beams could be timed up on the
order of the pulse duration, ~150fs. It shouldnb&ed that this method does not image
the experimental target plane. The main beanmténge enough to undergo self-focusing
which means beam filamentation occurs earlier tharexperimental focus. The heating
beam will have to be slightly adjusted which shdwgdminimal (~1ps).

The two beams require spatial synchronization dk wa STM tip was used for
this. At focus, the main beam was positioned @SfM tip which completely blocked
the beam at focus. The microscope objective was tbmoved. The heating beam was
then visible on an IR card held an inch away fromtarget. The shadow of the STM tip
was quite easily seen on the IR card. A mirrothe heating beam line was adjusted to
place the STM tip in the center of the beam.

The target foil was now ready to be positionedh@ microscope objective focal
plane. Since the target is opaque and not peyfdiet, a z-scatter diagnostic was
installed to ensure the target is maintained indéb&red z-position. The oscillator beam
was apertured by closing an iris upstream of tingetachamber. Aperturing the beam
changes the f/# of the optical system. The rasuli beam with larger diameter and
Rayleigh range simulating a collimated light soura&n imaged reference point of the
target is defined. In this case, the edge of dlilermas typically used and shown in figure

33.
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Figure 33: Edge of target foil in image plane. Htigcattered from foil is used to
define the optimum laser focal plane.

The light reflected off of the target is collectieg a lens imaged to a camera outside the
chamber. The lens is translated until the reftbdight is focused on the camera. Since
the target is located at an image plane, the fafube reflected light on the camera
should represent the laser focus correspondingedatrget plane. Moving the target in

the z direction corresponds to a horizontal disgtaent on the viewing camera. This is

seen in figure 34.
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Figure 34: Schematic of the z-scatter positionygjesm. A z-axis shift in the foll
corresponds to a horizontal displacement on theecastreen.

The location of the focus is marked and as thestasgmoved, the desired z-position can
be recovered. This technique allows repeatablgetgpositioning with respect to the

same laser z-position.

6.3TARGETS

Targets used in this experiment were metal foilsisiing of different
thicknesses and materials. The initial experintgsign called for a 90/10 beam splitter
used in conjunction with a 200nm thick Al targeROOnm Al foils are not readily
commercially available, but can be manufacturesgisitandard equipment in a clean
room facility. Photoresist was spin coated on @b@a standard microscope slide. The

photoresist provided a bonding surface for the alum vapor deposited in the
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subsequent step. The deposition of the 200nm alumilayer occurred in the Physics

Cryo shop. A cross section view is shown in figse

200nm Al

\

i\

= \

Microscope slide Photoresist

Figure 35: Cross section view of 200nm Al foil glichounted. The photoresist is spin
coated on a microscope slide with Al vapor depdsite top of the
photoresist.

The targets were then placed in acetone for apmabely 20 minutes to etch away the

photoresist. The edges of the target sample wereith a sharp blade edge to allow the

acetone to interact with the photoresist. Oncephetoresist was completely etched
away, the slide was removed from the acetone aaceglinto a tub of water. If the
target is inserted at a small angle to the water,Al foil is pulled off the microscope
slide relatively intact by the water surface tensioThe thin foil floats on the water
surface. A target holder is placed underneathfdhe The holder is carefully lifted up
until contacting the floating Al foil. The foil &n adheres to the holder upon careful
removal from the water. The procedure is stragyiathrd, but requires a great deal of
dexterity. Additionally, the targets end up quitenkled due to the surface tension upon
target removal. This creating difficulties in miiming the z-scatter diagnostic

mentioned in section 6.2
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The other targets used in tandem with the 65/Zrbsplitter were 1.5um thick.
The targets were commercial foils mounted to amalum substrate over two machined

slits. The foils were attached to the holder witlkuum grease as shown in figure 36.

Figure 36: Typical image of 1.5um foils mountedtarget holders. Foils were
mounted on target holder with vacuum grease. irtage on right shows
the foil with holes from the laser.

One foil was 99% pure aluminum ordered from Alfasée The other foil consisted of
1.4um thick polyethylene with “Aluminized” ends fmoAlexander Vacuum Research.
This meant that aluminum was deposited on eithel sf a polyethylene center. The

thickness of the aluminum was not known. Light weedily transmitted through the foil

so the thickness was assumed to be 10-20nm. Amticadd 100nm was deposited on
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either side. This ensured the laser would onlgradt with the aluminum at the front

surface.
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Chapter 7: Experimental Results

The goal of this experiment is to experimentallyaopify the role of return
currents in hot electron propagation. The retwmrents are affected by changing the
conductivity of the material. The conductivity wetsanged in two ways: by heating the
material and selecting different material, a comnoluand insulator. The primary target
selected for this experiment was aluminum due &atailability and large amount of
existing theoretical and experimental data. Aatitxic target, polyethylene, was selected
for comparison with aluminum. Approximately 1000imAl vapor was deposited on the
front and back surface of the polyethylene. Thisueed the electron interaction at the
front and back surface would be similar, the oniffedence being the electrons
propagation through different material. Additiogalboth aluminum and the Al/plastic

sandwich target were preheated by a low intenggtihg beam.

7.1HYADES HYDRODYNAMIC SIMULATION

The targets were heated with ¥ (heating beam) laser beam split from the main
laser pulse. The desired effect of the heatingmbés to drive a thermal wave
propagating the full target thickness. Howevehatance must be achieved between
initiating a robust thermal wave and minimizing hgdynamic target effects - front
surface expansion, etc. The heating beam-tardgetartion was modeled with the
HYADES hydrodynamic simulation code. The code waisten to explicitly model the
parameters of the heating beam. The results dfithelation served as the guideline for
selecting the appropriate target thickness. Th&BES code is available for our group
and runs on a UNIX machine. The user generatem@ut file which simulates the

experimental parameters.
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HYADES is a one-dimensional Lagrangean hydrodynaraied energy transport
code. The code solves hydrodynamics conservatjoat®ns specified on a finite grid
and advances them in time to solve problems. Tidesggimposed on a region consisting
of n zones anch+1 mesh points. A region may consist of multiple enais each with
associated thermodynamic and hydrodynamic progeréferenced in equation of state
(EOS) tables. In Lagrangean motion, the mesh mawthsthe material conserving mass
for each zone.

The input to the Hyades code used to simulseheating beam interaction
with both Aluminum and Al/plastic sandwich targetfound in Appendix A. The laser is
defined to have a Gaussian profile and the Helmholave equation specifies the
interaction with the target. The Thomas-Fermi nhagl¢éhe ionization model used. The
aluminum is specified as a metal with melting terapge governed by Lindemann’s
melt model [97]. For the Al/plastic target, polyglene is the material selected and
similar models were used with the appropriate \&afoe polyethylene.

The laser will deposit a majority of its energyansmall spatial scale, the skin
depth. To ensure an accurate result, the energgsded will need to be distributed
across multiple zones. Decreasing the zone siaedsptable, however, HYADES only
allows a finite number of zones <999 which is redadible for thick targets. The zone
thickness must be adjusted throughout the probl&ims must be a smooth adjustment
for the conservation equations to hold. The meibdd define a dense mesh in the skin
depth with a defined size adjustment for adjaceneg. This is called feathering and the
following equations describe the relationship bemveones [98]:

(%), = r(2x)

n-1

T=3 (0, =£11‘erj(Ax)o

(72)

=TI
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Here r is the feathering ratiol is the total thicknessNZ is the total number of
zones, andAx)_ is the thickness of the first zone. For incregdinickness,r >1 and
less than 1 for decreasing thickness. Featheaitigsrare typically around 10%.

The initial plan was to use the GHOST probe linghesheating beam. Energy
leakage from the main laser chain is sent into @ars¢ée compressor in air and the
different beam path allows for variable timing bétprobe with respect to the main pulse.
However, the air compressor grating had a veryttawsmission efficiencg10%. The
geometry of injecting the probe beam into the taopamber was unrealistic. Instead, a
90/10 fused silica beam splitter was unused froprewvious experiment and could be
placed directly in the target chamber. This soltheslissue of how to route the heating
beam into the chamber. Assuming 10% of the lasergy was available for the heating
beam and a ~400um beam diameter, resulted in darget intensity of approximately
510°W /cnt. The HYADES simulations for the electron temperatand ion density
of an Al foil at this intensity are shown in figer87 and 38. In all simulations, the laser
beam moves from left to right and is incident oe target front surface at 0. The
simulations show that the thermal wave could fpllgpagate a 200nm thick aluminum

foil in ~20ps.
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Figure 37: HYADES model of temporal evolution oéeron temperature in 200nm Al
foil corresponding to a laser intensity ®f11.0°wW /cn?
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Figure 38: HYADES model of temporal evolution ofidensity in 200nm Al foil
corresponding to a laser intensity®f10°w /cnt
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In later experiments, a thicker foil was desired an aluminum foil 1.5um thick
was selected as a target. In order for the hedigam to propagate the full target
thickness in a reasonable time frame ~50ps, a mamisplitter was used. A 65/35 beam
splitter replaced the 90/10. The heating beammsitg was kept around 10°W /cnf
by reducing the diameter t250um. The HYADES model of the electron temperature

corresponding to a heating beam intensitgal.0°W /cnt is shown in figure 39.
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Figure 39: HYADES model of electron temperaturd isum Al target corresponding
to a laser intensity o51.0°W /cn?
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At 60ps, the thermal wave has reached the backadf the Al foil. We set that as the
maximum heating beam delay required. To measereeturn current inhibition related
to propagation distance in heated material, wecselgual time intervals from 0 to 60ps.

The electron temperature distribution for delay2@f40 & 60ps are shown in figure 40.
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Figure 40: HYADES model of electron temperaturg@t40, and 60ps time steps in
1.5um Al target corresponding to a laser intensit$[110°W /cnt

After 20ps, the heating wave has propagated almaltvay through the target. At
maximum delay, 60ps, the entire target has beetedhda just under 10eV. The ion
density is also modeled in figure 41. The heabiegm stiffens the density profile up to

2x room temperature density. Thée® preplasma scale length is approximately 1.5um.
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Figure 41: HYADES log plot of ion density at 20,,4td 60ps time steps in 1.5um Al
target corresponding to a laser intensitgGfd°w /cnf.

7.2EARLY EXPERIMENTS

The initial experiments were performed on a 200nimfol. The goal was to first

guantify CTR from the foil first using only the nmalpeam. After a repeatable signal was
confirmed, the heating beam would then be unblocked CTR images taken at the
desired time steps between the heating and maim.bethe experimental chamber is

shown in figure 42.
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Figure 42: Experimental chamber layout for 200nntakgets.

7.2.1 200nm Al foll

The experimental methods described in chapter 8Hooting solid targets were
followed. Typical results for bothaland 2> CTR are shown in figure 43. The images
on the left are @ with ND 7.1 and the images on the right ase W&ith ND 5.2. The
viewing window for each image is 40 x 40 microie shots were taken from the same
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foil. The poor surface quality of the foils made treflective z-scatter technique very

difficult to implement. The assumed best focus l@aated at the oscillator focus.

Micron

0 10 20 30 40
Micron

Figure 43: Typical CTR images for 200nm Al foilhd difference in images are
typical of the large shot to shot variation.

The difference in the images above were typicdhefshot to shot variation for a 200 nm
Al foil. The CTR images were not repeatable wittiie same foil nor comparable to

different foils. The images do not look like anyisting published CTR data nor was
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there any discernable pattern to analyze. Diffetanget imaging techniques were
attempted with no obvious differences. The uliratiargets did not allow many shots
~4-5, per vacuum cycle. Also, several optics i ldser chain exhibited damage signs
after a week of shooting. It was thought thatwhimkled targets reflected light back at
near normal incidence. The reflected light was tbellected by the OAP and sent back

through the laser chain causing damage.

7.2.2 —1.5um Al Foil

The root cause of the unpredictable CTR imagesneaglear. A thicker target,
1.5um Al, with a flatter front surface was selectéithe improved front surface allowed
the reflective z-scatter to be used and twice asynshots to be taken on target per
vacuum cycle. A larger, more consistent set of daiald hopefully allow more insight
into the best target focal plane. To accommodagdtittker target, the beam splitter was
replaced with a 65/35 ratio.

Typical CTR images from the 1.5um Al foil are shownfigure 44. All the
images are from the same foil. The viewing windewd0 x 40um. The images at left
are In CTR with an ND 3.3 andd2 CTR on right with ND 2.4. The intensity of the
radiation is several orders of magnitude less tthen 200nm foil, but without any
repeatability or pattern. The images do not resemibything found in the literature or in
previous experiments within our group. The diffexe in the images is representative of

the large shot-to-shot variation observed.
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Figure 44: Typical CTR images for 1.5um Al foil.

7.2.3 Far Field Diagnostic

The CTR images obtained up until now containedmaaus correlation with one
another. The presumed root cause is the inabdiglign the target in the correct focal
plane. A far field diagnostic was installed toistsgn determining the location of the

focal plane. The laser focus, or far field, woldd measured simultaneously while
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collecting CTR data. Any differences observed he taser focus could be used to
improve the focus in the experimental chamber. Eheitted radiation from the

acceleration processes are directed along twondistiirections: the laser k vector or
normal to the target as shown in figure 45. Tha dallected up until now has consisted
of filaments in irregular patterns. The locatiointioe far field when compared to the
CTR position could give insight into which accetesa mechanism is present or if CTR

is observed at all.

CIR-JxB

CTR-
Resonance ~
Absorption

laser

7= -d 7z=0

Figure 45: 2D schematic of CTR emission. One a&agbn process is located along
the laser k vector typically J x B heating. Anatheceleration process is
normal to the target, Resonance Absorption or VacHeating.

A far field diagnostic was installed using leakabgeough a mirror in the compressor.

The leakage can be observed using the oscillatof6aMHz. The diagnostic was
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installed to see how the laser focal spot corredpdo the centroid of the observed
radiation. A 3 inch 1.5 meter focal length lensswadaced in the compressor and a
camera placed at the lens focal plane. The focssaparoximately 1 meter outside the
chamber in order to avoid optical damage or noalireffects. The oscillator light at

focus is shown on the left in figure 46. A fullssgm shot is shown at right in the figure.
The difference in the two images is immediatelyiceat. The full system shot has a high
degree of astigmatism acquired from a large pdariacated at the end of the laser

chain.

Y Y

Figure 46: Images of the far field diagnostic shdamthe oscillator only at left and a
full system shot at right.

A well described feature of an astigmatic beamegpendicular focal planes located on

either side of a circular image, called the ciafiéeast confusion. The oscillator focus is

positioned in the circle of least confusion resentph typical circular focal spot. When

the full system shot takes place, the image is aotside the circle and is representative
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of an astigmatic image plane located before theuldr image. A simple schematic is

shown in figure 47.

Ideal focus location

Figure 47:  Simplified ray trace of an astigmatiafwebrought to focus. Experimental
images are shown in their corresponding locatiarthe ray trace.

However, the important point obtained here is tbsitin of best focushiftsin z when
taking a full system shot. The shift is attributedhe 300mm long glass rods. The rods
are excited by flashlamps discharged at 15kV edubhinduce a thermal gradient along
the radial axis. The thermal gradient acts asa #hifting the plane of best focus away
from the best focus observed with the oscillatoitO#tA at room temperature. In the
target chamber, the beam astigmatism is correctethgl the initial alignment of the
OAP.

The amount of shift depends on the square of theatio of the optical system.
This is basically the ratio of the OAP focal lengtid the 1.5 meter far field lens. The

ratio for the target chamber and far field focalgtéhs was approximately 17. To move
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the far field image into the circle of least confusrequired a translation of almost 2mm

for a system shot. Dividing 2mm by 17 yields datise a little larger than 100 microns.

7.2.4 Initial Z-scan

A scan of best z position was then initiated stgrat 60um behind best oscillator
focus (away from the focusing optic). The micrgseoobjective images the CTR
emission which is located on the back surface eftérget. Thus, any z-scan requires
movement of both target and objective. The techsigqplemented is to define an image
plane with the microscope objective using the ligbm the oscillator. The microscope
objective can then translated a known distanceawigotor with an encoder. A diagram
of the procedure is shown in figure 48. The taigahen brought into the focal plane
defined by the objective. In this way, the imagadne could be controlled very
precisely and moved only when the motorized stagadved. This is a more accurate
method than using the target to determine therslaiion amount. Although the target
can be precisely controlled, it would require rabbshing the desired focal plane each
time after target replacement. The target is coiaeto a magnetic base, but still moves

at least 20-30um with respect to the previous targe
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Figure 48: Diagram of the scanning technique. mi@oscope objective defines the
image plane. A z-scan was performed by movingtjective away from
the oscillator focus.
The result of the z-scan is shown in the figure¥el The image plane was moved from
60 to 80 micron in 10 micron steps. The imagesshghtly saturated due to an increase
in the radiation intensity as a result of movingser to best focus. The radiation images
coalesce into a single filament and emission intgnisicreases over an order of
magnitude. The ND level for thesICTR at 60pum was 2.9 and at 80um the level was
4.1. This is attributed to the target being imagethe correct location of the full energy

focus.
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Figure 49: Z-scan images obICTR. Target locations from 60 to 80um shown from
left to right with Oum defined as the oscillatoc#éb plane. Viewing window
IS 40 x 40 micron.

7.3PREPULSE IN GHOST LASER

Several experimental campaigns were interrupted bydden reduction in CTR
intensity and a significant increase in area thouglbe caused by a laser prepulse. The
large area of CTR displayed multiple filaments vathirregular intensity distribution. A

comparison with and without prepulse is shown belofigure 50.
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Figure 50: 1 CTR beam affected by a laser prepulse (left)thAtsame conditions, a
comparison & CTR with no prepulse. The ND for the image onief.2
and ND 4 on right. Note the viewing windows arffellent sizes.

The CTR divergence was attributed to laser intevaatith a large amount of preplasma
on the front surface from the laser prepulse. @iméssion intensity was constant over a
large z scan - +/- 100pm from oscillator best focus

The existence of a prepulse was investigated. |183e¥ beam was focused on an
EOT-3500 photodiode placed in the target chambBére photodiode with a Tektronix
5104 oscilloscope allows a temporal resolution @d@Es. No distinct prepulses were
observed on that timescale. A pedestal of amgdlifpontaneous emission 1000 times
less than the main pulse was observed approximételybefore arrival of the main laser
pulse. This was reduced to 10000 by insertingtéighinhole spatial filters. The pulse
contrast was examined on a shorter time scale, psl00ith a 3' order autocorrelator
detailed in section 6.1.4. The autocorrelatioreasd®d several pre-pulses. Two prepulses
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corresponding to two postpulses were observed.sdnere assumed to originate from
the autocorrelator measurement itself. One prepatlgpproximately 40ps at an intensity
of 10° of the peak intensity was unable to be accounted féhis was ultimately
attributed to a pair of damaged dichroics in thtstage OPA laser section. Replacing
the dichroics caused the prepulse to go away. faiiag was resumed and the previous
baseline CTR images were recovered. A plot of3therder autocorrelation is shown in

figure 51. In this image, the prepulse assumdzbtthe root cause has been removed.

10°

Post| pulses
102

1/ Tex

10-4 Pre pulses
= At |
'"'""'WJ"W et L WLV RN
-150 -100 -50 O 50 100 150
Time(ps)

Figure 51: 3! order autocorrelation of the GHOST laser. PreRmst pulses shown
are artifacts of the device. The prepulse affgctite CTR emission has
been removed and is not shown in this scan.

7.4BASELINE CTR M EASUREMENT

Once the optimal target image plane was determisbdis were taken to

determine the general characteristics of the CTdtat@an. The data were taken on the
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1.5um Al foil exclusively with the heating beam ¢#ed. Unblocking and introducing
the heating beam simultaneous with the main beatmbaliscernible impact on the CTR
image.

Typical CTR images ford, 2o are shown in figure 52. The images provide
information regarding the electron beam charadiesis The intensity of the CTR
emission is dependent on the electron temperatigtibdtion and the number of
electrons. The CTR area gives a measurement of duwhwmated the electrons are
transported through a target. The CTR emissioeagpas a single filament almost 2.5x
smaller than the laser focal spot. It is not imratdy known if only a central filament

escapes the target or if the beam is pinched vexternal source like the magnetic field.
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Figure 52: Images ofd CTR (top) and @ CTR (middle) alongside a Gaussian fit for
each. The laser focal spot with FWHM 6.75um isrghat bottom for
comparison.

7.5ANALYSIS OF CTR DATAWITH 1-DBALLISTIC M ODEL

A 1-D ballistic model of electron propagation [89%s used in conjunction with

an absolute CTR energy measurement to determingattaeneters of the electron beam.
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The experimental CTR data was first calibrated #reh the experimental data was fit
using the 1-D model.
7.5.1 Calibration of CCD and ND filters

The ND filters used in the experiment were caliddatvith a Cary 5000 UV-VIS
NIR spectrometer. The spectrometer gives a prassmission of the ND filter as a

function of wavelength. The filter transmissiorsi®wn in figure 53 below.

100
ND Filter Trans(%) vs. Wavelength
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Figure 53: ND filter transmission measured with @&y 5000 spectrometer. The
black line is the reference measurement. The fiised are ThorLabs 2”
square filter kit.

Using the known transmission of the ND filters, theponse of the camera CCD sensor

could be obtained. The two cameras used were BEhTMC-11FT firewire with 1/3”

CCD sensor. The modelocked oscillator was useth@gncident light source. An

oscillator frequency of 75.37MHz was recorded bysaailloscope. The oscillator output
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power was measured with an Ophir power meter yigldi8mW. From these two
measured quantities, an energy per pulse was dastm24nJ. Since the period of the
oscillator is known, the number of pulses in a gmetime window can be calculated.
From the camera manual, the shutter open time wefirimed to be 16.67ms. Opening
the camera shutter with a single trigger and u$imgcalculated energy per pulse, the
total energy in a time window can be calculatech eergy of 299uJ was estimated to be
incident on the CCD sensor during the opening efdhmera shutter. The CCD sensor
response can be determined from the known valuésedfD filter transmission and the
energy incident on the camera from the oscillatbhe CCD sensor maximum response
was determined to be 23nJ. This is an averagees \hlt represents the energy of the
entire area of the beam. On each shot, the nbmiD&filter values for 1, 20 CTR
images are 4 and 5.1 respectively. Using the reaéld ND filter transmission values in
conjunction with the CCD energy response, yieldsrage CTR energies of 400 nJ for
1w and 20uJ for@. This corresponds to a CTR to laser conversich®f10°.

7.5.2 1-D Ballistic Code Comparison

The ballistic code is developed from the theorycdbsd in section 5.2.2. The

2

CTR spectrum is given by
) [ drdvexpli(w- qria) rid(r—ra - d/ 4 §( yexpl[igw,
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Here B is the electron velocity scaled with &,is the angle of observatiol® is the
electron emission angle, d is the target thickmgsis the laser pulse duratiam, is the

time when the nth bunch is createfl,= o is the total number of micropulses,




N, = N/A is the electron number in a micropulse, afjdv) is the velocity distribution

function. The distribution function is a relatitttsBoltzmann given by
1

___ B 21 _
P L

where T is the electron temperature normalized mith. The experimental parameters

are well known. The target thickness is 1.5pumergailse duration is 120fs, and the
angle of observation is 15°. The time intervalwestn adjacent electron pulses is

determined by the heating process. For processesrrong once a laser cycle,

A, /c=3.5fs which yields A =30electron micropulses. For twice a cycIA,:%
c

yielding 60 micropulses. The electron distributiemot known, but can be inferred by
working backwards from our experimental estimat€®R emission and making several
assumptions.

The first assumption is that 25% of the laser gynés transferred to electrons that
contribute to the CTR signal. This conversion vales based on prior experimental
evidence[99, 19]. The next assumption is tlhe ectron temperature scales as the
ponderomotive force given 19y33*10™ x | [W /cmZJX/l[,un} [25]. For a laser intensity
of 1.25010°W /cn? and wavelength 1055nm, this corresponds to antretec
temperature distribution of 1.25MeV. This temperatvalue is plugged into the ballistic
code. An appropriate electron bunch number is smlethat yields a CTR value
comparable to the experimentally measure value.2¢At60 bunches with an electron
bunch number 0#8.8010 results in 19uJ of CTR emitted. This is very elde the
experimental estimate of 20pJ. The electron nunamel CTR spectrum fore? are

plotted in figures 54 and 55.
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Figure 54: Normalized electron number at rear serfar 20 CTR. The electron
temperature is 1.25MeV.

Energy(d)

Figure 55: Harmonic energy spectrum far @TR. For 60 electron bunches with 8.8
*10° electrons per bunch, the CTR emitted is 19uJ.
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Since 30 electron bunches are generateddoitte electron temperature is fitted

to satisfy both 25% laser energy conversion ancéxperimentally measured CTR value,

~400 nJ. The best fit was found

using an electeonperature of 2.5MeV and 6.6*10

electrons per bunch. For these parameters, thé&r@lecumber and CTR spectrum are
plotted in figures 56 and 57. In comparison, ifBescaling lawT leOkeV( Mz)llswas

assumed, the result would be an

electron temperatub00keV. 1*18 electrons per

bunch would be required to obtain the experimevaidle. This would require virtually

100% conversion from laser to hot electrons whghumnrealistic.

The high electron

temperature suggests the CTR emission is due plyntar the electrons in the high

energy tail of the distribution.
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Figure 56: Normalized electron number at rear serfar 1o CTR. The electron

temperature is 2.5MeV.
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Figure 57: Harmonic energy spectrum far CTR. The electron temperature is
2.5MeV.

The experimental parameters, laser-CTR converglatiron temperatures and number
of electron, calculated by the ballistic code compawell to similar published
experiments [49, 50, 79, 96, 102, 103]. The assiommf 2» energy scaling with the
ponderomotive force has been experimentally vetifgs, 102]. The @ CTR energy of
2.5 MeV is plotted against several other resul& B0, 79] with the first name author
listed as the experiment name in figure 58. HeBgxas is the experiment described in
this thesis. It should be noted that the laseensities are all comparable with the

exception of Batani that is 3 — 4 times higher.
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Figure 58: Comparison plot of published CTR energy values. Dotted red line shows
location of University of Texas energy estimate.

The laser to CTR conversion is plotted in figure 9%e first author is listed as the name

of the experiment.
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Figure 59: Comparison plot of published laser/CDRwersion values. Dotted red line
shows location of University of Texas energy estema

7.60PTICAL PROBING OF TARGET SURFACE

In order to determine the impact of the heatingnibean the target, surface
reflectivity as a function of heating beam delayswaeasured. The reflectivity was
measured using an optical probe on both the frodtraar target surface. In this case,
the main beam was attenuated and frequency dotfinlede as an optical probe. Since
the heating beam is rather large 250-300um, the @am was expanded to ~2mm at
the target surface using an f=-400mm plano-condams. A schematic of the beam
overlap is shown in figure 60. The surface of tdaget was imaged with a 10x infinity
corrected microscope objective. From the objectihe beam is directed out of the

chamber to a lens doublet forming a telescope withagnification ~2-3. The beam is

10¢



then viewed on a camera with a cut off filter allogvonly the 2 frequency doubled
light. The beams are overlapped temporally bynie¢hod described in section 6.2. The
main beam experiences a delay due to the additiopiads required for the frequency
doubling, etc. This should be no more than 2-3plse beams were spatially overlapped
using an IR card. This was much harder to do acfce than it appeared — two beams
hitting a point in space from two different angleSo, a single pulse from the heating
beam was fired on target creating a hole in thgetar The heating beam is then blocked

and the hole in the target centered on the probmbe

* Frequency doubled main
beam
+ Expanded to ~2mm

* Heating Beam
* Centered on probe

Figure 60: At left, Diagram of the heating and prdieam at the target surface. On
right, heating beam imprint used for probe beamgnatient.



Three shots were taken at each heating beam dalding at t=0ps. The three shots at
each time step were averaged. The heating beandelaged in 10ps increments from 0O
to -100ps. A given region of interest was seleaedording to the alignment of the
heating beam and the energy contained in the regias integrated. At Ops, the
integrated energy in the region was assumed tegpond to a reflectivity of 100%. For
comparison, the heating beam was delayed to cotee #fe main beam, t=+10ps.
Additional shots at t=+10ps which yielded similasults to the energy measurement at
Ops. Therefore, we can conclude that 100% refligtiat Ops is a reasonable
assumption. The plot of reflectivity for the frombd rear surface is shown in figure 61.
Values larger than 1 on the graph are attributeéteéquency conversion of the probe
beam away from an image plane. The reflectivitytenfront surface shows a sharp drop
after 40ps. This indicates that either the franfaxe temperature is increasing or the
preplasma from the target blow off is a factor. céling to the HYADES model, the
temperature should not be increasing so it's prigb#i® reflectivity drop is due to the
plasma on the front surface. The rear surface @miamta 100% reflectivity for greater
than 100ps. This verifies the thermal wave dodsgeoerate a shock or discontinuity
that influences the rear surface. A sharp interfa€ maintained throughout the

experiment which is verified by the observatiorCaiR.
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Figure 61: Plot of the front and rear surface ilgty of 1.5um Al foil as a function
of heating beam delay.

7.7CTR COMPARISON OF AL VERSUS AL/PLASTIC

7.7.1 » CTR Energy

The In CTR energy was recorded for two different targatsonductor, Al, and a
dielectric, Al/plastic. The energy was determiriiemn the signal recorded on the CCD
by integrating over a specific area. The seleetesh is equivalent in size to the laser
focal spot, 7.5um by 7.5um, and the image was weshie the region as shown in figure

62.
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Figure 62: Full camera viewing window obXICTR. The 7.5um x 7.5um window used
to integrate the CTR energy is shown with the respe image.

Approximately 20 shots were recorded on each tasgétthe average shown in
figure 63. The energy values for both materiaks approximately equal and within the

standard deviation.
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Figure 63: Comparison ofilCTR energy in two different target materials —€Aan
Al/plastic sandwich target.

7.7.2 1o CTR Area

For the same shots, the area of the radiation walyzed. A larger window, 40 x
40um, was used. This was due to some of the imem@sined multiple filaments and
were irregularly shaped making a Gaussian fit clifi Some examples are shown in
figure 64. The Al/Plastic targets clearly show ajes radiation spreading and

filamentation.
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Figure 64: 1 images for Al target (left) and Al/Plastic (rightjiewing window is 20 x
20um.

The averages of thaylCTR area are plotted in figure 65. The Al/Plastigets show a
2x greater area than the Al targets. The increa$eciron divergence is suggestive of

return current inhibition in a dielectric material.
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Figure 65: Comparison otdlCTR area in two different target materials — Al &
Al/plastic sandwich target.

7.7.3 2o CTR Comparison of Al versus Al/Plastic

The energy and area oh ZZTR data was taken in a similar manner. Plotted i
figure 66 and 67 are the average of 20 shots. ZEh€TR energy is 30 percent greater
for the Al foil compared to the Al/plastic sandwitdrget. However, the«? CTR area
was similar for both target types. The laser tangeraction should be similar due to the
Aluminum front surface, the results of the area suggest electron collimation in the two

different acceleration mechanisms are effectechfitly.
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Figure 66: Comparison ot®CTR area in two different target materials — Al &
Al/plastic sandwich target.
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Figure 67: Comparison oi2CTR energy in two different target materials —&Al
Al/plastic sandwich target.
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7.8CTR COMPARISON OF AL —HEATED/UNHEATED

7.8.1 o and 2o CTR Energy

The heating beam was now introduced prior to thearof the main beam and
electron propagation through heated material waassomred. On each foil, the first shots
were taken with the main and heating beam simuttasig hitting the target at t=0ps.
This was done until the baseline CTR shown in eacti.4 was observed. After repeated
observation of the baseline CTR signal, the hedigmm was advanced in time 20, 40, or
60ps with respect to the main beam. For the la3tskots left on the foil, the heating
beam delay is moved back to t=0ps. In this scendata were taken at two time steps
for each foil. This also verified the laser quabtver the course of the foil.

Since two delay times were measured on each fadtia of two delay times were
obtained for both CTR energy and area. UnheatedtAlps, was then compared
separately against the three heating beam del2§s;40, and -60ps. Approximately 15
shots for each time delay were taken and the ageCddR energy calculated. The energy
was calculated over an area the size of the laseisfsimilar to the method described in
section 7.7.1. Figure 68 shows the &4nd 20 CTR heated/unheated energy ratios for
each time delay. Energy ratios ranged from 0.8.8cfor ko and from 0.3 to 0.7 forc2
For each the heating beam delays, a ratio <1 m#sseated material emits less
radiation than the unheated material. The reduUC&&® emission corresponds to a

reduction in the number of electrons escapingdhget.

7.8.2 v and 20 CTR Area

The CTR area is calculated in the same mannersazsilded in section 7.7.2 and a
ratio of heated/unheated is plotted in figure 8he CTR area for the heated targets is

larger than the unheated (t=0ps) targets. Thigltees a ratio >1 for each case. Ratios
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ranging from 1.1 to 1.3 were observed for bathahd 2». For all time delays, heated Al
emits less CTR radiation over a greater area wloempared to unheated Al. Typical

CTR images are shown in figure 70.

CTR Energy Heated/Unheated

-60 -40 -20
Heating Beam Delay(ps)

Figure 68: Ratio of CTR energy for unheated vsdukal targets is plotted. The ratio
is the average of 15 shots.
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Figure 69: Ratio of CTR area for unheated and loeat¢argets is plotted. The ratio is
the average of 15 shots.

1w

Figure 70: Typical CTR images of heated and uniteateln CTR are in the top row
with 20 in the bottom. Unheated images are on the left.
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7.8.3 RC Circuit Model of CTR

The hot electron and return currents can becpated through an analogy to
an RC circuit. Here, the laser provides an altémgasoltage source, the bulk material is

the resistor and the accelerated electrons aregma to charging a capacitor as shown

in figure 71.
Laser—AC
Voltage

[\
&
e

Al resistance

Figure 71: RC Circuit analogy of electron currgansport in aluminum.

The impedance of the circuit can be calculated by
1 2
Z=,|FR +[—] (75)
wC
where R is the value of the material resistance érisiLC is the capacitive reactance.

The capacitance is approximated as a hemisphehneradtus equal to thewlCTR radius
~1.3 pm andy is the laser frequency. The unheated resistivatyes are well known
and obtained from any solid state physics textboblere, we use Ashcroft & Mermin
[62] which give2.45*10°Q[in. The heated values are slightly more difficult to
interpret due to the lack of extensive experimedtdh in this regime. Here, we select a
value that agrees with both theory and experimemttémperatures ~10eV. The
experimental results of Freeman and Milchberg [8&\e been fit analytically [73]. The

analytical fit gives a value ef2.0*10°Q[m. This value is compared to the
12C



conductivity of Lee & More [63] which gives a valo&l.5*10°Q . The value we use

is the mean value of the experiment and th&ai*10°. The resistance is obtained
from the resistivity by using the hemispherical metry with radius of 1.5 um. This

value is slightly larger than the CTR radius andiegjent to the target thickness of 1.5
pum.

The impedance is related to the currentlxggz\%. The main laser pulse for

both heated and unheated scenarios are the saMg, sis a constant. Plugging in the

different impedance values for heated and unheateatjo of the heated versus unheated

. . 4 . . .
current is obtainegitea = —heat =1 05, This result confirms the experimental results of
heat unheat

the previous section in that more current flows ke material is less resistive. In the
1-D ballistic CTR model [89], a reduction in curtecorresponds to less electrons
accelerated per cycle. Plugging in the reductomrurrent yields a CTR ratio of 0.90

shown in figure 72 as the yellow line. This simpledel expresses the correct physics

and gives a reasonable result suggesting that easuned parameters are valid.
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Figure 72: Comparison of CTR energy in heatedwriteated Al. The yellow dotted
line indicates the CTR estimate from the RC cirami&logy.

7.9CTR COMPARISON OF AL/PLASTIC —HEATED/UNHEATED

In a dielectric, an intense laser pulse will iethe medium providing electrons
available to generate a return current. The camdtycwill increase from zero in a
perfect insulator and transition to a value complaréo a metallic conductor. Thus, the
expectation is a heated dielectric medium will berenreceptive to electron transport.
lo CTR area and energy were recorded for heated ahdated Al/plastic sandwich
targets in a procedure similar to Al targets. Teating beam propagates through the
plastic faster due to the reduction in densityerEfore, the time steps selected are -42ps,

-28ps, and -14ps.
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7.9.1 In CTR Energy Comparison

The In CTR energy ratio for heated/unheated Al/plasticplotted in figure 73.

The energy ratio for each heating beam delay wasaged over 15 shots.

2.0 N .

1.5

1-0__._----——————————-——

0.5

CTR Energy Heated/Unheated

0.0 T T I 1 T I |

Heating Beam Delay(ps)

Figure 73: Comparison ofalCTR energy in heated and unheated Al/PlasticioR¥ét
CTR energy for unheated and heated Al/CH targgttoited. The ratio is
the average of 15 shots.

The ratio for each time delay ~1. The result is gampletely surprising for a couple of
reasons. The heating beam only weakly ionizes gblojyene resulting a material
conductivity not precisely known. The first 100mrnthe target is Aluminum which has

been heated and thus experiences a reduction ducbwity as a result. This result also

serves as a contrast to the aluminum foil which sameduction in CTR when heated.
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That the heated Al/plastic targets experiencedeaction in CTR energy indicates the

influence of the heating beam plays a secondagy rol

7.9.2 v CTR Area Comparison

The I» CTR area ratio for heated/unheated Al/plastidast@d in figure 74. The

ratio in each time step is very close to 1. Tlaiits reinforce the assumptions provided

by the energy.
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Figure 74: Comparison otalCTR area in heated and unheated Al/Plastic. R¥tio
CTR area for unheated and heated Al/CH targetkotted. The ratio is the
average of 15 shots.
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7.10INITIAL PIC CODE SIMULATIONS

For further investigation of the effects leadingthe CTR spectral structure, we have
conducted initial 2D PIC numerical simulations wghmilar conditions as used in the
experiment employing the EPOCH [104] 2D PIC code.

A simulation box of 11x14 pm was used with a resoluof 100 cells and 40 particles

per cell and species. The target consisted of aaleslab of Al with 1.5um thickness that

has an exponentially decaying pre plasma densitiieafront surface. Higher ionization

stages were computed using the Ammosov-Delone-Bvarates. The electron density
and magnetic field perpendicular to the simulatmane at the rear side of the target
where sampled at times steps corresponding to o#.5 The electron density and

magnetic field are shown in figures 75 and 76. hB#tow clear harmonics emitted at two

different emission angles.
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Figure 75: EPOCH simulation of electron densityXdsum Al foil. The arrows
indicate two distinct directions of electron deiesitcorresponding to CTR
emission.
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Figure 76: EPOCH simulation of B field for 1.5umfail. The arrows indicate two
distinct directions of electron densities corregpog to CTR emission.
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The CTR consists of discrete harmonics which amgukanly separated in space. The
future direction is to take a Fourier Transformtloé fields at the back surface of the
target. This must be done such that the angurilolition of electrons can be resolved
and filtered for only the desired harmonic. Thé&ueaat each time step will then have to

be integrated to represent the signal observeukeirxperiment.



Chapter 8. Conclusion

8.1 SUMMARY

The goal of this thesis was to obtain insight itite role return currents play in
hot electron transport. Return currents are govkeime the bulk material conductivity
throughj,.., = 0E . It has been observed [100,101] that the returreat density is the
primary source for target heating and serves agdh@nant stopping mechanism for hot
electrons. Quantifying the response of returnants to changes in material conductivity
will aid in the understanding of hot electron prgaton.

The material conductivity was influenced in two waychanging the temperature
and selecting different materials. A conductingtenial, Al, was compared to an
insulator, polyethylene. A"?laser beam, the heating beam, at low intensityeldethe
target to a temperature 1-10eV. In aluminum, tesulted in a reduction in conductivity.
The insulator will experience an initial increasedonductivity due to an increase in
available electrons via laser ionization.

Coherent transition radiation was the diagnostieduto evaluate the electron
transport. CTR exhibits clear peaks at the finstl ®econd harmonics of the laser
frequency. This indicates there are two accelemathechanisms present. The baseline
CTR measurement made on Aluminum indicates a sihgdaly collimated filament for
lo, and 2» approximately 2.5 times smaller than the laserusoc Comparing the
Aluminum CTR emission with the Al/plastic target,ceear difference in the electron
divergence of the low conductive material emergébe kn CTR area was 2x larger for
the Al/plastic target while the integrated energgsveimilar. The@ CTR was relatively
consistent for both target materials indicatingt ttfee different electron generation
mechanism might be affected unequally. The aluminiargets were preheated at

different delays with respect to the main beam emtpared to the baseline CTR. The
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heated Al targets exhibited a reduction in emigedrgy and a greater divergence. This
was observed for both 1 and ZTR and suggests the difference is due to therdifice
in conductivity.

Since the target heating is performed with a lasése, the front and back surface
reflectivity of an Al foil were measured. The mdeam was frequency doubled t@ 2
and increased to ~2mm at the target plane for ssmaptical probe. The heating beam
was centered with respect to the optical probethadeflectivity of the probe measured
in the location of the heating beam. At the freutface, the reflectivity dropped to 50%
at 50ps and the back surface showed no changéeotréty out to 100ps. This supports
the results of the hydrodynamic model with the agstion we are generating a thermal
heating wave that decays with material interaction.

The CTR emission from heated and unheated Al/gplastigets were evaluated
and found to be similar for each heating delay tim&s a result, no unambiguous
conclusion about the Al/plastic targets could b¢amied. However, the fact that the
heated Al/plastic data is different than the heatkdata suggests that the heating beam
influence on the observed CTR is minimal.

The experimental evidence collected during thissithevork shows a clear
difference in CTR emission in high versus low cartte media. The emitted radiation
directly reflects the electron beam characteristicshe target back surface. Increased
divergence and reduced radiation intensity wereeiotesl for low conductive media.
This was true whether the conductivity was redusgdheating the target or the material
was inherently low conductive. This indicates tiegt material conductivity significantly
influences electron propagation through the infohiof return currents on micron scale

distances.



8.2FUTURE WORK

The concept of propagating high currents of eledrthrough dense plasmas
continues to be of great interest to the high enetgnsity community. The work
presented here is an effort to better understagctreh transport. The laser parameters
available limited the target foil thickness to selemicrons. In the current experimental
geometry, different materials, specifically highnzetals, could be shot and compared.
The high Z metal is more collisional and would pdevinsight as to how much influence
collisions exert in a micron length foil. Additially, the return current would heat the
target more rapidly through the increased collisich larger laser with a dedicated probe
line could enable heating of thicker targets ondhder of 10-20 microns. This would
enable greater interaction time between the hattreles and the return currents in the
bulk medium.

However, using a laser driven thermal wave to teget thicknesses greater than
several microns comes with the drawback of a lgngplasma on the front surface.
Another alternative heating mechanism would bes®e protons to heat the target. The
protons generation would originate from a second&y. This increases the
requirements on the laser system. With the coatinoperation of the Texas Petawatt
and similar laser systems increasing, accessilititjthe necessary laser architecture is
not an experimental roadblock. The benefit of pmetons is the local deposition of
energy. An appropriate laser pulse with an appatpffilter could preferentially select
protons that exclusively heat the target intereaving the front surface of the target
minimally affected. Heating could also be accostpdd with x-rays, one example being
the coherent light source, LCLS, at SLAC.

Additional diagnostics could be fielded that wolgtve more insight into the

relevant physics. The preplasma scale length cdaldmore precisely determined
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through a probe beam and interferometer. The temhpevolution of the target
temperature could be measured via streaked optygr@metry. Electron transport in
overdense targets is a very rich and complex phlygioblem with many questions still

to be resolved.
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Appendix A Hyades Input File for Heating Beam on AlFoil

This is the input file for HYADES hydrodynamic sitation. The library and
EOS are included in HYADES. Gilliss Dyer ran tluelgional EOS file on line 16.

c

mesh 1 41 0.0e-6 10e-7 1.03

mesh 41 89 10e-7 100e-7 1.01

mesh 89 189 100e-7 1500e-7

region 1 188 1 2.7 2.6e-5 2.6e-5

material 1 13. 27. 1.

eos4d41

c

¢ EOS XEOSElec2130.dat 1

¢ EOS XEOSIonD3130.dat 1

c an attempt to use hyadlib:

ceos 21301

ceos 31301

c

ioniz 1 3.0001 $ Thomas-Fermi model

DATA ioniz 1 XEOSZeff4130.dat

data thrmcond 1 1.5e-3 2.33e+14

c

c Laser: 1.06 micron, P-pol, O deg. incidence

c

source wave 1.06 +110
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gauss .6e-13 5e+22 1.3e-13

c

¢ Room temperature dielectric constant
c

data refindx 1 .00015 0.49

data absindx 1 .00015 4.86

c

¢ Melting data

datatmelt 1 1.05e-4 1.5 1.97
datametal 11 9.1e+13 0.651 1 3.48e+25 1 2.67e+14

¢ Post Processor Arrays
c

pparray r rcm te ti rho dene deni taue tauei zleno@0 pres deplas conde condi
c

parm alvism .3

parm gstimx 5.e-5

parm flxlem .05

parm xlwabth 1.e+10
parm temin 26.e-6

parm timin 26.e-6

parm trmin 26.e-6

c

parm dtmax 10.e-15
13:



parm editdt 5.e-13
parm postdt 5.e-13
parm tstop 150.e-12
parm itmcyc 50

parm nstop 1000000
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Appendix B CTR 1-D Model

CTR ballistic model adapter from J. Zheng, et Rhysics of Plasmad4,0, 2994
(2003).

c=3w1l0%8; (azpeed of light m/ /=)
kT = 1000; ({sclectron temp in keWVa)
d=1.5;({«Target thickness in micronss)

index = 1; (smicro bunching cycle, RAsl, JXB-+2«)

- . .
8 =18 »« — ; (sincidence angle, degrees)
360
2Pi

360

8 =0=

r{=electron observation angle, degrees)

Nt =100000; («Total number of s=tepsa)
Hb = 10; (snumber of steps per cycles)

M=30 » index; («% of micro punl=sez generated doring laser pulses)

lambda = 1057 ; (xlaser wavelength in nms)

_ lambda » 10~ -9

c

dt

/ index; (selectron bunching cycle - secs)

o
wl=2Pix {xlazer frequencys)
lambda « 10~ -9

deltat =dt /Hb; («Time =tep =ecx)

1
deltaf = ———— ; («Freqgquency step =izes)
Ht «deltat

TimeTable = Table[deltat«i, {i, 0, Ht-1}];(stime=step=z of programs)
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fsTimeTable = TimeTablex10%15; (stime =teps in sec?s)
FreqTable = Table[2Pisxdeltaf«i, {i, 0, Nt -1}]:;(«freq steps of programs)

NFreqTable = FreqTable / wl; (s fregquencies normalized to laser freqoencys)

dx=10*-6 o ) . ) )
tl = ————— c;(+time regqunired for electron to reach rear of targets)
Cos[g]

t0
deltat

step==Rpund[ ] +1; («Nomber of time steps before tlw)

BLE_ T :

t0/ E; (welectron =peeds)

-511
glt ] : (ﬁ[tl*t:oslal (sin[8] - B[£] SinlB]}EXD[? ((1-Brer?)~(-1s2) - 1}]]
/(((1-pgrt] Sin[e] Sin[0]) ~2 - B[t]° Cos[0]1® Cos[6]1%) (1-BIt]%) *1.5)
SinglegTable = Join[Table[0, {=tep}], g[Take[TimeTable + 10*-24, -Nt + =tep]]]:

gTable = Table[0, {Nt}]:

For[i=1, i =M, i++, gTable += Join[Table[0, {Nb= (i-1}}],
Take[SinglegTable, Nt-HNbw (i-1}11:1:

ListPlot [Transpose[ {TimeTakle, gTabkle}], P
lotRange -+ {{tD, (tD+2Msdt)}, All}, Joined -+ True]

gatable = Exp[-HFreqTable® 2 « Sin[6] ~ 2]
CTR = Abs[Fourier[gTable]] ~2:

ListLogPlot[Transpose[ {NFreqTable, CTR}],
PlotRange —+ {{0, 10}, {0, 10°8}}, Joined -+ True]

CTR[[30001]]

0.265952

1 ﬁ[tlﬂm[%((1—;3[1:1*2}*(—.51—1}]
Hum[E£ ] i= — =
- kT tD (1-p3[t]*2)~(1.5)
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SingleNumTable = Join[Table [0, {step}],
Hum [Take[TimeTable + 10~ -24, -Nt + steplll:

HumTable = Table[D, {Ht}]:

For[i=1, i £M, i++, NmmTable += Join[Table[0, {Hbw (i-1)}}]1,
Take[S5ingleNumTable, Nt -Nb« (1 -1311:1:

- B HumTable
Li stE’lot[Transpcse [{fsT imeTable, —m™mm }] '

Max [NumTak1e]
PlotRange + {{t0%«1015, (t0D + 1.5M » dt) «10+15}, All},
Joined »+ Troe, Axeszlabel »+ {"Time (f=)", "Homber [a.u.]" },

LabelStyle + Directive[Bold, Medium], PlotStyle + {Blue, Th'ic'.k}]

ListPlot[Transpose [ {NFreqTable, gatable}],
PlotRange -> All, Joined —»+ True]

Plot[Exp[-{z/ (3 » 10*8) «5in[6]11*2 » (2 » 10*-6) 27,
{z, 1.8 « 10~14, 1.8 » 10~15}, PlotRange - All]

elec=1.6 = 10*-19; (sclec charges)
€Ep=8.85 » 107 -12; (»vacuum permittivitys)
Elecbunch =1.18« 10410 (selectron bunch nombers)

elec”* 2 % Elecbunch* 2 .
coherent = *5in[6] *2 « gqatable«CTR;
8«Pi*3 scwepw (511 /kT) *2 « tO*2

ListLogPlot[Transpose [ {HFreqTable, coherent/ (3 = 10°17)3}1,
PlotRange -+ {{0, 4}, {i10*-12, 10*-6}}, Joined - True,

Axeslabel - {"CTR Harmonic", "Energy(J)" }, LabelStyle +»Directive[Bold, Medium]]



Appendix C Design of a Ti:Sapphire Power Amplifier

The Ti:Sapphire (Ti:Sa) power amplifier is the madtdition to the THOR laser that will
boost the output power from 20 TW to 1 PW. Therdesgoal is to extract greater than
45 J of energy while maintaining adequate beamityual compress the beam to 30 fs on
the target. The system components consist ofti@i'ed medium, a 100 mm diameter
Ti:Sa crystal, imaging telescopes for each beans,pasd an imaging telescope for
transport to the compressor. The Ti:Sa crystdlo8mm diameter by 25 mm thick, an
absorbance of 1.21 cmt, and damage threshold of 14.6 HcmThe crystal is pumped
by the custom glass pump amplifiers (described idifeerent section). The power
amplifier consists of four (4) passes through thestal. Each pass is relay imaged by
off-axis parabolas(OAPS) resulting in a compacigielousing the entire section in a 13
feet by 20 inch diameter(ISO 500) vacuum chambBy. using OAPs, the system is
composed of all-reflective elements which reduce Hystem B-integral, wavefront
distortions, ghost foci, while eliminating the nded radial group velocity and chromatic
corrections. The position of the power amplifierthe laser chain is shown in figure 77

and a detail drawing of the power amplifier is shawfigure 78.
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Figure 77: THOR PW upgrade layout showing the ocadf the power amplifier.
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Figure 78: TOP view of the entire power amplifissembly. The pump beams are
shown in green. The seed beam is injected frontefhgide corresponding
to the location of the existing 5-pass Ti:Sa laswaplifier.



The input beam to the power amplifier is the outpeaim from the 5-pass Ti:Sa amplifier
described previously. The output from the 5-passtes an image plane approximately
two feet from the center of the crystal. From &hehe beam enters the vacuum chamber
and encounters a lens/OAP telescope combinatioohwéxpands the beam from 13mm
to 70mm and relays the image to the center of ittgaTcrystal. The pass by pass beam
layout is documented at the end of the appendike QAP off-axis angle is 4.7° and
focal length is 1524mm. This corresponds to tetiwhs of 101mm in x and 65mm in y
with the crystal being at the center of the coaatBnsystem. The beam then propagates
collimated through the Ti:Sa crystal to the othiglesof the vacuum chamber. A 1-1
OAP telescope relay images the beam back to thterceh the Ti:Sa crystal for the
second pass. After the second pass, the beaansdted vertically by a rooftop mirror
and passed back through the crystal for the thassp Another pair of OAPs relay image
the beam from the center of the crystal back orctistal for the fourth pass through the
crystal. After the fourth and final pass througa crystal, the beam is then upcollimated
from 70mm to 170mm for delivery to the compressorhis is accomplished by a
telescope combination of an OAP located in the watehamber and an achromat lens
outside the chamber. The OAP in the chamber leagar off-axis angle of 6.3° to allow
the beam to be picked off by a mirror and deliveoet! of the chamber. The achromat
lens is on a separate table in the adjacent rooemenmhe compressor is located.

Based on energies derived from previous largetageli:Sa based laser systems
and preliminary calculations, it was determinedt tloair passes would be sufficient to
extract the necessary energy to achieve 1 PW. passes allows for reduced footprint
design, reduced number of optical components astesyoptical aberrations. Since the
goal is 1 PW on target, a 30 fs pulse on target@mdpressor throughput of ~60% is

assumed. This means that we must extract >4®derf)y to ensure our on-target energy
14C



goal is met. The energetics per pass is showigume 79. This was a result of 110J

pump energy, 1 J input energy, 7 cm input beam,7ahdm pump beam.

Ouput Energy per Crystal Pass #

60

49.3) 51,341

50

40

%0 17.27)
20 -
o 4.78)

o

Energy(J)

Figure 79: Output Energy per Ti:Sa crystal passi@ioas a function of pass #.

As can be seen from the graph, the beam saturatdelend of the 4th pass (Six passes
are shown here to determine on which pass satorégins). The beam saturation
reduces the impact of input energy variation ondbgput energy. The pump energy is
directly related to the output energy. The pumergwn is also the source for Transverse
gain which is very problematic in large apertureSai laser systems. This must be
accounted for and will be described in a lateriesact The beam size affects the amount
of energy extraction as well. The same pump endeaposited in a small volume will
excite more ions making them available for energyaetion by the seed pulse.

To verify these effects we analyzed their influemgth two different codes. The given
parameters were noted: percent of pump laser afi@orgaturation fluence of medium,

absorbance per length)( and losses per pass. The remaining calculaehpeters are
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beam size, pump energy and input energy. Thes® tharameters were varied and
compared with two different codes. We used a 1sergenerated code, THOR PW
Power Amp Laser Energetics, based on the FrantzdNddser rate equations. For
comparison, we ran the same parameters in a 3@ tesign code, Miro, THOR PW
Power Amp 3D Energetics Layout. The results amwshin the figure below. When not
varied, a beam diameter of 7cm, with a pump beam%fm, pump energy of 110J and

an input energy of 1J is assumed.

0 1 0
- . 136 & . 60 , 1§ ¢
) 524 2 3 14 T
3 2 3 50 il
: -1.34 g o 49 T
: 8 Y :
: o 1OWoe] 1132 3 u 1.0 §
2 T 2 L T
é 481 _1.30 § g 30 0-8 §
| -0.6
g N 8
06 08 10 12 14 60 80 100 120
Input Energy(J) Pump Energy(J)

0

5 . 18 3

3% 16 3

(V]

5 49 14 8

- 1 Excel 1-D Model 8

2 44 12 2

= g 0

° %- (10 3
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6.0 6.5 7.0 7.5 8.0

Beam Size(cm)

Figure 80: Plots showing output energy as a funatiblnput Energy, Pump Energy,
and Beam Size. Miro code is shown in red withEkeel code shown in
blue. The output fluence is shown on the rightaxihe input beam is 7cm,
pump beam is 7.5cm, input energy is 1J, and theppemergy is 110J.
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THOR PW Power Amp Laser Energetics and Miro givensistent results. The
differences can be attributed to the different nesnaf evaluating the pump beam
interaction with the crystal. Additionally, the aes give slightly different results at the
extremes of the parameter space. The magnitudleeadifference is only about 1% of
pump energy absorbance. The conclusion is thaflddmodel is approximate to Miro
and can be used in calculations to produce an atecuesult. When convenient, the 1-D
model will be used to simulate the energetics dusase of computation.

At smaller beam diameters, the 800nm beam fluericgha crystal face was a
consideration. The coating damage quoted by Ar@sstems, Inc. was 14.6 J/cm2 for a
10ns pulse. This system’s pulse duration of .6arsesponds to a damage fluence of 3.6
J/icm2. A safety factor of 2 was incorporated wahpect to this damage threshold for
the baseline design of the operating fluence. @hmmsiderations supported a beam
diameter of 7 cm that will tolerate the maximumaditetical output of pump amplifiers
and still enable attainment of the energy goal.

A large amount of energy will be extracted frore ffower amplifier section with
the leading edge of the seed pulse experienciaggai gain than the trailing edge. Since
our pulse is dispersed in time (chirped), the legdedge (frequency) of the pulse
encounters a greater population of ions in an edciktate than the trailing edge
(frequency). This can also be seen by the leadiengplengths (red ones) experiencing a
larger gain that the trailing ones (blue). Sorhthese “dynamic” laser processes will be
addressed in this section. From the code simugtithe input pulse profile from the
existing THOR laser is identified as a 4th ordeatgdly Gaussian pulse. Additionally,
the pump laser profile can be modeled as a supasssm pulse which has been assumed
to be 5th order. Shown in figure 81 below are trgmd output fluences with line outs at

the center of the beam
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Figure 81: Input and output fluences with centee lbuts are shown left and right
respectively. Parameters are 100 J pump enerdindut energy, 7 cm
seed beam, and 7.5 cm pump beam.

As shown above, the seed pulse profile experienuiasr changes during the 4 passes
through the power amplifier. The most visible effes the slight increase in beam size.
The main factors in the pulse shape as it progsedseugh the amplifier are the shape of
the pump pulse and the saturation of the beam.

Another feature that changes during amplificatisnthe beam spectrum. The beam

spectrum is equivalent to a pulse stretched frofs 8 600ps centered at 800nm. The

input and output spectrums are shown in the figpetew.
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Figure 82: The input and output spectrum of a &f}fsit pulse to the power amplifier
is shown above. The input beam is centered atr@00ith a 47.1nm
bandwidth. Output beam shows the center wavelestgthto 811nm with a
narrower bandwidth of 45nm. The vertical axis siaite of power —
different scales for input and output.

The center wavelength experiences a shift to redeleagths — 800 to 811- due to
increased gain on the front part of the pulse. fiise also experiences a small decrease
in the FWHM of the spectrum. This is typical of lbqle passes through a single
amplifying medium and the decrease in spectrum natl affect the 30 fs pulse duration
on target.

Another important “dynamic” process that occursimgithe propagation of a laser pulse
through an amplifying medium is the B-integral. eTB-integral is defined as the peak
non-linear phase shift of a pulse passing throughedium. Due to the all-reflective

14¢



imaging, the beam only passes through the inpuutpw lenses and the Ti:Sa crystal.
This keeps the cumulative B-integral low as showriigure 83. The whole system B-
integral is evaluated to yield a maximum value4d which is well below the maximum

rule of thumb value of 1.

.342

B-Int(rad)

Ti:Sa Crystal
— 4 passes

000" T T T T T T T
2 4 6 8 10 12 14

Distance(m)

Figure 83: The B-integral of the power amplifiepsm as a function of propagation
distance through the system. The four passesdhrthe crystal are shown
on the left.

The system optical layout was modeled with Zemayftical design software.
The model, THOR PW Power Amp OAPs with achromatsesis of the input plano-
convex lens, six (6) off-axis parabolic mirrorsyaoftop mirror and output lens to the
compressor. The input beam is 13mm in diameter,beam appodization, and a

bandwidth of 70nm centered at 800nm. The only bemk to the model is the lack of

Zemax© to prescribe any wavefront error to a reitecsurface. This will give a lower
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than laboratory measured value for the wavefrostodion. The ray tracing of the

system is shown in figure 84 below.

Seed Input

Ti:Sa Crytal

Figure 84: The system ray tracing is shown abdMetop, is an 1SO view of the
system. Above is an end view with the expandirabé the compressor
on the right.

The input beam is up-collimated from 13mm to 70mmd eelay imaged to the crystal by

a plano-convex lens and an off-axis parabola pgpiaied in the end of this section. The
beam is relay-imaged by off-axis parabola pairpasses 2 and 4. On Pass 3, the beam
is displaced vertically by a rooftop mirror. Aftgass 4, the beam hits an off-axis
parabola with a larger off-axis angle to enableiaanto be inserted to send the beam
out of the vacuum chamber to the compressor. iFla éff-axis parabola is paired with
an achromat lens to up-collimate the beam to 170@onrdelivery to the compressor.

The achromat lens is 8”and consists of BK7 and SF2 mixed glasses formhtiz
dispersion. The main issue with the achromat lgas the location of the ghost foci.
Specifically, a 2¢ order forward propagating ghost focus due to #féection of the

interior surfaces (@ & 3'9). The first surface of the achromat was assuroebet flat
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which allowed Zemax®© to optimize the radii of cuu@ of the other three surfaces for
the needed focal length. However, this designdgil the 2¢ order ghost focus
propagating 20m in the forward direction. Depegdam the exact location of the target
chamber, the ghost focus would result in a reltitaggh intensity post pulse ~ 35ps after
the main pulse and possibly create damage on tia fiocusing optic. By adjusting
curvatures of the two interior surfaces, the larawnf this ghost focus could be adjusted
from a few meters away up to 130m away. The fileagign was settled on a ghost focus
2.5m away which is placed in the center betweendampressor mirrors. The optical
characteristics for the complete system are shawiigure 85. The parabola and

achromat lens telescope specifications are shovale figure 86.
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Figure 85: Optical characteristics of the power Hfiep layout. Clockwise from the
upper left is the far field of the beam. Top righthe wavefront distortion
peak to valley. Bottom right is the longitudin@lesration and bottom left is
the geometric ray tracing (neglecting diffractiehpwing the spot size at
focus.
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Figure 86: Layout of the upcollimating telescop&be the compressor. Telescope
consists of an off-axis parabola and an achronmet le

A major issue in large aperture Ti:Sapphire lasgstems is amplified
spontaneous emission. Ti:Sa crystals are availebldiameters of up to 10cm with
thicknesses of 2-3cm so as to minimize the vamatibion dopant along the crystal axis.
The crystals are typically pumped by green (~530mpunp lasers due to the short
fluorescence lifetime. In the typical arrangemeatch crystal face is pumped by one or
more pump beams. This allows a more uniform déjposof pump energy in the crystal
and allows more pump energy input on the crystal tdureduced fluence as opposed to
pumping on side of the crystal only. Typicallythseed and pump beam are vertically
polarized aligning the pump energy with the largassstal absorption cross section to
achieve maximum energy extraction. The ASE anakstrarse gain is primarily affected

by the pump beam and the crystal ion concentrationg its crystal axisy. This can be

. . : F v
seen by the governing equation for the transvease 6, = exp(—>—22g D) where
Sat p
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Fo is the pump fluence on the face of the crysta; i§ the saturation fluence, is the
crystal absorbance, D is the pump beam diamete& ve are the frequency of the seed
and pump beam respectively.

The main problem is scattered photons that caeateflt the surface of the Ti:Sa crystal
and then traverse the transverse length alreadiedxay the pump beam diameter. If the
gain along these transverse paths is high enougplifecation of these photons will
actually deplete the remaining energy available firotons propagating in the
longitudinal direction, reducing the energy outpfithe laser. The percentage of photons
reflected is dictated by the large index mismatetwieen Ti:Sa (n=1.76) and air (n=1).
To calculate the round-trip photon gain, the gdnmansverse gain) and loss (Fresnel
reflection of Ti:Sa/air) were multiplied and anylwva >1 was considered equivalent to
lasing in the transverse direction. Only combimagi of pump energy and beam size
where the round trip gain was less than 0.5 wensidered.

To reduce the index mismatch at the Ti:Sa/air fatey, an index matching absorber is
applied around the edge of the crystal. Sevepddyare described in the literature and
have been demonstrated in large aperture Ti:Sarsgst Since the crystal in this system
is in vacuum, an index matching solution is uset th already in use on the Lawrence
Livermore National Lab Titan Laser. The index rhatg solution consists of a
thermoplastic polymer (Cargille Laboratories — Ngunt 5870 Cat #24170) mixed with
an absorbing agent. At 800 nm, the index of réfvacof the polymer is 1.69. This
reduces the Fresnel reflection coefficient by adaof ~200. The polymer is quite
viscous at room temperature. However, the visgogt inversely dependent to
temperature. Heating the sample to around 60 -78lf@ws the polymer to reach a
“workable” state. This means the polymer is esabinta liquid. However, the polymer

does not have a sharp melting point and will haved visually inspected to determine
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what state it presently is in. At this point, th@lymer is poured into a mold around the
crystal. The heat is then removed allowing the/pelr to harden and stick to the edge of
the crystal.

In order to prevent the scattered light from reilgrto the Ti:Sa crystal, the polymer is

doped with an absorbing agent, in this case blakkaner. The toner is added when the
polymer is heated and in a liquid state. In ordedetermine the amount of absorption
from the ink toner, a typical ND filter was considé for comparison. A ThorLabs ND 2

filter (2" x 2" square) has a thickness of 0.06indawhen considering the optical

transmission using the Lambert-Beer L@v,:ll— =10, the ND filter has an absorption

coefficient of 14.3 cm-1. Studies in the liter&uegarding the absorption coefficient of
black ink have been published. A 10% aqueous isoluf black ink corresponds to an
absorption coefficient of ~15 cm-1. Since the gdatigth of the light passing through the
edge of the crystal and reflecting back is appraxety .5 cm, this would corresponds to
an absorbance equivalent to an ND 4 filter.

A crystal test fixture has been designed to créaemold housing the index matching
solution. The text fixture, with the crystal insidwill be heated so as to eliminate any
thermal discontinuities when applying the heatettinmatching absorber in liquid form.
The index matching absorber can then be pouredtianold around the edge of the
crystal. The fixture with crystal and index matadisolution will be set aside and left to
cool. Once the fixture cools, the crystal candmaved along with the polymer that has
bonded to a Teflon ring separating the polymer fitv test fixture. The crystal will
then be transferred to a crystal holder that wolige the crystal in the vacuum chamber.

The test fixture and crystal housing are shownguare 87.
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Figure 87: On left, expanded view of the test figtto install the polymer on to the
crystal. At right, a picture of the crystal holdeith an exploded view of the
mounting plate. The crystal holder has a manuaiayoeter at the base for
minor adjustment of the crystal axis.

To achieve 1 PW on target, we have shown abovewhateed at least 110J of pump
energy. At that energy, the transverse gain i96@8nd the gain * Fresnel reflection is
11. This is a not acceptable operating conditiomarily due to the higlx of the crystal.
To reduce the transverse gain while still allowiagye pump energy, the polarization of
pump beam is rotated 90° away from the crystal.aXikis corresponds physically to a
reduction of the absorption cross section in thatet. In the transverse gain equation,
this is represented by a changeri(r.5168) lowered in value comparable to the reduce
absorption coefficient. This is in slight contrésthe traditional method of using a lower
doped crystal with maximum absorption. In ordectempensate for the reduced pump
energy absorption, the pump beams are double pabksedigh the compressor. The
pump beam will pass through the crystal and beceftl by a 0° mirror tilted slightly to
prevent the beam from propagating back upstreanthéo glass pump lasers. An

additional benefit of the lowered absorptianjs more uniform pump energy absorption



through the length of the crystal. The transvga@ using the double pass pump beam

arrangement is shown for batk1.21 anch=.5168 in figure 88.
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Figure 88: Plot of transverse gain versus longitatcrystal position for two different
crystal configurations. The blue curve is thetfpass through the crystal
and the blue is the second pass. The top configars a Ti:Sa crystal with
ano of 1.21 and a pump energy of 80J. This resultsTmansverse gain of
~2100 which is right at the lasing threshold. Dle&om has an of .5168,
pump energy of 130J and a transverse gain of 1100.
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Additional images showing the optical layout of ieSa power amplifier are provided.

=

T

il

Figure 89: TOP and ISO view of pump beams entahegrzacuum chamber. Pump
beams excite the crystal 15-30ns before the sezuh berives.
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Seed beam input

Figure 90:

Entry seed beam shown in TOP and IS@s/ieSeed beam enter from the
left which is the output of the existing 5-passtieec The beam is then up-
collimated with a lens and achromat and the imagelayed to the center of
the crystal. The collimated beam passes througlerystal to the opposite
side of the chamber.
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Rooftop
mirror

2" pass

]

Figure 91: TOP and ISO layout of th&! Beam pass through the crystal. The
collimated beam from the first pass hits an achtderes which forms a
telescope with another achromat lens to relay inthgdeam from center
crystal plan to crystal plane.
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Rooftop mirror

Figure 92: Shows the TOP and ISO views of tHé8am pass through the crystal. The
beam after the"® pass through the crystal hits a rooftop mirror &nd
translated vertically back through the crystal.e Bmtry and first beam pass
is not shown for clarity.



Figure 93: TOP and ISO view of'pass through the crystal. After thé gass,
another achromat telescope relay images the beamdrystal plane to
crystal plane. The beam then exits vertically &ihe entry beam.
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0 Compresso

Figure 94: TOP and ISO images of the beam exitiegsicuum chamber. The last
off-axis parabola has a larger off-axis distancalkow inserting a mirror to
pick the beam off and send it to the compressor.
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1% to 2nd pass mirror

To Compressor

Rooftop\mirror 3t pass mirror

Figure 95: Image of vacuum chamber from end of df&n(right side end in all of the
figures above).
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