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Abstract

A comprehensive study of the formation of high density plasma columns by means
of above threshold ionization of gaseous medium and the propagation of ultrashort KrF
laser pulses through such plasmas has been carried out. A first series of experiments
studied the absorption and scattering of 6 ps laser pulses and the size and shift in the
breakdown region as a function of incident energy in static gas. The results from time
resolved shadowgraphy were in agreement with multiphoton ionization initiated
breakdown with subsequent collisional ionization and evolution of a 400-900 pm long
cylindrical blast wave channel. Refraction of the laser pulses was identified as a limitation
to achieving high intensity at the focus and obtaining long plasma channels. Subsequent
experiments were carried out with 1 ps duration KrF laser pulses together with a gas jet
target which had allowed the study of high intensity interaction in a new regime where
Ugse /Uy > 1 at electron densities of up to 0.1 n. and laser intensities up to 10 7 W/cm®.
An autocorrelator was developed to characterize the KrF laser pulse duration using the
visible as opposed to UV fluorescence of BaF for the first time. A high density gas jet was
developed and characterized for the target experiments. Gas densities of up to 6 x 10 ¥

cm

at a distance of 200 um above the nozzle tip were obtained. The refraction of the
laser pulse was measured using CCD camera imaging. The asymptotic refraction angles of
the laser beam through helium and nitrogen gas jets were determined as a function of gas
pressure. The transmitted KrF laser radiation in helium, neon, argon and nitrogen gas jets
was characterized in terms of the energy transmission within an F/2.5 cone angle and the
ionization induced blue shifted spectra were measured systematically for the first time for
such high intensities and gas densities. He II emission at 468.5 nm and UV laser side

scattering were also used to study the propagation of high intensity KrF laser pulse

through high density helium gas jet.
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Chapter 1

Introduction

1.1 Introduction and Motivation

Research and development of shorter wavelength lasers into the extreme
ultraviolet (XUV ) and X-ray regions has been an area of great interest in recent years " .
Due to their short wavelength, high brightness, and great ability to penetrate samples a
few microns thick, such lasers will give potentially powerful tools for a number of
applications in imaging of biological samples *’, diagnostics of fusion plasmas ¥'° | and
microlithography . The study of XUV and X-ray lasers has motivated the need for a
greater understanding of the physics of ionization and recombination in dense plasma. In

addition, the propagation of the laser beam through the plasma is an important issue.

One of the promising techniques for pumping of XUV/X-ray lasers using small
laboratory size laser systems is by means of above threshold jonization using high intensity
subpicosecond pulses. Such ionization can result in a highly ionized cold plasma which
subsequently recombines generating population inversions on a number of transitions.
Analysis of such schemes was initially carried out by Gudzenko et al.'?, Peyraud et al. © |

17 and more recently by Burnett, Enright and Corkum *°. Central to

and Ali and Jones
the characterization of such laser schemes is the detailed understanding of the interaction

of high intensity ultrashort laser pulses with plasmas.



The possibility of obtaining XUV and X-ray lasing in a cold recombining plasma

174 It has been numerically shown

was studied theoretically and numerically in the past
that gains up to 70 cm™ can be achieved if the plasma temperature is low, on the order of
few eV * To generate such a cold plasma, several methods of rapid cooling were

19 and radiation by high-Z plasmas . Recently

attempted such as by plasma expansion
with the availability of picosecond and subpicosecond intense laser pulses, cold plasma
production by multiphoton ionization has been proposed and studied numerically *°. It has
been shown that gains can be obtained from such a plasma with densities of order of 10 **
- 10 ' cm  produced by multiphoton ionization pumping. However, to achieve an

elongated lasing medium in such a moderate to high density, the refraction of ultrashort

pulse in the plasma is an important issue.

Another important application of plasmas generated by ultrashort laser pulses is
the laser wake-field accelerator *, in which a short ( T << 1 ps ), high-power ( P > 10 2
W) laser pulse propagates in a plasma to generate a large-amplitude ( E > 1 GV/m ) wake
field, which can trap and accelerate a trailing electron bunch. To have efficient wake field
acceleration, a long interaction length is necessary which requires that the self refraction of

the laser pulse be reduced *.

The goal of achieving laser driven inertial confinement fusion ( ICF ) has been a

major driving force for laser plasma research for over two decades *'°. Indirect drive



schemes using high intensity lasers focused into gas filled hohlraum targets have recently

been declassified. The propagation of high intensity laser pulses ( at I 210°W/cm? )
over millimeter lengths of underdense plasma is a major issue in such schemes. Another

524 called the fast ignitor requires the formation of a plasma guiding channel

new concept
in the underdense coronal plasma and overdense ablation plasma and the subsequent
propagation of an ultrahigh intensity 1-10 ps pulse through this guiding channel. This

pulse will interact with the high density compressed core to produce a beam of energetic

electrons which will ignite the fusion reaction in the core.

The study of the interaction of ultrashort high intensity laser pulses with matter is
itself an active research area * . As a high intensity laser pulse is focused, the electrical
field at the focus can be comparable to the Coulomb field that an electron experiences
within an atom. As such, there are many interesting new nonlinear phenomena which can
occur such as multiphoton absorption and ionization, above threshold ionization, self-
phase modulation, relativistic self-focusing and channel formation %7, wake-field
acceleration *"*, and parametric instabilities ® . Multiphoton ionization is a process in
which an atom can be ionized by absorbing more than one photon simultaneously *.
Above threshold or tunneling ionization is the process of multiphoton ionization at higher
intensities where more photons than the minimum number of photons determined by the
ionization energy of the ionized species are absorbed or equivalently the electric field of
the laser is strong enough to lower the potential barrier binding the electron allowing it to

tunnel out. The extra photons absorbed make the electrons released have significant



residual energies 531 Once being released from the atom, electrons oscillate in the laser
field with quiver or pondermotive energy of ezEz/ 4m.o 2, which is a function of the
amplitude of the laser field and its frequency. Experimentally, it has been shown *’that
pulses with duration less than 1 ps can interact with electrons adiabatically, leaving the
electrons cold because the electrons return their pondermotive energies to the pulse as it
terminates. In the long pulse case the pondermotive energy will be converted to the
translational energy of the electron as they escape the high intensity region. It is the former
regime which is of interest for the potential creation of population inversion in an X-ray
laser through fast recombination in a cold plasma. Most recently, Offenberger et al. ** have
carried out experiments to measure the heating of the electrons. Cold plasma (< 50 eV )
has been achieved for a laser pulse of 12 ps at 268 nm at densities of the order of 10" cm™

and intensities of order of 10 " W/em? *.

As a high intensity laser pulse is focused into gaseous medium, the spatial
nonuniformity of the focused beam produces a nonuniform radial electron density profile
in the plasma which has its highest density and thus lowest refractive index on the axis.
The plasma behaves like a diverging lens refracting the beam off the axis. Thus refraction
is an important issue in studying the propagation of ultrashort high intensity laser pulses in
plasma. At the same time, the laser pulse itself will experience a rapid change of refractive
index in the ionization front as the ionizing plasma causes a negative time rate of change of

the refractive index. This rapid change of refractive index modulates the phase velocity of



the laser pulse, known as self-phase modulation which in this case induces a blue shift of

the laser spectrum ¥ .

1.2 Objective of Present Thesis

The objective of the present study is to investigate the formation of high density
plasma columns by means of above threshold ionization of a gaseous medium and the
propagation of ultrashort KrF laser pulses through such plasmas. As such, the

investigation involves four experimental projects as outlined below.

1) Multiphoton ionization formed plasma channels in static gas fill targets:

The formation of plasma columns via multiphoton ionization in argon, helium and
air was studied experimentally using 5 mJ, 6 ps KrF laser pulses focused by an /10 12.5
cm focal length lens. The absorption and scattering of incident radiation and size and shift
in the breakdown region was measured as a function of incident energy. Also time
resolved shadowgraphy was employed to study the evolution of the resultant channels.
The results were in agreement with multiphoton ionization initiated breakdown with

subsequent collisional ionization and evolution of a 400-900 pm long cylindrical blast

wave channels. Refraction of the laser pulses in the static fill gas cell was identified as a

limitation to achieving high intensity at the focus and obtaining long plasma channels.

2). Measurement of the KrF laser pulse width using a single shot visible
autocorrelator



A single shot autocorrelator based on the visible emission of two photon
fluorescence spectra of the KrF laser radiation in BaF; was developed and characterized.
A comparison was made with a simple two photon absorption measurement technique in
quartz which was used for routine pulsewidth monitoring. With optimum adjustment of
the KrF laser, subpicosecond laser pulse widths were measured. A novel method using
the fluorescence emission intensity was also developed to measure the two photon

absorption coefficient of BaF,.

3). Characterization of a high density gas jet target

In order to reduce the refraction of the laser pulse prior to reaching its high
intensity focus, a high density gas jet was developed. Its spatial density profile was
characterized using laser interferometry and Abel inversion of the fringe profiles. Gas

-3

densities of up to 6 x 10 ** cm * at a distance of 200 um above the nozzle tip were

measured.

4). Propagation of ultrashort KrF laser pulses through a high density gas jet

% in vacuum ) KrF

The interaction of a picosecond high intensity ( 10 7 W/cm -
laser pulse with the high density gas jet was studied experimentally using several
diagnostics. First, the refraction of the laser pulse was measured using CCD camera
imaging. The asymptotic refraction angles of the laser beam through helium and nitrogen
gas jets were determined as a function of gas pressure. Secondly the transmitted KrF laser

radiation in helium, neon, argon and nitrogen gas jets was characterized in terms of the

energy transmission within an F/2.5 cone angle and the ionization induced blue shifted



spectrum was measured systematically for the first time for such high intensities and gas
densities. The plasma formed in the helium jet was studied in more detail by imaging the
emission in the direction perpendicular to the direction of the incident laser beam. One
diagnostic involved imaging onto a CCD camera using a narrow band filter with a center
wavelength of 468.5 nm ( the 4-3 transition of He II ) and thus images of the highly
ionized helium plasma regions could be recorded. Along the same direction, the scattered
UV laser radiation was imaged onto a streak camera which gave an indication of the
propagation of the laser pulse through the gas jet. A third diagnostic involved the
spectroscopic measurement of emission from the helium plasma. The lineshapes of He II

emission at 468.5 nm were measured at the entrance, middle and exit of the gas jet target.

The remainder of this thesis is organized as follows. In Chapter 2, relevant
background theory for the interaction of an ultrashort high intensity laser pulse with
underdense plasma will be presented. This includes multiphoton ionization, above
threshold ionization, inverse Bremsstrahlung, the pondermotive force and heating, and

recombination dynamics.

Chapter 3 deals with the general experimental methods and instrumentation. A
subpicosecond KrF laser system and various plasma diagnostics will be described. The
visible two photon pulse width measurement technique for KrF laser pulse using BaF; is

presented in Chapter 4.



In Chapter 5, the investigation of multiphoton ionization formed plasma columns in
static gas targets is presented including: a) characterization of multiphoton ionization
thresholds; b) refraction, absorption, and scattering of the laser pulse; and c) the evolution
of the plasma column. Characterization of the high density gas jet is presented in Chapter
6. In Chapter 7, the experimental results of the emission studies from helium plasma are
presented. These include visible emission spectra at 468.5 nm, imaging of the plasma
channels, the 90 degree laser side scattering, and refraction of the laser beam. The energy
transmission of the laser pulse through the gas jet is also measured. In Chapter 8, the
ionization induced blue-shifted spectra will be presented for helium, neon, nitrogen, and
argon for various pressures. In Chapter 9, simple 1D modeling code calculations are
compared to the results and the conclusion of the present research is presented in Chapter

10.
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Chapter 2

Theory

In this chapter, theoretical background relevant to multiphoton ionization pumped
X-ray lasers and the interaction of ultrashort intense lasers with plasma is presented. The
main aspects involve the rate equations for plasma ionization and recombination. In terms
of ionization rates, Keldysh and tunneling formulas will be discussed. The heating of
plasma will also be taken into account by ATI heating and IB heating. Refraction and
defocusing of the laser beam is described. Finally the ionization induced blueshift will be

elucidated. Throughout this thesis, the cgs units will be used.

2.1 XUV and X-ray lasers

The historical beginning of X-ray laser research dates back to 1964 when
Gudzenko and Shelepin ' suggested that a cold dense plasma could lead to population
inversions due to rapid recombination into high lying bound levels. There is, however, no
discussion about how to generate such a super cool highly ionized plasma. In 1972,
Peyraud and Peyraud  did a theoretical study of such a lasing scheme in terms of a rate
equation analysis. They also proposed that an intense laser beam be used to produce such
a cold plasma via multiphoton ionization. The fundamental idea behind this scheme is that

the multiphoton ionization does not heat the electrons. They realized that if a plasma could
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be formed in a time period which is shorter than the collisional time ( e-i or e-atom ), the
electrons will not be heated by collisional heating, a process known as inverse

Bremsstrahlung ( IB ).

In the following years, this concept has been further analyzed by Jones, Ali, and
others ** using time dependent rate equations. The calculations have taken into account
the atomic physics, such as radiative recombination, three-body recombination, and
electron collisional excitation, deexcitation, and ionization of each level. Here a simple
three level model is presented 2 . The graphic representation of the energy levels is shown
in Fig. 2-1, where the i, 1, and 0 are the ionization, excited, and ground levels
respectively. The populations of the three levels are n;, ni, ng and the electron density is n..

The laser transition energy of interest is Eq; = hvy; where vy, is the emission frequency.

The appropriate rate equations can be written down with the following
assumptions and transition rates:
a). Three-body recombination : n?nR;, n?n;R;,
where n. is the electron density.

b). Spontaneous transitions: n; Ajo

c). Stimulated emission and absorption rates: n;B;gUyg1, ngBo1Uyo:
where By and By, are the Einstein coefficients and U,q, is the radiation
energy density at vg; .

d). Collisional deexciation: n;R 41,0

11



e). Excitation processes ignored under the assumption of a cold plasma.

These lead to the rate equations

on

_atl = “gniRil —n1(Reg 150 + A0 +BroUvor)

én

-—a-tg- = nl(Rcd 10 +A10 +B10Uv01) +n§ﬂiRi0 (21)
on:

_at_l- =-nZn;(Ry; +Ryp)

To solve the set of equations, the rates for various processes need to be known.
Fortunately, these rates have been studied over many years for astrophysical purpose. A
detailed discussion of the rates may be found in Ref. 11. The following gives the relevant

rates for Eqn. 2.1.

The rate of three-body recombination is

1028 g;j € exp(X; / TE(X; / Te) cm®

R3B = 493 X
g Xi T2

(22)

where y; is the ionization potential from the bound state in eV while T. is the electron

temperature in eV. The g; and g;., are the statistical weights of the final level and ground

state of the ionized level. The £ is the number of electrons in the outer shell of the

ionizing species and the E, is the exponential integral of the first kind defined by
a
exp(-s)
E\(y)= — ds (23)
y

Note that exp(y)E;(y) = l/y asy — .
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The rate of the radiative recombination is '":

Rrad =Ei52x107% 2 (—%)% ep(DEGD - @
here g; is the Gaunt factor which is close to unity. y; is the Rydberg energy for the
bound level of i in hydrogenic ion of charge Z, and T. is the temperature in eV. For
plasmas of interest above and investigated in the present thesis the radiative recombination
rates are much less than three-body recombination and thus can be ignored. The

spontaneous emission rate from a upper state i to a lower state j is

667 x 10%° g;
Ai.=_5_ig_1

£ sec”! 295)
! lzij 8i g

Here the g; and g; are the statistical weights of the states and A is the wavelength of the

transition in angstroms. The ( absorption ) oscillator strength f; can be obtained from

published data 2.

The absorption and stimulated emission coefficients B;; and B;; are related to the

spontaneous decay rate A;; as follows '

81chvi3j
i =5 Bi
8iBij = g;B;j (26)

The collisional deexcitation rate is '

Ry =25x1075 2320 m_ 2.7
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Here the g; and g; are the statistical weights of the energy levels, E; is the difference in

energies of the two levels in eV and T. is the electron temperature in eV.

Based on these rate equations it has been shown that significant population
inversions are possible on the 3-2 and even 2-1 transitions of ions %, More recent
calculations taking into account the ionization process and residual plasma temperature
have also shown that population inversions are possible on the 3-2 and 2-1 transitions for

ions up to Boron .

2.2 Multiphoton ionization

Multiphoton ionization is a process in which an atom with an ionization potential
z will be ionized by the absorption of N photons with energy fio , where N is the first
integer for which N/w exceeds the ionization potential. Multiphoton ionization has been
studied extensively both theoretically and experimentally not long after the invention of
lasers in early 1960s '®'’. The initial experiments could be described by lower order
perturbation theory. However, as the laser intensity increases, the perturbation becomes
comparable to the primary interaction, which occurs when the electrical field of the laser
approaches that of Coulomb field of the atom itself. At this stage, perturbation theory
breaks down and the process can be described better as a tunneling process through the

reduced potential barrier.
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In 1965, Keldysh '” developed a theory accounting for the generalized treatment
of ionization of atoms and solid matter in a strong laser field. A schematic diagram of
the multiphoton ionization process is shown in Fig. 2-2 and the lowering of the potential
barrier and the electron tunneling process is shown in Fig. 2-3. In Fig. 2-2 the process
of absorption of n photons simultaneously to achieve ionization is shown. In Fig. 2-3 the
time averaged lowering of the Coulomb barrier confining the electron is shown. Once
the barrier is lowered sufficiently the probability of the electron tunnelling through the

remaining barrier becomes very large.

The Keldysh theory showed that multiphoton ionization was one limiting case of
a general solution for the ionization probability. The regimes of multiphoton ionization
are determined by the Keldysh parameter given by y = m(2mcxo)" 2 /eE , where Xo 1S
the field-free ionization potential of the atom, E the electric field strength, and e and m.
are the charge and mass of an electron. The Keldysh parameter is the ratio of the

frequency of the applied electromagnetic field, @, to the tunneling frequency w,, where

o,=eE/ (2mcxo)1/ 2 The regime of multiphoton ionization is given by y >>1. In this
case the time required to tunnel through the potential barrier is long compared to the
period of oscillation for the electric field. The other limiting case resembles
autoionization due to tunneling in a low frequency alternating field and occurs for
y << 1. Thus tunneling can be expected to occur in the strong-field, low-frequency limit,
while multiphoton ionization occurs in the weak-field, high-frequency regime. Keldysh

stressed that the two processes were not competing mechanisms but merely two limiting
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cases of the same ionization process. The transition from one to the other occurs when
the tunneling time through the potential barrier was of the order of the oscillation period
of the applied field.

The Keldysh ionization rate for atoms is given by '"'*

5/2
(Xo)m Y ( Xm)
W=Ao |2~ Sly,—

2\V2
2o | g1 (H-Y )
x exp| ——==| sinh™ y -y *—— (28)
ho 1+2y°
Where
e E?
Xo =Xot 3 >
4m. o~
X s X 4 . -1 Y
S( ,—‘9—)= ex —-2( = +1 ——-‘°—+m) sinh™ y - ————
Y ho n:{'o P ho ho Y 12

172

2y (xm Yo )
o +1)-=——+m ,
) 2)‘/2 <ha) > ho

o(x) = J'etz-xz dt

o

Where ((xm [ ho)+ l) is the minimum number of photons required to ionize and A is a

numerical factor of order unity to account for a weak dependence upon the details of the

atom.
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In the tunneling limit, Ammosov '* has derived a formula which is considered to

be more suitable to the tunneling problem.

Zn*-l.S
172 2 3 3
W = 4134 x 10‘6(3—6) Z" |42 exp| ~—2Z s (2.9)

O] 3(57)'e

where Z is the charge of the ionized atom and

172
n =2 (1_36_05_) with y given in eV
X
I 172
€= (WJ With I given in W / sz
. X

Many experiments investigating the pure multiphoton ionization process deal with
a low density of atoms so that collisional effects can be excluded. By measuring the
ejected electron energy spectra, a multi-peak electron energy distribution has been
revealed. The higher energy peaks are spaced evenly apart by one photon energy. This
suggests that the electron can absorb more photons than the minimum number of photons
to reach ionization. This has come to be known as the Above-threshold-ionization ( ATI ).
The extra energy acquired by the electron will be of importance to the heating of the

plasma produced and will be discussed below.
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2.3 Heating of electrons

As mentioned above, the minimization of heating of the electrons is important in
order to obtain a cold recombining plasma for XUV and X-ray lasing. There are several
heating mechanisms such as ATI, ponderomotive, SRS and IB heating. In the following,
three of these will be discussed. SRS heating will not be discussed since the threshold for

onset of SRS is above the intensities studied in the present investigation.

2.3.1 ATI heating

As the laser intensities are increased above I\2 ~10'6 Wum?/cm?, the electrons
resulting from ATI have surplus energies in excess of the energy due to the coherent
oscillation of the free electron in the electromagnetic wave. The coherent energy of
oscillation of the electron, also called the ponderomotive energy, is adiabatically returned
to the propagating wave packet as it departs and leaves no excess energy in the electron
iteself. The amount of surplus energy can be calculated from semiclassical considerations.
Burnett and Corkum ' have shown that the excess electron energy can be attributed to the
mismatch between the phase at the instant of ionization and the crest of the
electromagnetic wave. With a plane-polarized electromagnetic wave given as
E =Esin(o t), an electron released from rest at the crest of the wave moves with only the
ponderomotive energy at all subsequent times. However, an electron created at some
arbitrary phase mismatch will oscillate out of phase with the laser field, resulting in a
residual kinetic energy € =2E, sin? Ap, where Eq =e?E? /4mo? is equal to the
quiver or ponderomotive energy. This residual energy can be considered as the work done

by the field on the electron. The average ATI energy can be calculated by weighting the
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excess energy by the probability of an electron being created at a given phase angle of the
field. In the limit of high fields the ionization event occurs over a short period of an
oscillation and the ionization probability can be evaluated using the static DC field

jonization rate 2

512 32
Xi E, Z(Xi) E,
Wy (E.,%x;) =4 - —exp| ——| — — 210
st(Es:%i) ma(Xh) E XPI: 3 g E, ( )

S

Where ® , is the atomic frequency unit of 4.1x10" sec”!, x; is the ionization potential,
xp is the ionization potential of hydrogen, E, is the atomic field strength at the Bohr
radius of hydrogen (E,=5.1 x 10° V/cm), and E; is the static field strength. In this case the

average ATI energy becomes

2
-[;Eqwst(EL,xi)cosz odo
(€)=

/2
fwst(Evai) d d)

(211)

Some calculated values of ATI heating as a fraction of the ponderomotive energy based on

these equations are given in table 2.1. It can be seen that (e) is on the order of 10-18% of

the quiver energy for the above range of parameters. Thus it can be kept well below the

ionization potential for ionization energies up to 100 eV for UV lasers 2
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Table. 2.1 ATI heating for ionization rates of 102, 10*, and 10" s™ and ionization
energies of 10 to 200 eV calculated for a laser wavelength of 0.25 um
10 12 S-l 10 13 S-l 10 14 S-l
%L, I () Equiver I _ﬁ)__ Equxvef I ﬁ__ Equxvcr
! Equiver Equi\fer Equiver
) (Wiem?) (eV) | (Wrkmd) (eV) | Wiemd) (eV)
10 3.57E13 | 0.125 0.209 5.35E13 | 0.148 | 0.312 8.9E13 0.181 0.521
20 2.57TE14 | 0.120 1.5 3.76E14 | 0.14 2.19 6.02E14 | 0.169 3.51
50 3.52E15 | 0.113 20.5 5.0E15 0.131 29.2 7.69E15 | 0.156 449
100 2.56E16 | 0.109 149.5 3.58E16 | 0.125 | 208.6 5.35E16 | 0.148 312.2
200 1.87E17 | 0.105 1094 2.57E17 | 0.12 1500 3.75E17 | 0.140 2191
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2.3.2 Ponderomotive force and heating

Due to the motivation of inertial confinement fusion studies, the interaction of

324 One important factor in

intense laser pulses with plasma has been studied extensively
the interaction process is the ponderomotive force which can accelerate electrons out of
high field regions. The ponderomotive force arises from the potential gradient of the laser
field in the focal region. An electron ejected from the parent atoms or ions starts
immediately oscillating in the laser field with an average oscillatory energy given by

22
L EL(1)\ _ e?E? 212)
0% me2 dma?

where the brackets ( ) denote a time average over one optical cycle, EL(t)=E; sinot,

where E_ is the peak electric field amplitude of the laser, and @ is the laser frequency.
The oscillatory energy E.. is also called the ponderomotive potential E,m and the gradient
in this potential leads to the ponderomotive force Z given in terms of the gradient in the

electric field by

2 2 2
e’E; e 2
f =-V L )=- V(E (2.13)
P <4ma)2> 4ma? ( L >

It can be seen from equation (2.13) that the force depends on the gradient of the

square of the field and not on the field polarization. In terms of intensity, I, and laser

wavelength, A, the pondermotive force is proportional to the product in I A2,
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The electrons released from the parent atom or ion are free to move in response to
the nonlinear force and can be accelerated out of the laser beam to high energies. For a
cylindrically symmetric field intensity, the electron motion should be the same along all
radii. For high laser intensities ( i.e, I A2> 10" Wum?%cm? ), given sufficient time, a
number of electrons will be expelled from the interaction region. The final energy thus
acquired by an electron which completely escapes the high field region can be simply

described in the multiphoton ionization regime by

E=nho -y +Epn (2.14)

where n is the number of photons absorbed, and ¥ is the field free ionization potential.
The average energy carried by the expelled electron will contribute partially to the plasma

temperature.

The expulsion of electrons also depends on the laser pulse length. The
ponderomotive potential will be converted to the translational kinetic energy of the
electrons when the pulse is longer than tens of picoseconds. While for picosecond or
subpicosecond pulses, the electrons do not have enough time to escape the focal volume.
In the latter case the electron returns its oscillatory energy adiabatically to the field as the

laser pulse passes. In this way, cold electrons may be expected. This behavior may be

appropriate for intensities up to 2 ~ 10'® Wp2/cm? %7 For higher intensities n? >
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10'® W2 /cm?, the electron motion becomes relativistic and the expulsion of the electrons

will be significantly modified ®~*° as will be discussed later.

2.3.3 Inverse Bremsstrahlung at high intensities

The heating in laser produced plasmas for longer pulse interactions arises mainly
from collisional or so called inverse Bremsstrahlung heating. Inverse Bremsstrahlung is a
process involving elastic electron-ion collisions which increase the residual energy by
transferring energy from ordered quiver motion to random motion. The IB absorption
3233

coeflicient is given by

AL 10°Z n,, InA(o) -

ETTD cm (215)
[0}
V2 Tge[l__g}
o

which is calculated from the electron ion collision frequency given by

2 4 4
u_ 427 Z°n;e’ InA(@) = 291x10 anmey;n/\(ﬁ)) gl

v (216)
“ 3 meTc3 2 TeV

which in turn is found to be averaging the monoenergetic electron collision frequency over

a Maxwellian velocity distribution, where Z is the charge of the ions, ne, is the electron
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density in cm ™3, v is the laser frequency in Hz, T,y is the electron temperature in eV and
equency eV p

r

InA (@) is the frequency dependent Coulomb logarithm.

In the limit of high laser intensities and cold plasma temperatures, the oscillatory
velocity of the electron can become comparable to or greater than its thermal velocity. In
this regime two effects alter the collisional heating rates. Firstly, the effective velocity of
the electrons is increased by the oscillatory motion in the applied field. This reduces the

collision frequency significantly when the oscillatory velocity, L, = €Eq/m.0 is greater

than the thermal velocity vy, = ,/ kT/m. . Both quantum mechanical and plasma kinetic

theory calculations of the correction to the collision frequency have been carried out for

333 vielding a correction factor in terms of integrals over

Maxwellian velocity distribution
modified Bessel functions. An adequate approximation to this more exact result can be

obtained by using an effective temperature given by the total energy of the electron in the

applied field, where
3 3
kBTeff = EkBTe + m(o%sc (t))
3 102
==kgT,|1+—-—-25 217
2 B e[ 6 Utzh:I ( )

Substituting this effective temperature into the absorption coefficient gives an intensity

dependent correction factor of

F= (218)
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where v, and vy, can be given in practical units by

Vo =20 =26 x 108 Ay JTrs cm/s (219)
mo

Uy, = KT _42x 107 Ty cm/s (2.20)
m

[

where I,q is the laser intensity in units of 10 W/cm®. This correction factor was

suggested by Faehl > and agrees with the more exact integral expressions > to within
£8 y P

approximately 10%.

The second factor is the generation of non-Maxwellian velocity distributions in
these strongly driven plasmas. The above absorption coefficients were all calculated based
on Maxwellian velocity distributions. Chichkov ***° has discussed the regimes where non-

Maxwellian velocity distributions are expected. For very low intensities and very high

intensities, given by L. /vy <1/J_Z- Of Voo /Uy >Z. Maxwellian distribution are
expected. For intensities in the range of 1/JZ < Uy /Uy <1 non-Maxwellian

distributions of the type exp(-v° / ufn) are expected as first pointed out by Langdon *.
For the intensities in the range of 1< v, /Uy <Z different non-maxwellian electron
energy distributions are expected in the directions parallel and perpendicular to the
polarization of the driving electric field. However, the development of the non-Maxwellian
Langdon type distributions takes some period of time on the order of picoseconds as
determined by Fokker Planck simulations *2. Once a “Langdon ” distribution has been

formed the absorption coefficient is reduced by the factor
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0553
Flangdon =1- 075 (221)

027
2
Z(UO&:)
Ut

The fully corrected high field absorption coefficient for non-Maxwellian

1+

distributions has yet to be reported. Calculations of the non-Maxwellian electron energy
distributions is beyond the scope of the present thesis. In the following discussions the

approximate factors given by Eqn. 2.18 and 2.21 will be employed where necessary.
2.4 Refraction and self-focusing

When a laser beam is focused into a gas, to the lowest order approximation the
focal intensity can be assumed to have a Gaussian profile. The nonuniform radial intensity
distribution will give a non-uniform electron density profile with the highest electron
density being on the axis. This electron density increase causes a decrease of refractive

index on axis as seen by the relation between electron density and the refractive index

2
@ n n
n,=qyl-— = [1-—S~1-—=2
] ng 2n,

12
for underdense plasma, where ® p=(41t n.e? /me) / is the plasma frequency. This leads

given by

(222)

to refraction of the beam away from the axis since the plasma has the characteristic of a

negative lens. Assuming that the laser is propagating in the z direction and is deflected in
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the y direction, then the integrated deflection angle, 6, for a single light ray can be
calculated by the relation:

_ |dne
dy

) (223)

This ionization induced refractive defocusing makes it very difficult to propagate
high intensity picosecond laser pulses over long lengths through plasma, an effect which
has been studied numerically ** and is one of the areas of studies in the present thesis. To
overcome this drawback, a preformed plasma channel with a high electron density off axis
has been proposed ““*¢ based on both earlier studies of CO, laser and recent picosecond

laser induced channel formation, heating, and propagation.

As laser intensities become high ( A2> 10"® W um/cm ?) and the pulses becomes
very short ( < 1 ps ), two important effects may become dominant in contributing to an
increase of refractive index on axis 2°° . Firstly, the motion of the electrons becomes
relativistic since the oscillatory velocity of electrons in intense electromagnetic fields
approaches the speed of light. The resultant increase of the electron mass decreases the
local plasma frequency and thus causes an increase of refractive index which is larger on
axis than in the outer region. This is reflected in the modified plasma frequency given as a7

Op

= 224
@ pre 2 g2 (224)
1+ L

m.2 c¢? o?
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Where E; is the peak amplitude of the electric field. Secondly, the electrons will be rapidly
expelled out of the axial region due to the very large poderomotive force ®_This in turn
makes the refractive index increase on axis relative to the surrounding plasma region. This
latter effect of ponderomotive expulsion of electrons is also important for longer laser
pulses propagating through large scale length plasmas and is known as ponderomotive self
focusing. These two effects combine, depending on the input laser parameter and plasma
conditions, giving a nonuniform refractive index across the beam which acts now as a
waveguide which will confine and guide the laser pulse itself. The formation of such a self-

guiding channel has been theoretically studied and has been pursued experimentally 849

At high fields the final result of the above effects is electron cavitation that is
complete expulsion of electrons from the core of the plasma column, and self-focusing of
the laser beam to a micron or submicron diameter channel. This result occurs above a laser

power which is known as the critical power for relativistic self-focusing. Theoretical

calculation and numerical analysis 2 have shown that this power is of the order of

P =16x10°0 /0,)? W (2.25)
p

2.5 Ionization induced blueshift

As a laser pulse is focused into gases, the laser pulse experiences a rapid decrease

in the refractive index due to the fast growth of electron density in the ionization front.
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This change of refractive index causes an additional phase shift in the electric field of the
ionizing laser pulse, resulting in a higher phase velocity. As such, the transmitted spectra
of the incident laser beam will broaden and shift to higher frequencies ( a blueshift in
wavelength ). For a homogeneous and underdense plasma produced by a monochromatic
plane wave, the ionization induced wavelength shift can be calculated from the time rate of

change of the refractive index given by *°
sa = 2% j- ﬁ(l) dl (2.26)
g ot

In terms of experimental parameters the shift is given by

2 3
sh= S NN _dZ_ 4 hevi07 Nocm Lom Aom % om  (227)

8n’gom,c> dt d
here Noen is the atom density in cm™, Ly, is the interaction length in mm, A, is the laser

wavelength in nm, and Z the degree of ionization.

The shift depends on the laser intensity, its spatial distnibution at the focus, pulse
duration, gas density and the state of ionization. By measuring the shifted spectra one can
probe the ionization dynamics in the creation of the plasma. In addition, as the focused
beam has its highest intensity on the axis and falls off radially, different radial portions of
the pulse front will experience different shifts since the ionization rate is sensitive to the
intensity. This complicates the ionization problem. Eqn. 2.27 does not include the
propagation effects which are important for a short pulse. To take account of these effects
in detail, one needs to solve the equations for propagation of the laser pulse and ionization

of the background medium together. A full solution using the Maxwell equations coupled
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with the ionization rates has been reported *!. A simple solution taking into account the
axial propagation of the laser pulse and ionization dynamics will be presented and utilized

in the discussion of experimental measurements given in this thesis.
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Chapter 3

General Experimental Methods and Instrumentation

3.1 Outline of the experiments

The experimental measurements presented in this thesis involve four separate
projects. They are briefly outlined in the following and described in more detail in

following chapters of the thesis.

3.1.1. Visible single-shot two-photon autocorrelator of KrF laser pulse in BaF;

In this project, a single shot autocorrelator was developed to measure the pulsewidth
of the subpicosecond KrF laser pulses. This technique utilized the two photon
fluorescence in BaF; crystal in a colliding pulse geometry. However, instead of using the
ultraviolet fluorescent emission, the visible emission ranging from 400 to 450 nm was used
for the first time in such a measurement. The measurement was carried out by imaging the
visible emission onto a 1-D array optical multichannel analyzer ( OMA ) system. The
fluorescence spectrum of BaF, was first characterized under irradiation with high intensity
KrF laser light. A novel method utilizing the two photon fluorescence itself was also used

to obtain the two photon absorption coefficient for BaF,.

3.1.2 Multiphoton ionization formed plasma columns in a static fill gas cell.
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Initial interaction experiments were carried out in a large chamber filled with a
number of gases at pressures of a few torr up to one atmosphere. In these experiments, the
breakdown thresholds of helium, air and argon were first measured. Then the plasma
columns formed in helium, air and argon with a 6 ps KrF laser pulse at irradiation
intensities of 10'*-1.2x10"° were studied by using a 496 nm probe beam to record
shadowgrams of the evolving plasma profiles over a time period of several nanoseconds
after initial breakdown. The absorption and scattering of laser radiation were subsequently
measured as a function of the input laser energy. The shift of the breakdown point and
refraction of the laser beam due to defocusing in the plasma were identified and

characterized.

3.1.3 Characterization of a high density gas jet

To reduce the refraction of ultrashort high intensity laser beams propagating through
a static gas cell, a high density gas jet was developed for the laser plasma interaction
experiments. The 3-dimensional density profiles of the 1 mm diameter high density gas jet
were characterized using laser interferometry and Abel inversion of the resultant
interferograms. A simple empirical formula for the density along the axis of the jet was

found in terms of the reservoir fill pressure.
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3.1.4 Laser plasma interaction in a high density gas jet

A series of experiments were conducted to examine the propagation of ultrashort

high intensity laser pulses (1 ps, 10 " W/cm? vacuum intensity) through the high density

gas jet.

Beam propagation

UV side scattering. Along the direction perpendicular to laser beam, the side scattered
laser light was imaged onto a streak camera to monitor the beam propagation. The
camera was streaked to give a framing image of the picosecond scattered light in order

to discriminate against the scattered light from within the chamber.

Visible emission. To monitor the subsequent formation of the plasma columns in
helium gas, the visible emission profile was imaged onto a silicon intensified target (
SIT ) camera using the emission of He II 4-3 transition line at 468.5 nm. Only
emission around this wavelength was observed by placing an interference filter with a
1.5 nm bandwidth in front of the camera. In this way, the region of highly ionized
helium can be found since the emission occurs primarily upon recombination of fully

ionized helium in the cold multiphoton ionized plasma.

Spectral diagnostics of beam propagation

The emission line of He II at 468.5 nm was measured using a 0.57 m monochromator
in three directions of 0, 90, and 135 degrees relative to the forward direction of the
incident laser beam which was taken as O degrees. The aim was to monitor the He II

emission from the rear, middle, and front of the gas jet and to infer the beam
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interaction with the plasma. Particularly, the spectra at 0 degrees which monitors
plasma at the exit of the gas jet reveals whether ionization has occurred throughout the
gas jet to the exit point or whether the beam is refracted to such a degree that the

intensity is not sufficient to fully ionize helium.

Refraction
The refraction of the input laser beam was measured by imaging the transmitted laser
radiation at various positions through the gas jet onto a CCD camera. There were
two kinds of experiments. First, with the laser beam being focused at the center of
the jet, the center of the gas jet was imaged onto a CCD camera. This setup checked
whether the entire laser beam comes to a focus at the mid point of the gas jet as it
would in vacuum. If not, an enlarged image would indicate refraction of the input
beam prior to the focal point, thus leading to the reduction of the peak intensity.
Second, to determine the asymptotic angle of refraction, the beam spot size at the
exit of the jet was also measured. By analysis of the spot size at these two positions,

the refraction of the beam after exiting the plasma can be determined.

Absorption and energy transmission
When the laser beam ionizes the gas, the energy in the laser beam is reduced because
of absorption and scattering. To monitor the overall reduction of transmission of the

pulse energy through the gas jet, a pair of calorimeters were used. One of them
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measured the input energy while the other measured the transmitted energy. By cross-

calibration with vacuum shots, the absolute transmission was obtained.

e Spectral blueshift of the transmitted radiation
The modification of the spectrum of the laser beam after propagating through and
ionizing the gas was measured using a monochromator coupled with an OMA. This
diagnostic revealed information on the rapid ionization dynamics of the laser plasma
interaction which leads to a blue shift in the transmitted spectrum. The blue-shifted
spectrum of the KrF laser radiation was measured at various gas densities for helium,
neon, argon and nitrogen gases. The blue-shifted spectrum of the angularly scattered

radiation was also measured.

3.2 Picosecond laser facility

Ultrashort excimer laser pulses at 248 nm are generally obtained by amplification of
seed pulses generated by frequency mixing or tripling of pulses from mode-locked lasers.
Such systems are quite complex and require several laser modules which must work
together properly. The laser system used in the present project is a simple ultrashort pulse
system fabricated at the University of Alberta . The front end of the system, shown in Fig.
3-1, is based on a XeCl laser pumped dye laser system and is similar to the system
developed by Szatmari and Schafer a few years ago 2. This system differs from other

systems mainly in that the generation of a subpicosecond pulse is accomplished by the

38



cascade shortening of pulse length through a quenched resonator ( QR ), short cavity dye
laser ( SCDL ), and distributed feedback dye laser ( DFDL ). The output of this system is
frequency doubled and amplified in a KrF discharge laser module to obtain a short pulse (~
0.8 ps) at 248.5 nm. An earlier version of this system running with a pulse length of 6 ps
was used for the initial experiments in a static gas cell ( presented in Chap. 5). For the final
set of experiments using the gas jet target, an e-beam amplifier system was used to further
amplify the UV short pulse to higher powers of ~ 0.25 TW. In the following, each part of

the system will be described briefly.

The short pulse generation starts with a QR dye laser pumped by a XeCl excimer
laser module whose output at 308 nm is split four times to pump different stages of dye
amplifiers. The QR begins by generating a train of pulses at the wavelength of 340 nm due
to the relaxation oscillation following gain Q switching. The first spike of the oscillation
can be selected by placing a slightly tilted long resonator outside the inner short resonator
(in this case the dye cell itself ) . In this way, the inner short cavity has a low Q and begins
to generate the first pulse very quickly while the long cavity with high Q ( hence high
round trip gain ) and long rise time is designed such that it will take over and deplete the
gain completely after the production of the first short cavity pulse, thus suppressing the
rest of the oscillation in the inner cavity. The pulses from the two cavities can be spatially
separated because of the angular misalignment of the two cavities. The output pulse length

is on the order of 150 ps.
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The next stage of pulse length reduction employs a short cavity dye laser (SCDL)
which has a cavity length of 0.5 mm and hence a rise time of ~10 ps. The resonator of
SCDL is formed by two dichroic mirrors ( edge filters ) the first of which has high
transmission for the incoming beam (approximately 10% reflectivity at 340 nm ), but has
near 100% reflectivity at 465 nm, the lasing wavelength of the dye. The second dichroic
mirror has a high reflectivity for the pump beam and partial reflectivity at the lasing
wavelength to allow output of the lasing radiation. These two mirrors act as dye cell
windows with a 0.5 mm teflon spacer separating them. It is known from the theory of gain
switched lasers that SCDL is capable of generating significantly shorter pulses than the
pump pulse. The output pulse from this stage which is of the order of 30 ps in duration is
amplified once ( by AMPI1 ) to raise its energy to such a level that it can pump the

following DFDL efficiently.

The final stage of generating a subpicosecond pulse takes advantage of the DFDL,
the part enclosed by a dashed box as shown in Fig.3-1. As the name implies the optical
feedback is provided by Bragg reflection from a periodic spatial structure in the complex
refractive index in the gain medium rather than the conventional mirror cavity. This
spatially periodic structure can be created by the interference of two pumping beams. In
the implementation of this technique, the pump beam from the SCDL is expanded through
a cylindrical lens telescope to form a pencil-like illumination of an amplitude transmission
grating. A microscope objective is used to create an image of the grating in the dye

solution. In normal operation, the zeroth order is blocked by a stop and the plus and minus
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first orders are transmitted through the microscope objective and emerge as two beams
with an angle between them to produce an interference pattern ( image of the grating ).
The laser wavelength is determined by the period of the interference pattern and the
refractive index of dye solution. The laser wavelength can be tuned by changing the
position of transmission grating relative to the microscope objective which effectively
changes the demagnification ratio. An important feature of the DFDL is that its output is
significantly reduced in pulse width compared to the duration of the pump pulse. A pulse
with duration of 500 femtosecond can be achieved, being 60 times shorter than the pump

pulse.

It can obviously be seen that all of the above mentioned lasing and amplifying
systems are synchronously pumped by one XeCl excimer laser, thus avoiding the
complexity of synchronization among a number of different laser modules as is necessary
for other systems. Another advantage of the present system is that only one pulse is

generated per laser shot, requiring no electro-optic switching techniques.

The output of the DFDL is usually very low in energy. It undergoes two stages of
amplification which increase its energy enough to obtain efficient frequency conversion to
the ultraviolet at 248 nm. In the amplifier chain, a saturable absorber is added to suppress
the amplified spontaneous emission and clean up the pulse shape. The frequency-doubled
pulse is subsequently amplified in a double pass geometry through a KrF amplifier module.

A spatial filter in an evacuated chamber is inserted in between the passes to block
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amplified spontaneous emission generated in the first pass and improve the spatial quality
of the beam. With the above front end system, a pulse of 800 femtoseconds with energy of

up to 50 mJ at 248 nm can be generated.

For the gas jet target experiments the ultrashort laser pulse from the front end is
fed into an electron beam pumped amplifier * as shown in Fig. 3-2. It consists of two
pulse power modules ( Marx banks and Blumlein pulse forming lines ) which generate
electron beams to pump the laser cavity from opposite sides. By triple passing the
amplifier, the system can deliver a pulse energyof ~250 mJ at the target chamber with a
duration of 1 ps at 248.5 nm. The output beam has a size of 4.1 cm by 5.2 cm at the
entrance to the target chamber. The experiments were conducted inside a sealed vacuum
chamber which was evacuated to a base pressure of ~ 10 mTorr prior to back filling with
gas or firing on the short pulse gas jet. When the laser beam was focused by an aspheric
quartz doublet lens of 20 cm focal length, it produced a spot size in vacuum of 18 um,
giving an intensity of ~ 10 "7 W/cm® . The whole laser system is controlled by a computer
controlled firing system. The energy and pulse length were monitored every shot and the

data was captured by a computerized data acquisition system.

3.3 Laser diagnostics

The accurate determination of the laser parameters is important in order to properly

interpret the experimental data. The focal spot size of the laser beam was measured using
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the same imaging system as for refraction measurements. This will be discussed in detail in
Chapter 7 together with the axial intensity distribution through the interaction region. The

pulse length measurement will be presented in Chapter 4.

3.4 Target Chamber and Diagnostics

During the course of the project, two main target chambers were used. The detailed
layout of diagnostics and their operating conditions will be discussed in the corresponding
experimental sections. For the gas jet target experiments an additional gas exhaust system
was developed on one of the chambers in order to maintain a reasonable vacuum. A funnel
with a solenoid driven shutter was placed 3 mm above the nozzle tip of the gas jet. The
funnel collected and diverted the gas plume through a plastic tube of 5 cm in diameter to a
separate large evacuated chamber of roughly the same size as the target chamber. The
solenoid shutter was designed such that it would close the tip of the funnel after the main
gas jet finished puffing, avoiding backstreaming of the gas from the secondary chamber.
The solenoid was triggered 120 ms after firing the gas jet to have the smallest amount of
gas leaking back out into the main chamber. In this manner the vacuum was kept below 80

mTorr when firing the gas jet at the highest working reservoir pressure of 1500 psi.
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Chapter 4

A Visible Single Shot Autocorrelator in BaF,

for Subpicosecond KrF Laser Pulses

The study of high power KrF lasers has been an area of interest in recent
years motivated by potential applications such as the pumping of X-ray lasers and the
study of high-field radiation-matter interaction. As the laser pulse widths employed
become shorter, into the femtosecond regime, there is a great need to quantitatively
characterize the temporal duration in a simple way on a daily basis. Many multi-shot
and single shot correlation techniques have been developed for ultrashort pulse
measurements . For high power KrF lasers at 248 nm, it is generally not
convenient to use a multi-shot technique which requires many shots to finish one
measurement since most of the high power KrF laser systerns are operated at
relatively low repetition rates. Single shot methods have been developed to overcome
this problem based on detection of visible three-photon fluorescence at 480 nm of
XeCl *, two photon fluorescence at 508 nm of metal vapor in a heat pipe * , or two

photon fluorescence of Xe in the ultraviolet at 172 nm in a gas cell 6 . Most recently,

UV emission of two-photon-excited excitonic fluorescence ( TPEF) of BaF,
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at 310 nm was used as a detector for phase-sensitive UV autocorrelators ™ . These
systems either have to deal with a gas cell and associated filling system or must use a UV

detection system which is not so convenient to work with.

In this chapter we present an extension of the technique based on emission of
TPEF in BaF, to the visible region for the first time. This results in a visible autocorrelator
for KrF lasers based on the emission of TPEF of BaF; crystal in the range of 400-450 nm.
The measured spectrum shows broad band emission from 280-450 nm. Using a narrower
band of this emission either around 400 nm or 310 nm we have observed a quadratic
dependence of TPEF on the pumping intensity. Nearly 3:1 contrast ratio in the correlation
traces based on emission around 400 nm was achieved confirming the quadratic
dependence. In the course of this investigation, a novel method based on the TPEF

intensities was also developed to measure the two photon absorption coefficient.

4.1 Visible single shot autocorrelator in BaF;

The luminescence of self trapped excitons in alkali halides has been studied by

9 10

Beaumont and Williams

in detail using X-ray and electron beam excitation
respectively. The self-trapped excitons formed by two-photon absorption have also been
investigated by using the fourth harmonic of a Nd:YAG laser ' and a subpicosecond KrF

laser '2. In reference 12, Hata et al. studied the luminescence spectra of self-trapped

excitons in CaF, and MgF, . They demonstrated that the fluorescence intensity of self-
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trapped excitons in CaF, shows a nearly quadratic dependence (slope 1.9) on the input
KrF laser intensity. This result was used to construct an autocorrelator and measure the

pulsewidth of their subpicosecond KrF laser.

For BaF,, with a band gap of 9.1 eV, it is expected that there will be more efficient
two photon excitation for KrF photons of energy 5eV compared to the 10 eV band gap of
CaF,. ™' . There may be other mechanisms for loss of laser energy as a result of two
photon excitation other than self-trapped excitonic fluorescence, such as photon-phonon
interaction and color center formation. The intensity dependence of these other
mechanisms may alter the quadratic dependence of two photon absorption. In addition, the
two photon absorption itself can broaden the pulse width as the input intensity becomes

very high.

To take advantage of the two photon fluorescence in BaF,, the spectrum of the
KrF laser induced fluorescence was measured. The KrF laser system is a hybrnid system
utilizing a distributed feedback front end dye laser and a double pass KrF amplifier module
13 It can generate a pulse of 800 fs duration and energy up to 50 mJ at 248 nm. The laser
beam has a uniform area of 32x12 mm’ . Only a part of the output beam, 6 mm in
diameter, was used in the present experiments. The beam was weakly focused onto the
BaF, sample giving intensities in the range of 10-100 GW/cm? . The fluorescence was

imaged onto a prism spectrograph which has a 50 um wide slit, giving a resolution of 0.2

nm. The spectrum was recorded on a Kodak 103 photographic plate which was sensitive
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from 200 - 500 nm. The exposed plate was scanned with a scanning microdensitometer
and processed to give a corrected spectrum after all the response functions were taken
into account. A typical spectrum is shown in Fig. 1. It is similar to those obtained before
"81L12 1t has a peak around 290 nm and has a long tail reaching up to 450 nm into the

visible region.

In order to use the autocorrelation technique from the visible spectra around 400
nm, the square law of fluorescence yield against the incident laser intensity on the sample
was verified. The most recent published references ® have checked the square law
dependence for wavelengths from 290 nm to 370 nm. The present experiment checked the
whole spectral range up to 440 nm. Similar results were obtained for spectra below 370
nm as reported previously. The measured fluorescence yield at 400 nm is plotted in Fig. 2
as a function of laser intensity. In this case a bandwidth of 5 nm was used to increase the
detection efficiency. It can be seen that a slope of 1.98 £ 0.05 is obtained which is nearly 2.

Thus, the square law is well satisfied around 400 nm for intensities below 100 GW/cm?.

A single shot autocorrelator using the visible fluorescence at 400 nm was
constructed with a triangular configuration as shown in Fig. 4-3. The laser beam was
gently focused before being split into two beams of equal intensity. The two beams were
steered to collide collinearly inside a BaF, crystal, resulting in an autocorrelation trace.
The trace was imaged using a visible {/1.8 camera lens with a filter of 5 nm bandwidth at a
central wavelength of 400 nm onto an optical multichannel analyzer (OMA. ) and the

resultant trace displayed on an oscilloscope. A typical trace is shown in Fig. 4-4. It

50



corresponds to a pulse width of 850 fs assuming a Gaussian pulse shape profile. The
shoulder part of the trace reflects the total length of the crystal and thus gives an absolute
calibration of the pulse length. The time resolution of the system is mainly limited by the
imaging system. The present system has a resolution corresponding to a pulse width of
100 fs. With a higher magnification imaging system, less than 50 fs resolution should be

obtainable.

4.2 Two photon absorption coefficient in BaF;

The nonlinear absorption coefficient of BaF, is an important parameter in studying
two photon absorption phenomena. With the square law of the two photon fluorescence, a
novel method using the fluorescence intensity was employed to measure the two-photon
absorption coefficient in BaF,. It used the same setup as shown in Fig. 3 for the
autocorrelation measurement except that only one beam was allowed to be incident on the
crystal while the other beam was blocked. A typical fluorescence trace is shown in Fig. §
for a laser beam incident from the left on the crystal. The horizontal direction is the
distance along the crystal and the vertical axis is the fluorescence yield. If a coordinate
system is chosen with an origin such that x=0 is at the left edge of the crystal and x=L at

the right edge of the crystal. With the above square law, we have the following relation

Ig(0%) = 11 (0%) (1)
IFL)=alf (L) @)
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where I;(0%) and Iz(L™) are the fluorescence intensities at just inside the left and right

edges of the crystal respectively. IL(0+) and I} (L7) are the laser intensities at just inside

the left and right edges of the crystal respectively and a is a constant. Thus we have

Ip (L7)/1L(0%) = Ir (L7)/1p (0%) ©)

The ratio of IF(L‘)/IF(O+)=0.49, which is obtained from the fluorescence

intensities in Fig. 5. Thus, I} (L™ )/ I, (07)=0.70. For an initial analysis, assume that the
pulse is spatially uniform, temporally flat-topped and that two photon absorption
dominates following the relation of dI/ dz = -BI° . For a sample of thickness L with

reflectivity R at each surface, the resultant ratio of the laser intensities inside the crystal is

L) _ 1
I (0+) 1+1,,(1- R)BL

C)

Where I, is the laser intensity incident on the crystal surface and B is the absorption

coefficient. Taking the appropriate parameters for the case shown in Fig. 5, with L =.509

mm, R=0.04, and ;=10 GW/cm® we obtain B=9x10'“ cm/W. If a more realistic
assumption is made that the incident beam has a Gaussian temporal profile given as
I(t) =1, exp(~t/t)? but is still spatially uniform, then the fluorescence intensity ratio is

given by integrating over the pulseshape:
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- 2
¢ 3 dx
IF(x=L')=_¢, 1+BL(1-R) Iy e” ©
Ip(x=0") i
J-e’z"z dx

Using the same parameters as above, this yields the absorption coefficient
B=11x1071% cm/W. This is 30% larger than that obtained using a flat-top pulse shape.

In the present setup, there was a systematic error due to the focusing of the beam where
the crystal was located 83.5 cm away from the focusing lens of 100 cm focal length. Using
geometric ray tracing, the beam area at X=L is reduced by 6%, thus yielding an increase of

the fluorescence yield at the exit face of 6%. Taking account of this correction by equation
(5), we have B =126x 107'%m/W . The other source of error of the measurement is

mainly from the uncertainty of the absolute input laser intensity Ii. In the present
experiment, the energy of the incident laser beam was monitored by a photodiode which
was calibrated against a Gentec calorimeter. The pulsewidth was measured as above and
the diameter calculated by geometric ray tracing. The estimated absolute uncertainty for

the absorption coefficient is 30 %. In terms of above best estimates, we have

B=13+04x10""%m/W which is in good agreement with the value reported by Taylor

etal. ® (B=11x10""%cm/W with an uncertainty of 50 %).

53



In conclusion the two photon fluorescence spectrum of BaF, crystal induced by
KrF laser pulses has been measured. The square law dependence of the fluorescence yield
is verified for the entire emission spectral range, particularly for the visible spectra around
400 nm. A single shot autocorrelator using the visible emission at 400 nm is successfully
implemented with a resolution of 100 fs for pulse width measurement and a method using
the two photon fluorescence intensity is employed to measure the two photon absorption

coefficient for BaF, at 248 nm.
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Fig. 4-1 Measured spectrum of two-photon excited fluorescence from BaF,,.
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Fig.4-4 Oscilloscope display of a measured autocorrelation trace. The measured full
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assuming a Gaussian pulse shape.
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Chapter §
Formation of Plasma Columns in Atmospheric Pressure Gases

by Picosecond KrF Laser

5.1. INTRODUCTION

In recent years there has been considerable interest in the process of multiphoton
ionization of gases with ultrashort laser pulses at high intensities . In particular, it
may be possible to achieve very high ionization states in a cold background plasma and
possibly achieve population inversion and gain in the XUV spectral region ' . A
multiphoton ionization pumped laser scheme has already been demonstrated at low
pressures in cadmium vapour producing output at 508nm '!. It has also been proposed
that very high intensities ~10 ® W cm 2 might be obtained using the process of
relativistic self focusing '>'%. The formation and stability of such self focussed channels

has not as yet been demonstrated experimentally.
In order to achieve significant gain length products for radiation in the XUV

range, plasmas with electron densities of n ~ 10 '° -10 %! and gain lengths of Ly =1 -

10 mm will be required '°. Such densities could be achieved in gaseous targets at pressures
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in the range of 1-10 atm which would be advantageous compared to solid targets for
high repetition rate operation. The achievement of the required high pump intensities, I
> 10 Wem 2, over a length Lo millimeters in a standard sideways irradiated line focus
geometry would require a pump laser power of P > 500 Ly GW assuming a 5 um focal
width. The energy absorbed from the pump beam traversing a Spum interaction region
for a gaseous target and resultant efficiency for such a line focus geometry would
probably be very small. Alternatively, using an optimum diffraction limited axial focal
geometry would require a pump laser power of P > 124 L., GW to achieve an
intensity of I > 10 '® Wem 2 over a length of Lo, for a wavelength of 248nm. However,
diffraction limited propagation over a length of a few millimeters will be very difficult to
achieve due to refraction as has been calculated numerically ** and as will be shown
below. The ideal pump scheme would be to focus the pump radiation into the end of a
narrow lightguide which would maintain the pump intensity over a long gain length. In
such a case a pump power of P > 2 GW would suffice to achieve I > 10 '®* Wem over

absorption lengths of a few millimeters, again assuming a 5 u m focal spot. Clearly there

is a significant advantage in pump efficiency for such a scheme if it could be achieved.

For gaseous target species one could create a plasma guiding channel of small
transverse dimensions using multiphoton ionization by a precursor laser pulse in a line
focus geometry or a larger diameter channel using an axial focal geometry. The
subsequent radial expansion of the hot plasma will leave a lower gas density in the hot

center and higher gas density on the walls. If this partially ionized density profile is
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further ionized through multiphoton ionization using a high intensity subpicosecond
pulse the electron density profile will have a minimum density on axis giving a refractive
index guiding channel similar to a light fiber. Generally a much lower intensity would be
required for a precursor pulse to form such a channel so that the efficiency of absorption
would not be a major concern. In order to explore some of the issues involved in the
creation of such plasma columns and the refraction of light by a multiphoton ionized
plasma we report here experimental investigations of the case of axial focussing using

a large f/number lens.

In particular, the present paper describes experiments to investigate the breakdown
of gas with high intensity short duration uv laser pulses in order to form plasma columns
in gases at close to atmospheric pressure . The primary diagnostics used were energy
balance measurements, time resolved shadowgraphic imaging of the plasma, time
integrated images of plasma self emission and measurements of scattering of the
transmitted radiation. Argon and helium were investigated because of the availability of
data on multiphoton ionization of these gases and air was studied as an example of a
more complex molecular gas system. The conditions required for XUV multiphoton
ionization pumped recombination lasers generally require densities of 10 '°-10 ' cm .
These conditions are much different than the low pressure collisionless regime in which
multiphoton ionization has recently been studied. It was expected that breakdown would
be initiated by multiphoton ionization and given sufficient time would subsequently

16-17

avalanche by collisional ionization . At the same time the initial plasma electron
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density would form a refractive index gradient which would deflect the light from its
original focal point. The present investigation was designed to study the interaction of
these various processes and their effect on the formation of long plasma columns which

would subsequently expand into plasma channels.

The rest of this paper is organized as follows: Section 2 deals with the details of
the experimental system for plasma production, shadowgraphy and energy balance
measurements, Section 3 presents the experimental results, Section 4 discusses the

results and Section 5 presents some conclusions.

5.2. EXPERIMENTAL DETAILS

A schematic diagram of the experimental setup is shown in Fig. 5-1. There are two
laser beams going into the target chamber, the main UV laser beam and a low energy
green probe beam. The UV laser pulse was focused by a triplet lens to breakdown the
gas inside the interaction chamber while the green probe beam was used to produce
shadowgrams of the plasma formed. The images of the shadowgrams were recorded
using a video digitizer and stored in a computer. The energies of the UV beam before
and after the focal point were monitored by using two cross calibrated calorimeters, C1
and C2, respectively. The ultrashort, high intensity KrF laser system has been described

18

in detail elsewhere = . However, for the present experiment the front end dye laser

pulses have been further shortened with the addition of a short cavity dye laser and a
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" to produce uv pulses with energies up to S0 mJ and

distributed feedback laser
durations of around 6 ps. In order to ensure a uniform input beam and a well defined
interaction geometry, the main UV pulse used in the present experiments was limited to
12 mm in diameter by an aperture, Al, in front of the entrance window of the chamber.

The focusing optic was an aberration-corrected triplet lens with a focal length of 125

mm. The measured divergence of the laser beam was 60 prad which gave a focal spot

diameter of 8 pum.

The input UV beam energy was monitored by measuring the reflection from the
tilted entrance window of the chamber using calorimeter C1. Since the laser beam was
not diffraction limited the focal spot size could be calculated by means of a ray trace
code assuming a uniform input beam with a Gaussian spread of starting ray angles with a

divergence of 60 prad (FWHM). From these calculations, the peak intensity at the

focal point was 1.2 x 10 '* W/cm? for an input energy of 5 mJ. A second detector, C2,
was located inside the chamber to record the energy transmitted through the breakdown
plasma. The calorimeter had a collection cone angle of f/3 and thus collected both
transmitted and scattered radiation. When the chamber was evacuated the calorimeter
C2 was cross calibrated over the full experimental intensity range with the input energy
monitor C1. At high intensities two-photon absorption in the entrance window and
triplet lens was observed and included in the intensity dependent cross calibration factor.
In order to achieve the high measurement accuracy required to determine the absorption

in the breakdown plasma the calorimeter C2 was also calibrated and corrected for its
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slightly different response in vacuum and each gas due to cooling of its surface. Another
aperture, A2, could be placed 12.5 cm beyond the focal point in front of C2. The
diameter of the aperture was the same as that of the input laser beam in order to let the
beam through without being stopped when the chamber was evacuated. By taking
measurements with and without the aperture in place, the fraction of laser radiation
scattered outside the original beam diameter was measured. The distribution of scattered
radiation at the aperture position was also measured by recording images on UV

sensitive paper.

To identify any energy backscattered towards the laser system, a sensitive
fluorescent plate was placed in a position to observe the reflection of the backscattered
pulse from the target chamber entrance window. While reflected radiation from the
antireflection coated focussing lens could be observed on this screen no indication of
backscattered light from the breakdown plasma was observed. From the known visual
sensitivity of the fluorescent plate it was estimated that any backscattering light, if

present, was less than 1% of the incident laser energy.

To characterize the plasma channel, a green probe pulse was used to illuminate it
from the side to produce shadowgrams. The 6 ps duration green probe pulse was
obtained from the dye laser front end of the UV laser system and was, therefore,
perfectly synchronized with the UV pulse. By varying the delay time of the probe pulse,

one could observe the formation and evolution of the plasma channel. To obtain a high
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enough intensity to exceed the emission from the breakdown plasma a weak focusing
lens of 1m focal length was used to demagnify the 1 cm diameter probe laser beam

through the target plasma.

The resultant shadowgrams of the plasma channels were imaged onto a video
digitizer system via a 10 x microscope objective. A shadowgraphic image was obtained

by imaging a point 200-500 pm past the plasma column onto the vidicon. Thus the

pattern of light after it had been deflected by refractive index gradients in the plasma was
observed. The resultant video signals were processed by a computer and stored on disk.
A narrow band filter with peak transmission at 497 nm, the wavelength of the green
probe pulse, was placed in front of the video digitizer to block most of the plasma
emission and background scattered light. In addition, in separate experiments, the
plasma emission itself and lower resolution shadowgrams were observed using a SO0 mm
focal length f/16 camera lens imaging onto the same vidicon. The magnifications of
both camera lens and microscope objective were calibrated against a standard
microscope scale located at the position of the breakdown plasma. The resolution of the
imaging system was also tested using a resolution test chart indicating a resolution of

~10pum for the microscope objective in the shadowgraphic mode.

The target chamber could be evacuated down to 1 x 10 * Torr. It was evacuated

and flushed twice every time when filling the gas of interest. In the present experiment,
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argon and helium were studied at a pressure of 500 Torr while air was investigated at

full atmospheric pressure.

5.3. EXPERIMENTAL RESULTS

5.3.1 Breakdown Thresholds

The breakdown threshold is one of the first parameters of interest in characterizing
the formation of plasma in gas targets. There are two possible mechanisms for

d "*': multiphoton ionization (MPI) and cascade ionization by

breakdown to procee
electron collisions. For MPI to occur a high intensity is generally required since the
electric fields in the laser beam at focus must be comparable to the atomic fields.
However, once the threshold is reached the ionization rate can become very high since it
is a very strong function of intensity. The electron density due to MPI will initially grow
linearly with time for a constant input laser intensity. At the same time the MPI process
for linearly polarized radiation produces little direct heating of the resultant plasma °.
However, electrons can also gain thermal energy via electron-ion collisions, that is
Inverse-Bremmstrahlung (IB) heating. The resultant energetic electrons can impact
ionize the gas, leading to cascade breakdown. In this process, lower laser intensities
over longer periods of time can form a fully ionized plasma with a relatively high

electron temperature. The IB heating and cascade ionization processes require an initial

source of electrons which for small focal volumes would probably be generated by MPI.
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Thus in collisional plasmas heated by short pulses, it is expected that the threshold
intensity will be determined by MPI to produce a starting electron density and the
subsequent rate of ionization and heating will depend on a combination of the above

processes.

The threshold intensity for breakdown in a collisional plasma is usually defined
experimentally as that required in order to observe a faint spark at the focal point by
human eye. Our experimentally observed threshold intensities determined by this

criteria are given in Table 5-1.

For comparison, theoretical predictions ** and previous pure MPI results from
collisionless gases are also presented in the same table for an ionization rate of W = 2
x10 °s . In the present experiment, pressures of 500 Torr for argon and helium were
used while for air 700 Torr was used. The earlier collisionless MPI results of Gibson et
al * were obtained at pressures of less than 10 * Torr. It is seen that the present results
show a threshold in agreement with that predicted by MPI ? but lower than the
collisionless MPI results of Gibson et al. The ionization rate chosen, W = 2 x10 ° s |
would produce only a small fractional ionization to initiate the breakdown as will be

discussed below.
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Table 5-1

Breakdown thresholds for argon, air, and helium. (Intensities in units of Wem™, hv =50 eV)

Final Present Keldysh Gibson et al.
species experiment MPI theory* 500 fs KrF ®
Ar™ (15.8eV) 4+2x10"3 2.9 x 1013 13 x 101
Ar " (27.6 eV) 2.1x 10" 53x10'
Ar " (40.9 eV) 1x 10" 12 x 10'*
Ar™*(59.8 eV) 32x10' 2.0x 10!
He ™' (24.6 eV) 4+1x10M 17 x 10 40x 10"
He "' (54.4 eV) 24x10' 35x 10!
Air 8+3x10" - -

“ eqn. 1 of ref. 20, calculated at an ionization rate of W = 2x10 ° s (note: eqn.17 of
ref. 3 for these same rates contains a typographical error)
® Ref. 5, measured at an ionization rate of W = 2x10 ° s ! (note: in ref.5 the intensities

given were found by multiplying the "average" intensities by 3.67).

5.3.2. Absorption and Scattering

The energy absorption and scattering were measured by detectors C1 and C2.

These results are shown in Fig. 5-2(a) for argon and air and Fig. 5-2(b) for helium.

70



Without the aperture A2 in place it can be seen that both air and argon absorb up to 13
% of the input laser energy. The fractional absorption peaks at an input energy of 3mJ
and then falls off as the energy further increases. With the aperture A2 in place, the
measurements gave the sum of radiation lost due to scattering and absorption. The
scattering of the laser beam alone can be obtained by the difference of the two curves. It

appears that air scatters more light than argon which in turn scatters more than helium.

The larger error bars for the scatter plus absorption measurement result from the
larger shot to shot variation in the measured data. This indicates that the scattering
process was varying somewhat more from shot to shot than the total integrated
absorption. The scattering patterns were also recorded on UV sensitive paper at the
position of A2. The vacuum beam profile and typical scattered radiation pattern for
argon gas are shown in Fig. 5-3. It was observed that the scattered radiation was not
evenly distributed with respect to the unperturbed beam with a detailed pattern which
changes from shot to shot. For argon and air the light was deflected by approximately 32
mrad outside of the original cone angle. For helium the scattered light was deflected by
approximately 7 mrad. As discussed below, the scattering is expected to be due to the

refraction of the laser beam traversing the breakdown plasma.

5.3.3. Axial Behavior

Shadowgrams of the resultant plasma columns were taken by using the picosecond
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green probe pulse and a microscope objective imaging lens. They were taken at a variety
of input laser energies from 1 to 10 mJ and over a variety of times from 0.04 to 4.0 ns.
Typical shadowgrams of the argon plasma at various energies and times after breakdown
are shown in Fig. 5-4. Each picture only shows part of the plasma column since the field
of view is only 330 um long. In order that a whole picture of plasma channel expansion
can be seen, three shadowgrams taken along the length of the plasma column are
combined and plotted together to give a composite picture, as shown in Fig. 5-5. Each
curve was taken as an average of a number of shots taken at an input energy of
3.3£0.4 m]J at the times of 0.5, 2.0 and 3.9 ns after breakdown. Direct plasma emission
profiles were also recorded and the edge of emission volume for the same input laser
energy of 3.3 mJ was slightly larger but corresponded approximately with the latest time
shadowgram. To see the relation between the resultant plasma position and the original
intensity distribution in the focal volume, isointensity contours calculated from the ray
trace code are also overlaid on the diagram. The position of the geometric focal point, z

= Oum, was determined to an accuracy of + 50 um from the center of the

shadographic and plasma emission images at the limit of very low input intensities.

A shadowgram of a plasma column in helium is shown in Fig. 5-6 for an input
energy of 7.3 mJ at a time of 90 ps after breakdown. The width of the plasma column

ranges from 15um in the middle to 20 um at each end in this case. The helium plasma

appears to expand and dissipate more quickly than the argon or air breakdown plasmas
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and distinct shadograms of the helium plasma could only be obtained over the time

interval of 0-200 ps.

A shift in the breakdown plasma from the focal point towards the focusing lens is
expected at intensities well above threshold. With the £/16 50 mm focal length imaging
lens, it was possible to record the shadowgrams of the entire plasma columns at a time
of 0.7 ns on a single shot basis. The resulting positions of the front, middle (thickest
region) and back of the argon plasma column are shown in Fig. 5-7. Again, time
integrated direct images of plasma emission corresponded approximately with the
shadowgram positions. From the figure, it is clear that plasma column length initially
increases rapidly with input intensity, reaching a length of ~ 830 um at 3 mJ input and
increases more slowly thereafter. More importantly, the whole channel moves forward
towards the incident laser beam, with the front edge being shifted dramatically.
Assuming a constant breakdown threshold intensity, in the geometric optic limit the
leading edge of the plasma is expected to shift forward proportional to the square root
of the energy. A least square fit of such a curve to the leading edge of the plasma is
shown in Fig. 5-7 (open circles). The threshold intensity corresponding to this curve is

20x10¥Wem 2

Both the scattering of radiation and shift in plasma position are related to the
refraction of the incident laser beam in the electron density profile of the plasma as

shown in Fig. 5-8. The higher electron density, n. , in the plasma column initially leads to
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a reduced refractive index, n, , on axis which will deflect the incident light rays
outwards. Thus, at the geometric focal point the rays will already be diverging and

intensity reduced from its vacuum value.

5.3.4. Radial Expansion

Upon the absorption of laser energy, the plasma channel heats rapidly and then
expands outwards, resulting in a cylindrical shock wave. The shadowgrams measured at
0.5 ns, 2.0 ns and 3.9 ns delay time relative to the creation of the plasma give the rate of
radial expansion. Two axial positions were measured with the first position at the
geometric focal point and the second position at the point 300 um towards the lens
from the geometric focal point. The second position corresponded approximately to the
thickest part of the plasma. The measured radius versus delay time for the two positions

are shown in Fig. 5-9. The radial hydrodynamics will be discussed in next section.

5.4. DISCUSSION

5.4.1. Breakdown, Ionization and Heating

The breakdown of the gas begins with the generation of initial seed electrons. For

very small focal volumes as in the present experiment the probability of initial free

electrons in the gas is negligible and thus the initial electrons must be created by MPI.
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The Keldysh parameter  y =(x; /2dpy) . where x; is the ionization energy and

¢pp is the ponderomotive potential, is usually used to distinguish the region of pure

multiphoton ionization, y>>1, and tunnel ionization, y<<l. The ponderomotive
potential is defined as ¢ppy = (ezE2 / 4meco2) ) where E is the peak electric field, o is

the radial frequency of the radiation, and e and m are the charge and mass of the
electron. For our range of intensities from 3x10 ® W cem™? to 2x10 ¥ Wem 2 v ranges
from 6.8 to 0.8 for single ionization of argon. However, for lower intensities around the
breakdown threshold y is significantly greater than 1 which is the range of pure

multiphoton ionization.

The experimental thresholds for breakdown were determined by reducing the laser
pulse energy until a spark was just barely visible and are listed in Table I. If we define
the ionization rate used to define threshold as 2x10 ° s ! as in reference 5 the values
which we have observed for argon and helium are in agreement with the predictions for
pure MPI according to the theory of Keldysh *, given our experimental uncertainty.
For our 6ps pulse the ionization rate of 2 x 10 ° s ™! would give a fractional ionization of
0.012 resulting in an electron density of of 2.0 x 10 ' cm  at the predicted threshold
intensities. At intensities of 3 times above these threshold intensities the calculated

ionization rates *° for MPI at focus should approach 100% for both argon and helium.
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A second measurement of the threshold intensity is found by taking the intensity at
the leading edge of the breakdown plasma region towards the lens. From the
shadowgram taken at 0.5 ns in Fig. 5-5 and from Fig. 5-7 we see that the leading edge
of the argon plasma occurs at a point where the intensity is approximately 2x10 * W cm
2 which is lower than the value of 4x10 '* W cm™ observed at the focal point. The lower
intensities observed from the leading edge of the plasma column may be due in part to
additional ionization of the gas by VUV emission from the main breakdown region

which would assist MPI in creating seed electrons for breakdown.

Our measured threshold intensities are a factor of two to three times lower than
those measured with 500fs KrF laser pulses in low density collisionless gases by Gibson
et al °. In their results the peak intensity was calculated by scaling the average intensity
by a factor of 3.67. However, there was no discussion of how the average intensity was
measured. In the present results the intensities given are the peak values in space and
time. These are calculated assuming a gaussian pulse shape in time, using the measured
beam divergence together with a ray trace calculation of the beam propagation through
the lens system. The comparison of our data with that of Gibson might indicate a
pressure dependence of the breakdown threshold. However, at threshold intensities, for
a 6 ps pulse at a pressure of 500 Torr we do not expect any appreciable amount of
collisional ionization as discussed below in detail. Thus, in our experiment the ionization
should be dominated by MPI at threshold and the breakdown threshold should be

independent of pressure. The difference in our results and those of Gibson et al. may
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only be a result of the large uncertainty in the measurement of intensity and differing
experimental conditions. At higher pressures and for long nanosecond pulses
collisional ionization becomes significant, and the breakdown threshold can decrease

with pressure as observed in previous studies >,

After the creation of a fractional ionization density by MPI the plasma will start to
absorb energy directly from the laser beam via IB absorption and as the electrons are
further heated they would have sufficient energy to collisionally ionize other atoms and

ions. The IB absorption coefficient is given by

oy 18X 10° ZnZ_ InA

2 1372
v TeV

[em™] 5.1

where Z is the charge of the ions, n.., is the electron density in cm™ , v is the laser
frequency in Hz, T,y is the electron temperature in eV and InA is the Coulomb
logarithm. The rate of heating of a single electron is thus given by

dE ol 33x107%Zn__ InAl eV
a- = T = T3/2 = = (—) (52)
eV ps

e
where )4 is the intensity in units of 10 " W/cm® Assuming constant values for
intensity, electron density, and Coulomb logarithm and an initial temperature of T,
equation (5.2) can be integrated to give the electron temperature as a function of time,
tps in picoseconds, yielding

TP =83x1078 Zn g InAT, t,, + T2 eV¥? (53)
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For our conditions using linearly polarized light the electrons created by MPI will have a
temperature of approximately 1/10 of the ionization potential ? and thus, we can take an
initial electron temperature of T, = 2eV . Therefore, for an initial electron density of 2.0
x 10 " cm™ | assuming InA = 3 we would predict a final temperature at an intensity of
5x10 ® Wcm™ given by eqn. (3) of 3.4 eV. Thus, close to the threshold intensity
conditions for our 6ps laser pulse little IB heating is expected. However, well above
threshold at an intensity of 2x10 ' Wem 2 and a fully ionized density of 1.65x10 ' ¢cm™
we would expect a final temperature of 30 eV and thus very substantial IB heating is

expected.

Once IB heating becomes significant it is possible for the collisional ionization rate
to exceed the MPI ionization rate. Using the collisional-radiative model, the collisional

ionization coefficient is on the order of ¥

_9x10° ¢ T exp(—xevz [ Tev) cm3 s~ (54)
(488+ Ty / Xev) X2y

where ¢ is the number of electrons in the outer shell and .y is the ionization potential.

The resultant time required to achieve the next ionization level is
Tioniz = 1/S N s (55)

For single ionization of argon for which x.y = 15.8 eV and ¢ = 8, we obtain

S=1.0x10 ® cm * s ! at a temperature of 3.4eV. This leads to an ionization time oft =35

ns at a density of 2 x 10 '7 . Thus, very slow ionization is expected at the breakdown

threshold plasma conditions and the ionization should be dominated by MPI at
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threshold. If one considers an intensity well above threshold for argon of 2 x 10 ' W/cm
2 then full ionization of the plasma to the singly ionized state from MPI is expected 2 (

! for double ionization

W = 3x10 2 s™! for single ionization of argon and W = 2x10 ¥ s
of argon ) . Using equation (3) to calculate the final plasma temperature gives T.y = 30
eV. At a temperature of 30 eV (15 eV) the time required to collisionally ionize the
singly ionized plasma to doubly ionized plasma from equation (5) is 2.0 ps (6.5 ps), from
doubly ionized to triply ionized state is 3.7 ps (19 ps) and from triply to quadruply
ionized is 12 ps (114 ps). Thus well above breakdown threshold it is expected that MPI
will rapidly form a singly ionized plasma which subsequently will be heated by IB
absorption and further ionized by collisional ionization. This process will be slowed
down by the fact that the energy taken from the electrons for each ionization step is
greater than the thermal energy per electron and thus the plasma will cool significantly
and the ionization rate will drop in a self regulating fashion as ionization proceeds. Thus

for a plasma of electron temperature around 20-30eV an ionization state between triply

and quadruply ionized would be expected within the 6ps pulse duration.

The plasma temperature can be estimated by equating the measured fractional
absorption to the IB absorption for a fully ionized plasma with a length of 800 um as
measured from the shadowgraphy. The peak measured absorption for argon was 13%
which would require electron temperatures of 2 eV, 8 eV, 18 eV and 32 eV for singly,

doubly, triply or quadruply ionized argon plasma. These temperatures are lower than

79



those estimated from simple IB heating rates given earlier but would be consistent with

the fact that the ionization process itself will absorb energy from the heating plasma.

The electron temperature can also be estimated from the absorbed energy density.
Considering the case of the plasma created by a 3.3mJ laser pulse as shown in Fig.5-5 ,
the total ionized volume is 5 x 10 7 cm™ which if quadruply ionized with an internal
energy equal to 13% of the incident energy, given by the measured absorption, would
result in a plasma temperature of 45 eV. If one takes into account radiation of energy

“ a lower temperature would be expected. For

from collisional excitation of Ar *
example, if half of the internal energy of ionization (144 eV per ion) is radiated away in

6ps then the temperature would be 27 eV.

Thus from the absorbed energy balance, IB absorption length and ionization time
scales the argon plasma appears to ionized to close to Ar ** with a temperature of
~30eV. This is a higher ionization state than could be achieved from MPI directly for
I=1x10 "> Wem™ It is interesting to note that a similar ionization state of ~3 and an
absorption of less than 20% has been reported for 760 Torr argon plasmas heated by

10ns, 40mJ pulses at a wavelength of 0.694 um . Thus the self-regulating nature of IB

heating and cascade ionization appears to extend over a wide pulselength and

wavelength regime.
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5.4.2. Refraction

Once a plasma has been formed the incident laser light will be deflected by the
refractive index gradients set up by the electron density. As shown in Fig. 5-8, there is
an initial electron density with a maximum on axis giving rise to an electron density
gradient towards the middle of the column. This will lead to a reduction of the index of
refraction on axis which will act like a defocussing lens and deflect the incoming optical
rays outwards from their original path. If the path of the ray is known then the

integrated deflection angle, 0, can be calculated by the relation
d

6=—/n dz (5.6)
dy

where n, is the refractive index. The refractive index gradient can be estimated from
the peak electron density, n. , and the radius of the initial plasma column, R, giving

dn/dy ~ n_/(2Rn_), where n_ = @’m_/4 7€, is the critical density.

In helium the plasma lengths observed from optical emission ranged from 400 to

600 um for energies of 6 to 8mJ. A few early time shadowgrams in this energy range
agree with these lengths indicating a plasma longer than the 330um field of view, as
shown in Fig. 5-6. Thus, for helium, using L=400-600 um, R=8 pm and n = 1.65x10

cm  a deflection angle of 23-34 mrad would be expected. The observed deflection

angle of 7 mrad is smaller than the above value. However, this would be reasonable
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because most of the rays do not travel through the maximum density gradient region for

the full length of the plasma.

In the case of argon, L = 850 um and R = 16 um as seen from Fig. 5-5. If the
plasma is singly ionized then no = 1.65x10 ' cm * and a maximum deflection of 24
mrad would be expected. This is less than the measured maximum deflection of 32 mrad
for argon. As observed for helium most of the rays would generally not pass through the
maximum density gradient region for the full length of the plasma and the observed
deflection angle should be considerably smaller than the value calculated above. This
expectation is in good agreement with the higher ionization stage deduced from
absorption as discussed above. Long pulse measurements of scattered light from an
argon plasma have previously indicated self focussing of radiation in argon *. However,
our pulse is so short that only the electronic process should contribute (as opposed to
slower electrostrictive and thermal contributions) which for our conditions is estimated
to give only a small self focussing effect. In addition, the scattering angle observed here
is much smaller than reported in reference 28 and is entirely consistent with the expected

electron density gradients for multiply ionized argon.

Because refraction would deflect the incoming light rays from their original path
the peak intensity achieved at high input energies will be considerably less than the peak
focal spot intensities in vacuum. Thus the peak ionization states which could be achieved

directly by multiphoton ionization would also be limited by refraction to lower ionization
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states depending on the density of the target atoms. A more quantitative theoretical
analysis of the breakdown and refraction problem would require numerical simulations

of the interaction processes.

5.4.3. Blast Wave

After the ionization and heating of the plasma column the heated plasma region
will expand radially. The initial energy deposition is virtually instantaneous on the much
slower nanosecond time scale of the gas expansion. If the energy were deposited along
the z-axis in a region of zero radial dimension then the situation would correspond to
that of a cylindrical blast wave in a gas which has a self similar solution described in
reference 29. This solution gives the expected profiles of density, pressure and
temperature. A cylindrical density column is formed with high density walls and a low
density high temperature region on axis. Such a description would be consistent with the
shadowgrams observed in the time interval of 2-4ns for which the center of the plasma
column is transparent, as can be seen in Fig. 4 (b-c). If uniformly ionized, this hollow
density profile would form a refractive guiding channel for subpicosecond high intensity
pulses injected on axis. The radial size of the cylindrical shock wave given by the self

similar solution is %
R =A(E, /py)"* t'? (5.7)
where A is a constant approximately equal to unity, E; is the energy deposited per unit

length, p, is the mass density, and t is the time since the release of the energy on axis.
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In our present case the energy is released over a radial volume and thus it takes some
time for the density and pressure profiles to evolve towards the ideal blast wave result.
As can be seen from Fig. 5-9 at an input energy of 3.3mJ during the period of time from
2.0 to 3.9 ns after the laser pulse it appears that the plasma column expands
approximately proportional to t'> as expected for an ideal blast wave. Given the
measured radius of R =41.5 um at 3.9 ns the energy deposited per unit length into the
expanding shock wave wave is ~205 uJ /mm. At the same time the average absorbed
energy is ~505 pJ /mm assuming an absorption length of 850 um. However, integrating
the blast wave energy over the full plasma profile from the 3.9 ns shadogram in Fig. 5
gives a total energy of 84 pJ compared to an absorbed energy of 430 pJ . Thus, only
20-40% of the absorbed energy has shown up in the hydrodynamic motion of the heated
gas. This difference is not unreasonable given that a large fraction of the absorbed
energy is lost as line radiation from the recombining ions and part of the energy will still
be locked up in ionized and excited metastable states of the argon atom. Since the
present plasma has low temperature, the supersonic heat wave model for hot plasma

produced by the nanosecond CO- laser ** does not apply here.

5.5 Conclusions

The present experiments have shown that by using axial focussing with f/10 optics

it is possible to form plasma columns with a radius of ~25um and length of 900 pum in

argon and a radius of ~10pm and length of 400 um in helium. The breakdown
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thresholds observed are in agreement with those expected for multiphoton ionization
while the energy absorption indicates Inverse Bremsstrahlung and collisional ionization
are important in subsequent heating and ionization of the plasma. Even so, the integrated
absorption over a millimeter length plasma in argon or air is on the order of 10%
indicating ionization and heating of several millimeters of plasma at the given pump
intensities should be possible. The limiting factor in the present experiment appears to be
refraction of the pump radiation in the electron density gradient formed by the

breakdown process itself.

The radial expansion observed in the time period of 2 to 4 ns after breakdown is
consistent with a cylindrical blast wave in the gas with approximately 30% of the
absorbed energy in the hydrodynamic motion of the gas. The resulting hollow density
profile when fully ionized would have a maximum refractive index on axis which may be
suitable for use as a light guide for propagating high intensity subpicosecond pulses over

long plasma lengths.
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Fig. 5-1 Schematic diagram of experimental layout
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Fig. 5—2 Fractional energy loss of the laser beam in the plasma

columns: (a) absorption in argon ([]) and air (W )
and combined absorption and scattering in argon ( < )
and air ( ¢ ); (b) absorption in helium ( | ) and
combined absorption and scattering in helium ( ¢ ).
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(b) recorded

iation in argon

Fig. 5-3 Beam profile in vacuum (a) and scattered rad

..

on UV sensitive paper at the position of calorimeter C2 for 5 shots at an

average energy of E;;=5.0 mJ.
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Fig. 5—5 Outlines of the argon plasma at times of
0.5 ns, 2 ns and 3.9 ns (solid lines from
inside to outside respectively) for an input
energy of 3.3 mJ. Also shown are
isointensity contours at levels of 2%, 3%,
5%, 107%, and 507% of peak intensity
( doshed lines from outside to inside ).
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Fig. 5-6 Shadowgram of the breakdown plasma in helium for an input energy of

7.3 mJ at a probe time of 90 ps. The geometric focal point is 100 um in

from the right hand edge of the image.
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Fig. 5—7 Motion of the plasma column as a function of
input energy determined from shadowgrams
taken at 0.7 ns. Marked are the front edge
( O )(closest to the focussing lens), middle
point ( @ )(thickest part of the plasma), and
back edge ( N/ ). The solid line through the
open circles is a least—squares fit to the data
proportional to EV? corresponding to a constant
breakdown threshold intensity. The other solid
lines are visual fits to the data.
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Fig. 5-8 Schematic diagram of refraction from a plasma column

of length L. The electron denisty, ng , and refractive

index, n, , profiles are also shown across the plasma
column.
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Fig. 5=9 Radius of the evolving argon plasma for an incident

laser energy of 3.3 mJ ot times of 0.5, 2.0, and
3.9 ns at two axial positions: at the geometric focal
position (4 ) and 300 u m towards the laser
from the geometric focal point ( i ).
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Chapter 6
Density Measurements of a High Density Pulsed Gas Jet

for Laser Plasma Interaction Studies

The study of multiphoton ionization and X-ray lasers has generated new interest in
using pulsed gas jet targets at high pressures, at and above one atmosphere, in laser
plasma interaction experiments. The great advantage of a gas jet target, once ionized by
the laser pulse, is to provide a uniform plasma medium at densities in the range of 10'"-
10%° cm™. At the same time the limited spatial extent of the gas jet prevents breakdown of
background gas at some distance on front of the high intensity focal region which could
lead to beam refraction and self-focusing. These effects limit the ability to achieve very

high intensities in a controlled manner in high pressure static gas cells.

Such targets would be ideal for multiphoton ionization pumped recombination
XUV and X-ray lasers 2 where ion densities on the order of 1019 to 102! cm-3 are
required. The gas jet target permits the excitation of a large volume of uniform gain
medium which will be necessary in order to obtain operational coherent radiation sources.
In order to provide adequate gain on the desired transitions, the gas density in the jet must
be high enough to facilitate rapid recombination leading to large population inversions.
Moreover, long interaction lengths are required in order to measure gain for proposed

XUV lasers necessitating a high density gas target of the order of a millimeter or more in

" Published as Y. M. Liand R. Fedosejevs, Meas. Sci. Technol. 5, 1197(1994).

96



size. In these cases it also is important that the interaction region be above the gas nozzle
with the incident laser beam passing transversely across the gas jet, such that the emission
from the ends and sides of the interaction region can be viewed by diagnostics.
Furthermore, the gas jet target provides good background conditions for the XUV and X-
ray diagnostics which require a vacuum outside of the target region to prevent absorption
of the emitted radiation prior to reaching the diagnostic instrumentation. Such absorption

would occur if a static fill of gas was used for the target instead.

Not only is it important to achieve a high starting density for XUV laser studies, it
is also necessary to know the spatial density profile in the region of interaction. There is
no simple analytic theory which can predict the detailed three dimensional free expansion
flow from a high pressure nozzle into vacuum. Thus, it is important to have experimental
measurements of the detailed density profile for such gas jets. In the future it may be
possible to compare these measurements with numerical calculations of the gas flow in

such systems.

Previous work on gas jet sources has focused primarily on supersonic jets for
molecular beam and cluster research where the high pressure gas expands and cools with a
tapered expansion nozzle to form a supersonic low density flow region extending from
within the nozzle to far away from the nozzle tip ** . For XUV laser experiments it is
important that the high density flow region be outside the nozzle itself so that the laser
beam can pass through freely and diagnostics can view the interaction from various
directions. This requirement dictates that simple free expansion from a high pressure
nozzle be employed for our gas targets. In the past °, such a nozzle has been employed
for inertial confinement fusion research to achieve long scale length plasmas where the
laser was fired directly into the nozzle, which again is different than our required

geometry. In their work only the axial density profile has been measured whereas in our
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geometry it is important to know the transverse density profile at various times throughout
the duration of the gas pulse. Also, the jet used in these previous studies has a small
opening less than 170 xm in diameter. As mentioned previously, we require an interaction
length of the order of a millimeter. Thus, in this work a jet with a large nozzle opening of

1 mm in diameter has been developed and characterized.

A single shot interferometric method has been applied to determine the 3-
dimensional density profile of the high density gas jet by taking interferograms of the gas
jet and deconvolving the interferograms using Abel inversion '° . The evolution of the
density profile was measured by taking interferograms at various times through the gas
flow. Data were obtained for N2 and He at different reservoir filling pressures. The
experiment shows that such an interferometer can be used as a convenient and permanent
on-line diagnostics for gas density characterization in laser plasma interaction studies. The
jets developed in this work have been successfully used in laser plasma interaction

experiments both at this laboratory and Rutherford Appleton Laboratory .

In order to produce the required high density gas jets a fast high pressure solenoid

2 was employed. A brass nozzle tip was machined with an opening of 1 mm in

valve
diameter and a throat length of 1.8 mm, to fit the outlet port of the solenoid valve, as
shown in Fig. 6-1. The combined valve and nozzle assembly was rigidly mounted inside a
target chamber which could be evacuated to 102 Torr. One of the requirements for a
pulsed gas jet is to achieve a fast rise time to a steady state density with the minimum
release of gas into the target chamber. As described earlier, the buildup of background gas
in the target chamber would disturb the experimental diagnostics. In order to achieve this

goal, a pulse drive circuit was developed to deliver a 190 V pulse of ~ 5 ms duration to

the solenoid coil of the valve. The actual duration of the gas pulse is somewhat longer due
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to the mechanical response time of the solenoid and the reservoir volume within the

nozzle.

The density profile of the resultant gas jet was measured using a HeNe laser
interferometer shown in Fig.6-2a. The collimated laser beam with a diameter of 1 cm is
passed by the tip of gas jet nozzle. The tip is located at the edge of the laser beam
displaced to one side so that only half of the beam is distorted when the jet is puffed. Then
the beam is reflected at the front and back surfaces of a slightly wedged quartz plate. The
thickness of the plate and angle of reflection are chosen to shift one reflection by half a
beam width relative to the other reflection. Thus, the distorted portion of the reflected
beam from the front surface only overlaps the undistorted part of the beam reflected from
the back surface. The interference of the two beams gives rise to fringes outlining the gas
jet which are imaged onto a vidicon and digitized by a computer. The wedge angle of the
plate is chosen such that there are parallel background fringes covering the region of
interest when there is no gas present. By adjusting the imaging lens a magnified image of
the gas jet is formed on the vidicon giving the fringe shifts localized in the plane of the gas
jet. In the experiment the wedged quartz plate and imaging lens were also placed inside

the vacuum chamber while the laser and vidicon were located outside the chamber.

A typical interferogram is shown in Fig. 6-2b. The observed fringe shifts are due to
the increased optical path length of the rays propagating through the gas jet. The phase
shift is proportional to the difference in the refractive index of the gas from unity which in
turn is proportional to the gas density and thus the fringe shift on the interferogram is
directly related to the density profile of the gas jet. Assuming that the gas flow is
cylindrically symmetric around the axis of the gas jet , the interferogram can be

10

deconvolved by Abel inversion to give the spatial variation of refractive index , thus

yielding the gas density profiles. A grid of 40 radial points over a radius of 2 millimeters
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was used in the inversion process giving an effective resolution of 50 pm for the

calculated electron density profile.

In order to achieve a short sub-millisecond duration probe pulse, which is required
to freeze the motion of the gas flow, a simple high speed shutter was built. The shutter
consisted of a fast linear solenoid " with an optical beam block attached to its arm. The
beam block had a narrow, 0.5 mm, slit in it to act as a light gate. To achieve rapid and
clean switching of the transmitted beam the solenoid shutter was located at the focal plane
of the beam telescope used to expand the laser beam to 1 cm in diameter. The optical
system was aligned so that the light passed through the slit of the solenoid shutter when
the solenoid was in the mid range of its motion. By this means a probe pulse of 0.5 ms was
obtained which was adequate for the present experiment. It should be noted that in initial
experiments the shuttering was achieved by using a standard high speed camcorder with
172000 second option. This proved adequate for obtaining interferograms but the timing

could not be measured or controlled relative to the firing of the solenoid.

The interferograms were taken with the gas jet puffing into vacuum in a chamber
of ~ 226 1 in volume. To precisely determine the positions of undisturbed maxima and
minima of the background fringes, interferograms were taken every several shots
throughout the experimental measurements without the gas jet puffing. These background
fringes were digitized and used as the reference fringes in the analysis of the
interferograms. In this manner, any distortion or curvature in the probe beam wavefront
was automatically taken into account. In addition, the image of the nozzle tip was
recorded every shot in the non-overlapped portion of the beam together with the
interferogram so that the position of the shifted fringes could be accurately related to the
nozzle tip. The exact dimension of the interferogram was calibrated using the image of a

ruler scale which was placed just above the nozzle tip. The overall spatial resolution of the
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imaging system was 14 pum. At the higher pressures for nitrogen gas a dark region was
observed in the vicinity of the nozzle tip as can be seen in Fig. 6-2b. In these cases the
light passing within 100 to 200 pm of the nozzle was possibly refracted out of the
collection angle of the imaging optics, /7. This restricted measurement of the density
profile within 200 pum of the nozzle at the highest pressures of nitrogen gas. At reservoir

pressures of less than 800 psia fringes could be observed right up to the tip of the nozzle.

The risetime of the density of the gas jet was measured by varying the delay of the
probe light pulse relative to the triggering of the solenoid valve. Fig. 6-3. shows the
increase of fringe shifts observed close to the tip of the nozzle ( at ~ 0.2 mm outside the
nozzle ) from the beginning of opening the solenoid valve to about 25 ms later. In this
case, nitrogen gas at a reservoir pressure of 814 psia was used with the solenoid pulse
being adjusted to a width of 5 ms which was the same value used in the rest of the
measurements reported below. Since the fringe shift corresponds directly to the increase
of gas density, the plot gives the rise in the gas density as a function of time after
triggering the gas jet. Because of the mechanical time required for the solenoid valve to
open and close and the time it takes for the gas to empty out of the solenoid housing the
rise and fall times of the gas flow are significantly slower. It takes about 15 ms to reach
the maximum density and then the flow reaches a steady state density for approximately

10 ms. After 25 ms the density drops back to zero with a time scale of the order of 15 ms.

A typical spatial density profile taken at a time of 10 ms is shown in Fig. 6-4a. for
a reservoir pressure of 1514 psia of nitrogen. The Z-axis is the axial direction of the gas
jet. The jet has molecular densities of 5.5 x 10 20 cm=3, 4.7 x 10 20 cm=3, and 2.8 x 10 20
at Z=300 um , 400 um and 700 um , respectively. This is typically the density range of
interest for laser plasma interaction experiments. Down the jet at Z = 1 mm, the molecular

density decreases to 1.7 x 10 20 ¢cm=3. Further down the jet, the density decreases
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dramatically as the jet spreads out. Fig. 6-4b. shows the corresponding contour plot of
Fig. 6-4a. It can be seen that the jet is mainly confined within a 1 mm diameter cylindrical
column immediately above the nozzle tip. Also shown in Fig. 6-4b as dashed lines are the
full width at half peak density of the radial gas density profile as a function of distance

above the nozzle. It can be seen that at distances greater than 1 mm the jet spreads out

significantly.

The axial pressure profiles of the gas jet as a function of the distance from the
nozzle tip for reservoir pressures of 214, 414, 814, and 1514 psia of nitrogen are shown in
Fig. 5. Also, an axial profile for helium is shown in the same figure at the highest reservoir
pressure of 1514 psia, which is overlapped on the curve of nitrogen at 1514 psia. The
error bars were calculated from the inversion procedure '° for an estimated measurement
accuracy of one tenth of a fringe shift. It is interesting to note that these profiles can be fit

over the upper 80 % of their pressure ranges to an exponential function of the form

P =Py e 02 (1)

where P is the pressure of the gas jet, Pg is the pressure at the nozzle tip (Z=0) which
depends on the reservoir pressure, and b is the density profile coefficient characterizing the
gas jet. Such an exponential fall off of pressure with axial distance was also noted for a

¥ . Taking the average of coefficients b for all individual fits

lower pressure gas nozzle
gives a value of b which is equal to 0.0014 + 0.0002 gm-1. Using this average value of b,
P is adjusted in each case to give a best fit to the data. From these values the average
ratio of Pq to the reservoir pressure, Peg , has been determined giving a value for o =
Py /P of & = 0.27 £ 0.01 for both nitrogen and helium. The exponential curves are

shown as the solid curves on Fig. 5. The values of Py used for plotting the best fit curves

in Fig. 5. are Pg = 60, 114, 228 and 434 psia for reservoir pressures of 214, 414, 814 and

102



1514 psia of nitrogen respectively. For helium at a pressure P = 1514 psia, the best fit is
obtained with a value of Py = 434 psia. Although the data for nitrogen was obscured at
the position of Z = 100 um for a reservoir pressure of 1514 psia the similar flows for
helium and nitrogen would indicate that similar pressures would be achieved at this
position as for the helium case. It can be seen that over the present range of parameters
the jet pressure is linearly proportional to the reservoir pressure and that the pressure falls

off approximately as an exponential in the vicinity of the nozzle tip.

Fig.6-6. shows the dependence of gas jet pressure on the reservoir pressure at
seven different positions from the tip of nozzle ranging from 120 gm to 2020 xm away
from the nozzle tip. At a given position, the jet pressure increases approximately linearly
with the reservoir pressure. Linear fits using the average coefficients O and b from above
are also shown in Fig. 6-6. It should be pointed out that the ratio of the reservoir pressure
to the output pressure at 100 um away from the nozzle tip is 5 which is comparable to the
ratio of 6 obtained with a lower pressure solenoid operated gas jet ®. This is much smaller
than the value of 30 or more obtained with low pressure supersonic jets operated by

7 . Thus, higher pressures can be obtained with the present free

piezoelectric valves
expansion nozzle and fast solenoid valve, as required for a range of laser plasma

interaction experiments.

While the jet is being fired residual gas pressure builds up in the target chamber.
With a volume of 226 liters in the target chamber, the background chamber gas pressure
will rise up to 1-2 Torr by the end of the shot. Typically experiments can be carried out at
a time of 10 ms after the leading edge of the solenoid pulse. This is about 1/4 of the
duration of the full gas pulse and thus the background pressure would be below 0.5 Torr.
If lower background pressures were required, then a scheme employing high speed

differential pumping would be required. In initial laser plasma interaction experiments
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using the jet in the chamber we have observed no problems from the residual gas pressure

on the propagation of the laser pulse.

In conclusion, a pulsed gas jet designed to produce output densities well above one
atmosphere has been built and tested. Its spatial refractive index profile has been
characterized using interferometry and Abel inversion of the resultant fringe shifts has
been employed to obtain gas densities. The full transverse and axial density profiles have
thus been obtained. The jet produces high pressures with densities up to 6 x 10 20 ¢m -3
for nitrogen and helium gases at 200 x#m from the nozzle tip. The jet pressure is linearly
proportional to the reservoir pressure and the axial pressure falls off approximately as an
exponential function away from the nozzle tip. The dense region is mainly confined to a
column of 1 mm in diameter near the nozzle. This gas jet target will be useful in ultrashort
pulse laser plasma interaction experiments where it will significantly reduce the defocusing
of incident laser beam prior to reaching the high density interaction region and should
provide high enough density for recombination XUV and X-ray laser experiments. An
additional advantage of using the interferometric method for measuring gas density is that
it can be easily incorporated on-line as part of the diagnostics for a given laser plasma

interaction experiment.
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Fig. 6-2 (a) Schematic diagram of the wavefront-shearing interferometer using
a wedge quartz plate. The image is viewed by a vidicon camera, VID
(b) Typical interferogram obtained at time t,=10 ms after the start
of the solenoid pulse for nitrogen gas at a reservoir pressure of 104 bar.
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Fig. 6—3 Time—dependence of the fringe shifts observed
at a distance of 0.2 mm from the tip of the
nozzle for times of 0—25 ms after the start of the
solenoid pulse for nitrogen gas at a reservoir
pressure of 56 bar.
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Fig. 6-4 (a) Spatial profiles of gas jet density for nitrogen at reservoir pressure
of 104 bar. (b) Corresponding contour plot of density. The contour
pressures are given in bars. The broken line outlines the region in which
the density falls off to half the peak on-axis value.
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Fig. 6—5 Axial pressures of the nitrogen gas jet as a function
of distance from the nozzle tip for reservoir pressures
of 15, 29, 56 and 104 bar of nitrogen respectively
and for helium gas jet at a reservoir pressure of 104 bar.
The full curves are exponential profiles, which have been
fitted to the data as discussed in the text.
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Fig. 6—6 Dependence of gas [et pressure on
reservoir pressure at seven different
positions from the tlp of nozzle. These
are 120, 320, 520, 820, 1020, 1520
and 2020 x m away from the nozzle
tip.
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Chapter 7

Propagation of Ultrashort Intense Pulse through High Density Gas Jet

7.1 Introduction

In this project, a high density gas jet was developed to minimize the refraction prior
to the focus. As such, the laser intensities experienced by the plasma are expected to be
much higher than that achieved in the previous experiment using a static gas fill. The
propagation of ultrashort intense laser pulses in the plasma was experimentally
investigated using several diagnostics. Firstly, the transmitted laser beam was imaged onto
a CCD camera. By imaging various axial planes in the jet, the change in size and shape of
the transmitted spot reveals the refraction of the beam. Secondly, the beam propagation
was also monitored by visible emission and UV scattering in the direction perpendicular to
the laser beam. The He II line at 468.5 nm was used to image the fully ionized helium
regions while the UV side scattering gives information on the dynamics of beam
propagation. With these diagnostics, the effect of the various intensities, pulse widths and
gas densities on the beam propagation and plasma channel formation was systematically
studied. Thirdly, the beam propagation was also characterized by the spectral shape of He

I lines emitted from various sites of the plasma.
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7.2 Experimental Details

The gas jet target and various diagnostics are shown in Fig. 7-1. The KrF laser pulse
was sent into the target chamber through a tilted CaF, window which also acts as a beam
splitter, BS1. The reflected beam off of BS1 was further split for monitoring the input
pulse energy by a calibrated calorimeter PY7, the level of amplified spontaneous emission
( ASE ) by a fast photodiode ( Hamamatsu R1193U-02 ). The main laser beam was
focused into the gas jet by the focusing lens L1, an aspheric doublet which has a focal
length of 20 cm for the wavelength of 248 nm. The laser produced plasma was measured

by several diagnostics.

For angular orientation the convention has been chosen that the direction of laser
propagation is taken as 0 degrees and the other directions were counted counterclockwise
relative to the O degrees direction, looking down from above. Due to the complexity of the
experiment, several configurations of the various diagnostics have been implemented as

described below.

a). In the absence of M6, M7 and L9 :
135 degree visible spectrum on to OMA
90 degree scatted UV light and visible emission
0 degree refraction of the KrF laser beam

b). With M6 in place, and M7 and L9 removed:
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90 degree visible spectrum on to OMA

0 degree refraction of the KrF laser beam
¢). with L9 and M7 in place and M6 removed:

0 degree visible spectrum on to OMA

90 degree, scattered UV and visible emission

7.3 Laser Beam Profile

The transmitted KrF laser beam was measured by re-imaging it onto a charge
coupled device ( CCD ) camera with the L9 and M7 removed. The magnification used was
approximately 14 times. To focus the input beam to the center of the gas jet and obtain a
good image of the focal spot, the following calibration procedure was employed. A thin
metal wire of 50 um in diameter was first placed in the axial center of the jet. This was
done by using 20 times magnified irﬁages from two orthogonal directions. By defocusing,
the front end laser beam was used as a light source illuminating the wire. A clear image of
the wire could be formed onto the CCD camera by adjusting the lens L3. Then the thin
wire was removed and the input beam was refocused until the smallest circular spot was
found on the CCD camera. After this adjustment, the focal point was located in the center
of the gas jet and at the same time the focal spot was properly imaged onto the CCD
camera. The image of the wire was also used as a spatial calibration for the imaging
system. As will be discussed later, it was also necessary to image the beam spot at the exit

of the gas jet for various measurements and the imaging system was focused accordingly.
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With this setup, the vacuum laser beam profile through focus was measured at full
laser power by moving the main focusing lens L1 axially by calibrated steps. The lens L1
was mounted on a motorized micrometer driven translation stage which has a position
accuracy of +7um . The beam diameters at the half intensity points were measured
horizontally and vertically. The plot of the averaged beam diameters vs. the focal position
is shown in Fig. 7-2. By using a least squares fit to this curve, an average beam diameter
of 18 um can be obtained at the best focus condition. Using this beam diameter data, the
peak vacuum intensity can be calculated as a function of axial position and is computed for
a pulse with an energy of 250 mJ and duration of 1 ps, as shown in Fig. 7-3. This profile

combined with the temporal profile gives the laser intensity at any given position and time.

The experiments discussed here were primarily conducted at a height of 300 £ 25um
above the nozzle tip. For a reservoir pressure of 1500 psig the radial gas density profile is
shown in Fig. 7-4. As the reservoir pressure is varied in the following experiments the
peak density at the center of the gas jet will be stated. The transverse profile remains the

same as given here.

7.4 Refraction

The refraction of the transmitted beam was measured by reimaging it onto a CCD
camera with the L9 and M7 removed. The magnification was approximately 14 times. To
have a complete image of the beam propagation and refraction through the gas jet, various

combinations of focusing and imaging positions were employed. Various configurations
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used are shown in Fig. 7-5. In a), the laser is focused at the center of the gasjet and the
center is imaged onto CCD. The images from this measurement show how much the laser
beam was refracted prior to reaching focus. In this case the resultant image will be
somewhat distorted due to additional refraction of the laser beam through the second half
of the gas jet. The other three configurations, b), c), and d), all have the exit plane being
imaged onto the CCD while the laser beam is focused at the center, exit, and entrance
respectively. In these cases the CCD camera gives an undistorted image of the laser beam
profile since no more refraction occurs after exiting the gas jet. These configurations give

an indication of the propagation of the laser pulse through the gas jet.

With the laser beam focused into the center of the gas jet, two imaging
configurations, a) and b), were used to record the beam refraction in a helium jet for a
laser pulse energy of 180+15mJ. In Fig. 7-6, a set of images show the refracted beam
spots at various densities when imaging the center of the gas jet onto CCD as defined in
configuration a). The image in vacuum is essentially an overexposed image of the beam
waist of the input laser beam formed by the focusing lens. As the gas density increases the
transmitted energy decreases to 50 % of its initial value at the highest gas pressure, as will
be discussed later in this chapter. It can be seen that at the highest density 4.9 x 10%° cm™
most of the laser beam was scattered into a large circular area. The bright spot in the
center which is much weaker than the vacuum focus is the unrefracted portion of the
beam. As the pressure decreases, the size of the scattered beam area becomes

monotonically smaller. Finally, with the gas absent, the main beam shrinks to a single spot
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where the intensity is very high. In the vacuum case shown in Fig. 7-6 the image was
saturated and a weak rectangular image of ASE radiation from the e-beam amplifier is also
visible. The contribution of ASE to the scattered light was estimated to be smaller than
7% based on an average ASE prepulse energy of 5% and postpulse energy of 5% of the
main pulse. Thus once a significant portion of the main beam is refracted the ASE
component becomes only a small part of this scattered light image. In comparing the
image at low density (3.2x10"® cm™) with that in vacuum, not only is the size of the outer
weak refracted image larger than the weak ASE image in vacuum, but the intensity of the
scattered light is 50% higher than that in vacuum. Thus at this density the laser beam is
still refracted and approximately 20% of the energy in the short pulse appears in the
refraction spot. If the density were decreased further, the refracted beam spot from the
short pulse would have been expected to be very weak and submerged in the background

of ASE, which would be difficult to distinguish in the experiments.

When imaging the exit of the gas jet while the laser is focussed in the center as in
configuration b), a set of images are obtained as shown in Fig. 7-7. Since this is not at the
beam waist, the beam spots both of the refracted and unrefracted beams are larger than
those when imaging the center as discussed above. As the pressure decreases, the
refraction of the beam decreases similarly to that when imaging the center of the gas jet.
To get a more quantitative treatment of the refraction, the size of each outer refracted
spot is measured and shown in Fig. 7-8 with the horizontal axis being the density of the

jet. It appears that the diameter of the refracted beam spot increases linearly with the jet
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density for both imaging configurations and pressures in the range of 1-5x10%° cm®.

Furthermore, it is also instructive to determine an asymptotic angle as a measure of
refraction. The asymptotic angle is defined as in the geometry shown in Fig. 7-9. The
origin of the reference is assumed to be at the point O where the laser beam enters the gas
jet. With this reference point, the asymptotic half angle is the arctangent of the ratio of the
radius of the beam spot to the distance to image plane. This angle can be defined for both
images: (i) taken at the midplane of the gas jet and (ii) at the exit of the gas jet. After
setting up these conventions, the asymptotic refracted angles are calculated and plotted in
Fig. 7-10 as a function of density. It can be seen that there is a difference in these angles at
lower densities but at higher densities, the two set of angles approach each other. This is
what one would expect in the case of refraction occurring at the entrance of the gas jet at
high densities. These asymptotic angles provide a quantitative measure of refraction which

can be used for comparison with simulations.

The third set of pictures, shown in Fig. 7-11, were taken for helium with both
focusing and imaging at the exit of the jet as in configuration c). At lower densities, the
beam was refracted slightly. As the density increases, the beam is refracted more.
However, as before, a bright central spot is observed in all cases. The interesting point
here is that a ring pattern is developed at a density of 4.9 x 10 ® ¢cm . Combining with the
above data from configuration b), we have Fig. 7-12 which shows the diameters of the

outer beam refraction spot diameter vs. the density.
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For nitrogen, similar experiments were carried out but with the exception that the
refracted beams were imaged always at the exit of the jet and the laser beam was focused
at the front ( d), center ( b), and exit ( c¢) respectively, as illustrated in Fig. 7-5. Figs.7-
13-Fig.7-15 show the corresponding refracted beam spots at the above mentioned
focusing positions. Taking the same reference system as for helium above, the refracted
beamn diameters and asymptotic angles are plotted in Fig.7-16 and Fig.7-17 respectively.
The overall features are similar to those for helium jet. There is also an interesting feature
of ring-shaped structures for nitrogen when both focusing and imaging at the exit of the jet
when the density is larger than 1 x 10 * cm™. This behavior is similar to that for helium in

Fig. 7-11 except the latter occurs at a higher density of 4.9 x 10 % cm™.

At densities
below 1 x 10%° cm™ , the asymptotic angles are quite different for the different geometries.
However, as the density increases, the asymptotic angles approach each other. Since

nitrogen has two atoms per molecule and more electrons than helium, it has a higher

electron density and refracts more than helium for the same neutral gas density.

7.5 Visible emission and UV side scattering

To investigate the propagation of the ultrashort pulse through the high density jet,
both the visible emission of helium and the UV side scattering were imaged spatially. The
radiation from the plasma in the transverse direction was collected by a triplet lens L2
which collimated and sent the light to a beam splitter M3. This beam splitter was actually a
multi-layer dielectric high reflector for KrF laser radiation with a wavelength of 248 nm at

45 degrees of angle of incidence which reflected all the UV laser radiation and passed over
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90 % of the visible radiation. The UV radiation was directed to a UV streak camera by a
mirror M2 and lens L5. To avoid the background laser radiation scattering from the nozzle
tip itself, a knife edge was placed at the image plane of L5. By properly adjusting the
position of the knife edge, the scattered UV light from the nozzle could be blocked. The
streak camera was operated at a streak speed of 15 mm/ns so that for the one picosecond
scattering event the streak camera acted as a still frame camera but still discriminated
against stray scattered from inside the chamber which arrived at different delay times.
Thus the image on the streak camera took a snapshot of the self scattering of the laser

light from the plasma.

The visible radiation which passed through M3 was focused onto a vidicon by lens
L7. In front of the vidicon a narrow band filter was used which passed the radiation of the
He II transition n=4-3 at 468.5 nm with a narrow spectral band of 1.5 nm. This filter gave
good discrimination against the closest neighboring line at 471.3 nm from He I. In a cold
plasma the majority of emission from the n=4-3 transition of He II occurs upon
recombination from fully ionized helium to highly excited levels of single ionized helium.
Thus carrying out such monochromatic imaging of the helium plasma, the region of the
fully stripped helium ion potentially could be identified. The size and shape of the plasma
channel image revealed the propagation of the ultrashort pulse in the plasma. It also gave
an indication of the subsequent hydrodynamics of the expanding blast wave since this was

a time integrated result.
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The plasma channel formation in helium was very much associated with the amount
of ASE accompanying the incident laser light. For a clean short pulse, the beam seems
always to be refracted. To study the effect of ASE on plasma formation, laser shots with
various levels of ASE were carried out to explore the propagation dynamics. In the

following data, the incoming laser is focused at the center of the jet.

As the timing and amplifier gains in the laser system were adjusted so that the
amount of ASE was reduced, a clean short pulse was formed, with post and prepulse
energies of 5% relative to the main picosecond pulse. Fig. 7-18 shows a typical visible
emission profile of helium plasma and the corresponding UV side scattering image for a
laser shot with a clean pulse of 1 ps at a peak vacuum intensity of 1x 10 '” W/cm?. It can
be seen that the visible profile starts with a wider column and gets narrower as the laser
propagates into the jet. This profile only reflects the final He II emission boundary in the
expanding blast wave and implies more energy deposition in the first half of the gas jet in
agreement with modeling code calculations presented in Chapter 9. The real dynamics of
the laser pulse in the plasma can be seen in UV side scattering. UV scattering is observed
throughout the high pressure region of the gas jet. However, brighter emission regions are
observed at the ends of the high density region. The first scattering spot to appear is

located 316 pum into the jet from the front edge of the jet. When the laser pulse passes the

center and reaches the second half of the jet, there is another spot occurring which is

generally larger in size. The center of the second spot is 727 L m from the front edge of

the jet. Compared with the visible emission profile, this corresponds to the region of the
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visible profile where the plasma channel becomes narrower. A primary mechanism for the
UV sidescattered image is Thomson scattering from the plasma which is proportional to
electron density. The two scattering spots observed, instead of one spot corresponding to
a peak electron density point in the plasma, could indicate some enhancement of normal
Thomson scattering from the entrance and exit regions of the plasma. Because of the
limited amount of UV image data taken and the lack of spectral information on thc

scattered signal a more detailed analysis of the data was not carried out.

When the timing and amplifier gains are adjusted so that there is a sizable ASE
prepulse, the main short laser pulse will interact with a preformed plasma whose property
depends on the intensity of the prepulse. For an ASE prepulse of 18% of the total energy,
the shape of the visible emission changes as shown in Fig. 7-19. Instead of decreasing in
width, the plasma channel width becomes larger as the laser propagates through the gas
jet. At the end of channel, the channel has its maximum width. In viewing the UV side
scattering as shown in Fig. 7-19, there is a scattering spot corresponding to the second
half of the plasma channel. When the energy of the prepulse is increased to 35 % of the
total energy, the plasma channel becomes uniform across the whole length as shown in
Fig. 7-20. The total length of the channel is limited by the length of the jet to 1 mm. It is
interesting to note from Fig. 7-20 that the UV scattering is significantly reduced so that it
is not visible using the same gain as for the previous images. In this case it appears that the
plasma channel formed by the large ASE prepulse confines the picosecond laser pulse

leading to uniform propagation through the gas jet with little defocusing and refraction.
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Given several nanoseconds to expand the electron densities would be somewhat reduced

from the starting density leading to reduced UV scattering levels.

7.6 Spectral diagnostics of beam propagation

The plasma created by a laser pulse will generally recombine into highly excited
states of the next lower ionization levels which in turn will decay through emission of
radiation. The radiation is thus a signature of the plasma state. This is true for cold, well
underdense plasmas where collisional excitation of emission lines is weak. However, some
collisionally excited emission can also occur over long periods of time as the plasma
expands and slowly cools, particularly in the high density walls of the expanding blast
wave. At the entrance and exit of the gas jet the plasma expands axially into vacuum and
cools rapidly. In these cases the line emission is expected to result pre-dominantly from
recombination processes. In the present experiment, the visible emission due to
recombination of the fully stripped helium ions, He II, at 468.5 nm was used as a spectral
diagnostic to outline the region of fully ionized plasma and thus the propagation of the
laser pulse through the gas jet. The idea is that where there is He II, there is a laser
intensity over 5 x 10 '* W/cm?® which is the multiphoton ionization threshold for He II. If
the laser beam is not refracted, similar He II emission would be observed at both the
entrance and exit of the gas jet. If refraction occurs, the spectra of He II at different

locations should give an indication of the beam propagation effects.

The He II line was monitored in three directions of 0, 90 and 135 degrees imaged at

the exit, middle and entrance of the gas jet respectively. For O degrees, lens L9 and mirror
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M7 were in place as shown in Fig. 7-1. Through L3, L9, M7 and M5 the visible emission
from the exit of the gas jet was imaged onto the 30 um entrance slit of the
monochromator MC1 coupled with an OMA. This leads to an imaging system of /8
giving a focal depth of 240 um at the entrance slit of the monochromator which
corresponds to a ~ 80 pm thickness at the exit of the plasma. Thus, the emission from the
region prior to the exit of the jet forms a large blurred image at the slit of the
monochromator which is estimated to be contributing < 10% to the spectrum of interest.
The monochromator had a grating of 1180 line/mm giving a resolution of 0.3 nm when an
entrance slit of 30 pm was used. Removing L9, M7 and M6 the light from the entrance of
the gas jet viewed at 135 degrees, followed the path of L4, M1, M4, L8, M5, was imaged
onto MC1 and then to the OMA. If M6 was put back in place, then the light from the
middle of the gas jet viewed at 90 degrees was routed to MC1 through L2, M6, M4, L8

and MS5 and from there onto the OMA/monochromator system.

In Fig. 7-21 , a group of He II spectra is shown corresponding to the entrance,
middle and exit of the gas jet viewed in the directions of 135, 90, and O degrees
respectively at a gas density of 4.9 x 10  cm™ and vacuum laser intensity of 1 x 10 7
W/cm®. At 135 degrees, there is a strong He II line at 468.5 nm. This came from the
entrance region of the gas jet. At 90 degrees, the spectrum becomes broadened. The
broadening arises from the high density in the center of the jet. Because of the broadening
there could be some partial contribution from a Hel line at 471.3 nm. Another feature is
that the spectra obtained from the center of the gas jet are asymmetric, with the longer

wavelength wing falling off more rapidly than the blue side wing. Since the He II line at
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468.5 nm is from the n=3-4 transition, the asymmetry may mean that the n=4 level is more
mixed with the high lying levels above it than the n=3 level with its neighboring levels. At
the exit of the gas jet viewed at 0 degrees, there is a smaller signal at 468.5 nm and an
almost equally strong He I line at 471.3 nm. This implies that there is not enough laser
intensity to fully ionize all atoms at the exit. In other words, the plasma at the exit is only
partially ionized. This means that the laser beam is refracted significantly since the energy
loss due to absorption and scattering is not a large fraction of the initial energy as will be
shown later. Note that for peak plasma temperatures of a few hundred eV, as expected
here, the Doppler broadening and shifts will be a fraction of a nanometer consistent with

the narrow line spectra observed at the entrance and exit of the gas jet.

To confirm the beam refraction, two more pieces of evidence will be presented.
First, the spectra from the exit of the gas jet viewed at 0 degrees were correlated with the
visible plasma channel imaging as discussed above. In Fig. 7-22 , two spectra are shown.
The one with enhanced He II line emission corresponds to the elongated plasma channel in
Fig. 7-23 while the weak He II spectra corresponds to the short plasma channel. The
elongated plasma channel implies that the laser beam undergoes less refraction and keeps
its high intensity at the exit producing more doubly ionized helium so that the enhanced
He 1I line is observed. On the other hand, the short plasma channel means the beam is
refracted before it reaches the exit thus reducing its intensity. The less intense laser beam
will produce only partially ionized plasma which gives weak He II emission together with

He I lines.
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The second evidence for beam refraction came from reducing the jet pressure since
at lower pressure the beam is not expected to be refracted as much and has a higher laser
intensity at the exit which will produce the He II line emission. In Fig. 7-24 | the spectra of
He II taken at the exit of the gas jet viewed at 0 degrees are shown for densities of 4.9 x
10®cecm ™ 37x10®cm?, and 2.2 x 10 ® cm . At the highest density of 4.9 x 10 %
cm * | both the He I line at 471.3 nm and the He II line appear and have approximately
same intensity. As the density is reduced to 3.7 x 10 ¥ c¢m  the He II line increases
dramatically. This means that the laser intensity at the exit is larger due to less refraction.
With further decreases in density, the over all signal is reduced and relative intensities of

the signals of Hell to He I are roughly the same.

In summary, the spectral emission is a good diagnostic of the beam propagation. As
the laser beam enters the jet, it will fully ionize the atoms. This is where the strong He II
line at 468.5 nm is observed. After the beam gets into the center of the jet, the plasma is
surrounded by high density gas and the emission is broadened as observed from the 90
degree spectra. At the exit the He II emission is reduced. Thus the He II emission acts as

threshold intensity diagnostic which in turn is a diagnostic of the beam propagation.

7.7 Energy Transmission

The transmission of the input KrF beam through the gas jet was measured by using a

pair of calorimeters PY7 at the input and PY2 for transmitted energy. The ratio of the

reading of PY7 to the reading of PY2 with gas relative to that in vacuum gives the
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absolute transmission. The transmission was studied as a function of gas density. Fig.7-25
shows the reduction of energy transmitted through the gas jet into an /2.5 cone angle for
helium, neon, nitrogen and argon respectively. It can be seen that there is more than 90%

3 and over 55% for densities

transmission for helium for densities below 1.5 x 10 ® cm
larger than 4.5 x 10  cm . For high Z species, on the other hand, transmission is
dramatically reduced. Neon transmission is less than for helium but greater than for

nitrogen and argon. The transmission for nitrogen and argon is reduced to =~ 30% for

densities > 5 x 10 '° cm  and then levels off at about 20%.

7.8 Discussion

The refraction of laser radiation propagating in the forward direction can occur from
a number of mechanisms including ionization induced refraction, ponderomotive and
thermal filamentation and forward Raman scattering. A search for forward Raman
scattered light using a spectrograph to analyze the transmitted radiation indicated that
Raman scattered radiation was below the detection limit of ~ 10 ¥ of the incident light.
Thus, Raman scattering is not an important mechanism for the present experimental

intensities.

The ponderomotive potential ranges from U,n=57.7 eV to 577 eV for KrF laser
intensities of 10" to 10"” W/cm?. Electrons with an energy of 577 eV have a velocity of
1.5 x 10° cnv/s and thus could travel a distance of 15 um in one picosecond. Thus some of

the electrons can be expelled to the shoulders of the 18 pmdiameter beam at peak
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intensity. However only a small number of electrons will be expelled before an ambipolar
potential equal to the ponderomotive potential is established. Particle in cell simulations by
Penetrante and Bardsley ' have indicated an electron density shoulder of ~10'® cm™ for 50
fs XeCl laser pulses at a higher intensity of 10'®* W/ecm?. For our high electron densities of
10*-5x10*" cm™ in the present experiments such a small perturbation in the electron
density profile will have a negligible effect on beam propagation. The ponderomotive
heating of such a small fraction of the electron population will also have little effect on the

heating of the high density plasma.

Once an ambipolar potential equal to the ponderomotive potential is established then
the ions will be accelerated outwards from the plasma column. The expulsion of ions,
together with electrons, from the plasma column can lead to much larger perturbations in
electron density and result in ponderomotive filamentation and self focusing. However a
growth time of the order of picoseconds must be allowed for the ions to move and
refracting structures to be formed. The scattering angle corresponding to the fastest

growing mode for filamentation is given by
® C
(Uosc)( P ) (71)
L AN

Estimating approximate parameters for our gas jet and allowing for some defocusing due

to ionization induced refraction, we can take a temperature of 20 eV, an intensity of 10
W/em®, corresponding to Vo /Uy, =34, and a fully ionized helium plasma with atomic

density of 2x10% cm™ which results in a value of © =025 radians or 14 °. This is
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comparable to measured values of 15° for this density as shown in Fig. 7-10 where the
predicted scattering angle is plotted as a function of density for a value of V¢ /vy =34.
This formula for filamentation angle has been used to explain simulation and experiments
involving the interaction of a 100 ps, 2x10"* W/cm? 1.06 pm laser pulse with a preformed
plasma with an electron density of 0.2 n. 2. The growth rate, y, for ponderomotive
filamentation is given by Eqn. 8.21 from Kruer * in the appropriate limit for the present

condition that y >>kCs,

v osC

Y=5¢ O (72)

where k is the wavenumber of the transverse ion perturbation, C; = fm is the ion
acoustic velocity and @ p; = m @ pe is the ion plasma frequency. Evaluating for the
peak intensity and density expected in the present experiment, I=10'* W/cm? and n.=0.1 n.
gives a growth rate of 4.1 x10"' 5. Since a few of e-foldings of growth are required to
produce significant filamentation it appears that our 1 ps pulse will not allow sufficient
growth time for ponderomotive filamentation. It is expected that for our conditions where
Ugsc /U >1 that ponderomotive filamentation will dominate thermal filamentation but

thermal filamentation in this regime has not been investigated in detail yet.

The dominant mechanism for refraction of the incident laser radiation is the
ionization induced refractive index profile. At the highest helium density (and lower
densities of other gases) the electron density in the central region of the gas jet will be of

3. Assuming an average beam radius of ~ 30 um through

the order of n, = 1x10%'cm
this region (allowing already for significant refraction) the refractive index gradient can be

estimated from the electron density divided by the radius. The deflection angle due to
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refraction can then be estimated to be 6 =(1/2n.)(dn, /dy)L where L = 426 um is the
half path length between the half density points of the gas jet. This leads to an estimate of
deflection angle of © =0.46 radians or 24°. This is larger than but comparable to the
scattering angles measured from the CCD camera images at the exit of the gas jet as
shown in Figs. 7-10 and 7-17. A more detailed calculation of the refraction due to

ionization will be given in Chapter 9 where some modeling calculations will be presented.

The intense spots in the center of the refracted radiation observed at the exit of the
gas jet, particularly when focused at the exit of the gas jet as shown in Figs. 7-11 and 7-15 |
are difficult to explain. Together with the ring patterns observed around these spots the
patterns are suggestive of self focusing in the gas jet. In this case, when focusing right
through the gas, the long interaction length approximates a static background gas
condition. Self focusing in static background gases has been well known for two decades

but has generally been observed for longer pulselengths.

At the highest electron densities obtained in nitrogen gas ionized to Z=+5 the
electron density at the center of the gas jet is n, =5x10?'cm™. The critical power for
relativistic self focusing in this case is P.=0.06 TW. Thus, the peak power of 0.2 TW
would exceed this critical power. Allowing for absorption in the entrance region of the gas
jet the laser power at the center of the gas jet would be approximately at the threshold for
relativistic self focusing and thus some enhancement of the radiation on axis may be
expected. Self focusing effects attributed to relativistic self focusing using subpicosecond

KIrF laser pulses have been reported by Borisov et al * in static gas fill targets of nitrogen.
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Recently more evidence of relativistic self focusing has been reported for peak powers of
five times the critical power using gas jet targets irradiated with 400 ps, 1.06 um laser
pulses °. The intense central spot observed in the present experiment for nitrogen gas
targets may be due to a combination of regular self focusing in the breakdown region of
the gas target together with initial focusing effects at the threshold for relativistic self
focusing. For the bright central spot observed using the helium gas jet targets relativistic
self focusing cannot play a role since the peak densities are five times lower than the
nitrogen target and thus the critical power is above that available in the present

experiment.

A discussion of the absorption measurements together with an analysis of expected

plasma temperatures will be presented in Chapter 9.
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Fig. 7-6 Beam spots at the center of the gas jet for helium as a function of neutral gas
density when the laser beam was focused at the center of the gas jet. (a) 49, (b) 32,
(c) 16, (d) 6.5, () 3.2 times 10 Y cm ?, and (f) vacuum.
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Fig. 7-7 Beam spots at the exit of the gas jet for helium as a function of neutral gas density
when the laser beam was focused at the center of the gas jet. (a) 49, (b) 32, (c) 16,
(d) 6.5, (e) 2.3 times 10 '? cm *, and (f) vacuum.
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Fig. 7-8 Refractive beam diameters as a function of density for helium when

a laser beam is focused at the center of the jet. ® imaging center

B imaging exit.
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Fig. 7-10 Asymptotic refractive angle as a function of atomic density for helium

when a laser beam is focused at the center of the jet. @ imaging center

W imaging exit. The dashed line is the theoretical prediction using
Eqn.7.1.
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(b)

(© (d)

Fig. 7-11 Beam spots at the exit of the gas jet for helium as a function of neutral gas density
when the laser beam was focused at the exit of the gas jet. A ring-shaped structure
develops at a density of 4.9x10%° cm™. (a) 49, (b) 32, (c) 16, and (d) 8.1 times 10 **

-3
cm ”.
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Fig. 7-12 Refractive beam diameters as a function of density for helium when

imaging at exit. A laser beam is focused at exit @ andcenter @ .
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(@ (b)

Fig. 7-13 Beam spots at the exit of the gas jet for nitrogen as a function of molecular gas
density when the laser beam was focused at the entrance of the gas jet. (a) 4.5 and
(b) 16 times 10 * cm 2.
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(b)

(© (d)

Fig. 7-14 Beam spots at the exit of the gas jet for nitrogen as a function of neutral gas
density when the laser beam was focused at the center of the gas jet. (a) 49, (b) 32,
and (c) 6.5 times 10'° cm™, and (d) 2x attenuated in vacuum, and (e) vacuum.
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(©) (d)

Fig. 7-15 Beam spots at the exit of the gas jet for nitrogen as a function of molecular gas
density when the laser beam was focused at the exit of the gas jet. (a) 49, (b) 32, (c)
9.7, (d)8.1, (e) 3.1 times 10 '’ cm™, and (f) 10x attenuated in vacuum.
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Fig. 7-16 Refractive beam diameter as a function of molecular density for
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(b)

Fig. 7-18 Plasma channel in helium of density of 4.9 x 10 *° cm  imaged by He II line
emission at 468.5 nm ( bottom image ) and the corresponding UV laser light side
scattering ( top image ) for a laser pulse of peak intensity of 1x 10 "7 W/cm® with
a clean pulse. The two images have the same dimensions. For each image the
horizontal and vertical dimensions are identical.
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(b)

Fig. 7-19 Plasma channel in helium of atomic density of 4.9 x 10 *® cm ~ imaged by He II
line emission at 468.5 nm ( bottom image ) and the corresponding UV laser light
side scattering ( top image ) for a laser pulse of peak intensity of 1x 10 '” W/cm?
with a prepulse of 18% of energy of the main pulse. The two images have the
same dimensions. For each image the horizontal and vertical dimensions are
identical.
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(b)

Fig. 7-20. Plasma channel in helium of density of 4.9 x 10 ° cm ~ imaged by He II line
at 468.5 nm ( bottom image ) and the corresponding UV laser light side
scattering ( top image ) for a laser pulse of peak intensity of 1x 10 '7 W/cm®
with an ASE prepulse of 35% of energy of the main pulse. The two images
have the same dimensions. For each image the horizontal and vertical

dimensions are identical.
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Fig. 7-21 He Il emission spectra at 135, 90, and 0 degrees with a density of

4.9 x 10%°° cm™®for an intensity of 1 x 10 7 W/cm?imaged at the

entrance, center, and exit of the gas jet respectively. 152
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Fig. 7-22 He |l spectra at the exit of the gas jet viewed at O degree. Enhanced

He Il at 468.5 nm with elongated plasma column vs. weak He |l emission

and He | emission (at 471.3 nm) with short plasma column at density of

4.9 x 10%° cm™ and intensity of 1 x 10 "7 W/cm?.
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(b)

Fig. 7-23. Plasma channels in helium at density of 4.9 x 10 *® cm * corresponding to the
two spectra in Fig. 7-22. The top (a) and bottom (b) images have ASE
prepulses of 35% and 20% of energy of the main pulse.
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Chapter 8
Ionization Induced Blue-shift of KrF Laser Pulse

in Underdense Plasma

8.1 Introduction

Spectral blueshifting from rapidly ionizing plasma was initially studied ' using a
nanosecond CO; laser incident on static gas cell in the early 1970s, where the dominant
ionization process was collisional ionization. Picosecond and femtosecond pulses have
been used more recently > to carry out measurement of spectral blueshifting in rare gas
targets in a totally new regime where the ionization mechanism is rapid optical field
induced ionization resulting from high field intensity. Due to the extremely high ionization
rate, optical field induced ionization can produce a rapidly changing plasma front, where
the rapid creation of free electrons causes a sudden decrease of the refractive index. Since
the recombination time of the electrons in the plasma is much longer than the pulse width
of the laser, the electron density increases monotonically throughout the laser pulse. This
leads to blue-shifted components in the transmitted spectra. Theoretical modeling and
computer simulations can be used to interpret the plasma dynamics ® based on the

resultant spectrum. Detailed blue-shifted spectra reported in the past have revealed multi-
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peak structures, which were attributed to interference effects between components of the

spectrum which were created at different times during the laser pulse *.

The previous studies were all carried out in static gas cells for pressures up to 30 atm.
The defocusing of the laser beam from the breakdown plasma created led to some
difficulty in achieving extremely high intensities although vacuum intensities of 10" -10 '
W/cm® were used. In order to match the theoretically calculated spectra with
experimentally observed spectra, peak intensities of 5 to 10 times lower than the vacuum

focus intensities were required °.

In this chapter, the blue-shifted spectra of three rare gases ( helium, neon, and argon )
and nitrogen irradiated by one picosecond duration KrF laser pulses at 248.5 nm with
vacuum focal intensities of ~ 10 7 W/ecm ? are presented. One unique feature of the
present study as compared to previous studies is that the laser pulse is focused onto a gas
jet target rather than into a static gas cell, so that refraction can be reduced and higher
intensity can be achieved. The dependence of the spectral shifts and lineshapes on the gas
density was studied and comparisons were drawn among various gases. The spatial
dependence of the spectra was also studied. The blue-shifted spectra are directly related to
the ionization dynamics, which can be used to test theoretical models of optical field
induced ionization. The spatial distribution of the transmitted beam and its blue-shifted
component attests to the refraction and scattering of the input laser beam which occur at

higher gas pressures.
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8.2 Experimental Setup

The experimental setup for measurement of the transmitted KrF spectra is shown in

Fig.8-1. With an aspheric doublet lens of 20 cm in focal length, a focal spot of 18 um in

diameter was measured. This leads to a laser intensity of 8 x 10 '® W/cm ? at an energy of
200 mJ for a pulse duration of 1 ps. The KrF laser radiation was normally focused at the
center of the gas jet. The transmitted and forward scattered KrF light into a cone of solid
angle of 0.142 steradians was collected by a UV triplet lens with a focal length of 12.5 cm.
The light entered and exited the chamber via CaF, windows to minimize any additional
absorption and self-phase modulation. The transmitted beam was further attenuated using
beam splitter BS4. The part of the beam reflected off BS4 impinged on a diffuser to
average the radiation over the beam profile. The optical fiber lying behind the diffuser
directs the radiation to the entrance of an Ebert monochromator which has a grating of
2880 lines/mm and focusing mirror of 586 mm focal length. The resolved spectra was
recorded using an optical multichannel analyzer ( OMA ). The overall system had a

resolution of 0.08 nm.

To accurately compare the transmitted light with the input, a sample of the input beam
from a beam splitter was also fed into the same monochromator by an optical fiber. This
reference beam and the transmitted beam were separated spatially along the vertical

entrance slit. The monochromator formed an image of two corresponding source points
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giving two bands of spectra on the OMA detector vertically separated in the same manner
as input. The two spectra were recorded simultaneously for each shot. Thus the spectral
shift can be unambiguously registered. When no gas jet was employed, i.e. shots in
vacuum, there was no measurable change in the output pulse spectrum caused by self-

phase modulation or other effects along the path of the transmitted beam.

8.3 Experimental Results

The dependence of the ionization induced buleshift in the transmitted spectrum in
helium on gas density at a vacuum laser intensity of 8 x 10 '® W/cm 2 is shown in Fig. 8-2.
The intensity scale is in arbitrary units but the relative number of counts is meaningful
between the various spectra. It can be seen that at a low atomic density of 3.2 x 10 ' cm™
a slight shoulder emerges on the blue side of the pulse. As the density increases, a distinct
peak is formed at densities of the order of 6.5 x 10 ® ¢cm | which is blueshifted by 0.54
nm from the center of the input beam. At the same time, the transmitted main pulse is
slightly blueshifted by ~ 0.06 nm and the height of the main pulse is reduced as expected
since the energy is channeled into the blueshifted spectral band. As the gas density is

increased even further, the peak starts breaking up into a long modulated shoulder shifting

towards shorter wavelength. In addition, the main peak at A, becomes smaller and

smaller.
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The transmitted spectra for neon, nitrogen, and argon are shown in Figs. 8-3, 4 and
5 respectively. The overall dependence of the blueshifted spectra is similar to that for
helium. However, there are some differences. First, for higher Z species which are ionized
to higher levels, it needs less gas density to produce the same density of electrons and give
a comparable blueshift. Thus, lower and lower densities are needed in terms of neon,
nitrogen ( two atoms for each N, molecule ) and argon. Second, the blue shifted part is
always spectrally connected with the main pulse rather than a separated peak as for
helium. Third, there is a significant amount of fine structure appearing, which has not been
seen in the previously reported investigations. This is attributed to the use of a gas jet
enabling higher intensity at the entrance to the plasma which is significantly different from

the previous experiments =*°.

It is worth noting that none of the spectra in Fig. 8-2 to Fig. 8-5 shows a significant
degree of red shifting, as opposed to most experiments on supercontinuum generation in
solids, liquids, and gases which show both red and blue shifted components but with the
red shifted component being more pronounced ’. In this respect, the present experimental
results deal mainly with the effects of ionization dynamics during the plasma formation

rather than the nonlinear response of the neutral medium.
To investigate the spatial distribution of the blue shifted spectra, a stop with the

same size as the laser beam was placed in the beam path before BS4 such that the original

beam path was totally blocked. The light which passed around the stop was that which had
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been refracted and forward scattered by the plasma. With this block in place, the measured
blue shifted spectra of helium are shown in Fig. 8-6 for different gas densities. The bottom
curve is a vacuum shot without the stop in place but with 10 times attenuation. The next
curve up is the scattered light signal with the block in place and no gas present. With gas
density up to 8.7 x 10 ” cm | there is predominantly light at the original wavelength but
no significant blue shifted spectra. In comparison with the blue shifted spectra obtained
without the block in Fig. 8-2, the blue shifted component of the spectrum for density < 8.7
x 10 * cm™ is mainly confined to the original beam path and thus blocked by the stop. The
primary component of the spectra measured is the refracted part of the non-frequency-
shifted beam. With increasing density, strong blue shifted spectral bands appear as shown
in the top three curves in Fig. 8-6. Upon reaching the highest atomic density of 5.22 x 10
2 ¢m *?, the intensity of the central peak is reduced to a comparable level as the adjacent
blue shifted spectral band resulting in a broad spectrum with shifted centroid. In Fig. 8-7,
similar spectra were observed for nitrogen but with onset of the phenomena at lower

-3

densities, as expected. However, with densities higher than 3.8 x 10 ' cm * the blue

shifted spectra keeps spreading to shorter wavelength leading to weaker and weaker
spectral intensity in the range of 246 to 248 nm and the blueshifted spectra has almost
disappeared as one approaches the highest density of 5.2 x 10 * cm ? .

8.4 Discussion

A homogeneous model can be used to make a simple estimate of the blue shifts .
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For a homogeneous plasma produced by monochromatic laser light of wavelength A,

under the assumption that N, << N, the spectral shift is given by

AL =-125x10 )

where N; is the ion density, Z is the degree of ionization, L is the interaction length. A is

in units of nm and the rest of the constants have their usual meaning in cgs units. It is clear
that the shift is very much dependent on the ionization rate. In the present experimental
-3

conditions for helium (Fig. 8-2), with Ni=6.5x10” cm® L=0.4 mm, we have

AA =059-59 nm assuming that dZ/dt=10"%-10"s". The measured shift of the second

i s / LT, g
I S S SR A o e M T vet .. ¢

peak is 0.54 nm to the blue.- e vl s /

The ionization induced blue shift has been numerically simulated in terms of a one
dimensional electromagnetic propagation model ®. Since the blue shifting is associated
with the instantaneous action of ionization in the wavefront, the spatial intensity profiles of

the laser beam, either initial or in the course of ionization, will affect the resultant spectra.

For a beam with a transverse intensity beam profile, the nonuniformity can cause two
kinds of effects. First, it will induce different shifts across the beam front since the
multiphoton ionization rate is nonlinearly dependent on the laser intensity. Secondly, it
causes refraction of the laser beam itself as evidenced in this experiment ( Fig. 8-6 ) and
the recent numerical studies by Rankin et al. 8, Leemans et al.g, and Rae '°. This refraction

will in turn alter the beam profile. Previous studies have all been done in gas cells with
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pressures up to 30 atm *. In Ref. 2, a significant amount of defocusing was found and the
actual intensity may have been reduced 10 times ®. Other experiments 2*° using large f
number optics ( > /8 ) and lower intensities of 10 '*'* W/cm? have revealed multi-peaks
on the shoulder of the blue shifted spectra. These are attributed to the interference effects
in the spectrum when the frequency shift occurs several times during the laser pulse *.
Simulations have compared well to these experimental results. However, in the present
experiment, much higher laser intensities prevail in the gas jet target because of the
significant reduction in defocusing. A second peak for helium at a density of 6.5x10' cm™
was revealed which was not seen before. Even with the present gas jet system, the
transmitted laser beam has undergone some degree of refraction as shown in Fig. 8-6. In
this case, the refracted beam is still intense enough to ionize the gas along its diverging
path and causes a blue shift. Thus refraction is important in modeling the ionization
dynamics. A calculation of the expected ionization induced blue shift including the

refraction effect will be presented in the next chapter.

In summary, the blue shifted spectra for helium, neon, argon, and nitrogen have been
measured at various pressures for KrF laser irradiation at a vacuum intensity of 8x10 '
W/cm? A gas jet target was used in this experiment to minimize refraction of the laser
beam and thus realize higher laser intensities. For helium, a distinct second peak was
revealed which was not seen before and is attributed to the high intensities achieved in the
present gas jet target. At lower densities, the blue shifted spectra were confined mainly to

the original beam path. As the pressure increases, the laser beam was refracted and the
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refracted beam also exhibited a blue shifting along its diverging beam path. The refraction

of the laser beam is important in the correct interpretation of the observed blue shifted

spectra.
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Fig. 8-2 Blue shifted spectra in He as a function of gas density at a vacuum

intensity of 8x10'® W/cm?. The top three plots also show 5 times

magnified curves of each.
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Chapter 9

Numerical Modeling Calculations

9.1 Refraction

A simple analysis of refraction due to the electron density dependent refractive
index in ATI produced plasmas can be carried out using the equations describing the
paraxial propagation of Gaussian beams in a lens like medium. Such an analysis has

recently been published by Fill ' which we will follow here.

The transverse beam profile is assumed to be Gaussian with an intensity given by
I=1, exp(—rz/ r&) and a total power given by P =1Ign rg. The refractive index is

approximated by its quadratic dependence (found from a power law expansion of the full

profile) on axis given by

n(r,z) =n, —(%) n, r? (9.)

The propagation of a ray along z at a distance r from the beam axis is then given by the

equation
2 2
d_2f=_1‘1r+__"2_’4_ (92)
dz ng 4n° 1
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In order to proceed further the degree of ionization and resultant refractive index profile
must be related to the intensity. The intensity threshold for ionization to a charge state of q

can be given by **

Ipq =4x10° qizuf, (93)

where Uj is the ionization potential in eV. While the real ionization proceeds in discrete
steps, for the present analysis we assume that the ionization potential is a continuous
function of q given by a power law expression of
U(q)=Uq” (94)
and that the local charge state, q, is related to the intensity by Eqns. 9.3 and 9.4. Doing so
gives the charge state distribution across the beam
q =qq IV4*2) (95)

where

)l/(4a—2)

Q0 = 1/ (4 x 10% U (9.6)

using a quadratic fit to the electron density profile given by Eqn. 9.5 and the Gaussian
intensity profile the radially dependent refractive index term n, can be calculated. Using
this result in Eqn. 9.2 and evaluating the ray trajectory for the 1/e intensity point at r=rq
gives the propagation equation

2

d 2 To _ ﬁz 1 A

= +
dzZ2 4a-2 l,(30‘/(20“1)) 41t2r03
0

6.7

where
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) =QO(‘;I—)(%)ﬁ ©8)

and where N, is the atomic gas density and N. is the critical density. The second term in
Eqn.9.7 describes the normal self diffraction of a Gaussian beam and the wavelength A
can be artificially chosen to give a match to the measured focal spot diameter for a given (
non diffraction limited ) laser beam. Eqn. 9.7 is solved numerically in Matlab using a 4th

order Runge-Kutta technique for the ray propagation through the gas jet target.

In order to proceed, power law functions as given by Eqn. 9.4 are fit to the
ionization potentials of the elements of interest here. Only the outer shell electrons are
considered in this fit since ionization usually only occurs for these electrons. In addition,
the step function to the next set of ionization potentials is quite large and would not be
well described by Eqn. 9.4. In order to give more weighting to the first few ionization
potentials which dominate the refraction process a least squares fit is carried out to the log
of the ionization potentials rather than the ionization potentials themselves. The resultant

parameters are given in Table 9.1 for the gases of interest.

A sample calculation for a peak power of P=0.2 TW in nitrogen gas using our
measured gas jet density profile and an F/4.2 focal cone is given in Fig. 9-1. In vacuum the
input beam would reach a focal spot of 9 um radius at the axial position of z=0. It can be
seen that severe refraction occurs for a peak atomic density of 5x10%° cm™, while even at a

density of
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Table 9.1 parameters of a power law fit to the ionization potentials

of the outer shell electrons for the various gases.

Gas U eV o

He 24.6 1.145
N 13.7 1.202
Ne 19.4 1.180
Ar 14.0 1.073

1x10% cm™ the focal spot radius is 22.7 pm reducing the peak focal spot intensity by a
factor of 6.4 times compared to its vacuum value. The calculated peak intensities achieved
when the vacuum focus is at the center of the gas jet target are plotted as a function of gas
jet density in Fig. 9.2. Also shown for comparison are the peak intensities which could be
achieved in a static gas target of the same peak density. As can be seen the peak intensities
in the gas jet targets are much higher than could be achieved in a static gas target for
densities above a few times 10" cm™. Of course, less refraction and higher intensities can
be achieved by using even smaller diameter gas jet targets or by focusing in the leading

edge of the gas jet at the expense of obtaining a shorter interaction length.

The predicted beam diameter at the gas jet exit, z=500 pum, can be compared to

the measured beam diameters for helium and nitrogen and are shown in Fig 9.3. It can be
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seen that the predicted diameters are smaller than the measured values for the outer
refraction spot diameter for helium but agree reasonably for nitrogen. However, it must be
remembered that the present model assumes a homogeneous instantaneous ionization
process. The real ionization process proceeds in a stepwise fashion in the leading edge of
the pulse only. Using a full time dependent calculation of the above threshold ionization
process, to be described in the next section, the effective charge state of a nitrogen
plasma, as seen in the frame of reference of the propagating laser pulse, is shown in Fig
9.4(a). The average charge state of the plasma given by Eqn. 9.5 is also plotted for
nitrogen gas in Fig. 9.4 (b). It can be seen that the real ATI ionization profile will lead to
stronger refraction of parts of the leading edge of the pulse in the rapidly ionizing regions
than predicted by the above model. At the same time, the tail of the laser pulse propagates
in a uniformly ionized plasma region and should experience a much lower degree of
refraction. The strong refraction at the leading edge of the pulse will cause an erosion of
the leading edge which will slowly work its way through the pulse. Thus it is expected that
the leading edge of the pulse undergoes strong refraction leading to somewhat larger beam
spots than predicted by the above simple model while the tail of the pulse may still focus
to a smaller beam spot than predicted by the above model. This could explain the observed
larger outer refraction spots together with the bright center spots in experimental CCD

camera images given earlier.
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9.2 Numerical ionization modeling code

A 1D numerical code has been written to simulate the experimental measurements
of ionization blueshift and absorption. The calculation takes into account the beam
intensity profile in space, the measured density profile and includes above threshold

ionization, above threshold ionization heating, and inverse Bremsstrahlung heating.

The geometry of the calculation is shown in Fig. 9.5. The starting atomic density
profile is given as a Gaussian with a full width at half maximum of 925 um which gives
the best fit Gaussian to the experimentally measured profile given in Fig. 7-4. The density

profile is split into ndens zones of width dstepum. Typically 1000 zones of width 2 pm

are chosen for the calculation giving a total simulation length of 2 mm.

The laser power is defined as a Gaussian pulse in time with a full width at half
maximum given by tlasfs. The pulse is divided into nlas zones with a width of tstepfs per
zone. Typically 500 zones with a width of 6.67 fs per zone are chosen. The time step per
zone is chosen to match the time for the radiation to propagate one step in the spatial

profile.

The intensity of the laser beam is calculated at each spatial position using a

predefined beam cross-section as a function of position. This spatial dependence of beam

size is chosen either as the best fit parabolic function to the experimentally measured
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profile given in Fig. 7-2 or the refraction beam profiles calculated in the previous section.
The wavelength of each zone in the laser pulse is also stored in order to calculate the
cumulative ionization induced blue shift for each local zone of the laser pulse. In this case
an assumption is being made that the laser pulse is not transform limited and thus one can
treat each part of the pulse distinctly. For the KrF laser pulse in the present experiment
this is a reasonable assumption since it is known that KrF laser pulses produced by such
DFDL dye laser front end systems are chirped and in fact can be compressed to duration

on the order of 150 fs °.

The calculation proceeds by advancing the laser pulse one step forward in the
spatial profile at a time. Then the following calculations are carried out at each zone of the
laser pulse or each corresponding zone of the spatial density profile.

I. The above threshold ionization for one time step is calculated using the Ammosov
ionization rates given by Eqn. 2.9. The calculation is carried out using a variable
step size 4th order Runge-Kutta method. The populations of all ionization levels are
stored at each spatial position.

2. The ATI heating is approximated by assuming that ATI electrons are born with an
average energy given by 0.15 of the ponderomotive potential of the laser beam.

3. The inverse Bremsstrahlung heating is calculated using the heating rate given by
Eqn. 2.15. The high field corrections given by Eqn. 2.18 and 2.21 are also included
in the heating calculation by taking whichever is the smaller of these two factors for

any given time step.
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4. The energy in the laser beam is reduced by the amount of energy required to heat
and ionize the plasma.
5. The local time rate of change of refractive index is calculated and the corresponding

incremental change in wavelength is added to each zone in the laser pulse.

After the complete laser pulse has propagated through the complete density profile
the energy absorbed from the laser pulse is compared to the energy stored in the ionized
plasma in order to check the conservation of energy. The spectral distribution of the
output radiation is calculated by combining the spectrally shifted contributions from each
laser zone weighted by the output energy of the laser zone. Various processes including
ATI heating, IB heating, the high field Maxwellian correction, and the Langdon factor
correction could be turned on and off using control switches iswati, iswib, iswhf, and iswla
respectively. The control parameters are given in the input file b.inp while the ionization
data for the desired elements in given in the file b.dat. For all the calculations presented in
this section both ATI and IB heating with both the high field and Langdon correction

factors were turned on.

Typical output from a calculation run for helium is shown in Figs. 9-6, 7, and 8 for
a peak density of 5 x 10 ¥ cm™, a peak laser powers of 0.025 TW and 0.25 TW and the
experimental beam profile. In Fig. 9-6 the spectral blueshift for helium as a function of
time is plotted against the instantaneous intensity which induces the corresponding

blueshift. Fig. 9-7 shows the ionization state distribution across the gas jet after the laser
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beam propagates through it. Also shown in Fig. 9-7 is the calculated electron temperature.
It can be seen that the peak temperatures of 75 eV and 127 eV are considerably higher
than the pure ATI heating temperatures of 5.7 eV and 57 eV respectively for the peak
intensities of 10'® W/cm? and 10"” W/cm? shown here. The final time integrated spectrum
is shown in Fig. 9-8 together with the input spectrum. This can be compared to the
measured spectra in Fig. 8-2 for helium. Note here that the lower intensity case in the
above calculation utilized a laser power which was 8 times smaller than that in the present
experiment and yet gives a final spectrum which is similar to that observed experimentally
for this density . This is probably due to the refraction effect in the experiment which will
reduce the peak intensity from its vacuum intensity as discussed in the previous section
and as shown in Fig. 9-2. The lower intensity case of the present simulation can

qualitatively match the experimental results for helium.

In order to understand the ionization dynamics and associated refraction effect, the
beam profile through the gas jet calculated from the ionization refraction model of the
previous section is used to specify the beam cross-section at each point of the gas jet. The
ionization and heating code is then run to calculate the interaction with various gases at
various peak densities. Figs. 9-9, 10, and 11 group together the various plots which show
the evolution of the blue shifts as a function of time for low Z to high Z gases, helium,
neon, nitrogen, and argon, and the corresponding ionization states. In Fig. 9-9, the set of
the plots in the left column shows the instantaneous blue shifts for a laser power of 0.2

TW and pulsewidth of 1 ps at a density of 5x10' cm® as compared to those in the right
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column for which a density of 5x10° cm™ is used. For the lower density case as in the left
column it can be seen that the blue shifts occur at the leading edge of the laser pulse. Each
higher ionization stage corresponds to a higher intensity point on the pulse profile and
gives a peak in the blue shift as a function of time. For high Z species like argon, there are
more peaks produced which show 6 times ionized argon exists. When comparing with the
graphs in the right column it is interesting to note that the peaks are smeared out and the
peak ionization achieved at these higher densities is less, so that a smooth increase of the
blue shift as a function of time is displayed. These features can be further understood from
the corresponding distribution of ionization states across the gas jet as shown in Fig. 9-10.
For lower pressure case in the left column, helium can be fully ionized in the center of the
gas jet and high Z species can have as many as 6 electrons being stripped. Furthermore the
spatial distribution of the ionization states seems symmetrical across the gas jet with the
highest ionization state being at the center of the gas jet. This is because the laser beam is
not refracted or absorbed very much so that there is enough intensity to ionize the gas in
the second half of the gas jet as also is evident in the power plots in Fig. 9-9. However for
the high pressure case as in the right column, the highest ionization stage is three times.
Contrary to the lower pressure case, the higher ionization states locate at the front of the
gas jet and then lower ionization states follow consecutively into the gas jet. It always
ends up with neutral gas at the end of the plotted range. This is in agreement with the He
IT and He I spectral measurement as shown in Fig. 7-24 where for the high density case

the laser intensity decreases at the exit due to the refraction in the front of the gas jet.
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Fig. 9-11 shows the time integrated blue shifted spectra. For high Z species the
laser beam experiences larger shifts. As the pressure increases, the blue shifted spectra
extend further towards the blue side. Qualitatively the calculated blue shifts are
comparable to the measured blue shifts shown earlier in Chapter 8. However, the
simulation results can not be compared to the experimental measurements in detail since
the present model is limited to an average uniform beam profile when in reality we would
expect different behavior in the leading and tailing edges of the pulse. Full 2D calculations

would be required to fully compare to the data.

The absorption of the laser beam in the plasma is also calculated in the simulations.
Two cases were calculated to compare the effect of the laser beam profile on the
absorption. The first case used the symmetric portion of the experimentally measured
vacuum beam profile as given in Fig. 7-2. However, the input power used was 10 times
smaller than that in the experiment in order to approximately account for the expected
refraction reduction in intensity. The calculated curves of transmission of KrF laser pulses
through helium, neon, nitrogen and argon are shown in Fig. 9-12. Also shown in the graph
are the experimental measurements from Fig. 7-25. It can be seen that for helium the
calculations are in good agreement with the experimental measurements within the
uncertainty of the measured data. However, for other high Z species, the calculated values
of transmission are larger than the measured ones at low pressure and then become smaller

at high pressure.
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The second case of simulations utilized the beam profiles calculated using the
refraction model presented in the previous section. The input laser power was chosen to
be 0.2 TW from the experiments. Fig. 9-13 shows the computed transmission of KrF laser
pulses through helium, neon, nitrogen and argon for this case. Again, there is close
agreement for helium but larger differences for neon, nitrogen and argon. It is also
interesting to note that the calculated values for nitrogen at densities over 2.3x10® cm™
approach the experimental measurements. In summary, the simulation results of
absorption are in reasonable agreement with the measured data for helium in both cases.
However the absorption calculations deviate from the experimental measurements for
higher Z gases where refraction is stronger. In part, this is due to some refraction of laser
light outside of the cone angle of the collection lens. However, this should give a
discrepancy at the peak measured densities instead of the intermediate densities where the
discrepancy occurs. Again, this may indicate the simple 1D model is not sufficient to
interpret the experimental data and full 2D simulations including ionization and refraction

are required.

An important parameter in many experiments using ATI heated plasmas is the
electron temperature of the plasma. The absorption of the laser energy contributes to the
rise of electron temperature in addition to providing the ionization energy. However, the
temperature of the electrons is also determined by the balance between heating and
conduction losses. Since the diagnostics employed here in the gas jet experiment were not

designed to characterize the plasma temperature directly, the simulation results from the
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above 1D model will be discussed here. Fig. 9-14 shows the calculated electron
temperatures for helium, neon, nitrogen and argon as a function of density using the
refraction beam profile from section 9.1. The electron temperatures for the three gases all
reach a peak temperature at some intermediate density and then drop off with higher
density. The temperatures start out with their ATI heating values at very low density. The
increase of temperature at lower densities is associated with the onset of collisional
heating with increasing collision frequency in the denser plasma. The reduction of the
electron temperature at higher peak densities is associated with the strong refraction which

leads to the reduction of the interaction intensity.

The present model does not take into account lateral heat conduction which may
be important in modifying the maximum temperatures obtained. This has already been
noted in numerical simulations by Djaoui et al ®. The following will give an estimate of the
role played by lateral heat conduction. The thermal conductivity formula taken from
Spitzer is ’

L% erg
ZInA cm-seV

x =&87 328 x10'° (9.10)

5

where the correction coefficient for Z can be given by ®

0.095(Z +024)
€ 8'[ =
1+024Z

(9.11)

The thermal diffusion coefficient is given by

D

X (em?/s) (912)
Cp
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where C is the heat capacity and pis the density. The distance of propagation of a heat

wave in time t can be approximated as

x=,Dt (9.13)

The maximum diffusion lengths are given by the highest plasma temperature
combined with low plasma densities. Estimates of the heat diffusion length can be made
using the temperatures given in Fig. 9-14. For a fully ionized helium plasma at atomic
density of 1x10% cm>, taking Z=2, T.v=250 eV, C~3eV/eV/atom, and In A =4, we have
x=11.1 pmfor a pulse duration of 1 ps. This is comparable to the beam waist radius of
15.8 in this case. For nitrogen at an atomic density of 2x10" em™, T.v=350 eV, and Z=5,

the heat diffusion distance is 9.6 pum. This is again comparable to the beam waist radius of
11.5 pm in this case. Thus the heat diffusion length is comparable to the plasma column

width so that heat conduction should be important in reducing the temperature. However,
since the collisional ionization rate is slow outside of the MPI ionized beam, it is expected
that only partial ionization exists outside of the laser channel and the heat diffusion wave
will have to penetrate into cold plasma with poor thermal conductivity. At the same time,
from the above relations the diffusion length is proportional to the temperature to the 5/4
power. Thus a reduction in temperature by a factor of 2x will reduce the diffusion length
by 2.4x making it significantly smaller than the beam radius. A 1D cylindrically symmetric
hydro simulation for a neon plasma at a density of 3.5x10" cm™ heated by a 1 ps 268 nm
laser pulse reported by Djaoui and Offenberger ® showed a reduction of approximately 3
times in temperature due to heat conduction from a temperature of 1200 eV down to 400

eV. In that case the peak intensity was considerably higher at 4x10'" W/cm2 while the
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beam radius of 5 um was considerably smaller than the present case. Overall it is expected
that the actual temperatures will be lower than predicted in Fig. 9-14 by a factor of

approximately 2.

The electron temperature has an important implication in the design of the
recombination XUV lasers. For example, simulations by Bumett et al 10 show that to
achieve high gains in H-like boron plasma on 3-2 and 2-1 transitions the electron
temperature needs to be ~ 30 eV for an initial electron density of 10®° cm™ or atomic
density of 2.5x10' cm®. Similarly for high gain in Li-like neon' electron temperatures of
~ 40 eV at an atomic density of 7x10" cm™ and an intensity of 3x10'” W/cm? are required.
It is clear from Fig. 9-14 that because of collisional heating 1 ps KrF laser pulses can not
achieve these required cold temperatures even if a factor of two reduction in temperature
is included to allow for lateral thermal conduction. Recent measurements of temperatures
in MPI heated neon plasmas by Blyth et al. ' using 350 fs KrF laser pulses at an intensity
of 10" W/cm? would indicate temperatures of around 100 eV for gas densities of around
7x10" cm™ if one ignores the contribution of heating from the SRS instability which
would not be a factor at a reduced intensity of 3x10'” W/ecm®. Thus, for electron densities
of ~ 10 ® cm™, laser pulses of 100 fs duration or shorter may be needed to produce a cold

plasma.
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Fig. 9-1 Beam radius calculated as a function of axial position for a laser

power of P=0.2 TW in a nitrogen gas jet target with peak atomic densities of

(a) 5x10%°, (b)2x10%° and (c)1x10%° cm™. The outline of the gas jet density

profile is also shown at the bottom of each plot for reference.
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Fig. 9-2 Calculated peak intensities as a function of atomic gas jet density for
a power of P=0.2 TW, an F/4.2 cone angle and a 9 um vacuum focal

radius for (a) helium, (b) nitrogen, (c) neon, and (d) argon. Also
shown are the vacuum intensity (dotted line) and the peak intensity
which would be achieved in a static gas target (dashed line).
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Fig. 9-4 Contour plot of average charge state as a function of position in the laser
frame of reference in nitrogen gas for (a) ATI ionization based on
Ammosov’s rates and (b) the threshold ionization potential given by Eqn.
9.5. Intensity contours for the laser pulse are also superimposed in (a).
The peak intensity is 3x10'® W/cm? at 1500 fs and the half intensity radius
is 15 pum for a 1 ps pulse. Each contour represents a step of 0.1 in
ionization stage.
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Fig. 9-5 Geometry of 1D simulation. (a) density profile and (b) beam profile.
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Fig. 9-9 Spectral blueshifts for He, N5, Ne, and Ar as a function of time for a laser power of

0.2 TW at gas densities of (a) 5x10'%cm™ and (b) 5x10*°cm™. Note that for N, it is

molecular gas density. Also shown is the input power and the output laser power after

absorption. Beam profiles calculated using the refraction model are used in these

calculations.
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Fig. 9-12 Calculated energy transmission of KrF laser pulses through
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as a function of density using the experimentally measured
beam profile as shown in Fig. 7-2 for a laser power of 0.02 TW

(i.e. an effective intensity 10 times reduced from the vacuum intensity).

Also shown are the measured transmission data as in Fig. 7-25.
Note that for nitrogen the molecular density is used.
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as a function of density using the calculated beam profiles
similar to Fig. 9-1 for a laser power of 0.2 TW. Also shown are

the measured transmission data as in Fig. 7-25.
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Chapter 10

Conclusion

A comprehensive study of the formation of high density plasma columns by means
of above threshold ionization of gaseous medium and the propagation of ultrashort KrF
laser pulses through such plasmas has been carried out. The investigations have employed
various diagnostics including time-resolved shadowgraphy, energy balance, CCD imaging
of the refracted laser beam, spectral measurements of the He II emission line, and
recording of the blue shifted laser spectra. An autocorrelator was developed to
characterize the KrF laser pulses using the visible fluorescence of BaF; and a high density

gas jet was developed and characterized for the target experiments.

The formation of plasma columns via multiphoton ionization in a static gas target
of either argon, helium and air was studied using 5 mJ, 6 ps KrF laser pulses focused by an
f/10 lens. The results were in agreement with multiphoton ionization initiated breakdown
with subsequent collisional ionization and evolution of a 400-900 pm long cylindrical
blast wave channel. Such a blast wave channel would make a good guide channel for
subsequent short pulses as has recently been demonstrated by Milchberg and coworkers.
Refraction of the laser pulses in the static fill gas cell was identified as a limitation to

achieving high intensity at the focus and obtaining long plasma channels.
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A high density gas jet was developed in order to reduce the refraction of the laser
pulse prior to reaching its high intensity focus. The spatial density profile of the gas jet
was characterized using laser interferometry and Abel inversion of the fringe profiles. Gas

-3

densities of up to 6 x 10 ® cm  at a distance of 200 um above the nozzle tip were

measured.

A single shot autocorrelator based on the two photon fluorescence spectra of KrF
laser radiation in BaF, was developed and characterized to measure the subpicosecond
pulsewidth . For the first time the visible fluorescence was characterized and used rather
than the UV emission which previously had been used. The quadratic dependence of the
fluorescence intensity on the exciting laser intensity was verified for the wavelength
around 400 nm. The autocorrelator based on visible emission had a temporal resolution of
100 fs with the present optics. With optimum adjustment of the KrF laser, a pulse width of
850 fs was measured. A novel method using the fluorescence emission intensity was used

to measure the two photon absorption coefficient of BaF,, giving a coefficient of

13+04x1071° cm/W.

The study of the interaction of a picosecond high intensity ( 10 7 W/cm 2 in
vacuum ) KrF laser pulse with the high density gas jet led to a number of key results.
These results were compared to model calculations of beam refraction due to the

ionization induced electron density profile and of the ionization and heating dynamics of
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the pulse propagating through the gas jet. In addition, the ionization induced blue shift was

calculated in the modeling code.

CCD camera images taken at the exit of the gas jet gave output spot diameters of
500 to 700 pum in diameter and estimated refraction half angles of 15° to 20° for helium
and nitrogen gas jet targets with gas densities of 0.5 to 5.0x10* cm™. The refraction can
be explained primarily in terms of the ionization induced refraction in the leading edge of
the laser pulse. However, the peak intensities and densities achieved in the present
experiment would lead to less than one growth length for ponderomotive filamentation
which should not contribute significantly to the observed spreading of the beam. However,
the scattering angles predicted by pondermotive filamentation would be comparable to the
measured angles. In addition, a central bright spot was observed at the exit of the gas jet
which could be indicative of some self focusing of the tail part of the incident laser pulse
which would not suffer as much ionization induced refraction as the leading edge of the
pulse. Detailed 2D simulations will probably be required in order to clearly identify

mechanisms for this central bright spot.

Energy measurements made in an F/2.5 transmission cone angle indicate a rapid
drop in transmission as a function of density for nitrogen and argon, a slower drop for
neon and a much slower drop for helium. The reduction in transmission is much greater
than would be expected from absorption from ionization alone which typically would be

few percent for helium and on the order of 10% for the higher Z gases. From the modeling
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calculations it is clear that even with high field corrections there is significant IB heating of
the plasma leading to a large absorption fraction and a large temperature rise in the more
intense portion of the interaction. The remaining difference between the calculated
transmission and measured transmission can be accounted for by refraction outside of the

collection cone angle.

Additional imaging diagnostics viewed the plasma at 90° to the direction of
propagation. The main diagnostic involved imaging onto a CCD camera using a narrow
band filter with a center wavelength of 468.5 nm ( the 4-3 transition of He II ) and thus
images of the highly ionized helium plasma regions could be recorded. These images
revealed a larger diameter blast wave region in the first half of the gas jet corresponding to
the enhanced heating which occurs in the refraction created beam waist region before the
middle of the gas jet. Spectroscopic measurements were also made in the region of the He
II line at 468.5 nm. These were measured in three directions viewing the entrance, middle
and exit of the gas jet target. The spectra revealed strong emission of this He II line and
little emission of the neighboring He I line at the entrance to the gas jet target while almost
equal emission for the He II and He I lines are obtained at the exit of the gas jet target.
This agrees with the conclusion that strong refraction leads to a reduced intensity at the

exit of the gas jet.

In conclusion the formation of high density plasma columns by means of optical

field ionization of gaseous medium and the propagation of ultrashort KrF laser pulses
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through such plasmas has been experimentally studied for both a static fill gas cell and in a
high density gas jet. The measurements for the absorption, scattering, refraction, and
ionization induced blue shifting in such plasmas provide better insight into the picosecond
laser plasma interaction and plasma dynamics. The use of gas jet targets in the present
experiments has allowed the study of high intensity interaction in a new regime where
Vosc /Uy > 1 at electron densities of up to 0.1 n. and laser intensity up to 10 '® W/em? for
picosecond KrF lasers. However, at these high densities the peak achievable intensity is
reduced by up to an order of magnitude or more from its vacuum value. Such intensities
achieved in the gas jet are still an order of magnitude higher than could be achieved in a

static gas cell.

It is clear that guiding plasma channels will be essential for the formation of long
scale length high intensity interaction regions. At the same time, the results are in
agreement with model calculations showing significant heating of the plasma up to several
hundred electron volts for the higher Z gas cases. These temperatures are clearly much too
high for XUV recombination laser schemes and indicate that shorter pulses, on the order
of 50 fs in duration and lower interaction densities will be required in order to maintain the
cold temperatures required for XUV lasers. It is hoped the results can be used for
comparison with detailed numerical studies in future to further understand the physics of
the laser plasma interaction and will be useful for the investigation of XUV lasers and

inertial confinement fusion research.
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