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1 Introduction

Lasers have captured scientific interest since their inception and increasing the on-target
intensity has resulted in powerful petawatt (x10'°W) laser systems across the globe [1]. Such a
laser gives the possibility to study and optimize processes such as electron [2] or ion [3]
acceleration resulting from interaction of extreme electric fields (E = 0.5 TV/m) with matter [4].
An important future application of ion acceleration has been cancer therapy, since ions can offer
certain medical advantages over conventional radiation sources (electrons or photon sources)
[5]. Target normal sheath acceleration (TNSA) is an ion acceleration mechanism that gives rise to
energetic ion beams when an intense laser pulse interacts with thin (several micrometers) solid
targets. One of the important steps in this process is a pre-plasma created by intense pre-pulses,
amplified spontaneous emission or the rising edge of the main pulse, which although less intense
than the main pulse, is nevertheless sufficient to ionize the front surface of target [6]. Thus, the
main pulse interacts with the pre-formed plasma that can greatly impact the laser-absorption
processes. The effect of these pre-plasma properties on the TNSA process is currently under

investigation using the POLARIS laser system in Jena, Germany.

The pre-plasma formed due to pre-pulses can result in a complex interplay of laser
absorption processes. Several absorption processes such as resonance absorption, vacuum
heating, normal skin effect, anomalous skin effect can play a significant role concerning the
absorption of the laser into the target. This can then have an impact on the final energy of the
ion beams resulting from TNSA. Thus, controlling the pre-plasma properties to generate higher
energy and higher beam-quality ion beams is essential. A higher energy and better beam-quality
of the ions from TNSA can act as an alternative comparatively compact ion sources as opposed

to the large conventional ion accelerators.

A complete system with a pump pulse and a probe laser pulse has been developed at
POLARIS in Jena to probe the laser-plasma interactions and map the evolution of the plasma over
time. A regenerative amplifier serves as the source for both the pump pulse and the probe pulse.

The pump pulse generates the plasmas when it is focused on a target material. A series of pulses

1
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separated in time are generated and used to temporally probe the plasma dynamics in a single
shot. The focus of the thesis is to use this single-shot probing system and fully characterize laser-
generated plasmas from aluminum targets in terms of plasma electron density scale lengths and

plasma electron temperatures under various pump pulse intensities and polarization states.

The thesis starts with a discussion of fundamental theoretical concepts in chapter 2 of laser
beams and moves on to describe the mechanisms with which, the plasma is created. A brief
overview of TNSA process then follows with a subsequent explanation of the different absorption
processes. In chapter 3, the experimental setup, including the target geometries that were used
to generate and probe the plasmais discussed in detail. Chapter 4 outlines the analysis procedure
and theory used to calculate the electron density from the interferograms. It also gives an
example analysis of the interferogram that results in the plasma scale length and plasma electron
temperature. After that in the final chapter, the detailed results for both linear and circular

polarizations are presented and discussed.



2 Fundamental Concepts

This chapter discusses the theoretical concepts used during the work of this master’s thesis
starting from a mathematical description of ultrashort pulses. Understanding the theory of
ultrashort pulses is important to generate a series of probe pulses starting from a single pulse.
Moving on the chapter discusses the basics of Gaussian beam optics, after which the spatial and
temporal coherence of these ultrashort pulses is discussed. The focus is then shifted to the
different mechanisms of plasma creation and the plasma parameters used in this thesis to
characterize the plasma. This work is motivated by the desire to optimize the TNSA process, so

the fundamentals of this process and the contributing absorption physics is then outlined.

2.1 Spatio-Temporal Characteristics of Ultrashort Pulses

2.1.1 Mathematical Description

A simple laser pulse can be understood as a multiplication of two functions. The first function

shown in Figure 1a) is an oscillating sinusoidal term representing the electromagnetic field with

its wave vector k and the angular carrier frequency w, and the second shown in Figure 1b) is an
envelope function which determines the shape and duration of the laser pulse [7]. Figure 1c)
represents the laser pulse, which here contains a high number of oscillations inside the envelope.
For this thesis, the electromagnetic pulse has an oscillating frequency of 291THz or a wavelength
of 1.03um. An ultrashort pulse has the same form as described above but the duration of the

envelope function is less than 1 picosecond and thus it has fewer oscillations under the envelope
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a) b) c)

Figure 1: A visual representation of multiplying an a) oscillating electromagnetic wave with an b) envelope to
result in c) a Laser pulse.

for a fixed carrier frequency w,. Mathematically the above laser pulse propagating in z can be

written in analytic representation as [8]

E(t,z) = A(t, z) exp{i(k,z — w,t)} + c.c, (1)

where A(t,7) is the envelope function that determines the shape of the pulse as well as the
duration. This laser pulse can be converted into the frequency domain using Fourier

transformation [9]

+00
E(w,z) = % f E(t, z) exp(iwt) dt, (2)

where E(w, z) is the complete representation of the pulse in frequency domain. This complex

guantity can be represented in the standard exponential form as [7]
E(w,2z) = /S(w)e®@), (3)

where S(w) is the spectral density, which denotes the amplitude of each of the frequency
components of the ultrashort pulse and ¢(w) is the spectral phase, which denotes the relative
position of each of the frequency components with respect to each other. Using Fourier analysis
on a gaussian function, a fundamental result of waves known as the time bandwidth product can
be derived. For a gaussian beam this product is AwAt = 4In 2, where Aw is the bandwidth of the
pulse and At is the pulse duration. As a direct result of the time bandwidth product, a larger
bandwidth implies a shorter pulse duration but for the generation of the ultrashort pulses the

spectral phases also need to be in-phase or in more popular terms mode-locked [10].
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Figure 2: An ultrashort pulse is a consequence of locking the phases of all the frequency components or modes

of the laser [10].

Figure 2 shows the concept of locking all the phases of frequency components of a laser more

commonly known as longitudinal modes or simply modes. If the modes of the laser have random

phases, then random intensity fluctuations result instead of an ultrashort pulse.

2.1.2 Gaussian Beam Optics

In this section, the relevant spatial characteristics of the ultrashort pulses described in the

previous section is outlined. These laser beams have a high degree of directionality, meaning

1.0
0.8

506

~04
0.2
0.0

4 -2-2:0 zz 2 4
Z

Figure 3: The peak intensity of the Gaussian beam on axis I(r = 0, z) as a function of the propagation distance.
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that the optical power of the light wave is mostly concentrated in a spatially confined area [11].
In this work, the transverse profile of the optical intensity of these beams can be represented by

a gaussian function as [12]

2 2
I(r,z) =1, [% exp {—(4 In 2) (%) }, (4)

where w, is the Full Width Half Maximum (FWHM) of the beam at the point of focus (z=0) known
as the waist. The width of the gaussian beam also changes as the beam propagates and is given
as [13]

712
wi@)=w, [1+ (—) ) (5)
ZR
2
where zz = n/l& is known as the Rayleigh length, which defines the point where the width of the
L

gaussian beam has increased by a factor of V2 and the intensity has halved as shown in Figure 3.

Figure 4 shows the evolution of the gaussian beam width as a function of the propagation

w(z)

Width of the Gaussian Beam
Wavefronts of the Beam

Figure 4: The evolution of the gaussian beam width along with the radius of curvature of the beam
wavefront (R(z)) of the beam at different positions [14].

distance with the minimum width at the point of focus z=0. The longitudinal width of a gaussian
beam can be defined as twice the Rayleigh length denoted as b in Figure 4. If the gaussian beam
is focused strongly making w, small, the Rayleigh length decreases implying that the beam starts
to diverge more strongly. This is one of the inherent properties of the gaussian beam. Another
property is the use of ABCD formalism from ray optics to calculate the beam width and the radius

of phase curvature after passing through simple optical elements such as mirrors, lenses or

6
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mediums of different refractive indices. The g-parameter (complex beam parameter) for a

gaussian beam can be defined as [14]

11 i,
q(z) R(z) mw(2)?

(6)

where q(z) is the g-parameter, R(2) is the radius of curvature of the beam wavefront, 4, is the
beam’s vacuum wavelength, n is the refractive index of medium and w(z) is the width of the
gaussian beam. The g-parameter of a gaussian beam passing through optical elements is related

to the input beam g-parameter by just a matrix multiplication given by [14]

= 7

qr
where A, B, C, D are the matrix elements of the ABCD matrix and q;, qy are the input and output
g-parameters of the gaussian beam. The use of this matrix multiplication can be demonstrated
by finding the size of the focal spot of a collimated gaussian beam incident on a thin lens as shown

in Figure 5.

=

Figure 5: A collimated gaussian beam with an initial width of w; being focused to a small spot with the final
waist wy.

The ABCD matrices to be used for such a calculation are those of a thin bi-convex lens with a focal

length of f and of free-space propagation with a distance d [15].

. 1 od
Propagation Matrix = [0 1] (8)
1 0
Lens Matrix = [__1 1] (9)
f
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The above matrices are first multiplied to get the final matrix for this optical system after which,
equation 76 is used to get the final g-parameter. The final g-parameter relates to the width of
the beam in the focal spot by equation 6, which is used to get the final waist of the gaussian beam
as [14]

fa

= 10
Wf w; ( )

where wy and w; are the final and initial width of the gaussian beam respectively. This result was
used to adjust the area of illumination of the probing system, which will be discussed in a later

section.

2.1.3 Spatial and Temporal Coherence

To interferometrically probe laser-generated plasmas with ultrashort pulsed beams it is
necessary for the pulses to exhibit certain properties, which will be discussed in this section.
Consider two light waves, which are superimposed each having the same frequency w with

different k-vectors and initial phases €;and €, given as [16]

E7(#,t) = Eo; cos(ky.7 — ot + €,) + Eqp cos(ky. 7 — wt + €,). (11)

The intensity of a light wave is proportional to the time-period average of the square of the

electric field and is given as
() = L) + L) + Ly (7) = (B2 (7) + (B,%) () + 2(B;. B) () (12)

The third term in equation 12 is known as the interference term which can be evaluated in this
instance by taking the dot product of the two individual fields and then time averaging the

cosines to get [16]

I,(#) = Egq. Egyc0s &, (13)

where § = k_l) r+e — k:> 7 — €, is the phase difference arising from the different path lengths
and initial phase-angle difference. From equation 13 for two orthogonal polarizations the
interference term vanishes, implying similar (or non-orthogonal) polarizations for interference to
be seen. From equation 12 it can be noted that similar intensities in both the waves is also
required for the interference term to be visible. If one of the beams is of a much higher intensity,

then the interference term is hidden under the stronger signal. Two other important conditions

8
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that need to be satisfied to see the interference term is the high degree of spatial and temporal
coherence. The temporal coherence is the ability of the electromagnetic radiation to maintain a
fixed phase relationship and be predictable when measured at a fixed spatial point but different
points in time. The temporal coherence is a manifestation of the spectral purity of a laser pulse,
the purer or more single colored light pulse there is the more temporally coherent it will be. It is

mathematically proportional to the inverse of the bandwidth of the laser pulse [17]
1
T o« — oc At (14)
Av

where 7 is the coherence time, At is the pulse duration and Av is the frequency bandwidth of the
pulse. Equation 14 implies a decrease in the coherence time of the pulse as the pulse duration is
decreased. Another quantity used to describe the degree of temporal coherence is the coherence
length that is the distance travelled by the light in the coherence time. If the spectral phase of a
pulse is frequency-independent, it is said to be Fourier-transform limited (FTL). For FTL pulses

having a Gaussian spectrum the coherence length is given as [18]

21n(2) 22

(15)
¢ mm  AX

where A is the central wavelength of laser source, n is the refractive of the medium and A1 is the
FWHM of the laser source. For quasi-monochromatic laser sources, the coherence length is on
the order of meters while for ultrashort pulses the coherence length is on the order of microns.
This is important while aligning an interferometer, since for interference to be seen at the
detector, the path difference between two pulsed beams needs to be less than the coherence

length.

The spatial coherence is defined as the ability of the electromagnetic radiation to maintain a fixed
phase relationship and be predictable when measured across space at a fixed point in time. The
two beams being interfered need to have high spatial coherence to get an observable
interference pattern because at points where the amplitude is not predictable (hence low spatial

coherence) the interference pattern will diminish [16].
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2.2 Plasma Generation and Plasma Parameters

This work focuses on probing the dynamics of laser-generated plasmas, for which it is important

to understand the underlying physics of plasma generation from electromagnetic fields.

2.2.1 lonization Mechanisms

A material is ionized when its bound electrons attain enough energy to escape the Coulomb
potential. This is described in the simplest case by the classic photoelectric effect, which predicts
the generation of a photoelectron and thus ionization of the material, if the energy of the photon
(depending upon the frequency f) becomes greater than the work function (¢) of the metal
(Ephoton = hf > @) [19]. Aluminum (Al), the principal material being used in this work to create
plasma, has a work function of about 4.28eV while the energy of a photon with wavelength
1.03um being used in this work is 1.20eV [20]. Thus, Al cannot undergo ionization by the classic

photoelectric effect.

V(x)

0

[} nf

-Eion

Figure 6: Multiphoton lonization where 3 photons are absorbed at the same time by the electron to escape
coulomb potential.
Nevertheless, there are 3 other mechanisms by which the Al used in this work undergoes
ionization namely multiphoton ionization (MPI), tunneling ionization and over the barrier or
barrier suppression ionization (BSI). When the intensity of the light is high enough
(I > 10®Wcm™2), there is a high probability of more than one photon being absorbed at the
same time by the electron. This phenomenon shown in Figure 6 depicts the process with 3
photons being absorbed to release a bound electron from the coulomb potential. MPI is
considered a perturbative process where it is assumed that the laser field does not have any
effect on the atomic potential [21]. This assumption breaks down when the laser field is increased
further (I~10*Wcm™2) and the laser field starts to tilt the coulomb potential in both directions

over one cycle. During half the cycle of the laser field the barrier shown in Figure 6 is lowered

10
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forming a potential barrier between the bound electron and the continuum outside through
which an electron can tunnel. This mechanism is known as Tunneling lonization. The interplay of

MPI and Tunneling ionization is captured in the Keldysh parameter y [22]

(16)

where w; is the laser frequency, E;,, is the lonization energy and [ is the laser intensity. For a
Keldysh parameter y > 1 MPI applies, while for y < 1 Tunneling ionization applies, although this
difference becomes cloudier for multi electron systems due to screening [23]. A simple

formulation of the modified coulomb potential is given as [21]

Ze?

V(x) = ———eex (17)
where V(x) is the modified atomic potential, Z is the atomic number, e is the charge of an
electron and ¢ is the amplitude of the laser electric field. This modified potential can be
differentiated to find the position x,,,, of the potential barrier shown in Figure 7 [24]. Equating
the V(Xpmax ) = Ejon gives the critical laser field amplitude after which the barrier falls below

E;on and the electron can escape spontaneously from the atom.

V(x)

Figure 7: The image on the left shows the potential being modified and acting as a potential barrier for the
electron, which now has a non-zero probability on the other side and can tunnel through. On the right is the
barrier being suppressed at even higher intensities and the electron can freely pass through and leave the
atomic potential [24].

This is known as Barrier suppression lonization (BSI) and the corresponding critical electric field

& at which it occurs is given as [21]

11
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2
Ekon

€= 1,5 (18)

The optical intensity at which this critical field is achieved known as appearance intensity
(Iapp) can be calculated as follows [21]

4

c E;
g2 ~4x10° (LV") Z72Wem™2. (19)

Iapp = 81 e

Equation 19 can also be applied for the case of Aluminum, which serves as the principal target in
this setup. The appearance intensity required to triply ionize the Aluminum calculated from
equation 19 is about 3 X 10** Wcm™2, about 2 orders of magnitude lower than the intensity
being used in this work. This model does not consider the neighboring atoms, which can also
have an influence on the atomic potential and thus this value is an ideal estimate only. Another
form of ionization known as collisional electron ionization [25] dominates in solid metals such as
Aluminum after the initial ionization process due to a large amount of quiver energy given to the

electrons by the ponderomotive force of the laser field. This energy U, is given as [26]
U, =9.33 X 10714(1,1%)eV, (20)

where I, is the laser intensity and 1 is the laser wavelength. At laser intensities of 101°W cm™2

and a wavelength of 1.03um being used in this work, this energy is 990eV/. This amount of energy
is enough to ionize the Aluminum atoms with electron collision ionization from Al'* with an

lll+

ionization potential of 6elV to A , Which has an ionization potential of 442eV [26]. This implies

the dependence of the plasma parameters on the wavelength and the intensity of the laser field.

2.2.2 EM Wave in Plasma

So far, the different mechanisms for the creation of a plasma from a solid Aluminum target were
discussed. This section takes a look at related plasma parameters, and their meaning, within the
context of electro-magnetic wave propagation through plasma. Plasma is mainly composed of a
large number of electrons and ions, exhibiting different collective behavior, one of which are
plasma oscillations. These oscillations are of electron densities against a uniform ion background
defining a characteristic plasma frequency w,, which has consequences shown later in this
section, for a laser pulse trying to penetrate a plasma. These plasma oscillations can be described
by the well-known Drude model for metal optics, since the electrons here are considered as free

charges without a restoring force [27].

12
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2

0 . Jd e -
WS(T, t) +gas(r, t) = —m—E(T, t). (21)
e

Here s(7,t) is the electron displacement, g is the damping constant, e is the charge of the

electron and m, is the mass of an electron. In the equation above the driving force does not have
the contribution from the magnetic field, since in the non-relativistic case it is approximately v—ce
times less than the E field. Another assumption made here is a static ionic background and the

thermal energy of the electrons is also ignored so the oscillations do not travel through the

plasma. The current density j(7, t) induced by the movement of the electrons is given by [28]
T a -
J@,0) = —neeoos(F,0), (22)

where n, is the electron density. With this equation 21 becomes

e’n,

a (5 (5 J—
a](r,t)+gj(r,t)— —

E(# t) = gow,2E (7, 1), (23)

e

where w), is the plasma frequency given as

(24)

Taking the Fourier transform of equation 23, solving for j(#, w) and comparing it with j(7, w) =

o(w) E(F, w) results in the following complex frequency dependent conductivity
gowp” EoWWy*

o(w) g — iw l—wz—igw (25)

From the theory of electromagnetic wave, in the absence of bound electrons the generalized
complex dielectric function is given as [27]
2

[ Wy
g =1+—o(w) =1+———. (26)
W, —w? —igw

The refractive index is related to the real part of the complex dielectric function and is given by

[29]

(27)

n(w) = W) =

13



Faran Irshad Chapter 2. Fundamental Concepts

where w, is the frequency of the laser field and w,, is the plasma frequency. The above depicts
the refractive index as seen by an electromagnetic wave propagating through a plasma. The
refractive index is real for laser frequencies greater than the plasma frequency implying that the
laser field decays evanescently if the laser field is lower than the plasma frequency. This in turn
allows a critical density of electron to be defined at which the laser field of a particular frequency
wy, is reflected. Using equation 24 the critical density n, can be defined as [30]

EoMewy,

A
Nne = = 1.1 x 10%*! (—L) cm™3. (28)
um

eZ
For the central wavelength of the laser field being used in this work (4, = 1.03um) the critical
density isn, = 1.133 X 10%1cm™3. Using this the refractive index can be written as a ratio of the

electron density to the critical density instead of as a ratio of frequencies.

n(ne(x,y,2) = |1- w (29)

The plasmas which have an electron density less than the critical are known as underdense
plasmas while those with an electron density more than the critical are known as overdense
plasmas. In overdense plasmas, the refractive index becomes imaginary and thus the electric field
evanescently decays and in 1D under normal incidence given as

E(x) = E(0) exp (— £> ) (30)

1

2\ 2
where [ = f(l — —: 2) is termed as the skin-depth. This is the characteristic penetration
p p

depth of the electromagnetic field inside an overdense plasma, which for highly overdense

plasmas is approximated by [, = wi
14

2.3 TNSA Process

The importance of studying the plasma properties can be put into perspective with the
knowledge of ion acceleration mechanisms. The current high-powered Petawatt laser systems

reviewed by Danson et.al [31] can generate intensities on the order of 102'W/cm?. An electron

14
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in a laser field can be directly accelerated to relativistic velocities if a threshold intensity given as
[32]

w
A% =137 x 1018 ——— (31)

cm?
is crossed. This allows the electrons to be accelerated directly by the laser systems currently

around the world. A similar threshold for the protons can be derived, which is higher due to

higher mass of the protons requiring a larger force [32].

Wum?
11,2 = 5x 102+ 12 (32)

cm?
This higher threshold of protons and even higher for heavier ions eliminates the possibility of

directly accelerating these ions in a laser field for current Petawatt laser systems. A possible

Metal foil with
contamination layer
®
® o
@
. [ J
® o
o2
Laser incident — @ .-“‘ ﬁ..
'.0..—>
—_—] :.. 0 ® ...:.
.:‘. e® Hot electron
® ° cloud
Blow-off ®
Plasma | o
® o
@®

Accelerating
electric field

Figure 8: The basic schematic of TNSA process. The laser is incident from the left, the blow-off plasma is
created by a pre-pulse or amplified spontaneous emission (ASE) which arrives at the target before the main
laser pulse.

mechanism to accelerate ions by using hot electrons to mediate the transfer of energy from the
laser field to ions is termed as Target Normal Sheath Acceleration (TNSA) [33]. By hot electrons
in the context of TNSA, one means the relativistic electrons, which have the energy on the order
of the laser ponderomotive potential travelling in the laser forward direction. The basic schematic

of this process using thin metallic foils is shown in Figure 8 and can be explained in a series of

steps as follows [34]
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[1] Since the main laser pulse being focused on the metallic target is on the order of
102'W/cm?, a pre-pulse or amplified spontaneous emission (ASE) from amplifier stages of
the order of 10*W/cm? is enough to ionize the target and create a pre-plasma. This pre-
plasma blows off the surface of the target and expands in the direction of the incoming
laser.

[2] The main laser pulse arrives and interacts with the pre-plasma and transfers energy to
the plasma electrons. The absorption of the main laser pulse greatly depends on the
properties of the pre-plasma.

[3] Hot electrons are generated after absorbing the laser energy in the forward direction and
propagate through the target and escape from the rear surface of the target. This process
continues untill a positive sheath on the rear side stops more electrons from escaping
creating a space-charge field.

[4] Theions are then accelerated, normal to the rear surface of the target, under these space-
charge fields to energies of mega electron volts (MeV) [34]. A contamination layer which

is rich in protons is usually applied on the rear surface to facilitate ion acceleration.

The main component in the above process is the generation of hot electrons which determine
the strength of the space charge fields. The conversion of laser energy into hot electrons is
governed by a number of different absorption mechanisms depending upon the laser and target
parameters. Two of the main parameters that significantly change the absorption physics are the

scale lengths L and the intensity I;.

2.3.1 Collisional Absorption

When a laser field with an intensity >10*W/cm? is incident on a metallic target, in this work
Aluminum, it is ionized, and the laser energy is then either absorbed or reflected off this solid
density plasma. At such a moderate intensity (by modern standards) collisional absorption is the
dominant mechanism in coupling laser energy to the target [30]. Possible binary collisions in a 2-
particle plasma consisting of ions and electrons are: electron-electron collisions which serve to
increase the plasma temperature, ion-ion collisions are negligible due to ions not responding to
laser field in the short timescales considered here (= ps) and electron-ion collisions that allows
the electrons to deposit energy in the target lattice. The main quantity governing the strength of

collisional absorption is the electron-ion collisional frequency v,; given as [35]

3
Vi = 2.91 % 1075Zn,T, 2InA s~ 1 (33)

16
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where Z is the number of free electrons per atom, n, is the electron density in cm™3, T, is the
plasma electron temperature in eV and InAis the Coulomb logarithm that accounts for the
maximum and minimum limits of electron-ion scattering cross-section. In the regime of
femtosecond laser pulses (used in this work), the laser pulse directly accesses solid density

plasmas due to almost negligible hydrodynamic expansion. In this scenario, the laser pulse peak
experiences an almost a step like density profile (% < 0.1), where the plasma is highly collisional

due to a higher density. The Helmholtz equations can be solved to derive the absorption fraction
due to the electron ion collisions and is termed as the normal skin effect (NSE) when the collisions

take place within the skin depth of the electric field.

2.3.2 Resonance Absorption

Collisional absorption starts to decrease as implied by equation 33 when the temperature of the
plasma starts to increase. Resonance absorption is a collisionless absorption mechanism with
which the laser energy can be coupled to the plasma with long scale lengths (L > 1). The
resonance absorption is most efficient when the plasma frequency is equal to the laser frequency
[36]. A p-polarized laser pulse incident on the target with an angle of 8 is constantly deflected by
the plasma electron gradients as shown in Figure 9. As a result, the Electric field of this laser pulse

is also constantly tilted and at the turning point of the laser beam, where the density
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Figure 9: Resonance Absorption at the turning point where the evanescent E-field oriented along the gradient
of plasma electron density tunnels through and excites plasma waves.

IS Nyyrning = n.cos? 0, the electric field aligns with the electron density gradient, tunnels through
and excites plasma wave. Since, these plasma waves grow over the laser cycles, the amplitude of
the wave increases until the wave breaks, dampens and generates hot electrons that propagate

through the target.

2.3.3 Vacuum Heating

Vacuum heating is another collision less absorption mechanism that plays a dominant role in
steep gradient plasmas (L < 0.11). When a p-polarized laser pulse is incident with an angle 6 on
the target, the electric field has a component in the direction of the plasma electron density
gradient. The electrons at the abrupt vacuum-plasma interface then directly interact with the
laser electric field. In the first half of the electric field cycle, it accelerates the electrons out into
the vacuum and then accelerates them back inside the target when the field reverses sign. Since
the target is overdense, the electric field evanescently decays inside the solid target and cannot

follow the electron which is absorbed inside the target through collisions [37]. The absorption
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fraction of the laser field due to vacuum heating changes as the incidence angle of the laser pulse

is varied and is under 1% for incidence angles of <10° [30].

2.3.4 Anomalous Skin Effect (ASE)

Anomalous Skin Effect (ASE) is the third collision less mechanism of laser absorption discussed in
this work. This effect contributes to the laser absorption by effectively increasing the skin depth,
where the electrons are absorbed through collisions with ions. In the case of steep gradient
plasmas, the electrons within the skin depth of the electric field oscillate and dissipate energy

through electron-ion collisions. This is termed as the normal skin effect (NSE) in which, the

electron mean free path [30] 4,5, = zﬁ and the mean excursion length of the electron d,;;.; =
e

i

Z)ﬂ both, are smaller than the skin depth [ = wi given by equation 30. The effect of the electric
L 14

field is thus not felt at distances larger than the skin depth. Consider a case now where the
temperature of the electrons is increased which, consequently, increases the mean free path as
well as the mean excursion length of the electrons such that it becomes greater than the skin
depth. These electrons carry the effect of this electric field at larger distances effectively
increasing the skin depth of the electric field. This results in an increase in absorption due to
larger skin depths increasing the probability of electron-ion collisions. The new skin depth [, is
derived considering this nonlocal relationship of electric field and induced current and is given by
[38]

y 1
-0y
T W W5

where v is the thermal velocity of the electron, w;, and w,, are the laser and plasma frequencies.
This effect is more prominent under normal incidences where the Vacuum heating and resonance

absorption plays a less significant role.

2.3.5 JxB Heating

The last collisionless mechanism for laser absorption into the plasma considered in this work is
the jxB heating [39]. This mechanism is similar to vacuum heating and requires steep plasma
gradients. While vacuum heating relies on the E-field of the electromagnetic wave to extract
electrons, the jXB heating relies on the vxB term of the Lorentz force to extract electrons. For low
intensities when the motion of the electron can be considered classic this mechanism is negligible

owing to small amplitude of the vxB term. For intensities in excess of 1018 W/cm?, this mechanism
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becomes dominant and under normal incidence can be very efficient in coupling laser energy into
the target. The main difference of this mechanism from the vacuum heating is a higher oscillation
frequency of the vxB term 2w, while the Electric field varies with a frequency of w. This
mechanism works for both S and P polarized light, even under normal incidence, while for
circularly polarized light under normal incidence this effect is suppressed. This happens due to

opposing vxB forces generated by the s and p polarized components of a circularly polarized light.
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3 Experimental Setup

In this section, the experimental setup utilized in this work to interferometrically probe laser
generated plasmas is discussed. One of the advantages of the experimental setup is its ability to
probe the laser-generated plasmas at two different times in a single shot. This is achieved by
splitting the spectrum of the probe pulse and delaying one part to generate two pulses from a
single pulse. These two pulses are then sent to the interaction region, after which they are
separated with a similar setup and sent to the interferometer to obtain phase information. This

results in access to two controllable time steps of the plasma expansion.

The section is divided into three main parts shown in Figure 10: the first part discusses the probe
pulse and the two temporal and spatial separation devices along with the interferometer used in
this work, the second part discusses the pump pulse, the third part discusses the geometry of the
target that was utilized in this work to generate plasmas. A laser pulse coming from a
regenerative amplifier is passed through a 90:10 Beamsplitter resulting in a pump pulse (90%

energy) and a probe pulse (10% energy).

Probe Source STempo.raI Target and Focusing Delay Line
120fs, 42 Eparatian Imaging Optics Parabola f/2 2ns, A=66fs
330fs, 8
CCD Mach-Zehnder /\ Spatial Pump Source Telescope
Camera Interferometer Separation 120fs, 377 W 1:20

Figure 10: The general schematic of the experimental setup with the components of the probe pulse shown in
blue and those of pump pulse shown in red.
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3.1 Probe Pulse

The probe pulse source generates a pulse with a central wavelength of 1030 nm with a bandwidth
of 15nm. The repetition rate for the amplifier is 1 Hz and the temporal duration (Full width half
maximum) of the pulse is around 120 fs measured by an autocorrelator. The energy in the probe
pulse is varied during the energy scan and is about 40u when the energy of the regenerative
amplifier output is kept to a maximum. This probe pulse is then directed into an optical setup,

named temporal separation device, which generates two pulses with a variable delay in between.

3.1.1 Temporal Separation Device

The temporal separation device, depicted in Figure 11 consists of a grating, an imaging lens and

two small mirrors one of which, can move to allow temporal separation of a part of the pulse.

Grating 500mm f=500mm  500mm

-
< < Ll

»| %2 inch
"I Mirrors
«—>

Figure 11: The top view of temporal separation device schematic where one of the half inch mirrors is
movable to allow for a delay and temporal separation of a part of the pulse.

The input path is separated from the output path by an optical switch that consists of a faraday
rotator and a polarizer. The principle of the setup is as follows: the input pulse hits the grating
and goes through a 4f imaging setup built from grating back to grating with small half inch mirrors
placed in the Fourier plane. In the Fourier plane, the beam is spatially focused but spectrally
dispersed. Here the gaussian spectrum of the initial pulse is modified by these two mirrors, the
peak of the spectrum passes through the gap and is not reflected while the other parts of the
gaussian spectrum are reflected from each mirror as shown in Figure 12. By displacing one of the
mirrors, the path of half of the gaussian spectrum is changed that results in a temporal
separation. The duration of the pulses is increased, which was expected since their spectrum has
been reduced. The pulse duration after the temporal seperation device of each pulse is about

330410 fs. This pulse duration is sufficient to probe the hydrodynamic expansion of the plasma
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Figure 12: The Spectrum of the two pulses after the temporal separation setup. Each of the pulse has one part
of the gaussian spectrum and is abruptly cut off due to the mirror edge. The center part of the spectrum is
lost and is not seen in either of the pulses.
that is negligible on the fs timescales. One important requirement of this temporal setup is to
have the pulses travel back in the same direction and position as shown in Figure 13. If this is
violated, the pulses would get an additional delay and would also illuminate different spatial
points in the interaction region. The delay between the pulses can be achieved in steps of 67 fs

for a total delay of 166ps. Figure 13 also depicts the decrease in the spatial size of the beam after

the lens.
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Figure 13: The side view of the temporal separation device depicting the same path travelled by the pulses
when being reflected from the small mirrors after the lens. The spatial size of the beam decreases after the
lens that is depicted here by the decreasing size of the red and blue beam.
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3.1.2 Imaging System

The pulses after the temporal separation device are focused by imaging optics into the
interaction region where the target is kept as shown in Figure 14. The first lens in the schematic
controls imaging parameters such as depth of field and the field of view. When the focal length
of the lens is increased the field of view and the depth of field increases at the expense of image
quality. The image quality becomes poorer because of different divergence of the image

information and the beam.

Temporal
Separation

f=200mm

Target

f=75mm

Objective Lens

f=100mm

Spatial
Separation

d=205mm d=35mm d=95mm d=175mm d=120mm

Figure 14: The probe pulse from the temporal separation device is then focused towards target to illuminate
interaction region and then collected by objective. Subsequent relay lenses are used to maintain image
quality over a large distance.

A measure of image quality used in this work as a criterion is the resolution determined by 1951

USAF resolution test target shown in Figure 15 [40]. Resolution of the imaging system is higher if
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Figure 15: A standard resolution test target used to determine the experimental spatial resolution of the probe
pulses.

smaller lines on this target can be distinguished. A theoretical measure of the highest resolution

achievable by the imaging system can be calculated using Abbe’s resolution limit [41] given as

A

= (35)
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where A is the wavelength of light being used, NA is the numerical aperture of the objective
being used to collect light from the object and d is the minimum feature size that can be observed
in the image plane. For the current work, a Mitutoyo M PLAN Apo NIR 10x objective was used
that results in a diffraction limited resolution of 2um while the experimental resolution measured
using USAF chart is of 3.5um. The reason for a larger value is loss of image information in the
spatial separation device (see chapter 3.1.3), where half-inch mirrors cut off image information.
Despite this the plasma is observed after 20 ps when the scale lengths are larger, thus, the spatial
resolution is sufficient to observe plasma dynamics. The field of view of the imaging system is
kept to 150um, resulting in a depth of field of 7um. The field of view is kept larger deliberately
so as to have a part of the beam which is undisturbed by plasma phase information. The
magnification of the system can be adjusted by the focal lengths of the lenses used after the
objective to relay the image information. The magnification factor is kept to a value of 27 to

observe the plasma scale lengths on the order of few um.

3.1.3 Spatial Separation Device

After the pulse has passed the target region, it passes to the spatial separation device shown in
Figure 16. The spatial separation device is similar to the temporal separation with minute
differences. Firstly, the two small mirrors are now fixed as opposed to a movable mirror in the
temporal separation device. Secondly, there is no optical switch since the input and the output
beams have no requirement to be sent back at the same path as the temporal separation device.

Lastly, the input pulses and output pulses are spatially separated by a tilt introduced in the small

Grating  5oomm  f=500mm  500mm

>

»| 72 inch
"I Mirrors

Figure 16: The top view of spatial separation device where both the small mirrors are now fixed but tilted to
send the two pulses back at different spatial points.
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mirrors, which can be better seen in the side view shown in Figure 17. After the beams have been
spatially separated, they are sent to the interferometer and then subsequently imaged onto the

CCD to obtain two-time step information in a single shot on two different CCD chips.
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Figure 17: The side view of the spatial separation device where it can be clearly seen that the input and the
output pulses are spatially separated.

3.1.4 Mach-Zehnder Interferometer

A Mach-Zehnder Interferometer shown in Figure 18 with one delay stage was assembled and

utilized to obtain the phase information from the interaction region. The pulses are relayed

f=750mm

M2 Beamsplitter B

CCD

Beamsplitter A 1 N

f=400mm

Input

Delay Line

Figure 18: A Mach-Zehnder Interferometer showing the path of one of the pulses and the last relay lens used
to image the interaction region onto the CCD. For the second pulse a second but similar CCD is used.

through the interferometer but induce little change in beam divergence due to the length of the
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interferometer (= 13cm) being much smaller than the focal length of the lens (= 40cm) before the
interferometer. The interferometer in this case was used to create a shearing geometry shown

in Figure 19 where the overlap of the disturbed and the undisturbed part gives access to plasma

Undisturbed  Disturbed
Region(U) Region(D)

Figure 19: The shearing profile created to gain access to the phase information from the interaction region.

phase information. The main requirement for this method to work is sufficient undisturbed
section of the beam, which is achievable by increasing the field of view. The field of view of
150um was seen to be sufficient to make use of the shearing geometry and get accurate phase
information from the interaction region. The interferometer was first alligned using a CW laser
with a central wavelength of 1030nm to get a null fringe. Then the interferometer alignment was
optimized using M2 and Beamsplitter B to result in a higher number of fringes. After this
alignment was completed, the ultrashort pulses were sent through the interferometer and the
fringes dissapear due to a larger path difference between two arms of the interferometer than
the coherence length of the pulse. The delay line was then adjusted to get visible fringes again
and best contrast for both of the pulses. After the interferometer, each of the two pulses were

imaged onto two different CCDs.

3.2 Pump Pulse

The pump pulse comes from the same regenerative amplifier as the probe pulse with a central
wavelength of 1030 nm with a FWHM bandwidth of 14nm. The repetition rate for the amplifier
is 1Hz and the pulse duration (Full width half maximum) of the pump pulse is kept fixed
throughout this work to a value of 120fs. The energy of this pulse is varied from 54 to 377
from the amplifier to achieve different intensities. The optical setup of the pump pulse is shown

in Figure 20 where it first passes through a delay line, which is used to adjust the pump and probe
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pulse delay. The delay can be adjusted in step sizes of 67fs for a total delay of 2ns. Afterwards,
the pump pulse is expanded using a 1:20 telescope to achieve a smaller focus by the focusing

parabola. This effect can be seen from equation 10 where the initial waist of the beam is inversely

Imaging
Optics

Objective Lens

Probe Beam

Pump Pulse

Temporal
Separation

Figure 20: The optical setup showing the complete pump pulse setup and part of the probe pulse. The main
components in the pump pulse are the delay line and telescope.

related to the waist of the beam after the lens. The beam is then focused inside a vacuum
chamber by an f/2 off-axis parabola. This beam is imaged using a Mitutoyo M PLAN Apo NIR 20x
objective shown in Figure 21 to align the parabola and to obtain the beam area. The focus area
calculated by using the FWHM width is about 10pum?, waist (FWHM) is 1.8um and the Rayleigh
length consequently is 9.5um. The waist measured experimentally is greater than that predicted
by equation 10 (=0.7um), because of wavefront and chromatic aberrations originating from the

lenses in the setup, and the regenerative amplifier used to generate pump and probe pulses.
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Figure 21: The image of the pump pulse focal spot imaged by a 20X objective.

The energy of the beam is measured by a pyroelectric energy sensor. With the measured energy,
pulse duration and the area, the average intensity inside the FWHM beam width can be

estimated using the relation [14]

E. qrwum

I (36)

Apwum - TFwHM
where E is the energy in the pulse, gryyp indicates the proportion of energy contained in the

FWHM area that is 0.39 in this case and about 0.5 for an ideal Gaussian beam focus, Apyyuy is
the area of the pulse that is obtained using the FWHM width and tgy g is the FWHM pulse
duration. The intensity here is an average intensity that is considered to be the same over the
FWHM beam width. The area and the pulse duration for this work is kept fixed and only the
energy of the pulse is varied to change the intensity. From Figure 20, it can also be seen that the
Off-axis parabola (OAP) is placed inside the vacuum chamber. This is done to avoid possible
ionization defocusing and preventing the main peak of the pulse to propagate through an
underdense air plasma. The vacuum pressure in which the experiments were conducted was

about 0.1mbar.
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3.3 Target
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Figure 22: The target geometry depicted from the side (left image) and from the top (right image) along with

the pump and probe pulse.
The target that was used in this work was an Aluminum wheel. The scale lengths of the plasma
formed by fs pulses are in the range of um, thus the probe beam needs to gain access to the exact
point of plasma creation on the target. This requires the use of curved targets so that the probe
can travel at grazing incidence without hitting the edges of the target in the tangential direction.
Such wires require precise x-y-z target positioning system for alignment. The vacuum chamber
used in this work was small and thus translational motorized stages were not able to fit inside.
Thus, an Aluminum wheel shown in Figure 22 was used. This wheel target is flat in the direction
of the probe beam and the probe beam is unable to gain access to the exact point of plasma
creation. Therefore, the plasma is probed at later timesteps to get plasma with greater extension
in the direction of the pump pulse that can be reliably scene by the tangential probe beam. The
wheel has two motorized degrees of freedom, a rotation and a translation in the direction of the
pump pulse. The translational movement is used to align the target within the Rayleigh length of
the pump pulse while the rotational movement is used to get a fresh spot for each subsequent
shot.
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4 Phase Analysis from Interferograms

The previous sections discussed the theoretical concepts as well as the experimental setup
utilized to carry out this work. One of the core components of this work is the interferometer,
which gives access to the phase information of the probe beam. The phase of the probe is of
utmost importance since it indicates the amount of the refractive index change imprinted on it
by the plasma. The 3-dimensional refractive index of the plasma is in turn related to the 3-
dimensional electron density as shown in equation 29. This section discusses the theoretical as
well programming concepts utilized in extracting the phase information from a given

interferogram.

4.1 Probe Beam Phase and Electron Density

An interferogram consists of fringes shown in Figure 23, which is a periodic pattern of bright and

dark regions denoting regions of constructive and destructive interference between two beams.

Figure 23: An interferogram without the plasma showing the fringes obtained with this experimental setup.

The detector, in this case a CCD, is relatively slow compared to the electric field and thus, gives

only the intensity (averaging “fast” Electric field squared) given by equation 12:
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1(0,2) = (E:2) (,2) + (E;2) (,2) + Eoy. Eocos (3, 2) (37)

The last term in equation 37 contains the phase information but since cosine is a 2m-periodic
function the phase is wrapped. In this work a CCD receives a 2D-image of the intensity implying
a 2D phase information. The phase accumulated for the probe beam, assuming it is propagating
in z-direction with the main pump propagating in x-direction, passing through an arbitrary

medium is given by [42]

(38)
o) = f k(yj, z).dz,

where y; indicates the height of a ray accumulating a phase ¢ (y;) and j runs from 1 to the total
number of pixels on the CCD. Any changes in the refraction of the probe beam along its path
would imprint a phase on it, which can lead to errors when interpreting the interferogram. To
avoid these sources of errors and restrict equation 38 to only get the phase from the region of
plasma length, a reference interferogram, without the plasma, is taken. Subtracting this
reference phase @,.f = [ k. dl from the phase with the plasma, omitting the dependences on

spatial coordinates, gives
W
Ap = Pplasma — Pref = j(kplasma — ko)dz = f ? (n—1)dz. (39)

Using equation 29 for the refractive index of the plasma gives

(40)

where for each height y; phase information in the z direction is averaged. The above equation
can be simplified for the case where n, < n, and the expression under the root can be Taylor

expanded to yield
ne(y,2)

=1-— : 41
1 2.n, (41)

Then equation 40 becomes
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A(p(yj) ~ _Zz)n fne(y, z).dz (42)

c
The assumption n, < n, made in arriving at this relation is valid for the interferograms
generated in this work, because when n, approaches n, the probe pulse starts deflecting,
resulting in loss of transmitted power from the plasma and the visibility of the fringes reduces.
Another thing of importance already noted before is that the phase information received is
averaged in the z-direction. The phase information received by the CCD at the end is averaged in
the z-direction but can be calculated under the assumption of a cylindrically symmetrical (around

the pump beam propagation axis) plasma using Abel inversion.

4.2 Phase Extraction from Interferograms and Unwrapping

To extract the phase information from the interferogram a custom made LABVIEW program and
IDEA software from Technical University of Graz was used [43]. The following is an example
analysis performed on an interferogram obtained in this work. Figure 24 represents the two
images used for this example analysis: the left image shows the reference, with the plasma beam
blocked to remove the effect of interferometer phase errors (due to unevenness of the surfaces
of the optical elements, imperfect alighment, uneven phase front of the probe pulse) and the

right image shows the plasma.

Figure 24: The diagram on the left shows a reference image (without plasma) where the fringes are straight
lines. On the right is the image with bent fringes (due to plasma).
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Equation 37 can be represented in a more simplified form using two general functions a(#) and
b(7) as

I(®) = a(®) + b(F)cos2nfy. 7 + ¢(7)) (43)

where a(7) is the background due to the unmodulated intensity contributed by both of the fields,
b(7) is the modulation index, which depicts the visibility of the fringes seen on the detector and
@(7) is the phase information that is required in this case [44]. The spatial carrier frequency is
represented here by f,. The above equation 43 can be written in the form of complex

exponentials by using a function c(7) defined as
1
c(P) = > b(7) exp(ip(7)) (44)

using which equation 43 can be written as
I(#) = a(®) + () exp(2rify.7) + c*(7) exp(—27ify. 7) (45)

where ¢*(#) is the complex conjugate of ¢(#) defined in 44. Equation 45 can now be Fourier-

transformed to yield the different frequencies contained in the signal detected by the CCD.
I(f)=alf)+e(f —fo) + & (F+fo) (46)

From the above equation it can be seen that the DC-or zero frequency contains the background

while the phase information is contained around the carrier frequency E. If the carrier frequency
is high enough the phase information in the Fourier domain can be recovered. The carrier
frequency depends on the fringe spacing, which can be made smaller to result in higher values
of the carrier frequency. The phase information can be attained by applying a suitable mask in
the Fourier domain, shifting to zero frequency and inverse Fourier transforming to get equation
44. These steps are shown in Figure 25 with the interferogram, its Fourier transformed image and

inverse Fourier transformed image after applying a frequency mask.
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Y-AXis
Y-AXxis

Intensity [a.u]

o

Z-AXis

Figure 25: On the top left is the Interferogram with a plasma at the right side (The fringes are bending
towards left). In the bottom is the Fourier Transform of the Interferogram with the different Fourier
components and a possible mask to separate the Fourier term containing the plasma phase information. At
the top right is the inverse Fourier-transform of the bottom image after applying the mask, to get only the
plasma information. The intensity on the color scale is given in arbitrary units.

Taking the phase of equation 44 (and of the bottom image in Figure 25) results in the required

phase information from the plasma.

Since the cosine is a 2m-periodic function, giving values between —m and 7, a step function is
needed to make the discontinuous phase ¢, continuous. This is done by adding a step function

to the discontinuous phase yielding a continuous phase ¢,

¢C(xry) =¢O(xry)+¢d(x'y) (47)
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The step function ¢, (x, y) is calculated in the program by monitoring the adjacent value in the
array containing the wrapped phase information and detecting a change of 2m. If the wrapped

phase is contained in an array of size, N then the step function is calculated as [45]
_ |#alid=¢ali-1] L ~
¢o[i]={ l 2 +0-5J*27T i=1,.,N—1 (48)
0 i=0

Since this is a 1D unwrapping, it can be performed on a 2D data set by being performed on each
row of the data separately resulting in a 2D unwrapped phase. A simple case of such a phase

unwrapping is shown in Figure 26. One important factor that can have an impact on the accuracy
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Figure 26: A simple case of unwrapping a phase. The top image shows a wrapped phase with a discontinuity.
A corresponding step function is calculated from this data which has the form shown in the center image. This
function is then added to the top image to get the bottom image which is continuous.

of the phase information retrieved by this Fourier analysis is the influence of the mask size used
in the Fourier domain to separate the phase information from the background. Figure 27 shows
an original interferogram along with three inverse Fourier transformed images taken after
masking the background terms in Fourier domain. In Figure 27b the fringes are clearer than in
the original interferogram due to the removal of background zero frequency term but the fringes
are not bent to an extent as in Figure 27a. This is because the size of the mask 22x17 pixels is
insufficient to capture all the phase information resulting in loss of information and straightening
of the fringes. In Figure 27c a bigger mask of 88x40 pixels was used, which improves the amount
of the phase information being captured. In Figure 27d) a bandpass filter with a size of 40 pixels

was used which takes in all of the phase information but also results in background noise as can
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a) b) c) d)

Figure 27: The influence of the mask size on the quality of inverse Fourier transformed images: a) represents
the original interferogram, b) inverse Fourier with a rectangular mask of size 22x17pixels, c) inverse Fourier
with a rectangular mask of size 88x40 pixels, d) inverse Fourier with a band pass filter of 40 pixels.

be clearly seen in the figure above. This implies a trade-off between the amount of noise and
amount of phase information, which was studied in more detail in the work of Jens Polz [46]. In
this work the data was taken with a bandpass mask with a size of 40 pixels corresponding to a
size of 11 um, which does results in noise but gives the best result for the plasma phase

information.

4.3 Plasma Density via Abel Inversion

The above Fourier analysis is performed on both the reference image (without plasma) and on
the image with the plasma and subtracted at the end to yield phase information from the plasma
only. The next step in the phase analysis is getting a 3D phase information from the averaged
data. Under cylindrical symmetry the Abel inversion integral can be applied on the 2D phase to

gain access to the electron density of the plasma.

4.3.1 Analytical Abel Inversion

The relation between the probe beam phase and the electron density of the plasma was derived

and given in equation 42
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)
A(p(yj,z) = _Tncf ne(x, yj,z)dx (49)

This equation can then be given converted into cylindrical coordinates by substituting p = x2 +

y? giving dx = \/%'
) pdp
2907~ = [ ne(p7) ot (50
cne 02 — y2

This is known as the Abel Transform, which relates a symmetrical function with its chord integrals
(integrals along an axis). Since the quantity of interest here is n.(x,y,z), the inverse Abel

Transform can be used given as [47]

R

An, d
no(p,2) = — -1 f 9(y,2) yz:):p (51)

r

The above equation needs to be solved numerically to yield the electron density in the plasma.
When the CCD camera records the interferogram, it samples the continuous light distribution
into a discrete set of values recorded by the individual pixels. Thus, the data is available in a
digitized form requiring the Abel inversion to also be performed in a discrete manner. Different

numerical methods are used to perform the discrete Abel inversion [48].

4.3.2 Discrete Abel Inversion

Equation 51 can be solved using numerical methods to compute the derivatives of the averaged
phase information available in the interferogram. Similarly, the integration is also done using
digital numerical methods that operate on digitized arrays. The differentiation is performed using

a method known as “2" order central” that approximates the derivative as [49]

1
=5 (¢[yj41,2] = Bgy;-1, 2]). (52)

d
Dyj = A(pd A‘P[y, ] y
j

Here A(p[yj+1, Z] represents the value of the phase information at the position j + 1 in the array
containing the discrete values of phase. The integral is performed numerically by the trapezoidal

rule given as [49]
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N-1
AL

1 1 1
nel(p;Z) = - _<Dy'-—+Dy- —>
o2\ Y[yt~ p? 7 yis? — p?

where N represents the size of the array. These numerical methods give the electron density in

units of cm™3um/pixel. To get the value of the electron density in the usual units of cm™3, an

(53)

appropriate magnification factor M that depends on the imaging optics and the camera
3

properties must be used. The final electron density in units of cm™ is given as
n ,Z
ne(p,z) = _61](5 ) (54)

4.4 Interferogram to Scale Lengths

As described in the previous section, a reference interferogram was taken with each shot of
plasma to isolate the phase contributions from plasma. To outline the procedure of plasma scale

lengths from raw interferograms an example is shown in Figure 28. The dark area

Figure 28: An example interferogram with a reference image (without the plasma) on the left and with plasma
on the right. Note that the dark area on the right is the aluminum wheel.

on the right of each image is the aluminum wheel surface. The bent fringes in the middle are due
to the phase disturbance resulting from the pump-pulse generated plasma. These interferograms
were then analyzed by Fourier transforming and isolating the frequency component containing

the phase. The 2D phase obtained from the interferogram is shown in Figure 29. Since the plasma
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electron density relates directly to the 3-D phase, the need for Abel inversion arises. Under

cylindrical symmetry the discrete Abel inversion is applied, and the result is shown in Figure 30.
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Figure 29: The 2D phase obtained by analyzing the interferograms.
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Figure 30: Abel inverted data to yield plasma electron density profile. This is a cutout from the 3D electron
density profile at the plane in the center of the plasma.

The Electron density profiles attained from the Abel inversion were then used to calculate the
plasma scale lengths and the plasma electron temperatures. The black line depicts the position
where a lineout of this 2-D data is taken to get the plasma density values along a line. A log of

this data is then taken to generate a linear data shown in Figure 31 and a fit is made to calculate
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Figure 31: The log electron density raw data with a linear fit use to calculate the plasma electron density scale
length. The data is restricted from 18 to 20 on the log scale.

the electron density scale length. The log of an exponential profile yields

X X
Log4g [e L] = —0.43Z = mx (55)

where m is calculated from the fit and then used to yield plasma scale length L. In this work,
MULTI-fs simulations [50] for the intensities used in this experiment were also attained and
compared with the experimental values. A similar fit to the plasma electron density log profiles
attained from the simulation was computed to get the plasma scale lengths. The data from the
simulation as well as the experiment was restricted to a certain range to avoid errors and noise.
The minimum detectable phase of the interferometer was 0.15 rad that corresponds to a
minimum detectable electron density of 10*® ¢cm3. The minimum limit is determined by the
amount of the data captured by the frequency mask. A larger mask captures more frequency
information but is ultimately limited due to the noise from other frequency components.
Increasing the fringe number can result in a larger separation between the frequency
components and thus, less cross over noise from other frequencies. This can also only be done
to a certain limit, as increasing the fringe number, decreases the pixels per fringe resulting in the

CCD being unable to detect fringes.

The critical density for the probe laser being used in this work was 102! cm but the probe laser
deflects out of the collecting objective when the plasma density reaches 102° cm™3. Thus, the
simulation and the experimental data was analyzed between this range of electron densities only.

The experimental setup yields two different time steps in a single shot that can give access to

41



Faran Irshad Chapter 4. Phase Analysis from Interferograms

plasma velocity as well. This was used to calculate the plasma electron temperature using the

equation

1 1

T, \Z /Z*\2
~31x1 7( e) (—> -1 (56)
¢, = 3.1x%x10 T 1 cms

where T, is the electron temperature, Z* is the ionization number, A is the atomic number and
C, is the plasma blow-off velocity. The ionization degree was calculated from equation 20, where
the different ionization mechanisms were considered. The velocity was calculated from the single
shot probing through the difference of scale lengths at different times and then equation 56 was

used to result in plasma electron temperatures.
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5 Results

In this section, the results obtained are presented and discussed in the context of different
absorption processes. The Abel inversion was applied using a custom made LABVIEW program
and follows the discrete Abel inversion equation derived in the previous section. The section
starts with the results of an energy as well as a time scan done using a linearly polarized pump
pulse. The possible reasons for the results are then discussed and corroborated from the
literature. Then the results of the plasma scale lengths using a circularly polarized pump pulse
are presented. The two different polarizations were used to get an insight into the different

processes dominating the laser absorption into the plasma.

5.1 Linearly Polarized Pump Pulse

A linearly polarized pump pulse described in section 3.2 was used to generate plasma from
aluminum wheel target. Each of the scale length in this section was averaged over 2 or 3 shots.
First a time scan was performed with a pump pulse intensity of 1.9 x 10'® W/cm?, where one of
the pulses was kept fixed at 46ps after the creation of the plasma and the other pulse was delayed
from 21 - 48ps. The zero delay of the pump and the probe was characterized by decreasing the
delay and observing the phase changes in the probe beam. When the phase was no longer
detectable with the interferometer (minimum detectable phase = 0.15), this point was assumed
to be the zero delay. The plasma scale lengths for each time was analyzed and the results are
presented in Figure 32. The plasma scale lengths vary from 4.2 to about 10.5 um, implying a
sufficient spatial resolution of 3.5 um of the probe pulse to probe these plasmas. The general
trend of the plasma scale lengths is an increase as the time is increased, which is expected since

at later times the plasma has expanded more resulting in a larger plasma scale length.
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Linear Time Scan at 1.9x1016W/cm?
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Figure 32: The scale lengths vs the time after creation of the plasma for a linearly polarized pump pulse with
one of the probe pulses being delayed (blue) and the other kept fixed (orange).
The simulation data is obtained by analyzing the MULTI-fs simulation in a similar fashion as that
described for the experimental data. The errors in the measurement of the scale lengths mainly
arise due to fluctuations among the shots, due to unstable energy output of the source
regenerative amplifier. In addition, there are errors associated with the analysis when a fit is done
on the log data to calculate the plasma scale lengths. The errors in the time is due to the jitter
between the pump and the probe that arises because of slight changes in the propagation lengths
due to vibrations of the optical elements (lens, mirrors, etc.). If the laser pulse has a slightly
different direction, compared to the previous one, it moves in a slightly different path resulting
in different times. The simulation data has been multiplied by 3 and then plotted on top of the
measured data, since the scale lengths predicted by simulation are 3 times smaller than those
measured with the setup. Both the measured and the simulated data have a zero intercept on
this graph indicating that the absence of plasma before the main pump pulse has hit the target.
Afterwards, the measured scale lengths increase three times faster than the simulated scale

lengths.

A possible explanation for a faster increase in the measured scale lengths can be attained when
the absorption mechanisms are considered. A higher absorption than that predicted by the
simulation can result in a faster increase of scale lengths after the pump pulse, since a higher

absorbed fraction can result in higher electron temperatures that in turn leads to faster
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expansion of the plasma. In the MULTI-fs [50] hydrodynamic expansion code, two major
absorption mechanisms have been taken into account. The collisional absorption is the main
process that is present in the code, since up to 10> W/cm? the absorption physics is dominated
by collisional processes. Another process that is present in the code is the resonant absorption,
which is not considered explicitly but implicitly while solving for wave equations. The solution for
the p-polarized wave already gives rise to Langmuir waves inside the plasma and thus resonance
absorption is also catered for, in the hydrodynamic code. In the case of this work, the resonance
absorption and vacuum heating is expected to be minimal, since the beam was normally incident
on the target. This is also later confirmed when a circularly polarized pump pulse is hit on the
target resulting in the same scale lengths. Thus, to explain the faster increase of scale lengths in
the measured data, different skin effects under normal incidence are considered such as
Anomalous Skin effect (ASE), not explicitly taken into account in the hydrodynamic code. To
consider the extent of this effect, the work of Rozmus and Tikhonchuk [51] was analyzed, where
they presented an analytical model of normal and anomalous skin effect with step like density
profiles such as those expected in this work, because of fs-pulses. The absorption percentage due

to NSE shown (curve 1) and ASE (curve 2) is shown in Figure 33 [51]. This absorption is
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Figure 33: The absorption coefficient for Normal Skin Effect (NSE) curve 1 and Anomalous Skin Effect (ASE)
curve 2 as a function of intensity for pulses with a central wavelength of 250nm with aluminum targets under
normal incidence [51].

calculated for a laser pulse with a central wavelength of 250nm under normal incidence with

aluminum targets. Curve 2 starts to shift towards the left and contributes more at lower
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intensities when the central wavelength of the pump pulse is increased. This is due to the fact
that the electron mean free path increases as the laser wavelength is increased since it is
accelerated by the Electric field in one direction for a longer period of time as opposed to a laser
with high frequency (lower wavelength). A larger mean free path of the electron results in a
greater Anomalous skin effect. A contribution from the ASE can then increase the electron
temperature and result in faster expansion of the plasma electron density. The model also
predicts a plasma electron temperature of 200eV for pulse durations of 120fs at an intensity of
10% W/cm? for aluminum targets as shown in Figure 34 [51]. The experimental temperature
determined using the plasma velocity is 262eV that is close to the value predicted by the model.
The slightly higher value can be attributed to the higher intensity pulse (1.9x10'® W/cm?) with

which the plasma was created in this work than the wvalue wused in
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Figure 34: The temperature as a function of the pulse duration under normal incidence for an intensity of 10%°
W/cm? as predicted by the model of Rozmus [51].
the model. This model also correctly predicts the temperature values for the experimental work
of Fedosejevs et.al, which found experimental temperature values of 310eV at 2.5x10%> W/cm?
for 150-fs pulses at wavelength of 250nm [52]. These values differ from the current work due to

lower intensity and a lower wavelength.

After the time scan an intensity scan (0.67-3x10'® W/cm?) was conducted done using the linearly
polarized laser pulse and the results are shown in Figure 35 where the simulation graph is again

multiplied by 3 but is taken at a time of 50ps. The two probe pulses are kept fixed at
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Linear Energy Scan
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Figure 35: The scale lengths vs intensity (0.67-3x10% W/cm?) for a linearly polarized pump pulse with both
pulses fixed at different times, one at 34.7ps (blue) and the other at 46.1ps (orange).
different time steps, one at 34.7 ps and the other at 46.1ps after the creation of the plasma. The
general trend in the intensity scan is an increase of plasma scale lengths, which can be attributed
to an increase in total absorption. The plasma electron temperature cannot be determined
reliably here due to larger error bars. The mismatch between the simulated and the measured
data can be attributed to the contribution of the ASE as determined using the analytical model

discussed previously.

5.2 Circularly Polarized Pump Pulse

After the linearly polarized pump pulse described in the experimental setup, a circularly polarized
pump pulse having E-field components in two orthogonal directions was also used to generate
plasmas. The circular polarization was generated using a quarter lambda waveplate. For the
circularly polarized pump pulse no simulated data was available and thus it can be compared with
the data from the linearly polarized pump pulse to detect any changes in the plasma electron

temperature and scale lengths. A time scan was first done an intensity of 1.9 x 10® W/cm? where
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Circular Time Scan at 1.9x101*W/cm?
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Figure 36: The time scan for a circularly polarized pump pulse at an intensity of 1.9x1016 W/cm2 with one of
the probe pulses varied from 21-48 ps (blue) and the other kept fixed at 46 ps (orange).

one of the pulses was kept fixed at 46ps after the creation of the plasma and the other pulse was
delayed from 21 - 48ps. The results are presented in Figure 36. Here again the plasma scale
lengths increase with time because of the plasma expansion. The plasma scale lengths vary from
4.3 to about 10 um similar to the results obtained from linearly polarized pump pulse. This can
be attributed to the fact that the absorption physics for both the circularly polarized laser pulse
and the linearly polarized laser pulse is the same. Two of the mechanisms, resonance absorption
and vacuum heating, rely on the presence of the p-polarized laser pulse. The plasma temperature
for the linearly polarized laser pulse (262eV) and the temperature for circularly polarized laser
pulse (241eV) are similar, implying minimal contribution to total absorption from resonance
absorption or vacuum heating. Resonance absorption is more dominant under a larger degree of
incidence angle [21], which is not the case here due to normal incidence. Vacuum heating under
normal incidence is also negligible [21] having an absorption percentage of only 1% under 10°.
Thus, for both circularly and linearly polarized pump pulse the dominant absorption processes

are the collisional absorption under the normal and anomalous skin effect.

A similar intensity scan for a circular polarized pump pulse was also conducted to study its

behavior and the results are shown in Figure 37. The resulting plasma scale lengths increase as
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Figure 37: The intensity scan from 0.67-3x1016 W/cm2 with one of the pulses kept fixed at 34.7ps and the
other kept fixed at 46.1ps. The intensity was changed by varying the energy from the regenerative amplifier.

the intensity increases implying a constant absorption factor. The absorption factor due to
collisional absorption factor from Figure 33 is shown to decrease, thus a near constant absorption
factor here can be attributed to a contribution from the ASE. Since the error bars of the plasma
scale lengths are large the temperature cannot be reliably determined for this case. This is an
area, where further experiments can be conducted to result in reduction of error in the plasma

scale lengths. This can then be used to result in more precise electron temperatures.

In this work, the characterization of the plasma was completed for the case of different intensity
and polarization states of the pump pulse. A comparison with literature values was drawn and
dominant absorption processes were identified to be normal and anomalous skin effects. This
setup can further advance the knowledge of the pre-plasma environment created in the TNSA

process before the main pulse arrives.
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6 Conclusion and Outlook

TNSA process is an important means to generate energetic ion beams. The understanding of the
pre-plasma is an important step towards optimizing the TNSA process. In this work, a complete
system to generate and characterize different kinds of plasma was assembled. Generating two
pulses and using them to probe the plasma in a single shot increases the utility of such a step
since it eliminates the shot to shot variations. Different absorption mechanisms were considered

while investigating the plasma and their dominance evaluated in the context of current work.

Two devices named temporal separation and spatial separation devices were used to generate
the probe pulses. An imaging system to focus, collect and relay the pulses at a large distance was
built and optimized to generate near diffraction limited spatial resolution (=3.5um). The pulses
also give a sufficient temporal resolution with 330 fs pulses to study the hydrodynamic evolution
of the plasma. The plasma was created with pulses ranging in intensity from 0.67x10%° to 3x101®
W/cm? with a pulse duration of 120 fs at a central wavelength of 1.03 um. An intensity as well as
a time scan was done to evaluate the plasma based on the scale lengths and plasma electron
temperature. Both linear and circular polarization of pump pulse was used to create the plasma.
A custom LABVIEW program was used to analyze the phase and generate scale lengths from it by
Fourier transform. To gain access to the 3-D information, a cylindrical symmetry was assumed,
and Abel inversion was applied on the 2-D chord phase integrals. From this, plasma scale lengths
were calculated, and utilizing the single-shot pulses at different time steps, plasma velocity and

plasma electron temperatures were calculated.

Both the linear and circular polarized pump pulses generated plasma scale lengths in the range
of 4-10 um with an electron temperature of 50-280 eV. This data was also compared with MULTI-
fs simulation data and possible reasons of deviations discussed. Dominant absorption
mechanisms identified are the Normal and Anomalous Skin Effects under normal incidence. The
similarity in the plasma scale lengths and the plasma electron temperature for both polarization

implies the absence of vacuum heating and resonance absorption. This is also confirmed by
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underlying physics of these two absorption processes, which require an electric field component

in the direction of the plasma electron gradients.

The system now can be used for a detailed study by changing pump pulse parameters such as
incidence angles, intensity range etc. It is a complete system with the ability to generate as well
as probe and study different plasmas with a 1Hz repetition rate. This study can then be used to
optimize the laser-plasma energy coupling and consequently approach the TNSA process with a
new perspective. The probing setup also has the possibility to increase the number of pulses
currently used by generating a broader bandwidth and cutting the spectrum with more mirrors.
This approach would result in single-shot probing with a larger number of timesteps, which can
thus reduce the error in the plasma temperature measurements. A system is currently being built

to amplify a broadband source to serve as the probe source.

The investigation of the pre-plasma characteristics, discussed in this thesis, are intended to
further enhance the knowledge and understanding of the plasma dynamics. An effort in this
direction can prove to be fruitful to optimize TNSA process and can ultimately lead to more

compact ion sources increasing their applicability.
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