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ABSTRACT
Measuring Nonlinear Thomson Scattering at Arbitrary Emission Angles

Mahonri Romero Carranza
Department of Physics and Astronomy, BYU
Master of Science

We use photon-counting to measure nonlinear Thomson scattering from low-density electrons
in an intense laser focus. The azimuthal and longitudinal polarization components of the second
harmonic are measured across much of the full emission sphere. The data show, for the first time
experimentally, emission structure in the ‘Northern’ and ‘Southern’ hemispheres, where the ‘North
Pole’ aligns with the direction of laser propagation.

To obtain these measurements, we installed an additional power amplifier on our Ti:sapphire
laser system at BYU. The upgrade delivers ten times more energy to the laser focus than we had
previously. This increase comes partly from the additional amplifier and partly from increased
grating efficiency in our pulse compressor. We achieve an on-target pulse energy of 200 mJ at 35 fs.
The focal spot size has radius wg = 4 um. This corresponds to an available peak intensity of over
10'® W/cm?, an order of magnitude above the onset of strong relativistic effects.

The interaction region in the laser focus has a length of approximately 100 um. Photons scattered
from this region are collected using a 5-cm-focal-length lens and then focused onto the end of a
100-pum-diameter fiber by a second identical lens. The imaging system requires precise alignment
with the laser focus, which must be maintained when rotating the photon-collection system along
the longitudinal direction of the emission sphere. We developed an alignment procedure that ensures
that the detector rotation axis aligns with region of space that is imaged onto the fiber. This region
is then aligned to the laser focal spot.

Keywords: Thomson scattering, nonlinear, femtosecond-pulse laser, high-intensity laser



ACKNOWLEDGMENTS

First, I would like to thank my wife Isis and my two children, Ihan and Mia, for their support,
time, and sacrifice along this journey. They were my motivation to become a better person. I also
would like to thank Scott and Lynn Pelichoff and their family for the support they gave to my family
and my education.

Atlast, I would like to thank my committee and advisers Dr. Peatross, Dr. Ware, and Dr. Sandberg
for their support and feedback as I learned to become a better researcher, student, and individual. I
am grateful for the knowledge they shared to me as I progressed in my master’s program. Their

advise will guide as I move forward with my professional career.



Contents

Table of Contents

1 Introduction
1.1 Free Electron Motion in an Intense Laser Field . . . .. ... ... ........
1.2 Nonlinear Thomson Scattering . . . . . . . . . . . ... ... ... .. ......
1.3 Experimental History . . . . . . . . . . . . ... ..
1.4 Experimentsat BYU . . . .. .. ... ..
1.5 Outline of Thesis Project . . . . . . .. ... ... ... ... .. ...

Analysis of Nonlinear Thomson Scattering

2.1
2.2
2.3
24
2.5

Vector Model of Laser Focus . . . . . . . . . . . . . . . .

Ionizationof Helium . . . . . . . .. .. .. ..
Calculations of Electron Trajectories . . . . . . . . . . . . .. ... ... .....
Calculated Radiation from Individual Electron Trajectories . . . . . . ... .. ..
Emission from Electron Ensembles . . . . . . . ... ... ... ... ... ...,

Experimental Setup

3.1
3.2
33
34
3.5
3.6
3.7
3.8
39

Data
4.1
4.2
4.3
4.4

Overview of Laser System . . . . . . . . . . . .. .. ..
Stretcher and Compressor . . . . . . . . . . ...
Pump Lasers. . . . . . . . . e

Amplifiers . . . . .. L

Laser Beam Spatial Characteristics . . . . . . . . . . ... .. ... .. ......
Laser Pulse Spectral and Temporal Characteristics . . . . . . . .. ... ... ...
Peak Laser Intensity . . . . . . . . . . . . . ..
Photon Collection System . . . . . . . . . . . . ... ... ... e
In-situ Longitudinal Adjustment of CollectionLens . . . . . ... ... ... ...

Measurements . . . . . . . . ... ..o e e e e e e e e e
Multiphoton Correction . . . . . . . . . . .. . L
Comparison of predicted data with actualdata . . . . . . . ... ... ... ....
Conclusions . . . . . . . .. e

iv

11
11
12
14
17
21

23
23
24
28
29
31
34
35
36
39



CONTENTS

Bibliography

50



Chapter 1

Introduction

1.1 Free Electron Motion in an Intense Laser Field

The interaction of a free electron with an electromagnetic field was investigated theoretically many
decades ago [1-5]. A free electron responds to an incident electromagnetic field in accordance with

the Lorentz force law:

F=e(E+7VxB) (L.1)

In the long-wavelength limit (i.e. Thomson scattering as opposed to Compton Scattering), we may
neglect any radiation-reaction force as the electron scatters light. That is, we assume that the force
of the incident light field on the electron is the dominate one.

At low intensities, the magnetic field component in (1.1) may be be neglected since, in a plane-
wave field the strength of the magnetic field is B = %, whereas v is likely to remain small compared
is the speed of light c¢. In this non-relativistic limit, the electron is driven solely by the electric
field. In the case of linearly polarized light, the electron oscillates along a line in simple harmonic
motion. Radiation scattered by an electron executing such motion is called Thomson scattering,

worked out in 1906 by J. J. Thomson, [1] who discovered the existence of the electron in the first
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place. In contrast, at higher intensities, where the electron velocity v can approach ¢, the magnetic
component cannot be neglected, and the motion of the electron is no longer one dimensional,
nor linear. Nonlinear Thomson scattering refers to radiation scatter by electrons undergoing such
relativistic motion.

The relativistic motion of an electron in an intense electromagnetic plane wave was worked
out as early as 1935 by Volkov in the context of a quantum plane wave (representing an electron)
interacting with an electromagnetic field [6]. Later in 1951, the behavior of a classical point charge
in a strong plane-wave field was described by Landau and Liftshitz [2]. By retaining the magnetic
field and accounting for relativistic effects, they demonstrated that an electron executes periodic
figure-8 motion in its average rest frame for a linearly polarized monochromatic plane wave. They

developed parametric equations for the derivatives that can be solved for the electron motion.
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Figure 1.1 Figure-8 motion of an electron in an a linearly polarized laser field with field
strength E = €% where m and e are the electron charge and mass, c¢ the speed of light,
and o the laser frequency. The electron trajectory is shown (a) in the electron average rest
frame for a single cycle near the peak of a pulse and (b) in the lab frame during an entire
short laser pulse (with about a dozen cycles in duration). Reproduced from Ref. [23].

In 1962, Vachaspati showed that the electron figure-8 motion contains harmonics of the funda-

mental driving field [3]. In 1968, Eberly and Sleeper showed that an electron experiencing a laser
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pulse is pushed forward by the field so that it drifts along the direction of laser propagation [4]. In
1970, Sarachik and Schappert made an in-depth analysis of nonlinear Thomson scattering arising
from this motion. In their paper, they made calculations of what can be observed in a frame that
drifts along with the electron (wherein the electron executes the figure-8 motion). They noted that
the radiation emitted by the electron in the (average) electron-rest frame has to be transformed to

find what is observed in the lab frame [5].

1.2 Nonlinear Thomson Scattering

As mentioned, J.J. Thomson over a century ago first worked out the scattering of radiation by an
electron in a plane-wave field, in the linear-response regime [1]. In a linearly polarized field, the
harmonic motion of the electron produces a dipole radiation pattern described in many introductory
physics textbooks.

At higher intensities, the electron motion becomes nonlinear. Vachaspati showed that the
electron figure-8 trajectory produces harmonics [3]. He defined the electric field vector as E=
Eo cos(kz — or) and the magnetic field vector as B =B cos(kz — ot). In a perturbative approach,
the electron velocity V is considered to be driven solely by the driving electric field E. Then the
¥ x B term gives rise to oscillations along the propagation direction of the driving plane wave
with frequency 2@. Vachaspati then derived the amount of 2nd-harmonic radiation emitted by an
electron that experiences this motion. The radiation contains both odd and even harmonics. Again,
the self-force on the electron due to emitting radiation is extremely small and can be neglected.

Eberly and Sleeper considered the realistic scenario where the driving field is a quasi-monochromatic
plane wave that turns on and turns off [4]. In their analysis, the electron in the lab frame is seen to
drift forward along the propagation direction of the incident driving laser pulse, while the electron

executes the figure-8 motion. They computed the effective change in the mass for the electron that
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arises when the electron motion approaches the speed of light. Viewed at wide angles, the scattered
radiation is strongly redshifted due to the electron chasing the driving field.

Sarachik and Schappert calculated harmonic emission in the electron-drift frame per unit solid
angle. They showed that in the limit of low intensity, their solution reduces to linear Thomson
scattering. They expressed their solution as an infinite series of Bessel functions, since they did
their work before computers could easily compute the radiation integral. They also demonstrated
that radiation in the electron drift frame corresponds to that of a synchrotron if the incident light is
circularly polarized, causing the electron to execute circular motion. In the lab frame, the motion is
not periodic and hence is modified from that of pure harmonic generation [5]. To get the radiation
in the lab frame, one can apply a Lorentz boost, utilizing the electron drift velocity.

In 1993, Esarey et al. analyzed nonlinear Thomson scattering for linearly and for circularly
polarized light fields and electrons with arbitrary initial energy [7]. In the same year, Castillo-
Herrera et al. developed simplified approximate solutions in which they reexamined the work of
Sarachik and Schappert work for higher harmonics [8], They showed angular patterns for lower
harmonics and considered plasma effects. In both analyses, they compute the intensity of the emitted
radiation, including separate polarization components of the scattered light.

Although Sarachik and Schappert produced a robust explanation to the theory of nonlinear
Thomson scattering, they did not consider the influence of a laser focus on the electron motion.
In 1992, Mohideen et al. took the geometry of a tight laser focus into account for an interaction
of a free electron with an intense focused laser pulse [9]. They showed that the ponderomotive
force limits the effective volume of radiation. Electrons whose initial position is more than one
wavelength away from the center of a tightly focused laser can drift out of the laser beam before the
peak intensity arrives. As a result, the effective interaction volume can be much smaller than the

actual laser focus, limited to a cylinder of radius approximately of A /10 [9].
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1.3 Experimental History

In 1983, Englert and Rinehart claimed the first experimental observation of nonlinear Thomson
scattering [10]. They collided a pulsed neodymium-glass laser with a continuous, low-energy beam
of electrons. The laser-beam intensity calculated for that experiment was estimated to be 1.7 x 10'#
W/cm?. They detected second-harmonic photons (532 nm wavelength) using a photo multiplier tube
(PMT). Later Iinuma et al. expressed skepticism that Englert and Rinehart saw photons arising from
actual nonlinear Thomson scattering, given that the laser intensity was far below the relativistic
regime.

The first definitive observation of nonlinear Thomson scattering was performed by Chen et
al. in 1998 [11]. They used a laser system that produced 400-fs duration pulses at an intensity
many orders of magnitude higher than that used by Englert and Rinehart. They observed the
angular distribution of second and third harmonic photons, which qualitatively matched theoretical
predictions of Castillo-Herrera et al. [8]. They measured nonlinear Thomson scattering in the
equatorial plane surrounding the laser focus and also around a circle shifted to the forward direction
from the equator by 39°.

In 2000, Chen et al. additionally published experimental observations of phase-matched
relativistic harmonic generation. In their experiment, they developed a new theory which describes
how phase matching in a plasma can enhance the harmonic radiation [12]. They measured a coherent
beam of the third-harmonic from nonlinear Thomson Scattering.

A number of groups have since investigated nonlinear Thomson scattering from energetic
electron beams colliding with intense laser pulses, where the scattering is highly directional and
extremely blue shifted [13-20]. Surprisingly few measurements of nonlinear Thomson scattering
have been made where the lab frame and the electron average rest frame are not dissimilar [10-12,

21,22].
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1.4 Experiments at BYU

We recently preformed experiments at Brigham Young University (BYU) which are similar to
those by Chen et al. in 1998 [11]. We measured fundamental, 2nd, and 3rd harmonic nonlinear
Thomson scattering emitted into the equatorial plane surrounding a tightly focused laser (i.e. in the
plane perpendicular to the laser propagation direction). Importantly, we were the first to resolve the
scattered light into distinct polarization components. By measuring both polarization components,
we were able to definitively demonstrate for the first time the two-dimensional nature of the electron
motion, namely, its figure-8 motion. Previous “confirmations"” of the figure-8 motion [11, 19] were
based on observations that do not distinguish between one-dimensional and two-dimensional motion
of the electron [23].

The experimental setup used at BYU is shown in Fig. 1.2. We use an off-axis parabola that
focuses 800 nm Ti:sapphire laser pulses to a spot size of wg = 3.2 um. The pulses had duration 7 =
38 fs and peak intensity 1.5 x 10'® W/cm?. Alignment of the photon collection system to the tight
laser focus is key in our experiment. Inside this tight focus, electrons interact with the high-intensity
field where nonlinear Thomson scattering happens. The scattered light from this interaction were
imaged onto a 100-micron fiber connected to a photon detector. The measured interaction region in
the focus was about 100 microns wide along the path of laser propagation. Alignment is extremely
sensitive. Motor actuators are used to aid the alignment in the x, y and z dimensions with a precision

of a few microns.
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Figure 1.2 Experimental set up to produce and detect nonlinear Thomson scattering. The
off-axis parabola (parabolic mirror) focuses the incident laser beam. Scattered photons go
through a polarizer, after which an achromatic lens pair focus the signal into an optic fiber.

Electrons for the experiment were donated from low-pressure helium, which becomes ionized
by the rising edge of the laser pulse within the interaction region. In order to change the orientation
of the linear laser polarization, a half wave plate was rotated in the incident beam prior to the
parabolic mirror. This is in principle equivalent to rotating the photon detector around the equatorial
plane. Our measurements were restricted to angles around the equatorial plane. Scattered light from
the focus passed through a linear polarizer before being collected and focused into a fiber by an
achromatic lens pair. The radiation was measured via photon counting. The laser fired at 10 Hz.
Fundamental and second harmonic photons were measured using an avalanche photodiode while

third harmonic radiation was measured using a photomultiplier tube.
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Figure 1.3 Far-field angular emission pattern for first, second and third harmonics, resolved
by polarizations along & direction (blue) and 6 (green). Data is presented as a function of
the laser field polarization angle. Column (a) shows the number of photons per steradian
emitted during a single laser cycle of a plane wave. Column (b) shows the number of
photons per steradian emitted during an entire laser pulse from an electron at the focal
center. Column (c) gives the predicted number of photons emitted during 1000 laser shots
from an ensemble of randomly distributed electrons, under our experimental conditions.
Column (d) shows the number of photons measured in the laboratory. Image taken from
Ref. [23]

A comparison of several computational models as well as our experimental results are shown in
Fig. 1.3. The radiation patterns for fundamental, second, and third harmonic emitted light are shown
for orthogonal polarizations. Calculations for the plane-wave theory in the lectron senter-of-mass
frame are shown in column (a). Column (b) shows calculations for a 35-fs plane-wave pulse.
Column (c) shows emission computed for an ensemble of randomly distributed electrons in a tightly

focused laser pulse, similar to our experimental conditions. Column (c) in Fig. 1.3 may be compared
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directly with the measurements in the laboratory shown in column (d). There is reasonably close
agreement between our measurements and the prediction of photon counts by our model. Distortion
in the measured patterns are shown when compared to our model, which may be an indication of

distortions in our focused laser. This could be an interesting line of future inquiry.

1.5 Outline of Thesis Project

My thesis work extends our recent research at BYU in two important ways. 1) We upgraded our
Ti:sapphire laser system so that we can achieve up to ten times the intensity in our laser focus.
Previously, we had just enough laser energy to reach the onset of nonlinear Thomson scattering,
with little margin for error. The increased laser energy makes obtaining the necessary intensity in
the focus much less challenging. 2) We rebuilt the detector setup to enable detection of nonlinear
Thomson scattering at angles away from the equatorial plane, including angles up to 60° away from
the equator. The objective of my thesis project is to present measurements of the emitted radiation
in the “Northern” and “Southern” hemispheres of the emission sphere and to compare these with
emission at the equator. These measurements of the scattered light are also resolved into orthogonal
polarization components.

Chapter two provides a theoretical description of nonlinear Thomson scattering, including how
electron trajectories are computed in a tight laser focus. Since electrons are donated by helium
during the early part of the laser pulse, a simple ionization model is presented which estimates the
intensity at which electrons break free from their atoms before producing Thomson scattering. A
description of how to calculate the scattered radiation is also given. The emission from an ensemble
of electrons is computed; which are randomly distributed throughout the focus, the scenario in our
experiments.

Chapter three describes a recent upgrade to our laser-system and presents the spatial, temporal,
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and energy characteristics of our beam. Our rebuilt detection system, with its longitudinal as well
as azimuthal adjustment capability, is described as well. As with our previous experiments, photons
scattered from the tight laser focus are imaged onto the end of the narrow fiber, which requires
care to preserve alignment while the angles are adjusted. A technique for alignment was developed,
which is also described in chapter three.

Chapter four presents measurements of second harmonic nonlinear Thomson scattering, obtained
for the first time over a large fraction of the emission sphere. We resolve the emission into
longitudinal and azimuthal polarization components. The data shows good agreement with the

predictions outlined in chapter two.



Chapter 2

Analysis of Nonlinear Thomson Scattering

In order to calculate radiation from free electrons, we must first know how they move in the
laser focus. Prerequisite to computing electron trajectories is a detailed understanding of the
electromagnetic vector fields throughout the laser focus. A discussion of the laser vector fields,
the laser intensity necessary for electrons to break free of their donor atoms, the trajectories of
liberated electrons, the radiation that such trajectories produce, and finally the emission from a large

ensembles of electrons distributed throughout the focus is reviewed.

2.1 Vector Model of Laser Focus

In 2017, Peatross et al. [24] reviewed various vector models of a Gaussian laser beam. They devel-
oped a streamlined description of the diffraction integral used for calculating vector fields produced
by a uniformly polarized Gaussian beam reflected from an ideal parabolic mirror. They compared
various analytical approximate formulas for the vector fields to the results from the diffraction
integral. They endorse a model by Erickson and Singh as the best analytical representation of
the fields in the focus [24]. This model imitates the beam well in both near and far fields and is

numerically quick (convenient) to evaluate when computing trajectories of electrons in a laser focus.

11
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In contrast, resorting to the full diffraction integral for the fields at each point along an electron
trajectory would be computationally expensive.

The electric and magnetic fields in the focused Gaussian laser may be adequately represented by

E(x,y,2,1) = Re{Eo( + %y - i%i) yellka—ong) @.1)
- E .
B(x,y,z,t) = Re{f(%yw— i%f) peiki=0n g (2.2)

k% . : .
where y = 2e™ 27 is the usual scalar formula for a Gaussian laser beam, which modifies a plane

wave traveling in the 7 direction with exponential factor ¢l(ke—or)

. The Rayleigh range is given by z,
and we define Z = zg + iz and p? = x> + y%. The peak electric field at the center of the laser focus is
Ey.

We modified the Singh model to account for the turn-on and turn-off of our pulsed laser. The

pulse is represented in Egs. (2.1) and (2.2) by a Gaussian time envelope:

(t B z+p2/2R) 2
c

T2

£ = exp (2.3)

2
R=z+ %0 is interpreted as a wave-front radius of curvature, and 7 is the pulse duration. The

. . . kw?
Rayleigh range is connected to the beam radius wg through zg = %

2.2 Tonization of Helium

The free electrons in our experiment are supplied by low-density helium in an otherwise evacuated
laser focus. The helium is 1onized during the rising edge of the laser pulse. Radiation from bound
electrons or from the ionization process contribute negligibly to the overall measured scattered-light
signal. The photon energy for our 800 nm laser is 1.55 eV, far less than the work function & of

helium. In a multi-photon process, electrons can be pulled from the atom (or ion) if the electric field
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of the laser exceeds the Coulomb binding force. We estimate below the laser intensity necessary to
ionize helium.

A bound electron is under the influence of electric fields from both the atom and the laser. Under
a "single-active-electron" assumption, an electron feels a hydrogen-like potential as it moves away
from the nucleus and any other bound electrons, which we assume remain close to the nucleus while
the one electron escapes. The combined potential of the atom and the laser field that the active

electron experiences (along the x dimension) is

Ze?
4dmep|x|

V(x,t) = —eEpxcos(mpt), (2.4)

where Z is the charge state of the ion left behind.

150
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Figure 2.1 Potential energy of a combined Coulombic and laser fields, according for Eq.
(2.4) at a moment when cos (@ t) = 1.

An estimate of the laser field necessary for ionization is found by calculating the field strength
necessary to suppress the barrier until its peak lowers to the binding energy for the electron (i.e., the

work function ®). The maximum suppression occurs when cos (@, 1) = £ 1. Setting the derivative
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of Eq. (2.4) to zero (with cos (wy, t) = 1), we find the location of the peak to be

Ze
47'[8()E()

(2.5)

Xpeak —

Substitution of x,.q into Eq. (2.4) (with cos (@ t) = 1) yields the height of the suppressed

Ze? Z Ze3E
V(Xpeak) = ———— e — B | o = — | T 2.6)
p 4 Ze 4regEy &
ESO 4regEy

Thus, the field necessary for over-the-barrier ionization can be computed by setting the peak of

potential barrier:

the potential barrier to the ionization potential for the electron as follows:

Ze3E TTE
o= |0 o Ey= 09 2.7)
& Ze

The laser intensity needed to ionize the atom in a linearly polarized field can be computed as

P mlcel o
= - C [ . —
25050 T o622

(2.8)

The accuracy of Eq. (2.8) is remarkably good and predicts the ionization intensity for essentially
any atom or ion [25] . In our experiments, the noble gas used in the interaction chamber is helium.
The ionization potentials for helium on states Z =1 and Z = 2 are 24 ¢V and 54 eV, respectively.
This gives ionization intensities of 1.3 x 101> W/cm? and 8.7 x 10> W/cm?, respectively. We
assume that the electrons remain attached to helium until the intensity of the laser pulse reaches
these values, whereupon the electrons are deemed free to move in the laser field. This provides an
initial condition for electron trajectories. As mentioned, this is very early during the laser pulse,

given that the peak intensity reaches above 10'® W/cm?.

2.3 Calculations of Electron Trajectories

To calculate an electron trajectory, we insert the electric and magnetic fields of Egs. (2.1) into the

Lorentz force law Eq. (1.1). We then numerically solve the differential equation, subject to the
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initial condition dictated by the intensity at which helium releases its electrons. Once free, we
assume that the electron no longer interacts with its parent ion. We assume that prior to ionization,
the electron emits a negligible amount of radiation. Fig. 2.2 shows the trajectory for an electron
initially at the center of a tight pulsed laser focus, linearly polarized in the x direction. The electron

experiences a force in the X and Z where the electrons drifts in Z and oscillates on the X direction.

AANNNANNNNNNNNAN A

vvvv“vvvvvaVVVVVVVVV\/\/\/V\A/\/\M\

~distance (wavelength)

”time‘(lase“r periods)

Figure 2.2 Trajectory of an electron centered in the tight focus, each line in the plot
represent the electron trajectory in £, ¥, and Z direction. Simulated by a laser pulse with
2.1x10'® W/cm? with a pulse duration of 35 fs. For a centered electron, it experiences a
force in the £ and Z directions where the electron drifts in the Z direction and it oscillates in
the X direction

The initial position of the electron within the focus highly influences its trajectory. Fig. 2.3
shows the trajectories of electrons with positions distributed throughout a tight focus. Electrons are
seen being pushed out of the focus in many directions as they are also propelled forward in the laser
field. Electrons initially positioned close to the axis of the laser focus remain longer in the focus,

but they are eventually pushed outward as they simultaneously drift in the Z direction.
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16

Z - axis

5
5

0

y - axis X - axis

Figure 2.3 Trajectories of an electron positioned at different position along a tight-focus.

All distances are in units of wavelength. Peak intensity of 2.1x10'® W/cm? and pulse
duration of 35 fs. Variations in the electron position highly affects the electron trajectory
due to the Lorentz force law.
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2.4 Calculated Radiation from Individual Electron Trajectories

Suppose that an electron trajectory in a focused laser is described by 7 (t) = x (1) £+y (t) 9+ z(t) 2,

which evolves in time. We might set the origin at the center of the laser focus. The trajectory will

have associated velocity 7 (f) = & ;t(t) and acceleration @ (f) = 44 Zt(t).

Next, suppose that a detector is located far from the focus at position 7y = x4% + y49 + z42.
The electron will radiate an electromagnetic field. In the far field, at detector position r; > r, the

scattered fields may be expressed as

qk 1

Ey (g 14) =

Fax (Fy— /) x @) (2.9)

>
o> ES(’Td)atd)

By(7g,tg) = g X (2.10)

C

where the electron position 7 (1), velocity ¥ (), and acceleration @ (¢) are all evaluated at time .

On the other hand, the fields arrive to the detector at a later time 7; = ¢, defined by

T R @2.11)
c c
Poynting vector of the scattered radiation is
- — B.(it
S (Fasta) = Eg(ra,1a) X ‘(L%.d) (2.12)

From Eq. (2.9), we know that 7; and E; are perpendicular. Therefore, the cross product reduces to
S (Ra,ta) = Fa €0 CE2(7,12) (2.13)

where the energy is directed toward the detector along 7.
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If we place a linear polarizer in front of the detector, we may resolve the scattered light field
into orthogonal polarization components, aligned along, say, either the azimuthal or longitudinal

direction in spherical coordinates:

0 =cosB cosd £+cosB sing H+sinb 2
(2.14)
¢ = —sing i+cos¢
The Poynting flux that transmits through a polarizer aligned along either direction is
> \2
59280C<Es-9>
(2.15)

So :£0c<§s-(]3>2
where the total Poynting flux (in the absence of a polarizer) is § = Sg +Sj.
Since the magnitude of the Poynting vector has units of power per area, integration in time
yields energy per area delivered to a detector, from the entire pulsed interaction. The energy fluence
for each polarization is

So=eove | duSolit) =eoc [ _doSelris,0)
- - (2.16)

éa(p:é‘()c/ dl‘dS(p(rAd,td):Soc/ dCOS¢,(rAd,(O)

The latter expression is equivalent to the first according to Parseval’s theorem, where S(7#;, ®) is

computed from the Fourier transform of the scattered field:

E (73,0 E, (73, tq)e' ™ dty 2.17)

=7
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The motion of the electrons in the laser focus is quasi periodic, so the radiation tends to produce
a series of harmonics of the driving field. To see the individual harmonics distinctly, one can
apply a spectral window to E; (r7, ), setting it to zero outside of a given range of frequencies.
Experimentally, this amounts to placing a bandpass filter in front of the detector. For example, to
observe the second harmonic, when electrons are stimulated by an 800-nm laser pulse, we place a
bandpass filter in front of the detector that transmits wavelengths in the vicinity of 400 nm while
blocking other wavelengths.

Because electrons experience an average forward z-drift during the laser pulse, the radiation
undergoes red shifting, when viewed from the side of the focus. For example, in our experiments,
we observe the second harmonic at 450 nm with a bandwidth of 25 nm.

Fig. 2.4 shows the Ist, 2nd, and 3rd harmonic scattered radiation from an electron initially
positioned at the center of a tight focus. The figure represents the far-field intensity over the
emission sphere. The radiation is computed for each polarization component, aligned azimuthally
and longitudinally, with bandpass filters appropiate for the fundamental, 2nd, and 3rd harmonics.
Previously, our group has measured harmonics emitted along the equator of the emission sphere.
For my thesis project, I measure for the first time nonlinear Thomson scattering over a wide range

of angles on the emission sphere, in both the ‘Northern’ and ‘Southern’ hemisphere.
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Figure 2.4 Far-field nonlinear Thomson scattering for electrons simulated by a laser
pulse with 2.1x10'® W/cm?. Black cones represent the focused laser traveling in the z
direction. Radiation pattern is computed and for both polarizations ($ and © directions)
of fundamental, second harmonic, and third harmonic. Scattered light is shown in all
directions in colored scale from white (hotter) to blue (no radiation). Red line represents
the equator of the emission sphere.
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2.5 Emission from Electron Ensembles

As was explained in Sect. 2.3, electron trajectories in the laser focus are very sensitive to their initial
positions. Electrons typically are propelled out the side of the focus during the course of the laser
pulse, which can severely distort the radiation that they scatter. In our experiments, thousands of
electrons are randomly distributed throughout the focus, each with a tiny probability of emitting a
photon. The electrons are diffuse enough that we may ignore particle-particle interactions. Their
random distribution of locations means that the emitted radiation is incoherent. Thus, we may sum
the intensity emission patterns produced from many randomly positioned individual electrons to
predict the behavior of the large ensembles of electrons in the focus, averaged over many laser shots.

Figure 2.5 shows the emission pattern from 1000 electrons randomly distributed throughout
a laser focus. We sum intensities emitted by the individual electrons. Interestingly, while the
emission from individual electrons can be strongly distorted, depending on the character of its
unique trajectory, the emission from a large ensemble of electrons resembles the emission from a

single electron in a plane-wave pulse.
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Figure 2.5 Far-field nonlinear Thomson scattering for an ensemble of electrons simulated
by a laser pulse with 2.1x10'® W/cm?. Ensemble of electrons is composed of 1000
randomly distributed electrons along the tight focus. Radiation is average from each
individual electron is sum and averaged. Laser is traveling in the z direction. Radiation
pattern is computed and for both polarizations (® (a) and Q) (b) directions) of fundamental
(1), second harmonic (2), and third harmonic (3). The average radiation from an ensemble
of electrons resembles the radiation of a single electron at the center in a tight-focus.



Chapter 3

Experimental Setup

3.1 Overview of Laser System

For the experiments presented in this thesis, we upgraded our laser system to produce significantly
higher pulse energy than available in previous years. We provide here an overview of our Ti:sapphire
chirped-pulsed amplification (CPA) laser system. The system consists of several 532 nm pump
lasers that provide energy to four Ti:sapphire crystals, which produce and amplify 800 nm laser
pulses.

Pulses originate in a Ti:sapphire self-mode-locking oscillator (KM Labs) pumped by a 5 W,
532 nm CW laser (Lighthouse Photonics Sprout). The oscillator produces a pulse train of 15 fs,
800 nm pulses with nanoJoule-level pulse energy. The pulses are temporally stretched to approxi-
mately 300 ps. A Pockels cell (PC) then selects a pulse every 0.1 s to be amplified in a chain of three
Ti:sapphire amplifiers. Pockels cells isolate the separate amplifier stages and temporally isolate the
pulses to be amplified. The Ti:sapphire amplified stages are pumped with two frequency-doubled
pulsed Nd: YAG Lasers operating at 10 Hz. The final pulse energy is aboout 300 mJ. After ampli-

fication, the pulses are temporally compressed back approximately 35 fs. These pulses are then
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sent to an interaction chamber where they are tightly focused into with an off-axis parabola. The

resulting free electrons oscillate at relativistic speeds, producing Nonlinear Thomson scattering.
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Figure 3.1 Schematic of Ti:sapphire laser system.

3.2 Stretcher and Compressor

Before amplification, the pulses that emerge from the oscillator are stretched to approximately
300 ps using a diffraction grating and telescope with focal length f = 61 cm. The beam enters the
stretcher from an injection mirror. After bouncing from the grating, the beam travels to a concave
mirror. It then travels to a flat mirror located at the focus of the concave mirror and returns again
to the concave mirror, to form a 1:1 telescope. This telescope introduces an effectively negative
distance of 2 f, for an overall (negative) distance of £ —2f, where / is the distance between the
grating and the concave mirror. The beam hits the grating for a second time and then retro-reflects
from a flat mirror, which causes the beam to retrace its path with a small vertical misalignment to
allow the beam to be picked off instead going back into the oscillator. In the stretcher, the beam
spreads out spatially by wavelength, causing a spatial chirp. The spatial chirp is removed when the

beam retraces its path, while doubling the induced temporal chirp.
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Figure 3.2 Top view of stretcher setup.

The diffraction gratings are gold coated with groove spacing of d = 1 mm/1480 and overall
width 12.5 cm. Fig. 3.2 depicts the stretcher, which uses a 15 cm-diameter concave parabolic
mirror in the telescope. The pulses from the stretcher are reduced in intensity by four orders of
magnitude, owing to the increased pulse duration. This significantly reduces the risk of damaging

optical components in the amplifiers.

To calculate the duration of the stretched pulse, consider the diffraction angle 6, as a function of

wavelength:

A
6, = sin"! (——SinO,) 3.1)
d
Here, 0; represents the incident angle of the beam on the gratings. If the input pulse duration is 7;,

(full width at half maximum), the resulting chirped pulse has duration

2In2 A2L

Tout = 3.2
U AT 2d2cos3 6, (3.2)

where 6, is computed for the center wavelength of the pulse (A = 800 nm). Before upgrading the
laser system, our gratings had groove spacing d = 1 mm/1200, with incident angle 6; = 31.2°, and
(perpendicular) grating separation L = 2 x 30 cm, where the factor of 2 is to account for the double

pass. According to the above approximation, the old stretcher turned a 7j, = 35 fs into a chirped

pulse with duration Ty = 107 ps.
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Our new gratings have groove spacing d =1 mm/1480, incident angle 6; = 39.4°, and (perpen-
dicular) grating separation L = 2 x 50 cm. According to the approximation, the new stretcher turns a
T;, = 35 fs into a chirped pulse duration 75, = 337 ps. The new gratings stretch the pulse three times
more than the previous gratings, which means three times lower intensity in the amplifiers. This
enables us to more easily achieve higher pulse energy while avoiding damage to optical components.

The above estimates of chirped pulse duration are based on a quadratic representation of the
chirp introduced by the nonlinear diffraction formula Eq. (3.2). A more accurate calculation of the
chirp induced by the old and new grating systems is shown in Fig. 3.3, which is based on the full

calculation

1 o . 1 o0 , .
E(0)= = /_ E()ed and Egin (@)= /_ E (@) et eioge (33

where k =271 /A, A = 27c/ @, and the pulse intensity is proportional to |E|>.
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Figure 3.3 The temporal profile of the chirped pulse for the old grating (A) and new
grating (B) are shown. An initial 35 fs pulse with a spectral bandwidth of 25 nm is shown.
The old grating streched the pulse to 80 ps (A) while the new grating stretched the same
pulse to 337 ps (B).

The reason the above calculations were done with 35 fs instead of the 15 fs available from the
oscillator is because spectral bandwidth is lost during the amplification process. The final spectrum
is only sufficient to make a 35 fs pulse. After amplification, pulses are compressed using a parallel
grating pair without a telescope between them (see Fig. 3.4). In this case the separation distance L
between them is positive. This undoes the chirp introduced by the negative distance in the stretcher.

The new gratings are about 90% efficient per bounce, whereas the old gratings were only about
75% efficient. After four bounces, this amounts to an extra factor of two in energy available to

deliver to the target (0.9% = 66% vs. 0.75% = 31%).
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Figure 3.4 Top view of compressor setup.

3.3 Pump Lasers

Three Ti:sapphire amplifier stages are pumped with two frequency-doubled YAG lasers, both
producing 532 nm, 10 ns pulses operating at 10 Hz. The first two Ti:sapphire amplifiers are pumped
by a Quanta Ray Pro-230, which provides 600 mJ pump pulses. We recently acquired a Quanta
Ray Pro-350 laser, which produces 1300 mJ of pump energy, directed into a new 16 mm diameter
Ti:sapphire crystal. The pulses from the pump lasers arrive at the amplifying crystals about 20 ns
before the 800 nm pulses arrive for amplification. A Stanford Research Systems digital delay

generator is used to synchronize the timing.

Figure 3.5 Evacuated telescope used for relay imaging of pump lasers.
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To achieve the best mode possible in the Ti:sapphire crystals, the pump laser beams are sent
through 3 m-long 1:1 telescopes for relay imaging. The telescopes are evacuated to prevent distortion
due to ionization of air in the focus that would otherwise occur in the center of each telescope. The
telescopes count as negative distances. As the pump beams propagate, they spread and diffract into
rings due to the finite aperture of the YAG amplifiers. The best beam mode occurs inside the pump
lasers, and the telescopes image this region to the vicinity of the Ti:sapphire crystals for better mode
quality.

The pump laser beams are spatially concentrated somewhat onto each Ti:sapphire crystal using
long-focal-length lenses that focus the pump light to a point far beyond each crystal. Each crystal
is pumped from both sides. The first Ti:sapphire crystal receives approximately 100 mJ on a
1 mm-wide spot. The second Ti:sapphire crystal receives approximately 500 mJ on a 4 mm-wide

spot. The third Ti:sapphire crystal receives approximately 1200 mJ on a 9 mm-wide spot.

3.4 Amplifiers

The 800 nm laser pulses go through three Ti:sapphire amplifiers six, three, and three times, respec-
tively, in multi-pass configurations. The multi-pass amplifiers all use flat mirrors at 45-degrees to
redirect the beam for each pass. The first amplifier uses large flat mirrors combined with individual
small mirrors on each end of the setup. It’s Ti:sapphire crystal is pumped the hardest, for a gain per

pass of approximately 8, with saturation on the final pass.
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Figure 3.6 Top view of first multi-pass amplifier stage with a total of six passes, achieving
9 mJ output.

Fast-switching Pockels cells and polarizers are used between the first and second amplifiers and
between the second and third amplifiers for the sake of temporally cleaning the pulse and isolating
the different amplifiers. This prevents reflections from optical components in later amplifiers from
sending energy back into the earlier amplifiers where the beams are more concentrated and could
damage optical elements.

The second and third amplifiers have similar setups, although we increase the beam diameter
from about 4 mm in the second amplifier to about 8 mm in the third amplifier. As seen in Figs. 3.7
and Figs. 3.8, the injected 800 nm beam goes through the Ti:sapphire crystals three times, while
being redirected each time by 1"-diameter mirrors at 45 degrees. About 6 mJ makes it through the
Pockels cell before the second amplifier. The gain per pass in the second amplifier is approximately
2.5, with saturation on the final pass, reaching about 450 mJ. About 30 mJ makes it through the
Pockels cell before the third amplifier. The gain per pass in the third amplifier is also about 2.5,

with saturation on the final pass, reaching about 300 mJ.
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Figure 3.7 Top view of second multi-pass amplifier stage with three passes through a
Brewster-cut crystal, achieving 45 mJ output.

Figure 3.8 Top view of third multi-pass amplifier stage with three passes, achieving 300
mJ output.

A half wave plate and polarizer are used adjust final beam intensity following amplification.

3.5 Laser Beam Spatial Characteristics

As the beam propagates through the series of amplifiers, the spatial quality can degrade. We checked
the focusability of the beam after each amplifier stage. To analyze the beam quality, we recorded
images of the beam well before and at the focus of a long-focal-length lenses (see Fig. 3.9). The
near-field beam profile and the focal length of the lens can be used to predict the ideal focal size,
based on diffraction theory. We compare that with the measured focus to determine a percentage for
the beam radius over the diffraction limit.

Fig. 3.10 shows vertical and horizontal line outs for each beam seen in Fig. 3.9. Using this data,
the predicted beam width was compared to the actual beam width. To calculate the beam width for

each picture, the number of pixels was multiplied by the width of each pixel, which is 5.4 um. The
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(a) Near field 1st (b) Focus Ist
(¢) Near field 2nd (d) Focus 2nd

(e) Near field 3rd (f) Focus 3rd

Figure 3.9 The near field and far field, or focus, images of the beam after each amplifier.
The distance between near-field and far-field are 140 cm, 111 cm, and 44cm for the 1st,
2nd, and 3rd amplifier images, respectively.
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Figure 3.10 Near-field and far-field beam images after each amplifier.
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f# was found in each case by using f# = f/D with f being the distance of the near-field image in
front of the focus, and with D being the diameter of the near-field image.

The predicted diffraction-limited beam waist was calculated using wo = 24 f#/7 where A =
0.8 um is the wavelength of light. We found that after the 1st and second amplifiers the beam is
able to focus to near the diffraction limit. After the third amplifier, however, the beam focuses to 1.3

times the diffraction limit.

3.6 Laser Pulse Spectral and Temporal Characteristics

The spectrum measured before and after the stretcher is shown in Fig. 3.11. When emerging from
the oscillator, the pulse contains wavelengths from 740 nm to 860 nm. The stretcher clips some
of these wavelengths, so that it range from 760 nm to 850 nm. This is not a concern since the

amplifiers narrow the spectrum substantially further.
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Figure 3.11 The Spectrum of the beam before and after the stretcher.

The spectrum of the pulse changes as it is amplified through the Ti:sapphire crystals. The
spectrum measurement after the amplifiers is shown in Fig. 3.12. In a Ti:sapphire CPA system, gain
narrowing and redshifting effects can arise as pulses are amplified. Redshifting occurs because the

leading edge of the chirped pulse carries the red frequencies, which can receive more gain than the
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trailing edge. Saturating the gain too strongly increases the amount of redshifting, which should be

avoided [26,27].
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Figure 3.12 The Spectrum of the beam before and after the Amplifiers.

After compression, the pulse duration is measured using auto correlation. The laser beam
is split into two identical beams and mixed at a small angle in a KTP crystal. This produces a
second-harmonic beam in a nonlinear process [28]. This performs an auto-correlation integral:
sig (T) o< [% I(¢)I(t —T)dt where I is the intensity of each identical pulse, 7 is the time and T
is the delayed time introduced by the crossing angle between the beams and the lateral location
in the crystal. The duration of the two identical pulses is mapped into the spatial profile of the
harmonic beam. The duration can be calibrated by introducing a known temporal delay into one
of the two beams. We measured a pulse duration of our final compressed laser pulse to be about

TFWHM =35 fs.

3.7 Peak Laser Intensity

With our laser upgrade, the pre-compressed 800 nm beam has a 5-fold increase in pulse energy.
With the improved efficiency of the new diffraction gratings ( factor of 2), we have available ten

times the energy for experiments. To accommodate the extra energy, the laser beam diameter has
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twice the width as it did before. The wider diameter comes a price of worse focusability. Previously,
we could focus to about 1.2 times the diffraction limit. After the laser upgrade, we found that we
can focus to about 1.5 times the diffraction limit (post compression).

The intensity in the laser focus is given by

B &
TFWHM(n:wg/Z)

)i 3.4

With & =200 mJ, Tpwgy =35 fs, and w, =4 um, we are now able to reach I =2 x 10" W/ecm?2. The
peak intensity we can achieve is increased between five and ten times. This dramatic improvement
enables us to better pursue experiments on nonlinear Thomson scattering. The laser intensity can be
varied over a significant range while remaining in the relativistic regime. This allows us to increase
the focal-spot size, to increase the pulse duration, or to decrease the pulse energy while remaining

in the relativistic regime.

3.8 Photon Collection System

Our previous photon collection lens system utilized 3 translation degrees of freedom. A wire grid
polarizer placed in front of the collection lens was used to differentiate azimuthal and longitudinal
radiations. The collection lens imaged photons from the interaction region onto the end of a fiber
optic. This setup was aligned to the laser focus in the plane perpendicular to it. Our previous
experiments on nonlinear Thomson only measured the scattered light along the side of the emission
sphere, as indicated by the red lines in Figure. 2.4.

Our previous collection system is depicted in Fig. 1.2, the incoming pulse is focused with
an off-axis parabolic mirror. A half-waveplate rotates the laser polarization, effectively allowing
rotation of the detector around the equator. In the tight focus, electrons from helium achieve
relativistic speeds and radiate different harmonics. Since the electrons have an average forward

drift [4], radiation emitted at fundamental frequency is shifted to 900 nm, second harmonic shifted



3.8 Photon Collection System 37

to 450 nm, and third harmonic shifted to about 300 nm. Bandpass filters restrict the incoming
radiation to the harmonic that is being measured. Radiation is registered using either an avalanche
photo diode or a photo multiplier tube.

The objective of this thesis is to measure nonlinear Thomson scattering at other angles (i.e. away
from the equator in the northern and southern hemispheres). In order to achieve arbitrary angles, the
collection system was redesigned. Keeping the detector focused on interaction region as it moves
to a new angle is a significant challenge. Fig. 3.13 shoes the design of a collection system. The
collection lens was mounted over a longitudinal rotational stage, allowing the detector to move away
from the equator. While the detector positioning mounts were redesigned, the rest of the collection

system remained the same.
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Optical fiber

Small x-y stages

Figure 3.13 Schematic model for new detector setup, which is designed for photon
collection at arbitrary angles. The detector must remain aligned to the interaction region as
it rotates to different angles.
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3.9 In-situ Longitudinal Adjustment of Collection Lens

As the collection lens of our new detector setup moves to new angles, it can easily shift the imaged
region away from the interaction region. Although realignment at each new angle is an option, this
can be challenging and may lead to errors when attempting to compare relative emission at different
angles. Fig. 3.14 provides a visual description of the alignment problem, when the center of the
rotation arc does not coincide with the location of the interaction region. It is necessary to center

the rotational stage axis directly underneath the interaction region, which has a spatial scale of only

100 micrometers.

Motion Of Misaligned Detector

el Focus Radius
————— Detector Motion
_______ - Il Interaction Region

Figure 3.14 Depiction of misalignment of focus to detector motion. The blue dotted line
represents the rotational movement needed to stay aligned to the interaction region. The
red dotted lines demonstrates what happens with the rotation axis misaligned. Although it
is possible to be aligned for some angles, the signal can be lost at other angles.

To center the rotation stage and collection lens system, we minimized misalignment both
passively and actively. First, a careful prealignment that was made to the stage. Even with careful

prealignment, the system needed slight corrections as data was collected. For this, active alignment



3.9 In-situ Longitudinal Adjustment of Collection Lens 40

corrections to the focusing system were made during measurements of the radiation.

The approach for passively alignment is depicted in Fig. 3.13. Two small x-y stages were
added to the setup. The first stage held a temporary needle that was positioned to the rotation axis.
A camera observed the needle while the rotation stage moved. The x-y stage was incrementally
adjusted until the needle did not appear to wobble while the stage rotated. After the needle was
aligned to the rotation axis, a second x-y stage was used to align the photon collection lens system to
the needle. To achieve this, a laser light of 480 nm was sent backwards through the optical fiber. The
detector’s position was then adjusted so that the focusing laser light struck the needle. Finally the
whole setup was moved to the vicinity of the main laser focus using a motorized x, y, z translation
stages. After proper alignment, the needle was removed.

Active alignment took place when seeking signal from nonlinear Thomson scattering. To do so,
the compressed laser was sent to the interaction chamber. Filters where placed in the laser to avoid
self-focusing from the nonlinear interaction of air at high intense laser. With air in the chamber, the
focused laser produced a spark near the interaction region of the later experiment. The collection
lens was aligned to the spark with the motor actuators. The x, y and z translation stages provided
precised alignment of this.

To verify alignment, the fiber optic coming from the collection lens was temporally connected to
an spectrometer. We found that a spectral line at 500 nm produced in air was helpful for alignment.
Proper alignment was considered to correspond to maximum intensity of the spectral line. Once
optimized, the chamber was evacuated and the filters removed from the laser beam to allow it to
enter at full power. Helium was introduced into the chamber, typically at about 0.01 torr, and a
search for photons from nonlinear Thomson scattering would be made. The position of the x, y, z
translation stages would adjusted for optimum signal. Then an iterative alignment procedure would
be followed, aligning the z translation stage for maximum signal when the detector is at 90 degrees,

and the x translation stage for maximum signal when the detector is at 45 degrees. Fortunately, we
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found that the vertical stage remained close to optimal when the rotation stage rotated. The detector
was rotated and checked for maximum intensity on new angles. Adjustment ranged within a few

hundreds of microns.



Chapter 4

Data

4.1 Measurements

Using the apparatus shown in Fig. 3.13 we measured the second harmonic and fundamental with the
detector placed at polar angles 8 =45°, 6 = 60°, 6 =75°, 0 =90°, 6 = 105°, 8 = 120°, 6 = 135°,
and 68 = 150°. The laser propagates along direction 8 = 180° and 6 = 90° is emission directly
out the side of the focus. At each detector position the laser polarization was rotated using a half
wave plate through a full range of azimuthal angles so that we detect signal at azimuthal angles
¢ =0° to ¢ = 360° in 10° increments. For these data runs the energy of the high intensity laser was
measured to be 150 mJ after the last amplifier, corresponding to about 90 mJ delivered to interaction
region in the focus. The laser focus was measured to have a waist of wy =5 um, and the duration
of the pulse was measured to be Tpwm = 38 fs. These parameters correspond to peak intensity
I =5 x 10" W/cm?. The helium pressure in the focus was set to 2 x 10~2 Torr for second harmonic

and 1 x 10~3 Torr for the fundamental.
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4.2 Multiphoton Correction

We use an avalanche photodiode for the detector which cannot distinguish the number of photons in
a given shot, so we must correct the measured signal for the possibility that some of detection events
were actually multiple photon events. The probability of emitting a certain number of photons in
a given laser shot is described by the Poisson distribution. This is due to the fact that the photon
emission from a given electron in the focus is independently random from emission of a photon
from a separate electron and the probability of emitting multiple photons from any single electron is
very small.

In a Poisson distribution, the probability of collecting a specific number n photons in a given
laser shot is related to the average number of photons in a laser shot 7z via
—ii

n'e
P, =

n!

If losses in the detection system are also independently random (i.e. if the photon from one electron
is no more or less likely to be lost before it can be detected than another photon in the same shot),
then the Poisson distribution should still properly describe photons arriving at the detector through
the lossy channel.

The probability of getting any number of photons (0, 1, 2, etc.) in a laser shot is unity, or in
terms of the P, above:

n=0

A perfect photon-number-resolving detector would be able to independently measure each probabil-
ity P, by measuring many shots and counting the number of photons in each. However, our photon
counters give the same signal (a single “click”) when they detect one or more photons. Therefore,

the probability that we measure P, is a sum of the probabilities of getting one or more photons:

Ppn=Y P.
n=1
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The signal that we want to measure is proportional to 7 rather than P,

deduced from our measured probability P, as follows:
Pn=Y Pb=) P.—R=1-PR
n=1 n=0

Substituting for Py from above, we have

Then, we solve for the average photon rate 7

i=—In(l1—Py)

. However, 71 can be

For our experiment, P, is given by number of counts that were detected (absent systematic

errors). If N is the total number of laser shots and d is the number of shots

where one (or more)

photons was detected, then the corrected signal S that represents the total number of photons emitted

into the detection channel can be approximated as

S:ﬁN:—Nln(l—i)
N

We apply this correction to the plotted data below.

4.1
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4.3 Comparison of predicted data with actual data

Figures 4.1 and 4.2 show our measured data at each of the detector position. Each data is the
summation of 600 laser shots and is corrected by Eq. (4.1). For the second harmonic, we used a
bandpass filter centered at 450 nm with a 25 nm bandwidth. We estimate that the peak intensity is
about 2.1 x 10'® W/cm?. The emission is measured for both azimuthal ¢ (blue) and longitudinal @
(red) polarizations.

The collected data shown as data points is compared with a computational model plotted with
solid lines. The amplitude of the computational model plotted in the graphs is arbitrary, with the
scale chosen so as to overlap the model and the data for comparison of the shapes of the emission
patterns rather than comparing the overall amplitude of the measured data to the computational
model. The full spatially resolved emission pattern for this computation model is shown in the
middle row of Fig 2.5. Each of the data plots represents the emission pattern as one moves around a
given “latitude” of the emission “globe”.

The first data plot, Fig. 4.1(a), shows measurements taken with the detector placed at polar
angle 0 = 45°. Recall that 6 = 90° is straight out the side of the focus, so Fig. 4.1(a) shows data
for the case when the detector angle is tilted 45° upstream from the side measurements we have
typically made in the past. At these upstream detector angles the longitudinal polarized radiation
dominates the signal for this wavelength band. As the detector’s polar position angle is shifted in the
downstream direction in Fig. 4.1(b)-(c) the azimuthal polarization components become dominant
and the distinct lobe pattern in the longitudinal emission becomes more rounded. Then in Fig. 4.1(d)
we see the emission pattern that we have typically measured in the downstream direction.

In Fig. 4.2 we see plots of the data as the detector’s polar angle position is moved in the
downstream direction. Notice that the pattern in the longitudinal polarized emission first develops
lobes in the emission direction perpendicular to the laser direction (Fig. 4.2(a)) and then develops a

second set of lobes along the direction of polarization (Fig. 4.2(b) and Fig. 4.2(c)). The azimuthally
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Figure 4.1 Comparison of measured second-harmonic photons (points) at 8 = 45° and
6 =60°, 8 =75° and 8 = 90° to computational model (solid lines).
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Figure 4.2 Comparison of measured second-harmonic photons (points) at & = 105° and
6 = 120°, 6 = 135° and 8 = 150° to computational model (solid lines).
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polarized emission retains its typical clover pattern throughout the change in detection directions
from the upstream to the downstream detections angles.

In each of these plots the computational model accurately predicts the shape of the emission
and the relative strength of the azimuthal and longitudinal polarization components of the emitted
signal. In further study we plan to compare the predicted emission strength with the computational.
For the purposes of this thesis, we note that the measured photoemission and the model show good
qualitative agreement at each angle. Distortions in the collected data presumably arise imperfections
in the laser focus, fluctuations in the laser energy, duration, and focus ability from shot to shot,
combined with photon statistics. When the data is compared with the emission sphere seen Fig. 2.4,

one can easily see the “continents” in the Northern and Southern hemispheres.

4.4 Conclusions

For the first time, we have measured much of the emission sphere for nonlinear Thomson scattering
at the fundamental and second harmonic. In the case of the second harmonic, we see that the
“continents” in the Northern and Southern hemisphere are not symmetric. See also Figs. 2.5 and
2.4. This further confirms the figure-8 motion of free electrons as they interact in a high-intensity
laser field. Notice that that while executing this motion, electrons traverse the top and bottom of
the figure-8 while traveling in one direction while while crossing the middle of the figure-8 while
traveling in the opposite direction. In the future, our group plans to also measure the third harmonic
over the emission sphere.

The measured radiation patterns that we obtained with our upgraded laser system are relatively
symmetrical about the laser axis. This was not the case for previously collected data. See, for
example, Fig. 4.1 plot (c), [23], which show deformities in the different “leaves” of the harmonic

pattern. The improvement in the symmetry of the new data is likely due improved laser parameters
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in the laser focus. We spent much effort to reduce aberrations in the laser beam profile and to align
the compression gratings as precisely as possible. The added laser energy may have also played
arole. A future line of inquiry might be to study how (intentionally introduced) irregularities in
the laser focus might relate to distortions in nonlinear Thomson scattering. This may lead to an

improved diagnostic for the performance of focused ultra-high-intensity lasers.
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