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1.2 Nonlinear Thomson Scattering 6

along the dimension of laser propagation, z. Nevertheless, the electron oscillates primarily along the
polarization direction with speeds approaching but bounded by c. The rising edge of the laser pulse
causes the electron to drift in the forward direction of the incident field as it executes a figure-8
motion in the XZ plane.

Figure 1.3 shows the path that an electron takes in a plane-wave pulse that is strong enough to
cause relativistic electron motion. The peak field was chosen to be Ey = mo.c® /g, which demarcates
the onset of relativistic effects (i.e. electron velocity reaching 0.9¢). For our 800 nm laser, this

2

corresponds to a peak intensity of Iy = %SOCE(% = 2.1 x 10'® W/cm?. The electron path was

computed by numerically integrating Eqgs. (1.1) — (1.3), where the field strength Ey was multiplied
2
by a temporal pulse envelope e +?, with T = 34 fs. The figure-8 shape is actually only seen in the

average rest frame of the electron; in the lab frame, the electron path looks more like a saw-tooth

wave as seen in Fig. 1.3(b).

Figure 1.3 Graphic reproduced from Ref. [8]. (a) Trajectory path for an electron experi-
encing nonlinear Thomson scattering in average rest frame for a single cycle near the peak
of the pulse. (b) Trajectory path for an electron experiencing a laser pulse that is about a
dozen cycles in duration (lab frame).
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An electron undergoing the motion shown in Figs. 1.3 radiates light according to Eq. (1.5).
Since the motion is nonlinear, new frequencies are part of the resulting radiation. Fig. 1.4 shows the
calculated intensity due to nonlinear Thomson scattering using the formula developed by Sarachik
and Shappert. Fundamental, second harmonic, and third harmonic light is shown in the far field,
resolved into two polarization states (i.e. along 6 and ¢ directions). Higher order harmonics are

also generated with less amplitude (not shown).

Figure 1.4 Total intensity of fundamental (left), second and third harmonics (right) for the
azimuthal(top) and longitudinal(bottom) polarization components of nonlinear Thomson

scattering. The yellow line indicates the direction of linear polarization of the incident
field.

For a more realistic laser focus, instead of using Eq. (1.3), we model the electric vector field of
a tightly focused laser using [9, 10]

_(i)z Xy X 20 _kzopzz o
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where Z = zo+ iz and ¢ = kz[1 + p2/(2|Z|*)] — wt. 7o is the Rayleigh range, p the axial radius,
and 7 the pulse duration. The associated magnetic field is cB = XE, + JE, + i)XCEZ.

In a tight laser focus (with focal radius wgp = 44 pm and zp = ETW% = 63 um), electron trajectories
become strongly distorted, compared to trajectories in a plane wave, as they are propelled out the
side of the focus by the strong field gradient during the laser pulse. Surprisingly, the computed
radiation from a large ensemble of electrons randomly distributed throughout the laser focus looks

similar to the radiation pattern from a single electron in a plane wave pulse. A typical laser beam

profile is shown within each sphere of Fig. 1.4.

1.3 Experimental Measurements

In 1998, Chen et al. first measured second and third harmonics produced by nonlinear Thomson
scattering in a high intensity laser. [11] They measured the second and third harmonics along the
equator and one other latitude of spheres shown in Fig. 1.4.

In 2021, the group of Peatross and Ware at BYU first published measurements of polarization-
resolved fundamental, second, and third harmonic nonlinear Thomson scattering [12]. They
observed nonlinear Thomson scattering out the side of a high intensity laser focus. The separate
measured polarization components are each associated with a distinct dimension of predicted
electron figure-8 motion. Taken together, the measured angular emission patterns for the two
polarizations confirm two-dimensional motion consistent with the figure-8 shape.

This past year, I participated in the first measurements of polarization-resolved fundamental,
second and third harmonic nonlinear Thomson scattering over nearly the full emission sphere. [13]

The experimental setup is shown in Fig. 1.5.
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Figure 1.5 Experimental setup for nonlinear Thomson scattering measurements. A half
wave plate prior to the parabola rotates the linear polarization of the laser beam. The
off-axis parabola focuses the incident laser beam. Scattered photons go through a polarizer,
after which an achromatic lens pair focus the signal into an optic fiber.

The new 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.
With this new data, we can tell which direction electrons move around the figure 8 race track.
Measurements of the fundamental, second, and third harmonic are shown in Figs. 1.6, 1.7, and 1.8.

For our experimental setup, laser pulses are focused using an off-axis parabola to a spot with
wo = 3.2um. A half wave plate prior to the parabola rotates the linear polarization of the laser beam.
In our analysis, we always choose the x axis to be along the laser polarization. Our laser delivers

about 50 mJ in 40 fs. This achieves an estimated 2 x 10'® W /cm? peak intensity in the focus.
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Figure 1.6 Intensity in the planes at degrees of 30(top left), 45, 60, 75, 90, 105, 120,
135(bottom right) the azimuthal (solid) and longitudinal (dashed) components of the
fundamental harmonics.

Free electrons are donated from low-density helium back-filled in the chamber that houses the
experiment. Typical pressures are 10~* Torr when measuring the fundamental, 10~2 Torr when
measuring the second harmonic, and 1 Torr when measuring the third harmonic. The helium is
ionized early during the laser pulse, at intensities several orders of magnitude below the peak

intensity.
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Figure 1.7 Intensity in the planes at 8 = 30° (top left), 45°, 60°, 75°, 90°, 105°, 120°,
135° (bottom right) the azimuthal (solid) and longitudinal (dashed) components of the
second harmonics.

Individual photons are detected using a photon counter, and detector counts are accumulated
from 600 laser shots. The solid and dashed curves in Figs. 1.6, 1.7, and 1.8 correspond to simulations
of photons detected through orthogonal polarizer orientations. The data in Figs. 1.6, 1.7, and 1.8
trace out ‘latitude’ lines around the emission sphere, at various angles from the *North Pole’. For

example, the curve at 60°, 90°, and 120° correspond to traces around the gray lines in Fig. 1.4.
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Figure 1.8 Intensity in the planes at degrees of 60 (top left), 75, 90, 105, 120, 135 (bottom
right) the azimuthal (solid) and longitudinal(dashed) components of the third harmonics.

A clear asymmetry between emission into the ‘Northern” and ‘Southern” hemispheres can be
seen for the longitudinal polarization. This demonstrates that the electron whips around the two
ends of the figure-8 in the direction opposite to the direction of laser propagation. This is the first
experimental demonstration that the electron motion is 1) two-dimensional in the XZ plane and 2)

moves opposite the laser propagation on both ends of its motion.
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1.4 Overview

In extreme light conditions, the nonlinear interaction between electrons and the laser field produces
harmonic radiation. In principle, this scatter carries detailed information about the spatial and
temporal profile of the laser focus. Understanding these scattering dynamics has the potential to
help optimize laser systems for applications like particle acceleration, fusion compression, high-
energy physics experiments, and advanced imaging techniques, where precise control of laser
intensity and focus is essential.

This thesis reports on the work published in three journal publications, two published in 2024
and one published while I was still an undergraduate at BYU [8, 13, 14]. I collected the third
harmonic data in Fig. 1.8. I have performed preliminary work in two new directions related to the
above experiments. First, I have investigated the possibility of coherence effects between electrons
ionized from the same atom as they execute subsequent relativistic motion and emit nonlinear
Thomson scattering. We have studied the effect theoretically [14] and have attempted to see it
experimentally. These experimental efforts were hampered by pulse temporal contrast in our laser
system. We made progress in reducing the strength of prepulses that could prematurely ionize the
helium in our laser focus, allowing electrons to de-cohere. Further improvements to laser pulse
contrast will be necessary to see this effect. Our theoretical analysis of multi-electron coherence
effects in Thomson scattering and our experimental efforts made so far, as well as our plans for
laser pulse cleaning, are described in chapter 2.

In a second project, I explored distortions in the angular distributions of nonlinear Thomson
scattering. Our original goal was to evaluate how distortions in our high-intensity laser focus might
translate into asymmetries in the patterns seen in Figs. 1.6, 1.7, and 1.8. That is, we wanted to know
how spatial chirp or astigmatism, for example, may lead to alterations in how electrons are propelled
out the sides of the laser focus by the strong field. They could exit the focus along preferred

directions, which could imprint on the measured nonlinear Thomson scattering emission patterns.
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For this project, it was necessary to first produce the cleanest possible spatially symmetric laser
focus. We were surprised that after our best efforts, the angular emission patterns of the nonlinear
Thomson scattering showed marked asymmetries, indicated that unknown effects were at play as
well. We set out on a systematic experimental course to identify all laser-beam characteristics
that could introduce distortions in the the angular emission patterns. We have narrowed down the
possibilities considerably, but the underlying cause is remarkably subtle. These efforts and results
are described in chapter 3.

Chapter 4 outlines future work designed to overcome the hurdles in our efforts to measure both
coherence effects and sensitivity of nonlinear Thomson scattering to distortions in the laser focus,
as outlined above. These efforts have the potential to lead to several additional journal publications.
In addition, I described other future experiments to try to measure higher order harmonics, and to

look at nonlinear Thomson scattering using colliding laser pulses.



Chapter 2

Coherence Effects from Multi-Electron

Ionization

2.1 Simulation of Coherence in Nonlinear Thomson Scattering

In the analysis of nonlinear Thomson scattering, such as highlighted in chapter 1, we summed
incoherently the emission from liberated electrons without regard for the common initial positions
of electron pairs ionized from individual helium atoms during the early part of the laser pulse. Here,
we consider how coherence effects between multiple electrons ionized from the same atom might
influence emitted nonlinear Thomson scattering. The possibility that the ionization process imprints
coherence effects in the subsequent photoemission may provide a new window into strong-field
ionization. For example, whether the probability that an electron emerges from an atom is spread

over several laser cycles or is more abrupt might impact the coherence.

15
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Figure 2.1 Reproduced from Ref. [14]. Trajectories along the separate axes of two electrons
(first red, second blue) coming out from the same helium atom. The laser propagates in the
z direction and in polarized along the x direction.

In a recent paper [14], we explored the extent to which coherence between multiple electrons
ionized from the same atom should influence the angular emission of nonlinear Thomson scattering.
We expect that electrons emerging from the same atom are correlated spatially since it takes time
for them to move apart. If their separation remains small compared to the scattered wavelength,
then the radiation should constructively interfere.

To date, we have mainly used helium as the source of free electrons. Each helium atom donates
two electrons, the first breaking free from the atom around 1 x 10'> W/cm? and the second around
9 x 10" W/cm? [6]. These intensities occur very early on during the laser pulse since the peak
intensity eventually reaches 2 x 10'8 W/cm?. Figure 2.1 shows trajectories for two electrons ionized
from a helium atom based on Egs. (1.1), (1.2), and (1.10). The two electrons are released with zero
initial speed at the two ionization intensities noted above. The two electrons separate on the scale of
a laser wavelength during the leading edge of the laser pulse as they are pushed out the side of the
laser focus while also being pushed down stream. This simulation suggests that it is easy for the

positions of electrons born of the same atom to decohere during the laser pulse.
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Figure 2.2 Reproduced from Ref. [14]. Probability per time (thick red line), for the first
ionization of helium using the ADK model. The thin gray line represents the instantaneous

2
intensity expressed in terms of the dimensionless quantity (%) . The dashed vertical

line marks the instant when ionization would occur classically when sufficient suppression
of the Coulomb barrier is achieved. Time is in units of laser periods T with r = 0
corresponding to the peak of the laser pulse.

Ionization is a probabilistic process, so one cannot predict and exact intensity or moment when
an electron is liberated from an atom by a laser field. A more realistic ionization model by Amazov,
Delone, and Krainov [15] (ADK) is shown in Fig. 2.2.The figure shows the probability rate of
electron ionization during several laser cycles while the laser field increases early on during our
laser pulse. This spreading out of the ionization probability over time has the effect of further de
cohering the position of multiple liberated electrons.

Figure 2.4 shows calculated angular emission patterns in the plane perpendicular to the laser
focus, computed for an instantaneous model of ionization and for the ADK model. The simulation
shows emission patterns for both azimuthal and longitudinal detector polarizations. The emission
patterns are computed from electrons emerging from helium atoms randomly positioned through the
interaction region. These simulations were performed by our collaborator Prof. S4 of the University
of the Azores. The simulation applies bandpass filters centered on slightly redshifted wavelengths

to distinguish different harmonics, similar to those used in our experiments [13].
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Figure 2.3 Reproduced from Ref. [14]. Calculated angular distributions of the funda-
mental, 2nd, and 3rd harmonic photon counts scattered by electrons ionized from helium,
comparing the instantaneous (upper row) and ADK ionization models (lower row). The
plots show scattering in the plane perpendicular to the laser focus using a simulation of
10,000 atoms randomly distributed throughout the interaction region. Blue lines indicate
azimuthal polarization and green lines indicate longitudinal polarization of the light reach-
ing the detector. The ADK row is a repeat of the upper row. For comparison, the dotted
lines indicate photon counts while ignoring interference (i.e, summing intensities).
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Figure 2.4 Reproduced from Ref. [14]. Same as Fig. 2.3, except computed using argon.

Coherence effects are more pronounced at the longer wavelengths such as the scattered funda-
mental or the second harmonic. The results also depend mildly on the ionization model chosen.
However, the atomic species used can have a significant influence on the angular distribution of

scattered photons. Figure 2.4 shows similar calculations made for argon, which can donate up to 10
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When comparing Figs. 2.3 and 2.4, the fundamental and harmonics show a strong enhancement
of emission from argon over helium along directions perpendicular to the laser polarization. This
is expected owing to the larger number of electrons available for ionization in argon and the fact

that electrons ionized from the same atom tend to separate mostly along the dimension of the linear
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laser polarization, owing to the initial condition of zero electron velocity upon ionization.
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To appreciate how the instant that an electron is released influences its subsequent trajectory,
consider as an example nonrelativistic motion with F = gEcos (@t + ¢) = mx, where ¢ is the
phase of the laser field when the electron is released from the atom. Integrating, we find the velocity
to be x = % [sin (@f 4 @) — sin @], where an integration constant —% sin ¢ is chosen to make the
speed zero at t = 0. This introduces a drift along the direction of the electric field, which can lead to
extra separation between electrons in that dimension. This tends to cause incoherence in subsequent
emission along that dimension. On the other hand, it does not to harm coherence in dimensions
perpendicular. Figure 2.5 shows the radiation emitted by two electrons, which is in phase and out of

phase along two different directions.

Electron Position

-10

D

Figure 2.5 Calculate position of multiple electrons ionized from argon during a laser pulse
(left), and depiction of laser pulse how radiation from two electrons can exhibit different
coherence depending along which direction the electrons separate (right).
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Generally, if the emission between all electrons born of the same atom is coherent, then we
would expect an increase of approximately 52 = 25 times for argon compared to helium at the same
gas density, since there are up to five times more electrons ionized for argon. On the other hand, if
the emission is incoherent, then the emission for argon would be only five times higher; this should
be observable. As mentioned, the degree of coherence can be different along different dimension,
owing to how the electrons spread out. As can be seen in the Fig. 2.4, there is a strong enhancement
in emission along the y dimension for argon over helium.

Again, the simulations show a slight dependence on ionization model. These modest variations
in the angular emission patterns might be used to try to distinguish between different ionization
models.

In summary, our simulations predict measurable coherence effects in nonlinear Thomson
scattering from electron bunches born of the same atom in an intense short laser pulse. The
coherence exhibits angular dependence because the electrons are expected to spread out more along

the direction of laser polarization than they do along the direction perpendicular to it.

2.2 Measured Nonlinear Thomson Scattering with Helium and
Argon

We measured nonlinear Thomson scattering for fundamental, second harmonic, and third harmonic
using argon to donate free electrons. We compared the results with those obtained using helium.
The data collected is shown in Fig. 2.6.

The theoretical calculation shown in the figure uses the instantaneous ionization model. This
model gives more coherence signal than the more realistic ADK model. I performed these calcula-
tions prior to the ones performed by our colleague Prof. Nuno S& who made them again with the

ADK model.
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Unexpectedly, we did not see any differences in the angular pattern of nonlinear Thomson
scattering between the two gasses. In particular, the predicted elongated pattern for longitudinal
polarization was not evident.

We suspect that a prepulse or multiple prepulses generated in the laser system (i.e., weak pulses
arriving arriving to the experiment before the main pulse) may have pre ionized the gas to some
degree at much earlier times than expected. In this case, the relative positions of the electrons could
become completely decorrelated by the time the main laser pulse arrived. In other words, prepulses

could have completely disrupted the experiment.

2.3 Reducing Laser Prepulses

Prepulses are a well known and common problem in high-power laser systems if not specifically
addressed. The most common way to reduce prepulses is through frequency doubling in a nonlinear
crystal. The process suffers from inefficiency (10% - 50%), but more importantly, the doubling
of the frequency requires a quadrupling of the intensity to achieve the same relativistic regime for

nonlinear Thomson scattering. Hence, frequency doubling in not an option for us.
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Figure 2.7 Setup for an autocorrelation measurement.
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We investigated the possibility of prepulses in our laser system using autocorrelation. A
schematic of our autoccorrelation measurement is shown in Fig. 2.7. In this technique, the laser
beam is split into two beams and mixed in a thin nonlinear crystal with a crossing angle of a few
degrees. The signal that arises from a mixing of the two pulses is imaged onto a camera so that the
mathematical temporal autocorrelation of the pulse appears as a spatial image on the camera. The
width of the image can be calibrated to time units by temporarily delaying one pulse relative to the
other by known amounts and observed how far the image of the mixing region shifts laterally.

Through autocorrelation, we can infer the temporal structure of the pulse. The autocorrelation
setup consists of a beamsplitter that produces two identical pulses in separate beam paths. The
pulses travel similar distances and mix in a nonlinear crystal and produce a second harmonic beam.
The two pulses are unfocused, so they are like two thin pancakes of light that intersect along a
narrow line. The emerging second-harmonic light is imaged onto a camera. The width of the line on
a camera shows the duration of the pulses, or rather a mathematical correlation between them (‘“‘auto”
since the pulses are identical). For our setup, we found that each pixel in the image corresponded to
1.3 fs of the autocorrelation function. When our compression gratings are optimally adjusted, the
autocorrelation measurements indicated a pulse duration of 40 to 45 fs.

Figure 2.8 shows two intense side lobes in the autocorrelation, which we measured to be about
6.7% of the center peak. Unfortunately, the correlation integral of a function with itself is always
symmetric. When we see side lobes in the autocorrelation function, they can be due either to a
prepulse, a postpulse, or a combination of the two. In an effort to reduce the side lobes, we made
adjustments to the laser system.

We determined experimentally that the worrisome feature in the autocorrelation arises mainly
from our first of three Ti:sapphire amplifiers in our laser system. We switched to a Brewster cut
Ti:Sapphire crystal and reconfigured the amplifier layout to tighten the beam angles in the layout.

This had the effect of significantly reducing the side lobes in the autocorrelation.



