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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.



