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Chapter 1: Laser Driven lonization

1.1 Introduction to Avalanche Breakdowns

Avalanche ionization was the first observed laser driven breakdown mechanism. In early
experiments [3,4], g-switched ruby lasers were focused into partially evacuated gas cells and the
resultant ionization could be measured through their fluorescence or charged plates. With photon
energies around 1.8eV, significantly lower than the ionization energies of air molecules €ion>10
eV, simple single photon ionization was not able to explain the breakdowns. Theoretical
explanations [5] quickly followed describing the process in two parts. First, nonlinear multiphoton
ionization can create an initial population of seed electrons. Then, avalanche ionization can
exponentially drive that low population into a large, easily detectable plasma.

Following significant earlier work with DC and microwave breakdowns [6—8], a theory of
laser driven avalanche ionization was developed [9]. In this process, free electrons are driven by
an oscillatory field and experience collisions with nearby neutral atoms. This mechanism, inverse
bremsstrahlung, rapidly heats free electrons beyond the ionization potential of nearby neutrals, at
which point they can drive collisional ionization. The proceeding exponential cascade in which a
single free electron frees another, then both electrons free two more, quickly grows few free
electrons into a large, observable plasma.

While avalanche ionization provides an adequate description for the growth of plasma
driven by g-switched lasers, it relies on the presence of an initial population of free electrons to
seed the process. Background radiation from cosmic rays and terrestrial sources creates a steady
state free charge density of around 103 /cm?® [10]. For a tightly focused beam, this may lead to zero
expected free charges near the laser focus to seed the breakdown. Instead, a theory of multi-photon
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and tunnel ionization was developed in which multiple photons from an intense laser field can

ionize an atom [11-13].

1.2 Classic Theory of Avalanche Breakdowns

We can consider the simple case for a long pulse laser source interacting with a neutral gas
containing one free electron. For a linearly polarized laser field E = E, sin wt a free electron will

oscillate with the field with velocity

ek,

v= cos(wt)

e
The electron will have mean quiver energy Up = e2E§ /4m,w?. If the energy is greater than the
ionization energy of the surrounding gas, this electron could immediately collisionally ionize the
neutrals. Otherwise, repeated elastic collisions dephase the electron velocity from the driving laser
field, transferring energy from the quivering motion to random motion. The time averaged heating
rate is

22 2
de,  e“Ej y )
dt 2m,w? ° w? + V2

where v, is the effective collision rate between electrons and surrounding neutrals and ions. For
electrons with energies between 1-50eV in air at atmospheric pressure, the collision rate v,~2 —
4 ps! [14] is significantly lower than optical frequencies, so the heating rate can be simplified

ds, e?E}
dt  2m,w?

Ve = 2UpV, x 142

Once an electron is heated to energies above the ionization potential €;,,, inelastic
collisions can liberate new electrons which are then further heated by the laser field. Each

ionization generation doubles the total number of free electrons and takes an average time At =



_Elon_ The exponential erowth can continue until saturation when the initial neutral population is
2Upve p g pop

fully ionized. So in this simple model, we can define the minimum threshold for a laser of pulse

length 7, to drive an avalanche N generations

| Ngjonc3egm, 1
th = g 2 2. 32

dmlT,etv, A2
The inverse squared wavelength scaling allows longer wavelength lasers to drive avalanche at
lower intensities. Note that this threshold ignores all loss mechanisms. A more complete

model [15] tracks the electron temperature and losses due to ionization, vibrational and rotational

excitation of molecules and other inelastic processes. The temperature grows according to

de,
dt

= 2Upve — €loss ~ Vion€e

Where &4 is the electron energy loss rate and v;,,, is the temperature dependent net ionization
rate. Using the constants from [16] the ionization rate crosses zero at approximately 1.5eV,
leading to a breakdown threshold (where the steady-state temperature is 1.5eV) for a 3.9 um laser
to be 0.25 TW/cm?,

This result can be compared to an earlier model [17,18] which considers losses only
through electronic excitement of nitrogen. This model finds a breakdown threshold in air to drive

a plasma from 10° /cm? to 10'® /cm? to be
800
ln = —5 (1445 x 107°A)(1 + 2  10°7,)
P

Where I, is in W/cm?, T, is in seconds, and A is in microns. For a 50 ps, 3.9 pum laser pulse, the

P
breakdown threshold intensity is about 1TW/cm?. At these long wavelengths and low intensities,
the probability of generating seed electrons through multi-photon processes significantly

decreases, as discussed in Section 1.3.



1.3 Multiphoton and Tunnel lonization

When a laser’s photon energy is less than the ionization energy of an atom, the typical case
for optical frequencies and dielectric materials, single photon linear processes are not sufficient to
ionize the atom. Instead, ionization occurs through tunneling or multiphoton ionization. These are

two limits of the same process [13], with the transition between them characterized by the Keldysh
parameter y, = /gion/z U, & 1/A.

-
()
o

lonization Rate (1/s)
S
3

10-1 00

10-150 . | . A | L . .E.;....I L L
1010 1011 1012 1013 1014
Laser Intensity (W/cmz)
Figure 1.1 Calculated ionization rates for N2 and O2 by a 3.9 pm laser. The dashed lines show a fit to an
exponential MPI rate. The blue and red dotted vertical lines show the intensity where the Keldysh

parameter is one for N2 and O2 respectively.



For large values ofyy > 1, multiphoton ionization dominates. In this regime, N =
ceiling(&;on/€pnoton) Photons are required to have enough energy to free an electron. Ionization
is increasingly unlikely for large values of N, since the probability of simultaneously absorbing
multiple photons is very low. The ionization rate in the MPI regime is vy;p; = 0 (A)IV, where o (1)
is a wavelength-dependent coefficient.

For small values of yx < 1, tunneling ionization becomes the dominant mechanism. Here,
the laser field is strong enough to suppress the Coulomb potential binding an electron to the atom,
allowing the electron to tunnel through the reduced effective potential. In this regime, the
ionization rate, Veynnering < 01P<", scales with a reduced dependence on the number of required
photons for MPIL.

Figure 1.1 shows the calculated ionization rates for molecular nitrogen and oxygen by a
3.9 um laser using the model described by [19]. The dashed lines show a fit to a simple vyp; «
IV fit, which follows the complete curve well on the left side where the Keldysh parameter is > 1.
On the right hand side, where the Keldysh parameter is< 1, the slope reduces as ionization enters
into the tunneling regime.

We can see from this plot that at 1 TW/cm? for a 50 ps, 3.9 um laser pulse the multiphoton
ionization rate for molecular oxygen is only about 1 X 1072° /s. Even in the most optimistic regime
of a square pulse in air comprised solely of oxygen, this would only yield approximately

1 x 107 /cm? free electrons, significantly lower than the background density.



1.4 Discrete Growth of Avalanche Plasmas

Infrared lasers operating close to the avalanche breakdown threshold in air are not intense
enough to drive substantial multiphoton ionization of the neutral medium. The seed electrons must
be initially present for the breakdown to occur. Additionally, for short pulse lasers, the breakdowns
do not have enough time to diffuse into a smooth, continuous plasma. Instead, each seed electron
evolves into a small plasma ball with its radius bounded by the diffusion of hot electrons.

First, we can consider the spatial evolution of a single breakdown. In the simplest case, we
can treat the expansion of the plasma as unconstrained diffusion of hot electrons mediated by

collisions with surrounding neutrals. An electron at temperature T, will have an average thermal
velocity v, = /3k,T./m,. With an average electron-neutral collision rate of v,,,, an electron will

travel approximately £ = /3k, T, /m,vé, between collisions. For a laser pulse of duration 7,,, the

electron will experience N = t,V,,, collisions and will expand to a radius of

p

3k, T.T
T‘d=€\/_= —bep

meven
At typical values for a near-threshold breakdown in air with 50 ps laser pulse, electron energies
zkb T,~10 eV, and v,,~4 ps’, the diffusion radius is about 4 pm.

As the hot, fast electrons expand about the slower positive ions, charge separation slows
the expansion of the plasma. When the diffusion radius approaches the Debye
length / 0k, T, /ne?, the plasma grows at the lower ambipolar diffusion rate [20,21]. We can thus

treat the simple diffusion model as an upper bound on the growth of an avalanche plasma from a

single seed.



For a low initial seed density, Ngeeq < 1/73 ~10'°cm™ the plasmas that grow out of each
seed will remain isolated. An important result of this is that the growth of the plasma is limited to

saturation within the diffusion volume of each seed electron rather than the entire focal volume.

1.5 Rate Equations for Short Pulse Infrared Driven Avalanche Breakdown

We can combine our tracking equation for electron temperature, temperature dependent
growth rates, and plasma diffusion to evolve a plasma seeded by a single electron. For pulses that

are long enough that the electrons have time to thermalize, we can calculate the steady-state

. . . . 9 . .
temperature as a function of instantaneous laser intensity: % = 0. Since the typical electron

collision rate Vv, = 2 — 4 /ps, for pulses of length 7, > 1/v,y, there will be a large number of
thermalizing collisions while the laser intensity is slowly varying. For this temperature, we can
also find the temperature dependent ionization rate. Figure 2.2(a) shows steady-state temperatures

and ionization rates for a 3.9 um.
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Figure 1.2 (a) Calculated steady-state electron temperatures (blue) and ionization rates (red) for plasmas driven in
air with a 3.9 pm laser. (b) Calculated avalanche ionization growth driven by a 50 ps, 3.9 um super-Gaussian laser

pulse with various peak intensities. The dashed black line shows the laser envelope.



For a given pulse shape, we then can have the instantaneous electron temperature and
ionization rate track with the laser intensity. As discussed in Section 1.2, for intensities below
0.25 TW/cm?, the temperature is below the threshold needed to overcome losses so avalanche
ionization cannot proceed. The temperature and effective ionization rate rise rapidly as the
intensity is increased above this threshold.

Coupling this to the diffusion driven growth of the plasma gives us the time evolution of
avalanche breakdown seeded by a single electron. For a 50 ps, 3.9 pm laser pulse for various peak
intensities, the growth of the plasma is shown in Figure 1.2(b). Our simulations stop when the
plasma density reaches 10'8/cm?, at which point the plasma is close to the critical density of the
drive laser, 7 X 101° /cm3. Near critical density, the plasma efficiently absorbs the energy from
the drive laser, rapidly heating and reaching full ionization. We can use this to define a threshold
intensity where the laser can drive an avalanche from a single seed electron to a detectable level

I, = 1.6 TW/cm?.



Chapter 2: Radiation Detection

2.1 Introduction

Remote detection of radioactive materials remains a difficult technical challenge. Direct
measurement techniques such as Geiger or scintillation counters rely on radioactive decay products
reaching them. These decay products, high energy a-, B-, and y-particles, fall off with the inverse
square of distance, so the probability of detection at range becomes increasingly small.
Additionally, attenuation in air further limits the range of a-particles to several centimeters, -
particles to several meters, and y-particles to several hundred meters Modern state of the art
remote detection techniques [22-24] rely on large (=1m?) scintillator arrays and can detect nuclear
materials at a distance up to 100m. Further scaling of these techniques is limited by both the
production of ever-larger scintillator arrays and the background noise from cosmic and terrestrial
radiation.

Instead, using laser-driven avalanche breakdowns allows a remote source and detector to
probe the region immediately surrounding radioactive materials. Nuclear decay products interact
with neutral air constituents around them, creating an enhanced population of high energy free
electrons. These electrons can further collisionally ionize air molecules. The electrons quickly
thermalize then attach to neutral O forming the long-lived but weakly bound O ion with
ionization potential 0.45eV [15,25]. While too low to directly measure, this population can serve
as seeds for avalanche breakdown, where the seed density can be determined using several remote
diagnostic techniques. As shown in the simulations in Figure 1.2(b), differences in the local laser
intensity experienced by a seed electron in air can manifest as clear differences in breakdown rate.
By measuring the time it takes to drive a laser-driven avalanche to a detectable level, we can

remotely probe the local free charge density created by radioactive materials.
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Earlier detection schemes using avalanche ionization proposed using terahertz or
millimeter-wave sources to drive breakdowns [26-29], including a proof-of-concept
demonstration with a 95 GHz gyrotron used to detect the presence of a 0.64mCi Co-60
source [30]. While the use of longer wavelengths reduces the avalanche breakdown threshold,
high power sources in this range are not readily available. The long microsecond pulses generated
in these sources makes them susceptible to diffusion of dust and free electrons from background
radiation sources into the breakdown volume. Additionally, focusing these sources at long ranges
requires extremely large optics to overcome diffraction.

Conversely, high power pulsed lasers in the visible or near-infrared are readily available,
such as Nd:YAG and its second harmonic at 1064nm and 532nm and Ti:Sapphire at 800nm.
However, for these sources, intensities above the avalanche breakdown threshold will generate
large number of free electrons though multiphoton ionization of neutrals, masking the small signal
from nuclear materials. In this chapter, we demonstrate the use of a mid-infrared, picosecond laser
driver for avalanche breakdown driven radiation detection. Sources in this range do not drive
appreciable ionization of neutrals, and the shorter pulses avoid hydrodynamic processes and

diffusion into an out of the focal volume that complicate interpretation of the breakdown timing.

2.2 Proof-of-Concept Experiment

2.2.1 Experiment Outline

In this first demonstration experiment [31], we picked off the uncompressed A=3.9 pm
laser pulse after the second amplification stage in the OPCPA where there is a weak residual
collinear A=1.45 pm pulse [32-34]. This allows the use of the strong mid-infrared pulse to drive

the avalanche and the weak near-infrared pulse to probe the plasma formation. The experimental
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outline is shown in Figure 2.1. Both pulses are focused with a lens (L1) between f/10 and f/25
towards a SmCi 18mm Po-210 foil source emitting 4.7 MeV alpha particles. The source is mounted
on a stage to adjust its distance to the laser focus and can blocked with an electromechanical
shutter. The majority (>99%) of the A=1.45 um beam is picked off by a beamsplitter (BS1) onto a
PbSe photodetector (PD1). Since the parametric amplification produces directly proportional
signal and idler beams, a measurement of the signal pulse also provides a shot-by-shot
measurement of the idler energy. The backscattered A=3.9 pm pump pulse from the plasma is
collected at 150° by a second f/4 lens (L2) onto a second PbSe photodetector (PD2). The
transmitted 1.45 pm pulse is reflected by a second beamsplitter (BS2), and focused with a lens

(L3) into a fiber-coupled extended InGaAs spectrometer (Specl, Avantes NIRLine).
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Figure 2.1 Copropagating 50ps FWHM 3.9 um pump and 1.45 pm probe pulses are generated in an OPCPA. Dichroic
beamsplitter BS1 sends most of the probe beam onto PbSe photodetector PD1 for pulse-by-pulse energy
measurements. Both beams are focused in the vicinity of a Po-210 a-emitter which creates an enhanced population of
free electrons to seed avalanche breakdowns. The backscattered pump pulse is collected by lens L2 onto PbSe
photodector PD2. Panel (a) shows the two photodetector traces used to determine the relative backscattered pump
energy. The forward transmitted probe pulse is separated by beamsplitter BS2 and collected by lens L3 onto near-
infrared spectrometer Specl. Panel (b) shows how attenuation of the red size of the probe spectrum is used to

determine the breakdown timing, determined by a 20% reduction in signal.

The two breakdown diagnostics are the backscattered pump signal, and the forward

transmitted probe spectrum. When the plasma density 7,;4sma approaches the critical density of

the laser, the plasma will start to efficiently scatter the laser pulse. As the plasma grows, it
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preferentially scatters the later portion of the laser pulse when the plasma density is higher. For
the backscattered A=3.9 um, the slow photodetector PD2 sees a larger signal when the breakdowns
grow faster. We can find the ratio of the pump energy scattered by the plasma by comparing the
reference signal on PD1 to the backscattered signal on PD2, shown in Figure 2.1(a). Since the
A=1.45 um probe is chirped, its attenuation can be measured by the transmitted spectrum. Shown
in Figure 2.1(b), when compared to a reference pulse with no breakdown, the probe’s breakdown
spectrum is attenuated on the red side. By finding the point when the spectrum is attenuated by
20% and mapping the pulse’s spectrum to time, we can define the breakdown time advance as the
time before the end of the pulse that the breakdown is observed. The mapping of time advance to

seed density is discussed further in Section 2.4.2.

2.2.2 On-Off Detection Demonstration

The simplest demonstrations of radiation detection through laser driven avalanche
breakdowns shows on-off sensitivity to the presence of a radioactive source. When there is no

source present, there are few seed electrons in the air to start the avalanche breakdown. However,
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Figure 2.2 A series of shots with the Po-210 source blocked and exposed with an electromechanical shutter every 100

shots. Pump backscatter (left) and breakdown time advance (right) are shown for 1.4, 1.7, and 2 TW/cm?

when exposed to a radioactive source, the high-energy a-particles generate an enhanced population
of free or weakly bound electrons that can seed avalanche ionization. In this regime, breakdowns
are only observed in the presence of radiation.

A clear demonstration of the on-off behavior is shown in Figure 2.2. With the a-source 1
cm from the laser focus, we record the backscattered pump and time advance measurements as the
source was blocked and unblocked with an electromagnetic shutter every 100 shots. With the
exception of random breakdowns likely seeded by dust particles, both diagnostics show a clear
distinction between the blocked and exposed Po-210 source. The contrast between blocked and
exposed signals substantially increases at higher laser intensities. When the laser driver is stronger,

earlier breakdowns are expected, leading to a larger time advance and more backscattered signal.
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However, increasing the intensity too much further can degrade contrast due to breakdowns driven

by background seed electrons in non-irradiated air, discussed in Section 2.2.3.

2.2.3 Source-Focus Distance Scans

Due to inverse square scaling and absorption in air, the free charge density created by a
radioactive source is sensitive to the distance from the source. To measure the free charge density
as a function of distance, we scan the Po-210 distance to the focus and record the pump backscatter
and probe time advance. Shown in Figure 2.3(a) for /720 focusing, the breakdown time advance
increases about 5-10 ps as the source is brought closer to the laser focus, due to an increased free
charge density to seed the breakdowns. The steep drop off seen around 3cm is consistent with
stopping distance of 3.2 cm for 4.7MeV a-particles [35]. The reduction in breakdown time
advance with lower seed density occurs due to the reduced probability of a seed electron being
located near the drive laser’s peak intensity at the geometric focus.

When the source is sufficiently far from the driver focal volume, lower peak intensities
(1.2 and 2.0 TW/cm?) do not drive the plasma density to saturation, and the probe’s spectrum is
not significantly attenuated. This produces the zero time-advance points on the plot. Higher peak
intensities (2.6 TW/cm?) can drive breakdowns to saturation even when the source is beyond the
a-particle stopping distance. In this case, the region where the laser intensity is greater than the
breakdown threshold is large enough to drive avalanche seeded by the significantly lower free
charge density. This is seen in Figure 2.3(a) at an intensity of 2.6 TW/cm?, where breakdowns with
a reduced time advance occur at distances greater than 4 cm. At this distance, breakdowns are
seeded from the diffusion of O2™ or other long-lived negative ions beyond the stopping distance of

the source. At higher intensities, breakdowns can occur even without a radioactive source present,
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Figure 2.3 Time advance (a) and backscatter signal (b) as a function of source to laser focus distance. For three pump
intensities, the source was scanned in distance away from the laser focus reducing the free charge density seeding
avalanche ionization. Inset shows backscatter signal for several focusing geometries at a fixed peak intensity of 1.4

TW/cm?.

with avalanche seeded by the background ion density of ~10* cm™ in ambient air, induced by
cosmic rays and terrestrial radiation [36].

We simultaneously monitored the backscattering of the pump light from the avalanching
plasma. Figure 2.3(b) shows the normalized backscattered signal for the three pump intensities.
Similar to the time advance, the backscattered response sees a strong drop off between 2 and 3 cm
source to focus distances. At high intensities that induce breakdowns in unseeded air, a large
backscatter signal still occurs at distances from the source beyond the a-particle stopping range.
At the closest distances with the highest seed densities, the laser drives many breakdowns. The

earlier breakdowns can screen the laser from downstream breakdowns, reducing the total
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backscattered signal. Since the early breakdowns are still driven quickly, we do not see similar
behavior in the time advance measurements.

By varying the focusing geometry, larger or smaller regions can be probed. Longer focal
geometries probe larger volumes, enabling sensitivity to lower ion densities. The inset to Figure
2.3(b) shows backscatter measurements for several pump focus geometries at a fixed peak intensity
of 1.4 T W/cm?. The longer /720 and f/25 geometries show a drop off in signal at longer source-
focus distances and greater response at long distances compared to f/10 focusing. By controlling
both the peak intensity and the focal geometry, the sensitivity of this technique can be optimized
for probing different seed densities. The lower limit for detection sensitivity is determined by the

background concentration of free charges.

2.2.4 Comparison to Corona Discharge Seeded Breakdowns and Breakdowns in N»

To more fully characterize the seed ionization level generated by the 4.7 MeV a-particles
from the Po-210 source, we compared the breakdowns of air irradiated by this source to
breakdowns seeded by a corona discharge ion generator whose ion production is absolutely

calibrated with an ion counter.
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Figure 2.4 Comparison between Po-210 and corona discharge seeded breakdowns. (a) shows the backscattered
signal for both Po-210 and corona discharge breakdowns and (b) shows the breakdown time advance. For the

corona discharge source, the seed density is labeled based on measurements using a gerdien ion counter.

The corona discharge source (Murata MHM305) maintains a large DC negative voltage
between a needle electrode and surrounding ground electrodes, creating a large field gradient
around the sharp tip of the needle. The voltage is low enough to avoid arcing between the
electrodes, but high enough to drive avalanche ionization of air molecules around the needle
electrode. The positive ions are attracted to and neutralized by the needle electrode, and the free
electrons travel toward the ground electrode. A small fan placed behind the electrodes blows the
free electrons and negative ions towards the laser focus.

We measure the charge density from the corona discharge source with a Gerdien-type ion
counter (AlphaLabs AIC2). Gerdien tube ion counters have a tube with a central coaxial electrode.
A relatively small voltage is held between the center electrode and the outer wall and a fan blows
air through the tube at a known rate. By measuring the current between the outer and inner

electrodes and knowing the rate at which air is flowing, the total charge density and polarity of air
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can be calculated. Due to the large aperture of the ion counter compared to the rapid gradient in
ion density near the Po-210 source, it wasn’t possible to directly measure the ion density from the
a-source. We note that the background ion density measured by the ion counter far from the
radioactive source was ~10* cm™3, in agreement with expected negative ion densities in ambient
air.

Our results, in Figure 2.4, show comparable breakdowns as measured by breakdown time
advance and backscattering, between the two sources when the total negative ion density from the
generator is 10° to 107 cm™. Comparing to the predicted steady-state negative ion densities
predicted by our rate equations discussed in Section 2.4.1, the measured ion densities are somewhat
lower. Our model does not include diffusion of long-lived negative ions such as O2", and assumes
the negative charge density reaches steady state between subsequent laser pulses (50ms).

We also performed a comparison between breakdowns in air and breakdowns in a pure
nitrogen environment. Since N> is not a bound state [37], electrons liberated from neutral nitrogen
remain free and do not reattach to form negative ions. The average energy required by an a-particle
to create a single ion pair is similar for pure nitrogen and air, about 37 eV and 35 eV, respectively,
and the stopping power of both mediums are very similar [35,38]. From this, the total ionization
induced by the Po-210 source should be nearly identical in both cases, but in air we expect the
charges to mostly consist of O>". We were not able to measure a detectable shift in breakdown
timing (within our ~2.5 ps resolution) between air or nitrogen environments when the source is 1
cm from the laser focus. From this we can assume that density of seed electrons is approximately
the same in both cases and that any negative ions formed in air are quickly liberated through MPI

on the leading edge of the drive pulse
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2.3 Single Color Meter-Scale Experiments
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Figure 2.5 (a) 15-35mJ 50ps FWHM A=3.9 um pump is generated in an OPCPA. The pump is steered by flat mirror

M1, and focused at f/33 with concave spherical mirror M2. A 5SmCi Po-210 a-emitter is mounted on a rail to adjust
the distance to the laser focus and behind an electromechanical shutter. The free charge density due to the Po-210
irradiation is plotted as a function of distance in (b). Laser light backscattered by the plasma is collected by lens L1
onto mid-IR spectrometer Specl. An example breakdown spectrum and the complete laser reference spectrum are
shown in (¢). Visible plasma emission is captured by lens L2 onto Si photodiode PD1. A low noise camera CMOSI1

images the transverse plasma profiles, with an example breakdown plasma shown in (d).

2.3.1 Experimental Outline

Following the proof-of-concept experiment described in Section 2.2, we extended our
detection scheme to a 1 meter standoff distance using a spectrally resolved backscatter
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diagnostic [39]. The use of only a single color, the chirped A=3.9 pm pulse, allows the use of all
three amplification channels in the OPCPA after which there is no longer a collinear signal at
A=1.45 um. Using all three channels allows significantly higher pump energies that can drive
avalanche breakdowns at a longer range. As an additional benchmark for our standoff diagnostic,
a camera imaged the breakdowns, allowing direct counting of individual breakdown sites at very
low seed densities down to 10° /cm?.

The experimental layout is shown in Figure 2.5. The amplified, 20 Hz, 15-35 mJ, A=3.9
um beam with a 3 cm diameter was generated in the OPCPA (a), bypassing the pulse compressor
to create a 50 ps FWHM, super-Gaussian positively-chirped pulse. The pulse was routed with flat
mirror M1 and focused at f/33 with a 1 m focal length spherical mirror M2. The focused spot size
wo = 120 pm was measured with an InSb camera. Due to aberrations in the beam, this is larger
than expected for a Gaussian beam (M? ~ 1.5), and the mode changes slightly with the laser energy.
Near the laser focus, a 5 mCi Po-210 foil source irradiates the air. The source can be blocked with
an electromechanical shutter, and is mounted on a rail to adjust its distance to the laser focus.
Increasing the distance decreases the irradiation and number of free charges produced at the laser
focus. Figure 2.5(b) shows the measured charge density as a function of distance to the Po-210
source using the Gerdien-tube ion counter. Due to the large aperture and flow through the ion
counter, density gradients on the centimeter scale cannot be accurately resolved, but the trend as a
function of distance is a reasonable approximation of the Po-210 induced ionization.

The breakdowns were monitored with three standoff diagnostics. First, lens L1 collects the
backscattered 3.9 um pump laser at approximately f/80 12° from the laser axis. The light is focused
into a single shot mid-IR imaging spectrometer Specl, comprised of a Horiba MicroHR

spectrometer coupled to an LN»z-cooled InSb camera (IRCameras IRC806). Similar to the
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transmission spectra from the earlier experiments described in Section 2.2, the backscattered
spectrum contains information about the earliest breakdown timing. However, for the transmitted
spectrum, the plasma preferentially attenuates later parts of the breakdown where the plasma
density is higher. In the backscattered diagnostic, we only see the later parts of the plasma where
the pump beam is efficiently scattered towards our detector. A sample reference containing the full
laser spectrum and a breakdown spectrum are shown in Figure 2.5(c). In addition to the spectrally
resolved backscattered measurement, we also use the total spectrally-integrated backscattered
signal as a simple diagnostic of the avalanche breakdowns. Earlier or larger breakdowns scatter a
greater portion of the pump beam, leading to a larger integrated signal. A second lens L2, collects
the visible (~300-1000nm) plasma emission at f/18 16° from the laser axis. This light is collected
on an amplified Si photodiode PD1 (Thorlabs PDA100A2). Unlike the backscattered pump, which
is sensitive to both the timing and size of breakdowns, this diagnostic is proportional to the total
number of ionized electrons in the entire breakdown. Diagnostics were recorded at 10Hz, limited
by the data acquisition rate.

As an additional benchmark for the backscatter diagnostics, we also used a low noise
camera CMOSI (Thorlabs Quantalux) to image the transverse plasma profile. Figure 2.5(d) shows
a sample image of the breakdowns, with the protective grid covering the Po-210 visible in the

background. Each spot in the image shows a single breakdown site.

2.3.2 On-Off Detection Measurements

Following the previous demonstration described in Section 2.2.2, we first show on-off
detection in Figure 3.6, with the Po-210 source 2 cm from the laser focus. In these measurements,
signals from our breakdown diagnostics were recorded for 1000 consecutive laser shots, with the

Po-210 shutter opening or closing every 50 shots. For three intensities: 1.88, 2.25, and 3 TW/cm?,
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Figure 2.6 Real-time recording of avalanche breakdowns using standoff diagnostics as the Po-210 is blocked and
unblocked with an electromechanical shutter every 50 shots. (a) Top panels show the visible plasma emission and
bottom panels show the backscattered pump spectra for three pump laser peak intensities. (b) shows all three
diagnostics on a single plot for 2.25 TW/cm? peak intensity. Total MIR backscatter is found by integrating the

backscattered spectra.

Figure 2.6(a) shows the visible plasma emission (top panels) and the backscattered pump laser
spectrum (bottom panels).
As the intensity is increased, the backscattered spectra grows in brightness and spectral

width. Higher intensity pump lasers drive faster breakdowns that scatter earlier, redder portions of
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the laser. The total brightness of the backscattered signal increases with the energy of the pump
laser, how quickly the plasma grows, and the total size of the plasma. At 3 TW/cm?, breakdowns
are observed even in unseeded air, seeded by the background concentration of free charges.

At low intensity, the visible plasma emission has poor contrast between irradiated and non-
irradiated air. The breakdowns are small and highly variable leading to a poor signal-to-noise ratio.
Conversely, at high intensity, even non-irradiated air produces measureable emission on the visible
photodiode. While these breakdowns are significantly weaker than the large, seeded breakdowns,
this again reduces the signal-to-noise ratio for this diagnostic. At the middle intensity, 2.25
TW/cm?, the best contrast is observed in the visible emission. Here, although there is still large
variability in the visible emission, the difference between seeded and unseeded breakdowns is
clearly observable.

At all intensities, seeded or unseeded, 2-3% of shots show significantly larger than
expected signals on all diagnostics. These breakdowns are also observed in the direct imaging
diagnostic as a single very bright breakdown. We attribute these anomalously large breakdowns
to random seeding by dust or aerosol droplets in the air. Breakdowns from these solid-density
targets have ionization thresholds several orders of magnitude lower than for clean air, and create
very large, high density plasmas [40].

Figure 2.6(b) shows all three diagnostics for 2.25 TW/cm? pump laser intensity on a single
plot. For clarity, for the shots where the source is unblocked, we show the diagnostics squeezed
into consecutive bins rather than on top of each other. Each diagnostic is normalized by subtracting
the median non-irradiated signal, then dividing by the median irradiated signal. The median and

not the mean is used to avoid skewing by large dust-seeded breakdowns.

24



At this intensity, all three diagnostics show a clear on-off behavior as the shutter blocks
and unblocks the Po-210 source. The visible emission and pump backscatter measurements
exhibited very high shot-to-shot fluctuations, with standard deviations of 42% and 52%,
respectively. The time advance shows significantly lower variability, with a standard deviation of
21%.

Both the visible emission and pump backscatter energy diagnostics are sensitive to the
random placement of breakdown sites within the focal volume. Variations in the location of seed
electrons lead to large differences in the total size and densities of the avalanche plasmas. The
forward travelling pump and the backward travelling signals scatter off earlier breakdowns and the
signals from each breakdown interfere with each other, further complicating the total measured
response on these diagnostics. This effect is discussed in greater detail in Section 2.3.4.

The time advance measurements however, are largely insensitive to these effects. The red
edge of the backscattered spectrum is determined by the earliest breakdown, occurring at the
location of the seed electron at highest intensity. Since the number of breakdowns in the focal
volume is large, there is a high probability that an electron will be randomly positioned very close
to the highest intensity region of the laser focus. While the total measured signal includes the
spectral content from all the breakdowns that are affected by interference and spectral fringing, the

total width of the measured spectrum is largely independent of these effects.

2.3.3 Source-Focus Distance Scans

Similar to the earlier measurements presented in Section 2.2.3, we scanned the a-source-
to laser focus separation over 1-9 ¢m while keeping the peak intensity fixed at 2.25 TW/cm?.
Figure 2.7(a)—(c) shows the raw data from each of the standoff diagnostic and Figure 2.7(d) shows

the normalized mean and standard deviation of the measurements.
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Shown in Figure 2.7(d), at longer distances, all three diagnostics show very similar
response as the source is moved further away. Beyond the stopping distance of a 4.7 MeV a-
particle, each diagnostic shows a steady decay as the free-charge density approached the
background concentration. At closer distances with significantly higher free charge densities, the
total backscattered signal and the visible emission see a sharp drop-off not seen in the time-advance
measurement. The high seed density means that an electron is extremely likely to be very close to
the region of highest pump intensity, leading to a plateau in time advance.

As described in Section 2.3.2, the large number of breakdown sites leads to scattering and
interference between the individual plasmas and suppression of the pump laser by earlier plasmas.
This leads to a counter-intuitive drop in these diagnostics as the seed density increases. Direct

imaging measurements described in Section 2.3.4 shed more light onto this phenomenon.
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Figure 2.7 Single-shot standoff diagnostic measurements as a function of source to laser focus distance for 2.25
TW/cm? peak intensity. Time advance (a), plasma emission (b), and total integrated mid-IR backscatter (¢) signals
are plotted for 1 to 9 cm source to focus distances showing all 500 shots at each position. (d) shows the mean value

and standard deviation for each diagnostic.
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2.3.4 Direct Breakdown Imaging

As discussed in Section 1.4, for all the conditions of our experiments, breakdowns
consisted of discrete, countable avalanche sites. Through direct imaging of the transverse plasma
profile, individual seed ion locations in the focal volume can be directly counted (see example
image in Figure 3.5(d)). This absolute measurement of the number of breakdown sites allows for
verification and calibration of our standoff diagnostics. For each image, the number of breakdowns
and the FWHM of the breakdown plasmas were extracted. For peak laser intensities between 1.5
and 3 TW/cm?, Figure 2.8 shows (a) the number of breakdowns sites and (b) the FWHM of the
largest observed breakdown, averaged over 500 shots, as a function of the distance between the
Po-210 source and the laser focus. While the gerdien-tube ion counter cannot accurately resolve

centimeter-scale features, ion density measurements are rescaled and overlaid for reference.
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Figure 2.8 Direct transverse imaging of the visible emission from breakdown plasmas (example shown in Figure

2.5(d)). (a) shows the mean number of breakdowns for 500 shots for a range of laser intensities and source to focus

distances. The ion counter measurements rescaled and plotted as a scaling comparison. (b) shows the mean value of

the largest breakdown width in each shot. The spatial calibration is approximately 50 um per pixel.
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To correlate the total breakdown counts to a seed density, we must consider the volume
within which the laser intensity / is above the breakdown threshold 7, described in Sections 1.2
and 1.5. For a Gaussian beam focused to a spot size wo, the total focal volume for which 7 is greater

than [y is given by [27].

Vo =202 (5 D) Ly ans (1)
"3 13 In/ [ Len In

The number of observed breakdowns sites is the product of the seed density and focal volume.
Increasing either the seed density or the peak laser intensity will increase the number of
breakdowns observed. Shown in Figure 2.8(a), we can see that more counts are measured for both
higher laser intensities and closer source to laser focus distances. For a given source distance, we
can fit the number of observed breakdowns to Vi, using I as the fitting parameter. For distances
between 1 and 4 cm, we calculate the threshold intensity to be between 0.9-1.3 TW/cm?. While
higher than the minimum intensity needed to overcome losses (=0.25 TW/cm?), this threshold is
somewhat lower than the intensity required for our backscatter diagnostics (=1.6 TW/cm?). Since
the plasma does not need to reach saturation to be detectable through visible emission, the side
imaging diagnostic is more sensitive than backscattered diagnostics.

Due to the low resolution of our imaging system (~50 pm), at high seed densities multiple
breakdown sites can overlap and only be counted as one. Additionally, at high seed densities, the
scattering and refraction from earlier plasmas can screen the drive laser downstream, further
suppressing the number of breakdowns. Both of these effects can lead to an undercounting of total
breakdowns, an overestimate of the focal volume, and an underestimate of the threshold intensity.

The plots in Figure 2.8(a) show the breakdown counts as a function of source to focus

distance. For intensities between 1.5 and 3 TW/cm? focused to spot size wo = 120 um, the focal
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volume above threshold Vi ranges between 2.7 X 1075 and 2.7 X 10™* cm™. Dividing the
observed breakdown sites by the probed volume gives a peak seed density of around 10° cm™ for
2.5 cm source to focus distance and 10* cm™ for a 4 cm distance. While the breakdown counts
roughly track with our ion counter measurements, the observed breakdown counts are about two
orders of magnitude lower. The location of the peak density corresponds to the Bragg peak for a
4.7 MeV a-particles in air [35]. The Bragg peak occurs just prior to the end of the a-particle’s 3.2
cm range, when the stopping power significantly as the particle loses energy to interactions with
air molecules.

Beyond this distance, the observed breakdown counts rapidly drop. Seed electrons here do
not come directly from interactions between a-particles and air, but rather through diffusion or
other secondary processes from interactions closer to the source. At longer distances, even
accounting for the intensity-dependent focal volume, the calculated seed densities are intensity
dependent. The increase in seed density scales roughly as 7)geeq < I#7>. The exponent term is
highly sensitive to the threshold intensity. If, as described earlier, the threshold intensity is
underestimated, the exponent will be larger.

The IV dependence of the seed density scales similarly to multiphoton ionization, implying
that a possible explanation for this behavior is a population of molecules with binding energies
above Oy (0.45 eV), but below major neutral air constituents (10-15 eV). While O is long-lived,
further interactions in air lead to a complex reaction chain generating more stable, higher ionization
potential negative ions. In a-irradiated air, numerous ions are created including O, OH", O3", CO4
, NO2", NOs7, HCOs", as well as their hydrates [41,42]. With ionization potentials of 2-5 eV [37],
these will be preferentially ionized for higher intensity drive lasers, and are more likely to be

ionized later in the pulse, where the avalanche breakdowns may not be detectable on the time
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advance diagnostics. Another possibility, discussed in Chapter 3, is the ubiquitous presence in air
of a contaminant with an ionization potential of approximately 6 eV at a relative concentration of
10 to 101! [43].

In addition to the total number of breakdowns, we also measured the FWHM of the largest
breakdown in each frame, shown in Figure 2.8(b) where each pixel represents about a 50 um
plasma width. The largest and brightest breakdowns correspond to plasmas that absorb and then
scatter the greatest amount of laser energy. For intensities greater than 1.9 TW/cm?, the maximum
plasma widths are seen at a distance of around 3 cm, further than the distance where the maximum
breakdown counts are observed. At closer distances, the maximum plasma size rapidly decreases
and clamps to around 5 pixels (250 um). For 1.9 TW/cm? peak intensity, the peak plasma size still
occurs near 3 cm source to focus distance, but the decrease at closer separations is significantly
reduced. Similarly, for 1.5 TW/cm?, the peak occurs at 2 cm, with only a small decrease at closer
distances.

From Figure 2.8(a), we can see that the peak plasma size is not directly proportional to the
number of breakdowns, since the peak plasma size does not typically occur when the highest
number of breakdowns are observed. Therefore, it is not simply a product of a seed electron being
closest to the geometric focus where the peak laser intensity occurs. For sufficiently high seed
densities, scattering, refraction, and absorption from multiple breakdown plasmas can significantly
impact the propagation of the drive laser.

Mie scattering from upstream breakdowns reduces the intensity of the laser, limiting the
heating and growth of downstream breakdowns. For a simple model that will overestimate this
effect, we treat the breakdown plasma as a 250 um diameter sphere, based on the peak width of

the clamped plasmas as shown in Figure 2.8(b). If the breakdown occurs close to the focus, it will
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occlude half the longitudinal extend of the focal volume, about 3mm. This corresponds to an
occluded volume of about 10 cm? per breakdown. Thus, for seed densities greater than 10* cm™,
the breakdowns will be spaced close enough that scattering from upstream plasmas will clamp the
heating of downstream breakdowns.

This effect is also seen in Figures 2.3(b) and 2.7, where the visible emission and total
backscattered 3.9 um signal are strongly reduced when the source is close to the laser focus and
the seed density is highest. Since plasmas will only be sufficiently large and high density to
significantly affect the propagation of the laser towards the end of their evolution, we do not see
this effect in the time advance measurements. The time advance is determined by the breakdowns
that are driven the fastest, which necessarily will not experience any effects from later plasmas,
while the visible emission and total backscattered signal sample all the breakdowns throughout the
entire pulse.

A complete analysis of this phenomenon would require a 3D treatment of the time-
dependent development of randomly distributed breakdown sites. While this is beyond the scope
of this work, laser driven plasma clamping in the avalanche regime has been observed in prior
work. Experiments creating dense plasma channels using a femtosecond filament pre-ionizing
pulse and a nanosecond heater pulse found that the resulting plasma was fragmented due to the
shielding of earlier plasmas [44]. The use of avalanche ionization for making continuous laser
driven plasma channels [45] requires the use of either significantly more energy, or non-spherical
focusing optics to avoid the discontinuities caused by the shielding between individual breakdown
sites. In a direct measurement of this effect [46], breakdowns in carbon black suspensions showed
that nonlinear plasma scattering significantly clamped the transmission of a nanosecond laser

pulse.
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2.4 Discussion

2.4.1 Free Charge Density from Radioactive Materials

Free electrons in air rapidly attach to neutral molecular oxygen, forming O ions, and later, a
cascade of further negative ion species. Although accounting for the full air chemistry quickly
becomes intractable, we can use a simplified model that tracks the populations of free electrons
and O ions and the temperature of electrons [16]:

on
a_te = Vraq t Vphoto!l- t Veoulle = Valle + Be+77+ne + ﬁnnnn—

on_
F = —Vphotoll- + Valle — Bn4N- — Bnlal-

30(n.Te) .
E% = 2Upver]e — Ne€loss

Here we have n,,1_,7n,,and n,, the number densities for free electrons, negative ions, positive
ions, and neutrals. They are related by n, =n, + n_ and n,, = n,0 — N4+ — n_ where 1,,¢ is the
initial neutral number density. Vpp.¢, 1S the rate that electrons are photodetached from negative
ions. For a 3.9 um laser driver this occurs through 2-photon multiphoton ionization, discussed
previously in Section 1.3. At 0.1 TW/cm?, vpp,y, is greater than 10'% /s, resulting in full ionization
of the Oy population during the rising edge of the drive pulse. v.,; is the electron-neutral
collisional ionization rate [14]. v, is the rate at which electrons attach to neutral oxygen to form
the negative Oz ion [47]. S, is the rate at which electrons recombine with positive ions [48]. 5,
is the rate that electrons detach from negative ions through collisions with neutrals [48]. B4 is the
rate at which a negative and a positive mutually neutralize each other [48]. The laser heating

term, Up Ve, is described earlier in Section 1.2. €, is a total energy loss term for electrons
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including vibrational and rotational excitation of molecules and other loss mechanisms [49]. In
general, these terms are all temperature dependent.

In the presence of a radioactive source, an additional free-electron generation term, V,4q4
can be added accounting for the energy deposition of the high-energy radioparticles emitted by the
source. For Po-210, the decay product is a 5.4 MeV a-particle. In a foil source, the Po-210 is
embedded behind approximately 1.5 um gold foil and 0.3 pm nickel foil [50]. Energy loss through
these thin but dense layers reduces the peak energy of a-particles leaving the surface to about 4.7
MeV.

We track the energy deposition of an a-particle as it travels through air using the continuous
slowing down model and linear stopping powers from NIST ASTAR [35]. For particle energies
greater than 100keV, almost all of the energy loss is from electronic interactions. We use the
approximate value 35eV of energy deposition per ionization event, accounting for both energy
losses to ionization and nonionizing electronic excitations [51].

Under no laser driving, we can find the steady state solutions to the simplified set of
equations, removing all of the laser-driven terms. We can also neglect the electron recombination
term that is very small for weak ionization.

an
a_te =Vrad — Valle T ﬁnnnn—
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which yields the steady state solutions 77, = v;“d +£ L’"" /v;“d and - = /v;—ad .
a a t t
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Figure 2.9(a) shows the energy loss of a single 4.7 MeV a-particle as it travels through dry
air (red curve), and the resultant energy deposition in air from a SmCi Po-210 source (blue curve),
taking into account 1/r?2 scaling. The large stopping power for a-particles even in a low-density
material like air means that all the energy is deposited within 3cm. Figure 2.9(b) shows the steady
state electron and O» densities that result from irradiation from that source. The O>" densities are
typically many orders of magnitude higher than the free electron densities so that to the total charge
is almost entirely contained in the Oz population. From this, we can see that the total enhanced

charge density from a radiation source scales like the square root of the irradiation.
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Figure 2.9 Free charge generation from radioactive sources. (a) shows the energy (red) of a single 4.7 MeV a-particle
as it travels through air and the rate of energy deposition (blue) from a SmCi source in air. (b) shows the steady-state

free electron and O2 densities as a function of distance from the Po-210 source.
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2.4.2 Time Advance Calculations

Calculating the time advance from laser parameters and seed density requires correlating
the focal geometry with the seed density. For a Gaussian beam of peak intensity I focused to a spot
radius wy, the total volume in which the intensity is greater than the breakdown threshold I, is
given by [27]

Vo =202 (50 D) Ly ans (1)
3 13 Iin/ |1 I

For low seed densities, the plasmas from each seed electron grow independently. The
breakdown rate for each plasma is found by solving the rate equations from Section 1.5 where the
laser intensity is determined by the position of the seed electron with respect to the drive laser’s
focus. The observed breakdown time depends on the random placement of the seed electrons with
the focal volume. Breakdowns occurring near the laser focus see a higher peak intensity and earlier
breakdown times.

The average number of breakdowns in the focal volume is N = n,V,;,. For N > 1, there
will almost always be a seed electron very close to the laser focus, so the breakdown timing will
be nearly deterministic. Conversely, for N < 1, there will either be no breakdown, or breakdowns
where a single electron is randomly found anywhere in the focal volume. In this case, the
breakdown timing will only be weakly correlated to the seed density. For N = 1, there is a high
sensitivity between breakdown time advance and seed density. The breakdown time statistics can
be found using a Poisson distribution of seed electrons.

We can calculate the time advance for a given distribution of seed electrons by breaking
the focal volume into discretely binned regions of constant intensity. The time advance is given by

the probability of finding an electron at intensity / without having any electrons in regions of higher
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intensity. For a seed density n, in a volume V¥, the mean number of electrons in a given volume
is N =n,V. The probability of finding X electrons within that volume is given by P(X) =

N Xe_N/ x1- The probability of finding no electrons in a given volume is then P(0) = N 06’_N/ o=

e~N. Similarly, the probability of finding at least one electron is then just P(= 1) = 1 — P(0) =
1 —e™N. So for a given intensity I occupying volume V, with volume V' being the volume with
intensity I’ > I, the probability that at least one electron is in V and no electrons are in V' is given
by P(I) = e V' (1 —e™M).

For a A=3.9 um, t=50 ps laser pulse, the expected breakdown time advance statistics are
shown in Figure 2.10. We first consider the evolution of a single breakdown. Figure 2.10(a) shows
the breakdown time advance, defined when the plasma density reaches 10'® cm™. Below the
threshold intensity, 1.6 TW/cm?, the plasma does not reach 10'® /cm? so there is no time advance.
For /720 and f733 focusing with a peak intensity of 2.25 TW/cm?, Figure 2.10(b) shows the
calculated mean and standard deviation of the time advance for seed densities between 10* and 107
/cm?. There will be an average of one electron in the focal volume for /720 focusing when the seed
density is 1.7 X 10%/cm?, and for /33 when the seed density is 2.2 X 10* /cm?. The larger focal
volumes generated by slower f/# geometries shifts the sensitivity to lower seed densities. Once the
seed density is sufficiently high, there is a very high probability that one will be located near the

beam waist. This leads to a saturation in the time advance and reduction in the variability. From
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Figure 2.10 Calculations of breakdown time advance for a 3.9 um, 50ps laser pulse. (a) shows the time advance for
single breakdown as a function of peak laser intensity. (b) shows the mean and standard deviation of time advances

as a function of seed density for /20 and f/33 focusing geometries.

Figure 2.10(a), we see that the fastest breakdowns for a peak intensity of 2.25 TW/cm? will have

time advances of around 25 ps.

2.4.3 Scattering from Avalanche Plasmas

The scattering diagnostics described in the above experiments rely on the size and density
of the plasmas to be sufficiently high to scatter enough of the laser pulse to be detectable. We can
consider the case of a plasma created by a single seed electron using our backscattered mid infrared

spectrometer diagnostic. Described earlier in sections 1.4 and 1.5, we can take the radius of the
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plasma to be limited by diffusion to about 4 um for a 3.9 pm laser. The plasma refractive index is

a function of the ratio between the plasma density 7, and the critical plasma density 7.,

Nplasma = 1- Ne /ncrit ~1-— Ne / zncrit~

Treating each plasma sphere as a simple reflecting boundary we have a reflection

1-Nplasma

coefficient R = . The breakdowns are detectable with time advance 7,4,. For

+tNplasma

a beam waist wy and a total pulse length 7,,,;, the fractional backscattered energy is given by

2
r : . : .
R ;ai%. We can further assume this energy will spread uniformly over 27 solid angle. The
pulse 0

2
efficiency of the light collection is given by o = 27:;2 = % (f/#)~2.

We can consider the case for a 3.9 um beam focused at /20 to intensity 2.25 TW/cm?,
From Section 2.4.2 we see that the time advance will be about 25 ps. The collected energy at the

spectrometer will be

2 2
_ Ne Tadvrplasma

Espoc =1
P 3y (F/#)?

This energy will be dispersed through the spectrometer onto the sensor. We assume the efficiency
of the spectrometer is perfect. The pixel dispersion of the sensor is approximately 0.2 ps/pixel, its
quantum efficiency in the spectral range of the laser is about 90%, and each count requires

approximately 400 electrons. This gives a count per pixel of

Tyixel QE A
#pixel = Espec mer X X—
Togw 400" he

The noise floor on the detector is about 2 counts, so we can find the minimum plasma density

needed to have a unity signal to noise threshold #,;,¢; = 2.
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For the conditions described above this gives a threshold plasma density for a detectable signal of

about 8 X 1017/cm?, extremely close to our best-guess approximation of 10'® /cm?.
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Chapter 3: Measurements of high field ionization using avalanche
breakdowns

3.1 Introduction

Introduced in Section 1.3, the theory of multiphoton and tunnel ionization described by
Keldysh [13] was crucial for further basic research into high intensity laser-matter interactions
[17,47-50]. In this unified theory of ionization, lasers can free electrons from atoms and
molecules with ionization potentials greater than the photon energy. At moderate intensities, the
behavior is described as multiphoton ionization (MPI), where multiple photons are
simultaneously absorbed, with their total energy greater than ionization potential. In this regime,
the ionization rate: vy p; & IV, where N is the integer number of photons needed to surpass the
ionization potential. At higher intensities, the mechanism transitions towards tunneling
ionization, where the laser field suppresses the atomic Coulomb potential sufficiently for an

electron to tunnel though the reduced effective field. In this case, the ionization rate has a

reduced dependence on the field strength: Viypner < IV ", where N’ < N. The transition between
MPI and tunneling is characterized by the dimensionless Keldysh parameter: y, = / Eion / 20,

where €;,,, s the ionization potential of the atom or molecule and U, is the ponderomotive
energy of the laser field. The multiphoton regime occurs when yx > 1, and the tunneling regime
is dominant when y; < 1.

While the earliest experiments in laser ionization [3,4] demonstrated that nonlinear
ionization is an important process, it wasn’t until short pulse laser technology allowed
significantly higher laser intensities to measure ionization rates across the transition into the

tunneling and over-the-barrier regimes [52—55]. Early ionization measurements used
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microchannel plates to collect ions, requiring experiments to take place at low gas densities
(typically around 108 to 10!2 cm™) to avoid space charge effects and interactions with remaining
neutrals. However, many applications of high intensity laser-matter interactions, such as high
harmonic generation [56] or filamentation [57,58] occur at significantly higher densities, where
density dependent effects may play a role in ionization.

Electron-induced dephasing (EID) is a recently proposed mechanism in which the
interactions between nearby electrons can lead to enhanced ionization at lower laser intensities at
high gas densities [1,59-61]. Standard theories of nonlinear ionization can be thought of as a
field-induced dephasing of the bound state-continuum coherence, reducing the adiabatic
following of electrons in the strong, detuned laser field. EID proposes that electrons in the
continuum state can interact with the long range, poorly screened Coulomb fields of other nearby
electrons, providing an additional source of dephasing and increased ionization yields.

The ionization predicted by EID from [1] is shown in Figure 4.1 for A=1 and 10 pm, 100
fs laser pulses in Hydrogen at 1 atm. The ionization yield from EID scales sublinearly with
neutral density and quadratically with intensity, with minimal dependence on laser wavelength or
gas species. This strongly diverges from standard nonlinear ionization models that scale linearly
with density and have a strong intensity dependence based on the photon energy and gas species.
The contribution from EID is only apparent at low intensities, where the steeper MPI curves
quickly vanish, while the I? enhancement from EID begins to dominate. At higher intensities, the
EID contribution is negligible compared to the large yields from traditional single-atom models.

Despite the low ionization yield predicted by EID, its potential effects can be significant,
especially at longer wavelengths where low plasma densities can still lead to a significant effect

on the refractive index. A recent experiment on filamentation with a A=10 um CO: laser with
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Figure 3.1 Predictions of EID many-body ionization contributions (red dashed lines) and single-atom ionization
models (blue lines) from [1]. Calculations are performed for a 100 fs FWHM cosine squared pulse with wavelength

A=1 or 10 pm in atmospheric pressure hydrogen.

peak intensities around 1 TW/cm? observed channeling over approximately 20 Rayleigh ranges
in air [62]. At this low an intensity, single-atom models do not predict any appreciable
ionization needed to counteract Kerr self-focusing, so EID was a proposed arrest mechanism
leading to a long, low intensity filament. Additionally, the radiation detection experiments
described in Chapter 2 rely on the mid-infrared driver not appreciably multiphoton ionizing
neutral air molecules, contributions from EID could play a significant role in these
measurements. Shown in Figure 3.1, at 1 TW/cm?, EID predicts an ionization yield of 10-8-10
for A=1 and 10 pm, 100 fs laser pulses. For a 50 ps pulse, the expected ionization would be about
500 times greater, generating plasma densities of 10 to 10! / cm? and completely washing out

any smaller signals from radiation enhancement.
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Measurements of ionization rates with A=800 nm lasers in atmospheric pressure gasses using
microwave scattering [63] and single-shot supercontinuum spectral interferometry [64] have
shown good agreement with standard ionization models. These diagnostic techniques are limited
in their sensitivity, and have only probed ionization yields greater than ~10-, above the threshold
where EID has a significant impact.

Following the avalanche based measurements used for radiation detection, we can extend
the technique to measure laser ionization yields [43]. Here, we use our mid-infrared picosecond
laser as a probe pulse to measure the absolute ionization yields from femtosecond near- and mid-
infrared laser pulses in atmospheric pressure range air, nitrogen, and argon. This method is
extremely sensitive and by exploiting the focal geometry of the two lasers, can measure

ionization yields across an unprecedented 14 orders of magnitude: from 10-'® to 10-2.

3.2 Experimental Qutline and Methods

Our measurements used two beams. First is the chirped 50 ps A=3.9 um probe pulse which
is used to drive avalanche. Described earlier in Chapters 1 and 2, mid-infrared short pulse laser
driven avalanche ionization is an effective tool for amplifying and measuring extremely low
density plasmas. This pulse is focused to a spot size of wo=70 um with peak intensity of 1-1.5
TW/cm?. The second pulse is either a near-infrared (A=1024 nm, 274 fs) or mid-infrared (A=3.9
um, 85 fs) drive pulse which directly ionized neutrals creating a seed population for the avalanche
breakdowns. The beam energies of these pulses are controlled with a waveplate and polarizer and
focused to intensities in the range 1-100 TW/cm?. All the beams are generated in the generated

from the same OPCPA system and are optically synchronized [32-34].
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Figure 3.2 shows the experimental outline with three focal geometries and two diagnostics
used. For low seed densities, direct imaging allows each breakdown to be counted. As described
in Section 1.4, each breakdown site will grow to approximately 10 pum in diameter, so for low
ionization yields Y < 10711, the breakdowns remain isolated and were measured with a 16-bit
low-noise CMOS camera (Thorlabs Quantalux) shown in Figure 3.2(a). These experiments were
performed in a sealed gas cell filled with either air, nitrogen, or argon with an inline 0.01 micron

particulate filter to reduce the probability of dust entering the vessel.
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Figure 3.2 (a) A direct breakdown imaging system was used for low pump intensities (< 10 TW/cm?. A chirped
A=3.9 um 50 ps probe pulse is focused into a gas cell to drive avalanche ionization from free electrons. A pump
pulse (A=1024 nm 274fs or A=3.9 um 84 fs) either counter-propagating or transverse to the probe beam generated
free electrons through nonlinear ionization. For each geometry, the inset shows the overlap between the two beams,
defining the volume probed by the avalanche breakdowns. The visible plasma emission is measured with a CMOS
camera. (b) Backscattered probe spectrum is used to measure higher pump intensities (<100 TW/cm?). The
spectrum of the backscattered probe (example in inset) is correlated to the seed electron density generated through

nonlinear ionization of the transverse probe.
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The sensitivity of this set up is determined by the probed volume defined by the overlap of
the two beams. Two geometries were used: a counter-propagating 6=0° pump and a transverse
0=90° pump. The beam overlaps of the two geometries are shown in the inset to Figure 3.2(a). For
lower intensities, the counter-propagating geometry maximizes the beam overlap and increases the
sensitivity to lower pump intensities and ionization yields. To avoid refocusing the A=3.9 um beam
back into the laser we only used the A=1024 nm beam in this geometry, focused to a spot size of
wo=30 um. When the number of breakdowns reaches ~10, propagation effects from upstream
plasmas become significant, discussed in Section 3.3.4. In this case, we transition to the transverse
pump geometry that reduces the beam overlap by a factor of 100. The A=3.9 um pump was focused
to wo=30 pum, and the A=1024 nm pump was focused to wo=26 pm. Although this geometry
restricts the number of reliably counted breakdowns to one, by taking a large number of shots we
can infer a mean number of breakdowns up to a Poisson mean of four based on the number of zero
counts: P(0) = 1 — e™#. To find the peak yield Y, corresponding to the pump laser peak intensity

I, from the total breakdown number N we use

N = fyo ll(?z)l av

where I(r, z) is the spatially varying pump intensity, m is the MPI scaling exponent, and V is the
overlap volume of the two beams.

At higher ionization yields, direct counting is no longer feasible to the high density of seed
electrons leading to overlapping plasma growth. In this regime, we can treat the breakdown as a
continuous plasma rather a collection of discrete sites. We therefore have a deterministic

breakdown duration, determined by the starting seed density and the growth rate:
n
7=1In <77_]:) /Vion
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where 1)f is the density at which the plasma is detectable, 7; is the seed density generated by the

pump’s ionization, and v;,, is the collisional ionization rate. Following the backscatter spectrum
measurements in Section 2.3, we can record a time advance given by the probe laser’s pulse
length, 50 ps, subtracted by the breakdown time duration t. Figure 3.2(b) shows the experimental
layout for these measurements as well a reference and sample breakdown spectrum. The
wavelength-to-time conversation is measured though a cross-correlation between the chirped

A=1450 nm signal beam in the OPCPA and the femtosecond A=1024 nm beam, with a known

conversion into the idler A=3.9 pum given by 4;4;. = 1/ (1061 — = ! )
signal

3.3 Breakdown Counting Results

Figure 3.3 shows the ionization yields measured at low pump intensities (0.6 to 10 TW) using
direct imaging and counting of breakdowns. In Figure 3.3(a), the ionization yield in atmospheric
pressure for the A=1024 nm pump is shown, for both counter-propagating and transverse
geometries. The left-hand vertical axis shows the average number of breakdowns counted, with
different scales for the two beam crossing geometries. The right hand vertical axis shows the
calculated yield. The blue squares showing the counter-propagating geometry and the red squares
showing the transverse geometry are shifted horizontally with respect to each other, due to
approximately 10% uncertainty in the peak laser intensity shown by the green horizontal bars. The
yellow triangles show the counts for the transverse geometry using a calculated Poisson mean from
the number of zero breakdown counts. While this leads to mean counts greater than the number of
observed sites, it corrects for the inability to resolve multiple breakdowns from our imaging
system. At this wavelength and range of intensities, the Keldysh parameter y, > 3 for ionization

in air, so we can expect a reasonable fit to an MPI model where Y o I"™. The black dashed line
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shows fits for the counter-propagating and uncorrected transverse crossing data for m=5.5, fitting
both curves well for peak intensities below 4 TW/cm?. At the higher intensities using the Poisson-
corrected transverse data, a fit with m=9.7 shows good agreement, corresponding to average

ionization potentials of 6.7 eV and 11.7 eV, respectively.
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Figure 3.3 Ionization yield measurements using direct breakdown imaging. (a) Measurements for the A=1024 nm
pump. The left vertical axis shows the total breakdown counts for the counter-propagating (blue) and transverse
(red) geometries. The right vertical axis shows the correlated total ionization yield. The yellow triangles show the
breakdown counts inferred from Poisson statistics. The data is fit to two empirical MPI curves, shown in the dashed
and dotted black lines. The yellow curve shows the theoretical ionization rate for air. (b) Comparison of ionization
yields for the A=1024 nm pump in air, nitrogen, and argon gasses. (c) lonization yields for the A=3.9 pm pump. The
blue squares show the total breakdown counts, while the red triangles again show the statistical corrected values.
The dashed line shows an empirical MPI fit, and the yellow line shows the theoretical ionization yield scaled up by a

factor of 100.
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Figure 3.3(c) shows the measured yields from the A=3.9 um pump in air, again including
the uncorrected and Poisson-corrected values. A fit to an exponential model is shown with the
dashed line for m=12.1, corresponding to a 3.9 eV ionization potential. The Keldysh parameter for
these intensities range are yx~1 so although a pure MPI fit may not accurately resolve the
ionization potential of the gas, it still is a benchmark for the underlying ionization mechanism. The
yellow curve in Figures 3.3(a,c) show the theoretical ionization curve for single-molecule
interactions [13,19] in air comprised of 80% N> and 20% O>, using empirical values for the
effective potentials [55]. The theoretical model matches with a factor of 2 to our measurement at
high intensities for the A=1024 nm pump, but our measurements are significantly higher than
predicted at lower intensities and with the mid-infrared pump. The abrupt change in the scaling
from the expected 12.1eV multiphoton ionization for oxygen to the lower 6.7eV or 3.9eV
ionization potentials is evidence of either a ubiquitous contaminant or some other mechanism such
as EID.

To further identify the source of this anomalously high low-intensity ionization, we
compared the yields for air, nitrogen, and argon using the A=1024 nm pump in the counter-

propagating geometry. Shown in Figure 3.3(b), all three curves show nearly identical I°-°

scaling
with intensity, despite the different ionization potentials of the gasses. The nitrogen and argon used
were high purity bottled gasses (<2 ppm water, <0.1 ppm hydrocarbon) while the air source was
from a facility compressed air line filtered for oil, water, and particulates. Scaling the gas from 0.5
to 3 atm does not change the scaling at low intensities. The intensity scaling and lack of pressure

dependence contradicts predictions from multi-body effects and further suggests the ionization is

due to some contaminant.
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We compared the ionization yields for two sources of air: the particulate filter compressed
air line and a bottled ultrapure air (<2 ppm water, <0.1 ppm hydrocarbon) further filtered with an
activated charcoal filter (Supelcarb) capable of absorbing primary hydrocarbons down to the ppb
level. For the transverse A=3.9 pm pump the ionization yields of the two air sources are shown in
Figure 3.4. We see that the shape of both curves is identical, but the filtered bottled air source
reduces the ionization yield by a factor of 4. Since the only difference between the two sources is
the concentration of trace impurities, we attribute the anomalously high low-intensity ionization

yield to the ubiquitous presence of an unidentified, low ionization potential impurity.
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Figure 3.4 Ionization rates for two sources of air. The blue squares show measurements for laboratory compressed
air passed only through drying filters and a particulate filter. The red triangles show measurements using ultra-high
purity bottled air passed through a high efficiency hydrocarbon filter. The reduction in breakdown counts observed

in higher purity air is evidence of a low ionization potential ubiquitous contaminant.
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3.4 Self-Seeded lonization Measurements

For the mid-infrared pump, only the transverse geometry is feasible to avoid sending the
pulse back through the laser, limiting the lowest measurable intensity to 5 TW/cm?. We can test
lower intensities using only the avalanche-driving probe laser, where the seed electrons are either
present in background air or generated by the leading edge of the pulse. Figure 4.5 shows results
for peak probe intensities between 1.5 and 1.8 TW/cm?. Due to a single pulse being used to both
create the seeds and amplify them to detectable levels, we need to make several corrections to
directly compare the results from different intensities. First, high intensities probe larger volumes,
as discussed in Section 2.3.4. Second, higher intensities drive the avalanches faster, which means
there is more time for seeds to be generated through multiphoton or tunnel ionization while still
having time for the avalanche to build to detectable levels. Discussed in Section 1.2, the ionization
rate can be treated as approximately linear with intensity, so we can scale the effective times over
which generated seed electrons can be detected linearly. While a full calculation to convert
measured counts to absolute ionization yields would require a more detailed treatment, this
simplistic scaling is sufficient to determine how ionization scales with intensity. The corrected
breakdown counts scale exponentially with m = 19, corresponding to approximately 6.1 eV
ionization energy, in closer agreement with the low-intensity ionization yield with the near-

infrared pump.
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Figure 3.5 Measurements of self-seeded avalanche breakdowns using only the probe pulse. Here, the leading edge
of the probe pulse can weakly ionize the air, liberating electrons which are amplified through avalanche ionization
later in the pulse. The blue measurements show the observed breakdown counts, while the red measurements show

the data corrected for volume and timing scaling. The yellow dashed line shows an empirical fit to an MPI model.

3.5 lonization of a 6 eV Contaminant

We can compare the results to theoretical ionization yields from a 6eV contaminant [19],
shown in Figure 3.6. Since the identity of the contaminant is unknown, two cases are considered.
The first is a simple atom, with an effective Coulomb potential Z, s = 1. The second is molecule
with a Z.sr = 0.5, a reasonable lower bound of the effective potential for a larger molecule [55].
Data from both seeded and unseeded breakdowns are included and rescaled to overlap onto the
calculated curves. The self-seeded data is scaled to account for intensity dependent pulse length

and probed volume then normalized for comparison with the 85 fs transverse geometry.
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The scaled data for both near- and mid-infrared ionization yields closely match the
theoretical curves for a 6 eV contaminant with Z,rr = 0.5 for all gasses tested. Based on the
theoretical ionization fraction and the measured ionization yields, the contaminant is present at
concentrations of approximately 10! to 10”. Earlier work measuring residual gas in a partially
evacuated vacuum chamber found the presence of low ionization potential contaminants on all
laboratory gasses and credited these as the seed electrons for early avalanche breakdown
experiments [65]. The technique was not able to accurately resolve the total concentration of these
molecules however. Another ionization study in air using a A=248 nm (Eppoton = 5 €V) laser saw
a linear scaling of ionization yield with intensity between 10° and 10° TW/cm?, before the expected
2-3 photon ionization of air molecules at higher intensities [66]. The electron density measured
through plasma conduction in the linear ionization regime reached approximately 100 /cm?,
corresponding to a concentration of around 10 assuming full ionization of the contaminant and

negligible ionization of further air molecules.
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Figure 3.6 Comparison between out observed measurements of a 6eV contaminant and theoretical models. The blue
data shows results from Figure 4.3, shifted to overlap with theoretical curves. The red data shows results from
Figure 4.5 normalized and scaled to the other femtosecond data shown on the plot. The four theoretical curve show
ionization of a 6 eV particle with our near- and mid-infrared pump pulses for both an atomic model (Zer=1) and a

molecular model (Ze=0.5).

3.6 Breakdown Time Advance Measurements

Ionization measurements at higher intensities were measured using the breakdown time
advance as measured by the backscattered spectrum of the probe pulse. In this regime we can
resolve the transition from MPI into the tunnel ionization regime for A=1024 nm in air and nitrogen

for intensities up to 100 TW/cm?.

53



N
o

B

40 3.96

() —_

: E

c;s =

S 30 3.88 @
(7))
C

£ O

= 20 380 O

3 2

S 7]

© 10 3.72

o Nitrogen

m Validity Limit

1364
102

Intensity (TW/cmz)

Figure 3.7 Single shot measurements of breakdown time advance in air and nitrogen. Each point corresponds to the
breakdown timing of a single shot, showing both the spectral onset of the backscattered signal (left) and the
corresponding breakdown time advance (right). The horizontal line corresponds to the regime where breakdown

time advance is well-correlated to the pump’s ionization yield.

The results of single shot breakdown timing for intensities are shown in Figure 3.7 for
ionization in air and nitrogen. Following the calculations discussed earlier in Section 2.4.2, the
breakdown time advance is determined by the rate at which the fastest growing avalanche
breakdowns reaches sufficient density to efficiently scatter the A=3.9 pm probe laser. For

relatively low seed densities, such that only a few electrons are located in the focal volume, the
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time advance is highly variable. The measurements for different shots are determined by the
location of the electron closest to the beam focus where the intensity highest, leading to poor
sensitivity to the actual seed density. At greater seed densities, although the exact placement of
those electrons is random, there is better defined distribution throughout the focal volume. In this
regime, while still variable, the seed density closely correlates to the average peak intensity
experienced by a seed electron, leading to a more deterministic breakdown time advance. Once
the density is high enough that the separation between seed electrons is smaller than the diffusion
length of the avalanche plasma (r;~4 um), the plasma can be treated continuously, with higher
seed densities effectively decreasing the number of doubling generations needed to reach a
detectable density. We limit our analysis to the region where seed densities are well-correlated to
time advance. This limit is set at ionization yields greater than 7 X 1071, corresponding to 10
times the yield corresponding to one shot per breakdown from Figure 3.3.

We calibrate the measured time advance to ionization yield through comparisons with the
direct counting measurements at 6 TW/cm® and theoretical values at 100 TW/cm? with direct
interpolation between these extremes using a constant avalanche growth v;. Because
measurements of the ionization yield in O2 and N2 with a 42 fs, A=800 nm laser pulse in a thin
gas jet [67] showed excellent agreement with theoretical rates [19], we use this model to
determine the yield at our highest intensity. Interpolating between these two limits gives an
electron density growth rate of v; = 0.55 /ps, which we use to calculate the conversion between
time advance and ionization yield at intermediate intensities.

Figure 3.8 shows the ionization yields from the time advance measurements for air and
nitrogen. Overlaid in yellow are the theoretical single-body ionization curves. The measured yields

agree within an order of magnitude to the theoretical predictions for all intensities, with values
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slightly overestimating the predicted yields. We attribute some of the overestimation to our
constant avalanche growth rate. The heating is proportional to 112, so the redder, earlier portions
of the beam will cause greater heating. Further, the chirped pulse is not perfectly flat top, but has
somewhat higher intensity on the red side (see inset to Figure 3.2). Both of these effects will lead
to a more rapid early growth rate, slightly suppressing the measured yield and bringing it closer to

the theoretical values.
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Figure 3.8 Ionization yields measured through breakdown time advance in air (blue) and nitrogen (red). The total
ionization yield is calibrated from low intensity measurements using direct counting and experimental data [2] at

high intensities. Overlaid in yellow are theoretical ionization curves showing excellent agreement to our data.
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3.6 Conclusions

Our results for low-intensity ionization rates are consistent with multiphoton and tunnel
ionization of a ubiquitous 6 eV ionization potential contaminant. Despite sensitivity well above
the threshold where multi-body effects are predicted to play an important role, our measurements
show neither the I? dependence, nor the wavelength independence in ionization yield. At higher
intensities, this technique shows excellent agreement with theoretical ionization models in both
the multiphoton and tunnel regimes up to 100 TW/cm?,

Taken together, our measurements show an unprecedented measurement of multiphoton
and tunnel ionization yields across 14 orders of magnitude. By utilizing the extreme sensitivity
of our avalanche breakdown diagnostic and its inherent flexibility to control the probed volume,
we have been able to extend plasma density measurements below that of any other technique for

small, transient plasmas.
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Chapter 4: THz and Low Harmonic Generation from mid-infrared
interactions in gases

4.1 Introduction

4.1.1 Two Color THz Generation

Laser-driven generation of THz frequencies requires a symmetry breaking mechanism. The
use of optical crystals is one way of achieving this [68—71], taking advantage of their large second-
order nonlinearity. Here the generation mechanism is optical rectification with nonlinear
susceptibility y® (wryz; @, —w). Since most nonlinear crystals cannot easily phase match the
conversion from typical optical frequencies to THz frequencies, more complicated schemes using
tilted pulse fronts [72—74] or periodic-poled crystals [75—77] have been used to obtain relatively
high conversion efficiencies with modest laser intensities. Damage, nonlinear absorption of the
laser pulse, material THz absorption, and restrictive phase matching conditions limit the total THz
conversion efficiency and bandwidth.

THz generation can also occur in isotropic media such as gases but requires an additional
symmetry breaking mechanism. Adding a second co-polarized laser field at the second harmonic
achieves this, with the asymmetry controlled by changing the relative phase between the two
colors [78,79,88-96,80—87]. The nonlinearity from bound electrons can lead to an effective third
order optical rectification with susceptibility ¥ (wyyz; 2w, —w, —w). Because the third order
nonlinearity from neutral gas is extremely small [97,98], intense laser pulses above the ionization
threshold can exploit the nonlinearity arising from the bound-free transition for efficient
conversion from optical frequencies to THz.

A simple zero-dimensional model can be used to describe how two-color laser fields can
generate a transverse plasma current which drives the production of THz frequencies [82—84]. The
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electric field of a laser pulse containing both the fundamental and second harmonic frequencies
can be expressed by

E(t) = E, cos(wt) + E,,, cos(LQwt + )
where E,, and E,, are the envelopes of the fundamental and second harmonic and 6 is the relative
phase between the two colors. Figure 4.1(a) shows the effective field for & = 0 and 8 = /2 over

a single optical cycle. For the non-relativistic fields considered here, with normalized vector
potential ay = % « 1, the laser pulse magnetic field can be ignored and free electrons will

oscillate with acceleration ¥(t) = —(e/m,)E (t). In an initially neutral medium with an ionization
potential greater than the photon energy, free electrons are the result of nonlinear ionization by the
laser field. In this case, the electrons are liberated at some time t' with initial velocity v(t = t') =

0. Under the influence of the field the electron velocity will evolve as

v(t) = —%ftE(t)dt

This electron transverse electron velocity includes both the oscillations with the laser field
and a net drift velocity. The drift velocities as a function of when an electron is liberated is shown
in red in Figure 4.1(b). A net motion of electrons will induce a current. To find this current we
must consider when electrons are liberated. Using a simple model of multi-photon ionization,
described in more detail in Section 1.3 and Chapter 3, the ionization rate can be expressed as

w(t) = I8, where 38 is the number of A=3.9 pm (g, = 0.3 eV) photons needed to ionize oxygen
(&, =12.1 €V) [55]. This rate is shown in blue in Figure 4.1(b), where the highly nonlinear

process leads to ionization exclusively near the peak field.
From the ionization rate and electron drift velocity we can calculate the induced transverse

plasma current density shown in Figure 4.1(c):
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dt

/ ~ ew(t)v(t)

We can clearly see that for the symmetric & = 0 case, the resulting plasma current is an odd

function, with zero net transverse current. However, the asymmetry in the 8 = n/2 field leads to

a non-vanishing plasma current. This can be further clarified by looking at a full laser pulse rather

than a single cycle. Figure 5.1(d) shows both the electric field (blue curves) and current density

(red curves) for a pulse containing about seven optical cycles. By the end of the pulse, the 8 = 0

relative phase pulse has no net plasma current, but the non-cancelling drift velocity for 8 =

m/2 pulse leads to a small but non-zero transverse plasma current. This transverse plasma current

is responsible for producing the THz frequencies and is polarized along the direction of electron

motion, identical to the laser’s polarization.

Figure 4.1 Production of transv

erse plasma currents in
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field (blue curves) and net plasma current (red curves) for full laser pulse envelopes.
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4.1.2 Low Harmonic Generation

Similar to THz generation, two color laser fields in isotropic media also generate even and
odd harmonics. We can first just consider the case of a single color laser field. Below the ionization
threshold, harmonics are produced through third harmonic generation governed by the bound
electron nonlinearity y®)(—3w; , w, ). Further odd harmonics are generated through cascaded
third order frequency mixing processes such as Yy (—5w; 3w, w, ), ¥® (=5w; 3w, 3w, —w),
etc. For intensities high enough to drive nonlinear ionization, harmonic generation can also result
from the susceptibility associated with the bound-free transition [99]. The strongly driven
liberated electrons have a chance of recombining with their parent ion, resulting in emission of
high harmonics, typically extending into the extreme ultraviolet [56,100-102].

The bound-free transition nonlinearity arises from the change in plasma frequency as a
function of time. During nonlinear ionization, the plasma density p increases in a step-wise manner
at twice the laser frequency, at both the positive and negative peaks of the laser field. As in Section
4.1.1, the induced plasma current is

d _e?

dt  m,
We can express this in the frequency domain

ie? __

pE

j =

m,w

From this we can find the nonlinear polarization from the current

P =

J=
The resulting polarization contains terms at all odd harmonics, decreasingly rapidly without

plateau. Adding a laser field component at the second harmonic allows the generation of all even
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harmonics. The total spectrum includes contributions from the fundamental and its odd harmonics,
the second harmonic and its odd harmonics, and frequency mixing between all of these terms. THz
generation described in Section 4.1.1 can be thought of as a zeroth order harmonic from this same

mechanism.

4.1.3 Mid-Infrared Laser Driven THz and Low Harmonic Generation

Mid-infrared laser sources provide an excellent test bed for measuring the THz and low
harmonic generation resulting from nonlinear ionization. As described in Sections 4.1.1 and 4.1.2,
nonlinear effects from bound states, bound-free transitions, and free-bound transitions can occur
simultaneously. By using a mid-infrared laser, we can exploit the wavelength scaling of these
mechanisms to preferentially enhance the nonlinear contribution from the plasma current. The
third order nonlinear susceptibility ¥y in neutral media exhibits no strong wavelength
dependence away from resonances [98,103]. The contribution from the free-bound recollision
nonlinearity strongly decreases at longer wavelengths, with both theory and experiments showing
harmonic yields scaling with ~A~(5=65) [100,101]. Further, longer wavelength drivers generate
higher order harmonics (with cutoff scaling like A?), further reducing the effects of the free-bound
term on low harmonics.

Conversely, the plasma current driven bound-free nonlinearity relies on the electron quiver
velocity, introduced in Section 1.2, which scales linearly with wavelength v « A. For a fixed
intensity, this leads to a predicted scaling of THz and low harmonics with A2. Recent experiments
have shown THz yield dependence as high as 1*® [88,93-95]. A simple model comparing the
bound electron Kerr nonlinearity and the plasma current nonlinearity as a function of laser intensity
is shown in Figure 4.2 for both A=800 nm and 3.9 um [104]. This model takes the nonlinear

susceptibility of nitrogen to be y® = 7.9 x 1072° cm%/W [97,98] and uses a tunneling model for
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ionization [82]. The use of longer wavelengths at intensities above the ionization threshold leads

to a dominance of the plasma nonlinearity over other effects.
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Figure 4.2 Comparison of the contribution from the bound electron Kerr nonlinearity and the plasma current
nonlinearity during ionization for A=800 nm and 3.9 pm lasers. The nonlinearity is approximated by the induced
refractive index transient, taken to be representative of third order nonlinearities responsible for the production of low
harmonics and THz.

4.2 THz and Low Harmonic Generation in Air

4.2.1 Experimental Outline

As an initial experiment into mid-infrared THz and low harmonic generation, we focused
a two-color laser pulse in air and measured the resulting radiation [96]. Figure 4.3(a) shows the
schematic layout for this experiment. The laser generates A=3.9 pm, =120 fs pulses in an OPCPA
at a 20 Hz repetition rate [32-34]. The beam is focused with a 200 mm focal length CaF; lens
through a 200 pm thick uncoated z-cut GaSe crystal for second harmonic generation. By tuning
the orientation angles a and 3, we can tune the crystal for Type 0 SHG, creating a co-polarized

two-color field, described further in Section 4.3.1. To prevent damage to the GaSe crystal, the laser
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Figure 4.3 Experimental schematic. (a) Two-color mid-infrared laser pulses are generated with a GaSe crystal for
SHG and a coverslip for relative phase control. When focused into air, a plasma is formed, with the induced plasma
current driving low order harmonic and THz generation. The resulting radiation is measured with a ultraviolet-
visible spectrometer, and near-infrared spectrometer, and an FTIR with a pyroelectric detector for the THz spectrum.
(b) visible plasma emission was measured with a CMOS camera to measure the transverse plasma profiles. (¢) A
microbolometer array was used to measure the conical THz radiation profiles as a function of distance from the end
of the air plasma.

energy was limited to 5 mJ. A thin coverslip placed at angle ¢ with respect to beam is used to
control the relative phase between the fundamental and second harmonic, described more in
Section 4.3.2.

The laser is focused to a peak intensity I = 1.3 X 101* W/cm?, generating an air plasma at
its focus, and producing THz and low-order harmonics. The transverse plasma fluorescence is
imaged with a low noise CMOS camera (Thorlabs Quantalux), shown in Figure 4.3(b). After the
plasma, the laser is separated with a drilled off-axis parabolic mirror. Most of the optical
components of the total field pass through the hole in the mirror. They are further separated with
an ITO coated beamsplitter, with the near-infrared portion (0.95 — 2.5 um) collected into a fiber
coupled extended InGaAs spectrometer (Avantes NIRLine) and the ultraviolet-visible portion

(200 — 1100 nm) collected with a lens into a fiber coupled Si spectrometer (Ocean Optics
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HR2000+). The low frequency THz components are reflected by the drilled OAP and filtered with
pair of calibrated 7 um longpass filters to remove any residual signals at frequencies greater than
40 THz.

The THz signal is measured with a lithium tantalite pyroelectric detector (Gentec-EO QS9-
THz-BL). The spectral response of the detector is relatively flat from optical to THz frequencies
and is absolutely calibrated at A=800 nm and 3.9 um. A Michelson-type Fourier transform infrared
spectrometer is used to characterize the THz spectra and corresponding field autocorrelations. An
uncooled microbolometer array (FLIR Tau 2) was used in place of the pyroelectric detector to
measure the conical THz radiation profiles as a function of distance from the air plasma, shown in

Figure 4.3(c).

4.2.2 Results

The phase dependence on THz generation is a key component of the plasma current
generation model. While we cannot directly measure the absolute phase between the fundamental
and second harmonic, we can see the effect of the coverslip rotation in both the visible plasma
emission and the THz yield.

The transverse plasma profiles measured with the CMOS camera are shown in Figure
4.4(a) and 4.4(b). First, we see an example plasma profile when the coverslip is aligned for
maximum THz production. The geometric focus occurs at z % 8 mm, with Rayleigh length z, =
8.5 mm and a 120 um FWHM spot size. In Figure 4.4(b), we see the plasma profiles, radially
integrated, as a function of the initial relative phase 6, set by angle-tuning the coverslip. We
arbitrarily define 8, = 0 as when the coverslip is normal to the laser beam ¢ = 0. The relative
phase as a function of distance can be found by measuring the total plasma fluorescence. Seen in

Figure 5.1(b), the ionization rate is maximized when the two colors are in phase and minimized
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Figure 4.4 Phase dependence ionization and THz generation. (a) transverse plasma emission profile when the
coverslip is angled to maximize THz production. (b) radially integrated plasma profiles as a function of initial
relative phase determined by the coverslip angle. 6, = 0.4m corresponds to the minimum THz yield and 8, = 0.97
corresponds to the THz max. The red X marks show where the absolute relative phase 6(6,, z) = +£0.57. (¢) Local
THz emission and plasma fluorescence as a function of axial distance when 8, = 0.97. THz beam profiles are
measured with a microbolometer for initial relative phase 8, = 0.4r (d) and 8, = 0.9 (e). (f) Integrated THz yield
and total fluorescence as a function of initial phase difference, showing their /2 oscillations and anti-correlation.
(g) Total harmonic and THz spectra for both 8, = 0.4m and 6, = 0.97.

when they are out of phase. We can thus identify the fluorescence minima in Figure 4.4(b) as the
locations where 0(8,,z) = +m/2. The fluorescence and THz emission generated when the
coverslip is tilted to 8, = 0.9m is shown in Figure 4.4(c). An aperture scanning method is used to
measure the local THz emission [86]. The THz emission peaks near the laser focus when the
relative phase 6(6, = 0.91,z = 8 mm) ~ m/2. The secondary peak in visible emission at z = 15
mm is caused by aberrations in the beam focusing, and is also seen in single color plasmas, shown
in Figure 4.4(b). This secondary peak is responsible for most of the THz emission when 6, =
0.4, in which case plasma dispersion and Guoy phase shifts lead to relative phase
0(6y = 0.4m,z = 15 mm) = m/2. Because the laser intensity and ionization are much lower at

this position, about 0.8 Rayleigh lengths from the geometric focus, the total THz signal is

significantly weaker.
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The transverse profiles of the THz radiation is shown in Figure 5.4(d) for 8, = 0.9 and
Figure 4.4(e) for 6, = 0.4m. The conical emission pattern pattern is consistent with previous
measurements and theoretical predictions [85,87,89] for two-color THz generation. The
difference in size observed between the cases is further evidence that changing the initial relative
phase affects the position of THz emission.

The phase control over THz and plasma fluorescence is summarized in Figure 4.4(f). Here
the plasma emission measured through transverse imaging is summed from z = 5 to 10 mm. We
see the clear anti-correlation between peaks in THz production and total ionization. Similar phase
dependence is seen in the production harmonic, shown in Figure 4.4(g). The spectra shown include
measurements from the ultraviolet-visible spectrometer, near-infrared spectrometer, and THz
FTIR. The harmonics from 6™ to 9™ show about an order of magnitude enhancement for 8, = 0.9
versus 0, = 0.4m. While harmonic generation is significantly more complicated, with multiple
competing conversion processes happening simultaneously, this shows that harmonic yield from
two-color fields can be strongly controlled through relative phase.

Figure 4.5 summarizes our measurements of the THz generation from two-color mid-
infrared laser driven plasmas. Field autocorrelations and the corresponding Fourier-transformed
spectra are obtained using a Michelson interferometer for both maximum and minimum relative
phases, shown in Figure 4.5(a). The spectra are not strongly changed between the two relative
phases and peak around 12 THz, with a bandwidth exceeding 30 THz. The dotted line shows the
raw measured spectrum, while the solid line shows the spectrum corrected for transmission
through the two bandpass filters which significantly distort the lower frequency features due to

absorption in the germanium substrate.
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Figure 4.5 (a) THz field autocorrelation and extracted spectra. The dotted line shows the measured spectrum, while
the solid lines show the spectra corrected for transmission through two germanium longpass filters. (b) THz energy
(red) and conversion efficiency (blue) as a function of laser energy. The dotted lines show the energy as measured
before the CaF2 lens while the solid lines include corrections for losses in the GaSe crystal and coverslip. (¢) Our
measured THz conversion efficiency at A=3.9 um and previous measurements at A=0.8-1.8 pm showing a combined
~A%6 scaling.

The total THz yield and conversion efficiency strongly increase with laser energy, shown in Figure
4.5(b). Again, the dotted lines show the laser energy measured before the CaF» lens, while the
solid lines are corrected for losses in the uncoated GaSe crystal and coverslip. The maximum
conversion produced THz signals of over 25 pJ, corresponding to laser-to-THz conversion
efficiencies ~1%. Our ~2% second harmonic conversion (see Section 4.3.1) was relatively low
compared to previous experiments generating ~10% at A=800 nm [89] and ~5% at A=1.2-1.5
um [88]. Improving co-polarized second harmonic generation should significantly further increase
the field asymmetry and the THz conversion efficiency. Despite not accounting for the differences
in second harmonic generation, the wavelength dependent THz efficiency from this experiment

and previous experiments [88,89] are shown in Figure 4.5(c). The fit wavelength
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dependence ~A%¢ is in good agreement with previous measurements and models for the scaling of

THz yield [93,95].

4.2.3 Simulations

In addition to our measurements, we simulated the two-color mixing process with a 2D
cylindrically symmetric implementation of the unidirectional pulse propagation equation
model [105,106]. The carrier resolved model independently evolves each frequency component,
allowing for multi-color fields with wavelength dependent nonlinearities. This model solves a

system of ODEs of the form

2

lw .
aZAkJ_(wrZ) = 2 e_lkzzpkl((l), Z)

€9C?k?
where the nonlinear polarization term P includes the third order nonlinearity from neutral

—e

2 —
_pE [99].

materials [98,103] excluding rotational effects and the plasma nonlinearity term P = —
Ionization is implemented following a strong field model including scaling for laser wavelength and
Keldysh parameter [19].

To match our experimental conditions, we generated 120 fs Gaussian pulses with 2.1 mJ in the
2=3.9 um fundamental and 10.5 pJ (2%) in the second harmonic with controllable relative phase between
the two colors. The medium consisted of atmospheric density air comprised of 78% N2, 21% O, and 1%
Ar. The simulation window covers 3000 fs with 2'° points, encompassing a frequency space from 0.33
THz to 11 PHz. The resulting temporal step size is 0.09 fs, about 70 times smaller than the period of the
second harmonic pulse. Frequencies above 1.5 PHz (A=200 nm) are strongly attenuated corresponding to
the UV absorption in air. The transverse spatial grid resolves a 4mm radius space with 400 points. The

simulation is solved over 15 cm of propagation with the vacuum focus at z=10 cm and a beam waist of

~100 pm.
69



) 47 10"

—
[]

. (C) Initial phase difference, 6, () (d)

12| 0 ‘ 06 09 12 15 18 2.1

~ 0.1n
9 = =
E 10+ 0.2n
g 0.37 |
= 8 0.47 !
£ 0.57 o
£ BF 0.67 =6
2 0.77 S
£ 4 0.8 o e e —
i~ 87 =
© 0.97 e e —
L5
a 2 -
B _ 3
0 = : ; N
0 5 10 15 2 = b
Distance z (cm) 0.0 0.3 0.6 0.9 1.2 1.5 1.8 0.0 0.3 0.6 0.9 1.2 1.5 1.8

(b) 67 108 ; Phase difference, 0(m) Phase difference, 6(m)

5 { (e) 0 T T T T T T T
g g1~r = 10 @3
S 4 02r = 107 — plasma+y 1
z 0.37 3 . plasma only 5
E 0.4r 2 10 A3 I 1
g 3 0.5 | & . — y only i
o° 0.67 = 107 1
g 2 0.7x 2 . !
s 0.87 2 10
= 0.97 R
= b | x £ 10" r\

\ — a2f
\ 10" .
0 — e 0 1 2 3 4 5 6 7 8 9 10
0 5 10 15
Distance z (cm) Harmonics

Figure 4.6 Peak intensity (a) and plasma density (b) from our simulations as a function of distance and relative
phase. Comparison between the phase-dependent harmonic generation from measurements (¢) and simulations (d).
(e) phase averaged spectra for simulations including only the plasma nonlinearity, only the bound electron
nonlinearity, and the combined total nonlinearity.

The peak laser intensity and plasma density depend on the relative phase between the two colors,
shown in Figure 4.6(a) and Figure 4.6(b). As seen in the simple 0D model Figure 4.1, the peak intensities
and resulting ionization yields are slightly higher for relative phase 8 = 0 compared to 8 = /2,
resulting in peak intensities of 1.1 — 1.3 X 10** TW/cm? and plasma densities of 4 — 5 x 101¢ /em?®.
The phase dependent harmonic yield from our measurements and simulations, shown in Figure 4.6(c) and
Figure 4.6(d), display very similar behavior, with the 6 through 9" harmonics anti-correlated to the THz
yield with peaks near 8 = 1/2 ,37/2 and the 5" harmonic peaking at 8 = 0, 7r, 27. To better
understand the physical origin of the harmonic production we performed simulations with the full
nonlinearity, only the plasma nonlinearity, and only the bound electron nonlinearity, shown in Figure
4.6(e) averaged over all relatives phases from 0 to w. These results clearly show that THz is almost

entirely generated from the plasma current, with the contribution from the bound electrons many orders of
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magnitude lower. For the 6™ and higher harmonics, the plasma current alone mostly reproduces the total
yield, but the bound response slightly alters the shapes, adding a slight broadening on the red side. For the
3" through 5% harmonics however, even though the bound contribution is several orders of magnitude
lower than the plasma contribution, the combined response is significantly different than the plasma
alone. While the exact origin of this contribution is hard to isolate, the combination of y ) mixing of
plasma-produced harmonics, Kerr self focusing effects on beam propagation, and altered phase matching
from both nonlinear source terms can lead to a response significantly greater than the sum of each in

isolation [107,108].

4.3 Discussion

4.3.1 Co-polarized Second Harmonic Generation in GaSe

Two-color THz generation requires that both the fundamental and second harmonic laser
fields are polarized in the same direction. For second harmonic generation in optical crystals, the
polarization dynamics are governed by the relative orientation of the crystal axes with respect to
the laser polarization. In general, three generation schemes are possible, corresponding to the phase
matching and effective second order nonlinearity for any specific orientation. For Type 0 SHG,
two extraordinary-polarized fundamental photons generate an extraordinary-polarized second
harmonic photon. For Type 1 SHG, two ordinary-polarized fundamental photons generate an
extraordinary-polarized second harmonic photon. For Type II SHG one ordinary and one
extraordinary-polarized fundamental photons generate an ordinary polarized second harmonic
photon. For Type I and II, a crystal can be chosen such that phase matching conditions are met

leading to high conversion efficiencies. However, since the fundamental and second harmonic
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Figure 4.7 (a) Measured second harmonic yield as a function of the crystal rotation about the optical axis, o, which is
aligned to the laser axis. Green dots show the measured second harmonic yield with polarization parallel to the
fundamental, and the magenta dots show the measurements with perpendicular polarization. Lines show theoretical
fit to the data. (b) THz production as a function of crystal rotation along the optical axis for laser incidence angles

p=0°, 4°, and 10°.

fields are not co-polarized, additional optics are needed to rotate the polarization of the two beams.
In the mid-infrared, such optics are not readily-available with high efficiency or damage
thresholds, so Type 0 SHG generation must be used to directly produce co-polarized beams.

GaSe is a commonly used nonlinear optical crystal for SHG in the mid-infrared. It has a
high second order nonlinearity (d,, = 54 pm/V at A=10.6 um) and moderate damage threshold (3
TW/cm? for =110 ps, A=2.94 pm pulses) [109]. Due the material structure of GaSe it is only
available z-cut, cleaved perpendicular to the optical axis. The index of refraction for ordinary and
extraordinary polarizations are n,=2.72 and n.=2.40 at A=3.9 um and n,=2.75 and n.=2.42 at
A=1.95 pm [110]. The high index leads to large Fresnel reflections (about 17% at each face), but
the internal absorption is negligible (0<0.1 cm™!) within our 200 pm thick crystal [109], leading
1to about 69% total transmission.

To measure the co-polarized second harmonic yield, we measured the energy ratio between

the fundamental and second harmonic using two methods. First, a thin film polarizer with known
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transmission and extinction ratio at both the fundamental and second harmonic wavelengths was
used to independently measure the horizontal and vertical polarized field components with a power
meter. Second, a 10 mm thick uncoated BK7 window was after the GaSe crystal, mostly
transmitting the second harmonic and strongly absorbing the fundamental. Using the known
absorption and Fresnel losses at both wavelengths allows a distinction between the two colors.

Figure 4.7(a) shows the measured second harmonic yield as a function of the crystal
rotation about the optical axis, a. The green dots show the measured second harmonic yield with
polarization parallel to the fundamental, and the magenta dots show the measurements with
perpendicular polarization. The crystal was oriented such that its optical axis was aligned to the
beam axis p=0°. GaSe has a hexagonal crystal structure with 62m point group, leading a
symmetry in SHG yield when the crystal is rotated 60° about the optical axis [109]. We see both
Type 0 and Type 1 SHG, with the expected 60° periodicity, and use the 30° orientation to
maximize the Type 0 conversion.

The THz yield is strongly dependent on the energy ratio between the fundamental and co

polarized second harmonic laser components. Figure 4.7(b) shows the measured THz yield as a
function of crystal rotation angle a for three crystal tilt angles f=0°, 4°, and 10°. The THz shows
the expected peaks when Type 0 SHG is maximized, and the peak signal is found when the laser
is incident normal to the crystal face f=0°.

Since Type 0 SHG is not generally a phase matched process, we need to ensure the
crystal length is correctly chosen to prevent back-conversion from the second harmonic to the

fundamental. Optimum yield for phase-mismatched Type 0 SHG occurs for crystal lengths L =

N [111], where N is an odd-integer. At A=3.9 um, the ideal crystal thickness would be

4(N20w—Nw)
63 um, but our 200 pm crystal is close to the 190 um N=3 case. At this thickness, the group
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velocity walkoff between the fundamental and second harmonic is about 24 fs. While this is a
considerable portion of our pulse length, it is mostly compensated by the dispersion in the

coverslip used for phase control, discussed in Section 4.3.2.
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Figure 4.8 (a) Schematic drawing of how the coverslip angle ¢ is used to control the relative phase 8, between the

two-colors in a laser pulse. (b) Total THz yield as a function of coverslip rotation angle.

4.3.2 Relative Phase Control by Coverslip Tilting

As described in Section 4.3.1, controlling the relative phase between the two colors is
critical to efficient THz generation. In previous work with near-infrared lasers, the relative phase
was controlled using air dispersion [79,83,91,112] or Mach-Zehnder interferometers [92,113].
However, in the mid-infrared, air dispersion is vanishingly small [114] and interferometers
require optics not readily available. Instead, a thin coverslip is used to control the relative phase
between the two colors, where the tilt angle is controlled to alter the effective thickness [78].

Figure 4.8(a) shows a schematic drawing of how the coverslip angle is used to control the

relative phase between the two colors. A t=170+5 um thick, Schott D263M glass coverslip
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(Thorlabs CG15KH]1) is placed at angle ¢ with respect to the laser’s propagation axis. The two
beams are refracted at angles ¢, and ¢,, corresponding to the refractive indices at the
fundamental and second harmonic: ¢ = sin™! (sin ¢ /n). The slight variation in refracted angle
corresponds to difference in total path travelled and phase development for the fundamental and
second harmonic. The initial relative phase 8, between the two colors due to their propagation in

the coverslip is given by

n, N sin ¢ (tan ¢p; — tan ¢,) 2ny }
A, cos ¢, Ay A, cos ¢,

00(¢) = 2t |

The measured THz yields as a function of coverslip angle are shown in Figure 5.8(b). For
our coverslip, we add about 67 to 97 relative phase between the two pulses as it is rotated
between 0° and 70°. The THz generation shows strong oscillations as the initial relative phase
goes is incremented by /2. The transverse spatial offset is about 1 um, negligible compared to
focused beam spots of 50-100 um for the experiments described in Section 4.2. The temporal
walkoff between the two colors is calculated to be about 20 fs when the coverslip is at an angle
of ¢ = 42°, corresponding to the maximum THz yield at initial relative phase 8, = /2. This
walkoff has the opposite sign of that from the GaSe crystal, so they effectively cancel out.

Although the coverslip glass is absorptive at A=3.9 pm, for a thin uncoated coverslip the losses

are predominantly from Fresnel reflections from both surfaces.
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