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I dedicate this thesis to the Blake Lab, that it may help some poor graduate student find aid

while working with THz-TDS or the laser system.
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Abstract

A time-domain spectrometer for use in the terahertz (THz) spectral range was designed and
constructed. Due to there being few existing methods of generating and detecting THz radi-
ation, the spectrometer is expected to have vast applications to solid, liquid, and gas phase
samples. In particular, knowledge of complex organic chemistry and chemical abundances in
the interstellar medium (ISM) can be obtained when compared to astronomical data. The
THz spectral region is of particular interest due to reduced line density when compared to the
millimeter wave spectrum, the existence of high resolution observatories, and potentially strong

transitions resulting from the lowest-lying vibrational modes of large molecules.

The heart of the THz time-domain spectrometer (THz-TDS) is the ultrafast laser. Due to
the femtosecond duration of ultrafast laser pulses and an energy-time uncertainty relationship,
the pulses typically have a several-THz bandwidth. By various means of optical rectification,
the optical pulse carrier envelope shape, i.e. intensity-time profile, can be transferred to the
phase of the resulting THz pulse. As a consequence, optical pump-THz probe spectroscopy
is readily achieved, as was demonstrated in studies of dye-sensistized TiO2, as discussed in
chapter 4. Detection of the terahertz radiation is commonly based on electro-optic sampling
and provides full phase information. This allows for accurate determination of both the real
and imaginary index of refraction, the so-called optical constants, without additional analysis.
A suite of amino acids and sugars, all of which have been found in meteorites, were studied in

crystalline form embedded in a polyethylene matrix. As the temperature was varied between



ix
10 and 310 K, various strong vibrational modes were found to shift in spectral intensity and

frequency. Such modes can be attributed to intramolecular, intermolecular, or phonon modes,

or to some combination of the three.
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Chapter 1

Introduction

The origin of life on earth, though much debated, is not known. Thanks in large measure to
the broad landscape of possible chemical pathways available, no consensus exists on the method
of formation of the relatively unstable organic molecules that make up life from their inorganic
parent atoms and molecules. The famous experiment of Miller and Urey demonstrated the
production of a host of organic molecules, including many of the amino acids that are required
to form proteins, from volatile gases exposed to an electrical discharge [1, 2]. However, there
are debates about the validity of both the gases used and the reducing atmosphere assumed in
such experiments [3] as well as the fact that the products are racemic, favoring neither L nor
D enantiomers — unlike those found in biological molecules on Earth, which have an exclusive
chirality.

The assembly of an Earth-sized planet, especially one with a satellite as large as the Moon,
involves cataclysmic events. Thus, the late extraterrestrial delivery of water and organics is
a common theme in many of the leading theories that seek to explain the formation of the
basic constituents of life such as nucleic and amino acid monomers, in the assembly of such
constituents to form larger the polymeric components of life (nucleic acids, proteins, carbohy-
drates), and even in the formation of life itself. Amino acids, nucleobases, and sugars have all
been found in the carbon-rich meteorites known as carbonaceous chondrites, among the earliest

solid bodies to have formed in the inner solar system and whose refractory components pos-
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sess the same elemental composition as the Sun. Numerous organic compounds, including the
amino acid glycine, have been found in comets as well. The chaotic dynamical environment of
the early solar system leads to frequent collisions of both asteroids and comets with the early
Earth. Such impacts involve enormous amounts of kinetic energy, and the resulting pressure
and temperature profile for the impacting material is such that nearly all of the chemical bonds
are broken in the aftermath of the collision [4]. The Earth is a small target, however, and
so small bodies scattered into the inner solar system will typically only strike the planet after
many, many orbits, during which the Earth can sweep up any dust particles it encounters. The
survival fraction of organic material is increased greatly by this process, and so the reduced
carbon delivered by interplanetary dust particles is predicted to be several orders of magnitude

greater than the that delivered by larger bodies.

Validation of such theories can be achieved in part by comparing the physical and chemical
evolution of current star-forming regions with the composition of primitive (that is, the least
altered by the processes of their assembly or subsequent evolution) bodies in solar system
via astronomical observation. The first such regions to be studied by radio and millimeter
wave telescopes and interferometers are called “hot cores,” fairly extensive regions of heated
gas and dust near massive young stars that emit brightly in molecular lines; thus regions
in which the chemical composition and spatial distribution of molecules can be investigated in
detail. Similar physical conditions and even longer time scales are reached in the protoplanetary
disks that encircle young, Sun-like stars, but over a much smaller spatial extent. Thus, the
emission from such objects is rather weaker than that from hot cores, and only recently have
astronomical facilities advanced to the stage where the direct investigation of planet(esimal)-

forming environments is feasible.

The list of chemical species detected in the interstellar medium (ISM) and circumstellar

disks now exceeds 150 entries [5]. Of these neutral molecules and ions, less than 10% have ten



Table 1.1: Frequency Conversions

Frequency Wavelength Wavenumber | Photon Energy
(THz) (em™1)
Radio and Mi- | ~DC-03 |1m-1mm 0.01 - 10 0.00012 - 1.2
crowave meV
Far Infrared/THz 0.3-30 1,000 - 10 pgm | 10 - 1000 1.2-124 meV
Mid Infrared 30 - 120 10 - 2.5 pum 1000 - 4000 124-496 meV
Near Infrared 120 - 400 2500 - 750 nm | 4000 - 13,350 0.496-1.65 eV
Visible 400 - 790 750 - 380 nm | 13,350 - | 1.65-3.26 eV
26,350

Frequency conversion for various electromagnetic radiation bands.

or more atoms, and those having more than 13 atoms are exceedingly rare [6]. In comparsion,
biologically relevant amino acid monomers have between 10 and 27 atoms — with an average
of 19 atoms — whereas simple sugars and sugar alcohols have between 14 and 28 atoms. Each
of these groups, however, are known to individually make up more than ~3% of the available
organic carbon found in meteorites [7]. This demonstrates that the knowledge of interstellar and
nebular chemistry is severely limited. To understand the reasons behind the size limitations
imposed on astronomical observations, one must understand both the spectroscopy of such
molecules and the telescopes and instruments used to acquire data on the molecular content of

star- and planet-forming regions.
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Figure 1.1: A graphical comparison of frequency scales

At distances of >300 light years, all molecules in hot cores have been detected by the remote
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sensing made possible by spectroscopy at visible, infrared, radio, or microwave — submillimeter-
wave frequencies. Table 1.1 and Figure 1.1 describe conversions between the units commonly
used for describing the energy of photons. For the purpose of this thesis, only the microwave
to far-infrared regions of the spectrum will be considered further. The microwave and submil-
limeter frequency bands correspond primarily to the energy of quantized molecular rotation in
the gas phase. In the general, so-called asymmetric top case, molecules have three moments
of inertia, the angular motion analog to mass. These are directed along the orthogonal A, B,
and C “principal” axes of the molecule, which intersect at the center of mass. The moments
of inertia are designated as I4 < Ip < I¢, where I =) mjrjz is a sum over each atom along
the relevant principle axis. In order to demonstrate the dependence of the rotational spectrum
on size, the simple case of a linear molecule (I4 = 0,Ip = I¢) will be presented below. The

general analysis can be extended to asymmetric top molecules in which I4 # I # I [8].

For linear molecules, the rotational Hamiltonian operator is H= %, and the Schrédinger
equation becomes
J? J(J +1)h
2—? = Ey = (;rj)w =BJ(J+ 1)y (1.1)

where B = % For polar molecules, the electric dipole selection rules are AJ = +1 and thus

Wiy =B(J+1)(J+2)— BJ(J+1)=2B(J +1) (1.2)

Thus, the frequency of each transition is inversely proportional to the moment of inertia and,
generally, to the mass and size of the molecule. In asymmetric tops, far more transitions are
allowed, since the presence of inequivalent moments of inertia creates both a more complex
energy level structure and new selection rules. As molecules become larger and more complex,
internal motions, such as inversion or internal rotation of a methyl group, can further split

energy levels and make the spectrum even more dense. For example, I assigned more than 4500



5

transitions of methyl acetate, a molecule that I studied early in my Ph D work, in just the
frequency bands between 6-18 GHz, 70-120 GHz, and 220-360 GHz. Beyond the increase in the
existing number of states, thermodynamics and statistical mechanics dictate the population
of each state. With increased number of states, the number of molecules in each state is
diminished, causing a decrease in the light absorption or emission of the molecule/quantum
state. One can imagine that if many species are present, each having thousands of transitions
with characteristic line widths of >1 MHz, the ability to identify the larger and less abundant
molecules can be compromised. This is exactly what is observed in complex hot cores as
millimeter-wave spectra are commonly “confusion” limited due to the spectral line density and
line broadening resulting from molecules with differing velocity components within the same

field of view [9-11].

For any population distribution that is remotely Boltzmann in nature, there is reason to
believe that as higher frequency bands are studied, the line density will eventually drop. Hence,
higher frequency observatories have recently begun or will soon begin to function, whose de-
sign and location are largely motivated by circumventing the large THz absorbance of wa-
ter in the Earth’s atmosphere. These observatories include the Herschel Space Telescope,
the 747SP-based Stratospheric Observatory for Infrared Astronomy, SOFIA, and the Atacama
Large Millimeter/sub-millimeter Array, ALMA, located in the driest mid-latitude location on
earth that extends for hundreds of square kilometers at high altitude. Recent data from Her-
schel on the Orion KL nebula, a source that is spectral-line-confusion-limited at millimeter
wavelengths, indicate that the line density does indeed decrease at higher frequencies, with
~23% of frequency space occupied by lines from 858.1 - 958.1 GHz and only ~7% occupied
from 1788.4-1898.5 GHz [12]. This reduced line density could allow for the study of molecules
that have low lying vibrational states using high resolution THz spectroscopy. Such studies

form one of the fundamental driving forces for the research carried out in this thesis.
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Indeed, one of the main obstacles to the studies of molecular complexity in star- and planet-
forming environments, now that appropriate observatories exist, is that laboratory spectra for
most prebiotic molecules do not exist in the THz spectral region, so astronomical data cannot
be analyzed completely. The most relevant cause of this is the lack of conventional THz sources
and detectors [13, 14]. Conventional sources of THz radiation include blackbody radiation,
generation by means of electronic oscillators, and continuous wave (CW) lasers. Each suffers
from one of many problems, not limited to the following, as we describe next: low output power,
lack of tunability, the requirement of continuous cryogenic cooling, large size, high cost, and/or
prohibitive complexity.

Spectroscopy in the far-infrared (FIR) or THz was first performed using thermal radiation,
most commonly with a grating based spectrometer feeding a single detector [15]. Fourier-
transform (FT) instruments, that record signals in the time- (or path difference-)domain, al-
lowed for faster data acquisition and a concomitant signal-to-noise ratio (SNR) improvement
as a consequence of the multiplex, or Fellgett’s, advantage — which is pertinent when the SNR
is limited by the noise of the detector rather than the source (shot) noise [16]. Challenges to
spectroscopic studies with FT-FIR, instruments stem from the very low photon flux of thermal
sources in the FIR region, the often low resolution of the technique because of the requirement
of moving a mechanical delay line over a fixed distance while maintaining high signal-to-noise

over the entire range, and the lack of quality beamsplitters [17].

Classical electronic sources of sub-millimeter or THz radiation, typically generated by fre-
quency multiplication of solid state microwave sources such as YIG or Gunn oscillators, have
a number of desirable properties. They can have extremely narrow (CW) line width, good
frequency tunability (at least at frequencies below 1 THz), and superb phase stability and con-
trol. The downside is that the power drops precipitously as frequencies approach 1 THz, and

the possibility of extensions to frequencies in the upper ranges of the THz band (say >5-10



7

THz) is remote. This is also true for related vacuum electronic sources such as backwards-wave
oscillators (BWOs), klystrons, traveling wave tubes (TWTs), and gyrotrons [18]. Such vacuum
devices operate classically by converting the kinetic energy of an electron current into an emit-
ted electromagnetic field. Due to ballistic, collisionless current flow, such devices can output

higher powers than do solid phase sources, but often lack tunability.

Continuous wave lasers that operate directly in the FIR can provide extremely high power,
but often lack frequency tunability, are prohibitively expensive, or require very complicated
setups. Such lasers include optically pumped THz lasers (OPTLs) [19, 20], quantum cascade
lasers (QCLs), and free electron lasers (FELs). In OPTLs, a CO3 9-11 pm grating-tuned laser
pumps gas phase rovibrational lines that create population inversion on transitions in the THz
region, most commonly in methanol, CH3OH. The CW output power can be greater than 1 W,
but is essentially fixed tuned to the rotational transitions pumped in the gas of choice. The
output of this laser can be adjusted via tunable sidebands added by ultrafast Schottky diodes,

but the power drops substantially when tuned away from resonance.

Quantum cascade lasers (QCLs) utilize custom-tailored fabricated semiconductor structures
to form two dimensional quantum wells, with THz lasing typically based on inter-subband tran-
sitions [21]. The first QCL to be successfully operated below the semiconductor optical photon
energy was demonstrated in 2001 [22]. Since then, operation has achieved by successively more
sophisticated designs with continuous wave operation over frequencies from <0.8 — 5 THz, at
temperatures >100 K, and with power levels exceeding 100 mW [21, 23]. Unfortunately, all of
these desirable characteristics have not yet been combined into one package, and commercial
availability is sparse to non-existent. Limited tunability has been demonstrated by incorpo-
rating microelectromechanical systems (MEMS) [24-26], with the maximum tunability being
8.6% [25]. Lastly, FELs permit the generation of intense radiation at virtually any THz to

infrared frequency by the acceleration of electrons to near light speed through custom magnetic
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structures. The downsides are extreme expense and size, broad line width(s), and relatively
poor signal-to-noise due to significant output energy fluctuations. Thus, laser sources for THz
generation have limited use, but there is significant room for improvement in the realm of both

QCLs and FELs.

1.1 Terahertz Time Domain Spectroscopy

Due to the limitations described above, there is a pressing need for a convenient THz spec-
troscopy approach with good wavelength coverage, high sensitivity, and moderate resolution.
Thanks to the performance and increasing availability of ultrafast (femtosecond) lasers, TeraHertz-
Time Domain Spectroscopy, or THz-TDS, is now perhaps the most common method in THz
science, worldwide. While THz-TDS is perhaps most similar as a technique to FT-FIR in that
it shares many of the same problems involving the extremely large bandwidth of the source, it
shares characteristics of both thermal and laser-based approaches. For example, fully coherent
generation is achieved in THz-TDS using ultrafast lasers and optics rather than the blackbody
radiation commonly used in FT-FIR. Thus, while the emission bandwidth in THz-TDS spans
many octaves as is true in FT-FIR experiments, the coherent light source enables phase stable
detection schemes, like those used in the electrical (i.e. RF and microwave) domains. This
stands in stark contrast to incoherent F'T techniques in the optical and IR regions of the spec-
trum where intensity-based detectors are used. Practically, the signal-to-noise of THz-TDS
instruments typically exceed FT-FIR only at longer wavelengths (that is, for frequencies below
2-3 THz). However, THz-TDS approaches provide the unique ability to acquire phase-sensitive
and stable spectra at high frequency and to easily probe ultrafast (sub-picosecond) dynamics of
various systems due to the generation and detection methods employed. In addition, THz-TDS

techniques will likely find increased application throughout the optical, chemical and materials
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sciences in the near future due to the availability of tailored single- through multi-cycle pulses
containing ever higher frequencies and the interest in phase stable detection for coherent control

purposes.

Ultrafast Laser
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Figure 1.2: A standard experimental layout for THz-TDS experiments.

A typical THz-TDS instrument design is outlined in Figure 1.2. Generally, a femtosecond-
class laser pulse train is split into two components, with most of the optical power dedicated to
a beam for THz generation, and the remainder forming a weak ‘probe’ beam used for ‘gating’
the optical detection of the THz electric field. Once generated, the THz source beam passes
through a sample and is focused onto a THz electric field detector co-linearly with the probe
beam. Via some interaction, usually the linear electro-optic effect, a signal proportional to the
THz electric field is recorded. One of the two beams is variably delayed with respect to the
other, most commonly using a movable mechanical stage, in order to probe the THz field at
different times. In this way, the time-dependent THz field is mapped out (typically over the

course of many pulses). Afterwards, the optical constants can be accessed in the frequency
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domain via the complex Fourier Transform. In Chapter 2 I describe the implementation of a
THz-TDS machine in the Blake group. Here, I first describe the essential components of such

an instrument in general terms, and lay out the present state of the art in the field.

1.1.1 Ultrafast Lasers

The heart of the THz-TDS technique is the ultrafast laser, which outputs light pulses with
femtosecond (fs) duration, as can be seen in Figure 1.3. Manipulation of such lasers and the
short pulses that they generate is thus necessary for successful operation of the Blake group THz-
TDS instruments, and the basics will be reviewed below. The key feature of ultrafast pulses
is the relatively few number of optical cycles contained therein, which results in a temporal
duration, down to < 5 fs, that is short compared to the physically relevant processes of interest
to chemists, as can be seen in Figure 1.4. The short pulses result in high instantaneous power,
up to >1 TW. As discussed in Section 1.1.3, THz generation exploits the transfer of the optical
pulse envelope shape to an output electromagnetic wave via various processes in crystalline

solids [27-29] and gases [30-33].
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Figure 1.3: An 18 cycle pulse with both the normalized electric field strength (blue) and
amplitude (green) plotted.

The most commonly employed femtosecond laser, and the most widely available commer-
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Figure 1.4: Timescale of various processes and reactions related to chemistry.

cially, is based on a Titanium-doped Sapphire (Ti:Sapphire) crystal as the gain medium [34].
Two configurations are commonly available commercially, the ultrafast oscillator [35] and the
regenerative amplifier [36]. Both are used in the Blake group, in two separate THz-TDS sys-
tems. Here I will describe that based on an oscillator-regenerative amplifier based high pulse
energy system, the thesis of Dan Holland describes the development and initial applications of

a dual oscillator THz Asynchronous Optical Sampling, or THz-AOS, instrument.

Ultrafast oscillators generate a regular pulse train defined by the round-trip time of the
laser cavity — the length of the cavity divided by the speed of light — as defined by a highly
reflecting mirror on one end and a partially transparent mirror or output coupler on the other.
In the frequency domain, this results in a frequency comb [37], with spectral components spaced
by repetition rate. For commercial oscillators, the repetition rates commonly span 50 MHz to
3 GHz, and pulse energy is typically at the nJ level (and so average powers of hundreds of
milliwatts to Watts). Oscillators rely on what is termed modelocking to establish short pulse
durations. The focus here will be on Kerr-Lens mode-locked (KLM) Ti:Sapphire lasers [38,
39], though future Blake group graduate students should be aware of disk lasers [40] based
on semiconducting saturable absorber (SESAM)[41, 42] technology, which feature the highest
instantaneous and average powers for oscillators. Such oscillators have the significant potential

to develop further, enabling plasma generation or optical rectification (OR, see 1.1.3) at very
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high repetition rates, for example, and/or at longer wavelengths where phase matching becomes

better suited to many nonlinear optical materials.

The principle behind modelocking is the constructive and destructive addition of many laser

cavity modes. Longitudinal modes must satisfy the optical cavity conditions, i.e.

L=nZ, (1.3)

where, as in the case of a CW laser, A is not fixed, and L > \. Since the fluorescence emission
profile of Ti:Sapphire is extremely broad, a large number of modes can be supported in principle.
If the phase of such modes is constant, as would be the case if they emanate from the same
location, constructive interference occurs only for a very short spatial or temporal interval, and
a very short pulse is formed. In Figure 1.5, the duration of a pulse with respect to the cavity
length is plotted as a function of the number of modes combined, demonstrating the effect of
modelocking. In Ti:Sapphire this is enabled by the optical Kerr effect, which causes a nearly
instantaneous change to the index of refraction and consequently a preferential focusing of the
beam when the intra-cavity power becomes high. This “self-starting” modelocking has the
benefit of not requiring an external starter beyond a mechanical shake of a cavity mirror, in

most cases.

In contrast, regenerative amplifiers operate by amplifying an already existing “seed” pulse
(often one produced by an ultrafast oscillator) in an optically-pumped gain medium, which
is also commonly a Ti:Sapphire crystal. In order to accommodate the high power within the
gain medium, the input femtosecond seed pulses must first be ‘stretched’ by separating the
frequencies of the pulse in time, so as not to destroy sensitive optics with the highly amplified
power that results. This process is referred to as chirped pulse amplification (CPA), since

optical gratings are typically used to separate individual frequency components in time and to
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Figure 1.5: The sum of a) 9, b) 19, ¢) 99, and d) 999 evenly spaced modes around 374.7 THz
(800 nm) following the gain profile of Ti:Sapphire with assumed Gaussian intensity and 40 nm
bandwidth output pulse. Of note is the intensity scale, which increases dramatically as the
number of modes increases; along with the time with respect to the cavity length, which is set
by the speed of light divided by the round trip time.

thus broaden the pulse. After stretching from femtoseconds on input to several picoseconds to
1 nanosecond on the output, the pulse can pass through the amplifier cavity safely. After many
round trips, at peak gain, the pulse is released from the cavity, typically using timed Pockels
cells, which operate by changing the refractive index of a crystal when a large electromagnetic
field is applied (see Section 1.1.4.1), and recompressed down to a time-bandwidth limited pulse
by prisms or by a grating (see Section 1.1.2.1). The repetition rate of CPAs can range from 100
kHz to <1 Hz, depending on the gain (and thus pulse energy) desired. Average powers now
run into the several Watt to tens of Watt range, which correspond to pulse energies from 1 puJ
to > 1 J, or peak powers of several TW. Large facilities that use multiple amplification stages
operating on the above principles can reach >1 PW peak power [43, 44]! One downside to CPA
is that the output pulse is typically longer than the input pulse, even after compression, due
to gain narrowing, because of the effective spectrum bandwidth reduction each trip through

the cavity as a result of the maximal gain near the pulse center wavelength. The effective
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signal-to-noise can also be limited due to amplified spontaneous emission (ASE) from the pump
laser, which limits the gain and is independent of the seed pulse, though regenerative amplifers

typically have lower contribution from ASE relative to other amplifier designs [45].

1.1.2 Ultrafast Pulse Principles and Optics

Proper manipulation and handling of fs pulses is essential for the operation and understanding
of THz-TDS instruments and will be summarized below. Many of the same principles also
apply to ultrafast THz pulses. When dealing with fs pulses, new optical principles come into
play. These arise both from the increased bandwidth intrinsic to short pulses (due to the nature
of the Fourier transform) as well as non-linear phenomena due to the high instantaneous field
strengths involved. The optical designs therefore differ from conventional optics due the broad
frequency content of the pulses in combination with dispersion, or the variance of the refractive
index or other optical property with wavelength, in actual materials. If dispersion is not dealt
with, it can distort an ultrafast pulse in both shape and phase. Dispersion is typically corrected
using prisms, gratings, special dielectric mirrors, or self-phase modulation (SPM) in the case of
very high energy pulses. In the most capable and flexible approaches an optical pulse shaper
is combined with a pulse shape diagnostic method such as autocorrelation or phase-resolved
measurements such as spectral interferometry for direct E-field recovery (SPIDER), frequency-
resolved optical gating (FROG), or multi-photon intrapulse interference phase scans (MIIPS)
[46]. Pulse compression techniques have allowed the construction of pulses <5 fs in duration,
consisting of only a couple of optical cycles at carrier frequencies near 374.7 THz (800 nm). The
increased spectral content also means that focusing optics must be carefully considered due to

the chromatic aberration.
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1.1.2.1 The Fourier Transform

Lasers with very narrow, delta-function-like frequency content must originate from a CW laser
with long coherence times. Similarly, pulsed lasers with very broad spectral bandwidth must
have very short duration. One might thus hypothesize that the product of bandwidth and
pulse duration is limited. Indeed, the so-called time-bandwidth product cannot be reduced
below a certain value, which depends on the pulse shape. If minimized, the pulse is said to
be transform-limited. That is, the pulse is as short as it can possibly be given its frequency

content. This can be thought of as a form of the energy-time uncertainty relation:

AEAt > =, (1.4)

oS

where At is the pulse duration — not the uncertainty in the time measurement. Hence, this in-
equality is fundamentally different from the more commonly cited momentum-position relation
[47] since t is not an operator and is usually regarded classically in quantum mechanics [48]. In
the context outlined here, an ensemble of states that exists for a short duration cannot have a

narrow energy distribution.

The time-bandwidth product is given by the following equation:

AwAt = 2rAvT, > 27ep. (1.5)

The exact shape of ultrafast laser pulses is not easy to determine in everyday laboratory experi-
ments, but cp is calculated for several common cases in Table 1.2. The energy-time uncertainty
relation can be further appreciated through the Fourier transform. Mathematically, the un-

certainty relation arises because it is not possible to concentrate a function and its Fourier



16

Table 1.2: Pulse Envelope Shapes

Envelope Shape || Intensity Profile 7, (FWHM) | Spectral Profile | Aw, (FWHM) | cp

Gaussian e=2(t/76) 1.1777¢ e~ (wre)’/2 2.355/7¢ 0.441

sech sech?(t/75) 1.7637 sech?(mwry/2) | 1.122/7, 0.315

Lorentz 1+ (t/m0)% 2 1.2877p, e 2wl 0.693 /77, 0.142

Rectangular 1 for |t/7| < 1,0 | 7 sinc? (wr,) 2.78/7, 0.443
elsewhere

Intensity, spectrum and time-bandwidth product for several commonly assumed pulse envelope
shapes.

transform,

BE(w) = F{B(t)} = /_ T Bttt = ’E(w)‘ emi9@) = | /S (w)e 9w, (1.6)

where S(w) is the spectrum, and ¢(w) is the spectral phase as a function of frequency. The
inverse transform is

E(t) = F H{E(w)} = /_oo E(w)e™tdw, (1.7)

where w = 27v. The time bandwidth product thus results mathematically from the nature of

the Fourier transform.

1.1.2.2 Dispersion and Chirp

The reason for the possible inequality in equation 1.5 is the separation in time of different
frequency components, which temporally broadens the pulse envelope compared to the case
where they are all in phase. This is often present, at least to some extent, in the laboratory
setting because of uncompensated spectral dispersion. Dispersion is the frequency dependent
response of a material to electromagnetic waves. Most commonly we are concerned with the
refractive index, or the velocity of light, in a material. Both the phase and group velocity must
be considered. The phase velocity is the velocity of an individual wave peak component through

a material, while the group velocity is the velocity of the pulse envelope as it propagates. Since
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the group velocity is the maximum speed that information can be transferred, it is limited by
the speed of light, and usually it is less than or equal to the phase velocity. If the two are equal,
a pulse propagates without distortion, if not, the pulse will distort as the different frequency

components of the light are differently delayed.

The refractive index usually refers to the phase velocity and is defined as:

c

n =

(1.8)

Uphase

For most materials, dn/d\ < 0. This is referred to as normal dispersion. In the case of
anomalous dispersion, dn/d\ > 0. To examine the effects of propagation through a dispersive
medium on a bandwidth-limited pulse, the group delay is analyzed. The group delay is a
measure of the spectral phase, which can be expanded into a Taylor series if Aw << w. The

group delay can be defined as

Ty % = ¢ (wo) + ¢ (wo) Aw + %(b”’(wo)AwQ + oy (1.9)

where ¢/(wp) is the group delay (fs), which is a linear phase shift, ¢”(wp) is the group delay
dispersion (or GDD, fs?), and ¢"(wy) is the third-order dispersion (TOD, fs®). Typically only
the GDD is considered, with higher order terms neglected. The group delay is always specified
with respect to a given optic or medium of a pre-defined length. Thus, another often cited
parameter is the group velocity dispersion (GVD), which is simply the GDD per unit length.

To predict the change to a pulse the index as a function of frequency must be known.

Two common results of dispersion are linear positive and negative “chirp”. Positive chirp
occurs when the red wavelengths of a pulse are temporally ahead of the blue wavelengths,

and results from normal dispersion (because redder wavelengths typically have higher phase
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velocity), whereas in a negatively chirped pulse the blue wavelengths lead the red, and results
from anomalous dispersion. An example of a positively chirped pulse is given in Figure 1.7.
Dispersion and chirp serve to broaden pulses and lower the peak field strength. This becomes
increasingly important as the pulse becomes shorter. For example, a 5 fs pulse at 800 nm will
broaden to 25 fs after 1 mm of BK7 glass or 2 m in air, whereas an 800 nm/100 fs pulse will
only broaden by 0.1 fs through the same media. This is quite important for ultrafast THz
spectroscopy since the time-dependent generation depends upon the pulse envelope. Further,
since the THz electric field detection is “gated” by such pulses, an overly broadened pulse limits
the temporal resolution in the sensing the THz field (and thus, via the Fourier transform, the
frequency content of the reconstructed THz pulse). Meanwhile, since the peak pulse amplitude is
also reduced, the efficiencies of any non-linear optical processes are reduced, as will be discussed

in the following Section 1.1.2.4.

Figure 1.6: A prism pair for dispersion compensation by negatively chirping a pulse.

Three techniques are typically employed to correct for chirp: prism pairs, grating pairs,

and negative dispersion mirrors. In a prism pair arrangement, as depicted in Figure 1.6, the
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input pulse is spread spatially by the first prism and collimated in the second. Afterwards,
a flat reflector sends the pulse back along the same path, and the spatial chirp is eliminated.
The geometry is such that the bluer wavelengths travel a shorter distance through the high
index material of the prism and thus the pulse is effectively negatively chirped. A four-prism
arrangement is also used when separation of output and input pulses is desired. The loss
can be quite low at 800 nm if the prisms are placed at Brewster’s angle. Gratings can be
used in similar ways, but often possess significantly larger angular dispersion than prisms, so
larger chirps can be established. In order to accommodate the larger dispersion, lens are often
required in combination with the dispersive elements in order to keep the size manageable.
Another advantage of gratings is that both second and third order dispersion can be controlled
by changing the angle of the grating. Lastly, negative GVD or chirped mirrors feature a many
layered dielectric structure designed to allow different penetration depths versus wavelength,
and thus are capable of inducing different temporal retardation based on light frequency. This
allows for negative chirping or shaping of the pulses. Such mirrors can be designed to buyer
specifications, but the price for such custom fabrication is quite high. Typically the negative
dispersion is not large for a single bounce, and as such, many bounces must often be used in

order to shape the pulse.

1.1.2.3 Pulse Shaping

Special mention should be made of optical pulse shapers, which are are able to modify the
pulse shape almost arbitrarily [49]. Typical optical pulse shaping techniques involve the spec-
tral dispersion of the pulse of interest, followed by spatial light modulation of the phase or
a combination of both phase and amplitude of the frequency components of the pulse, and
recombination to form a tailored time-domain waveform [50, 51]. Typically, spectral disper-

sion is performed by a combination of gratings, or in some cases, a series of prisms [52] or a
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Figure 1.7: Linearly chirped and unchirped pulses at a center wavelength of 800 nm.

virtually-imaged phase array (VIPA) [49, 51]. Phase modulation is most commonly achieved
using a spatial light modulator (SLM), consisting of many pixels of individually controllable
liquid crystals. Acousto-optic modulators (AOM) and VIPAs are also commonly employed [51].
Finally, amplitude control can be achieved by stacking two of these devices at the focal plane

of the pulse shaper.

1.1.2.4 Nonlinear Effects

At sufficiently high intensities, light can modify the optical properties of a material. That
is, the optical properties depend non-linearly on the optical field strength. Typically light
induces a linear polarization, or dipole moment per unit volume, but at higher intensities the
polarization can respond non-linearly. The polarization of a medium is relevant since time
varying polarizations give rise to electric fields. A power series expansion of the polarization,

P(t), results in the following expression:

Pt)=xVE®) +xPE2 ) + xPE () + ... = PO(t) + PO () + PO () + ... (1.10)
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where x(™ is the n-th order non-linear optical susceptibility [53]. The second-order nonlinear
polarization is only relevant to non-centrosymmetric materials that do not have have inversion
symmetry, such as some crystals. Centrosymmetric materials such as gases, liquids, and amor-
phous solids all demonstrate inversion, and X(Q) processes, such as second-harmonic generation
(SHG) (a special case of sum frequency generation, or SFG), are not observable. x®) processes

occur in both centrosymmetric and non-centrosymmetric media.

Many nonlinear effects are important to THz-TDS research. SHG, for example, is a source
of higher frequency optical light such as that used in time resolved “pump-probe” THz-TDS
applications (Chapter 4), two-color plasma THz generation (See 1.1.3.4 and 2.4.2), and as a
pump source for ultrafast oscillators (See 1.1.1). Optical rectification (OR) is effectively inter-
pulse difference frequency generation, and is used extensively in THz generation in crystals (See
1.1.3.2). The linear electro-optic (EO) effect, or Pockels effect, is effectively the inverse of OR,
and is used in THz detection via EO active crystals (Section 1.1.4.1). Four-wave mixing, a x®)
process, is commonly employed in the plasma-based generation and detection of THz radiation

(See Section 1.1.3.4 and Section 2.4.2).

The refractive index can change at high light intensities and is described as

n=ng+ 2y |E(w)|*, (1.11)

where 75 is the second-order index of refraction. The change of refractive index with intensity
(typically an increase) is called the optical Kerr effect, in relation to the Kerr electro-optic
effect, where the index of a material changes based on the square of the strength of an applied

DC electric field. To relate this to material polarization, it is found that

B 3mx ()
ng =

(1.12)

no
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when a single strong laser beam induces the nonlinearity and the effect is measured on that
beam. When the effect is measured with a separate, much weaker, probe beam the second-order

index of refraction is given by

6myv (3
Ty = X (1.13)
no
It is also common to relate Ty to intensity, I, rather than |E(w)[?. In this case,
4
ng = ——s. (1.14)
nopc

Typical values for ng are 1076 cm? /W [53]. In addition to the importance of Kerr-Lens mod-
elocking (see Section 1.1.1), this is important to phase matching and to self-phase modulation
(SPM). Phase matching is important in all non-linear processes, as is discussed at further length
in the next section. SPM, the change in phase of light due to no, and filamentation due to self-
focusing occurs in media when ny becomes large with respect to the linear index. The change
in the phase is given by:

A¢p = ¢ni(t) = —nol (t)woL/c. (1.15)

Since dw = (A¢)/0t, the optical spectrum is broadened, or, conversely, the pulse is self-
steepened in the time-domain, because the leading edge of the pulse shifts to lower frequencies
and the trailing edge shifts to higher frequencies. SPM and filamentation are central to plasma-
based THz generation as well as forming a general method for pulse shortening and broadening

[54).

1.1.2.5 Phase Matching

Phase matching, broadly, involves ensuring the greatest possible constructive overlap of inter-

acting electromagnetic waves in a sample. It is extremely important to optimizing nonlinear
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effects, and involves matching the wave vectors, k, of all fields to maximize the coherent addition

of waves in the forward direction, where

nw
k=" (1.16)

c
where n = [¢()(w)]"/2, and €(w) is the dielectric constant. With no non-linear contribution,
n = [eM]V/2 is the linear index of refraction. For an isotropic medium, the wave vector is

guaranteed to point in the direction of propagation, that is, in the direction of both the group
velocity and phase velocity vectors. For an anisotropic medium, the wave vector points in the
direction of propagation of the phase velocity. Finally, in dispersive media, each frequency

component must be treated separately.

The wave-vector mismatch is, in the case of SFG,

Ak =ky + ko — ks, (1.17)

where 1 and 2 are input photons and 3 is the output photon. Ideal phase-matching entails
Ak = 0, which maximizes the SFG efficiency. The efficiency of SFG is given by

sin(AkL/2)

AL (1.18)

I3 =13,

and drops of quickly as Ak moves away from 0. Due to dispersion and the different frequency of
the input and output waves, perfect phase matching is generally impossible. However, in some
cases, the match can be improved. For example, an anisotropic crystal has differing indices of
refraction along its unique crystallographic axes. Such a crystal is referred to as birefringent.
The orientation of a birefringent crystal can be changed with respect to the input polarization of

the light beams to increase phase matching and the length of interaction, L. In a homogeneous
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medium, to avoid deconstructive interference of waves, the length of interaction must be fixed,

or the polarization of a field flipped every coherence length [55], I, where

lo = 2/Ak. (1.19)

The coherence length can also be modified by changing the pressure, temperature, or other

physical property that affects the index of refraction of the medium.

1.1.3 Techniques for THz-TDS Emission

The techniques discussed in this section span THz pulse generation from ultrafast oscillator
and amplifier sources. With higher optical pulse energies many more techniques are viable,
so amplifier-based sources are preferentially considered here. Typical THz pulse energies with
table top systems are ~1 nJ, which limits experiments to the linear regime [56]. The Blake
group, amongst others, is considering nonlinear THz experiments, including ladder climbing and
the coherent control of large amplitude molecular dynamics (see Chapter 5). Several promising
new methods offer the possibility of generating the peak THz powers required for the proposed

nonlinear experiments.

1.1.3.1 Photoconductive THz Generation

The modern implementation of what are termed photoconductive antennas was originally devel-
oped as a means of checking the performance of high speed electronics that avoids the inherent
distortion of transmission lines, which work well at lower bandwidths and frequencies but not
near THz frequencies [57]. Later it was realized that this technique was the most efficient
approach to generating THz radiation when limited optical pulse energy is available, as in the

case of an ultrafast oscillator source, due to a weak dependence on pump fluence. The heart
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of the technique is ultrafast carrier generation in a semiconductor paired with an antenna for
far-field emission [13, 57]. The laser beam is focused onto a semiconductor crystal between
electrodes that have been deposited onto it, impulsively exciting the sample and changing the
conductivity by generating electron-hole carrier pairs. Typically a large DC bias is applied to
the electrodes to facilitate acceleration of charges in the material. The source of THz emission
in this case is very similar to the classical Hertzian dipole [58, 59].

A quantitative explanation of the emission is derived from Maxwell’s equations:

v x E(t) = 8“(2?@ (1.20)

de(t)E (1)

v H(t) = oE(l) + =5

(1.21)

where p(t)H(t) = B(t) is the magnetic flux, H(t) = o(t)E(t) is the current density, and
e(t)E(t) = D(t) is the electric displacement. Any time dependent change to u, o, or e will
cause the emission of radiation. Picosecond time scale acceleration of charge or changes in
conductivity, o, results in THz emission. The most common semiconductor used for photocon-
ductive generation of THz radiation is GaAs, and the technique is commonly limited by the
breakdown voltage, or the maximum bias voltage of the antenna. A hard limit is 30 kV/cm for
continuous DC bias, which is the breakdown voltage or dielectric strength of air at standard
temperature and pressure [60] — though the breakdown of air is time-dependent and if the DC
bias is pulsed, higher fields can be applied [61].

At low optical pump power, the peak emitted THz electric field strength scales linearly
with optical fluence (J/cm?), but at higher pump fluence the radiated field intensity slowly
approaches the bias field [62], and even reaches a maximum when high bias fields are used due
to carrier-carrier screening [63, 64]. If a large spacing between electrodes is used, the field can

be focused and has reached values of >150 kV /cm with a pulsed 10.7 kV /cm bias field [63]. The
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disadvantage of this method is that, while the required pump fluence is low, the power supplies
required to reach high bias field strengths over large distances typically must be pulsed to avoid
electrical breakdown in the material or air. This can introduce significant noise and typically
offers degraded signal-to-noise performance as compared to DC biased emitters. For oscillator
based systems, a common design to circumvent the high bias field is a metal-semiconductor-
metal interdigitated electrode structure, which creates effective fields of 100 kV/cm from an
applied bias of only 50 V, allowing for much more efficient THz generation, with detected
fields approaching 100 V/cm [65-67] for oscillator driven emitters. Another caveat of the
photoconductive antenna approach is that the usable frequency range typically only extends
from 0.3-3.5 THz. This is unavoidable unless a different semiconductor with faster response is

used, or the backward emitted THz radiation is collected [68, 69].

1.1.3.2 Optical Rectification

800 nm - 35 fs Pulse Sub-cycle THz pulse

i i \ —
A" N N
gifl 8*P(t) o 871, (2)
o't o't
Figure 1.8: A depiction of the process of optical rectification at 800 nm.
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When the optical pump energy becomes sufficiently large, as in the case of regenerative
amplifier sources, other THz emission techniques dominate typical experimental designs due
to their simplicity and higher emitted field strength. In particular, THz-TDS has typically
relied on optical rectification (OR) in ZnTe pumped by 800 nm femtosecond pulses from a
Ti:Sapphire amplifier as a source of THz radiation (See Figure 1.8). THz generated by OR is

better considered as the result of difference frequency generation (DFG) performed on distinct,
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but close, frequency components of the same pulse; the red and blue parts of the spectrum
mix to generate a sub-single cycle THz pulse. Pure optical rectification involves the creation
of a static DC field in the crystal [70]. If there are two frequency components, extending the

nonlinear polarization equations from section 1.1.2.4 yields:

E(t) = Ere ™' 4 Eye ™2t 4 c.c. (1.22)

The second-order polarization, from equation 1.10, is then

ﬁ(t) _ X(Q)E(t)Q _ X(Q) [E%e_%wlt + Ege_%wt + 2E1E26—(w1+wz)t + 2E1E§€_i(w1_w2)t
(1.23)

+ )+ 2X VB Ef + By E3]

where the first two terms describe SHG, the third term describes SFG, the fourth term DFG,

and the last term is OR.

Phase matching and the coherence length are also of critical importance to efficient OR.

The perfect phase matching condition is given by [71]

Ak = k:(wopt —+ wTHZ) — k:(wopt) — k(wTHz) = 0. (1.24)

From Equation 1.19, the coherence length in this case can be defined as

e

le(wrhz) = (1.25)

wWrHz|Nopt (wo) — nrHz(WrHy)|

where nqpe and nry, are the optical and THz indices for the central optical and THz frequencies,
respectively. Even in the closest matching crystal, (110) ZnTe, the indices are quite different at,
for example the common THz frequency of 1 THz, nti, =3.12 THz, and the optical wavelength

of 800 nm, nept = 2.85. This mismatch results in a coherence length of only 0.55 mm, which
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does not allow for significant THz signal to be produced from an optical pulse. Beyond the
small coherence length, the above treatment ignores the bandwidth of the pulses.

This is particularly troubling for THz radiation, where pulses have several octaves of fre-
quency content and markedly different indices in optical materials. Typical index or phase
matching schemes such as the use of birefringence result in a narrow bandwidth. Fortunately,
better phase matching can be achieved in this case, if the dispersion of the optical pulse is
considered. Since wept >> wTHz, Equation 1.24 can be approximated as

k(wrna) (a"f) . (1.26)
opt

WTHz Ow

Thus, in this case it is the optical group velocity, as specified by the group index, that is used to
establish the phase matching condition and not the phase velocity, since it is the pulse envelope
of the optical pulse and not the phase of the frequency components that is relevant to THz

generation. Since the group index, ng, is defined as
Ngr =N — X —— , (1.27)

Equation 1.25 can be rewritten as

e

le = . (1.28)
dn.

WTHz |[Nopt — Aopt ﬁpt

— NTHz
opt

With these considerations, the coherence length improves by almost an order of magnitude over
the range from 0 — 3 THz.

While ZnTe is perhaps the most frequently chosen material for THz optical rectification
at 800 nm, it has several severe limitations. Most worrisome is that ZnTe has a relatively

low bandgap, and two-photon absorption of the pump beam occurs at low powers relative to
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the damage threshold of the material [72]. The two-photon absorption generates free charge
carriers, which strongly absorb THz radiation. This limits the excitation pulse energy to below
what is commonly available in amplified Ti:Sapphire systems. Secondly, ZnTe has its lowest
optical phonon mode at 5.3 THz, significantly limiting the frequency coverage of a THz-TDS
instrument. This complication can be partially avoided by switching crystals for higher fre-
quency emission, to GaP for example, which has its lowest phonon mode at 11 THz [28, 73],
but at the cost of low frequency performance and field strength. Lastly, the relevant nonlinear
coefficient of ZnTe, d4;, which has a value of 68.5 pm/V, is lower than that of other nonlinear
crystals such as lithium niobate, LiNbO3, for which d. s is 168 pm/V. The efficiency of OR will
be further discussed in Section 1.1.4.1. The typical maximum electric field strengths generated
by OR in ZnTe using 800 nm excitation are ~ 1-5 kV /cm, though fields up to >10 kV/cm have

been achieved using large area emitters [72] and > 50 kV /cm in extraordinary cases [74].

1.1.3.3 Tilted Pulse Front

All of the problems with ZnTe have caused researchers to investigate alternative ways of es-
tablishing phase matching in other crystals. One of the most successful is to create an angle
between the directions of propagation of the optical pump and THz pulse. As we saw in the
last section, the optical group velocity is that which should be considered for proper velocity
matching — the absolute frequency of the optical pulse is of little consequence. Thus, the angle
may be established by tilting the front of the optical pump pulse, as occurs in the pulse com-
pression schemes described in Section 1.1.2.2; using a frequency separating element such as a

grating or prism and a focusing element such as a lens. The phase matching condition is now

Vi COSY = ot (1.29)
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g

where ~ is the tilt angle, which makes the projection of the the visible group velocity, vogt,

ph

equal to the THz phase veolcity, vy, [75]. This matching works when vl

opt = v%%z, which is
common for most crystals. Titled pulse front excitation enables phase matching over significant
lengths in materials which ordinarily have vastly different indices of refraction for light at THz
and optical frequencies, but at the cost of experimental complexity. For example, the index of

LiNbOsg is over two times greater at 1 THz than that at 800 nm [29], which does not allow for

collinear phase-matched propagation.

Hebling et al. [29, 76] have recently remedied these difficulties via tilted pulse front excita-
tion of a LiNbOg prism, yielding THz pulses having 1000 times larger energy when compared
to those generated in ZnTe at the same pump energy. The LiNbOg3 prism requires a tilt angle of
~ 63°, which in turn requires a pump pulse tilt angle of 78°, as can be seen from the following
equation:

1 o]
tany = —— tan~°, (1.30)
nopt

where ~° is the external tilt angle. A line focus was used on the crystal by employing cylindrical
lenses as pump focusing elements. With 20 mJ 800 nm pulses at 10 Hz, THz pulses with 10
uJ energy were generated. For reference and for comparison purposes, the reported THz peak
power was 5 MW, the average power was greater than 1 mW, the peak power at a 1 mm
focus was 500 MW /cm?, and the peak field was 600 kV/cm [29]. The internal efficiency was
reported to be 800% by measuring the redshift of the pump spectrum, indicating a cascaded
process [77]. Hirori et al. have demonstrated field strengths of greater than 1.2 MV/cm in
LiNbO3 [78] by improving focusing and pulse propagation through the OR material. The
THz energy is also predicted to improve by a factor of three to five by cryogenically cooling
the lithium niobate crystal, allowing for lower THz absorption in the crystal and has very

recently been demonstrated [79]. Improvements can also be made by going to longer pump
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wavelengths (1.55 pm, typically), due to an improvement in most of the crystals considered
for OR, and by further improvements to the focusing [80]. For example, 0.5 nJ THz pulses
at a repetition rate of 1 MHz were demonstrated using a Yb-fiber laser pumped tilted pulse
front scheme [29], with scaling to 2 nJ anticipated. The main limitation of this technique is the
small bandwidth of the pulses and lack of tunability. The bandwidth of the pulses generated
is peaked near 1 THz and becomes signal-to-noise limited by 3 THz, for room temperature
operation. However, no other alternative offers such high fields below 3 THz, so the technique
is worth considering further. Multi-cycle THz pulses with tunable bandwidth and center THz
frequencies have also been demonstrated recently using a shaped optical pulse train [81]. This
could make certain nonlinear THz experiments more feasible and allow for specific absorption of
THz radiation. Lastly, bandwidth control of the excitation pulse must be limited to achieve high
converstion efficiency due to loss Raman scattering processes at high bandwidth and sub-100

fs pulse duration [82]. The theory of the technique is layed out by Bakunov et al. [83]
The phase matched tilted pulse front OR efficiency, nry, is given by Hebling et al. as, [29]

. 2
QW%szgﬁL2fopt ce—orL/2 sinh?[ars, (L/4)]

eongptnTHZc?’ (aTHzL/4) ’

NTHz = (1.31)

where ¢ is the vacuum permittivity, L is the length of the nonlinear crystal, ary, is the THz
absorption coefficient, and deg is the effective nonlinear optical coefficient for optical rectifi-
cation, which can be generally related to the nonlinear susceptibility through the relationship
dijr =1/ 2)(22/1)C As an aside, d;;;, represents a lattice displacement which causes changes to the
potential of the crystal and a perturbation of the optical polarizability produced by changing
the electronic energy levels of the crystal (non-lattice or electronic interaction) [84]. The ef-

ficiency equation ignores linear and 2-photon absorbance at optical pump wavelengths, which

makes CdTe and GaAs unusable for OR at 800 nm and lowers the efficiency of ZnTe, as well
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as dispersion for both the THz and optical pulses. A complete efficiency equation should also
consider other nonlinear effects in the crystal such as two-photon absorption. However, the
results are useful for comparison purposes, and are presented in Table 1.3 for common crystals

using Equation 1.31.

1.1.3.4 Two-Color Laser-Induced Plasma

As seen in the previous section, the main difficulties with using crystals for THz pulse generation
is the inevitable dispersion (index matching) and absorption of THz photons by the crystal.
A novel solution to these problems relies on what can be modeled as a four-wave mixing-like
process (X(3)) in gaseous plasmas [32, 85-88]. To generate the plasma, a portion of the output
of a Ti:Sapphire amplifier at 800 nm is doubled and the combined two-color beam is focused in
a gas to generate a plasma due to multi-photon absorption or ionization initiated by tunneling,
wherein the Coulomb barrier is suppressed by the laser field. Here the pulse duration, and
consequently bandwidth, is the limiting factor, not index matching or absorption. However,
pulse duration and bandwidth are inversely correlated, so when shorter pulses are used, the
spectrum shifts to the mid-infrared [30, 89]. Also, filamentation can cause self-steepening or
self-compression, further increasing the bandwidth of the pump and THz pulses [54]. Thus,
usable, and coherently emitted, bandwidths of up to 75 THz [30] or more have been observed,
particularly when the third harmonic is included [31] or the 2w field is detuned from the second
harmonic of the wy field [90].

The THz pulses also have very high reported peak powers; though, due to a variety of non-
optimum experimental conditions and different detection methods, the maximum generated
pulse energy under ideal conditions is unknown. However, it is not unreasonable to expect that
pulses with energies of up to hundreds of uJ can be generated. The highest reported THz pulse

energies are 15 pJ, using an amplifier providing 50 fs; 30 mJ pulses at 10 Hz [30]. However,
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this study did not employ phase compensation [91] to temporally overlap the second harmonic
and fundamental pulses and used air as the generation medium, which has very large THz
absorption (due to the water therein). Liu et al. have measured fields of 35 kV /cm when using
700 pJ pulses, but claim improvements extending to over 1 MV /cm using higher optical pulse
energy and careful control of the THz collection and focusing system [86]. These claims seem
reasonable based on the observed square law dependence on the pump energy [32]. Ultimately,
the square law dependence falls off at higher pump powers due to absorption and scattering of
THz radiation by the higher plasma densities as well as a dephasing of the THz, wg, and 2w
pulses due to velocity mismatch [30, 92]. Generally, however, the THz radiation yield increases
linearly with filament length, i.e. with decreasing focusing of the optical beams. Interestingly,
the THz emission profile in the far field is donut shaped [30]. The polarization is often elliptical

[93].

There are several prominent theories for the origin of THz emission from two-color plasmas.
The first, and most basic, employs a standard nonlinear optical model in which the x® of some
medium, either neutral gas or a combination of ions and electrons in the plasma, allows for four-
wave rectification (FWR) where the carrier frequencies of three input fields sum to zero [32].
Much as optical rectification is the inverse of the linear electro-optic effect, it was hypothesized
that filamentation is the inverse of the THz field-induced second harmonic (TFISH) process, in
which the THz field and an optical field at wy combine to form an optical field at 2wy. This
was first demonstrated by the founders of the two-color plasma emission technique [94], but is
very similar to the DC version, electric field-induced second harmonic generation, or EFISH
[95]. The process can be described by the third-order polarization

P W) = By (B (0B (1) (1:52)
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and is found to be most efficient when all beams are polarized in the same direction, i.e.
[€) N )] (€)Y €:)) h h _ ishi f . . .
Xazzze = Xyyyy > Xadyy = Xyyre, Where the non-vanishing tensors for an isotropic medium are
listed. Phenomenologically, the process follows the predictions of this model. Since the 2wy
term is produced from the fundamental, the overall scaling is

P Sﬁo (t) cos ¢, (1.33)

7

where é’éo (t) is the electric field strength profile of the fundamental optical pulse and ¢ is the
phase difference between the second harmonic and fundamental. The behavior as the phase
between the two fields is varied serves as a test of the principle, but is not conclusive. This
is accomplished most easily by tilting a microscope coverslip in the beam, or by varying the
distance from the frequency doubling crystal to the plasma (which leads to relative phase

changes due to the differing indices for wg and 2wy).

Two significant discrepancies are seen in experiments as compared to the FWR predictions.
First, threshold behavior is observed near the field density required to form a plasma in air
[96]. Second, the process is remarkably efficient, producing pulses with field strengths far
greater than that commonly achieved from OR with the same pulse energy. Yet, due to overall
process dependence on a third-order nonlinearity, the THz field should be orders of magnitude
less. Thus, Kim, et al. have developed a theory in which the plasma forms a non-vanishing
transverse photocurrent, which, via Maxwell’s equations, emits THz radiation [30, 92, 97]. In
this model, the THz emission from ionization in a symmetry-broken laser field arises as a result

of the asymmetric current generated. The two-color field is given by

Esc = E,(t) cos(wt) + Eay,(t) cos(2wt + ¢) (1.34)
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which results in a sharply peaked repetitive wave when ¢ = 0. Ionization takes place when
the peak field is high, and the ions and electrons are accelerated by Foc. The velocity can be

written as

o(t) = —(e/my) /t "Bt (1.35)

where e and m, are the electron charge and mass and ¢’ is the ionization time. Generally the
electrons and ions oscillate at the laser frequencies but also are found to acquire a drive velocity

of

oalt!) = eE,sin(wt’) N eFEa,sin(2wt’ + cb). (1.36)
mew 2mew

The classical motion of the electrons emits radiation, much as is the case in photoconductive
antennas. This treatment neglects the effects of electron motion arising from interaction with

the nucleus and the free-free transitions that can be seen in electron energy spectra [98].

Based on these caveats, Karpowicz et al. [98] performed quantum mechanical simulations

by solving the time-dependent Schrédinger equation, where the Hamiltonian in atomic units is
1 2
i(p—i-A) +V(r), (1.37)

where A is the laser vector potential, p is the kinetic momentum operator, and V' is the atomic
potential. The interaction of single atoms and electrons is not found to produce THz radiation,
and so bremsstrahlung, or radiation from the deceleration of a charged particle, was considered.
While usually incoherent, bremsstrahlung is shown to be coherent within a half-cycle of the
THz wave. The resulting process is described by two steps: asymmetric ionization followed by
disruption of the original trajectories by the surrounding gas or plasma emitting coherent THz

radiation in an “echo” process.

Besides increasing the THz pulse energy via a pump energy increase, there are several other
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routes to improvement. Experiments were first performed in air or nitrogen [32] at ambient
pressure, which is far from ideal. The generated THz field intensity increases as the ionization
potential (IP) decreases [86]. For example, a peak field amplitude increase of more than an
order of magnitude is observed when using n-butane, with an IP of 10.63 eV, as compared to
nitrogen, which has an IP of 15.8 eV [86, 99, 100]. Using linear scaling, trimethylamine, which
has an IP of 7.82, should yield another factor of five increase. A significant fraction of the
improvement is expected to be a result of the higher plasma density and longer filament length

that can be achieved in lower IP gases.

Additional gains can also be realized by more complex frequency mixing schemes. When
the third Ti:Sapphire harmonic was combined with the second harmonic and fundamental, the
power was observed to increase by a factor of 10 with respect to the more common two-color
technique [31]. The spectrum shifted farther into the mid-infrared and reached 100 THz (3300
ecm~!) using the three color technique, and the power-law scaling in this case is extremely
high order — with estimates ranging from (Epump)® t0 (Epump)® depending on the frequency
range considered. Unfortunately, the pump energy was limited to 400 pJ in this study and
the generated pulses were estimated to have energies on the order of nJ, and the spectrum
below 400 cm~! (12 THz) was neglected due to the detection method. Recently, much higher
fields were demonstrated when the wavelength of the fundamental, and consequently the second
harmonic, were increased, because of an anticipated scaling with of the THz yield of A*6. The
maximum was found at 1.8 pm, with the THz field estimated at 4.4 MV /cm with only 420 uJ
total pump energy [101]. This dramatic increase is believed to be the result of — in the plasma
current model — the increase in THz energy proportional to the square of the photocurrent

density, which scales according to A.
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1.1.3.5 DFG-Based THz

One of the most promising techniques for THz and mid-infrared pulse generation above 3 THz
is difference frequency mixing with optical parametric amplifiers (OPA). Such an approach
provides passive carrier envelope phase stabilization and is similar to techniques in the near
infrared and visible regions of the spectrum [102-104]. Extremely high intensity pulses can be
produced, fully tunable from 10 to 72 THz. A significant problem with such a setup is the
lack of commercial availability of the components. In fact, due to the experimental complexity,
there has only been one experimental demonstration of the technique [102], in which a fs-Er:fiber
oscillator output is split and amplified to give pulses at 1.55 ym and 1.2 um. One is doubled and
serves as the seed to a conventional Ti:Sapphire based amplifier and the other is compressed
to 8 fs and used to gate electro-optic detection. This output, 5 mJ, pumps two OPAs and
provides the seed for both OPAs by white light generation in sapphire. One OPA has a signal
wavelength that can be varied between 1.1 and 1.5 ym and the other is fixed to 1.1 ym. The
signals are then mixed using type-II DFG in a GaSe crystal, or AgGaSs for higher frequencies.
The results are astounding. The maximum peak field measured was 108 MV /cm, which in this
case corresponds to a pulse energy of 19 uJ, the peak power reached 102 W, and the intensity
was of order 15 TW/cm?! The photon conversion efficiency was 14%, which is three orders of
magnitude higher than OR, by virtue of mixing the full spectrum of the pulses, as opposed to
solely the wings, in OR. If there was any doubt that such fields can generate non-linearities,
the authors observed THz-induced continuum generation, interband luminescence, and damage

to their detector when the pulses were not attenuated.

Besides the complicated experimental setup, a secondary concern is that the pulses generated
are multi-cycle. In a follow-up study, pulses that were closer to single-cycle were generated using

thinner GaSe crystal and a longer pump wavelength, which increases the bandwidth of the OPA
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due to lower GVD and better group velocity matching, but at the cost of reduced peak fields
of 10 MV /cm [103]. Lastly, emission is restricted on the low frequency end to 10 THz in GaSe

due to strong dispersion near a restrahlen band at 6 THz [105].

1.1.4 Detectors

In conventional THz-TDS, electro-optic (EO) detection is commonly employed. In EO de-
tection, the electric field of the radiation is directly sensed via the Pockels (linear electro-optic)
effect. A small portion of the laser beam that generates the THz radiation is split off and
variably time delayed to gate the detection. Here, any polarization rotation induced by the
electric field of the THz pulse in the crystal is sensed by the combination of a polarizer and a
pair of detectors. This allows for the THz electric field to be directly sensed as a function of
time. The main drawbacks to the EO detection technique are THz absorption by the crystals
and group velocity mismatch between the THz and probe waves, causing the technique to not
be broadly applicable. The extreme bandwidths of some of the THz sources discussed above
have caused some to employ different techniques, including the use of common mid-infrared
pyroelectric [30], MCT [31], and thermopile [102] detectors. The main drawback of these detec-
tors is the lack of phase and frequency information unless interferometry is used. Alternative
broadband, coherent, phase sensitive methods have also been demonstrated. These include de-
tection via THz field-induced second harmonic generation (TFISH) [32, 106] and detection by
THz radiation enhanced fluorescence emission [33]. Multiple crystals can be employed to avoid
phonon-resonance absorption of radiation, and EO characterization of pulses up to 72 THz has

been demonstrated in 90 pm thick GaSe [102], with flat spectral phase up to 105 THz [105].
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Table 1.3: Parameters for common EO and OR materials [27, 29]

Material || deg Nopt * nggonm TTHy n%.r%um arh, | FOM (107°
(pm/V) pm’cm?/V?)

CdTe 81.8 2.74 | 3.26* [107] | 3.24 | 2.81 4.8 21.7*

GaAs 65.6 3.40 | 4.18* 3.59 | 3.56 0.5 10.1*

GaP 24.8 3.18 3.67 3.34 | 3.16 0.2 1.80

ZnTe 68.5 2.85 3.13 3.17 | 2.81 1.3 17.1

GaSe 28.0 2.86 3.13 3.27 | 2.82 0.5 2.86

sLiNbOg 168 2.09 2.25 4.96 | 2.18 17 59.1

sLN 100K | 168 2.09 2.25 4.96 | 2.18 4.8 100

DAST 615 2.38 3.39 2.58 | 2.25 50 350

* = The index at 1.55 pum is used for evaluation for CdTe and GaAs, due to strong absorbance
at 800 nm. For DAST, the THz index at 0.8 THz is used, but for all others, 1 THz is chosen.
The FOM for OR is derived using Equation 1.31 and neglecting all non-variable terms using
L=1mm.

Electro-optic
Crystal

Polarizer [j
a5/

*

-

*  Balanced

5 Detectors
'y

9
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Figure 1.9: A standard experimental layout for electro-optic (EO) detection

1.1.4.1 Electro-Optic Detection

The use of crystals for ultrafast electro-optic detection was pioneered by Valdmanis et al. in
1986 [108]. The linear electro-optic (EO) effect has the same basis as optical rectification. The

portion of the non-linear response can be generalized as

P = TR B B (1.38)
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In this picture optical rectification results if wy — wy,

Py = X B ELY (1.39)

and the EO effect results if wy — 0 and

P = XL BB (1.40)

Thus, when the THz pulse, which is a pseudo-DC electric field, and an optical pulse, wy, are
incident on a medium with second order nonlinearity, a polarization at optical frequencies
is generated. This variably retards one component of the optical probe pulse, changing the
polarization at the output of the crystal depending on the electric field strength of the THz
pulse. The clamped electro-optic coefficient, r;j;, is relatively easy to measure with an applied
DC electric field and a laser beam, as seen from Equation 1.44, whereas the nonlinear optical
coefficient for optical rectification, d;j, is more difficult to characterize. However, the two are

closely related since both relate back to the nonlinear susceptibility. Indeed, it is found that

Xijk(w;w, 0) = —n(w)nf (w)rijr(w), (1.41)

where i and j typically have the same value [109]. It is then possible to relate the OR optical

coefficient to the effective nonlinearity as follows: [29, 84]

dofr = ngp7 /4. (1.42)

A list of relevant parameters for common EO and OR materials is given in Table 1.3 [27, 29].

Similar to the case of emission by OR, detection by EO is often performed with ZnTe or
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GaP crystals because of the similarity of the THz phase velocity and group velocity of the 800
nm probe light [73]. The match of the appropriate phase and group velocities occurs at ~ 1
THz for ZnTe and 6 THz for GaP [28]. At higher frequencies the velocity mismatch grows larger
and thinner crystals must be used to preserve the match. This reduces the observed response
significantly as can be seen from the following equation for the transmission signal seen by a

detector in an EO setup, T', where

_ 1+sinl’
N 2

T (1.43)

and

Bty L 27Tn8r41 Ern,L

= -
Va2 )

(1.44)

Here, L is the crystal length and V)5 is the half wave voltage. Planken et al. derive a
similar expression, which is more commonly cited, for the intensity difference of the polarization
components, A, in a balanced detection setup using ZnTe,

wn? Eru,ra1L

Alla,¢) =1, o

(cos asin 2¢ + 2 sin v cos 2¢), (1.45)

where I, is the probe intensity, « is the angle between the (001) axis and the THz beam
polarization, and ¢ is the angle between the probe polarization and the (001) axis. In practice,
these angles are usually experimentally maximized, but for reference, the maximum occurs
when ¢ = a+90 or ¢ = a at a = 90 or 270 degrees, with the amplitude of the signal switching
signs between these cases. The power of the THz radiation, W, can be estimated if the area of

the THz beam waist, A, in the crystal is known [32] via

W = egan/ E%(t)dt. (1.46)
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For reference, ~72.5 % of the total power occurs in the “peak” area, defined where the electric
field is positive around time t=0, in a non-phase shifted THz pulse generated by two-color
plasma and detected by GaP. Because of its natural birefringence, GaSe can be used as a
tunable EO detector above 10 THz, with the same low-frequency limitations that hold for
emission. Tunability is achieved by changing the angle of incidence to allow for phase matching
of the interacting waves in a type-II phase matching configuration. Additionally, the relevant
electro-optic coefficient, ra, is higher. For ZnTe at 800 nm, V) 5 ~ 3 kV, or alternatively, rq; ~
4 pm/V [105].

Electro-optic detection, as discussed above, is in the form most commonly used in THz-TDS
experiments, employing a split and simultaneous detection of both polarization components of
the probe beam. However, for imaging and single-shot detection purposes, a “zero bias” or
“zero optical transmission” point scheme is sometimes employed. In such a scheme, the EO
detection crystal is placed between crossed polarizers and the transmission minimized using
a phase compensator. The transmission through the crystal can then be spatially resolved
using a CCD array, for example. Though not as optimal as the balanced detection setup, the

modulation depth can easily exceed 9 % using modern technology [110].

1.1.4.2 Air-Based Detection

While EO approaches have been quite successful for THz field detection, the bandwidth coverage
is limited unless the crystal length is reduced to a thickness that drops the response significantly.
Also unavoidable are absorptions from the transverse optical (TO) phonon modes in the crystal.
Thus, for the coherent detection of a very broadband source, such as THz emission from two-
color plasmas, the third-order nonlinearity in an isotropic medium, typically gases, can be used
to increase phase matching bandwidth and virtually eliminate absorptions. The process by

which the THz field is sensed is THz field-induced second harmonic (TFISH) generation, which
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was first studied in the liquid phase in an attempt to learn about liquid dynamics [94]. In
this case, the THz pulse, like the static DC field in electric-field-induced SHG [95], induces
orientation of the the sample, creating a transient anisotropy in the normally isotropic sample
and allowing for SHG of a probe pulse at wg to occur. The polarization at 2wy, Piz“’0 is given
by

3
P = §Panz‘jkl(—2wo,0,w0>wo)E?E;f°Ef°» (1.47)

where E;-) = EJTHZ in the case of a THz field, p is the relative density, and nj, is Loschmidt’s

number, or the number of particles of an ideal gas at a given volume at 0° C and 1 atm. Hence,

ng = kf%o, where kj is Boltzmann’s constant. Velocity matching is given by

Ak = 2k — k>, (1.48)

Beyond changing the medium identity or pressure, not much can be done to improve the match.
Geometry is of primary concern along with the focusing of the optical and THz beams. Any
application of an external field, if relevant, should be constrained to the coherence length, and

the interaction length can be increased by periodically poling the applied electric field [55].

Since the response, s, is detected via the THz pulse-induced SHG of the probe pulse, the
measurement is only dependent on Iy, and is not intrinsically phase sensitive. This can be
circumvented in two ways. First [106], if the probe intensity is high enough to form a plasma,
some signal at 2w will be present due to white light generation from SPM and self-steepening
in the filament, and can serve as a “local oscillator” (LO) which mixes with the signal at 2w
due to the TFISH. Then,

L, B3, = (B35 1 (ELO)? + 2E55™ ELO cos(9), (1.49)

2w 2w
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where ¢ is the phase difference between ELO and E;ifnal. Thus, the normalized second harmonic

intensity will show modulations related to the sign of THz electric field. Written more explicitly

in terms of the observed intensity,

o, (X(3)Iw)2ITHZ + (EQLWO)2 + 2X(3)IwE§§ETHz cos(¢), (1.50)

where the substitution I = E? is used in combination with Equation 1.47, and where the first
term dominates when the intensity is low. The second term is the DC contribution from the
LO that can be removed by lock-in detection, and the third term dominates when the LO is
strong and is the source of coherent detection. Unfortunately, when the LO intensity becomes
too large, the offset to the data is large and the shape of the waveform can be modified [111].

This results in a lower dynamic range due to the large background signal.

Alternatively, air-biased coherent detection (ABCD) of THz waves can be employed [112],
in which a DC bias is applied to the region where TFISH occurs, and the second harmonic from
TFISH and EFISH can mix in the same way as above. The advantage of the DC-biased version
is that the phase sensitive LO contribution can remain large (the third term above) while
avoiding the THz and optical emission background characteristic of dense plasma filaments
created by strong optical fields. The background is reduced to 0 because lock-in detection is
used and the DC component is not present within the lock-in bandwidth. This was employed
in the Blake group and will be discussed further in Section 2.6, including a discussion of the

geometry necessary for appropriate phase matching of the DC, THz, and optical fields.

1.1.5 Determination of Optical Constants

Perhaps the most important use of THz-TDS is the relatively simple determination of the so

called optical constants, the real index of refraction, n(w), and the imaginary index, x(w).
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Figure 1.10: Reference and sample THz waveforms demonstrating the effect of constant n(w)
and k(w).

Simplistically, the complex index, 1 is determined approximately by the propagation coefficient

nwd

P(w,d) = exp [ZMC] (1.51)

through a medium, though it is more exactly determined below. The complex index of refraction

is a linear combination of the optical constants,

n = n(w) + ik(w), (1.52)

where r(w) is related to the absorption coefficient, a(w), by

alw) = . (1.53)

There are a couple things to note, since different conventions are frequently used. First, the

complex index of refraction, 7, is sometimes instead written as

n(w) —ik(w). (1.54)
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In this case, the propagation coefficient through a material is written as

(1.55)

Cc

P(w,d) = exp [—iﬁamd] .
Second, the absorption coefficient is commonly defined in base 10 for liquids and solids, as
opposed to base e and units nepers/cm for gases. Thus, they are related by a factor of In(10),
i.e. omepers = v * In(10). Most forms of spectroscopy determine only the absorption coefficient
unless Kramers-Kronig analysis can be employed reliably. FT-IR spectrometers can be modified
into an asymmetric version in which the sample is placed in only one arm of the interferometer,
an arrangement that can give both optical constants. It is rarely done, however, due to the

additional complexity it adds to the experiment and analysis.

In Figure 1.10 the effect of n and k on a typical THz-TDS scan can be seen. The full fre-
quency resolved values of n and k require fitting, as can be seen from Figure 1.11. The observed
signal at the detector has contributions from reflection at the sample interface, transmission
between interfaces, and propagation through the various media. Typically both reference and
sample scans are recorded with the sample placed in air or between windows, for which the op-
tical constants as a function of frequency are already known. Three media are thus considered,
with medium 2 being the sample of interest. From the Fourier transform of the time domain

signal, the complex frequency spectrum as a function of angular frequency is [113]
00 '
SsampLE(w) = nw - Ti2(w) - Pa(w, L) - Thg(w) - Z{Rg;;(w) - P}(w,L) - Ro1(w)} - E(w), (1.56)
§=0

where the terms from the summation in “curly braces” are reflections from the Fabry Perot
effect, which are important for thin samples, and n(w) is the combination of reflection, trans-

mission and propagation coeflicients in media 1 and 3. The reflection coefficient at the interface
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between a and b is

Tlg — 7
Rap(w) = ﬁ“Jr,ﬁ:, (1.57)
a

while the transmission coefficient from medium a to b is

2nq
T, =—, 1.58
() = = (1.58)
and the propagation coefficient in medium a through a distance d is
Nowd
P,(w,d) =exp |—i . (1.59)
c

The complex transfer function, H(w), is obtained from the ratio of sample and reference signals:

e [—i(ﬁQ — ﬁair)wf] -FP(w), (1.60)

Hiw) = SsamPLE _ 27na(n1 + n3)
SREF (52 + ﬁl)(ﬁg + 13

where FP(w) is the Fabry-Perot contribution, which will be neglected here (so FP(w) = 1), and
Srer = N(w) - Ti3(w) + Pir(w, L) - E(w). (1.61)

There is no analytical solution for ne and k9, so Equation 1.60 must be solved by computational
means. This is discussed further in Section 6.2. After the optical constants have been deter-
mined, they can be used to calculate other derived properties such as the relative permittivity

or dielectric constant, €(w), and conductivity, o(w). For the dielectric constant,

E(w) = € (w) + i€ (w) = T(w)?, (1.62)
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where [114]

€ (w) = n*(w) + K2 (w) (1.63)

and

€' (w) = 2n(w)k(w). (1.64)
The complex conductivity is obtained from

io(w) (1.65)
weQ

€= 6material(‘*-’) +

where €paterial(w) is the complex permittivity of the base material in the case of a doped

sample or of the non-photoexcited sample in the case of time-resolved spectroscopy (€p is the

permittivity of free space) [115, 116].
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Figure 1.11: A depiction of the intricacies of optical constant determination in an enclosed cell.
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Figure 1.12: A standard experimental setup for time resolved THz-TDS, wherein an optical
probe pulse excites the sample, while the changes to the THz spectrum are monitored as a
function of time.

1.1.6 Time-Resolved Spectroscopy

The other advantage THz-TDS has over FT-IR or other THz range spectroscopies is the
ability to analyze the ultrafast change to the THz optical constants, or parameters derived from
these quantities, as a function of time after a change to the sample, typically as induced by
an electronically resonant optical excitation pulse. A typical experimental setup is shown in
Figure 1.12. Two time delays are swept, giving rise to a 2D scan. Most commonly probed are
semi-conductors, since the change in conductivity is often relatively large and thus involves a
large change to the THz reflectivity, and chromophores in liquid environments where the solvent

response typically dominates at THz frequencies.
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Chapter 2

THz TDS as Implemented in the
Blake Group

2.1 Introduction and Overview

THz-TDS was first performed in the Blake group in the summer of 2007 using a Spectra
Physics Tsunami Ti:Sapphire oscillator on loan from the Heath group and biased photoconduc-
tive antennas on GaAs as provided by Ekspla Optics [117]. The emitter-detector pair, though
commercially available, only provided qualitative results due to extreme hysteresis in align-
ment /adjustment and a profound sensitivity to vibration of the bias and signal cables. The
latter sensitivity arises because the devices were operated in current mode and very low currents
were sensed. The vibrationally-driven noise pickup was so severe that it was common to press
a button to start the scan and to tip-toe out of the lab, making sure to gently close the door
on the way out.

Thanks to support from the National Science Foundation Chemistry Research Instrumenta-
tion & Facilities: Instrument Development (CRIF:ID) program and the National Aeronautics
and Space Administration Laboratory Astrophysics program, new ultrafast lasers, including
both oscillators and a regenerative amplifier, upgraded THz emitters and detectors, and A /D
detection electronics were installed beginning in 2008. Our initial THz-TDS were performed

using optical rectification and electro-optic detection in 1 mm thick (110) ZnTe. The delay
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between the optical pump for the THz emitter and optical probe for EO detection pulses was
swept by moving a delay stage at constant velocity. The rotation of the probe polarization was
sensed by a combination of a quarter wave plate and linear polarizing beam cube in combi-
nation with two variable gain photodiodes. The signal of the photodiodes was processed in a
difference amplifier and sensed with either a lock-in amplifier or a directly by an oscilloscope
that served as a data acquisition card. The data were then stored in memory and averaged and
processed after scanning was complete. Later, in the interest of wider bandwidth and higher
signal-to-noise/dynamic range, the emitter was replaced by thinner samples of ZnTe, by GaP,
or by a two-color plasma source. When broad bandwidth was desired, EO detection was per-
formed with GaP, at the cost of signal strength. Detection by FWM in air was also attempted,
as this technique shows promise for detection of signals with very large bandwidth, but has not

yet been successfully demonstrated.

Comparisons of the progress so far are presented in the following figures: Figure 2.1 shows
the difference in the detected spectrum for two distinct sources and emitters, a 0.2 mm thick
ZnTe wafer for emission and a 1.0 mm thick ZnTe wafer for detection versus a plasma emission
source and 0.4 mm thick GaP EO detection wafer. The time-domain waveforms are shown
in Figure 2.2, where the excellent signal-to-noise is due to long averaging times. In practice,
the usable frequency content of the plasma THz pulse with EO detection typically extends to
‘only’ ~ 8 THz (literature reports include results with several tens of THz bandwidth), but
the two-color plasma source still extends the useful frequency range by over a factor of two as
compared to a ZnTe emitter. In the following sections I detail the major components of the

new THz-TDS instrument developed for this thesis.
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Figure 2.1: A comparison of the base-10 logarithmic FFT magnitude of the pulses seen in the
next figure.

2.2 Laser Systems

2.2.1 Oscillators

The original oscillators for the CRIF:ID facility included two Coherent Micra Ti:Sapphire lasers,
Kerr-lens mode-locked oscillators capable of supplying nJ femtosecond pulses with controllable
bandwidth and frequency. The average power is typically between 400 and 500 mW at a
repetition rate of 80 MHz. One of the Micras is intended to be “slaved” to the other and has
three ways to control the repetition rate, including a stepper motor on the output coupler and
PZT controls on two of the cavity mirrors. The output spectrum of the Micras can have >
120 nm of bandwidth (FWHM). As such, they are quite useful for seeding amplifiers due to
their broad bandwidth. The output is chirped, and if compressed, pulses with a time duration

of <15 fs can be produced. The pulse duration, chirp, and spectral bandwidth are controlled
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Figure 2.2: Comparison of THz sources and detectors showing the improvement in frequency
coverage resulting from the extra intensity and bandwidth of the plasma source.

by the combination of two prisms on translation stages and a hard aperture with controllable
width near the high reflector (see Figure 1.6). Later a Mantis oscillator was purchased as a

dedicated seed laser for the Blake group regenerative amplifier, described below.

The Mantis is similar to the Micra with a few exceptions. The pump source is an integrated
optically pumped semiconductor laser (OPSL) as opposed to a diode pumped solid state (DPSS)
laser in the Micra. The OPSL is expected to have a much longer lifetime and is much cheaper
than the DPSS, but the beam quality is worse, M? ~ 1 for the DPSS and ~4-10 for the OPSL.
The power fluctuations are also larger because the laser is not single mode (the Micra lasers are
capable of Carrier Envelope Phase, or CEP, stabilization, which requires very low noise pump
laser operation). The other main difference is that negative dispersion mirrors are used to
control the intracavity dispersion instead of prisms. The spectrum can be changed only slightly
by adjusting a set of thin wedges, and the end result is that the bandwidth is reduced compared
to the Micra, typically to values of ~70 nm. This is sufficient for seeding the amplifier due to a
hole in the spectrum at the center wavelength, ~ 800 nm. The Mantis pulse spectral content,

as sensed by an Ocean Optics USB4000 VIS-NIR spectrometer, is displayed in Figure 2.3.
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Figure 2.3: A typical spectrum of the Mantis as sensed by an Ocean Optics USB4000 spec-
trometer. The “noise” at the peak is due to etalons in the detector.

2.2.2 Regenerative Amplifier

One Micra was originally used to seed the Coherent Ti:Sapphire regenerative amplifier, model
“Legend Elite USP,” or Legend herein. The Legend features three sections and an integrated
pump laser. First the input pulse from the oscillator is stretched temporarily and spatially in
the stretcher. Sufficient stretching requires significant physical space, and this section of the
Legend is the largest. The pulse is first aligned through an optical isolator in order to prevent
feedback into the oscillator. It is then directed onto a grating, which disperses the pulse. After
propagating across the cavity, the pulse strikes a curved dielectric mirror which collimates the
pulse and redirects it back at the grating. The grating then serves to reduce the size of the pulse

spatially. The pulse makes another set of trips though the grating and curved mirror set and
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is then sent to the amplifier. The amplifier itself is a large Ti:Sapphire rod which is pumped
by the ~20 W second harmonic (527 nm) output of a Q-switched Coherent Evolution Nd:YLF
laser operating at 1 kHz. The pulse takes on the order of 10-15 round trips in the cavity before
being released by the combination of double passed Pockels cell — triggered by a high voltage
pulse — and a thin polarizer. The Pockels cell is biased to impart a quarter wave rotation at
each pass. The intracavity power is roughly 4.2 W at this point before being passed into the
compressor. The compressor serves to shorten the pulse by again using several passes off of a
grating. The size of the compressor and the distance the light travels is smaller due to reduced
bandwidth in the amplifier due to gain narrowing. As originally delivered, the optimal output
was 3.3 W at 1 kHz, which results in 3.3 mJ pulses of ~30 fs duration (FWHM). Very recently,
the amplifier cavity has been altered to support pumping from one side of the amplifier, which
makes the laser easier to align. The Pockels cells were also replaced with less lossy versions, and
“afterburner” optics were added to refocus the extra pump light onto the Ti:Sapphire crystal.
This results in up to ~4.2 W after compression at the output of the Legend, with slightly longer

pulses of ~35 fs.

2.3 Delay Line

The Ekspla delay line features a protected gold-coated retroreflector, or corner cube, which
can be difficult to align and is lossy relative to dielectric mirrors. Beyond that, the delay line
was designed for step-scanning, and the constant start and stop motions created significant
shaking, which is not ideal for an optical delay line for obvious reasons. The time needed to
permit mechanical settling causes a THz scan to be extremely slow. Two motion stages were
therefore ordered from Newport (ILS100 and ILS150). The motion is much smoother than the

Ekspla delay line, and there are many more motion control options. Two 45° angle of incidence
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high reflector (HR) mirrors were mounted on the stage and used to direct the beam back along
the direction of incidence. The delay stage was aligned by ensuring that the incident beam was
completely level to the optical table and traveled completely parallel to the direction of travel
of the stage, which was taken to be parallel to the holes on the optical table. To accomplish
this alignment, a set of razor blades — one vertically and the other horizonally oriented — were
mounted on translation stages. They were placed at a fixed distances along the direction of
propagation and translated into the beam path such that the transmitted power was reduced
to 50% of the incident intensity. The steering mirror was then adjusted. This procedure was

repeated until no translation was required.

Both delay lines have well-measured pitch and yaw over the entire travel range, but they
are not constant and thus are difficult to adjust for. The displacement for the ILS150 was
measured as ~24 urad/100 mm of travel, which is close to the 30 urad reported by Newport
and significantly less than the spec of 100 prad/100mm. Thus, the beam does have some
uncorrectable displacement in both the horizontal and vertical axes when propagated a long
distance from the delay line. Since the delay line is most frequently used for the THz probe
beam, the beam is focused onto both the EO detection crystal and onto the photodiode detectors
and the displacement is demagnified significantly. The other use of a delay stage is for the optical
pump beam in time-resolved THz-TDS scans. In this case, the stage can be placed close to the
sample and the resulting beam displacement is small. In future designs, it is recommended that
the delay lines be placed close to the experiment instead of close to the output of the laser to

minimize these effects.

Initially, in an attempt to mimic the functioning of the Ekspla delay line, the delay stages
were stepped, but this leads to very slow scanning times, as at each point the stage must find its
center position, which takes on the order of a second or more. Instead, a routine was designed

where the stage was moved with constant velocity, and data were acquired as a function of
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the time after a period of constant acceleration. This resulted in much faster data acquisition,
and allows for more averaging. Small start time offsets in the signal from scan to scan were
observed, probably due to variance in start time. In order to increase the reproducibility of the
data when averaging, the data are co-added after centering on the point of greatest amplitude.
Details can be found in Sections 2.5.2 and 6.1. Future iterations should include extra points for
peak amplitude finding routines by interpolation. Absolute fiducial marks created by the white
light fringe of a broadband laser or light emitting diode would serve to improve the scan-to-scan

repeatability as would real-time acquisition of the delay line position.

2.4 THz Emission Techniques

A power splitter/variable attenuator was used to control the power directed to the THz emitter
(model 990-0070-800-H from Eksma Optics) in EO generation schemes. It consists of a quartz
waveplate (A/2) followed by two thin film polarizers mounted at the correct angles. The device is
not optimal for many reasons. The waveplate causes SHG and slightly modulates the spectral
content of the pulses. Most of the SHG is transmitted through the first polarizer, and can
be spectrally filtered if necessary. The bigger problem is the spectral range over which the
polarizers work, which does not cover the full bandwidth of the Legend pulses. This is well
described graphically in the data sheets, but is also discussed here in detail. Given a 3.2 W
input beam, a maximum of 2.63 W (82%) is transmitted through the first polarizer, when the
beam is p-polarized. The residual reflected light consists of the blue part of the spectrum. This
is a significant disruption of the pulse spectrum and necessitates a significant change to the
time-domain properties of the pulse. When the beam is s-polarized, 2.92 W of 3.2 W (91.3%)
is reflected by the combination of both polarizers. The red part of the spectrum is transmitted

through the first polarizer, but to a lesser extent. Thus, the reflected, s-polarized beam was
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used in all experiments. This power splitter should not be used if one is concerned with the

high or low frequency pulse spectrum or in achieving the shortest possible pulse.

2.4.1 Optical Rectification

After the challenges of THz-TDS experiments with photoconductive antennas, OR in ZnTe as
pumped by the Legend was employed as a source of THz radiation. For these experiments,
EO detection, also in ZnTe was employed. The combination of the two results in very large
signals given appropriate probe intensities. Electro-optic crystals were purchased from Ingcrys
in various thicknesses. Initially 1.0 mm thick crystals of ZnTe were used for both emission and
detection. Later it was found that thinner emitter crystals gave greater power and broader
bandwidth THz pulses. This is attributed to saturation of the emitter and THz absorption of
the generated free carriers caused by optical two photon absorption and higher order processes.
For EO detection, signal strength was found to correspond to the crystal thickness.

The use of GaP allows for higher bandwidth detection of THz radiation, in principle. How-
ever, the signal-to-noise decreases and thus the higher frequency components of the pulse may
not be able to be sensed without averaging. Figure 2.5 shows the higher bandwidth of the
shorter pulses produced by GaP and detected by 1.0 mm thick ZnTe. The power is normalized

and does not show the smaller intensity of the signal compared to ZnTe.

2.4.1.1 ZnTe

Figure 2.4 shows the difference between 0.2 and 1.0 mm thick ZnTe crystals as used as an OR
source of THz pulses; in both cases EO detection by a similar 1.0 mm thick ZnTe wafer is used.
When used as an emitter at modest input power, ZnTe glows reddish orange. At sufficiently
high intensity, the color will change to green. Typically this corresponds to the highest field

strength THz pulses, but also entails damage to the crystal over time. A damaged ZnTe crystal
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Figure 2.4: A direct comparison of 1 mm thick ZnTe and 0.2 mm thick ZnTe emitters as
detected by the same 1.0 mm thick ZnTe wafer demonstrating the overall superior performance
of the thinner wafer. The water stick spectrum is shown for comparison purposes.

appears dark relative to an unused crystal. The dark spot usually appears in the center of
the crystal where the laser power is highest. Upon darkening, the efficiency of THz generation
remains somewhat constant, and thus the damaged crystals can continue to be used. Very clear
demonstrations of this can be seen at the focus in detector crystals where opaque marks are
easily made when using the unattenuated remains of the pump beam for alignment. It is thus
important to remember to always attenuate the pump beam prior to using it for alignment
purposes. Typically 0.8 W of the Legend beam are used for pumping ZnTe emitters. A future
experiment of interest for the Blake group is the use of a large-aperture ZnTe crystal acquired

from Ingcrys. It may serve to significantly increase the signal in experiments below 3 THz.

24.1.2 GaP

The electro-optic coefficient difference between ZnTe and GaP makes a significant difference in
use as an EO sensor. However, when used as a THz emitter, the signal from GaP can compare
to or even beat ZnTe for several reasons. First, at the same pump energy the THz signal can

compare to that from ZnTe since GaP does not suffer from two-photon optical absorption (and
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Figure 2.5: A normalized comparison of GaP and ZnTe emitters as detected by the same 1.0
mm thick ZnTe wafer. The GaP spectrum is weighted more toward higher frequencies.

the subsequent absorption of the generated THz radiation by free carriers). Secondly, GaP can
be pumped with more energy because of the higher damage threshold due to the absence of
two-photon absorption. Lastly, the lowest TO phonon mode GaP lies above 11 THz. Thus,
GaP emitters can be effectively used up to 8 THz, thus increasing the bandwidth of the signal
and ultimately, the peak field strength. Future experiments should be attempted at higher
pump powers with a GaP emitter, as typically GaP was used at similar pump power to ZnTe
in the Blake labs solely due to convenience. While the GaP emitter is not expected to have
the same high frequency content as the two-color plasma source, it may be less noisy due to its

reduced susceptibility to air currents or optical fluctuations.

2.4.2 Plasma-based Emission

In the interest of shorter THz pulses with higher field strengths and greater bandwidths, two-
color laser induced plasma THz generation was employed. The first attempts at laser-induced
plasma were in the standard experimental setup where the ~0.8 W Legend pulse train used

for OR in ZnTe was focused through a S-BBO SHG crystal. THz pulses with very small field
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strength were sensed. Retrospectively, this was attributed to the pulse compression of the
Legend output. It was found that maximum signal from OR corresponds to a chirped output
pulse from the Legend, in contrast to the plasma, where shorter pulse durations, and especially
transform limited pulses, strongly correlate with higher THz field strengths. Unfortunately at
the time, we did not know that this was the case. It was assumed that the difficulty arose from
the fact that the phase matching and polarization of the red and blue pulses was not optimum,
as had been reported by several papers [91, 118]. This caused us to attempt the GVD and
polarization compensation scheme described in the following section. In our second suite of
experiments, the plasma was generated by focusing the combined 800 and 400 nm light with
either a lens or an off-axis parabolic mirror. If focused before the BBO crystal, a lens can be
used, but if the output of the BBO is focused, severe chromatic dispersion in the lens causes a
double focus along the direction of propagation and very little THz radiation is observed. Both
gold- and aluminum- coated OAPMs were considered and tested. For a pulse centered at 800
nm, the gold OAPM reflects ~ 96.7% of the incoming power and ~31.7% at 400 nm, or ~81.7%
of the total combined power. The aluminum OAPM reflects ~70% of the power at both 400
and 800 nm. The aluminum was chosen, since the THz field should scale proportionally to
E§00E400, and the optical field strength was assumed to be related to the square root of the

power, making aluminum ~10% more efficient than gold.

Three different gases or gas mixtures have been used to test the plasma, including air,
nitrogen, and argon. The field strength of the emitted THz radiation becomes higher upon
purging the enclosed area with nitrogen gas and increases slightly more when switching to
an argon purge gas. The increase in observed THz field strength when switching from air to
nitrogen is >12% and ~18% when argon is used instead. The observed results match well
with previously observed trends [100, 119]. Larger improvements should result when a gas

with a lower IP is used [86], and the expected scaling with IP is of exponential high order
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below saturation. The scaling at or near saturation is slower, due to an almost linear increase
with optical power in the plasma length even beyond the dephasing limit [119]. We believe
this to be consistent with the results of Rodriguez et al. [120], where a higher power laser
system was used. In the future, if lower pressures are to be used, such as in a gas jet, for
example; trimethylamine, with an IP of only 7.82 eV, might be considered [99]. This is more
relevant for gas-based detection, however, where the scaling with pulse energy is anticipated to

be significantly steeper.

2.4.2.1 Phase Compensation

The phase compensation scheme used [91, 118, 121, 122] was of the “in-line” variety, and
is shown in Figure 2.6. It consists of a S-BBO crystal optimized for type I SHG, where the
polarization of the SHG pulse is orthogonal to the input pulse, followed by a birefringent calcite
plate set to variably delay the 800 nm pulse with respect to the 400 nm pulse. Lastly, a quartz
dual-band waveplate is used to impart a A/2 retardation at 800 nm and a A retardation at 400
nm. Both pulses are focused by an off-axis parabolic reflector to form a plasma that emits THz
radiation. Initially, a pair of fused silica wedges were used to finely tune the delay between the
800 and 400 nm pulses. This was found to be unnecessary, and tilt tuning of the birefringent
plate was used instead. The GVD between the 800 and 400 nm pulse is tuned linearly by
varying the angle of incidence from -10 to 10 degrees. Two GVD calcite plates were ordered
from Eksma Optics. The first calcite plate can adjust for offsets between -240 and -520 fs. It
is 1.7 mm thick and has an optical axis orientation of 55 degrees relative to the surface. The
second calcite plate adjusts offsets between -390 and -800 fs. Its measurements are unknown,
but could in principle be calculated. For pulses shorter than 50 fs, a-BBO should be used
instead of calcite as a birefringent material due to reduced dispersion relative to calcite.

The GVD compensation plate must compensate for the group velocity difference in the
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elements of the plasma generation optics as well as any windows, lens, or air through which both
beams travel before the plasma is created. The S-BBO crystal is 0.2 mm thick and generates
minimal GVD between the 400 and 800 nm pulses due to index-matching based on the cut
angle and central frequency of the THz pulses. The GVD of different frequency components of
the broadband pulse is of concern, however, and thin material is used to minimize this effect.
The effective index, neg, can be written as a function of the cut angle, ©. via the following

equation:

(2.1)

where e and o refer to the extraordinary and ordinary indices of refraction, which give an
effective index of refraction of 1.660523 for S-BBO at €2,=29.2° for both relevant wavelengths.
The air also provides a GVD between the 400 and 800 nm component of the pulses of 26.7
fs/m. No more than a meter separated the S-BBO crystal from the focus of the OAPM.
The zero-order dual-band waveplate is made from air-spaced single-crystal quartz of unknown
thickness (Eksma Optics part number 465-4211). Because of the birefringent nature of the
plates, unknown orientation of the optical axes, and unknown thickness, the GVD cannot be
estimated a priori, but it is significant. Initially, the very low estimate of ~5 fs GVD was
made based on the 43 pum thickness of quartz used in previous experiments [122, 123], but such
a waveplate is a true zero-order waveplate and is not used herein due to better performance
of air-spaced waveplates for broadband applications. Factoring out the rest of the optics, the
best guess for GVD induced by this optic is actually 350 4+ 40 fs. A representative from the

company cited the actual value as ~346 fs to us in an email.
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Figure 2.6: The in-line phase compensator used for THz generation via two-color laser plasma.
The device’s main purpose is to orient the 800 and 400 nm beams with the same polarization.

2.4.3 Field Strength Calculation

The THz field strength can, in principle, be calculated from the response obtained from the
measured voltages of the balanced photodiode setup using Equation 1.44. The setup was tested
using a ZnTe elctro-optic crystal with a thickness of 1 mm. Measurements and calculations for

the ZnTe half wave voltage, V), range from 3 kV [124] to 5 kV [125], where

A

_ 2.2
2n3r,1 (2.2)

Vi =

In this case, the numbers reported in Table 1.3 were used, and V), =4161 kV. The difference
comes from inaccuracies in the measurement of r41. EO detection with ZnTe also suffers from
other problems, including phase walk-off at low frequencies and absorption. When the bulk
of the input THz signal to be rectified is <3 THz, this is not of as much concern. Since a
significant part, perhaps even the majority [30], of emission from the two-color source is above
or around 3 THz, however, the field strength will be underrepresented. GaP should have been
used for this determination since the THz absorption spectrum is low until the onset of the
first TO mode at >11 THz, with adequate performance up to 8 THz [73]. Additionally, V) 5 is

much higher, at 12.8 kV, using the numbers found in Table 1.3.
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The procedure for the field strength measurement will be discussed in this paragraph. The
signal from the summing amplifier was swapped to give positive polarity for both channels,
rather than opposite, as is commonly set for balanced or difference measurements. The signal
magnitude was averaged and processed in the same way as the THz-TDS data by the scanning
software. Without changing the scale on the oscilloscope, the maximum, minimum, and zero
value for a THz scan were recorded in standard balanced detection mode. The zero corrected
maximum was compared to the average total signal from both detectors. This ratio was divided
by two and added to 0.5, which is the criteria to be balanced, and the I'=0 condition of Equation
1.44 was imposed, to give the transmission through one arm of the linear polarization analyzer
(polarizing beam cube or Wollaston prism). From this, I, in radians, and Ery, were determined.
The result was corrected for transmission and approximate propagation through 5 mm of high-
density polyethylene and for transmission into ZnTe, via Equation 1.58. The end result is
~ 13.2 kV/cm when focused in air, not accounting for high frequency losses in high-density

polyethylene, non-ideal focusing, or absorption losses in ZnTe, which might be significant.

To check the peak field-strength, the average power was measured with a Scientech 361
pyroelectric detector. The minimum scale was used and the estimated power was 30 + 5 W,
or ~30 nJ/pulse. This must be scaled by a factor of two according to the calibration of Foote
et al. [126]. Since we want to obtain an estimate of the peak field, we are only interested in
the THz power near the peak. Approximately 72.5% of the total power is present in the region
defined around time t=0 with positive electric field. This estimate was arrived at by integrating
the square of the electric field of a typical pulse as generated by two-color plasma and detected
by GaP. The peak power was determined to be ~30 kW, by fitting a Gaussian-shaped pulse
to the region around time t=0 with a half-width of 135.5 fs. When focused to a spot size of
1 mm diameter, the peak intensity is ~385 GW/m?, which gives a peak electric field of ~170

kV /cm when focused in air, as specified by the relation of electric field to intensity in SI units,
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E=27.4y/I, which is derived from the following equation [§]

I =1/2¢Ec. (2.3)

Clearly, there is a large discrepancy in the measured values. Some possibilities will be dis-
cussed. First, there may be a severe under-sampling of the frequency content of the pulse in the
case of electro-optic detection. This is quite likely due to the limited frequency coverage of Zn'Te
due to absorptions and phase walk-off in a 1 mm thick crystal. Also possible is poor focusing in
the ZnTe crystal or poor alignment. I consider this unlikely due to the strong measured signal,
and inability to improve the signal despite many tweaks to the optical alignment. The net
effect of all these issues is an underestimate of the true field strength. On the average power
measurement side, a possibility is that the plasma emits some radiation that leaks through
the filters that is not part of the coherent THz signal, but that is detected by the thermopile

detector, thus overestimating the true field strength.

2.5 Electro-Optic Detection

The details of optical components that comprise the electro-optic detection setup are presented
here. A Thorlabs polarizing beamsplitter cube, model PBS102, or Wollaston polarizer, model
WP10B, was used in combination with an ultrafast-type A\/4 plate to balance two variable gain
photodiode detectors (Thorlabs model PDA36A). The output of the detectors was sent to a
summing amplifier (Stanford Research Systems SIM980) with one detector input inverted in
the case of oscilloscope based detection, or directly to input channels A and B of the lock-
in amplifier. Using the reflection from three beam samplers (Newport model 10B20-01NC.2)
in combination with two half wave plates (Ekspla Optics) allows for the power to be varied

continuously over a range sufficient to optimize the signal on the photodiodes. The ultrafast
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beam samplers are both wedged and have an anti-reflection coating on the reverse side of the
optic. Despite both of these considerations, the beam samplers still modulate the frequency
spectrum of the transmitted pulse. Presumably this is due to etalon effects, however after the
beam and its reflections have translated far enough, the effect should diminish due to the wedge
and angled reflections. It is estimated that ~2 uW is seen by each detector. Glass coated with
a thick layer of indium-tin oxide (ITO) is used as a THz mirror, but remains transparent to
the probe beam [100, 127, 128]. The THz electric-field leakage through the mirror is estimated
to be < 0.1% based on measurements performed in our lab. This is used to recombine the THz
and probe beams. Both are then focused by a protected gold-coated OAPM onto the detection

crystal.

2.5.1 Lock-In Amplifier

An SRS830 lock-in amplifier has also been used in combination with a Thorlabs MC2000 chopper
that was synced to the firing of the Legend at a fraction of the repetition rate, typically 1/10
(100 Hz), to detect THz pulses. For high frequency scans with a plasma source, >30 pts/ps
are desired for a Nyquist bandwidth of 15 THz. However, when sampling faster than the time
constant, the nearby points in the scan can become highly correlated, so the scan rate should
be limited. Assuming a time constant of 1 second, this means that a 100 ps scan takes on
the order of 50 minutes, not including data transfer and processing time. Acquiring multiple
averages, which is necessary to eliminate any laser or electronic drift, thus takes quite a long

time. See Section 6.1.1 for more details.

2.5.2 Oscilloscope Based Detection

As we saw in the previous section, the lock-in amplifier setup features a very slow scan rate

over the THz signal of interest. In order to decrease the diagnostic and setup time, a faster
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alternative was designed. A 1 GHz bandwidth digital scope from LeCroy (Waverunner 104
MXi) was purchased in order to appropriately diagnose the >80 MHz signal from the fast
photodiodes in the oscillators. It also has a fairly deep memory and is capable of serving as a
data acquisition device for the Legend. Trigger rates of 1 kHz, the repetition rate of the Legend,
are feasible. In practice, typically >80 pts/ps are desired, to keep the usable THz signal free
of laser or electronic line noise interference. A 100 ps scan then takes only 8 seconds, without
considering setup, data transfer, and processing time. Averaging is thus much more feasible
and diagnostic scans for alignment can thus be acquired in a matter of seconds. Theoretically,
the scans feature a lower signal-to-noise than with the lock-in amplifier, but steps have been
taken to reduce noise. In particular, a pulse normalization routine was used in an attempt to
reduce pulse-to-pulse fluctuations of laser power and polarization, and the line noise is removed

from the signal in the frequency domain by careful sampling considerations, as described next.

2.5.2.1 Pulse Normalization

The pulse normalization routine used was based on the assumption that the observed laser noise
arose primarily from changes to the polarization state of the beams, or inadequate balanced
detection, allowing power fluctuations to affect the signal [129]. This assumption is believed
to be valid because the ZnTe emitter was run close to saturation, limiting power fluctuation
of the THz source. The detection was balanced — albeit not perfectly — and canceled power
variations of the laser in the detection arm as well. However, the balanced detection approach is
very sensitive to polarization variations of the 800 nm pulses. These fluctuations were initially
assumed to arise from the high voltage applied to the Pockels cells since any change to the
applied voltage will cause a change in the both the polarization and power of the laser due to
the nature of the linear electro-optic effect and the polarizer used to remove the pulse from

the amplifier cavity. The variation was monitored and processed with a Fourier transform.
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Sample data are plotted in Figure 2.7. The noise is primarily at 120 Hz and multiples of 60
up from there. Another set of balanced detectors in combination with a A/2 plate was used to
reduce these noise spikes. The results are plotted in Figure 2.8. The reduction is not sufficient
to warrant continued use of the additional optics and significant extra characterization effort
needed when THz-TDS is performed, and this setup is not frequently used. It is more useful for
time-resolved THz spectroscopy or pump-probe measurements, however, but in principle these
sources of noise can still be filtered well. The pulse normalization scheme might be improved by
more careful polarization monitoring of the beams going into the balanced detector setups as
well as a total power normalization as detected by a high bit number scope or data acquisition
card. The total power correction approach is especially challenging since both the detection
and THz emission depend on the optical power, and so the origins of laser noise contributions

are not clear. This is discussed more in Section 2.8.

2.6 Air-biased Coherent Detection

Air-biased coherent detection (ABCD) was also attempted. A small portion of the Legend
output beam, ~30 uJ, was focused in air between two copper wire electrodes that were biased
to near breakdown conditions with a high voltage power supply. A voltage pulser that can be
externally triggered was also employed so as to allow for modulation at half of the repetition rate
of the laser (or 500 Hz). The voltages delivered by the pulser have a maximum of 5 kV before
damaging the device, which is described in further detail in the Ph D thesis of Vadym Kapinus.
A photomultiplier tube (PMT) (Hamamatsu h957-08 module with r928 tube) was used to sense
the signal in combination with an fast preamplifier (Ortec Model 9301 or VT120). Ultimately,
successful detection was not demonstrated due to the contamination of the ESHG signal with

SHG from the plasma THz emission source and from other sources such as quartz waveplates.
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The most important factor in maximizing the ABCD signal is establishing the strongest possible
ESHG signal, where the background second harmonic signal is small relative to the DC field-
induced second harmonic, as was observed by the group of X. C. Zhang previously [111, 130].
When the THz field is combined with the optical and DC fields, it modulates the observed SHG
signal since it will modify the field that biases the region in which the optical probe beam is
focused. As discussed in Section 1.1.4.2, the observed signal is proportional to the LO intensity,
which can be increased by increasing the applied electric field as well as the intensity of the
probe beam. The problem in this case is not electronic or even laser noise, as in the case of
THz signal as detected by EO sampling, but instead shot noise in the SHG signal due to the

low number of photons generated by each pulse.

Unfortunately, the optical power in the detection beam cannot be increased indefinitely since
at some point around 1 x 10" W /cm?, a plasma will be formed and the SHG will become rapidly
dominated by the white light signal from the plasma, which again shows up as a DC offset since it
is not removed by chopping. The bias field is also limited to the breakdown voltage of air, which
is approximately 30 kV/cm, but varies greatly based on electrode shape and size, atmospheric
pressure and composition, and pulse duration. Equation 1.50 does not specify the expected
signal levels. Fortunately, the power generated by ESHG has been previously considered for
cylindrical electrodes, similar to what were used here [95]. Copper wire electrodes of diameter 1

mm were separated by 3.5 mm. The polarization for the process follows the following equation:
3

where p is the relative number density in amagats and L is Loschmidt’s number, used to define

the amagat, in that 1 amagat is Loschmidt’s number, or the number of particles of an ideal gas
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at 0 °C and 1 atm. The expected power is
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Here, d is the spacing between equivalent thin electrodes, defined as

d? =17 — 4a? (2.12)

[ is the distance between the electrode centers; a is the electrode radius; z is the coordinate
along which the beams propagate between the electrodes; I'(p) is a dimensionless factor used
to relate the optimum relative number density, pg, to the actual number density; and B(b) is
another dimensionless factor used to relate the beam confocal parameter, b = 2z,, to the extent
of the field in the propagating direction, as specified by d, and Z(zy), which is negligible when
the electrode axis plane is located at the beam waist. TAk is-119 / m for w =800 nm, and d is ~

3.35 mm. Thus, pg is ~5 and I'(p) is 0.19, indicating a relatively poor correspondence between
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the extent of the field in the z direction due to the electrode separation and the coherence length,
wd/2, at atmospheric pressure. Theoretical improvements include changes to the pressure or
composition of the gas, or increases in d. Unfortunately, none of these are viable options in air
because d cannot be increased while maintaining the maximum applied field, and the scaling
is much stronger with the applied field. If a gas cell is constructed, the gas composition and
pressure can be optimized. Also, in the future, a “Christmas tree” shaped electrode similar to
that found in reference [130] might be employed for on-the-fly optimization. By using a 350
mm focal length lens, b was set to ~4 mm, while B(b) was 0.99, thus eliminating any mismatch
due to focusing. The formula for B(b) is a bit suspect, however, since when a 250 mm focal
length lens was used instead, the efficiency dropped by at least an order of magnitude instead
of the predicted 7%. After all numbers are considered, using the appropriate electrostatic units
in the cgs system, the predicted number of second harmonic photons generated per pulse ranges
between 400 and 1000. After considering the rejection of the three filters, which each transmit
about 1/2 of the second harmonic photons and the efficiency of the PMT (20%), the number
of photons detected is only expected to be about 7 to 15 per pulse. This number was increased
by limiting the number of filters, however the signal was still extremely low, and the shot noise
made signal detection unfeasible, even without considering the background SHG from various

optics and from the 2-color plasma used for the generation of THz radiation.

2.7 Purging Considerations

While purging is typically performed, it is not necessary if one does not mind missing frequency
content at distinct frequencies corresponding to optically deep water lines, which is often not
a problem if sufficiently long temporal scans are take in order to increase the resolution in

the frequency domain. If signal-to-noise and dynamic range are high, then a simple scan with
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sample and reference can be performed and ratioed to remove the contribution of the water
transitions along the THz signal path. However, it is common for there to be significant
variations in absorption due to complete, or nearly complete absorption of all radiation at a
frequency, causing the signal to be near the noise floor and subject to rather large differences
in the ratioed spectrum. This can be removed by any of a number of numerical techniques to

effectively remove these points from the spectrum.

2.8 Noise and Limits to Signal Processing

Zhang and Xu introduced the idea of two quantities relevant to THz-TDS noise, the time-
domain signal-to-noise ratio and the frequency domain dynamic range [131]. The dynamic
range is defined as D(w) = E(w)/N(w) where N (w) is the noise equivalent field of the detector,
whereas the signal-to-noise ratio (SNR) is usually defined as the ratio of the the peak field
to the electronic noise, where there is no signal. The two quantities are not necessarily, and
very infrequently, equal. To examine this more closely, consider that the majority of the noise
comes from either the THz pulses, Npp, = R(t)E(t), or from the probe beam, N, where the
standard deviation of the fluctuations in each are given as or and oy, respectively. The probe
beam fluctuations are typically minimized by balanced detection and lock-in detection, and are
often small compared with R(t). Since the SNR or time-domain dynamic range is dominated by
op, and the frequency-domain dynamic range is dominated by og, the two can have significantly
different values. Typically, neither source is dependent on the THz spectrum and are ideally
white or 1/f noise dominated. In practice, however, the optical constants as determined by
THz-TDS often have strong frequency dependence, largely due to variations in the dynamic
range [132]. The overall impact of noise and uncertainty on the measured THz optical constants

was analyzed in depth by Withayachumnankul et al. [133].
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2.8.1 Laser Noise

Amplifier noise is observed in the EO detection setup. The noise is not white and has line
noise related spectral features at 60 Hz, 120 Hz, and multiples thereof. The noise was verified
to be optical in nature, and not an electronic artifact, as the phase of the noise on the pulse
normalization balanced photodiodes could be switched using a wave plate. Additionally, there
are other features that are not reproducible from day to day and that cannot be tracked down.
A noise spectrum of the Legend (a) and Evolution (b), is compared in Figure 2.7. The Legend
noise is thus not due exclusively to Pockels cell voltage fluctuations as previously thought, but
is due to power fluctuations in the Evolution. An attempt to provide ‘clean’ power to the
Evolution by using an isolated power supply was made. This did not fix the problem and thus
it was concluded that the power rectification inside the Evolution was to blame. Elimination
of the line noise from THz data was performed in the case of digital oscilloscope detection by
a Fourier filter centered at the frequency of interest. This is described more fully in Appendix
Section 6.1. Figure 2.8 shows the intentional offsetting of the THz spectrum from the line noise
so that the above procedure could be effective. In the case of lock-in detection, the noise was
moved out of the effective 1 Hz bandwidth of the SRS830. The restriction here is just that the
chopper be set to a frequency away from the interfering frequencies. Since 100 Hz was typically

used, line noise was not found to be problematic.

2.8.2 Shot Noise

The laser shot noise is anticipated to be a very small contribution to the total noise. Even in
the probe beam, where the average power is only a few yW, the number of photons per pulse
is of the order of 10%, and the shot noise is ~0.001%. Optical rectification in ZnTe has an
approximately 1076 energy conversion factor, but each photon has ~374 times less energy, and

hence more photons. Thus, the THz shot noise is expected to be less than 1079%. Shot noise



75

A

B)

LRy A PP PRI S Ay -"‘-L-' #M

0 S0 100 150 200, . 250 300 350 400 450 500
Noise Freduency (H2)

FFT intensity

Figure 2.7: A) The noise spectrum of the Legend as sensed by the EO balanced detector setup.
B) The noise spectrum of the Evolution as sensed by a heavily filtered Si photodiode detector,
model PDA36A from Thorlabs.
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Figure 2.8: The full spectrum of a THz scan showing noise at 60 and 120 Hz. The balanced
detector output is shown in red.

is a significant concern however, when considering ABCD, where less than 1000 photons are
expected (see Section 2.6) per pulse when fully optimized. This noise is extremely noticeable
when optimizing the detection efficiency, since the PMT gain must be turned up and only a

few photons are produced per pulse on average.

2.8.3 Electronic Noise

The PDA36A detectors are anticipated to have 240 ;V RMS noise and a NEP of 7.52 x10~!2
W/ \/Hz on the 10 dB gain setting, where commonly operated [134]. The detectors were set
to the 10 dB gain setting for the sake of bandwidth and noise and the fact that the signal
appeared most normally shaped at this setting. At the 0 dB setting, strong ringing in the

output was observed, with approximately most of the signal being negative going, causing it to
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be unacceptable for input for lock-in detection. Even on higher gain settings, the output was
observed to both grow in intensity and in FWHM as the input power was increased. Thus, the
waveform output of the summing amplifier was integrated in time rather than simply observing
the maximum value. The summing amplifier’s noise specifications are less clear. It has an
output voltage noise of 30 nV/ \/Hz and a crosstalk between channels of -80 dB at 1 kHz, but
the performance with faster signals is not specified. The lock-in amplifier has a noise of 6 nV/ v
Hz at 1 kHz, but also with unknown performance at higher frequencies. The CMRR is also
expected to be poor, as it decreases by 6 dB/octave above 10 kHz. This is of concern since
faster signals are typically used. The bandwidth concern is two-fold. One concern is that the
signal is diminished on the inputs to the amplifiers since a good portion of it is thought to be
above their bandwidth. At 10 dB gain, the PDA36A has a listed bandwidth of 5.5 MHz, with a
large fall-off at higher gain settings. The signal, when not saturated, has a measured rise time
of ~70 ns and has the appearance of a half-cycle pulse with a slight tail at longer times. The
SIM980 has an upper bandwidth of 1 MHz but an input slew rate of only 40 V/us, and the
waveforms of the detectors are clearly significantly altered when passing through the amplifier.
The lock-in amplifier A-B input signal is unknown, but due to the relative non-availability high
performance differential or instrument amplifiers with bandwidth above the 1 MHz level, it
is of concern. Beyond the concern of signal loss is the added noise when operating far from
specifications, as is described above. In the future, true balanced detectors should be used to

minimize the effect of detector mismatch and bandwidth effects in the processing of the signal.

2.8.4 Etalon Removal

While not a true source of noise — only unwanted signal — one of the most troublesome aspects of
THz-TDS is the appearance of etalon-related reflections in optical beam blocks, the emitter and

detector crystals, and of course, the sample of interest. The most general procedure found in
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the literature [135, 136] is to deconvolve the spectrum by fitting delta functions of appropriate
amplitude at the time of the reflection and dividing out in the frequency domain. This works
well when the amplitude of the reflections is large, and when there is no dispersion, absorption,
or phase-shift present. Realistically, this works very poorly for a broadband source since almost
all materials have significant dispersion in the THz spectral region, except high resistivity
silicon. Phase shifts can occur due to the Gouy phase shift [130, 137-139] or due to the effects
of Fresnel reflection [140] and wedged substrates and can cause changes to the spectrum [137,
141].

A time-domain routine was written to remove etalon based reflections without convolution.
This allows treatment of dispersion and absorption in materials of known optical constants.
The basic procedure is to isolate a section of the spectrum that is free of reflections, demagnify
it after fitting, and subtract it from the time-domain trace at the correct position. Phase shifts
can also be handled if the spectrum is assumed to remain constant. One would think that a
uniform phase shift of the data would remedy the issue of the Gouy phase shift, however, when
applying a phase shift, the spectrum remains constant, and the time-domain waveform is thus
spectrum dependent.

Overall, removal of etalons is not necessary if a good reference and sample scan are acquired,
as their influence is negligible once the spectra are ratioed. This is not the case if there are
significant laser fluctuations, as the relative height of the main THz signal to the reflections
can vary greatly and the modulations to the frequency spectrum can be large, especially at
frequencies where the signal is low. Sample related Fabry-Perot etalons are still troubling, and

can be treated in the extraction of the optical constants of the sample.
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Chapter 3

THz Torsional Modes of Amino
Acid and Sugar Crystals

3.1 Introduction

The THz region encompasses many of the lowest frequency vibrations of moderate-sized molecules
and clusters. As one measure of their importance, such modes are quite sensitive to the non-
covalent intra- and inter- molecular forces that play key roles in the physical and chemical
mechanisms that underlie biological activity. As opposed to vibrational features in the near-
and mid-infrared, these low-frequency modes typically entail collective motions of almost every
atom in the molecule or cluster and can thus provide “fingerprint”-like identification. Even
species with remarkably similar structure(s) such as sugars in pyranose form [142-145], isomers
[146], peptides with differences in secondary and tertiary structure and co-crystallized water
[147], and polymorphs of pharmaceutical drugs [148] show vast differences in the crystal spectra
acquired at THz frequencies, whereas the mid- to near-infrared spectra are often very similar.
Such differences have caused many to posit that in solids and well-ordered molecular clusters,
the THz spectrum should be dominated by and very sensitive to intermolecular interactions
such as the hydrogen bonding between neighboring molecules, or by strong modes that arise
due to crystal lattice vibrations or phonons [149]. However, there are non-interacting systems,

where hydrogen bonding is not prominent, that show similar spectra in the gas, liquid and solid
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phases [150, 151]. We have found similar results, in some cases even when significant hydrogen
bonding is anticipated. More accurately, we have found that some far-infrared features are well
represented as intramolecular modes while others are cannot be explained as such, usually those

lowest in frequency, typically at or below 3 THz.

The intermolecular interactions that give rise to intense transitions in the far-infrared are
poorly characterized at present, not only experimentally but by theory as well. The THz
molecular spectroscopist’s job, therefore, is to acquire spectra and classify the transitions of a
variety of molecules. The parameters that are readily determinable are the transition intensity
along with the center frequency and linewidth. If the temperature of the sample is changed,
the anharmonicity can also be determined. Some of the simplistic potential energy landscapes

are shown in Figure 3.1
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Figure 3.1: Three stereotypical potential energy surfaces, each showing differing behavior of
the energy level spacing.

Unfortunately, there is no simple way to correlate the measured spectra to specific molecular
motions, and thus ab initio and molecular dynamics (MD) simulations must be employed. While

at present there is no definitive and practical means of simulating the low frequency modes of
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molecular crystals, many methods have been attempted. Perhaps the most successful are the
simulations of Jepsen et al. [149] and Korter et al. [152, 153] that utilize expensive and
computationally quite intensive software packages. However, as described below, we find that
for the identification and tentative assignment of modes to either the intra- or intermolecular

degrees of freedom, ab initio calculations on the monomer may often suffice.

Changes to the spectra of molecular crystals with temperature show, in most cases, a blue-
shift as the temperature is reduced to 10 K. In most cases this is indicative of an anharmonic,
Morse-like potential, where the lowest energy levels are separated by the greatest energy dif-
ference. However, since all of the molecules studied herein have many atoms, and the motions
studied often have vibrational coordinates that involve many bonds, the potential energy sur-
face can vary with a higher order of the displacement, and quartic-like potentials are sometimes
observed. In other cases, both red and blue shifting is observed as a function of temperature
due to the interplay of multiple forces. Before turning to a description of our results, we first

present a short general discussion of the classes of molecular crystals studied.

3.2 Amino Acids and Sugars

Here, we have chosen to investigate a variety of amino acids and sugars that have been found
in the aqueous extracts of ancient meteorites. Such compounds are critical steps on the road
toward life, and as such it is an intrinsically interesting question as to their origins in space
or on/near early planetary surfaces. The class of carbon-rich meteorites of interest are called
carbonaceous chondrites, as they containing up to 5 % carbon [154] by mass. These objects date
back to the formation of the Sun and planets, and possibly comprise material that is close in
composition to the solar nebula (at least for elements sufficiently refractory to be included into

oxides or metal alloys). Some chondrite classes contain an abundance of hydrated silicates and
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2-Aminoisobutyric Acid
“__ %

Alanine L-Aspartic Acid

Glycolaldehyde D-Fructose Gamma-Aminobutyric Acid

Figure 3.2: The molecular structure of the species studied using THz-TDS. The optimized or
crystalline structure is used where appropriate.

volatile organic compounds that would not exist had the meteorite ever undergone significant
heating, and as such, might give great insight into the earliest steps toward planets such as
the earth. One of such meteorite, called Murchison, fell to Earth in Australia in 1969. It is
one of the most well studied chondrites, due to its large size (and therefore mass available for
study), abundance of organic compounds, and the fact that it was seen impacting the Earth
— thus presumably circumventing the possibility of significant terrestrial contamination [155].
Notably, Murchison has been found to contain ~60 ppm amino acids and ~60 ppm sugars
and sugar-related compounds such as sugar alcohols and acids [156], as well as an abundance
of other organic compounds [157]. Just the amino acids alone amount to approximately 3%
of the total organic carbon content of carbonaceous chondrites [7]. The general trend of the

laboratories findings to date is that there is complete structural diversity, with all isomers of
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a given chain length found. Abundances decrease, often exponentially, with increasing carbon
number, and an equal concentration of branched and straight-chain isomers are present [157].
While many studies find the composition of the observed amino acids to be racemic, some do
find an excess of one enantiomer over the other [158]. However there has been speculation
of terrestrial contamination and effects due to aging or extraction procedures [155, 157], and

further enantiomeric excess studies are underway in several groups around the world.

Here, L-enantiomers were studied due to their biological relevance, and amino acids with
high abundances in meteorites were given preference. For sugars, the simplest biologically
relevant sugars were chosen, and while many have not been directly been observed in meteorites,
they are known to be necessary for life to form. Most of the chosen samples have a relatively
intense and active low-frequency spectrum. We initially began our study in the crystalline phase
for convenience, and ultimately to gauge whether the frequencies obtained might be of relevance
when studying interstellar ices (that is, to study how significantly the crystalline environment
affects the THz properties of molecules and molecular ices/solids). In some small amino acids,
even mixing with the opposite enantiomer completely changes the low frequency spectrum, as
some modes are due almost exclusively to intermolecular interactions [159]. Our calculations
have shown, however, that sometimes the THz transition frequencies predicted for the isolated
molecule (and therefore modes that must be intramolecular in nature) are quite applicable
to the crystalline form, even where intermolecular interactions are known to be strong. The
measurement and (inter)molecular characterization of each mode is thus quite important for

the robust identification of any bands to be measured in interstellar ices.

Serving as the prototype for interesting low frequency modes in biologically-active molecules
in our studies, we have found that ~-aminobutyric acid, or GABA, has remarkably strong
and interesting THz features at low frequency. While nominally an amino acid, it is never

incorporated into proteins, but serves mainly as an important — perhaps the most important —
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inhibitory neurotransmitter in the central nervous system of mammals [160] and as a regulator
of muscle tone [161]. Understanding the lowest frequency modes may help to understand its
function in the body. Since it is also one of the most abundant amino acids found in meteorites,

it is of significant astrochemical interest as well.

Figure 3.3: From the top and left to the bottom, the forms of GABA present in the gas phase
(1-4), with the tG form being the most energetically favored followed closely by the GG and
gG forms. The tt phase is presented because it was found to be an appropriate model for
the crystalline modes. The carbons are also labeled in the standard format. The zwitterionic
gt structure, as determined from X-Ray and neutron scattering, is also presented. The Gg
structure is the lowest energy in solution.

The far-infrared spectrum of GABA — and even the mid infrared spectrum — has never
before been reported in scientific literature, to our knowledge. However, it has been studied no
less than six times using x-ray and neutron scattering [162-169], by microwave spectroscopy

[170], by Raman and NMR techniques [171], and by a plethora of theoretical approaches [170,
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172]. Though only modest in size, GABA has a number of low-lying isomers that must be
considered. The main differences in the structures observed under different conditions are the
zwitterionic form, in which GABA exists in the solid and liquid phases (but not in the gas
phase), and the configuration around the C7-CA-C®-C; (x1 ) and N-CV-CB-C® (x3) dihedral
angles, where states are labeled as trans (t), gauche+ (G) or gauche- (g). A summary of the

relevant structures to be discussed below can be found in Figure 3.3.

Conformational flexibility is seen in all phases. Heavily folded gG or GG conformations are
energetically favored in the gas phase due to the n — 7* interactions between the lone electron
pair on the amine nitrogen and the C=0 bond of the carboxylic acid group and the dipole-dipole
interactions of the NH and C=0 bonds. Thermodynamics also indicates that the tG orientation
is strongly populated. The microwave results support these chemical inferences, finding nine
gas phase conformers populated near room temperature, with the dominant five being ordered
in abundance as GG>tG>gG>tt>gt. The predicted AG values confirm this ordering at the
MP2/6-311++G(d,p) level of theory [170], with slight deviations at the M06-2X/cc-pVTZ level
of theory [172]. Surprising, the experimental population statistics strongly disagree with the
MP2 predicted relative energies in that the extended, non-folded conformations have greater
populations than anticipated due to a higher entropy caused by an increased density of accessible

vibrational states [170].

When solvated in water, the conformational preferences are more limited, at least theoret-
ically, with the top two conformers making up a predicted 94% of the total population. The
GABA zwitterion dominates and causes strong head-to-head intramolecular hydrogen bonding
between the N-H and the negatively charged C-O~. Conformationally the gauche-gauche con-
figurations dominate. As seen in our calculations, these conformations are strongly favored for
the zwitterion, even without the presence of water solvent molecules, as in [172]. These results

are at odds with ' H NMR spectra at 45°C in DO, however, where the populations are mea-
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sured as 0.16 for tt, 0.24 for gt, 0.24 for tg, 0.18 for gG and 0.18 for GG [171]. These authors

suggest that it is the lack of ions considered in the theoretical calculations which give rise to
the preference for the strongly folded conformations. Ions would provide a source for strong
intermolecular interactions in solution that serve to stabilize the extended conformations of
GABA. Our calculations indicate significant changes to the low frequency spectrum depending
on whether the molecule is in the extended conformation or participating in an intramolecu-
lar hydrogen bond. Notably, a low frequency mode at ~1 THz is present in the case of the
extended conformation, where the carboxylate group is free to contort about the C-C* bond.
This hypothesis is also backed up by the conformational preferences in the solid state, where
the gt form is favored [162, 164, 165, 167] — though a tetragonal tG phase has also been seen
recently [163], where the partially extended forms are favored due to packing or intermolecular
hydrogen bonding interactions. In the presence of ions, for example in GABA-HCI, the amino
acid is in the fully extended, or tt form [166, 168], displaying a neutral carboxylic acid group
and a protonated NH; group that, in combination with the C1~, forms a network of hydrogen
bonds. This is a strong indication that ions stabilize the extended conformations relative to

the energetically favored folded conformations of the zwitterion.

3.3 Experimental

Details of the THz emission and detection systems can be found in Chapter 2. In cases where
the sample was studied as a function of temperature, down to 10 K, we used a Janis CCS-
350R OPTICAL cryostat with a closed cycle helium refrigerator from CTI Cryogenics and
either crystalline z-cut quartz (ISP Optics) or high-density polyethylene windows. Samples
were equilibrated for a minimum of 20 minutes at each temperature step. All molecular solids

were used as purchased from Sigma without purification. Samples were ground with mortar
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and pestle to reduce the particle size to avoid Mie scattering and to improve mixing with mi-
cronized high-density polyethylene (MPP-620XXF, Micro Powders, Inc.), thus reducing sample
inhomogeneities. In retrospect, samples should have been recrystallized using standard proce-
dures found in the literature to ensure that samples were in one fully crystalline phase with no
contaminants or contributions from amorphous forms. Additionally, since most samples show
increased absorption at high frequencies, grinding should have been increased to further limit
Mie scattering. It is also possible that this high frequency absorption might arise instead from
broad, unstructured absorptions of the molecules subject to investigation. Regardless, the sam-
ples are thought by some researchers to be inherently disordered, with the spectral line shapes
limited by inhomogeneous broadening even at zero Kelvin [173]. Future studies should perhaps
employ waveguide techniques, where sample inhomogeneities can be reduced and narrower line
widths have been demonstrated [173]. The downside is that the transmission of such structures

is only 20%.

The molecules for which experimental spectra were obtained have also be studied with
density functional theory (DFT') using the hybrid Becke three-parameter Lee-Yang-Parr B3LYP
functional [174, 175] and the couloumb-attenuating model CAM-B3LYP [176]. The latter helps
with long range interactions, and has been shown to produce more accurate frequencies in some
cases for the molecules tested herein and for the ring puckering modes simulated previously
for a proposition (Table 5.1). Namely, specific comparison of the generated frequencies was
run on the molecules xylose and 1,4 dioxin, whose spectra had been measured previously. The
starting geometry was taken from the determined crystal structure when possible, though an
optimization generally had to be performed before calculating frequencies. The Gaussian 09
keywords “Opt=Verytight” and “Int=Ultrafine” were used, as recommended [177], to improve
calculation of the low frequency modes [178]. In most cases, the resulting vibrational frequencies

had to be scaled somewhat due to overestimation of the vibrational energy level differences.
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Anharmonic calculations were attempted using Gaussian 09 [178], but extreme anharmonicities
often resulted when only the lowest energy modes were simulated, causing energy levels and
transition frequencies to be below zero in some cases. These results are therefore not reported.
Calculations of all modes for a molecule such as GAB can take months or more of computation
time, even on multi-core workstations with >100 GB of memory. As a note to anyone attempting
such calculations, the input file should specify the use of a read-write file so that the computation
can be restarted in the event of a crash with the beginning of the file appearing as follows:

%RWF=myrwf

%NoSave

%Chk=mychk
4B3LYP ...

3.4 Results

As shown next, the THz spectra show many low frequency bands indicative of collective motions,
either inter- or intramolecular. Generally, success was had in predicting spectra from the
monomer of the molecular crystal, in some cases even when starting from the crystal structure
geometry without optimization. In all but one case, the frequencies were overestimated and
were scaled down by a factor ranging between 0.6 and 1.0. The results are summarized in the
individual tables found below. The predicted transitions were, in almost all cases, observed
experimentally and the predicted intensities were at least qualitatively correct, particularly in

their relative frequencies and intensities.

3.4.1 Amino Acids

Amino acids in crystalline form often have a strong low frequency THz spectrum, with the
carboxylate torsion usually having significant oscillator strength due to a large transition dipole

moment caused by the negatively charged group. It is typically found well below 2 THz in
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frequency. The predicted spectra of amino acids were generally found to be a worse fit to
experimentally measured spectra than sugars. This is attributed to the fact that the amino
acids are generally smaller molecules and are more likely to have strong intermolecular forces

due to hydrogen bonding and their zwitterionic nature in the solid state.

3.4.1.1 ~-Aminobutyric Acid

GABA Absorption as a function of Temperature
T T T

Transmission
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Frequency (THz)

Figure 3.4: The measured transmission through a GABA pellet pressed with micronized high-
density polyethylene as a function of temperature.

Gamma-aminobutyric acid (GABA) displays perhaps the most THz interesting spectrum of
any molecule that we have studied. No previous investigations are known. There are four well-
defined and strong modes observed in the spectrum, with three falling below 3 THz that have
been analyzed as a function of temperature. The results can be found in Table 3.1. The rest
of the spectrum features weaker modes, or modes that are obscured by the low transmission
through the sample at the GABA concentration used. Mode 2 is not predicted by any of
our calculations, and is assumed to arise from intermolecular interactions in the crystal. Also
notable is that this mode is narrower than the others, all of which are suggested/confirmed to

arise from intramolecular modes by the ab initio calculations. Experimentally, all of the modes
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show marked anharmonicity, with the two higher frequency modes showing the expected shift

with temperature characteristic of a Morse-like potential.

Most interesting, though, is the lowest frequency mode, which shows an enormous frequency
shift, characteristic of a vibrational potential with significant anharmonicity, as can be seen in
Figure 3.4. Not only does the mode significantly shift in frequency, it also shows a redshift with
decreasing temperature, which is not consistent with a Morse-like potential. This behavior
is expected in a quartic or a mixed harmonic-quartic potential well, however, and has been
predicted (by Bell, in 1945) [179] in the case of constrained ring systems, such as the ring-
puckering, out-of-plane bending motions observed in four- and five- [180] [181], or pseudo four-

and five- member, rings. The potential has the form
1 2 4
V(z) = ikx + ax”, (3.1)

where x is the normal mode coordinate. Chan, et al. report that “a small quartic anharmonicity
is expected in many low-frequency vibrations merely by virtue of the low force constants and
the large vibrational amplitudes associated with these vibrations [182].” In agreement with this,
the lowest frequency mode of strait-chain GABA had the lowest calculated force constants of
any of the modes of more than 15 molecules that were studied. The four- and five- member

rings simulated also show very low force constants.

Constrained ring systems are a unique case in that the potential is fairly well understood,
and will be examined for comparison’s sake. If the puckering motion is taken as the normal
coordinate, the energy is expected to vary according the fourth power of the amplitude if the
only source of potential energy is the bending of the ring bond angles. Since the bond angles in
four- and five- member rings are strained due to geometry, there is also a linear dependence on

the angle of deformation, and thus a quadratic dependence on the amplitude of the puckering
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coordinate. The quartic anharmonicities are expected in situations where the potential energy
is dominated by the cancellation of opposing forces, such as the four-membered ring case, where
the ring strain is canceled by torsion about the single bonds in the ring. This causes the quartic
term to dominate, and thus the potential to be anharmonic. The energy levels of such a system
can be described using a quartic oscillator [183], a perturbed harmonic oscillator [184], or,
most appropriately, a perturbed quartic oscillator [182]. The general finding, for any potential
that has dependence above the normal coordinate squared, is that the energy levels become
farther apart as the vibrational quantum number increases, causing a redshift as population
is transferred to the lowest energy states. This is what is observed with GABA. The specific
molecular motion(s) responsible for the quartic or higher order potential in GABA is unknown,
however. At first glance, there is no clear geometrical cause for the potential to depend on higher
orders of the displacement as there is in ringed systems. Thus, calculations were performed on

GABA in several forms.

We note that calculations and simulations of the crystalline GABA THz spectrum are diffi-
cult because the geometry adopted in the solid state form does not resemble any of the confor-
mations lowest in energy when calculated in the liquid phase, where a strong intramolecular hy-
drogen bond is established between the negatively charged carboxylate group and the positively
charged amine group[172]; or those structures isolated in the gas phase [170], where intermolec-
ular hydrogen bonding as stabilized by the n — 7* interactions between the lone electron pair
on the amine nitrogen and the C=0 bond of the carboxylic acid group dominate. Many differ-
ent conformations of both neutral and zwitterionic GABA were therefore calculated including
the gt and tG conformations of crystalline GABA as well as various gauche-gauche forms that
are strongly energetically favored. Two different crystal structures are known [164, 166]. Un-
fortunately, when performing an optimization using crystal structure determined coordinates

as the starting geometry, the molecule folds onto itself and settles in a gauche-gauche minimum
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Figure 3.5: The measured transmission through a GABA /polyethylene pellet at room temper-
ature compared with predicted results from DFT calculations, scaled by a factor of 0.88, on the
tt structure of GABA. B3LYP /aug-cc-pVTz with a modified Lorentzian lineshape.

structure. This can be avoided by starting with the Cg symmetry-constrained trans-trans zwit-
terionic configuration, but the lowest frequency is negative, demonstrating non-convergence.
When calculating the frequencies using the geometry of the most common crystal structure
without optimization, no negative frequencies are observed when using the CAM-B3LYP DFT
method, providing indication of a reasonably converged structure. When any of the other meth-
ods are used, negative vibrational frequencies are found. The results match the observed results

after much scaling, by a factor of 0.63, as can be seen in Figure 3.6.

Strangely enough, even though the acidic proton associated with the zwitterion has shifted
location between the two structures, the predicted spectrum has all of the same modes that

are predicted for the linear structure. Only the lowest lying modes are shifted significantly,
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Figure 3.6: The measured transmission through a GABA /polyethylene pellet at room temper-
ature compared with predicted results from DFT calculations, scaled by a factor of 0.63, on the
gt crystal structure of GABA. CAM-B3LYP/cc-pVTz with a modified Gaussian lineshape.

though the intensity pattern is completely different, presumably because the structure is not
well-converged in the crystalline case, which can give anomalous intensity to the low frequency
modes. The observed spectrum matches that predicted for the linear fully trans geometry more
closely than that of the lowest energy GG conformer, where the molecule is gauche, presumably
so that the amine and carboxylate groups can interact and share a hydrogen. In the GABA-
HCI spectrum, the molecule is in the fully trans orientation [166]. The normal mode vibrations
for each of these cases were animated and compared. Regardless of the structure, the lowest
frequency mode is dominated by the carboxylate group twist or torsion about the C-C* bond
or the rotation of the rest of the molecule with respect to the carboxylate. The other observed
modes have similar motions associated with them in some cases, but in others the geometries
are too different to tell. The low frequency carboxylate twist was referred to previously as a
carboxylate group libration [165, 169]. From the neutron scattering data, it was concluded that
the libration was harmonic with an amplitude of ~25 deg? [165]. However, this conclusion was

later reconsidered by the same authors in an analysis of the charge-density by X-ray diffraction
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that revealed a methylene hydrogen located on the « carbon that carries a positive charge of
0.11 e, which forms a bridge between the negatively charged nitrogen and oxygen atoms. The
carboxylate plane is tilted towards that hydrogen, reducing the anticipated distance between
the two atoms and granting a preference to rotating toward that atom as opposed to the other
nearby H, found on the first carbon atom. This attraction is anticipated to lead to the observed

anharmonicity in the torsional motion.

The FT-IR spectrum of the same GABA pellet was obtained with a Nicolet 6700 spectrome-
ter. At the pellet thickness used, the observed spectrum was saturated near the NH, CH stretch,
CHs bend NH bend, and C=0 stretching regions. Polyethylene absorptions, as measured by
FT-IR spectra on pure polyethylene pellets, were subtracted from the GABA spectrum. The
predicted spectrum from the measured structure in crystal form matches very well with the
FT-IR data, and with the observed Raman spectrum [171]. The Raman spectrum taken in
neutral solution shows dramatic changes with respect to the crystal spectrum, including the
washing out of the low frequency modes, which is indicative of either modes caused by low
frequency interactions or, more likely, by an abundance of differing conformations with blended
absorption features. In support of the latter, the lines broaden significantly in solution. In the
non-zwitterionic forms, where the molecule exists as a carboxylic acid, the very intense C=0
stretch is predicted at 55.46 THz (1850 cm™1!) in both the tt and gg conformations, but in the
crystalline geometry, this extremely strong mode shows up at 49.46 THz (1650 cm™!) instead.
In the tetrahedral crystal, the mode is predicted to show up at 1750 cm~!. Clearly the position
of the C=0 stretch is strongly indicative of the orientation and bonding of GABA. This is also
observed in the FT-IR spectrum as the 1850 cm™! mode is absent. There is strong absorption
at 1600 cm™!, however, which is almost certainly due to the C=0 stretch, as the predicted

results must be scaled down in frequency.
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Table 3.1: GABA Results

Mode || Temperature| Experimental Int. Calculated | Scale Calculated | Fractional

(K) Freq (THz) Freq. Factor | Int GS Popu-
(THz) (km/mol) lation

1 310 1.061 S 0.942 0.88 1.75 0.098
295 1.05 S ” ” ” 0.103
260 1.014 S ” ” ” 0.116
210 0.96 S ” ” ? 0.142
160 0.897 S ” ” ” 0.182
110 0.828 S ” ” ? 0.253
85 0.783 S ” ” ? 0.314
60 0.731 S ” ” ” 0.414
35 0.694 S ” ” ? 0.6
10 0.668 S ” ” ? 0.959

2 310 1.503 m 0.216
295 1.506 m 0.225
260 1.513 m 0.252
210 1.53 m 0.301
160 1.539 m 0.376
110 1.556 m 0.496
85 1.557 m 0.588
60 1.563 m 0.715
35 1.566 m 0.884
10 1.57 m 0.999

3 310 1.968 S 2.063 0.88 3.17 0.287
295 1.976 S ” ? ? 0.299
260 2.025 S ” ” ? 0.332
210 2.032 S ” ” ? 0.393
160 2.066 S ” ” ? 0.481
110 2.085 S ” ” ” 0.614
85 2.124 s ” ” ? 0.709
60 2.141 S ” ” ” 0.826
35 2.178 S ” ” ? 0.95
10 2.184 s ” ” ? 1

4 310 na
295 2.605 w 0.356
260 na
210 na
160 na
110 2.675 VW 0.693
85 2.688 w 0.783
60 2.691 W 0.885
35 2.7 W 0.976
10 2.708 w 1

5 295 3.34 Vs 3.338 0.88 4.233 0.419

6 295 4.17 w 0.493

7 295 5.58 VS 0.597

broad
8 295 7.23 S 6.94 0.88 41.2 0.692

The predicted frequencies are calculated using B3LYP /aug-cc-pVTz in Gaussian 09 [178] and
multiplied by the Scale Factor. ** Results at 295 K are taken from a separate measurement
and while they do not agree in frequency, they are anticipated to be more correct due to their
higher spectral resolution and more appropriate calculation of the frequency axis.
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3.4.1.2 Glutamic Acid

Glutamic Acid Transmission as a Function of Temperature
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Figure 3.7: The measured transmission through a glutamic acid pellet as a function of temper-
ature compared with predicted results from DFT calculations, scaled by a factor of 1.3. The
spectrum was generated from harmonic results using CAM-B3LYP /cc-pVTz with a modified
Lorentzian lineshape.

Glutamic acid, or more specifically, L-glutamate, is also a very important neurotransmitter,
similar to GABA, and is its chemical precursor in vivo; but, instead serves an excitory function
[185]. The IR through THz spectra have been measured many times before [186-190], though
the results can be quite different. Taday et al., for example, observed and reported [189]
spectra below 2.5 THz that differ considerably from the other studies and our own. It is
possible that a different crystalline structure was studied, or more likely, the frequency axis was
mis-calibrated, since the spectra look very much like the results presented here otherwise. Matei
et al. [187] studied polycrystalline samples with FT-IR and found featureless spectra below 3

THz, demonstrating that the low frequency modes are highly sensitive to the orientation of the
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molecule. Yan et al. [186] performed studies below 2.3 THz, and obtained similar results to
Ueno et al. [188], who discerned a complex series of peaks above and near 2.46 THz. Our results
are similar, as can be seen in Figure 3.7 and Table 3.2, except that we do not see the series
of peaks above 2.5 THz. This could be caused by any of several effects such as poor optical
alignment, a sample concentration that was too high, or simply due to poor sample preparation,
all of which can result in reduced signal-to-noise at high frequencies. The temperature resolved
data that we acquired are not extremely accurate as the spectra were acquired in a different
temperature sequence than were the blank(s). This was corrected by interpolation as best
possible. Additionally, the spectra were averaged, after acquisition on both cooling and warming
cycles. Some small differences are seen, perhaps due to insufficient equilibration time. This
pellet served as a test case and for some reason was not retested subsequently using the higher
frequency bandwidth plasma source. It should be a target in the future. The first peak has
a well defined blue-shift with decreasing temperature. Our calculations on the monomer show
reasonable agreement with observations after scaling. This is not surprising, given that the
geometry found in X-ray studies of the crystalline form is relatively unperturbed relative to the
minimized structure [191]. Our calculations, while at a higher level than those of Yan et al.,
have worse agreement with the observed results. These authors over-predict the frequencies,
whereas we under-predict them. The shift to lower frequency, going from 6-311++G(d,p),
as they employed, to our cc-pVTz basis set, often has this effect, however. Another major
discrepancy is that Hirokawa et al. [191] predict the lowest frequency mode to be a torsion of

the a carboxylate group, where we predict it to be a torsion of the v carboxylate group.

3.4.1.3 Glycine

Glycine was found to have no strong absorptions in the region of 0.5-3 THz, or, more likely, it

was in its amorphous state, since absorptions have been seen by others using different sample
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Table 3.2: Glutamic Acid Results

Mode || Temperature| Experimental Int. | Literature | Calculated| Scale Calculated | Fractional
(K) Freq (THz) Freq Freq. Factor | Int GS Popu-
(THz) (THz) (km/mol) | lation
1 295 1.219 S 1.21, 1.22, | 0.99 1.3 0.863 0.184
1.67
200 1.234 S ” ? ” 0.259
100 1.243 S ” ” ? 0.451
50 1.25 S ” ? ? 0.699
30 1.25 S ” ” ” 0.865
10 1.25 S 1.74 ” ” ? 0.9975
2 295 2.02 S 1.97, 2.03, | 1.95 1.3 1.496 0.279
2.22
200 2.025 S ” ? ? 0.383
100 2.023 S ” ” ” 0.620
50 2.02 S ” ” ? 0.855
30 2.017 S ” ? ? 0.960
10 2.014 S 2.24 ” ? ” 0.9999
3 295 — vw | 2.46, 2.46 2.76 1.3 1.926 0.331
200 2.404 w ” ” ” 0.447
100 2.458 m ” ” ? 0.694
50 2.474 S ” ? ? 0.907
30 2.424 S ” ” ? 0.981
10 2.471 S 2.53 ” ” ? 1.000

The predicted frequencies were calculated using CAM-B3LYP using cc-pVTz in Gaussian 09
[178] and multiplied by the Scale Factor.
preparation strategies [192]. It should be recrystallized and retested. However, the IR spectrum

that we observed agrees with that found in references [187] and [190].

3.4.1.4 Glycolaldehyde

Glycolaldehyde has been detected toward hot core sources by radio and mm-wave observations
[193], and while similar compounds have been found in meteorites [156], glycolaldehyde has
never been specifically targeted due to its high volatility [194]. The far-infrared spectrum of
the crystal has not been reported to our knowledge. The glycolaldehyde spectrum, see Figure
3.8, features several weak absorptions throughout the entire THz region that are not reported in
Table 3.3 due to the poor resolution and signal-to-noise presently achieved, as well as sometimes
large and untraceable shifts in frequency. There is a band of moderate strength near 2 THz at

10 and 35 K. However, at 60 K and above, the band disappears and the low frequency spectrum
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Figure 3.8: The measured transmission through a glycolaldehyde acid pellet as a function of
temperature.

shows other changes here and especially at higher temperatures, including the appearance of a
broad band at ~2.2 THz, which is most likely composed of several weak features weakly visible
in the low-temperature spectra. It is possible that this is due to a phase change in the solid
or to other significant changes to the hydrogen bonding or other intermolecular interactions
with temperature. Future studies should focus on the change to the spectrum as a function of

temperature, but with finer temperature steps and improved spectral resolution and SNR.

The crystal structure is thought to be a dimer [195] with a dioxane-like structure, but so
far no one has reported a crystal structure as determined by either X-ray diffraction or neutron
scattering. The lowest frequency structural mode is predicted to lie near 109 cm™! [196] at the
MP2/6-311++G(d,p) level. Here we predict a frequency of 221.3723 cm~! at the BSLYP/ AUG-
cc-pVTz level for the lowest energy, cis-cis, conformer. It is tentatively assigned to a feature
observed just between 2.8 and 2.9 THz with slight blue shift with decreasing temperature. While
the peak frequency does not change much at low temperatures, the absorption to the red side

of the peak clearly increases at higher temperatures, possibly demonstrating anharmonicity.
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In our calculations, the trans-trans conformer shows extremely strong transitions (20 and 115
km/mol) at low frequencies (80.4 and 215.4 cm™!), but is anticipated to convert to the cis-cis

form [197, 198] at even 15 K. Dimer calculations were not performed.

Table 3.3: Glycolaldehyde Results

Mode || Temperature| Experimental Int. | Fractional GS
(K) Freq (THz) Population
1 310 na 0.27
210 na 0.372
110 na 0.588
85 na 0.683
60 na 0.803
35 2.009 0.938
10 2.033 m 1
2 310 2.75 s 0.36
210 2.78 S 0.482
110 2.88 S 0.715
85 2.88 s 0.803
60 2.88 S 0.9
35 2.88 s 0.981
10 2.88 S 1

A summary of the results for glycolaldehyde dimer.

3.4.1.5 Aspartic Acid

L-Aspartic acid
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Figure 3.9: The measured transmission through an aspartic acid pellet at 295 K using the
two-color plasma THz source.

L-Aspartic acid has no strong absorptions below 3 THz, but does seem to have several
strong absorptions in the range of 3-7 THz. These features were not resolved due to saturation

starting at about 2.5 THz, as can be seen in Figure 3.9. At low temperatures, aspartic acid
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does show a weak absorption at 1.28 THz that fades to almost nothing by temperatures of
110 K. Though the spectrum is not well documented, aspartic acid was used as a substitute
for L-asparagine to induce defects into the crystal structure of asparagine monohydrate [199].
No modes were attributed to aspartic acid in the range of 0.5-6 THz, though the maximum
concentration was only 12.3%. It has also been studied once before below 2.7 THz [190].
Surprisingly, our calculations on the monomer show many strong transitions at low frequency,
including three strong transitions below 3 THz. One caveat is that the bond distances of the
converged structure do not show any indications of a possible zwitterionic contribution, and
calculations performed from the crystal structure [200] give too many negative frequencies to be
useful. The finding of Derissen et al., while determining the crystal structure, is that there is no
intramolecular hydrogen bonding, but that intermolecular hydrogen bonding is quite important
in the solid state[200]. This agrees with our findings, as the anticipated lowest frequency modes
are suppressed or lose significant intensity, presumably due to strong intermolecular forces that
serve to severely perturb the molecular potential energy surface with respect to that in the
gas phase. Therefore, we suggest that the zwitterion is not stabilized due to intramolecular
hydrogen bonding and thus reverts back to the neutral form in our calculations. In this case,
either ab initio theory is insufficient to describe the normal modes of the system or the sample
was amorphous rather than crystalline (or, conceivably, contaminated with water or ions). The
lowest frequency mode, again the torsion of the carboxylate group farthest from the amino

group, is not observed at a frequency near the predicted value in this case.

3.4.1.6 2-Aminoisobutyric Acid

2-aminoisobutyric acid, o — AI B is one of several non-proteinogenic amino acids that are found
to have significant abundance in certain carbonaceous chondrites [201], but not in terrestrial

sources. AIB is observed to be one of the most abundant amino acids found in the Murchison
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Table 3.4: L-Aspartic Acid Results

Mode || Temperature| Experimental Int. | Literature | Calculated| Scale Calculated | Fractional
(K) Freq (THz) Freq Freq. Factor | Int GS Popu-
(THz) (THz) (km/mol) lation
1 110 1.28 w 1.35 0.663 0.955 1.45 0.429
60 1.28 w ” ” ? ” 0.642
10 1.283 vw | 7 ” ? ? 0.998
2 295 na w 2 2.009 0.955 5.2
3 295 na vw | 2.2 2.26 0.955 1.54
4 na na 4.2 0.955 5.82
5 na na 6.93 0.955 6.63

The predicted frequencies are calculated using CAM-B3LYP /cc-pVTz in Gaussian 09 [178] and
multiplied by the Scale Factor.

meteorite along with other CM meteorites, and, while still present in other meteorites, it can
be reduced in relative abundance by up to 3 orders of magnitude [202]. Interestingly enough,
AIB, along with isovaline, another amino acid found in significant abundance in meteorites
but not known to be used or produced biochemically, were both found in significant quantity
around (but not at) the K/T boundary, which is thought to be the result of an impact of
a large meteor or comet with earth, causing an increase in elements (iridium) and molecules
thought to be delivered exogenously [203]. In this sense, AIB can be regarded as a tracer
for exogenously delivered amino acids. To further potential astronomical investigations of this

important species, the far-infrared spectrum was acquired.

The THz spectrum of AIB (Figures 3.10 and 3.11) has not been presented in the literature,
shows relatively little absorption at low frequency, with the first strong modes occurring near
and above 2.5 THz. Unfortunately, the background used as a ratio for the temperature re-
solved data was insufficient for AIB because of the lack of absorption at high frequencies. This
is thought to be due to a realignment of the spectrometer between scans, and as a consequence,
the spectrum ratio shows transmission above 100% at high frequencies. The raw temperature
resolved data are shown instead in Figure 3.10. The lowest frequency mode, predicted to be

the carboxylate torsion, is very weak, as anticipated by theory, and is calculated at the cor-
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2-Aminoisobutyric Acid Absorption as a Function of Temperature
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Figure 3.10: The log of the FFT spectrum of an a-aminoisobutyric acid pellet as a function of
temperature.

rect frequency with little/no scaling. This band shows a slight red shift as the temperature
is reduced, similar to that seen in GABA, but in much less dramatic fashion. The remain-
der of the modes, up to 6 THz, are though to be lattice or intermolecular modes, since no
intramolecular modes are predicted in this region in our DFT calculations. Except for the first
mode, all modes show ‘normal’ behavior as a function of temperature, with relatively strong

anharmonicity for the second mode. The high frequency scans indicate the presence of weak

2-Aminocisobutyric acid
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Figure 3.11: The measured transmission through an a-aminoisobutyric acid pellet at 295 K
using the two-color plasma THz source.
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features on top of very broad absorptions. The very broad feature centered at 4.7 THz is not
predicted, and, if real, would be indicative of some lattice or intermolecular modes at higher
frequencies than are commonly seen in molecules of such size. It is a bit surprising that the
predictions are as accurate as they are, considering the experimental and theoretical evidence
for intermolecular bonding, and the fact that the converged structure is not zwitterionic, as
is anticipated for the crystalline phase [191]. In the measured crystal structure, the hydrogen
positions were not resolved [191], and the geometry minimization from our DFT calculations
leads to a non-zwitterionic molecule. Additionally, when the crystalline geometry is used with-
out minimization, or only the hydrogen atoms are minimized, many negative frequencies are

found, indicating a non-converged structure.

3.4.1.7 Alanine

Alanine Transmission as a Function of Temperature
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Figure 3.12: The measured transmission through an a-Alanine pellet as a function of temper-
ature.

Alanine is one of the most studied amino acids [159, 173, 190, 204-214] due to its great
abundance in both proteins, where it is second only to leucine [215] in occurrence, and in

meteorites, where it is the second most abundant amino acid [216]. It is second in simplicity only
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Table 3.5: L-2-Aminobutyric Acid Results

Mode || Temperature| Experimental Int. | Calculated | Scale Calculated | Fractional
(K) Freq (THz) Freq. Factor | Int GS Popu-
(THz) (km/mol) lation
1 310 1.68 w 1.694 1 0.624 0.227
295 1.676%* w ? ? ? 0.237
210 1.674 w ? ? ? 0.316
110 1.67 w ? ? ? 0.516
85 1.673 w ? ? ? 0.609
60 1.671 W ? ? ? 0.736
35 1.669 vw | 7 ? ? 0.898
10 1.664 vw |7 ? ? 0.9996
2 310 2.46 m 0.334
295 2.422%* S 0.348
210 2.481 w 0.451
110 2.578 m 0.682
85 2.586 m 0.773
60 2.624 m 0.878
35 2.625 m 0.973
10 2.627 m 1.000
2 310 2.782 w 0.354
295 2.658%* m 0.368
210 2.784 w 0.476
110 2.786 m 0.708
85 2.793 m 0.797
60 2.806 m 0.896
35 2.813 m 0.979
10 2.825 m 1.000
3 310 no VW na
295 3.003** m 0.387
210 3.011 w 0.497
110 3.018 m 0.7305
85 3.025 m 0.817
60 3.012 m 0.910
35 3.009 m 0.984
10 3.006 m 1.000
4 295 3.216 m 0.407
5 295 3.47 m 0.431
6 295 4.7 S 0.534
7 295 6.72 S 6.719 1.133 0.665
8 na no na 7.69 1.677 na
9 295 7.87 m 7.829 8.697 0.722

The predicted frequencies are calculated using CAM-B3LYP /cc-pVTz in Gaussian 09 [178] and
multiplied by the Scale Factor. ** Results at 295 K are taken from separate measurements and
thus may not agree exactly in frequency. They are anticipated to be more correct than the
other measurements due to their higher spectral resolution and a more appropriate calculation

of the frequency axis.
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to glycine, and is the simplest chiral amino acid. We therefore have relatively little to contribute,
as the spectrum has been taken as a function of temperature using FT-FarIR spectroscopy,
dating back to the 80s [204], and with great frequency coverage spanning 20 to 600 cm ™! (0.6 -
18 THz). Our observed peaks agree in measured frequency, but with a small shift in frequency
of the two lowest frequency bands (these are difficult to constrain at our modest resolution of
~1 ecm~1). While we measure a small, but appreciable, blueshift with decreasing temperature,
Bandekar et al. claim these modes show no shift with temperature, a result they attribute to
these modes being associated with hydrogen bond bending, torsion, and skeletal deformations.
Since we did not perform high frequency studies of alanine nor calculations, we cannot confirm
or deny these assertions — though very accurate calculations performed in the CASTEP [217]
code confirm that the vibrations are strongly intermolecular [210]. This is not surprising given

the results found from studying other amino acids with THz-TDS.

Table 3.6: Alanine Results

Mode || Temperature| Experimental Int. | Literature | Fractional
(K) Freq (THz) Freq GS Popu-
(THz) lation
1 310 2.215 vw | 2.218,2.23 | 0.293
210 2.23 w 0.401
160 2.233 A4 0.49
110 2.233 w 0.624
60 2.239 m 0.834
35 2.239 m 0.954
10 2.243 m 1.000
2 310 2.55 w 2.54,2.56
0.332
210 2.577 w 0.448
160 2.581 w 0.542
110 2.609 W 0.679
60 2.603 m 0.875
35 2.603 m 0.972
10 2.603 m 1.000

Literature results are taken at room temperature unless otherwise noted.
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3.4.2 Sugars

3.4.2.1 Xylose
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Figure 3.13: The measured transmission through a D-Xylose pellet as a function of temperature.

Xylose has been studied twice before [218, 219], but neither study has gone above 2.5 THz
in frequency nor studied changes to the spectrum with temperature. The effect of temperature
change on the spectrum caused the misassignment of the two modes at ~ 1.65 THz, that
happen to be blended at room temperature, to the same mode. Since one of these modes
features anomalous shift with decreasing temperature and other displays relatively harmonic
behavior, the two peaks are resolved at lower temperatures. Neither transition is predicted by ab
initio calculations on the isolated monomer and both are thought to arise from intermolecular

forces in the crystal lattice.

The rest of the spectrum of xylose features many weak absorptions that are associated
with intermolecular interactions, mostly at low frequency and between 3 and 5 THz, as well as
stronger intramolecular vibrational modes that are well predicted by simulation, as can be seen

in Figure 3.14.
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Mode Temperature Experimental Int. Literature Calculated Scale Calculated Fractional
(K) Freq (THz) Freq (THz) Freq. (THz) Factor Int GS Popula-
(km/mol) tion
1 310 1.614 w 0.210
295 1.643** w 1.6, 1.67 0.219
210 1.613 w 0.294
110 1.608 w 0.485
85 1.556 w 0.577
60 1.551 w 0.704
35 1.533 w 0.876
10 1.522 w 0.999
2 310 1.671 w 0.227
295 1.643** w 1.6, 1.67 0.237
210 1.678 w 0.317
110 1.69 w 0.517
85 1.69 w 0.670
60 1.676 w 0.736
35 1.68 w 0.898
10 1.666 W 0.9997
3 310 1.959 w 0.265
295 1.975%* w 1.8,1.96 0.277
210 1.958 w 0.366
110 1.981 w 0.581
85 1.986 w 0.675
60 1.99 w 0.797
35 1.986 w 0.935
10 1.992 W 0.9999
4 310 2.506 s 2.657 0.816 1.764 0.325
295 2.565%* s 2.46 ” ” ” 0.338
210 2.518 s ” ” ” 0.440
110 2.535 s ” ” ” 0.669
85 2.534 s ” ” ” 0.761
60 2.54 s ” ” ” 0.868
35 2.533 s ” ” ” 0.969
10 2.535 s ”? ”? ”? 1
5 310 2.737 2.824 VW 2.8533 0.816 0.4185 0.352
295 2.855 2.894%* VW ” ” ” 0.3665
2.869
210 2.75 2.823 vw ” ” ” 0.473
110 2.756 2.814 vw ” ” ” 0.706
85 2.793 2.879 vw ? ” ” 0.795
60 2.803 2.873 vw ? ? ? 0.894
35 2.802 2.930 vw ? ” ? 0.979
10 2.806 2.929 VW ” ” ? 1
6 295 3.58 w 0.816 0.441
7 295 4.2 W 0.816 0.495
8 295 5.4 m 5.4153 0.816 10.0266 0.585
9 295 5.74 W 5.808 0.816 1.7171 0.607
10 295 6.34 s 6.277 0.816 12.3554 0.6435
11 295 6.77 s 6.577 0.816 10.5682 0.668
12 295 7.8 vs 8.34 0.816 82.8496 0.719

A summary of the results for xylose. The predicted frequencies are calculated using CAM-
B3LYP using cc-pVTz in Gaussian 09 [178] and multiplied by the Scale Factor. ** Results at
295 K are taken from a separate measurement and thus do not agree in frequency. The results
at 295 K have higher spectral resolution and a more appropriate calculation of the frequency

axis, and are anticipated to be more accurate.
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Figure 3.14: The measured transmission through a pellet consisting of 10% xylose and 90%
micronized high-density polyethylene. A simulated spectrum represented by Gaussian features
with height represented by the calculated intensity, FWHM manually determined (~0.03 THz),
and frequency scaled by a factor of 0.79

3.4.2.2 Sucrose

Sucrose has been the focus of many studies due to its relevance as a biological molecule and food
source, ready availability in crystalline form, and extremely complex low-frequency spectrum

that features relatively narrow transition widths.

First, the spectrum was taken up to nominally 4 THz [142], though the signal-to-noise is
poor above 3 THz and a mode that we, and others [144] observed near 4 THz is not present. The
spectrum was also recorded as a function of temperature, from 10 to 300 K in approximately
40 degree increments. The spectrum at room temperature shows a lack of absorption at 3.5
THz, which was also seen before (and verified on different occasions in our lab). The peak is
seen, however, at 10 K. This is likely because the signal goes to zero at lower frequencies as
temperature increases due to increased absorption. Both of the high frequency modes were

predicted in our DFT calculations. Another possibility is that the peaks at 3.5 and 4 THz in
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our samples arise from hydrated sucrose. Anisotropy measurements have also been performed
on single crystals of sucrose by two groups, at both room temperature [220] and at 5 K [221],
with differing results. The main finding of the anisotropic measurements is that modes can be
separated as the crystal is rotated, thus simplifying the complex spectrum that features many
overlapping features. In principle, anisotropic measurements might aid in mode assignment,

however neither group ventured, even tentatively, to assign any features to a specific vibration.
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Figure 3.15: The measured transmission through a pellet consisting of 10% sucrose and 90%
micronized high-density polyethylene. A simulated spectrum represented by Gaussian features
with height represented by the calculated intensity, FWHM manually determined (~0.03 THz),
and frequency scaled by a factor of 0.88

The changes to the sucrose spectrum with temperature are remarkable. The three lowest
frequency modes all show a similar, and previously unseen, shift in transition frequency with
temperature. As the sample is cooled from room temperature, the modes first redshift, and
then begin to blueshift. These trends were first seen by Walther et al. [142]. We observe
the same trend, but the temperature dependence and magnitude are slightly different in our

study, with a somewhat reduced maximal shift and lower transition temperature, as can be
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Table 3.8: Sucrose Results

Mode Temperature Experimental Int. Literature Calculated Scale Factor Calculated Fractional
(K) Freq (THz) Freq (THz) Freq. (THz) Int (km/mol) GS Popula-
tion
1 295 1 VW 0.8249 0.88 0.088 0.150
2 310 1.415 VW 1.270 0.88 0.798 0.193
295 1.42%* vw 1.46 ” ” ” 0.202
210 1.424 vw ” ” ” 0.272
110 1.438 w 7 7 ” 0.454
85 1.415 w 7 ” ” 0.543
60 1.41 w 7 7 7 0.670
35 1.409 w ” ” ” 0.851
10 1.387 W 1.37, 1.38 ” ” ” 0.9990
3 310 1.667 VW 1.640 0.88 0.5205 0.229
295 1.58** 1.66 ” ” ” 0.2395
210 1.663 vw 7 7 7 0.319
110 1.684 w 7 7 7 0.520
85 1.696 w ” ” ” 0.613
60 1.697 w ” ” ” 0.740
35 1.697 w ” ” ” 0.9005
10 1.683 W 1.7, 1.69 ” ” ” 0.9996
4 310 1.809 s 1.998 0.88 4.52 0.258
295 1.83 s 1.8 ” ” ” 0.269
210 1.864 s 7 7 7 0.356
110 1.899 s ” ” ” 0.568
85 1.916 s ” ” ” 0.663
60 1.927 s ” ” ” 0.7855
35 1.927 s ” ” ” 0.929
10 1.925 s ” ” ” 0.9999
5 310 2.644 VW 2.5295 0.88 5.45 0.337
295 2.56%* s 2.57, 2.58 ” ” ” 0.351
210 2.638 w ” ” ” 0.455
110 2.647 m ” ” ” 0.686
85 2.6445 m ” ” ” 0.777
60 2.646 m ” ” ” 0.8805
35 2.645 m ” ” ” 0.974
10 2.657 m ” ” ” 1.000
6 310 NA 2.596 0.88 1.921
295 2.682** w ” ” ” 0.357
210 NA » » »
110 NA not re- ” ” ”
solved
85 2.702 m ” ” ” 0.784
60 2.703 m ” ” ” 0.886
35 2.703 m ” ” ” 0.976
10 2.716 m ” ” ” 1.000
7 310 not resolved ” ” ”
295 2.682%* w 2.73 ” ” ” 0.369
210 not resolved ” ” ”
110 2.778 w ” ” ” 0.7095
85 2.791 w ” ” ” 0.798
60 2.808 m ” ” ” 0.896
35 2.818 m ” ” ” 0.979
10 2.834 m ” ” ” 1.000
8 310 3.018 vw 2.8995 0.88 0.386 0.3745
295 2.85%* vw 2.91 ” ” ” 0.389
210 2.982 vw ” ” ” 0.500
110 2.963 w ” ” ” 0.7335
85 2.989 m ” ” ” 0.819
60 3.003 m ” ” ” 0.911
35 3.019 m ” ” ” 0.984
10 3.031 s 7 7 ” 1
295 3.42 s 3.5 3.403 0.88 4.425 0.427
10 295 4.05 s 4.3 3.92 and 4.08 0.88 2.47 and 3.88 0.4825

The predicted frequencies as calculated using CAM-B3LYP using cc-pVTz in Gaussian 09 [178]
are multiplied by the Scale Factor. * Results at 295 K are taken from a separate measurement
and thus do not agree in frequency. The results at 295 K are anticipated to be incorrect due to

possible hydration of the sample, resulting in low specific absorbance.
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Figure 3.16: The measured transmission through a sucrose pellet pressed with micronized high-
density polyethylene.

seen in Figure 3.16. Some of this could be the result of an insufficient number of temperature
points in our measurements and the low spectral resolution (~50 GHz) of our temperature-
resolved measurements. Also, peak centers were not fit here with the same treatment as was
performed previously, by fitting Lorentzian curves with adjustable amplitudes and width as
parameters. We thus have greater uncertainty in our measurements. Walther et al. also
studied a fully deuterated version of sucrose and found large shifts to the frequency of the
modes when compared to what one might expect in the harmonic approximation, and claim
this is due to a softening of the vibrational potentials. We discuss this further below (Section
3.5). For frequencies above 2.5 THz, the unstructured and relatively featureless spectrum at
room temperature transitions into a complex and intense pattern of at least 4 transitions at 10

K. Blending of the components as well as broadened transitions is limiting at high temperatures
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and persists even at low temperature. While there is nothing fundamentally new to report from
our study of sucrose, the good agreement with previous work is confirmation of the fundamental
operation of the new THz-TDS instrument.

The same sucrose sample was measured during three occasions in our lab over a period
of 3.5 years. As mentioned previously, we see a degradation in the spectra, likely caused by
hydration, forming either changes to the crystal structure as it incorporates water, or via the
formation of amorphous sucrose. Each successive spectra shows less definition to the spectral
structure and a decrease in overall transmission. This can be seen in Figure 3.15 for the last
two of the high frequency measurements. Thus, the results as shown in Table 3.8 are taken

from the earliest measurements when possible.

3.4.2.3 D-Ribose
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Figure 3.17: The measured transmission through a D-Ribose pellet as a function of temperature.
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Ribose was studied as a function of temperature, but not using the high frequency bandwidth
plasma source. Its spectrum shows at least four modes that were previously observed [218],
as can be seen in Figure 3.17 and Table 3.9. We also observed clear trends when studying
the spectrum as a function of temperature, with both of the lowest frequency modes showing
the normal blueshift with decreasing temperature. Peaks 3 and 4 do not show many changes
with temperature, either in intensity or shift, are split, and are not as clear as in Reference
[218]. This likely occurs because either our sample was too concentrated or the sample was
partly amorphous, as is common with ribose — which is notoriously hard to crystallize and for
which the full crystalline atomic coordinates are still not known [222]. It is clear, however,
that the unit cell contains both o and 8 D-ribose molecules. As such, both were simulated,
but neither shows strong modes below 3 THz and so no predictions are reported here. Similar
results are found for D-arabinose (Section 3.4.2.5), in that the low frequency modes are not
predicted to be intramolecular in character, but some of the modes around 3 THz may well
have significant intramolecular character. In this regard, higher frequency spectra would be

useful for comparison purposes.

3.4.2.4 D-Mannose

The D-mannose spectrum has never been reported in the literature, to our knowledge. It
features several weak absorptions below 2 THz, along with several strong bands from 2 to 3.5
THz. As it is cooled to 10 K, there are major and distinctive changes to the spectrum (See
Figure 3.18), including the normal blue shift of all transitions observed as well as apparent
splitting of the transition found at 2.4-2.8 THz, which is likely caused by transition narrowing,
and the extreme change in frequency, breadth, and intensity of the feature found at 2.9-3.4 THz.
Mannose thus demonstrates the necessity for studying molecules at reduced temperatures if a

true understanding of the spectrum is desired. Beyond the results listed in Table 3.10, there
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Table 3.9: D-Ribose Results

Mode || Temperature| Experimental Literature| Int. Fractional GS
(K) Freq. Freq. Population
(THz) (THz)
1 310 0.75 0.74 vw 0.120
210 0.758 VW 0.1715
110 0.7885 w 0.302
85 0.797 w 0.372
60 0.8135 w 0.4825
35 0.8175 w 0.677
10 0.8236 w 0.981
2 310 1.0435 1.1 m 0.159
210 1.0686 m 0.225
110 1.097 m 0.386
85 1.1093 m 0.468
60 1.122 m 0.591
35 1.12 m 0.784
10 1.1172 m 0.995
3 310 1.55, 1.6 1.57 w
210 7 w
110 7 w
85 7 W
60 7 W
35 7 w
10 7 w
4 310 1.81, 1.93 1.85 m
210 7 m
110 7 m
85 7 m
60 7 m
35 7 m
10 7 m

Literature results are taken at room temperature unless otherwise noted. The predicted fre-
quencies are calculated using CAM-B3LYP/cc-pVTz in Gaussian 09 [178] and multiplied by
the Scale Factor.
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Figure 3.18: The measured transmission through a D-Mannose pellet pressed with micronized
high-density polyethylene as a function of temperature.

appears to be a peak at 3.5 THz found in the two lowest temperature scans: however, since this
is usually outside the range of our instrument, its presence is debatable. The high frequency
spectra taken with lock-in detection are at very low resolution, and suffer from notable issues
above 3 THz due to low signal-to-noise and non-removed etalon features (see Figure 3.19).
Unfortunately, the high-resolution spectra taken with the oscilloscope show a marked change
to the sample, probably caused by hydration. While some of the features are consistent, most
show significant changes to the intensity or are shifted in frequency. Nonetheless, the predicted
spectrum matches well with the observed data with very little scaling. These results clearly
mark some modes as being primarily intramolecular in character, but demonstrate the need for

careful sample preparation.

3.4.2.5 D-Arabinose

While D-arabinose has been studied at least twice before [218, 223], we measure distinctive
changes to the spectrum as a function of temperature that reveal several modes that have not

yet been reported. We note at least two spectral regions that completely change as a function
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Table 3.10: D-Mannose Results
Mode Temperature Experimentall Int. Calculated Calculated Scale Fractional
(K) Freq (THz) Freq. (THz) Int Factor GS Popula-
(km/mol) tion
1 310 0.92 vw 0.1405
295 0.936** vw 0.147
210 0.95 vw 0.200
110 0.969 vw 0.347
85 0.976 vw 0.424
60 0.978 vw 0.543
35 0.983 vw 0.738
10 0.978 vw 0.991
2 310 n.o. vw
295 n.o. vw
210 n.o. vw
110 1.447 vw
85 1.458 vw
60 1.465 vw
35 1.488 vw
10 1.5 vw
3 310 1.725 vw 1.806 1.5356 0.955 0.245
295 1.73%* vw ” ” ” 0.256
210 1.726 vw ” ” ” 0.340
110 1.773 vw ” ” ” 0.547
85 1.792 w ” ” ” 0.641
60 1.793 w ” ” ” 0.766
35 1.812 w ” ” ” 0.917
10 1.816 w ” ” ” 0.9998
4 310 n.o. vw
295 n.o. vw
210 n.o. vw
110 1.939 vw 0.578
85 1.951 vw 0.673
60 1.954 vw 0.795
35 1.965 w 0.934
10 1.979 w 0.9999
5 310 1.953 w 0.278
295 2.02%* w 0.290
210 2.0044 m 0.382
110 2.0655 ms 0.601
85 2.0775 ms 0.696
60 2.086 ms 0.815
35 2.1015 ms 0.944
10 2.107 ms 1.000
6 310 2.156 vw 0.302
295 2.174%* w 0.315
210 2.24 VW 0.412
110 2.244 vw 0.637
85 2.266 vw 0.731
60 2.2823 w 0.844
35 2.313 w 0.959
10 2.324 W 1.000
7 310 2.429 wm 0.328
295 2.46%* s 0.342
210 2.48 m 0.444
110 2.5315 vs 0.674
85 2.5543 vs 0.766
60 2.5525 vs 0.872
35 2.571 vs 0.971
10 2.572 vs 1.000
8 310 2.644 vw 0.342
295 NR vw 0.356
210 2.646 vw 0.461
110 2.6466 vs 0.6925
85 2.6597 vs 0.783
60 2.6705 vs 0.885
35 2.696 vs 0.975
10 2.703 vs 1.000
9 310 3.01 w 3.001 2.1292 0.955 0.393
295 3.082%* w ” ” ” 0.409
210 3.12 s ” ” ” 0.522
110 3.171 s ” ” ” 0.756
85 3.18 s ” ” ” 0.8385
60 3.192 s ” ” ” 0.924
35 3.198 s ” ” ” 0.988
10 3.23 s ” ” ” 1.000
10 295 3.892 m 3.587 2.9733 0.955 0.469
11 295 4.9 m 5.002 13.0845 0.955 0.534
12 295 5.9 s 6.042 7.736 0.955 0.617
13 295 7.55 S 7.29, 7.54 65.73, 20.3 0.955 0.707
14 295 7.73 s 0.716

The predicted frequencies are calculated using CAM-B3LYP /cc-pVTz in Gaussian 09 [178] and

multiplied by the Scale Factor.
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Figure 3.19: The measured transmission through a D-Mannose pellet at room temperature
compared with predicted results from DFT calculations at the CAM-B3LYP/cc-pVTz level,
scaled by a factor of 0.955 with a modified Gaussian line shape.

of temperature, with peaks becoming severely blended, shifted, or simply disappearing. These
two regions can be found at 2.1-2.5 THz, where only one mode appears to exist near room
temperature, but for which no fewer than three are seen at 10 K, and at 2.8-3.2 THz, where
the sole observed transition at room temperature shifts and splits into two modes near 10 K.
Both phenomena can be seen in Figure 3.20. These changes could be indicative of a phase
change, though mode 1, at least, is relatively unaffected, which either indicates significant
intramolecular character to that mode, or suggests that a phase change is in fact not the cause
of the large changes to the THz spectrum. Since the mode is not predicted by our calculations,
it suggests that it is likely strongly intermolecular and thus unaffected by the proposed phase
change. The previously reported peak at 3.4 THz [223] was seen in our scans, however it is
well beyond the usual bandwidth of our spectrometer, but does clearly appear in a few scans,
so is listed in Table 3.11. Similar to the case of AIB (Section 3.4.1.6), the spectrum of the
pellet shows extended frequencies with respect to the reference and so the transmission at high

frequencies is sometimes above 100%, however the shape of the spectrum is expected to be
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Figure 3.20: The measured transmission through a D-Arabinose pellet as a function of temper-
ature.

generally valid (but broad modes above 3 THz may be more significantly affected). Simulations
at the CAM-B3LYP/cc-pVTz level do not predict any of the low frequency modes, but do
match up with both of the highest frequency modes detected. It is thus thought that the lowest

energy modes are purely intermolecular or phonon-like in nature.

3.4.2.6 D-Glucose

Unsurprisingly, glucose has been studied numerous times [142-145, 223-229], with spectra at
liquid helium temperatures [228, 229] and room temperature [227] known since the 1970s. Our
results agree with what has been observed qualitatively, though we note very significant changes
to the previously reported shapes — not position — of the measured transitions, particularly those
near mode 3 at 2.6 THz. All modes show the anticipated shift with decreasing temperature. One
of the more interesting studies involved the change to hydration of a D-glucose monohydrate
crystal as a function of heating [226], which might serve as a good introductory physical chem-
istry laboratory, or as a way of understanding and modeling intermolecular hydrogen bonding

interactions in such solids. Beyond that, glucose should should not be subject of further studies
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Table 3.11: D-Arabionse Results

Mode || Temperature| Experimental Int. Literature | Calculated| Scale Calculated | Fractional
(K) Freq (THz) Freq Freq. Fac- Int GS Popu-
(THz) (THz) tor (km/mol) | lation
1 310 1.471 m 1.48, 1.5 0.213
260 1.478 m 0.249
210 1.491 m 0.298
160 1.515 m 0.372
110 1.541 m 0.491
60 1.544 m 0.710
10 1.549 m 0.9994
2 310 blend n.o 0.277
260 blend n.o. 0.321
210 blend n.o. 0.381
160 blend VW 0.467
110 2.084 ms 0.600
60 2.089 ms 0.813
10 2.099 ms 0.9999
3 310 2.125 S 2.15 0.302
260 2.155 S 0.349
210 2.2 S 0.412
160 2.235 S 0.502
110 2.296 S 0.637
60 2.302 S 0.844
10 2.324 S 1.000
4 310 2.31 n.o. 0.315
260 2.396 n.o. 0.363
210 2.405 n.o. 0.428
160 2.414 n.o. 0.520
110 2.424 m 0.656
60 2.436 S 0.8585
10 2.4455 S 1.000
5 310 2.814 s 2.8 0.3585
260 2.815 s 0.411
210 2.851 S 0.482
160 blend n.o. 0.577
110 blend n.o. 0.714
60 2.849 VW 0.899
10 2.868 W 1.000
6 310 n.o. n.o. 3.002 0.87 1.647 0.387
260 n.o. n.o. ? ? ? 0.442
210 n.o. n.o. ? ? ” 0.515
160 3.005 w ? ? ? 0.613
110 3.129 S ? ? ? 0.749
60 3.137 VS ? ? ” 0.920
10 3.165 vs ? ? ? 1.000
7 310 n.r. Vs 3.4 3.424 0.87 1.784
260 n.r. vs ? ? ”
210 n.r. Vs ? ? ”
160 3.41 Vs ? ? ”
110 3.41 Vs ? ? ?
60 3.4 w ? ? ”
10 3.4 w ? ? ?

Literature results are taken at room temperature unless otherwise noted. The predicted fre-
quencies are calculated using CAM-B3LYP/cc-pVTz in Gaussian 09 [178] and multiplied by
the Scale Factor.
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in the Blake lab.

Table 3.12: D-Glucose Results

Mode || Temperature| Experimental Int. | Literature | Fractional
(K) Freq (THz) Freq GS Popu-
(THz) lation
1 310 1.434 m 1.43, 1.44 0.2015
210 1.439 m 0.283
110 1.449 m 0.470
85 1.445 m 0.560
60 1.443 m 0.687
35 1.452 m 0.864
10 1.4535 m 1.45 0.9990
2 310 2.045 VW 2.08, 2.10, | 0.2775
2.05
210 2.082 VW 0.381
110 2.098 VW 0.600
85 2.108 w 0.694
60 2.107 w 0.8135
35 2.105 w 0.944
10 2.1 w 2.11 0.99995
3 310 2.657 VW 2.61, 2.63, | 0.348
2.64
210 2.7 VW 0.468
110 2.726 w 0.700
85 2.751 m 0.790
60 2.76 m 0.890
35 2.781 m 0.977
10 2.761 Vs 2.75 1.000

A summary of the results for D-Glucose.

3.4.2.7 D-Fructose

Fructose has been studied several times before [142-144] and we have qualitatively nothing new
to present. While we observed the normal shift of the observed transitions as a function of
temperature (Figure 3.22), and are the only group to report this incrementally, the 10 K and
room temperature spectra have already been measured [142]. We observe a normal and fairly
linear shift with temperature, indicating a well behaved potential energy surface. Unfortunately,
the sample was too concentrated when doing the temperature dependent measurements and
the 3rd mode, which should have been observed in our experimental bandwidth, was not seen

due to saturation. We also extended the observed range to 8 THz, but only one new mode
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Figure 3.21: The measured transmission through a D-fructose pellet at room temperature
compared with predicted results from DFT calculations, at the CAM-B3LYP /cc-pVTz level
and scaled by a factor of 0.7 with a modified Gaussian line shape.

has been detected, as can be seen in Table 3.13. The predicted bands, as seen in Figure 3.21,
show good agreement, but only after significant scaling, where the scaling factor was 0.70. This
demonstrates that these modes have significant inter- and intra- molecular character since the

ab initio fit is so poor.

3.5 Discussion

As a general rule, the transmission of all samples increases across the entire band as the temper-
ature is reduced. Strangely, polyethylene was found to increase in absorption at low frequencies
at reduced temperatures. This accentuated the effect of apparent increased transmission be-
cause the sample, whose FFT was ratioed against the spectrum of polyethylene, generally both
became more transmissive at cooler temperatures due to the increased thermal order and a
lower population of states, which was in turn divided by a lower number due to polyethylene.
While the measured THz field is significantly lower at lower temperatures (~15% at the peak

frequency from 310 K to 10 K, for polyethylene) the transmission at frequencies above 3 THz
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Table 3.13: D-Fructose Results

Mode || Temperature| Experimental Int. | Literature | Calculated Scale Calculated | Fractional
(K) Freq (THz) Freq Freq. Fac- Int GS Popu-
(THz) (THz) tor (km/mol) | lation
1 295 1.27 vw | 1.35, 1.29 0.187
310 1.6706 ms | 1.69 1.4705 0.7 2.542 0.242
295 1.699** ms | 1.68 ” 7 7 0.253
210 1.7028 ms ” 7 7 0.336
110 1.7435 ms 7 7 7 0.542
85 1.7704 ms ” 7 7 0.636
60 1.7733 ms 7 7 7 0.761
35 1.782 S 7 7 7 0.914
10 1.7904 S 1.88 ” 7 7 0.9998
3 310 2.1115 m 2.12 2.1665 0.7 2.958 0.2905
295 2.1332%* m 2.11 ” 7 7 0.303
210 2.1506 ms 7 7 7 0.3975
110 2.1725 ms 7 7 7 0.620
85 2.1802 ms ” 7 7 0.714
60 2.2000 S 7 7 7 0.830
35 2.2075 S 7 7 7 0.952
10 2.2173 S 2.25 ” 7 7 0.9999
4 295 2.52 w 2.5 0.336
5 295 2.64 S 2.66, 2.61 | 2.673 0.7 5.837 0.349
6 295 2.96 m 2.97,2.93 0.382
7 295 3.23 vw | 3.22 0.409
8 295 4.48 S 4.6 4.564 0.7 6.81 0.5175
9 295 7.32 S 6.988 0.7 68.29 0.696

The predicted frequencies are calculated using CAM-B3LYP /cc-pVTz in Gaussian 09 [178] and
multiplied by the Scale Factor. ** Results at 295 K are taken from separate measurements
and thus may not agree exactly in frequency. The results at 295 K are anticipated to be
more correct than the other measurements due to their higher spectral resolution and more
appropriate calculation of the frequency axis.
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Figure 3.22: The measured transmission through a D-Fructose pellet as a function of tempera-
ture.

is increased. The increase in absorption at low temperatures has also been seen for other

amorphous materials as well [142].

For amino acids and sugars, the detected THz spectral features typically blue shifted as
samples were cooled to 10 K. This behavior is expected for a standard, Morse-like, anharmonic
potential energy surface, where the lowest levels are most separated in energy. Only the ground
state is expected to be populated at such low temperatures, since the thermal energy at 10 K
is equivalent to an energy of 0.21 THz -h. However, at room temperature, the thermal energy
is approximately 6.21 THz -h, and the population is expected to be spread among many states,
causing an inhomogeneous broadening towards the low frequency side of the transition. The
transition is also homogeneously broadened due to thermal motion of the atoms [142]. Some of
the more interesting transitions either redshift as the temperature is reduced or blueshift to a
point and then redshift. This bimodal behavior was found with sucrose and deuterated sucrose
[142] and was confirmed in our study. The anomalous redshift with decreasing temperature was

explained to be a consequence of van der Waals interactions weakening hydrogen bond-related
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modes. Van der Waals forces are thought to increase because colder temperatures are known to
decrease the crystal size and give rise to more dense packing, thus all atoms are closer to each
other and induced dipole forces are more apt to occur, possibly altering the hydrogen bonds.

However, this interpretation is dubious since others have found the opposite behavior when
only van der Waals interactions are present [230, 231] as in the case of CH stretching modes
in sugars. Further, the hydrogen bonding is only expected to increase in significance with de-
creasing temperature [232]. Multiple studies of the temperature effects of in the OH stretching
region of crystalline pyranoside carbohydrates have shown the same redshift with decreasing
temperature, for example references [230, 231]. This was attributed to the strengthening of
hydrogen bonds as a result of the tighter packing of the crystals, which lessens the force con-
stants for the OH stretch. Others have found that the frequency shift with stronger hydrogen
bonds is not constant but can be predicted based on the change in bond order and charge
redistribution when the intermolecular hydrogen bonding strength is increased [232, 233]. This
is the proposed mechanism in the THz case.

Assuming a Morse-like anharmonic potential, which is itself a large assumption, there will be
some blueshift upon cooling, whose magnitude is given by the anharmonicity and the anticipated
population change. When increased hydrogen bonding is factored in, the results are uncertain,
though generally the intramolecular high frequency bonds will weaken somewhat, and a redshift
is expected for the collective modes characteristic of the far-infrared. That is, an anomalous
redshift upon cooling is likely caused by intermolecular hydrogen bonding and should be useful
in identifying inter- versus intra- molecular related modes, in that the intermolecular modes are
anticipated to undergo the largest shifts [234].

When studying spectra in a variety of phases or solvents, it has been well documented that
some modes stay the same, and some shift dramatically or are absent [234] upon changes to the

phase or solvent. The changing modes are often intermolecular in nature. This is due to the
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fact that hydrogen bonding or other intermoleuclar interactions cause large changes to specific
modes while leaving others unhindered. Intramolecular distances are thought to be relatively
unchanged by a change in temperature, while intermolecular distances are anticipated to become
significantly smaller with decreasing temperature, and thus the spectral shift of intermoleuclar
modes should, in principle, be larger. This is not found in most cases here, as many of the
lowest frequency intramolecular modes also have significant dependence on the changes to the
intermolecular landscape, either directly or indirectly. Temperature dependence of the spectrum
at higher frequencies, where intramolecular contributions are less likely, would help to confirm
this.

Spectral features also typically narrowed at cryogenic temperatures. This is attributed to
both homogenous and inhomogeneous broadening effects. First, the thermal disorder is reduced,
and thus all transitions are homogeneously narrowed. Second, due to decreased population
in the upper states of the presumably anharmonic potential energy surface, transitions were
also narrowed because the range of eigenfrequencies that contribute to the absorption are also

narrowed.

3.5.1 Theory

Assigning the observed spectral features to a specific motion, or set of motions, is quite dif-
ficult with present techniques/computation capacity. Predicting the spectrum of crystalline
substances in the far-infrared or THz region can be quite challenging, and many methods have
been tried, including ab initio and density functional methods B3LYP [146, 235, 236], HF,
B3PW91 [146], and MP2 [236], mostly with the 6-311+G™** basis set, as well as molecular
mechanics based methods [237] and DFT plane-wave basis set-type calculations that employ
periodic boundary conditions [149, 237, 238]. A recurring debate is whether or not modes can

be adequately described as either intramolecular or intermolecular, having a character that is
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fully vibrational, or with a character that is derived from rotation, translation, or center-of-mass
motion (or some combination of the above). Jepsen and Clark performed some of calculations
with the closest match(es) to experiment using the CASTEP code [217] and very strict conver-
gence criteria [149]. The CASTEP calculations were based on plane-wave density functional
theory while norm-conserving pseudo-potentials were used to describe the electron-ion interac-
tions. Most notably, these authors concluded that modes could not be assigned as fully inter-
or intra- molecular in the case of hydrogen bonded molecular crystals, even for the lowest fre-
quency modes. The molecules studied were sucrose, benzoic acid, and thymine. They conclude
that the modes are “best described as phonon modes with strong coupling to the intramolecular

)

degrees of freedom” and argue for the need for a computational method that takes into account
both the periodicity of the crystal as well as the intramolecular motion. Jepsen and Clark
calculate and plot normalized motion amplitudes for internal and center-of-mass motions as a
function of mode number. At low mode number, the center-of-mass motion is, as anticipated, a
larger fraction of the total motion fraction. Unfortunately, dipole moment fluctuations in each
mode are not calculated, so overall effect on the transition is not fully described. Burnett et al.
[237] extended the idea of breaking down the contributions to the energy of each normal mode
to include rotation. They studied pentaerythritol tetranitrate (PETN) in depth using three
types of theory. CASTEP calculations along with molecular mechanics calculations and PWscf
[239] all predicted the observed spectrum with similar accuracy. Unlike the hydrogen bonded

crystals studied before, it was found that some modes, and nearly all high frequency modes,

had exclusively intermolecular vibrational character, especially those with By symmetry.

The general finding herein is that modes are either based on intramolecular modes, as would
be seen in isolation, though possibly shifted in frequency due to interactions in crystal form,
or are indicative of intermolecular bonding and are not directly related to an intramolecular

mode. This statement breaks down where extremely strong and significant hydrogen bonding
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exists, such as is true in glutamic acid and aspartic acid, and especially in the case of small
molecules such as 2-aminoisobutyric acid, alanine, and glycolaldehyde. In support of the above
claim, such small amino acids are known to exist as zwitterions in solution and in crystalline
solids, but not in the gas phase, demonstrating a large change to the structure and hydrogen
bonding landscape of the molecules. Convergence to the crystalline structure was not found
when performing a geometry optimization for an isolated system, and the molecules reverted
back to an uncharged species. Therefore, the results generated from the frequency calculations
are anticipated to be incorrect, as is observed. Even for some hydrogen bonded crystals the
modes can be well-predicted by DF'T calculations on the isolated monomer, however, correction
with linear scaling correction factors is required because the calculated frequencies are always
higher than measured. Some modes are not predicted and are thought to be only seen in
the crystal form. While these modes may have intramolecular contributions, they are not
allowed without the presence of the crystal and phonon-like motion and should be regarded as

intermolecular in character.

3.6 Conclusions

The transitions studied here are of some relevance to astrochemistry, due to the sometimes
small spectral shifts upon changes to the structure, such as being embedded in a matrix or
put into the gas phase, as will certainly exist in interstellar ices. The appeal of these THz
modes for astronomical observations is that they will be present in both the gaseous and solid
state, and the icy grains will continue to emit in the far-infrared even at low temperature —
no background source is required as is true for measurements of ices at infrared wavelengths.
Finally, measurements on small to medium size molecules may be of significant help in identi-

fying strongly anharmonic potentials amenable to coherent control experiments, especially in
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the unambiguous demonstration of such important concepts such as ladder-climbing [77].
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Chapter 4

Time-Resolved THz Spectroscopy

4.1 Introduction

Due to the pulsed nature of THz-TDS, it can be performed with respect to a an impulsive
electromagnetic excitation of the system, allowing for the study of changing optical properties
on a femtosecond timescale. Time-resolved THz Spectroscopy (TR-THz) probes the ultrafast
change to the THz optical constants or derived parameters as a function of time after the
initiation of the change, typically caused by an electronically resonant optical excitation pulse.
Experimentally, two time frames are relevant, the delay between optical excitation and the
acquisition of the THz spectrum, and the delay between the THz pump pulse and optical
gating pulse for THz detection, giving rise to a 2D scan. The data are commonly acquired by
sweeping the THz delay line as a function of a fixed optical pump to THz peak signal time.
Most commonly probed are semi-conductors, since the change in the broadband conductivity

is often relatively large and thus involves a large change to the THz reflectivity.

4.2 GaAs

Low temperature grown gallium arsenide (100) was used as a test of the TR-THz setup. Ini-
tially, a pump beam was directed at the reverse side of the sample from the THz beam at

a small angle to the direction of propagation of the THz beam due to ease of experimental
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implementation and lack of an appropriate beamsplitter. Significant temporal broadening of
the TR-THz spectrometer response function was observed. In a revised experimental set up,
the beam was therefore directed at the same side of the sample upon which the THz beam was
incident, again at a small angle. The time resolution was found to be better, but the ultra-
fast carrier response was orders of magnitude longer than predicted. Lastly, the beams were
co-propagated using a transparent ITO beamsplitter, and the temporal resolution was vastly
improved, as can be seen in Figure 4.1. The reason for this is geometrical and is a function of
the difference in incidence angle. The pump beam photoexcites a small portion of the sample
at the leading edge of the pulse (and thus over a short time). The entire beam cross section is
not excited until the pulse front has completely passed through the sample. Even a tilt of ~30
degrees for an 8 mm beam gives an artificial 13 ps spread to the measured response. Clearly,

it is essential to ensure coincidence for accurate time-resolved measurements.
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Figure 4.1: The measured change in THz signal, at peak intensity, as a function of pump-probe
delay for low temperature grown GaAs illuminated under various experimental geometries. This
demonstrates the importance of co-linear pumping for a true signal to be measured, even when
the sample is at a THz beam waist.
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4.3 Dye-Sensitized Solar Cells

Due to rapidly increasing energy demands, finite fossil fuel inventories, and environmental
concerns, the development of cheap and efficient solar cells is topic of critical importance. Dye-
sensitized solar cells (DSSCs) are a class of solar cell designed to be low in cost, because they
use ubiquitous semiconductors derived from materials abundant in the earth’s crust. However,
in the standard design they typically only approach ~10% efficiency. This approach was first
reported in 1991 [240] and DSSCs are often referred to as Grétzel cells, named after the author.
Gratzel cells are typically made of thin films of a semiconductor, often mesoporous nano-
crystalline titania, TiOg, followed by a layer of hole conducting electrolyte solution and an
anode, with the cathode being a glass window coated with a thin layer of indium-tin oxide
(ITO) [241]. The TiOq is sensitized by a dye that has an absorption band that is well matched
to the solar emission spectrum and serves to inject charge into the TiOs conduction band. The
dye is restored to its neutral state by a hole conductor in solution, which itself is regenerated

at the counter electrode.

While much is known about the nanosecond to second scale dynamics of the system, the
ultrafast charge excitation, the injection dynamics of the dye system, and the carrier mobility
after injection are less well studied. These characteristics are thought to be important because
charge transport can be problematic due to recombination at hopping sites or at surface defects
near the dye molecules. While the most common dye, R-535 (Solaronix) or “N3” dye, had
been studied [242], the full system has not been investigated, and the effect of changing dyes
is not known. A long term goal of the TR-THz system was to work with the groups of Harry
Gray and Nate Lewis to test out various dyes that had been synthesized to help enlighten
future synthesis of better dyes. As a first step, the N3 dye was tested and some other dyes

were ordered from Solaronix SA including Ruthenizer 620-1H3TBA, otherwise known as “black
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dye,” which is one of the best dyes due to its very wide band-gap, which extends to 920 nm and
thus allows photoexcitation at either 800 or 400 nm. Unfortunately, results using this dye were
published in the meantime [243]. The results are largely the same, except that more carriers
are injected into the TiO2 per photon, but since the pump energy is not limiting, this change
is not significant to the overall performance of the system. This is to be expected since the
TR-~THz response is only thought to be sensitive to the carriers in the TiO2, and not to those
in the dye, whose lifetime is expected to be much longer. Thus, changes to the structure of the
titania give more noticeable changes to the observed response than do changes to the dye(s).
Additionally, little work at Caltech is now performed on DSSCs, so the collaboration stopped

with the graduation of Don Walker in 2010.

Dye-sensitized TiOo was successfully studied on two occasions in our lab. A thin layer of
anatase nano-crystalline TiO9 dissolved in paste with an organic solvent (Solaronix Ti-Nanoxide
HT/SP) was deposited on a 1”7 z-cut crystalline quartz window using a screen printing-like
technique, where the TiOg was forced through a polyester mesh. The TiOs was then baked
for 30 minutes at 450° C, resulting in a sintered porous layer with an approximate thickness of
4 microns. It is estimated that the particle size is 8-10 nm, so the layer is quite transparent
to visible light. The quartz and TiOs were allowed to cool to 120° C for two hours before
being added directly to a solution of the N3 dye to avoid the absorption of water or other
contaminants. It is important to keep the dye solution in the dark, or the dye rapidly degrades.
The TiOs was allowed to sit in the dye solution for at least 1 day. In some cases the TiO»
layer fell off of the quartz surface. To prevent this, the quartz was soaked in TiCly solution
before application of the nano-crystalline paste. It is also necessary to keep the dye free from
oxygen when attached to the TiOg or the dye turns brown and becomes oxidized and does not
function correctly. As such, the quartz window was placed in a demountable liquid cell (Harrick

Scientific DLC-M25) with the dye/TiOq layer inside, separated from another quartz window by
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a 1 mm teflon spacer. Dry nitrogen was flowed through the cell during scans.

At the end of scans, the area which was illuminated by the 400 nm pump light was observed
to be clear and non-colored, as if the dye had been completely photo-bleached. This probably
negatively impacted our signal levels. The THz probe-related delay line was fixed at the THz
field maximum and the pump delay line was scanned. After 128 averages, the transient signal
was only three to four times the noise level, amounting to a small fraction (< 2%) of the total
THz signal, and the signal could not be seen in a single scan due to large pulse-to-pulse source
noise. It cannot be verified with certainty that the observed signal is fully impacted by the dye’s
presence, as TiO2 has been shown to give a TR-THz response whose size is only 10x less than
that seen for the dye-sensitized case. However, our own studies on bare TiOy gave negligible
signal, although the setup was not identical to that used for the DSSC measurements and less
averaging was used.

The DSSC time-domain trace, presented in Figure 4.2, features a very rapid reduction
in signal, due to THz reflection or absorption of the photo-generated carriers, followed by a
relatively slow rise back toward baseline levels. The first drop takes place in approximately 400
fs and the slower rise is estimated to take place on the nanosecond to microsecond timescale.
Interestingly, about 4 ps after the drop there is another bipolar feature. Initially this was
assigned to reflections, but, in retrospect it more likely is due to a small THz signal generated
by the 400 nm pump pulse in the sample or the quartz window. The trace was also measured
in the cryostat at 20 K. No qualitative changes were observed at cryogenic temperatures, but
these scans had even lower SNR due to a reduced signal (due to the cryostat windows) and
added vibration of the sample, so no quantitative comparison could be made.

Black hydrogenated TiO9 should be considered for testing in the future, as it shows great
promise for solar cell and solar chemical applications [244] due to an increase in solar absorption

and photocurrent density [245]. In order to increase the optical absorption under solar illumi-
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nation, TiOs can be doped with metals, for example, to create donor and or acceptor states in
the band gap and allow transitions that are typically not allowed. In light of this, hydrogen
modification of the surface of nano-crystalline TiOs was performed to introduce disorder, but
in such a way that the bulk properties of crystalline TiOs are retained. If this material forms
suitable solar cells, it would be a vast improvement over DSSCs due to the simplicity of not
having to use a solvent system to regenerate carriers and possibly improved stability with re-
spect to oxidation. Some collaboration with the discovers of this material has been started, but
the amount of material provided is prohibitively small, does not appear black, but only light
gray, and a non-destructive method of testing has not yet been established. It may be easier
to hydrogenate TiO4 layers after deposition as a means of testing if a hydrogenation chamber

can be found on campus.
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Figure 4.2: The measured change in THz signal, at peak intensity, as a function of pump-probe
delay for dye-sensitized TiOs. The signal has been significantly smoothed using the Savitzky-
Golay method, with care taken to maintain the same rise time and shape of the peak signal.
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Chapter 5

Future Prospects

5.1 Introduction

This chapter is designed to serve as an outline and list of possible improvements and projects
for future Blake group members. All of the ideas listed in this chapter are doable and most

have been demonstrated previously.

5.2 Improvements to THz spectroscopy

For virtually all future experiments, there are a number of ways to improve upon the existing
THz-TDS system. In particular, the THz dynamic range and SNR could use improvement
for all future applications, and systematic tests of the THz detectivity should be the first
priority. Better SNR would allow for faster acquisition times and more sensitive detection of
small modulations to the THz signal for both TR-THz and THz-TDS or, minimally, for faster
spectroscopic measurements and for the detection of weak emission, such as that from solvent
reorganization around optically excited chromophores [246]. The most significant advances
would come from single-shot, multi-channel, detection (Section 5.2.2) schemes in which the
entire THz waveform is sampled on each regenerative amplifier pulse, so that the signal can be
averaged at kHz repetition rates. Further advances would come from splitting off part of the

THz beam and using it to normalize the detected THz waveform on a shot-by-shot basis. If



136

higher spectral bandwidth (or better temporal resolution) is desired, THz air based coherent
detection can be employed.

In addition to improvements to the detection and THz pulse noise characteristics, the THz
field should be increased to the maximum extent possible so that losses from optics or splitting
and normalization can be more easily tolerated. Also, for coherent control and nonlinear spec-
troscopy purposes, the THz pump energy must be increased to the ~Mv/cm levels reported in
the literature, likely via either two-color plasma techniques for frequencies above 3 THz (Sec-
tion 5.2.3 or tilted pulse front (Section 1.1.3.3) or arrayed GaAs photoconductive antenna based
generation with high bias fields [247], for spectroscopy below 3 THz. Possible implementations

of these schemes are briefly discussed next.

5.2.1 Air-Based Coherent Detection

The interest in THz Air-Based Coherent Detection, or ABCD, stems from the desire to en-
able the phase sensitive detection of THz pulses at high frequencies. Indeed, extremely broad
bandwidth detection (up to 200 THz) might be realized if the gating pulses are shortened to
10 fs and matched to a similar two-color plasma source [248]. While ABCD has been discussed
previously in Sections 1.1.4.2 and 2.6, it has not yet been successfully implemented in the Blake
labs. Since our first attempt, several important papers have been published [130, 249], includ-
ing a successful demonstration of the technique by a group other than that of X. C. Zhang
[250]. Additionally, Marco Allodi has visited with the Zhang group at Rochester to observe
their implementation. The main problem observed previously, contamination of the signal from
SHG, will remain and be difficult to deal with, but there are two possibilities to consider. First,
an achromatic lens could be used to focus the probe beam through a hole in the parabolic
mirror. This has the advantage that no additional optics are used that might produce SHG.

This approach was used by Vieweg et al. and He et al. [130, 250]. An alternative is to use a
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longer focal length parabolic mirror for focusing the THz beam so that there is more room for
a pellicle beam splitter. This is the technique used by the Zhang group, and was successfully
demonstrated for ESHG externally to the THz setup previously in our lab.

The biggest contribution to improved ABCD performance, however, will come from changes
to the electrode geometry that maximize the SHG from the biased region. We will construct
and employ “Christmas tree shaped” aluminum electrodes similar to that of reference [130]
in order to better eliminate the Gouy phase shift-related degradation of the second harmonic
signal (in addition to other phase matching conditions). This will give us a way to tune the
optimal response of the system instead of being restricted by a specific focal length lens to
fit with the wire electrodes that were available. For reference, He et al. used the following
specific parameters: with all pulses polarized parallel to the applied electric field, the probe
beam was focused by a 150 mm lens and passed through a hole in the focusing off-axis parabolic
mirror. The stair-step electrodes were separated by 150 mm and had adjustable width between
1 and 6 mm with 1 mm increments. A bias voltage +1.5 kV was used with a duty cycle of
50%, and pulsed at 500 Hz. The ideal electrode width was found to be approximately 2 mm.
Ideally, translation stages should be used for fine control of the electrode height, the width of

the electrodes in the bias region, and their horizontal spacing.

5.2.2 Single-Shot Detection

For scans that do not require high spectral resolution, and thus long scans in the time domain,
it may be most practical to detect the entire THz waveform at once [251-255] — especially with
a plasma source, where fluctuations in the signal cause apparent noise when only one point
is acquired for a given THz pump-optical probe delay. In one recent approach, the optical
probe pulse is negatively chirped by a grating, causing a separation of the different frequency

components of the pulse in time. The beam is then co-propagated through a detection crystal
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and the THz signal appears as a modulation to the frequency spectrum of the pulse, which
is detected by a monochromator and a CCD array [251, 252]. The main disadvantage to this
method is that the spectral resolution is fundamentally limited by the time-frequency bandwidth
uncertainty principle because the time-domain variations are effectively sensed in the frequency
domain. The resolution is AT = +/T,.Ty, where T, is the chirped pulse duration and Tp is the
unchirped duration. The pulse duration, and consequently bandwidth, of the probe pulse is

thus quite important, along with the amount of chirp applied to the pulse.

Other techniques do exist, such as the use of dual echelons, right-angle prisms with a step-
like structure that impart a variable delay to different spatial parts of the probe beam, thereby
creating hundreds of “beamlets” which can be analyzed by a CCD camera [256]. Another
technique uses an optical streak camera to spatially displace the probe beam onto a CCD as
a function of time [257]. The latest implementation [254], which is conceptually similar to
reference [251], uses a transmission grating tilted pulse in combination with well-optimized
focusing optics in combination with detection in the crossed-Nichols arrangement or crossed
polarizer method using a ZnTe (111) wafer [110] and a CCD camera. The drawbacks to this
technique are that many corrections have to be made, and the signal is weak compared to
normal optical rectification. For example, the frequency/intensity profile of the pulse is, of
course, non-uniform due to the Gaussian-like nature of even an laser beam. Inhomogeneities
in the beam and crystal exist in any real system, both of these effects cause the THz signal to
drop away from the peak. Also, in the crossed-Nichols arrangement, the signal is nonlinear and
must be adjusted, and compared to single temporal point detection schemes the field intensity
is decreased since the beam is spread out in the detection crystal. Lastly, the resolution is
decreased because of the above cited uncertainty relation, though since very short pulses are
used this effect is thought to be minimized. Experimentally, when the spectrum of a lactose

pellet was compared with standard THz-TDS results using photo-conductive dipole emitters
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and detectors, many changes were noted, perhaps due to decreased signal-to-noise at high
frequencies.

To summarize, the present approaches to single-shot THz detection are unfortunately riddled
with distortions to the signal due to several fundamental challenges including inhomogeneities
and synchronization of the THz and tilted probe pulses [258]. However, when the rapid acqui-
sition of a low resolution spectrum is required or the pulse-to-pulse fluctuations dominate the
SNR or dynamic range, single shot methods may be the best or only means of acquiring the

necessary THz signatures.

5.2.3 OPA-Tuned Two-Color Plasma Emission

One of the most promising sources of high-field strength THz pulses is two-color plasma gen-
erated THz radiation (Sections 1.1.3.4 and 2.4.2). In a recent submission [101], Clerici et al.
demonstrated exponential scaling of the THz energy when the wavelength of the generating
pulses is increased. In fact, the THz yield scaled with a factor of A*6! The maximum field
strength was found at a fundamental wavelength of 1.8 pm (and so 900 nm second harmonic
pulses), with the THz field estimated at 4.4 MV /cm for only 420 pJ of total pump energy [101].
This extremely steep increase with wavelength is predicted in the transverse photocurrent model
[259].

Needless to say, we would like to take advantage of this discovery to better our spectrometer.
The first piece of equipment needed is an optical parametric amplifier (OPA) to convert the 800
nm pump pulses to lower energy. Fortunately, we have started a collaboration with Professor
David Hsieh’s group at Caltech, and we will start initial experiments in this area with their
ultrafast OPA. If successful, we can either buy one or build one (since little wavelength tuning
is required). Ultrafast OPAs typically function in either type I or type II phase matching

schemes. Both have advantages. Type II is more commonly used because the signal and idler
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have opposite polarizations and can be easily separated from each other. The output is also
narrower, but more consistent in bandwidth, which is often needed for spectroscopic studies
[260]. Typically the designs feature a first type II OPA stage with a white light seed that is
followed by another type II or type I stage to increase the output power dramatically [261,
262]. Type I OPAs deliver shorter pulses [263], albeit with a broader spectral profile that is
not consistent as the output wavelength is tuned. Type I OPAs also feature more efficient
interactions in the commonly used crystals, either 5-BBO or BiBO, bismuth borate, BiB3Og
[260—262], but their output is not transform-limited. Operation at degeneracy has been shown
to produce extremely broad emission that can be compressed to sub-2 cycle pulses, but the
duration of the pulses at the output is unknown [264].

The preliminary experimental setup for testing will be deliberately simple, with THz average
power measurements performed by a pyroelectric detector. The output of the OPA will focused
through a BBO crystal cut for Type I SHG at 800 nm (6=29.02 degrees) tilted at an angle to
achieve phase matching at longer wavelengths. At 1.6 um the desired cut angle is 20.66 degrees
and at 1.8 pum the angle is 21.44 degrees. After considering Snell’s law, the tilt angle should
be approximately 14.5 degrees for phase matched propagation of both pulses. A silicon beam
block will serve to eliminate the visible and near-infrared pump light so that the pyroelectric

response is due only to the THz radiation.

5.2.4 THz Pulse-to-Pulse Noise Reduction

If the THz pulse energy is significantly increased via plasma generation techniques or by tilted
pulse front optical rectification the pulse could be split using, for example, the reflection off the
face of a high resistivity silicon wafer. In so doing, the THz dynamic range could be improved
immensely. Even if the pulse energy remains the same, a THz quasi-optical detector [265]

might be employed to sense pulse-to-pulse fluctuations in the THz light. Since the responsivity
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is >100 V/W for this detector (VDI model WR0.65ZBD) and we have ~30 kW peak power,

only a small fraction of the available pulse energy is necessary for high SNR measurements.
While the responsivity is reduced above 1.7 THz, and the response time is slow compared to
the duration of our pulses, the ability to normalize directly on the THz pulses themselves should
significantly improve the quality of our data. We tested the above model with collaborators at
the Jet Propulsion Laboratory, and saw very strong signal using a plasma source and an even
stronger response using a tilted pulse front source. Further, these detectors can be run at room
temperature and do not require tuning or bias, greatly simplifying their incorporation into the

THz-TDS instrument.

5.2.5 Other Improvements

In this section, a list of ideas and areas of technology development are compiled. Most have
been listed in the previous chapters of this thesis and are conceptually simple. Thus, we do not

discuss them at length.

e Keep track of the progress of disk lasers using SESAM technology, since this architecture
could soon replace the now fairly mature Ti:Sapphire-based designs because they have
the potential to output higher average powers — to the point where optical-rectification
and plasma based THz generation should become possible at MHz repetition rates. Ad-
ditionally, most SESAM designs operate at longer wavelengths where phase-matching
is significantly improved for OR and where two-color plasma THz generation scales at

exponential rates.

e Test the large aperture ZnTe crystal for higher field strengths, especially for experiments

below 3 THz.

e Pump GaP at higher optical powers for a more stable THz OR source up to 8 THz.
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Replace the separate EO detectors with a true balanced setup since the present devices
are susceptible to electronic imbalance and non-ideal amplifier bandwidth. It is possible
that we are throwing away the bulk of our signal because the detectors in use are too fast

for the current amplifiers.

Use trimethylamine or another low IP gas for TFISH detection.

Interpolate acquired THz waveforms before averaging for an improvement in the deter-
mination of the optical constants. Think about means of absolute position markers with

the delay lines (perhaps a white light fringe system).

One relatively simple correction would be the correction of measured data to be repre-
sentative of the true THz field strength. Equation 1.44 shows that this is very important
when I' is not small and the field strength is not linear with the detector signal. At
the current maximum signal strength, the correction is on the order of 2% and may be

significant (especially if the field strength is further increased).

Employ THz waveguides or THz ATR for the study of solids.

Reexamine glutamic acid and glycolaldehyde at higher frequencies and as a function of

temperature.

Future pellets should always be formed from recrystallized materials and ground for an
extended period of time with mortar and pestle to limit line broadening and scattering of

THz radiation.

Create and test the ultrafast properties of black TiO2 when pumped at 400 and 800 nm.
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5.3 Future Experiments: THz Nonlinear Spectroscopy and Co-

herent Control

The future of far-infrared condensed phase spectroscopy will be performed using pulses with
high-field strengths capable of exploiting nonlinear interactions. This spectral region, though
notoriously hard to study and obtain meaningful results from, is thought to highlight modes es-
sential to understanding many biochemically-relevant processes and solvent interactions. With
well tailored pulses of controlled energy and phase, it may even be possible to almost completely
control the population of states of said molecules coherently, which could enable the selective
manipulation of large amplitude vibrations and control over reactions or biological processes.
Even if neither of these is accomplished directly, it would provide a way of exploring the excited
state potential landscape of the molecules. Nonlinear THz spectroscopy has been demonstrated
a few times so far in simplistic quantum well systems [266-270] and slight coherent control has

been seen in the form of ladder-climbing [77].

Nonlinear spectroscopy encompasses many possible techniques, and several have already
been discussed in Section 1.1.2.4. Phase matching generally becomes more difficult at lower
frequencies, however, due to the increased relative bandwidth of the pulses. Since Av/v is
large and spans many octaves, the optical properties of materials often are not constant. Phase
resolved detection, however is easier than in the optical and near-infrared regions of the spec-
trum due to the ease of directly sensing the electric field of radiation. 2D-THz spectroscopy, if
realized, will be supremely useful for examining the true homogeneous line shape of biochemical
and solvent interactions, where inhomogeneous broadening is quite limiting. The focus in the
following section is on the spectrum of liquid water as a test case, but the analysis can equally

be applied to solutions of proteins, DNA, or other systems of interest.
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5.3.1 Two-Dimensional Far-Infrared Spectroscopy

Relaxation times for a variety of inter- and intramolecular motions can, in theory, be measured

spectroscopically by virtue of the homogeneous linewidth of the relevant transition, I', where

T = (2rty) " 4 (wtg) L. (5.1)

Here, t; is the population decay time (relaxation) and ¢2 is the ’vibrational’ dephasing time
[271]. Indeed, prior to the development of picosecond class lasers, and femtosecond class lasers
for water, the vibrational dephasing time was measured from the linewidth of isotropic Ra-
man linewidths [272]. Unfortunately, linear spectroscopies often demonstrate line shapes that
are a convolution of both homogeneous and inhomogeneous contributions. With respect to
vibration, the inhomogeneous contribution is thought to arise from a variety of differing local
environments, whereas the homogeneous contributions arise from rapid interaction with the sur-
rounding bath [273]. In this regard, liquids and solvated systems are poorly understood; they
have both a broad distribution of local configurations and the ability to interconvert and interact
on time scales spanning orders of magnitude, hence the distinction between homogeneous and
inhomogenous broadening may not be meaningful. However, multi-dimensional spectroscopy
experiments have begun to breach this distinction. Indeed, much of what is experimentally
known about the ultrafast dynamics of such systems stems from the ability of relevant spec-
troscopies to distinguish between the inhomogeneous and, notably and more relevantly, the

homogeneous broadening of spectral features.

Perhaps the most relevant method for studying chemical systems and solvent interactions is
2D-IR, and for this reason it will be reviewed in detail. In the pioneering paper by Tanimura and
Mukamel, these authors only briefly touched on the possibility of using infrared pulses to directly

study dipole interactions, since, in 1993, ultrafast infrared spectroscopy was in its infancy.
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Such experiments, while much simpler than the Raman processes due to the fundamentally
much larger cross sections and the requirement of fewer pulses, were not feasible [273]. This
treatment has since been extended to the THz range [274, 275]. The 2D-IR technique relies
on the vibrational photon echo effect, which is semi-analogous to the spin echoes of 2D-NMR
spectroscopy, but which probe dynamics on a much shorter time scale [276]. The photon echo
effect necessarily entails a two-pulse sequence, but in practice a third pulse is used and will be
considered here. Each pulse has a similar spectrum and power. The first pulse in the sequence
excites a coherent superposition of the transition of interest in the sample, i.e. a superposition
of the vibrational ground state and first excited state. At this point, the molecular vibrational
modes in the excited area all oscillate in phase. The second pulse, at time 71, serves to store the
phase information imparted by the initial pulse as a patterned population of the ground and
excited states. In practice, ultrashort pulses are used and by virtue of their inherently broad

bandwidth, many transitions may be involved.

After a waiting time, 75, the third pulse serves to initiate a rephasing of the oscillators. This
time scale, 19, serves as the relevant time frame for the experiment. The sample thus regains a
macroscopic polarization and oscillating dipole due to the rephasing of the microscopic dipoles
as patterned by the first pulses. Light is re-radiated at time 73, as described by Maxwell’s
equations. This light is referred to as the photon echo. Detection of this pulse is enabled
by spatial selection, made possible by the differing input angles of each previous pulse to
the sample, but in the far-infrared, or even in modern mid-IR techniques, a collinear scheme
can be realized [266, 267, 277]. This changes the experiment and relies on modulation of all
pulses and combination of pulse pairs detected by lock-in detection. While this causes the
subsequent data analysis to be more difficult, since the electric field of each pulse is measured
directly, the phase, amplitude and frequency spectrum are directly accessible, and complex, or

even incorrect, phasing procedures common to 2D-IR are not required [267]. Additionally, the
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signal is stronger than the non-phase matched case due to a longer region of interaction in the
sample as phases are matched over a greater physical and hence temporal region in the collinear
geometry. Not only is the signal stronger, but the signal-to-noise ratio is vastly improved due
to the 2D Fourier transform used in the collinear geometry which serves to decouple the noise
along the two different frequency axes. The signal contains both the photon echo four-wave
mixing signals as well as a pump-probe signals, each of which can be separated by isolation in

the frequency domain.

Typically the data are presented as a three-dimensional plot with two frequency axes. One
axis of the spectrum is commonly generated via optical heterodyne detection of the photon
echo signal by mixing with a local oscillator, or LO, consisting of a small portion of the pump
beam radiation propagating along the same path as the photon echo signal. The interference of
these pulses is then dispersed in a monochromator and detected with an array of IR detectors,
commonly mercury cadmium telluride (MCT). This gives both phase and frequency informa-
tion. The other relevant frequency axis is generated as a result of a numerical Fourier transform
of time domain data collected by recording the signal at each monochromator frequency as a
function of 73. The relative polarization of pulses one and two can be varied externally to
probe orientation dependent phenomena, however, the focus is often rather on changes to the
spectrum with time [278]. In the proposed THz analog EO detection with colinear phase match-
ing will be used, as discussed previously. The same spectral information can be acquired and

plotted.

In order to circumvent the extreme optical depth of many samples of interest, including those
in aqueous solution, a very thin sample is required. A nanofluidic sample cell that provides a
500 nm thick layer of sample between two 800 nm thick SizN4 windows has been previously

employed [279]. This corresponds to an optical depth (OD) of 0.2 in water. At 600 cm~! or

L

molom» OF ~4 times less

~18 THz, the molar extinction coefficient of water at 25 °C is ~ 25
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than at 3400 cm ™! [280], so a four times thicker sample should be used.

5.3.2 Coherent Control

Coherent control of chemical and physical processes has been dreamed of since the invention
of the laser [281]. The possibility of selectively exciting a specific molecular motion, such
as a vibration, to the point of breaking a bond — that is, of adding energy to the system
in a non-thermodynamic way — affords tremendous possibilities for chemical synthesis. Such
prospects include: achieving products that are not normally produced when considering the
associated thermodynamics and kinetics, increasing selectivity, the production of extremely
pure products with high yield, and isotope separation. Such control also serves as a means of
“motion control” on very small length scales since vibrations are commonly modified. Control
of biological molecules could have tremendous implications for drug design and production or
for drug delivery and activation. Unfortunately, CW or even nanosecond duration pulsed lasers,
for the most part, have no effect on chemistry, due to lack of selectivity, rapid intermolecular
vibrational energy redistribution, and the relatively low power of the lasers commonly used.
Ultrafast lasers with femtosecond (fs) duration have shown some ability to control vibra-
tional state populations, but complete control has been evasive due to lack of selectivity or
incomplete population transfer. For example, one of the most studied fs methods of optimizing
chemistry or optical processes, such as high-harmonic-generation and multi-photon absorption,
is optical pulse shaping via genetic algorithms designed to adaptively identify regions of control
[50]. Unfortunately, in most cases, the maximum transfer or control cannot be extended be-
yond that provided by a transform limited pulse. This was studied exhaustively by the group
of Dantus in the case of molecular fragmentation using shaped pulses [282]. In other cases,
where complete control has been demonstrated, the experiment or system becomes quite com-

plicated, often requiring many lasers operating at different frequencies with pulses delivered to
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the sample at varying times. While there are many ultrafast methods of molecular coherent

control [50, 283], here it is the single pulse regime that will be described in further detail.

In the radio and microwave frequency regions of the spectrum, full population transfer from
one state to another can easily be achieved due to the possibility of synthesizing a 7 pulse
[50, 284], and is readily seen in NMR because spin-relaxation is slow and Rabi oscillations
are relatively undamped. This control extends even to the weak field limit [285]. However,
such pulses, which are often sinusoidal square waves, are not produced by lasers and cannot
be extended deeply into the THz region or beyond. Recently theorists have begun to examine
the possibility of population control in the sub-single optical cycle limit, where pulses have
characteristics similar to square pulses due to their non-standard envelope [285-290]. When the
resonance frequency sufficiently exceeds the carrier frequency, near complete control or inversion
of the population can be obtained in a two-level system (2LS) with sufficient field strength [286].
In the optical and near- to mid-infrared regions of the spectrum, pulses of sub-single cycle
duration cannot be produced due to limitations of current lasers and the intrinsically short
duration of a single cycle of radiation at such wavelengths. In THz-TDS, “half-cycle” pulses
are routinely generated. From a technical standpoint, 1-10 THz is the highest frequency window
in which sub-cycle pulse durations are currently accessible. Additionally, both generation and
detection methods are intrinsically phase sensitive since the electric field is directly probed, most
commonly by EO sampling. Relative to the optical, this affords simplicity since neither carrier-
envelope phase, CEP, stabilization nor heterodyne detection is required due to the intrinsic
phase stability of the THz radiation and the phase sensitive detection commonly employed.
Until recently, the limiting factor has been the field strength of the THz radiation, but by

various measures discussed previously in this chapter, the situation is improving dramatically.

Beyond the lack of a source with high field intensity, one of the biggest challenges to us-

ing THz radiation to coherently control processes is the lack of optics or methods to control
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radiation. Thus, the pulse shaping methods which have been invaluable to coherent control
methods in the optical and infrared regions of the spectrum are not feasible. Optics design is
quite difficult because there are no known materials with high dispersion and low absorption
and broadband coverage in the THz regime (0.3-3 THz). Notably, this renders optical elements
such as waveplates and prisms ineffective. The only means of THz pulse shaping is then by
direct optical to electronic means, in which the optical pulse envelope is transformed into the

THz pulse electric field in one of the conventional THz generating methods.

Since many vibrations involving large-amplitude motions fall near the THz spectral region,
the systems of interest are vast, especially in large biological molecules. An appropriate choice
of test systems is thus important. Ideally, a condensed phase biological system that has very
intense bands in the THz region will eventually be controlled, however sample homogeneity and
preparation is difficult and the presence of water as a solvent makes delivering strong THz pulses
to the sample difficult. Crystals of various amino acids and sugars show intense THz bands
and have shown promise in ladder-climbing [291]. However, due to line-broadening, a nearly
harmonic potential, and the low resolution of THz-TDS, the individual transitions in the ladder
are unresolvable. Hence, a system with greater anharmonicity and lower intrinsic linewidth is
sought. Some such systems are the ring-puckering vibrational modes of certain pseudo four-
or five-member ring molecules in the gas-phase, which show appreciable far-infrared intensity
and are spectrally well separated and easily able to be resolved via THz spectroscopy. Another
point of interest is that the potentials of this type of system are often quartic. Thus, the energy
difference between successive levels increases, at least to a point, as opposed to reaching a
quasi-continuum.

Experimental verification of the importance of pulse shape, intensity, and phase in the single
pulse limit was examined in experiments using 100 MHz radiation to control the population

of K atoms in a two-level system [284] via Rabi oscillations. The basis of this work was the
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Table 5.1: Predictions for Ring Puckering Modes

Molecule Highest Level of Theory Scaled Frequency | Experimental  Fre- | Intensity
(em™1) quency (cm™!) (km/mol)

cyclobutanone CAM-B3LYP/cc-pVQZ 5.3 35.3 4.28

1,4 dioxin CAM-B3LYP/AUG-cc-pVHZ | 73.4 66.8 15.5

trimethylene oxide | CAM-B3LYP/AUG-ccpV5Z | 53.2 53.4 4.45

trimethylene sulfide | CAM-B3LYP/cc-pVQZ 144.6 138.3 1.41

1,4 oxathiiene CAM-B3LYP/AUG-cc-pV5Z | 106.4 Unknown 9.05

Predicted frequency and intensity of the lowest frequency bands for several gas phase molecules
with restricted ring systems. All calculations were done by the author.

breakdown of Floquet theory. Floquet theory relates to ordinary differential equations. If a

system of linear differential equations has the form

i = A(t)z, (5.2)

where A(t) is a periodic function, Floquet’s theorem allows transformation of the periodic
system to a linear system. This theory works well when the pulses are sinc-like, with appreciable
rise and fall time with respect to the inverse carrier frequency. In order to test the applicability
to other situations, an experiment was designed in which K atoms are excited to the 21s state
near the forbidden crossing with the 19f state. A phase, frequency, and rise-time controlled
RF pulse was then delivered to the system to drive it to the upper state, followed by a field-
ionization pulse with energy sufficient to ionize only the 19f state. Thus, after ion-sensitive
detection, the population of the excited state could be monitored. When the rise-time of the
microwave control pulse is lowered to be comparable to the single-cycle time, the frequency
spectrum begins to develop a strong phase dependence. This spectrum change can thus have a
strong effect on the system, the most clear demonstration of which can be seen when comparing
the response of the system to 10 cycle pulses of phase ¢ = 0, 6.3-ns rise time, to identical pulses
with a 1.5-ns rise time. Similar phenomena are expected for sub-cycle ultrashort pulses, due to

the non-sinc like pulse shape and high intensity, as will be discussed in the following section.
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Uiberacker and Jakubetz have theoretically examined a phenomenon called strong-field
dipole resonance [286] and its application to coherent control. When sub-cycle pulses are used to
excite many-level systems, population transfer can occur within a fraction of the optical cycle.
Typical considerations such as the carrier frequency, detuning, and the average population
over field oscillations have significantly less importance, or can be entirely neglected when a
sufficiently short pulse is considered. The concepts relevant to strong-field dipole resonance
are the CEP and the interaction of the pulse with permanent or induced dipole moments.
Particularly important is the the sign of the projection of the electric field onto the difference
of permanent dipole moments of the involved states [287, 288]. Beyond the breakdown of
Floquet theory, as described in the previous section, short, strong pulses cause the rotating
wave approximation to break down, in that the rapidly oscillating terms in the Hamiltonian
describing the system cannot be neglected and the CEP becomes important [285], especially at

short times.

The rotating wave approximation relies on the fact that A = wyp — wg << wg + wp, where
wr, is the carrier frequency of the exciting light pulse, and wy is the transition frequency. Since
the frequency spectrum of a sub-cycle pulse with carrier frequency wy is broadened and blue-
shifted with respect to a pulse with duration greater than 1 cycle, the detuning frequency, A,
can become appreciable with respect to the sum. See Figure 5.1 for an example. Uiberacker and
Jakubetz examined cases in which the Hamiltonian in the strong field limit can be approximated
by non-time-ordered integrals. They discovered two detuned regimes of note, one in the limit
of rapid variation of the field, max ;1 |Aegi| < |Qmin|, where the highest frequency relative to
the energy level difference of the system, mam{k7l}|Aekl\, is small with respect to the minimum
frequency component of the electric field, €2,,,;; and one in the limit of a slowly varying field,
where ming, y[Aeg| > [Qaz|- In the rapidly varying field limit, not only was it found that

the population dynamics cannot be controlled by the sign of the electric field, but also that
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no population transfer can be achieved. However, in the slowly varying field limit, population

dynamics were found to be related to a resonance that originates from the diagonal matrix

elements of the coupling, resulting in a strong dependence on the sign of the electric field of the

pulse with respect to the relative dipole moment difference. This allows for a method of state

population control by changing the phase of the applied pulse.
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Figure 5.1: Simulation of the FFT amplitude spectrum of pulses with a carrier frequency of 1.2
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THz and varying duration and phase.

Dosli¢ is one of the first to theoretically pick up this thread and apply the theory of strong-
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field dipole resonance to a real system [289, 290]. As opposed to either of the limits discussed
in the previous section, Dosli¢ considered the intermediate case, which featured only moderate
detuning of the field from the resonance of interest. The system studied, acetyl acetone (ACAC),
is a model for symmetric intramolecular hydrogen transfer. Based on a previously studied
potential energy and dipole moment surface [292], the potential energy surface shows a double
well symmetry which splits all the associated vibrational levels. The lowest frequency transition,
w = (07 + 07), was calculated to be 3.5 THz. Based on the frequency shift of a sub-cycle
pulse with respect to its carrier frequency,

1+ m?2n?

5:("}(1_ )7
V3 + dm2r2 + mirt

(5.3)

where m2 = n./In(2 ++/3), and n, is the number of cycles, a third of a cycle pulse with carrier

frequency 2.34 THz is desired.

In the few- to sub-cycle pulse limit, either the number of cycles or the pulse duration can
be fixed. Since control is not found in the weak field limit, the THz field strength must be
sufficiently high. Considering a case where the number of pulses is fixed to n, = 0.33, the
maximum population transfer with a single pulse is 89 percent into the desired state. This
corresponds to a frequency of 2.1 THz and a peak electric field of 0.00042 a.u., or 2.16 MV /cm.
Also of note here is the decreased field requirement of a sine, ¢ = (7/2,37/2), as compared to
a cosine, ¢ = (0,7) pulse. This is due to the increased fluence of a sine sech-shaped pulse over
a cosine pulse given the same native field strength. Figures 5.1 and 5.2 depict the change to
the frequency and intensity and time-domain waveform as a function of n.. However, compared
to the strong phase selectivity theorized by dipole resonance in the slowly varying field limit,

there is very little dependence on phase.

Also of note are regions of control at lower frequency and higher field strength. Although
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currently these are inaccessible due to experimental limitations, they begin to show phase
sensitivity, which demonstrates a move from frequency driven control to dipole driven control,
where the energy levels of the transition of interest are matched in the first case, and impulsive
excitation dominates in the second — causing a rapid tuning of the energy levels of the system
to those of the applied field. When the pulse is limited to 750 fs duration, the duration
of a 0.33 cycle pulse at 2.3 THz, and the pulse frequency left to vary, there is a large area of
relatively frequency independent control for cosine pulses, demonstrating the strong dependence
on envelope function and not the carrier wave frequency. Lastly, Dosli¢ showed that population
could be further controlled by using a more optimum waveform consisting of two superposed
pulses, one at frequency 2.3 THz and the other, at a later time, at frequency 4.5 THz. The
second pulse serves to remove population from the higher state. The total population of the
target state then became 98 percent. This shows the potential for more complicated pulse

sequences in tightly controlling the target state populations.

One of the problems with ACAC as a system is that the w(0" - 07) transition has never
been experimentally observed, and is theorized to be a very weak[292]. Not only might the
transition be too weak to observe with a reasonable path length, detection would be difficult
without resorting to ionization based schemes, which add unneeded complexity to the exper-
iment. Another difficulty arises due to the frequency separation of the w(0" <+ 07) to the
w(l < 07) components. Instead, ring-puckering modes of a 4-, 5-, or 6- member ring sys-
tem in the gas phase are more optimal. Many molecules have been studied, and several have
strong spectra in the far-infrared [15, 293-296]. Not only are the spectral features intense, some
systems show very well spaced Q-branches in the vibrational progression. Most show quartic

potentials, however, and thus have higher energy spacings between successive levels.

To examine the feasibility of coherent control on such systems, the lowest vibrational mode

of various possible molecules was simulated at various levels of theory. Of the molecules tested,
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1,4-dioxin had the greatest intensity of its lowest frequency ring puckering mode at 15.5 km/mol.
Given that this does not factor in the anharmonic nature of the potential [15], the intensity
was divided by 10 to approximate the 10 anharmonic components seen in the spectrum. Given
an estimated linewidth of 3 cm™' and a maximum achievable pressure of 85 torr at room
temperature, the total absorbance, logig (ITO), is 0.2/cm of path length. This makes all of the
transitions quite visible in common cell lengths for THz spectroscopy, ~10 cm, at moderate
pressures. See Table 5.1 for a list of all molecules examined. The Hamiltonian for ring puckering

can be given by a one-dimensional Hamiltonian

—h2
—— P2 + ba? + az?, (5.4)

H(z)=T(z)+V(x) = o

where x is the ring-puckering coordinate in Angstroms. A fit of spectral data to the above
Hamiltonian gives

V(z) = 2.949 x 10*z? + 2.930 x 10524, (5.5)

where V(z) is in cm™!.

5.3.2.1 Pulse Shaping

Optical pulse shaping (Section 1.1.2.3) has been extended all the way out into the mid-infrared
using gratings and a Ge AOM [297]. However, extending to even longer wavelengths has many
challenges. Although THz AOMs can be constructed [298, 299], the THz spectrum is difficult
to disperse evenly. Gratings only function over less than an octave of bandwidth, whereas most
THz pulses cover many octaves. Prisms can be made to operate over a much larger range,
if a transparent material with appreciable dispersion can be obtained [52]. Unfortunately, in
the THz region, materials generally either have very low dispersion, or strong absorption. A

spectrometer based on a CsI prism cooled to 25 K has been demonstrated, but even at 10 K,
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ais >3 cm~! at 1 THz [300] and high electric fields cannot therefore be maintained.

Since optical methods are unavailable for THz pulse shaping, the alternative is optical to
electronic conversion, wherein an optical pulse shaper is used to tailor the envelope shape of an
optical pulse, which is then used to generate THz radiation. This was first demonstrated using
antennas [301] and has been since demonstrated for optical rectification [302] and plasma sources
[303-305] as well. Combinations of sinusoidal and triangular phase modulation can be used to
create narrowband THz radiation free from spectral modulation [306]. Unfortunately, all of the
above methods presently generate pulses of insufficient strength to enter a regime of significant
coherent control. Very recently, however, control of the THz spectrum was demonstrated using
tilted pulse front generation in lithium niobate [81]. The method used was the “chirp-and-delay”
method, in which two chirped pulses are delayed with respect to each other and recombined
to give a quasi-sinusoidal optical intensity modulation, which can be transferred to the THz
pulse. In principle, an optical pulse shaper would allow for similar optical field modulation
to that provided by the chirp-and-delay method; but with access to more complicated phase
patterns, the THz pulse itself should be able to be semi-arbitrarily shaped or chirped, allowing

for another mode of control.

5.3.2.2 Ladder Climbing

Ladder-climbing in a vibrational potential energy surface is usually not feasible with CW lasers.
Ultrashort pulses with duration shorter than the IVR timescale can cause ladder-climbing even
in anharmonic potentials, due to the large bandwidth associated with such pulses arising from
the energy-time uncertainty relation. However, ladder-climbing can be significantly optimized
or controlled by changing the frequency chirp of the pulse. This was demonstrated in simple
gas phase systems relatively early on [307], but control even in condensed phase has been

demonstrated [308, 309], where competition of ladder-climbing with energy dissipation processes
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is extremely important. In optimizing the cleavage of CO from the ground state of chromium
hexacarbonyl at 2000 cm™', for example, an increase of up to two orders of magnitude was
found by adjusting the chirp of the excitation pulse [308]. Similar qualitative results have
also been demonstrated in carboxyhemoglobin, a large biological system in the liquid phase,
although quantitative measurement of the extent has been elusive [309].

Jewariya et al. [291] demonstrated the first and to date only evidence of ladder climbing
initiated by a THz pulse. This was observed due to a red shift of the absorption spectrum with
increasing peak THz electric field strength. Since the potential is Morse-like, the higher energy
levels are more closely spaced than the bottom levels. Thus, as higher levels are populated, on
average, the absorption spectrum redshifts. The higher states can be populated by increasing
the temperature or by using a strong laser pulse. Additionally, the optical depth (OD) was
observed to decrease as a function of the THz field strength, further demonstrating the onset
of nonlinear behavior. GABA might be a better system for this type of demonstration due to
the extremely large anharmonicity in a mode below 1 THz. It also might likely benefit from a

chirp of the stimulating pulse to match the observed anharmonicity.
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Chapter 6

Appendices

6.1 Matlab Code for THz Scanning Software
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Figure 6.1: The graphical user interface for the continuous scan option for use with the lockin

amplifier.

Two Matlab programs were written for use with, respectively, the lock-in amplifier (Figure

6.1, ContinuousScan3.m) and the oscilloscope (Figure 6.2, PulseNormalizationScan2.m). Some
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Figure 6.2: The graphical user interface for the pulse normalization scan option for use with
the oscilloscope.

parts of the code are very similar in that the control of the delay line is accomplished by serial
commands to the ESP300 motion controller. Data processing is also similar. The graphical
user interface (GUI) was made using the GUIDE GUI builder, and these elements are common
as well. The first function in a GUIDE made GUI is “GUIName_OpeningFcn.” This function
activates all instruments, contains initialization parameters and settings, and displays them in
the interface.

The most complicated thing about the Matlab code is the use of the handles structure. It is
explained in the Help documentation, but what the user needs to know is that all variables or
information that are to be used in other functions (i.e. global variables) need to use handles. For
example, if I want to use a matrix data = [ ]; in a different function which is not called from the

previous function, I must instead call it handles.data. After updating any handle in a function



196

it is mandatory that you refresh the handles data using the following code: guidata(hObject,

handles).

Each interface object also has its own handle by default which is named with the interface
object’s title. When an object, such as a text box, for example, is constructed, the code is up-
dated with two functions, one that executes upon the creation of the object, entitled “TextBox-
Name_CreateFen(),” and the other for when the object is activated, by, in this example, typing

in the box and is entitled “TextBoxName_Callback().”

The most important function in the program is the Start_Scan_Callback() function, which
moves the delay line, acquires data, processes data and stores it in memory. It also has the
possibility of returning data if a 2D scan is being performed. This data is stored until it is
saved to the hard disk or a new scan starts. First the equations of motion are solved for an
actual starting and ending position, given a known velocity and acceleration in combination
with the desired starting and ending positions of the region of the scan where the acceleration
is 0 and velocity constant. Data is taken in this region. Inputs are generally in ps, since this is
a more relevant scale for the position of the delay line in terms of a THz spectrum, as opposed
to millimeters, the natural unit of the device. The delay line is double passed, so the conversion
has a factor of two in combination with the speed of light. After the start location has been
determined, the stage is rapidly moved there and given time to settle. The scan then begins and
after the waiting time while the stage accelerates, and the lock-in amplifier or oscilloscope starts
to take data. The Matlab program then waits the time anticipated for the scan and acquires
the data from the device of choice. If the lock-in is used, the signal is directly proportional to
the THz electric field strength. If the oscilloscope is used, methods must be employed to obtain
information from each waveform. This is described more in Section 6.1.2. At this point, the
THz waveform has been obtained and the process is repeated multiple times depending on the

number of averages desired. It is observed that the position in the scan corresponding to the
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maximum THz signal, “time zero” so to speak, often shifts from scan to scan. This is attributed
to slight variation in the delay line start time changes from scan to scan. If data is averaged
directly, the signal is diminished or broadened. To correct for this, if the signal for each scan
is significantly above the noise, each maximum can be aligned in time. The edges of the data
ranges of the scan, which are not common to all scans, are removed. If this mode is enabled
and a maximum is incorrectly sensed, it will cause the data to be shortened significantly and
improperly averaged. There is currently no way around this, so be sure to check your signal
level before starting a long scan with this enabled. If a TR-THz scan is being performed and
stage 2 is being scanned, the program seeks to align each scan to the inflection point. Again,
noise in the signal can significantly reduce the effectiveness of this procedure. Two-dimensional
scans can be performed as well, where THz scans can be taken as a function of pump-probe
delay (stage 2). A range must be specified as well as a step size in units of picoseconds. Direct
averaging and alignment of the time-zeros is currently unavailable in 2D mode. If averages are
taken, one can plot each individually, without data processing applied to them, by using the
segment plot functionality on the GUI. The “Close” button should be used when done using
the GUI, so as to shut down the instruments correctly so that the program can successfully

reconnect to the instruments when restarted.

Smoothing was typically done with the Savitzky-Golay algorithm with span rounded to the
odd integer closest to the resolution divided by ten, with a minimum of three. This is not
usually beneficial for lock-in data, but works well for the scope, where the THz waveform must
be oversampled to avoid laser noise.

The FFT routine takes the modified data and gets the number of points in the data set.
The number of points in the FFT is set to two raised to the next power of two greater than that
number. The data is adjusted around its mean and then it is FFTed using the standard Matlab

FFT method based on that of Cooley and Tukey [310]. The x-axis is generated linearly from



198

the resolution, which is effectively a sampling frequency. The extended DFT method of Liepins
[311, 312] was tested and can provide, in some cases, higher resolution data in the THz band
of interest when the data is oversampled. It can also, in principle handle nonuniform data sets,
where the sampling is not exactly uniform. This functionality has not yet been successfully
performed on a data set obtained by the Blake group, though the exact trigger time of each
point in an oscilloscope scan can be obtained. If very precise data is required, this option should
be considered.

ESP300handlel.m and ESP300handle2.m initialize the first and second stages. The standard
passing of a command to the instrument in Matlab is:

fprintf(handles.obj, ’command’);

where handles.obj is the Matlab handle for the serial instrument and ’command’ has format:
<stage number><command><value>, where the stage number is from 1-3, the command is a
two letter abbreviation, and the value is either an integer or float depending on the command.
Thus, a command to move stage number 2 to 1.3245 mm would be:

fprintf(handles. ESP300, '2PA1.3245’);

The value can be replaced by a ‘7’ to query the instrument if relevant. Some commands
have no value associated with them. The manual, including details on all commands for this

box, is readily available online [313]. A list of frequently used commands follows.

o AC - set acceleration

AG - set deceleration

e DH - define home

e PA - move to absolute position

e PR - move to relative position
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e ST - stop motion

e TP - tell (read) actual position - followed by fscanf(handles.obj);

e VA - set velocity

The data is saved in a y-x format. This originated from the way that data is acquired, with

the y data being taken from the oscilloscope or lock-in and a time assigned after the fact.

6.1.1 Continuous Scan

The “Continuous Scan” program is the used with the lock-in amplifier. It is referred to as
“Continuous” to differentiate it from the old, step-scanned, software, which is very inefficient in
terms of the time required for one scan. The file lockin.m initializes the SR830 lock-in amplifier.
A list of serial (RS232) commands can be found in the manual, of which there are numerous
hard copies in the office. The command format is nearly identical to the delay line command
format. A list of the most commonly used parameters follows. A list is established in the code

to relate the SENS, OFLT, and SRAT integers to the actual values.

PHAS - sets or queries the reference phase shift

e FREQ - sets or queries the reference frequency

e SENS - sets or queries the sensitivity integer parameter

e OFLT - sets or queries the time constant integer parameter

e SRAT - sets or queries the sample rate integer parameter

e STRT - starts data storage

e PAUS - pauses data storage

e REST - reset data storage buffer



200

e SPTS? - queries the number of points in the buffer

o TRCA? - data transfer command to obtain the buffer contents in ASCII format

The SR&830 can store 16383 points of data in internal memory. This capability is used to
perform a continuous scan. The downfall of this technique is that data transfer of that many
points over the serial cable is extremely slow. A better method would be to pass the output of
the locking into a simple data acquisition card in the computer running the Matlab program.
This would allow for an increased number of points as well as faster transfers. The time data in
this case is calculated based on the assumption that the lock-in’s internal sampling is accurate.
After many tests, this does seem to be the case, though sometimes averages with the same
settings will have unequal number of points if a high sampling rate is used. Since oversampling
is not helpful, attempt to avoid it if possible. Since the time required for a set of averages can be
considerable, the time is estimated whenever the scan length, sampling rate, or resolution (the
number of points per picosecond) is changed. The resolution is proportional to the sampling
rate divided by the stage velocity. The maximum velocity should be kept quite low if high
frequency coverage is desired, and the resolution is thus high. If the signal to noise is high, a
faster chopping rate might be appropriate.

2D scans may not yet work with the lock-in based scanning program.

6.1.2 Pulse Normalization Scan

Initially the code for the oscilloscope was designed to accommodate pulse-to-pulse normal-
ization to minimize the effect of laser noise every time the Legend fired. Thus, the code is
entitled Pulse Normalization Scan, while, practically, this nomenclature is usually inaccurate
since the pulse normalization setup is not used. It is to be used whenever the oscilloscope is

used to acquire data. The scope is interacted with via two means, an active X control driver,
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"Lecroy.ActiveDSOCtrl1.1’ and by using the XStream remote control via DCOM connectivity,
in order to change more advance parameters like the enhanced resolution. The XStream soft-
ware must be installed. I followed Lecroy’s online instructions [314] to set up the XStream
remote control, in combination with the fact that Windows requires you to have a password
on the account in order to engage in networking, and it eventually worked. XStreamBrowser is

also needed. It can be found at http://ftp.lecroy.com with login username: TechSupport and

password: TechFiles4You.

A list of commands and variables for the ActiveDSO driver can be found in the online X-
stream remote control manual [315]. Meanwhile, full control can be achieved by issuing scripts
over DCOM and functionality is described by the automation manual [316]. For the ActiveDSO
control in matlab, the format of a command is as follows:

invoke(handles.DSO, ’Command’, ’String’ (or ’Option’), true);

A list of those commands from the ActiveDSO driver used in the Matlab GUI are listed

below:

MakeConnection - Makes a connection to the oscilloscope on a given IP address

GetNativeWaveform - Gets the waveform from the instrument

WriteString - Sends a string based command to the instrument. A series of commands

can be issued and separated by semicolons.

ReadString - This command takes format invoke(handles.DSO, "WriteString’, 1000); where

1000 is the character length of the response.

A list of possible strings for the WriteString command follows. The string can be followed

by a question mark to query the instrument.

e BUZZ BEEP - Makes the scope beep
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e TDIV - Changes the time division

e Cn:VDIV - Changes the vertical division on channel n

e SEQ ON - Turns sequence mode on

e SEQ OFF - Turns sequence mode off

e TRMD AUTO - Sets the trigger mode to automatic

e TRMD SINGLE - Sets the trigger mode to single

e TRMD STOP - Sets the trigger mode to stop

e MSIZ - Data transfer command to obtain the buffer contents in ASCII format

e ARM - Arms the scope to begin acquisition after the next single trigger

e WAIT - Waits for acquisition to complete

The data is acquired in sequence mode, which stacks triggers back to back in one long
waveform that is then transferred to the computer in one large chunk. This is limited in
two ways. First, there are a maximum of 10,000 waveforms / triggers in one sequence mode
acquisition. Secondly, it is limited by the memory of the scope (12.5 Mbyte). Each waveform is
set to the minimum value of 500 points/bytes to allow for possible storage of the full number of
triggers in a sequence, and to improve transfer speed. Depending on the time division value, the
waveform length is reduced if the enhanced resolution, ERes, settings are used. The sequence
mode acquisition then has 354 bytes of initial data that corresponds to the settings plus the
number of waveforms in the sequence times the waveform length. Of this initial data, only
the trigger time is of importance. This value is in a binary format and must be converted to
double format, which is has value of seconds (fractional). A Matlab script, bin2double.m, was

written to decode the data, however, the conversion is very slow. For speed’s sake, linearity is
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assumed on the time axis, and only the first, zero, and last points are used for generation of a
time axis. The consequence of this is that the scans rely on the oscilloscope clock to generate
a time and frequency axis. Any absolute difference is not noticed when comparing measured
to reference transitions, since the resolution is quite low with respect to any anticipated offset.
The values of the y-axis data of the waveform are unscaled and are unsigned integers. These
values must be converted to signed integers because the convention, for whatever reason, is to
have 0-127 correspond to positive values and 128-255 correspond to negative values and the
scale is not linear. After this conversion, the area under the waveform is integrated numerically
using the trapz method in Matlab. The trapz method fits trapezoids between each point on
the curve. The error introduced by the trapezoidal approximation is less than 1 %. This area
corresponds to the difference amplifier signal and is related to the THz electric field strength. An
integration is used instead of simply the height because the shape of the amplified photodiode
signal changes as the power increases. The validity of this assumption should be checked if

precise field strength or relative intensity is required of a scan.

After acquisition, the THz waveform is processed in up to four ways to improve the observed
waveform. The different signal processing options can be toggled on or off in the THz scanning
software before the scan begins. First, filters of line-noise in the laser or electronics are removed,
as 60 Hz and 120 Hz and multiples thereof are the dominant noise source. A numerical Fourier
band pass filter was used to remove these spurs from the spectrum. The code is in the file
FouFilter.m and was written by T. C. O’Haver [317]. The time-domain data is converted to
the frequency domain via FFT, has the spurs removed and then is returned to the time-domain
using an inverse FFT. The noise spurs are fit to the following Gaussian-like function of specified

half-width to a transition at a specified frequency.

o _(517 - xposition) n
g = exXp

6.1
0.6006 = Twidth ( )
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where Zposition 18 the center frequency and xwiqgn is the width, and n is an integer that controls
the 'squareness’ of the filter and is set to four, in the pulse normalization code. Next, if pulse-
to-pulse normalization has been performed, i.e. data has been taken on two channels, one being
a reference, a least squares fit is performed in a region expected to be free from THz signal.
This region is typically found in the region where the probe pulse arrives to the electro-optic
crystal before the THz pulse, or before the optical pulse arrives, in the case of a TR-THz scan.
This region is selected to be from the maximum THz signal plus 1 ps to the end of the scan (if
scanning from negative values of time to positive values of time on the delay line) if high signal
is expected; or 3 ps if low signal is expected (and consequently the center position is poorly
known). Once this data is selected, a nonlinear least squares fit is performed using the Matlab
function lsqnonlin. A series of functions of type F' = f(z) — c1g(x) + co were generated at each
point, where ¢; are constants that are obtained from the fit and f and g are observed data from
both channels that should be equivalent. These functions are then minimized since they should
be as close to zero as possible. The output results are the constants and uncertainties. The
THz data is corrected throughout the entire scan based on the parameters found for the initial
region. After this, if each average in the scan is of sufficient signal-to-noise, the data is aligned
in time to the point of highest intensity in the case of THz-TDS scan or to the inflection point
in the case of a TR-THz scan. The data is then summed in order to average each scan. Lastly,
since the data is oversampled when using the scope, this data can then safely be smoothed if a
more visually appealing time-domain plot is desired. Note that this should not affect the THz

frequency spectrum at all, and thus is unnecessary if only a frequency spectrum is desired.
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6.2 Matlab Code for Optical Constant Determination

Two Matlab scripts were written. One describes a sample where FP(w) of Equation 1.60 is set
to 1, and the sample is surrounded by quartz windows. This is good for samples where the
index is low, so that sample related reflections or etalons are minimal in amplitude or are well
separated in time from the majority of the THz signal so that they can be safely disregarded.
The other script is for samples which are not surrounded by quartz, commonly where the index
is large or much different from the reference. Additionally, if the sample should be thin, and
reflections cannot be separated from the main THz signal while maintaining a desirable THz

resolution, the FP(w) correction can be employed.

Since determination of both the real and imaginary optical constants is one of the defining
features of THz-TDS, it is important to be able to readily extract both constants. The the-
oretical background is described in Section 1.1.5. Two Matlab scripts were written in order
to determine both constants from the data. The first is applicable when the sample is sur-
rounded on both sides by air. The other works when quartz windows surround the medium
being analyzed. In principle it is simple to substitute the THz-inclusive Sellmeier-type equation
of any material in place of that of quartz and the program becomes much more general. For
quartz, the extraordinary ray data taken by asymmetric FT-IR [318] for the real and imaginary
indices of refraction were fit to a 6th degree polynomial as functions of frequency and compared
to the results from Grishkowsky et al. taken by THz-TDS [56]. The script takes the sample
and reference time-domain data as inputs. A complex FFT is performed and the sample is
divided by the reference. For each frequency in the FFT, this result is compared to an array
of points with different values of n(w) and x(w) since the solution to Equation 1.60 cannot be
found analytically. The experimental data must be phase corrected, trending towards 0 near

w = 0. The phase of the sample data must also be corrected so that it trends towards 0 when
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n = 1. This can be rationalized by the fact that n of less than 1 is impossible for the group
velocity. It also gives the correct answer when this condition is met, whereas the wrong answer
is found otherwise. The first point is taken from the highest frequency desired in the output,
a parameter that can be set in the program. The default is 3 THz. The noise here is actually
lower than at the lower frequencies due to scaling with the value of w. The initial values of
the optical constants are found using a grid of 100 by 100 points. Following the procedure of
Duvillaret et al. [113] and the supplementary information from Reference [116], the minimum

of the function

§(n, k) = dp(n, k)% 4 6é(n, k)* (6.2)
was found, where
p(n, k) = In(|Heest (w)]) — In(|Hexpl), (6.3)
and
dp(n, k) = arg(Htest (W)) - arg(HeXp), (6~4)

where Hiest(w) is tabulated in the above mentioned grid and then minimized. This procedure
avoids the ineffectiveness of the Newton-Raphson method as solved for an oscillating function
[113], while not being as computationally efficient. With regards to the efficiency, it is simply not
required using modern computers and calculations take a matter of seconds for the entire range.
Several iterations are performed in order to lower the variance in the previously determined
coeflicients to less than le-6. Example figures of the real and imaginary index of chloroform are
shown in Figures 6.4 and 6.3. The noise seen is a result of reflections in the detector crystal that
are not removed by the routine. The data can be safely smoothed and the result is shown as
well. This compares very well to previously reported constants measured via THz spectroscopy

[319]. Such calculations might be improved by considering the improvements of Pupeza et al.
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[320] and Duvillaret et al. [321], wherein the sample length is also accurately determined from
the data, and by reducing the effect of etalon reflections in the sample and detector. An attempt

was made to include Fabry-Perot related reflections. This is described in the following section.

The Fabry-Perot correction is calculated as

FP(w) = ! | (6.5)

_ (n2—m na—ns \ 9wl
(ﬁg+ﬁ1) (ﬁg—‘rﬁg) eXp[ 2’”7/2 c ]

In the approximation of FP(w), the optical constants are first approximated. The real index is

easily approximated as

arg(Tmeas(w)) '

wL/c (6.6)

N2 ™ Ngybst

The imaginary index is much more complicated and requires the solving of a cubic equation of

form
AX34+X~D (6.7)
where
L
X =exp |:—I€2wc:| , (6.8)
and
— — L
A= (ng —n1)(n2 — n3) . COS <2n2w) : (6.9)
(n2 +n1)(n2 + n3) c
and
(na + n1)(ng + n3) wlL
D = —FKgubst— | * |Timeas . 6.10
2na(n1 + n3) XD | T hisubst ™ | (@)l ( )

The optical constants ngunhst and Keuhst represent the medium that has been substituted by the
sample from the reference case. In this case, the substituted material is high-density polyethy-
lene, and so the optical constants of that are used [322]. The roots of the cubic equation can

be found via Cardano’s method, or a generic 3rd order polynomial solution [323]. There are
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always three roots; however, depending on the coefficients, there are either three real or one
real and two imaginary roots. Since the listed solutions for the roots, either from Cardano’s
method or otherwise, do not work for all cases, the correct root formulas were identified through
empirical testing. Also, Matlab has two methods of finding the nth root of a number. The
nthroot command gives the real solution and requires that the operand be real. Secondly, if a
number is raised to the to the 1/n th power, the operand can be complex, but the result favors
the complex solution if both real and imaginary solutions exist, for example if the operand is

negative or possibly complex. If

D D? 1

A Vit (6-11)

is complex or imaginary then the desired root is

X = (HZ*[)( (27A2—D/—27 % A2 % 0))5 + Z*\f)( (27A2—D+/—27 % A2 % §))3,

6A 6A
(6.12)

where

§=—4A —27A%’D?. (6.13)

Otherwise the desired root is

= i’/ D D’ + L L (6.14)
V24 Viaaz Taoras T ’ '
D D2 1
3A i)/zA V142 + 27A3

where the nthroot function is used because the operand is real, and there is only one real

solution. In the case that kg is complex, which occurs when X is negative due to noise, the
value from the previously determined real solution is used to keep k(w) continuous. FP(w) is
then estimated and Tiyeas is divided by it to remove oscillations, and then the procedure of the

previous section is used and the estimation procedure is repeated.
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Figure 6.3: The absorption coefficient of chloroform, a(w), cm™1

between two quartz windows.
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Figure 6.4: The real index of refraction, n(w), of chloroform measured in 1 ¢cm pathlength
between two quartz windows.

6.3 Laser Alignment and Maintenance

Ideally, we would not have to do much to maintain the lasers. Unfortunately, this is not the
case and something is almost always not working properly or up to spec. It is important to take
data during times when everything is working. For basic maintenance, the water in the chillers
should be changed every six months and corrosion inhibitor added in the appropriate amount
(Optishield II, 10% by volume). The oscillators should have the back crystal face cleaned at least
every month, but typically more frequently when the CW or mode-locked power has dropped
by ~20 %. Monitor this daily and record it in a notebook or on the computer. Whenever the
oscillator is cleaned or realigned at all, the Legend must be reseeded. This proceedure is fairly
simple once you have done it a few times and have practiced using mirror pairs to control the

position and angle of the beam on the entrance to the Legend and as it propagates towards the
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grating. A check of the stretcher grating with the IR viewer should show the pattern shown on

page 5-9 of the Legend manual.

6.3.1 Mantis

The Mantis manual is particularly insufficient. I attempt to remedy this here.

The first step towards resolving any optical problem is cleaning. Gloves should be worn at
all times when the case is open. Coherent oscillators are particularly sensitive to dirt on the
crystal, particularly on the back side, nearest to M5 (D2). Many oscillator problems begin with
this. It is important to realize that every time you open the Mantis case, you are exposing the
inside to more dirt, dust, hair, and oil. Clean the bottom of the laser case as well. If you are
unsure if you are doing a good job cleaning (it is very easy to do more harm than good), check
the CW power before and after each optic is cleaned.

The Mantis output power should be turned to minimum. The green pump light will appear
to speckle or reflect off of a very dirty crystal. This is much easier to see on the Micra, because
the pump beam rasters. Cleaning all optics is best achieved by folding approximately 7 pieces
of lens cleaning tissue lengthwise 3 times, ideally without touching the tissue with your gloved
hand, but only with clean hemostats, and clamped with a clean hemostat. Using another clean
hemostat, grab a section of paper a few millimeters away from the edge. Using clean scissors,
cut the paper with length equivalent to the diameter or length of the surface to be cleaned.
Using a dropper, apply a few drops of fresh and pure solvent to the paper. It is critical not
to use too much solvent, since cleaning is mostly achieved by the wicking away of dirt, dust,
and debris caused by rapidly evaporating solvent. If the solvent does not evaporate quickly,
the dirt can dissolve or float in the solvent adhered to the optical surface and leave behind
spots. If cleaning a mirror, typically one is able to do one swipe per side of the lens tissue to

speed up the process and conserve tissue. This is different to cleaning the crystal. The crystal
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is primarily sapphire, a-Al,Os, which has a Mohs hardness of 9, and as such, is not easily
scratched, unlike other optical coatings. To remove buildup, several steps should be performed.
First, using acetone or methanol, scrub the back face of the crystal being careful to avoid the
gold crystal holder, as you can easily contaminate the crystal face and make things worse.
Also avoid touching the crystal with the metal hemostat. After scrubbing, take a new piece
of lens tissue and wipe as if cleaning a standard optic. Repeat until you have reestablished
good lasing conditions. In some cases, if you cannot achieve a clean crystal face, you may need
to use deionized water as a solvent in the rubbing step. Sapphire is mildly hygroscopic, so be
prepared to immediately wipe with acetone afterwards. If you are confident that cleaning is

not the cause of your troubles, proceed to optical alignment.

Beyond cleaning, the alignment may need to be adjusted slightly from time to time. The
procedure for fixing the laser depends on the problem. Among the common problems are: low
power, trouble modelocking, low mode-locked power, and a complete lack of lasing. It cannot
be emphasized enough: the first step is ALWAYS cleaning, as this may fix your problem.
Nearly all of the characteristics of the laser are determined by the extent and angle of overlap
of the pump beam and the 800 nm NIR beam in the crystal. The sole exception to this is
the bandwidth as determined by the wedge positions, and very slightly on the angles of the
four negative dispersion mirrors. The appropriate pattern on M5 as viewed by an IR viewer
is much closer to centered than the Micra or Mantis manual suggests. The vast majority of
mirrors in the cavity are irrelevant and are solely turning mirrors. The ability to lase through
apertures placed between various mirrors is largely irrelevant as more than a check of alignment.
As such, the general order for adjustment is as follows: 1.) A single mirror (M3 or M1 most
commonly since M3 fails the “tap - test” and is possibly unstable to mechanical vibrations) 2.)
The combination of M14 and then M1 to compensate 3.) the D2 micrometer, which moves M5

to and from the crystal and lastly, 4.) the angle of M5 or M6. It is highly recommended to
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avoid large changes to D2 and to never adjust the angle of M5 or M6 if at all possible. Read
the next paragraph before making adjustments. Never solely attempt to maximize CW power,
as this may lead you to the wrong alignment. Once the laser is mode-locked, the power can be

maximized safely.

Before adjusting anything, check the pump power before the pump mirror. It should read
within 5 % of the set point. If it is low, increase the pump power until it is at or near 5 W, or
clean the laser window. If there is reason to believe that the pump beam has moved, reduce the
power and ensure that it is as close to centered on irises placed along the beam path, before the
beam dump, and between M4 and M5. Very small changes in the pump alignment can require
large changes to the IR cavity. Some Coherent representatives will recommend adjusting the
pump mirrors. While possibly valid, I very much disagree with this approach since they are
so sensitive. If there is no lasing, place a photodiode-based power meter outside the case and
adjust M14 and M1 itteratively along both horizontal and vertical axes, maximising the power
on the photodiode. This corresponds to maximizing the pump fluorescence transmitted through
the cavity by each “leg”. Alternatively, a notecard and IR viewer can be used near the output
face of the laser box. The fluorsecence spots should be moved to converge on the center of the
output coupler. At some point the laser will begin to lase. Make a brief effort to increase the
CW output power. As indicated in the previous paragraph, the attempt to maximize the CW
power will most likely only lead you to the wrong alignment if the CW wavelength is incorrect.
At this point, the goal is to achieve mode-locked operation. Once the laser is mode-locked, it
can be optimized for output power by optimizing both axes of M14 and M1. If pressing the
starter in a couple times does not achieve it, switch to a thermal detector and use a spectrometer
to simultaneously check the output spectrum. The CW wavelength is stable at one of two or
three values ranging between 800 and 830 nm. Stable modelocking will occur when the CW

power is > 300 mW and the spectrum is in the most blue of the two most stable wavelength
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modes. Observe the pattern on M5 with an IR viewer. Typically the NIR spot will be on the
left side of the pump spot (thermal emission). If power is low, typically the NIR beam must be
walked to the left by adjusting M14 and compensating with M1. If more stable mode locking is
required, walk the NIR beam to the right, corresponding in a decrease in the CW wavelength,
provided that the power remains sufficient. Small changes can be made to the D2 micrometer
to favor modelocking as well. Be sure to record any such changes. Lastly, if all else fails, the
angle of the M5 or M6 can be adjusted. If you reach this point, you will have already achieved
laser-zen, and this guide will no longer help you. Generally Coherent recommends that the
ratio of CW to mode-locked power be greater than 0.8 for output stability and jitter. I have

not tested these claims. If possible, try to keep the ratio as high as possible.

6.4 THz Optical Alignment

The THz optical alignment is mostly concerned with ensuring equal light transit times in both
arms of the spectrometer, the optical pump plus THz pulse arm and the optical probe arm.
This time can be approximated by the distance that the pulses travel if the distance traveled
in optics and other non-air materials with high index is low. If the index and thickness of these
materials is known, the exact match can be calculated. Usually this is not necessary and it is
faster to get close enough so that the strongest signal can be found somewhere on the delay

line, look for signal, and adjust distances after the fact.

Alignment of the balance electro-optic detection setup is very sensitive to the polarization
and timing of the pulses on the detectors. In order to achieve well-balanced detection, the same
length of BNC cable should be used since impedance matching is necessary for the pulses to
align in time in the difference frequency amplifier. If electronics do not cause any issues but

the signals are not equal, check the optical beams and ensure that the beam does not clip on
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any aperture or at the entrance to the prism. The beam must be centered on the detectors and
should not overfill the detector. The EO probe beam should be focused onto the detector so
as to minimize the effects of the delay line travel. Move each detector in both horizontal and
vertical directions to maximize the signal. Be sure that the detector is normal to the direction
of travel of the beam, as a tilted detector will illuminate more of the photodiode surface and
will artificially give additional signal in that detector. Note that if BBO is used to produce
SHG at the output of the Legend, any adjustment to it will change the polarization of the probe

beam and will unbalance the detection.

6.5 Autocorrelator

We have a Delta single shot autocorrelator (SSA) that was purchased from Minioptic. The
autocorrelator is cheaper than others due to the design of a triangular shaped interferometer
and a small, compact component set. The geometry of the pulses going through the crystal are
such that the geometrical width of the 2nd harmonic pulse relates to the pulse duration. A CCD
array senses this. For pulses less than ~ 50 fs, a cylindrical lens must be used to disperse the
pulse to avoid pixelation. This was included with the Delta SSA. Operation of the Delta SSA
is well described by the manual, however it is sometimes difficult to find signal when first using
the SSA. There are many things to adjust to increase the signal obtained from the SSA. First,
ensure that the beam enters at the level of the SSA and is level with the table. The beam should
pass through the center of the input iris (which should be open), the A\/2 waveplate, and hit
the first mirror in the center. After this is achieved, securely fasten the SSA base to the optical
table. There should be approximately equal intensity in both beams after the beamsplitter,
and the beams should be centered on the S-BBO crystal. Use an IR viewer or IR card, or a

combination of both, and rotate the entire SSA about its optical post to ensure that the beams
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cross in the crystal. Now, turn out the lights if necessary and rotate the crystal and check for
three blue spots. Two arise from the input pulses and should be rather large. These should
always be visible if short pulses with sufficient intensity are used. They are seen when the BBO
crystal is angled with respect to the axes of the autocorrelator. Check the vertical position with
respect to the CCD entrance slit. If they are not centered on this, adjust axes of the stage of
the autocorrelator platform to reposition them. The autocorrelation signal should appear as a
vertically directed, very narrow blue line. The BBO crystal should be oriented approximately
parallel to the CCD slit and to the short side of the SSA box. Sometimes the autocorrelation
signal will be quite weak. First check the SSA output on an oscilloscope. If you cannot find
the signal, do not adjust the micrometer controlling the delay between the pulses until you
are certain it needs to be adjusted. Typically the center position does not vary much between
uses and signal can be found without tweaking this micrometer. For reference, the position is
typically ~ 1.47 + 5. The first thing to try is adjusting the polarization of the input beam.
Remember the initial position and slightly adjust the waveplate. If it is off, typically because
someone last used an input beam of the opposite polarization, you should be able to see signal
even with a small rotation. If this does not appear to be a problem, recheck overlap of the
beams in the crystal in all three directions and then tweak the micrometer slightly. You should
see signal. Tweak all of the above mentioned parameters to optimize the signal. Attenuate
the input to the autocorrelator or place neutral density filters in front of the CCD slit so as
to avoid saturation of the CCD. This saturation is very common when using pulses from the
Legend. The Legend pulses at the output of the laser were measured to have a duration of 36.2

fs FWHM.



