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Introduction

This chapter gives an overview of terahertz (THz) spectroscopy and some
other spectroscopic techniques in general. We will the discuss basics of
terahertz radiation and various mechanisms to generate THz radiation.
After short descriptions of certain important spectroscopic techniques used
for material characterization, we will discuss THz time-domain spectro-
scopy (THz-TDS) and its advantages over other techniques, such as Fourier-
transform spectroscopy (FTS) and Raman spectroscopy. The chapter con-
cludes with a description on how this thesis is organized.

1.1 Motivation

THz technology is very attractive, from the point of view of industries as
diverse as the semiconductor industry [1-4], medical industry [5, 6], man-
ufacturing industry, space and defense industry [7-9]. The invention of
high power sources and more sensitive detectors has opened up a plethora
of applications such as, tomographic imaging [3,10-12], label-free genetic
analysis [13-16], and chemical and biological sensing [6, 17-20].

Among the various applications of THz technology, THz imaging ap-
plications have received a lot of interest. The most prominent advantage
that THz imaging offers is the ability of THz radiation to penetrate a wide
range of materials: paper, wood, plastics, fabric, ceramics, semiconduc-
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tors, and many others that are often opaque to visible and near-infrared
(NIR) radiation. The THz photon energy is roughly six orders of mag-
nitude smaller than that of an X-ray photon making THz imaging very
attractive for imaging of biological specimens, as it does not cause any
detectable damage to the specimen. Contrary to X-rays, T-rays as they
are sometimes called, constitute non-ionizing radiation. In Fig. 1.1, some
examples of THz images recorded in Delft University of Technology are
shown.

One of the primary motivations for the development of THz technol-
ogy is its potential to extract material properties that cannot be measured
or not easily be measured by other techniques [21,22]. Terahertz spectro-
scopy allows a material’s far-infrared optical properties to be determined
as a function of frequency. This information can yield insight into material
characteristics, such as, for example, carrier density or presence of THz ab-
sorbing phonons, for a wide range of applications. In the past, astronomy
and space research have been the drivers for THz research [23-25]. THz
spectroscopy has been used by chemists and astronomers in the spectral
characterization of the rotational and vibrational resonances, and thermal
emission lines of simple molecules [26].

Another exciting application of THz-TDS, as described in this thesis,
is the identification of polymorphs [27]. Polymorphism is very common
in pharmaceutical products. Drug manufacturing is a complicated pro-
cess which involves several steps. Every single step in the manufacturing
process should be approved by the Unites states Food and Drug Admin-
istration (FDA). Quality tests are done on the finished product and if it
does not meet the quality standards, the whole batch is discarded. If the
end product does not meet the quality standards, it is hard to tell which
process parameter is to blame. Recently the FDA started a new initiative,
called process analytical technology (PAT). In the PAT initiative, analyt-
ical tools are used during every step of the manufacturing process of a
drug, to provide the manufacturer with real-time information about the
state of the product. Different optical techniques are used as tools for PAT
such as, infrared spectroscopy, Raman spectroscopy, X-ray diffraction, and
recently, THz-TDS. No single technique is sufficient to monitor the qual-
ity of the product and each technique has its own advantages and dis-
advantages. The identification of polymorphs, present in pharmaceutical
products, with THz-TDS as described in Chapter 5 of this thesis, makes
THz-TDS a very attractive PAT tool.
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Figure 1.1: Examples of THz transmission imaging. (a) Optical image of a marker
pen. (b) THz image of the same marker pen with cap on. THz image reveals the
inside without opening the cap. (c) Optical image of the same marker pen with
cap off. (d) THz image of a “Kindersurprise” egg taken without opening the egg,
revealing what is inside the egg. (e) THz phase image of a leaf at 1.55 THz. The
dark blue color indicate the high absorption of THz radiation by the leaf water
content.
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1.2 Spectroscopic techniques for material characteri-
zation

There exist different spectroscopic techniques to study materials and their
interaction with electro-magnetic radiation. Some commonly used spec-
troscopic techniques are, microwave spectroscopy [28,29], infrared spectro-
scopy, Raman spectroscopy [30], NMR spectroscopy, X-ray spectroscopy,
Fourier transform spectroscopy (FTS) and terahertz spectroscopy [31].

The energies associated with the transitions between the rotational en-
ergy levels of molecules lie in the microwave and terahertz region. Rota-
tional spectroscopy in the microwave region has been carried out for more
than 60 years and a wealth of literature is available on this subject [32].
Rotational spectroscopy, gives information about the molecular structure
and rotational states of a molecule. For example, linear polyatomic mole-
cules, such as carbonyl sulphide (OCS), have large moments of inertia,
which give rise to rotational transitions in the microwave region [33]. As
the molecules get bigger with more atoms per molecule, the absorption
spectra become more complicated.

Apart from rotational motions, there exist vibrational and rotational-
vibrational motions of molecules. The transitions between the vibrational
states of molecules in general, lie in the mid-infrared part of the electro-
magnetic spectrum. Every molecule has its distinct vibrational spectrum
and for this reason the vibrational spectrum of a molecule is called the vi-
brational fingerprint of a molecule [34-36]. Infrared and Raman spectra
are used to study these vibrational modes of the individual atomic bonds
in a molecule [37, 38].

Raman spectroscopy [39-41] is a spectroscopic technique based on in-
elastic scattering of monochromatic light (usually from a laser source) by
molecules. The scattered light is frequency-shifted with respect to the ex-
citation frequency, the magnitude of this shift is independent of the excita-
tion frequency and is related to the energy spacing between the vibrational
energy levels of the molecule. Therefore, the Raman signal gives a direct
measure of the vibrational energies of a molecule. Raman spectroscopy
can be used to study solid, liquid and gaseous samples. It is commonly
used in chemistry, because the vibrational spectrum of a molecule is spe-
cific to the chemical bonds and symmetry of the molecules. The Raman
spectrum therefore provides a fingerprint by which the molecules can be
identified.

The Raman signal from spontaneous Raman emission is very weak.
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When illuminated with UV light, many molecules will fluoresce and the
weak Raman signal is often swamped by this strong fluorescence. For
stimulated Raman emission, the samples have to be illuminated with laser
pulses of high intensity and this can cause damage to the sample, induce
phase changes or initiate photochemical reactions. It is very difficult to
detect low-frequency Raman modes in the range below 3 THz, because
the scattered light has a wavelength very close to the main laser line and
is therefore difficult to filter out.

X-ray spectroscopy is another common analytical technique with a broad
range of applications, particularly in determining crystal structure and el-
emental analysis of solid samples. Having a wavelength of the order of
interatomic distances allows X-rays to be diffracted, producing diffraction
patterns (XRD) characteristic of the crystal structure [42]. The X-rays used
in this XRD technique constitute ionizing radiation and exposure to such
ionizing radiation can pose health hazards.

Fourier transform (FT) spectroscopy was one of the most popular spec-
troscopic techniques before the advent of THz time-domain spectroscopy
(THz-TDS). The classical FT spectrometer consists of a broadband source
of radiation, a Michelson interferometer, and a broadband detector. The
type of sources and detectors used depends on the frequency region of
interest. Instead of recording the amount of energy absorbed as a func-
tion of frequency, the light is sent through an interferometer. The signal
measured after passing through the sample is the interferogram. The de-
tector records the interferogram while the mirror is moved. The Fourier
transformation of this resulting interferogram gives frequency domain in-
formation [43]. With a broadband source, the FT spectrometer (FTS) is ca-
pable of measuring spectra from the far-infrared to the near-infrared part
of the electromagnetic spectrum [44]. No single source and detector can
be used for this entire frequency range.

Unlike a dispersive instrument, i.e. a grating monochromator or spec-
trograph, an FT spectrometer collects all wavelengths simultaneously. The
broadband sources of infrared radiation used in a FT infrared (FTIR) spec-
trometer are the "Globar ” or high pressure mercury lamps. Globar is a ce-
ramic alloy that can be heated to 1500 K . This temperature is equivalent to
a black body radiating light with a peak frequency at 80 THz. The mercury
lamp is used for mid-infrared and IR spectroscopy. The detectors used in
FTIR spectrometers are generally pyroelectric detectors and bolometers.
These detectors have to be operated at very low temperatures, often as
low as a few K. A far-infrared FT spectrometer has high SNR at high THz
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Figure 1.2: Schematic diagram of the electromagnetic spectrum with the position
of the terahertz region indicated in gray. The frequency axis is on a logarithmic
scale.

frequencies but its SNR is very poor below 3 THz. The incoherent thermal
detectors used in an FT spectrometer can be overwhelmed by the IR radi-
ation emitted by the hot materials while studying samples at high temper-
ature. An FT spectrometer operating in the THz frequency range has to be
flushed with dry nitrogen to get rid of any water vapor, in order to avoid
the absorption of THz radiation by the water vapor. Fourier transform
spectroscopy suffers from the formation of standing waves which makes
the spectral analysis complicated.

1.3 History and development of Terahertz technology

Terahertz radiation is the part of electromagnetic spectrum which lies be-
tween the microwave and infrared regions of the electromagnetic spec-
trum as shown in Fig. 1.2. The THz region marks the transition between
these two regions. The far-infrared or terahertz frequency range has been
investigated for more than 120 years. THz radiation is loosely defined as
the frequency range from 0.1 to 10 THz, which corresponds to wavenum-
bers between 3.33 and 333 cm™!, wavelengths between 3 mm and 30 pm.
Due to lack of efficient sources and sensitive detectors, this frequency
range was known as the "'THz gap’. Interesting compilations of the his-
tory of the THz research are given in [45, 46]. The Mercury arc lamp in
a quartz envelop was an excellent source of long-wavelength infrared ra-
diation after Rubens and Baeyer discovered it in 1911. The bolometer, in-
vented by Langley in 1880 was almost universally used as the detector and
this remained a good detector of far-infrared radiation for decades. The
1960s was a flourishing decade for THz technology, as it saw the creation
of much of the instrumentation which is still widely in use today. The first
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high power far-infrared source, the water vapor laser, was developed in
this time period [47]. Probably, the most important single development
responsible for the tremendous growth in the THz frequency region in re-
cent years is the invention of the mode-locked Ti:sapphire laser. These
lasers are capable of generating extremely short pulses of light at a high
repetition rate. These pulses are partially converted into THz light using
means described in this thesis. The development of the THz time-domain
spectrometer in the form known today, became possible through the com-
bination of the development of femtosecond lasers and new electro-optic
materials.

1.4 Generation of terahertz radiation

THz sources can be broadly classified as incoherent thermal sources, broad-
band pulsed sources and narrowband continuous-wave sources. Incoher-
ent thermal sources are, for example, arc lamps or SiC globar elements.
The high operating temperature of these devices results in the emission
of a very broad range of frequencies, among which are THz frequencies.
Most broadband pulsed THz sources are based on the excitation of differ-
ent materials with ultrashort laser pulses. In general, THz radiation from
the photo-excited semiconductor surface can be emitted by a dipole that
is induced due to a fast changing photocurrent in the material [48-50].
The electrons and holes that are optically generated in the semiconductor
material due to the inter-band absorption of the femtosecond pulses are
spatially separated by the built-in electric field, externally applied electric
field or due to the photo-Dember effect. This results in a transient pho-
tocurrent varying on a sub-picosecond time scale [51-53]. This transient
current generates THz radiation. This mechanism of THz generation is
known as the photocurrent surge effect. Optical rectification is an alter-
native mechanism for pulsed THz generation [54]. Optical rectification
is possible only in crystals without inversion symmetry and having suffi-
ciently large values of the nonlinear susceptibility.

There exist a number of techniques for generating narrowband THz ra-
diation. The techniques mostly used for low power (<100 uW) contin-
uous wave THz radiation are up-conversion techniques. These up con-
version techniques generally make use of electronic methods to gener-
ate THz frequencies from lower frequencies namely, microwave frequen-
cies [55-60]. This is typically achieved by using a chain of planar GaAs
Schottky-diode multipliers [57, 61]. Gas lasers such as methanol and hy-
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drogen cyanide lasers are also very popular narrowband THz sources. Op-
tical techniques such as photo-mixing in a non-linear crystal can generate
continuous wave THz radiation [62]. Tunable continuous wave THz ra-
diation has been demonstrated by mixing of two frequency-offset lasers
in low-temperature grown GaAs (LT-GaAs) and by mixing two frequency
modes from a single multimode laser [63].

Semiconductor deposition techniques are so advanced that it is possi-
ble to construct multiple quantum-well semiconductor structures for laser
emission. Such lasers, known as quantum cascade lasers, have been demon-
strated at THz frequencies [64, 65]. This has the advantage that it can pro-
duce powers in the milliwatt range in a device of small dimensions that
can potentially be produced cheaply. These features make the quantum
cascade laser a good candidate for commercial applications. But, these
lasers require operating temperatures of 70 K or lower [66-68].

Intense terahertz sources are based on the acceleration and decelera-
tion of high energy electron beams in strong magnetic fields. Free electron
lasers (FEL) and backward wave oscillators (BWO) fall in this category.
FELs are capable of generating intense THz radiation [69, 70] and BWOs
can produce coherent radiation with a slightly tunable frequency. To op-
erate, however, BWOs require a highly homogeneous magnetic field of
approximately 10 kG. The power levels that can be reached with such a
device rapidly decrease with frequency to values of the order of micro
watts [71].

Currently, conversion efficiencies of all these sources are very low. In
the case of THz generation by photoconductive antennas, the radiated en-
ergy mainly comes from the electrical power supply and the THz radiation
energy scales with the bias voltage and optical fluence [72]. The break-
down field of the material determines the maximum bias voltage that can
be applied [73]. Photoconductive emitters are capable of generating rela-
tively large average THz powers of about 100 uW and bandwidths as high
as 6 THz [74, 75]. In optical rectification, the energy of the emitted THz
radiation comes directly from the exciting laser pulse. The conversion ef-
ficiency in this case depends on the nonlinear coefficients of the material
and on the phase matching conditions. The power of THz radiation gener-
ated by optical rectification is lower than the THz powers generated from
photoconductive antenna, but optical rectification can provide very large
bandwidths up to 60 THz [76-78].
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Figure 1.3: Schematic experimental setup for a THz time domain spectroscopy.

1.5 Terahertz time domain spectroscopy (THz-TDS)

In THz time domain spectroscopy (THz-TDS), all the measurements are
taken in the time domain. The THz electric field is measured as a func-
tion of time. The ultrashort pulses make it possible to measure the electric
fields oscillating at THz frequencies by stroboscopic, time gated detection.
The Fourier transform of a THz pulse gives a THz spectrum, and because
the electric field rather than intensity is measured, both the amplitude and
phase of the field are known, providing information on both the refractive
index the absorption coefficient of the sample at many frequencies simul-
taneously.

THz-TDS is very promising for its unique time resolved feature and
high signal-to-noise ratio. In time gated detection, the detector is kept
off for the time between two detection events, thus making the detection
process insensitive to thermal background radiation. This can be very ad-
vantageous under high temperature experimental conditions. The coher-
ent detection gives a noise equivalent power of about 10-'*WHz!/2, which
is 4 orders better than helium cooled bolometer and 6 orders better than
a pyro-detectors generally used in FT spectrometers. THz-TDS does not
suffer from the formation of standing waves as in an FT spectrometer.

For applications such as, identification of materials with THz reso-
nances, or polymorph identification, THz spectroscopy is preferred be-
cause unlike X-rays, terahertz radiation is non-ionizing radiation and does
not pose any health hazards. The average power of THz radiation used
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for the measurements is below 1 uW and hence no thermal strain is in-
duced in the sample. In Raman spectroscopy, the illumination of samples
with laser pulses of high intensity can cause damage to the sample, induce
phase change or initiate photochemical reactions.

A typical THz-TDS setup is described in Fig. 1.3. Historically, water
vapor was the first molecule measured with THz -TDS simply because
of its strong absorption and abundance in a laboratory atmosphere [31].
Fig. 1.4 shows the THz transmission spectrum of water vapor [79]. Water
molecules have a lot of absorption bands in the THz frequency range. This
means that, long THz beam path through air in a typical THz-TDS setup
necessitates that the beam path be flushed with dry N, gas to reduce the
absorption of the THz radiation by water vapor molecules in the atmo-
sphere. This setup also requires parabolic mirrors to collimate, steer and
focus the THz radiation onto the detection crystal making the alignment
difficult, especially considering that THz radiation is invisible. The THz
beam diffraction and absorption at the reflecting surfaces in the THz beam
path will lead to reductions in the THz power. One way to overcome all
these above mentioned problems is by placing the THz source and detec-
tor very close to each other, in the quasi-near field geometry as described
in Chapter 3 of this thesis.

1.6 This thesis

The goal of this thesis work is to develop and apply THz spectrometer
with a high SNR and a broad bandwidth. This spectrometer can eventu-
ally be used to study the THz absorption spectra of different materials. In
Chapter 2, an explanation of THz generation from photo-conducting an-
tennas is discussed. We discuss the saturation effects occurring in photo-
conducting antennas due to the focussing of high intensity laser pulses
on the emitter. We explain our results with existing phenomenological
models describing emitter saturation. Chapter 3 discusses the quasi-near
field spectrometer which does not require complicated alignment that is
usually present in THz-TDS setups and also need not to be flushed with
dry nitrogen gas. We will also describe the theory behind THz generation
by optical rectification and detection of THz radiation by electro-optic de-
tection in this chapter. Some applications of the quasi-near field spectro-
meter will be discussed in Chapter 4. This chapter will contain the THz
absorption spectra of some amino acids, and some other materials in the
frequency range of 0.5 - 7 THz. Chapter 5 will give a potential industrial
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application of the quasi-near field spectrometer, namely the identification
of polymorphs in freeze dried products. Conclusions and future prospects

are given in Chapter 6.
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THz generation using
photo-conductive antenna

2.1 Introduction

There exist various techniques to generate terahertz (THz) radiation. In
general, these techniques can be divided into two, namely, optical meth-
ods and electronic methods. Common to all optical techniques is an ul-
trafast change in polarization triggered by a femtosecond laser pulse. In
photo-conductive antennas (PCA’s), such a time-dependent polarization is
formed when charge carriers, created by a femtosecond laser pulse, are ac-
celerated in an externally applied electric field. PCA’s are capable of gen-
erating broadband pulses with a fairly high power. Such a photo-switch,
or Auston switch as it is sometimes called, is usually formed by deposit-
ing two electrodes on a suitable semiconductor material with the right
bandgap. This technique was originally developed by Auston [48], and
later Grischkowsky developed it into a free space THz spectrometer [80].
In this chapter, the THz generation mechanism in a PCA and saturation
effects in the THz generation are discussed.
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Figure 2.1: THz generation in a photo-conductive antenna. Femtosecond pulses
are focussed onto the semiconductor between the two electrodes, which are bi-
ased with a high voltage. The THz radiation is emitted both in the direction of the
reflected laser pulses and in the original propagation direction of the laser pulse.
The depth into the semiconductor where electron-hole pairs are created depends
on the wavelength of the pump and on the semiconductor used. For a wave-
length of 800 nm, this depth is about 0.6 um in GaAs [81]. (a) Femtosecond pulses
are incident at an angle on the semiconductor. This method is mainly employed
when the THz pulses are collected in reflection. (b) The femtosecond pulses are
normally incident on the semiconductor surface.

2.2 Photo-conductive antenna

A PCA consists of a semiconductor with two electrodes attached to it. The
semiconductor can be biased by an externally applied voltage. The dis-
tance between the electrodes can range from several microns to several
centimeters. The first antennas used electrode separations of about 100
um on which lasers were focused to a spot size of about 10 um [48]. When
a short laser pulse, with a photon energy larger than the band gap en-
ergy of the semiconductor, hits the biased region of the semiconductor
surface, electron-hole pairs are created. Thus, the semi-insulating semi-
conductor becomes a conductor. The applied voltage causes a current
through the semiconductor to rise on a sub-picosecond time scale and to

14
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fall on a slower time scale as the carriers get eventually trapped and re-
combine. In the far field (at distances much larger than the wavelength
of emitted radiation or the size of the antenna), the radiated THz electric
field is proportional to the first temporal derivative of the photo-current in
the emitter. The resulting radiation is polarized along the direction of the
applied bias field. The schematic description of a PCA is given in Fig. 2.1.
The figure shows two configurations: (a) when the incident angle of the
laser pulse with respect to the surface normal is 45°, and (b) when the laser
pulses are normally incident on the semiconductor surface. The THz ra-
diation is emitted both in the direction of the reflected laser pulses and
in the original propagation direction of the laser pulse. The depth into
the semiconductor where the electron hole pairs are created depends on
the wavelength of light and the type of semiconductor used. When laser
pulses with a central wavelength of 800 nm are used to illuminate a GaAs
surface, this absorption depth is about 0.6 yum [81].

2.3 A simple model for THz generation with PCA

Here, we describe THz generation from a PCA with a simple analytical
model from Duvillaret et al. [82]. Under optical illumination, a photo-
current is generated in the dc-biased PCA and the resulting rapidly chang-
ing current radiates a THz pulse. The time dependent photo-current den-
sity in the emitter can be described as the convolution of the optical pulse
with the material response for the current in the photo switch [82].

J(® = P(t) ® [n(t)gv(1)] (2.1)

where, ® denotes the convolution, P(¢) is the pulse envelope and g, n(r)
and v(r) are respectively the charge, density, and the velocity of photo-
generated carriers. The dynamics of the photo-generated free carriers in
semiconductors are well described by the classical Drude model. Accord-
ing to this model, the average velocity of free carriers obeys the differential
equation

v _ VD 4 g (2.2)

dt T, m*

where 7; is the carrier scattering time and m* is the effective mass of the
carriers. We assume the envelope of the laser pulse to be a Gaussian and
the bias field, E() to be a constant E,4. over the whole illuminated region
of the photo-conductive region. We neglect the screening field induced by
the spatial separation of the photo-electrons and holes. This assumption
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is valid only for carrier densities smaller than about 10'® em™ [83]. Using
equations 2.1 and 2.2 and using the following exponential functions for
n(r) and v(r),

n(t) oc exp (—; ) (2.3)

v(t) o Ti (1 —exp (—Tt )) Ey. (2.4)

m ¢
where, 7. is the carrier life time of the semiconductor, we finally get,

+00

N2 ’
J(t) o fP(t) exp (—4 In 2(t 2t ) )exp (— ! ) Ti (1 —exp (— ! )) Eg.dt’ (2.5)
T T m T
0

Tc c

® ¢ o T 2 ¢
o« <{ex - erfc - |-ex -
J p 4. T, 21, T p 47, 1l

t\| PE
erfc( = )} deTs 2.6)
2. 7 m*

where, 7 is the pulse width of the optical laser pulse and 7/, is given by

1:1+1 (2.7)

T  Te Ty
Here, only one type of carrier (electrons) is considered. In principle, a
complete expression for the generated photo-current could be obtained
by adding the contribution from the holes as well. In the far field, the
radiated electric field by this transient current is proportional to the first

time derivative of it. _
dj()

gt (2.8)

Erp (1) o

Figure 2.2 (a) shows the calculated current response of the PCA ex-
cited by a short laser pulse. The photo-current in the emitter shows a
longer decaying tail for increasing carrier life times. The rising edge in the
photo-current is determined by the pulse width of the incident laser pulse.
Figure 2.2 (b) shows the THz electric field generated from the transient
current shown in Fig. 2.2(a). Itis clear from Fig. 2.2(b) that the influence of
7. on the generated THz electric field is relatively small. The emitted THz
radiation is mostly generated during the rising edge of the photo-current
and thus the carrier life time, 7., has only a relatively small effect on the
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Figure 2.2: (a) Photo-current response j(t) of a PCA excited by a short laser pulse
of 50 fs duration. The photo-currents are calculated with 7, = 30 fs [84] and 7.
ranging from 100 fs to 400 fs. (b) THz pulses generated by the photo-current, j(t).
(c) THz spectra of the THz pulses shown in (b).
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THz pulse shape. Also, the fairly modest influence of 7, on the generated
THz electric field is clear from the spectrum of the generated THz electric
field shown in Fig. 2.2 (c). The bandwidth of the generated THz radiation
does not vary tremendously for 7,.=100 fs, 200 fs, 300 fs, 400 fs and 0.5 ns.
As 7. increases from 100 fs to 0.5 ns, the frequency at which the THz spec-
trum has its maximum shifts to lower frequencies. The bandwidth of the
generated THz spectrum is largely determined by the pulse width of the
laser. Figures 2.3 (a) and (b) respectively show the THz signal calculated
for 7, = 30 fs, 7. = 500 fs, for various values of the pulse width of the ex-
citing laser and the corresponding THz spectrum. The shorter the pulse
duration of the exciting laser pulse, the shorter the duration of the gener-
ated THz pulse, and the broader the spectrum. This means that the pulse
width of the exciting laser pulse largely determines the bandwidth of the
generated THz spectrum. Therefore, in spite of the relatively long carrier
life time in semi-insulating GaAs (SI-GaAs) (~ 1 ns), it is still an excellent
material for the generation of THz pulses. Shorter carrier life times in low
temperature grown GaAs (LT-GaAs) allow for higher bias voltages but this
is offset by the lower carrier mobility. As a result, there is little difference
between the maximum THz amplitude generated from SI-GaAs and LT-
GaAs [74]. LT-GaAs only has a slight advantage that the frequency where
the spectrum reaches its maximum shifts to somewhat higher values.

From Fig. 2.3 (a), it can be seen that width of the main peak of the THz
pulse is similar to the pulse width of the exciting laser. However, as we
will see later, in Fig. 2.7 the THz pulse main peak width is ~1 ps which
is greater than the pump pulse width. Apart from these differences in
pulse widths, the measured THz pulse shape is also different from what is
seen in Fig. 2.3 (a). This is at least partially explained by the fact that the
model does not take into account the details of the scattering processes
taking place. In spite of this, this phenomenological model is helpful to
explain the main features of the emitted THz radiation such as the small
dependence of the bandwidth on carrier lifetimes.

2.4 Far field THz generation and detection setup

A basic THz generation and detection setup is shown in Fig. 2.4. It uses
a PCA for the THz generation and electro-optic sampling for THz detec-
tion. Both for the generation and detection processes, femtosecond pulses
are used. These femtosecond pulses are derived from the same laser (Fem-
tosource Scientific XL, Femtolasers). The laser delivers pulses of nearly 50
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2.4. Far field THz generation and detection setup
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Figure 2.3: (a) THz pulses emitted from a PCA with 7, =30 fs, 7. = 500 fs and for
four values of the pulse width of the exciting laser. (b) Spectra of the THz pulses
shown in (a). The THz pulse shape and the bandwidth of the THz spectrum are
largely determined by the pulse duration of the exciting laser.
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Figure 2.4: Schematic diagram of a conventional THz generation and detection
setup.

fs duration with an average power of 960 mW and a repetition rate of 11
MHz. The peak power of the laser is more than 1.3 MW and the output
energy is more than 80 nJ. Gold-coated 90° off axis parabolic mirrors are
used to collect, collimate and focus the THz radiation. Here, we use a
biased semi-large aperture PCA made on a SI-GaAs [85].

A schematic diagram of the emitter is shown in Fig. 2.5. The emitter
consists of a SI-GaAs crystal of (100) orientation, which has a dark resistiv-
ity of more than 5 x 10’Qcm. Two crescent-shaped silver paint electrodes
are painted on the surface of the semiconductor with a smallest separation
of ~ 300 um (the smallest separation can be between 300 ym to 1.5 mm).
The electrodes are ”glued” onto two thick copper strips with silver paint.
The copper strips are separated by 2 mm. Each copper strip forms contact
with one silver paint electrode only. The copper strips serve as good elec-
trical contacts to the voltage source and also provide a good heat sink for
any generated heat in the GaAs crystal. The copper strips are connected
to a water cooled copper block using an electrically insulating and ther-
mally conductive sheet. Instead of applying a constant bias voltage, we
have used a 50 kHz, +200 V square wave ac bias voltage. When the volt-
age changes from +200 V to -200 V, the THz signal changes sign as well.
The emitted THz pulses are modulated at 50 kHz and lock-in detection is
done at 50 kHz. The signal detected by the lock-in detector is twice the
signal one would get when the applied voltage switches between 0 to 200
V only. To couple THz pulses efficiently into free space, a silicon lens is
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SI-GaAs substrate

Silicon lens

S
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Figure 2.5: A semi-large aperture PCA. The two crescent-shaped electrodes are
made with silver paint. The SI-GaAs with silver electrodes is attached to the
copper strips with silver paint. The copper plates act electrical contacts to the
high voltage source and as heat sink.

placed on the back side of the SI-GaAs as shown in Fig. 2.5. If no substrate
lens is used, a large part of the generated THz pulse is reflected from the
back of the SI-GaAs and also less light is collected by the parabolic mir-
ror. This silicon lens is an aplanatic hyper hemispherical lens. Silicon is
chosen because it has a very low absorption and nearly uniform refractive
index (n = 3.42) between 0.2 and 5 THz which strongly reduces chromatic
aberration.

2.5 Electro-optic sampling

Figure 2.6 shows the schematic drawing of an electro-optic detection setup.
The generated THz pulses are collected, collimated and focussed onto an
electro-optic detection crystal with a set of four 90° off-axis gold-coated
parabolic mirrors. The probe pulse, derived from the same laser, is fo-
cussed along with the THz pulse onto the detection crystal through a
hole in the last parabolic mirror. The THz pulse and the probe pulse co-
propagate in the detection crystal, a (110) ZnTe crystal of thickness 0.5 mm.
When there is no THz electric field, the initially linearly polarized probe
beam will remain linearly polarized after passing through the detection
(ZnTe) crystal. This linearly polarized probe beam is circularly polarized
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Figure 2.6: Schematic representation of an electro-optic detection setup.

by the quarter-wave plate, and the Wollaston prism splits the probe beam
into two orthogonal polarizations of equal intensity. The output of the
differential detector is then zero. The THz electric field induces birefrin-
gence in the crystal which makes the linearly polarized probe beam ellipti-
cally polarized after propagating through it. The probe beam then passes
through a quarter wave plate, which introduces a phase shift of 7/2 be-
tween the two orthogonal components of the incident electric field. The
beam then passes through a Wollaston prism that splits the beam into two
beams having orthogonal polarizations. These two beams are focussed
onto the two photo-diodes of the differential detector, which gives an out-
put signal that is proportional to the difference in intensity of the two
beams and thus the instantaneous THz electric field. A full 20 ps long THz
electric field transient is obtained by varying the optical delay between the
probe pulse and the THz pulse.

2.6 Signal-to-noise ratio (SNR)

In Fig. 2.7 the measured THz electric field as a function of time is shown.
The electric field consists of a nearly single cycle pulse, followed by an
oscillatory tail caused by the absorption, and subsequent re-emission of
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THz radiation, by water vapor molecules in the air. The inset shows a
measurement with the THz beam blocked. We define the signal to noise
ratio (SNR) as the ratio of the peak-to-peak amplitude of the THz signal
to the root mean square value of the noise when the THz beam is blocked.
We obtained very good signal to noise from our setup. A SNR of 15000
was very easily achieved from our system in a measurement time of 10
ms, which is considered very good for a THz generation and detection
setup based on a Ti:sapphire laser oscillator. When THz beam and probe
beam have the same or orthogonal polarizations, the instantaneous THz
electric field can be calculated from the following equation [86],

APc

(2.9)
Pprobe(l)”3 ra1L

ETHZ oC

where, AP = P — P, is the difference in intensity on the two diodes of the
differential detector and P,4. = P1 + P, is the intensity of the probe beam.
rs1 = 3.9 pm/V is the electro-optic coefficient for ZnTe, n = 2.8 is the near
infrared refractive index for ZnTe, c is the velocity of light in vacuum, w
is the near IR angular frequency, and L is the thickness of the detection
crystal. Using Eqn. 2.9, the calculated peak electric field value was about
140 V/cm. These values are obtained with bias voltages of +200 V.

The SNR and THz electric field measured with our setup based on a
low repetition rate, high peak power, 50 fs laser compares favorably with
what has been reported in literature so far from THz generation detection
setup based on a Ti:sapphire laser oscillator.

2.7 Saturation effects

The Ti:sapphire laser delivers pulses of 50 fs duration at a low repetition
rate of 11 MHz at an average power of 960 mW. This means that the pulses
have a very high peak intensity of about 1 MW and a pulse energy of about
80 nJ. These high values of peak intensity and pulse energy results in the
saturation of the PCA emitter. In this section, we will study the effect of
increasing pump power and pump fluence on the emitted THz radiation.

The smallest separation between the crescent shaped silver paint elec-
trodes is about 1.25 mm. With this electrode separation and laser spot size,
the emitter can be called a semi-large aperture emitter [85]. The pump
beam is focussed on the PCA between the two silver paint electrodes by a
plano-convex lens of focal length 15 cm. By changing the distance between
the PCA and the pump laser, the spot size on the PCA can be changed.
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Figure 2.7: THz signal from a PCA biased with +200 V. The noise measured after
blocking the THz beam is shown in the inset. The THz signal is measured with-
out any amplification whereas the measured noise is amplified by 30 dB by the
amplifier. The SNR of this measurement is ~15000 in a total measurement time of
10 ms.

Here we show the results for two different spot sizes of the pump laser
corresponding to two different positions of the lens. One, when the PCA is
placed at the focal point of the lens, the emitter is then called in-focus emit-
ter. Second, when the distance between the lens and the PCA is smaller
than the focal length of the lens, the emitter is then called out-of-focus
emitter. The in-focus spot size is about 50 yum and out-of-focus spot size
is about 400 um. It is made sure that the parabolic mirrors collect all the
THz radiation emitted by THz emitter, so that the increased divergence of
the emitted THz radiation from the in-focus emitter does not contribute
to the decrease in the measured signal amplitude. the Optical fluence is
defined as the ratio of average power to the area of illumination. When
we change the pump laser spot size on the emitter, it is the optical fluence
on the emitter that is changing.

Figures 2.8 (a) and (b) show the measured peak-to-peak THz electric
field as a function of optical fluence on the emitter for the in-focus and
out-of-focus emitter respectively. Thus, Fig. 2.8 (a) shows the dependence
of emitted THz electric field on the pump fluence when the optical flu-
ence on the emitter is quite high and Fig. 2.8 (b) shows the dependence of
emitted THz amplitude on the pump fluence when the optical fluence on
the emitter is relatively low. The vertical scales in Figs. 2.8 (a) and (b) can
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Figure 2.8: Measured peak-to-peak THz electric field as a function of pump flu-
ence (a) emitter in-focus, pump beam spot size on the emitter is about 50 um (b)
emitter out-of-focus, pump beam spot size on the emitter is about 400 um. The

vertical scales can be directly compared.
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be directly compared and it can be seen that the lower pump fluence on
the emitter gives a higher amplitude for the emitted THz radiation. The
experiment is repeated for four different emitter bias voltages. In all cases
the peak-to-peak THz amplitude increases quickly in the beginning and
then slowly saturates as the pump fluence increases.

Figures 2.9 (a), (b), (c) and (d) show the peak-to-peak THz electric field
as a function of optical intensity for bias voltages of + 50 V, + 100 V, + 150
V and +200 V respectively, for both the in-focus and out-of-focus emitter.
Even though the optical fluence can go to very high values when the emit-
ter is at in-focus, the peak-to-peak THz electric field is much smaller than
the peak-to-peak THz electric field from the emitter when it is placed at
out-of-focus. It is clear from the figure that for a particular value of optical
fluence on the emitter, a larger spot size on the emitter gives a hundred
times bigger peak-to-peak THz electric field. This is caused by the satura-
tion of the emitter at high optical fluence.

The saturation effect in the small/semi-large aperture antenna is ex-
plained by Kim et al. [87]. The saturation of the emitted THz electric field
is due to two effects; Coulomb field screening (space charge screening)
and radiation field screening. When the photo-conductor is excited by the
optical pulses, electron-hole pairs are created. As the electrons and holes
drift in opposite directions, net positive and negative space-charges de-
velop. The electric field induced by this space charge is in a direction op-
posite to the applied bias field and thus partially screens it. This is called
Coulomb or space-charge screening. Apart from the space charge screen-
ing, the electric field of the emitted THz radiation itself will screen the
applied bias field, which is known as radiation-field screening. As the op-
tical fluence on the emitter increases, more and more electron-hole pairs
are created and the emitted THz electric field also increases. This leads to
an increase in both the space charge screening and radiation field screen-
ing. The saturation of the generated THz field is due to the collapse of the
applied electric field by the combined effect of Coloumb field and radia-
tion field screening. For a Gaussian shaped laser spot, Coulomb screening
near the edges of the laser spot is weaker than at the center, whereas the ra-
diation field near the edges of the spot closer to the electrodes is stronger
than anywhere else since the carriers near these edges move faster than
those elsewhere because of the weak Coulomb screening field.

For a fixed optical power, as the excitation-spot size increases (optical
fluence decreases), the average carrier density and thus both the radia-
tion and Coulomb screening decrease. Thus for a given excitation level,
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Figure 2.9: Peak-to-peak THz electric field as a function of pump fluence for both
tightly and loosely focussed pump beam on the emitter. (a), (b), (c) and (d) show
measurements done when the emitter is biased with +50 V, +100 V, +150 V and
+200 V respectively.
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Figure 2.10: Peak-to-peak THz electric field as a function of pump power for two
different laser spot sizes on the emitter.

increasing the excitation spot size will lead to an increase in generated
THz field. This is clear from Fig. 2.10, where we have the plotted optical
power versus peak-to-peak THz field for two different laser spot sizes on
the emitter, one for in-focus and one for a much larger out-of-focus spot
size. For the same pump power, the larger spot size on the emitter gives
rise to a much bigger THz electric field compared to the in-focus spot size
case. In the case of the in-focus spot size on the emitter, the THz output
is saturated at 100 mW of pump power, where as in the case of the larger
laser spot size on the emitter, the THz output is still very slowly increasing
with pump power even at the highest pump power.

2.8 Conclusions

The THz generation and detection setup with the photo-conductive an-
tenna as the THz source and electro-optic sampling as the THz detector
gives a very high SNR of ~15000, in a measurement time of 10 ms, which
is very high for a system based on an oscillator. Even though our 800
nm femtosecond laser pulses have a very high peak power, the generated
THz power could not be increased with increasing laser pump power on
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the emitter, because of emitter saturation. Increasing the laser spot size
on the emitter gave higher THz peak power than in the case of a tightly

focussed pump beam.

29




Chapter 2. THz generation using photo-conductive antenna

30




Quasi-near field terahertz
spectrometer

3.1 Introduction

Currently, there are several approaches for generating THz beams such
as photo-conductive emission as discussed in Chapter 2, optical rectifica-
tion [88], four-wave mixing in laser generated plasmas, quantum cascade
lasers, free-electron lasers (FEL) and synchrotron emission. In the photo-
conductive approach high-speed photo-conductors are used as transient
current sources which radiate THz light. The optical rectification approach
uses electro-optic crystals as a rectification medium, and it is a second
order (difference frequency generation) nonlinear optical process. It has
been shown that ultra broadband THz radiation in the frequency range of
0.3 - 20 THz can be generated from photoconductive antenna made of LT-
GaAs [89]. In principle, by optical rectification, shorter THz pulses can be
generated by shorter laser pulses. Using this technique, ultra-broadband
THz pulses with a spectrum extending from 100 GHz to 60 THz have
been generated in materials like GaSe [90,91]. In this chapter, we describe
a method to generate and detect THz radiation using electro-optic crys-
tals. In this method, the generation and detection crystals are placed close
to each other. The THz pulses are generated and detected with, initially
counter-propagating, pump and probe beams. This makes this setup ex-
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tremely simple, compact and at the same time gives a large bandwidth and
an excellent signal-to-noise ratio (SNR) without having to use any lock-in
detection.

This chapter is organized as follows. The theory behind optical recti-
fication and the electro-optic effect will be discussed in the first part fol-
lowed by the drawbacks of the conventional THz generation and detection
setup. We will then describe our quasi-near field setup and the experimen-
tal results. We will also describe the setup with a simple model and then
show the effect of counter propagating probe and THz pulses on the de-
tected signal.

3.2 Optical rectification and electro-optic effect

Optical rectification [54] and the electro-optic effect are nonlinear opti-
cal processes which can be used for the generation and detection of sub-
picosecond THz pulses. Physically, optical rectification is the creation of
a quasi-DC or low-frequency polarization in a nonlinear optical crystal in
response to an ultra-short laser pulse. This polarization, in fact, follows
the envelope of the laser pulse [92]. The electro-optic effect, also known as
the Pockel’s effect, is physically similar to optical rectification. It describes
a change in the high frequency optical refractive index inside a crystal in-
duced by an applied DC/low frequency electric field.

Optical rectification was reported in 1962 [54] as a DC polarization ac-
companying the passage of 694 nm CW ruby laser beam in potassium di-
hydrogen phosphate (KDP) and potassium dideuterium phosphate (KD,P)
crystals. Free-space THz frequency generation with a bandwidth of 1
THz by optical rectification was produced by femtosecond colliding-pulse
mode locking (CPM) dye laser in LiNbOs [93]. Here, we will discuss
briefly the theory behind optical rectification and electro-optic detection
[94]. When an intense laser beam is focussed onto a nonlinear crystal, the
electric polarization P in a nonlinear medium will be [94],

j 1 2 3
Pl=e Y XVEj+ Y XOEEc+ ) XOLEEE + - (3.1)
J ik kol

where, P’ is the component of polarization P in the i direction. ¢ is the
permittivity of free space. {i,j,k} are the unit vectors in the Cartesian
co-ordinate system. In the component form, the electric field E can be
written as, E = Eji + E;j + Exk, 'V, ¥ and y©® are the electric nonlinear
susceptibilities of first, second and third order respectively. For the laser
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powers that we are dealing with, we can neglect all terms except the first
two in the Eqn. 3.1 and P can be written as the sum of linear (Pr) and
nonlinear (Ppr,) terms,

P = PL + PNL (32)

For a short and intense laser pulse with a central frequency at wy, the non-
linear polarization is given by,

+00
PnL(w) = & f Zxﬁfz(w; wo, —wo + W)E] (o) EX (wo — w)dwo,  (3.3)
o

where, Ey, is the high intensity laser electric field causing the nonlinearity
and w << wy is the frequency of the THz field. The wave equation for the
THz field ETHz is
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) Err2(z,0) = po
If the Rayleigh lengths! of both the laser and THz fields are longer than the
crystal thickness, Eqn. 3.4 can be reduced to a one dimensional equation.
Eqn. 3.4 can then be written as,
9? e(w) i 1 ) 0 2

( b o &2) Brp: @0 = P, |BL(z.1) (3.5)
Assuming the envelope of the laser electric field to be a Gaussian in time,
the optical laser pulse can be expressed as,

(r=2/ve)

272

E
Ei(z,t) = 0 exp exp [—i (wot — koz)] + c.c., (3.6)

2

where, Ej is the electric field amplitude of the pump pulse. The pulse
width at half maximum intensity, (rpwua) of the laser pulse is 2 VIn 27.
Here, we have assumed that the laser pulse width does not change during
the propagation through the generation crystal. v, is the group velocity of
the laser pulse for the frequency, wy. Substituting Eqn. 3.6 in Eqn. 3.5

exp (— ! _TZZ/Vg )] (3.7)

'Rayleigh length is the distance along the propagation direction of a beam from the
waist to the place where the area of the cross section is doubled.

E2@ 52
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By taking the Fourier transform of Eqn. 3.7, we get,

& , €(w) ) Ex®Pw’t ( w’t? )
+ = - ] . - 3.8
(é}Z2 W' 222 exp (za)z/ vé) exp 4 (3.8)

Using the boundary conditions, E7x.(z = 0, w) = 0 and gz Ern,(z=0,0) =0,
Eqn. 3.8 can be solved yielding,

S A Lo [ M et
2V2(n2,, —n2) 4 |2 nra, .
1 : .
(1 N ng )exp (lwnTHZZ) ~exp (lwngz)] (39)
2 nTH c c

where, n, = ¢/v, is the group index of the laser pulse at wy and nyy.(w) =
Ve(w) = n + ik is the complex refractive index of the material in the THz
frequency region. In the THz region, the nonlinear susceptibility y® is
related to e by the relation, y'? o e(w)—1[94]. Eqn. 3.9 contains three terms;
the first term is a backward propagating field at velocity vry, = ¢/nrp.. It
has a lower amplitude and can be neglected. The second term is a forward
propagating field with phase velocity vry,, and the third term is again a
forward propagating field at v, = ¢/n,. The shape of the THz waveform is
determined by the interference between these three terms.

The linear electro-optic effect (Pockel’s effect) follows from Eqn. 3.3.
Unlike optical rectification in which a high frequency field creates a DC
field, in the electro-optic effect, it is the low frequency THz field which
mixes with the laser electric field. The susceptibility tensor for the electro-
optic effect will be y(wo; w, wy — w) instead of y'»(w; wy, —w — wp). The
Pockel’s effect is generally described by an electro-optic tensor of the ma-
terial rather than the susceptibility tensor and describes the changes in
refractive indices proportional to the applied electric field,

A (nlz) = > rinkx (3.10)

ty k

The linear electro-optic coefficient, r; and susceptibility tensor for the
electro-optic effect, )(szlz are related to each other. Efficient generation and
detection of THz radiation by the optical rectification and the electro-optic
effect requires a medium with a high second-order nonlinearity or high
electro-optic coefficients, a proper crystal thickness, and the correct crys-
tal orientation with respect to the linear polarization of the THz radiation.
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3.2. Optical rectification and electro-optic effect

The surfaces of the crystals should be optically flat for the pump wave-
lengths.

The THz generation and detection bandwidth is limited by the optical
phonon resonances and the phase-matching in the crystals. The generated
THz radiation will be strongly absorbed at phonon resonances, which lim-
its the the generation and the detection bandwidth. In addition, these res-
onances give rise to a more complicated spectrum with reduced power at
frequencies around the resonance frequencies.

To enhance the efficiency of optical rectification and the electro-optic
effect, the phase-matching condition should be satisfied in the material.
The phase-matching condition for optical rectification, i.e. for collinear
difference frequency mixing is given by [95],

Ak = k(wy + w) — k(wo) — k(w) =0 (3.11)

dw w

and w, are two frequencies within the spectrum of the optical laser pulse.
This equation implies that phase-matching is achieved when the phase-
velocity of the THz wave is the same as the group velocity of the optical
pulse. However, the magnitudes of v, and vry, are generally not equal.
The efficiency of THz generation and detection decreases with the increase
in the mismatch between these velocities. The distance over which a slight
velocity mismatch can be tolerated is called the coherence length, /.

which leads to the condition, (dk )w ~ MO op vy = Vru; Where, wy + w
0

Tc

l(w) = (3.12)

w |I’lg — nTHz|

Efficient THz generation and detection at a particular THz frequency oc-
curs for crystals with thickness equal to the coherence length for that par-
ticular frequency. The strength of the emitted THz electric field and electro-
optic detection sensitivity increases with crystal thickness, whereas the
THz emission and detection bandwidth decrease with crystal thickness
because of the phase-matching effects.

Several nonlinear optical materials are capable of generating THz ra-
diation by optical rectification of a femtosecond near infrared laser pulse,
such as those with the zincblende crystal structure. These crystals have
only one nonlinear optical coefficient r4; = rsp = r¢3. The orientation of the
crystal is important for optical rectification. For (100) oriented zincblende
crystals, there is no optical rectification light in the propagation direction
(as the non-vanishing second order optical coefficients r41, sy, r¢3 are not
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involved). Among zincblende crystals, the most popular one for the gen-
eration of THz radiation by optical rectification is ZnTe [95]. For femtosec-
ond pulse at 800 nm, the phase-matching condition is satisfied at 2 THz in
ZnTe, which results in a generated spectrum centered at 2 THz [96]. The
bandwidth is limited by the strong phonon resonance at 5.3 THz. GaP is
another popular zincblende crystal for THz generation and detection. GaP
has a smaller electro-optic coefficient compared to ZnTe, but the phonon
resonance for GaP is at 11 THz, thus in principle allowing for a broader
bandwidth for THz generation and detection.

Gallium Selenide (GaSe) is another attractive candidate. It is a uniaxial
semiconductor with hexagonal structure with a large electro-optic coeffi-
cient. It has a high damage threshold and a low absorption coefficient. The
disadvantage of GaSe is its softness which makes it fragile and difficult to
handle. The central frequency of the generated /detected THz radiation
can be tuned by tilting the crystal about a horizontal axis which is perpen-
dicular to the direction of the probe beam [97].

There exist some organic electro-optic crystals with suitable properties
for generation and detection of THz radiation. 4-N-methylstilbazolium
tosylate (DAST) is an organic electro-optic crystal with a high electro-
optic coefficient >400 pm/V at 820 nm [50]. DAST has been shown to
perform well at higher frequencies with a generation bandwidth of up to
20 THz from a 100 um thick crystal. It has a strong phonon resonance
at 1.1 THz and two weaker ones at 3 and 5 THz. Another organic crys-
tal that is used for THz generation and detection is N-benzyl-2-methyl-4-
nitroaniline (BNA). Like DAST crystals, BNA also gives very intense THz
radiation, but BNA has a strong phonon mode at 2.3 THz, limiting the
bandwidth of generation and detection to 2.1 THz. The disadvantages of
using these crystals are that they have low damage thresholds, and ab-
sorption bands in this frequency region, and it is very difficult to get well-
polished crystals. Relevant properties of some very commonly used crys-
tals for optical rectification and the electro-optic effect are listed in table
3.1.

We have used GaP crystals for our experiments because its phonon
resonance is at 11 THz, thus allowing for a broader bandwidth than ZnTe
crystals. Also, GaP has a higher damage threshold compared to ZnTe crys-
tals. The dielectric function of the crystal in the THz frequency domain
€(w) is given by [99]

2
€
(W) = € + o (3.13)

W2

— )2 ;
7o~ Wt 2iyw
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3.2. Optical rectification and electro-optic effect

Material ~ Optical phonon electro-optic
resonance (THz) coefficient (pm/V)
at 300K r41
GaP 11 [98] 0.97 [92]
ZnTe 5.3 [98] 3.9[92]
GaSe 7.1[78] 14.4 [92]

Table 3.1: Some very commonly used materials for THz generation and detection
along with their properties.

where, €, is the static dielectric constant, ¢, is the electronic dielectric con-
stant, wro is the angular frequency of the TO phonon resonance, and vy is
the damping factor. For GaP crystal wro = 11.0 THz [98], €, = 2.03 [100],
€ = 9.09 [100] and y = 0.129 THz [100]. In the visible and near infra-red
frequency region, the dielectric constant for GaP is given by [100],

2
Sel Vgl

a8 vy =8
where the values of the constants are, s,; = 2.570, s.» = 4.131, 5,3 = 1.390,
Vver = 29000, v, = 42700, v.3 = 58000 and ¢ is the wave number for the VIS-
NIR frequency region expressed in cm™!. Figure 3.1 shows the refractive
indices at THz frequencies and the group refractive indices for the optical
pulse in the GaP crystal. The phase-matching condition cannot be satisfied
in GaP for optical pulses at 800 nm, but it is possible at 6 THz for optical
pulse centered at 925 nm. The material properties for crystals to be used as
a medium for optical rectification/frequency mixing, can be summarized
as the following,

2 2
Se Voo Se3 Va3

) =1+ (3.14)

e The materials should possess a high second-order non-linear suscep-
tibility y®.

e They should be transparent at all frequencies involved, otherwise
the effective interaction length will be limited by absorption.

e The damage threshold for the materials should be high enough to
withstand the high laser intensities involved.

e There preferably should not be any other non-linear process that
competes with the desired process.

e There should be a good phase-matching between the pump light and
the generated radiation in the material.
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Figure 3.1: Group refractive index of the optical pulse n, and phase refractive in-
dex nry, of THz radiation in a GaP crystal as a function of wavelength / frequency.

3.3 Need for a better spectrometer

A typical THz-TDS setup as described in Fig. 2.4 suffers from a number of
problems. First, a typical THz-TDS setup requires parabolic mirrors to col-
limate, steer and focus the THz radiation onto the detection crystal [101].
Unfortunately, parabolic mirrors are notoriously difficult to align, espe-
cially considering that THz radiation is invisible. Second, the long THz
beam path through air in a typical THz-TDS setup requires that the beam
path be flushed with dry N, gas to reduce the absorption of the THz ra-
diation by water vapor molecules in the atmosphere. Third, since opti-
cal rectification is usually not very efficient in converting laser light into
THz light, losses in the THz beam by diffraction and by absorption at
reflecting surfaces in the THz beam path lead to further reductions in
the THz power. Fourth, to improve the signal-to-noise ratio (SNR), the
pump beam intensity is typically modulated in conjunction with lock-
in-detection. However, modulation techniques often cause other prob-
lems, such as pulse lengthening when the laser pulses are sent through
an acousto-optic modulator, or they cause vibrations when a mechanical
chopper is used.
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3.4. Quasi-near field THz generation and detection.

3.4 Quasi-near field THz generation and detection.

One way to overcome these problems is by placing the THz source and
detector very close to each other, in the quasi-near field. Quasi-near field
THz generation and detection setup makes use of electro-optic crystals for
generation and detection of THz radiation. The generation and detection
crystals are placed close to each other and the THz pulses are generated
and detected with, initially, counter-propagating pump and probe beams.
Such a setup does not require parabolic mirrors to steer the THz beam, is
intrinsically easy to align and does not suffer from the problems associated
with the absorption of THz radiation by the water vapor molecules in the
atmosphere. We demonstrate that such a quasi-near field setup gives us
relatively strong, broadband signals and allows us to achieve a high SNR
without using lock-in detection and without the need to flush the setup
with dry nitrogen gas. This kind of setup can easily be used for spectro-
scopic purposes by placing a sample between the generation and detection
crystals.

Figure 3.2 shows the experimental setup. THz radiation is generated
by optical rectification of 50 fs, 800 nm pulses from a Ti:sapphire oscilla-
tor (Scientific XL, Femtolasers) having a repetition rate of 11 MHz and an
average power of 960 mW. The beam from the oscillator is split into two
equal parts by a 50/50 beam splitter. One part (pump) is used to gener-
ate THz pulses and the other part (probe), is used to detect it. The pump
beam is sent to an in-plane retro-reflector mounted on a loudspeaker os-
cillating at 50 Hz, and is then focused onto a GaP generation crystal. Both
generation and detection crystals have an anti-reflection (AR) coating on
one surface and a high-reflectivity (HR) coating on the other surface for
wavelengths between 700 and 900 nm. The generation crystal has the AR
coating on the surface through which the beam enters the crystal, to reduce
reflection losses. It has the HR coating on the opposite surface to prevent
the pump beam from reaching the detection crystal and the differential de-
tector. THz pulses, generated in the crystal, propagate a short distance of
less than 1 mm through air, before entering the detection crystal. From the
back of the detection crystal, a synchronized probe pulse is focused onto
the front surface, where the THz beam enters the crystal. The THz electric-
field elliptically polarizes the probe beam with an amount equal to the in-
stantaneous THz electric-field value [102]. The AR coating on the entrance
surface of the detection crystal prevents the probe beam from getting re-
flected from that surface. The probe beam then goes through the crystal
and gets reflected at the HR coating on the front surface after which it is
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Probe

Electro-optic
detection

Figure 3.2: Experimental setup to generate and detect THz radiation in the quasi-
near field. Both the generation and detection crystals have a high reflectivity (HR)
coating on one surface and an anti reflection (AR) coating on the other surface.
The detection crystal is placed very close to the generation crystal with the HR
surfaces facing each other. The probe beam is reflected back from the HR surface
of the detection crystal and a beam splitter (BS) sends the pulse to a conventional
electro-optic detection setup.

sent to a differential detector setup. The differential detector setup con-
sists of a quarter-wave plate, a Wollaston prism and a differential detector.
Unlike a conventional THz generation detection system, where the THz
radiation is focussed onto the detection crystal, here we have a diverging
beam entering the detection crystal. This means that the the strength of the
signal reaching the detection crystal decreases with increasing distance be-
tween the generation and detection crystals. In the detection crystal, the
THz electric field elliptically polarizes the probe beam. The optical delay
between the pump pulse (and thus the THz pulse) and the probe pulse
oscillates at 50 Hz, and a full 20 ps long THz electric-field time-trace is
obtained every 20 ms [74]. This setup does not require any modulation of
the signal for lock-in-detection and no dry nitrogen flushing is necessary.
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p:

Normalized electric field

Time (ps)

Figure 3.3: A typical THz pulse from the quasi-near field THz generation and
detection setup. This pulse is generated and detected using 100 um (110) oriented
GaP crystals. (a) The main THz pulse, (b) the reflections of the THz pulse in
the generation and detection crystals, and (c) is the THz pulse sampled by the
reflection of probe pulse in the detection crystal.

3.5 Experimental results

We used (110) oriented GaP crystals for the generation and the detection
of the THz pulses. A typical THz waveform from the quasi-near field
setup is shown in Fig. 3.3. This pulse is generated and detected by (110)
oriented GaP crystals of thickness 100 um. The main THz pulse is marked
as (a) and the pulses marked as (b) appearing after the main pulse are
from multiple reflections of the THz pulse in the generation and detection
crystals. The tiny pulse marked as (c) appearing before the main pulse is
the THz pulse sampled by the delayed reflection of the probe pulse in the
detection crystal.

Figures 3.4(a)-(c) show the temporal waveforms of the THz pulses de-
tected with a GaP crystal of thickness 300 um, and generated using GaP
crystals of thicknesses 100 pum, 300 um and 500 um respectively. Figures
3.4(d)-(f) show their corresponding amplitude spectra. In Fig. 3.5, we plot
similar temporal wave forms and spectra to those shown in Fig. 3.4 except,
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Figure 3.4: (a)-(c) Measured temporal wave forms of THz pulses generated by
GaP (110) crystals of different thicknesses and detected very close to the genera-
tion crystal with a 300 um thick GaP (110) crystal and (d-f) their corresponding
spectra. The figures are normalized to their maximum.

in this case, the THz pulses are detected in a 100 um thick crystal. In all
these cases, the detected THz electric field consists of a nearly single cycle
initial pulse, followed by a rapidly oscillating decaying tail. As we will
discuss below, this rapidly oscillating tail is due to phase-mismatch in the
generation crystal, where the phase velocity of the THz radiation is differ-
ent from the group velocity of the pump pulse. As mentioned before, the
pulse “echoes” appearing after the main pulse are from the reflection of
the THz pulse in the generation and detection crystals. These reflections in
the time domain will cause periodic oscillations in the frequency domain,
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Figure 3.5: (a-c) Measured temporal wave forms of the THz pulses generated by
GaP (110) crystals of different thicknesses and detected very close to the genera-
tion crystal using a 100 um thick GaP (110) crystal and (d-f) their corresponding
spectra . The figures are normalized to their maxima.

thus complicating the analysis of any spectroscopic measurement. While
calculating the spectra we have removed all reflections by taking only the
data visible between the two doted lines in Fig. 3.4(a-c) and Fig. 3.5(a-
c), and then zero-padded the data out to 40 ps before performing a Fast
Fourier Transform (FFT) to calculate the spectra. This gives a step size of
25 GHz in frequency domain. The actual frequency resolution is deter-
mined by the actual duration of the pulse in the time domain before zero
padding.

A comparison of Figs. 3.4 and 3.5 shows that GaP crystals of 300 um
thickness for both the generation and detection give a similar broad and
flat spectrum up to 7.5 THz, compared to the spectra obtained using gen-
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eration and detection crystals of 100 um thickness. The main difference
being that the 300 um crystals have a somewhat attenuated response at
the highest frequencies. Even with generation crystals as thick as 500 um
and using a detection crystal of 300 um, we observe frequencies extending
up to 7.5 THz, although the presence of minima in the frequency domain
is now very obvious. These are caused by phase-mismatching in the gen-
eration crystal [103]. THz radiation originating from different parts of the
generation crystal may not necessarily add up constructively because the
phase velocity of THz radiation and group velocity of the pump pulse are
not equal. This temporal walk-off becomes more dominant as the crystal
thickness increases and can cause complete cancellation at some frequen-
cies [103]. For practical purposes, the use of crystals of 300 um or thicker,
is clearly an advantage compared to the use of the more fragile 100 ym
crystals. The slow quasi-oscillatory background visible in Fig. 3.4(c) and
Fig. 3.5(c) is caused by a slight movement of the pump beam by the loud
speaker. Some of this “modulated” pump light reaches the detector and
gives rise to a background signal which is synchronous with the loud-
speaker. After calibration and fourier transformation, this slow oscillation
will appear as low frequency content below 40 GHz in the THz spectrum
as seen on Figs. 3.4 and 3.5.

GaP crystals have their transverse optical (TO) phonon resonance at
11 THz, making GaP a very good candidate for generation and detection.
The reason for the cut-off seen around 7.5 - 8 THz is not related to phase-
matching. Rather, this is caused by the onset of absorption by the TO
phonon resonance at 11 THz and the finite duration of the optical laser
pulse.

We emphasize that the results are obtained without using any lock-in
technique and without flushing the setup with dry nitrogen gas. Notably
absent in our measurement is the ringing in the time domain caused by
the absorption and re-emission of the THz radiation by water vapor mole-
cules. The optical path length of 1 mm between the two crystals is too
small to observe any significant water vapor absorption. The closeness of
the two crystals might wrongly suggest that the detection crystal is almost
in the near-field region of the emitter. However, for the frequencies from
0.5 -7.5 THz, this distance is several wavelengths, and thus clearly beyond
the near-field. The term quasi-near field is therefore more appropriate. If
we define the signal-to-noise ratio (SNR) as the ratio of peak to peak THz
electric-field to the root mean square (rms) value of the noise when THz
beam is blocked, we achieved a SNR of = 450 in a total measurement time
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Figure 3.6: THz spectrum generated and detected with GaP crystal of thickness
300 um in the far-field conventional geometry.

of less than a minute.

We have compared our measurements with a conventional THz gen-
eration and detection setup using the generation and detection crystals,
tens of centimeters apart, with a standard set of four parabolic mirrors in
between. After a difficult alignment and optimization procedure, we then
obtained a maximum SNR only half as large as with the quasi-near field
method. In addition, this setup required vigorous flushing with dry N,
gas to reduce THz absorption by water vapor molecules. Fig. 3.6 shows
the THz electric field versus time (left) and the spectrum (right), generated
and detected with a 300 um GaP(110) crystal in the far field geometry as
shown in Fig. 2.4 in Chapter 2.

3.6 Theoretical modeling

To understand the origin of the shape and the width of the THz amplitude
spectrum, we have adapted a recently published model for THz pulse
generation and detection [94]. The model includes: (i) the phase match-
ing effects in both generation and detection crystals, (ii) absorption and
dispersion of THz radiation in the generation and detection crystals, (iii)
Fabry-Perot reflections at the crystal surfaces, (iv) transmission of THz ra-
diation at the crystal-air and air-crystal interfaces. Since our pump and
probe pulses are ~ 50 fs long, the dispersion of the generating pulse in
the generation crystal is negligible. The THz radiation generated in the
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nonlinear medium by optical rectification is given by Eqn. 3.9,

VarnyP(w) W'ty |[1 ng .
E7g(w) nT(Z)))(Z _a’:é% TpEg exp |- A p [2 (1 + nT(éw))exp (iwng(w)l,/c)

ng . .
+2 (1 - nT(w))exp (—iwny(w)lg/c) — exp (zwnglg/c)] (3.15)
where, [, is the thickness of the generation crystal. The dielectric func-
tion of the crystal in the THz frequency domain e(w) is given by [99]

2
GsleO

ew) = € + (3.16)

2
Wro

- w? + 2iyw

where, € is the static dielectric constant, wro is the angular frequency
of TO phonon resonance, and vy is the damping factor. For GaP crystal,
wro = 11 THz, ¢4 = 2.03, ¢4 = 9.09 and y = 0.129 THz. Eq. 3.15 takes
into account the phase-matching, absorption and dispersion of THz radi-
ation in the generation crystal. While exiting the generation crystal the
THz radiation will be partly transmitted and partly reflected at the gener-
ation crystal-air interface. This is true for the THz radiation entering the
detection crystal, at the air-crystal interface. The coupling of THz radia-
tion out of the generation crystal and coupling into the detection crystal
can be described by the transfer functions. The reflection and transmission
coefficients for the THz electric field at the crystal-air interface are:

. Ve(w) — 1

Rinl®) Ve(w) + 1
2

Tin(w) = Ve(w) + 1

At the air-crystal interface the coefficients are:

1= Ve(w)
Rout(w) - 1+ \/6((4))

_ 2Ve(w)
T()ut(w) - \/e(a)) " 1

In electro-optic detection, the THz pulse and the probe laser pulse prop-
agate through the nonlinear crystal. In the time domain, the detected
electro-optic signal is proportional to the cross correlation between the
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probe pulse and THz pulse integrated over the thickness of the crystal
[104]. The electro-optic signal measured is given by [99],

lg 00
S eo—counter < fdz fdtIpE (Z, f) (317)
0 —00

where, I; is the length of the electro-optic crystal and I, is the intensity
profile of the probe pulse which is given by [99],

I, = exp {— 2= ve = 10)] / (vg‘r)z} (3.18)

where, v, is the group velocity of the probe pulse. 7 is the pulse duration
of the probe pulse and tpwuy is 2 VIn 27, and 1, is the delay between the
probe and the terahertz pulse. the transfer function for the electro-optic
sampling in the detection crystal is,

Te()s

* fnr(@) - ng) [exp (ilatnr - nw/e) - 1| exp(-T2w?/4)  (3.19)

The detected THz electric-field is then given by,
ET(C‘)) & ETgTomTinTws (320)

where, E7, is given by Eqn. 3.15

Figure 3.7 shows the calculated spectra based on the above model. Fig-
ures 3.7(a-c) and (d-f) show THz spectra generated using 100 ym, 300 um,
500 um GaP (110) crystals for the generation, and 100 ym, and 300 um GaP
(110) crystals for detection. Overall, the calculated spectra show very good
agreement with the experimental results shown in Fig. 3.4. Differences
are observed at higher frequencies where the predicted amplitudes are
higher than actually measured. A plausible explanation for this is that, in
our calculation we do not take into account the group velocity dispersion
of the laser pulses in both generation and detection crystals. The pulse
will get broadened in the GaP crystals due to dispersion. For a particu-
lar crystal thickness, the pulse broadening increases as the pulse width
decreases. Figure. 3.8 shows the increase in temporal width of the laser
pulse after propagation through 100 um, 300 um and 500 um GaP crystals.
Figure. 3.8 shows that after propagation through a 300 um GaP crystal, a
50 fs (FWHM) Gaussian pulse will be broadened to ~ 60 fs (FWHM). This
explains why higher frequencies are less efficiently generated/detected
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Figure 3.7: (a-c) Calculated spectra of THz radiation generated by GaP (110) crys-
tals of thicknesses 100 um, 300 um and 500 um and detected using a 100 pum thick
GaP (110) crystal. (d-f) Calculated spectra of THz radiation generated by GaP
(110) crystals of thicknesses 100 ym 300 um and 500 um and detected using a 300
pum thick GaP (110) crystal. The calculation takes into account phase-matching
effects and absorption of THz radiation in both generation and detection crystals.

in the experiment compared to the calculations. If one wants to increase
the generated bandwidth to frequencies above the phonon resonance fre-
quency, then very short laser pulses and very thin crystals should be used.
Unfortunately, the signal strength decreases when the crystal becomes
thinner. Apart from the fact that thin crystals are difficult to handle, the
frequency resolution decreases because of the reduced time separation be-
tween the THz reflections and the main THz pulse. In order to overcome
this problem, a very thin crystal is typically attached to a thicker crystal
of orientation (100), because (100) oriented crystals are not capable of gen-
erating or detecting THz radiation in the commonly used experimental
geometries.

The dips in the spectrum for the thickest emitter crystal can now be
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Figure 3.8: Pulse broadening in GaP crystals for crystal thicknesses of 100 xm, 300
pm and 500 gm.

identified as phase-matching minima. The bandwidth could be increased
by using shorter pulses. However, shorter pulses will increasingly suffer
from group velocity dispersion. This can lengthen the pulse considerably,
and is, as stated before, not included in the model.

3.7 Effect of counter propagating probe pulse on the
detected THz pulse.

Another important point to note is that the probe and the THz pulses
are initially counter propagating and, after reflection, co-propagating in
the detection crystal. The detected signal should therefore consists of a
counter- and a co-propagating part. However, in our calculation of the
THz spectra, shown below, we have assumed that the THz and probe
pulses co-propagate in the detection crystal. The agreement between the
experiment and calculation strongly suggests that the effect of the counter
propagating case to the electro-optic signal is negligible. The electro-optic
signal measured is given Eqn. 3.17 [99], The integral in Eq.(3.17) is valid
when both the THz beam and the probe beam co-propagate in the crystal.
But in this geometry, the THz pulses are initially counter propagating and,
after reflection, co-propagating. When the THz beam and probe beam are
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counter propagating, I, is given by,

I, = exp {— [z + v (- to)]2 / (vg‘r)z} (3.21)

Some insight can be gained by considering a very simple model in
which we assume a delta function 6(z + v,f) for the temporal intensity
profile I, of the probe pulse and a plane wave E(z,7) = cos(wt — krz) for
the THz electric-field. k7 is the THz wave vector along the z axis. If we
assume, for the sake of argument, that the magnitudes of THz phase ve-
locity and group velocity of the probe pulse are equal inside the detection
crystal and, that the time delay #, between the THz pulse and probe pulse
is zero, then,

| oo

S co—counter = ffé(z + Vgl)E() cos(wt — kTZ)dle
0 —oc0

| o

1
ff 5(t+ ‘ )EO cos (wt — kz) dtdz
Vg Vg
0 —oc0

Eoly | sin 2krl)
Vg [ 2krl ]
In Fig. 3.9 we plot this contribution to the electro-optic (EO) signal, nor-
malized against the contribution of the co-propagating case, as a function
of frequency, for a 300 um thick GaP crystal. The figure shows that the
contribution from the counter propagating case is negligible at higher fre-
quencies and shows increasingly larger amplitude oscillations versus fre-
quency when the frequency decreases. Only for frequencies below a few
hundred GHz does the contribution to the signal increase to values larger
than 10% . This should, perhaps, not come as a surprise. Electro-optic
detection is a second-order nonlinear optical process and when the two
waves are counter propagating, this represents the largest possible phase-
mismatch and thus suggests an extremely low optical conversion process
for all frequencies except the lowest.

(3.22)

S eo—counter

3.8 Discussions and conclusions

We have presented a simple and efficient method to generate and detect
THz radiation with a large bandwidth of 7.5 THz without using any lock-
in techniques. Our setup does not need to be flushed with dry nitrogen
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Figure 3.9: The contribution to the measured electro-optic signal from the
counter propagating probe pulse, expressed as a fraction of the signal for the
co-propagating pulse.

gas because it does not suffer from water vapor absorption. The observed
spectra of the generated THz pulses are explained with a simple model
which takes into account the effects of phase-matching and absorption
of THz radiation in the generation and detection crystals. We have also
shown that the effect of counter propagation of THz pulse and probe pulse
in the detection crystal is negligible at higher frequencies. Finally, we
would like to speculate on the application of pump beam modulation tech-
niques to further improve the signal-to-noise ratio. As pointed out in the
introduction, pump modulation techniques can create their own problems
such as mechanical vibrations or pulse lengthening. If those problems can
be minimized, then modulating the pump beam with consecutive lock-in
detection, may lead to further improvements of the signal-to-noise ratio.
An attempt by us to implement this using an elasto-optic modulator op-
erating at a fixed frequency of 50 kHz did not succeed due to excessive
pump laser noise in this modulation frequency range. It is likely that the
future use of better modulation techniques will improve our current setup
even further.
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Some applications of the quasi-near
field spectrometer

4.1 Introduction

Terahertz spectroscopy is a powerful technique for material studies in the
range of frequencies from a few hundred gigahertz to tens of terahertz.
THz generation and detection methods based on nonlinear optics and
femtosecond laser pulses have made a large number of applications of
terahertz technology possible. The coherent nature of the THz generation
and detection makes it possible to measure the THz electric field, rather
than the intensity. This makes it possible to measure the dielectric func-
tion (absorption coefficient and index of refraction ) of the materials with-
out having to rely on fairly complicated Kramers-Kronig relations to cal-
culate the frequency dependent absorption from the measurement of the
frequency dependent refractive index or vice versa. The broadband nature
of THz-TDS has been exploited for materials identification and characteri-
zation [105]. Other, early, applications of THz-TDS include moisture anal-
ysis [10, 106], package inspection [3, 10, 106], biomedical diagnostics [107]
and gas sensing [108]. In many of these imaging applications, apart from
getting a THz image, the measurement also gives spectroscopic informa-
tion on the samples under study, which can be used to identify molecular
crystals, for example.
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THz spectroscopy bridges the gap between microwave spectroscopy
and mid-infrared spectroscopy. In the gas phase, a number of molecules
have rotational absorption lines: for example, dichloromethane has rota-
tional lines with transitions up to 2.5 THz. In the solid crystalline phase
the atoms or molecules are held close to their equilibrium positions by
attractive and repulsive forces. This leads to collective lattice vibrations,
or phonons, of the crystals at certain frequencies. The vibrational modes
in the THz frequency region are characteristic for the molecule and are
influenced by the environment it finds itself in. Usually, the feature-rich
dielectric spectra observed in crystalline or poly-crystalline materials are
most likely due to the combination of phonons and intramolecular modes
of the molecules.

In amorphous materials, spectrally localized features rarely exist at
THz frequencies due to strong coupling between the random environment
and intramolecular modes [109]. Long range order in the solid state is nec-
essary to observe sharp spectral features at THz frequencies. This means
that THz spectroscopy also provides information on the crystallinity of a
material. Water and liquids in general have a fairly featureless absorp-
tion spectrum on a background increasing with frequency over the THz
frequency range. This background is due to the superposition of a contin-
uum of rotational modes in liquids [110-112]. In spite of the lack of spec-
tral features in the THz absorption spectrum of amorphous materials and
aqueous solutions, there have been reports that it is possible to identify
the ingredients and their concentration in solution [113]. Fig. 4.1 shows
the part of the electromagnetic spectrum around the THz region, show-
ing the frequencies at which different excitations can occur. We measured
the THz absorption spectra of 8 amino acids in the form of polycrystalline
powder. The spectra are measured in the frequency range of 0.5 - 7 THz,
using the quasi-near field spectrometer described in Chapter 3.

4.2 Data analysis in THz transmission spectroscopy

In THz spectroscopy, the THz pulses are recorded twice. First without
the sample to be characterized and then with the sample. The measured
signal is proportional to the electric field of the THz pulse, E(t). To get the
frequency domain information, we Fourier transform the signal E(r)

+00

E(w) = 217r f e ' E(f)dt. 4.1)

—00
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Figure 4.1: The electromagnetic spectrum in the THz region showing the regions
where different excitations can occur [114].

We call the pulse propagated through the sample, the sample pulse, E;
and the pulse propagated through a volume of air of equal thickness, the
reference pulse, E,. Instead of E, being measured in air, it can be measured
in any other reference material with known dielectric function. From the
Fourier transforms of the sample pulse, E; and the reference pulse E,, it
is possible to extract the information about the dielectric function (absorp-
tion coefficient and refractive index) of the sample. Fig. 4.2 shows the
schematic representation of THz-TDS in a transmission geometry. The
THz signal is transmitted through a sample of thickness d. The sample
signal carries information about both the absorption coefficient and the
refractive index of the sample. The basic assumptions made in this geom-
etry are

e The sample is a homogenous slab with two flat, smooth and parallel
surfaces and has a well defined thickness. The scattering of the THz
radiation from the surface of the sample is negligible.

e THz pulses are normally incident on the sample.

e Both the reference signal and sample signal are measured under the
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Figure 4.2: The basic scheme of a THz-TDS transmission experiment. The sample
has a thickness d and complex refractive index 7,. The sample signal, E; is the
signal transmitted through the sample of thickness d and the reference pulse, E,
is the signal transmitted through an equal thickness of air or any other material
whose complex refractive index is known. ry, t4, r4s and 7y, are the amplitude
reflection and transmission coefficients at the front and back of the sample, re-
spectively. n, is the refractive index of air.
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same conditions.
e The electromagnetic response of the medium is linear.

e The medium surrounding the sample is air and has a refractive index
of n = 1 and zero absorption.

t4s and ty, are the the Fresnel amplitude coefficients for the transmission
of electric field from air to sample at the air-sample boundary and sam-
ple to air at the sample-air boundary respectively. The Fresnel amplitude
coefficients for transmission 7, and 7y, are given by [115] ,

2
las = 1 + fi(w) (42)
_ 2f(w)
T+ i(w) (43)

where, fi(w) is the complex refractive index of the sample. The real part
of fi(w) gives the refractive index of the sample and the imaginary part is
related to the absorption coefficient. In the frequency domain, the electric
field transmitted through the sample is,

Es(da a)) = EO(w)tasPs(dv w)tsa (44)

Ep(w) is the THz electric field incident on the sample. The phase factor is
given by,
Py(d, w) = exp (—igs(d, w)) (4.5)

with ¢,(d, w) the phase acquired by the THz pulse after being propagated
through the sample of thickness d:

¢5(d, w) = ks(w)d (4.6)

where ky(w) is the wave vector of the sample pulse, and it is given by
ks(w) = Ky(w) + ik (w) = is(w)w/c. fig is the complex refractive index of the
sample, whose real part is the refractive index of the sample and whose
imaginary part is related to the absorption coefficient of the sample. Sub-
stituting for the Fresnel amplitude transmission coefficients from Eqns. 4.2
and 4.3, the THz electric field transmitted through the sample is,

4i(w)

Edo)= |

Eo(w) exp (—iks(w)d) 4.7)
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In almost all the measurements we performed, the sample is mixed with
polyethylene powder (PE) to dilute the sample so that the absorption peaks
are not too strong and are within the dynamic range of the system. This
means that 7 is the complex refractive index of the sample and PE pow-
der mixture. PE powder does not have any sharp absorption features in
the THz frequency region. For calculating the Fresnel transmission coeffi-
cients, we now assume that i(w) = npg, where npg is the refractive index
of the PE powder. Eqn. 4.7 will now become,

4an

Edd, ) = (1 + npg)?

Eo(w) exp (—iks(w)d) (4.8)
The intensity of THz pulses I;(w) transmitted through the sample is

given by,
I(d, w) «< Ey(d, w)E;(d, w) « exp 2k} (w)d) (4.9)

By Lambert-Beer’s law, the intensity of light after transmission through a
material of thickness d and absorption coefficient & can be written as,

I(d, w) = In(w) exp (—a(w)d) (4.10)

Now we can relate k] (w) to the absorption coefficient of the sample through
the equation given by,
a(w) = =2k" (w) (4.11)

The refractive index of the sample n(w) can be calculated from the real part
of ks(w) by the equation,
n(w) = © @ (4.12)
w

For the reference pulse there are no reflections at the interfaces and
only the phase accumulated by propagating through air of thickness d has
to be known. The reference pulse is given by,

E(d, w) = Eo(w)P,(d, w) (4.13)

P.(d, w) = exp (—ik.(w)d) (4.14)

k!’ ~ 0, because of the negligible absorption by air. The ratio of the sample
pulse to the reference pulse in the frequency domain is given by,

Ey(d,w)

Ed.w ~ Ko (Ky(w) = k(w))d + K} (w)d) (4.15)
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where K = (li”” £, is a constant. Taking natural the logarithm on both
) npE)
sides,
ES d’ s (1! ’ 77
In @ ) =InK - i(ki(w) — k(w))d + Kk (w)d (4.16)
E.(d, w)

Ei(d,w) and E,(d,w) are both complex valued electric fields obtained by
taking the FFT of E(d,t) and E,(d, t) respectively,

Eyd,w) = E}(d,w)+IiE/(d,w) (4.17)
E.(d,w) = E/(d,w)+IiE/(d,w) (4.18)
so that,
E(d, w) E(d,w) +iE/(d,w)
| = 1 4.19
“(Er<d, w)) “(Exd, W) +iE!(d, w)) (419
= In(Y| +iY») (4.20)
where,
El(d,w)E(d,w) + E/'(d, w)E (d, w)
Yy = ( /(2 ) //2( ( (421)
E*(d, w)E!*(d, w)
E'(d, w)E” (d,w) — E"(d,w)E’(d
Y2: r( ,(J.)) S( ,(J.)) r( ,Ct)) s( ,(J.)) (4.22)

E(d, w)E*(d, w)

E,d, , Y
In (Erzd, z;) =1In ( \/le + Y3 exp (z arctan ( Y; ))) (4.23)

Sustituting from Eqn. 4.16 we get,

In ( \/le + Y22) + i arctan ( 2) =InK - i(ki(w) — k(w)d+k(w)d (4.24)

Equating real and imaginary parts of Eqn. 4.16 and using Eqns. 4.23 and
4.12 we get,

1
,In (Y7 +73) =InK + kK (w)d (4.25)
Y
arctan ( Yl) = — (K(w) - KA(w))d (4.26)
2
’” 1 2 2 2
aw) = -2A/w=- In(Y7+73)+ K (4.27)
K Y.
ngw) = s(w)e = ¢ arctan( 2) +1 (4.28)
w wd Y,
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for a sample placed in air @ _ 1. Thus the absorption coefficient and

refractive index of the sample can be calculated from E(7) and E,(¢). The
term fl In K in the equation for absorption coefficient gives rise to a back-
ground in the calculated absorption coefficient. This background is not
due to the absorption of the THz electric field by the PE powder but is due
to the reflection losses at the boundaries of the sample. In order to calcu-
late the absolute absorption coefficient one should know the exact values
for the reflection and the transmission loss. We however are interested
only in the positions of the absorption lines in a sample rather than the ab-
solute value for the absorption coefficient. This means that we can ignore
the term 7 In K in calculating the ”absorption coefficient” of the sample.

4.3 Broadband THz absorption spectra of some mate-
rials

The absorption spectra of many materials are still unknown in the fre-
quency region from 0.1- 10 THz because of lack of efficient sources and de-
tectors with a good SNR in this range. We have measured the absorption
spectra of some materials in the frequency range of 0.5 to 7.5 THz to show
the applicability of the quasi-near field THz spectrometer. Because of the
finite dynamic range of the spectrometer, using pure samples may lead to
too much absorption and thus to small signals outside the dynamic range
of our system. Thinner samples are required in order to obtain a good
spectrum. This, however, introduces at least two complications. First, thin
pellets are often fragile and second, etalon reflections occur shortly after
the main pulse leading to spectral artifacts. The common solution to these
problems is to dilute the sample with a transparent filling material to pro-
duce a thicker and less absorbing sample. PE powder is one such filling
material, which has no absorption features and negligible absorption in
the THz frequency region.

The PE powder we use is Mipelon XM-220 (Mitsui Chemicals Amer-
ica, Inc). It has an average particle size of ~ 30 um. The actual sample is
ground using a mortar and pestle to reduce the particle size. It is impor-
tant to minimize the particle size to reduce the scattering and to minimize
the Christiansen effect,! which leads to spectral distortions [116]. The per-

!"When certain light is transmitted through a medium with suspended particles, for that
wavelength for which the refractive index of the particle is equal to that of the medium,
the system behaves like a plane-parallel, homogeneous disk and allows transmission. All
other wavelength ranges of the spectrum are reflected, scattered as well as refracted at the
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Figure 4.3: THz spectrum transmitted through a PE pellet of thickness 0.61 mm
along with the reference spectrum

centage of the sample in the sample-PE powder mixture depends on how
strongly the sample absorbs and this can only be determined experimen-
tally by changing the mixing ratio. The mixture is pressed to a pellet of
thickness of about 0.5 mm and a diameter of 1 cm, by applying a pressure
of about 10 tons with a hydraulic press (Specac LTd, UK). Two measure-
ments are taken, one with the pelleted sample sandwiched between the
generation and detection crystal in the quasi-near field spectrometer and
one without the sample. These two electric fields as a function of time
are used to calculate the refractive index and absorption coefficient of the
sample. The thickness of the sample is measured using a Vernier Caliper.
Figure 4.3 shows the spectrum of THz pulse transmitted through a PE
pellet of thickness 0.6 mm and the reference spectrum (THz pulse trans-
mitted through air of thickness 0.6 mm). There is some decrease in the
amplitude of the THz pulses transmitted through the PE pellet, as the fre-
quency increases. This can be due to scattering and absorption, as both
increase as the frequency increases. However, no sharp absorption fea-

many interfaces between substance and liquid. The bandwidth of the transmitted light
depends on the characteristic size and shape of the suspended particles. This effect is
known as Christiansen effect.
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tures are observed. The decrease in THz signal transmitted through the
PE pellet as the frequency increases will give rise to a background which
is increasing with frequency in the absorption spectra of samples which
are mixed with PE powder. In principle, it is possible to get rid of this
background by using the pure PE pellet which contains exactly the same
amount of PE powder as in the sample pellet as a reference, instead of
using air as a reference. We have not done this as it is possible to find
the absorption band positions of the sample material even with this back-
ground. A measurement on such a PE pellet, however may be necessary
to calculate the exact absorption coefficient of the sample.

It can be seen from Fig. 4.3 that the THz electric field amplitude mea-
sured with the sample (PE pellet) is higher than without the sample below
about 1.5 THz. This will give rise to an apparent negative absorption co-
efficient for the sample. This is explained as follows. The THz radiation
is generated locally by the focused pump beam. The THz beam diameter
at the front surface of the sample will thus be determined by the diame-
ter of the focused pump beam and is estimated to be on the order of 100
um. As the THz beam propagates through, the beam is expected to show
a frequency-dependent divergence. Lower frequencies show larger diver-
gence than the higher frequencies. When the sample is placed between
the generation and detection crystals, divergence of the lower frequency
components is reduced due to a weaker diffraction. This gives rise to an in-
creased amplitude at lower frequencies, than at higher frequencies which
suffer less from diffraction to begin with. This gives an increased signal
amplitude in the case of a THz pulse transmitted through the sample than
through air. In principle, this effect can be reduced by using pump beams
having a larger diameter or by decreasing the distance between the two
crystals to a fraction of a wavelength, which will also increase the signal
amplitude. It will be clear from the following examples, however, that the
apparent negative absorption does not pose any problem in identifying
the spectral features in the absorption spectra of samples.

4.3.1 D-tartaric acid

Tartaric acid is a white crystalline organic compound with chemical for-
mula, C4HsOg. It is found in many plants, grapes, banana, tamarinds, and
many other fruits. It gives a sour taste to the fruits. Naturally occurring
tartaric acid is a chiral molecule, meaning that its molecular structure is
non-superimposable on its mirror-image. Naturally occurring forms of
tartaric acid are L-tartaric acid and D-tartaric acid. The mixture of the
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J
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Figure 4.4: Chemical structure of D-tartaric acid molecule. The black balls repre-
sent oxygen atoms, grey balls carbon atoms and white balls hydrogen atoms.
Made by Jmol: an open source Java viewer for chemical structures in 3D.
http:/ /www.jmol.org

two-forms, known as a racemic mixture, is made artificially by mixing L-
form and D-form in the ratio of 1:1. The THz absorption spectra of both
D-tartaric acid and L-tartaric acid in pure form are the same as the molec-
ular structure is the same. But the racemic mixture shows a completely
different absorption spectrum compared to that of their individual com-
ponents [117]. Fig. 4.4 shows the molecular structure of D-tartaric acid
created by the open source Java viewer Jmol. We measured the THz ab-
sorption spectra of D-tataric acid in the frequency range of 0.5 - 7.5 THz.

The D-tartaric acid crystallites are ground to a fine powder with the
mortar and pestle and mixed with PE powder in the D-tartaric acid to PE
powder ratio of 30:100. The thickness of the pellet was about 0.6 mm.
Fig. 4.5 (b) shows absorption spectra of D-tartaric acid calculated from the
spectra shown in Fig. 4.5 (a). All the spectral features are marked with
arrows. It can be seen from Fig. 4.5 (a) that the electric field amplitude ob-
served without the sample is lower than with the sample below 2.2 THz.
This translates into an apparent negative absorption in Fig. 4.5 (b). As ex-
plained in the previous section, this is due to the fact that lower frequen-
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Figure 4.5: (a) The frequency spectra measured with and without the D-tartaric
acid pellet placed in between the generation and detection crystals. (b) The ab-
sorption spectrum of D-tartaric acid calculated from (a). The arrows indicate the
THz absorption band positions.
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cies suffer less from diffraction when transmitted through the sample than
through the air and are more effectively detected by the probe pulse. Our
THz measurements are in agreement with earlier published spectra which
however, only measured the absorption spectra of D-tartaric acid for fre-
quencies up to 3.5 THz [6,117]. Note that our quasi-near field spectrometer
covers a much larger frequency range.

4.3.2 Lactose and sucrose

Lactose and sucrose are different forms of sugar. They are disaccharides
(Carbohydrates), having the same molecular formula C,H» 0y, but with
a different molecular arrangement. Sucrose is made up of glucose and
fructose while lactose is made up of glucose and galactose. Lactose is
mostly found in milk and is sometimes called milk sugar. Sucrose is mostly
found in plants. Figure 4.6 shows the molecular structure of lactose and
sucrose. The sucrose and lactose molecules are connected with the neigh-
boring molecules via several weak hydrogen bonds [118]. Since the mole-
cules are heavy and bonds between them are weak, the vibrational modes
of the hydrogen bonds have resonance frequencies in THz region [119].
In general the far-infrared dielectric properties of sugars in the crystalline
or polycrystalline form are dominated by vibrational modes of their inter-
molecular hydrogen bonded network [120]. The THz absorption spectra of
polycrystalline monosaccharides and disaccharides in the frequency range
of 0.5 - 4 THz have been measured by THz spectroscopy [109]. Far infrared
spectra of polysaccharides including lactose and sucrose have been mea-
sured with Fourier transform spectroscopy (FTS) in the frequency range
of 1-20 THz at 100 K [121]. As described before, the lactose and sucrose
samples are mixed with PE powder to obtain a sample-to-PE powder ratio
of 20:100. This mixture is pressed to a pellet of thickness ~ 0.6mm and 1
cm in diameter. We call this pellet the sample pellet. Fig. 4.7 (a) and (b)
respectively shows the spectra of transmitted THz pulse and the THz ab-
sorption spectra of sucrose and lactose sample pellets. Even though they
have the same chemical formula, the THz absorption spectra are clearly
distinct from each other. Most of the spectral features shown are from lat-
tice modes involving intermolecular hydrogen bonds [121,122]. There are
no other reports showing the absorption spectra of lactose and sucrose in
the THz frequency region of 0.5 - 7 THz using THz-TDS, which is gen-
erally superior to FT spectroscopy in both sensitivity and dynamic range.
The THz absorption spectrum of sucrose measured by Walther et al. at 300
K [109] with THz-TDS in the frequency range of 0.2 - 4 THz is too noisy
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Figure 4.6: (a) Molecular structure of (a) lactose and (b) sucrose under the same
viewing angle. Black balls represent oxygen atoms, grey balls carbon atoms and
white balls represent hydrogen atoms.

66




4.3. Broadband THz absorption spectra of some materials

10 ]
@
c
3
o]
5 10 <
[0
©
>
= —— Reference \
Q. —1 \
€ 10 || — Lactose w i
< !
- = - Sucrose 1!
|l
! ! ! ! ! ! |l !
1 2 3 4 5 6 7
Frequency (THz)
(a)
AN YN
100L| == Sucrose ‘ i' “‘ |
_ — Lactose ! ‘-‘ ’ 1
[2] o -
c
=}
£
< 50
[
kel
g
(@]
(%)
<
0

1 2 3 4 5 6 7
Frequency (THz)

(b)

Figure 4.7: (a) THz frequency spectra of lactose and sucrose along with the refer-
ence spectrum. (b) The absorption spectra of lactose and sucrose calculated from

(a).
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H

R

Figure 4.8: General structure of an e-amino acid with the amino group on the left
and carboxyl group on the right. Amino acids differ from each other depending
on the side chain R

to see any distinguishable spectral features above 3 THz. The absorption
spectrum of sucrose measured by the quasi-near field spectrometer shows
good agreement with the measurement done by Walther et al. [109]. This
provides further evidence of the applicability of the quasi-near field spec-
trometer.

4.3.3 Amino acids

Amino acids are molecules containing both amine and carboxyl functional
groups attached to the same carbon atom, called alpha carbon and such
amino acids are known as alpha-amino acids. The alpha-amino acids have
the general formula H,NCHRCOOH, where R is the organic substituent.
Fig. 4.8 shows the general structure of @-amino acid. The side chain R
can be different depending on the amino acid. Amino acids are the back
bones of proteins, which are linear chains of amino acids, and nourishing
substrates in the human body. There are more than 300 amino acids listed
in the practical handbook of biochemistry and molecular biology. Only 20
amino acids are used to synthesize proteins, and are known as standard
amino acids. The standard amino acids are classified on the basis of the
R group attached to the carbon. Almost all of the proteins contain only L-
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amino acids.

THz-TDS is a very promising tool for amino acid molecules charac-
terization because, most of these molecules possess a spectral signature
in the THz region (0.1 - 10 THz). A better understanding of the proteins
and their functions is possible by the detailed analysis of the structure and
dynamics of the amino acids. It has been suggested that an atomic level
picture of proteins and amino acids can be obtained through the accurate
measurement of low frequency vibrational spectra, which lie in the THz
frequency region [18,123,124]. It is necessary to know the THz spectra of
the amino acids and other bio-molecules in their natural aqueous-phase
environment, but this is not easily feasible because, the absorption fea-
tures of these molecules will be masked by the stronger absorption of THz
radiation by the solvent and affected by the solvent too.

Many amino acid crystals are formed from relatively independent sub-
lattice links by the formation of intermolecular hydrogen bonds between
amine hydrogen atoms and carboxylate oxygen atoms [125]. THz-TDS
measurements on amino acid powder have shown the presence of the vi-
brational modes of weak hydrogen bonds. The lattice vibrations and hy-
drogen bond bending occur in the frequency region of 0.1 - 12 THz [126].
The most intense bands in the spectra belong to the molecular vibrations;
lattice vibrations are present below 3 THz and they have much lower in-
tensity [127]. Here, we measure absorption spectra of eight amino acids
in a broad THz spectral region (0.5 - 7 THz). In fact, the absorption spec-
tra of amino acids in the solid form at 100K and 298 K have been mea-
sured with FT spectroscopy (FTS) in the frequency range of 1 - 20 THz
[121,127]. Attempts were made by Korter et al. to compare the experimen-
tally measured THz absorption spectra to calculations based on density
functional theory and in the case of serine and cysteine with reasonable
success. Many higher frequency internal modes were assigned but lower
frequency intermolecular and phonon modes needed more advanced cal-
culations [126].

Here we show measured THz absorption spectra of amino acids namely,
L-alanine, L-cysteine, L-glutamic acid, L-leucine, L-threonine, L-tryptophan,
L-tyrocine and L-valine. Figures 4.9-4.11 show the THz absorption spec-
trum of the 8 amino acids measured with the quasi-near field THz spectro-
meter at a temperature of 291 K. As mentioned before, the absorption co-
efficient is an effective absorption coefficient that refers to certain amount
of amino acids dispersed homogeneously through the volume of the sam-
ple pellet. This absorption coefficient is linearly proportional to the bulk
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Figure 4.9: THz absorption spectra of (a) L-alanine, (b) L-cysteine, and (c) L-
glutamic acid. The chemical structure of each amino acid is shown to the right of
its THz absorption spectrum. The dotted line with "+" shows the band positions
measured by Matei et al. at 298 K and "+ shows the band positions measured
by Husain et al. at 100 K [121] . There was no measurement done on cysteine by
Matei et al.
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Figure 4.10: THz absorption spectra of (d) L-leucine, (e) L-threonine, and (f) L-
tyrosine. The chemical structure of each amino acid is shown to the right of its
THz absorption spectrum. The dotted line with ’+” shows the band positions mea-
sured by Matei et al. at 298 K [127] and "+" shows the band positions measured
by Husain et al. at 100 K [121].
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Figure 4.11: THz absorption spectra of (g) L-tryptophan, and (h) L-valine. The
chemical structure of each amino acid is shown to the right of its THz absorption
spectrum. The dotted line with "+ shows the band positions measured by Matei
et al. at 298 K [127] and "+” shows the band positions measured by Husain et al.
at 100 K [121].
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absorption coefficient of the amino acid samples. In the Figs. 4.9-4.11,
the dotted vertical lines indicate the positions of the absorption lines mea-
sured by Matei et al. at 298 K [127] using a FT spectrometer and the star
markings indicate the positions of the absorption lines measured by Hu-
sain et al. at 100K [121]. The actual absorption coefficients cannot be com-
pared. In our case, the sample is mixed with PE powder and the refer-
ence spectra are calculated from THz pulses transmitted through air in a
quasi-near field THz-TDS. In the case of Matei et al. and Husain et al., the
sample is mixed with PE powder and the reference spectra are calculated
from the THz radiation transmitted through a PE pellet which contains the
same amount of PE as in the sample pellet in a FT spectrometer. So, here
we can only compare the absorption band positions.

In the case of L-alanine, when a sample pellet is made by mixing L-
alanine with PE powder in the ratio of 10:100, then the absorption is too
strong to yield measurable signals above 4.5 THz. This absorption spec-
trum did not show the two lines at 2.21 THz and 2.57 THz reported by
Yamaguchi et al. [128]. The two lines at frequencies 2.21 THz and 2.57
THz were visible only in a pure L- alanine pellet. The lines at 3.7 THz
and 3.43 THz show a slight shift with respect to the measurement done by
Matei et al., indicated by the dotted lines. The reasons for these shifts are
currently unknown. The low temperature measurement at 100 K, by Hu-
sain et al. shows bigger shifts with respect to our measurement which may
be attributed to the change in temperature leading to real spectral shifts in
their line positions. Comparing the absorption spectrum of the pure L-
alanine pellet with a pellet made of mixing L-alanine with PE powder, did
not show any indication of the influence of the presence of PE powder on
the absorption spectrum of L-alanine.

The absorption spectrum of L-cysteine has been measured by Husain
et al. and Korter et al. They measured at two different temperatures. Hu-
sain et al. measured at 100 K and 300 K, while Korter et al. measured at
77 K and 298 K. In the case of Husain et al. measurement was done by the
FT spectrometer and Korter et al. measured low THz frequencies with a
THz-TDS and higher frequencies (above 3 THz) with a FT spectrometer.
It was found by Korter et al. that the absorption spectrum of L-cysteine
does not show any shift as a function of temperature. A comparison of the
absorption spectrum we measured at room temperature with the one mea-
sured by Husain et al. at 100 K, does show differences in the absorption
band positions which cannot be explained by the frequency resolution of
the system. This cannot be attributed to frequency shifts due to changes in
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temperature. The Matei et al. did not measure the absorption spectrum of
cysteine. Comparing the measurements done by Korter et al. and Husain
et al. with our measurements, it can be seen that there are some differences
between the three measurements, which cannot be attributed to temper-
ature change. This inconsistency between the measurements shows the
importance of measuring the THz absorption spectrum of L-cysteine with
different techniques. The quasi-near field spectrometer provides an easy
and reliable way to do this. These inconsistencies also give a clear indica-
tion that further studies are needed on this amino acid molecule.

Figs. 4.9-4.11 (c-h) show the measured THz absorption spectra of L-
glutamic acid, L-leucine, L-threonine, L-tyrosine, L-tryptophan and L-valine
samples. These THz absorption spectra also show good agreement with
the measurement done by Matei et al. The cause of the slight differences
between our measurements and measurements done by Matei et al. are
currently unknown. The good agreement between our results and those
done by Matei et al. again shows the applicability of the quasi-near field
spectrometer. Apart from the high sensitivity and SNR of THz-TDS sys-
tems, the quasi-near field spectrometer has the additional advantage that
it does not have to be flushed with dry nitrogen gas to remove water vapor
because of its very short THz beam path.

4.3.4 Metal oxides

Recently, our research group found that by focussing laser pulses on an
oxidized copper (Cu) plate significant amounts of THz radiation can be
generated. It was also found that it is the interface between cuprous oxide
(Cuy0) and Cu which generates the THz radiation. The exact mechanism
of THz radiation is still under investigation. Cu,O is a direct-gap semi-
conductor with a band gap energy of 2.0 eV. To understand the genera-
tion mechanism and to understand how the generated THz radiation can
be coupled to surface plasmons, it is important to know the THz absorp-
tion spectrum of Cu,0. Also, the possibility of THz generation from other
metal-metal oxide interfaces, such as silver (Ag)- silver oxide (Ag,0) is in-
vestigated. Unlike Cu,0, Ag,0 is a conductor in bulk form. Both Cu,0 and
Ag,0 have cubic structure. Both are known to have a strong phonon mode
in the frequency region of our interest, 0.5 - 7 THz. Cu,0 has its phonon
resonance at 4.29 THz [129, 130] and Ag,0 has one at 2.55 THz [129]. We
measured the THz absorption spectrum of these two metal oxides. Both
samples were purchased from GoodFellow. Cu,O is in the form of a red-
dish brown powder and Ag,O is a powder with grayish color. Cu,O pow-
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Figure 4.12: THz absorption spectrum of Ag,O and Cu,O. Ag,0 has a strong
phonon resonance at 2.5 THz and Cu,0 has one strong phonon resonance at 4.3
THz. The arrows indicate the positions of the phonon resonances reported in
literature [129, 130]

der is mixed with PE powder in the ratio of 30:100 and Ag,0 is mixed with
PE powder in the ratio of 20:100. The mixture is pressed to pellets of thick-
ness approximately 0.5 mm each. Figure 4.12 shows the THz absorption
spectra of Ag,O and Cu,O at room temperature. There is an absorption
peak at 4.3 THz in the Cu,0 spectrum and at 2.5 THz in the Ag,0 spec-
trum. Comparing to what has been reported in literature [129, 130] these
two absorption lines at 4.3 THz and 2.5 THz respectively corresponds to
phonon resonances in Cu,O and Ag,0. Incidentally, the perfect agreement
between the measured phonon frequencies and the literature values for
these phonon frequencies, indicates that, the shifts in the measured ab-
sorption band positions of amino acids compared to what have been re-
ported in literature, is not because of any systematic error in the measure-
ment. Apart from the strong phonon modes at 4.3 THz for Cu,0 and 2.5
THz for Ag,O , there are other weaker absorption features due to other
mechanisms which are still under investigation.

4.4 Detection of moisture content

THz radiation is strongly absorbed by water. The absorption coefficient of
water at THz frequencies is as high as 150 cm™! at 1 THz and increases to
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Figure 4.13: The time evolution of the absorption spectrum of a freeze dried coffee
sample measured at eight time intervals after exposure to ambient air.

450 cm™! at 3 THz. This strong absorption of THz radiation by water have
many applications such as medical imaging, determination of water con-
tents in leaves and in the determination of water content of materials in
general [131,132]. As the absorption of THz radiation by water increases
with frequency in the THz frequency range, access to frequencies >3 THz
makes it easier to measure the increase or decrease in the water content
of a hygroscopic material. As an example, we show in Fig. 4.13 the ab-
sorption increase in the range from 0.5 - 7 THz of an initially freeze dried
coffee sample, after being exposed to air. The freeze-dried coffee (IMA Ed-
wards Freeze Drying Solutions) is highly hygroscopic and it transforms
from a dry spongy substance to a sticky substance in less than 20 min-
utes if exposed to ambient air. Compared to the low frequency region,
the frequency region between 3 - 7 THz gives a very clear indication of
the increasing water content of the sample. In order to measure the wa-
ter content quantitatively, the system should be calibrated with samples
whose initial water content is known and stable, and the whole experi-
ment should be conducted in an atmosphere with humidity control, which
is beyond the scope of this demonstration experiment.
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4,5 Conclusions

In this chapter, we have presented some examples of measurements of
THz absorption spectra. Spectra are shown of both organic and inorganic
substances. Some of the materials we used have known THz absorp-
tion spectra measured with techniques other than THz spectroscopy. This
makes it possible to compare the results from the quasi-near field spectro-
meter to what is measured with other techniques. Our results show very
good agreement with the earlier measurements of the absorption spectra
of D-tartaric acid, lactose, sucrose, cuprous oxide, silver oxide, and amino
acids. These agreements prove the applicability of the quasi-near field
spectrometer in measuring the THz absorption spectrum of materials in
the frequency range of 0.5 - 7 THz. Apart from the broad bandwidth, the
spectrometer has the advantage that it need not be flushed with dry ni-
trogen gas to get rid of water vapor lines in the measurement. Such a
spectrometer is very suitable for measuring samples with a thickness of
about 1 mm. The quasi-near field spectrometer provides a quick and easy
method to measure the terahertz absorption spectra of samples.
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Freeze Drying

5.1 Introduction

This chapter describes an application of THz spectroscopy in the pharma-
ceutical industry. Here we show how terahertz time domain spectroscopy
can be used to identify the polymorphs of mannitol, a frequently used ex-
cipient in the pharmaceutical industry. THz absorption spectra are then
used to find out the dependence of the formation of mannitol polymorphs
on different freeze drying methods.

Freeze drying, also known as lyophilization, is a dehydration process
intended to preserve substances, that may be of biological origin. The
freeze drying technique is very commonly used in the pharmaceutical,
biotechnology, and food industry to increase the shelf life of perishable
substances and to make them lighter for transportation. The presence
of water may cause degradation because of chemical or biological influ-
ences. Many chemical processes such as certain oxidation processes re-
quire the presence of water for the reaction to occur. In freeze drying, wa-
ter is removed by sublimation, that means, water goes directly from the
solid phase to the gas phase without passing through the liquid phase.
This makes it different from the dehydration of substances by heating,
in which, water goes from the liquid to the gas phase by evaporation.
There are mainly two problems with the evaporation/dehydration pro-




Chapter 5. Freeze Drying

cess. First, it is difficult to remove all water by evaporation because most
of the water is not directly exposed to air. Second, heating can cause un-
wanted changes in shape, texture and composition of the material. Many
pharmaceutical ingredients will not survive the boiling process. The ba-
sic idea behind freeze drying is to “freeze” the physical properties like
composition, shape, texture etc, of the substance. Freeze dried substances
can be stored at room temperature in sealed containers. Freeze drying
offers a way to improve the stability and shelf life of many pharmaceuti-
cal compounds. Many parenteral medications such as vaccines, proteins,
peptides, and antibiotics are usually freeze dried.

This chapter is organized as follows: first we will discuss the basics of
freeze drying and its importance in the pharmaceutical industry. Then, the
sample preparation methods will be detailed. The THz absorption spec-
tra of individual polymorphs and that of freeze dried samples will be fol-
lowed by a comparison with the Rontgen diffraction (XRD) measurements
of these samples.

5.2 Freeze drying

There are several steps involved in the freeze drying process. The sub-
stance is cooled until crystallization of water and subsequently the excip-
ients take place. The amorphous components solidify in a glassy state.
Next the pressure is reduced to below the triple point of water. Next, just
enough heat is provided so that the crystalline water sublimates without
melting. Materials whose properties cannot be adequately preserved by
freezing are not suitable for freeze drying [133]. Figure 5.1 shows the
phase diagram for H,O. The boundary between the gas and the liquid
runs from the triple point to the critical point. This diagram is not to scale;
a scaled version looks like the one in the inset. In the diagram, primary
drying phase of freeze drying is represented by the black arrow, which
takes the system around the triple point, avoiding the direct liquid-gas
transition seen in ordinary drying process (dotted arrow). The reconstitu-
tion of freeze dried products is done by adding the original solvent and
the intended original (bio)chemical activity is then restored. The freeze
drying process is divided into three stages; freezing, primary drying and
secondary drying which are described below [134].
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Figure 5.1: Phase diagram for H,O. The boundary between gas and liquid phases
runs from the triple point to the critical point. This diagram is not to scale; a
scaled version looks like the one in the inset. Freeze drying (black arrow) brings
the system around the triple point, avoiding the direct liquid-gas transition seen
in ordinary drying (dotted arrow).

5.2.1 Freezing

The first step in freeze drying is immobilization of the substance by freez-
ing. Usually, the freezing temperatures are between 243 K and 193 K. The
freezing phase is critical in the whole freeze drying process, because the
product can be spoiled if badly executed. Crystalline and polycrystalline
materials should be frozen and kept below their eutectic point' during the
phase of primary drying to prevent melt-back or collapse during primary
drying. Amorphous (glassy) materials do not have a eutectic point, but
do have a critical point, and the product should be maintained below this
point. Freeze drying is a slow process. In common freeze dryers, the vials

LA eutectic mixture is a mixture of two or more solids, at such proportions that the
melting point of the mixture is a local temperature minimum. This means that all the con-
stituents crystallize simultaneously at this temperature from the molten liquid solution.
The temperature at which this takes place is the eutectic temperature, and the composi-
tion and temperature at which it takes place is called the eutectic point.
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containing the product are supported by shelves. These shelves are hol-
low and a heat transfer fluid is circulated through them. By cooling this
fluid and thus subsequently the vials containing the product, the freezing
step is effectuated. This process generally is not very fast as the shelf cools
at a rate of 1 K per minute. The purpose of this slow cooling is to generate
large ice crystals. Large ice crystals correspond to large pore sizes of the
dried cake and therefore limit the flow resistance for the subliming vapor
during the primary drying step. There might be reasons for rapid freezing
related to product stability in the liquid form, but this would compromise
the sublimation process speed during primary drying.

293
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+- - -Ice being formed Time (arb. units)
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f, A < - - --Cooling of ice and eutectic solution
E 263 |
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Figure 5.2: The freezing cycle of dilute solution of common salt in water [133]

Figure. 5.2 shows the freezing cycle of a dilute solution of common salt
(NaCl) in water. There are two freezing points, one for pure water, and
the other for the eutectic solution of salt in water at 251.6 K. The liquids
supercool below their freezing point before freezing.

5.2.2 Primary drying

The second step in freeze drying is to pull vacuum to a level of typically
100 mTorr (13.3 Pa). This vacuum step is only allowed when the product
is already frozen, to prevent boiling. When vacuum is applied, sublima-
tion can occur because the system is below the triple point of water. This
sublimation is driven by the difference in water vapor pressure between
the frozen product and a condenser, which is kept at a lower temperature.
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Energy needs to be supplied to the product during sublimation to compen-
sate for the latent heat of evaporation, to overcome the flow resistance of
vapor through the already dried product and to maintain the vapor pres-
sure difference with the condenser. The lower the energy loss through the
dried product, the faster the freeze drying process can take place, given
the maximum allowable temperature of the product. This maximum al-
lowable temperature is given by the melting point or the glass transition
point®. In this initial drying phase, about 95 % of the water in the mate-
rial is sublimed. This phase may take a long time (can be several days in
the industry) because the limited allowable temperature limits the energy
supply. The bound water or residual moisture is removed by secondary
drying.

5.2.3 Secondary drying

Secondary drying is necessary to desorb the remaining moisture in the
dried product while the ice was removed in the primary drying phase.
In this phase, the temperature is higher and can even be above 273 K, to
break any physio-chemical interactions that have taken place between the
water molecules and the frozen material, and the pressure is lower than
that in the primary drying phase. After the primary drying the residual
moisture may be as high as 10% . In secondary drying this is reduced to an
optimum value for stability, usually, between 0.5% and 2.7% [133]. After
the freeze drying process is complete, the vacuum is usually broken with
an inert gas, such as nitrogen, before the container is sealed. Often, the
sealing takes place at pressure below the atmospheric pressure.

5.3 Freeze drying in the pharmaceutical industry

Freeze drying is very commonly used in the pharmaceutical industry to
increase the shelf life and dry state stabilization of therapeutic agents. The
freeze dried material is stored in a container free of oxygen and water

2The glass transition temperature (T,) of a non-crystalline material is the critical tem-
perature at which the material changes its behavior from being “glassy’ to being "rubbery’.
"Glassy’ in this context means hard and brittle (and therefore relatively easy to break),
while ‘rubbery’” means elastic and flexible. Note that the concept of T, only applies to
non-crystalline solids, which are mostly either glasses or rubbers. A glass is defined as a
material that has no long-range atomic or molecular order and is below the temperature
at which a rearrangement of its atoms or molecules can occur. On the other hand, a rubber
is a non-crystalline solid whose atoms or molecules can undergo rearrangement.
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and it is reconstituted with water when required. Apart from the par-
enteral medications, solid oral forms such as tablets and capsules are also
freeze dried due the wide acceptability and convenience. Although the
technique of freeze drying has already been used in the industries for a
long time, its popularity is now increasing due to the increasing use of
relatively unstable biopharmaceuticals.

5.4 Polymorphism in freeze dried pharmaceutical prod-
ucts

Polymorphism is the occurrence of multiple possible states of a single en-
tity. In the case of chemical compounds, this refers to the multiple possible
crystal structures of the same chemical compound. Polymorphism is well
known in the pharmaceutical industry and in freeze dried pharmaceuti-
cal products. These polymorphs often can have unique physio-chemical
characteristics which can influence their stability, solubility and other per-
formance characteristics [135-139]. For example, paracetamol powder has
poor compression properties and it poses a difficulty in making tablets,
so a new polymorph of paracetamol was developed which is more com-
pressible. Solubility is very important for ease of reconstitution as some
polymorphic forms are more soluble than others. Because of all these
reasons, many drugs receive regulatory approval only for a single poly-
morph. The thermodynamically stable state may not be the one with the
desired properties like solubility, so these compounds need to be stabilized
against chemical as well as physical degradation, by freeze drying. All this
makes it important for the pharmaceutical industry to know which poly-
morph is formed during the freeze drying process. A phase transforma-
tion may occur during any stage of the drug manufacturing process and
this is certainly possible in the various stages of the freeze drying process.
Ritonavir is a well known example of extreme consequences originating
from a sudden appearance of a new polymorph. It was originally formu-
lated as a semi-solid in a soft gelatin capsule using form I, which was
the only crystal form identified during crystal development. Suddenly, af-
ter 240 lots of capsules had been successfully produced and no stability
problems noticed, the capsules started to fail in dissolution tests because
of the appearance of a new polymorph, form II, with lower bioavailabil-
ity3 [136, 141]. This started a long and expensive process during which

SBioavailability is a measurement of the rate and extent of a therapeutically active drug
that reaches the systemic circulation and is available at the site of action [140]
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the drug product was reformulated to suit form II, and the preparation
of form I was revisited [142]. This example highlights the importance of
knowing the possible polymorphs of a compound and their physical prop-
erties. Once these are known, there should be some method to monitor the
manufacturing and processing of the compound to make sure the desired
polymorphs are produced. In the context of freeze drying, the processing
stages may have to be optimized for optimum process speed, but at the
same time not leading to the unintended formation of undesirable poly-
morphs.

5.5 Spectroscopic techniques for identification of poly-
morphs

There exist numerous techniques to characterize the polymorphs, such as
powder X-ray diffraction [143, 144], nuclear magnetic resonance [138, 145,
146], Raman spectroscopy, vibrational spectroscopy [147-151] and thermal
analysis [152]. X-ray powder diffraction is commonly used, but it is a time
consuming process and requires sample preparation. This means that it
cannot easily be used as an in-line monitoring tool [153]. Apart from this,
X-rays fall into the category of potentially harmful ionizing radiation [154].
Near -infrared (NIR) analysis has been widely used as a tool for studying
solid phase transformations [155]. NIR spectra of solid forms consist of
overtones and combinations of fundamental vibrations, thus making the
spectroscopic analysis more complex in terms of assignments of bands.
For the analysis of dehydration and hydrate formation, NIR spectroscopy
is a very valuable tool as it can identify the state of water molecules present
in the solid sample [156]. In Raman spectroscopy, the sample needs to be
excited by shining a laser beam directly onto it. However, Raman spectro-
scopy is a nonlinear process and requires high light intensities, which can
cause phase changes, unwanted photochemical reactions, or even phys-
ical damage to the sample. Moreover, fluorescence from the sample can
overwhelm Raman signal which is intrinsically weak [157,158]. However
use of the combination of Raman and NIR spectroscopy for in-line and
real time monitoring of freeze drying process was demonstrated by two
research groups [159, 160].

Recently, it was reported how THz-TDS could be used to identify the
different polymorphs of ranitidine hydrochloride [27]. This is possible be-
cause many organic molecules in the crystalline or polycrystalline form
show distinct absorption spectra in the THz frequency region [109, 161-
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166]. The absorption lines in the spectra correspond to lattice vibrations
or local molecular vibrations of the crystal, and are different for different
polymorphs [114, 167].

5.6 Mannitol

Figure 5.3: Molecular structure of mannitol constructed using Jmol: an open-
source Java viewer for chemical structures in 3D. http:/ / www.jmol.org/

Mannitol is an acyclic sugar alcohol with chemical formula [C¢H;406].
Figure 5.3 shows the molecular structure of mannitol. Mannitol is a fre-
quently used bulking agent to facilitate the production of a mechanically
stable dry pellet or cake with a very small amount of active product. It
has low hygroscopicity and chemical reactivity. It has a strong tendency
to crystallize from frozen aqueous solutions and has a high melting point
(260 K) for mannitol ice eutectic mixture [168-170]. So, during freezing,
ice crystals and mannitol crystals form concurrently, thus making it a very
good candidate to make a pharmaceutically elegant and physically stable
freeze dried solid. Its porous crystalline structure allows rapid reconsti-
tution. There exist three polymorphic forms for mannitol; namely «, 8
and 6 [171]. During freeze drying mannitol can crystallize as anhydrous
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Figure 5.4: (a) Polymorphs of mannitol [172] (b) X-ray diffraction spectra of each
of these polymorphs [135]

a, B, 6 forms or as mannitol hemi-hydrate*. Depending on the concen-
tration and on the specific steps taken during the freeze drying process,
often different polymorphs may be present simultaneously [135,172-174].
The polymorphic form of mannitol in freeze dried formulations has been
shown to depend on process and formulation variables [135], thus making
it a model compound for studying the effect of freeze drying on molecular
structure.

Mannitol is a versatile excipient whose physical state can be engineered
to meet the diverse requirements of formulation development. When used
as a bulking agent, mannitol is frequently induced to crystallize [175,176].
When used as a lyoprotactant for the active pharmaceutical ingredient,
mannitol must be retained amorphous [177,178]. Lyoprotectants are mole-
cules used to protect freeze dried material. For example, during the freeze
drying process, protein molecules encounter freezing and drying stresses,
which can result in their denaturation [179, 180]. Hence, during the de-
sign of a freeze dried formulation, several process and formulation factors

*A hydrate in which the molecular ratio of water molecules to anhydrous compound is
1:2.
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have to be optimized to ensure that the active ingredient does not undergo
irreversible physical and chemical changes and also to assure long-term
stability during storage [181]. Of the different additives that are used in a
freeze dried formulation, lyoprotectants play an active role in protecting
proteins from denaturation [181]. It has been postulated that lyoprotec-
tants form hydrogen bonds with proteins, acting as replacement for the
hydration shell, and hence maintain the native conformation of the pro-
tein. Lyoprotectants have been found to be maximally efficient when they
are present in the amorphous state [182]. It is difficult to maintain manni-
tol in the amorphous state during the freeze drying process, making it a
poor choice as a lyoprotectant. This means, whether used as bulking agent
or as a lyoprotectant, it is important to know the physical state of mannitol
in the freeze dried material.

5.7 Sample preparation

The mannitol test samples we investigate are freeze dried in different ways
with the aim to develop new and more efficient freeze drying techniques.
A typical freeze drying cycle consists of freezing the product, pulling vac-
uum until a pressure of typically 100 mTorr (13.2 Pa) is reached, primary
drying by sublimation and secondary drying by further heating under
vacuum. The heat flow takes place through the bottom of the vials which
are in contact with hollow stainless steel shelves. All the freeze dried sam-
ples we investigated have gone through the same freeze drying cycle ex-
cept for the initial freezing stage. The first sample was freeze dried in the
manner described above, starting from a 2 ml mannitol solution in a 5 ml
vial and going through the typical freeze drying cycle, resulting in a vial
filled with the freeze dried mannitol to a height of about 10 mm. During
the sublimation process, the crystalline water is removed from the sample,
resulting in a highly porous cake-like texture. The second type of sample is
prepared by dropping large droplets of mannitol solution (5% w/w) out of
a syringe into a small container with liquid nitrogen. The droplets freeze
very rapidly and are subsequently inserted into vials which are placed
upon pre-cooled shelves (228 K). The remaining sublimation process is
similar to the standard sublimation process described before. The third
type of sample is prepared by spraying very small droplets of mannitol
solution (5% w/w) into a small container with liquid nitrogen. The fine
droplets again freeze rapidly. The frozen fine spheres are then collected
and inserted into vials. The vials are placed on pre-cooled shelves (228 K).
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5.7. Sample preparation

The remaining sublimation process is again similar to the standard pro-
cess.

Slow freezing, as in traditional freeze drying, and fast freezing with
liquid nitrogen, are expected to give rise to different end results. This is
because rapid freezing coincides with the formation of small ice crystals
and a potentially different crystallization of mannitol. The drying process
in freeze drying can be accelerated by increasing the sublimation area and
thus the sublimation rate. One way to increase the effective sublimation
surface is to start with frozen spheres. In the case of large frozen droplets,
the drying process time was similar to that in the standard process, be-
cause, although the sublimation area was increased, the physical contact
and thus the heat transfer between the spheres was limited. In the case of
fine frozen droplets, the sublimation process was finished earlier than in
the large frozen droplet situation because of the better contact between the
spheres.
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Figure 5.5: Photographs of the three types of mannitol crystals corresponding
to the @, § and B polymorphs. (a) The a form is opaque and resembles verti-
cally growing lichen-like structures. (b) The § form is translucent and resembles a
needle-like structure in spherulite morphology. (c) The 8 form consists of translu-
cent parallelepiped structures.

Individual polymorphs of mannitol are prepared in the lab from man-
nitol powder purchased from Sigma Aldrich, which consists predomi-
nantly of the 8 polymorph. All three known polymorphs of mannitol were
prepared by the Walter-Levi method [183]. Solutions of 0.4, 0.8 and 1.2 Mo-
lar (M) are prepared and 10 ml of each solution is placed in a watch glass
and allowed to evaporate at room temperature. The evaporation results in
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Chapter 5. Freeze Drying

three distinct crystal forms. The first form is mainly observed at the edge
of the watch glass. It is opaque and looks like lichen and grows vertically.
This kind of morphology is known to be typical for the @ polymorph. The
second crystalline form was created in 0.4 and 0.8 M solutions. It has a
translucent needle-like structure in spherulite morphology and this is typ-
ical for 6§ form. The third form was obtained from the 1.2 M solutions
and consists of translucent parallelepipeds, and this is known to be the g
polymorph. Figures 5.5 (a), (b) and (c) show the morphology of the three
distinct crystal forms of the @, § and 8 form, respectively.

5.8 X-ray diffraction measurements
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Figure 5.6: X-ray diffraction data of (a) sample shown in Fig. 5.5 (a). (b) sample
shown in Fig. 5.5 (b). (c) sample shown in Fig. 5.5 (c).

X-ray scattering technique is an analytical technique which can reveal
information about the crystallographic structure, chemical composition,
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5.8. X-ray diffraction measurements

and physical properties of materials. This technique is based on observ-
ing the scattered intensity of an X-ray beam hitting a sample as a function
of incident and scattered angle, polarization, and wavelength or energy.
X-ray powder diffraction (XRD) is a technique used to characterize the
crystallographic structure, crystallite size (grain size), and preferred ori-
entation in polycrystalline or powdered solid samples. Powder diffraction
is commonly used to identify unknown substances, by comparing diffrac-
tion data against a database maintained by the International Centre for
Diffraction Data (ICDD).
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Figure 5.7: X-ray diffraction data of (a) mannitol powder (b) traditionally freeze
dried mannitol in the form of a cake (c) mannitol freeze dried as fine droplets and
(d) mannitol freeze dried as large droplets.

Before measuring the terahertz absorption spectrum of the freeze dried
samples, it is important to know the polymorphic state of the samples. We
therefore measured the X-ray diffraction pattern of each of these samples.
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X-ray diffraction patterns of the samples are compared with the data from
the ICDD to identify the constituents. Figures 5.6 (a), (b) and (c) show
the XRD of the samples shown in Fig. 5.5 (a), (b) and (c) respectively .
The markers in these figures indicate the known peak positions of each
polymorph, taken from the ICDD. The comparison with the data from
ICDD shows that, the sample shown in Fig. 5.5 (a) is a mixture of @ and 8
polymorphs. We were unable to make pure a polymorph in the lab. The
sample shown in Fig. 5.5 (b) is identified to be pure 8 form and the sample
in Fig. 5.5 (¢) is identified to be 6 form. Figures 5.7 (a), (b), (c), and (d)
show the measured X-ray diffraction pattern of mannitol powder, freeze
dried cake, freeze dried fine droplets and freeze dried large droplets re-
spectively. Again, the markers in these figures indicate the known peak
positions of each polymorph, taken from the ICDD database. By compar-
ing the X-ray diffraction pattern of the samples with the data from ICDD,
the original mannitol powder was shown to consist of the 8 polymorph.
Mannitol freeze dried as fine droplets consists of the 6 polymorph whereas
mannitol freeze dried as large droplets contains mostly the 8 polymorph
with traces of the 6 polymorph. The traditionally freeze dried mannitol
cake contains a mixture of both ¢ and B polymorphs. X-ray diffraction
analysis shows that the end product of different freeze drying techniques
results in different polymorphs, and is different from the polymorphic
state of the initial mannitol powder.

5.9 Terahertz measurements

The quasi-near field spectrometer described in Chapter 3 is used for the
spectroscopic measurement of the samples. The samples are first ground
using a mortar and pestle, to reduce the particle size, so that light scat-
tering is reduced to a minimum in the frequency range of interest. Then,
polyethylene powder of particle size < 30 um (Mipelon XM-220, Mitsui
Chemicals America, Inc) is mixed with the ground sample such that the
sample forms 20 % of the total mass of the mixture. This is done to dilute
the sample so that the peak absorption is not too strong and is within the
measurement dynamic range of our system. The mixture is pressed into a
pellet with a hydraulic press (Specac Ltd, UK) to a thickness of ~ 0.6 mm.

In order to calculate the absorption spectrum of the sample pellet,
we measure the THz electric fields with and without the sample pellet

IR. W. A. Hendrikx at the Department of Materials Science and Engineering of the Delft
University of Technology is acknowledged for the X-ray analysis
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in between the generation and detection crystals. The influence of pure
polyethylene powder on the absorption spectrum is evident as a back
ground absorption which increases with frequency. Figure 4.3 in chapter
4 shows the absorption spectrum of a pure polyethylene pellet.

5.10 Results and discussions
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Figure 5.8: THz absorption spectra of the 8 and ¢ forms of mannitol. The spectra
are very different from each other, especially in the frequency region from 2.5 - 6
THz.

Figure 5.8 shows the measured terahertz absorption spectra of the S
and § forms of mannitol. The 8 form shows absorptions peaks at 1.12,
2.26, 2.88, 3.28, 4.22, 4.77 and 5.66 THz. Of these, the absorption peaks at
2.88, 3.28 and 5.66 THz are the strongest. The overall appearance of the
absorption spectrum of the g form is comparable to an earlier published
absorption spectrum of D-mannitol measured by terahertz attenuated to-
tal reflection (ATR) spectroscopy from 0.3 - 3.6 THz [184]. Although not
explicitly mentioned in that paper, this resemblance suggests, that their
sample was made of 8 mannitol. The peak positions, however, are slightly
different. The reason for this is not exactly known, but may be related
to the wavenumber-dependent penetration depth into the sample and the
resulting comparatively more difficult data analysis in the case of the ATR
technique. The 6 form spectrum in Fig. 5.8 shows absorption peaks at
1.9 THz, two peaks at 2.19, and 2.3 THz nearly merged together and three
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Figure 5.9: THz absorption spectra of freeze dried mannitol samples.
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Figure 5.10: THz absorption spectra of freeze dried mannitol samples in the range
from 2.5 - 6 THz. The main features are identified as § and g by comparing with
the absorption spectra of individual 8 and ¢ form of mannitol shown in Fig. 5.8
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stronger peaks at 3.74, 3.98 and 5.36 THz. There is also a small peak at 4.4
THz. From these results, it is clear that for the purpose of identifying and
distinguishing the 8 and § polymorphs, the absorption peaks at 2.88, 3.28
and 5.66 THz for the B polymorph, and the peaks at 3.74, 3.98 and 5.36
THz of the 6 polymorph are ideally suited.

We now proceed with the results for the freeze dried samples. The THz
absorption spectra of mannitol samples freeze dried using three differ-
ent methods as discussed above, along with that of mannitol powder, are
shown in Fig. 5.9 and a slightly zoomed-in version is shown in Fig. 5.10.
The region with distinct features is from 2.5 - 6 THz and is shown in
Fig. 5.10. Using the results of Fig. 5.8, in which the absorption spectra
of the pure 8 and ¢ polymorphs are shown, we are now in a position to
identify the polymorphs in the freeze dried samples. In the 2.5 - 6 THz
region, the freeze dried cake has two small peaks at 2.88 THz and 3.28
THz, and large peaks at 3.74, 3.98 and 5.36 THz. The two small peaks cor-
respond to the g form and the large peaks to the 6 form. Looking at the
relative intensity of these peaks it can be concluded that the freeze dried
cake contains mostly the 6 form with some traces of the g form. This re-
sult is in agreement with the results from X-ray diffraction measurements
shown in Fig. 5.7.

Similarly, the sample made of frozen fine droplets has three large peaks
at 3.74, 3.98 and 5.36 THz corresponding to that of the § form, whereas no
B form peaks at 2.88, 3.28 and 5.66 THz are observed. Rapidly freezing fine
mannitol droplets, followed by regular freeze drying therefore, predomi-
nantly gives rise to the formation of the § polymorph with no indication
of the presence of the 8 form. Remarkably, in the case of large droplets, we
observe peaks at positions corresponding to both the 8 and the ¢ form. By
comparing the relative amplitudes of these peaks, we can conclude that
the sample consists mainly of the g polymorph with some traces of the
6 form. Again, these results are confirmed by X-ray diffraction measure-
ments. Results of these measurements are summarized in Table 5.1.

Different freeze drying methods resulted in different polymorphs or a
mixture of polymorphs. As mentioned before, mannitol can crystallize in
different polymorphic forms depending on the concentration of mannitol
solution and the freezing rate. In our case, both the samples consisting of
fine droplets and large droplets were frozen very fast with liquid nitro-
gen, but this resulted in different polymorphs of the end product. Since
all three samples are going through the same sublimation process, this
suggests that the polymorphs are formed during the freezing stage. The
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samples X-ray diffraction THz absorption spectra
Powder purely B form purely 3 form
freeze dried cake § with traces of 8 6 with traces of B
freeze dried purely 6 form purely 6 form
fine droplets
freeze dried B with traces B with traces
large droplets of ¢ form of 6 form

Table 5.1: Identification of polymorphs by studying THz absorption spectra and
X-ray diffraction patterns.

fine droplets are generated using a plant-spray nozzle. The mist of small
droplets is directed into the liquid nitrogen container. During the flight
of the droplets, some evaporation of water can take place, resulting in a
higher concentration of mannitol in each droplet. Also, since the droplets
are small, they have a high specific surface area and thus freeze faster than
the large droplets thus favoring the formation of the 6 polymorph [135].
The large droplets are created using a syringe. The liquid drops fall into
the liquid nitrogen and, immediately, a crust of ice forms. The insulat-
ing properties of ice will lead to a slowdown of the freezing of the core of
the material. Therefore, a mixture of ’crust’-form and ’core’-form will be
generated resulting in a mixture of polymorphs.

The relative intensities of these peaks in principle be used to determine
the weight percentage of each of these polymorphs in the mixture [148,
185].

Our results clearly show that depending on the freezing method used,
different mannitol polymorphs can easily be formed. This strongly sug-
gests that an in-line monitoring tool may be required during freezing of
pharmaceutical products to study the formation and presence of poly-
morphs. The ability to check the presence of required polymorphs using
THz radiation is clearly an advantage compared to the use of X-rays which
have a photon energy large enough to pose a health hazard and to induce
molecular changes.

511 Conclusions
We have measured the THz absorption spectra of the 8 and § polymorphs
of mannitol from 0.5 THz to 7 THz. The two polymorphs have distinct

THz absorption spectra, especially between 2.5 and 6 THz. We have shown
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that, for mannitol, changes in the way the material is frozen can result in
the formation of different polymorphs or a mixture of polymorphs. Be-
cause THz-TDS can be used to identify the polymorphs of mannitol, we
have subsequently used this technique to study the effect of various freeze
drying techniques on the formation of these polymorphs. Our results are
confirmed by X-ray analysis. THz-TDS has the added advantage that it
may be easily employed as an in-line and, almost, real time monitoring
tool, unlike X-ray diffraction analysis. Apart from the ability to identify
the polymorphs, the relative intensities of the peaks in the THz absorption
spectra of these samples can potentially be used to determine the weight
percentage of each of these polymorphs in the mixture.

97




Chapter 5. Freeze Drying

98




Conclusions and outlook

In the preceding chapters we have discussed the generation of THz ra-
diation using a PCA, a quasi-near field THz spectrometer and some of
their applications. THz generation using SI-GaAs PCA and detection us-
ing electro-optic method gives a very good SNR in a measurement time
of 10 ms. For a semi-large aperture PCA, increasing the pump fluence on
the emitter results in the saturation and even decrease in the emitted THz
amplitude. The advantage of having an oscillator with a high peak power
is ensured by keeping the pump spot size on the emitter relatively large.
The saturation in the PCA under high pump fluences is explained using
a phenomenological model. Space charge screening and radiation field
screening of the applied bias field are the two major reasons behind the
saturation effects. Using a 50 fs pulse and a SI-GaAs PCA, the generation
bandwidth was limited to about 2.5 THz, so, to generate more broadband
pulses, we focussed our attention on the generation of THz radiation using
optical rectification.

Generation and detection of THz radiation using (110) oriented GaP
crystals allowed us to generate frequencies up to 6 THz, after dry-nitrogen
gas flushing to avoid absorption of THz radiation by water vapor and af-
ter difficult alignment of the parabolic mirrors. Keeping the generation
and detection crystals less than a millimeter apart gave a significant im-
provement in the quality of the THz signal, both in terms of amplitude
and bandwidth and eliminated the need for dry-nitrogen gas flushing.




Chapter 6. Conclusions and outlook

This quasi-near field THz generation and detection setup simplifies the
conventional THz generation and detection setup. The bandwidth of the
generated THz radiation was 7.5 THz. The pulse width of the laser was
the major factor limiting the bandwidth. The observed spectra of the gen-
erated THz pulses are explained with a simple model which takes into
account the effects of phase-matching and absorption of THz radiation in
the generation and detection crystals. We have also shown that the ef-
fect of counter propagation of THz pulse and probe pulse in the detection
crystal is negligible above 0.5 THz.

Usage of modulation techniques and lock-in detection should further
improve the the SNR of the system. However, pump modulation tech-
niques may create their own problems such as mechanical vibrations or
pulse lengthening. If these problems can be minimized, then modulat-
ing the pump beam with consecutive lock-in detection, may lead to fur-
ther improvements of the signal-to-noise ratio. To prove the applicabil-
ity of such a quasi-near field spectrometer, we measured the absorption
spectra of certain materials. Some of the materials we used have known
THz absorption spectra which were measured with techniques other than
THz-TDS. This enabled us to compare the absorption spectra measured
with the quasi-near field spectrometer to what is measured with these
techniques. Our results show very good agreement with the earlier mea-
surements of the absorption spectra of D-tartaric acid, lactose, sucrose,
cuprous oxide, silver oxide, and amino acids. This agreement proves the
applicability of the quasi-near field spectrometer in measuring the THz
absorption spectrum of materials in the frequency range of 0.5 - 7 THz.

We have also shown that such a compact and easy to use THz spectro-
meter can be used to identify polymorphs in freeze dried mannitol. We
have shown that, for mannitol, changes in the way the material is frozen
can result in the formation of different polymorphs or a mixture of poly-
morphs. Our results are confirmed by X-ray analysis. THz-TDS has the
added advantage that it may be easily employed as an in-line and, almost,
real time monitoring tool unlike X-ray diffraction analysis, even though
it’s clear that further technical developments are needed to turn this into
a practical instrument. Apart from the ability to identify the polymorphs,
the relative intensities of the peaks in the THz absorption spectra of these
samples can potentially be used to determine the weight percentage of
each of these polymorphs in the mixture.

The ability of THz-TDS to be used as an in-line monitoring tool makes
it attractive to study the freezing behavior of mannitol or other materials
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in general. The measurement of absorption spectra of a (pharmaceutical)
compound as a function of temperature makes it possible to find the tem-
peratures at which the phase/polymorphic transitions occur, if they are
any. The quasi-near field spectrometer does not require nitrogen flush-
ing. Therefore a high throughput of consecutive samples can be expected.
The number of optical components used in the setup is reduced to a min-
imum, because the THz optical components are essentially removed from
the setup, resulting in a compact experimental setup. The only “compo-
nent” with a big footprint will be the femtosecond laser. The possibility
of delivering the pump pulses in the future using a fiber, will increase the
ease of use of this spectrometer. The compactness and ease of use makes
it a very good candidate for other industrial applications.
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Summary

Summary

Everyday we see around us many materials that are different from one
another. We identify them on the basis of their shape, texture, smell, taste,
color, etc with the help of our senses. Many times it is almost impossi-
ble to identify materials only with our senses. Then, one has to look into
more fundamental aspects of the materials such as their atomic or molec-
ular constituents. Different techniques exist to identify and characterize
materials. Spectroscopy is one such technique. Spectroscopy relies on the
frequency selective emission or absorption of electromagnetic radiation by
the materials to get information about their physical/chemical properties.
There are different spectroscopic techniques to study materials and their
interaction with electromagnetic radiation.

Terahertz (THz) radiation is the part of electromagnetic spectrum, which
lies between the microwave and infrared regions of the electromagnetic
spectrum. It is loosely defined as the frequency range from 0.1 to 10 THz.
Terahertz radiation can penetrate a wide range of materials: paper, wood,
plastics, fabric, ceramics, semiconductors, and many others that are often
opaque to visible and near-infrared (NIR) radiation. Many materials have
characteristic absorption bands in the THz region. Thus, in THz imaging
applications, apart from getting a THz image, the measurement can also
give spectroscopic information on the samples under study, which can be
used to identify the materials. In principle, this spectroscopic imaging
makes it possible to identify the contents inside a package without even
opening it.

There exist various techniques to generate terahertz (THz) radiation.
In photo-conductive antennas (PCAs), a time-dependent polarization is
formed when charge carriers, created by a femtosecond laser pulse, are
accelerated in an externally applied electric field. PCAs are capable of gen-
erating broadband pulses with a fairly high power. The THz generation
and detection setup with the photo-conductive antenna as the THz source
and electro-optic sampling as the THz detector as described in Chapter 2
gives a very high SNR of ~15000 in a measurement time of 10 ms. Even
though our femtosecond laser pulses have a very high peak power, the
generated THz power could not be increased further with increasing laser
pump power on the emitter, because of emitter saturation. Increasing the
laser spot size on the emitter gives a higher THz peak power than in the
case of a tightly focused pump beam.

Among the different techniques to generate THz radiation, the tech-
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nique using the optical conversion of extremely short pulses of light into
THz pulses at a high repetition rate is very popular. These short laser
pulses are partially converted into THz light in certain non-linear optical
media. By using coherent detection techniques, the amplitude and phase
of the THz pulse can be detected in the time domain. This spectroscopic
technique is called terahertz time domain spectroscopy (THz-TDS).

A typical THz-TDS setup has a long THz beam path. Atmospheric
water vapor, present also in the beam path, has many strong absorption
bands in the THz region, which makes it difficult to perform spectroscopy
on samples. Such a setup should therefore be flushed with dry N, gas to
reduce absorption of the THz radiation by water vapor molecules in the
atmosphere. Typically, a THz-TDS setup also requires parabolic mirrors
to collimate, steer and focus the THz radiation onto the detection crystal
which is complicated by the fact that THz radiation is invisible. Further-
more, the THz beam diffraction and absorption at the reflecting surfaces
in the THz beam path will lead to reduction of the THz power. One way
to overcome all these problems is by placing the THz source and detector
very close to each other. Apart from its simplicity, the advantage of such a
quasi-near field terahertz spectrometer is that it can also provide a broad
bandwidth (0.5-7 THz) and a good signal-to-noise ratio even without the
use of lock-in detection.

THz radiation is generated by optical rectication of 50 fs, 800 nm pulses
from a Ti:sapphire oscillator in suitable nonlinear optical crystals such as
GaP. The shape and bandwidth of the spectra of the THz pulses gener-
ated in this way, are explained with a simple model, which takes into ac-
count the effects of phase-matching and absorption of THz radiation in
the generation and detection crystals. If one wants to increase the gen-
erated bandwidth to frequencies above the phonon resonance frequency,
then very shortlaser pulses (~10 fs) and very thin crystals (~50 um) should
be used. An important point to note is that the probe and the THz pulses
are initially counter propagating and, after reflecting, co-propagating in
the detection crystal. Both the calculations and the experimental results
show that the effect of counter propagation of the THz pulse and the probe
pulse in the detection crystal is negligible at higher frequencies, above a
few hundred GHz.

Samples can be inserted between the generation and detection crystals,
and their absorption spectra can be measured. As the THz beam prop-
agates, it is expected to show a frequency-dependent divergence. This
changes when a sample is placed between the generation and detection

122




Summary

crystals, making it more difficult to obtain the absolute absorption coef-
ficient. However, this has no effect on the ability of the setup to identify
materials by their spectral fingerprint. This is shown in Chapter 4, which
contains measured absorption spectra of, D-tartaric acid, certain amino
acids, sugars and metal oxides, in the frequency range of 0.5-7 THz.

Another exciting application of THz-TDS, as described in this thesis,
is the identification of polymorphs in freeze dried mannitol. Freeze dry-
ing is very commonly used in the pharmaceutical industry to increase the
shelf life and dry state stabilization of the therapeutic agents, where poly-
morphism is identified as a serious problem. These polymorphs often can
have unique physical and chemical characteristics that can influence their
stability, solubility and other performance characteristics. It is important
for the pharmaceutical industry to know which polymorph is formed dur-
ing the freeze drying process.

The measured THz absorption spectra of the 8 and 6 polymorphs of
mannitol from 0.5 THz to 7 THz, have distinct THz absorption spectra as
shown in Chapter 5, especially between 2.5 and 6 THz. Because THz-TDS
can be used to identify the polymorphs of mannitol, we have subsequently
used this technique to study the effect of various freeze drying techniques
on the formation of these polymorphs. The results show that, for manni-
tol, changes in the way the material is frozen can result in the formation of
different polymorphs or a mixture of polymorphs, as supported by X-ray
diffraction measurements performed on these samples. The THz-TDS has
the added advantage that it may be relatively easy to employ as an in-line
and, almost, real time monitoring tool, unlike X-ray diffraction analysis.

Reshmi Chakkittakandy.
Delft, December 2009.
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Iedere dag zien we om ons heen materialen die van elkaar verschillen.
We onderscheiden ze met onze zintuigen op basis van vorm, textuur, geur,
smaak, kleur, enz. Vaak is het echter onmogelijk om materialen van elkaar
te onderscheiden door alleen onze zintuigen te gebruiken. Om dit wel
te bereiken moet er naar de fundamentele aspecten van de materialen
gekeken worden zoals de atomaire of moleculaire structuur. Er bestaan
verschillende technieken om materialen te identificeren of te karakteris-
eren. Spectrosopie is zon techniek. Spectroscopie gebruikt frequentie se-
lectieve emissie of absorptie van elektromagnetische straling om infor-
matie over de fysische / chemische eigenschappen van materialen te verkri-
jgen. Er bestaan verschillende spectroscopische technieken om materialen
en hun interactie met elektromagnetische straling te bestuderen.

Terahertz (THz) straling is het deel van het elektromagnetisch spec-
trum dat ligt tussen het gebied van de microgolven en het infrarood. Het
is grofweg gedefinieerd als het frequentiegebied van 0.1 tot 10 THz. Tera-
hertz straling gaat door een heel scala aan materialen, zoals papier, hout,
plastic, stof, ceramiek, halfgeleiders en nog vele andere die vaak ondoor-
zichtig zijn voor zichtbaar licht en nabij-infrarood straling. Veel materialen
hebben karakteristieke absorptiebanden in het THz gebied. In THz imag-
ing applicaties kan de meting daarom, naast een THz beeld, ook spectro-
scopische informatie opleveren van de bestudeerde samples die gebruikt
kan worden om de materialen te identificeren. In principe maakt de spec-
troscopie het dus mogelijk om de inhoud binnen een verpakking te iden-
tificeren zonder die te moeten openen.

Er zijn verschillende manieren om Terahertz straling te genereren. In
photo-geleidende antennes (PCAs) wordt een tijdsafthankelijke polarisatie
gevormd wanneer ladingsdragers, die gecreerd worden door een fem-
toseconde laser puls, versneld worden in een extern aangelegd elektrisch
veld. PCAs zijn in staat een breedbandige puls te leveren met een aanzien-
lijk vermogen. De opstelling voor detectie en opwekking van THz stral-
ing, met de foto-geleidende antenne als bron en de electro-optische be-
monstering als THz detector, zoals beschreven in hoofdstuk 2, geeft een
zeer hoge SNR van ~15000 binnen een totale meettijd van 10 ms. Hoewel
onze femtoseconde laser pulsen een relatief hoog piekvermogen hebben,
kon het THz vermogen niet eenvoudig verder worden verhoogd het laser
pompvermogen op de emitter te verhogen, vanwege optische verzadig-
ing van de emitter. Vergroten van de laserspotgrootte aan de emitterzijde
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geeft een hoger THz piekvermogen dan in het geval van een sterk gefo-
cusseerde pompbundel.

Onder de verschillende technieken om THz straling op te wekken is de
optische conversiemethode erg populair. Hierbij worden, kort op elkaar
volgend, extreem korte lichtpulsen omgezet in THz pulsen. Deze korte
lichtpulsen worden gedeeltelijk omgezet in THz licht in een niet-lineair
optisch medium. Door gebruik te maken van coherente detectietechnieken
kan de amplitude en fase van de THz puls gedetecteerd worden in het
tijddomein. Deze spectroscopische techniek wordt Terahertz tijddomein
spectroscopie (THz-TDS) genoemd.

Een typische THz-TDS opstelling heeft een lang pad voor de THz bun-
del. Atmosferische waterdamp, die aanwezig is in het pad van de bundel,
heeft sterke absorptiebanden in het THz gebied, wat het moeilijk maakt
om spectroscopie aan de samples te doen. Zon opstelling moet daardoor
gespoeld worden met droog stikstof gas om de absorptie van de THz
straling door de aanwezige waterdampmoleculen te verlagen Een typ-
ische THz-TDS opstelling heeft ook parabolische spiegels nodig om de
THz straling te kunnen collimeren, sturen en te focusseren op het detectie
kristal, wat weer moeilijk is vanwege het feit dat THz straling onzicht-
baar is. Bovendien leidt diffractie en absorptie van de THz bundel op
reflecterende oppervlakken, aanwezig in het pad van de THz bundel, tot
verlaging van het THz vermogen. Een methode om al deze problemen te
voorkomen is door de THz bron en detector erg dicht bij elkaar te plaat-
sen. Afgezien van de eenvoud van deze oplossing, is het voordeel van zon
quasi nabije veld Terahertz spectrometer dat deze een brede bandbreedte
oplevert (0.5 -7 THz) en een goede signaal-ruisverhouding, zelfs zonder
het gebruik van lock-in detectie technieken.

THz straling wordt gegenereerd door optische rectificatie van 50 fs, 800
nm pulsen van een Ti:saffier oscillator in bruikbare niet-lineaire optische
kristallen zoals GaP. De vorm en de bandbreedte van de spectra van de op
deze manier gegenereerde THz pulsen worden met behulp van een een-
voudig model verklaard. Dit model houdt rekening met de effecten van
verschillende fasesnelheden van THz licht en 800 nm licht en met absorp-
tie van de THz straling in de kristallen tijdens de opwekking en gedurende
de detectie. Wanneer men de opgewekte bandbreedte wil vergroten tot
frequenties boven de fononresonantiefrequentie dan moeten zeer korte
laserpulsen (~10 fs) en erg dunne kristallen (~50 um) gebruikt worden.
Een belangrijk punt om op te merken is dat de probe en de THz pulsen
in het begin contra-propagerend zijn en na reflectie co-propagerend zijn
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in het detectie kristal. Zowel berekeningen als experimenten laten zien
dat het effect van contra-propagatie van de THz puls en de probe puls in
het detectiekristal verwaarloosbaar is voor frequenties hoger dan een paar
honderd GHz,

De samples kunnen tussen het generatie en detectie kristal geplaatst
worden waarna de absorptiespectra gemeten kunnen worden. We ver-
wachten dat de THz bundel een frequentie-afhankelijke divergentie ver-
toont wanneer deze propageert. Dit verandert echter wanneer een sam-
ple geplaatst wordt tussen het generatie- en detectiekristal, omdat het dan
moeilijk wordt de absolute waarde van de absorptiecoefficient te meten.
Voor de toepasbaarheid van de methode om de materialen te identificeren
op basis van hun spectrale vingerafdruk heeft dit echter geen consequen-
ties. Dit wordt aangetoond in hoofdstuk 4, waar gemeten absorptie spec-
tra van D-tartaric acid, verschillende aminozuren, suikers en metaaloxi-
den te zien zijn in het frequentiegebied van 0.5-7 THz.

Een andere belangrijke toepassing van THz-TDS, zoals beschreven in
dit proefschrift, is de identificatie van polymorfen in gevriesdroogd man-
nitol. Vriesdrogen wordt veelvuldig gebruikt in de farmaceutische in-
dustrie om de levensduur van produkten te verhogen. Stabilisatie van
de droge toestand van de therapeutische middelen waar polymorfisme
is gedentificeerd is een serieus probleem. Deze polymorfen hebben vaak
unieke fysische en chemische karakteristieken die van invloed zijn op hun
stabiliteit, oplosbaarheid en andere eigenschappen. Voor de farmaceutis-
che industrie is het dus belangrijk te weten welk polymorf gevormd wordt
tijdens het vriesdroogproces.

De gemeten THz absorptie spectra van  en ¢ polymorfen van manni-
tol zijn in het gebied van 0.5-7 THz verschillend, vooral tussen de 2.5 en
6 THz. Doordat THz-TDS gebruikt kan worden om de polymorfen van
mannitol te identificeren hebben we deze techniek gebruikt om het effect
van verschillende vriesdroogmethoden op de formatie van polymorfen
te bestuderen. De resultaten laten zien dat verandering van de manier
van bevriezen resulteert in de formatie van verschillende polymorfen of
mengsels van polymorfen. Deze resultaten werden bevestigd door Ront-
gendiffractie metingen aan dezelfde samples. Echter, THz-TDS heeft als
voordeel dat het relatief makkelijk te realiseren is in een productielijn en
bovendien bijna real-time monitoring toelaat in tegenstelling tot de Ront-
gen diffractieanalyse.

Reshmi Chakkittakandy.
Delft, December 2009.
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