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Abstract

Inter/intra Molecular Dynamics in Gases and Liquids Studied by
Terahertz Time-domain Spectroscopy

by

Xuying Xin
Advisor: Professor Robert R. Alfano

This thesis presents a description of the low-frequency terahertz (THz) absorption
spectrum of a variety of materials that are of interest to many biological and chemical
processes. The work described here encompasses the development of time-domain
THz spectrometers, based on amplified Ti: Sapphire lasers systems as well as mode-
locked Erbium doped fiber lasers as the driving source. These systems were applied to
characterize the absorption spectrum of liquid water and water vapor, heavy water
vapor, methanol vapor and tryptophan in the 0.2-2.2THz frequency range. The
absorption profiles observed are closely related to the intermolecular or intramolecular
motions in the materials of interest. In liquid water, the absorption profile shows
evidence for modes due to large-scale structure amongst individual water molecules.
The effects on the overall absorption profile are further deduced by the addition of
various solutes which can enhance or break the formation of molecule networks.
Various solutions are examined such as KCI in liquid water. Ions can change the
strength of hydrogen bond in liquid water in the similar way as temperature does. Both

K" and CI  are considered to be strong “structure breakers” in terms of their functions



as softening the strength of hydrogen bond in liquid water. Theoretically, this will
cause a red shift of some mode frequencies, reducing the absorption intensity at those
frequencies and, at the same time, increasing the absorption at non-mode frequencies
toward the vicinity of the low frequencies. For liquid water, the vapor phase was also
examined, where for varying concentrations (humidity) Beer’s Law does not hold to
explain the observed absorption profiles. Again the reduced absorption of certain
modes is explained by interactions between water monomers and their nature due to
hydrogen spins. There are two species of water molecules in terms of the nuclear spin
effect of hydrogen atoms in water molecule, ortho-water and para-water. The two
types of water molecules present significantly different properties, e.g. different
surface adsorption on metals. The effects of para-water and ortho-water on the THz
absorption profile are discussed. Finally, I discuss the absorption profile of methanol
vapor and tryptophan. In methanol vapor we observe coherent echoes after absorption
by a THz transient and attribute it to the relaxation of the molecule due to the regularly
spaced rotational manifold. In tryptophan two distinct absorption modes are observed
due to torsional modes. These “soft-modes” are calculated and attributed to intra-
molecular motions between various atoms. The results of this body of work are
discussed in the context of applications ranging from medicine, pharmaceuticals and

the cosmetics industries.
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Thesis Statement

The intermolecular and intramolecular modes of a variety of materials are
characterized using Time-Domain Terahertz techniques. Emphasis is given to water,
in both liquid and vapor forms. The main focus of the study is the hydrogen bonding
dynamics in water vapor, liquid water, salt solutions, tryptophan as well as methanol
gases. The terahertz light is sensitive to the low energy interactions that occur among
water monomers in both liquid and gas states, and it was found that lower order and
higher order hydrogen bonding networks can be clearly distinguished in terahertz
spectra of various liquids. There are two commonly used models for the description of
the structures in liquid water, they are continuum and mixture. Mixture models usually
relate distinct spectral features to structures differing in the extent of hydrogen
bonding, whereas continuum models treat water in terms of a continuous distribution
of hydrogen bonding that are presumed to be spectroscopically similar. For liquid
water, the mixture model is adopted since previous research favors this model. In one
experiment for THz absorption of liquid water at room temperature, an absorption
mode at 53cm™ was observed which was attributed to the hydrogen bond bending
motions in the 5-molecule tetrahedral structure. Clear differences between the
absorption levels in neat liquid water, heavy water and KCl-water solutions are seen at
room temperature due to the fractional distribution of water structures, e.g. dimer,
trimer. Similar interactions were responsible for the observed violation of Beer’s Law

for water vapor as the concentration of water monomers were increased (humidity)



along the terahertz beam path. The main observation was that as the concentration of
the water vapor increases, ¢, the absorption intensity, (v), of some absorption modes
increases, while the absorption intensity of other absorption modes decreases. This is
due to the two types of water molecules in terms of nuclear spin of hydrogen atoms in
water molecules: para-water and ortho-water.

During the course of these investigations, additional materials such as
tryptophan and methanol vapors were characterized as well using time-domain
terahertz spectroscopy. The two observed absorption modes in tryptophan (an amino
acid essential for living functions of a variety of organisms) reflect the vibrational
torsions among the ring and chain structures of the molecule. This assignment is based
on a theoretical Molecular Dynamics simulation. In methanol gas, a series of
equidistant micro-radiations are observed after the main terahertz pulse. This
experimental result well verifies the characteristics of equidistant rotational energy

levels in methanol molecule.



Introduction

Water is essential for the function of all cycles inherent to life as we know it. On a
macroscopic level and microscopic level we understand the dynamics of water
molecules and how they interact with other chemicals, however, little is known
experimentally about the interactions of the molecules amongst themselves whether in
liquid, solid or vapor phase.

In liquid form, water molecules interact through hydrogen bonding', and it has
been shown that different types of solutes such as salt and sugar affect this bonding. In
vapor form, similar interactions can lead to dimerization and clustering under the right
environmental conditions’ THz spectroscopy is an effective tool in exploring the
inter/intra-molecular dynamics since the energies it carries match the difference
between some rotational energy levels of molecules By using Terahertz Time-Domain
Spectroscopy (THz-TDS) the absorptive effects of water in the far-infrared for
different environmental conditions can be characterized since terahertz waves are

highly absorbed by water molecules whether in liquid, solid or vapor phase.

Liquid Water

In liquid state, an important well-known feature of water molecule is its polar nature,
which causes water molecules to be attracted to each other and form hydrogen-
bonding network’. The enhancement or de-enhancement of the hydrogen-bonding
network can be resolved with the absorption of the terahertz pulse train upon

transmission through a water layer with or without some type of solute. Previous



studies show that in liquid water the absorption in the terahertz frequency range is
primarily due to the intermolecular vibrational band, i.e. hydrogen bending band,
which is caused by the induced transient dipole moments inside the hydrogen bond
network™”.

To describe the structures of liquid water, numerous models have been
proposed, of which, the two generally used classes of models are often designated as
by continuum® and mixture’. Mixture models usually relate unique spectral features to
structures differing in the extent of hydrogen bonding, whereas continuum models
treat water in terms of a continuous distribution of interactions that are assumed to be
spectroscopically indistinguishable. In liquid water, the mixture model is more

' as well as results from

appropriate since previous laser Raman investigations®’
nonlinear optical techniques such as stimulated Raman scattering and inelastic
harmonic light scattering strongly favor mixture models™'’. Previous experiments'' of
THz absorption in liquid water at room temperature show the presence of an
absorption mode at 53¢m™ which has been attributed to the hydrogen bond bending
motions in the 5-molecule tetrahedral structure (“‘cage”) that exist between water
molecules. By adding solutes such as KCl into liquid water, the absorptive effects due
to the hydrogen bonding network can be better understood and can be explained based
on the idea of coexistence of 5-molecule, fully hydrogen-bonded structure and

partially hydrogen-bonded structure in liquid water. The effect of salts in liquid water

structure had also been shown in the previous work'2. In that research, the addition of



Zn*" and K" cations in pure liquid water significantly enhanced the supercontinuum

generation compared to the neat liquid water.

Water Vapor

In vapor form, by adjusting the concentration of water monomers in the path of the
THz pulse train, clustering effects can be discerned. The absorption is primarily due
to the large net dipole moment associated with each water monomer, which in turn
causes rotational transitions.** Using the THz Time-Domain spectroscopy, the
absorption modes in water and heavy water in vapor phase have been obtained at room
temperature'® and are attributed to pure rotational motions of water molecules. These
studies always examined the water vapor for fixed humidity (concentrations), and the
effect of concentration on the absorbance of the vapor had not been investigated. The
absorption coefficient for many materials can be modeled using Beer-Lambert law,
which states that the absorption coefficient is inversely dependant on the concentration
of the absorbing species. The absorbance was monitored for various humilities'*. The
main observation of the experiments were that as the concentration of the water
monomers increases, ¢, the absorption intensity, ¢(v), of some absorption modes
increases, while the absorption intensity of other absorption modes decreases. This
effect was explained by the presence of two species of water molecules in terms of

nuclear spin of hydrogen atoms: para-water and ortho-water."



Methanol Vapor and Tryptophan

The energies associated with THz waves are ideal for studying a variety of low energy
phenomena such as low frequency modes (“soft modes™) in biological materials as
well as rotational modes as was discussed previously for water vapor. In the spirit of
characterizing various materials that are important in biological systems, tryptophan
and methanol vapor were analyzed using THz-TDS techniques developed at the
Institute for Ultrafast Spectroscopy and Lasers at The City College of The City

University of New York.

Tryptophan

Tryptophan is an essential amino acid for the functionality of living creatures. It is
found in plants and meats and its detection is important from both a biological
perspective as well as a sanitary one. For tryptophan molecules, two absorption modes
were observed, which are in good agreement with calculations using Molecular
Dynamics (MD) simulation. By looking for these two absorption features one can
detect the presence of this molecule in various environments. Also the effect if any of
interactions in biological processes that involve tryptophan can be discerned by

examining these modes.

Methanol Vapor
Methanol, also known as methyl alcohol, wood alcohol or wood spirits, is an chemical

compound with chemical formula CH3;OH. It is the simplest alcohol, and is a light,



volatile, colorless, flammable, poisonous liquid with a distinctive odor that is
somewhat milder and sweeter than ethanol (ethyl alcohol), and its detection is
important from two perspectives: as a harmful agent for living creatures and as an
agent that is a marker for the presence of life.

In methanol gas, interestingly, a series of commensurate re-radiations are
observed corresponding to the equidistant energy gaps in methanol molecules. From
this experiment, the delay times between coherent pulses of ~ 21ps, ~22ps and ~26ps
are measured for the CH3;OH, CH30D, and CD;OD corresponding to the inverse of
rotational energy spacing for AJ= =1 transitions, respectively. This observation helped

us better understand the properties of methanol gas in the molecular level.



Chapter 1- Terahertz Time-domain spectroscopy

After their advent in the mid-1960s'®, there has been a rapid progress in ultra fast
lasers'” over the last four decades. Together with the successes in semiconductor
technology and non-linear optics it has lead in 1970s to the birth of a new area of
applied physics known as photonics. One of the most fascinating photonic
spectroscopic applications is Terahertz Time-Domain Spectroscopy (THz-TDS). It
appeared in mid 80s in the pioneering works of D. H. Auston'® D. Grischkowsk'’, X.
C. Zhang and B. B. Hu? and has become a technique applicable to materials research

21,22

in early 1990s. Now, it is a rapidly developing measurement technique constantly

finding new applications in various areas such as physics, chemistry and biology

materials science>>?*

. Far infrared imaging based on THz-TDS is currently an
extremely promising non-destructive method for testing samples from packaged goods
to artworks®.

As shown in Figurel.l, terahertz region of the electromagnetic spectrum spans
the frequency range between the mid-infrared and the microwave region. Terahertz
frequencies may vary from 0.1-107Hz (1THz ~ 1ps ~300um ~ 33cm™ ~4.1eV ~ 47.6
°K). Due to its large wavelength, while terahertz beams are less scattered passing
through various media, unlike microwaves many materials still show unique spectra in

this region. By implementing terahertz time-domain spectroscopy we are able to study

molecular dynamics that is of a particular interest for materials science.



FIR Region
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Figurel.10verview of frequency regions in electromagnetic spectrum

In addition to studying liquid water mixtures and water vapor, we have applied this
technique to investigate the dielectric relaxation properties of the liquid CS,, *° the
vibration-torsion modes in tryptophan®’, the absorption spectrum of liquid water and
heavy water vapor, as well as the coherent rotational excitation and dephasing of

methanol gas and its isotopes>*. Details of these works are given in the later chapters.

1.1 The Principles of Terahertz Time-domain Spectroscopy (THz-TDS)

Common optical spectroscopy techniques only measure the intensity of light beams at
specific frequencies. In the THz-TDS technique we can directly measure the temporal
profiles of terahertz beams, including both amplitude and phase information of the
electric field. Therefore, the real and imaginary parts of the dielectric constant can be
obtained directly from the measurement without using the Kramers-Kronig relations to

calculate these values. However, in instances where you have layered materials, with
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varying index of refraction, Kramers-Kronig based transmission or reflection models
are necessary to accurately characterize each layer.”’

The basic principle behind implementing THz time-domain spectroscopy can
be described in the following way: a subpicosecond-picosecond pulse of
electromagnetic radiation transmits through the material of interest. These materials
modify the time-domain profile of THz pulse by reducing the amplitude and
introducing a phase shift as well as ringing due to dispersion and absorption with
respect to the reference profile, for which the measurement is taken in a nitrogen
purged environment without a sample in the pathway. After applying a computer aided
algorithm, a Fast Fourier Transform (FFT) and using the Beer’s Law in the frequency
domain when appropriate (it has been shown that Beer’s law is invalid for large
intensities as well as large concentrations of absorbing species where non-linear
effects have to be considered) *°, the refractive index and power absorption coefficient
of the sample material can be extracted.

Figure 1.2a shows the time-domain THz profile through water vapor (sample)
at a measured humidity of 68%, and nitrogen purged environment (reference, Figure
1.2b). Both absorption and dispersion features from water vapor are seen in the time-
domain profile of the transmission through the water vapor. Figure 1.2b shows the
corresponding Fast Fourier Transform (done by using Origin software) of the time
domain THz signals, the absorption features are shown as dips in frequency domain.

The phase information can also be shown at the same time when necessary. To obtain
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Figurel.2 (a) The time-domain profiles of THz signals in empty cell (dashed line) and
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the absorption coefficient in the frequency domain one can use Beer’s Law (Equation
1.1):

a(v)= _%1 x ln(j—’) (1.1)

where [; and /) are the measured powers of transmitted and reference time domain
signals respectively. The nonlinear optical processes invoked by especially intense
light source can cause a variance to the Beer’s Law. Our measurements were done
with two THz-TDS systems. The THz power from the IMRA system (See Fig. 2.7a) is
on the order of 1000 times less than that from the Ti-Sapphire laser pumped system
(See Fig. 2.7b). Absorption coefficients measured with the two systems are the same.
In addition, in both cases the THz pulse energy is less than a few picojulses, so that we

can safely ignore the nonlinear effects in our experiments.

The index of refraction can be extracted from the measured phase shift

between the reference and sample THz signals:

n(v) =[220)x¢) (1.2)

dx2mv

where Ag(v) is the phase shift between the two signals, v is the frequency and c is the

speed of light in vacuum, and when the reference is taken in air or nitrogen

Ag(v)xc

environment, the index of refraction is described as: n(v)=[
dx2mv

1+1 .

Furthermore, the dielectric constant ;(a)) can be obtained from:
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e(w) =& \(@)—ie"(o) (1.3)

which is related to the complex index of refraction:

lAa(a)) =n(w)—ix(w) (1.4)
through the relations:
g'(w)=n*(w)-x*(v) (1.5)
and
&"(w) =2n(w)x(w) (1.6)

Where o=27v, and x(w) = Aa(w)/4 7= ca(w)/2w with 1 being the vacuum wavelength
and c the speed of light in vacuum. Conversely, given the ¢’(w) and &”(®w); n (v) and

a(v) are seen to be:”!

\/5 '2rv)’ +&"2rv)’ +&'2nv)

5 ) (1.7)

n(v)=(

_Anv (\/8 '2av) +&"2av): —&'(2nv)

5 ) (1.8)

a(v)
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For the optical spectroscopy techniques which are not phase sensitive and the index of
refraction can not be measured directly as in THz-TDS technique, where both the
absorption coefficient and index of refraction can be extracted at the same time from
one measurement, the Kramers-Kronig relation has to be used. This is the advantage

of THz-TDS technique.

Due to the fact that water vapor has a lot of absorptions in THz frequency
range, we blow nitrogen gas into the terahertz spectrometer cage to drive away water
vapor. In time domain profile, the Ops point is attributed to be the point where the
terahertz pulse overlaps with the gating optical beam. At that moment the peak of THz
signal is expected to appear. The more data points taken in time domain, the better
resolution will be obtained in frequency domain provided that it is still within the
moving resolution limit of the translation stage used for delaying of the optical gating
beam. Usually “zero padding” (inserting zeros to the end of the data set measured in
time domain) is to used in order to reveal the spectral features in frequency domain.
The added zeros will insure the Fourier Transform appears smoother and the

frequency-domain features are better resolved.
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Chapter 2-THz Pulse Generation and Detection

Starting from the mid- 80s, a variety of materials were reported to emit subpicosecond
THz pulses. Two rather distinct mechanisms have been used most widely for the
generation of such pulses: optical rectification in crystals with large second order
nonlinearity, like ZnTeSz, LiTaO333, DAST** or GaSe* and transient photo-
conductivity in semiconductors such as LTG-GaAs>® and GaAs.”’ For the detection
mechanisms, the free space Electro-optic sampling (FSEOS) and photoconductive

antennas are used frequently.”®

2.1 Terahertz Generation by Optical Rectification

2.1.1 Optical Rectification

Two THz-TDS systems were developed in our lab to characterize various materials in
transmission mode only. In these systems optical rectification is used as a means to
generate the THz beam. In both systems, the terahertz pulses are generated through a
<110> oriented ZnTe crystal. The first system uses a Ti: Sapphire oscillator which is
subsequently amplified, delivering pulses centered at A~800nm, and duration T~70fs at
a repetition rate of 250 KHz, with an average power of ~1 . The second system is
more compact and uses an Erbium doped mode-lock fiber laser, which has a center
wavelength of ~810nm, and pulse duration of ~120fs at a repetition rate of 75 MHz,
with an average power of ~100mW. At the wavelength of ~800nm the phase matching
conditions reading as Vgwoup(Optical) = Vipnase(THz) 1s met well in ZnTe, such that the

energy conversion efficiency from optical pulse to THz pulse is the most efficient.
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Optical rectification® can be described as difference frequency mixing and
occurs in media with large second order susceptibility, y*(@s=wr-w; @, ;). It is
analogous to sum-frequency mixing y“(@s=w,+w@; @, ;). As wave interacts in a
nonlinear medium, it generates waves at sum and difference frequencies.” The
physical meaning of the sum-frequency generation is: the laser beams at @; and @3

interact in a nonlinear crystal and generate a polarization at frequency w; :

P(Z)(a)3 =0, + o) 2;((2)((03 =, +a)1):E(a)1)E*(w2) (2.1)

where 77 is the second-order susceptibility tensor assumed to be frequency
independent, P'”(w, =m,+®,) is a collection of oscillating dipoles acting as the
radiation source. For effective energy transfer from pumping waves at @, ®; to the

generated waves at @;, in the sum-frequency generation shown as in Figure 2.1, the

conservation law of energy and momentum must be satisfied. The energy conservation

(wy, k1)

T

(w3, k3)

(s, k)

Figure 2.1 Scheme of sum-frequency generation
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requires w;=w,+@;, while the momentum conservation requires: x3=x>+x;, indicating
that the most effective sum-frequency generation is under phase matching conditions.

For difference-frequency generation, the scheme is the same as one for the sum-
frequency generation except that the two frequencies are differenced to each other
instead of summing. Here, the induced polarization in the crystal oscillates at the

difference of the individual frequencies:

P(Z)(a)3 =, _0‘)1) :Z(z)(a% =, _a)l):E(a)l)E*(a)z) (2.2)

If the two mixed frequencies from the laser beams are w; @, with w,=w; @ and
E (w)=¢& (r)exp(ikz—iot) with E,(w)=¢&,(r)exp(ik,z—iw,t), the nonlinear

polarization induced at the difference frequency is given by:

PY (@)= 1 1 E(0)E (0, - ) (2.3)

In both sum-frequency generation and difference-frequency generation, the induced

polarization is proportional to the intensity of input optical beam:

PO(0)x z2 (@), (@) (2.4)

The coupled wave equation relation between the generated field amplititude £, (z,?)

and the generating waves as propagating forward can be expressed as following under
the infinite plane-wave approximation with pump intensities being approximated as

constant
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0 1 0 27 0°
(_ _a) Q. (Zat):

0z v,

NL i1Q otk (Qppy. ) 2]
7 o — P (Q,., z, )
(2.5)
1
Where, v,, is the group velocity of E, (z,7): (dk da))

E, (z,t) is the pumping laser pulse propagation expressed as:

E, (z,t)=E, e

PY(Q,,.,z,t) is the nonlinear polarization induced by the two pumping laser pulses

in the crystal, which can be described as:

P™ Q.. 2,1) = ZZ(QTHZ =0, —w,): ELIELZ*
_ }(2 .E.’ ) (@) yi@st—k2)

(2.6)
z” is the second order nonlinear coefficient.

Let o, = w, +Q = m,, then

TH’

PY(Q,,, 2,0 = 1A(Q, =0 —@,): E,, (£)e T K0zl gl —k(@):]

2
(g _|___) ( ) — _2_7[8_ PNlei[QTHzt_k(QTHz)Z]
Q
oz Vo1 ot ke* ot
2
_ 2y’ 0 9k, ( t)e—i[a)ot+QTHzt—k(w0+QTHZ)z]ei[wot—k(a)o)z]}ei[QTHzt—k(QTHz)z]
ikc* o

(2.7)
Under the infinite plane-wave approximation, taking E,,’(r)as a constant, the above

equation becomes:
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Let z'=z, 1= t-z/vy
Let:
0 o0z' o0 81 0 0 1.0 o0 1 0
—= e O e
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LY NETE
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L 2mE O O k) k) 9 (7 )k Q)2]

- k> or’ & e

(2.9)

Then,
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Q. (r+ %gl) £ k(@ + Q)2 kw))z = o

Q. (r+ %gl) —KQ, )z = B

2

The above equation will be:

a 1 QTH (Z Z)_
2p 2 72 Qi (742, k(@0 + Q. )2'~k(0)2] Q. (7427, )=k(Qpy )2
S e
ikc ot
27y’E, ° . )
—_ ﬂ}; LO { [cosa+isma]}[cos,8+ism,8]
i
2ny’E, )’
:_k—LO{ QTH [cosa+isina]}[cos B +isin ]
ikc
27y°E, (-, 0) :
—_ L= —TE “[cos(ar + f) +isin(a + )]
ikc
(2.10)
Since @ + B = k(o) +Q, )z'-k(w))z'-k(Qp, )z' = Akz' the above
equation becomes:
2 ZE 2 —Q 2 )
ﬁEQ (z',t)=— X Z1o (2 I )[cos(a+,8)+ism(a+,b’)]
azv THz lkC
2 ZE ZQ 2 )
= 0T _[cos(Akz") +isin(Akz")]
ikc
2 2E 2Q 2 )
- kLO2 BE_[jcos(Akz'") —sin(Akz")]
c

(2.11)
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By integration on z’ from 0 to length L, we have the generated electrical field at

location L since Ak is independent of z’:

L 2
E,, (z\0)=| 2 i ZQTHZ [i cos(Akz")— sin(Akz ')]dz'
0
2 2
__ i 2QTHZ j [i cos(Akz ") —sin(Akz ")]dz'
0
2ny°E, Q0 0 1
=— = sin(AkL) +—/[cos(AkL —1
P {Ak (AKL) Ak[ ( )}
27 1
E, (z\0)= 4 kﬁz% — {isin(AKL) +[cos(AKL—1)]}
(2.12)
And:
2 2
B, (z0) \_2’”‘ Esz Q1 \/{[sm(AkL) +[cos(AKL — T2
_27[;( E, 2QTHZ N
= P Astm( A)
47[)( ELO QTHz Sln(AkL )
ke Ak
_ 4y 2EL02QTH22 Sin(Ak%) L
kc® AKL/2 2
_2my 2ELozgmzzL Sin(Ak%)
kc® AKL /2

(2.13)

The intensity of the generated electrical field is:
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2

Iy, (") =|E, (z'0) |
4ry’E, Q)
ke’ Ak
[4727(2ELOZQTH I Sin (Akl/) 1

[ke* T AkL/ e

=[

THZ ] Sinz (AkL 2)

B 4[ ZZE ZQTHZ 2 Sll’l (Ak[/)
[k [AKL T
(2.14)
. Ay By Q. 1
When phase match Ak—>0, ]QTHZ (z',t)—> 1, = TH: 12
[k T’
g 2 212 20 2
With k=Q,,. \Je(Q.) /¢, Ly = Ay SCLOZ?THZ ] 2= 27y E, 2QTHZL]
¢ c

The above equation is only for generated discrete frequencies; we can integrate the

entire frequency range to have an expression for a terahertz bandwidth.

The predicted terahertz pulse shape in the time domain would be the derivative of the

visible pulse envelope at the phase-matching condition: n,,; = n,,,.

THZ (t)

’p 7
0 Et) o 1) .19

0°t

where E,,, (¢) is the induced THz electrical field, /() the optical field intensity profile,

showing the phenomenon of optical rectification.
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Another requirement is that generated difference frequencies in the optical
domain occur only if extreme spectral components within the single-pulse spectrum
are sufficiently apart. But all the spectral components have to be in-phase. For
ultrashort laser pulses that have large bandwidth the frequency components are
differenced with each other to produce bandwidth from 0 to several THz. Broadband
THz signals up to 40THz has been generated by using ultra thin ZnTe (30um) crystals
through optical rectification*'. In Figure 2.2, an ultrafast laser pulse in the nonlinear
crystal <110> oriented ZnTe creates a beating polarization, which is a transient dipole
moment. At normal incidence the terahertz radiation from this crystal is purely due to
optical rectification. There are radiations on both directions: forward and backward.
However, when considering the convenience of detection and multiple reflections
from the crystal surfaces, the forward THz radiation is often preferred. The green
fluorescence accompanying with the THz radiation is from two-photon absorption of
the input laser beam in the generating ZnTe crystal. At high laser intensities, the two-
photon absorption results in the generation of free carriers thus increasing the
absorption of terahertz radiations in the crystals. In addition, the two-photon
absorption leads to a reduction of the intensity of the laser pulse propagating in the
crystal. Both effects reduce the THz generation efficiency in ZnTe crystal at high laser
intensities *. At moderate laser intensities, the nonlinear absorption cannot result in
strong decrease of THz power by strengthening the focus of optical radiation or by the
divergence of the THz radiation since it is only slightly changed when the beam waist

is inside the crystal®. We used the tight focusing in our Erbium doped mode locked
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fiber laser based THz spectrometer (IMRA F-100), where the input laser power is not

SO intense.

Laser pulse  <110>ZnTe THz pulse I(t)

V/V J\ 0.2-2.0THz
> 0-70cm’

—
AtAm=1

Figure 2.2 Illustration of terahertz generation by optical rectification

This can be qualitatively better understood by considering a crystal whose symmetry
is very low to provide a preferred internal direction, so that the polarization induced by
an applied electric field does not reverse when the electric field is reversed. If the
applied electric field varies sinusoidally in time, then a net time average polarization

will be developed, in analogy with the dc currents™*.

2.1.2 Kerr Effect Used in THz Detection Process

The Kerr effect or the quadratic electro-optic effect (QEO effect) is a change in the
refractive index of a material in response to an electric field. It is different when
compared to the Pockels effect in that the induced index change is directly
proportional to the square of the electric field instead of to the magnitude of the field.
All materials show a Kerr effect, but some liquids display the effect more strongly

than other materials do. At the Institute for Ultrafast Spectroscopy and Lasers, Robert
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R. Alfano and P. P. Ho had done extensive work of optical Kerr Effect in liquids since
1979, 45 Error! Bookmark not defined.

During the construction of the compact THz-TDS setup based on the Er: doped
mode locked fiber laser, a CS, Kerr cell was used to assist in locating the overlapping
area between the pumping and probing laser beams. The CS, liquid is put in a lcm
quartz cell to form a CS, Kerr Cell, and then placed in the intersection area of the two

beams.

1560/
780/ 780nm y
1560nm %
X
Input z
beam
Signal
P, igna
Kerr
Cell P2

Figure 2.3 Schematic diagram of the optical Kerr gate, the polarization axes of the

polarizers are labeled by P; and P,

By adjusting the delay between the pumping and the probing beams, the Kerr signal,
otherwise the overlapping point was found, which occurs at about 5ps after the
scanning (Fig.2.4). The Kerr setup is very similar to the one used by P. P. Ho and R.
R. Alfano.* In Fig.2.3, the two polarizers are perpendicular to each other. After

passing through the first polarizer P;, the natural polarizations of the probing beam
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become parallel to x-axis. When pumping pulse is not present in the Kerr cell, the
polarization of the probing beam stays parallel to x-axis so that none of the probing
beam transmits through the second polarizer P, There is no signal detected. When the
pump beam pulse is present and overlaps with the probing pulse in the Kerr cell, it
introduces a transient birefringence, inducing a difference between the indices of the
refraction parallel and perpendicular to the laser field. The polarization of the probing
beam then rotates such that it transmits through the second polarizer. Subsequently the
signal is detected. The observed Kerr signals are shown in Figure 2.4. The three curves
show different Kerr Effect signals under pump-probe scheme of (1) 1560nm-780nm,
(2) 780nm-780nm, and (3) 1560nm-780nm. The laser source (IMRA AMERICA
INC.-CP 25) gives dual beams centered at 1560nm and 780nm respectively. This laser

is very similar to the higher power, IMRA AMERICA INC., F-100 series laser used

b ——1560nm Pump - 780nm Probe (LWP800) (1)
1.2 7] ——780nm Pump - 780nm Probe (2)
1.1 2 1560nm Pump - 780nm Probe (LWP950) (3)

Intensity (Normalized)

time (ps)

Figure 2.4 Kerr Effect in liquid CS; at different pump, probe wavelengths.
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for THz generation, which emits dual beams centered at a wavelength of 1620nm and
810nm respectively. Long-pass wave plates were used to pick one of the beams as
either the pumping or probing source. The difference among three profiles, which is
measured from the same liquid CS, cell, indicates that the Kerr Effect depends on

wavelengths. *°

2.2 Electro-optic Sampling in ZnTe Crystal for THz Detection
2.2.1 Introduction
The Electro-optic sampling is used to exploit the linear electro-optic effect. The ultra
short optical pulses used in the electro-optic detecting allow a small time interval
where the electric field can influence the optical beam. The influence is a change of
polarization in the probing beam. The electric field can then be extracted by slowly
varying the arrival time of the probe pulse. For each relative time delay, the signal can
be obtained by averaging many pulses using a mechanical chopper and lock-in
amplifier, so that the noise averages out and a very high sensitivity is achieved.

The electro-optic sampling (EOS) *° is a powerful method for the detection of
THz pulses.””* It is based on the electric field of a THz pulse by inducing a small
birefringence in an electro-optic crystal. By passing through such a crystal, the
initially linearly polarized optical probe beam gains small elliptical polarization when
the terahertz field is present. In Figure 2.5, the A/4 plate after the ZnTe detecting
crystal adds a 772 dephasing to the optical probing beam, making its linear

polarization into circular polarization when no THz electric field is present in the
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ZnTe crystal. When the THz field is present in the ZnTe crystal the linear polarization
is converted into elliptical polarization and remains elliptical as it passes through the
quarter-wave plate. Subsequent analysis by a Wollaston polarizer gives the intensities
of the two components of the resultant elliptically polarized light. The balanced
photodiodes select the difference between the two intensities, which is measured with
a lock-in amplifier referenced to the modulation of the THz field at certain frequency
(3.5 KHz for the IMRA F-100 laser system and 400 Hz for the amplified Ti-sapphire

laser system) by using a mechanical chopper on the generating optical beam.

Photodiode detectors
THz pulse

Optical pulse P

—~————\/4 wave plate

>1<110>ZnTe

THz pump --}----- f
beam N

probing beam

Figure 2.5 Simplified view of electro-optic sampling in between THz pulses and

optical probing pulses.
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The THz pulse is much longer than the laser pulse (several ps vs. tens of fs), thus by
the variation of the delay between THz and optical probe pulse the whole time profile
of the THz pulse are traced. Approximately, the induced ellipticity is proportional to
the THz electric field applied to the crystal in every moment of time.

2.2.2 Pockels Effect in <110> ZnTe Crystal

As EOS active medium, ZnTe is a II-IV group compound semiconductor, it has a

cubic crystal lattice and is optically isotropic when no electric field is applied owing to
its high degree of symmetry (43m).*’ The permeability tensor of ZnTe crystal 7A7 is

symmetric, hence the nonlinear coefficient tensor 7, =rji. After replacing the first two

indices i, j of the tensor r using a single index by convention, the EO coefficient of

ZnTe crystal is:
y (LI) ~1 | 7ri~Ti-o

(2,2) ~2 | 1ok ~Tu=o
3,3) ~3 ¥33k ~T3k=0
(2,3) ~4 | rask = r3g ~ak
(1,3) ~5 | 113k = 13k ~Tsk
(1,2) ~6 | 12k = P21k ~ Tk

Figure 2.6 (a) Relative orientation of the THz electrical field E,- and the polarization
of the laser probe with respect to the ZnTe crystal. The x’, y’, z’ coordinates are set
along the main ZnTe crystallographic directions; the THz and the optical probe beams
propagation (z'), the THz and the probe beam (x') polarization directions. (b) the
projection of the ellipsoid on the surface of the crystal without THz field present (c)
the projection of the ellipsoid on the surface of the crystal with THz field present, the
double primed axes correspond to the orientation of the main axes of the distorted

index ellipsoid.



(@)

(110) plane

x'[-1,1,0]

Figure 2.6 (a), (b), (¢).
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The ZnTe crystal has the same index of refraction in all directions at zero
electric fields, i.e. n;=n,=n3;=ny, n is the index of refraction in the principle x’, y’, z’
coordinates of the crystal. In ZnTe crystal, the tensor r contains only one independent
element: 7= rs>= rg3 = 4.0-1 02 m/V. Without electric field applied, the material is
the same in all directions so that the refractive-index ellipsoid is simply a sphere (Fig.
2.6b); in this case the coordinate system, x’, y’, and z’, is set along the main
crystallographic directions of ZnTe. Under this condition, the equation of the
refractive index ellipsoid takes the following form:

X z
-4 +—

2 2 2
2 2
x' z'

=1 (2.16)

N

==
S

An applied electric field causes changes in optical properties of the crystal. This can

be seen as distortions of the refractive-index ellipsoid:

1 ' 1 ' 1 '
(—2)1)6 2+(_2)2y 2+(_2)3Z 2+
”1 " | " | (2.17)
2(5)yy'2+ 2(5)sx' 24 2(—)ex 'y =1
n n n

3
The linear change for the above coefficient is: A(Lz)l. = Z”U-E ;and i=1, 2,3...6, j =1,
n 7 ‘

2, 3, E; is a component of the applied electric field and r; is the electro-optic tensor

describing the first order non-linearity. The higher order non-linearities are usually
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very small at the field strength typical for THz pulses: £ < 4 KV/cm and can be
ignored.

In Figure 2.6a, the polarization of the THz beam and optical beam are parallel

to the [-1, 1, O] crystal direction, the beams travel along the z’ = [-1,-1, 0]/ J2
direction. The orientation of the crystal with respect to the propagation direction and
polarization of the THz- and the optical probe beam shown corresponds to the
strongest induced Pockels effect. Under the influence of the applied THz field the
index sphere in Fig.2.6b turns to an ellipsoid with the main axes oriented along x”, y”,
and z” directions shown in Fig. 2.6c.

After performing a principle-axis transformation, the modified indices of refraction

are:

n.=n, "'%’”41 xnE., (2.18)

with approximation of: 7, x E,. < 1/n] .

Having passed through such crystal, the y - and x ’-components of the electric field of

the incident optical wave acquire a phase shift:

Ap=g =g =" E.[n.n.] (2.19)
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after using Equation (2.18), it takes:

Ag=L2 s} xr, E. (2.20)
C

where L is the thickness of the crystal, @ the angular frequency of the laser light.

The generated signal is proportional to the THz electric field E,.

2.2.3 The Balanced Detection

The propagation of the polarized probing beam through the induced train of
birefringence layers are conveniently described using Jones calculus.” As shown in
Fig. 2.5, a quarter wave plate, whose main axes are oriented at +45° with respect to the
horizontal direction, is placed behind the electro-optic crystal to make the initially
linear polarization of the probe beam (at E7, = 0) circular. A Wollaston prism, rotated
by 45°, separates the two polarization components, y”, x”” and guides them to the two
diodes of the balanced detector, which is connected to the input of a lock-in amplifier.
With no THz pulse present, the components have equal intensity and the signal is zero.
When the THz field is applied, a non-zero phase shift causes a difference of the two
components. As can be seen in Equation (2.20) it is proportional not only to the
magnitude of the applied field but also to its sign, which is why this detection method
is called phase-sensitive.

If one applies Jones calculus on the optical electric field based on the induced

phase shift by THz electric field, the laser amplitude seen in diode 1 and diode 2 are:
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A=E, LZ (cos(A¢/2)—sin(A¢g/2)) (2.21)

NG

4, --E, Lz(cos(Ags/ 2)+sin(Ad/2)) 2.22)

7

The difference signal is:
4] ~|4,[ = E,?sin(Ag) (2.23)

oxL

where Ag = n,’r, E.. is the induced phase retardation along the two optical axes

inside of the ZnTe crystal.

A phase sensitive detection technique, lock-in detection, is used to amplify the
weak optical signal detected from photodiodes. It is based on the idea of modulating
the THz beam at some fixed frequency and detecting the averaged terahertz signal at
this slower modulation with respect to the terahertz repetition rate. In both THz-TDS
systems, the THz beams are modulated by a mechanical chopper (Stanford Research
System, Inc., model SR540), the chopping frequency is 3.5 KHz for the system
employing the mode-locked Erbium doped fiber laser source, and 400Hz for the
system using the amplified Ti: Sapphire oscillator as the laser source. In Fig.2.5,
output from individual photodiodes can be directly connected to the differential input
of the lock-in amplifier (LIA SR530 for the amplified laser driven THz-TDS set-up
and LIA SR830 for the Er:doped mode locked fiber laser driven the terahertz set-up),
or by using a special balanced photo detector (New Focus, Inc., Model 2307) the

signal can be monitored directly through single inputs. The delay stage (Aerotech,
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Inc., Model ATS302), a dc-motor actuator is driven by a motion controller and can be
moved either continuously or stepwise with adjustable waiting time between steps.

The actual time resolution of a THz system is defined by a convolution of a
laser pulse envelope and a response function of the THz detector and is about few tens
of fs. The highest SNR reached in our spectrometers with EOS is at least 5000:1 for
the THz-TDS system based on the amplified laser source when referencing the THz
peak signal amplitude to the noise floor for when no signal is present and
approximately 300:1 for the THz-TDS system using the Er: doped fiber laser source
when referencing the THz peak signal amplitude to fluctuations in peak as observed
through the lock-in amplifier.

The following Fig. 2.7a and Fig. 2.7b show the two terahertz time-domain
systems we have in our lab. Notably, in Figure 2.7a, the thickness of the ZnTe crystal
limited the scans to about 20ps after the main pulse in the time-domain due to the
back reflection, resulting in a resolution in the frequency domain of 0.057Hz. The

overall usable bandwidth limited the measurements to frequencies from 0.4 to 2.47THz.

All the experiments discussed in chapter 3-6 are based on either of the two systems.
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Figure 2.7a An Er: doped mode-lock fiber laser (IMRA Inc. F-100) is used as the
source of the terahertz generation. The central wavelength is 810nm. A 1.5mm thick
<110> ZnTe crystal is used for generating THz through optical rectification. *>>*>*>°
The THz beam is collected by two parabolic reflectors and focused collinearly with
the probing beam on a second <110> 2mm thick ZnTe crystal. The terahertz electrical
field is detected using electro-optic detection technique, where differential changes in
the intensity between the orthogonal polarizations of the gating beam are detected with
a balanced photo detector. The signal is measured with a lock-in amplifier referenced

to a mechanical chopping frequency of 3.5 KHz. The THz beam path is enclosed in a

cage to be nitrogen-purged to drive away water vapor for a reference signal.
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Figure 2.7b The Ti-Sapphire based THz laser spectrometer: ninety two percent of the
power is used as a pump beam to generate the THz pulses via optical rectification in a
ZnTe crystal. The remaining power was used to probe the THz signal with free-space
electro-optic sampling. The emitter and sensor were 2.0-mm-thick <110> ZnTe
crystals. A small hole (3mm-diameter) was drilled into the off-axis parabolic mirror,
which allows for the collinear arrival of the probe and the THz pulse upon the sensor.
The polarizations of the THz beam and optical probe beam were parallel to [1, -1, 0]
crystal direction. The dynamic range is 8000:1. The optics was placed in an enclosure
and purged with N; gas. In order to avoid complications from multiple reflections from
the windows of the cell, the maximum recorded delay was limited to 46ps
corresponding to 6912 data points by a scanning translation stage. This scan time

gives a spectral resolution of about +7 GHz.
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Chapter-3 Liquid water and KCI solution at room temperature

3.1 Introduction

Water is one of the most important substances for the living things since it both
supports and serves as an intermediary medium for biochemical reactions. Its isotopes
possess unique properties, for example, the maximum density temperature for liquid
water is 277.2K, for liquid heavy water it is 284.4K. %% The structure of liquid water is
always a complicated topic due to the presence of hydrogen bond. A water molecule
can form up to four hydrogen bonds to other water molecules thereby creating the
possibility for a local tetrahedral structure around the molecule. The intermolecular
contribution to the IR absorption and Raman spectra is found in 0 -1000cm™. *” This
can be divided as libation region between 1000cm™ and 300cm™, and as hindered
translational bands below 300cm™’. There is a strong absorption at ~180cm ™, which are
observed strongly in both Raman and FIR spectra. This band has been assigned to H-
bond stretching/restricted translation. >* Another band has been suggested at ~ 60cm™,
which is weak in absorption and more easily observed in Raman spectroscopy ¥ 1t has

59
two

been assigned to H-bond bending/restricted translation. In previous studies,
relaxation processes of liquid water are observed, one as 8ps, another one as 0.8ps,
indicating two components of hydrogen bonds: strong hydrogen bond and relatively
weak hydrogen bond that both exist in liquid water. The distribution in the two types

of hydrogen bonds changes when the temperature changes. Studies also show that

some ions act in similar function to temperature.”’ In point of this view, ions like Li",
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F are considered to be structure makers; while others like K', Cl” are considered to be

structure breakers. Details on these arguments will be given in section 3.3.

3.2 Pure Liquid Water

In this experiment, we present the direct experimental determination of the torsional
mode of liquid H,O using THz-TDS in the frequency range 0.4 to 2.07Hz. A torsional
vibrational mode at 1.56 THz (~ 53cm™) originating from the bending motion of the
intermolecular hydrogen-bond coordinate was observed in the absorption spectrum.
The low frequency mode may be the key mode to transfer information among and
within cells in the body. Using the double Debye model,”’ the dielectric relaxation

times were also determined in this study.

The THz-TDS system was used to obtain direct information about the low-
frequency torsional modes. Details of the THz spectroscopy system were described in
chapter 2 (Fig. 2.7b). The entire setup is placed in an airtight enclosure purged with
dry nitrogen. A layer of water was adsorbed on the surface of a plastic plate (5-cm-
diameter disc), then covered by another plastic plate to form a sandwich structure with

a thin space of ~14m. The terahertz beam passed perpendicularly through the sample.

To obtain the absorption coefficient of water, transmission measurements were
performed. Figure 3.1 shows the time profiles of the THz pulses transmitted through
the two pure plastic discs without H,O (reference) and with the 14um H,O film
between them. With this result the delay caused by the absorbed water is obtained as

At =0.06 £ 0.008ps. The equivalent water layer thickness can be calculated as L = cAt
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/ (np-1) = 14 £ 2 um, where c is the speed of light in vacuum and n;, = 2.27 is the index
of refraction of bulk water at 1.0THz’"** This distance agrees well with the spacer

used in the experiment.

At =0.06(0.008) ps

1. Reference ‘
L=CAt/(n -1)=14(2)n m

0.2 2 LiquidH,0 1

(nb:2.27 at 1.0 THz)

Amplitude (V)

11 12 13 14 15 16
Time delay (ps)

Figure 3.1 Time profiles of the THz pulses transmitted through the liquid H,O sample
and the empty cell.

63,64

Previous studies showed that the frequency-dependent dielectric function of water

&(w)is characterized by a Double Debye model with a slow relaxation mode (77)
associated with the liquid structure and a fast relaxation mode (7,) associated with the

water molecule orientations. The dielectric function can be described by the following

relationship:
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E—& & —&
By Bl (3.1)
I+iowr, 1+ior,

Ew)=¢,+

where &5 1s the static dielectric constant, & is the limiting value at high frequency, and

& 1s an intermediate frequency limit. The relaxation strengths for the slow process is
(77) o< (&s-&2) and for the fast process (72) oc (&-&5). These relaxations involve

translational and rotational diffusion, hydrogen bond rearrangement, and structural
rearrangement processes. The processes are associated with different activation
energies and may have significant temperature dependence. Water molecules form a
network of tetrahedral structures (a water “cage”). Using THz pulses, the cage
dynamics can be probed for water molecule reorientation rates. In a slow process, four
hydrogen bonds break in the approximate time t,. Afterward, in a fast process, a single
water molecule reorients and moves in time T, to form a new tetrahedral site.®

The frequency-dependent dielectric response &(w) can be described by the general

relationship:

&) =¢&'(w)+is" () =[n(w)-ik(w)] (3.2)

where k(w) = ca(w) / 2w, &'(®w) and &" (w) are the real and imaginary parts of the
dielectric constant respectively, and a(@) is the power absorption coefficient. Given

the measured index data and the power absorption spectrum shown in Fig.3.2 (b), the
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real part ¢ and the imaginary part £"of the dielectric constant as a function of
frequency can be obtained using Eq. (3.2). For value of g5 ~78.4, & ~ 4.2, and &,~3.5,
we fitted Eq. (3.1) to the data using the least-squares method. This yields the double
Debye parameters as 1~ 9ps and 7~ 0.2ps, respectively. These parameters are in good
agreement with the published documents on this.

Figures 3.2a and 3.2b show the refractive index and the power absorption
spectrum of liquid H,O in the frequency range from 0.4 to 2.07Hz (13.3 to 66.7cm™).
Some known refractive indices of liquid H,O are also plotted in Fig.3.2a for
comparison. An absorption peak associated with torsional motion of liquid water
molecules was observed at 1.56 THz (53 cm™).

(THz)

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
5.0 T T T T T T T T T T T T T T T

(@) * Ref. 12
<& Ref 15
© This study

4.5—-
4.0—-
3.5—-
3.0—-
2.5—-

2.0 4

Index of Refraction

1.5

1.0+

Frequency (cm™)

Figure 3.2 (a) Index of refraction of the liquid H,O in THz region
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Figure 3.2-Continued (b) Power absorption vs. frequency (v) of liquid H,O in the THz
region. Arrow denotes the location of the low frequency mode. (c) Fit (solid) to
experimental data (dots) of the torsional mode at 1.56 THz (53¢m™)
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This mode has been previously observed using tunable FIR laser spectroscopy®® and
Fourier transform spectroscopy’’ which correlates with Raman measurements (~ 60
em™). The size of the absorption coefficient is in agreement with that reported in Ref.
58 at 50cm™. As can be seen in Fig. 3.2(b), there is a small bump at ~45cm™. Due to
the fluctuations in the THz time domain profile as a result of laser fluctuations
between sample and reference scans, there may be small oscillations which appear in
the frequency spectrum such as this feature at ~45cm™. We can only rule out
absorption features that are clearly distinguishable from these small oscillations. The
continuous curve shown in Fig.3.2 (c) represents the best fit to the data for this mode

(53 em™) using the following Gaussian oscillator:

a(v)=ac(v)+Cs exp[—(v—vs)z /7/3] (3.3)

where acc(v) is the Cole-Cole factor, vy is the oscillator frequency, ys is the damping
term, and Cy the oscillator strength. The best-fit values to data for these parameters
were ve=1.56THz (~ 53 cm™), 35 = 0.43THz (14.3cm™), acc = 187cm™, and Cs =114
-1
cm’.
For a fully tetrahedral hydrogen bond structure of water, there are nine
intermolecular vibrations; six refer to restricted translations and three to restricted

rotations.®® Two of the six restricted translations are equivalent to the hydrogen bond

bending motion. The O—H---O bending vibrations v34; and w4, occur at ~60cm™.
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These modes correspond to the 53¢m™ mode shown in Fig. 3.2 (b). The O-H--O
stretching vibrations v;4;, vA4;, v;B;, and wB; at ~170cm™ are beyond our frequency
detection range.

In summary, the far-infrared absorption properties of liquid H>O using THz-
TDS were measured. An absorption peak was observed at 1.56THz (53¢m’™), which is
attributed to the torsional hydrogen bond bending motion in the liquid H,O cage. The
absorption and index of refraction curves are described by the double Debye dielectric
model to yield the low-frequency dielectric (0.4 — 2.07Hz) relaxation time of ~ 0.2ps
(fast) and ~ 9ps (slow). This study has important implications for the potential of THz-
TDS spectroscopy to provide information on how low frequency modes may transfer

energy among hydrogen bonds in biological molecules.

3.2 The Effect of K, CI" Ions on the Hydrogen Bond Network in Liquid
Water at Room Temperature

3.2.1 The Mixture Model for Hydrogen Bond Network in Liquid Water

When a photon of energy 4v (e.g. THz frequency) equivalent to the difference of two
rotational energy levels in a molecule is absorbed, the molecular energy state, also
described as certain vibration or rotational motions, will change; afterward, the energy
is released and some low energy photons (i.e. microwaves) are reradiated. As for the
dipole moments, the dipole relaxation after the original electric field causes the
reradiated electric field out of phase from the original electric field due to the

collisions, this verifies as different oscillation tails (ringing) after the main pulse.
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In liquid water, which has permanent dipole moment, the THz absorption is
mainly caused by the induced intermolecular dipole moments due to the existence of
hydrogen bond in liquid water. Basically, there are two species of water molecules in
liquid water, strongly hydrogen bonded and weakly hydrogen bonded molecules:
structured and non/less-structured molecules. For example, the broad, weak absorption
band at 60cm™ is due to the hydrogen bond bending motions (restricted translational
region, another one is around 170em™, stretching motion) in the five-molecule
structure treatment. (for ice, this occurs in the vicinity of 65¢m™). When temperature
elevates, corresponding to the hydrogen bond lengthening or softening, there is a
structural breakdown and the band intensity decreases accompanying with the red shift
of the band. Recently, a 70cm™’ mode has been found in Raman experiments. The
origin of this mode has been attributed to a secondary, weaker hydrogen-bonding
environment that exists in liquid water, which differs from the tetrahedral bonding
arrangement. It has been suggested that this mode increases in strength with
temperature. In addition, VRT (vibrational rotational tunneling) spectroscopy
measurements have identified some low frequency torsional motions involving the

flipping of free hydrogen atoms in separated water clusters. *7°

This also suggests that
in liquid water weaker hydrogen bonded structure exists thus a large percent of ring
like structures: dimer, trimer, and quadromer may contribute to the absorption in bulk
water.

This also agrees with the mixture model of hydrogen bond network in liquid

water proposed by earlier researchers: there is equilibrium between two or more types
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of water molecules corresponding roughly to a transition from a hydrogen-bonded
species to a non-hydrogen-bonded one as temperature is increased.

The broadband absorption is affected by mode frequencies, which are
composed of strong tetrahedral structure, and non-mode/weak frequencies connected
to the weak structures, such as monomers, dimmers, trimers, quadromers, etc.,
(Fig.3.3). The distribution among structured and non/weak-structured water molecules
will change when temperature change or certain ions are added since the hydrogen
bond is weakened as temperature increases or ‘structure breaker’ ions are added, and

the mode frequencies will shift to the lower frequencies with less absorption intensity

1- Hydrogen bonds 2-Covalent bonds 3-Monomer 4- dimer 5- trimer
6-quadromer 7-tetrahedral structure

Figure 3.3 The diagram of mixture model for hydrogen bond network in liquid water,

the water molecules constantly exchange within neighboring area.
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due to the breakdown of the structure. On the other hand more non/weak-structured
water molecules will be available to contribute to the non-band parts of the broadband
absorption, elevating the absorption levels at these frequencies.

For qualitative understanding of this scheme, we give a simple mathematic model as:

H(T) = Y (T) o

with n = 1, 2, 3, 4, 5...representing water monomer, dimer, trimer, quadromer and
tetrahedral structure etc.; 4T ) represents the change of amount of ith structrue of
water molecules as a function of temperature. To demonstrate the significance of

certain structure of water molecules, the following formula helps:

_h(@)
H(T) (35)

M.(T)
with M;(T) indicating the significance of ith species water molecules, and H(7)
representing all the water molecules. As for the absorption mode observed, i.e. at
60cm™, the fraction of molecules involved in 5-molecule structure must be larger than
the rest such that this mode is prevalent over others.

As temperature increases, some intermolecular bands deflate into a slight bump
in the room temperature absorption spectrum and some even completely disappear. At
room temperature, the ~55¢m™ mode found at 269K is slightly red shifted to lower
frequency and appears at ~49¢m™. 7' Similar to the above situation of increasing the

temperature, when some “structure breaker” ions are added to the liquid water, one

will obtain a similar result. This is because the band will be red shifted, reducing
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absorption intensity, and a corresponding increase in absorption in the rest region of
frequency region, due to the increased amount of the free/weak structured water
molecules.

Due to the observed similarities in the effect of temperature and addition of
some solutes upon the absorption band of water, it is possible for the ions to be
classified as “structure breakers” or “structure makers”.”* The far-infrared work of
Draegert and Williams”® suggest that Li" and F~ should be taken as structure makers
while Na+ and K" are structure breakers. CI is considered to be a strong structure
breaker. In addition, Frank ef al have postulated a model™”” for aqueous solutions in
which there are three main regions about an ion: an innermost region of less mobile
water molecules, an outer region containing water molecules with normal liquid
structure, and an intermediate structure region where the normal tetrahedral structure-
orienting competes with the influence of the bulk water. This concept helps
researchers classify ions based on their capabilities of either improving structure
(“structure makers”) by enhancing the inner/outer regions, or breaking structure
(“structure breakers”) by establishing the intermediate region about the ion the more
important. Here, for the “structure breakers”, one can say the ions will make the
structured water molecules more mobile. As for structure makers/breakers, the
Equation (3.4), (3.5) can be used to describe the effect of ions on the structure of
liquid water.

Structure makers affect the existing strong hydrogen bonded structure, e.g. 5-

molecule structure by shifting the mode frequencies, at the same time increasing the
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number of amount of the fractional structures: more “free” like molecules.
Correspondingly, for example, a red shift of mode frequency will cause less
absorption in non-mode frequencies or base level absorption. However, due to the
broadband nature of the absorption from intermolecular interactions within h-bond
network, it is difficult to tell the shift of the band location in our limited THz window
(0.2-2.2THz) when ions are added.

Interestingly, at room temperature, D,O behaves like some structure makers in
terms of the strength of hydrogen bond.”® The OH stretching vibration band shifts to
lower frequency compared to that of H,O, this means that the D-bonding in D,O is
stronger than that in H,O since it is well known that OH stretching frequency
decreases with increasing D-bonding strength.”” In certain cases the changes in
temperature and the addition of sugar to pure water cause similar spectral changes.

Experimental results from our recent measurements are presented in Fig. 3.4
and Fig. 3.5. In Fig. 3.4a, the absorption level from 0.5M KCI solutions is above that
from pure liquid water. This is due to the fact that both K" and C1 are considered to be
strong “structure breakers”. They affect the hydrogen bond network by breaking the
bond to destroy the structure, making more “free” like water molecules available such
that the absorption mode from the ring structures weaker or even disappear, while at
the same time the absorption level increases. This measurement was done using the
amplified Ti: Sapphire based THz-TDS system. It is important to note that the small
bumps seen in Figure 3.4a and Figure 3.5b are due to the fluctuations in the laser

source as was discussed earlier.
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Figure 3.4 (a) The power absorption coefficient in pure liquid water and 0.5M KCl
solution; (b)The power spectra of pure liquid water, 0.5M KCI solution and empty cell
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Figure 3.5 (a) The power spectra of pure liquid water, heavy water (D,0O) and empty

cell (b) the power absorption coefficient in pure liquid water and heavy water (D,0)
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In Fig. 3.5a, the D,O shows more overall absorption than H,O. The explanation for
this result is based on the idea given earlier in this section: D,O behaves like “structure
makers” due to its stronger hydrogen bond than that in H>O since Deuterium (D) has
twice mass as that Hydrogen (H) has. This measurement was taken with the compact
THz system, which is driven by the Er: doped mode locked fiber laser. A 5um quartz

cell was used to hold the liquid samples.

3.2.2 Far Infrared Cells

Crystal quartz can be used in transmission measurements for wavelengths between 50
and 1000um, although some slight wedging of windows is necessary to reduce
interference effects due to its high reflectivity. Polyethylene has some attractive
features such as high transparency over a wide wavelength range and low cost;
however, certain mechanical disadvantages and uncertainty in absorption
characteristics as a function of temperature reduce its usefulness for quantitative
analysis. The use of short path lengths in infrared studies contributes largely to the
difficulty in obtaining quantitative information from absorption bands. Techniques
have been developed for preparing thin cells of known thickness below 0.002mm and
these provide some acceptable basis for quantitative studies.

In our study, we used 100um quartz cells to measure the index of refraction of
the liquids by using the Erbium doped fiber laser based terahertz spectrometer.
According to the relationship L=cAt/(n-1), if the thickness of the liquid sample is

known, its index of refraction can be calculated by measuring the relative shift
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between the two time-domain THz signal profiles: empty cell and the cell filled with
liquid sample. In Figure 3.6, the shift between the reference and liquid water, 0.5M

KCI solution are

0.00010 L 1 L 1 L 1 L 1
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Figure 3.6 (a) The phase shift between the empty quartz cell (solid line) and the cell
filled with liquid water (dashed line); (b) The phase shift between the empty quartz
cell (solid line) and the cell filled with 0.5M KCI solution (dashed line)
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~0.49ps and ~ 0.53ps respectively, such that the corresponding index of refraction for

the two liquids are: 2.467 and 2.60 respectively.
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Figure 3.7 (a) The phase shift between the empty plastic cell (solid line) and the cell
filled with liquid water (dashed line); (b) The phase shift between the empty plastic
cell (solid line) and the cell filled with 0.5M KCI solution (dashed line)
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The measurements were repeated with the Ti-sapphire based terahertz spectrometer,
where a plastic cell is used to form thin liquid films because the polyethylene has
similar index of refraction and better transmit terahertz beam than quartz. Using the
relationship L=cAt/(n-1), with measured phase shift in time-domain as known values
(~0.137ps and ~0.117ps for liquid water and 0.5M KCI solution respectively) and the
measured index of refraction in Fig. 3.6, the thickness of the two liquid samples are
calculated as: 27pum and 22pm (Fig. 3.7). Using this method, the measured index of

refraction and thickness are: 2.60pum and 70um for D,O.
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Chapter4- H,O and D,0O vapors at room temperature

4.1 Terahertz Absorption Spectrum of para and ortho Water Vapors at
Different Humidities at Room Temperature

Over the past two decades, the water vapor absorption spectrum in the low terahertz
frequency range has been investigated at fixed relative humidity by using time-

resolved THz spectroscopy.ls’ 2

The observed absorption profile is primarily due to
molecular rotational transitions in the vibrational ground or excited states. From the
detailed study of individual rotational transitions, it is possible to extract various
properties including parameters such as the molecular structure and rotational
constants, these time-resolved terahertz studies often use sophisticated techniques to
accurately measure each individual transition, which can be better observed using
narrowband terahertz methods that have higher frequency resolution. The advantage of

a broadband technique like time-resolved THz spectroscopy is that the entire spectrum

of the absorbing species can be analyzed at once.

Traditionally, the absorption profile for water vapor is derived from Beer’s
Law, which states that the absorption cross-section per molecule is independent of
intensity of the incident radiation or the concentration of the absorbing species.
However, at high concentrations the absorption by a molecule is no longer
independent of the surrounding molecules. For powerful sources, the absorption cross-
section per molecule is not independent of the intensity due to the nonlinear effects. In

contrast, the absorbance is linearly dependent on the concentration of the absorbing
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species. Thus for increasing concentrations the absorption cross-section per molecule
should remain constant while the absorbance should increase. Furthermore, the
absorption cross-section for H,O vapor depends non-linearly on pressure and
temperature leading to an absorption profile that can skew from a Beer-Lambert model
with respect to environmental conditions. The lifetime of the rotational transient of
water molecules is related to the full width of half maximum linewidths, Av, of the
water absorption lines by: 7=1/Avxzx. The lifetimes for the sixteen absorption modes
of water vapor observed at room temperature are from ~94ps to ~160ps. ** These
lifetimes are longer than THz pulse of 1ps and shorter than the laser repetition rates of
75 MHz/ ~12ns for IMRA F-100 and 250KHz / ~ 4ps, indicating that it is proper to

use THz pulse to investigate the rotational dynamics of water molecules.

The absorption for water vapor is further complicated since it is a mixture of
two components, para-H,O and ortho-H>O when considering the nuclear spin effect
of hydrogen atoms in water molecule, which results in an ortho to para ratio (OPR)
of3:1 Previous studies on water vapor have shown that due to the non-rotational
ground state of para water, solid surfaces will have preferential adsorption of para
water.”® Consequently, the ortho to para monomer population ratio will not remain
3:1. Adsorptions of para water onto solid surfaces, as well as interactions amongst
water monomers themselves (dimer formation and clustering) and with liquid water
droplets for highly saturated environments have all been shown to decrease the

absorption intensity’. In this work, the absorption profile of water vapor was
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measured using THz time-domain spectroscopy in the frequency range from 0.4 to
2.4THz with increasing relative humidity. The unexpected decrease in absorption
intensity for ortho rotational transitions with increasing concentration is attributed to

the interactions between monomers, dimers and clusters in the terahertz beam path.

The design of the THz-TDS system used in our measurements has been discussed

previously (Fig. 2.7a, b).

Various quantities of 99.5% pure, drinking water were evaporated inside the cage to
reach desired humidity levels of 15%, 30%, 50%, 70% and 90% with an accuracy of
+5%. All measurements were performed at an ambient temperature of 296K +2K. The
humidity was measured by using a hygrometer with an accuracy of 0.1% in 0%-100%

range.

All measurements were referenced to the dry nitrogen purged cage. We plot
the water vapor absorption profile vs. frequency for different levels of humidity in
Figure 4.1. The concentration independent absorption profile was calculated using the

formula: a(v)=(-1/d)xlog({,/1,) where « is the absorption coefficient, d is the
terahertz path length in the sample, /, is the transmitted terahertz power and / is the

reference power. In Figure 4.1, as humidity increases from 15% to 90%, the
absorption intensity of most para transitions increase, while most ortho transitions
increase and then decrease. Figure 4.2 shows how the absorption of para transitions
and ortho transition changes with increasing humidity from the measured absorption

profiles.
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Figure 4.1 Water vapor absorption profiles at different humidity at room temperature.
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The description for each rotational transition observed is given in Table 4.1.

Table 4.1 Rotational Transitions in H,O vapor from 0.2-2.4 THz (Fig. 4.1)"

Frequency EBrg(cmP" | Type of

Number (THz) Low state | High state | '") Transition
1 0.557 101 110 23.794 Ortho
2 0.753 202 211 70.091 Para

3 0.989 111 202 37.137 Para

4 1.098 303 312 136.76 Ortho

5 1.164 312 321 173.365 Ortho
6 1.2264 211 220 95.176 Para

7 14116 514 523 399.457 Ortho

8 1.603 404 413 222.052 Para

9 1.67107 101 212 23.794 Ortho
10 1.718 212 303 79.496 Ortho
11 1.7984 725 734 782.410 Ortho
12 1.869 523 532 446.511 Ortho
13 19207 313 322 142.278 Para

14 2.0759 322 413 206.301 Para

15 2.2644 414 423 224.838 Ortho
16 2.3459 716 725 704.214 Ortho
17 2.3932 313 404 142.278 Para

Water molecule, like /,, has two orientations for the hydrogen atom nuclear

spins-parallel (total spin / = 1, an ortho molecule) or antiparallel (/ = 0, a para

! International Tables of Selected Constants 19- Water vapor line parameters from microwave
to medium infrared, by J.-M.Flaud, C.Camy-Peyret and R.A. Toth.
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molecule). Correspondingly, it has two different types of rotational energy levels in

Figure 4.3.
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Figure 4.3 Water monomer energy level diagram depicting both ortho and para
transitions. Also shown are the water dimer intermolecular vibrational energy levels.
Interactions between dimers and monomers as well as monomers themselves can
change their populations among the energy levels. Solid lines represent that the
absorption increases as humidity increases. Dashed lines represent that the absorption
increases and then decreases as humidity increases.

The difference in / brings in a nuclear spin statistical weight 2/+1 of the ortho
levels that is three times larger than that of the para levels. As a result, at the high
temperature (> 50K ), the equilibrium ortho to para ratio (OPR) is 3:1. The two types
of water molecules are readily separable due to the fact that the mutual conversion

upon collision of molecules and radiative transitions between them is forbidden by
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quantum mechanics.™ Only para water molecules can reach the ground rotational
level with a zero-point rotational energy, which means that the molecule is not
rotating. This makes the energy of interaction with solid surface maximal so that the
molecule will be most likely adsorbed by solid surfaces. While all ortho molecules
have non-zero rotational energies, for them, the energy of interaction with the surface
is lower due to the rotation, so is the attraction."' Because the ground state is non-
rotational, the para molecules have the most chance to be trapped by the solid surfaces
e.g. aluminum surfaces of the mirrors we use in the setup. The result is that most of

the molecules left in the pathway of terahertz beam are ortho water molecules.

The monomers in the predominantly ortho vapor undergo interactions with
themselves either as in collisions or formation of hydrogen bonds with neighboring
molecules. Two water monomers can interact to form one dimer molecule by
hydrogen bonding as a result of the polarity of each molecule; the positive regions in
one water molecule will attract the negatively charged regions of the neighboring

molecules. Dimer formation is generally governed by the following rate equation:**

M+M+M];<:>:D+M (4.1)

where, M stands for monomers and D for dimers formed. The rate of reaction is given
by the forward rate constant (kz). As humidity increases at room temperature, we
expect more dimers to form due to the close proximity among molecules.****> The
study of thermal conductivity of water dimerization in water vapor shows that water

dimer has binding energy of —5.2kcal/mol.*® The strength of this hydrogen bond is
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strong enough to withstand room temperature, allowing for significant concentration
of water dimers to exist (e.g. 10'® dimers/cm’ at 40°C and 100% humidity), and can
contribute significantly to the absorption of sunlight and atmospheric reaction
kinetics®” From these investigations we predict that the maximum concentration of
water dimer in our measurements is around 2.5% of the total monomer concentration
at 90% relative humidity. At room temperature we expect a majority of the molecules
to lie in states with rotational quantum number J < 4 with respect to the Boltzmann
distribution. Near these energies, water dimers have well documented intermolecular
vibrational modes,* which can be excited due to collisional energy exchanges
between monomers in predominantly ortho levels. These levels are depicted in Figure
4.3. Collisions between monomers can also redistribute populations among monomer
energy levels. From Table 4.1, the majority of the ortho level transitions, which
decrease in absorption intensity, are between consecutive levels. Collisions will in turn
excite the population to move up the ladder, thereby causing a decrease in the

observed absorption intensity for ortho level transitions.

Both collisions between dimers and monomers and monomers themselves as
well as dimer formation rates are insufficient to explain the observed decrease in the
ortho rotational absorption strengths. To model the absorption strength decrease as
seen in our measurements we assumed a bi-molecular interaction where the energy
exchanges were governed by the ortho to para population ratio. Among ortho water
molecules, over 40% of water monomers have to be involved in some sort of bi-

molecular interaction such as dimer formation, far above the predicted concentration
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of 2.5%, and much larger than can be expected assuming standard collision theories of

molecules in a gas at room temperature.

For high water vapor concentrations condensation and nucleation can occur on
all solid surfaces. In these highly saturated environments, the water molecules can
form droplets surrounded by the vapor, whereby interactions between water molecules
in the vapor and liquid states can lead to decrease in the observed absorption profile of
water vapor. In these simulations the water molecules were classified into ‘liquid’,
‘surface’, or ‘vapor’ with respect to the number of neighbor molecules. Thus most of
the vapor absorption dominated by ortho transitions will dramatically decrease once
‘liquid’ and ‘surface’ molecules are formed in or around the THz beam path. While bi-
molecular interactions are an important factor, we believe that interactions between
water monomers in the vapor phase with neighboring molecules in the liquid and
surface states is the primary effect for our observation on the decrease of ortho

transitions with increasing humidity.

In summary, the water vapor absorption in 0.2-2.47Hz was measured at
different humidities at room temperature by using time-domain terahertz spectroscopy.
The experimental results show that water molecules that undergo ortho level rotational
transitions increase then decrease in absorption strength with increasing humidity,
while most para transitions simply increase as expected for higher concentrations in
the THz beam path. In terms of nuclear spin statistics, the ortho levels possess

populations three times larger than the para levels at room temperature due to the
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presence of two symmetric hydrogen nuclei. Furthermore, para-H>O adsorbs onto
aluminum and silica surfaces preferentially due to its non-rotational ground state. The
condensation of para molecules results in an abundance of ortho-H>O. At higher
humidity levels, ortho molecules are involved in interactions between neighboring
molecules more so than para molecules. These interactions can be explained by
dimerization and energy-coupling processes between dimers and monomers; however
the dominant interaction that contributes to the decrease in absorption of ortho level
transitions arises from interactions between molecules in the vapor phase which
coalesce around liquid droplets either in the terahertz beam path or on surfaces.
dimerization, energy coupling between dimers and monomers, collisional energy
exchanges between consecutive energy levels of the same flavor and most importantly
interactions between molecules in liquid and vapor phase can all contribute to the

observed decrease in the absorption intensity of ortho level transitions.

4.2 D,0O Vapor

Heavy water (D,0) is important for many applications in the nuclear field. Deuterium
(D) is an isotope of hydrogen, which contains one proton and one neutron. D,O is
naturally present in water at a low concentration of about 1 part in 5,000. Heavy water
is one of the two principal moderators, which allow a nuclear reactor to operate with
natural uranium as its fuel. Studies with D,O have shown large isotope effects with
some properties, such as the temperature of maximum density occurring at ~277K for

liquid H,O and ~284.4K for liquid D,O, while other properties, such as the static
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dielectric constant, showing little difference for the two isotopes.®**"%* Liquid H,O
and D,O are perhaps the most studied chemical systems using various experimental
and theoretical methods in most of the electromagnetic spectral region from the UV to
the far-infrared (FIR). The Debye relaxation time for both DO and H,O liquids at
300K is ~ 7.5 ps. The main vibrational modes of D,0O are denoted by v; (100), v
(010) and v; (001) modes. The infrared spectrum of D,O molecule gives three strong
bands at 2671.46, 1178.7, and 2788.05 cm™’, which are associated with v;, > and 3,
respectively’> The absorption lines of D,O in 700 to 7000 ¢m™ have been assigned to
the overtones of v;, v», and V3_9 5,94 Although the far-infrared absorption spectra of D,O
vapor have been studied by microwave techniques’ and the Berkeley terahertz laser
sideband spectrometer’® the absorption properties and dynamics of D,O vapor are still
far from being completely understood on a molecular level in the THz region.

In this experiment, the absorption spectra, line-widths, and collision times of
D,O vapor associated with the rotational and vibrational modes in the frequency
region 0.4 — 2.0 THz (13.3 to 66.7 cm™) are measured using the temporal THz-TDS
technique and assigned to rotational transitions in ground vibrational state v(000). To
determine the collision-broadened linewidth, the lines were fit numerically to a
Lorentzian profile convolved with a sinc function that was determined by the

measurement window. The temperature dependence of Av at different temperatures
was measured and fitted to ~7' _a, where a = 0.75 + 0.13, which gives information on

the collisional interaction between D,O molecules.
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Liquid D,0 (99.9% atom % D, Aldrich Chemical Company, Inc., WI) of 10mg
weight was used without further purification and sealed in a gas cell at one
atmosphere. The cell was made with 8-cm-diameter and 4-mm-thick polyethylene
windows mounted at the two sides of a 12c¢m long glass cell. A heat tape was wrapped
on the surface of the glass cell to vaporize liquid D,O. The temperature of the heat
tape was controlled by adjusting output voltage of oven. Before the infusing of D,O
vapor in the cell, the humidity of the residual water vapor is 10%. After all D,O was
vaporized, the humidity of D,O vapor is 53%. The experimental temperatures were set
about 296, 325, and 426 K. Figure 4.4 shows changes of the profiles of the transmitted
pulse in the time-domain upon passing through D,O vapor as compared with nitrogen
(N») at room temperature (296K). The additional fast oscillations in Fig 4.4(b) for D,O
are caused by the combined action of the dispersion and absorption of the D,O
molecules. The uncertainty of measurement of delay time is + 0.01ps. The power
spectrum of the pulses ranging from 0.4 to 2.07Hz upon transmission through D,O
vapor and the reference gas (N, molecules) are shown in Fig. 4.5. The ratio of the
power spectral data of D,O vapor divided by the spectrum of the reference pulse

determines the power absorption coefficient a(v):
a(v)==In[ R(v)/ P, (1) ]/2L 4.2)

where L is the path length, Py(v) (= Es(v)°) is the power spectrum of the THz beam

propagated through the D,O vapor, and P,.; (V) is the reference power spectrum for

No.
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Figure 4.4 Transmission of the THz pulse in the time-domain for N, gas (a) and D,O

vapor (b) at room temperature (T=296K).
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Figure 4.5 Power spectrum vs. frequency (v) derived from the fast Fourier transform
of the temporal data presented in Fig.4.5.

The absorption coefficients for the molecular modes for D,O are displayed in
Fig.4.6 (a). The fit to selected lines on an expanded frequency scale are shown in
Fig.4.6 (b) to determine the linewidth Av. Due to the measurements of transmitted
THz field empty cell alone as the reference and the cell filled with D,O vapor under
the same conditions, the effect of residual water vapor on the absorption coefficient
a(v) is eliminated completely using Eq. (4.2). A summary of the rotational absorption
lines and assignments for D,O vapor is listed in Table 4.2. The frequency values are in

agreement with the microwave data from NASA.”
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Figure 4.6 Absorption coefficient of D,O vapor at 296K (a) Full spectrum from 0.4 to
2.0THz; (b, c, d) Selected lines from 1.0 to 1.67Hz. Solid line: experimental data;
Dashed line: fit from Eq. (4.2).
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Figure 4.6 —Continued (c, d) Selected lines from 1.0 to 1.67Hz. Solid line:
experimental data; dashed line: fit from Eq. (4.2).
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The lines were assigned using that data to transition among rotational quantum
numbers, measured level widths and corresponding relaxation times. Twenty-five pure
rotational transitions are found from transitions in the ground vibrational state v (000)
in the frequency region of 0.4 — 2.0 THz (see Table 4.2). There are no rotational
transition lines at room temperature from the v, = (010) vibrational state, which lies
above 1178.7cm™. The same experiment was performed for water (H,O) vapor at
296K (RT) and 21% humidity (see Fig. 4.7), which was used for reference. The
frequency numbers in brackets for H,O vapor are from Grischkowsky and his

coworkers. The fifteen absorption lines of H>O vapor were observed in the frequency
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Figure 4.7 Absorption coefficient of H,O vapor at 296K and 21% humidity. The

numbers in brackets are from Ref. 75. The results are in good agreement with it
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0.2 to 2.0 THz region. Their positions are in good agreement with the previous reports
performed at high temperature (1490K). Due to the lack of significant population in
V2 (010) vibrational state at room temperature, lines such as at 1.215, 1.592, and

1.644THz from this state cannot be detected in our experiment.
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Table 4.2> Comparison of experimental results with assignments for transitions AJ= 0,
1 for D,O vapor at 296K for ground vibrational state manifold.

Freq. (THz) Freq(THz) Avey  Texp Energy Upper Lower

(NASA)  (Exp)  (GHz)  (ps) (cm™) J K, Ko Ki  Ku
0.6928 | 0.6938 | 12.7 | 25.1 141.087 4 2 2 4 1 3
0.7831 | 0.7547 | 11.3 | 28.2 114.987 4 1 3 4 0 4
0.8911 | 0.8953 | 15 21.2 279.565 6 2 4 6 1 5
1.0659 | 0.9891 | 149 | 21.4 74.506 3 2 2 3 1 1
1.0856 | 1.0734 | 11.6 | 27.5 30.265 6 3 3 3 1 3
1.1050 | 1.1055 | 13.2 | 24.1 169.040 4 3 2 5 0 5
1.1590 | 1.1625 | 13.8 | 23.1 35.878 3 1 3 2 0 2
1.2155 | 1.2188 | 17.4 | 18.3 74.506 4 0 4 3 1 3
1.2631 | 1.2685 | 13.6 | 23.4 164.178 4 3 1 4 2 2
1.2880 | 1.2940 | 10.0 | 31.9 783.270 10 4 7 9 5 4
1.3870 | 1.3872 | 11.5 | 27.7 790.821 10 4 6 10 3 7
1.3960 | 1.4109 | 9.0 35.0 110.034 3 3 1 3 2 2
1.4985 | 1.4953 | 10.1 | 31.5 217.586 5 3 3 5 2 4
1.5299 | 1.5234 | 13.7 | 233 22.684 2 2 1 1 1 0
1.5520 | 1.5516 | 9.1 35.0 117.313 5 0 5 4 1 4
1.6167 | 1.6266 | 13.1 | 24.3 20.259 2 2 0 1 1 1
1.6579 | 1.6594 | 14.0 | 22.8 114.987 5 1 5 4 0 4
1.7048 | 1.7000 | 12.2 | 26.1 436.060 7 4 8 7 3 4
1.7083 | 1.7100 | 10.4 | 30.6 877.116 7 2 5 6 3 4
1.7646 | 1.7930 | 10.2 | 31.2 345.447 6 4 2 6 3 3
1.7964 | 1.8000 | 11.9 | 26.8 341.389 7 2 5 6 3 4
1.8210 | 1.8188 | 11.5 | 27.7 49.340 3 2 2 2 1 1
1.8686 | 1.8656 | 12.0 | 26.5 170.243 6 0 6 5 1 5
1.9170 | 1.9172 | 10.8 | 29.5 341.389 6 4 3 6 3 4
1.9449 | 1.9490 | 109 | 29.31 427.199 7 4 4 7 3 5
1.9707 | 1.9688 | - - - - - - - - -

2 Http://spec.jpl.nasa.gov. Tgp. = T =1/7AV.
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In this experiment, as the THz pulse propagates through D,O and H,O vapors
it excites a coherent ensemble of molecules in the thermally populated rotational and
vibrational states. The coherent ensemble has a macroscopic polarization in the
direction of the THz electric field, which are time and space coherent. As the coherent
ensemble of molecules rotates with rotational frequencies determined by the rotational
and torsional vibrational quantum numbers, the ensemble emits THz radiation. This
emission of THz radiation at frequencies that correspond to a thermal distribution of
rotational transitions are seen as the oscillatory structure that follows the main THz
pulse in Fig. 4.4(b) and structures in the spectrum in Fig.4.5. No coherent echoes were
observed as the coherent emission observed in methanol gas.”

Collisions between the various molecules of the ensemble cause dephasing
which is the physical cause of line broadening in the frequency domain and a
corresponding complex decay of the emitted THz radiation. Collisional broadening
determines the line shape, because Doppler broadening is less than 1% of the
collisional linewidth at THz frequencies.” The measured profiles are fitted with a
numerical convolution of the real part of a Lorentzian line shape with the real part of
the window function. A resolution of less £1.3 GHz was given previously. The
complex Lorentzian line shape is given by:

a(w) _ 4 Av « Sin(aT))
2 (v-v,) +(Av/2) T,

(4.3)
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The asterisk represents the convolution operation and o) / 2 is the field absorption
coefficient. The measured complex amplitude spectrum is equal to the convolution of
the complex Lorentzian line shape with that of the complex window function. The
window W (w) is given by:

sin(wT,) +i[1—cos(wT,)]
oT

w

W(w)= (4.4)

where w is the frequency in radians per second. For a given temporal window Ty, the
measured time-domain data is the electric field of the THz pulse transmitted through
the gas Es(t), multiplied by a square window function: W (1) =1 for 0 <t <Tw; W (¢) =
0 for t > Ty. The measured signal in the frequency- domain is the convolution of the
Fourier-transformed window function W (@) and the complex amplitude spectrum of
the THz pulse, Es(?). For narrow absorption features and a small absorption coefficient
(aL < 4), the measured absorption can be fitted well by a convolution of only the real
parts of the line-shape and window function. This approximation is obviously valid for
our experiments. The variable 4, v, and Av (FWHM) were allowed to float to obtain
the best possible fit. Examples of fitting to various lines are shown in Fig.4.6 (b). The
accuracy for the linewidth is = 0.2 GHz. The linewidth of rotational absorption lines of
D,0 molecules is attributed to two dominant collision-broadening mechanisms. These

are collisions with other D,O molecules and collisions with nitrogen. The total FWHM
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linewidth is inversely related to the collisional dephasing time 7, by Av =1/77; (see
Table 4.2).

The line widths for rotational levels (4v) depends on temperature through
collision (or pressure) broadening which is given by a product of density, thermal
velocity, and the collision interaction given by the optical cross section. The linewidth

becomes:

AV(T) = p(T)v (T) o(T) ~ T /20D (4.5)

The temperature dependence comes from thermal velocity (v (T) ~ T”), gas density (p

(T)~T 1), and the optical cross section (o (T) ~ T m), which depends on the force of

interaction in a collision (m = -——). The dependence of the collision cross section

on velocity for an intermolecular potential proportional to / /7" can be obtained. The
temperature dependence of the FWHM is contained in the value of the exponent n,
which depends on the J and K values for the rotational states of the interacting
molecules. For N,-broadened low-J state in H,O vapor, n =6, for pure rotational
bands. The temperature dependence of the linewidth gives information about the force
law between colliding molecules with a 7 /7 force. To gain additional information on
characteristics of rotational absorption of D,O molecules on temperature, the temporal
profiles for D,O at different temperatures were measured. This dependence leads to

the observed absorption line decreases as the temperature increases. Fig.4.8 gives the
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relationship of Av (T) versus T for 0.6938 THz at 296, 325, and 426 K. The higher the
temperature, the smaller the linewidth becomes. The relaxation times 7, for these
temperatures are 25.1, 26.3, and 29ps, respectively. In order to determine the
temperature dependence exponent of linewidths for D,O vapor, a plot of the set of
points [n(Ty / T) vs. In[( AVT) / AVT,)] for the line at 0.6938 THz at different
temperatures is shown in Fig.4.4. The best fit to Eq. (4.4) yields Av (T) ~ T%7**13,
The exponent 0.75+0.13 is comparable to the value for N>-broadened low-J H>O. This

result of 0.75+0.13 shows the linewidth reduces with increasing temperatures arises

from 1 / 7° intermolecular interactions.
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Figure 4.8 Ratio of absorption linewidths measured in D,O vapor vs. temperature.

Each error bar corresponds to the average of three points.
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Chapter 5- Methanol Gases

5.1 Coherent Rotational Transients after the Passage of THz Beam in
Methanol Gases - Periodic Rephasing and Dephasing

Pulse propagation in resonant media can create interesting optical and physical
phenomena. Most of them originate from the transient response of a medium to
coherent radiation. Coherent transients resulting from the interaction of
electromagnetic radiation with resonant systems were first studied for nuclear and
paramagnetic spin systems at radio and microwave frequencies. Analogous studies in
the optical regime were initiated by the pioneering work of Hartman and coworkers
using the photon-echo experiments”. Since that time there have been extensive
studies of coherent effects in both the optical and infrared regimes using nonlinear

optical effects.**'%

while many of these phenomena are analogs of effects first
observed in spin resonance, some of them do not have a spin-resonance counterpart
because of electromagnetic propagation effects. In fact, there are still many interesting
and intriguing effects in a multilevel system with multiple pulse excitations using
femtosecond laser pulses and THz radiation in biology, chemistry and physics.
Recently, there is an interested in torsional motions in complex biological molecules
such as tryptophan and proteins. Recently, coherent transients for only simple
“symmetric molecules” such as N,O, CH;Cl, CH3Br, and CH;3F have been studied and
pioneered by Grischkowsky and his co-workers using terahertz time-domain

101

spectroscopy (THz-TDS).”™ An emission was observed in the form of a coherent THz

transient pulses occurring from periodic rephrasing of ensemble of coherent excited
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rotational levels with commensurate transition frequencies. A sequence of pulses was
observed after a single pulse excitation and described in terms of commensurate
radiations. An alternative explanation for the generation of a sequence of pulses is
proposed in the present work arising from locking process the frequencies of the large
number of rotational levels in methanol and its isotopes arising from the absorption of
a broad band ultra fast THz pulse of a number of correlated rotational levels,
analogous to mode — locking. So far, no coherent transients have been observed in

THz region for large molecules.

In this experiment, we have direct observation of coherent transients excited by
a broadband THz pulse from large complex “asymmetric molecules” of methanol
(CH30H) and its isotopes (CH3OD, and CD3;0D) giving fundamental information on
the dephasing and decoupling of an ensemble of coupled rotational levels. A series of
strong coherent commensurate pulses attributed to the initial excitation of ensembles
of well-spaced rotational levels for these complex molecules are observed and
attributed to periodic dephasing and rephasing of an initial excited ensemble of
commensurate rotational levels. The frequency-dependent absorption and dispersion
of the sample were obtained from commensurate pulses in the 0.2 — 2.0THz range. Up
to this time, no study on the coherent transients for complex asymmetric large
molecules such as methanol and its isotopes have been reported or even expected. The

THz-TDS setup used for this experiment is shown in Fig. 2.7b.
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The accuracy of the measurements depends upon the relatively long-term
changes in the laser pulses and the consequent changes in the input terahertz pulses. In
order to estimate uncertainties of the measurements, the following sequence of the
measurements was performed: first the reference terahertz pulse (empty cell without
sample) was measured, and then measured the terahertz pulse transmitted through the
sample, and finally the reference pulse with the sample removed was measured. This
sequence was repeated several times to obtain good statistics. Typically, the amplitude
ratio of subsequent THz pulses transmitted is £ 2%. In the same manner, the delay
time of subsequent reference pulses varies by + 0.05ps. The liquid methyl alcohol
(methanol) and its isotopes (Merck, Spectroscopic grade) samples were used without

further purification. The measurements were performed mostly at room temperature
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Figure 5.1 (a) Transmitted THz pulse profile without CH30H in the cell and with N,
purged
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Figure 5.1 (b) Measured THz pulse profile with one atmosphere CH3;OH. The decay of

the commensurate pulse amplitude is shown in the insert of (b), fit to ~ e/ (T, =
23ps) (fitting, o experimental data). Each error bar corresponds to the average of three
points.

on methanol vapor within a temperature controlled 9.5-cm-long cell having 2-cm-

thick, 6.5-cm-diam windows of polyethylene windows.

The profile of the output amplitude of terahertz pulse from an empty cell as
function of relative delay time shown in Fig. 5.1a is used for reference. In addition to
the main pulse at ~ 28ps, a reflected pulse from the ZnTe crystal is observed at ~ 68ps.
When the cell is filled with vapor, the output profile of pulse changes and is shown in
Fig. 5.1b. The output pulse is followed by a series of commensurate coherent
transients appearing every ~ 21ps, which rapidly decay in intensity because of the

strong collisional broadening. In Fig.5.1 (b) one can see the transmitted excitation
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pulse followed by several commensurate coherent transients (labeled as 0 to 3) emitted

from a multilevel system due to multi-photon excitations by THz pulses.
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Figure 5.2 Transmitted THz pulse profile of signal of (a, b, ¢) 0, 1, 3™ pulses on

magnified time scale for one atm methanol vapor data presented in Fig.5.1 (b).
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Figure 5.2-Continued (d) the duration of the sequence pulses versus delay time. At, is

the duration of the sequence pulses, fit to ~e™'" (T, = 48.4ps) (fitting, o, experimental
data). Each error bar corresponds to the average of three points.
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Fig.5.2 displays the pulse shape of free decay of original pulse, the first, and
third pulses on a magnified time scale for one atm methanol vapor for data presented
in Fig. 5.1(b). The relative amplitude of the first transient is 1/2.5 that of the
excitation pulse of 2ps duration. The decay of the sequent pulse amplitudes provides
information on the average collisional dephasing time 7> associated with the linewidth
of rotational levels, AV (discussed later) From above observations, 7> = 23 + 0.5ps

was directly determined from the amplitude of the sequence pulses for CH;OH gas at

296K (see insert Fig. 5.1 (b)). An exponential decay (~e ') was used to fit the
experimental data of the amplitude of the sequence pulses as shown in the insert
Fig.5.1 (b). Under the same experimental condition, we measured the coherent
transients for CH;0D and CD;OD gases. The temporal spacing of coherent transient
occurs at ~21, ~22 and ~26ps (corresponding to the inverse frequency spacing of
rotational level for transition AJ = £1 of approximately Avg ~48, 45 and 38 GHz,
respectively)' %% between the first coherent transient and excitation pulse for
CH;0OH, CH;0OD and CD;0OD were observed, respectively. The measurement shows
the spacing between the free induction decay pulses increases with increasing mass of
the molecule, corresponding to the closer rotational line spacing in the frequency
domain. These results agree with rotational energies and transitions from on
microwave measurements. This observation indicates that within the broad spectral
range covered by the THz pulses the methanol molecules have a manifold of modes of
pure rotational absorption lines, which are simultaneously excited by the THz pulse.

These rotational levels are populated at # = 0. The molecules respond to this excitation
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by radiating a free decay signal, which decays because of relaxation, reemission,
interference and propagation effects. The pulses arise from emission from the excited
rotational ensemble at # = 0. Because the methanol molecules and its isotopes possess
an almost constant frequency spacing between the rotational levels, a periodic

dephasing and rephasing of the entire ensembles of the more than thirty excited

transitions (N = 30) is observed in the 0.2 to 2.0 THz frequency range. This

observation is in contrast to that of ethanol (C,HsOH), water vapor (H,O), deuterate
water vapor (D,0), CS; and other complex molecules studied earlier by THz time-
domain spectroscopy where no periodic pulses or coherent effects were observed.’!
These molecules do not possess commensurate well-spaced rotational resonance levels
to produce coherent response. CH3OH and its isotopes possess a set of levels at
constant frequency spacing between rotational levels in the maze of levels. The
dephasing and rephasing of excited ensembles can occur resulting in a periodic pulse
trains separated by the inverse of frequency separation between adjacent rotational
levels (Avg). This ensemble of rotational levels are excited at £ = 0. The ensemble
dephases as time process (@, = @,t) and after time of ~1 / Avg rephrases to emit
another pulse like in mode locking, which produces a pulse train. The time duration
(4t,) of the sequence pulses (0, 1, 3) increases due to the decoupling among the
rotational levels at time 77 and the centrifugal dephasing towards equilibrium (see Fig.
5.2 (a), (b) and (c)). Fig.5.2 (d) shows the change of the pulse duration of sequence
pulses versus the delay time. From the increase in duration of these pulses, a value of

depopulation time 7; for N levels is estimated to be 7/= 48 * 0.5ps using the
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relationship of Atp‘l ~ N, where N is number of coupled rotational levels after a time .
The origin of repetition pulses is a periodic rephasing of a coherent ensemble of N
excited rotational levels from a 200fs pulse with commensurate transition frequencies
between the rotational level AJ = +1, which becomes less at time increases. Because of
the repetition of the free induction decay pulses and because the frequencies are
numerical multiple of the fundamental frequency, equal to the spacing between
adjacent rotational lines, the periodic pulses have been called “THz commensurate

echoes”.

The sequence of signals show significant reshaping and pulse broadening with
increasing pulse number (0, 1, 3) which is caused by small derivations from the rigid-
rotator model of the CH3;OH molecules (see Figs. 5.2 (a), (b) and (c)); and as
mentioned, the broadening of the pulse duration is mostly caused by decoupling of N
rotational levels with time. The centrifugal forces can lead dephasing for symmetric
molecules. The centrifugal distortion is more important in the microwave spectral
region for asymmetric rotators than in the spectrum of symmetric tops. Microwave
transitions occur in asymmetric rotors between states of large angular momentum and
of very large rotational energies. As for “asymmetric” molecules of CH3;OH, the
centrifugal can increase the moment of inertia of a rotating molecule which leads the
frequency spacing between adjacent rotational lines is not constant but decreases
slightly with increasing rotational quantum number J. Each rotational line further
consists of a series of transitions associated with the quantum number K, representing

the projection of the angular momentum on the molecular symmetry axis. Due to the
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centrifugal stretching perpendicular to this axis, the degeneracy of the K transitions is
relaxed, and an additional small line shift with increasing K is observed. This
anharmonicity causes a gradual dephasing of the individual transitions and manifests
itself as a change in the pulse shape with time. Analogous to Doppler dephasing,
where there is an induced polarization in the gas and the commensurate signal is
washed out due to frequency shifts resulting from the motion of the molecules, we
assign this broadening phenomenon to centrifugal dephasing and depopulation of N
rotational levels. This is first time that this type of dephasing has been observed
directly for asymmetric complex large molecules like methanol and its isotopes in the
In conclusion, coherent transients for the methanol and its isotopes are directly
observed in the time domain. These coherent transients arise from the excitation of an
ensemble of coherent rotational levels via resonant absorption by a ~ 200fs THz pulse.
These THz pulse spans the rotational levels for the asymmetric molecules. The
emission from these excited rotational states form a sequence of pulses separated by
inverse of rotational level, AVR_], from dephasing and rephasing of the ensemble of the
excited rotational molecules in time. The signal amplitude of pulses decreases with
relaxation time 7, = 23 + 0.5ps associated with dephasing of the ensemble of
rotational levels. The decay of the pulse amplitude agrees well with 7, inferred from
the linewidth of the rotational transition Av. This agreement is explained by large
numbers of rotational transitions that are coupled and almost exactly equidistant at
Avg. These large numbers of coupled rotational levels, N, resulted in completed

superposition of the emitted electric fields at the second and subsequent pulses. This
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effect is unusual for a large molecule like methanol and its isotopes. The duration of
sequence pulses increases due to decoupling of rotational levels at time 7; = 48 +

0.5ps and centrifugal dephasing effects.
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Chapter-6 Tryptophan

6.1 Torsional Vibrational Modes of Tryptophan Studied by Terahertz
Time-Domain Spectroscopy

There is an increasing interest in understanding the molecular dynamics associated
with the vibrational, rotational, and torsional modes of biomolecules during
photodynamical and structural changes. The dynamics of molecular components of
proteins involves low-frequency collective modes of particular subunits. Molecules
excited up to the vibrational ladder can cross the transitional energy barriers'® The
dynamics of the collective modes generally occur via anharmonic interactions with
other normal molecular modes, leading to energy exchange. It is believed that the
lowfrequency collective modes are responsible for the directed flow of conformational
energy for a variety of biological processes, ranging from primary photoisomerization
events of vision to enzyme action. '°*'"” The motions of molecular subunits within
proteins are associated with different functions. Photo-induced isomerization in the
primary stages and absorption changes during structural changes in different stages of
the photo-cycles of some proteins are associated with collective motions. These
processes involve well-defined torsional modes along one of the C=C bonds of the
polythene chain. Knowledge of the relaxation lifetimes of these modes is important to
improve these processes as well as to obtain a better understanding of the theory.
Tryptophan, an essential amino acid found in proteins and present in foods, affects our

daily life. Tryptophan is one of the key biological photoactive fingerprint molecules
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used in cancer and bacteria detection using fluorescence spectroscopy. Far-infrared
(FIR) studies of materials have been limited due to the weak sources and low
signal/noise ratios, especially below 100cm™. Recently, pulsed terahertz time-domain
spectroscopy (THz-TDS) has been used to overcome these difficulties and have
become a versatile tool for spectroscopy on a wide variety of samples in the FIR. Most
recently, the THz technique has been applied to examine DNA and some other bio-

108,109,110

molecules. THz-TDS relies on coherent generation and detection of an ultra

short pulse with a large signal/noise ratio of 8000—10,000 over a large bandwidth.

In this study, the THz absorption, index of refraction, and dispersion of a
tryptophan film and pressed powders were measured and analyzed to determine the
main torsional modes and representations of the subunits in the frequency range 0.2—

2.0 THz (6.6-66 cm™).

Tryptophan films were prepared by mixing tryptophan powders with methyl
alcohol. Tryptophan powders were purchased from Sigma-Aldrich (St.Louis, MO; No.
T-941) and were used without further purification and stored in the dark below 58°C.
The molecular structure, subunits, and the diagram of a tryptophan sample are shown
in Fig.6.1. Films from 0.2 to 1.2mm thickness were prepared by applying an
approximate pressure of 100 kg ¢m’I to the mixture on a polyethylene substrate with
thicknesses of 2.0 and 4.0mm. The thicknesses of 2.0 and 4.0mm for polyethylene
windows were chosen to eliminate etalon spectral oscillations from the substrate. The

thickness of the film was measured using a micrometer (Accuaro Gold, Phillipsburg,
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NJ) with an accuracy of 60.01 mm. Pressed powders were also used as samples with

different window thicknesses.
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Figure 6.1 (a) Structure and subunits of the tryptophan molecule and (b) diagram of
the tryptophan sample. n;, n,, and n; are the refractive indices of air, the tryptophan

film, and the polyethylene substrate, respectively.
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The THz-TDS system used for the measurement was shown in Fig.2.7b.

The THz temporal profiles after transmission through a pure polyethylene
substrate alone (reference) and a tryptophan film (thickness 0.82 mm) with substrate
are shown in Fig.6.2. The analysis of the absorption and index of refraction of the
tryptophan film are performed by alternating measurements of the transmission three
times at normal incidence through the tryptophan film with substrate, and through only
the pure polyethylene substrate as a reference. To avoid complications from multiple
reflections from the substrate, the maximal recorded delay was limited to 12 ps by the
translation stage. A distinct temporal shift of about Az = 492 fs can be seen between
the peaks of Fig.6.2 a and b, which is related to the thickness of the sample d and its
group index n,. Using the relationship of group delay At= (ng -1) d/c, where c is the
velocity of light in free space, n, = 1.18 is obtained (d =0.82mm). A fast Fourier
transform of the temporal profiles (Fig.6.2) was performed, and the resultant power is
shown in Fig.6.3 for both the substrate and the film on the substrate. The power
spectrum signal-to-noise ratio was better than 104:1 on semilog P(n) plots (inset of
Fig.6.3). The absolute frequency scale is calibrated using the known positions of water
vapor absorption lines. Weak, discrete absorption lines due to water vapor are visible
as dips in the frequency spectrum and small oscillations after the main pulse in the
time-domain signal. Different THz waveforms in shape and magnitude shown in
Fig.6.3 indicate some absorption in the tryptophan film. From the Fourier transforms
(power spectra and phase shifts), we can determine the frequency-dependent

absorption and index of refraction for the film.
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Figure 6.2 Measured THz temporal profiles for (a) the polyethylene substrate alone
and (b) the tryptophan film with a thickness of 0.82 mm on a 4-mm-thick polyethylene

substrate.
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Figure 6.3 Power spectra of (a) the polyethylene substrate alone and (b) the tryptophan
film covered on the polyethylene substrate. The logarithm dependence of the power

spectra on frequency (n) is shown in the inset.

For our experimental situation with a relatively small total absorption and a
thin sample, multiple reflections of the THz pulse occur between the two surfaces of
the sample (tryptophan film). When we consider the effects of the multiple reflections
(Fabry-Perot effect) and the reflection losses from the interfaces of air/film and

film/substrate (Fig.6.1b), the field Es;(w) after the film has the form'"" :
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n(@)t,,t,; eXp l:_i nzz)d}

1+ 7,7y €xp {—21’ naod }
c

Epy, (@)= Ey () (6.1)

The reference field E,.r (@) without the sample is given by:

A

nawd

E, (@) =n(o)t; exp [—i } Ey(@) (6.2)

where Ey(w) is the incident field, and E,.(@) and Egu(@) are the reference (without the
film) and signals (with the film) respectively. All the reflection, transmission, and
propagation coefficients in media 1 and 3 are included in term 77(@) where the echoes
of the terahertz wave created in media 1 and 3 are negligible or occur in a timescale

different from that corresponding to the signal of interest.

The ¢;, and r;, are the complex Fresnel transmission and reflection coefficients
from air into the sample of thickness d; #,; and r,; are the transmission and reflection
coefficients from the sample into the substrate; and #;; is the transmission coefficient
from the air into the substrate. The complex refractive index is 7A1=n—i1(, where
kK =ca/2wm. With THz-TDS we can measure the magnitude and phase difference of
the complex transmission amplitude. The complex spectrum E,..(@) of the reference
THz pulse is related to the complex spectrum Ep, (@) of the output THz pulse by the

equation:
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Epy, (@)1 E, (@) = |((@)| exp[~iA ()] (6.3)

where the term A¢(w) is the phase shift between Eg(@) and Eref(w). Using the

Fabry-Perot analysis'"?

of Eq. 6.1 and the measured ratio of Ep.(w)/Eref(w), we
numerically remove the multiple reflection effects from our measured data and
determine the power (P(v) =E°(v)) absorption coefficient a(v) and the refractive index
n (v)as shown in Fig. 6.4 a and b, respectively. Two dominated modes occur at 1.435
THz and 1.842 THz. Under the same measurement conditions, we measured the
absorption and refractive index for two additional samples with the thicknesses of 0.4
and 1.2mm. The similar absorption coefficient peaks were obtained. The results

indicate the origin of the absorption peaks that we observed comes from the

tryptophan molecules.

To clarify and support the above results on the films, pure powders of tryptophan were
pressed between two polyethylene windows instead of onto just one window. Two
dominated absorption peaks at around 1.481 and 1.819 THz were still observed. The
peak delay of 0.63ps for the powder sample with a thickness of 0.705mm was obtained
which leads a group refractive index of 1.27 (see Fig.6.4). The refractive index of
pressed powders is larger than that of the tryptophan film (~1.18). Liquid CS2 sealed
in a 2-mm-thick quartz cell was used as reference sample. A 4.1ps shift in the time
domain was obtained, leading to the group index of refraction of n, = 1.62, which

agrees well with the previous report (see Fig. 5.8)F""r Bookmark not defined.
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Figure 6.4 (a) Absorbance of the tryptophan film versus frequency (v). A good fit
between 0.7 and 2.0THz (solid line) was achieved using the parameters given in Table
6.1. (b) Refractive index of the tryptophan film versus frequency (v).
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Using the standard expression for Lorentzian oscillators, it is possible to
extract the center frequencies vj, the linewidths I'j and the oscillator strengths S; of the
several different modes for film samples which have small inhomogeneous
broadening. For the sample of pressed powder, the inhomogeneous broadening cannot
be ruled out, and therefore Lorentzian oscillators cannot be used to describe the mode
profiles directly. The relaxation lifetime (t) of the mode can also be extracted for
Lorentzian using the relationship of z/7= 0.2.""* The Lorentzian oscillator model
offers a simple description of the complex refractive index across the band profile. It is
of crucial importance for the accuracy of the fitting procedure that our method permits

simultaneous determination of both absorption and refractive index data. The

frequency-dependent complex dielectric function used is:''*!'"*
N © Sv,
eW)=¢g,+Y —21 — =(n-ix)’ 6.4
)=+ Y = i) (6.4)

where the sum is taken over the different oscillators. The high-frequency contribution
to the dielectric function is denoted by &». The absorption coefficient and refractive
index from 0.2 to 2.0THz were fitted to two oscillators. The center frequency, line
width, oscillator strength, and mode lifetimes were extracted from the fits. The results

are listed in Table6.1.

The vibrational frequencies of the tryptophan modes are distributed from 3700

cm 1 (O-H stretching) to a few c¢m "I (collective modes of the entire protein) in the
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mid- to FIR regions. Strong force constants and small masses result in high vibrational
frequencies, such as for O-H, N-H, and C-H stretching. The concerted motions of a
large number of atoms in these low frequencies appear to be mainly from bending,
deformation, and torsional motions involving changes in bond angles. To back up the
conclusions above, the low-frequency motions of the modes were calculated using
density functional theory (DFT) with software package Gaussian 98 using B3LYP

115

theory and the 613G basis set °. The absorption spectrum and refractive index were
calculated by assuming that each resonance mode can be described as a damped
oscillator, resulting in a characteristic absorption and refractive index profile described
by Eq. 6.1.The results are shown in Table6.1. The major observed modes for the film
sample agree fairly well with the calculated results. In addition, in accordance with the
analysis for the low-frequency torsional modes for all-trans-retinal reported by
Walther et al. (2000) and Gervasio et al. (1998), the modes at 1.435 THz are assigned

to C11-C12 torsional motions and the mode at 1.842 THz is localized at the ring C1-

C9 (Fig.6.1).

Table 6.1 Molecular parameters extracted from the fit of the absorption data based on
Eq.6.1 and mode assignments in the frequency range of 0.2-2.0 THz

Tryptophan Calculated by DFT Mode assignment

¥ 1.435 THz 1.492 THz Cl11-C12

(474 cm™ Yy
I 0.2060 Chain, terminal part
8 0.0170
T 09709 ps
¥ 1.842 THz 1.80 THz C1-Co

(608 cm I]-
s 0.1820 THz Ring
52 0.m23

T2 1.0989 ps
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The curve in Fig. 6.4a shows two broad bands of THz absorbance for the film
sample centered at 1.435 THz (47.4cm’l) and 1.842 THz (60.8 cm'1). The full-width
half maximums (FWHM) of these bands are 0.2060 and 0.1820, respectively. The
refractive index as a function of frequency is shown in Fig. 6.4 b, where n(v)=1.14 to
1.2 is obtained over the 0.2-2.0 THz (6.6-66 c¢m'I) region and is consistent with the

calculated value of n,. The oscillation n('v) is consistent with absorption results.

Since localized twisting motions of nonpolar groups show a weak THz
absorption, we estimate that the THz absorbance band in tryptophan is mainly due to
many low frequency modes, which are collective modes. Because of the dense
manifold of torsional states in tryptophan in the THz region and the short relaxation
lifetime of these modes, the spectrum appears as a broad continuum of states. The fits
to bands are Lorentzian and satisfy the fundamental relationship tI"=0.2, which
connects the linewidth I' and the relaxation lifetime t. The relaxation lifetimes of

torsional modes are on the order of picoseconds to subpicoseconds.

In summary, THz-TDS was used to measure several of the FIR low- frequency
torsional vibrational modes and their relaxational times of tryptophan. The dominated
modes are at 1.435 THz for C11-C12 torsional motion and 1.842 THz for C1-C9 ring
torsional motion. The broadband FIR absorption is due to a large density of low-
frequency torsional modes with picosecond to subpicosecond relaxation lifetimes. The
refractive index of tryptophan is determined to be n ~1.18 for film and 1.27 for

powders in the 0.2-2.0 THz region. This work has important implications for
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biomolecular dynamics in the fundamental physics of biomolecular low-frequency

vibrations.
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Summary

The inter/intra-molecular dynamics in liquid and gases have been studied through
measurement of the absorption coefficient, index of refraction and dielectric function
in the far-infrared region of the electromagnetic spectrum. These absorption modes are
well described by using Terahertz Time-domain Spectroscopy (THz-TDS) based
techniques. By using this technique through both conventional time-resolved THz
generation methods (amplified Ti: Sapphire laser) and novel sources (mode-locked
Erbium doped fiber laser) the low frequency modes in liquids (water and mixtures),
gases (water, heavy water, methanol), and biological materials (tryptophan) were well
characterized. The motivation for this work is to obtain a better understanding of the
low-frequency modes in gases and liquids. This is important in biologically
understanding the molecular structures. Below are a summary for important
conclusions that have been reached for each of the materials stated in previous

chapters:

Liquids

Using THz-TDS, the far-infrared absorption properties of liquid H,O were measured.
An absorption peak was observed at 1.56THz (53cm™), which is attributed to the
hydrogen bond bending motion in the liquid H,O cage. The absorption and index of
refraction curves are described by the Double Debye dielectric model to yield the low-
frequency dielectric (0.4 — 2.07THz) relaxation time of ~ 0.2ps (fast) and ~ 9ps (slow).

The absorption due to large scale dynamics between molecules were further examined
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using mixtures, where the absorption level from 0.5M KCI solutions is found to be
above that from pure liquid water. This is due to the fact that both K™ and Cl are
considered to be strong “structure breakers”. They affect the hydrogen bond network
by breaking the bond to destroy the structure, making more “free” like water
molecules available such that the absorption mode from the ring structures weaker or
even disappear, while at the same time the absorption level increases. Our
experimental result shows that the overall absorption level is higher than that from
pure liquid water which agrees well with the “structure breaking” property of KCI as

proposed in theory.

Gases

The rotational absorption modes in water vapor were measured in 0.2-2.2THz range,
which are due to the pure rotation of water molecules at room temperature. The
experimental results show that water molecules that undergo ortho level rotational
transitions increase then decrease in absorption strength with increasing humidity,
while most para transitions simply increase as expected for higher concentrations in
the THz beam path. In terms of nuclear spin statistics, the ortho levels possess
populations three times larger than the para levels at room temperature due to the
presence of two symmetric hydrogen nuclei. Furthermore, para-H,O adsorbs onto
aluminum and silica surfaces preferentially due to its non-rotational ground state. The
condensation of para molecules results in an abundance of ortho-H>O. At higher

humidity levels, ortho molecules are involved in interactions between neighboring
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molecules more than para molecules. These interactions can be explained by
dimerization and energy-coupling processes between dimers and monomers; however
the dominant interaction that contributes to the decrease in absorption of ortho level
transitions arises from interactions between molecules in the vapor phase which

coalesce around liquid droplets either in the terahertz beam path or on surfaces.

Coherent transients for the methanol vapor and its isotopes are directly
observed in the time domain THz pulse profile. These coherent transients arise from
the excitation of an ensemble of coherent rotational levels via resonant absorption of
THz pulse. These THz pulse spans the rotational levels for the asymmetric molecules.
The emission from these excited rotational states form a sequence of pulses separated

by inverse of rotational level, AVR_], from dephasing and rephasing of the ensemble of

the excited rotational molecules in time. The signal amplitude of pulses decreases
with relaxation time 7, = 23 + 0.5ps associated with dephasing of the ensemble of
rotational levels. In addition, the duration of sequence pulses increases due to
decoupling of rotational levels at time 7; = 48 £ 0.5ps and centrifugal dephasing

effects.

Biological Materials
Tryptophan is an amino acid and essential in human nutrition. THz-TDS was used to
measure several of the FIR low- frequency torsional vibrational modes and the

relaxational times of tryptophan. The dominated modes are at 1.435 THz for C11-C12
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torsional motion and 1.842 THz for C1-C9 ring torsional motion. The broadband FIR
absorption is due to a large density of low-frequency torsional modes with picosecond
to subpicosecond relaxation lifetimes. The refractive index of tryptophan is

determined to be n ~1.18 for film and 1.27 for powders in the 0.2-2.0 THz region.

Terahertz applications

Spanning a special frequency region in the Electromagnetic spectrum, the THz
frequency is finding more and more applications in many areas such as chemistry,
biology, medical industry, cosmetics industry, astronomy and even communications.
Under decades of efforts from terahertz groups all over the world, it is coming to a

new THz era! Some solid state terahertz sources (CW)''°

are more being used in THz
applications. The following is a list of some currently exciting THz applications in
industries and other area such as anti-terrorism.
The THz applications in the medical and pharmaceutical industries:

e Pharmaceutical analysis using THz spectroscopy: discriminate the polymorphs

of the finished pharmaceutical product'"’.
e Identify the counterfeit drugs using their spectral features in the THz range'"®
e Detect skin cancer using a reflection based THz-pulsed imaging system.'"

e Tooth decay (caries) detection using the THz-pulsed imaging technique.'*

The THz applications in cosmetics industry:
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Possible partnership with cosmetics manufactures: water has a lot of
absorption modes in THz range. Most skin-care products such as moisturizers
act to increase the retained water content of outmost layer of the skin to
enhance its appearance. THz spectroscopy can then be used by the cosmetics
industry to characterize and compare the effectiveness of their products by

measuring the water content.

Other applications:

Gas detection: to identify the constituents of the upper atmosphere using

terahertz remote sensing from a satellite.'*!

. . . 122 123
e Anti-terrorism: detection of concealed weapon ~* and contraband.

The work in this thesis is based on the following publications:
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