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CHAPTER |

INTRODUCTION

1.1 Water vapor effectswithin THz range

Terahertz (THz) frequency radiation covers the eafigm 100 GHz to 10 THz which
locates between microwaves and infrared regionsz Téthnology has attracted a lot of
attentions, and the corresponding applications doase THz pulses are growing enormously,
since interests on nondestructive evaluation, rendstection, wireless communication and
security applications, such as sensing and imadiage increased rapidly [1]. For example, the
wireless communication with carrier frequency witthhe THz region are very attractive, not only
because THz frequency has the larger frequencywadtidand higher transmission rate than the
current microwave bands, but also has the lesdesicaf loss than optics in the diffusive
atmosphere, such as dust and fog [2]. Moreover]alveloss and large bandwidth digital THz
wireless ground link and satellite link are a preimg alternative solution to solve the important
problem of providing isolated cities, communitiemnote industrial, technical and scientific sites
with wideband access to the fiber backbone, insté#agsing the existing microwave ground or

satellite links [3-5].

One of common properties among above free-spaceapldiications is the requirement
of THz pulses propagated through atmosphere. Hawé¥z pulses suffer attenuation and group

velocity dispersion (GVD) from the atmospheric watapor and suspended particles, such as fog
1



and smoke, especially within the frequency rangamfr0.05 to 2 THz. Consequently, a good
understanding of the atmospheric effects includingth accurate experimental results and
comprehensive theory over broadband THz range ugiar for most of the free-space THz
applications, which require long distance propagatif THz pulses through atmosphere, such as
ground- and satellite-based radio astronomy, conmation links, and remote spectroscopic

applications.

The breakthrough technology to significantly impgoVHz research was the invention of
THz Time-Domain Spectroscopy (THz-TDS) by Prof. $8hikowsky [6]. The coherent detection
associated with femtosecond laser can measurddtieieal field of THz pulses as a function of time
by varying the time delay between the laser pugmded window and THz pulses at receiver. The
coherent detection determines the high signal-teencatio without background noise interruption.
The Fourier Transform of measured electrical figlavides the complete complex amplitude spectral

response of the sample, including absorption arde@khift.

Technology advances had promoted the researchhafsaheric water vapor absorption in
some aspects. For example, the Fourier Transforeat&mscopy (FTS), Fabry Perrot (FP) resonator
[7, 8] have made progress in the study of watepweffect. However, because of their relatively low

sensitivity within THz frequencies, the techniquébiz-TDS becomes more important in this study.

The water molecule is an asymmetric rotor witreengnent dipole moment along the axis of
symmetry. In some conditions, two or more watereooles bond together as dimer, trimer, or cluster
in gas phase. In the frequency range from 0.1 tGH®, the frequency-dependent absorptigo)
and the corresponding dispersive index of refracti@) of water vapor control the electromagnetic
propagation of broad-bandwidth THz pulses in theosphere, because water molecules have
hundreds of relatively strong rotational and vilmaal resonant absorption lines from the radio wave

range through the terahertz region. To data, skpeodessional spectroscopic databases including



Molecular Spectroscopy Database in Jet Propulsi@botatory (JPL) [9], High-resolution
Transmission Molecular absorption database (HITRAN) have been created to supply the most
accurate values of many physical parameters, ssightensity, line center frequency and line width,
for water vapor molecule and other materials. Bylgipg the molecular spectroscopic values in the
databases to a proper lineshape function, the piimorand phase shift curves over broadband THz
frequencies can be calculated and help us to diterthe attenuation on the transparent windows,

which locate between absorption lines.

Between the strong resonant lines, the so-catledspheric windows allow the transmission
of propagated pulses, which can be used as thed bireguencies communication bands and
molecular spectroscopy monitor. However, an aduiicontinuum absorption exists within those
transparent windows, which cannot be explainechbyfar-wing absorption of the resonant lines. It is
still not very clear that how the continuum absiapiderived [11]. But it has been proven that i ha

a frequency quadratic dependence based on an eahpiréory fitting [12].

Technology advances had promoted the researalateir vapor absorption in some aspects.
For example, the Fourier Transform Spectroscop\sjH8, 13], Fabry Perrot (FP) resonator [12, 14,
15] have made progress in the study of water veffect. However, because of the relatively low
sensitivity within THz frequencies, the techniqueTerahertz Time Domain Spectroscopy (THz-

TDS) [6] becomes more important in this study.

Consequently, a good understanding to the atmaoisphater vapor effects within THz range
are crucial for most of the THz applications, whigguired the long distance propagation of THz
pulses through atmosphere, such as ground- antitediased radio astronomy [13], communication
links [5], and remote spectroscopic application] [1% this report, | will use the long-path THz-TDS

technique to study the THz pulses power attenuatiuh phase dispersion after propagating through



long path water vapor with corresponding theorétivadeling, as well as the water vapor refractivity

and continuum absorption within THz frequencies.

1.2 Scope of thisreport

The outline of the qualify report is as follows:

Chapter 2 introduces two basic long path THz sehgsed on the standard THz-TDS system
used in our experiments [16-21]: 6.68m long-tubel 470m long-path. By utilizing the stable
repetition pulses of the femtosecond mode-lockrlasea precise clock, the THz pulses path can be
increased to hundreds of meters without addingaotical compensation path. Then, the long path
THz systems were designed and connected with a &tiralled chamber to have the ability of
studying the characteristics (transit time, attéiona phase) of the propagated THz pulses through a

certain distance with different levels of the atpieexric RH conditions inside the chamber.

Chapter 3 discusses the theoretical expressiothige absorptiot(m) and the phasak(w) of
water vapor resonance lines in van Vleck-WeissKgptW) model [22], which is proven to be the
most accurate model for water vapor absorptiorslifidnen, we examine the vV-W model with our
experimental power attenuation and phase shiftdoyguthe values of intensity, line center frequency
and linewidth from the JPL and the HITRAN databafs10]. Based on the good agreements
between the vV-W theoretical and our existing ekpental results, we use this vW-W model to
predict the propagation results for longer distamgdo 2 km, which could not be set up in our lab.
Two potential high data speed THz wireless comnatiio channels are observed and discussed in

detail [23].

Chapter 4 studies the refractivity of water vaporzero frequency by analyzing the linear
relationship between the refractivity and the titatimes of propagated THz pulses, which can be
explained by the Debye theory [24]. However, theresponding phase shift of Debye model is

extremely high and not physical correct. In theosecsection of this chapter, the vW-W model is
4



proved that it can be converge to the Debye thebrgero frequency, and remove the inconsistent

phase shift problem in Debye theory.

Chapter 5 investigates the poorly understood naotn absorption, which is shown as the
discrepancy between theory and experiments shov@hapter 3. With the proper pre-factor for vV-
W line shape function derived from the original émngal continuum absorption equation, and MRT
model, the calculations fits our measurements go@d agreement with new values of parameters,

which gives another view of weighting the effectdoher for continuum absorption.

Chapter 6 demonstrates the experiments of broadibedz signal propagate through dense
artificial fog. According to these tentative expeental results of minimal distortion and attenuatio
of broadband, complex THz signals through 137 rdesfse fog with an approximate visibility of 7
m, the performance of high speed THz wireless conmication channels would be maintained
[18,21], as well as the transparent windows reskfae observation of finger print spectra in remote
detection applications. The propagation of broadb@Hz pulses through a dense fog, shows that
broadband THz waves could be also considered em@gng illumination source for many potential

applications.

Chapter 7 demonstrated THz remote detection ofllsmalecules vapor, as well as the
broadband THz-TDS monitoring of evolving HDO and@#%ith a sensitivity of 10 % amplitude
absorption (5 minute integration time). The measwamrts show potential for broadband THz sensing
of small-molecule vapors with a range of a few lreddmeters. The experimental result shows that

THz-TDS monitoring of reaction kinetics within apa plume is possible.

The summary and future prospects is presentethapter 8.



CHAPTER Il

EXPERIMENTAL SETUP

2.1 Terahertz time domain spectroscopy (THz-TDS)

All of the experiments discussed in this thesis based on the traditional standard
Terahertz Time Domain Spectroscopy (THz-TDS) [6]shown in Fig. 2-1a. The broadband THz
pulses are generated and detected by photocondudipole antennas on a semiconductor
substrate, which are excited by a 10 mW, 800nn5B8IHz repetition rate femtosecond laser
pulses from a Ti-sapphire mode-lock laser. The ggad THz beam from transmitter is
collimated by a pair of high-resistivity truncategpherical silicon lens and a pair of the
paraboloidal mirrors to receiver. Finally, the étecfields of the THz pulse are measured as a
function of time by varying the time delay betweaée laser pulse and THz signal at receiver.
The corresponding amplitude spectra can be obtdigpadking the Fast Fourier transform (FFT)

of the measured time domain THz pulse.

The THz-TDS technique has several advantages olotigepath propagation study than
other methods, such as Fourier Transform spectemnéETS). The first advantage of THz-TDS
is the extremely sensitivity with a high signalrtoise ratio of up to 10,000 and very low energy
per THz pulse (0.3 femtoJoule), because the baakgrmoise is not measured during the gap
between the repetitive laser pulses, but only withe 0.6 ps window gated by each 80 fs laser

pulse on the photoconductive receiver. Another piwadvantage is that the electric field of the
6



repetitive pulses of THz radiation is measuredatliye In addition, the FFT of the THz pulse
measurements provide the complete complex amplispéetral response of the sample, which

illustrates the potential applications for THz-TERSmake entirely new type measurements.

2.2 Long-tube and L ong-path THz system

Combining a set of collimating, focusing and flaitrors with proper design to standard
THz-TDS system, it is possible to extend the THhgaom 50 cm to more than 100 m. The
generated diffracted broadband THz signal is celted into a diffraction-limited beam and
directed a relatively large fraction of the THz beanto a distant target and returned with good
coupling efficiency into the THz receiver, by a @rmble output and input coupling mirrors unit

shown in Fig. 2-1b.

The extended THz path with range of 100 m proviges huge advantage for research
related to atmospheric water vapor absorption wlablsorbs large amount of THz signal.
Compared to the usual sample chamber of severarsyéhe sample chamber introduced in our
setup has 137 m distance for THz signal propagdhosugh well-controlled relative humidity.
Weak water vapor absorption lines were observedumexperiments due to long propagation
distance. The good agreement with databases prawedhigh quality of stability and

reproducibility of our system.

Principle of Periodic Synchronization

In standard THz-TDS system, as shown in Fig. 2tia,arrival time of the THz signal
(TP1) which is excited by laser pulse LP1 at rege{iRx) should match the arrival time of LP1 in
receiver side by adjusting the time delay. Tx, Rxate the transmitter and receiver. LP1, TP1
denotes the first laser pulse and THz pulse, réisphc In other word, after split mirror, the Tx-

side laser path plus THz path should equal to thei&e laser path.
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Instead of adding compensated optical path in B&-sthen the THz path is extended,
the technique of matching path length by usinglaéiser clock as a precise multiple steps delay
line is employed in the long path system shown i B-la. From the incoming beam waist
position a to outcoming beam waist position b shawRig. 2-1b, the total extra round trip path
distance must be chosen to equal integer timesf(Mje round-trips of the ultrafast optical pulses
in the mode locked Ti-Sapphire pumping laser witketition rate of 89.69 MHz, corresponding
to a round-trip distance of 334 cm. Consequently,laser sampling pulses, used to measure the
THz reference and sample pulses, are delayed bwlsk$ down the pulse train from the

excitation pulses.

The alignment of the long-path THz optical traipitally requires no adjustments over
periods as long as two-weeks. The main stabilisyasis the reproducibility of the THz input

pulses to the optical train, caused by changdsaaser driving and sampling pulses.

6.68 m long-tube setup
Firstly, we present the experimental set-up of farge THz-TDS system with extended

round trip THz path of 6.68 m in Fig. 2-2a [17].

The total extra round trip path distance of 6.6& mesigned to equal 2 times round-trips
of the ultrafast optical pulses with a round-triptdnce of 334 cm, shown as Fig. 2-2a. The extra
THz path includs a round-trip distance of 6.18 nthimi the relative humidity (RH) controllable
chamber from the film window of box #1 to the 6hrnend mirror, and a 25 cm distance from the

film window to the top of the coupling mirror prisimbox #1.

For the best THz coupling efficiency, a Cu-coatptiesical mirror with the curvature
center of 6 inch (15.24 cm) and focal length of Ir&th (304.8 cm) is used as beam collimator

and reflector at the end of long-tube shown in Biga.



The THz-TDS system together with the removable anirlis contained in the air-tight
box #1, which is always filled with dry air. The & diameter window connecting boxes #1 and
#2 is made by stretching 12.5 um cling wrap overdpening and sealing the edges with tape.
Box #2 is air-tight and connected to a 6 inch (45@n) internal diameter, commercially
available PVC pipe. Box #2 together with the PV@epenclosure can be filled with dry air or
moist room air via the connection on the PVC capghenT connection, where a hygrometer is

installed to monitor the inside humidity.

170 m long-path setup

An improved long-path THz setup is build basegpmvious 6.68 m long-tube setup with
total extra round trip path distance increase t0 &Y. The long-path THz setup enables to
propagate the repetitive, broad-band, THz pulsd@fow-power THz beam and bandwidth from

0.1 to 1 THz transmitted through 170 m of the afphese, as shown in Fig. 2-2b [20].

Here, we use 6 large optical-quality flat mirrorghaEnhanced Aluminum coatings to
guide the THz beam as M4-M9 in Fig. 2-2b. The fdw@it we can measure to pico-second
precision, shows that the THz optical train is sigipg stable, even though the mirror mount
supports for M5-M9 (shown in Fig. 2-2b) are plagadthe floor of our basement laboratory.

Mirrors M1-M4, and M10 are on the optical table [28].

For the best THz coupling efficiency, firstly tf@cus of the 12.5 inch (31.75 cm) end
mirror is located at the beam waist in the THz-T®8tem shown in Fig. 2-1b. Then the total
extra round trip path distance of 170.46 m, is ehds be precisely equal 51 times of round-trips

of the ultrafast optical pulses with a round-triptdnce of 334 cm.
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RH Controlled Sample Chamber

In addition, we transform the entire 43.1 m lodjway in the THz laboratory, as shown
by the red rectangle in Fig. 2-2b, into a relatinanidity (RH) controlled sample chamber, by
permanently sealing ceiling with plastic sheet ggnmet button and temporarily sealing the air-
vents, lights, and lab-doors with plastic sheet t@pe. This RH controlled sample chamber gives
a 137 m round-trip THz path within the 170 m pathjch allowed us to measure the transit time
of the sharp leading edge of the reshaped THz puésea function of the controllable humidity

inside the chamber.

The THz beam passes into and out of this chambeyugh a 12.5um thin plastic film
window in the lab doorway. The humidity in the sdnghamber can be stabilized and increased
as much as 30% from the ambient laboratory valye@ lnumidifiers and four 16 liter water
heaters distributed uniformly along the hallway,ile/ttwo large fans circulate the air during
measurements. Hygrometers, located at both entlseofhamber and on the optical table, are
used to measure RH and temperature. Moreover, goitld life time of sample chamber, small
molecules vapor sample and diffusive medium, sushfog and smoke, can be added into

chamber for different purposes of study.

M easur ement Procedure

Firstly, system operation and stability are cheldikg measuring performance of the THz-
TDS system with the coupling mirrors removed. Selbpnwith the coupling mirrors are re-
installed, several THz reference pulses, transditterough the Long-Path system with
background RH (filled with dry air in PVC pipe irohg-Tube case), are measured. Thirdly, after
adding tested samples (water vapor/small molecafonfog) into the sample chamber (PVC

pipe in Long-Tube case), several Long-Path/Tube $&tmple pulses are measured. Then, again

12



the reference pulses are measured. This sequemepeiated several times during the complete

transmission measurement.

Laser Clock drift and thermal drift problem

Using the synchronization between the laser clacll the total extended THz path
requires extremely stable laser cavity and the -toibg/path setup. In our 170 m long-path
measurement, a slow drift of the measured pulsé& &t approximately 0.6 ps/hour was
observed, which is caused by both the laser-clatk @ahd the slow drift of the length of the

170.46 m long THz optical train [18, 20].

The approximate 0.6 ps/hour drift is only corresinog to a 18Qum/hour change in the
THz long-path length compared to the correspontiéngth of 51 laser round-trips. Because the
thermal drift is quite slow compared to a THz puEn measurement that requires only 3
minutes, it is possible to numerically align a esrof pulse measurements for time-domain

averaging.

The repetition (clock) rate of the Ti-Sapphire Meddcked laser is measured as
89.6948xx MHz, which corresponds to a delay betwpeises of 11.148918 ns and a spatial
separation of 3.342446 m. The optical clock ratgquie stable to six digits, and the frequency
drift and some jitter occur in the last 2 digits iadicated by the x. Over the course of an
experiment, there are slow changes in the opticakcrate of the order of 100 Hz, causing a
difference in the total long-path clock delay 063 .ps, which is almost equal to our observed

drift of 0.6 ps/hour of the measured transmittedz pidise [18].

For the slow drift of the long-path length, a IMdong part of the 170.46 m optical train
are directed by large mirrors on heavy mounts stpgddy the thick floating-slab concrete floor
of the basement laboratory, which is influencedheythermal effect of massive concrete floor of

the building. The other 21.5 m-long part of the Toftical train is directed by mirrors supported
13



on the stainless steel (SS) optical table. The ivas®ncrete floor is considered to respond very
slowly, on the order of many hours or days, to ager temperature changes, while the
temperature response of the SS table is much fdisteimportant to note that stainless steel and
concrete have approximately the same coefficienttt@frmal expansion 10-5AL/L)/°C.
Consequently, if the difference temperatiie changed by 1 oC, a length difference of 170 m x
10-5 would occur, with the corresponding changé¢him start time of the THz pulse of 5.7 ps.
This time change is approximately equal to the nlexbday to day and week to week changes. In
the following chapters, we will demonstrate thathbof the clock drift and the thermal drift are

not a problem for our measurements and data aedigsied on our experimental results.

2.3 System Capability

Based on the experimental results, the followilgsical characteristics of measured

THz pulses can be used to analyze different agf¢ested samples:

1. THz signal spectra attenuation and resonarmrptisn;

2. THz signal reshape in time domain;

3. THz signal arrival time delay;

The first two characteristics are associated with resonant absorption lines of water vapor or
molecule vapor, and corresponding phase shift.thing characteristic is related to the change of

atmospheric refractivity which is linear proportenvith water vapor density.

In the following chapters, we investigated thebgspcal characteristics of water vapor
absorption and provided a comprehensive theory modkding all of these phenomena which
have a very good agreement with experimental s\le also experimentally demonstrated the
advantages of THz signals avoiding atmosphericendgd particle influence and applications of

precise remote detection.
14



CHAPTER 11

RESONANT ABSORPTION LINESOF ATMOSPHERIC WATER VAPOR

Firstly, the experimental results of 6.68 m Londgd&€uand 170 m Long-Path are
presented. Then, we studied the van-Vleck WeissgopiW) model of absorption and phase for
water vapor [22, 25], which can be used to fit absorption and refractivity measurements.
Moreover, the proper formats of vW-W function arerided to be compatible with professional

spectroscopic databases [19].

Secondly, we fit our long-tube/path experimentutsswith on the vV-W line shape
function and JPL database [19]. The precision efttieoretical absorption and refractivity are
demonstrated by the good agreement between thelatad THz output pulse and the measured

output pulse with the same THz input pulse.

Thirdly, based on the good quality of the theasdtifitting, we have calculated the
transmitted THz pulses through the atmosphere etifgpd humidity and temperature for the
longer distances of 500, 1000 and 2000 m, and twtenpial wireless communication channels
are observed after 2000 m of propagation [19]. Ikinave proposed two ideal digital channels

based on the linear dispersion theory [23].

3.1 ThePreliminary Experimental Results of Long-tube and L ong-path system

6.68 m Long tube
15



Firstly we start from the precise coherent THz-TB®asurement of the amplitude
transmission through the atmosphere with a corretipg accuracy of better than + 10 dB/km

from 0.2 to 2 THz for power transmission.

Since there are 50 cm path enclosed in box #1dvithair filled all the time, the results
are the measurement of a 6.18 m path of the atreoseit 21 oC and relative humidity (RH)
51% [17]. Two transmitted electric field pulse aneasured: the reference pulse with dry air at
less than RH 0.5% in the sample pipe and the sapytée with the pipe filled with room air and
water vapor at RH 51%, illustrated as top and bottiaces in Fig. 3-1a respectively. Figure 3-1b
shows the corresponding amplitude spectra of thelses. The reference spectrum weakly shows
the strong water lines, indicating that the redidvster vapor in the sample space was less than

RH 0.5%. In contrast, the sample spectrum showgpkzimabsorption for the strong water lines.

The amplitude transmission shown in Fig. 3-2 & itatio of the sample spectrum to the
reference spectrum of Fig. 3-1a. For this resudt il data points are indicated by the larger
open circles separated from each other by 6.1 @Ghiz the interpolated points obtained from the
zero-padding are separated from each other by ®H4 and define the solid line. The weaker
water lines appear with their expected frequengégngths and with linewidths equal to the
spectral resolution of 6.1 GHz. The central frequyenf the measured water lines was determined
to an accuracy of + 1 GHz as indicated on Fig. 3t frequency in parenthesis is the accepted

handbook value.
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170 m Long path

Then the experimental results of the long-path Setzp are shown as Fig. 3-3 [18]. The
insert of Fig. 3-3a compares the averaged inpueptd the averaged output pulse. The input
pulse is the same reference signal in long tuber@axent shown in Fig. 3-1, when the input
pulse is coupled to the long 170 m path in labndiih RH 51% at 21 oC, the output pulse shows

very strong and extended ringing from the rotatidinas of water vapor.

The comparison of the averaged input and averaggalit amplitude spectra is shown in
Fig. 3-3b. The output spectrum shows complete alisor bands for the strong water lines and
the significant appearance of the very weak waitegs| at their handbook frequencies to a
precision of 1 GHz and with resolution limited hmielths. The spectral windows illustrates the
THz potential applications for ranging, imagingneaunications and sensing in the range of a

few hundred meters [1, 2].
3.2 Theory

The complex Fourier transform of the output TH2spuE(z,w) can be calculated by

using the reference pulse E¢),as follows

E(zw)=E(0,w) [eok(@)z rgrale)z/z 31)

whereo(m) andAk(w) are frequency-dependent absorption coefficiedt@rase shift of the unit
distance, respectively. Then the corresponding diitput pulse in time domain can be retrieved
by taking the inverse numerical Fast Fourier tramsf (IFFT) of the output frequency
components E(ap). So it is important to find the correct expressad a(o) andAk(w) for water

vapor absorption lines.

vV-W model
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The van-Vleck Weisskopf model (vW-W) was derivgdvan-Vleck and Weisskopf from
the standard Lorentz oscillator theory [22], and #V-W model has been proved to be more
accurate than the Full Lorentz and Gross modelsviter vapor [26]. The classical oscillator
theory expression af(w) andAk(w) for single resonant absorption line are giverBop. (17)

and (18) in the original vV-W paper [22],

azZnNez(a)jT 1r N Ir

me (@) | (w-a) +(¥7)" (w+a) +(27)°] (3-2a)
o AN | (wa)r(wa) | (@w)-(@w) |
m(ag—wz) 272[(w—a6)2+(]/r)2} 22[(50"'%)2-'_(17-)2} (3-2b)

wherew is the angular frequency0 is the line center angular frequeneyis the mean time
interval between collisions andt2A®0/2, which denotes the full-width half-maximum (F\Mi

linewidth. The relationship betweefw) andAk(w)is shown in Fig. 3-4.

In order to calculate(w) andAk(w) for all of the water vapor lines within THz rangkee
values of the line intensity, line width, and lioenter frequency for each line are needed to know,

which can be found from professional spectroscdptabase.

In the JPL database the absorption coefficigfat) of water vapor resonant line can be
written as the product of a line intensity lj (withnits of nm2 MHz in JPL database) and a

lineshape function &, j) [9, 19]:

a; (w):NHZO mj(c‘))Df(w'wi)' (3-3)
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where NH20 is the number density of water vapamaiecules / (cm-nm2), ang is the water

vapor resonant line center frequency in MHz, jrete the water vapor resonance line.

The absorption coefficient equation in the HITRAAtabase has the same format [10] as,

aj (&)) = NEZO I:‘d'sj ( ~) L¥ (d)&)J) (3-4)

*

where NHins the number density of water vapor in molecul¢sni3), Sj is the intensity (with

units of cm-1/(molecule/cm2) in HITRAN database)jaa)n| is the water vapor resonant line

_ _ - 5=1,/(cnd) _
center wavenumber in cm-1. Note that Sj can be exed to Ij by ' ! where c is
the speed of light in vacuum with units of m/s [1Br both the JPL and the HITRAN databases,

the total absorption coefficient is the sum of @llindividual water vapor absorption lines by

a=) a,
using the line-by-line summation method as <=1 ' .

Lineintensity and vV-W Line shape function

Because line intensity is given by database, shdafEqg. (3-2a) can be rewrote as the
same format of Eq. (3-3) to determine the corredpmn expression of the vV-W line shape

function, we can calculate water vapor absorptiog for all lines within THz range.

Firstly, after converting the classic oscillatorxpeession to the general quantum-

2 877V, | 13| /3h
mechanical system and the facfo/mto V“%a‘/ , (b and a in this quantum-mechanical

: . : .. W .
expression denote the excited and ground statpeatdgely, of the transition’), wherepba is

the corresponding dipole moment matrix element &2,27], we rewrite the Eq. (3-2a) as
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a =N B —E, /KT PN 2 2 ¥ ’ 2l
LT Y @re™ (@) | (w-a) +1r) (wrw) (1) (3-5)

Then, the line intensity |j in Eqg. (3) in the JBatabase [9] is defined as below:

477 j Da%a Sl [e’EJa/ K e'Ejb/kT]

I (T) =( :
. 3hc Q. (36)

=7y X 2 _ 2
for “ha =) : St =(23+1) 1 according to Eq. (4-28) in [25], and the rotatiespin partition

Q=320 +ne /T

function [9, 25]. Using these relationships and the

1_e‘(Eib‘Eia)/ KT ficw /kT hw < KT
] , for™

approximation: , we can rewrite Eq. (3-6) as

p—

j kT 23 +1 ~Ejo /KT
zw( * (3-7)

which is identical to the line intensitly in the first brackets of Eqg. (3-5).

In Eqg. (3-5), the rest part after the line intnhgian be treated as the vW-W lineshape

function which is given as:

) _( a)]z Aw N Aw

(VAN 2 2 2 2|
G) (@-a) +(2a/2) (o+q)+(0a/2) 8)

whereAoj is the line full-width at half-maximumyj is line center frequency. For each lineyj

can be obtained aswj = 2yksPW + ZKkfPA with yks andykf are the self and foreign gas line

broadening coefficients, PW and PA are the watg@owraartial pressure and the foreign gas

partial pressures in the atmosphere.[28].
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Finally, the absorption coefficien{w) and the phase shiftk(w) of water vapor shown

as Egs. (3-2a) and (3-2b) can be rewritten as

a(w):DDZiﬂi[wﬁ] Eﬁ rw Aw }
i j

(w-w)* +(Aw, /2)? * (w+w )+ (Dw, /2)?

(3-9a)
Ak (w) = DEEJ_ZZij (wf _wz]{l ) (wj J
[E W +w _ W —w J
(@, @) + 8wy [2)° (@ +w)*+ (B [ 2)? (3-9b)
for which
(n(w)=1) =0k(w) A, / 2. (3-10)
. D =108 37N ’ (3-112)

with N equal to the number of molecules per cub&ten to given(m) in units of inverse meters.
Now, we obtain the expression afw) and Ak(e®), which is compatible with the JPL and

HITRAN database, and will compare this model witin experimental results.
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Timedomain pulseretrieve

From these fittings of the absorption coefficiefitr) and phaseAk(ow) to the vW-W
lineshapes, we calculate the frequency compondntseotransmitted pulse through the water
vapor in the sample chamber by using Eq. (3-1).nTie corresponding THz output pulse in
time domain is obtained by taking the Inverse Femtirier Transform (IFFT) of the output

frequency components.

Firstly, for the 6.68 m long-tube experimentalulesby using the calculated(®) and
Ak(w) shown in Figs. 3-5 and 3-6, the calculated tiroendin pulse modulations based on the
IFFT of Eq. (3-1) are quite similar with the expeental signal shown in Fig. 3-7 [19]. This good
agreement of vW-W model shows the ability to cadtellthe propagated THz pulses through

longer and various RH levels atmosphere.

Then we examined the previous investigation oftstwoadband THz pulse propagation
in the atmosphere a distance of 170 m [19]. Firstlg THz pulses measured in relative low RH
conditions are used as the reference input sidoaleng path calculations. Figure 3-8 shows the
data set from a recent experiment for a 137 m path relatively good system stability for
measurements at 21 oC and RH 10.5% as the refesigta (top trace) and RH 46.5% as the
sample signal (second top trace). These two measmts were used to test the accuracy of the
longer path calculated output pulses, as shownign B-8a. The output pulses from both
calculations show good agreement with each othdrthe experiment. Consequently, we can

extend our calculations to longer lengths with oeable confidence in their tested accuracy.
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Absor ption mismatch problem

The accuracy of the results given above is acbépfar our initial calculations of pulse
propagation with a path length of 6.18 m, but farcinlonger propagation distances of 170 m, or
hundreds of meters, the discrepancy between thengds$ and calculated absorption in the
windows of transparency (minimum absorption) beflowHz can become a problem as shown in
Fig. 3-8b. The phenomenon behind this problem esporly understood continuum absorption
of water vapor, which is important in the transpangindows regions. We will investigate it in

the next chapter.

3.3 Longer path prediction

Next, we will test the predicted range of the Thiz pulse and the propagated pulse
through 170 m at relative low RH of 10.5% is usedtee input pulse to calculate the longer path
lengths of 100 m and longer at RH 51% at 21 oC.[I%ese calculations assume perfect
coupling and use the absorption and dispersions@hgiven by Eqgs. (3-9a) and (3-9b), without

considering the influence of oxygen in atmosphere.

The consequent THz output pulses are shown in 3~@g, together with the 170 m
reference input THz pulse. The THz bit pulse shelpgnges and broadens with the additional
propagation, while the higher frequency ringingignificantly attenuated. However, it remains
clear that the THz bit pulse structure is capalbldigital transmission for distances of the order

of 300 m.

Figure 3-9c presents much longer path propagatisumits of 500 m, 1000 m, and 2000 m
at RH 51% at 210C, with the same low RH input pulHgure 3-9d shows the corresponding

amplitude spectra.
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It is noteworthy that the predicted pulses ardniwithe sensitivity range of our coherent
system based on the realistic estimate of the sirappansion of a spherical wave of the actual
received signal strength. This additional attermmafactor of the amplitude spectrum is simply
the ratio of 170/(170 + L), where L is the addiabrpath length. Corresponding attenuation
factors are 0.250, 0.143, 0.077 for the additiopath lengths of 500, 1000 and 2000 m,
respectively. For the measured input pulse theasitp noise ratio is 200, indicating a receiver
sensitivity of 1 pA. The peak to peak signal of 20 m signal is 50 pA and after multiplication

by the spherical wave factor is 3.8 pA, which wolbkdobservable with a S/N ratio of 4.

Wireless communication windows observed in experiments results

A careful study of the transmitted THz pulses tigilo 170 m of humid air and longer
distance has revealed the THz bit pulse for digiiedary) communications which is composed of
the two stable, naturally-boarded windows located 0207-0.37 THz as the potential
communication carrier bands channels | and Il asvehin Fig. 3-9e and 3-9f [19, 23]. The input
pulse is the top trace shown in Fig. 3-9e and nigaky IFFT calculated from the experimental
RH 50% amplitude spectrum between 0.07 and 0.37 dfHzig. 3-9a, assuming that all of the

frequency components are in phase.

The results in Fig. 3-9f show that during the pggigon of the THz-bit pulse [2], the
pulse appears to be separating into two indepenudaées. A successful test of this concept is
shown in Fig. 3-10 for which the original THz bitlpe [2], is considered to be the overlap of
THz bit pulse | and THz bit pulse Il. The naturaundary of the water line at 0.184 THz
separates the spectra of the two pulses, and theahboundary of the water line at 0.326 THz
defines the high frequency boundary of pulse-lle Tdw-frequency boundary of pulse-l at 0.128
THz is determined by the spectral response of tHe fEceiver, slightly above the weak oxygen

line at 0.12 THz.
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From the propagation results shown in Fig. 3-10dHe THz-bit pulse 1, it is reasonable
to consider a bit stream of these pulses sepafiaedeach other by 100 ps, corresponding to the
bit rate of 10 Gb/s. And we can obtain the bierdistance product of 20 (Gb/s)-km for 2 km
propagation. Similarly, for the propagation resst®wn in Fig. 3-10b for the THz bit pulse 2,
consider a bit stream of these pulses separateddazh other by 50 ps, corresponding to the bit

rate of 20 Gb/s, giving a bit rate distance proaiietO (Gb/s)-km for 2 km propagation [23].

Proposed ideal Wireless Communication Channels

The results in Figs.3-9 and 3-10 show that theutaled propagated THz-bit pulse based
on our THz long path setup input pulse, appeabetseparating into two independent bit pulses |
and I, which corresponding to frequency bands.&@806- 0.18 THz, and 0.19 — 0.33 THz. Two
weak water vapor absorption lines at 0.184 THz@Ba86 THz act as the natural boundaries. The
low-frequency boundary of pulse-l at 0.13 THz isetimined by the spectral response of the THz

receiver, slightly above the weak oxygen line 4P0THz.

Here, we propose two ideal THz wireless commuim@oathannels | and Il spectra
centered on 95 and 250 GHz with FWHM bandwidth8@fGHz, and 50 GHz respectively
highlighted in Fig. 3-11, based on vV-W model ofsE{3-9a) and (3-9b), and the linear
dispersion theory calculations using all knowledgedate concerning the atmosphere of water

vapor, oxygen and water vapor continuum absorption.

As shown in Fig. 3-11, Channels | and Il are medi by natural boundaries. Channel |
starts with the strong O2 lines at 60 GHz and alddn the 183 GHz water vapor resonance line;
Channel II extends from 183 GHz to the 325 GHz widitee. Moreover, the Channel | has
significantly less absorption, less dispersion, éesbk group velocity dispersion (GVD) than
Channel Il. Consequently, the Channel | pulsexhosen as the lower frequency, lower bit rate,

and longer ground link, while the Channel Il pulasghe higher frequency, higher bit rate,
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satellite link, with a shorter integrated zenithtptiarough the atmosphere.

A direct 95 GHz, 20 km ground link at 9.5 Gb/s \eblave a power loss of 10 dB due to
water vapor at RH 58% (10g/m3) and 20 o C and QGdmtion, and a diffraction loss of 26 dB
for 2 m dia. antennas. A direct 250 GHz, 35,800densynchronous satellite link at 20.8 Gb/s

would have a 2 km (equivalent to the zenith integra water vapor loss of 9 dB and a

diffraction loss of 65 dB with 5 m ground and 2 atedlite antennas.
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CHAPTER IV

WATER VAPOR DENSITY REALTED ATMOSPHERIC REFRECTIVITY

In this chapter, firstly we reported the measuremeri the essentially frequency independent
refractivity of water vapor from 0.1 to 1 THz, imqmEndent of the simultaneous strong THz pulse
broadening and absorption [20]. The humidity depemndransit time of THz pulses through the

170 m round trip path Long-Path system was meagoragrecision of 0.1 ps.

Then, we shown that the converge between Debyél&sc Theory and the van-Vleck
Weisskopf Theory at zero frequency, which leadioghe issue that the refractivity of water
vapor calculated by the van-Vleck Weisskopf theaay a summation over all the water lines
from 22.2 GHz to 30 THz can explain all of the poess measurements from 0.5 MHz to
microwave, mm-waves and THz frequencies [21]. Tegult removes a long standing absorption
discrepancy in comparisons of measurements andythaad is in excellent agreement with

experiments [20].

4.1 Experiments of Refractivity within THz range

In Fig.4-1a, the transmitted THz pulses for teéerence (RH 22.23%), the first wet
sample (RH 43.01%) and the second wet sample (RBR2%8 are shown with actual transit
times. The dashed lines mark the correspondingrfisimums at 18.15 ps, 29.63 ps, and 37.63

ps. The corresponding amplitude spectra of thrésepuare shown in Fig. 4-1b [20]. The sample
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pulses show arrival time delays of 11.5 ps and p8,5respectively compared to the reference
pulse, due to the higher RH in the chamber. Basethe respective temperature and RH, the
absolute water vapor density can be calculated erohine the corresponding frequency

independent refractive index of water vapor.

The measurements of the arrival times of the fistending at zero crossing of the
received THz pulses on different days, as a funatibthe different RH are shown in Fig. 4-2a.
The straight lines show a linear dependence orchhenber RH. These parallel lines (measured
on different days) show the repeatability of theirensystem and the chamber. All of the
measurements presented in Fig. 4-2b are contaiitbthwhe dashed curves with the slopes of
6.42 ps/(RH 10%) and 5.26 ps/(RH 10%), where th& bB#ing curve has the slope of 5.84

ps/(RH 10%), with a standard deviation of 1.40

It is noteworthy that the pulse delays at a spedifRH change of the order of 5 ps from
week to week because of the small changes in tiggpath delay with respect to the laser clock
and thermal drift of concrete and steel. Howevennfthe experimental results, for a long-time
period (several tens of minuets), the stable ttaimies for several continuous scans in a series
show the stability of the optical train of the lepath setup. For a short-time period (< 3 min), the
center frequencies of measured weak water vaparptiien line in the Fourier-transformed
frequency spectra shown in Figs. 4-1b, agree with HITRAN and the JPL database to an

accuracy of 1 GHz [25], which indicates no sigrdfit laser-clock drift.

The frequency-independent refractivity is deterrdifieom the relationshibt=(rb—1)L/c,
where L = 137 m (round trip distance in sample dmarhand c is the free-space light speed.
From this relationship and the measured slope8# 5.10% ps/(RH 10%) at 21 °C shown in Fig.
4-2b, we obtain (n0 -1) = 70 x 10-6 + 10% for theasured frequency-independent refractivity of
water vapor at 21 °C and 10 g/m3, over the frequéand from 0.10 THz to 0.95 THz, which is
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consistent with 61 x 10-6 for the early 9.2, 24 @&dGHz measurements water vapor density of
9.9 g/m3 [29-31]. This dry air component remainastant during our measurements, which are

only sensitive to the changing refractivity of watapor.

4.2 Microwave and mm-Wave Debye Theory approach

Debye Theory

Previously, the low-frequency experimental resufisto 100 GHz have been understood in
terms of the Debye theory for a molecular vapope&fmanent electric dipoles [24, 32]. For low
frequencies, the Debye theory dipole polarizatibrihe vapor of water molecules will be in
thermal equilibrium with an applied electric fiakdth the frequency-dependent, complex Debye

refractivity of [22, 24, 25, 32],

ﬁD(w)—lz[ZZET’uz j/(1+ia)r) (4-1)

where N is the number of molecules per cubic cesttim p is the permanent dipole moment of
the water molecule, k is the Boltzmann constant the absolute temperature,is the applied
angular frequency andis the relaxation time required for the extermaldfinduced orientations
of the molecules to return to a random distributafter the field is removed. (Note, this
mathematical dependence is the same as for Dredeytbf electrical conductivity [33]). Eq. (4-

1) can be rewritten in the form below to enablepdencomparison with the measurements

l+iwr (4-2)

where n0(0) — 1 is the Debye refractivity at zereqtiency. The Debye refractivity can be

rewritten in terms of the real and imaginary pads
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1, (w) -1 [ (0)-1] N L[”o(o)-l]m)r
D 1+(wr)2

n 2
1+(ar) (4-3)

Initially, we are concerned with the real part loé tDebye refractivity [n0O(0) — 1]/ [1 +
(w1)2 ], which falls off from the zero frequency at@entzian with the half-width ob1/2r = 1,
equivalent to f1/2 = 1/¢&), where f is frequency. The Debye refractivityzatro frequency,

(no(0) — 1) can be directly calculated from Eg4j4s,

27N 11
3KkT (4-4)

n,(0)-1=

using the following parameters; water vapor densityl0 g/cm3 at 20 oC (T = 293 K),
corresponding to N = 3.344 x 1017/cm3 ; u = 1.86y@e= 1.85 x 10-18 StatC-cm; and k = 1.38
x 10-16 g (cm/s)2 . Evaluation of Eq. (4-4) willetabove parameters gives the value of n0(0) —
1 =59.3 x 10-6, in good agreement with previous-feequency measurements [29-31] with

no(0) —1 =61 x 10-6.
I nconsistent Debye Power Absor ption

Similarly, the Debye power absorption coefficiestobtained from the product obZ and
the imaginary part of the Debye refractivity in E4-3),

o, () =2 A0

c 1+ (wr)’ (4-5)

Consequently, the Debye broad-band absorption tNersame range must be smaller than
the observed water vapor absorption due to theiqusly discussed continuum absorption [11,
34], in order to provide a self-consistent underdtiag of the previous measurements. For our
conditions of (no(0) — 1) = 70 x 10-6, and withZX1£ 2.0 THz, at 1 THz we obtai{(w)D =

1.17/m equivalent to 5.1 dB/m = 5100 dB/km, whishimpossibly large compared to our
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experiments with longer paths [19]. With respecthe continuum curve on Fig. 1 in [17], the
calculatedo(m)D is approximately 230 times too large at 1 TH# &90 times too large at 0.3

THz.

The unusual absorption lineshap@n)D of the Debye response starts from zero at zero
frequency and initially increases quadraticallyhafitequency, but wheat becomes greater than
1, monotonically approaches the constant high-aqy limitaD(limit) , given below

:2n0(0)—1

a, (limit) o)

(4-6)
For our example, 1/= 2t x 2 THz, theaD(limit) = 5.86/m = 25.4 dB/m which is equivalent

to 25,400 dB/km and is many orders of magnitudédrighan experiment.

These impossibly large values show the previousiopifor measurements up to 100 GHz,
that the Debye response of the vapor of permanectrie dipoles was the cause of the refractive
delay is physically incorrect. Thus, there musbtieer causes of this delay such as water dimers,
and perhaps clusters [35]. However, the effectdiofers and clusters would be expected to
increase as the molecular number density squaned, car measurements show a linear
dependence. Another possibility would be thatfdrewings of the resonance lines are broader

than predicted.
4.3 Relationship of van-Vleck Weisskopf theory and Debye theory

Here, we present the van-Vleck Weisskopf (vW-W)otlyeas the more physically correct
theory for the refractivity, than Debye theory at@frequency. Firstly, we show that the vV-W
theory can be converged to Debye theory at zerquémecy, and remove the fundamental

absorption discrepancy between theory and expetifieermicrowave and THz propagation of
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electromagnetic waves through the atmospheric wadeor, which the Debye theory fail to

explain.

Then, using both the JPL and HITRAN data basesthadaccepted value of the dipole
moment pu = 1.855 Debye, to calculate (n0(0) —Hg,fdrevious microwave experimental results

can be explained, and the associated absorpti@esgrith the measurements.
Conver ge of van-Vleck Weisskopf Theory with Debye Theory

The van-Vleck Weisskopf resonant lineshape théasy been shown to converge to the
Debye theory as the resonant frequency approaares[22, 25]. Firstly, for the vW-W theory
and Egs. (3-9a), (3-9b) and (3-10) in Chapter 3hélimit aso® approaches zero, the absorption
coefficient a(0) equals to zero, the phaad#(0)z equals to zero, and the refractivity at zero

frequency due to the electric dipole moment of westgiven by

21,
0)-1) . =cD}y L. (4-7)
(n(0) =2, = DZJ:,MF

where j refers to the water vapor resonance link amgular frequencyj, and lj denotes the line
strength [19]. This zero frequency term only causgulse time shift, and consequently, has no

effect on the observed pulse reshaping.

We start from the Eqgs (3-6) and (3-7) of exprasab line intensity Ij in quantum-
mechanical theory. After converting frequency vjaongular frequencyj, Eqg. (3-7) can be

rewritten as

| =C. [&f. (4-8)

And we can rewrite Eq. (4-7) as

44



2C,
(n(0)- 1)vaw =cD DZ7
J /kT (4-9)

2 -E
2 2m \ | RI+1)e "
=c[D — .
Dz[nj Eﬁ:%ckT j ARSI

The remarkable result of Eq. (4-9) shows that fd) -1)vV-W, below 2 THz, there is noj

dependence and naoj linewidth dependence, due to the line symmetmryualzero frequency of
the vW-W theory. This significant situation onlylte in the region for whichvab << kT, which
is equivalent to vab << 6.2 THz. Consequentlyisiexpected that this term is reduced for

frequencies f above 2 THz.

Based on Eqgs. (3-11), Eqg. (4-9) can be reduced to

2 -, /KT
_ ar Hap (2‘J + 1)e I

(n(0)=2),., =N (3kT ) 2 > (23 +1)e T #19)

iJ

j

Townes and Schawlow write the fractional functianrf their Eq. (4-25) in [25] as,

(23 +)e™M
BEDNNCARS

(4-11)

which gives the fraction of the total number of smlles in the lower state of the two states of

oj. We can rewrite Eq. (4-10) as,

4
(n(0)-1),. =N (SK—ZJZWabFfa. @12)
J

for which pab is the dipole moment between the vfipeand the lower “a” of the transition).
This is important result shows concisely the ddfere between the van-Vleck Weisskopf and
Debye theories. If all the Ea are set equal to,zbeyeby, setting all the rotational lower Eaestat

to zero, fa becomes fa = 0.5, as Eq. (13-20R%h. [Using fa = 0.5, Eq. (4-12) becomes
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_ 2r 2
[(n(0)-1,,,, ], =N (ﬁ)lzﬂab | (4-13)
Townes and Schawlow [25], and van-Vleck and Weip§k22] have shown that
Dt = I (4-14)
j

Thereby allowing Eg. (4-13) to be rewritten as,

27N 17
KT

(4-15)

[(n(O) - 1X’_WV]Lim‘t =

which is identical to the Debye result of Eq. (4f@h) a vapor of permanent dipoles, and for which

we have converted to number density/cm3.

We can obtain mathematical agreement with Deby®rth if we set the fractional
functions to 0.5 in the mathematics describing @lculations, corresponding to eliminating the
rotational response and the required uniform pdjmriaof all the lower states to conform to the
Debye theory, which would only be achieved for mgerature high enough so that Ea/kT is
significantly less than one. This is due to thdéhamatical consistency with the Debye theory as
discussed in the vV-W original paper, and as dbsdriby Townes and Schawlow. This
consideration shows that for water vapor the loegfiency Debye theory may be a good

approximation, but it is not physically correct.

Water Molecule Dipole Moment Determination

The difference can be demonstrated by calculatjo(®) -1)D = 58.14 x 10-6 and (n(0) —

1)vW-W = 56.59 x 10-6 for the identical conditioasd parameters: u = 1.855 Debye, N = 3.340
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x 1017/cm3, and T = 300 K. For this comparisonwshg a difference of 2.56 %, which would

be very important in a dipole moment determination.

The earlier experiments [29-31], assumed the \gliofi Debye theory, and then used the
measured value of (no(0) — 1) to calculate the ritag@ of electric dipole moment of the water
molecule p = 1.839 Debye. An alternative methoddtermine the dipole moment of water p is
to measure the number density, which is indepenaeBtark splitting of the hyperfine lines in
rotational states of H20 lines [36, 37]. The meadwalue of 1 is equal to 1.855 Debye, which is

considered to be the most accurate value and ndbd both JPL and HITRAN data bases.

Consequently, we compare our vV-W calculationheirt measured value of (n(0) — 1)
adjusted to be 61.6 x 10-6 for a water vapor dersit10 g/m3 and temperature of 293 K.
Calculating the vV-W zero-frequency refractivityr fine same number density and using the JPL
data base for T = 293 K, we obtain 58.04 x 10-6ictvimust be multiplied by (1 &) with 6 =
0.052 added to account for the atomic and electrgponse of the water molecule that is
independent of the electric dipole moment [31]giee (n(0) — 1) = (1 #©) (n(0) — 1)vW-W =

61.06 x 10-6 in excellent agreement with measurémen

Figure 4-3 presents the complete vV-W refractiotyvater vapor at 20 oC and 10 g/m3, the
entire frequency dependent ¢)(— 1)vV-W +6(n(0) — 1)vV-W is shown from O to 1,100 GHz.
Clearly, the use of Debye theory to describe miensav and mm-wave transmission
measurements is not required. Excellent agreemmeshiown the early measurements [29-31, 38],

marked by the red circles.

As a check on our results, we have also calculitedzero-frequency refractivity with the
HITRAN data base at 293 K, and obtained 57.92 »610his is relatively close agreement,
considering that the JPL unadjusted value of 58.09€-6 at 293 K involved the summation of
3085 lines up to 30 THz, and that the HITRAN cadtioin involved the summation of 8678 lines

up to 30 THz, and shows the consistency of thesedtata bases for water vapor.
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CHAPTER YV

WATER VAPOR CONTINUUM ABSORPTION

The continuum absorption, which is defined as tifteergnce between the measured
absorption and the calculated resonance lines ptitsoy exists within those transparent windows
over broad spectral range from the microwave tdrfrared, and cannot be explained by the far-
wing absorption of the resonant lines, as mentioimedhe previous chapter. Many THz
applications required a detailed knowledge of tleasurements and theoretical prediction of the
continuum absorption because the water vapor ammimnabsorption contributes more signal

attenuation than resonant line absorption belowGHB@.

Although numerous measurements have been perforimethfrared, only a few
broadband experiments studied in THz range. Mb#tem have used the FTS technique, which
bring a considerable amount of absorption from @tisorption layer of water on the reflector
surfaces after many times reflection. In this chapte will introduce the water vapor continuum
absorption measurements based on the long paths@ttdp and compare the experimental results

with empirical equations.
5.1 Introduction

The absorption mismatch problem mentioned in Graptis related to the water vapor
continuum absorption which has a discrepancy oveadband between the observed and

calculated absorption within the windows of trangpay (minimum absorption) below 1 THz as
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shown in Fig. 3-8b.

As we mentioned before, the poorly understood comtin absorption is determined
empirically and defined as the difference betwdenmeasured total absorption and contribution
of resonant absorption lines [19]. It means that theasured amount of continuum absorption
depends strongly on the lineshape function, nurabnes, line intensities and line width chosen

for line-by-line summation method.

It has been shown that the van Vleck-Weisskopf WYlineshape fits the resonant lines
near their centers more accurately than the futebtz (FL) and Gross lineshapes [30]. Since
then, in most of the literature the vV-W lineshdpes been used to obtain the continuum
absorption within the Millimeter wave [22,31,32] caiTHz regions [33-35] under various
humidity and temperature conditions. In Chapteh8,van-Vleck Weisskopf line shape function
was successfully applied for qualitatively analysia THz pulses propagation and the

corresponding reshapes.

However, the vW-W model has an unphysical constahtie in far-wings, which will
lead to a divergence of the lineshape integral dnemuency. Firstly, a cutoff method for far-
wings was introduced to solve this problem in thee-by-line summation calculation [39].
Although the cutoff frequency of 750 GHz has beesta@mary in any studies and is related to an
assumed 1 ps “duration” of the molecular collisiotiee resonant absorption is significantly
understates at far-wings. Then, the Molecular Respd heory (MRT) was introduced as a more
physical-fitted model for resonant lines, whichlutes the molecular orientation time during a
collision.

With the precise water vapor resonant line modw, difference of absorption between

experiments and resonance can be extracted, whmnsidered to be the continuum absorption.
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The corresponding empirical continuum absorptiordehavas verified by experimental results

with different reference humidity.
5.2 Resonant Absor ption LineShape Function
vV-W model with cutoff frequency (vW-Wc¢)

The cutoff method was introduced to solve the @wbbf the unphysical far-wings of the

VvV-W lineshape in the line-by-line summation caftidns [39], which is given by:

2
o () =2] ¢ %(v- vl SN

+
v emd vy e Ve AV (5-1)

f ot (v,vj)=0. if |v—vj|2vcut

where vcut is the cutoff frequency of 750 GHz imstiwork. Using the cutoff increases the
calculated transmission of water vapor. However,(&€l) has a physical inconsistency, whereby
the calculated value becomes negative for frequeiftsrences from resonance, slightly smaller
than the cutoff frequency. Consequently, we dewdojme straight-forward procedures given in

Egs. (5-2) and (5-3) to handle the cutoff and tmielate this inconsistency.

For case 1, of Eq. (5-1) with; <v , we have

f (VV-):E(lJZ O S il
et A7 (v—vj)2+Avf (v+vj)2+Avj2 Vou " + AV} (2vj+vcut)2+Av12.

(5-2)
for which g (v,vj):o., when v, < (V-v))

For case 2, withy <vj, we have

2
1( v Av, Av. Av, 1
e e s e o M

2 2 2
v—vj) +AV§ (v+vj) +AVE Vo HAY] (2Vj_vcut) +AVF
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for which  fq (v,vj ) =0., whenvy, <(v; -Vv)

For case 3, witlv <v; <v,,, we havefq (v,vj) = fl(v,vj) :

Molecular Response Theory

Recently it has been shown that the Molecular Respdheory (MRT) lineshape well fit
the resonant lines of methyl halide, which was oles® a smooth transition from the vW-W
lineshape to the Lorentz lineshape [29]. Througteahting factor, the MRT lineshape function
smoothly changes from the van Vleck-Weisskopf (vY-Ndeshape [36] near the line center to
the full Lorentz (FL) lineshape [36] at far wing$ the resonance line. The MRT lineshape
overcomes the disadvantage of the unphysical fagwif the vW-W lineshape, as well as the
underestimated absorption from the vV-W lineshajib & cutoff. Clearly, resonance absorption
with a strictly defined lineshape function is negder reliable and comparable values of the
continuum absorption.

For the molecular response theory the absorptiefficeent of a resonant line is given by

[27-29]
a™ (v) =S(v)a" ™ (v) +(1-S(v))a; (v). (5-4)
for which a}¥™ (v) is the absorption coefficient with the vV-W linepesfunction and; (v) is

the absorption coefficient with the FL lineshapediion. S(v) is the MRT weighting function
controlling the transition from the vW-W lineshagtlow frequencies to the FL lineshape at

higher frequenciesS(v) is given simply by,
2
s(v) =1/ [1+(20r. ] (5-5)
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where 7. is the collision parameter, considered to be a oreasf the orientation time of
molecules during a collision and expected to behrfaster than the duration of a collision. The
weighting functionS(V) monotonically changes from one to zero as the #rqu increases, and

S(v) = 0.5 forvl/2 = 1/(Ztic) = 796 GHz fortc = 0.2 ps [27,28]. Consequently, for

2mwr, <1, o™ (v)=aV™"(v), and for2mr, >1, o)™ (v)=aj(v). It is important to note

that the MRT line, as defined in Eqg. (5-2), willvalys be between the FL and the vV-W lines
[27-29]. Only the half-width at half-maximumvj linewidths of the vW-W and FL lineshapes
remain as parameters, and these are calculatedTiAMN as Avj = yksPs +ykfPf with yks and

vkf are the self and foreign gas line broadenindfaments [29,35].

As shown in Fig. 5-1, v-VWc model underestimated #bsorption and MRT model
approach more precise value. This can be more Iglefmonstrated by absorption line
comparison for a single resonance line normalipeghity with center frequency at 1.0. The vV-
W (dashed line), FL (dotted line), MRT (red linetleen vV-W and FL lines) withc = 0.2 ps,
and the vV-Wc (dash-dot line) with the cut-off a3 THz (750 GHz from line center) are

plotted in Fig. 5-2. All lineshapes have (HWHM)dinidth of 3.15 GHz.

Empirical Continuum absor ption equation

The empirical equation of the continuum absorp‘f"ronas two components: one part is
proportional to the square of the water vapor phpﬁessurgv; the other part is proportional to

the product ofWand the total of the foreign gas partial pressumede atmosphel%. For the
qguantitative analysis of the measured continuum orgib®n the following empirical

parameterization can be rewrote as [12, 14]:

ac(v,294K):v2[C\;,m§,+C;|j)AmN] (5-6)
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where the density-related paramet&s=(1.33/G, and C,=(1.3% 0.84L,, and the water vapor
densityg, in g/m3 can be obtained from the partial pres§une hPa by multiplying by the factor
of 1.33 for water vapor and 0.84 for air. Ag,=C3 B and C,=C3@"* as the fitting

parameters for all of the curves which were obthiae294 K, where&g,andC are the self and

foreign continuum parameters at 300 K in units Bfkah/(hPa-GHz)2 respectively, is the
temperature factor which equals to 300/T, ns andraftheir temperature exponents, and v is

frequency in GHz.
Cross-Term (X-term)

In this work, instead of measuring the absolutal tabsorptior? of a moist sample signal
compared with a dry reference signal, we measureddlative total absorptioﬁax between the

sample and reference signals with different humid@vels, where the designation B

indicates that there will be a cross term due ¢ogiiadratic part of continuum absorption,

—S_ R_(,S s R R) - s_R)=
Aay=a”-a _(aMRT+ac)_(aMRT+ac)_AaMRT+(ac _ac)—AaMRT+Aacx- (5-7)

where theo®, afer, @ and of, afr, dF denote the absolute total absorption, absolute MRT

resonance absorption, and absolute continuum aiimorpf the sample and reference signals

respectively; And the relative resonance lines giigm Aay is linearly proportional to water

vapor number density. Based on Eg. (5-7), theivelatontinuum absorption including the cross

term Aa, is given by,

na = af-af =) G, () - (a5) |+ Cupatlel - )| (59)
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wheregy, and fiare water vapor density of the sample and refersigrels respectively, and the

density differencea, =gy —4y. Substitutinggy = gy +Aayin Eq. (5-8), we obtain:
Ady, =\ [cw {20500y + 008 ) +Ch mAN] (5-9)
and the cross term function X is given by
X =vicy, (2850 ). (5-8)

In this paper, the cross term has to be subtrdobed the relative continuum absorption

Aa, and the relative total absorptida, . Egs. (5-10a) and (5-10b) enable the comparisaheof
absolute continuum absorptida, and the absolute total absorptian which only depend on

0gy, with other works which have dry reference signals
Aa, =0, ~X =V | Gy I, +Ca[Pa By | (5-10a)
Aa=Na, — X (5-10b)

The value of water vapor density of reference Bidmal 4y in the additional cross term

aay can be obtained from the water vapor partial pressneasured by hygrometers in the

sample chamber. The quadratic frequency dependefcthe continuum absorption was

confirmed in our experiments.

5.3 Experimental Results and Discussion

Two measurements have been completed with diffelmrels of reference humidity

using the 170 m Long-Path THz system with conttblRH chamber. The first group of

56



measurement has two sets of data that were takémaodifferent days, 20 days apart, shown in
Fig. 5-3. The lowest dry reference signal had ad®i22.2% at 21°C (corresponding to a water
vapor density of 4.1 g/m3), which gave a cross-teith power attenuation of 23% of the total
continuum absorption before subtracting the creasttfor 7.0 g/m3 water vapor density
(corresponding to a RH difference of 38.2%). Theosd group of measurements has two sets of
data that were taken on two different days, 7 dmet, shown in Fig. 5-5. The dry references

had RH of 13% and RH 8% at 21°C, respectively, esponding to the reference water vapor

R
densitiedw of 2.3 g/m3, and = 1.4 g/m3. Consequently, ti@esponding cross terms X are

much reduced from the earlier measurement [29].

The measured THz pulses in each group were recdrdadthe same start position of
the time scan, which allowed obtaining the tratigie difference between the THz pulses with

various RH. The time values in ps at the beginoihthe THz signals are the absolute transit time

from the start point.AQ’V denotes the difference of water vapor density betwthe sample signal
and reference signal and is calculated by theitranmse differences of THz pulses, based on the
linear relationship to the frequency independemnt pfthe refractivity [20, 21]. This method has
the advantage of obtaining the RH along the eiath inside the chamber more precise than

hygrometers.
High Relative Humidity Reference Signal

The measured THz signals are shown in Fig. 5-3h ®8c, and the corresponding
frequency spectra shown in Fig. 5-3b and 5-3d aeeages of three THz pulses in each set. The
dry reference signals had RH of 22.2% at 21°C ésponding to a water vapor density of 4.1

9/m3) and RH of 25.3% at 21°C (corresponding taatewvapor density of 4.6 g/m3).
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The frequency independent part of water vapor céfiigy is (n-1) = 61.6 x 10-6 in an
atmosphere with RH 58% at 20 °C (density of 10 ¢/fi23]. The transit time of THz pulses

through the 137 m total round-trip path in the Ridr(sity 10 g/m3) controlled chamber is 27.9 ps

longer, than for a dry chamber. By comparing tlaasmitted time differencé! of the sample
and reference pulses with 27.9 ps / (10 g/m3)setedive water vapor density can be calculated

to an accuracy of 0.04 g/m3, corresponding to RH&4d a 0.1 ps delay change.

The relative amplitude transmission of set No. thwespect to the reference of Fig. 5-3d is
shown in Fig. 5-4a for the path length of 137 meTdorresponding relative total absorption

A dB/km for different humidity levels were fromeghmeasurements of Fig. 5-3d

coefficients
and the results are shown in Fig. 5-4b with smabtheasured window curves, obtained by using
the Matlab command in order to minimize the ripglect and locate the average value positions

of the measured points.

Four transmission windows at 0.41 THz (W1), 0.46.49 THz (W2), 0.68 THz (W3) and
0.85 THz (W4) are shown clearly within 0.35 — 1 THhe grey regions cover no signal areas,
caused by the strong water vapor absorption liédthin all four windows, the curve with 4.1

g/m3 has the lowest absorption and the upper cinares higher water vapor density.

The measured relative total absorptl‘b‘(‘r and the calculated relative resonance absorption

for the water vapor density difference v = 7.0 g/m3 are shown in Fig. 5-5a. Using HITRAN
database and MRT theory with same water vapor tjeasiexperiments, the relative resonance

R
T ~wrrwere calculated and plotted as the black solid esishown in

line absorptiorf*®vrr =
Fig. 5-5. According to the accepted definition, tantinuum absorption with cross-term X can
be obtained by simply calculating the differencewmen’? and®rr at all THz windows.

Therefore, the difference between the measuredatiao and calculated MRT absorption is the
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continuum absorption plus the cross-term X as destrEq. (5-5). We determined the values of

relative continuum absorptioﬁ"CX and X at each window, from the difference betwelea t
minima of the calculated resonance absorption wirsddo the minimum of the smoothed
windows as shown in Fig. 5-5a. The comparison betwthe empirical theory and historical

curve below 400 GHz are also shown with a 5X maggiion.

In Fig. 5-5c¢, the dashed lines for the three cuslesw that part of the continuum absorption

due to the linear dependence%ﬂl, the difference between the two curves shows fihdt of
. 2 . . .
the absorption due to tHRA guadratic components. It is noteworthy that tlaetion shows this

2 2
B dependence, but it is somewhat surprising thatgtredratic terrfA is such a relatively
small fraction of the total. For example, for 7/n§ the quadratic term is 33% of the total, and

for 5.2 g/m3 the term (highlighted in yellow) is®%nd for 4.1 g/m3 the term is 20%.

In Fig. 5-5¢, it is informative to compare the oatif the MRT resonant line absorption to the
empirically fit continuum absorption,oR= aMRT /ac , for the THz windows of transparency:
for W4 at 850 GHz, R= 2.5, For W3 at 680 GHz,0R= 3.3, for W2 at 475 GHz,&R~= 6.0, for
W1 at 410 GHz R = 2.7, for the window at 345 GHzoR:= 1.7, for the window at 220 GHzgoR
= 0.74, and at 100 GHz,dR= 0.33. For the windows below 300 GHz, the contmuabsorption
has become larger than the MRT absorption. Thimsin has driven much interest in mm wave

applications, for which the continuum absorptiothis major component.

Our empirical curve of Fig. 5-5¢, and the assedaVIRT resonant line absorption are in
acceptable agreement with the recent simulatiahetwo optimal THz communication links in
the atmosphere at 95 GHz, and 250 GHz [25]. Ihwloak for 10 g/m3 at 20 oC, at 95 GHg;
= 0.25 dB/km, andvV-W =0.27 dB/km, totab = 0.52 dB/km; at 250 GHzc = 2.8 dB/km, and

avV-W = 1.5 dB/km, totab = 4.3 dB/km. These values are comparable to alweg shown in
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Fig. 5-5c¢ (increased by 10/7 to account for théedint water vapor density). Our increased
values are for 100 GHzic = 0.34 dB/km, andMRT = 0.21 dB/km, totabk = 0.55 dB/km; For

250 GHz,ac = 2.1 dB/km, andMRT = 1.43 dB/km, totah = 3.53 dB/km.

The differenced*?=between minima of the measurement and &= 7.0 g/m3 MRT

curve for each window shown in Fig. 5-5a are pressbnin Table 1, together with the
corresponding cross-term X and the desired absaoitdinuum absorptioﬁat:. These same

parameters are listed in the table v =41 g/m3 and*A = 5.2 g/m3. Figs. 5-5b and 5-5¢
show the corresponding values taken from the tadibdewing excellent agreement with the

squared frequency dependence of Eqgs. (5-5) - (B#%).theoretical curves presented in Figs. 5-

5b and 5-5¢ are obtained from Egs. (5-8) and (548 v ~ (L33 Cy g Ca = (L.33< 0.84F,

, whereCW and Ca are given in Table 2.

Table 5-1 The determined valuesAHfX, X, Ad:in dB/km at four THz windows with

different density.

Windows Apw(4.1 g/m3) Apw(5.2 g/m3) Apw(7.0 g/m3)

All values Aac X Aac Aacx X Aac Aacx X Aac

(dB/km) X
W1 2.8 0.9 19 3.7 1.2 2.5 5.3 1.5 3.8
W2 3.1 1.1 2.0 4.2 1.4 28 6.8 19 4.9
W3 8.1 24 5.7 11.0 3.2 7.8 158 4.2 11.6
W4 12,5 3.8 8.7 165 49 116 225 6.5 16.0
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Table 5-2 Laboratory determinations of water vagmf and foreign continuum parameters in
millimeter wave and THz range. The CW and CA patanseare in units of dB/km/(GHz hPa)2.

Reference Cw CA ns nf Experimental Database  v-VW Cutoff

(x10")  (x10°) conditions Pre-factor (GHZ)
This Work  0.95 169 NA NA 0.35-1 THz HITRAN  (v/vj)* None
294 K
Slocum 0.45 412 NA NA 0.3-1.5THz HITRAN VIVj None
[13] 296 K
Podobedov 0.48* 255* 550 1.80 0.3-2.7 THz HITRAN VIVj 750
[12] 293-333 K
Koshelev 0.94* 3.11* 524 0.91 107-143GHz R98[14] (v/Vj)2 750
[9] 261-328 K

*The values are calculated from original COW forA 29

The self and foreign broadened parameters, whiole tbeen obtained from different
studies [9, 12, 13] and this work are shown in €aBl Our pressure-related continuum
parametersc,, and C, do not agree with those of [12, 13], as expectentesthey used the vV-
Wc model and the linear prefactor for the vV-Webhape function. Moreover, our ratio of
Cw/Ca = 56.2, for the contribution of dimers to thattbé water-air collisions comprising the
total continuum absorption, as described in EqO&;1s much higher than that for the other two
THz measurements of 18.6 in [12] and 10.9 in [E8id is significantly higher than that for the

millimeter measurement of 30.2 in [9].

Low Relative Humidity Reference Signal

The measured THz pulses and their correspondingidratansformed frequency spectra
are shown in Figs. 5-6a — 5-6d, for two groups efsurements taken on two different days, 7
days apart. The dry reference signals had RH of aB%l°C (corresponding to a water vapor
density of 2.3 g/m3) and RH of 8% at 21°C (corresjog to a water vapor density of 1.4 g/m3).

The measured relative power absorptianshown as black solid line and circles in Fig. Sa6e
5-6f are the power attenuation with unit of dB/km.
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In Figs. 5-6d and 5-6h the determined water vapaticuum absorption at five THz windows
(red open squares) compared to the empirical emuédr measurementsp = 11.0 g/m3 andp
= 9.8 g/m3. the values of the continuum absorpgiencompared with the empirical theory of Eq.

(5-3), using the same values of the parameters &1WC*A in Table 2.

Backward Propagation

In order to remove the impact from cross-term Xrfrihe continuum absorption calculation,
it was possible to back propagate the sample muds®y our linear dispersion theory simulation
program, to check for consistency and to determiime phase modulated input spectrum

propagated through 170 m with RH of 0%.

The experimental measurements of the transmittiederece pulse with RH 8% is shown in Fig.
5-7a, and the corresponding amplitude spectraasishn Fig. 5-7b. In Fig. 5-7a, the upper blue
is the asymmetric RH 0% input pulse, and the meakliHz pulse transmitted through the 170 m
path at RH 8% at 21 oC is shown as black middlsguand the THz pulse transmitted through
the 137 m path sample chamber at RH 65% at 21 dkeised lower pulse. The difference in
transit times between the RH 8% and the RH 65%egLiks 27.1 ps corresponding to a change in
water vapor density okp = 9.8 g/m3. The blue upper line shows the ampditspectrum of the
RH 0% input pulse and the insert shows the phasdulation of the RH 0% complex input
spectrum in Fig. 5-7b. The back-propagation waptd when the absorption lines with RH 8%
disappeared. The corresponding phase modulatetlanmlitude spectrum is shown as the upper
line in Fig. 5-7b, and the corresponding asymmeinieit pulse (calculated by IFFT) as the blue

upper pulse in Fig. 5-7a.
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Given this complex input spectrum, it is possilecheck the accuracy of the numerical
simulations, by calculating (in the frequency damyaihe propagation of the RH 0% pulse

through the 170 m path with RH 8%.

For our simulation calculations the propagated Ttises are obtained from the linear
dispersion theory calculation in the frequency dion{d], using the absorption and phase, as

shown below.
E(z w) = E(0,c) @™ ), (5-11)

for which the input complex amplitude spectrum igeg by E(Op), and the output complex
spectrum is given by E@). The phase isb = Ak(w)z. The amplitude transmission is exp|-
a(m)z/2]. The wave vectokk(o) is based on the complete van-Vleck WeisskopEliapes [1,4],
and the absorption coefficienfw), is based on the MRT combination [1,2] of the ptete van-
Vleck Weisskopf and Lorentzian lineshapes [1,2] sw@d over either the JPL or the HITRAN
data bases. The resulting time-domain pulses aré~T of E(zp) of Eq. (5-11). For the back-
propagation and the simulation shown in Fig. 5h& tontinuum absorption of Eq. (5-6) was

included.

Then given the output complex spectrum, IFFT githess corresponding output calculated
(upper red) pulse, which is compared to the meds(lmver black) pulse, under these same
conditions in Fig. 5-8a. The corresponding ampktispectra are compared in Fig. 5-8b with
measured pulse in black and calculation in red. @geeement is excellent and thereby

documents the accuracy of the simulation.
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Consequently, we have found and demonstrated the pulse to our RH controlled sample
chamber. Using this input pulse shown in Fig. 5a8d the corresponding amplitude and phase-
modulated spectrum shown in Fig. 5-8b, as the eafsr THz-TDS input pulse, we directly
obtain the experimental absorption coefficient floe 137 m path at RH 65% in the sample
chamber from the measured transmitted pulse showigi 5-8a. The results are shown in Fig. 5-

9 with the X term does not apply, because we haterchined the input RH 0 % reference pulse.

In Fig. 5-9 the measured total absorpti and the calculated MRT resonant absorption
AaMRT for the water vapor density difference of 1§/h3 are shown [1-3]. The values of the
water vapor continuum absorption were determinedads= Ao — AaMRT, shown as the red
circles for the THz transmission windows, 0.35410.0.46, 0.68,and 0.85 THz, and are compared

to Eq. (5-10), with Cw* and CA* from Ref. 1, shows the bottom black curve.

THz digital data can be transmitted through thedeims with the data rate and propagation
distance consistent with the absorption and gralpcity (GVD) [3]. Since GVD is negligible
for the continuum, the water vapor continuum oniyits the propagation distance. For THz

windows below 300 GHz, the continuum absorptioiaiger than the MRT absorption [1,3].

The Comprehensive Water Vapor Absorption M odel

With understanding of the water vapor resonant rtem and phase in Chapter 3, water
vapor frequency-independent dispersion in Chaptand the water vapor continuum absorption
in this chapter, the comprehensive model for watgpor total absorption, phase shift and

dispersion can be obtained with consideration ladlabve three parts.

For the atmosphere at 58% and 21 oC (water deoisit® g/m3), the water vapor absorption
including resonant absorption and continuum abgorpare shown in Fig. 5-10&he vV-W-

HITRAN + Oxygen phase in units of Radians/km iswhdn Fig. 5-10b. And the corresponding group

velocity dispersion (GVD) in units of (ps2/km).
71



)

(=]
|
—
\

= VR @ | ®/

WL/ \/
V J

84

20(a)

Power Attenuation (dB/km)
wn
(=3

30 k/y
I \J

ok I ny —

W N . !

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Frequency (THz)

1500

1000
b /

N

N

S

=
—~—

|
\

Phase Shift (Rad/km)

(3
[=3
S
A —

-1000]

-ISOGO 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Frequency (THz)

x 10°

e
[

GVD (ps“/km)
(=]
¥
o
A N

&
[

) 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Frequency (THz)

Figure 5-10. Summary results for the atmospheRH58% and 20 °C (density of 10

g/m3).

72



In Fig. 5-10 of summary results for the atmospletr&H 58% and 20 °C (density of 10
g/m3),the numbered shaded lines mark the digitalnconication channels at 96 GHz, 144 GHz,
252 GHz, 342 GHz, 408 GHz, 672 GHz, and 852 GHz WMRT + the continuum absorption +
Oxygen absorption is shown as the upper black curumits of dB/km. The MRT absorption is
shown as the lower green curve. The continuum ghisaris shown as the lowest blue curve.
The oxygen absorption lines are shown as the lofed} resonance lines.

It is noteworthy that oxygen absorption lines aveconsidered in MRT simulation since the
only variable in experiments is the amount of watapor. But for the demonstration of
atmospheric THz wireless communication channelsvehim Fig. 5-10, all of the water vapor
resonant absorption, continuum absorption and axygsonant absorption are considered.

Based on this comprehensive model, seven digitahmanication channels are proposed. As
marked as blue regions in Fig. 5-10, the centajueacies of the seven digital communication
channels are located in the windows of transparetwyaddition, for broad-band digital
communications, the center frequencies are alsatddcat the minimum values of GVD within
the windows to minimize pulse broadening. Thesese&enter frequencies are also indicated on

the GVD curve of Fig. 5-10c, and will be discussechore detail below.

For the absorption shown in Fig. 5-10a, it is infative to compare the ratio of the MRT
resonant line absorption to the empirically fit tonum absorption, & = aMRT /oc , for the
THz windows of transparency: at 852 GHz, Ra = 20872 GHz, Ra = 3.10, at 408 GHzy R
2.37, at 342 GHz, ir= 1.57, at 252 GHz, k= 0.62, at 145 GHz, &= 0.59, and at 95 GHz,0R
= 0.42. For the windows below 300 GHz, as thedesqy is reduced the continuum absorption
becomes larger than the MRT absorption. This sgoatas driven much interest in mm wave

applications, for which the continuum absorptiothis major component.

Although THz waves have higher attenuation thanromaves from a humid atmosphere,
rain, fog, dust and scintillations, THz waves angchbetter than the Free Space Optical (FSO)
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communication systems, which use infrared and sptimder the same weather conditions.
Moreover, the FSO has limitations on the data rates transmission distance, from eye-safety
limited transmission power, and the misalignmeniveen transmitter and receiver. The THz
wireless communication system is an alternativdoapto replace FSO with a more robust
operation in bad weather.

It is important to note that the channel frequen@i£96 GHz, 144 GHz, and 252 GHz of
this work are contained within the mm-wave domailso designated as the extremely high
frequency domain (EHF) extending from 30 to 300 JHk Our proposed Channel I, THz
ground link with the center frequency of 96 GHz &WGHz FWHM bandwidth essentially fills
the EHF-W Band with boundaries from 81-111 GHz [Bur Channel 3, THz geosynchronous
satellite link with center frequency 252 GHz andGHz FWHM bandwidth is also within the
EHF domain. At the present time no operative W-Baothmunication systems have been
developed [3], and there is no commercial actifiym W-Band up to 300 GHz, the high
frequency limit of the EHF range. The W-Band isreutly considered as the frontier for space
telecommunications.

An important demonstration of a custom built NTOtotype wireless system [3], was
the 800 m wireless transmission trial of live ted&n broadcast coverage of the Beijing 2008
Olympics [3]. The transmitted power of 10 mW of 136z Band 10 GbB (10.3125 Gb/s), had
simple amplitude shift keying, and the receiversg@nty was -35 dBm for a bit error rate of less

than 10-12 [3].

The understanding of total water vapor impact apagated THz signal shown in Fig. 5-
11, provides theoretical background for next stepimulations for the achievable bit-rates and
discussion of beam coupling provide a frameworkrsent technical specifications for some of
the high data rate applications for different remge

For the important application of Kiosk downloadif@j, the THz transmitter is attached
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to the fixed download station, and makes a wiretasmection of a few cm to accomplish an
ultrahigh download of multimedia material to the bibe THz receiver of the customer. For
applications with a range of 10 m, THz wireleskdirare a promising solution for a wireless
home entertainment system. Within this distance atable indoor RH, the water vapor
absorption can be neglected. In addition, othdridiged storage devices could set up links with
this hub to transmit a HD signal stream to the PXaviding a geometry of multi-point to point
switchable links.

For applications with a range of 50 m, THz wireléaks (852 GHz) can provide a 70
Gb/s direct point-to point connection between cot@pulusters. For a range of 100 m, the THz
wireless links (852 GHz) are ideal to provide hotsgn a stadium, where large amounts of data
are required by the crowds. With respect to theoitigmt need for the intermediate small cell and
nanocell back-haul, that would be in place at rstgeet level and would use the street signal
light poles, large sign poles, and sturdy stregttlpoles, for secure mounting,

Another significant application to consider would & THz link (252 GHz) to a geo-
synchronous communications satellite approxima@d9y800 km above sea level has several

important features compared to existing sateliities!.
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CHAPTER VI

TBROADBAND THZ SIGNAL PROPAGATE THROUGH FOG

In this chapter, we experimentally demonstrate a@gation with minimal distortion and
attenuation of broadband, complex THz signals thinol37 m of dense fog with an approximate
visibility of 7 m. By controlling the concentratidevels of fog inside the sample chamber, the
direct measurements of fog effects, involve measpitthe reshaped THz pulses and their relative
transit times to a precision of + 0.1 ps, utiliziagnode-locked laser as a precise optical clock.
We have also determined the corresponding amplgpéetra of the propagated THz pulses. The
experimental results indicate that the broadband pidses show almost no effects from passage
through a dense artificial fog, which would be impw&able for optical and IR beams. The Mie
scattering model is used to calculate the optigabity, while the Rayleigh scattering model is
used to explain the observed THz attenuation. Ardsancy between the two models can only be

resolved by assuming unusually small fog droplets.

6.1 Introduction

Advanced techniques, using propagating electrontagnaves in the atmosphere, have
attracted much attention due to their advantaggsodhbility, easy-setup, low-cost and broad-
band for many applications, such as infrared imggremote detection and Free Space Optics
(FSO) wireless communications, covering frequenfiesn microwave to infrared and optics.

However, suspended particles in the atmosphere fx), smoke, clouds, dust and smog, can
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cause severe scattering, resulting in large variatin the received power and markedly limiting
the service availability of FSO and infrared apgiions. Recent studies have indicated that the
optical power losses for dense maritime fog and eraté continental fog extend up to 480

dB/km and 120 dB/km respectively [1, 2].

In contrast to this situation, broadband THz pulsas propagate through dense fog with much
smaller propagation loss. For example, the attéowialue to optical Mie scatteringvavelengths smaller
than the fog droplet diameters) by fog with a watentent density of 0.1 g/m3 is 100 dB/km
[3,4]. In contrast, the 500 GHz attenuation, bylIBigh scattering (wavelengths much larger
than the droplet diameters) is only 2.6 dB/km foe same density fog [5]. Here, we present
experimental measurements that show that compardiet optical case, the reduction of THz
loss in a fog, may even be better than the aborgadson. We will now discuss the scattering

sizes in clouds, fogs, smoke and dust, in orddlustrate the opportunities for THz links.

Particle Size Distribution

With similar microphysical structure, both cloudsdafog can be characterized by their
water content (g/m3), optical visibility and dropséze distribution. Maritime fog is an advection
fog that forms when warm, moist air moves over eolater; the average droplet diameter is of
order 20 microns [6]. Continental fog is a radiatimg, that forms inland at night, usually in
valleys and low marshes and along rivers; it isegelty characterized by droplets smaller than 20
microns in diameter [6]. Moreover, cumulus andtagaclouds have a droplet size distribution
under the upper boundary of 50 microns [7, 8], &itll the mean diameters less than 20 microns.
The droplet number densities are in the range 6f30D per cubic centimeter. The liquid water
content is less than 1.0 g/m3 for cumulus clou@s®]. Droplets with diameters larger than 50
microns become drizzle and increase in size ddaligg as rain [8].

In addition, several human activities, responsiiole artificial cloud condensation nuclei
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(CCN), have been studied, such as, particles afitten large paper mills [10], forest fires [11]
and city pollution [12]. These effects can eithepaaden or narrow the cloud droplet size
distributions in clouds from mean cloud dropletndéters of 20 microns up to 50 or down to 10

microns.

Several other types of particles may be suspend#teiatmosphere to cause pollutions. For
example, smog has particle sizes ranging from 0&83nicrons [13]. The particle distributions
from wood-smoke sources have a single mode thatspbatween 0.1-0.2 microns particle
diameter [14]. A parameterization for the globaheral aerosol size distribution into a transport
model using size classes between 0.1 and 50 mitrahbeen reported [15]. The size classes are
sand (particle diameters larger than 50 microns),(garticle diameters between 2 and 50
microns), and clay (particles smaller than 2 misjorsince, the atmospheric lifetime of soll
particles with diameters larger than 20 micronkes$s than a day, only smaller particles need to

be considered for calculations of the radiative&f of dust.

Some works discussing fog and smoke effects on s$peEee optical links [16] and far-
infrared holograms [17] have been reported recertbwever, there is still a lack of studies on
the characteristics of broad-band THz pulse praji@gahrough dense fog and smoke. In
addition, the random variations in the refractivdex from the atmospheric turbulence caused by
temperature inhomogeneity and pressure fluctuateams cause scintillations for FSO and IR
applications. Refractive index fluctuations cantalisthe coherent phase front of an IR light
beam during passage through a few kilometers ofogppimere. THz beams are much less

susceptible to scintillation effects, comparedRdkeams.

Based on the observations of fog and cloud drople¢ distributions, we can now
understand why broadband THz signals can propdbedagh dense of atmospheres of fog and
clouds. This is due to the low attenuation of Regh scattering for which the diameters of the

droplets of fog and clouds are much less than the wWavelengths (300 microns for 1 THz).
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This property gives THz frequency the opportundy dpplications such as imaging through

dense fog, clouds and smoke, and high data ragtess communication without interruptions.

Although atmospheric water vapor absorption att&sipropagating THz signals, a series of
comprehensive, theoretical and experimental stydis has shown that for a 10 dB absorption
loss, the corresponding THz signal propagatioradis within seven THz transparent windows,

range from several hundred meters to several kilersat RH 58% (10 g/m3) and 20 °C.

6.2 Experiments

The long-path THz propagation experimental setigh@vn in Fig. 6-1a and described in
[19,20]. The combination of a standard THz-TDS eyswith the long-path propagation setup,
includes the controlled sample chamber, indicatgdhie red box in Fig. 6-1a. The total THz
propagation path, including the 137 m path witlie thamber, is approximately 170.5 m, equal
to 51 laser pulses round trips of 3.3423 m in tlvelealocked femtosecond laser with a repetition
rate of 89.6948 MHz [19]. A 12.5 pm thick sheetpdhstic cling wrap covers the lab door,
preventing fog from entering the lab. The THz psiseverse the 12.5 pm sheet with no
observable absorption or reflection.

The theater fog used in the sample chamber is gtkby a Hurricane 901 fog machine
designed to make fog for theatrical productionse Water-based Chauvet Fog Fluid (FJU), with
a specific gravity of 1.05, is a proprietary blesfdd0% poly-functional alcohols with 60% water,
being the main component. For our experiments,RHg was diluted with water 4 times the
initial FJU volume, in order to increase the watgercentage to 92% in the resulting fog. Thereby,
the dielectric constant of the droplets was redutmed7 compared to 80.3 for water. This
reduction reduces the attenuation of both Mie aaglléigh scattering by the ratio (77/80.3 =

0.96), compared to water fog.
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Fig. 6-1. (a) Photograph of artificial fog genera{t) Photograph of clear—air chamber.

(c) Photograph of fog filled chamber.
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The attenuation for optical Mie scattering by fogreases only as the square root of the
water density [3,4]. In contrast, for the Raylemggattering of mm and THz waves by fog, the
attenuation increases proportional to the watesithefb]. Also, for constant water density and
for droplets smaller than the wavelength, the Rghilattenuation is independent of the droplet
diameter. In contrast, for a constant water densitg Mie scattering attenuation is inversely
proportional to the droplet diameter [4]. If theodlet diameter would be reduced from 10
microns to 2 microns, the Mie attenuation would@ase from 1 dB/km to 5 dB/km, compared to
water fog.

Figures 6-1b and 6-1c show the 25 m view from M5(MBM6 at one end of the clear-
air chamber, before introducing the fog and theesaiaw after 30 minutes of fog accumulation.
It can be seen that, the dense fog reduces thalit§sto approximately 7 m (the distance from
M5(M9) to the first ceiling light), shown in Fig-Hc.

The measurement process is the following: Firstith the kinematic coupling assembly
of M1 and M10 placed at the symmetric mid-pointizstn the two parabolic mirrors of the THz-
TDS system, several THz pulses transmitted throthigh sample chamber without fog are
measured as reference pulses. The fog machinensttilned on for 30 minutes to accumulate
heavy fog in the chamber, then the long-path THzsddog pulses were measured. It is worth
noting that a set of input THz pulses in the stathdddz-TDS system configuration (without M1
and M10) were taken at the beginning and end ofdgesxperiments, in order to monitor the

stability of THz input pulses.

Double Debye M odel

The Rayleigh absorption approximation can be diseébg condition within THz range,
instead of Mie scattering theory for fog effectsTatiz signal propagation. The microstructure of
the particle can be ignored [43].

To calculate the power attenuation, we will ordguds on the model introduced by Liebe
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et al [43],
a=0.1820N'( f) (6-1)

where N” is the imaginary part of the complex eaftivity, and f is frequency in GHz. The output

of Eq. (6-1) is in unit of dB/km.
N (1)=p(93[€ (y>+9] (6-2)

wherep denotes the water density in unit of g/nﬁ(é +2)/£" .

£(1)=(a-a)/[1+(1/0) |[+(ame)[1+(1/1)" ] ve,
£'(1)=(e0-e)(1/ o)/ [ 1+(1/10)" [ (&) (1/19)/ | 2+( 1/ 15|

where g, =77.66+ 103.3(3007 K |, & =5.48and &, =3.51.

(6-3)

6.3 Discussion
The measured transmitted THz pulses and the camdspy amplitude spectra

propagated through the long-path chamber withagiafod with dense fog, corresponding to Figs.
6-1b and 6-1c, are shown in Fig. 6-2a and 6-2bh\tfi¢ highest fog concentration in the sample
chamber, the visibility is reduced to approximatélyn, as shown in Fig. 6-1c. The transmitted
THz fog pulse, with only the small relative timdaleof 0.6 ps, appears to be almost identical to
the clear-air (no-fog) pulse. Previous work [20% lséaown that the transit time of the THz pulses
has a linear relation with the refractivity andridgy with the density of the water vapor in the
chamber. The 0.6 ps delay would correspond to anwaipor density increase of only 0.2 g/m3.
Assuming that this delay could be caused by thetkadf, the corresponding fog density would
be 0.9 g/m3, as shown by previous calculations (&ken the amount of fog solution used by the
fog machine, and the 30 minute fog lifetime in tmamber, due to fog evaporation and leakage,

we estimate a fog density of 1.1 g/m3. This dengityes a water fog optical loss of 332 dB/km
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[3,4], corresponding to a 7 m attenuation of 2.3 @lich is too small to explain the 7 m
visibility of Fig. 6-1c.

The ratio of the transmitted amplitude spectreheffbg pulse to the no-fog pulse, shown
in Fig. 6-2b, gives the amplitude transmission euiv Fig. 6-3. The measured transmission is
relatively flat and does not show much more attéooain the higher frequency regions, in
contrast to the relatively strong frequency depandeof the transmission through water vapor
for the same 1.1 g/m3 water density increase [A§]shown in Figs. 6-3 and 6-4, the predicted
strong monotonically decreasing transmission duéh&broadband attenuation calculated for
Rayleigh scattering by the water droplets of a ¥ath same density of 1.1 g/m3 [5], is in
dramatic disagreement with the observations, whidw much less attenuation.

Figure 6-4 compares the measured attenuated spewiith that for the calculated of water vapor
absorption with the density increase of 1.1 g/n8,[&nd for the attenuation predicted for the 1.1
g/m3 fog only effect [5]. The water vapor resulbgls increasing attenuation within the range of
0.6 - 0.9 THz. The calculated fog-only transmitspeéctrum based on Eq. (6-1) shows increasing
strong attenuation across the entire band, muohggr than the observations.

In order to obtain agreement with the mm-THz fofralations of Liebe [5], shown in
Figs. 6-3 and 6-4, the water density would havedaeduced from 1.1 g/m3 to 0.2 g/m3. The
1.1 g/m3 value estimates that one half of the totaisumed fog solution resulted in useful
experimental fog within the chamber. Clearly thigestionable high efficiency could be an over-
estimate.

The water fog optical attenuation at 0.2 g/m3 hesnbcalculated to be 141 dB/km [4],
giving our 7 m visibility an optical power attenigat of 0.99 dB, in disagreement with the strong
attenuation shown in Fig. 6-1c. This situation skakat the current understanding of attenuation
due to scattering in water fogs, cannot consisteaiplain our coupled optical and THz
measurements. However, the diluted theater fogpeaed to optically scatter more than pure

water, due to smaller droplets. For undilutedgotutions, the droplet diameters range from 1 to
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2 microns. For our 92% water solution, the diantseteould be expected to be larger than 2
microns and smaller than for pure water fog. Finalhe Liebe calculations [5] need to be
experimentally validated at THz frequencies.

The THz spectral windows are similar to the refegegpectrum, without frequency shifts
or additional resonant lines. According to thesgatve experimental results, within an optically
dense fog the performance of high speed THz wiselmsmmunication channels would be
maintained [18,21], as well as the transparent awslreserved for observation of finger print
spectra in remote detection applications. The myaflan of broadband THz pulses through a
dense fog, shows that broadband THz waves couldsbeconsidered as a promising illumination
source for many potential applications. For exampldz imaging through a dense fire smoke
could guide fire-fighters to the safest path, all a® providing guidance through the extremely
dense smoke of a forest fire. Another promisingaveuld be to help the instrument landings for
airplanes under severe conditions of fog, or srnogplcano dust.

In summary, high impact experimental results hagenbpresented. At present, there are
many inconsistencies between the previous opti@dsurements and how they influence THz
properties. Much of the published theory has nagnbexperimentally tested, and questions
concerning the sample properties remain. Howewased on these stimulating results, all areas of
guestions will be addressed in future work, in ortbeconclusively document the pre-viewed

possibilities for important applications.

Fog, Rain and Scintillations

The effect of rain on direct THz links is approxielg for 4 mm/hr, for a calculation
based on the ITU-R-Model-2003 [50]. For the seveannels described in this paper, we can use
the conservative upper value of 4 dB/km to deteentite new 10 dB attenuation lengths for all of
the channels in the presence of 4 mm/hr rain. $imgple approach adds 4 dB/km to the entire

absorption plot shown in Fig. 9a. The resultingvmmthlengths in the rain for a total of 10 dB
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attenuation mentioned in Fig. 5-10 in Chapter 5thesfollowing: Channel 1: 96 GHz (2.2 km),
Channel 2: 144 GHz (1.9 km), Channel 3: 252 GH3 (mn), Channel 4: 342 GHz (630 m),
Channel 5: 408 GHz (375 m), Channel 6: at 672 G338 (n), and Channel 7: 852 GHz (115 m).

The attenuation of fog with a visibility of 50 m dcna density of 0.1 g/m3 is
approximately 0.4 dB at 100 GHz and monotonicallgs to the constant value of 4 dB/km for a
plateau starting at 700 GHz and extending past 16B@ [51]. This dependence gives the
additional fog only attenuation for our seven ctesmf 0.4 dB/km, 0.6 dB/km, 1.3 dB/km, 1,8
dB/km, 2.2 dB/km, 4.0 dB/km, and 4.0 dB/km, at 982, 252, 342, 408, 672, and 852 GHz,
respectively. This simple approach adds these sdtuthe attenuations for the channels shown in
Fig. 5-10a. The resulting new fog pathlengths Wi@hdB attenuation are the following: Channel
1. 96 GHz (10.3 km), Channel 2: 144 GHz (5.1 k@hannel 3: 252 GHz (1.9 km), Channel 4:
342 GHz (730 m), Channel 5: 408 GHz (400 m), Chhénat 672 GHz (130 m), and Channel 7:
852 GHz (110 m).

However, if such a fog is associated with the hutyidsing to RH 100%, the attenuation
of the 7 channels shown in Fig. 5-10a would neelleioncreased by the factor 100/58 = 1.72,
these values added to the fog only attenuationsngabove. For these large attenuations due to
the fog only plus the increase due to the assatia®% humidity, the corresponding 10 dB
attenuation, channel lengths are the following:i@leh 1: 96 GHz (7.2 km), Channel 2: 144 GHz
(3.4 km), Channel 3: 252 GHz (1.2 km), Channéd42 GHz (450 m), Channel 5: 408 GHz (240
m), Channel 6: at 672 GHz (80 m), and Channeb2:BHz (70 m).

For the direct long-path links, it might be expeéctihat scintillations, time varying
fluctuations in the refractivity, due to atmosphketemperature and humidity variations, would
lead to phase distortions of the transmitted caitefélz pulses and consequent changes in the
incoming beam direction. The effect of turbuleoce propagating electromagnetic radiation has
been predicted theoretically [52], and verified esmentally for propagating IR and optical

radiation [53], that the log amplitude variance ashplitude fluctuations due to atmospheric
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turbulence varies as (f)7/6 , with f = frequency.

Consequently, it was quite surprising that the olese mm-wave turbulence effects were
more than 2 orders of magnitude larger than exgedteais is due to the comparatively very large
and frequency independent refractivity of wateroraffom microwave frequencies to beyond
1000 GHz [37, 54]. Within this range, the sciatilbn effect is expected to increase with an
essentially linear frequency dependence. An exparirmeasuring intensity and angle of arrival
(AOA) effects has been done with a 140 GHz beanr pa¢hlengths of 1.3 km. Also, for a
longer 25 km path with a 173 GHz beam, using amrfetometric radar system capable of
measuring deviations of micro-radians, an AOA dsiion with standard deviation of only 10
micro-radians was observed [55]. Consequentlypotforproposed longer links scintillation does
not appear to be a problem, even though for higrefjuencies the problem becomes more

severe.
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CHAPTER 7

THZ DETECTION OF ATMOSPHERIC SMALL MOLECULE VAPOR

We have measured the rotational signatures of amalikcule vapors at frequencies within the
atmospheric THz transmission windows, using THz ¢-Ombe and Long-Path propagation
system. In the Long-Tube system, the THz beam jgaes along a 6.68 meter round trip path
including a long sample tube (5.4 meter round pd@ph) where holds the analyte vapor. In the
Long-Path system, the THz beam propagates ovemiEtér round trip path with analyte vapor
contained in a relatively short 1.2 meter roung tpath sample chamber. The rotational
signatures for each system were described in allld# windows area. For the Long-Tube
system, the peak detection sensitivity is sufficienresolve a 1% absorption feature. For the
Long-Path system, the peak detection sensitivitysufficient to resolve a 3-5% absorption
feature. To our knowledge, both of these demonstraitrepresent the first of their kind for
broadband ultrashort THz pulses.
Then we demonstrated broadband THz-TDS monitorihg@welving HDO and D20

vapor plumes over a 170 m round trip THz propagagiath. The measurements show potential
for broadband THz real-time sensing of small-madleotapors with a range of a few hundred

meters.
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7.1 Introduction

The remote sensing of molecular gases and vapahg iregion between 0.1 — 1.0 THz is
feasible within THz windows have relatively highartismission, especially at the lower THz
frequencies, although the strong absorption of Taddlzation by atmospheric water vapor. For RH
34% at 20 oC (corresponding to water vapor derisiyg/m3), the predicted THz propagation
length with 10 dB of loss is about 2 kilometers0e8 THz and about 125 meters at 0.93 THz.

These propagation lengths are potentially usefus and vapor sensing applications.

Continuous Wave (CW) techniques have been apptiddeé THz window from 0.22 —
0.30 THz for active detection of analyte vaporgyatund level. Gopalsami et al. developed a
millimeter radar chemical sensor based on a BW@cedl6]. Using rapid scanning of the BWO
they attempted field detection of a methylchlorglame at a distance of 60 meters from the
source. However, THz detection of analyte vaportherambient atmosphere using broadband

ultrafast THz pulses has not been previously detnaiesl.

The current limitations in detection sensitivity, @ell as the type of vapors where this
method can achieve specificity it's important tsess the potential of using broadband THz
pulses for remote sensing applications. The stantdez-TDS system uses only about 10 mW of
optical power to gate each the transmitter andivegeout of more than 300 mW. A low power
beam of THz pulses with 30 nW of average poweeisegated. The returned power was reduced
to 130 pW, after a propagation of 170 meters, Wifises due to water vapor absorption, coupling
back to the receiver, and diffraction losses, aeiteed in Ref. [18]. However, the THz waveform
still can be measured with a signal-to-noise rédiN) of 200.

Pressure broadening places a limitation for the BEzsing of vapors in the ambient
environment. The relatively light molecules disatssere represent favorable cases because of
the small partition functions and large separakbietween rotational lines. For molecules that can

be described as symmetric tops, a 5 GHz FWHM predstwadened line width implies that the
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rotational constant (total angular momentum) showitlbe much smaller than 5 GHz in order to
at least partially resolve the rotational bandsweieer, it should be mentioned that the detection
of small molecules such as HCN, HCI, H2S, and CH2@x@ relevant to the sensing of toxic

gases and vapors. Heavier molecules are far malteoping for detection because of their large
partition functions and more complex spectra, wietd to merge into broad absorption features

at ambient pressure, compromising specificity.

Another challenging problem for sensing in thedied the atmospheric fluctuations in
humidity, temperature, pressure, and increased amicdl vibrations. These atmospheric
fluctuations can affect the repeatability of sigaad reference measurements conducted over a
given time duration. There is also uncertainty mj@cted detection levels of analytes due to
uncertainties in the level of moist and dry air thmmum absorption which are pressure and
temperature dependent, and due to line mixing (86llision-induced coupling of energy levels

undergoing a transition) which can be significararabient pressure.

7.2 THz Detection of Small Molecule Vapor

Experimental Setup

Both Long-Tube and Long-Path THz systems are usedmfeasurement of analyte
vapors. For the Long-Tube THz system with a roupdbath length of 6.7 meters, the analyte
vapors sample chamber is 5.4 meter round trip lasgshown in Fig. 7-1a. For the Long-Path
THz system with a path of 170 meters, a relativétprt 1.2 meter round trip path sample
chamber is used for analyte vapors, as shown in#ikp. We briefly describe these apparatus

below with some modifications for the detectiorvapors.
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The measurement sequence for Long-Tube systemf@laws: the tube is first purged
with dry air to a reach a desired relative humidithen the tube is sealed for subsequent THz
waveform measurements. For measurements at antigndlity, laboratory air is first circulated
through the tube for several minutes. Referencaessage measured over a scan length of 166 ps
corresponding to spacing between points in theurrgy domain of 6.1 GHz. The sample vapor
is then introduced and signal scans are measumdtioy same time base. A 40 micron step size
is used for the waveform scan leading to 625 datatp (0.26667 ps/step). In the current
apparatus a single scan takes approximately 18hdedo complete. Typically, four reference
and signal waveforms are averaged. The averagethemezero-padded to 1650 ps and Fourier
transformed to obtain spectral amplitudes. The -padding performs an interpolation in the

frequency domain but does not improve the speealution.

The data acquisition parameters used in the lobg-tneasurements is also used in the
long-path measurements. The following sequenceaesl to perform long-path measurements of
analyte vapors contained in the sample tube. The dtlse train then propagates through the 170
meter path making a double pass through the sacefileontaining only ambient laboratory air.
The pulse train returned to the receiver is meakarel this waveform serves as the reference.
After measurement of typically six to eight refererwaveforms the sample tube is loaded with
an analyte vapor through a small hole in the sifi¢ghe tube. The signal waveform is then
measured and repeated six to eight times. Eacherefe and signal waveform is zero padded to
1650 ps and then Fourier transformed to give splkeamplitudes. From these measurements the

average signal and reference spectral amplitudesadculated.

In general, for measurements in the time domaianghs in the starting time of the
measured signal cause frequency-dependent phasgeshian the corresponding complex spectra.

However, if there is no significant time drift dog the time duration of the measurement, the
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amplitude spectra of the corresponding signals db aihange. Consequently, under such

conditions, averaging of many pulses should invelveraging of their amplitude spectra.

Long-Tube System Results and Discussion

The first example of a long-tube vapor measurenierfor acetonitrile (CH3CN) vapor.
CH3CN is a symmetric top molecule and its rotati@pectroscopy has been well studied using
high resolution methods [22,23]. For the case ofogpheric pressure broadening the rotational
constant B is approximated as 9.199 GHz, whichdeadh manifold of equally spaced rotational
transitions separated by twice the rotational aonistl8.40 GHz.

Figure 7-2a shows the signal waveform (averag@wf fneasurements) where the long-tube
sample chamber contains CH3CN at a concentratioappfoximately 200 parts per million
(ppm). The RH in the sample tube was 14%. The vaametontains two components. The highly
oscillatory pattern with large amplitude at eafipds is due to the interaction with the rotational
transitions of water vapor. This signal decaysiecigifitly to expose a second component which
consists of echo-like pulses centered near 79 ¢¢4.38 ps. The echo pulses are a consequence of
the coherent excitation of (nearly) equally spaceidtional transitions of the symmetric top
molecule. Such echoes in THz transients were fidsterved by Harde et al. [24] and
subsequently by Mittleman et al. [25], both usingzTbeams contained in a standard THz-TDS
spectrometer, and without interference from watgpor. The observed recurrence timeis
approximately 54 ps, which corresponds to the sweaf the frequency spacingt(= 1/18.40
GHz)) between rotational bands. The decay of the qulses is to first order related to the
collision broadened linewidth. We note that for & meter path the echo pulses are easily
observable at the low RH of 14% in the sample téthesignificantly higher RH the interference

from the stronger water vapor signal would tendliscure the echo pulses.
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Figure 7-2b shows the Fourier transform of the i@we. Here, the spectral amplitude
clearly shows the equally spaced rotational abswrgiands. Superimposed on the spectrum is
the nearly complete absorption due to the strongmxaapor transitions at 0.55 THz, 0.75 THz,
and 0.98 THz.

Figure 7-3a shows amplitude absorbance spectra GBI3CN vapor at three
concentrations inside the sample tube: 200 ppmp@® and 12 ppm [20]. The amplitude
absorbance is the natural logarithai/Q) of the ratio of the signal amplitude spectruonmthe
reference amplitude spectrum. These measuremenesmagle at a much higher RH of 51%. The
strong modulations in the spectrum are due tonhemplete removal of saturated water vapor
absorption. At the highest concentration the roteti manifold of CH3CN is clearly observed.
The J»J+1 bands are not fully resolved because of thebowd pressure and instrument
broadening. We also note that each absorption banthins a superposition of non-degenerate
K - K transitions, which add slightly to the width dfet absorption bands. In the region where
S/N is the highest (0.4 — 0.7 THz) the frequencaas be measured with a precision of about +0.5

GHz.

In addition, CH3CN has a relatively low frequendyrational mode (v8) at 365.05 cm-1,
which is doubly degenerate (v8=1=8226 GHz [23]; v8=2, B9.252 GHz [23]). At room
temperature the THz absorption from vibrationallycieed CH3CN is non-negligible. The
rotational bands of CH3CN (v8) will have a frequgnlependent offset from ground state

CH3CN because of the different rotational consitatihe excited vibrational state.

As the CH3CN vapor concentration is lowered to $0npthe amplitude absorbance
becomes correspondingly smaller. The limit of ouwstedtion sensitivity occurs near a
concentration of approximately 12 ppm, where anegrpental amplitude absorbance of about

1% is measured with S/N~1. The negative amplituggodbance near the water vapor lines is
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resulted from a slight increase in the humidityelem the sample tube during the data collection

for the 12 ppm sample.

We compare the experimental spectrum for CH3CN he theoretically predicted
spectrum using database values for the CH3CN liegquencies and line intensities that are
tabulated in the JPL spectral line catalog [26]e Hibsorption coefficient between pairs of J, K
levels in CH3CN can be calculated using

a5 () =S, (V) INIF, (7-1)

Where a.\J/,K (V) SX,K

is in cm-1, is the line intensity (cm-1/molecule cm-2) for a J+1, K- K
transition, the index v represents the vibratistate, N is the number density (molecules/(cm3-
atm)), Po is the partial pressure of the analytgovgatm), and g{ is the Lorentz lineshape

function,

g(v):i{ v }

—Vv)2 + 2
m (V, —V) +Av | (7-2)

with transition frequencyd,K, and, for simplicity, the half widthv is taken to be the sum of the
pressure broadening and a Lorentzian-type instrtahevidth Avp + Avinstr. The spectrum is

obtained by summing over J,K states and vibratistates v. For our calculation we only
consider the ground vibrational state v=0 and ¢hreffequency mode v8=1, for which the values

of transition frequency and line intensity are &atae in the JPL catalog,

a(v) =Y [ayv) +ay ()]
IK . (7-3)

For most molecules in the JPL catalog only thetiantal partition function is considered
in the calculation of the line intensities. Howeuarthe case of CH3CN in the ground vibrational
state the partition function incorporates vibrasibstates up to about 1200 cm-1 in the partition
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function [26]. Incorporation of the vibrational pision function for CH3CN (v8=1) is not

Vv8=1
mentioned, therefore we scaled th&X by the vibrational partition function using thermanic

oscillator approximation,

where the product runs over the vibrational moa@esl di is the degeneracy. Only the lowest

WV

vibrational mode v8 is considered leading to Z¥ith.46. The X are converted from JPL units
of nm2-MHz to units of cm-1/(molecule cm-2), anénhmultiplied by the fractional abundance

of the main isotopologue [27],

1,S) « (NM’MHz)
2.99792458 1§ (7-5)

S; « (cm™/ moleculexcm™?) =

We have not scaled th%;/*K from their tabulated values at 300 K to the expentrat 298

K. This represents a small correction for the aurexperimental sensitivity. In the calculation
Av =5 GHz (0.15 cm-1), N = 2.46019 molecules/(cm3-atm), Po xID-4 atm (200 ppm), and

L = 540 cm. Fig. 7-3b shows the calculated ampétatisorbance for CH3CN from Eg. 7-3, and
the contribution made by CH3CN(v8=1). The frequedependent offset of the CH3CN (v8=1)
rotational bands slightly broaden the rotationaildsain the summed spectrum, and to add to the
absorption pedestal. The calculated peak amplitld®rbance of about 0.31 is in approximate
agreement with the peak experimental absorbanfe26f We note, however, that the calculated
absorbance does not contain contributions from QM®B=2). A comparison of the peak band

frequencies of experimental and calculated spstioavs agreement to within 1 GHz.
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curve) for D20 sample with a vapor concentratio@®s® ppm and at RH = 51%. The
inset shows absorption resonances in the expandedrtfrequency range. (b)

Experimental amplitude absorbance spectrum (blacke} and JPL fitting (red curve).

100



In the second example described below in Fig. ddps of liquid D20 were introduced
into the sample tube containing laboratory air Bt R51%. The evaporation of the drops was
facilitated by slightly heating the tube from ungesth. Assuming complete vaporization, the
volume of liquid corresponds to a vapor concerdratf approximately 750 ppm in the sample
tube volume. Figure 7-4a shows the reference sgeamplitude (top black curve, no D20

present) and the signal spectral amplitude (botemhcurve, with D20 present). There are twelve

absorption dips in the region between 0.4 — 1.0 dHk to the analyte vapor. Eight of these are
indicated by the blue arrows. The inset to Figarshows the frequency region between 1.2 — 1.6
THz, where the spectral amplitude returned to geeiver is relatively small, but still sufficient
to observe an additional eight absorption linese bast fit is shown as the red curve in Fig. 7-4
and corresponds to a ratio of 22:1 HDO : D20. Avlated D20 absorption near 0.693 THz is

indicated by the black arrow in Fig. 7-4.

L ong-Path System Results and Discussion

The measurement of target vapors over the muchetoh@g0 meter round trip path is
more challenging because of increased water vapsarption, greater fluctuations in humidity,
and thermal and mechanical fluctuations leadingaoations THz pulse path length. In this
section we investigate the ability of the long-pagiparatus outlined in Fig. 7-1b to measure the
rotational spectra of CH3CN and the HDO/D20 mixtufigure 7-5 compares spectral
amplitudes for the reference (upper black curvegnetthe sample chamber (1.2 meter round trip
path length) contains ambient air only and sigh@ahér red curve) where the sample chamber
contains CH3CN vapor at a concentration of 800 ppixed with ambient air. The higher
concentration is used to achieve similar absormgioength as for the 4.5 times longer PVC tube.

Each of the curves is the average of six separatsuanements. The laboratory RH was 50%.
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Within the transmission windows several of the tiotaal absorption bands are clearly

observed as dips in the spectral amplitude signal.

In the measurement, six reference waveforrmsseegere collected first (no CH3CN in the
chamber) and the spectral amplitudes averaged tainothe reference spectrum. CH3CH was
then introduced to the chamber and allowed to #xjate, and six signal waveforms collected
and the spectral amplitudes averaged to obtaisigmal spectrum. As a check of the system and

environmental stability, a second set of referesgans were taken. Typically we found that the

two sets of reference spectra showed agreemenithonvg%. A full sequence of measurements
required about 1 hour to complete.

The final example shown below in Fig. 7-6 is théedgon of a HDO/D20 vapor mixture
contained in the sample chamber within the 170 mEltéz path. Here, D20 liquid is initially
evaporated in the sample chamber in an amount @&euiv to a vapor concentration of
approximately 3000 ppm. As before, the four-foldyéx concentration (compared to the long-
tube measurement) is used to compensate for theeshoteraction path. Figure 7-6 (black
curve) shows the experimental amplitude absorb&mcthe HDO/D20O mixture in the presence
of 50% RH. The result is the average of eight mesamants. Despite the much increased effect of
water vapor absorption and lower S/N compared ¢ocirresponding long-tube measurement,
seven absorption lines marked by blue arrows cadidilnguished from the noise floor and are
due to the analyte vapors. The red curve is theofithe experimental spectrum based on a
superposition of HDO and D20 database line freqesrend relative line intensities. The best fit
occurs for a 2.4:1 ratio of HDO: D20. Also from tfie we find that the accuracy of the
experimental line frequencies is within 1.5 GHztloé JPL catalog values. This finding is an
indication the stability of the long-path apparatusr the approximate 1 hour time to perform the

measurements.

103



20d " '/ 7 ' +'/
a 1.5- | /
R 1.04 4
G |
e }
2 |
o 054 /
2 %7 |

0.0 —’J\t

T T T T T T T

0.4 0.5 0.6 0.7 0.8 0.9
Frequency (THz)

Fig. 7-6. Experimental amplitude absorbance spetthiack curve) where D20 liquid
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approximately 3000 ppm. The red curve indicateelative fraction of HDO:D20 of

2.4:1.
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It's useful to discuss the sensitivity of the lopath system to the detection of various

small molecule gas/vapor analytes. With resped&do7-1, we use the molecular cross section

(cm2/molecule)0‘vj =S50 for a transition between states i and j, and tbeinon density,

u=NFRL (molecules/cm2). From this we estimate the coluhensity needed to detect an

analyte using the ~3% criterion for amplitude apton (~6% power absorption). For CH3CN in
the ground vibrational state we consider the rotati band corresponding to the J=387
transition in the transmission window near 0.680zTHA HWHM width of 5 GHz for the
combined pressure broadening and instrumental broagd is used for the lineshape factor, g.
Summing over the K K transitions contained in the JPL database yialdsabsorption cross
section of approximately 1x20-19 cm2/molecule (scaled for the fractional alaunoe of
CH3CN), which yields a column density of 8 ®17molecules/cm2 (equivalent to 140 ppm-m)
needed for a 3% amplitude absorption. This may drepared to cases of a relatively strong
absorbing gas, such as HCN, and a relatively wdmorhing gas, such as H2S. For these
molecules we use values from the JPL databasedsicaléne main isotopologue. The vibrational
partition function is not considered here. Forasedl rotational lines in transparency windows we
find for HCN withv =0.886 THz andAv =3.5 GHz:c =1.7x10-18 cm2/molecule; and for H2S
with v = 0.708 THz andAv = 5 GHz: ¢ = 8.7x10-21 cm2/molecule. For a 3% amplitude
absorption the column densities are approximateBx1®16 molecules/cm2 (21 ppm-m) for
HCN and 6.91018 molecules/cm2 (2800 ppm-m) for H2S. For ouresu system setup, using a
120 ms acquisition time per waveform time step,r@mum of 75 seconds is required to collect a
625 step waveform. To acquire a set of eight signdl eight reference scans for a 3% sensitivity

to absorption would require a minimum of 20 minutes

7.3 Remote THz monitoring of an Evolving Gas-Phase Mixture
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Our goal in this project is to investigate abilitfyLong-Path THz-TDS system to monitor an
evolving vapor plume under ambient atmospheric timms at 1 atm pressure and RH of 30-

50%. The classical exchange reaction between H2D2® was monitored as:

D,0(g)+H,0(g) 0 1. 2HDO(g) -6
where kr is the reaction rate. As shown in Figgl @nd 7-7, the well separated rotational
absorption lines of D20, HDO and H20O can be obskmé¢he atmospheric THz windows below

1 THz. And the reactants and products concentratiom be determined by center frequency

position and amount of power absorption line.

Upon comparison with the JPL catalog [26], we fihdt the majority of the line frequencies
agree with the rotational transitions of semi-heasyger vapor, HDO. In the presence of H20 the
H and D atoms will rapidly exchange according te thaction: H20 + D2Q. 2HDO. In the
presence of excess H20 the equilibrium will be efito increase the concentration of HDO. The
conversion to HDO is likely facilitated by interamt with H20. To determine the extent of the
conversion we fit the experimental absorbance sp@cto a superposition of D20 and HDO
absorbance spectra using the line frequencies iardidtensities from the JPL catalog [26]
(which are then converted using Eqg. (7-5)) andedathe ratio of HDO:D20O spectra to obtain a
best fit. The fit shown in Fig. 7-4 for Long-Tubgstem implies that about 92% of D20 has
converted to HDO. In the case of Long-Path systmaller percentage, about 45%, of the initial
D20 introduced to the tube has converted to HDGhasvn in Fig. 7-7. The closeness of the fit
to the experimental spectrum indicates the stgbdit the THz-TDS long-tube apparatus and
confirms the ability to determine the line frequiesscwith accuracy better than 1 GHz in the

spectral range shown.

The fundamental studies for the exchange kineticgas-phase are important, because

D20/H20 exchange kinetics has been well-studiethéncondensed phase, but relatively few
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measurements have made in the gas phase. For Ljghade, reaction rate typically on
(millisecond)-1 scale at room temperature. For Blagse, reaction rate on (100-1000 second)-1

scale at room temperature.

Determination of Decay Time of Sample Chamber

Firstly, in order to obtain the life time of sampihamber, 20 ml of HDO liquid were
evaporated into sample chamber for RH 30% at 20Tdte. total volume of sample chamber
which is converted from hallway is 21.7 m3, whicbrresponding to 100 ppm initial
concentration in chamber. A set of 7 continuousis@e shown in Fig. 7-8, with a scan time of 5
min. Inset of Fig. 7-8 shows the increasing spg@mplitude of absorption line at 0.890 THz

due to reduced concentration of HDO.

By exponential fitting the decreased absorbancabsbrption lines at xxx THz and xxx
THz, two chamber decay times are obtained as 1#h6amd 13.7 min. The average chamber
decay timerc = 13.2 min. It is noteworthy that the sensitivitiyLong-Tube THz system is about

5 ppm.

M easur ements of Reaction Rate of D20 and H20

30 ml of D20 was evaporated into chamber at RH 3020 oC, using 4 hotplates which
are uniformly distributed along the sample chamBeset of 5 continuous scans with 1 min scan
interval have been obtained. As shown in Fig. D80 lines can be easily observed in reference
signals at the start. From scan #2, D20 lines dse enormously due to the reaction and decay

time of chamber, while HDO lines appear clearlyrasked by red arrows.

Combine both of chamber delay time and reactios, e absolute decay rate for D20

and HDO can be written as:
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Fig. 7-7. Frequency spectra of set of 7 continugmas of HDO sample using Long-

Tube system. Inset shows the increasing amplitudbsorption line at 0.895 THz.
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d[D,0] _

dt _(kr"'kc)[Dzo]
% =2k [D,0] -k [HDO] 7

then the corresponding concentration decay ratdeanritten as exponential curve:

[D.0](t) =[D.0], CR
[HDO](t) =2[D,0], (1~ )e™ (7-8)
Using Eq. (7-8), we can calculate the reactioe katfrom both D20 and HDO as shown

Fig. 7-9. The average reaction rate kr of 3.6 mia-dpproximate 2X faster than kr determined

from NMR measurements of D20/H20 vapor containeMR tube.

Here, we demonstrated broadband THz-TDS monitoahgvolving HDO and D20
vapor plumes over a 170 m round trip THz propagapiath, with a sensitivity of 10 % amplitude
absorption (5 minute integration time). The detetlimit reaches 5 ppm HDO over 132 meter
round trip path through plume. The measurementw glaiential for broadband THz sensing of
small-molecule vapors with a range of a few hundreders. The future plan is to improve S/N
by at least an order of magnitude, since only al@umW of optical power is used of the 300
mW available. The experimental result shows thakz-TBBS monitoring of reaction kinetics
within a vapor plume is possible. More accurate sueament of rate constants will obtain using

faster waveform scanning.
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CHAPTER 8

SUMMARY AND FUTURE PROSPECTS

In this report, | haveexperimentally and theoretically investigated THumiation
absorption from water vapor resonant absorptionficoum absorption and scattering loss by
suspended particles determines the maximum prapagalistance of THz pulses in the
atmosphere. The reshaping of propagating broadviidith short THz pulses is controlled by
both the refractivity and the absorption of wataper resonant dispersion. With this quantitative
knowledge of all above introduced atmospheric ¢ffen THz pulses propagation, we can design

free-space THz applications and analyze their pediace based on the atmospheric limits.

The frequency-dependent absorptiofw) and the corresponding dispersive index of
refraction nf) of water vapor control the electromagnetic praimy of broad-bandwidth THz
pulses in the atmosphere, because water molecales $everal thousand rotational resonant
absorption lines from the radio wave range throtigh terahertz region. (Oxygen gas has a
cluster of approximately 25 overlapping lines at@8z and a single line at 120 GHz.) Not only
does water vapor absorption attenuates the powgroplagated THz pulse, but the water vapor

dispersion reshapes and distorts the propagatedtilde severely.

Many simulation codes have been developed to mtgelabsorption of THz
radiation by water vapor in the atmosphere. Thel tetater vapor resonant line
absorption can be calculated as the sum of alefridividual resonant lines with the
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corresponding molecular parameters. To date, deyrdessional spectroscopic databases
including Molecular Spectroscopy Database in Jep#sion Laboratory (JPL), High-Resolution
Transmission Molecular Absorption Database (HITRAMYe been created to provide the most
accurate values of the parameters, such as intetigié center frequency and line width, for
water vapor molecules and other species. More®i@iRAN is the only database to provide the
factors of air-broadened width and self-broadenédthy which can be used to calculate the
linewidths of the individual absorption lines, whiare also sensitive to the relative pressure and
the ambient air pressure. The spectroscopic databalsHITRAN provide 8678 water vapor
absorption lines up to 30 THz, and 4679 oxygen i|dtsm lines up to 8 THz, respectively. The
necessity to include strong absorption lines ab®vEHz is due to the strong effects on the

attenuation and phase from their far wing absonptio

By applying the molecular parameters of water vapmiecule from spectroscopic
databases to a proper lineshape function, the piisorand phase shift curves of water vapor
over broadband THz frequencies can be calculatefharSthe Molecule Response Theory (MRT)
has been experimentally proven to be the most atelineshape model to well fit the measured
absorption line. MRT lineshape model includes thelecular orientation timec during a
collision and changes smoothly from van Vleck-Weigs (vV-W) lineshape near the line center
to Full Lorentz (FL) lineshape at far wings of ttesonant line. The MRT lineshape overcomes
the disadvantage of the unphysical far-wing ofulieVV lineshape, as well as the underestimated

absorption from the vV-W lineshape with a cutoff.

From the result of simulation, the frequency sebilow 1 THz are divided into seven
regions called transparent THz windows by waterovagesonant absorption lines, and the
attenuation increase as the frequency increaseatRrmsphere at 20 °C and RH 58% which is
equivalent to a water vapor density of 10 g/m3, ghever attenuation at 0.3 THz is less than 5
dB/km, but the power attenuation at 0.85 THz isualé® dB/km.
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In additional to the resonant absorption, atmospheter vapor also introduces another
kind of attenuation on THz spectra is called cantm absorption. The continuum absorption
covers the entire broadband frequencies and camhserved within the transparent THz
windows. The continuum absorption cannot be explhiny far-wing absorption of the resonant
lines. It is still not clear that how the continuuabsorption is derived. But it has been
experimentally verified to have quadratic frequedeypendence and to be a combination of two
ambient air pressure terms. One term is propoiticmahe square of the water vapor partial
pressure; the other term is proportional to thalpco of the water vapor partial pressure and the

foreign gas partial pressures in the atmosphere.

The empirically determined continuum absorptiorussially defined as the difference
between the measured total absorption and thelatdduabsorption of the resonant lines. The
determined continuum absorption depends stronglyhenlineshape function, number of lines,
line intensities and linewidth chosen for the lmeline summation method. In the latest report,
the continuum absorption reaches nearly 30 dB/kpoefer attenuation at 0.85 THz at 20 °C and
RH 58% which is half of the corresponding resoratrgorption. However, below 0.3 THz, the

continuum absorption has higher attenuation thaonant absorption.

Besides atmospheric water vapor, different weatwerditions bring various particles
into atmosphere, such as fog, dust, rain and smdvich also influence the propagated THz
pulses. The physical understanding of this phenomés relatively simple, and mostly depends

on the comparison between the wavelength and stetdited particle sizes.

Recent work demonstrates that fog with a visibibfy5 m attenuates the amplitude of
THz pulses transmitted through 137 m by only 10%sd2l on the observations of fog and cloud
droplet size distributions, we can understand ttoadtband THz pulses can propagate through
dense of atmospheres of fog and clouds, with cepiapagation loss, due to Rayleigh scattering.

The fog particles are generally considered to be than 50 microns in diameter, which is much
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smaller than the THz wavelengths (300 microns faiHk). This property gives THz frequency
techniques the opportunity for applications suchnaeging through dense fog, clouds and fire

smoke, and high data rate wireless communicatioimowt interruption by fog, cloud and smoke.

In the future works, we will introduce the complélecular Response Time theory,
including both MRT attenuation and MRT phase shifstead of vW-W phase, for more precise

calculation model.

We also plan to continue the experiments of the Tdilses propagation through
diffusive medium including fog or smoke environngnsing the longer life-time chamber and
optical power meter. The optical power meter withypde quantitative record of the visibility of
diffuse environments. It will lead an investigation the THz wireless communication, imaging
and other applications in different weather condsi, such as imaging in a fire fighting

environment, and the possible precise aircraftifapohstruments.

The future plan for research on molecule evolvimgéas-phase is to improve S/N by at
least an order of magnitude, since only about 10 of\ptical power is used of the 300 mW
available. More accurate measurement of rate cotsstaill obtain using faster waveform

scanning.
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