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INTRODUCTION 

A convenient organizational paradigm is that the evaluation of any spectral region for 
possible application can be divided into the consideration of the production and detection of 
radiation the propagation/transmission of the radiation from source to detector, and the 
[fraction of thamdiation with matter. From this perspective two important attnbu es mark the 
THz and determine both the current state-of-the-art and what is ultimately possible: the 
difficulty of producing THz radiation and the nature of its atmospheric propagation. The former 
is discussed in a companion report from Simon Verghese of Lincoln Laboratory, 

Also included in this report is a specific discussion of gas detection in the THz  Because the 
basic resolution limit for molecules is Doppler broadening (which is proportional to frequency), 
orders of maanitude higher resolution is possible in the THz region than in the infrared or 
optical. A result of this is that the complex and unique rotational ^ger-pnnts oftheTarge 
majority of gas phase molecules can be resolved and the observation of the THz Doppler limited 
Tpectra resdts in an absolutely specific identification in virtually all circumstances. However, to 
be Doppler limited in the THz, the pressure must be -0.1 Torr. As a result at atmojphenc 
pressure THz spectral lines (as well as infrared and visible) are broadened to ~5 GHz and both 
specificity and sensitivity are lost. Any attempt to use THz techniques to detect trace gases at 
atmospheric pressures must address these issues. 

After briefly discussing the basic physics of interactions in this spectral region and 
atmospheric propagation, specific examples of THz molecular spectra will be presenteeI to 
nitrate specific cases of interest. Finally, a small, fast, and potentially inexpensive THz point 
detector that has a well-defined research/development path will be described along with a 
sp cuTative, high-risk scheme for the detection of trace gases at atmosphenc pressure. Because 
the former will operate at low pressure, its identifications of gases will be quantitative and 
virtually absolutely specific. Because of its use of a time resolved double resonance scheme, 
the atmospheric pressure remote sensing proposal, while not absolutely specific, should have 
much higher specificity than would result from the usual spectroscopic gas detection schemes in 

the atmosphere. 

I. The basic physics 

We will begin with a brief review of the basic physics of the interaction of THz radiation 
with matter, with specific examples that impact sensors and remote sensing. Because the nature 
of the interactions in the condensed phase and the gas phase are fundamentally d^ren^  will 
beoin by discussing them separately. To a very good approximation the interactions of THz 
radttion with gases depend upon the properties of the rotational quantized states of molecules, 
while those in solids are describable classically as lossy dielectrics. 

'Gases: 

1   Individual atoms in general are transparent to THz radiation. Their electronic energy 
level differences fall in the optical and ultraviolet and their nuclear fine and hyperfine 
interactions are very small and typically occur in the radio. Furthermore, there are few free gas 



phase atoms in nature and this, coupled with the very small absorptions at radio frequeneies, 

"TSS^S ffi«. set of energy leve.s and intentions: electronic lev^s 

^T^F^^^ 

HCI between u ana i   n*. , resolution elements. As a result, this 

many THz, whereas heavier gases like Sarin have peaks around 03 THz. This is discussed 
more detail in the attached reprint from an article in Analytical Chemistry. 

lb  Traction Linewidths: Of special significance to both remote sensing through the 
ZD.  irans,u radiation for molecular detection are the mechanisms which 

!™DopplX ding. Doppler broadening arises from the random kinetic rnohon of the 
molecufes   For gas phase molecules near ambient temperature the ratio of the Doppler 
broadel" «.Ye transition frequency is -10* (-100 kHz a. 100 GHz). Molecules pressured 
broaden the atmosphere typically have widths of 5 GHz. Thus, molecular hues m the 
amrosphere have lines that are typically 5000 rimes broader man hues ,n a spectroscop.c cell 

of rouaionTLsitions can be linked both experimentally and theoretically to concentration. 
AX» also provide accurate quantitative measurements of 8™°™°°^ 

2d   SDectralcompIcrity/specificity:   It is significant that many (102- 10») rotational levels 
are SÄSfLi whereas for vibrational and electronic levels typically only the pound 
S" latedP „ear 300 K. This results in great rotational ^«J»S » 
t\>* TH7   FiPure 2 shows (a*ain on a compressed scale - fewer than 1/100 ol the resolution 

mTems Ä«ed) tne spec*™ of SO, between 200 and 300 GHz  Because*is ,s: a 
heavier species it has a much more complex and dense spec ram than any of the spec.es sho 
i„ Fi<mre 1   However when its spectrum is blown up in Figure 3 to show a 1 GHz region 
hera me DopplerwTdh is perhaps 1/5 of the width of the plotted line) the spectrum once again 
"vSÄ empty. FU 4 shows a 100 GHz region of Figure V %*££T 
molecules are lighter much empty space occurs even on this compressed plot. Issues and 



examples involving heavier species with denser spectra are considered in more detail in the 
attached article from Analytical Chemistry. 

Thus because in the THz so many resolution elements are available and filled by the rotational 
spectral of molecules, even in complex mixtures absolutely specific identification and 
quantitative analysis are possible at low pressure. This is a unique feature of the THz spectral 

region. 

2e   Atmospheric Pressure: Figure 5 shows the same gases as Figure 1, but broadened to 
the ~ 5 GHz typical of pressure broadened lines in the atmosphere. Comparison to Figure 1 
shows that the absorption strengths are essentially the same, but that the ~106 resolution elements 
have been reduced to -100. Figure 6 is the same as Figure 5 except that a real standard 
atmosphere has been included. In this graph water has been increased from 1 ppm to -1% (7 
Torr partial pressure) and an empirical continuum (see below) included. Note that the 
absorptions of the trace gases have not been reduced, but rather they are overwhelmed by the 
absorption of the abundant water (1%) and oxygen (20%). The impact of the real atmosphere on 
trace oas detection thus has two elements: . 

i   The absorption that reduces the probe signal, especially at the Ingher THz frequencies, and 
ii  The fluctuations in the probe signal due to atmospheric fluctuations (which are largely 

unknown and unstudied, but which probably occur on a meteorological time scale (» 1 ms)). 
On this time scale, these fluctuations will dominate by many orders of magnitude the system 
noise which is off of the bottom of this chart by perhaps 5 decades. Below, we will propose a 
high risk 'double resonance1 modulation scheme to overcome this problem as well as to 
significantly increase specificity. 

3. THz compared to IR: Although not specifically an issue here, it is useful to make a brief 

comparison with infrared interactions: _ 
a. The pressure broadening is wavelength independent - thus lines which are pressure 

broadened have widths which are independent of spectral region. 
b   Doppler broadened lines have widths proportional to the frequency. Thus for Doppler 

broadened lines, THz lines are typically 100 times narrower than infrared lines. 
c. At atmospheric pressure, pressure broadening is dominant m both the THz and the IK, 

resulting in similar linewidths. 
d. In a point sampling system, it is advantageous to adjust the pressure so that the 

Doppler limit is reached. This results in about 100 times narrower linewidths for THz systems. 
This factor of 100 is significant because for many gases of 'detection interest the highly specific 
rotational "fingerprint" which is unresolvable in the IR, becomes resolvable m the THz. 

e Although it varies enormously by molecular species, absorption strengths are similar 
in the THz and the IR. The IR photons and population differences are larger, whereas the THz 
quantum mechanical transition moments are larger. 

Solids: 

We will comment only briefly on solids because from the point of view of the basic physics 
that impacts remote sensing in the THz they are 'uninteresting'. This is not to say that 
interactions with solid are 'unimportant' for remote sensing in the THz, but rather that remote 



sensin° depends on the complexity of the physical situation (e. g. the shape, distribution, and 
water content of leaves or of particles in «dry-wall') rather than the details of quantum physics. 

To a good approximation, in the THz solids are characterized by their classical Electricity 
and Magnetism properties (i. e. their complex dielectric constants). Metals are good reflectors, 
and many plastics and other non-conductors are relatively low loss dielectrics. A surprising, but 
illustrative example is the fact that while quartz is an extremely low loss dielectnc at THz 
frequencies, ordinary window glass is rather lossy (-50% for 1/8"). It is also noteworthy that 
while in the infrared painted metals h?ve reflective properties largely determined by the nature of 
the paint, in the THz most paint is transparent enough that the reflective properties of painted 
metals are largely that of the underlying metal. 

The scattering properties of solids in the THz are important. Briefly stated, for wavelengths 
long in comparison to particle size, radiation propagates largely unscattered; whereas for 
wavelengths small in comparison to particle size, significant scattering occurs.   For the classic 
case of atmospheric propagation, THz waves are largely unscattered by fog, dust, and smoke 
(which severely scatter infrared and optical radiation), but heavy rain impacts propagation well 
into the microwave region. It is this ability to penetrate obscurants which have led over the years 
to many of the applications which have been envisioned for millimeter, submillimeter, near 
millimeter, and terahertz technologies. 

It is also probably worth noting that it is often easy to mix (both experimentally and 
conceptually) the effects of scattering and the effects of attenuation. As an example, consider (1) 
an object, (2) a scattering medium such as frosted glass, and (3) an observer. If the frosted glass 
is placed immediately over the object and far from the observer, little image resolution or 
intensity is lost. However, if the frosted glass is placed immediately in front of the observer, the 
image is completely lost. This has impact on schemes involving 'seeing' through clothes (easy, 
because the scatterer is next to the object) or walls (highly scenario dependent, because of the 
variable locations of the scatter between the object and the observer). 

II. An Example, Atmospheric Propagation: 

It is convenient that the atmospheric propagation shown in Figure 6 is both important to this 
study and can serve as an excellent illustration of much of the basic physics. Figure 7 shows a 
more general atmospheric propagation plot which includes infrared and optical frequencies as 
well as the effects of scatterers such as rain and fog. This plot was originally drawn by hand by 
Bobby D. Guenther of the Army's Missile Command in Huntsville in the late 1970s. 
Comparison of the two shows a few differences. The logarithmic plot of frequency in Figure 7, 
made it difficult to accurately hand draw the linewidths (which should stay at a constant width of 
~5 GHz from the microwave through the THz). This makes the widths of the THz windows 
appear much narrower than they really are. Secondly, an order of magnitude was lost in the 
drawing process for the strongest absorbers in the THz region. 

It is important to realize that the attenuation shown on the vertical of both graphs is in effect 
plotted as the log of a logarithmic measure. As a result, seemingly small changes are in fact very 

large. 
1. The states of water: Most of the attenuation in the THz region can be attributed to water 

or oxygen. A large, controversial, and in many cases unreliable literature exists about the role of 
water and the possible forms in which it may exist in the atmosphere. Gas phase water consists 
of individual molecules which collide with other atmospheric constituents at a rate of -10 /sec. 



The absorption due to this water is calculated quantum mechanically as discussed above. Rain or 
foo consists of droplets of water. In these droplets, there is no molecular rotation^ In this case 
he° phy seal size of the droplet gives rise to a scattering process winch is governed by classical 
lectriSy and magnetism calculations. The basis result of this is the well known resu    hat 

radiation of wavelength longer than the particle size passes through the droplet with hule 
^rlhereas radiation whose wavelength is comparable or shorter than me droplet size is 
evereW0s'crüered.   The transmission in the important window regions is much less than would 

be caTculaLd from well founded theory. As a result a host of mutually cxdusive explanations 
have been put forth to explain the 'anomalous' absorption and included in this host are 
expfaSabased on other possible states of water. Most prominent among these explanations 
a?e hoselnvolving dimers, trimers, etc. Although beyond the scope of this paper, we would 
ZcZ Zy work undertaken related to this path of investigation be done with caution and a 

fulVcr^ 
attributed to either water vapor or oxygen. For a strong rotational interaction with radiation, a 
motoL mus have a permLent electric dipole moment. Neither of the major constituents of 
^atmosphere N, or O. have electric dipole moments because of their symmetry. However, Q2 

Is an important oddity in that it is one of the few stable molecules with a magnetic dipole 
moment which gives rise to a weaker rotational interaction. 

As noted above, the strengths of molecular interactions increase roughly as the square of the 
frequency   It can be seen uneven in the complexities of the real f™^.^'^ a 

followed  Again, as noted above, there is a maximum (which for the smaMight HO i at a 
fidriv hiah THz frequency) before the exponential decline. Although complex m detail, for the 
^ of ^ study it should be noted that all of the linewidths are due to P^*™^* 
anZn-e about 5 GHz. The logarithmic plot distorts this somewhat. The hnewidths of the 
rottfonal-vibrational lines i/the infrared are also of similar width, but the logarithmic plot 
merges all of the individual lines together and each of the plotted peaks are much wider 
vibrational band contours, each of which contains many rotational lines. 

3   Scattering: Also plotted in this figure are attenuations due to various rainfall rates and 
fo*  'While in principle these are straightforward classical calculations, mere is enormous 
possible variation in the particle size distributions for fog and ram and these graphs should be 
considered only as indicative of the range of possible results. 

HI. The Detection, Identification, and Quantification of Gases via THz Techniques 

The study of molecular gases was the first application of submillimeter waves and is still by 
far the latest application of this spectral region, having been expanded from the laboratory to 
n^de remote sensing of molecules in the upper atmosphere and the interstellar medium. The 

reasons fo" he importance of submillimeter/THz molecular spectroscopy include the very strong 
auctions between submillimeter radiation and molecules and the small Doppler broadening 

TheTatter *ives access to the highly specific and scientifically informative rotational energy level 

SP™fS^^L^ have driven the development of most of the technology 
which is currently used in the submillimeter/THz region to make scientific measurements or 
TecTolooTc^l observations. This is no accident because the need for sensitivity, high resolution, 
and abov°e all a practical technology is very high in molecular spectroscopy. 



However it is well known that the submillimeter/THz is a difficult region technologically 
(primarily for the development of sources) and this difficulty has precluded its wide spread use 
beyond the bounds of a relatively small community driven by particular scientific or 
Sioloaical interests. While it is beyond the bounds of this report, it must be menüoned that 
^y^lic-tions the current technological limits are not placed by fundamental physical 
HmS but rather from the small market precluding the mass production of technologies winch 
ha^e been Lown for many decades. The most notable example is the development of exquisite 
Backed Wave Oscillators (BWOs) by the Russians, for whom market was not a considera ion. 

Below we will discuss two approaches to the use of the subrmllimeterATHz for gas detection. 
The fu* is a point detector. It is firmly based on many years of submillimeter spectroscopic 
knowSie and provides absolutely specific detection of gases via the low pressure otationa 

^Irprint of gases in the THz. The new element which make J^^«^ 
source developments (currently market driven and mass produced at -100 GHz and realizable 
Tut not yet to mass market ones to -500 GHz), and (2) a conceptual development which replaces 
Z trSnal slow and complex phase lock loop technology with a fast scan and digUization 
scheme (see the description of the FASSST system in the attached article). 

The second is a remote detector. It is based on the modulation of the target gas via a double 
resonance scheme with a CO, TEA laser pump and THz probe. While each of the elements in 
ZTvosltslrne can be calculated, the parameter space in which it would operate is many 
orders of maonitude away from any experimental base and this scheme should be considered 
Wh rii  The double resonance plays two roles: (1) to provide a modulation to the target 
signature which will allow its separation from the much larger variations associated with 
atmospheric fluctuations, and (2) much higher specificity by adding ^J^l"lv 
laser is tunable and the ir pump absorptions are a function of frequency) and the molecular 
Xation statures to the THz absorption spectrum signature. The resultmg signature space is 3 
dimensional and thus contains many more elements. 

A. Point Detection ,   , 

The Doppler limited spectra (linewidths of ~ 1 MHz) of gases in the THz is f^ety 
specific even in relatively complex mixtures. Additionally, because the interactions between 
TOz radiation and molecules are so strong in the submillimeter, such a point detector can be very 
sensitive. This can be seen from the discussion above and is discussed in more detail in the 

attached article from Analytical Chemistry. «.„„,„♦;„„ 
Briefly put the proposed scheme is to develop compact ( a few in3), low power consumption 

(3 V) and potentially very low cost ($100 - $1000) versions of the BWO based system that was 
the basis for the article in Analytical Chemistry. 

Figure 8 shows a 'brass board' version of such a system. In this prototype system the 
molecular absorption cell would be milled into a solid block of metal of dimensions -10 cm x 10 
cm x 1 cm. By meandering, the cell could have an absorption path length of - 1 m. A small 
pump would reduce the pressure to -0.1 Torr and standard preconcentration schemes to remove 
Zatmospheric oxygen nitrogen, and perhaps water could be used to increase the sensitivity at 
ome" sttr^"ize Jd° complexity. TheLector output could either be digitized an   analyzed on 

board, or directly telemetered ( a 1 MHz rate would be standard, but rates as low as -10 kHz are 

probably viable) to a central location. 



The source and detector modules are much smaller than the cells and would be attached 
direltly oTe input and output of the molecular absorption cells. Rather than the conventional 
nhas   lock methodology, the gas detector would operate as the FASSST system described in the 
atoch d   InThisScheme frequency calibration (to 1/105 or 1/106) is done in software based on 
raPptimately loiown (-1%) frequency/voltage characteristic of the source and calibration 
tZ^s^I^nJiin some applications a second cell for the calibrating gas would be 

deSiWUhe)current commercial components, the low-end version would be based on an -100 GHz 
soul LXbeenTveloped eiLr for the collision avoidance or wireless communications 
2ketA Sd- evel system based on current components would be based either on sources 
markets. A mid level  y astronomy and atmospheric communities or 

"band -1W   iÄ^oÄr source developed in parallel at Lincoln Laboratory. 
Th  bandwfdt

(
h ofthe latter would make it a particularly attractive source. The mid-level system 

would^^capabilities similar to those described in the attached article while the frequency 
restrictions of the low-end system would reduce its generality and sensitivity. 

B. Remote Detection 

The challenges associated with spectroscopic remote detedon«h J^er ^ with 
noint detection primarily because ofthe much greater lmewidth (-5000 MHz) associated witn 
Sn^Ä^Lie broadening. This greatly reduces the specificity of spectroscopic 
Sues in all spectral regions. At least as importantly, it makes the small abso^tions 
associated with trace concentrations difficult to separate from atmospheric fl^^^stoaW 
be noted tha for concentrations defined as fractional partial pressures (e. g. ppm). he absorption 
LnaA in the laboratory at low pressure and the field at atmospheric pressure are the same). 

pfure 9 shows a double resonance scheme based on a C02TEA laser pump andI THz probe. 

In tKmf(which is in effect a very long, very high V^^y^g^™"" 
Laser) the pump and probe are copropagated through the atmosphere. If the TEA laser has 
^ouh power to sat/rate the pump transition (which for the two test cases for whichüere,£ata 
at low oressure and hioh pressure calculation have been made (CH3C1 and CH3F)) they do), tue 
TteXXiTmis ion is modulated on the time scale of the atmospheric molecular relaxation 
^^r^S*«». whose amplitude is the same order of magnitude (or perhaps larger) 
than the trace cas absorption, is on a time scale which should be easy to separate from 
atmospheric fl°uctuatioS and other clutter. Although I know little about radar signal processing, 
tTould appe "that there is a great similarity between this signal processing problem^and^those 

associated with short pulse radar. Although an active probe based on backscatter is shown, 
nassWe THz detection may be equally favorable, especially for sky viewing geometries. 
P X™me?nteLingLtures of this scheme is that its specificity is three-dimensional    n 
addition to the dimension associated with the THz probe frequency, there is another associated 
witiftSe nfr4d pump absorption frequency (the TEA laser is tunable) and a third associated 
: h me ^culePspecific tSc scale of the molecular relaxation which connec* *,MT pum 
milse to the THz probe. Figure 10 shows an example. In this case the C02 TEA laser pump 
PwtrmoduIte 'he ^signature near 266 GHz, but not the much stronger HCN which is 

nearly coincident in the THz spectrum. 

8 



atmospheric fluctuations) enough of the ^^^^^brions could be subtracted 
water concentration, temperature, and pressure. Then these ^nD 
from the channels containing the target ^^ but would 
resonance scheme this has the ^^.m^^T^^Z of the continuum 
depend on a model of the atmosphere which has a better'T*^™*   spectroscopist who like 

LtThe tuMe —e systemwouid offer considerably higher spec.fic.ty. 
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