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Abstract: The attenuation of electromagnetic wave propagation in the clear
atmosphere from low frequencies up to 2 THz is mainly caused by water
vapor. Although there have been many numerical simulations and excellent
early sub-mm and far-infrared measurements of this attenuation, there has
remained controversy about the background absorption in the most
promising windows of transparency below 1 THz. Here, we report an
accurate terahertz time-domain spectroscopy (THz-TDS) characterization of
water vapor from 0.2 to 2 THz. Our results agree with the previous
predicted and measured attenuations for the weak water lines, but show
more attenuation for the relatively transparent windows between these lines.
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1. Introduction

The absorption of THz electromagnetic radiation by water vapor controls the propagation of
THz waves in the atmosphere. All considered technical, commercial and research applications
of THz radiation depend on the variable amount of water vapor. The absolute humidity
changes strongly with the daily weather, changing seasons, altitude and geographical location.
Many simulation codes have been developed to model the absorption of THz radiation by
water vapor in the atmosphere [1-3], and two examples are shown in Figs. 1 and 2. Figure 1
shows the enormous variation of THz power attenuation (dB/km) over the frequency range
from 100 GHz (0.1 THz) to 1000 GHz (1 THz). The attenuation changes by 5 orders of
magnitude from maximum to minimum over this frequency range. Curve A in Fig. 1. is the
sum of the calculated attenuation of all the water rotational lines, plus the much weaker
continuum attenuation shown as curve B, which is considered to be due to water dimers,
higher-order clusters, and self-broadening of the strong water lines [4]. The attenuation due to
the water lines increases linearly with the number density of water vapor, while continuum
attenuation increases as the square of the number density. Consequently, the relative
proportion of the total absorption due to the continuum increases linearly with the number
density.

543 2 .5 1.0 0.70 WAV?LENGTH 0.?0 (mm) 0.40 035 030
Ll | 1 1 i 1 3

TR T T — 1

A

IO‘E Q) @ @ / \A 4 ®

(N

S
-

® /\ @)
AP EA /N ENA':

3 \\_,‘"'JL//——_’ 2
- //

ATTENUATION (dB/km)
s}

e
-
|
|

=

#4 #5

\:\¥
\
\
i
-
RS
i
[¥¥)

g

5 3 1) 5 20
rVAVENUMBER {cm")

T T T 1

T T
100 200 300 400 500 600 700 800 900 1000
FREQUENCY (GHz)

Fig. 1. This figure is a revised version of Fig. 10 of [4]. “Spectral plots of the near-millimeter
attenuation by the atmospheric H,O at sea level. H,O density = 5.9 g/m®. Curve A represents
attenuation calculated by summing the theoretical contributions by all the lines and adding the
continuum represented by curve B.” [4]. The H,O density corresponds to a relative humidity of
34% at 20 °C. The indicated measurements have been done by several groups; the open
triangles below 150 GHz are from Dryagin et al. [5]; the open circles below 200 GHz are from
Frenkel and Woods [6]; the filled triangle at 200 GHz is from Straiton and Tolbert [7]; the
filled squares from 200 to 400 GHz are from Ryadov and Furashov [8], and the solid circles
from below 400 GHz to 1000 GHz are from Burch [9,10]. 7 water windows (circled numbers)
and 5 weak water lines (broad arrows) are marked for comparison with the THz-TDS
measurements.

Figure 2 is an evolved and later rendition of Fig. 1 with the addition of seasonal
temperature and humidity changes and the effects of fog, dust and rain. The corresponding
attenuation changes by approximately 60 times (in the exponent) due to weather and seasonal
changes in the water number density. The small attenuation of the water continuum is not
included in Fig. 2.

Of most interest for applications are the regions (windows) of relative transparency
between the absorption resonance peaks. In the windows of transparency indicated in Figs. 1
and 2, the absorption is determined by the far wings of the resonance lines, continuum
absorption of the dimers, and perhaps higher clusters, all of which are not entirely understood.
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Fig. 2. Atmospheric attenuation at sea level for different conditions of temperature, relative
humidity (RH), fog, dust and rain. (STD: 20 °C, RH 44%), (Humid: 35 °C, RH 90%), (Winter:
-10 °C, RH 30%), (Fog, Dust, and Rain: 20 °C, RH 44%). Revised figure taken from Ref. 2.
Six water windows (circled numbers) and 5 weak water lines (broad arrows) are marked for
comparison with the THz-TDS measurements.

For windows 1-3 the attenuation due to the molecular water vapor and the water
continuum are about the same. This ratio changes as the number density increases. Accurate
measurements of attenuation with an accuracy of better than £ 1 dB/km for these regions are
needed, and are difficult to achieve with laboratory sized propagation paths.

The early high quality work is well detailed in the workshop proceedings of Ref. 1, which
includes both theoretical and experimental investigations of water vapor in the atmosphere.
Figure 1 is a revised version of Fig. 10 of [4] showing the measured and calculated attenuation
from 100 to 1000 GHz of atmospheric water vapor with a density of 5.9 g/m®, corresponding
to a relative humidity of 34% at 20 °C. The indicated measurements have been done by
several groups [5-10], and their impressive accuracy presents a challenge to the recently
developed optoelectronic, coherent, high-signal-to-noise technique of terahertz time-domain
spectroscopy (THz-TDS) [11-13].

Previous short-path terahertz time-domain spectroscopy (THz-TDS) measurements have
characterized the strong rotational lines of the water vapor spectrum [11,14], and thereby
identified the transparent window regions [11,14]. A recent THz-TDS measurement of the
amplitude transmission of a 1 m long atmospheric path provides meaningful results from 1 to
3 THz [15]. There has been a significant demonstration of broad-band THz pulse transmission
through the ground level atmosphere for the record long-path of 108 m [16], although most of
the observed low frequency attenuation was due to the frequency dependent power transfer
losses in the optical train involving more than 30 mirrors.

2. Experimental setup

Here, we present a 6.18 m long-path THz-TDS measurement of the amplitude transmission of
the atmosphere with a corresponding accuracy of better than + 10 dB/km from 0.2 to 2 THz
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for power transmission, which can be compared to numerical calculations, and can be used to
predict long-path attenuation. The experimental set-up shown in Fig. 3 is based on the
conversion of a standard THz-TDS system [11-13] to long tube operation, by removable
output and input coupling mirrors. The THz-TDS system together with the removable mirrors
is contained in the air-tight box #1, which is always filled with dry air. The 15 cm diameter
window connecting boxes #1 and #2 is made by stretching 12.5 um cling wrap over the
opening and sealing the edges with tape. This highly transparent window is easy to make and
has very little reflection at THz frequencies. Box #2 is air-tight and is connected to a 6 inch
(15.24 cm) internal diameter, commercially available PVVC pipe. This pipe encloses the air-
tight THz path from box #2 to the 6 inch (15.24 cm) diameter, concave, spherical end mirror
with a 120 inch (304.8 cm) radius of curvature. The total path length from the 6 inch end
mirror to the air-tight plastic film window is 309 cm, giving the round-trip sample distance of
618 cm.
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Fig. 3. Enclosed THz-TDS system for atmospheric measurements.

Including the 25 cm distance from the film window to the top of the coupling mirror prism
in box #1, the total extra round trip path distance is 668 cm. This distance is chosen to equal 2
round-trips of the ultrafast optical pulses in the mode locked Ti-Sapphire pumping laser with a
repetition rate of 89.82 MHz, corresponding to a round-trip distance of 334 cm. Consequently,
the laser sampling pulses, used to measure the THz reference and sample pulses, are delayed
by 2 pulses down the pulse train from the excitation pulses. 10 mW laser beams pumped the
THz transmitter and the THz receiver. For the best THz coupling efficiency, the center of
curvature of the 6 inch end mirror would be located at the THz beam waist of the THz-TDS
system in box #1. However, for our case this would require the distance of 305 cm from the 6
inch end mirror to the apex of the coupling prism, instead of the 334 cm distance used for our
synchronous delay. As will be described, our coupling with 334 cm is still quite acceptable.

The THz beam path from the transmitter to the 6 inch concave end mirror and back to the
receiver is completely enclosed in the air-tight boxes #1 and #2 and the PVC pipe. Box #1 is
always filled with dry air. Box #2 together with the PVVC pipe enclosure can be filled with dry
air via the connection on the PVC cap on the T connection. To make the room air
measurement the cap is removed and the top of box #2 is also removed. The system is then
purged with a fan at the cap opening. After equilibrium with laboratory air is obtained, the fan
is turned off, and the measurements are made.

The measurement sequence is as follows: Firstly, system operation and stability are
checked by measuring performance of the THz-TDS system in box #1 with the coupling
mirrors removed. Secondly, the coupling mirrors are re-installed in box #1, which is then
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refilled with dry air, as well as box #2 and the PVC pipe system. Then, the THz reference
pulses, transmitted through the entire system filled with dry air, are measured. Thirdly, the
THz sample pulses, transmitted through the PVC pipe system with the cap removed and box
#2 open to laboratory humid air and with box #1 filled with dry air, are measured. Then, again
the reference pulses are measured. This sequence is repeated several times during the
complete transmission measurement.

3. Result and discussion

1500

. : i (a)
<« 1000f—=--- - B e e e S
a ! : : ! :
=] ! ] i ! '
S 500 i : - : :
5 ! ! ! : ! !
< i i i i 5 i
& o : : : : : L
& ' ! ! : ! !
o} ' : ! : ! !
- 1 1 1 [l 1 1
< so0b-—--}-- R U W— L S— I S— & SE— |
1000 | 1 I I 1 ] ] 1
20 40 60 80 100 120 140 160

250

- [
th =
= =

Amplitude (a.u.)

=
=

S0)

0.8 1.0
Frequency (THz)

Fig. 4. (). Measured THz reference pulse (lower trace) and measured THz sample pulse (upper
trace). For clarity the THz sample pulse was shifted upwards by 500 pa. (b). Corresponding
amplitude spectrum (upper curve) for the THz reference pulse and the amplitude spectrum for
the sample pulse.

As shown in Fig. 4, the reference and sample pulses are measured over one scan duration of
165 ps, corresponding to the frequency resolution of 6.1 GHz. A scan consists of 625 channels
(data points) with 40 pm steps between channels, corresponding to the double pass (80 pum)
time step of 0.2667 ps between channels. A single scan takes 180 seconds. For a complete
experimental measurement series, 4 reference dry-air pulses and 4 sample humid-air pulses
were measured. Depending on the system stability and measurement conditions, several
complete measurement series were performed during an experimental run. Figure 4a
compares the averaged reference pulse to the averaged sample pulse. The reference pulse
appears quite clean with little oscillation due to the small amount of water vapor remaining in
the sample space. The sample pulse shows very strong and extended ringing from the
rotational lines of water vapor, when the sample space is filled with laboratory air with 51%
relative humidity at 21 °C.
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During the later data analysis, the individual reference and sample pulses were zero-
padded to a total scan length of 1650 ps. The amplitude spectra of these zero-padded pulses
were obtained from their complex Fourier transforms and were then averaged to obtain the
final amplitude spectra. The comparison of the averaged reference and averaged sample
amplitude spectra is shown in Fig. 4b. The reference spectrum weakly shows the strong water
lines, indicating that the residual water vapor in the sample space was less than 0.5% relative
humidity. In contrast, the sample spectrum shows complete absorption
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Fig. 5. The amplitude transmission through 6.18 m of atmosphere at 21 °C with RH 51%. The
“real data points” are indicated by the larger open circles separated from each other by 6.1
GHz, and the interpolated points obtained from the zero-padding are separated from each other
by 0.61 GHz and define the solid line. 10 water windows (circled numbers) and 8 weak water
lines are marked to compare with previous predictions and measurements.
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bands for the strong water lines and the significant appearance of the very weak water lines at
their handbook frequencies and with resolution limited linewidths.

It is of interest to note that for the initial measurement of the THz pulse in dry box #1 with
the mirrors removed, the THz pulse shape was similar to the reference pulse, but the peak
extended to 3800 pa, and the corresponding peak of the amplitude spectrum at 0.65 THz had
the value of 650. These numbers show that the amplitude spectral coupling from the mirror in
box #1 to the 45 degree mirror in box #2 and into and through the tube to the 6 inch end
mirror and then retracing the same path, but with a slight tilt to return the beam to box #1 and
onto the mirror directing the beam to the THz receiver, reduces the amplitude spectrum of the
reference pulse by the factor 0.35 with the corresponding factor of 0.33 for the pulse
amplitude. This good coupling preserves our excellent signal to noise ratio (S/N); for the THz
signal pulse, S/N = 700, while for the corresponding amplitude signal spectrum S/N = 200.

Another experimental consideration is, for the humid air case, what is the effect of a thin
100 nm layer of adsorbed water on the spherical end mirror, the outside 45 degree mirror and
the outside surface of the thin plastic film window [9]. For the essentially normal incidence on
the Al surfaced end mirror the total E field is zero at the surface, consequently, the water layer
has negligible absorption [9]. The same situation would hold for the outside 45 degree mirror
with horizontal polarization. The double pass amplitude absorption through the thin film
window would be exp [- (200nm x 200/cm/2)] = 0.2%, for which the power THz absorption
coefficient of liquid water was assumed to be 200/cm. For vertical polarization this
attenuation would be doubled, due to the absorption by the layer on the 45 degree mirror.

The amplitude transmission shown in Fig. 5 is simply the ratio of the sample spectrum to
the reference spectrum of Fig. 4b. For this result the “real data points” are indicated by the
larger open circles separated from each other by 6.1 GHz, and the interpolated points obtained
from the zero-padding are separated from each other by 0.61 GHz and define the solid line.
The amplitude transmission maxima of the 10 windows between the weak and strong water
lines decreases monotonically from the first window to No.2 (98% at 0.35 THz), to No.3
(97.5% at 0.41 THz), to No.4 (95% at 0.68 THz), to No.5 (94% at 0.85 THz), to No.6 (90% at
0.94 THz), to No.7 (80% at 1.03 THz), to No.8 (77.5% at 1.35 THz), to No.9 (79% at 1.49
THz), and to No.10 (66% at 1.98 THz). The weaker water lines appear with their expected
frequencies, strengths and with linewidths equal to the spectral resolution of 6.1 GHz. The
central frequency of the measured water lines is determined to an accuracy of + 1 GHz as
indicated on Fig. 5. The frequency in parenthesis is the accepted handbook value. Only water
lines are observed.

The main experimental problem is maintaining the stability of the entire system, including
the ultrafast laser pulseshape, repetition rate, and power in the THz pumping and THz
sampling beams, the generated THz pulseshapes, bandwidth and power, coupling into and out
of the sample tube and the reproducibility of the sample RH and temperature. Consequently,
the best measure of the accuracy of our measurements is their reproducibility. In order to
estimate our measurement accuracy, we compared the results of Fig. 5 with 2 similar
independent measurements, made with completely different sets of individual pulses. The
three sets of measurement data points agreed with each other to + 1% from 0.2 to 0.4 THz; in
the window regions from 0.4 to 1.0 THz these 3 transmission measurements agreed with each
other to + 0.5%, and in the windows from 1.2 to 2.0 THz, these 3 transmission measurements
agreed with each other to + 1%. We consider these results to represent our measurement
accuracy and to indicate that in the first transparent window from 0.2 to 0.3 THz, the
attenuation is less than 1% (equivalent to 14 dB/km for power attenuation).

Our results are summarized and compared with the previous measurements and
calculations of Fig. 1 and Fig. 2 (STD: 20°C, RH 44%) in Tables 1 and 2. The values for Figs.
1-2 indicated by the asterisk have been adjusted to be directly comparable to our
measurements at 21 °C with a relative humidity of 51%. Figure 1 displays the total absorption
as the sum of the two contributions, curve A (the water vapor absorption) and curve B (the
continuum absorption, considered to be mainly due to water dimers). The absorption due to
water vapor increases linearly with the number density of water (absolute humidity), while the
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absorption due to the water dimers increases as the square of the number density (absolute
humidity). Figure 2 only displays the absorption due to water vapor.

Consequently, for Fig. 1, the values of (curve A - B) for the water molecules were
multiplied by the factor 0.51/0.34 = 1.5, and the values of curve B for the water dimers were
multiplied by the factor (1.5)%. The sums of these two values are presented as Fig. 1* in both
Tables. For Fig. 2, comparable values were simply obtained by multiplication by the factor
(0.51/0.44) = 1.16. The resulting values are presented as Fig. 2* in both Tables.

Table 1. Comparison of Power Attenuation (dB/km) of Water Windows Shown in Fig. 1

and Fig. 2 (STD-Curve) with Experimental Results of Fig. SHumidity for Fig. 1 is 34%
and Fig. 2 is 44%.

Widw @ © ®© ® 6 6 O ®© O

(THz)
0.21 0.35 0.41 0.68 0.85 0.93 1.03 1.35 1.49 1.98
Fig. 1 2 8 12 42 45 80 180 - - -
Fig. 1* (3.8) (154) (22.9) (705) (75.1) (128) (278) - - -
Fig. 2 21 9.0 16 52 49 80 - - - -
Fig. 2* 2.4 (10.4) (18.4) (60) (57) 92) - - - -
Experiment <7 21 28 72 92 148 314 349 314 584

* Humidity adjusted to 51% (in parenthesis) for comparison to experiment.
For window 1 experimental result indicates that the power attenuation is less than 14 dB/km.

The comparison of our water window measurements with the adjusted values of Figs. 1*
and 2* to correspond to our relative humidity of 51% at 21 °C is presented in Table 1. Our
results are consistently higher than for both Figs. 1* and 2*. They are in better agreement with
Fig. 1*, which includes the attenuation of the continuum. We consider our disagreement to be
mainly due to the broad band continuum absorption due to dimers, higher order clusters and
the far-wing self broadening of the strong water lines.

Table 2. Comparison of Power Attenuation (dB/km) of Weak Water Absorption Lines
Shown in Fig. 1 and Fig. 2 (STD-Curve), with Experimental Results of Fig. 5

Water Line #1 #2 #3 #4 #5 #6 #7 #8
(THz) 0.325 0.380 0.448 0.620 0.916 1.278 1.296 1.542
Figure 1 35 250 300 250 500 - - -
Figure 1* (55) (380) (455) (385) (760) - - -
Figure 2 50 300 360 310 600 - - -
Figure 2* (58) (345) (415) (355) (690) - - -
Experiment 72 380 420 365 720 720 575 1115

Humidity for Fig. 1 is 34% and Fig. 2 is 44%.
* Humidity adjusted to 51% (in parenthesis) for comparison to experiment.

Our measurements are in much better agreement for the strengths of the weak water lines
as shown in Table 2. Here, the results of Figs. 1* and 2* are in better agreement with each
other and our measurements are consistent with both. In terms of fractional error, our
measurements from 0.2 to 1.0 THz, the water line strengths are more precise than for the
water windows, because the total absorption for the lines was between 23% to 40%, while that
for the windows was only between 0.5% to 10%. Consequently, for precisely measuring, the
most transparent water windows 1-3, a humidity controlled path length of 60m would be
required to obtain total absorptions between 1% to 25%.

4, Summary

This high resolution measurement provides the most accurate THz-TDS results to date for the
transmission windows and the absorption strengths of the weak lines of the water vapor
transmission of the atmosphere. This accuracy and sensitivity shows promise for THz
monitoring of the atmosphere for pollutants and dangerous gases. These THz-TDS
measurements were compared with the much earlier, high-quality sub-mm and far-infrared
FTS measurements. The THz-TDS measured power attenuations for the 7 windows between
0.2 and 1 THz were significantly higher than the earlier work, while the THz-TDS measured

#142266 - $15.00 USD Received 4 Feb 2011; revised 4 Apr 2011; accepted 16 Apr 2011; published 21 Apr 2011
(C)2011 OSA 25 April 2011/ Vol. 19, No. 9/ OPTICS EXPRESS 8837



attenuation for the 5 weak water lines between 0.2 and 1.1 THz were in relatively good
agreement. The window disagreement is considered to be due in part to the variability of the
broad background continuum absorption in the atmosphere. However, the measured window
transparency is acceptable for short-range ranging, communications and imaging applications.
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