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FOREWORD

This report, Ohio State University Research Foundation Report
Humber 3271-6 (sixth Quarterly Report), was prepared by The Ohio
State University ElectroScience Laboratory, Department of Electrical
[ngineering at Columbus, Ohio. Research was conducted under Contract
F30602-72-C-0016. My, James W. Cusack, RADC (OCSE), of Rome Air

Deve lopment Center, Griffiss Air Force Base, New vork, is the Project
Engineer.




APSTRACT

Previous reports have presented measurements of water vapor
absorption coefficients for those C0 laser lires which are least
attenuated by the atmosphere. This report gives measurements f?r
two CO laser lines [1837.436 cm~1, 11-10 P(12) and 1872.236 cm-

3

9-8 P(16)] which are highly attenuated by water vapor. Although these
CO lines are not likely to be useful in systems which transmit through
the atmosphere the results are important nevertheless as is discussed
in the report.
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[ INTRODUCTION

Previous reports[3,6] have reported the search for the CO laser
frequencies having the lTowest absorption coefficients in water vanor-
nitrogen mixtures. Table I of Reference [6] listed 53 CO lines in

TABLE 1
COMPUTED ABSORPTION COEFFICIENTS AT 1837.43% cm”!
FOR VARIOUS CONDITIONS AS NOTED

NEAR k
_WATER LINE (km‘T) LINE SHAPE  ENTRY COMMENT
1837.200 67.5 Lorentz a original table values
1837.200 55.4 osu b
18%7.185 62.06 Lorentz o measured Rao position
1837.185 61.16 osu d
1627.185 [Bldg Lorentz e background only
1837.185 16.31 osu f bakcground only
1837.185 46.77 Lorentz g one Hp0 Tine only
1837.185 44 .85 osu h one Hp0 Tine only
PHZO = 5 torr P =745 torr
B =5 BOUND = 25 ¢
BX = CX =
FOR OSU SHAPE: .m = 3; n® 1af
Note C=E@ #y4
d=f+h

order of their expected transmittance as computed using *the Calfee-
Benedict 1ine-data tables[1]. [leven of the most highly transmitting
lines (Nos. 1,2,4,6,8-13, and 18 of Table I) were studied experi-
mentally and reported in Reference 6]

This re?ort presents exnerimental data f?r lines 28
[1873.236 cm-1 9-8 P(16)] and 50 [1837.436 cm- 11-10 P(12)1.
absorpt}on cell and the laser irradiated spectrophone techniques. Also

between the actual absorption coefficionts and those which are pre-
dicted by computations from the line-data tables,




COMPARISON OF CALCULATED AND MEASURED ABSORPTION
COEFFICIENTS FOR WATER VAPOR-NITROGEN MIXTURES AT
A HIGHLY ABSORBED CO LASER FREQUENCY

(1837.436 cm-1 11-10 P(12)]

Very few accurate water vapor absorption coefficient measurements
at infrared laser frequencies are Currently available. Further,
measurements made by different workers are often in disagreement. The
experiment described here was undertaken to show that absorption data
taken by using different experimenta] methods (multitraversal White
cell and laser irradiated spectrophone) can yield equivalent results.,
Finally the measured results are compared to "synthetic spectrum"
calculations using the Benedict-Calfee[1] line data tables. The
experimental results are also compared with those obtained by
D.K. Rice using yet a third method.

The laser frequency selected for study was the 11-10 P(12) 1ine
of CO which was assumed to have a frequency of 1837.436 cm-1. This fre-
quency was computed using the latest molecular constants by Rao[3]. The
Taser source was a highly stabilized CO ‘aser with grating line selection
which was designed by Dr. Charles Freed of MIT Lincoln Laboratory,

Figure 1 shows a transmittance plot which was computed using the
Benedict-Calfee tables. As noted on the figure the water vapor pressure
was 5 torr, the total pressure 745 torr, the temperature was 73°F, and
the path length was 12 meters. Other parameters used in the calculation[4]
were: BOUND = 25 cm=1; BX = 1.5; CX = .62; and B = 5. A Lorentz line
shape was used. It can be seen from Fig. 1 that the parameters of the
strong water vapor line at approximately 1837.2 cm=1 will have a strong
influence on the computed transmittance. For this reason additional data
concerning the frequency of this line was sou?ht from Professor Rao[5].
He reported the frequency to be 1837.1854 cm- compared to the value
1837.200 listed in the Benedict-Calfee tables. C:lculations were made
with both these values for the frequency of the close water line. The
remaining line-data was unaltered. Also a compu.ation was made with this
Tine removed to obtain a value for the backqround. Table I lists the
results of this computation. Thre computations were made with two line
shapes. They were the conventional Lorentz and the Ohio State University
shape as described in a recent report[6]. The Ohio State University
shape has an enhanced wing contribution but it can be seen from Table I
that this has only a minor effect on the calculated results in this
region. This i< in contrast *o the results reported in Reference [6]
for the highly transmitting CO lines where the line shape had a large
effect on the calculated absorption coefficients. From the entries in
Table T it can be seen that approximately 75% of the calculated absorp-
tion at 1837.436 cm-! is caused by the sinale water line at 1837.185
cm™! with the remaining 25% caused by the other water lines within 25
c] of the laser frequency,
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Two experivents were then performed to see if these calculated
results could be confirmed. One used a multi-traversal absorption cell
and the other used a laser irradiated spectrophone technique. The first
experiment used a Perkin-Elmer model 1S3 one meter White ceil set for
12 traversals, i.e., a path length of 12 meters. The water vapor
pressure was measured using a Cambridge Systems model 880 condensation
type dew point hygrometer. The hygrometer had previously been calibrated
by comparison to measurements made with a mercury micro-manometer. The
complete calibravion procedure is described in a separate Reference [7].
During the experiment the sensor head of the hygrometer was in series |
with a small pump and the absorption cell. The pump maintained the q
proper flow rate to the sensor head and a’so aided in mixing the water
vapor-nitrogen sample in the absorption cell. The laser radiation was
detected with Eppley thermopiles which were connected to amplifiers and =Y
ar. XDS-920 laboratory computer. Figure 2 is a schematic diagram of the e |
experimental arrangement. A similar measurement system has been described -
in detail in an earlier report[6]. The total pressure in the absorption |
cell was measured using a one meter Hg manometer. The equipment was
arranged so that the room air path lengths from chopper to refererce
detector and fiom chopper to signal detector wer: equal to within one
centimeter in order to reduce effects of room air humidity changes on
the results.

p——
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The cell was first evacuated and the background ratio of signal
voltage to reference voltage was measured. Water vapor was then admitited
to the cell. The signal to reference ratio was monitored until the trans-
mittance with pure watcr vapor was abproximately 60%. From previous
runs it was known that this would be equivalent to 15-16 torr water
vapor. Filiing the cell with water vapcr took approximately 5 minutes.
Dry nitrogen was then admitted to the cell until a total pressure of
760 torr was reached. Next the hygrometer~ pump was turned on and the
mixture was allowed to circulate past the sensor head for about fifteen
minutes. For at least the last five minutes of that period the dew
point temperaturz wa observed to remain constant. After the 15 minute
period the dew point temperature was recorded, the pump was turned off,
and the signal to reference ratio was measured. Then a portion of the
sample was pumped out of the cell and the cell was again filled to 760
torr with dry nitrogen. Then the dew point sensor pump was again turned
on and after fifteen minutes the dew point of the new sample and the
signal to reference ratio were recorded. Thiz procedure was repeated
in order to cbtair pnints on a curve of absorpiion coefficient versus
water vapor pressure. The entire experiment took about four hours to
complete.

Figure 3 and Table II show the experimentcl results of both this
experiment and those obtained with the spectrophone. A total of
thirteen points were obtained with the White cell, five on 30 March 1973
and eight on 1 April 1973. An addit onal eight points were obtained
with the spectrophone.
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Fig. 2. Schematic diagram of the White cell experiment.
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TABLE 11
COMPARTISON OF CALCULATED AND MEASURED ABSORPTION COITFICIENTS AT
1437.436 cm='. SLE TLXT FOR DISCUSSION OF CALCULATLD RESULTS
kca'* kcalc 7
PH20 kmeas ?g:: %gggntgs %gren;go Diff
-1 ot 37.20 Measured and

Tore km below) g5 B=5 Calc(1837.185)
37 124 S 1S 18.5 .6

1.4 18.4 12 17.4 18.9 5.4

1.8 22.3 S 223 243 0

2.0 26,4 - 128 24.8 27.0 6.1

2.30 287 S 28.6 3t 53

3.06 38.8 S 38.6 42. .5

3.4 23.5 12 42.0 46 .1 2.5

4.6 57.9 S 57.5 62.6 o

5.4 64.2 12A 67.5 73.6 5.3

5.5 69.6 12B 68.9 75 3

6.9 86.1 S 86.8 94 .4 .8

7.8 90.1 12B 91.9 100. 2

7.8 93.4 12A 98.3 107. 5.2

9.6 120.1 128 121.6 132.3 1.2
10.2 125 12A 129.4 140.8 3.5
10.5 129 S 133.3 145, 33
12.4 157.4 12B 158.1 172, o
13.2 ie4 12A 168.7 183.6 2.¢
14.9 189.2 12B 191.2 208. 1.3
15.7 193 < 201.9 219.7 4.6
16. 199 12A 205.9 35

224

{
|

Code: 12 Meter Cell, 30 March 1973 - 12A
12 Meter Cell, 1 April 1975 - 12B
Spectrophone, # 5

Additional discussion of the results is given after a discussion
cf the spectrophone eq ipment.

Recent investigations at The Ohio State University[8] have shown
that a laser irradiated spectrophone of simple constru~tion can provide
accurate measurements of infrared absorption coeff.cients. Although
this method has received most attention with respect to the measurement
of small absorption coefficients it is, of course, equally useful in
situations ot large absorption. An adequate pressure signal always
involves both the ibsorption and the available laser power. In the
present cast: the available laser power was 50 mW and it was found possible

to easily measure -he smallest absorption coefficients which were en-
countered.
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Figure 4 shows a diagram of the spectrophone equipment. The
spectrophone cell is of a relatively simple design. The cell consists
of a 43 cm long piece of 1-1/2 inch aluminum round bar stock which has
a 3/8 hole bured lengthwise. The end windows were NaCl €lats 5 mm thick
and were vacuum sealed with O-rings. A side port near the center allowed
attachment of the differential pressure sensor, a CGS Datametrics model
523-15 capacitive manometer (Barocel). This device is not as sensitive
as some microphone sensors which have been used in spectroprhone work
but it was determined that the lower limit of absorption detection even
with one watt laser power was due to the false pressure signai which
arises from absorption at the end windows and not to the pressure sensor
sensitivity.

Another side port near one end was for attaching a leak valve which
allowed an equilibrium pressure to be obtained. In operation the leak
valve was set at a very small leak rate such that the time constant of
the pressure signal was many times longer to the back of the sensor than
to the front.

The vacuum system consisted of a small roughing pump and an 8 ¢/S
Vacion pump. A pressure of 2x10-6 torr could be obtained. A1l lines
were made of metal to assure that the system would remain free of wauer.

Heating tape wrapped around the cell provided a modest bakeout capability.

Difficulty was encountered with adsorption of water vapor to the
walls of the cell which, with time, reduced the partial pressure to a
lower and unknown value. To alleviate this problem the arrangement
shown in Fig. 4 was used. A water vapor-nitrogen mixture was allowed
to flow through the spectro.“one cell in series with a small reservoir
tank, a circulation pump, a flowmeter, and a Cambridge Systems mode]l
880 dew point hygrometer. After aliowing the mixture to circulate for
a few minutes the valves to the cell were closed and a measurement of
the absorption coefficient taken. The partial pressure of H20 was
computed from the dew point just as in the multi-traversal cell
experiment. The system was first filled with a mixture having a large
concentration of water vapor. The successive measurements were taken
by partially evacuating the system and refilling to 760 torr with nitro-
gen, thus reducing the partial pressure to a lower value.

The BaF12 lens (f.1. = 30 cm) collimated the laser beam so that
it did not cor .act the spectrophone cell walls.

The quantities measured in the experiment were the pressure signal
leve! from the output of the Barocel (using the PAR 128) and the laser
power level. The output of the Barocel is 1 volt full scale for any
given range. The range chosen was one that was high enough to prevent
excessive dc drift due to ambient temperature fluctuations. The PAR
then detected the small ac pressure signal which was superimposed on the

8

| W




‘snrededae suoyduu3dsds pajelpesd! Lase| 4o Wieibeip o1jewayss -y by

HCOSN3S | 4ioAN3SSE
ciind 1MI10d Sv9

-
NOILYINDYID~ M3Q
HILIWMOTA- v y
X _ —
.
H3L3WL0A|
3

-

»uJuau//
tJ MW OG

ANIYA o ion_z___....v H43sSv¥1 02

AILSAS i
wnnowa V3l IODN

7 J

3TId0nEIHL
1N
Erhietst I <3 1 = o A _
Y I Sy , N ] -

3$1nd
13704vE INAS

821

i3CON ¥vd




larger dc level. The absorntion coefticient is proportional to the ratio !

of the pressure cignal and the laser
a function of temperature and total p
during the set of measurements. The
absorption coefficient is found by me
conditions similar to those of the de

In reducing the znectrophone da
to an absorption coefficient of 3.3 k
signal. It should be noted that the
‘maller if new windows had been used.
f'cient to be measureu is smalier a g
crder to ol tain an adequate pressure
gained by the increased laser power i
window signal at the higher power.

For this experiment the known a
near 2 torr ethylenz with nitrogen ad
The small partial pressure of ethylen
properties of the ethylene-nitrogen c
those of the water vapcr-nitrogen mix
this mixture at the line of interest
in the 12 meter White cell equipment
of absorption is considered to be an
using the White cell technique.

To increase contidence in tue k
ethylene in the mixtues “n the White
same w:crometric manometer ' ..s used t
filling procedures. T. is noted that
the spectrophone to give a common gas
would not even be required.

It may appear trivial th=t the

vapor using the two techniques were s
used to calibrate the spectrophone.

in the White cell measurements of .at
not well behaved under many circumste
suggested that condensatior on the Wh
trations m.ght give an apparent large
not expec’ed tu i1l behave in this ma
suspected condensation of water vapor
trations measured. Furthermore for s
directly determines absorption wherea

£

power. The pressure signal is also
ressure but these remained unchanged
proportiociality constant for the
asuring a known absorption under
sired mea<urement.

ta_a background signal eguivalent

m~' was subtracted frc. the measured

background signal would have been
Also when the ahsorption coe”-

reater laser power is reeded in

signal. However, the advantage

s diminished somewhat bv the 1irge;

bsorbing medium was a mixture of y
ded tv a total of 1 atmospherc. !
e means that the conductivity ,
alibrating gas will be similar to

ture. The transmittance through

was approximately 72% as measured

described previously. This level

accurate region for measurements

nowledge of the quantity of
cell and the spectrophone, the
0 mrasure the pressure during both
by connecting the White ce11 and
mixture the micrumetric manometer

results of the measurements of water
0 similar since the White cell was
However the main point of suspicion
er vanor has been that this gas is
nces. In particular it has been
ite cell mirrors at high concen-

r absorption. Since ethylene is
nner the results show that the

does not occur at the concen-

mall absorptions the spectrophon

s the White cell measures transmi‘-

tance by subtracting nearly equal numbers so that the precision of the

spectrophone technique is greater. T
small water vapor absorption coeffici

10

hus the best method for determining
ents may be to use a spectrophone



which has been calibrated using anothcr gas and a White cell as described
here. For these more sensitive measurements we have a 15 meter White
cell with path lengths up to one '.m.

Referring igain to Table II and “ig. 3 it is seen that there is
7 close correspondence between the water vapor absorption cosfficients
measurea using the White cell and the spectrophone. Also the "synthetic
spectrum” calculation using Lore1tz line shane and conventionally
accepted values for the various calculation parameters[4] yields a
result in exceilent agreement with measurement. Table I7 also shows

the exrtent of the inaccuracy introduced by the use of the oricinal value
for the frequency cf the nearest water line.

For laser frequencies located in the atmospheric windows near
5. we have nreviously shown that calculation and measurement are in
substantial disagreement[6] apparently due to the g-eater ‘mportance
orf line shape in the latter calculation.

In Fig. 3 we also have shown the measur:d points obtained by Rice
and referred to in the introduction[2]. We con-lude that these results,
whi<ii hav: considerable scatter, are probably less accurate. ue are
not In a position to assess the most probatie reason but could spoculate
that it may involve the short path length (1 neter) or the water vapor
measurement method which Rice used. For 8 tor~ piressure Rice measured
k = 60 km=1 or a transmittance of 94% on a o e meter path whereas we
measured k = 100 km=! on a 12 meter path or a transmittsnce of 30%.

ITII. EXPERIMENTAL AND CALCU. ATED RESULTS FOR THE
9-8 P(16) CO Line [1872.236 cm-1].

The Freed CO laser which was used for these studies is unable
to resolve some of the more closely spaced lines. In some cases one
of the line pairs may be enhanced Ly proper setting of the grating
and the niezoelectric end mirror position voltage. An external etalon
would have been useful but was not availabl:.

This section presents data obtained foi one of the blended line
pairs. In this case measicement with a high rcsolution spectrometer
was used to determine thut 96% of the laser power was on the 9-8 P(15)
line at 1872.236 cm'I while the remaining 4% was on the 10-9 P(10}
line at 1870.620 cm- .

Figure 5 shows the computed water vipor absorption spectrum for
this region. The watcy vanor pressure wa: - ° torr, the path length
12 meters, and the total pressure 760 torr. A Lucentz line shape was
used. It is seen that the 1872.236 cm~! 1ine is in a transmission
window in that it is located several line widths from the nearest

1
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absorption line. However, the predicted absorption coefficiznt is

2.6 times as large as the most highly absorbing line reported in Table
L I of Reference [6]. It was decided to conduct the measuremen. to see

whether the pattern observed for the highly transmitting window lines

would be observed here also. In those cases the calculated absorption
coefficient using the Lorentz 1ine shape was low by as much as 50%.

Figure 6 shows the experimental data. The absorption of leser
energy when the power is distributed between several frequencies car
be described by

where kj is the absorption cvefficient at frequency v and the fraction
of the totei laser power «t frequency vi is P;j. The composite coef-
ficient is kc. Using this approach the composite absorption rnefficient
was computed using a Lorentz line shape and also using th: ;reviously
discussfrd "Ohio State University shape"[6]. Both results are shown in

. Fig. €. No attempt was made to adjust the parameters in the 0SU line
shape in order to improve the agreement.

The results are consistent with those previously reported for
more highly transmitting lines[6].

13
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