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NOTICES

Disclaimers

The findings in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of trade names and names of manufacturers in
this report is not to be construed as official Government
indorsement or approval of commercial products or services
referenced herein.

Disposition

Destroy this report when it is no longer needed. Do not
return it to the originator.
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BACKGROUND

The hydrogen fluoride (HF) laser is severely attenuated by water vapor
in the atmosphere. However, its high power efficiency and relatively
short infrared wavelenqgth (compared to other chemical lasers) results
in good focusing quality, making it ideally suited for use under atmo-
spheric conditions of very low water vapor content. These conditions
prevail in the upper atmosphere where the HF laser can be used as a
high energy laser weapon or remote sensor. Because of this, use of the
HF laser is of greater concern to the Air Force than the Army. Due to
the interest in the HF laser, the Air Force VWeapons Laboratory (AFWL)
and the Atmospheric Sciences Laboratory (ASL) undertook a joint effort
to parametrically measure the temperature and pressure dependence of
water vapor absorption for HF laser radiation. The results of this in-
vestigation provide a new data base from which more accurate predic-
tions can be made for high altitude (typically 12 to 18 km) absorption
of HF laser radiation. Additionally, the resultant line shape as well
as the self-to-foreign broadening coefficients shed new 1ight on the
understanding of the weak water vapor continuum absorption which per-

sists throughout the 3-5um atmospheric window.

The measurements contained in Part I of this report cover temperature
and pressure regions corresponding to altitudes up to 7 km. In Part II
lower temperatures will be used, and models for altitudes up to 12 km

or higher will be verified.




INTRODUCTION

Obtaining accurate predictions for absorption of HF laser radiation in
the upper atmosphere (12 to 18 km) is a complex task involving molecular
absorption from water vapor (including H,0 and HDO isotopes), carbon
dioxide and nitrous oxide. Tabulated values from the Air Force Geophysics
Laboratory (AFGL) absorption line parameter compilation [1] can be used
to calculate absorption coefficients for these species at the discrete
laser wavelengths. However, pressure and temperature dependencies of
the 1ine parameters as well as the absorption line shapes must be known
in order to make these calculations. The validity of these factors as
well as the accuracy of the line parameter values themselves all enter
into the accuracy of the absorption coefficient predictions. This re-
port presents results of a parametric study of the water vapor absorp-
tion at selected HF laser lines. In addition, a limited effort to
determine carbon dioxide absorption is also reported. The following
sections present (a) descriptions of the experimental apparatus and
approach, (b) the measurement parameters, (c) an in-depth comparison
of the results with predictions, including line shape, broadening, and
line parameter modifications, and (d) predictions, using the new data
base and improved line shape, of transmission for an operational sce-
nario. The culmination of this research, namely new predictions for
absorption coefficients as a function of altitude, are given in Figures
24-30 for seven HF laser lines. The water vapor absorption in partic-
ular is summarized in the conclusion - the data being given in Appendix

B.




EXPERIMENTAL APPROACH

In order to perform parametric temperature and pressure studies of the
absorption of HF laser radiation by water vapor and other gases, a
stable HF laser source and a longpath absorption cell are required.

In the present study a longpath White cell is used which is tempera-
ture controllable from -18° to 25°C, in conjunction with an HF laser
system, a data acquisition and reduction system, and several peripheral
systems for creating a controlled cell atmosphere and water distilla-

tion.

The HF laser system consists of a Lumonics Model TEA-203 multigas laser
employing transverse excitation of the lasing gas mixture which consists
of SFg, H,, He and 0,, Transverse excitation allows large quantities
of energy to be dumped into this lasing gas mixture. The energy of the
electrons in the plasma dissociates some of the SF¢ molecules with the
resulting excited fluorine atoms combining with the H, to form HF mole-
cules in excited vibrational states. Lasing occurs when the HF mole-
cules make the transition to the next lower vihrational energy band.
For HF only P branch lines (AJ = +1) with energy band transitions of
V=32, V=2+1, and V=1+0 generally occur. Pumping by transverse excita-
tion subjects the lasing gas mixture to high current densities which
results in the plasma discharge being unstable creating a condition

known as bright arcing. The resulting high density plasma formed during

s i



pumping absorbs some of the optical energy present in the cavity which
in turn greatly reduces the energy output and limits the laser to pulsed
operation. The He and 0, in the lasing gas mixture are not necessary
for the lasing action. 0, is used to eliminate sulfur and fluorine
compound deposits on the electrodes and discharge tube. Helium is

added to minimize the possibility of an explosive H,-0, mixture.

The experimental setup for the Lumonics TEA-203 HF laser is shown in
Figure 1. The laser has a 50-mm diameter calcium fluoride (CaF,) lens
with a centrally located 10-mm diameter gold-coated reflecting surface.
Due to its unstable resonator mode of operation the -~ser produces a
TEM-00 output beam which is donut-shaped in the near field. The rear
reflector, a micrometer adjustable grating, provides a means for wave-
length selection. The He-Ne laser beam is made coincident with the HF
beam by using a flat, oval-shaped, mirror FM3 (see Figure 1) with a
6-mm diame. nole drilled through its center along the He-Ne optical
axis. The donut-shaped near-field HF laser output beam is then centered
on the hole in this mirror. The position is checked using a sheet of

1iquid crystal.

By inserting the lens, mirror and spectrum analyzer shown in the dashed
box of Figure 1 into the beam the wavelength can be checked. In many
instances the near-field beam consisted of two or three different single

wavelength output beams. Multiple wavelength output can occur due to
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tion experiments: FM1, FM2, FM4, FM5, FM6, and M, flat surface
mirrors; FM3, special flat surface mirror with the central hole
drilled along He-Ne axis; CM1 and CM2, collection and collimat-
ing spherically concave mirrors; B, 2-mm thick calcium fluoride
beam splitter; F1 and F2, Teflon diffuse transmittance filters;
AP, adjustable aperture; A, detector apertures; W1 and W2, 6-mm
thick calcium fluoride cell windows; ID and 0D, input and out-
put indium antimonide detectors; and L, lens,




the close spacing of the HF wavelengths and the lack of sufficient dis-
persion due to the 1imited length of the laser cavity. It should be
noted however that these undesired lines diverge quite rapidly from

the central wavelength and are therefore no problem by the time they
have travelled the distance of 12 m to the collection and collimation

optics (see Figure 1),

Once wavelength selection is made the beam geometry of the HF laser out-
put is checked. To do this a CaF, lens with focal length of 1 m is in-
serted into the beam just after refiection from mirror FM3 and either
a liquid crystal sheet or a carbon block is used to observe the HF out-
put pattern depending on output intensity for the particular wavelength.
At this time the CaF, front reflector is adjusted by means of microm-
eter drives to correct the HF beam geometry so as to produce a donut-

shaped output of uniform intensity in the near field.

Mirror FM3 is equipped with selsyn receivers attached to the mirror's
micrometer drives. Selsyn transmitters located near the 2-m cell in-
put window allow remote control positioning of the HF beam in order to

keep it coincident with the He-Ne beam [2] (see Figure 2a).

After reflecting off FM4, both the He-Ne and HF beams travel a distance

of 10 m and are collected by an 11-cm diameter 1-m focal length concave
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mirror CM1 (see Figure 1), CM2 (a second concave mirror of 30-cm focus,
3-cm diameter) is used to collimate the beams for both laser sources.
The HF beam, having only travelled a distance of 12 m from the laser
cavity front optic to CM1, is unable to make the transition to the far
field and the resultant beam after collimation has the appearance of a
TEM-02 geometry (see Figure 3). Both beams then pass through the ad-
justable aperture (AP) shown in Figure 1, At this point, beam coin-
cidence is checked by placing a carbon block in the beams' path between
adjustable aperture (AP) and mirror F!6. Selsyn transmitters are then
used to position the HF beam. A 2-mm thick CaF, optical flat (B) is used
to split a portion of both beams to the cell input (reference) detector
(ID). The remaining portion of both beams then passes through a 6-mm
thick, 50-mm diameter CaF, window (W1) and into the longpath White
cell. Figure 4 shows the details of the White cell optical path. The
exciting beam then emerges from the cell output window (W2, also 6-mm
CaF,) and passes to the cell output (sample) detector (0OD). Liquid
nitrogen cooled indium antimonide (InSb) detectors are used for both ID

and 0D.

Teflon membrane filters (F1 and F2 in Figure 1) are placed in front of
the input and output detectors. Millipore type LSWP04700 Teflon filters
with a pore size of 5um are used to diffuse the beam. Room air tur-
bulence as well as mechanical vibrations and temperature variations af-

fecting the optics external to the cell cause beam jitter and wander on




Figure 4.

Figure 3. Collimated HF beam geometry.
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B, beam splitter; W1 and W2, cell windows; OW, observation
window; ID and 0D, input and output detector systems; M1, M2,
and M3, spherically concave cell mirrors; and D, separation
distance between cell mirrors.
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the detectors and in turn drastically affect the output signal levels.
By using diffusion filters these effects are minimized since the detec-
tors are then looking at an averaged intensity over a larger area re-
sulting in reproducible detector signals. Limiting apertures (A) with
backings made of this same filter material are placed in front of the

detectors to prevent saturation.

Referring back to Figure 4, the 2-m absorption cell experimental setup
used will now be considered. Upon entering the 2-m cell through W1,
the beam reflects off three spherically concave mirrors seen here as
M1, M2, and M3 which produce a multipath through the cell. Each of
these mirrors has a radius of curvature equal to the 2 m separation
distance D. The number of passes which both beams make through the
cell can be determined by looking through observation window (OW) and
physically counting the number of images on M2. Figure 5 shows both

a 1-spot and an N-spot multipath pattern on M2 as viewed from OW. Here

the N-spot multipath has a pathlength equal to 2(N+1)D.

The usual method for obtaining absorption coefficients for the particular
absorbing gas of interest is to obtain relative transmittance values for
two cell conditions - one with a nonabsorbing atmosphere and the other
with the absorbing gas. Both these measurements are made at the longest
possible multipath. Absolute transmittance, the ratio of these two re-
lative transmittance measurements, yields the absorption coefficient

for the absorbing medium.

12
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A new technique called path differencing (described elsewhere [3] in
detail) is used for the present measurements in order to provide the
cell's single beam system with the advantage of time independence like
that found in spectrophotometers which have a double-beam calibration
scheme. Basically path differencing uses a method of rapid changes in
pathiength between two different multipath lengths. Path differencing
minimizes time dependencies of the measurement which are caused by such

changes as temperature, vibration, and beam wander.

Pathlength changes in the cell are accomplished by means of vacuum
micrometer drives located on the same end of the cell as the observa-
tion window. Both M1 and M3 of Figure 4 are equipped with these microm-
eter drives allowing both horizontal and vertical plane adjustment. M2
is mounted in a fixed position. Once M1 is properly positioned so as
to place the coincident beams on M2 as shown in Figure 5a, an N-spot
multipath (Figure 5b) can be obtained by simply adjusting M3. Reposi-
tioning of the cell output beam is routinely possible to within +1 mm
between a 41-spot multipath (168-m pathlength) and a 3-spot multipath
(16-m pathlength) in 1 minute. After the multipath is established,
final cell output alignment is accomplished by positioning the output
He-Ne defraction pattern on the cross hairs of Teflon filter F2. A
3-spot multipath is used for the minimum pathlength because of limita-
tions in the micrometer drive of mirror M3, Finally, it should be
noted that the most important part of the optical alignment process

is the reproducible positioning of the #1-spot on mirror M2, If this
is not done accurately, the multipath spots will not occupy the same

positions on the surfaces of each of the 3-cell mirrors. Use of a

13




collimated input beam reduces the effect of imperfections in the mirror
surfaces; but unless consistent realignment is performed large discrep-
ancies in cell transmission can occur due to different values for overall

mirror reflectance, especially for longpath differences.

The signal analyzing system used for the input and output detector sig-
nals is described in detail in reference 4 and is shown in Figure
6. HF laser pulses are typically submicrosecond in duration with a fre-
quency of from 0.1 to 0.3 Hz depending on charging voltage. Both indium
antimonide detectors have output signals which follow the rise time of
the laser pulses with a decay time of several microseconds. The ratio
of the detector's pulse heights is then used to determine transmittance,
The output signals from both detectors are fed into Ortec 450 amplifiers
which bring the signals to a level between the 2 and 10 volts required
for digitization. The usual output voltage level is set at 7 volts with
a +1 volt fluctuation caused by variations in the laser's output in-
tensity. The cell input detector sianal is sent through an Ortec 427A
delay which matches the optical delay experienced as the beam propagates
through the absorption cell. Both detector signals are fed into 14-bit
Hewlett-Packard 5416B analog-to-digital converters. These two digitized
signals are displayed as a single point on a digital xy-oscilloscope

(see Figure 7) and analyzed by computer programs. This real-time display
of the two detector signals enables both detection and correction of non-

linearities and typical alignment problems during the measurements.
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Preparation of the water sample used for these water vapor absorption

studies is done as follows:* The water is first distilled with a Barn-
stead Model A-1115 still and collected at 90° to 95°C. This distilled
water is redistilled twice using the closed-cycle still shown in Fig-
ure 8. In the first redistillation 20 m1 of concentrated sulfuric
acid is added to 1.2 liters of the distilled water and redistillation
performed under an argon atmosphere to remove any ammonia present.
This sample is then redistilled a second time with 5g of sodium hydrox-
ide added to remove any carbon dioxide. In both cases the first 50

ml of distillate is discarded, 750 and 500 ml, respectively, of the
samples are collected with the remaining residue in the boiling flask
discarded. Between distillations the boiling flask is flushed with
singularly distilled water and baked dry. The final sample is stored

in a dual-ground glass seal flask under argon.

The desired water vapor partial pressure is obtained by slowly bleeding
in the required amount of specially prepared water sample through a
vacuum valve Tocated on the top of the 2-m cell (see Figure 9). The
water sample is held in a sealed titration tube which is attached to a
7-cm conflat flange which is in turn attached to the vacuum valve.

To keep the water sample from freezing as it is evaporated into the
evacuated 2-m cell, the vacuum valve and lower portion of the titra-

tion tube are heated. Water vapor partial pressure is monitored using

*This distillation process was developed by E. J. Perry and C. W. Bruce
of the ASL, White Sande Missile Range, NM 88002, in an unpublished
report to CPT T. Walker of the AFWL.
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a Datanetrics capacitance manometer. An EG&G Model 880 dew point
hygrometer is used to further check the water vapor pressure once the

sample is buffered by 750 torr of air.

For measurements at total pressures exceeding the water vapor pressure

a 20% 0,-80% N, mixture is used as the buffering gas. Once the desired
water vapor partial pressure is in the cell, 0, js added at a rate not
exceeding 4 torr per minute until 20% of the required buffer partial
pressure is obtained, The N. js then added in the same manner until the
desired total pressure is reached. Fill rates are limited to 4 torr

per minute since for greater fill rates some of the water vapor will
begin to condense. Standard equilibration is typically 2 hours for

fill rates less than or equal to 4 torr per minute although most atmo-
spheres are allowed to equilibrate overnight. Again capacitance manom-
eters are used to monitor pressure within the cell. Figure 10 is a

schematic of the 2-m cell vacuum and fill systems,

MEASUREMENTS

Measurements were made in a 2-m, temperature controllable White cell.
Seven HF Tines covering the wavelength region from 2.64um to 2.91um
were observed for up to four temperatures: 25°, 10°, -5°, and -18°C.
Limited data were also obtained for two other lines at 25°C only. Water
vapor pressure at the temperatures used corresponded to approximately

50% relative humidity.
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An 80-20 mixture of N,-0, was added to the water vapor concentrations
for seiected partial pressure values between 0 and 750 torr, In addi-
tion, two additional water vapor pressures were used for the 25°C condi-

tion. Measurement parameters used for the laser lines are shown in Table 1.

In all cases the minimum pathlength traversed through the cell was 16
m (corresponding to a 3-spot multipath). The long pathlength was taken
as large as possible while still maintaining a detectable signal.
Maximum useable pathlength was 168-m (a 41-5pot multipath) which was
limited by the optics in the cell.* Long pathlengths varied from 32 m
(7-spot multipath) to 168 m. Cell temperatures below ambient were
achieved by using the cooling system shown in Figure 11 which incor-
porated an Edmunds Model CC-3-A commercial chiller. This unit contin-
ually kept a solution of 60% ethylene glycol - 40% H,0 at the desired
temperature. The solution was circulated through a system of veins on
the exterior surface of the cell to provide the cooling. Temperature
stability, once the desired low temperature was reached, was maintained

by thermostatic control of the coolant being circulated. A 10-cm thick

*At pathlengths greater than 168 m (41-spot multipath) the He-Ne align-
ment laser diffraction pattern became difficult to observe making align-
ment on the crose hairs of the output detector filter difficult. In
addition, at pathlengthe of 182 m (a 45-gpot multipath) clipping of the
output beam occurred.
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fiberglass insulation wrapping on the cell ensured temperature stability.
Vacuum extensions were added to the cell windows to prevent condensation
and icing. For the -18°C temperature case it was necessary to use a
slightly different method for cooling due to compressor limitations on
the Edmunds chiller. The chiller was used to bring the cell tempera-
ture to -5°C and at this point was turned off. The system circulation
pumps were kept running and the remaining 13°C drop obtained by use of

a cooling sump (which contained 20 gallons of an ethylene glycol - H.)
mixture in a 60-40 ratio) to which dry ice was added as needed to bring
and maintain the sump temperature to the desired level (see Figure 11).
The sump itself consisted of a well insulated cylindrical tank with two
inside circumferential wraps of 1.3-cm tubing running about 2/3 of the
way up the side of the 1-m high tank (one coil wrap inside the other).
Some 700 kilograms of dry ice was required to drop and keep the cell

temperature stable at -18"C for the 32-hour data gathering period.

During this 32-hour data acquisition period it was noted that HF laser
lines P,(6), P,(7),and P.(5) showed rather subhstantial drops in laser
output power as seen by both cell input and output detectors. This was
caused by the increase in CO. content in the laboratory atmosphere from
the dry ice boiloff. This CO. absorption prompted an additional study
of CO, absorption for these three lines. These measurements were made

for the conditions shown in Table 2.
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TABLE 2

MEASUREMENT PARAMETERS FOR CO, ABSORPTION

Protal (torr) PCOg (torr) Temp (K)
75 0.434 298
75 3.000 298
298

760 0 434




A comparison was also made to determine the effects of oxygen broaden-
ing in relation to the standard 80-20, N2-0, broadening. This was done
for HF lines P,(4), P,(6), P,(7), P,(5), and P,(6) for 14.3 torr H,0

buffered to 75 torr total pressure with pure oxygen at 25°C,

LINE-BY-LINE CALCULATIONS

Of the methods available for calculating atmospheric transmission, only
line-by-1ine procedures have sufficient spectral resolution to be appli-
cable when computing the attenuation of HF laser radiation. These pro-
cedures evaluate the total absorption coefficient at a given frequency
(v) by summing the contributions of all significant spectral lines in
the vicinity of this frequency. In general, the absorption coefficient

of a single absorption line is given by

k(v) = Sxf(ys v = v,) ()

where S is the line strength, x the concentration of the absorbing
species, and f(y, v = vo) a shape factor defining the line profile ap-
propriate for the particular broadening conditions. At pressures above
approximately 0.1 atmospheres pressure broadening is dominant and the

line shape is given by the Lorentz profile: [5]
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:
flyy,ve=v)= L (2)
Sl T

where A is the Lorentz half width of the spectral line and Vo the 1ine
center frequency (cm=1), At very low pressures collisional broadening is
negligible but the motions of the absorbing molecules give rise to Doppler
effects. Under these circumstances the line is Doppler broadened and the
shape factor is given by: [6]

n 2

folvps v = v)) = W P [- (2n 2)(v - v )?/7] (3)

where vy is again the line center frequency and p is the Doppler half
width, At intermediate pressures, such as those encountered in upper

atmospheric work, both Doppler and pressure broadening contribute. In
this case the resulting shape factor is the Voigt profile given by the
convolution of the separate Doppler and Lorentz profiles., It may be

shown that this convolution is given by: [6]

folyLs vgs v = v,) = y'“‘ f e"EL ££)d (4)
y2 + (z - t)2

- 00
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where
y = L ven 2
D
and
(v-v)
Z = - - Yin 2 .
D

Since this profile reduces to the proper limiting shape (Lorentz or Doppler)
under the appropriate conditions, it may be used in all pressure regimes
except where collisional narrowing is important, although its evaluation is

more difficult than either Eq. (2) or Eq. (3).*

With any of the above shape factors, the total absorption coefficient at
frequency v (neglecting line overlap contributions) is given by the sum

of the absorption coefficients of all significant spectral lines in the

vicinity of v or:

K(\))=XS.S,i f(yi,v-vo.) . (5)

Generally the range over which this sum must be taken in order to insure

an accurate evaluation of K(v) is defined in terms of the distance

*For a discussion of the computational methods used to evaluate the

Voigt profile in the present study see reference 7.
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(v -v))

% that a strong line must be separated from the point of computa-

tion for its contributions to the absorption coefficient to be negligible.

Once (v = v )

L is determined the sum is taken over all spectral lines for

which |v - vol < (v - Ve A ®
In carrying out the sum in Eq. (5) the line strengths (Si)’ half widths
(yi), and positions (voi) must be known for all contributing spectral lines.
In the present work these parameters have been taken from the Air Force
Geophysics Laboratory line tabulation [1] with some modifications being
made based on the recent work of Flaud and Camy-Peyret [8]. Since the
tabulated strengths are those appropriate for 296 K while the Tine widths
are those for air broadening at this temperature, corrections are required

to modify these strengths and widths before calculations can be compared

to the experimental data.

For the line strengths the temperature variation is taken as:

Ar(Ty) Q,(Ty) [ hc E" (1 ] )] (6)

ST = S} A e b

where h is Planck's constant, ¢ the speed of light, k Boltzmann's constant,
E" the lower state energy of the transition, QR the rotational partition
function, and Qv the vibrational partition function. The ratio of the rota-

tional partition functions at temperatures To and T may be shown to be [9]
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where j=1 for diatomic or Tinear polyatomic molecules and j=3/2 for sym-
metric, spherical, and asymetric top molecules. The vibrational partition
function is more difficult to evaluate but a good approximation at atmo-

spheric temperatures is given by the harmonic oscillator approximation:

Q,(T) = 1 - exp(~ w;hc/kT)]% (8)
1

h normal vibration referenced to the

where ws is the frequency of the it
ground state level and di is the degeneracy of this level. This expres-
sion has been used to evaluate the ratio of vibrational partition functions
in the present work. For the Tine half widths the temperature dependence

is assumed to be:

¥(T) = ¥ (T )T /T)" (9)

where kinetic theory predicts m to be 1/2 assuming constant collision
diameters. The value of 1/2 has been used here for all molecules except
H,0 for which the average value of 0.62, as determined by Benedict [10],
has been used. Since the half widths in the AFGL tabulation are air

broadened values, self broadening has been taken into account using
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= Yair(Pf * BPS) (]0)
where Pf is the partial pressure of the foreign (buffer) gas, PS the par-
tial pressure of the absorbing species, and B the self broader: g coeffi-

cient normally taken as 5.0 for water vapor [11].

In the present study B-values have been determined in the vicinity of each
laser line using the experimental data. If the Lorentz line shape of Eq.

(2) is assumed, then in the wings of such a line where (v - vo) >> y_ and
k(v) = Sx YL/n(v - vo)2 .

Upon substituting Eq. (10) for the half width and expressing the density
x in terms of the absorbing species partial pressure PS and the absolute
temperature T, this expression becomes:

S PS(Pf + BP

T n(v - U FE

)

k(v) » 27,38 x 1028

The total absorption coefficient at a given laser line is then given by:

5§ Yair

? L 2
e

-

26
K(V) = PS(Pf 3 BPS) 7.34"XT]0

(11)




where the sum is a constant for a given laser line at a given temperature.
For each laser line the absorption coefficient was measured at 25°C with
constant total pressure and varying water vapor partial pressures., Con-
sequently taking the foreign gas pressure Pf as (Ptota1 - PS) Eq. (11)
gives:

K(v) = CONST. [P_ P + (B - 1)P2] (12)

total

or
Kiv) = aP, + bPZ . (13)

A least squares fit of Eq. (13) to the experimental data then yielded the
self broadening coefficient B in terms of the fit parameters b and a
giving:

B=~P bfa) + 1 .

total(

An example of this procedure is shown in Figure 12 for laser line P1(6).
The assumption inherent in this determination of B is that the absorption

coefficient is dominated by far wings of lines or more explicitly that

v/ (v = v )17 << 1,
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Figure 12,
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Absorption coefficient for laser line P](6) plotted against
water vapor partial pressure, Fits to these curves were
used to evaluate broadening parameter B,
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When this condition is satisfied, Eq. (12) is applicable and K(v) should
be Tinear in Ptotal for constant PS. This was found to be true for all
laser lines at 25°C for buffer pressures up to approximately 250 torr

as shown in Figure 13 for laser line P](6).

MEASURED AND CALCULATED COEFFICIENTS

Using the procedures outlined above the self broadening coefficients

were determined in the vicinity of each of the HF laser lines giving

the values shown in Table 3. These values were used in conjunction

with the Voigt profile and the line parameters of the AFGL tabulation

to calculate absorption coefficients at the laser lines for the experi-
mental measurement conditions. Comparisons of the measured and calcu-
lated values, representative examples of which are shown in Figures 14

and 15, indicated excellent agreement for laser lines P](6) and P2(6)
while the calculated values for the other laser 1lines were consistently
low. Two possible sources of error could account for these discrepancies:
(1) errors in the line strengths, positions, or widths in the AFGL tabu-
lation and (2) deviations from the assumed spectral line shapes especially

in the far wings of the lines,

Since the line strengths for water vapor in the AFGL tabulation are

values calculated by Benedict in which centrifugal distortion was
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TABLE 3
SELF-BROADENING COEFFICIENTS B FOR
SELECTED HF LASER LINES AT 25°C

Frequency Self-Broadening Coefficient
Laser Line (em=1) B (Dimensionless)

P,(4) 3788.2253 8,92
P1(6) 3693.4226 4.34
PL(7) 3644.1454 5.00
P,(5) 3577.5002 6.30
P-(6) 3531.1747 4.82
P-(7) 3483.6522 8.20
P>(8) 3434,9994 5.00

18
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accounted for but AK effect and resonances have been ignored, these

line strengths could be significantly in error. To minimize these

errors, the AFGL tabulation was modified in the vicinity of laser lines
Py(4), Py(7), P»(5), and P,(7)* by inserting the strengths and lower state

1H7 ]60 from reference 8 in which all of the resonance and

energies for
distortion effects have been taken into account at least in an approxi-
mate manner. Calculations based on these new tabulations, shown in
Figures 16 through 19, gave substantially improved agreement between
observed and calculated coefficients for laser lines P-(5) and P-(7);

poorer agreement for line P;(7); and essentially the same results as the

old strengths for line P,(4)

To determine the origin of the remaining discrepancies, plots were
generated which showed not only the total absorption coefficient in

the vicinity of a laser frequency but also the contributions of the
individual spectral lines. In general these plots indicated good
agreement between observed and calculated values for regions dominated
by near wings such as lines Py(6) and P,(5) shown in Figures 20 and 21,
while serious discrepancies resulted in regions dominated by far wings

such as laser line P;(7) shown in Figure 22. This behavior was indicative

*The data for line P,(8) showed large scatter so that analyeis of thie
line was impossible. Data being generated at the present time using
spectrophones should yield rmore reliable results.
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Figure 22.
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of a deviation from the assumed line shape in the far wings of the
absorption lines and in fact implied that the water lines were super-
Lorentzian (having a higher wing absorption than that predicted by the
Lorentz or Voigt profiles). Since far wing deviations from the Lorentz
or Voigt line shapes have been observed elsewhere for both CO. [12,

13] and H,0 [14], an adjustable 1line shape was employed. This shape is
based on Lorentz or Voigt profile but allows for modification of the line

wings using adjustable parameters.

The super-Lorentz profile employed was that developed by Trusty [15]
which is similar in form to one previously proposed by Benedict [16].

The shape factors for this profile are:

f(Yv Vi VO) = 7 for ,\) - \)O <wv (]4)

where the Lorentz shape is used near line center, (v - vo) 2 Vs and a
modified shape is assumed in the wings (v - vo) ¥ Vit In these equations

both ¥m and n are empirically determined parameters while C is a normaliza-

tion constant. If Vm is taken as GVL where G is some integer and \1 the

Lorentz half width, C is found to be
= (n/2 tan~1(G) = G
c=(n/ )/3Lan (G) BT T =] (16)
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Since this profile is essentially a modification of the Lorentz or
pressure broadened 1ine shape, it should be applicable to higher pres- i
sures where collisional broadening is dominant. At intermediate or
lower pressures such as those encountered in the upper atmosphere,
Doppler broadening becomes increasingly significant and a combined 1ine
shape similar to the Voigt profile must be used. To insure proper
treatment of this pressure regime a "super-Voigt" profile was derived
by taking the convolution of the Doppler distribution with Eq. (15).
The resulting convolution integral could not be solved directly so a
series solution was derived which was valid for the far wings of a
Lorentz line while numeric integration was used to evaluate this func-

tion in the near wings.*

The super-Voigt profile like the super-Lorentz still depends on the two

empirical paraeters ; and - Because the super-Voigt shape is fairly in-
sensitive to the value of e (1571, this parameter was taken as 3(\L)
(the optimum value determined in reference 14), this being considered

a reasonable bound for the validity of the pressure broadened 1ine shape.
At pressures and temperatures for which the absorption coefficient is
dominated by far wings, Eq. (15) predicts the variation in the calcu-

lated absorption coefficient with n to be:

= ¢(P_, T)on (17)

tDetatls of the derivation of the sup: reVoiat profile are given in A;‘pcndm‘ A,
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Where T is the absolute temperature, Pe the effective pressure given by

(Pf + BPS) as in Eq. (10), and

ki being the contribution to the total absorption coefficient by the ith

spectral line. Although ¢ depends on temperature in a very complex fashion,

it may be shown that its pressure dependence is given by

0(Pas T) = (1, T) + en(P,) (18)

where, since ¢ is negative, the variation in K(v) will decrease with in-
creasing pressure, Calculated values of the absorption coefficients

for all the laser lines in general followed both Eq. (17) and Eq. (18)
for values of Pe below approximately 200 torr with larger values of

¢ being observed at higher temperatures as shown in Figure 23, Conse-
quently, an iterative procedure was developed for evaluating n in which
absorption coefficients were calculated for each laser line and the

value of n varied using Eq. (17) until a "best-fit" value was found
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for all laser lines.* In general this process was successful since a
single n value could be found which substantially increased the pre-
dictions for those lines which were originally underpredicted while
only slightly changing the calculated values for those already in near
agreement. However, the calculated coefficient at laser line P,(7)

was still significantly low; and an attempt to force agreement on this
line pushed the values for all other lines above their measured values.
A second iteration was therefore attempted using the original AFGL Tine
parameters in the vicinity of P;(7).** In this case agreement

within experimental error could be obtained for most 1ines using

n = 1.88.

In the case of lines P,(5) and P,(6) however, slight modifications to the

self broadening parameter B were also required: the value at P.(5) being

*Absorption coefficients for laser line Py(4) were not considered in
this fit process because of their strong dependence on HDO and other
isotopic lines for which accurate strengths, positions, and widths
were not known.

*Aian obvious line position error for water line Sy, 1 * 41,4 V=0, 0,
0+0, 2, 0 was corrected in the AFGL tabulation using the observed
position of Rao et al. in reference 17.
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taken as 6.30 instead of 7.12, while the value at P,(6) was taken as
3.91 instead of 4.82., Comparisons of measured and calculated coeffi-
cients for all laser lines using this value of n and the modified 1ine
tabulations [except for P,(8) and P3(5)] are presented in Appendix B.
Data for lines P,(8) and P3(5) were obtained for only two cell condi-
tions: 14.3 torr of water at 25°C buffered with air to 75.0 torr and
764.3 torr. For these conditions the measured absorption coefficients
for P,(8) were 27.10 and 131.3 km~1, respectively, while those for P;(5)
were 0.680 and 3.358 km~!, Although super-Voigt calculations were not
done for these lines, standard Voigt predictions agreed well with the

observed values for P,(8) and were lower for P;(5). Further analysis

on these lines was not attempted.

Although the super-Voigt shape did not bring the calculations into per-
fect agreement for all HF laser lines, it did substantially improve the
predictions in most cases. Thus the calculations presented here do give
credance to super-Lorentz or super-Voigt behavior in water vapor, since
the changes in the calculated absorption coefficients with the super-
Voigt shape are of the right magnitude for the various laser lines:
large increases beina obtained at those frequencies for which the pure
Lorentz values were substantially Tow and only slight increases being

obtained where the Lorentz predictions were in near agreement.
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In addition to the measurements of air (0,/N.,) broadened H.(Q absorption
coefficients, limited data were also collected for oxygen broadened H,(Q
absorption as well as air broadened CO, absorption. The oxygen broad-
ened water vapor data were collected at HF laser lines P,(4), P,(6),
Py(7), P>(5), and P,(6) using a water vapor partial pressure of 14,3 torr
and an oxygen buffer pressure of 60.7 torr. Oxygen is known to be a

less effective foreign-gas-broadener for water vapor than nitrogen

e of 0,5236 [18]. Consequently,

having an average ratio of nﬁ?/y
calculations were performed at the above laser line frequencies using
an effective buffer pressure of 31.8 torr or (0.5236) x (60.7) torr.
The results of these calculations using the modified AFGL tabulation
with both the Voigt and super-Voigt profiles are given in Table 4.

It may be seen from this data that again the super-Voigt profile gives
substantially better agreement than the standard Voigt profile implying
that the water lines are super-Lorentzian even when oxygen broadened.
The discrepancy observed for line P,(4), as seen before in the air
broadened data, is due to the strong isotopic water vapor absorption

near this laser line for which accurate strengths, positions, and widths

are not known.

Strong CO, absorption was observed for HF laser lines Py (6), Py(7)

and P,(5). Measurements for these lines were made with air broadening
(80/20 mixture of N,/0,) using a CO, partial pressure of 0.434 torr buf-
fered to total pressures of 760 and 75 torr and a CO, pressure of 3

torr buffered to 75 torr. Results of these measurements are given in

47




TABLE 4

OBSERVED AND CALCULATED ABSORPTION COEFFICIENTS FOR SELECTED

ABSORPTION COEFFICIENTS (km=1)

Y Y.
02// air

PH90 = 14,3 TORR, P

0.5236

Laser Line

Pr(4)
P1(6)
P1(7)
P2(5)
P.(6)

Voigt Profile

2.426
29.380
8.816
9.487
6.985
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HF LASER LINES WITH OXYGEN BROADENING

O 60,7 TORR, T = 25°C

Super-Voigt Profile

3.463
33.95
11557
L2

e ‘64




Table 5 and are compared to calculated values based on the AFGL tape
using the Voigt profile. It may be seen that the calculated values for
Tines Py(6) and P,(5) are within the experimental uncertainty while

those for laser line P,(7) are consistently high. Although a thorough
investigation of these errors was outside the scope of present work, the
line strengths in the vicinity of line P,(7) were checked using the work
of Gray et al. [19] and no significant errors were found. Because several
experimental studies have indicated that CO, lines are definitely sub-
Lorentzian [12, 13] it may be that the overprediction for laser line P,(7)
is a line shape problem and not a deficiency in the tabulated line

parameters. Further investigation of this behavior is required

DISCUSSION

Calculation of absorption coefficients at HF laser frequencies using
line-by-1line calculations based on the AFGL tabulation were found to be
improved by modifying the tabulation using the line positions and
strengths of reference 8 and by introducing a super-Lorentz or super-
Voigt line shape. The present study is by no means exhaustive, however,

and several questions remain:
1. The line positions, strengths, and widths for isotopic water

species in this spectral region appear to be in error as demonstrated

by the discrepancies observed for laser line P,(4).
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TABLE 5

OBSERVED AND CALCULATED ABSORPTION COEFFICIENTS FOR CARBON DIOXIDE

Piotal = 760 TORR, PCO: = 0.434 TORR
Frequency Observed
Laser Line Semtty (k=)
Py(6) 3693.4226 5.44
Py (7) 3644 1454 7.30
P, (5) 3577.5002 9,85
Bniay = 75 TORR, Peo. = 0.434 TORR
Frequency Observed
Laser Line em™1) (km=1)
P,(6) 3693.4226 0.570
P (7) 3644 1454 1.12
P, (5) 3577.5002 2.63
Piota] = 75 TORR, pco, = 3.0 TORR
Frequency Observed
Laser Line fem=1) Lkm=1)
P.(6) 3693.4226 4.56
PL(7) 3644,1454 7.39
P.(5) 3577.5002 18.1
50

Calculated
_(km=!)

5.07
8552
9.32

Calculated

(k=)
0.632
1.58

2.94




2. The assumption of super-Lorentz behavior for water vapor
appears to be supported by the present data but lacks direct experi-
mental verification through observation of far wing absorption of
individual H,0 Tines. Many of the same effects observed with the super-
Lorentz shape could be duplicated by modification of line strengths,

widths, and positions in the AFGL tabulation.

3. The super-Lorentz profile assumed here is strictly an empirical
modification of the Lorentz shape and needs theoretical support. Since
in fitting experimental data for CO, [12, 13] a sub-Lorentz shape was
found to be necessary in which the Tine wings became sub-Lorentzian in
an exponential fashion, the assumed form of the present super-Lorentz

shape may not be ideal.

4. The self-to-foreign broadening ratios (B) determined here are
based on minimal data at a single temperature. Further verification
of these values is required as well as a study of any possible temper-
ature dependencies. Since in general these ratios will vary from one
spectral Tine to another, ideally values should be evaluated for all
absorption lines of interest instead of measuring effective average

values,

5. Substantja] scatter was observed in the measured absorption

coefficients below 0.1 km~!, Since most low temperature data was in this
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range, further low temperature measurements are required to check the
calculational methods before applying them to high altitude low tempera-

ture problems.

CALCULATED ABSORPTION COEFFICIENTS FOR MODEL ATMOSPHERES

Total absorption coefficients for HF laser lines P,(4), P,(6), P,(7),
P-(5), P»(6), P,(7), and P,(8) have been calculated as a function of
altitude and relative humidity using atmospheric temperature and pres-
sure profiles, corresponding to the midlatitude summer model [20],
shown in Table 6.* The concentrations assumed for the evenly mixed
atmospheric constituents (those invariant with altitude) are given in
Table 7. In performing these calculations the modified 1ine tabula-
tions and the super-Voigt profile, discussed above, were used for water
vapor while the AFGL tabulation and standard Voigt profile were used

for the other atmospheric constituents.

The results of these calculations are shown in Figures 24 through 30

for relative humidities of 10, 30, 50, 70, and 907 covering altitudes

*Since there is no significant ozone alsorption in this spectral reqion

the onone concentration has been taken as znero in these caleulations.
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TABLE 6
ATMOSPHERIC CONDITIONS USED IN CALCULATING ABSORPTION COEFFICIENTS
AS A FUNCTION OF ALTITUDE FOR HF LASER LINES

Altitude Temperature Total Pressure Saturated H-0 Pressure
(km) (K) (torr) (torr)
0 294 760.00 18.65
1 290 6/6.72 14.53
2 285 601.70 10.52
3 279 532.67 7.013
4 273 471.15 4,579
5 267 415.64 2.765
6 261 365.37 1.632
7 255 319.60 0.9390
8 248 279.09 0.4760
9 242 243,08 0.2590
10 235 210.82 0.1210
11 229 182.31 0.0609
12 222 156.80 0.0263
13 216 134,29 0.0122
14 216 114.79 0.0122
15 216 97,53 0.0122

HDO concentration = 0.03% of H-0 concentration
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Figure 24,

TABLE 7
ASSUMED CONCENTRATIONS OF EVENLY MIXED
ATMOSPHERIC CONSTITUENTS

Concentration
Species PPM by Volume
co, 330
N-0 0.28
co 0.075
CHy, 1.60
0, 2.095 x 10°

LASER LINE: P1(y)
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Absorption coefficients as a function of altitude and relative
humidity for laser line P,(4).
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Figure 25,

Figure 2o6.
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LRSER LINE P2(S)
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Figure 27. Absorption coefficients as a function of altitude and relative
humidity for laser line P,(5)
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Figure 28. Absorption coefficients as a function of altitude and relative
humidity for laser line P,(6).
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Figure 29.

Figure 30,
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from 0 to 15 km. Since all of the laser lines presented here are
strongly attenuated by water vapor, the absorption coefficients vary
roughly as the water vapor concentration (and hence temperature) de-
creases rapidly to an altitude of 13 km and more slowly above this
point. The observed convergence of the various relative humidity

curves at higher altitudes is the result of CO, and to a lesser

extent N,Q absorptions since the percent concentrations of these species
are invariant with altitude. In effect the absorption coefficients for
laser lines showing this behavior, such as P,(6), P;(7), and P,(5),
simply converge to the combined CO,-N,0 absorption coefficient at higher

altitudes.

Although calculations were carried to an altitude of 15 km, the experi-
mental data gathered in the present study did not cover temperatures
below -18°C (255K) so that verification of the calculational methods for
conditions above 7 km was not possible.* As a result, calculations for
altitudes above 7 ki must be considered as extrapolations based on higher
temperature data. Similarly, the discrepancies between measured and
calculated coefficients for laser lines P,;(4) and P,(7) indicate that the
calculated coefficients for these laser lines should be used with cau-

tion.

*Data being gathered at the present time covering lower temperatures
1T 4 s . I . . >4 . i . s
wtll allow verification of higher altitude calculations.
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CONCLUSION

During the course of this parametric temperature and pressure study of
the absorption of HF laser radiation by water vapor, a more accurate
data base for atmospheric gaseous absorption coefficients was compiled.
Several important characteristics of the absorption were investigated
leading to changes in the method of predictive modeling of water vapor
absorption which will better meet Army and Air Force requirements in

the 3-5um spectral region. Also pertinent parameters were defined
which require further investigation before accurate predictions of atmo-

spheric gaseous absorption above 7 km altitude can be made.

Only by the use of Tine-by-1ine modeling can sufficient resolution be
obtained to calculate the atsorption coefficients for the discrete HF
laser frequencies. The self broadening coefficient B is an important
parameter in such calculations especially at low buffer pressures.
There is a different self broadening coefficient associated with each
absorption line resulting in a complex dependence of B on pressure,
temperature and frequency. An average self broadening coefficient of
necessity is used because an exact value at each desired frequency for
every atmospheric condition of interest would be prohibitively costly
to calculate. In the HF spectral region the average B value commonly
used is 5.0 which is in good agreement with the values obtained in this

work and listed in Table 3 for 25°C, Variations in this parameter from
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laser line to laser line are indicative of the complex functional de-
pendence. Further investigation is needed to better define the self
broadening coefficient dependence on temperature which may strongly

affect water vapor absorption above 7 km altitude.

Just as important to accurate predictive model calculations is the ab-
sorption line data base - the best available one being the AFGL line
parameter compilation. The present work indicates that some updating

is needed. The Flaud and Camey Peyret Ty, 16

H, '°0 line strengths and positions
gave significantly improved predictions when compared with the presently
used tape values. Discrepancies between updated model predictions for
P,(4) and P,(7) indicate additional updating is needed especially in the
HDO 1ine parameters which may become increasingly important to accurate

predictions above 7 km for laser lines lying near isotopic absorptions,

The most general result of this water vapor absorption study having im-
pact on the 3-5um spectral region is the development of a super-Voigt
line shape and computational capability. Significantly improved agree-
ment between model calculations and measured absorption coefficients for
HF 1lines dominated by far wing absorption is obtained with this model,
and its influence on water vapor absorption will be enhanced at altitudes
above 7 km. Here again a temperature dependence of the line shape may

be significant and requires further investigation.
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The worth of this parametric temperature and pressure measurement study
is seen by comparing the measurements to the theoretical calculations
before and after the above 1ine parameter changes were included. Sub-
stantial agreement now exists between the calculations and measurements
as seen in Appendix B except for lines Py(4) and P.(7) which still have
unacceptable calculated absorption coefficients for accurate modeling
purposes. Extrapolation of the present parametric study of water vapor
absorption gives better estimates for the absorption coefficients above

7 km altitude as detailed in Figures 24 through 30. Accurate slant path
modeling to or at such altitudes will require additional research. Be-
tween 12 and 18 km altitude, the dominance of the water vapor absorption
is rivaled by CO- and N,0 whose concentrations do not fall off as quickly
as water vapor with decreasing temperature and pressure. Some insight

to the problem is seen in the narrowing of the separation of the five rel-
ative humidity curves in Figures 24 through 30 for altitudes above 12

km. The degree of agreement in this work at 25°C for CO, absorption at
P,(6), P;(7) and P,(5) is not sufficient for high altitude predictions.
The question of a sub-Lorentzian (or Voigt) line shape for CO. absorp-
tion needs investigation. Addressing these problem areas will yield the
necessary data base to accurately model slant path gaseous absorption

through the atmosphere and will be the subject of Part II.
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APPENDIX A

METHODS OF EVALUATION FOR THE SUPER-VOIGT LINE PROFILE

The super-Voigt profile 1ike the standard Voigt is defined as the convolu-
tion of the super-Lorentz and Doppler line shapes. Since the Doppler

shape factor is given by
fp(ss v') = 8 exp [-(wn2)(v - v')? /4] (A-1)
where 8 is a normalization constant, and the super-Lorentz shape is

CYL
fs](v, vo) = TR v0)7 - VL] , for

(v - \)o) <V (A=2)

(A-3)

CY (v Fl i
i [ m) 1
fsz(\’s \’O) S > ) (\) i vo> ,» for

v+ Yi) S vo)

The convolution integral for the super-Voigt absorption coefficient is

expressed as:

a-vm
Kv(v') =S / fD(v, v')fsz(v, vo)d(\) -v')

- Q0

+v
& m

+s / Flvs v )Fq (vy v )d(v = v')

Y
o m
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vs f Fylva v )Fp(vs v )d(v = v1) (A-4)

atv

m
where S is the line strength and a = (vO - v'), the separation of the
point of computation from the center of the Lorentz 1ine. Because of the
exponential fall-off of the Doppler profile, in most cases of interest

only one or two of these integrals will make a significant contribution.

If for example

vy < lal <+ 6,

as shown in Figure A-1, then both the second and third integrals of Eq.

(A-4) will be significant; while if

EY 20t 6\D (A-5)

as in Figure A-2 only the third integral will contribute.* In general

the integrals of Eq. (A-4) may not be solved directly so that numerical in-
tegration procedures are required. An exception to this is that when Eq.
(A=5) 1is satisfied, a series solution may be found for the one contributing
integral. This solution is significant since in normal atmospheric trans-
mission calculations the majority of the lines contributing to the absorp-
tion at a given frequency are far enough removed from this frequency so
that Eq. (A-5) is satisfied. Consequently, a reasonable fraction of the

computational time (and hence cost) may be saved by using a series solution

v = v!) = €Y, has been taken as a reasonable bound beyond which the Doppler
profile will be so small that the convolution integral may be terminated.
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Figure A-1. Schematic of the convolution of Doppler and Lorentz line
shapes for

v < |a] < vp * 67

m

Figure A-2, Schematic of the convolution of Doppler and Lorentz line
shapes for

lal > ve * GYD
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for these lines instead of having to resort to numerical integration tech-

niques.

Considering first the case where Eq. (A-5) is satisfied, the absorntion coef-

ficient of Eq. (A-4) reduces to:

£S5 v v exp [-(2n 2)(v - v')2 /42]
K fv') ® et M /D d(v - v') . (A-6)
$ n(v2 + y?) R
m L o)
This may be put in a more standard form by substituting
w=ven 2 [(v - v )/vp]
and
£ =v/an 2 [(v - v')/vpl (A-7)
giving:
il 2
K (v') = b3 v 9y, 8 (V.'x‘.n ?)"']f e dw (A-8)
X n(v2 + y2) s (g = w)"

Since the integral in this equation will not be taken over an infinite
range the normalization constant g will be carried through the computa-

tions explicitly as
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——

B = 1// exp [-(2n 2)(v - v')z/ylz)] d(v - v') .

Using the same substitutions as before this becomes

g = (/zn 2/yD> /‘/‘e""'2 dw

so that Eq. (A-8) may be written:

Since Eq. (A-5) is satisfied it also follows that
w/g < 1

so that

e -n
'(E_—w)---s—n-(l - w/E)

;_n {] +i=2] l(n + ])(n + g)iou(n + i - ]) (N/C)i} "

Substituting this into Eq. (A-9) gives
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Kv(v') = Ks(v') {1 + é ﬂé—:l [-/‘e'w2 wi dw/f e'W2 dw]} (A-10)
i=1 -

where Ks(v') is the super-Lorentz absorption coefficient given by Eq.

(A-3) times the line strength (S), while N(i) has been defined as

N(i) = aln * Diln ® 2)eccln e i = 1) : (A-11)

1!

If the integrals in Eq. (A-10) are taken over some even range say from
-a to +a only even powers of w' will have nonvanishing contributions.

Consequently, Eq. (A-10) may be rewritten as:

N
Kv(\)l) = Ks(\)') {] + Z] {—%T]_ I(J)/I(O)} (A-]Z)
J= >
where:
1)(n + 2)ees(n + 23 = 1
Nj 2 An B T?;)! (n j=-1) (A-13)
and
1(3) =f Wo & g (A-14)

-Q

Integration of Eq. (A-14) by parts gives a recurrence relation for the

I(j)'s such that:
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1) = - o237 e o (25 1) 15 1) (A-15)

1(0) =/ o - (A-16)

-

with

If a is then taken as 5 so that the integration is carried out to (v - v')
. SYD, numeric integration shows that the value of I(0) is essentially

the same as that for a + = or
I1(0) = /7 . (A-17)

Eqs. (A-12), (A-13), (A-15), and (A-17) then define the series solution to

convenient form as:

K,(v') = K (v') {1 + 3 AG) [I(J')/I(O)]} (A-18)
3=

AG) =A@ -1 [n+2(3 -1 0 +25-11/(25)(25 - 1)e2 (A-19)

1) = - B e L2 g5 - ) (A-20)

where

1(0) = /= and A1) = ﬂ%ll (A-21)
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9 n
K(v') = : (v. T ) ! (A-22)

A further simplification is possible if ¢ > 5 and

1.0 < n < 2,0,

Under these conditions the series converges to the numerically integrated
value of Eq. (A-9) to within one part in 10° using a maximum of 10 terms.

By considering the relative magnitudes of these terms it is found that

the first term of Eq. (A-20)

may be ignored relative to the second term

_(.Zl_g__l)_l(j_])

so that the absorption coefficient may be evaluated using:

N
K (v') = K (v") {1 ¥y H(j)} (A<23)
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where Ks(v') is the same as that of Eq. (A-22) and

HGG) = H(G -1) Lot 2(343 23](“ *2j-1) (A-24)
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with
Hy = 2t ) (A-25)

From Eqs. (A-9) and (A-18) it follows that

w2
dw w2 1] i
g(;’-—w)n' //e dw = ';'r—\ {] + 2 H(J )} . (A-26)

J=1

Consequently, the approximate series solution of Eqs., (A-23) through (A-25)
was checked by testing the equality of this equation when the left hand
side was evaluated using numerical integration techniques. For & greater
than 5 and n between 1.0 and 2.0 the series solution gave the same result
as the numerical integration to within one part in 107 using up to 11

terms in the series. Therefore, Eqs. (A-23) through (A-25) were used ex-
clusively in the computer code to evaluate the super-Voigt absorption

coefficient for all lines satisfying the condition
(vy = v') 2 vy + 6yp (A-27)
The summation in the computer program was carried through as many terms

as required in order for the next term to be less than 10-® of the running

sum. Generally this took less than 10 terms.

If spectral lines contributed to the total absorption coefficient which

did not satisfy the inequality of Eq. (A-27), the integrals of Eq. (A-4)




were evaluated using Trapezodial integration with sixteen intervals bein
used between w = +5 and w = -5, The exception to this was when spectra!

Tines fell within vp Of the frequency at which the coefficient was being

evaluated, that is when

]
(VU - ) < vm .

Under these circumstances the contribution to the total absorption coef-
ficient from these lines was evaluated with the normal Voigt profile

using the procedures defined in reference 15.
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APPENDIX B
MEASURED AND CALCULATED ABSORPTION COEFFICIENTS

FOR SELECTED HF LASER LINES

This appendix presents all of the measured absorption coefficients in
Table B-1 for HF laser lines: P,(4), Pi(6), P;(7), P.(5), P.(6), P.{(7);
and P,(8) covering the exnerimental conditions outlined in Table |

(page 22). In addition, two sets of calculated coefficients are also

presented which have been obtained using:

1. The AFGL tabulation in congunction with the standard Voigt

line profile.

2. The modified line tabulations and super-Voigt profile discussed

in the text.

Comparison of the calculated and measured values indicates the improve-

ment in the predictability of the coefficients using the modified tabu-

lations and line shape.
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Figure B-5
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TABLE B-1

WATER VAPOR ABSORPTION COEFFICIENTS FOR SELECTED HF LASER LINES

Temperature (°C) 25 25 25 10 -5 -18
Water Vapor
Pressure (Torr) 14.30 10.00 5.00 4.50 1.50 8 0.50
—‘rv-» - ——- —_—
p](4) 4.885 2.673 (0,900 10.620 0.028 0.001
Table Entries: 0.000 15200 FZO.OO 0.000 vﬁll4¥ﬂl4__leﬂX{}»
Uoter Ente 5.203 | 3.620 1.440 [1.750 0.290 | 0.150
absorption
coefficient* 10.70 £5.00 70.00 ]125.0 | 62.50 | 1256.0
(km-1)
6.598 4,71y 2.006 2.950 0.570 0.218
Lower Entry :
air buffer ___60.70 1390 120.0 25001 | 125.0 v 250,00 @
pressure (torr)
8.128 5.433 L1206 0.873
110.7 500.0 | 250.0 | 500.0
12405 7.864 2120 1.301
250.0 | 750.0 | 500.0 | 750.0
19.72 3.0l
__500.0 750.6 4 0
25.53
750.0

*The precision of the absorption coefficients is
cated for smail values below 1073,

0.01 km=1 or 10%, whichever is greatcr,

77

The accuracy of

four significant digits trun-

the measurements is typically




Table B-1 (cont)

P,(6) 28.39 17.03 5.934 | 3.529 | 0.422 | 0.050
Table Entries: ~0.000 | 15.00 20.00 0.000 | 0.000 | 0.000
————————r — ____-_.-_{ —— e

Upper Entry 30.09 29.01 11.91 | 17.99 3.248 1.304
absorption {
%:eff;c1ent { 10.70 1 65.00 70.00 | 125.0 €2.50 62.50
o | 4 70.00 | 125.0 | 62.50 | 62.5
| 44.99 39.69 17.51 | 32.53 5.980 | 2.245%
Lower Entry !
air buffer ! 60.70 115.0 120.0 | 250.0 125.0 125.0
pressure (torr) A
60.76 51,1 10.97 | 4.415
110.7 500.0 | 250.0 | 250.0
102.5 61.44 17.93 7.149
L 750.0 | 500.0 | 500.0
!
| 150.3 21.95 | 8,985
500.0 750.0 | 750.0
179.1
750.0
: SR e~

Pl( ) 10.70 6.046 2.211 [1.932 0.400 0.043

Table Entries: _~Q,QQQ,_L_,J§;99“pV¢ - 20.00 {0.000 | 0.000 0.000
Upper Entr e g S5
absorption 11.136 7.844 3.062 [3.769 | 0.614 0.223
%ﬁff‘)c‘e"t 1070 | 65.00 | 70.00 [125.0 | 62.50 | 125.0
}._(iag_e.r._%n_try 12.88 9.846 3.954 {5.933 | 0.320 0.590
air buffer
pressure (torr) _60.70 | 115.0 | 120.0 [250.0 | 125.0 | 250.0

15.74 10.77 1.770 1.484
{3 11 ol RN 500.0 | 250.0 500.0
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Table B-1 (cont)

Py (7)
23.86 15.22 3. 337 2.202
Table Entries:
250.0. gt 1750.0 | 500.0 750.0
UEger Entry ; I I [ TR R e o
absorption 725 5.002
coefficient
(km=1) 1) O SRS SRR S A1
Lower Entry 50.45
air buffer
pressure (torr) 750.0 | I
P, (8) 27.10
Table Entries: Goide | IE MECEH W | A
Upper Entry
- 131 .3
absorption
coefficient
(km=1) 750.0
Lower Entry
air buffer
pressure (torr) | |
p2(5) 8.469 4,905 387 0.799 0.100 0.015
Table Entries: _0.000 _ |15.00 | 20.00 | 0.000 | 0.000 | 0.000
Usper Ente 9.164 8.017 3.210 | 4.606 | 0.455 0.449
aEsorptlon
coeffickent ~10.70 _ |65.00 | 70.00 | 125.0 | 62.50 125.0
km=1
( ) 13.42 10.85 4.600 7.796 <625 0.950
Lower Entry
air buffer 60.70  1115.0 120.0 | 250.0 | 125.0 | 250.0
pressure (torr)
Wiz 14..57 2.381 1.826
] 0,00 L A | 500.0 250.0 S00DL0 - =
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Table B-1 (cont)

P(5) 29.51 22.99 | 4.470 | 2.720
Table Entries: | 250.0 | 750.0 | 500.0 | 750.0
555553%?551 47.67 6.737
et 500.0 | ol rme |
Lower Entry 64.00 !
air buffer F 9 '
_pressure (tore) | 00 | |
P,(6) R e 1.373 | 1.021 | 0.115 | 0.010
Isble Eatries: 0.000_ |15.00 | 20.00 | 0.000 | 0.000 | 0.000
e ery 7.000  6.304 | 2.776 | 3.343 | o0.588 | 0.240
ol e 10.70 _ |65.00 70.00 | 125.0 | 62.50 | 125.0
i 10.46  [8.742 3.925 | 6.103 | 0.972 | 0.535
:l:sgﬁﬁze{torr) 60.70__ [115.0 120.0 | 250.0 | 125.0 | 250.0
13.54 10.34 | 1.747 | 0.840
110.7 | 500.0 | 250.0 | 500.0
23.83 14.79 | 3.352 | 1.170
250.0 750.0 | 500.0 | 750.0
40.97 4.653
500.0 750.0
54.94
750.0
80
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Table B-1 (cont)
- 1.350 0.527 0.312] 0.275 0.029 0.000
P
2 0.000 15.00 20.00| 0.000 0.000 0.000
Table Entries:
1.420 0.875 0.518| 0.605 0.073 0.044
Upper Entry
absorption 10.70 65.00 70.00| 125.0 62.50 125.0
coefficient
(km=1) 1.850 1.384 0.634| 0.901 0.145 0.100
Lower Fntry 60.70 115.0 120.0{ 250.0 125.0 260.0
air buffer
pressure (torr) 2.394 1.695 0.325 0.210
110.7 LEs 500.0 250.0 | 500.0
4.099 2.621 0.640 0.320
250.0 1 750.0 | 600.0 1805
6.619 1.016
500.0 ol ) 7508 ¥
8.557
750.0 l e e S N o
P,(8) 0.219 0.025 | 0.080
Table Entries: ___0.000 = ek (L 9.000 ; 0,000 |
Upper Entry 0.240 0.100 0.170
absorption
coefficient 10.70 U O R
(km=1)
0.370 0.185 0.004
Lower Entry
air buffer 60.70 250.0 250.0 I
pressure (torr)
0.480 0.330 0.215
0.7 YL | 500.0 | 500.0 AL,
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Table B-1 (cont)

P, (8
»(8) 0.750 0.435 | 0.159
Table Entries:
able Entries 250.0 750.0 750.0
Upper Entry
absorption 1,330
coefficient
(km=1) 500.0
Lower Entry V56
air buffer 750.0
pressure (torr) '
P5(5) 0.680
Table Entries: _60.70 |
Upper Entry 3.358 ]
absorption
coefficient
(k1) 750.0

Lower Entr
air buffer

pressure (torr)

AR, e
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