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ERRATA SHEET FOR ASL-TR-0007

WATER VAPOR ABSORPTION COEFFICIENTS
AT THE HF LASER WAVELENGTHS PART 1:
ATMOSPHERIC CONDITIONS CORRESPONDING

TO ALTITUDES UP TO 7 KM

Page 5, 10th line on page
Third word from end of line is ‘laser.”

Fifteenth l ine on page, second and third words in line are ~~~~~~~~~
and “hole ”

Page 7, next to last line on page

Chan ge “After refl ecti ng off” to IlAfter reflecting from.”

Page 11 , figure 5

Add ~a’1 underneath drawing on left and ~IbhI underneath drawing on right.

Page 20, 9th l i ne from top of page , end of line

Change “32 rn” to It 24 rn. ’

10th l i n e , beginning of line , change  “7—spot ” to “5—spot, ”

Page 28, 2nd line from top

Change Ilcontributionsli to “contribution. ”

Page 29, equat ion  (8)

Change IT to H.

Page 30, 7th line from top

Delete “and” from end of l ine.

Page 34, tabl e 3, last column, fourth entry

Change 6.30 to 7,12.

Pages 37 and 38

Replace figures 16, 17, 18, and 19 wi th new figures furnished .
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Page 41, equation (16)

Change c to C and IT to it.

Page 45 , 5th and 6th lines from top

Change to read “... the calculated coefficients at laser line P1(7)
were ~~~~~~~

Page 58, 3rd and 4th lines from top

Change to read “... as the water vapor concentration (and hence
temperature) vari es, decreasing rapidl y • • • •
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Page 61, 14th line from top, first word in line

Change “to” to “into.”

Page 76, figure B—7 , 2nd line of figure caption

“line P2(8)”

Page 77, footno te underneath table

Add the fo llowing statement : “Table entri es include line fit values
for those cases in which the data were more than 10% different from
the fit values .”

Page 83, reference 4, last line

Change 1956 to 1596,

Page 84, reference 18, fi rst line

Change “Monchromatic ” to Monochromatic, ”
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BACKGROUND

The hydrogen fluoride (HF) laser is severely attenuated by water vapor

in the atmosphere . However , its hig h power effi cienc y and relat i vely

short in frared wavelen gth (compared to other chemical lasers) results

in good focusing quality , ma king 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

hi gh 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 Weapons Laboratory (AFWL )

and the Atmospheric Sciences Laboratory (ASL) undertook a jo in t  effort

to parametricall y measure the temperature and pressure dependence of

water vapor absorption for HF laser rad iation. The results of this in-

vestigation provide a new data base fr om wh ich more accurate predic-

tions can be made for high altitude (typically 12 to 18 km) absorption

of HF laser radiation. Additionally, the r e s u l t a n t  line sha pe as well

as the sel f-to-foreign broadening coefficients shed new light on the

understanding of the weak water vapor continuum absorption which per-

s ists 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 verif ied ,
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INTRODUCT ION

Obtaining accurate predictions for absorption of HF laser radiation in

the upper atmosphere (12 to 18 km) is a complex task involving molecular

absorpt ion from water vapor (i nc lu ding H 20 and HDO isotopes), carbon

dioxide and nitrous oxide. Tab ulated values from the Air Force Geop hysics

Laboratory (A FGL ) absorpt ion l ine 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 line 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 t he accu racy of the l i n e  parameter values themse lves all enter

into the accuracy of the absorption coefficient predictions. Th is re-

port presents results of a paramet ric 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 fol lowing

sect ions present (a) descriptions of the experimental apparatus and

appr oac h, (b) the measurement parameters , (c) an in—depth comparison

of the results  wit h pred ict ions , i n c l u d i n g  l ine shape , broadening, and

line pa rameter mod if ica t ions , and (d ) pred ict ions , using the new data

base and improved line shape, of transmis sion for an operationa l 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. T he water vapor absorpt ion in pa rtic-

ular is summarized in the conclusion — the data being given, in Appendix

B.

L _______ 
~~~. --- - .
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EXPERIMENTAL APPROAC H

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 cel l 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 SF6, H2, He and °2. Tra nsverse exci tation all ows large quant i ties

of energy to be dumped into this lasing gas mixture. The energy of the

electrons ‘in the plasma dissociates some of the SF6 mol ecules with the

resulting excited fluorine atoms combining with the H2 to form HF mole-

cules in excited vibrational states. Lasing occurs when the HF mol e-

cules make the transition to the next lower vibrational energy band.

For HF only P branch l ines (~J +1) with energy band transitions of

V’3÷2, V=2-.l , and V= l-O 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

4
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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 02 in the lasing gas mixture are not necessary

for the lasing action. 02 Is used to eliminate sulfur and fluorine

compound deposits on the el ectrodes and discharge tube. Helium is

added to minimize the possibility of an explosive H2—O 2 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 2) lens

with a centrally located 10—rn diameter gold—coated reflecting surface.

Due to its unstabl e resonator mode of operation the ‘ser produces a

T EM—O0 output beam which is donut—shaped in the near field. The rear

refl ector , a micrometer adjustabl e 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—rn diame . stole 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

liquid 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—fiel d beam consisted of two or three different single

wavel ength output beams. Multipl e wavel ength output can occur due to

5
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Figure 1. Experimental setup for conducting HF laser water vapor absorp-
t ion experiments:  FM1 , FM2 , FM4 , FM5 , FM6 , and M, fl at surface
mi rrors ; FM3 , s pecial flat surface mirror with the central hol e
drilled along He—Ne axis ; CM1 and CM2 , col lection and col liniat—
Ing spherically concave mirrors ; B, 2—mm thick calcium fluoride
beam splitter; Fl and F2, Teflon diffuse transmittance filters ;
AP , adju stable aperture ; A , detector apertures ; Wl and W2 , 6—rn
thick calcium fluoride cell wi ndows ; ID and OD, input and out-
put indium antimonide detectors ; and L, lens,
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the close spacing of the HF wavelengths and the lack of sufficient dis-

persion due to the l imited 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 travel l ed the distance of 12 m to the col l ection and collimation

optics (see Figure 1).

Once wavel ength selection is made the beam geometry of the HF laser out-

put is c~’tecked . To do this a CaF 2 lens with focal length of 1 m is in-

serted into the beam just after reflection from mirror FM3 and either

a liquid crystal sheet or a carbon bl ock 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 ~ield.

Mirror FM3 i s equipped with sel syn receivers attached to the mirror ’s

micrometer drives . Selsyn transmitters located near the 2-rn cel l in-

put window al l ow 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 col lected by an 11-cm diameter 1—rn focal length concave

7
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FI gure 2 , (a) Remote selsyn receivers attached to special mirror FM3
with the central hole drilled along He—Ne axis,
(b) Location of carbon block insertion in order to adjust beam
coincidence using selsyn transmitters ,
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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 pl acing a carbon block in the beams’ path between

adjustable aperture (AP) and mirror F~16. Selsyn transmitters are then

used to position the HF beam, A 2—mm thick CaF2 optical flat (B) is used

to split a portion of both beams to the cel l input (reference) detector

(ID). The remaining portion of both beams then passes through a 6—rn

thick , 50—rn diameter CaF2 window (Wl) and into the longpath White

cell. Figure 4 shows the details of the White cell optical path. The

exciting beam then emerges from the cel l output window (W2 , al so 6-rn

CaF 2) and passes to the cel l output (sample) detector (OD) . Liquid

nitrogen cooled indium antimonide (InSb) detectors are used for both ID

and OD.

Teflon membrane filters (Fl and F2 in Figure 1) are placed in front of

the input and output detectors. Millipore type LSWPO4700 Teflon filters

with a pore size of 5~im 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 cel l cause beam jitter and wander on

9
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Figure 3. Collimated HF beam geometry,

Fi gure 4, ConventIonal “White type” absorption cell experimental setup:
B, beam splitter ; Wl and W2, cell windows ; OW, observation
w indow; ID and OD , input and output detector systems; Ml , M2,
and M3, spherically concave cell mi rrors; and 0, separation
distance between cell mirrors .

10
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FIgure 5. VIews of mirror M2 as seen from the observation window OW fora 1—spot (a) and an N—spot (b) multipath; numbered circles ,images of laser source on mirror surf~ce; circle with centraldot, laser beam entering cell; and circle with “X, ” laser beamexiting cell.
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the detectors and in turn drastical ly 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) wit h

bac kings made of th is same f i l t er mater ial are placed in front of the

detectors to prevent saturation.

Referring back to Figure 4, the 2—rn absorption cell experimental setup

used will now be considered. Upon entering the 2—rn cel l through Wl ,

the beam reflects off three sphericall y concave mirrors seen here as

Ml , 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 0. 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 pathlen gth equal to 2(N+l)D.

The usual method for obtaining absorption coefficients for the particular

absorbing gas of interest is to obtain relative transmittance values for

two cel l 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

pathlength between two different multipath l engths. Path differencing

minimizes time dependencies of the measurement which are caused by such

changes as temperature, vibration , and beam wander.

Pathlength changes in the cel l are accomplished by means of vacuum

micrometer drives located on the same end of the cell as the observa-

tion wi ndow. Both Ml and M3 of Figure 4 are equipped wi th these microm-

eter drives allowing both horizontal and vertical plane adjustment. M2

is mounted in a fixed position . Once Ml is properly positioned so as

to place the coincident beams on M2 as shown in Figure Sa, an N—spot

multipath (Figure 5b) can be obtained by simply adjusting M3. Reposi-

tioning of the cel l output beam is routinely possible to within ±1 mm

between a 41—spot multipath (168-rn pathlength) and a 3-spot multipath

(16—rn 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 mi rrors. Use of a

13
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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 O~l to 0.3 Hz depending on charg ing 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 dig itization . 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 cel l input detector signal is sent through an Ortec 427A

delay which matches the optical delay experienced as the beam propagates

through the absorption cel l . Both detector signals are fed into 14—bit

Hewlett-Packard 54l6B analog—to-digital converters. These two digitized

signals are displayed as a sing le 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.

14
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Figure 7. Display as seen on digita l XV oscilloscope illustrating proper
alignment conditions for short path length case.
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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— lll5 still and col l ected at 900 to 95°C. This dis tilled

water is redistilled twice using the closed—cycle still shown in Fig-

ure 8. In the first redistillation 20 ml of concentrated sulfuric

acid is added to 1.2 liters of the distilled water and redistillation

performed under an argon atmosphere to remove any amonia present.

This sample is then redistilled a second time with 5g of sod ium 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 col l ected 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 slowl y bl eeding

in the required amount of specially prepared water sample through a

vacuum valve located on the top of the 2—rn 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—rn cel l , the vacuum valve and l ower portion of the titra-

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

~This distillation process was developed by E. .
T. Perri1’ and C. W. Bruce

of the ASLJ White Sands Missile Range, NM 88002, in an unpublished
report to CPT 7’. Walker of the AEWL.
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Figure 9. 2—meter absorption cell water inlet tube assembly.
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a Datanet rics 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 207 O~-80~. N2 mixture is used as the buffering gas. Once the des i red

water vapor partial pressure is in the cel l , 
~ 2 is added at a rate not

exceeding 4 torr per minute until 20’.~ of the required buffer partial

pressure is obtained .. The N~ is 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 capac itance manom-

eters are used to monitor pressure within the cell . Figure 10 is a

schematic of the 2-rn cell vacuum and fill systems.

MEASUREMENTS

Measurements were made in a 2—rn , temperature controllable White cell.

Seven HF lines covering the wavelength region from 2.64urn to 2.9lurn

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 ,

18
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Fi gure 10, 2—meter absorption cell vacuum system.
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An 80—20 mixture of N2—02 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 cel l was 16

m (corresponding to a 3—spot multipath). The long pathlength was taken

as large as possibl e while still maintaining a detectabl e signal .

Maximum useable pathlength was 1 68—rn (a 4l—~pot multipath) which was

limited by the optics in the cell .* Long pathlengths varied from 32 ni

(7—spot multipath) to 168 m . Cel l temperatures below ambient were

achieved by using the cooling system shown in Figure 11 which incor-

porated an Edmunds Model CC—3—A covmiercial chiller . This unit contin-

ually kept a solution of 60% ethylene glycol — 40% H20 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

4At 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 cross hairs of the output detector filter difficult. In
addition, at pathlengthe of 182 m (a 45—spot multipath) clipping of the
output beam occurred.
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fiberglass insulation wrapp ing 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 cool m g  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 remainin g l3~C d rop obta ine d by use of

a coolin g sump (which contained 21) gallons of an ethylene qlycol - 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 sun ip 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 -In 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 -1U’C for the 32-hour data gathering period .

During this 32—hour data acquisition period it was noted tha t HF laser

lines P 1 (6), P1 (7),and P ( 5 )  showed rather substantial drops in laser

output power as seen by both cell input and output detectors. Th i s was

caused by the increase in CO con ten t i n the l abora tory a tmos phere from

the dry ice boiloff . Th i s C0~ absorption prompted an additional study

of CO7 absorption for these three lines. Thes e measurements were made

for the cond itions shown in Table 2.
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TARL E 2

MEASUREME NT PARAMET ERS FOR CO2 ABSORPTION

1
~tota 1 (torr) 

~CO 
(torr) Temp (K)

75 0.434 298

75 3.000 298

760 0 434 298

24
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A comparison was also made to determine the effects of oxygen broaden-
ing in relation to the standard 80—20, N2—0 2 broadening. This was done

for HF lines P1(4), P1(6), P1(7), P2(5), and P2(6) for 14.3 torr H20
buffered to 75 torr total pressure with pure oxygen at 25°C.

LINE—B Y—LINE CALCULATIONS

Of the methods available for calculating atmospheric transmission , only

line—by—line procedures have sufficient spectral resolution to be appl i-

cable when computing the attenuation of HF laser radiation . These pro-

cedures evaluate the total absorption coefficient at a given frequency

(v) by suming the contr ibutions 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(y, v — v
~~

) (1)

where S is the line strength , x the concentration of the absorbing

species , and f(y, v — v
0

) 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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It
f (i~ ,v — v  ) =  (2)

° ir[(v — v ) 2  + y
~]

where 1L is the Lorentz half width of the spectral line and v0 the line

center frequency (cnr ’), At very low pressures collisiona l broadening is

negligible but the motions of the absorbing molecules give rise to Doppler

effects, tinder these circumstances the line is Doppler broadened and the

shape factor is given by: [6]

— v )  _/
~ 

exp [— (~n 2)(v — v ) 2 /y2] (3)

where v
0 is again the line center frequency and is the Doppler hal f

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]

- 
yv’~n 2 1’ exp (- t2)dt

~v~~L’ ~~ 
v — v ) -

° 1D I ~~~~~~~~~ (z — t)2
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where

y =
and

( v  — v )

= °

~ D

Since this profile reduces to the proper lim iting shape (Lorentz or Doppler)

under the appropriate conditions , it may be used in all pressure regimes

except where collisional narrowing is important , althou gh its evalu a tion is

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

Wi th any of the above shape fac tors , the total absor ption coeff ic ient  at

frequency v (negl ecting line overlap contributions) is given by the sum

of the absorption coefficients of all significant spectral lines in the

vicinity of v or:

K(v) = x 
~ 

S~ f(’y 1, v - v )  . (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

4F’or a discussion of the c r~~4t.~ tiona l methods used to ~~~~~~ Ii,
Voigt p ro f i le in the present study ~~~~ ~‘ fe r eno :’ 7.
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(‘V — V ) max tha t  a strong line must be separated from the point of computa-

tion for its contribu tions to the absorption coefficient to be negligible .

Once (v — V ) max is determined the sum is taken over all spectral lines for

which ~v — v J  < ( u — v )
0 — o max

In carrying out the sum in Eq. (5) the line strengths (S~)~ half widths

and positions ( ‘V ) 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 modif ications 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 line 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:

QR ( T ) Q ( T ) h E” 1 1S(T) = S(T0 ) QR(T) ~~~~ 
exp [

~ 
k ~ 

- 

~
_)} (6)

where h is Planck’ s constant , c the speed of light , k Boltzmann ’s constant,

E~ the lower state energy of the transition , Q~~ 
the rotational partition

function , and the vibrationa l partition function. The ratio of the rota-

tional partition functions at temperatures T0 and T may be shown to be [9]
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where j=l for diatonic or linear pol yatomic molecules and j=3/2 for syni-

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:

= nfl — exp(— w~hc/ kT)]~~i (8)

where is the frequency of the 1 th normal vibra tion referenced to the

ground state l evel and d 1 is the degeneracy of this level . This ex pres-

sion has been used to evaluate the ratio of vibrational partition functions

in the present work. For the line half widths the temperature dependence

Is assumed to be:

y(T) = y(10) (T 0/T) (9)

where kinetic theory predicts in to be 1/2 assuming constant collision

diameters. The value of 1/2 has been used here for all mol ecules except

H20 for which the average value of 0.62, as determined by Benedict [10],

has been used. Since the half widths in the AFGL tabulat ion are air

broadened values , self broadening has been taken into account using

29
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= 
~a ir ~~ f 

+ BP5) (10)

where Pf is the partial pressure of the foreign (buffer) gas , 
~~ 

the par-
tial pressure of the absorbing species, and B the self broad~~.~ ~j coeffi-
cient normally taken as 5~O for water vapor [11].

In the present study B—values have been determined in the vicini ty 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 . — \)~~) >> ‘

~L 
and

k(v) Sx 
~~~~ 

- ~~~)2

Upon substituting Eq. (10) for the half width and expressing the density

x in terms of the absorbing species partial pressure P~ arid the absolute
temperature T , this expression becomes :

S y .  P (P f +BP
k(v)  

T ( v  — v ) Z  ~ 7.34 x 1026

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

S. i1 air.
K(v) = P5 (Pf + BP 5 ) . 

~ 
(\ — vo~ 32 

(11)
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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 ~ total — 

~~ 
Eq. (ii)

gives:

K(v) = CONST. 
~~ 

+ (B — l)P~] (12)

or

K(v) = aP
~ 

+ bP~ . (1 3)

A least squares fit of Eq. (13) to the ex perimental data then yielded the

sel f broadenin g coefficient B in terms of the fit parameters b and a

giving:

B = Pt t i (b/a) + 1

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

[y/ (~~ — v
0

) ] 2  << 1
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Figure 12 , Absorption coefficient for laser line P1(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 linear in 
~tota1 

for constant 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 P1 (6).

MEASURED AND CALCULATED COEFFICIENTS

Usin g 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 Voi gt profile and the line parameters of the AFGL tabulation

to calculate absorption coefficients at the laser lines for the ex peri-

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 P1 (6) and P2(6)

while the calculated values for the other laser lines were consistently

low. Two possible sources of error could account for these discrepancies:

(1) errors in the line st rengths , positions , or widths in the AFGL tabu—

lation and (2) dev ia t ions  from the assumed spectral line shapes especially

in the far wings of the lines .

Since the line strengths for water vapor in the AFGL ta bulation are

values calcu lated by Benedict in which centrifugal distortion was



TABLE 3

SELF—BROADENING COEFFICIENTS B FOR

SELECTED HF LASER LINES AT 25°C

Frequency Self—Broadenin g Coefficient
Laser Line (cm — ’) B (Dimensionless)

P,(4) 3788.2253 8.92

P,(6) 3693.4226 4.34

P,(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
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Figure 13, K/PH 0 vs buffer pressure for HF laser line P ,(6) at 25°C,
Linear region indicates far wing dominated regime.
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Figure 15 . Measured values and Vol’jt predict ions for HF laser line P 1 (7).
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accounted for but L~K effect and resonances have been ignored , these

line strengths could be significantly in error, To minim i ze these

errors , the AFGL tabulation was modified in the vicinity of laser lines

P,(4), P,(7), P~ (5) , and p, (7)* by inserting the strengths and l ower state

energies for H l6o from reference 8 in which all of the resonance and

distortion effects have been taken into account at least in an approxi-

mate manner. Calculations based on these new tabulations , s hown 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 l ine P1(7); and essentially the same results as the

old strengths for line P,(4),

To determine the ori gin of the remaining d iscre panc ies , plots were

generated which showed not onl y the tota l absorption coefficient in

the vicin ity of a laser frequency but also the contributions of the

indivi dual spectral lines. In general these plots indicated good

agreement between observed and calculated values for regions dominated

by near wings such as lines P,(6) and P:~~
(5) shown in Figures 20 and 21 ,

while serious discrepancies resulted in regions dominated by far wi ngs

such as laser line P1(7) shown in Figure 22, This behavior was indicative

-4The data for  Z I n ’ F ’2 (~ ) ~~~~~~~~~~ 7~ y ’~,’ ~~~zt’ t ‘i’ ~i~ zt z . ’~~’~ ’~’ ~
‘f

line was imposs ible. ‘ .1  t !‘~~
‘ :~ :~ :r~~c ’r~ r~ ~z t  ~e ~“rt ~o~ t “:c ~ o

apectrophones ~~~ : d ~~~~ 7 7 • ‘ C
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Figure 16. Voigt and super—Voi gt predictions for HF laser line P2 (5)
us ing the AFGL and modified line tabulations .
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Fi gure 17. Measured and calculated Voi gt absorption coe f f i c i ents for
laser line P~(7) using AFGL tabulation .
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F içure 18. Measured and calculated Voi Jt absorption coefficients for
laser line P (7) using MGI tabu la t ion 
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FIgure 19. Measured and calculated Vol gt absorption coefficients for
lase r l ine P 1(4) using AFSI tabulation .
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Figure 20. Absorption lines contributing to the total absorption at HF
laser line P (6) (shows near win g dorninance )
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of a deviation from the assumed line shape in the far wi ngs of the

absorption lines and in fact implied that the water lines were super-

Lorentzian (having a hi gher wi ng absorption than that predicted by the

Lorentz or Voigt profi l es). Since far wing deviations from the Lorentz

or Voi gt line shapes have been observed elsewhere for both CO [12 ,

13] and H90 [14], an adjustable line shape was employed. This shape is

based on Lorentz or Voigt profile but allows for modification of the line

win gs 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(y, v - v ) = — for j v  - v ‘.- (14)0 2 2 0 —  11
— ‘

~~~~~
) +

f(y, v - v )  = 
~~~~~~~~~~~~~ 

(m ~~
)
~ for v - V~ (15)

where the Lorentz shape is used near line center , (v - ~~ < 
~~~

, and a

modified shape is assumed in the win qs (-s. — v )  
~~~ 

In these equations

both and r~ are empirically determined parameters while C is a nornlaliza-

tion constant. If V
m 

is taken as 
~
‘Y L where G is some integer and ‘tL t h t ’

Lorentz half width , C is found to be

c = (;i/2)/ ~ tan ’(G) - 
[G2  + 

G 

- 
(16)
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Since this profile is essentially a modification of the Lorentz or

p ressure broadened li ne shape , it should be applicable to higher pres-

sures where coll isional broadening is dominant . At intermediate or

lower pressures such as those encountered in the upper atmosphere ,

Doppler broadening becomes increasing ly significant and a combined line

shape similar to the Voigt profile must be used . To i nsure  pro per

treatment of this pressure regime a “super-Voigt” profile was derived

by taking the convolu t ion  of the Doppler distribution with Eq. (15).

The resulting convolution integra l cou ld not be solve d di rectl y 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 win gs. *

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

empirical pa’ 
~~~~~~~ 

Because the super—Voigt shape is fairly in-

sensitive tn ‘‘~~ ~~ [15], this parameter was taken as

(the optimum .,ilw - l
.
~~~~~~~~ -

- i i t ~~d in r e f e r e n ce  14), this being considered

a reasonable ho i n i  t o r  the vahdi ty of the pressure broadened line shape.

At oressures and tE -~ l)eratures f o r  which the absorption coefficient is

(lor lnated by far wings , Eq.. (15) predicts the variation in the calcu-

la ted absorption coefficient with r to be:

= 
~~e ’ T)~ r . (17)

~ 
-.i, . 

~. ~ :~- .- -“ r -“o~ o’ ~‘ ‘ — ‘o- . - ’ ‘- 
~~~

‘ -:
‘ ‘  

~7 ~~~“ 71 , ’ I  j
~’ .-1’ ’~~~7’.~’ 1.
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Where I is the absolute temperature , 
~ 

the effective pressure given by

(Pf + BP5) as in Eq. (10), and

~ 
k~ (P~~ T)t~n ~ mJ~e’ 

T)/(’s, —
, 1) = _______-

~ 

1 1
e 

~ 
k~(P~ 1)

k
~ 

being the contribution to the total absorption coefficient by the ~
th

spectral line. Althou gh ~ depends on temperature in a very complex fashion ,

it may be shown that its pressure dependence is given by

~~ e ’ 1) = ct (l , T) + Qn(P e) (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 
~e 

below approximately 200 torr with larger values of

~ being observed at higher temperatures as shown in Figure 23, Conse-

quently, an iterative procedure was develo ped for evaluating r~ in which

absorption coefficien ts were calculated for each laser line and the

value of ri varied using Eq. (17) until a “best— fit ’ value was found
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Fi gure 23, Observed pressure and temperature dependence of 6K/K for
laser line P1(6) .
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for all laser lines .* In general this process was successful since a

sing le ii value coul d be found which substan tially increase d the pre-

dictions for those lines wh ich were originally underpredicted while

only slightly changing the calculated values for those already in near

agreement. However , the calculated coefficient at laser line P1(7)

was still si gnificantly 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 line

parameters in the vicinity of P1(7).** In this case ag reemen t

within experimental error could be obtained for most lines using

= 1.88.

In the case of lines P2(5) and P.’ (6) however , sl igh t mod if i cations to the

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

~ r~~t i~n ‘~‘i~ f~:;~ ~o ,‘~~ r Z z ~ ‘r 7 ‘~~ 
- P~ (4)  

~~~~
‘
~~~~

- ‘ 71~’~~~~~~3 s7 1 iY~ 2 1

thie ,f’f t ~‘ro~ce~ ! ‘ I~a~~ot ’ o~
’ 

~~~~~~ ~~~I ~~?‘OH Y ~‘ 1 ~2 7?c ~c’ C~ 2 ~~~ O2i~~
isotopic lines J ’~r :.‘h ~~~ ~~ ‘z ~r at~’ .-~tr cngths , p~~ ~ t 7c~ is, ~ 2d ‘iJ ~ ho
wcrc not kn -~ tn.

~ ~ /1i~ (~~~ P 7ous 7 - p ~~~ ~. ~~~~~~ err~ r •~~i’ l’-ztl: r ~
‘
~~~~~

‘ 54, 1 ~ ~ i ~ ~ = ~ 0,
0 —

~~ 0, .7 , 0 ;, ‘z o ~? ‘p ~ ~ in t h ~ AP ’h~ t-~z~-u l a t, l’12 Y! u~
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~ ~ : t;~i~

-
~~,~~- o •

7 C- 7~~ i ~~~~ P~~~~) 
~ ‘t ~ . .  7n ~~~~~~~~~~~~~~ 12 .
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taken as 6.30 instead of 7.12, while the value at P2(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 line

tabulations [except for P1(8) and P3(5)] are presented in Appendix B.

Data for lines P1(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 measur~d absorption coefficients

for P1(8) were 27~lO and 131.3 km 1 , res pectivel y, while those for P3(5)

were 0.680 and 3.358 km ’. Althou gh super-Voigt calculations were not

done for these lines , standard Voigt predictions agreed well with the

observed values for P1(8) and were lower for P3(5). Further analysis

on these lines was not attempted .

Althou gh the super—Voigt shape did not bring the calculations into per-

fect agreement for all HF laser lines , it did substantial ly improve the

predictions in most cases. Thus the calculations presented here do give

credance to super—Lorentz or super—Voigt behavior in water vapor , s ince

the changes in the calculated absorption coefficients with the super-

Voigt shape are of the right magnitu de for the various laser lines:

large increases bein g obtained at those frequencies for which the pure

Lorentz values were substantiall y low and only slight increases being

obtained where the Lorentz predictions were in near agreement.
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In addition to the measuremen ts of air (0 /N9) broadened H o  absorption

coefficients , lim i ted data were also collected for oxygen broadened H Q

absorption as wel l as air broadened CO~ absor pt i on . The oxygen broad-

ened water vapor data were collected at HF laser lines P1(4), P1(6),

P1(7), P2(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

having an average ratio of ‘“ air of 0.5236 [18]. Conse quent l y ,
0
2 I

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—Voiqt profiles are given in Table 4.

It may be seen from this data that again the super—Vo i gt profile gives

substantiall y better ag reemen t than the standar d Vo igt prof i le imply ing

that the water lines are super-Lorentz ’ian even when oxygen broadened .

The d iscrepanc y observe d for line P1(4), as seen before in the air

broa dened 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 2 absorption was observed for HF laser lines P1(6), P1(7)

and P2(5). Measurements for these lines were made with air broadening

(80/20 mixture of N~/02) using a C0~ 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
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TABLE 4

OBSERVED AND CALCULATED ABSORPTION COEFFI CIENTS FOR SELECTED

HF LASER LINE S WITH OXYGEN BROADENING

0.5236

~H2O 
= 14,3 TORR , P0 = 60.7 TORR, T = 25’~C

_________ 
ABSORPTION COEF FICIENT S (k m — 1 )

Laser Line ~pjg t Profile Observed Super-Voi~ t Profile

P1(4) 2.426 5.910 3.463

P1(6) 29.380 39.10 33.95

P1(7) 8.816 12 .11 1 1 .57

P2(5) 9.487 11 .25

P2(6) 6.985 8.690
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Table 5 and are compared to calculated values based on the AFGL tape

usin g the Voigt profile. It may be seen that the calculated values for

lines P1(6) and P2(5) are within the exper imental uncertainty while

those for laser line P1(7) are cons istently high,. Although a thorough

investigation of these errors was outside the sco pe of present work , the

line strengths in the vicinity of l i ne  P 1(7) were checked usin g the work

of Gra y et al~ [19] and no significant errors were found . Because several

experimen tal studies have indicated that CO2 lines are definitely sub—

Lorentzian [12, 13] i t may be that the overprediction for laser line P1 (7)

is a line shape problem and not a deficiency in the tabulated line

parameters . Further investigation of this behavior is required

DI SCUS S ION

C a l c u l a t i o n  of a bsor p t ion  coef fi c ients at HF laser frequen c ies us in g

line—by — line cal culations based on the AFGL tabulation were found to be

improved by mod i fying the tabulation using the line positions and

strengths of reference 8 and by introducing a super-Lorentz or super—

Vo igt line shape, The present study is by no means exhaustive , however ,

and severa l questions rema in:

1. ‘The line positions , strengths , and widths for i so topi c water

species in this spectral reg ion appear to be in error as demonstrated

hy the discrepancie s observed for laser line P1(4).
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TABLE 5

OBSERVED AND CALCULATED ABSORPTION COEFFICIENTS FOR CARBON DIOXIDE

~tOta 1 = 760 TORR , P
~0, = 0.434 TORR

Frequency Observed Calculated
Laser Line (ciii — 1 ) (kill — 1  ) (kitr I

P1(6) 3693.4226 5.44 5.07

P1(7) 3644 1454 7.30 8.52

P, (5) 3577.5002 9.85 9.32

= ~ TORR , PC0 , 0.4 34 TORR 
-

Frequency Observed Calculated
Lase r Line (cnr ’J - (k m ’)  - 

kiu~~)

P1(6) 3693.4226 0.570 0.632

P1 (7) 3644 1454 1 .12 1.58

P2(5) 3577.5002 2.63 2.94

~total 
= ~ TORR , 

~co 
= 3.0 TORR 

-‘

Frequency Observed Calculated
J~~

- i )  
- 

(ki~i-~ ) - 
(kni -’) 

-

P1(6) 3693.4226 4.56 4.40

P1 (7) 3644.1454 7.39 11.07

P (5) 3577.5002 18.1 20.4
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2. The assumption of super-Lorentz behavior for water vapor

appears to be supported by the present data but lacks direct experi-

mental verification throu gh observation of far wing absorption of

indivi dual H O  lines , Many of the same effects observe d w it h the su per-

Lorentz sha pe 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 eillpirica l

modification of the Lorentz shape and needs theoretical support. Since

in fi t t i n g ex per imenta l data for CO .’ [12, 1 3] a sub—Lorentz shape was

found to be necessary in which the line wings became sub—Lorentzian in

an ex ponen tial  fash ion , the assumed form of the present super-Lorentz

shape may not be idea l ,

4. The self-to— forei gn broadening ratios (B) determined here are

based on minimal data at a single temperature. Fur ther ver i f icat i on

of these values i s requ i red as well as a study o f any poss ib le temper-

ature dependencies , Since in general these ratios will vary from one

spectral line to another , ideally values should be evaluated for all

absor ption lines of interes t i nstea d of measur ing effec ti ve avera ge

values .

5. Substantial scatter was observed in the measured absorption

coefficients below 0.1 knr ’. Since most low temperature data was in this
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range , further low temperature measurements are requ i red to check the

calcu lationa l methods before applying them to high altitude low tempera-

ture probl ems.

CALCULATED ABSORPT ION COEFFICIEN T S FOR MODEL ATMOSPHERES

Total absor ption coef ficients for HF laser lines P 1(4), P 1 (6), P1 (7),

P2 (5), P~(6), P,(7), and P-,(8) have been calculated as a function of

altitu de and relative humidity using atmospheric temperature and pres-

sure profiles, corresponding to the mid latitude suniner model [201,

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 line 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 resul ts of these calculations are shown in Figures 24 through 30

for relative humidities of 10 , 30, 50, 70, and 90 covering altitudes

I / 7
- 

-

~~~~~ - ~~ ‘ ~- ~ ‘ - ‘ , C r ’ -; ~ t ~. . i - - , ~ -
, 

~: - ~ 1. . :: -  .‘ ‘ .~ t .1 ‘ - ~
‘

- /
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TABL E 6

ATMOSPHERIC CONDITIONS USED IN CALCULATING ABSORPTION COEFFICIENTS

AS A FUNCTION OF ALTITUDE FOR HF LASER LINES

Al titude Tempera ture Total Pressure Sa tura ted H~0 Pressure
(kiii) (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 O  concentra tion
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TABLE 7

ASSUMED CONCENTRATIONS OF EVENLY MIXED

ATMOSPHERIC CONSTITUENTS

Concentrat ion
Species PPM by Volume

CO~ 330

N~O 0.28

CO 0.075

CH~ 1.60

2.095 x 10

— LPSER LINE Pii q i
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FIgure 24, Absorption coefficients as a function of altitude and relative
humidity for laser line P1(4).
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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 alt i tudes is the result of C O -~ and to a lesser

extent ~~ 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 P1(6), P1(7), and P~(5),

simply converge to the combined C02—N 20 absorption coefficient at higher

altitudes .

Although calculations were carr i ed to an alt i tude of 15 km, the ex per i-

menta l data gathered in the p resent study did not cover tempera tures

below -18°C (255K) so that verification of the cuiculational methods for

conditions above 7 km was not possible . * As a result , calculations for

altitudes above 7 kr must be consi dered as extra polations base d on higher

temperature data. Similarly, the discrepancies between measured and

calculated coefficients for laser lines P1(4) and P- (7) indicate that the

ca lculated coefficients for these laser lines should be used with cau-

tion .

4 7 ‘ f t  I ‘I c Z f ‘z~-~~
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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 A rmy and Air Force requirements in

the 3—5i~im 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 line—by—line modeling can sufficient resolution be

obtained to calculate the absorption coefficients for the discrete HF

laser frequencies. The sel f broadening coefficient B is an important

parameter in such calculation s 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 spectra l region the average B value corrillonly

used is 5.0 which is in good agreement with the values obtained ‘ II this

work and listed in Table 3 for 25°C. Variations in this parameter fror
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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 1 F1 l6~ line strengths and positions

gave si gnificantly improved predictions when compared with the presently

used tape values .. Discrepancies between updated model predictions for

P1(4) and P2(7) indicate additional updating ‘is needed especially in the

HDO line 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—Sum spectral region is the development of a super-Vo’igt

line shape and computational capability. Significantly improved agree-

ment between model calculations and measured absorption coefficients for

HF lines dominated by far wing absorption is obtained with this model ,

and its infl uence on water vapor absorption will be enhanced at altitudes

above 7 km. Here again a temperature dependence of the line sha pe may

be significant and requires further investigation .
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The worth of this parametric temperature and pressure measurement study

is seen by com pari ng the measurements to the theoret ical  ca l cu l a tions

before and after the above line parameter changes were included . Sub-

stant ial agreenlent now exists between the calculations and me~surenients

as seen in A ppendix [3 except for lines P1(4) an d P~(7) which sti l l have

unacceptable calculated absorption coeff icients 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 domi nance of the wa ter va por absor pti on

is rivaled by CO and N O  whose concentrations do not fall off as quickly

as wa ter va por w it h dec reas i ng tempera ture and pressure . Some insi ght

to the problem is seen in the narrowing of the separation of the five rel-

ative hunlidity curves in Figure s 24 through 30 for altitudes above 12

km. The degree of agreement in this work at 25”C for CO absorption at

P1(6), P 1(7) and P (5) is not sufficient for high altitude predictions .

The question of a sub —Lore ntzian (or Voigt )  1 m e  shape for CO 2 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 w i l l  be the subj ect of Part II.
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A PPENDIX A

METHODS OF EVALUATION FOR THE SUPER—VOIC1T LINE PROFILE

The super—Voigt profile like 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

f0(’ , ~~
) = ~ exp [-(~n2)(v - (A- i)

where 8 is a normalization constant , and the super-Lorentz shape is

f
~i (v, v )  = 

~~~~ 
~~~~~ )2  + 

~ 
, for ((v - V ) ~~~ < Vm (A-2)

CYL(S) )n 
_______v )  = 

~( :  +
~~ [) (~ - 

, for Cv - v )  > v  , (A-3)

The convol ution integral for the super-Voigt absorption coefficient is

expressed as:

a

K
~
(v’) = S f  f

D
(vI v ’)f

52(v , 
v )d(v - v ’ )

a+v
m

+ s J f0~
v , v ’)f

51
(v , v )d(v - v ’ )
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+ ~ f  ~D~~’ 
v ’)f

52
(v, v ) d(v - v ’) (A-4 )

a v

where S is the line strength and a = (v - v ’)1 the separat i on of the

point of computation from the center of the Lorentz line. Because of the

exponential fa l l—of f  of the Doppler profile , in most cases of interest

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

If for example

v < al < v + 6~’m m D

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

(A—4) will be significan t; while if

a l > 
~
t
pl 

+ 6
~D 

(A—5)

as in Fi gure A—2 onl y the third integral will contri bute.* In general

the integrals of Eq. (A—4 ) may not be solved directly so that numerica l in-

tegration procedures are requ ired . An exception to this is that when Eq.

(A—5) is satisfie d , a series solution may be found for the one contributing

integral. This solution is significant since in norma l atmospheric trans-

miss ion 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 . Consequen tly, a reasona b le f rac t ion  of the

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

— v f~~
’l ha~ 1I ~I ’f: t ( zK ,~~: ~~ z r ’WC 1 ’ ~~ oto !  / 1 1 ’ ‘ f I , ~ ‘ / 1 ( ‘0 tlk.’ 1k ‘j p P ‘r

1’1~. . 1 ’ t. ’T  1 flI ’ - .~Pi ,Ill J i t t
— ,~ 

( i f ’ ~I~
)
~ ?’O ’ .’ 4 C  1 4  ‘~i ~~~ P.ZZ i 1 1? /~~‘
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“

1

Figure A— I , Schematic of the convolution of Doppler and Lorentz line
shapes for

V a l ‘
~ 

Vm + 6Y
0

Figure A—2, Schematic of the convoluti on of Doppler and Lorentz line
sh~pes for

Ia~ Vm + 6
~D
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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 absor pt ion coef-
ficient of Eq (A—4 ) reduces to:

CS 
~L 

v~ exp [—( e n 2 ) (v  — v 1)2/~y
2
]K (u ’) D d(~ - v ’) . (A-6 )V 

ir(~~
2 + ‘

y~~~) (v -

This may be put in a more standard form by s u b s t i t u t i n g

w = ~-~ n 2  [(v —

and

= ‘ . E 1 7 [(v  — 

~~~~~~~~~~~~~~~ 
(A 7)

giving:

K 
~~~~~ 

= ~E.~
_

~.L~~1_1 
(

vi ”
~’)h’~~

_,f 
e’~~ dw_ 

• (A—8)
+ 

~~
) ~D . (

~~ 
- w) tt

Since the integra l in this equation wi ll not be taken over an infin ite

range the normalization constant ~ will be carried through the computa-

tions expli citly as
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8 = i/Jexp [-(in 2)(v - v 1)2/~~~] d(v - v ’)

Using the same Substitutions as before this becomes

8 = (I/m
~~~~

/YD) /fe~
1
~
2 
dw

so that Eq. (A—8) may be written:

1< (v’) = 
CS ‘

~L (V 
~~~~~~~~~~~~~ f e~~ clw 

/fe~~
2 

dw . (A—9)V 
n(v2 + y~ ) \ 

‘1’D / J (
~ - w)~~/J

Since Eq. (A—5) is satisfied it also follows that

w/~ < 1

so that

- w) = 1 (1 - w/~)~

= ~~~_ + 

i— l 

~~~~~ + l)( rl + 2)...(~ + I — 1) (w/~)~~

Substi tuting this into Eq. (A—9) gives
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Kv
(-v ’ )  = t(~ (v ’)  {l 

+ ~~ ~-4J.. 
[,f

e
_
~4
2 
w ’ dw/”J

’ 
e dw]

} 
(A—b )

where K
~

(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) = ~~~ + l)(~ + 2 ) . . . (n  + ~ 1) (A-ll )

If the integrals in Eq. (A—b ) are taken over some even range say from

~ to +a only even powers of w1 will have nonvanish ing contributions.

Consequently, Eq. (A—b ) may be rewritten as:

= N.
K ( v ’ )  = K5 (v ’)  1 + 

~~ 
-4

~
- I(J)/ 1(0) (A— 12 )

where:

N — ~~~~~~ 
+ 1 )(l + 2 ) . . . ( n  + 2j — 1) A 13j - - -  (2j)! -

and

1(j) =f w
2
~ e~~

” dw . (A-l4)

Integrat ion of Eq. (A— l4)  by parts gives a recurrence relation for the

I(j)’s such that:
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= - 
2j-l e~~

2 
+ 12j ~~ I(j - 1) (A-l5)

with

1(0) =j e~~
’
~
2 

dw . (A—16)

If a IS then taken as 5 so that the integration is carried out to (v -

numeric i ntegration shows that the value of 1(0) is essentially

the same as that for a -
~~ ~~ or

1(0) = . (A—l7)

Eqs. (A—12), (A—13), (A—l5), and (A—17) then define the series solution to

the convolution integral of Eq. (A—9). These equations may be put in a more

convenient form as:

K
~

(v ’) = K5(’v ’) + ~~ A ( j )  [ I(~ )/ I ( O)] } (A- 18)
j= 1

A(j ) = A(j — 1) [
~ 

+ 2(j — 1)] { ,
~ + 2j — l ] / (2 j ) (2 j  — b) ~ 2 (A—l9)

1(j ) = - 
2j-l e~~

2 
+ 

12j 1) I(j - 1) (A 20)

where

1(0) V~~and A( l ) = n
2
.
~

l) (A—2l )
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and
C S ’ 7 / v

= L m (A — 22 )
‘ 2  2 ’  ~V — v

~~~~ + 

~~ 
‘

A further simplificati on is possible if ~ > 5 and

hO < n < 2 .0 .

Under these condi tions the series converges to the numerically integrated

value of Eq. (A—9) to within one part in 106 us ing a maximum of 10 terms .

By considering the relat ive magnitudes of these terms it is found that

the firs t term of Eq. (A—2o)

2j —l —
~~~~~- a  e

may be ignored relative to the second term

(2j 1) I(j - 1)

so that the absor pt ion coefficient may be evaluated using :

K ( v ’ )  K
~

(v ’ )  + ± H(J )} (A-23 )

where K5(v’) is the same as that of Eq. (A—22) and

H(j) = H(j -1 ) ~ + 2(j- 1)](n + 2j 
- 

1) (A-24 )
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wi th

H( l ) = n(
~~~

_ !_~ . (A — 25)

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

fe
_w 2 

c~~ /fe~ ’
2 

dw = 

~ç 
{i 

~~~~~~~~ 

H(~)} . (A-26)

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 r~ between 1.0 and 2.0 the series solution gave the same result

as the numerical integration to within one part in lO~ 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

- v ’ )  > + (A—27)

The sunination in the computer program was carried through as many terms

as required in order for the next term to be less than 10-6 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 i nequality of Eq. (A—27), the integrals of Eq. (A—4)
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Iwere evaluated using Trapezodial integration with sixteen ir k  . 1 1 ;  t ( ( j~~

used between w = +5 and w = —5. The exception to this WdS w4 - r S l I

lines fell within U
rn of the frequency at which the coe ffici - r ’~ VI . ’ ,  -“ 1 ’

evaluated , that is when

( — v ’)  ‘. \(
C) Ill

Under these circumstan ces the contribution to the total absorp ti m coef-

ficient from these lines was evaluated with the norma l Voiqt pr ofile

usin g 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 al l  of the measured absorption coeff icients in

Table B— i for HF baser l ines: P ( ~ ), P 1(6 ) ,  P~ ( 7 ) ,  P (‘~), P (o), P (7),

and P2(8) covering the exneri m ent il conditions outlined i n  Table 1

(page 22). In addition , two sets nf calculated coefficients ~re d is o

presented which have been obtained us i ’iq :

1 . The AFGL tabulat ion i r i  conj unct ion w i th  the s t anda rd Voi .~t

line profi le.

2. The modified line tabulat ions and super — Vo i q t  p ro f i l e  d is iissed

in the text.

Compari son of the ca lcu la ted and measur f i v -I l i , ~~s j ndi ( d  tes the iii iprn vr—

ment in the predictabi l i ty  of the coe f f i~ ients using the modif ied t~ hu-

lations and line shape
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Fi gure B—2. Measured and calculated absorption coeffic ients for lacer
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TABLE B-i

WATER VAPOR ABSORPTI ON COEFFI C IENT S FOR SELECTED HF LASER LINES

Temperature ( °C) 25 f
______  

2 5 J ~~
’

f
~~5 -18

Water Vapor
Pressur~ ~Torr) 14.30 10.00 5.00 4.50 1.50 0.50

4.885 2.673 0~90O 0.620 0.028 0.001

Table Entries : 0.000 15.00 ?0.O0 0.000 0.000 0.000 -

Upper Entry 5.203 3.h20 1.440 1.750 0.290 0.150
absorption
coe f f i c i e nt* 10.70 ~.Ofl 

- 
70 .00 125.0 62 .50 125.0

( krtr~~)
6 .598 4.71b 2.006 2.950 0.570 0.218

Lower Entry
a i r  bu ffer  - -  

6ft.10. ,  115.0 1i’,Lft._ ~~PJL !~,L0,, _?,~P,~P_  -
pressure (torr)

8 .128 5.433 1.120 0 .873

110.7 
_____ 

500.0 250 .0 500.0

12.05 7 .864 2 . 120 1.301

- 250 .0 50.0 500.0 750 .0

19.72 3.0 15

— 500.0 
______ 

750 .0

25.53

____________________ — 
750.0 

________ ________ _______ _______ __________

4The p recision of t’h. - ab.~orr’t t
• ,~iu - -

‘ ~~~~ Mj , ’ L , .7 ,~~7 
•
‘
~, ,~~ 1 ’ s I l l )  .‘~~~~~~‘‘  ,~~j ;  -

. 
t / p ~ —

cated for  smat 1 va U~I -s 1’~t 7C2~, I 1 r ~. :‘;~, ~. ~~~~~ . ~~~ O ‘ 
~~I 

‘ ‘‘ ‘  ~~~ 1~ “~. ‘ , ‘~A I 
~~~~ ~~~~ 

7 1

f 1 . 01 knr 1 
~r 10% , ,7 j ; j , M

~ ) i 1) l ’ l  7 )
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Table B— I (cont)

p1(6 ) 28.39 17.03 5.934 3 .529 0. 42? 0 .050 
-

Table Entries: 0.000 ,J 15.00 20.00 0.000 0.000 0.000

Upper Entry 30.09 29.01 11.91 17 .99 3 .24 8 1.304
absorpt ion
c oeff icient 10.70 65.00 7O .0~’ 125 .0 62 .50 62.50
(km~~) - — —---5-- ‘ ‘ - - - —

- - (4 .99 39.69 17.51 32.5 3 5.980 2 .245
Lower En~~ -

air buffer ‘ uO. 70 115.0 120.0 250 .0 125.0 125.0 
______pre ssure (t orr ) -. ______ 

_________ —
~~~~~~~~~~~

-— —— —-

- 
6(1.76 51 , 11 10.97 4.415

( 10 . 7 
— 

500.0 250.0 250.0

1 1 ,1.5 61. 44 17 .93 7.149 

,lL
~~ !.( l  750 .0 500 ,0 500 .0

1~ l l . 21 .95 8 , 985
- 

50l) .il 
_______ 

750.0 750 .0

179 . 1

________ _________ 
750. 1) 

__________ _________

p
1(7 ) 10.70 6.046 ~‘ .7 1 1  1. 937 ~~~~~~~ .4I10 0 .043

Table Entries : 
- 

?0.pç) Q . fl ( l 1 ~~0.(210 0 .000

Upper Entry 11 , 136 7.244 3.06? 3.7( 1 0 (1 4absorpt i on
c o e f f i c i e n t  __ __1O_ .lp_ . - ~~~~~~~~~~ 1 75.0 

- 
62.5() 125.0 

— -

12 88 9 .846 3 .954 5 .938 0.~~70 0.590Lower Entry
~T~~buf fer 60 70 115.0  120.0 250 .0 12 5.11 2S n . n 

-pre ss ure ( torr ) - - . - -  .  , - -

15 .74 10 . 77  1 .77 0 1.4:51

I 10.7 
- 

50fl .0 250.0 500.0 
-
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Table B—l (cont)

‘5- -

23.86 15.22 3 .33 7  ?.~~ /)‘i

Table Entries:
250.0 750.0 500.0 750.!

Upper Entry 
-____ ‘5- ‘

absorption 37 25 5.007

coeffi cient
(km ’) 500.0 7’P , I)

Lower Entry  50 45
air buffe r
pressure  ( t o r r )  

~_]~0.p - - ‘ - -  - -  - - -

P1 (8) 77 . 10

Table Entries: 60.70

Upper Entry 131.3 1
abso rpt ion
coefficient 750 1,1
( knr 1)

Lower Ent ry
air buffer
pressure (torr) 

- ____________

p (5)  8.469 4.905 1.587 0.799 
- 

0. 100 0 .015

Tab le En t r ies: L~~~~~~~~PP,P.
__- ,L

~~~
’PP5_,_ 90_ Q .,9,,QQ, 0.000 1

Upper Entry 9.164 8.017 3.210 4.606 0.455 0.44g
absorption
coefficient ._J~..70 - 

65.00 
~~~~~~~~~~~ , 

125. 0 62.50 125.0 
- - -

(km 1)
13.42 10.85 4.600 7.796 1.025 0.950

Lower Entry
air buffer 60.70 115. 0 120.0 

- 
250 .0 125 .0 250.0 

-

pressure (torr)
17.72 14.57 2.381 1.826

________________ 
110 .7 500.0 250.0 500.0
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Table B- 7 (1-ont)

p
2

(5) 29 . 5l ~~~~~ 

- - -— 

22 . 99 4 .47 0 2 .720
Table Entries : 2 50 .0  

- 
750 , 0 500.0 ]50.0 _

Upper Entry .17 h7 6.737aDsorption
coefficient - L~ ( t ( t  750 .0(km ) — -- - —- — - - 

i--LwLower Entrj
a i r  bu f f e r i z ~u . 11(1pressure (‘ d~’r )

_j  - 1 — — I . _ _L . .

— 

p~~~~~~ ) 
; ,~ 15 

~~~~~~~~~~~~~~ 

1 . 373  1.0 21 0 . 115 0.010
Table Entr ies : 

- 
(( .001) 15.00 20.00 0.000 0.000 0.000

7 :1 1 7 b. (04 2.776 3.343 0.548 0.240

~ e!flcient 70 
- - -  

65.9_0 . 7 0  125.0 62.50 125.0 
-

Lower Entry 10.46 8.742 3.925 6.103 0.972 0.535

pressure torr 60.70 L1~~~~
_ .J?P~,P ._?.~P~I 

125.0 250.0

13.54 10.34 1. 747 0.840

1 10 .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 4.633

500.0 750 .0 
____

54.94

750.0
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Table B—i (cont)

1.350 0.527 0.312 0.275 0.029 I 0.000
P2 (7)

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
coeff icient
(k m~~ ) 1,850 1.384 0.634 0.901 0.145 0 .100

Lower Entry 60.70 115.0 120.0 250.0 125.0 250.0
air buffer
pressure (torr) 2.394 1.695 0.325 0.210

110 .7 500.0 250.0 500.0

4.099 2.621 0.640 0.320

250.0 750.0 500.0 750.0

6.619 1.016

500.0 
_____  

750.0

8.557

_________ 
750.0 

*

0.219 0.025~~ 0.080

Table Entries: 
- 

0 000 
— 

0.000 ,,~ o.ooo

Upper Entry 0.240 0.100 0.170
abso rp t i on
coefficient 10.70 125.0 125.0
(km ~~) 

‘ - -

0.370 0.185 0.004
Lower Entry
a i r  b u f f e r  60.70 250.0 250 .0
pressure (torr) —

0.480 0.330 0.215

____ ______ 
110.7 500.0 500.0
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Table B—i (cont)

P2(R) 
— 

0.750 
— 

0 .435 0 .159
Table Entries : 250.0 

_____  
750.0 750.0

Upper  En t r y
absorption 1.130
coefficient
(km~~) — 

500.0 
— __________ _____- —~~~~~~~~~ — —  - 5 - 5 - - ——

Lower Entry 1 .506
air buffer 

750 0pressure (torr)

P 3 ( 5 )  0.680
Table Entries: 60.70

Upper Entry 3 350)
absorption
coefficient 

_____

Lower Entry
air buffer
pressure (torr)
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