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Abstract

With the development of HF and DF lasers having emission lines in the range
from 2800 to 3700 cm™! (HF) a.d 2000 to 2750 cm'1 (DF), it is of importance to
establish which of the more than 100 lines can be transmitted through a variety of
atmospheric paths. The spectral region of HF emission spans a very important
water vapor z2bsorption band and, in addition, there is strong absorption by CO,
and weaker absorption by ozone and ii.ethaune, The spectral region of DF emission
covers the very strong 4.3 pm CO, absorption band and weaker absorption by NyO
and HDO at higher frequencies (low DF vibrational transitions). There is some
weak ozone absorption also in the region of DF emission, Absorption lines associ-
ated with all of these molecules were included in the calculation of synthetic
spectra covering the region of HF and DF emission. After limiting the number of
emission lines to be considered 1n detail according to a criterion based on atmo-
spheric attenuation, a series of tables was constructed providing quantitative
attenuation information for each of 97 laser lines and for 10 different atmospheric
models. Data based cn two different aerosol scattering models are included in
these tables.

It is concluded that due to both atmospheric attenuation and laser emission
energy, 1t 1s advantageous 1n general to develop laser systems using the higher
vibrational transitions of the HF emission and the lower vibrational transition of
the DF em:ssion.
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Atmospheric Attenuation of
HF ond DF Laser Radiation

1. INTRODUCTION i

The development of HF and DF lasers and the potential application of these .
lasers to problems involving transmittance paths 1n the atmosphere reguirés an
understanding of the attenuation characteri~tics of the atmosphere for the specific
frequencies of laser emission. There are a great many HF and DF laser frequen- °
cies (Deutsch, 1967; Basov et al., 1971), and the atmospheric attenuation for each
one may be quite different. The reported laser emission frequencies range from
about 2000 cm™! to over 2750 cm™! for DF and from 2800 cm™! to over 3700 cm™!
for HF.

In the region of the HF emission lines, there is strong absorption due to the
2. 7T pm bands of both HZO and 002 (see Gates et al., 1964; Calfee and Benedict,
1966). Since the low-lying vibrational lines of HF occur near these atmospheric
band centers, an improvement in atmospheric transmittance can generally be
obtained by considering the higher-lying vii »ational transitions. There 15 also
weaker, but significant absorption by ozone (McCaa and Shaw, 1967) and methane
(Kyle, 1968) in the same spectral region, and ali of these absorbing constituents
were considered in the computations contained in this report.

In the region of the DF emission lines, there is strong absorption due to the
4.3 pm band of CO, (Gray and McClatchey, 1964; Gryvnak et al., 1966). However,

|
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tixis absorption becomes important for frequencies below about 2400 em-1, and at
higher frequencies, the atmosphere is much more transparent except in localize.
regions near individual spectral absorption lines of NyO and HDO. A! even lower
fraquencies corresponding to higher DF vibrational transitions, there s consider-
able absorption due to N9O, CO, O3, and No. The spectral region covered in this
report includes a la‘rge number of absorption lines, all of which are pressure-
broadened under atmospheric conditions so that some molecular absorption occurs
at all fr‘equencies where either HI:‘ or DF lasers emit.

In addition to molecular absorption, three other sources of attenuation shcald

be considered (McClatchey et al., 1970): molecular (or Rayleigh) scattering,
aerosol scattering, and aerosol absorption.

Attenuation due to molecular scatter-

-
77
-, S A e pts
P e o R pfe v el A v feLifg fek 4

; ; ing (op,) 18 easily computed and is foand to be less than 10-6 per km at all al“i‘udes
‘2: ; . . and 18 thus completely negligible. Aerosol attenuation (both absorption and scatter-
‘ k ' ing) can be significant, so examples of this attenuation for two specific aeroscl

B A models finve been included (see Figures la and 1b). It should be noted that aerosol
h attenuation ts a very slowly varying function of f_requency and, therefore, provides
g, :

e a quas)-continuum attenuation over the whole spectral range of interesi, whereas
= . !

2 . the molecular absorption is highly frequency-dependent, Thus, molecular absorp-
; .tion determines the relative "windows' where the transmittance of an HF or DF

A . laser beam is greatest. It should be noted (see Appendix B) that the predicted
;!‘ ! molecular absorption fur some DF laser emission lines is sufficienily low that
[ ' aerosol effects (both absorption and scattering) are predicted to dominate the
R attenuation,

;! .

3

¥ )

. L1 . CLEAR 23 kW vis.BmuTY ".L
: T
'

. | T — . L
¢ \ A(ROY/% ATTOWATION
i \ 12 KM ALTITUOL
M osk ATROI. ATTONVATIN N y ™ 10 8 pONITOKTAL PATH
(A LVEL
§ W R4 MORIIONTAL PaTH z
] v s
£ =
i k4 3
§ g
! S
<
& o8 =

ALY 3 K8 VISIBILTY

. . —n ) 2 &
2000 0 oo N - X0 6 LR 30
VAVINDMEL® wAYLAWEER

I T LR L LI LI ]
s A R34

Figure la. Atwospheric Transmittance
due to Aerosols Through a 10-km Ho»:-
zontal Path at Sea Level in a 'clear”
and a "hazy" Atmosphery

Figur< *>.  Atmosgheric Transmittance
dee tu Ancesols Ta:ough a 10-km Hori-
contul 'l dt an Zlevation of 12km




R I e e i T T T . A, s o N -

2. I'ASER EMISSION FREQIENCIES

Since the frequencies of the atmospheric absorption lines are known quite
accurately (0,01 cm-~1). .t 1s important that the laser frzquencies used in our
calculations be known to similar accuracy. The list of measured laser frequencies
given by Deutsch (1967) has been used where available and the remaining lines used
are as calculated by Basov et al, (1971). The frequencies of the HF and DF lines
are presented in Table 1 and Table 2, respectively. Computations of atmospheric
attenuation were raade for each line¢ appearing in Table 1 and Table 2. The column

in Tables 1 and 2 asscciated with each laser frequency gives the attenuation per
kilometer computed on the basis of the Midlatitude Winter Model (see Scctinn 3).
This gives a good idea of the relative atmospheric attenuation for all lines. In the
interest of minimicing the size of this report, it was decided to reduce the number
of laser emission lines for which detailed results are given in Appendices A and B
according to the following scheme: using the Midlatitude Winter attenuation coeffi-
cient at sea level as a guide (see Tables ! and 2}, charts were not included in
Appendices A and B if kpw > 10.0,

Table 1. HF Laser Frequencies According to Deutsch {1967) and Basov et al,
(1971) for which Attenuation Coefficients have been Computed. The attenua-
tion coefficients included in this table refer to molecular absorption through a
1-km horizontal path at sea level. An asterisk .-) indicates that detailed
information has been provided in Appendix A

Rot. ID v k_ Rot. ID v k_
1-0 Band 2-1 Band
P6 3693. 50 39,3 * P11 3282. 86 4.31
P7 3644. 16 17.1 * P12 3230. 18 3. 61
P8 3593. 80 31,2 * P13 3176. 60 0. 369
* P9 3542, 20 2.69 x P14 3122, 14 4.09
* P10 5489, 59 0.537 P15 3067, 22 16. 6
* P11 3436, 12 0. 221
* P12 3381, 50 0.0751 3-2 Band
* P13 3326. 21 1.69 P2 3544, 51 12.2
* Ply 3269, 90 0. 285 .
*F15 321280 0. 529 * pe 3503. 80 8. 61
. . P4 3461, 54 23.6
* pP5 3418, 16 1. 36
2-1 Band * P6 3373. 46 0. 0537
P2 3708. 86 129.0 * P7 3327, 73 1. 27
P3 3666, 38 11.3 * P8 3280. 64 1.06
P4 3622, 71 29,7
P5 3577, 47 20. 1 4-3 Band
s 3931. 31 30,9 * PS5 3262, 53 0.448
* P17 3483, 63 0.882 :
3 P6 3219, 50 22. 4
x Pg 3435, 17 0. 209 9 4
* P7 3175, 34 0. 565
* P9 3385, 34 4. 00 . e aias. e 5 068
* P10 3334. 55 3.07 : '
. ' * P9 3083, 83 0. 211
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Table 1. HF Laser Frequencies According to Deutsch (1967) and Basov et al.

(1971) for which Attenuation Coefficients have been Computed (Cont)

Rot. ID

v kmw Rot., ID v kmw
5-4 Band 6-5 Band

* P4 3150.67 C.126 * PS5 2961. 68 €. 976
* PS5 3110, 34 3.17 * P6 2921. 74 0. 0453
* P6 3068. 63 0. 209 * P7 2880. 70 0.00424
* P7 3026. 21 0. 780 * P8 2838.59 0. 0654
* 18 2982, 51 0. 449
* PJ 2937.179 0. 882

*[ndrcates that detailed information has been provided in Appendix A

Table 2.

DF Laser Frequencies According to Deutsch (1967) and Basov et al.

(1971) for which Attenualion Coefficients have been Computed. The attenua-
tion coefficients included in this table refer to molecular absorption through a
1-km horizontal path at sea level.

An asterisk (*) indicates that detailed
information has been provided in Appendix B

Rot. ID v kmw Rot. ID v kmw
1-0 Band 3-2 Band
* P10 2665. 20 0.00752 * P12 2445, 29 0.0725
* P12 2611, 10 0.00377 * P13 2419. 02 0. 0885
* P15 2527, 06 0. 0155 * P14 2392, 46 0.119
* P16 2498. 02 0.0282
4-3 Band
2-1 Band * PS5 2552, 50 0.0143
* P3 2750. 05 0.00898 * P6 2509, 86 0.0218
* P4 2727. 38 0.00653 * P7 2486, 83 0. 0249
* P5 2703. 98 0.00171 * Pg 2463, 25 0.0565
* P6 2680. 28 0.0139 * Pg 2439, 29 C. 0758
* P7 2655, 97 0.0134 * P16 2414, 89 0. 0921
* P8 2631, 09 0.00348 * P11 2390. 07 0. 287
* P9 2605. 87 0.00776
* P10 2580. 16 0.0295 5-4 Band
* I
o 255397 0.0163 * PT 2404.63  0.0965
* P12 2527, 47 0.0152
0 P8 2381.73  64.7
* P13 2500, 32 0. 0265 b !
S 10 2334.63  270.0
* P16 2417, 27 0. 0901 .
MES oa5a. 39 o 0% P11 2310.45 183.0
‘ P12 2285.88  18.7
3-2 Band * P13 2260, 92 4.13
* P3 2662. 17 0.0079 6-5 Band
* P4 2640, 04 0.00914 .
* P5 2617, 41 0.00276 * be 2388, 02 1. 97
* P6 2594, 23 0.00557 ;,7 2323.89  77.1
* P7 2570, 51 0.0560 8 2301.60  52.5
P9 2278.87  15.0
* P8 2546, 37 0. 0356
* P10 2255.71  11.4
P9 2521, 81 0.0164 « i 1t .
* P10 2496 61 0.0298 ! 2232.15 0.5
* P11 2471, 34 0. 0491
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Table 2. DF Laser Frequencies According to Deutsch (1967) and Basov et al.
(1971) for which Attenuation Coefficients have been Computed (Cont)

—Rot. ID v kmw Rot. ID v kmw
7-6 Band 8-7 Band
* P5 2286. 45 3.53 < P9 2123, 24 0.0296
* P6 2265, 65 1.87 * P10 2101, 27 0. 0322
* P17 2244, 38 2. 79 * P12 2056, 14 0. 0222
* P8 2’32, 68 0.233 * P13 2033, 01 0.0198
* P9 < 00, 54 0.352
* P10 1717, 99 0. 0979 9-8 Band
* P11 2155.03 0.0344
. . * PG 2108. 48 0.0172
* P12 2131.68  0.187 * P7 2088.34  U.0567
* P8 2067, 76 0.112
8-7 Band * P9 2046, 77 0. 262
* P5 2206. 87 0.453 * P10 2025, 36 0. 0864
* PG 2186, 63 0.483 * P11 2003, 56 0. 0480
* P7 2165, 93 0. 0459 %* P12 1981, 38 0. 0557
* P8 2144, 80 0. 129

*Indicates that detaiied information has been provided in Appendix B

3. ATMOSPHERIC MODELS

The atmospheric models used 1n the computations have been fully described by
McClatchey et al. (1970), and so only a brief sketch will be provided here. Five
model atmospheres for pressure, temperature, H 0, and O, distributions have
been used and are referred to as Tropical, delantudc Summx.r, Midlatitude
Winter, Subarctic Summer, and Subarctic Winter. They refer to models of the
same names defined in the Handbook of Geophysics and Space Environment (Valley,

1965). Becauoe the major effect these five different models have on the computa-
tions in this report 1s due to the differences in water vapor distribution, Table 3
indicates the water vapor amounts in a 10-km sea level path, a 10-km horizontal
path at 12-km altitude, and in a vertical path through the entire atmosphere. The
water vapor distribution 1n all models is 1dentical above 11-km altitude.

In addition to the five models described above, computations were made for
two aerosol models (see Figures la and lb), The details of these models are also
described by McClatchey et al. (1970). Briefly, the two models describe a "clear"
and "hazy' atmosphere corresponding to a ground level visibility ¢” 23 and 5km,
respectively. The aerosol size distribution function for both models is the same
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Table 3. Amount of Water Vapor (precipitable centimeters) in the Five Model
Atmospheres for which Calculations have been made

Tropical Midlat, Midlat. Subare. Subarc.
Summer Winter Summer Winter

10-km Horizontal
Path at Sea Level 19.0 14.0 3. 50 9,10 1,20
10-km Horizontal
Path at 12-km 0.006 0.9006 0. 006 0. 006 0. 006
Altitude
Vertical Path from '
Sea Level to Space 4.13 2.93 0.853 2,08 0.4}9

at all altitudes and similar to one suggested by Deirmendjian (1963) for continental
haze. It differs from Deirmend.)ian"s model "C" in that the large particle cut-off
has been extended from 5 um to 10 pm.

The refractive index for the aerosols is assumed real for A £ 0,6 um, For
A > 0.6 um, the imaginary part 1s assumed to increase linearly to a value of 0.1
for A 2 2um. This model is based on measurements by Volz (1957).

The total numbers of aerosol particles per unit volume for the "clear" atmo-
sphere have been adiusted to give an extinction coefficient at A = 0.55, m identical
to the attenuation model of Elterman (1968 and 1970) at each altitude. The "clear"
and "hazy" models are identical above 5km, Below 5-km altitude, the number of

aerosol particles in the "hazy'" model increases exponentially to a value correspond-
ing to a ground visibility of 5 km.

4. COMPUTATIONAL TECHNIQUES FOR MOLECULAR ABSORPTION

In the spectral region covered, molecular absorption by water vapor,
carbon dioxide, nitrous oxide, ozone, carbon monoxide, methane, and nitrogen occurs.
Carbon dioxide, nitrous oxide, methane, and carbon monoxide were taken to be
uniformly mixed by voinume 1n the atmosphere at 330 ppmv, 0. 28 ppmv, 1. 6ppmv,
and 0,075 pomv, resn. ctively, The water vapor and ozone were distributed accord-

ing to the models desu. “=d nbove. A Lorentz line shape as given in Eq. (1) was
assumed for cach line.

_ S
km -w[(v- v:)2 i 02]‘ W

Sk TR
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in which S is the line intensity, a is the line half-width, y, is the central line fre-
quency, and v is the laser frequency. Fcr pressures Iess than 10mb, a Voxgt
profile was used in the calculations (see Young, }965). The laser frequency (v)
was assumed mwonochromatic for the purposes of this calculation. In gexleral, a
large nimber of absorption lines belonging to different molecules contribute to the
attenuatior at any specific laser frequency, so the total optical depth (O. D.) must

be evaluated and is given by Eq. (2). I

. Sij aij mj :
0.D. = ¥, 21 3 5 , - (2)
J 11'[( v - yij) + a ij ]

jth absorbing gas.

where m, represents the amount of the j
Pressure broadening enters through the aj; values in Eq. (2). The Lore ..z

line width is given by

1
a= a P/Po / T,l? .

The line intensity (S) 1s also tet'nperature dependent through the population of the
lower state of the transition and through the pa.mrtition funct'ions. These pregsure
and temperature effects have been included for all lines, The wings of all lines
within *20 cm-! of frequency, v, were considered to contribute to the absorption
coefficient at frequency v. 1 P !

5. RESULTS

Figures 2a through 2k provide a high resolation {infinite résolution):tx‘ansmit-
tance spectrum for a 10-km horizontal path at sea level corresponding to the
Llidlatitude Winter model atmosphere. These curves cover the entire spectral
region 2120 to 3740 wavenumbers. The resulting curves for frequencies in the
range 2240 to 2360 cin=! and 3500 to 3740 cm-! were entirely black (transmittance
<10°9), |

F1gures 3a through 3n provide a high resolution transmittance spectrum for a
10-km horizontal path at a 12-km (approx. 40,000 ft) altitude,

Figures 2 and 3 are intended to provide the reader with a quick method for
estimating the rei-tive attenuation of the various HI" anc DF laser lines. These .
figur s taken together with similar figures presented by McClatchey (1971), pfovxde
synthetic atmospheric spectra for sea level and 12-km altitude for the entire spec-
tral region frova 1400 te 3740 em-1,

" '
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Having made this guick estimate, Appendices A and B provide detailed quanti-
tative information on attehuation for each of the model 'atmospheres described

above. The notations used in the column headings should be i'eaq as follows:

P
\

kK = mo}ecular‘ absorption coefficient,

% * molecular scattering coeffi.'cient, : |

ka = aerosoi absoxrption coefficient, : "t

o, = akrosol scattering coefﬁci‘ent‘. - . ,

\ |

All attenu‘ation qoefficients are;given in units of km-!, Zero entries indicate ,
that the computed value )is less than 1076, ' The total attenuation ‘coefficient per
kilometer is given by Eq. (3).

| . ! \
7=klrn+ a'm‘+ ka+ a'a. | . (3)
For horiZzontal paths, y can be simply multiplieci by lthe range, R, in km i‘n order
to determine the total optical de;'>th. The transmittance is then given by Eq. (4)
! t = exp (-yR) . , 4)

! - : , i

If the atmospheri¢ transmittance is required Ifor a vertical or slant path, the
entries i. Apper:mdix A or B must bé summed (excluding the first entry) between the
two altitude levels of interest and multiplied by the height increment (AH - 1km
beldw 25 km). The result should be multiplied by the appropriate sec 8 (where 8
is the zenith angle) value to determine the total opticalj depth. The transmittance is
then given by Eq. (5). The use of sec 8 in Eq. (5) must be restricted to 8 < 80°,

+ For larger angles, curvature and refractjve effects become increasingly important,
and sec § must be replaced by an appropriate air mass parameter (see McClatchey
et al., 1970)

v = exp - (sec 8, yp AHk)’. ] - (5)

A general conclusion that can be drawn from Figures 2 and 3 and the charts
presented in Appendices A and B is that, in general, atmospheric attenuation is
less for the higher HF vibrational transitions and for the lower DF vibrational
transitions. According to Basov et al. (1971), the relative energy of'the emis&l;ion
lines remains substantial for the higher vibrational HF lines but decreases markedly




o

ML

[T,

]

N e T

for the higher vibrational DF lines. Thus, atmospheric attenuation should prob-
ably be used as the primary guide for laser systems intended to utilize HF or DF
lagers in the atmosphere.

Special note should be made of the spectral region shcwn in Figures 2b-2c.
Absorption due to N2 is responsible for the continuous underlying absorption in
this region. For example, at 2400 cm™! the sea level transmittance over a
10 km horizontal path (See Figure 2b) is 0.38. However, due to the dependence of
this absorption on the square of the pressure, the transmittance increases rapidly
with height as can be seen in Figures 3c-3d.

An example of the use of the data presented in Figures 2 and 3 and Appendices
A and B follows. An examinaiion of Figure 2d shows at a glance that thers isa
relative transmittance maximum near 2632 cm°1, and (from Appendix B) the P8
line of the 2-1 vibrational band of DF located at 2631.09 is very close to this
maximum.

Having determined that this line is a relatively good line to work with in terms
of atmospheric attenuation, reference can now be made to the appropriate page of
Appendix B, Here, we can determine, for example, that the optical depth per
kilometer at sea level corresponding to the Midlatitude Winter Model and neglecting
aerosol scattering and absorption effects is 0.00348. For a 10-km horizontal path
at sea level, the optical depth is thus 0.0348 and the transmittance is
exp (-0,0348) = 0.966. If aerosol effects are to be included, the attenuation coef-
ficients (or optical depths) must first be added and then transmittance determined
according to T = exp (-optical depth). The resulting transmittance for a 10-km
horizontal path at sea level including aerosol effects is 0.726 for the "clear' aero-
sol model and 0.240 for the "hazy' model.
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Appendix A

Attenuation Coefficients (km1) for a Selected List
of HF Laser Frequencies for Five Geographical
Mode! Atmospheres and Two Aerosol Models
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HAVELENGTH = 3.422618 HICROMFTERS
FREQUENCY = 2521.760 WAVENUMBERS
N TROPICAL MIDLATITUDE MIDLATITUDE SUBARCTIC SUBARCIIC AEROSOL
SUMMER WINTER SUMMER WENTER CLEAR HAZY
- - - - - . - - - -1 -1 -1 -1, -1 -1
W) kg ) o) kfe™)  ofin) k™) o) k() ofke hokga ) o) k™) ety k) o)
0 5.8645~01 .00 3.501€~01 .00 4.533°~02 .00 1.8796-01 .00 1,025E-02 .00 1.54E5-02 1.613E-02 7,532€~02 7.858E-C2
0 - 1 4,237€=01 .0 2.644F-01 .00 3.L495-02 .00 1.3LBE-01 ,00 9.8905-0F .00 1.0555-[2 1.101F-02 ©.749E~0> 4,954F-(2
1 - 2 2.221F-01 .00 1.745€-01 .00 1.971F-02 .00 6,8585-02 .00 7.607E-03 A0 4L,604E-FT 4L ,803F-02 1.528E-02 1.594°-0?
2 - 3 1.0405-01 .00 654068E-02 400 1.1005-02 .00 3.4335-02 .00 4.694E-02 .00 1.9A4-0% 2,0LIE~-0T S.307E~0% 5,.536E~03
3 - 4 3.829E-02 .C0 2.535E-02 +00 5.26G5~03 .00 1.€545-02 ,L00 2.5687F-03 .00 Y.123E-04 3.517F-04 2,318E-"3 2,L1BE-07
4 -~ S 1.516E-02 L 00 1.935E-0?2 .00 2.3415-03 .0D 7,5205-03 .00 1.258E~PT .00 S.680E-04 5.926E~-04 8.LK7E-06 8,8335-04
5 - 5  £.866E=03 .00 4.386F-03 .00 1.1245-03 .00 3.173E-0F .00 €.4L7E-06 90 4.3149E-04 & ,328F-06 4 .149E-06 4,328T- (4
6 - 7 2.8485-03 .C0 2.024E-03 .00 5.673E-04 +00 1,305°=03 .00 3.902F-04 00 2,3L2E-04 3.LE7E-04 3.343E~06 3.LB7F-04
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