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Abgnrast
tuvprdvl

Suwall angle spreading, aerogel sesttering and molecular abserp-

ticn are considaered the important sechanisms for thy weakening of & lazer

"beam in the open atmosphere. Three 2ifferent transmisslion lawe are worked

“out for these threée mechardsms. Eoth the physical principles and the rumer-~

ical values encountered in the lower atmosphere are discussed and illustrated.
Random density fluctuations in the turbulent atmosphere are discussed as the
¢ause of small angular deflections in & narrow pencil ol light. 3Bean atten=
_ﬁ%mg due to atmospheric sercsol scatiering is trosted Jor an uerosoi size
éistribum deseribed by the .3!1!5 nf two invorse powers of the droplet
radius, lazer beams can hely find the puramsters of such distributions.

Yoleculer absorption is examined ir terms of the marrow infrared lines of

‘water vapour, An effert is mide to present ihis difficult topic in &s simple

mmm aforzas is wﬁhe with the observational material. The for-
.&’hi are &Gsigmﬁ % make it pogsible to estimate in detail how the am3~'

ap&xm m*ﬁd weaken & laser beam under a wide variety of condiiions. It is

M ﬁmt aome -tfeets ars serious even at short ranges of & few meters,

-mu in favourable circumstances, laser signals would not be drastically

attenvated out t0 any practical distance in the lower atmosphere. ([ \
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The utility of lasery for comsuniczation purposes or as probes f{or
atmospheric investigitions will dJepend considersbly on the small geomeirical
cross section of & laser beam, ite narrow spectral range, and its tigh in-
tensity. These are regarded as outstanding laser beam qualities which -~uide
the present discussion of atmospheric oziicse The propagation of cohereice
will not bec discussed horu. The atmosphers will be treated sz a clesr ..cdium
in which there are sus;ended raudomly scatiered discrete centers of distwr-
basce wnich ray be classified accerding to size. The scale or size paramcter
x i1l involve the wave length of the incident Mght A and the uimenslonc
of the region in which a refraciivs i;zde:r. devigtion cccurs. The cdefiniion

of x is

2 Ta

1

x =

{(Leael)

for a spherical or cylindrical particle, a would be the radius; for sonm
other particle, irregular in shape or in refractive index distribution, it
would perhAps be & mean effective radius which could readily be delined rore

specifically for the case at hand. The particles cr regions in the atr: “heve
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1nooo0en with the light oo Ly : ol chaneces in relris e Lo.ux N
R A o orially, the ¢ sootiv o Loulx of the etmeaniire o R
- dise J Lhwmens may oW on .o ounivy and the adstustanceal .ooSu.
sbe L Leouienal by she goon.auy o = Ly which measurcs the & e L
= ractiv. index of the particle sk re.moh %o the atmosn wru. S8 Suale
.7 mowlll be complex when 1t Lu ncues.ary W desceribe encriy oo dGE
“otseen _b light and the disteriing parlicies.) It should Le a.. LR
“en procios values of wavi Lo i nre involved, the vacuum wa. oy .o
vae +- vonnected to the wav. K. . air by the fornmula
T' ] [N
J’1 vag ¢ A GATDSe she
uhere m . is ihe actual refracive indox of the atmosphere wnizn adt . ..
1: mot -/ otly unidy but aboul 1...0283. Tt varies roughly with iccal -
1 oopheric density ;? acecordin: 3 egastion
(nat&as;. -3} = 2493 x O™ ——— (101-3)

3

where o the NIP density of L.a¢ atmespherce

The interesting ranges ¥ values

reglons which will be treated z.

-
R AT

for our purpesss lic

in thre

-~

As Particles or resi T mrared with wave lengths x >» &
Be Particies comparsii. ¥ <2 4
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Transrmission Laws

Fluetuations In Refractive Index

Iaser beam offects in 3 patechy atmosphere Qre exanined here. Thoze
are Catagory A phenomena in the sense that we consider the atzosphere to Le
subdivided into cells whose refraciive index varies from its resn value over
regions which may be meters across. Thus, x = 27 afA4 >> 1. Other cate=
gory i phenomena involving more palpable cbjects such as raindrops, sno-
flkkes, fallout particles will be treatsd elsewhere as tools for atmosphoric
probing, bul their behavior relative ic simospheric transmission is adeguately
covered as 2 limiting case of Category B. The typdcal source of the patchiness
treated here is t.‘rm- turbulence due to overtwrning moments under certain cen«:'

itions in the atmosphere. Cells of eirculaiing air form spontancously.
Thege cells arc regarded as the source of scintillations and bad sseing in
astronomical and terrestrial ohservations., They occur high and low in £he
atmosphere over land and ccean. QOther micrometeorological effects Qiso

cause patchiness in refractive index. Therral gradients with or withou.
wind, pockets of high humididy, shcde from inselatlon or roughness of teoraln
may cause variations in density. Oscillations up o nundreds of cycles wor
second as well as %translation of these cells are known to occurs They vor,
in strength and frequency but are always preseni to some degeae to the extont
they limit the useful aperture for optical astronomical telescopes to 300
inches or loss even at the most favorable rountain sites. In a scmewhat
different way, they may limit the utility of laser beam cowmunications at

sea level or low altitudes.

The light flux in astronomy or in meteorological work usually ccora

a broad region. The wave front may be regarded as flait ard infinite in <1 nt.

4
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norral to the direction of propagations Sidewis: displacement of tha kheonm

e —————

moans nothing and only directicn or phase counts. A laser beam is narrow
both in angle and in cross section. It is m're like a pencil or ray in an
optical lastrurent. Sidewise a‘-s weil a3 angular éisp}#ee;mﬁt can take a
photon out of the useful region of observation. The Question asked here

is-u-bmt much does a p&telv atmﬂp ere reducs the light mergy received from

a éimnt- ltm‘l 'ﬁn angwer takas inta} account the meny small derleetmns .
caused by atmospheric refrzction. They cause the apparent inmage zize oi' .
the laser o be enlarged by angular deflection . ad they also spresd the
light over an area greater than the original laser beam would cover.

If the path leagth 18 grest, the energy ruceived within & given aperture may
be noticeably reduced by beanm sprea&. We consider next the s;tmtion whers
admerous scatterings take place, but since each ﬂeﬂection is very small,
mm remaing within a PATTow cong even when it is large compared with
m receiving ingtrument. It is wident that gemﬁrical opties is adequtc

m m Wﬂa.
2.2 m Curvaturs in a Refraciive Index Qradient

A laser beam traversing a region vhere there is a refractive index

gradient VM i1l bs deflected along 1ts patn according to the formula

vhare * is thc radius ct" curvature of the path and Vo is the component
of the zradient of the regrastive index m, normal to the ray psth, Ina
smll leongth of path &, a 511 nporral gradient Vi m would coviate 2
ray through an angle

10




~ A - b o
& C’t = . Vi Vel
{2.2.2}
and would produce a sidevise dispiacement
Fow 1 .
*:}é'f’ =4 Va7 J_jj (242.3}

The first thing 16 note about these quaniities is that they are small and

that our aszumption of narrow pencils or s=all cross section is justificd.

.'I‘hﬁ next thing to show is that the deviations are no. always negligible

am‘i thus are worthy of further cxamimstion.

Suppose that we have a horizontal ray movinz across & vertical
temperature gradient of say 1% per meter height. Then there vould be 2
density gradient' and consequently by equation (l.1.3), & transverss re-

fractive index gradient

.z ~.

' S LR U S
Vnn 22 2,9 x 10 3—2—3’-63 XIm N 10 cR | (29202})

The angular deflection in, say, 10 meters given by equation (2.2.2)
vauld be ' |

fei =~z 103 x 19’8 - }.a"s radiang =L 2 Looonds of are (2.2.5)
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and by equation {2ede3) & deflecirun

: :}yl 2t 5 % 107 cn {242.5)

R

A laser beam might be of the order of 1078 to 1073 radisns 12

i} g oar b

“anple and about 1 on iu cross section diameter, and ¢, these deficctions
o are seen to be small. The atmosphere could well have cells 10 meters across
) ‘ ﬂt‘h the density gradismis mentioned, and 2o in s kilcooter path, the re-

mw total deviations would perhaps mot be triviai. If the gradienis
m randonly arrenged, then in s path of N cells, the resultant deviations
“would bo /T tines a5 grext ss the wnit valuss given $n (2.2.5) and (2.2.6).
L For 8.1 lon. path and 10 meter cells |

+
Q . ( 7’ o - ¥ 5100
gnd we would havg
5
— . / -t . :
Rt radt s
&’igﬁ = ?!"i‘; g ¢ H
and
o fro— -
S by 2 0.05 con
&f Y JJ s jll
. In & laser with, say, & Sx 10;"" radian beam, the illusination at i kn.
would cover a 50 om. spot and a 0,05 om. enlary:ment would not ccunt,
g However, the spot enlargesent would be detorsined by the total ancular
: | 2
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b oo -

deflection which, in this evar.ol ., .8 1/ o > cripinal Leam anple.
Thua, a 20 to LO percent roda-_i:r in encviy Sl D rocwth a given bperiuce
would be expecteds This would us & tme avoragse. ool fluctuations of
the natuwre of scintillations would be much grester.

Transrission law For a Patchy airosphere

The preceding raragrssh i3 2 basis z'a;' writing dowm A%he trans-
migssion law for an atmosphere whose only a_:fticailx sctive element i3 a ran-
dom assexzbly of cells eac}z containing & rafractive index gradisnt of rean
cffective value Vme Take & mean cell size 8 and ask how the encrgy fall-
ing on & high resolution light collsetirn: instrument would fall off W th
range R along the path <0 & l:izor bsam whose divergence in radiaans is <« .
The distance R is supposed graeat cnough so that the gecrouw-ical beam at R
would be large in cross section compared wdth the apert.r: of the light
sensore 43 discussed in the vriouding paragraph; the effacy of itno patchi-
ness i3 to enlurge the beanm diametor at range R from

R (2.3.1)

to approximately

RA ¢+ R A8 (2.3.2)

where .9 is the cumilative deflection of all the cells along the path R,
along the pa.a R, there are about R/S cells, each causing a small a;gul;r
deflection gﬁ‘, according to {2.242)s The cun:litive deflection .18 du
to B/S cells is then
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in notation siightly different Iron thel u.ed Lelfore. The enlerped laszer

“bean diaseter (2.3.1) at rangs ¥ is therefore

R+ TR (2.3.8)

and the energy flux per nnid erea racelved there is proporidonal to the
inverse square of this. It s row obvioas that the factor T(R) by wbich
the energy is reduced by transmission through the patcly medium is

-

o) = L
R) = B v

{2.345

fhe firal expression of the transmission law {I) for a patchy medium with
cell zize § is thus

3=

(1) - ™R) = 5 (2.3.5
; e

"
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FACTOR

1. T(R) = ] 2 (2.3.6)
(l+ %av
CURVE Im__ o 8
o 168 em |3 X 107 radians 10%em.
b 2x 10° |3 x 0 *radians | 10°
€ 16° 3 X 0% radians | 10*

TRANSMISSION

T(R)

TRANSMISSION LAW FOR PATCHY MEDIUM

1.0

R RANGE (Kmi

13

2.0

£
o

" Figure (2.3.1)

p. 15
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Hore - ~“m- 3 the mean effective sradient of the refractive index = in
. ol '
a cell. {or™~,
Z{ = Angular width of laser Lo In radiang.

A% -
3
73 in C%e

S a Msan cell aize [.iso sr.cin
R = Range »f lasor Toam %o ohoorving iastroont. {em.)
- The derivation of this formula has diseeparded various Taotors of

the order of unity. Thay may be considerud Ridson in the definition of ¢
»

~ the gradient of refractive index, or in 5, fhe size of thé cedl. 3Simce tmzs

e

both occur as factors of — Ryt iz very wasy to-compute B(®) for varlous - -

sasumed values of cell size 5 and gradient 7Tm or laser besm angle o .

The sumputation amounts merely ic & change of scale of R and can be done by

mental arithetic. ‘Figm {2.3.1) shows khreze curwes of T{R) for values of

m parametars shown ia Table (2.3.1)s 7h: transaission for sufficiently

e C Dable (2.3.1) .

Payamviors For The Curves In Figws {2.3.1)

i

g

. w : ﬁ{m&i&m} ‘:';;%{c:a"}') 3{cm)
a ' 3x10% - 108 1,000
b 3 x 10 2 x 1678 1,000

e 3 x 107k 10~% 12,000

.l8rge ranges K varies inversely 2s BS. ~hus the energy fall off with distance

along & Jaser baam in & patehy -olium goes inversely with 83, In the strato-
sphese whers long range, slmost horizontal, communications might be of interest

¥

iy e o s




the cell =iz $ might bé ruch larpeire Thus even vdth moch smaller Folractive
index pradients, the attonuation ¢f a lascr bteanm could bLe significant. Thc

impression gained from Figure (Z.3.1) $g tra! turimlsnce and other patehiness
i3 always likely %o degrade laser veams but i3 nedy by 1texlf, 2 primary licml-

tation in long distance cormunications.

2.4 Scatierins Dy Mater Dronlsts .

Tt phh et

The wost abundant sercsol in the atmosphers is 1lquid sater in ihe
form of smell droplets. These droplets in cloud, héze, spray or mist wii:
be uzed as examples of lategory 3 vhere ihe particle dimensions ars cospirable

i A

with vave length (x = 27 a/A ). The very extensive literaturs on this

subject has been surmarized togother wilh many of his own resulis by

He Co van de Xﬁat(a‘h‘l}. The axpﬁﬁ.ﬁan he gréaaﬁts extends fo very sanil
- and very large values of x:sc-_ &1l a;at_sgﬁrisa A, Band § are included %0 soxe
‘ extent, but there &ro many &sp@cés of the gsnersl problam that are st3)l in
an unsatisfactory state. The theory for refmc;ﬁé indar m which mtﬁ.a

cslly =3y be of any magaitude resl or complex is reacily amemable to eompu-
tation and amalysis only shen S R

(meif<< 1 EANY
The present article will be restricied almost entirely to this condition.
Yortunately, the formulae developed under the restriction {2.h.1) holg w=1l

enough for our purposes svaen when

(n=1) = 0.33 (2:h02)

{2‘1"1}113?& Seattering by Sw.il Faviicles by K. O« van de Hulsiz - Joehn iioy
% Sons; New York (1957).
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as is tha cace for wisible 11 Ll:lcenl an liguid wator dr ropletse  For
lager beam commundeation studles, It will Lur. v bo necessary at someiing
to go beyond {2.4.1) becAuse many laser 5., . arc in the infrared whare
1iquid water shows &no:falous dispersion with luv-, ~.nidly varyingz, corplox
values of (m = 1)¢ These will Lo postponad. Water criilels in cloud, fog
ana mist ere woct efficient 85 sontaevers for nasr visiole light and Lheir
atsorption properties are ususlly svershidowed by this scattering. For
rarrow apsctral reglong in the infrared, 4t may be nassisamy te t@.ke #bsorp=

2ion into sccount and tils will be done in ansther report where ;»ar*i.ieul&r

_dagers come up for discusaion. For leong renge laser beurs in the strato-

sphere where little water is present, it 411 sgain be necessary to consider
absorbing serosols. Rere, transmdgszion whirough gcattering aisospheres
withoot sbsorption will be conmtermplated. lolecular absorption in luser
bearms will be ﬁrut&d iéwr in this articles undor Category C phoenowena.

| & ligm. bean with & flax donsity I in watis per squsrs centimerer
vould deliver 77 a1 watts to tha projected ares of a drop of radius a.
m 3&:35‘5 seattar#i by the drop could be wriltten

7re? T g (2.143)

where (p would be & measure of the effectivensss of the drop &s a scatierer.

The cross section for scattering G for the drop is defined as

scat

c‘ﬁﬁt - ;'?)& Qs Cn-o.,}

18
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and since zero abgorption is &r o, this iz the total ener;y loat from

the incicunt beame A rondocs 0.1 losn ¢F ruzh drop. separstuc by dstarc .

large co-parcd vith a, +113 tovo o cemb! sttunvaticon {or extinetion)
PR - LR
cross section Choy = Cocat WU
- e € VoA
vext = LRl LR 2PN

[ 2N

3 PN S £ Ao o %o = S L -y my = & 2 P
the nusber of drepss 10 Bhei- =ré N 4rops por Sutio coniimstor

where p 1

)

in the aumosphere, the transmitied fréction alter ifraversing a paih o

.

longt™ 2 would ke

*R) = e , (25.6)

This i3 not yet suliiiic %o 8 transmisslion law socouse real
aerosels are not composed of particles 2il of the same gizes Joreover,
iz & function toth of a and of ~ and 1% ruast be éiscﬁsseﬁ in some deteil
in order to get a useful formuli. the moo. suitable, explicit expression

for Q5 i3 to be obiained from vaa de Huls. 11557), page 187 or 176. For-

mulae for his quntitiss A(g, o) or Qg cén Se applied for our purposes in
i

- the form

L

A

G = Q, = 2~ 7}} Snf + 2y (1 - cosp) (2.L.7)

“
!

where

£ zamim-1) = B2 1) (2.
é <"
A

LR

19
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1.0

2.0

3.0

4.0

- PARTICLE wbdgcm IN MICRONS FOR A=l MICRON

0, SCATTERING EFFECTIVENESS PER UNIT AREA [en™]

Figure (2.4.1)
p. |%a



A plot of Qg in (2.Le7) is shown in Pigure (2.h.1) as 2 function
of particle radius & for {(m - 1) » 0.33 and ,7 = 1 micron 2 104‘ ciie Tho
limiting value of Qg for large o is '

Q = 2 MEit 0 00 (2.ha5)
oA ) ’

vhile for small F wa can expand the trigommtric,tems in €2.k.7) and find
2 . . 2 '
Q ¢ f- i “'/'?“f‘- (n -1} Usit p—=0 - (2.L.10)

The derivation of §, depended -c_n agsuming that x >>1 and so gemtrical 7
optics could be used. It is, therefore, notsafe to use (2.!;‘.10) for values

of a;/;z smaller than umity. For small values of x w 2 773/ , the Reylelgh
fourth power iaw holds. Then - o o

| 2 2 .
| Qs = 1.?.“6’,; £ (2.1.21)

instead o?. {2,L.10)e This means that (2.2;.16) overestimates Q, for x << 1.
It is interesting to use these results to examine famiilar condi-
tions in the atmosphere. Figure (2.h.1) is somewhat misleading in that it

reprosenis the comparative effectiveness of the same number of droplets of

different radius. More approprisie would be the comprrative effectiveness
of 3 given masa of water droplets as a function of tha particle size in
. which thoy are dispersed. Thus, we eliminate '_83_._:3”{27.1;.‘@1 by means of an

20
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expression for the total mass 2

c unit volume of the atmosphore.

E

]

Wnere W 13 @ before the muber of

iz the dengity of ligquid water,

W

¢ ~he Il¢uld water drons suepended in

7ad v m

5

{Z.he12)

Srdph of radivs a per wlt volurs and d

The 1im3isie- magc 0 watoy susnornded in

droplets is surely closely related to ihe vapour pressure of water at teroera-
tures the air mass i{s likely to have experlenced in its racent paste For
definitaness, we con imsgine that the wesc ¥ in (2.1.12) is about half the
Www abam’t. of & cubde centimeter of aorpletely saturated water .
vapour at, say, 73%. This amounts to sszuning

{:Jdal})
The atmosrhers could contain much less than this smount under dry conditions,
Put it could not support much morz without nrecipitatiosn before longs The
trdnsmdssion factor T(R) 4n (2.1.5) now becomes '

- Br  -omxite
TMR) = e z e {2.1411)

whan (2.1.13) is used for M. Evidently the distance
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is the dstance in which a bean would weaven By & factor 6 due 1o seattering
by water vapour :m an atmosphers oonddining B g 15’5 gfec of 115013 water
— ——of unifora drop diareter 22, A distance of thres times &s much 1S knovm in
meteorology as the "Visible Range®. At that range, the contrast between a
black object and the horizon haze w@uld be below the whrushold of discrinﬁ I8
_ tion for the normel humn eye and not even 2 black obieet would be visibles
& glot of the Visible Range |

4% shown in Figwre (2.4.2) as 4 function of @vop redius a. Tor a wave
e ’ » . O
' : Jength A z1 wioron » 10"’,&‘ em and 2 wicron dismeier dropu, Le€e, & » 10 9em,
e know from (2.4.7) that approximately Q = b sc that in this example

R(\, - 10:3 a - 10331 . (2.ha17)

In such 2 fog, 4% would literally be ¥hard to sae your hands before your
face®. Since fog and clouds norvally have micron or larger particleé which
are comparable in @, 1t must Lo -rat the liquid water content assumed .

(¥ » 1073 zfec) 1s very much hitoy thar iz encountereds Even in & very

denss fog or cloud, it is possitlc to go: the wing tips of a glane or the
23
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PR ——

2000 times greater Visible Zange & then o 1 micros fog of the same igui

. for 7 z 1 micron, Qg would cirtnish witl. al and Pop would Incresse with N

.

radiétor cap of & ca.z'*.r ‘g’na mu,s:‘m.. r@} be d.awr‘ in any case, Lhal
glouds contodn mueh Jess thon 1 "" r/ee and thet LW walar daeps in i
micron range are very eficcuive .- scatbering (ight of wove 10::5;%.5

A T 1 miertn. It may alm:‘ha congiutod fron (fe T oara T2elalBb) trus
Ry wouid po up lincsrly with parsiclis sige & Moy lir c .m:r in aimesphor.

&f constant water conteat ¥ Thivy & mist owith oo droDs wouio rave &0 -3

Ui

vater content. Moreover, if theo Zroplets woie dispersed to much mmaller

size, s2y, 28 3 0.1 microns, then if wo 00i¢ note of (2.hell) we see that

Such a fcnz or smoke would be even less effvctive than a =gt with very wnrze

23

pa.rticlea containing the same w.,«h amount of liguid water.

.

Transtiasion Laws for Thin clcm;s:

The discussion in the ovroseding paragreph showed that clouds con
be very effective scatterers and that drop size is & very importemt parancter

in such clouds. The cozments made s}mald not be taken %o msan that because

af the great esfoctiveness of water clo.ads, laéer beams are nse..es.—. over

long paths. It is necessary Iirsi to discusa thzn c.‘muds, agg, mist arno

o s+ U T —— - -

‘other climatic candit..ons nore naml, or at least more cciz.on, over s«:iﬁe

areas, than dense cloudse Zctual clouds are polydispe&scj that 1s, they
contain particles distributed over a rangse of sizes. The totul effective-

ncss is, therefore, not described by {2.L.5) but rather by

MR) 2 o 7B (2.5.1)

whers
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o = 77‘ ,’f ,/:’ 'w)u (Q/ Q /,‘JQ (2.5.2}
7 b 2
e

- The abundance dlstribution ¥{8) i: best exrressed in terrs of cumulniive

liguld water content relatad to the ¥ usod in the precsding marsgraph. The

“Trection F{a) of the sass ¥ of 1ituld wal.r susp pended in unit volwss in

drop sizes up to 8 ir defined 2s

)
"f e f .
‘ K3 f/: gif &2
(8%
o

(2.5.3)

7

/ :ﬁ/ édﬁ/ﬁf

.,nw::?

o

ismqm.‘r W the susperded zge%&; v:z"“ima {or the mass of sus-

_ .m bo Wmseﬂ as the thickness of the water layer that would be
4 od 11 31.1. dropa in a layer of aimosphere of unit thickness, say, one
mmmw, wara Yo coalesce into 3 shect of lioudid weher. If ve c2ll 'E"
thﬁ depth @f liguid weter precipitated or cozlosced from 1 enme layer of
itmﬁam, thm the total thickness w {ir ccntimeters) of precinitable

‘water in a path ® {in eantimrs) would be

~” XD
/
: :j; i > /{‘&' {Za5.0)
Fam i . : «Dai}
CJ"*“ {'f-?i;. / "‘«"’f‘ﬁ”“ £ v
N
g -
25
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o we ean see that (2.5.2) vor tnu attenuation ceerficieat o~  gin be

-~

o
writtern
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and consequently frem (2.5.L) and (2.5.13

37
<] G e
= J el
___é‘.‘ \ ., 4 ) 3 i

/| 7 =.¢ = & © .{2‘5.&;)

This is & form of Deer's law for wvlepuation of morochromalic radiatien. The
expenent is preoportionmal to tho toial equivalent depth of water » sven ihoush
it iz not an absorption in the liquid water but rether a scettering by drop-
lets that is described by (2.5.6). The sroperiionaliiy ts w holds even if
the M varics along the path R so long as (a) is everywhere ih. 5ame. Seer's
lav: would rot hold in an atmosphers that varied in periicle sirze distribu-
tion from place to places It is, in fact, an excepliomal conditiona 4L

Beer's lew holdse One example of none-Besr attenuation has alresdy been

noted (2.3.6) in this paper and otrors w1l appsar later. Equation {2.5.5)

itgell deviates from its simple oo as zo2n oo non=io o obrouasic raddstizn

s
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1s contemplated. Bven laser besms which are notadly monochrometic csnnot
G  be con.idered as exponentisl attermtors without further considerstion.
The quantity &F/da in (2.5.5) is & mass distribution function. It
dssoribes the fraction of the water mass per unit siss range in the sise
Qemot 8. Ouly & small fraction of Whe m2es 48 1a he form of very smsll
dropletss Atmospheric seroscle vill normlly show o mag@/a for
mu’mﬂlmef&wmdiwh mwwumuinm
757;-;&:&71-:9: drope. Bize s Idnited on the high wide becsuse: settling
nmtmmn&rﬂu‘ Rﬂt&iﬂb&.mﬁhnﬁr&ﬁﬁs—
mummrm)ummoummmm
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7'(a)e The precise forw of Fla) for very uln.in m 1q;:rtant hoo;nse
of the minor costribetion of mmll vaiwes to the oWl ases X and to the
total scattering effootivensse Q.. It 45 enay to mur that these proper-
ties m ke im aocHut. by substitating inwtesd of (2.507) the nors
gttt symtien

v - e [(*) ] s
and 1ts mnrd;n. :

mmmnmmmanmﬁnnmw Itammtalnpe
u:tmmott‘(a)mt‘(a)-&. m:mmnamtsts

LN




¢ Y IR E I = I

A sevsond Lspertant redive &2 is m the mtivi function F(sy} reaches
WIS 1t ultimts vales 0

Fing) & lﬁl‘{la)'n i :[E-‘;)ﬁﬂ. ‘_;:7_‘?#(.1]

(s S - [Bp =2 _')‘-l“nl-z F!) ] ,
oo . o ‘ By - B \%p | b W (2.5-12)

Atmoapheris asrosol dlstributions oxist in considersble variety.
ﬁhmlhm.muwammumtmﬁonr'(a)butnthera
miter of sdanting a formula to capirical sise distributions. The importance
6fﬁimammmmuwmmmm;gmam
an extendod bikliograplhy, s start on wiich msy be found in & recent article
by Dobbine, Croces and Olassmn.(2°53) g lager may wall help in the

e 5T meusurenent of Men Feriicle Sises of Spreys from Diffrectively Scat-
; e Seref light by R. A, Dobtins, L. Crocoo snd I. Qlessmn) AIM Jowaal, Vol.l,
e S S D N e S S T TR ﬁx o i < Ay = __




detersination of particle sise distributions, and so, it is useful to treat
the question in some detail.

When observations of cloud, spray, or fog mass distributions are
made and 4% i» dnirod* t0 try out ths two power tM (2.5.9), the first
problem is to find the o exponents », and nye To plot the measurements
and meraly compare with curves for different sets of ny, ny exponents i
tedicus and msound. JFar bdetter and more efficient is to use the general
features of the melsured data in the »smner presented herewith. 14 smoothed
curve of the obssrvetions would show ismedistely what values to use for the
. quantities, ) |

8 = The smllest drop size to include,

8, = The drop sise where F'(sa) 1.8 maximum,

F{sy) - The cumalative fraction up to &),

¥'(s7) = The mass abundance st a3,

a ~ The drop sise corresponding to Flap) = 4.

7'(a3) ~ The mss abundance at a,.

These will serve to find m and ny. By specislising (2.5.9) and (2.5.10) for

& = &

and usdng equation (2.5.11), ﬁe sxponential (Aolll)uz can be eliminated.
Then ny can be sliminated between (2.5.9) and (2.5,10). Finally, the re-
sulting transoendentsl equation for m can be menipulated into the form

. (2L . "
q(;lz) a5 Tin)+Q-rn) (2.5.13)
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which is sasy to solve numerically. 4 yields two solutions. As could be
predicted from (2.5.11), one sclutic. gives my and the other n, (ny m)e
To corrvborate the solation, it is well to solve for n, from another squa-
tion which odn be derived with the help of (2.5.9) and {2,5.10), namsely |

{2541k

-I% 13 also helpful sometimes to reise both sides of {2.5.13} %o some higher

power to Laprove the intersetion wilch yields the numerical values sought

by grepidoal mesnse It is noted that the parameters which appear in (2.5.2

and {2.5.1k) = (when & u 8p) are just those listed previously. The proced:
ovtlined is practioal and avoids pitfails which are easy to fall into when

‘formal methods of curve fitting are usede Of particular denger are the in

flvances of very high or very low values of 2 in prejudicing the curve
fitting process,

An artificial example of the use of (2.5.13) to find nj and ng
#y be given by the following set of values for the necessary parameters.
Suppose

l1/l°' 3/2; 81?‘(‘1) s L/
1-%n) = 89

1
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" It follows that

m -1 :
n, (2/3) z L4/3 . (2.5.15)

Thia is essy to guess by ingspection but if instead it is plotted out as in
Figure (2.5.1), the roots ‘urn out te be

m w2

3 (2.5.16)
m =

)

The stesper curve ip a plot of the fourth power of the equa.ion
just given, mamely '

b (2/3)‘"‘1 = (6/9)h (2.5.1?)

'rig\n-o 2,502 is a greph of the corresponding cumht;vo nqi di stribution
function r(s) vhile Figure (2.5;3) shows thg mss distribution function
qr.'(l) for the same values m = 25 np = 3¢

The digtribution shown in these figures 1§ rether broad in the
senss that perticles ranging over & thquundfc;m i.n individual mass con-
tribute significantly to the total mass of suspended water, Mtural clouds
occwr which have much broader dimibuﬁons and art‘lﬁchl fogs can be made

e ot e e -

-with wuch nerrower distributions. or course, it is- ony onough to doscribo_}

M&uw&iﬂumtﬁnomnﬂmwm terms similar to
(2:5¢9) with different psirs of exponents nl,md-nz; '

»
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One merit of formala {2.5.9) is thet; when sppided in (256},
4t leads to an explicit srensuission law for momoclresatic redistien. In
fact, the combinatien of (2.ie8), (2.5.5) and (2;5.9) Tields

 whare in mhu!d.th (2&!3 :

An abbreviation for {2.5.18) 4s |

e 2T b ~If A __[00”9;, -/° Z@w_} " (245.20)

4, Y-,




where the symbol I is defined by

T _df’ (2.5.21)

f. P

I (Fop n) = Q'( P)

The drop miurin; efficiency Q, as written out in (2.L.7) con-
sists of four terms cupoeo‘d}of products of trigonometric functions and
inverse powers ofP e The !.ntcgnl (2.5.21) will thus also be made up of
such elementary terms shich wuld be easy to treat in any particular case.
This does not suffice becauss all physically possible values of n are under
considerations (The empirically significant range of n is 1< n< S with
the ilpérunt values in the vicinity of n g 3. Of course, n n.oed not be
an integer.) The paremster P o can be mch'anller or much -larzer than
unity and arnything in between. The integrals in (2.5.21) may have singulari-
ties at F = 0 or infinlty according to the value of n. Each value of n gen=-
erates about L(n ¢ 1) terms before a manageable or negligible residual in-
tegral is obtained by the best mathods so far attempted. The detailed dis-
cussion of the general result is t0o unwieldy and obscure. Instesd a numer-
ical integration was carried out and overall properties studied in the
graphical form pruonud‘i.n Figure (2.5.4). The integrals I( P°’ n) are
inappropriate by themselves because of their very large values for small
values otp o 8nd thelir very smll values for hrgo values “Po‘ This
trouble 4is avoided by discussing the product functions

»
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fon I( ﬂ,. n) (2.5422)

which p. v a part in the amalyais of (2.5.23.) and which actually appear in
(2.5.20  The curves for I{ loo, 1) and I( Po, 5) which are included in
Figure . .5.L) sre actually outside the permissible range of n. They are
inelude: in order to reinforce the suggestions offered here for the re-
duction _{ the functions (2.5.22).

The first observation to make on Figure (2.5.L) 1s the asymptotic
behavio. at largs abscissae for each value of n. This is an obvious con-
sequenc: of equation (2.4¢9) which permits {2.5,21) to be evaluated in
the lim’ . of large fo. ’ |

P
1Py ) 2] v = — (2.5.23)
fo n v fﬂ L ? n'ﬂ,n

f

The curves in Figure (2.5.4) all séem’to converge to zero for
small va.aes of fo‘ This is a convenlence that cames from the factor /ao"
in the product ﬁ’ I( fo’ n). 7This product may be imagined to be expanded
in & Taylor series about fo = O and then it :la observed that the constant
term is negligibly small. One or two terms of the Taylor series may suffice

-

for smll values of ﬁ and these are the linear and quadratic terms in f°'

a7

et SR o
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' It boco-a apparent alter soms considerstion that for ulil-nlw of Po

up to undty or slightly greater, a limiting mruden for Fanz(f’e’ n)
hthngfmnWhtormpnmtﬁmmﬂ.

¢ .

4 - ) ' z 1777‘ R
I Iinit foﬂho P°AI(P0' a) wr %(%P‘a QQFQ) '. (2.5.2&}

L m%aﬂcﬁmmmmﬁm sum is not very differerit fros unity,

Formuls (2.5.25) bas the dexirable festares thati- (s) it shows o (g sn)
to go to serc vhen f’a'""' 0 for all n; (b) it allows F"nﬁf) ,'n) %0 reach
sbout its asymptotic welus zfaum f’o=1'5 for a1l n3 (e} a ra-f
produces the curves for f"nnfﬂ’ n) 4n Pigurs (2.5.L) 8% least qualitee

; "? \'-ﬂnlyintharmmofmuulmaf :mtaabwtf l.S; (d)s.t
" can be msnipulatéd anelytically as required in the present trektmest of .
. cloud transmission and so provides a practical Wtion for {2.5.4).

The most interesting aspect of Figure (2.5.L) 1s that for values
of O, Ereater than about O, » 2 the curves, 1n spite of thair rather
complicated shape, are separated from sach cther by ressrimably constant
diaphem. Thus it i3 possible to =y thit'fohr(fa, n) cm h«s rep-
resented as the sum of two parts

f,"x(‘o,, n) s 0 (pg) ¢ 0y (pos B) (2.5.25)




L 4

where (i ( PG) is the same for all n and thus will cancel out i sguat: o

{2.5.20) uhich contains a difference of two product functions. The tern

Ca( 4> n) 1a seen to be ‘almost constant for Po™ 1.5 and can be assigned

the form (2.5.24) for Po< 1.5. To be gpecific at tha price of a smali

risk in numerical accuracy, the constants ¢y and ¢, in (2.5+24) could as

vell be accorded the values c; = 0.8; ¢ = Oui  and then there is a con-

tinuous transition from the low I°° to the high Po valueg of G( Po n)e

Now at last it is possible to work out the explicit law for

turtid atmosphere extinction of a narrow laser beam. Equation (2.5.20)

my be written

By - Ty B "

and approximately ¢ 2¢ 0.8; o5 2 Ok
Ituuqundvoryuenﬂtogotﬁdofnlandnz.
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(2.5.27)

(2.5.28)

First simplify



{205026) to 7

(n, - D3 - 1) | e
A - J{?Q} | (2;512‘5}

q

5t
=
o et

and then riee (2.5.13) and (2.5.14) to show that

»

(ap = 1¥n, = 1) _ﬁ'(&l)

my 1= Fag) + agF (8y)
It follows that
: .3z . 1 e
T =g NP N M  (25.30)

and therefors the transmission law {2,5.8) in terms of water w{z T"R) is

finally
3w ey
-~0R E 3§ N L - ?(ﬂl}
(1) TR) s ¢ = o W STLLCTY) (2.5.31)
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A comparison with equations (2.1.12), (?.L.2L) and (2.5.0L) provides an in-

 torpretation of the first part of the extonontial in (2.5.31), nomely

ENR B e e RN

i ¥ {s TR) groms nf water were in the form of droplets of radius &,
their Hotal j:a‘aw area would squal this same expression, 2 .

-
u aa

'f'.'f.:m &e mmal in equation (2kell) tns quantity Qg would bo inters
W 43" m m&m of gpheves of vadigs 2 in causxing scattering and

e gﬁmﬁ% Umit efficiency 52 =1 mesnt that a droplet of

ﬂ%ﬁs # W trm the incident beam &s much light as would fall on an
m s, mﬂynm quantity

Lo} .-
Q - ° (E-Sa 2)

.
N QI
a:F (a7)

43 interprsted us the efficiency in extinciica of the astual cloud desaeribed

k1




by F{a) 4z ($:5:3) as sompared with & aloud 6f (he same websr path v bud
. corposed of droplete a)l of redius 4.

I8 is & wost interesting preperty of q,ﬂ.in‘ (2,5032) thme &t does
mtmmihim:l&ﬁnzdmwhpmrdroplwtrm
{2.5410). 1% may twrefers be expected 4at {2.5.31) will describe the ex-
Wnction of clouds even when their drtp sine spectre differ considarably
from the two powsr form trested in this paregreph sofars It is unnccessary
in applying (25431} to find the paramters oy and nye The quantities re-
quired can be taken direetly from a plot of the empirical drop ‘Vdisﬁribut,ioa
functian F(s)e In Figure (2.5.3), the radius a; is the abscissa of the
mxiﬂnf P'(s)s The slope of F(a) at that polnt is shown in Figure (2.5.2).

;, The quilatities 1 = P(ay) and ayF '(a,) are mey{nu.um by vertical dis-
i tances 4in this drewing. The ratic of.thlﬂ/ﬁo drtances on the graph is
a1l Wt 1s nesded to find the dencaimator of Quep 18 (2:5.32).

- Mesgurement of laser beam trenmdssion osn be used in conjunction
vith equation (2,5.31) to give some valuadble mﬂm on the drop spec-
trum of & clowd, Discussion of further mpcruujd the trensmission law
is continued in the next paragraph. |

2.6 Discussion of Cloud ssion Laws

The cloud transmission law (2.5.31) bas been put into a simple
form only with the help of mury drastic simplifications and approximations.
The aim has been to arrive at & weful wanagsabla u'prud.osi, mainteining
the pliysical characteristics and at least the qualitative numerical proper-
ties of the natural systems to be studied. Simpie s it is in form, the
law is erd to encempass, largely Decauss it containe at least five essen-
tisl parameters. These my bo’liltcd asi~

v -‘Cupmdtd liqﬁd;ltcr path |

k2




[P

8, - winimum significent droplet redivs

A - ave langth of wansmittad Mght

7(a;) - cumlative mss-size distribution parameter

alr'(a.l} - pize abundance distribution parameter
1%t is mot easv o discuss the formula clearly and concisaly in a general
sensc and many srrors of axpression and interpretition have shown up in
the Iiterature in this connection., 4 few features of the h'm:sion lsw
v‘!&l be lizted.
(a) The first portion of the mxponent, namely 3w/ka,, is the project-ed
area of the total amount of suspended water in ths peth R, asgsuming it w
be dispersed in droplets all of the same redius a,. The sater path w is.
uswally given in m. In that oase, the drop radius &, should also

' be expressod in millimeters. The rest of the exponential is tharefore

interpretable as the relative scattering effectivensss Qgpp of &n amagei
droplet aa compared with a 4droplet of ndius lc.
(x) The ratio wa, is not a good mw. Simple water path ¥ is

batwm wuld help avold certain niaeonceptiom in the litaratu:re. Tris

repart, later ou, will combine the a, in the denomimstor with Q.o in the
form Qett/‘o‘ This i3 & property of the cloud sige distribution and measurs
the effectivensas of a gram of weter ina 1 cne column of the perticular
cloﬁd in the sise distribation cheracterised by the quantities F(a;) and

z]_F ('1) whick are sesy to scale off in & plot of the mass size distribution
function F(&). '
(c) Sinoe all.of the elements of Q .. (also w and a;) are positive,
t»e largest possidle value of q“.f is 2 and the smallest is O, The value 2
is approached for particles large compared with 2 and a nArTOw size dis-
tribution, Brosd distridutions lesd to smller values of Q.. sven for
large &e/A .

k3




(a) The particular v lues nj a 2, ny = 3 used in the special example
mentioned in the previous , iregraph lead for large 8,/A to the valve

Yee = 23

This is most resdily checkad from equation (2.5.26). ,

(o) The zoattering effectiveness of a cloud of particles hrgu- than
A for one gram per o of suspended watser variesa inversely as thi'rsdiﬁs
a, of the minimm water drop. It has the form -3QuepR/ks, whers R is the
path length in centimeters. Thus if the relative drop sise éism,buﬁoﬁ'
lsv remins unchanged, a reduction of the minimum drop sise increases the
light extinction, i.e., reduces the light transmitted, so long &s the minte
mam drop size remains greater than the wave length of the light observed.
(£) When the minimun drop redius 8, is much smaller than A o that
J( fo) in (2.5,31) is proportional to /-°°’ then tia-e'mtterim effootiveneas

. per gram cfwtersupen&odhlcé o!clo_udotu.givm datribution is

Independent of minimen drop size. The expression for ¢ R then reduces to

- 3 0.8P° 3» .2 m-l 1 .
o 01?'(&1) b - all'l(ll) . ’

bacause ﬁ g h¥aal)
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| It é;o distridbution is narrow enough to say 1 - F(a) << alr'(al), the

expression (2.6.1) taikes on & particularly simple and important foram

oR a 2.4 f(a-- 1) X (2.6.25»

Stnoe = 1 = 0,33 for visible light in wter, this ascunts to -

y| ,

*

a

This is an esprcially striking way of mtug the effectiveness of a ultu'
cloud of small droplets in scatwﬂ.nx light. . | It shows that a hyer of

"water of thickness w3 A would, if dispersed in a cloud of droplets
smaller in radius thin 1 , sttenmte a light besm by a factor of €20 - 12,
‘?&rmmhofm&:usml,itmﬁldhaapwowiatawadda'qmdmuc

tern to (2,6.3) that would about double the magmitude of the scattering "

~affectiveness of & given cloud water layer. Tho cloud would then be more

lttoctin in scattering for shorter wave J..engt.ha. The dependence would
bomudinaummtmﬂima A"lmda. A7 term. If this
were put into a single )‘“ tera as frequently done in metsorclogy -
folloving A. Sngstrom 1n 1929 - the exponent & would have to be between
1 and 2. This is sctually reported to be the case for atmospheric hase

. and is oalled :W's lawe The derivation of thiz law in the preaent

report 1s eﬁh.diftmnt from those offered by van de Rulst (referencs

i5
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(2.4.1), page 416 %o hlB). These are all subject ‘serious criticisms
not applicable o the pressat report.

() A cloud or haze vith a given drop siss distribution F(a) will
have 2 maximum monochromstic extinotion coaefficient € for constant water
path w at a2 wvave length Aasx such that lm.x = 8. This conclusion, too,
rrevides rather a different interpretation fram that usually sccerded %o

chromatic effscts in atmospheric attenuation. The practice has been o
suppose that Apgy corresponded to the wost abundant drop sise rather than
to the minimm glgnificent drop sise & . |
A1l of ths attributes listed have dealt with the ecattering of
visible light. If infrared or other wave lengths are considered, it would
be necessary to remesber that m iz not equal to 1.33 for such light and
| sometimes complex values for refractive index m would have to be contem~
plated. This complication will not be attacked for the iime being. It is ——
more important at this moment to take up the question of non-monochramatic
radiation. It might geam that such considersations would dbe unnocoaaary in
connection with laser beams but tids heretofore universal presumption ﬂ:.'Lll :
not alweys prove justifisble.
2.7 mn-ﬁon;;chromtic Transmisalon

The wvave length A4 appears in the transmission law {2.5.31) only
through the quantity J( fo) which is defined in equation (2.5.19), (2.5.27)
and (2.5.28). PFor rsin and asrosols whose droplets are all greater than 4 ,
ﬂ equation (2.5.28) holds and there is no apparent dependence on 4 . The
| ] cloud scatters all wave lengths equally and is neutxal or white. This cor-
responds to every day observation in that cbjects seen through heavy fog

or clouds usually do not show much colour change. This result, together
with others mentioned earlier, support the general characterisiics of the

Lé
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veu poiier Sioe dlstribuvion forrulac for F o (a) uced w iliustrato poiye

cilspersed aerosols in this reports. Dy contrast, come of the dictricuticns
drscussed or pe 193<h of erference (2.L.1) seem to depond markedly on A
4nd would show the striking colour offects characteristic of artificidl wmonc-

disperse aerosols. These distributions, in the notation used 1n the present
report, would have the forms

<3
| > (&) ¢ <%
F(a) =
0 a> a,
or
: 3
a
| :3) =<
Fa) =
0 3 = a,

which do not simulate natural aerosol distributions. {ne distribution dis-

cussed ty van ds Hulst (p». 19L) is cquivalent to the form
F'la) = % (-::) e 30

This one is similar to that used in the present report in having a maxiruz

47



for some intermediate value of a. It leads to a p-q or colourlass eloud
if the center of gravity of the sisze dl.ttrihuﬁ.en is hrgt mm‘ m

OO PO . iero ol
’

“‘other two diat-ribu‘;ions are trmeatod on the kigh sidq Juat Mt wﬂ at
the water mass 1s. The truncation is bad only because it is so abrupt.
The distribution used in this report could perhaps be helped by a sultsble
gradual truncation on the high side. This is not diffioult to trest, but

S—
the discussion will be postponed, The subject of non-mor matic Iight

is treated in this paragnymina prehﬁmmhsﬁmmmccﬂafw

thin cloud paths. The long psthn required for aetml laser “cam studles

will be elucidated in & sequel to this report. —— e

Mthopnrﬁdwgodm'ﬁm«mmm 1 an that
Lo<<1, the asrosol is no longer neutral or gray. The function Hp,)
has the form of (2,5.27); the linear term O, dominstes and regulis in &
A'l dependence on weve length as in (2.6.1) or (2,6.3). ml-m vy
lengths are lass scattered and the residusl transmitted Ught takes an &
reddish hue. 7This, too, is a famdiliar ‘sightrind—&gmrﬁta-mmfrm -
the varied colours of the sun oﬁen obgerved through 'lﬂ.iﬁchl, monodis-
perse fogs. | | _ .

The anelytic treatment of a mixture of wave hngt.hs is aore t;‘m.tbla-

some than the method used to handle & mixture of drop sizes. The transmission
law for a finite spectrum width rather than & single wave length is ordin.
arily expressed as an intogx;al over wave length or frequandy. Here it is
convenient to use a variable proportional t.o frequenty, 1.8., thore@iptocal
of the wave length wvhich is called the wave number, uritten % because it

is proporticnsl to frequency 3/ . The unit is reciprocal centimeters. The

+

dafinition is

L8
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where ¢ iu the velocity of light. Conventionally, the total transmission

over a range in wave number v is written

o6

- (YR

T(R) K(P) a9 (267.2)

[o]

where K(9) is defined as the z"ractio.n of the total beam energy waich lics
in a unit wave nunber interval between ¥ and ¥ + 47 . There is no ad-
vantage for present illustrative purposes in using the complicated expres-
sions for K{ ) which can actually arise. It will suffice to make X(7)

constant over a narrow band from 171 to 172 and so write

K3) = —1 F< V<Y (213)
Y2-71 ’
k() = o ¥y < 5'?-9" 7 >¥% (2.7.L)
Thus o5 ..'Z
KPydy = X(¥)d¥ = 1 (2.7.5)
7] . 17

L9
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The transmission integral (2.7.2) can be vorksd out explicitly -undar much
more general Susumpiicns but to aliminats m&sﬂry slgebra, the simple
expression (2.6.3) will be discussed. Jow the object is to find the trens-
missicn for a given water peth v so the transsiasion will bs congidersd a
function of w rather than geometrical path R |

oo

T(R)o® T{w) 4F  (2.7.8)

The monocchromatic law shich is often regarded as suitable for a nmarrow spec-
tral renge in vhich the sbsorption coefficlent changes only slightly is
called Beer's law and is written for the present conditions

~205%% o |
T ? (ﬁ} - @ ‘ A - o (2-7'7)
# o

whers ~7° is soms frequency in the region ‘71'170 "?2. Ths explicit forn
of {2,7.6) is mach less neat than (2.7.7), mamely

- =l

2575 - #1)\

2.5 ¥y 2.5(7 = 7w
™Mw) = L l-9 (2.7.8)
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Obviously 1t redusas %o (2.7.7) in the 1irit of very shory vater ;Sths wisun

25 (5 - #) w1 | (24729}

It w11l ze appreciated {ro. tie <l 2ussion after sgquablon (2.€.3) that this
iz indeed a severe restriction Secause oven a liyer v equal to oae @vVe
lenzth in thickness would fail to satisly {2.7.9). For thicker paths, the
ratic between (2.748) and (2.7.7) is

) -.{2.5(;0- .%)“ 25 -?2- :;;}”
b ] == |

ij’w . —L (2.7+10)
* 1; 2.5{?2 - ?1) W

which is always close to unity so long as {2.7.9) holds. When v is large

enough so tat 2.5(%7, - 7 Jw>w~1, it is possible for T(w)/T 7, (v) to
be either very small or very large compared with unity. If this situation
is not recognized, & turbid atmosphere could appear much vetier or much
poorer in the attenuatiocn of a finite spectral band than expected. This

is especially serious when complicated expreséions for J¢ /Jo) or K(7)
arise. MNolecular absorption by atmospheric gases which will be treated
next is particularly troublesoms in this regard. Meanwhile, reservations
are to b.s. neid on the twansris. un of neoenonoehromatic light in the atnose

phare when the attenuation is ... eno. i, Lo reduce ihe prirary beax by

21
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ordirary sources, but it Is prudest to have misgivings on this score even

for lasers, especially vhen they Sluctuate in wave learsh with tino and

emit 3 nusber of separate spectral lincs or

iter Yuncur Absorption
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The most interesting atnospheric effects on presently known ISSef»
teams are those due to the fine vibration-rotation line absorption in the
carton dioxide and water vapour of the atmosphere. The‘iines occur with
irregulariy”varying intensity ;u‘ abundance throughout the near infrared
and even the reddish part of thz visible spectrums Emphasis will be
placed on water vapour 4o begin;ﬁith, because it is the more difficult and
more important constituent to discuss as well as being the better xknown.
There is a program at the National Bureau of Standards Labo:#tory in Boulder,
Colorado for the detailed description of the water vapour absprption spcctrum.
in the near infrareds. An appreciation of the #pectrdscopic’aspects of the
problem and the extent to which they have been masiere& may'be obtainea

2,8.1),(2.8.2
from recent publications on the 2.7 micron watar‘band.( +3:1), (2.8, ) Zhere

(2. 8’DD ¥. Gates, R. F. Calfce, D. W. Hansen and %W. S. Bénedict, "Line
Positions, Strengths, and Half=jidths for “ater Vanor ‘Bands Y1 2 Yy and .

3
in the Interval 2857 to Lhlk en~l", National Bureau of Standards Morograzh
Oo ?1 "' "?“).
] S
(?°“'“)§&viq . "a%es, Rebery . Cillee, Lo T !. Yansen, "Ccriated Jraase
misuion Szcoura Jor 267 = Migran G0 Tangdd

Op.i 3 2, 1127 (1843).

e -
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-4 the region fsc 2837 ¢ ler slsrensy e LELL e ( ﬂicrons).

Thus the averare szacine Lotico s Lines Lo artsad .36 ev -1 witile 4rcir half-

L] -~ - - .1
vidih ranzes feo= gbout 2,02 1Tt to 4o WL Lol em™ at atmosypheric

Tressures  Tho grance dhu' o orasios wave lensuh Ln o imis reglonm from 2,20
to 3.5 microns will lic within a halfewidin 4 line strong enough to be

listed is therefore about 1/3. I+t is cloar 4het for rany laser beams, th.ere

7111l te overlapping with vater varour absorsiicn lincse (Sometime:s the

absorption between lines cin ne I ortante oiten the wings of a strong

4

line hide many wcak linec ir thpe vicinity.)

JYany of the lines licted.uy Gates, ¢ 2) would be too weal: 0 in=-
fluence a laser beam percepiisly under ordinary atmospheric conditions.
The situation is too complicated to formulate general rules for deciding
waich lines can be disregarded. It is much more practical to discuss a
particular laser radiaticn and consider the way it is to be useds This
will be done in the sequel to the present reporte All that is required now

perhaps, is to give an example whereln a typical water vapour line could

play a part in laser communication.

The He-=Xe gas laser reported by Faust, McFarlane, Patch and

2.8.3)

Garrett( provides a suitable illustration; The Xenon line at

A vac S 2,6518 microns (7 = 37710 cm"l) is listed in Table IIi of refer<
ence (2.8.3) as a strorng line in this laser. It comes in a strong part of
tre 2,7 micron vater band discussed in the NOS reports listedes A narrow

portion of the band from % = 3771 to ¥ = 3773 is shown in detail in

(2e3e3)550 Ao Yarix an? J. Fe 2erden - "R Lauard | Froce 258, Vol. Y2,
;. h. uawua*y 1663, i e o0 Tzash e al i: ciscussed in acdvaace of
Da L westion 9 it Ees i :

)
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iriorval and Lhe agsoerpiion zonllleder s cuws Ires very high te roeran
value .o thiz dntoredl.  The wesitions of these lines are dndiciled Ly

shorl, vurtical lines located crne-ihird the way up across FPigure (2.841 )

The gragh atiempts to give & phyclizal wilurstending of water vapour absorp-

dop in the near infrarsd. “Net is pilosved i the dictanes in

«hich &

sonochromatic 1igh

o

team at oach vave lenpih across the speciral roglon

would be ationuated by & faeior ¢ due bo

P ]

wsior vapour atsorpilen if the sea

PEPTe

level atmosphere was at 50°F and =ad s relative huaidity of LD percent.

This distance is called the MNepier absorpiion path for thess comiiiions, .%
1

The ¥eplier distance is compuied Li» ithe help of line rozitien, %
streagin and half-widinh data tabulated in refcrence (2.8.1). The method $
will be indicated later, but first the {igure will be discusgea. The g
rmajor contribution to the sbserrtion ihroughout Ukis interval comes from %
%

the strong linas at X = 377048 cad 3782,82 which are outside the intor-

B [hy

~ . N . i s . 3

vals The weaker lines inside ihe interval sre insignificant. The intore :
sediate lines are of miner irroriance becauze nowhere do they modlify by as ;
much as SO meters the distance at which a certain absorptance would be ob- {
serveds (At higher elevationz ineir infinence would be more siznificant :
X

E)

hecause the line shapes chanse with prescuree The strong lines would ine :
¢

_ ) 3

fluence & narrower spectral recions Background absorption would ce weaksr §
-, {

and Nepler range greater. This akes the weak lines more imporiant for ;
H

a H

two reasons.) 3
H

]

{ ¢

A lasecr beam line at 2.5518 microns would be atisnmnicd by & i

: o cm e R B
fzotor e in traversing 25 .coiters. In 5O meters, it would te o roduced 4

e

e
and at 75 raiters, e = 20 fol¢ couorbeds G4 150 mebers, the ztueritien

ey B R e
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wald b 00 foids Bridertly & laser bwse 3t this wave Ser, oo .0 .3
long range cormunication lrplement. 10 the relative huwdidisy 9rons to o,
the Nepler distances cited sll go ur two fold and the statement just sads
helds as well as before. A change in tsmperature ~Athin ihe bounds of
reason does not changs the situstion drastically. Cnly & change of height
in the atmosphere would meke 3 major differences If the wave langta would
changs merely from 2,56518 to, aay, 2.6508 microns, the various Nepler dis-
tancts u‘mld increass by & factor of about gixe. Evidently it 1z necessary
% be very specific about details in drawing conclusions about laser beam
tranamission becauss conditions change so rapidly. At another weve iength,
say, 3.5080 microns for example, where reference (2.8.3) lists a very strong
lager line, -tht abacrption effectiveness of water vapour is orders of magni-
tude woaker than in the midst of the 2.7 micron band which is so strong
that no observable intensity of direct sunlight in this band reaches the

sarth. By oontrast, the vicinity of the 3.,5080 micron laser is free of

.abmmhle wvaber lima. The qze;'all conglusion so far is that & further
smhineiion of water vepour transiission is worthwhile.

ﬁa Wat.cr Vapour mmm Law
" The atvenvation of & laser beam is descrided in this repert ty

& transmission function T(R) when the geqmtric path length R is emphasized
and by T(v) when ‘the depth of water w traversed is emphasis.i, This vater

_ depth v 1ia definad as the thickness of the layer nt‘liqnid vater that would

be produced if the water in the'aysm considersd were condensed into a

Smganoous liquid sheet. Previcusly the system conaisted only of the

liquid dropletsc suspended in the atmosphere, They attenuated the beam by
sesttering. Now sttantion ia directed to the molecular watar vapour alona.

The wvatar »olscules sbaord the light and thus attenvate the beam. If the
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‘sorption law dus % H. A, Lorents is

iehy 1 oeepdited subseguently, it is 4ifTwsed in direction and siill
As Aoat L oE O LLE PULSETY beam uwhoss trsnsmaizsion iz aludied hers. Tha
syrbols for trenssission laws used earlier in this report can zerve for
molecular sbsorption equally wall, The absorption cosfficient & has
be specified in units appropriste Lo the multiplying faetor R or w vwhieh
appears in the formuls for transmissiom. Thus

-rw
™Mu) =z e

implies that O is expressed in reciprocal centimetars of water depth if
w 1s in centirsters of liquid untgr._ A widely used form of mloeul:zf ab=-

| (5%/»')

— (2.9.1)
c{a*(y-;/:) |

c(¥) =

F

-

This aprlies to an adbsorber with an absorption meximm at wave nubsr 7/,
a spectral "holf-width® ol ,corresponding 4o the wave nurber shilt where
the absorption cosfficient has half the meximum value and & strength S de-
fined by the integrated absorption coeffitient so that

L

o F}é/{?‘f— %)= J (2.9.2)

57




e - P - -
P N oL AT T r = < - T

priste for present purpesss 80 thal §f IreqmilLel are exuTo..co W% oea o
and the ralf.life & and iine sirength 5 ¥8 ... s taken frox these tables,
tha results will be in reciprical cantinaters. If peths traversed by the
1Lt besms ars expressed in contleeters of egulvalent liguid wator cone

tained sz vapour, the produet o<~w will e dimensionless as resdireds

There will bLe an absorption transition {»or water vapour &t esch save nuuer

| position ¥, listed in the tablez and 2 corresponding sbsorption term of

“the form (2.9.1) for each position. Thus at any spectral position % , the

absorpiion coefficient o { % ) taking into account all abscrption transi-
tions would have the form |

Si
o (73]

(7)) =

(20923}

It is clear that terms for ¥ remote enough from 7 il make no signifie-
cant conuribution to (2.5,3). The many closely spaced lines in the tablaes=
indicsts the great numerical 'co.!!plaxity of the problem and it is obvious
that only a large digital computer would handle it satisfactorily. A form

preferrsd over {2.5.1) in this report is

- | G.(W _ Z (j/éd‘g (2e50}
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Inditastins {209'&}

the local term in the assorption O { v ) ras dropped to one-half of ity
value &t the center ?1;‘ It ig a {ortumate circumstence in getting &
feeling for water absorption that while the strongths si tabulated for the
2.7 sderon band vary from 1072 to almost 3.{;-}‘, the half-widths very only
about threefold from avout 0.03 cn™F to about Oul ca™l. It is a fair es-
timate to take for all strong lines & rough mean valus for all i

K I 0 em™t (2.9.6)

It follows that &t sry position — . the absorption contribution of distant

lines (and even nearby ones) will be approximately

0.02

£9

(24547}

e
4
&
A
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SIET 3WI2.T «.%€3 @rtinl thelr inluenco over a spccwral regloen rougndy

propertional %o

This is what explains the dominant trend of the Nepler path curve shown in
Figure (2.8.1}. It also indicates that for distant conmurications, laser
lines far sway from strong water lines must be selected. The strong water
lines are concentrated nesar band ceanbers. Jetween bands, thore sre regions
called vindows where few linez ars found and practically no strong lines
occur, Lasers that emit &n these windous are likely %o be the oncs thas
reach to great distances. The intensity of the laser radiation is less
important than {ts absdrption coefficient which appears in the exponent
of the transxziasion law,

The considerations of water vapcur absorption so far have pre=
suned only moncchromatic laser beams. When multiple diserete lines or
gontinuous bands ars emitted; 1t is necesssry to sum or integrate over the

spectrun. The summation is comventiondlly carried out over all frequencies

" or wave lengths, but a different procedure will be prasented here. It has

been develcoped to hendles the problems 0.-.’ exponential attenuation wnich were
alluded to in paragrapvh (2,7}, There it w2z brbught out that small changes
in exponential sgbsorption coefficients for compbsite radiations can make
m jor differences in the composition of the radiation transmitted through
long paths.

Trie sbsorption coefficient ¢ ( 7 ) in (2.9.4) shows how the

shsorpiicon st 3 single frequency ' is influenced bty sslective water
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vanour acserpsion at variods Iro juencicos ?’i. If there are diflergnt freoe

quency compoacnts PR of the leser in the proportion K (¥ } so that

then esch component has its own absorption coeflicisat .,"?;f { i } and the

transsission at water path w has ihe form

S NG

[N

Tw) = thz'? (2+9415)
4“2
ek

where each 02 ( 2/,5) is described by 1ts own equation instead of (Z.9.L)

| S 7,
o (v = ~ — o, i (2.9.21)
6-( / R )+ ‘2-2")");
X{ *

Each laser frequency 3—:'"; has its own Nepier water path Yoo wiich is ths
reciprocal of O; ( ; Yo I the relative strength of the conponent of
wave pusber 3y is written K (O ) this espharizes the fact that the cor-
ponent has 4 characteristic 'y as well &5 3 Ir.giency or wave nwiler
:;b' The expression {2.5.10) may therelore b . rerarded as a zur-ation

-
-

over absorpiion ceelficients rather than & su-siion ovar [requencies.
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moresvar a lasor cmils & conilnuous band, the spectrai distributien in

the interval d ;’-b could be descritel by K( ;b)d_’:;b or equally well by

!

/o )

¢ . - | :
(o 2/ do (2.9.12)
BN

whers
- (2.59.13)
SEZN

is the slope of the absorption coefficient curve in the pariticular band or
reglon denoted by subscript b. I the avsorption coesfficient curve is con-
tinued across the spectrum instead of covering a single narrow band of Ifre-
quencies, there will ia general e mary differert plages where the same
absorption coefficient o wcu.';d arise. Thus the summation would include

many terms each with the same exponential factor. The general transmission

‘law for the entire laser beam including mangy lines or continuwous bands c-n

now be written

T(w) = . o Ky & )(g?
A

°

/ a7~ (2.9:1h)
b

Tne summation in (2.9.1L) will be called the exp¢ sation of g™ or the
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e = ¢

5

distritution and will be assigned the symtsl »( ¢ ).

ey / .
plc™) = >‘; Ky ( 6‘)!’%’:{-/-) | (2.9.15)
aaw \ 5

It is a joint property of the iasa:r beam through K, (™ ) and of the absorbing
medium characterized by (¢~ /@3 ). The fact that 3 is not a unique
function of U will not be trpublesome if the regions b in the laser spoc=
trum are defined in terms of intervals betwoen suczessive maxima in the

absorption coefficient curve ¢ ¢( 5’-,5). The singularities at the points

~ where

.

a o~ _
(‘5“%" = ¢
b .

will not be serious because they-mka infinitesimal contributions to the
integral (2.9.14)s (It would be out of place to dwell on the many inter-
esting mathematical properiies of the present argument. They might obscure
the physical conception which is quite simple when once percedved.)

The distribution p{ ¢~ }do™ measures the fraction of the total
initial laser beam in the absurption coelTicient interval do= . The final

transmission law is now seen to be the Laplace iransform of the absorption

oI Tw) =2 / e p{ o~ )dc~ {2.5.16)

v

>

coefficlent distribution

T4t e s > e o
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It would, of course, have been just a3z easy to cefine adsorption coefficionts

in units sppropriate to geometrical paths R instead of water paths o/ .

Then that transmission law would be written

w2
/

3 - R
11T TR} = e p( o Yoo (2.9.17)

This would be just as convenient as (2.9.16) but in some discussions would

describe conditions in a geometrical way sacy to visuvalize. The IIY or IIX'
are suitable for extinction in scattering medis as well as for molecular
absorption. They transform an cbservavle funection p( ¢~ ) of the absorption

or scattering coefficient to another obsecrvable function T(R) or T{w) of

the path thicknsess. The exporential expression is not an approximate or
. empirical quantity but a definite operator. The uncertainties in absorption

coelficient which were discussed in parégraph {2.7) are removed from the

ssnsitive exponential operator to the pliable functions p( ¢~ ). This is

more than & mere convenience as will appear in the sequel to this reports




3¢ Cormrments, Zonclusions and Surcary

3.1 Illustrative Computations

Transmission formalic 1il and i i tne‘;uzt a;ragra;h re
gimple enough when a suitatle form for the az:crtzizé eceeffieient distri-
bution p{ o) is at hands The problem for the corplicated stsorpiion o).
tra in the stmosphere is to fing a workable expression for p({ Je The
prasentation used here is novel cnough Lo justify an illustration of how
equation (2.9.17) works oui when ausorption lines of Lorontz shepe (2.%.1)

oceure Thus it is supposed that only one term counts in {2.%.ii; and fur-

thermore suppose that for all frequencies ¥ of interast

so that it is permissibl~ tu write approximataly

. 54‘43?%”

a\ — (3.1-2)

(V/

and therefore to use in (2.9.1%)

d(’;:}:;) S 0“-3/.’:» (3.1.3)

Ao Ve

Il
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50 thai since only one term iz =0 @

. o ] D 53
p( ¢ Jdo~ = ey G (3e1.k5

.

The function K{ ¢ ) was definad 25 the incident lipht srectral distritu~
tion in terms of absorpiion coelfliclent ¢° . The exdnple chosen now is
for an incident srecirun which iz gaussian about the absorption line whose

center is at fregquency or wave mzember ¥ o2 that is assume

(¥ -BF (P P
(Y ) ~ ¢ ~ e
Then K{ ¢ ) would have the forn
_sSw 1
Y4 40 '
K(Q") ~e 8§ ’ {3-105)

and the transmission law (Z2.5..7) i3
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TWHR) =2 K, [/ e - co {3e1.6}
* Py '3 ---—-!:-73 -4 - L A4

vhere X, is simply a normalizline factor e be chosen su that

™3} =

o

and the transmission is 100 percent for zero peth (R = C)e¢ The oxpression
{3.1.6) is a standard laplace iransform Zound, for example, in the tables
of the Handbook of Chemistry and FPnysics. It is seen that for any path R

the ¢transmission is

-2 i%gi. R
R) = e - (3e1e7)

A most interesting feature in (3.1.7) is that the psth R appears under a

radical in the exponential. This so-called square root law is oblerved
for absorbers with line spectra provided they are in a special thickness
range. They must not be so thin that the line centers play a pari. The
light ncar the line centers is not properly treated in equation {3.1.2}.
They must 2lso be thin enough so that the 1iskt very far from the line
i cendter pagsges through the absorter almosi unatienuated. Thé Lorentz line
i shape Jormula on which this compulation depends does not hold far from tre
67
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threush ancther lausre This sy now se:r o 2o the king of syt woL (o
treat in this report o cormmunicotions tnd 2o an :s:’a;‘;e’if";r‘:ﬁ;xjy" gult. siffnrond
example is offered.

Consider a loser tedw covering a narrow Ipo
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and of uniform spsctral strength within 1his interval so that K{ + ) or

K{9) in {2.9.1%) would be constant within (3.1.0) Kg(g;-} .

T P o - *y
&2 71
-

and zero cutside. Let the region {3.1.8) lie fairly close o
one yariicular water vapour lin~ and remots encuzh {rom &ll others so ihat

only one term need be considered in (2.9+.5). The assumption will be rade

{3.1.2) and {3.1.3) hold. low with these assumption3, the transrissien

{2.5.16) can be written

(w) = N S e de (3,1.9)
= :

whers by (3.1.2) the limits are defined by
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The result is
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o (,e. Lhe Sipns wizht dn ihin oos SBdnig A% @l ARguluars WO Ce cartviul

(f and note tﬁat in the lirht of (Z.1.9)
o = O

and o the intagral in \3-1.;@; ~s ROVEPLed relative to the noranl direclion

of intewr&tion.

Ar interesting and Imporiant vorizas ¢f {,.l.h} is obtained whon

e 5;'1 eainc‘iﬁ.as with the atsorpiion iine cont %}'0. Then {3.2411) simplie
fies 4o a single term
- e
. Py 3013
Me) = (s - W .erfo JUEE 3 (341412)

™

—

- “Tris is regarded as the fupdamental brans:Lasion formule for am sbsorber
with narrow Lareétx lines. The situwation is actuslly very simdlar to thas
in the Jirst example described by {(3.1.68). In both examples, the spectral
intensity is essentially & step function vhich is zere for small ¢ and
constent for large &, The exporinticl square root law (3.1.7) s.ems

quite different from (3.1.12) but hen (3,1.12) is calculated out it iz

ot

Py aew

-for 31l prectiszl purposes the cuive as 3

)

j» Tris irmportant fact is in

L

good agresment with observatic:ss on the absorpticsn of infrared 1i-ht
roderate weter paths - up to about 1 millireter of precipitablc water.

The great sipnificance of (3.2.12) arises becauss it can be shoun to apply
acrogs the entire lafrared abuo-niion spe o wrum of the atmosphere. A nacrow

laser boac absorption can be der.ved Ty taking & welghted ¢ifference belvesa

70

+



l.2

- - k¢ - VRPN I . LIS e~ Ee - - - + -
.
T oe b P ) - B s v - P Y B T L T Ty T e .
gients ¢ q @l Y oe < e ows R ST G E TGS A Ll
- had L
—
-?.I
2‘
o - . - > A %, i 3 -
Tnare are rany Qetiils to WKe o niture (GeledZ) can provide on
P N I ay R g, . e S - Dok K
entiresy accepbsile formulntics o carvos, cwlsinie L1 teansaiogion, Ly
i 3 2637 * « - . P - - A4 R T & 3 P -
it is baest ©o postpone thewd 2 ol unull o oz avifis rondlrinend for oo
PP S
Bie Wuw s

Groand Iaser Sweclra

v \d s . § i . e e v f - e Sy - %
It is ghwracteristic 5. -gherent Lenns that fpuir opooieel dgtons
- 4 oy - A = % - - -t o . v e mel vidnm  emeser e o~ - =
$ities vary ravidly wish wave Zonrlhe T lr ozeciriioviibn sy Lo na3rrs.
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out often - especially for ge-dernnlunios suzers - thurs is svisence of .
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broader orussionse L. o Lo ommerimoalcloworl ropurtod ia o wie MiverL re

2o far depended on egudprent licenaltle ol reculvins betier then 10 wave
numbers which is seversl times ¢ apread of Tirurc {2e841) overlupning
more than ten wveter lines. In sveh & broad veglon, vhoe Menler paih coulg
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vary hy orders of magnitude as i% coss in Figure (2.

T

Jlje Vithout knowing
the fin: deteils of the lazer orizulon, it i3 rot fonuicle to give & clols

estimate of transmission in sueh a situatlon - alliough limiting values

4

gould 1o stated. On the oirer hand, an ohservaiion of ithe transads:ion ¢f

a laser coam might provide a relavively cusy may cf finding cut sore e~

2

tails of its spectirsl distributiorn. If, Por eeample, & laser line near

i = 3,818 microns in wave ;gﬁ;th hao a Nepler path less then 30 meroo.
of air under ihe conditions of Figsyre {U.0.1), then it is clear fronm tho
figure that there could not be as mush z: 30Z% of the beam in the wave
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vherc ¥ i5 total pgus prcocure and E /nTo is the Boltzran exponent ror t
cnergy of the lowar state for the 1ine in cuestion. The term values E" wi:
listed ir keference (2.8.1). The pressurc dependancc is“particqlarly 2=
soreant in the uprer atmosphere, tut lor present purs: .s, ilnterest attacnes
m2inly to relatively small chanyes A4 T =2 T =T, ard AF :‘P - P,
observed in temporaturc ard :.o.iurs abt sex level. Thoe lioeatment in tris
report has included the varsicicrs S and & as a product in evnjsreasions
such as (2.5.1) for absor-iion coeificients 6 .« The varicilion of tféns-
mission for smallrchanges in temperature and prcssufe can Ge chiained by
crrandine (3.h.1) and (2.%.2) @rd discardiar sceond or dcr and adgher ter.o ..

Tra recait can be expressed ian Lic lorm



T ..
oy !
. Ry LY
-’ - .. - - . ™= O a . - )
) - e ——— e ‘ ! Ll
s ..
. A\Y3 ~ -
vhore the v vole i e e ek e e ! -l‘ : . -
Mmere the ters voelees 20 zre L0 vove L . s Ctes S0 m Tmoe 1 T WU
- - 13 r'a
o, '3 N J Y e e -~ y P . : -
LI erur - . SRR . 1 ©oeae g . e -
welerence \?.v..&./. N ul S QR LT Leia e Vida LI T RGTLAYC U, s -
]
oy b [ - r NN .'_-4, - - 42
- s - . - 3 : .
Wy au Y o) ~ - . [ RS 11 e w2l .-*.-Jl SR VRN /RTINS L N N (VLS
. B |
wieh mond e St . C e e Ay, e e soee 2 . . ~ -5
- - - -lae Woovae bk, Lo UL UL T T ulle CCuali et Ul e lLf UL
:
.
) Ve - & se - P Tt M = . . - .
sre LIl ve o nocative Jor e iy aene Lt Cee U0 LUl ffad
we, =" " L Y - e R O L . . . - - ~ .
ok LD o) uh Ll arztuee cLoilistents way woel. o Sl e L aad el
- ., e y e . E A Y ‘- s Tal - . - e
lagzr ceams coule ccacne stoonsy e and othors welber ol o oveL.o L0 L Lespor-
: 3

ature change over the sarce air zulk,

«©
v
§ode
o
[
Q.
[9:]

ragnetic Lnc LlecLrd

The fields acting on wmel.culcs rread cever lon. pathy ia the o oo
atmosphure are nel stronr enouszh 0 Drowu . IUfcots chonilicuni Jor lal.
bear attcavatlone €f course, in the lasc. oystes 1tserf, elecl:. . he. .o
fieclds are cffectives They cause chancec in cpecbrual cistributic:n ia the
laser source vhich lead to charn.cs ir Lo atienuatione. Yolarizailon,
modulatioh, an;war deviation, una conerence uilceis assoclatea with elec-
troragnetic fields alsc play irportant zuarts in lollr ucan communicaticns
but {hous are not treatec aerce When they are ir oo .andy they would hidve Lo

et

e concidered separately - teyond the tre: tueﬂn ¢l srimary atienuation ic

The cleciromagnntic 28Jccus pocaible al u-o source arc o varl
trst L. doems not seer uselful L. . seuze them ino ger il waye A2 an cannple
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a whole syster in order %o achlcor. ostiman end meliable ceormunicoiionge The

CoNUICEer VL vormlion ol nles-

izser beem flelds, Fow pholern. . roducc ©onn fields heve guite diffcvard
ttenuvition provaerties Iron tho primars Lonm. Theoe combingtion photons

depeénd on the squére or hirshor us.ours o Lne laser becn Jlegdd, and suy, o

siight modulatian of thae lase-

tho second or third order radizvics

signaling systems In the course
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corpare this gystem with the straihbfewoard Intensity nodulaiieon of & laser
beam with no change in wave lenril and slso with methods wnere siipght wave
length changes are brought ftous oy maprusic fieldss  Sush slight wave
length changes could shift the losor bear, into and ovt of an simospheric

absorpiion line and thus moduiats the lignt reacning oub some distance from

3

the source while at close ranpge no affect wsuld be appirent. The differcnt —
"y.-gm“ are to be compared, not oniy in ithe exse and degree of modulatics

attained, but also in tho way the codulriion infloences the transrdssicn

of the teams under various atwosi~urie concitions.

Joerating Conditlons

The vapour line absorpiiocn, the scattering by ~.ocrosols and the
degradation of laser hearis by risdes opiicsi denslly gradients in the &..05-
phere have peen treated secarate.y vub the must be regarded &5 concurr.y
in their action. The aimosphere . never Irse ol any one of thsse infic. ces
though their relative imporiénce ~hanges over exireme rangsas with environ-
mental conditicnds The great variooility cormplicates the communications
gquipment more than thue transmission lavse. IU ecomes necessary to desl o

the generating, transmitiing and sensing eloments as coordinated pards of

S
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overall sys cesign and %o help provide re:listic specifications ead nuve
F erical values for some of the nomuonents o conuniss . on systemns.

i The enerﬁgv requirements at the scurce, the oiZics of the collinmsting
am.;x recalving systems,and ths ro: ;o*r‘ar.ce required of the sinzors and ro-
cording elemants sre very much dopmondent on atmospheric conditlons, the

—physics and peemetry of the lizht path as wall as the Kind of inferration
%0 be transmitied. To ba specifiz, but - <hout, ’aay notion of Leing precise,
the first laser application to coomundenslony will be pictured as s salide~
talicle type of use. The exponeniial eharscter of tae simospheric ationua~.
tion laus means thet there i3 no vractical ssy of Qa‘r‘f much in i-anga oy

- dnereaging laser power. It appesrs bedier to zive up the thought of reaching
ﬁhe horigon and to strive for portacility and convenience insteads. Even
now there ars fusl cell power ;hrais'ueighing no more than 50 lbs. with a

power output of at least 1 kilowail. The iaser beam iz int trinsically small

ugr
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_4in oross-saction, perhaps of the crder of @ ceniimeter , and evaa tae ree
ceiving opties could well be limized to loss than 10 centimeters in dlancier.
The system might well be truly “lisc of cizhit énd its virtues would not he
ﬂide coverage b\xt rather erhrene celeetivily. At a distance of, say, onc
mile (1.6 kilometers), the entire beam widin &t the receiver might be lesc
than one fooit in diameter. Thus one man in a group could be singled out
for one message and a second man could get a different message, provided
both could be sighted in a telescoupes The awxilliary equipment for such a
system iz already known. Nearuy :nips, Lozts, or planes would be accescible;
and sometinss telephone commani-acions [ruv one pari of the dsck of & large
ship to another could be carricd oud morc convenisntly by laser bewx than
ctherwise. It shouid be noted :1:.“.;}3:‘ this & narrovw beam can easily be

sproad st will either in two dimensions or in one. Morecver, the beam .-

€ !
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fired circetion even from o moww i~ veRizlue Tho compauctness and ligsht

welght of the luser isc nerc sn. - runy n--:»cts as irmportant as the cohur=
ence of the Lean.

Ranre Lixitunions

The laser has seun tictuerced In (L. rrevioas paragraph as a rathur

short range signalling deviece ni: does soY mean it can never attain loa~
, 1047
ranpe in the lower atmosphcre.

The limiting ronge is assessed most con-
vincingly by reference to observutional ::xterial. The valuable atmospheric
absorption atlas of the Naval Zco.ureh la'oratory(3‘7°1) is very useful
heres A ten statute mile path, 50 cet ovcr.ChCSapeak%,gas used by NiL %o
produce rather high resolution absorption spéctra in an atmosphere at an
average of 759F. and 65% relative rurddity. The vapour path thus contained
the equivalent of about 23 centimeters ¢f orecipitadle watere The visible
and near infra spectral regions covered oy ihis atlas contains hundreds of
lines of all intensities from birily dlstingulshable from the tack:round

to fully absorbinge The background illumination was simply a 1000 watt
projection lamp at the focus of a 60 inch searchlight. It was‘strong}enough
between absorption lines to give a photographic expoéu:c‘at a dispérsion-of '
about 8 min/g at the focus of a 20 foot focus f:13 mirror. The exposures
ran from 5 to 60 minutese A monochromatic signal ten times weaker than the

background illumination betwecn lines would have been readily digcernible.

" Thus aerosol scattering can be srill enouzh so that laser signals reach

out to the horizon under some circumstances. I% is obvious, of course,

rec c./;
that the visible 1light laccr can read at lcast as far as any objc:t can be

(3.7, l)J. As Curcio and C. u-°” Ll .lCn, 4. .tlas of the Absorpiiu.. of tne
Atmosphere from 5,00 to 8523 i ueporu ubOl, August 23, 1;;,.

7




3+ cabliodiiiimnr. -

C

)

GeTeldisonn,

particularly good source of information o the stmosyi.oric atsorption lines

‘atmospheresa, the infrared is more effectiv
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source and what It lacks in iri-.luol bezr wddth csn e rade up {or sige
nalling purposes, with the help of collimaiin; orticss If & mountain ora

- Y

horizon c&n b 583, 30 can & lasere The ralu of indorpation transmivied
1s anothor matier -~ thst would bto feberminzd oy the cnergy in the beanm and

the sensitivity and other properties of ths rscelves. The ML Atlas iz &

1 4.1

a w

1ikzly to interfere with long ranze laser communicatic-y In ihe visible end
near infrared. It shows &b once that while simole sirnadling with laser

beams in clear weather is poscible pracileally anywhere in the visible

-

spectrum, there are many wavse lenrils whore the abzorztion dus to oxygen

or water vapour would be 2 serious Jdr@wiock a2t distencos atove one kilomster.
The infrared is different and perhacs more indtceresting and that

ie why this report has emphasized the infroveds The scatiering oy zerosols

i e

is much less as brought out in esuailon {Z.043) and many olnsr ooustlions

—developed in this report. The zostterin: cxvonent O~ for & given water

.

path goss down inversely with a powsr of A bilue:: ono and two (gngatrcm‘s
Taw pare 2.8). Thus if a ceriain cistance can te traversed in the visible,

soattering may weil be ten times less a4, szy, I0 nicronse. For turbid

e

and the sensors available show
better performance. The line absorption, ¢n vhe other hand, is very ruch
stronger than in the visible.

There are, however, regions in {he infrared vhere line absorption
is particularly weak. These so-called 'windowa' were discussed mosi recently

by Rignell, Saledy and Shep::ard(s‘?'z} who made extensive maasurerents cf

e 2o s
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_ atmospheric attenuation detween 8§ and 13 microns, They 1'14:4% that aerosols
are frequently much less important in the infrared windows than the con-
tinuous absorption dus to the wings of the strohg water vapour bands on
either side of a wvindow, They {ind that the continmuous mwﬁmp-

. tion can be represented rather well in the region betwden 7 = 1200 to

s Y & 500 cn™ bystnnnﬁuimhaefﬁutm

hasadt | aay28
[(P-200° = (®-1s50)

™) = @ (3e741)

Tua Nepier path Ry according £0 (3¢7+1) lies between 10 and 15 centimeters
of precipitable water. This shous that between ths strong weter wapour
and carton dioxide absorption bands in the infrarsd, there Are windows
 where sigrals could penetrate tens of centimetars of precipitadle wﬁﬁr .
it litils reduction due to absorpticn and orten even less reduction dus
to aercsoi scaittering. This is enough to We angone who vants to use
lasers for long reange communications because it shows that while attenuation
is on the whole quite severs, there are circusstances in vhich range is '
essentially not limdted by ﬂze-atmspuric scattering or absorption.
3.8 Comments and Conclusions

The comment in previous paxigmphs can be condensed into 2 rough
guiding rule for laser commmdcations as follows. Sslective laser signals .
can be transmitted to any terrestrial station that can be seen. This state~
ment can be made rather far resching by carsful interpretation of key words,

® |
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such as, selective; signals; transmitted; terrestrial; stations; and seen.
The word seen, for sxample, need not imply maked eye vision. High light-
gathering power and high resclution optics could be envisioned. The oye
_itself could be replaced by sensors which are more sensitive or more dis-
mmmmm The 1light need not be perceptidle to the human
oye. The statement conreys & good fealing for the capabilities and limita- |
‘tions of the laser despite the large margin for special interpretation left
in it. It would have been essy to formulaie the statement wiithout the
fresent report. The presant Yeport, however, is halpful in making ¢he neceé-
sary imterpretations and sany have been discussed h&l, some in dotail, some
%ywy'ﬁtm:fphuaturwk. ™he exposition of the subject is in-
‘herently 4ifficult and the literature is hard to gather and hard to read.
Mory widely-beld motd.ons sre dubious or misleading or simply ingorrest.
Now that lasers add grestly to the practical importanse of elucidating the
. dotails of atmospheric attenuation, it my be sxpected that clear, concise
 45d sovsd expositions of the tople will becoms svailsble and » conventent,
wseful terminology will arise together vith an sdequate swwmry of numerical
3.9 Abstrees
Smil angls spreading, seroscl scattering and molecular absorption
are considered the Smportant mechanisms for the weskening of & laser beam‘
in the opan atmosphere. mn different transmission laws are worked out
for these thres mschanisms. Bosh the physical prinoiples and the mumerical
values encountered in the lower atsosphere are discussed and illustrated.
m density fluctuations in the turbulent atmosphere are discussed as the
cause of small angular deflections in & narrow pencil of light. Beam atien-
~ uation dus to atmospheric aerosol scattering is trested for an aerosol size
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distribution described by the sum of two inverse powerz of the droplet
radius. laser beams can help find the paramsters of such distributiocns.
¥olecular absorption is examined in tarms of vhe narrow infrared lines of
water vapour. An effort is mude to present this difficult topic in as
simple and useful a form &s is compatible with the observational material.
The formulae are designed t0 make it possidble to estimate in detail how

the atmosphere would weaken & laser beam under & wide variety of condit!.c.
It is found that some effects are serious even at short ranges ol & few
meters, while in favoursble circumstances, laser signals would not be dras-
iically attenuated out to any practical distance 'in'm lower atmosphere.




