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Abstract

The beam of a high intensity searchlight directed over an observing
station 18.4 km distant at angles of 30° and 45° to the horizontal was
visible to a vertical altitude of about 20 km and was photographed to
28 km on clear nights. The intensity of the beam measured from the photo-
graphs was of the same order of magnitude as that calculated from the
Rayleigh theory of molecular scattering using standard tables of strato-
spheric densities. At 5 km the observed intensity was greater than the
theoretical intensity by a factor of about 7, the factor decreasing to
about unity above 10 km, as would be accounted for by a small number of
haze particles at 5 km which decreased to an imperceptible amount above
10 knm.



Introduction

1. The use of a searchlight to investigate the atmosphere to consider-
able sltitudes has often been proposed. Synge (1) suggested the concen-—

tration of several searchlight beams &at & high region end the measurement
with a photoelectric cell of the light scattered from the region. With a
sufficient number of searchlights, it appeared that the light scattered
from an altitude as high as 30 km might be detected, and that the limit of
z1titude obtzinable would finally be set by the background illumination of
the night sky and the stars. To reduce the limitation Tube, Johnson and
wulf (2) discussed the possibility of employing a modulated beam and de-
tecting by a photoelectric cell and smplifier tuned to the modulation fre-
guency. From the known characteristics of large searchlights and of the
amplification of photoelectric cell circuits they estimated that the light

scattered from altitudes above 50 km might be measursble. The only re-
sorded experimental observations appear to be those of Duclaux (3) who

-—________,,,..___.........__,_.._---.._..._—_..,-___-.-._-.-_-

photographed from & distance of 2.4 km the vertical beam of & 5 ampere
arc ut the focus of a 30 cm mirror. With en F/1.5 lens and an exposure
of 1 hour and 30 minutes on a clear moonless night the beam was trace-
uble on the plate to an altitude of 3.4 km. It was of interest to carry
the experiment further, and as described in the following paragraphs the
beam of a high power searchlight wes photographed in clear weather to an
altitude of about 28 km. The measured intensity of the beam was in fair
agreement with that attrioutable to molecular scattering, being slightly
in excess as would be accounted for by & few haze particles-
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Experjmental Observations

2. A high intensity carbon arc searchlight was provided and operated by
the United States Army Engineers. The mirror was 152 cm (60 inches) in
dismeter and 62 cm in focal length, the arc consumed 150 amperes at 78
volts, or 11.7 kilowatts. The angular width of the beam was 1.2°. Ob-
wervations were made from a station in Virginia 18.4 km to the northwest
of the searchlight; there was no disturbing artificial illumination. A
camera with an F/1.8 lens and 45 x 60 nm plates was used to photograph
the beam. The night of April 12, 1937, was clear with no moon; the beam
was directed over the observing station at an angle of 30° to the hori-
zontal. Four pictures were taken which are shown in Plate 1, the verti-
cal eltitudes of the beam and the times of exposure, derived from the
star tracks, being marked along side of each picture. Pictures B, C and
D were teken on Hypersensitive pamchromatic plates and A on Verichrome
film. The geometry of the scene and the portion of the beam on each
plate is drawn in Plate 2 in which S and P were the positions of the
searchlight and the observers, respectively. Up to an altitude of 1.8 km .
the beam was bright and unpolarized indicating scattering by haze. At
this point there was & sharp step-down in intensity, seem in A Plate 1,
as the beam passed out of the stratum of low lying haze. The haze was
actually very slight, the atmosphere near the ground being normally, but
not abnormally, clear. The increased intensity of the beam in the stratum
of faint haze was entirely expected, for it is a familiar fact that the
lateral scattering of a beem of light is enormously increased above that
due to alr molecules by what would be ordinarily termed an almost un-
noticeable amount of haze. Above 1.8 km the brightness of the beam de-
creased slowly and uniformly along the beam until it faded to indistin-
guishebility agsinst the stars. It was visible to the eye to more than
30° beyond the zenith or to an altitude above 18 km. Tests with yellow
and orange filters showed that for altitudes above 5 km a considerable
portion of the light of the beam was in the bluepart of the spectrum. To
the dark adapted eye the beam appeared of course whitish rather than
bludsh. : ; '

3. In Plate 1, D the beam was easily visible entirely across the plate
amid the star tracks and was considerably brighter than the night sky
background. The short horizontal lines at a, b and ¢ alongside of B,

C and D, Plate 1, mark the sections of the beam across which densitometer
records were made. The negatives were less exposed at each end than in
the centrezl portions because the camera lens ylelded its full aperture
only in the centrel half of the negative. Therefore only the sections

a, b and c¢ in the central portion of each negative were used for in-
tensity measurements.

4. In another experiment on May 10, 1937, the beanm was pointed up &t
an angle of 45° to the horizontal passing through the zenith of the ob-
serving station. The night was very clear and without a moon; there was
no noticeable concentration of slight haze near the ground as occurred
on April 12. The beam was visible to & point slightly beyond the zenith
or to an altitude of about 20 km. With the camera directed overhead to
embrace the region E, Plate 2, a single photograph was taken with an
exposure of 54 minutes between 9 and 10 P.M. The region E was purpose-

B



1y chosen to yield the photographic limit of the beam under the experi-
mental conditions which prevailed. On the negative the beam could be
followed to 28 km but not to 30 km. The negative was not suitable for
reproduction for the trace of the beam was too faint. There was a
general fogging due to night sky light and sters, and a longer exposure
would not have given a greatly increased length of the beam. During the
early part of the exposure the zodiacal light was visible in the west
and an aurora in the north; these apparitions were faint, but were un-
usually strong for this latitude. The general night sky illumination
may have been unusuelly strong also, although it was not perceptible to
the untrained eye. It seemed probable that the altitude of 28 km was
not far from the limit attainable by photography of the 11.7 kw search-
light., To reach higher altitudes a more intense beeam would be necessary
and & more favorable climatic location as a mountain top would be de- g
sirable. .

5. The altitude 28 km was about 6 km above the height attained by the
stratosphere balloon (4) Explorer II. It wes probably well_into the
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(4) National Geographic Society - U.S. Army Alr Corps Stratosphere
Flight of 1935. :
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ozone reglon, the lower boundary of which was at about 20 km according to
the observations of Explorer II.

6. The atmospheric conditions during the zbove observations were the
clearest which occurred during the experimental program. When the at-
mosphere was not clear the haze affected the beam as anticipated. For
example, a fair amount of haze brightened the beam very much at low al-
titudes by increased scattering and decreased the brightness at the higher
altitudes by absorption, the decrease being due to the degradation of the
beam in its passage tbhrough the haze and to the fact thzat the observers
on the ground were looking at the beam through haze.



Observed end Theoretical Intensity of the Beam

7. It was of interest to compare the intensity of the light of the beam
determined from measurements of the photographs with the intensity calcu-
lated from the scattering of the air molecules. The complete details of
the two sets of cslculations are givem in Appendices 1 end 2, the more im-
portent steps are mentioned briefly here.

8. In order to measure the intensity of the beam from the negatives
a part of each negative had previously been cut off and kept in reserve.
A calibrated 'tungsten lamp with & blue filter served &s & source of known
intensity of 1light of spectral characteristics spproximately the same as
those of the scattered light of the beam. With the source at various
distances a serics of spots of known intensities were impressed on the
reserved pieces of each negative, the intensities being so chosen that the
weakest was weaker than the beam and the strongest was stronger than the
beam. All the negatives and the resefved pisces were developed in the same
developing bath at the same time. Densitometer records were teken across
each negative at sections a, b and c, Plate 1, and also across each spot
on the reserved picces. From these, omitting tedious and obvious details,
the intensities of the central portion of the beam at various altitudes
were determined and are given in column (3), Table 1.

9. It may be noted in passing that the energy flux from & sheet of white
paper in the light of the full moon is about 1 erg ca-2 sec—t. This is
about 10 times the intensity of the beam at an altitude of 4.8 km, shown
by a, negative B, Plate 1.

10. The caleculation of the intensity of the beam from the theory of
molecular scattering made use of the known candle power of the beam and
the spectral intensity distribution of the light of the high intensity
carbon arc. The flux of energy in each wave-length was calculated at
various distances from the searchlight on the assumption that absorption
of the beam by the atmosphere was reletively small. The molecular densi-
ties at the various heights were tuken to be those of Table 2, which were
derived from Humphrey's tabulations (5). The values were changed by less
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than 5 percent by the use of the actual etmospheric pressure and tempera-
tures observed during airplane flights to 5 km on the days of the search-
lizht experiments. Intgoducing the above quantities into the Rayleight
scattering formuls, and integrating scross the beam &t the required angles,
yislided the theoretical values of the intensity of the besm corresponding
to those determined from the photographs. They &re given in column (4),
Table 1.

11. It is difficult to estimate the possitle errors. in the numbers of

coluwms (3) and (4), Taple 1; they, and thoce of column (5), may be cor-
réct within a factor of 2. With this qualification the taeoretical in-
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tensities of column (,) deviate in a regular mamner from the observed
intensities of column (3) as shown by the retios of column (5). The
ratios decreese from about 7 at 5 km to unity at 10 or 15 km. The devi-
stioms would be accounted for by the assumption of a small number of
scattering particles, such as haze, which decrezsed with increasing
zltitwde. About 100 particles cm~ -3 of dismeter O0.lp and albedo 1 would
yield the factor 7; or, a larger number of smeller particles of less
zlbedo. Such a hsze distribution would increese the intensity of the
besm in the lower levels above that due to molecular scattering without
at the same time sttenuating the besm apprecisbly in the higher levels.

12. It is concluded that for & relatively clear atmosphere in levels
shove 5 k= the intensity of the searchlight beam was of the order of
megnitude of that celculated from the theory of molecular scattering
wsing the demsity of eir molecules of & standard atmosphere, Table 2.
£t 5 kum the observed intensity was greater than t.he theoretical intensity
by a fector of 7, the factor decreasing to about! unity above 10 lm,
fxdficeting the presence of & smell number of haze particles at 5 km which
decreesed to an imperceptible amount sbove 10 km.

13. In conclusion it is a pleasure to acknowledge the cooperation of
Wejor Willize Sackville, U.S.R., in arranging for the operation of the
searchligbt.



Table 1

Intensity of Searchlight Beam

(2) (2) (3) (4) (5)

Intensity of beam
erg cm—2 sec-l1

From . From ratio

Negative Altitude photograph theory (3)/(L)
E 22 kn (0.7) x 1077 0.49 x 1075 (1)
D ¢ 11.0 0.54 x 10~ 0.22 x 10-3 2.5
b 10.Z 0.54 " 0.24 N 2.3
a 9.8 0.54 " 0.25 n 2.2
C ¢ 8.7 0.93 0.28 n 3.3
b 8.2 1.9 " 0.3 n 5,6
a 7.6 2.5 0.39 n 6.4
B ¢ 6.7 3.8 " 0.59 6.2
b 5.8 6.3 " 0.94 " 6.7
a 4.8 9,7 " 1.34 " 7.1



Appendix 1

Phoiographic Determination of the Intensity of the Been.

A ribbon filament tungsten lemp, standerdized by the National
Bureau of Standardsb burning at a red (20.6554) black body apparent
temperature of 1719° K, gerved as & known source of energy. A dia-
phregn limited the exposed aree of the filament to 0.124 cm?. A
selectidd blue filter of known transmission was placed in front of the
lamp; the spectral energy curve of the light through the filter is
given in curve 1, Plate 3. The cslculated spectrel emergy curve of the
scattered light of the searchlight beam is given in curve 4, Plate 3.
The curve is limited to the wave-length region from about 3800 A to
7000 A, the lower limit being set by the transmission of the camera
lens and the upper limit by the sensitivity curve of the photographic
plates. Curves 1 and 4 covep approximately the seame spectral regicn,
and since the sensitivity of the photographic plate did not vary
rapidly through the reglon,c %he tungsten lemp with the blue filter
was congidered s satisfactory source for calibration purposes. The
total energy emitted in a hemisphere by the fileament through the filter,
given by the eres under curve 1, Plate 3, was 2.58 x 103 erg sec-l, and
the flux at & distance r was

2.58 x 103/2:r? erg cm~< sec-l (1)

with the lamp at six different distances six spots were photographed
on the reserved pieces of the negatives with 5 minute exposures, each spot
being caused by & known intensity of light determined by (1). As already
mentioned, densitometer traces of the spots were made from which the in-
tensities of the central portions of the beam at various altitudes were
determined, the values being given in column (3), Table 1.

Appendix 1, page 1



Appendix 2
Theoretical Calculation of the Intensity of the Beam

The spectral intensity curve of the high intensity carbon arc from
the measurements of Kalb (6) is shown in curve 2, Plate 3, in which the
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intensity i) is plotted as ordinate against the wave-length A s&s ab-
scissa. The observations extended only to 1.2u; the curve mas extrapo-
lated to longer wave-lengths &8 indicated by the dotted portion. The
hump at 0.384 is due to the cyanogen band emission. Curve 3 1is the spec-
tral energy curve of black body radiation at 5600° K. The agreement
between curves 2 and 3 throughout the visible spectrum from 0.4 to 0.7u
shows that the spectral characteristics of the visible light of the high
intensity carbon arc were similar to those of & black body at 5600° K.

At 1,000 yards frea the searchlight the luminous intensity was 28,
24, 14 and 4 lumens ft.”< at 0°, 0.2°, 0.4° and 0.6°, respectively, from
the center of the beam. Therefore the average brightness of the beam
across 1.2° was 18 lumens ft.~2, or 1.93 x 10-2 lumens cm.-<2. The in-
tensity of the searchlight did not fluctuate more than 5 percent during
an hour's operation. Multiplying 1.93 x 10-2 by 1.5 x 10-3 to convert
to luminous wetts (7) by 1/0.132 to convert to mechanical watts and by

B L e e e T e o e o s g ) e e S W e e g A e e e e e e
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107 to convert to ergs, yielded 2.28 x 103 erg om™2 sec™t. From this the
energy flux i of the beam at any distance from the searchlight was cal-
culated from the inverse square law. The number 0.132 is the rediant
luminous efficiency of black body rediation at 5600° X (8).

e e (s ™ bl SAST ma e e ee me m w We  we e Cwe mmwmk ME  gm mm uem e owm e s
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o ax, (2)

O
and is given by the area under curve 2, Plete 3.

[
1}

If a beam of unpolarized light of intensity i) erg cm~< sec~l and
wave-length A passes through a gas of refractive index p and n
molecules cm—-3, the intensity i) of the light scattered at an angle ©
to the beam is jal '

Appendix 2, page 1
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(3} is derived from the Rayleigh (9) theory of scattering by particles
smail with respect to A. The ig), A curve for the radizstion of curve 2
scattered by air is plotted in curve 4, Plate 3. Integraténg (3) over

‘---—--.---—----——-—n-——#.—ﬂ.-.——--ﬂuﬁ——’—ﬂ-—#-

..-—--—..-.-.—-—-—-.-....-.—---m-.-—-—-—..-—_————-...-—-q.——

& sphere gives, as it should, the Rayleigh expression for B the attenua-
tion due to scattering,

8 = 22 43 (p-1)2/3 n A

Bow
p-l=an, (4)

where ¢ =is a function of A. o has been meesured (10) for air through-
enut weve-length region from 2000 to 10,000 A. Substituting (4) into

..------.--—--———.-—-.........._.....--.—-..-m—-u-.-_—--—-—-_

.o-rn-.—--.----_-—.—_—-._-..---_n-.-_—--—q----—.-

= 3 2% na (1+cos?0) /A4 (5)

(5) expresses the scattered intensity explicitly in terms of the moledular
density n .

The totsl scattered light 18 from unit volume of the beam in wave-
lengths from 3800 to 7000 A is

~ 7000
i =4 15 d A (6)
00

end is given by the area under curve 4, Flate 3.

The intensity of the beam ip 1is the totsl scattered light from the
beam in a direction €, and is the integral of 18 across the beam at Z 8.

Since the beam diverges only slightly we have to & close approximation

3, = i f/sin 6 , (7)

Appendix 2, page 2
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By means of equations (2) to (7) and n from Table 2, the values
of ip were calculated for a, b and ¢ of pictures B, C and D, Plate 1,
and for an altitude of 22 km from picture E. They are tabulated in

column (4), Table 1.

Appendix 2, page 3



Appendix 3
Atmospheric Molecular Density

2o determine the molecular density n we make use of the average
values of the atmospheric density d and temperature to 40 km tabulated
by Humphreys (5); they ere given in Teble 2, d being in grams cm-3.

The values were based on European observations of the temperatures and
pressures to 20 km and extrapolation above on the assumptions that the
temperature was -55° C from 20 to 40 km end that the atmospheric composi-
tion was the same as at sea level. The values were, within 2 percent,

the same as those adapted to 24 km as the "U.S. stendard atmosphere." (11)

----———--—-._n—--n-----—--—--—----—-—-a-—.——

'l-“'"'-'——--u---d—------ﬂ——---m-—-m-—-—-—

The mass of the average eir molecule is 4.95 x 10-23 grams, and
n = d/4.95 x 10723 (8)
The values of o - from (B)Iare in the last column of Table 2.

Appendix 3, page 1



Table 2

Average Temperature and Demsity of the Atmosphere

Altitude Temp. Density d 8 AMtitude Temp. Deneity d o
km  1.72°C 1256x10-6 254x1017 20 km  -55°C 89.7x10-6 18.1x10%7

0
2 -4.16 1010 204 22 -55 65,8 13.3
4 -15.3 817 165 24 ~55 48.2 9.72
6 -29.3 660 134 26 -55 35.3 7.15
8 -43.6 529 106 28 -55 25,9 5.22
10 -54.2 TAVA 83.7 30 -55  19.0 3.84
12 55 a1 63.0 32 -55  13.9 2.82
14 -55 228 46.2 34 ~55 10.2 2.06
16 -55 167 33.8 36 -55 7.54 1.52

1.12

18 -55 121 24.4 38 ~35 5+53






kn B 6.3 min. exposure

A 2.2 min. exposure C 12.9 min. exposure

Photographs of 8earchlight Beam Plate 1






