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1. INTRODUCTION

T.e progrem carried out at Electro-Optical Systems under Contract
No. NAS 8-2439 has been concerned with a feasibility study of using
a laser heacon for daylight optical tracking; the scopz of the work
to include:

A. To determine whether or not an airborne laser light source
is practical if used as a pulsed Leacon for daylight optical
tracking. ’

B. The beacon i8 to be used wich a 3C-4 Ballistic Camera and
meet the fullowing requirements: '

1. Renge detection of 500 nautical miles in daylight.

2. Frequency of flash, once every 10 seconds.

3, Minimum of 100 flashes.
Flash beacon width to be as wide as. practical (180° ideal).

5. The weight and power required should be held as low as
feasible.

6. The spectral output of the laser to bé compatible to
available narrow band pass optical filters.

The initiation of this program has been based on the desire of
tracking in daylight the Saturn booster by means of a pattera of
BC«4 cameras. The necessity of trecking in daylight is not only
governed by convenlence but of other considerations which are not

pertinent here.

The purpose of using a lager output:over other light sources,
z.g. flash tubes, stems from its high power output within a narrow

frequency region. Standard light sources are inherently broadbanded.

1920~Final “le



This implies that the power output at any given frequency interval
is only a small percentage of the total output. The laser is able
to convert a large percentage of light of all frequencies into one
small {requency band and so is inhé}ent]y sbie to give higher out-
puts in this emall band. This advantage can only be utilized,
however, if the receiver is narrow band also. Unfortunately, no
known filters can be found with tramsnission bandwidthe which are
nearly as narrow as tune laser output; less than 0.1 2. The best
that can be found in the optical region have bandwidths of about

1 Angstrom unit. In the beacon application, this r -ans that: a much
larger bandwidth of ncise gets inte the receiver than is opiimum.
However, as will be ghown below, the difficulty in ueing the laser
as a beacon lies not in the signal-to-noise ratio so much as in the
amount of light energy necessary to expose a photographic film.
Therefore, although one is not able to utilize the laser to its best
advantage, one is still able to use it successfully as a beacon.
One is helped in this in that the output of most lasers available
todey have frequencies in the red and pear infra-red zegion of the
spectrum where the intensity oS the sky light background appioaches

a minimum,

The best filters available for use in our r-ceivers are oi’ an
interference type. The transmission through such a filter depends
very strongly upon the angle of incidence of the light upon its
suxface. Thus, in oruer to maintain a transmission at a given
frequency, one must maintain a constant angle of incidence, usually
norme} incidence, from the laser beacon. This necessitates a tracking
mechanism to keep the normal to the filter always pointed towards
the beacon. This tracking can be quite loose, however, just to keep
the transmission through the filter high. Since the flight path of
the missile is already predetermined, the tracking can be pre-
programmed or, alternatively, information can be’given for tracking

from a ground radar tracking station.
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In order that the background light be kept to a minimum, a
shutter will have to be designed which can be opened when the laser
beacon flashes and is within the correct range. Thus a program
will alsu be necessary fc7 a shutter which opens and shuts as close
to the speed of the beacon flash as is possible and which only opens
for a certain of the beacon flashes, i.e. the ones whose image falls
upon and will give some darkening on the film, Furthermore, in
order to beiter distinguish Letween flashes and éo present backgrounds
from accumulating from one fiash to the next, a collimacor should be
used. This collimator need only be as good as the tracking for the

filters.

One of th~ characteristics of the laser, useful for other purpcses,
cannot be used here. This is its ver, well collimated beam. In '
order to project the light to several cameras, spread widely on the
ground, some type of beam diverger must be used. The actual divergence,
of course, depends upon the separation of the cameras from each other
and the distance from the flight path., Since no information is yet
available on these parameters, all calculations have been made on the

assumption of 180° beam spread.

Another characteristic of lasers is thaé they operate more
efficfently at lower temperatures. Thus, a lighter weight beacon
package is to be anticinated by operating at lower temperatures.
This, of course, requires a low temperature dewar. However, the
reduction in power requirements for optically pumping the laser is

such that the overall package is lower in weight.

1920~Final =3~



2. LASER BEACON SYSTEMS PROPOSAL

A block diagram of gll1 the essentisl 2lements of a laser beacon
system is8 shown in Fig., 2.1. The laser beacon proper is shown on the
lefthand side of the figuve while the detection apparatus is shown on
the right. A general description of the operation of the system is

as follows:

A auitabfe lager material is fabricated for optimum pumping and
lasering outpur. The excess heat is carried away from the laser
into a cooling bath. Pump power is supnlied to the laser material by
discharging a charged energy storage capacitor through a flashtube.
The storage capacitor is charged to several kilovolts by a DC power
supply. Normally, the flashtube will not conduct at this voltage.
Conduction will take place only when a suitable trigger pulse is
supplied to an electrode located close to the wall of the Iiashtube.
The timing cf these pulses can be controlled, e.g., through the use
of a timer. Figure 2,2 depicts a proposed power supply and flashtube
assembly with provision for triggering.

A beam spreader, consisting of optical parts, is used to transform
the parallel output bear of th< laser in%o a divergent beam of

suitable angular spresad.

The laser signal is to be received basically by the BC-4 camera.
However, auxiliary equipment will be necessary to assure a good
signal-to-noise ratioc as well as maintaining exact s¥nchronization
between laser flash and shutter opening. Regarding the sfgznal~to-
noise qualification, a narrow-band interference filter is to be
located in front of the BC~4 lens. PFurthermore, as the shutter is

to be opened several times, a collimator is also anticipated which

1920~Final by
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will prevent muliiple exposures of the sky background it any given
poirt on the photographic film. Both the collimator and the inter-
ference filter must always remain normel to the signal direction,

and this could be accomplished Ly programming.

Means will have tc bu provided for preventing ‘exposures in a
line-cf~signt of the sun. This could be accomplished by monitcring

the leas opening with an auxiiiery phototube which cloges “he shutter

for large expvsures.
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3. DESCRIPTION OF COMPONENTS
3.1 Laser

The heart of the laser beacon system ic the laser itsgelf.
The nuuber of different lasers is increasing mouthly. The threshold
power, i.e. the minimum necessary electrical powe. to cause lasering,
is being lowered by cloice of new materials and by design and
pclishing techniques. Thue efficiencies, power outputs, frequency
stebility, reliability, etc., are continually improving. However,
ne laser materin~® has been as thoroughly investigated as the ruby
laszr, i.e. chromium dcped aluminum oxide. TFor this reason, all

calculations for this report are based on thes: characteristics:

Peak power out 20 «ilowatt
Duration of light out 1 millisecond
Frequency of output 6940 Angetrom units
Efficiency 1.0 percent

{t 18 to be understood that iwbese are the characteristics of an
existing laser. The improvements will not only reduce the necessary
weight bu. increase the power cutput. In future, one may easily see

efiiciencies up to 50 percent and power outputs above one megawatt.

A list cf the presently knowr leser materials is shown
in Taile I together with the wavelengths at which lasering action

takes place,

1920-7inal -8«
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2,2 Dewar

A liquid helium dewar assembly has been designed for
cooling the lseer materials and performing experiwments with laser
materials at liquid helium temperatures. It is anticipated that the
total weight requirements for a cooled system will te consideravly
less than an uncooled system as the power requirements will be
greatly redvced. A diagram of the liquid helium dewar assembly is
shown in Fig. 3.2. The unique features of thi; assembly are as

follows:

1. It can be operated in any erientatior.

2. 1t nas a thermal insulator surrounding the nitrogen
chember which is porous to allow precooling with
escaping nitrogen gases.

3. It has a sapphire shell intimately contacted to the
ruby laser crystal to allow rapid cooling during and

ifter operation.
3.3 Flashtube

Flashtubes are made in a wide variety of shapes and sizes,
as well as with varying specifications. There are two shapes that
have been used in laser applications: the helical and linear. The
latter is especially suited with cylindrical wirrors of elliptic
cross-section for coupling the lighi output to the laser material.
In this configuration, the flashtube and laser material are situated
along the 'focal®axes' of the elliptical cylinder, as shown in Fig. 3.1,
The energy required per pulsez for laser action in ruby is quoted for
such a configuration (see Sectiom 3.1), and a suitable flashtube is,

e.g., the FX-38, manufactured by Edgerton, Cermeshausen and Grier, Inc.

1920-Final -10-
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3.4 Power Supply

The design of 4 power supply depends on the energy required
pexr flash to produce laser action. In the present design, attention
has been foctsed on the presently known information on the uncooled

_ruby laser.

For a ruby laser in the elliptical configuration, approxi=-
mately 200 joules per pulse are required, At 4 KV, an energy storage
capacitor of 24 pf is needed. The average current drzwn for a pulsing
rate of once every ten seconds is about 10 mA., Sorenseen and Co., Inc.,
make DC-to-DC converters with a nominal output voltage of 1000 volts
rated at 25 wA and requires a 28 VDC input. Four of these inverters

~ can be placed in series to obtain the necessary 400 V. Each unit weighs

i "
two pounds, and the cross-sectional dimensions are 3 %g x3 %g .

There are no vacuum tubes used in these units. A diagram of a

converter can pe seen in Fig, 3.3.

It appears that 28 volts power source will be available from
the Saturn vehicle if power requirements are nct sbove 20 watts.,
Should additional power be required, it could be chtained {rom, say,
NiCd cells. Cells of 1.25 volts nominal are available from Gould
National Batteries, Inc., with ratings of 2.3 ampere-hours, and a
weight of 2 ounces each. A stack of 23 such cells can be connected
in series to give the desired 28 V and easily last for 100 pulses.
The total weight of the cells would be about four pounds and the
dimensions: L = 35" , D = 1,3",

3.5 Energy Storage Capacitor

a
It was méntioned in a previous section that a capacitence

of approximately 25 f will be needed for the energy storage capaciter

in the case of the ruby laser. The Spraguc Electric Company

1920-Final -13-
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unanufactures photoflash capacitors of 25 ufd rated at 4000 V. The
it " 1"
weight is 7 % pounds and has dimensions of 4 i€ * 3 % x9 % .
Thie unit is deaigned fo. loag life, however, and it might be advanta-

geous to use capacitits with a short life and lighter weight.
3.6 Trigger Circuic

A method of triggering the flashtube is shown in Pig. 2.2.
It meets the requirement that no vacuum tubes be employed. The

description of the circuit is as follows:

A bleeder circuit is placed across the output of the DC-to-DC
converter providing 200 volts to which a 25 ufd capacitor is charged.
The flashtube is triggerad whenever the charged capecitor is electri-
cally connected to the primary coil of the ignition transfcrmer
(Thordarson 22-R-44). The electrical connection can be me . by
e.g., the contacts of a relay, which in turn can be controlled, say,
by a timer. The weight of the circuitry beyond the storage capacitor,
including che flashtube and laser material, would be about two to
three pounds.

3.7 beam Divergers

Beam divergers can be classified generally into two
categories: 180° beam divergence, and lees than 180° bean divergence.
The two methods for 180° beam divergence that have been considered
were the cassegrain mirror plus lens system, and the fiber optics
bundle. The eimpier of the twe, end having more flexibility, is
the fiber optics bundle. It has been suggested, however, (from
discusaiong held between Dr. P. C, Fletcher and Mr, P. Button of
Electro-Optical Systems, Inc., and Messrs. Reinbolt, Taylor and
Simpson of M.S.F.C,) that the beam divergence may be less than 180°
and a simple lens cyetem would be the most suitable.

1920~Final 15



3.8 Interfercnce Filter

Varioua types of filters were considered as a means of
reducing the sky background exposure: they were the glass color,

bixefringent, and interference filt--s,

The gluss color filter has the advantage that the transmission
region is independent of the angle of incidence of the radiaticn.
However, the transmission bandwidth is much tco great, and the
resulting signal-to-noise would correspondingly be too low. Another
disadvantage is that the reflectliun off the front face i3 dependent

0

on the angle of incidence.

The birefringent filter cen, in principle, be made ro give
half-bandwidths down to 1 g. Siml{lar to the interference filter, it
suifers the disadvantage that light muet b2 incident normal tc the
front face, btut the couscruction of tha filter is such that relatively
large dimensions are involved (See Fig, 3.4, L is of the order of
millimeter), and the location of the wavelength for peak transmission
can be given to & higher precision than, say, interference filters
(s2e¢ below). However, there are a multitude of related wavelengths
which show peak transmission and an interference or glass-color

filoer muct be ugad in tandem for isolating one wavelength.

Th+ investigation of the interference filter Las proven to
be the most frultful, Baird-Atomic, Inc., makee such filters with
hali~bandwidths dowr to 0.1 perceat or 7 K at neak transmission
around 7000 K. Tte tolerance in locating the perck cransmigsion wave-
length is as much as 10 2, which could be 8 serious disadvantage.

The peak transmission is about 40 pevcent for the 7 R half-baudwidtloue
1f prester half-bandwidths can be tolerated, e.g., 1 pezrcent or 70 4,

the peak tranan'ssiorn would be about 65 perceut.

1920 PFinal ~16~
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Another manufacturer cf interference filters is Librascope,
Inc.; their filters have a peak transmission of 75 percent anc half-

bandwidthe of 1 parcent at any 4.

As stated abovec, an interference filter sufferss the dis-
advantage of having to keep its plane perpendicuiar to the line-oi-
sight of the laser signal. This could be accomplished through
programuing of the filter mount. The effect of miszliipgnment is such
tha: an angle of incidence of 5° will cut down the transmission and
consequently, Lhe signal-to-noise ratio, to 50 percent of maximum,
Baird-Atomic, Inc. manufactures filters up to 6'' in diasmeter aad,
upon special request, will make any desirable size and shape. Th=
price quotations for single units of 1 percent bandwidth rilters
are as follows: 1" square, $65; 2" gquare, $100; &' square, about
£425; and a 6" cquare, about $500. Lower prices prevail for orders

of six or wwre filters.
3.9 Collimator

As a number of exposures will be taker by any one camera,
the total background exposurz would degrade the signal-to-noise ratio
for a single exposure if no modificationg are made. Basically, what
is needed .s a coliimator which will reduce the size of the sky

image to an extent where non-overlapping of adjacent images occur.

In order t:' watevmine suitable dimensions for the collimator,

reference is made tc¢ Iag, 3.5. The €following gsymbols are utilized:

a - the diameter of the collimator
b - the length of the collimator
6 - the angle collimator makes with the normal to the lens
B - the anglé tuat a disgonal of the collimatcr makes with
its length
f - focal length of the lens.
1920-Final -i8-
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From Fig. 3.5, it is seen thac the spot size, Ay, can be

given by:

ly = f :tan {6+ 8) - tan {9 - R) i (1)
4

S|

-

Assuming vehicle cpeeds of roughly 6000 m.p.h, a focal length
of 30.5 cm (for the " Astrotar™ lens), and 2 slant range of 500
nautical miles, the image separation for successive flashes 10 seconds
apart becomes about 1 cm. Therefore, for non-overlapping of sky
images, the spot size should be no larger than 1 cm. From the above
equation, this is realized when 6 = 16° (image near edge of plate)
and 8 = 1°. Since tan B = E, the length of the collimator must be
about 60 times its diameter. A collimator that completely encloses
the !' Astrotar® lens (aperture = & %'3 would be about 23 feet long.

This length is impractically long.

A honeycomb pattern (see Fig. 3.8) can be us«C, however,
with some sacrifice in signal strength. As an example, one cam
choose the length of the honeycomb tc be gbout 15" ; the cross-section
of a slot %" x Z': and wall thiclness 4 mils. Under these conditionms,
the ligh: signal lost by a reduction in the effective iens area would

be about 3 percent. The inner walls will not be 100 perceat absorbing,

and wall reviections will raise the background somewhat.

For maximum transmission through the collimator, it must
have its normal remain parallel to the incidert laser signal. Any
misalignment will result in signal loss. In order to study the ext.nt
of signal reduction on misalignment, reference is made to Fig. 3.6.
We assume an angle ¢f incidence, ¢, with respect tc the collimator
normal. x represents the effactive width of the incident beam that

will be transmitted througn one slot. We have

x = D sin (p - ¢)
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and the fraction tranemitted upon misalignmedt ig

o

sin (B - &) = QH‘_LM (2)

X
- =
a a sin B

1f there is a 1° misalignment, then B must be as large as,
say, 4° for e 75 percent transmisssion. This menns, of co':rse, that
oser-lappir v of sky images will be necessary, but, as pointea cut
below, some pre-fogging msy be necessary, aud thte over-lappin, migat

be used for this purpcse,
3.1G Shuttexr

Au ideal shutter wculd be one that has a rectangular response,
is synchronized precisely with the laser flash, and has its "open"
time equal to the flash duratior. A limitation is placed on the speed
of the shutter by the large dimensions involved; of the order of five
inches in diameter. Three types of shutters that have been considered
are: the louvre, electro-optic, and stress plate. The most promising
one ig the louvre type, which has baen commercially buil:i for a 12
inch camera aperture having un opening and closing time of 2 mflli-
secoads [@issiles and Rockets, 3, 32 (1961i]. This would degrade
the signal-to-noise raiio by a fa:tor of two (assuming laser outpnts
of 1 millisecond duracion), However, as is pointed out below aud
mentioned above, some pre-fogging may be necessary and the shutter

opening migu. pe used, in part, for this purposs.

3.11 Programmer, Comuunication Link, and Trackers

In addition to programming .equirements associated with the
tracking of the colliwator anc the interference filter mentionad above,
2 program will be necessary for triggering a predetermined sequence
of camara shutters for all ehe cameras or the range of the vehizie's
flight. The transit time of the light signal from the beacon to a
camera site will have to be taken into account., Iu would take light
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about 3 milliseconds to travel 500 nautical miles, and this time is

of the order of the lena " open' time,

Methode for synchronizing shutter opening with the laser
flash have been looked into., At present, there are two systems under
consideration: one is to telementer the flash trigger pulee to the
laser with one of the other communication links to the vehicle. The
second method is tu »>perate the shutter and laser with geparate timers
which are synchronized toc one millisecond; these timers would have to
be accurate to 1 part in 106. The relative desirability of these two
systems depends upon the availability of a communication link to the
vehicie,

A preliminary schematic of the tracking system is shown
in Pigs. 3.7 and 3.8.
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4. SIGNAL-TO-NOISE CALCUTATIONS

The signal strength, and hence the signal-to-noise ratio, received
at the BC-4 camera depends on many factors, the mejor ones being:
laser output, beamspread, atmospheric condition, and zenith distance.1
The remaining sources of signal degradation, such as losses through
the collimator, interference filter, and lens system, are omitted in
this section as the signal and noise are attenuated equally. The:

will be discuesed, however, in Section 5.

If the power transmitted by the ruby laser is PT and the beam-

spread is 1800, then the power received/ares a distance R away is:

P .7 ,
P, = TZ- (3)
2nR

’,
-,

where T 18 the transmission of the atmosphere, ’

_ The presertly known output of the ruby laser is approximately Z(Kw.

Then, for a slant range of 500 nautical miles the unsitenuated power/area

-11 watte/ftz. The curves of Fig. 4.1 show the

received is8 34.4 x 10
ctmospheric transmission as a function of both the zenith distance
and "'haze" .1 These curves will be utilized below in signal-to-noise

calculations.

1Tha zanith distance is an anguler co-ordinate measuring from the
zenith, Other angular co-ordinates used in this ~ection are the
azimuth and the altitude. - These three co-ordinates ere dupicted in
Fig. 4.2. The sum of “he altitude and the zenith distance is always
equal to 90°. The term "haze' ies used here in the sense of atmospheric
condition, i.,e., very clear, clear, light haze, etc.
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" An extengive search of the literature was undextaken to accumulate
all available data on the spectrsl irradiaticn from the gky. Ideally,
the g%y data demanded is the spectral distributici as a function of
sltitude and azimuth for various sclar altitudes (see Fig. 4.2), In
those referencee where the gpectral distribution ig given, there is
no knowledge of the sky co-ordinates nor the sun’s altitude
(L. . mundie, et. al., J. Opt. Soc. Am. 50, 1187 (1960); E. E. Bell,
et. al., J. Opt. Soc. 4m. 30, 1313 (1960)]. In another reference
[?ones and Conduit, J. Opt. Soc. Au. 3§, 123 (1958i] the background
jrradiation from the sky is given, in photometric unite, as u function
of azimuth, altitude, and sun's location; however, there ig lack of
knowledge of the spectral distribution. The Smithscnian Aatyophysical
Tables (8th revised edition, Tabie 777, pzge 611) give the spectral

distribution in relative units for a zenith distance of abou: 50°.

The desired information was extrapolated from the data of Jones
and Conduit by the following outline: The relation between the
luminous flux in photometric units and the spectral distribution in
phvsical units is given by |see Astrophysical Quantities, C. W. Allen
(the Athione Press, london, 1955) page 103:

[ 4
. r
T = &5
rv €50 _/ KL F& dr {4)
o
where Pv is the luminous flux in lu=ens,
Kk is the relative luminous efficiency factor,
o
and PX is the spectra' power per unit wavelength in wetts/a,

In order to determine F, one must know its relative spactral

distribution. Fi can be represented by:

F =ae (5

which i8 & good approximation for the values from the Smithsonian cables.
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The empirical crrve for KX can be approximated by a Gausciau shape,

and thus we can write

, 2
NN N
Kl s e ( o) (6)
Substituving equations {5} and {6) intc equation {4} yields
Al
F? - [;A +a (h - mo)’]
F %680 e ;| e dn
o
b
b AN --7=)
= 680 a e o 4 J z
N
b
— b (A ==
- o4
or, 2= 1,47 x 10 3,i T e e 4 Fv N

The constant b is deduced from the slope or a plot of the logarithm
of the relative power as » functicu of wavelength, which, from the
Smithsonian tables, yields: b = 3,62 x IC“Q g-l. The constants & and
ho are deduced from that Gaussian curve which best fits the luminuus

~6 Ow o
efficiency curve; obtaining @ = 2,75 x 10 ¢ A 2, and ko = 5600 4.

The aata of Jones and Conduit give the sky luminence values in

rt-lamberts., This can be converted to illuminance values by:

Bs
Is =w-— cos @
B (8
s
or I = —~~ cOS
sfo 1
where Is is the sky illuminance in lumens/ft
@ 1is the solid angle of the ghky Licment consgiderad
Bs is the luminance of the sky in fr-lamberts
and 6 1s the angle that the sky element makes with tne
normal to the illuminated plane.
1920~¥inal -30-
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Equation {3} yields the sky illuminance in lumens/ft2 » gteradian.
If these values are substituted for Fv in equation (7), aad the resulting
value of a substituted into equation (5), then the resulting value of
Fk’ the spegtral distributign of the background sky, will be in units
of watts/ft™ - steradian - A.

Rubx lasers at a wavelength of 6943 2; ont substituting this value
for A into equation (5) cne can obtain the background noise at the
wavelength of the ruby output. %he f ral noise values obtained from
the data of Jones and Conduit lie in tlLe range (0.58 x 1("'4 - 273.2 x 10-4)
w/ft2 - steradian - X. The data of Mundie, et al.,, yield 2,3 » 10-4
w/ft2 - steradian - 2, while the data of Bell, et al., yield
0.65 x 10-4 w/ft2 - steradian - 2. lt ig thus seen that the converted

data of Jones and Conduit encompass the other data,

The signal-to-noise exposure ratios are deduced from the following
considerations, Suppose the area of the lens is AL’ of the photo-
graphic film Ap, and the spot size Ag (see Fig. 4.2). Then the image
exposure (HI), i.e., the energy emitted by the laser passing through

the camera lens per unit area nf spot size is given by:

H = Power Received x time of exposure (9)
i Area of Spot size

The power received by the photographic film (PF) is given by:

1’1.'r = PRALT (10)

where PR is given by equation (3), and 1 is the total transmittance

of the filter, collimstor, and camera lens system. Combining equations
(9) and (10) gives:

P A t1
Hy o= Rk (11)

where ¢ 15 the time of exposure,
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The exposure Jdue to the background sky (HB) is:

e

. NBw ALtT
. —P b
Hg A

P

-

(12)

N

NBALt
A

P

~
—~ =

mN'U:b

: %8
f2 - NBALt1 Y
g

where, w_ and w_are the solid angles that the platz and spot size
gfbtend Bat the center of the lens, reepectively

o
N 18 the sky background irradiance (watts/ttz - steradian - A),
B is the bandwidth of the filter,

and f is the focal lenzth of the lems.

Dividiag equation (8) by (9) yields

I R
i; - Ty (13)

It ie zssumed that the background exposure time is the same as the

image exposure time, which will be guaranteed by th- collimator.

It is seen from equation (13) that in order to determime the

signal-to-noise exposure one must know the image spot size. The

B v T

resolution of the "astrotar™ lens ie about 35 microns., Then, with a
te N
focal length of 30.5 cm,, and an aperture of 4 % 5 m% is calculated to

-8
be 1.03 x 10 = gtaradians.

Valuee for N for different sun azimuths and laser positions have

s

beer. subgtituted inco equation (13) and sets of curves deduced for an
atmospheric con&ition termed as 'very clear™ (seez G, P, Kuiper (ed.) =
The Atmospheres of the Earth and Piansts, The University of Chicago
Press, Chicago, p. 52) and a filter bandwidth of 10 X. These curves
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are shown in Figs. 4.4 and 4.5, The signal-to-noise exposures are
plotted against the altitude and for various azimuths, measyr.ing from
the sun's azimuth. Each family of curves is for a given sclar alititude,
The signal-to-noise ratios are seen to vary fromr about 0.9:1 when the
laser is within about 10° oi the sun to 45:1 when the laser lies in

the cpposite sky to the sun and with aun's altitude low and laser's
altitude high, As the laser's altitude dips below 156, the signal-

to-noise ratio rapidly approaches 1:1.

In order to examine the effects of atmospheric condition, curves
have been plotted for signal-to-noise as a function of zepith distance
for various atmospheric conditiona. The curves aversged over the
various solar altitudes are showm in :'ig. 4.6. The ones for individual
solar altitudes are shown in Figs. 4.7 through 4,10. All curves are

based on-an azimuth of 900.

From photographic contrasgt ccnsiderations, the film dunsity
resulting from signal plus background expcsure must be at least 0.0%
density units above that due to the background alone [3). vldenberg,
J. Opt. Soc. Am. 46, 300 (1956i]. A typical film exposure zurve is

shown in Fig. 4,11, We can write:

DT =y log10 (HI + HB) + const,

D, = Yl9glo HB + const.

B
H b, ~-D
: PP A e
. ce 10310 (‘. + HB) Y

When HI << HB thig gives:

—~ T B -
uI/uB ~ 2.3 —— (14)

Y
where: DT is the density resulting from exposure of signal plus sky
DB is the density resulting from sky alone
and Y is a characteristic for a photographic film,
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Thus, for the Kodak 103a - F film, with y = 2, we see that the minimum
signal-to-noise ratio is 0.056:1, or that the background can de as
much as 17 times the signal. It is seen, therefore, that the ab~ve
signal-to-noise ratios encountered are more than adequate, as long as
the beacon does not come within about 10° of the sur. and remsins at

o ..
leasc 15 above the horizon.
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5. SIGNAL SENS1TIVITY

The winimum signal requived is, of course, dictated by the film
used. The Kodak 103a - U film, e¢.g., requires 0.05 erg/cm2 to produce
a density which lies 0.6 units above the fog level [?odak Photographic

Pilms ¢nd Plates For Scientific and Technical Use, 8th Rdition, 196u;
-
pages 20 and ZQJ: the criteria generally taken for film sensitivities.

The lager signal is degraded in at least three atéas: transmission
thvough the  atmosphere, filter absorption, and losses through the
collimater and lens systém. For a very clear day and a zenith distance
of 45° the transmittance og the atmosphere (M = €340 R) is about 74
percent. A 1 percent (70 A) bandwidth filter would have a transmitiarce
of abcut 75 percent.* In Section 3.8, it was stated that the coliimator
would give an additional 3 percent loss. Thus, the over-all
transmittance would be about 54 percent. The image exposure i3 given
by equation (11). Subatftuting in appropriate values, one gets for HI
a value of 0.023 ergs/cm”. The signal-to-noise ratio using che above
fiiter would be at least 1:1 over most of the sky, and the total
exposure would be at least 0.046 ergs/cmz. This is seen tc be
approximately what is required. A numbexr of avenues of approach could

be taken to improve the situation. One method is to pre-fog the film,

*It should be mentiorned that the cost for a given size interference
filter rises rtpidly for bandwidthe less than 1 percent, e.g., the
prices for a 2" x 2" filter manufactured by Bzird-Atomic, Inc. are as
follows: a 0.1 percent bandwidth costs $375; a 0.7 percent bandwidth
costs $150; 1 percent - $100; and 20 parcent -~ £70. In additionm,
the transmittance increases slightly above a 1 percent bandwidth, but
drops off significantly toward the 0.l percent bandwidth.
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or, what arcunts to the same thing, larger background noiee levels can

.- =

be tolerat-c. as the signal~to-noise ratio is much more than neaded.
Pre-iogging ~en be achieved in several ways: one method is to expose
the photographic film beforehand by a known amcunt; one can use a

wider bandwidth filter with corresponding increase in signal strength;

MMM

one can use a longer shuttaer speed; or ore can allow overlapping of

sky images by a suvitably desigued collimator. In particular, if the
noise is increased 10-fold by, say, using interference filters with

10 percert bandwidths, the total exposure would be at least 0.23 ergs/cmz.
Ancther improvement would be to decrease the angular beam s»read of :he
leser output from 18c° to 60°. This will result in a signal improvenert
of & factor of 8, With weigat permitting, one can use two or more

lasers which again would double the signal strength.
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6. SUMMARY 5)05’93935

In this report, a description has been given of the various
components of a laser beacon together wich the problems that will be
sncountered. The weight of the beacon proper for an uncooled systenm,

excluding components for synchronization, is estimated to be about

22 pounds, and the volume about 650 cu. in. 2//!
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