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Evaluation - TR-68-49 
Aerospace Controls Corp. 

F30602-67-C-0350 

t i reP°rt constitutes a comprehensive investigation 
into the many factors that affect the imaging of a ground 
light upon the film of an aerial camera with the objective 
of achieving an image that will be measurable on the film 

a” f?c^racy of 3 roicrons r.m.s. for aircraft overflying 
at altitudes up to 100,000 feet. The various factors 

ia) atmospheric effects, including 
contrast degradation and attenuation; (b) climatological 
conditions; (c) film characteristics. The light module 
design considered: (a) lamp/camera synchronization; (b) 
source power requirements; (c) remote control from the air 
and ground; (d) light collector design; (e) spectral 
characteristics; (f) pulse circuit design. 

Both an active and passive system were investigated. 
The passive system would have utilized an airborne 
strobe-light in conjunction with ground-based reflectors. 
*i!?uaCtuVe systera would employ ground-based lights. 
Although the passive system was discarded after examining 
the magnitude of important system parameters, this report 
includes an excellent analysis of a passive system, 
including reflector design and source energy requirements. 

The design analysis of the active system points to 

WhîîurtaLamOUnt to a costly light package for the camera 
calibration range. The severe specifications to which the 
design analysis was addressed may make the costs prohibi- 
tive. An alternate choice would be to provide power lines 
in the area. This would eliminate the need for batteries, 
pulsing circuits, synchronization, and other requirements. 
It may well be that the costs of providing power lines in 
the ^uge would be offset by the savings of a more 
simplified system employing a continuous light source. 
This will have to be considered before any considerable 
funds would be allocated for the type of system described 
in this report. 

¿Je* 
PRANK A. SCARANO 
Project Engineer 
Recon Engineering Section 



I. INTRODUCTION 

A photogrammetric camera calibea*4 *»> . 
range is being constructed at Casa 

Grande, Ariaona intended for use in nanv ** 
^ cllbratln« «rUl CMerM. ^ 0nlted 

States Air Force desires to .¿4 
1«. to add the necessary „ulpnent to this rang, to 

pemit caser. cUlbratton during the night hour.. 

Ihe Casa Grande Sange consists of ¡>72 geodetic points each constructed 1» 

the shape of a naltese cross. For night iU^ination two approaches were 

considered .. an active and a passive approach, ih. «tive approach incorpor¬ 

ate, Ught fixtures fixed on or near each of the 2,2 points. The passive 

approach utilises reflector, fixed at or near the v^ous points with an 

airborne illumination syst« in the camera carrying aircraft. 

While it would be desirable to have lights or reflectors on each of the 

272 points, it is not necessary to «ploy all at any on. particular time for 

a particular calibration. a. n«b.r of lights reared and the pattern in 

-fcich they are lifted depends upon several factors Including the type of 

camera being calibrated, the aircraft altitude, film type, etc. 

^ camera carrying aircraft win also carry a strobe light (or suivaient 

source) used to determine position of the aircraft against a stellar 

background the instant the camera shutter 
amera shutter is opened. Ground-based ballistic 

cameras will be utilized to track the aircraft,. 

ae aPPr0aCh ^ ln ^ Of the light module ls 

relatively straightforward, «d is reflected in the Ohbl. of Contents. Ohe 

PfObl«. associated with determining the center of the ismge to within three 

microns are analysed first, a... probl«s arise due to the characteristics 
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of the atmosphere and are partially etnpensated for by the proper choice of 

the spectral region In vhlch the syst« shall operate. Ihrough the choice of 

specific films and Ught sources, the problems may be almost totally negated, 

at least for ground-based lights. 

In the case of ground-based reflectors and an airborne source, the 

difficulties associated with the atmospheric characteristics are such that 

image resolution is too poor for accurate calibration of the cameras. Hence, 

after showing the feasibility of utilizing ground-based light sources, the 

conceptual design of an active photogrammetric test range is presented. The 

choice of lamps, energy collectors, power supplies, and system logic (turn-on 

urn off from iemote location) coupled with environmental considerations 

is detailed. 

The general requirements for the active lighting ayate» are: 

1) Self-sustaining, with minimum maintenance requlr«ents, as the 

lights shall be located In a remote area. It is required that it 

function trouble-free for a minimum of thirty days and require 

minimal maintenance thereafter. 

2) Vandal proof - no Individuals other than authorised personnel 

shall be able to disassemble the fixture. 

3) Bullet proof - to the extent that It may be fired upon by 

individuals with ordinary hunting rifles. 

4) Lightweight - less than 100 pounds, and able to be easily 

carried by one man. 

5) Bemote control - intensity and on-off control. 

6) Regenerative power supply - e.g., batteries, solar cells, etc. 

2 



upon a fixed base 7) Plug-in feature - such that it may be mounted 

and removed in minutes. 

8) Environmental protection - such that It wlu »Ithstand the 

elements of the Ca« Grande, Arizona region for a period of at least 

five years without degradation of performance. 

The detailed requirements are: 

1) B., light source shall he of such a size that It »111 he Imaged 

as a circle less than 100 microns In diameter upon the recording 

fita of aircraft overflying at altitudes up to 100,000 feet »1th 

typical reconnaissance and mapping cameras. 

2) The light and all associated equipment shall he an Integral 

unit, and self.sustain«. It shall operate fr« its o»n built-in 

pover supply snd have no dependence upon any external sources. 

3) The lights on the range shall be of a size, Intensity, and 

spectral value such that the true center point of the Images they 

produce on selected films shall be measurable to an accuracy of 

three microns HMS or less. The type of film to be employed for 

calibration tests may be specified. 

'O The lights shall be remotely controlled such that they may be 

turned on or off from the test aircraft or by an operator on the 

ground. 



II. ATMOSPHERIC EFFECTS 

The earth's atmosphere contains a large number of various sized particles 

which, due to their presence, can be expected to degrade system performance. 

Scattering of light frcm these particles reduces the received signal energy 

and degrades the image contrast at the film plane of the airborne camera. 

Further, the signal may be attenuated due to absorption by the molecules 

which make up the atmosphere. 

Even the clear atmosphere is a turbulent, inhomogeneous region in which 

the refractive index is a function of position and time. It may be considered 

to consist of a large number of regions with varying dimensions, called 

eddies, over which the refractive index deviates frcm the average. When the 

light propagates through such a medium, its interaction with the inhomogene it.- 

ies produces random fluctuations in the amplitude and phase of the signal. 

This randomness tends to degrade the light through a variety of effects. As a 

consequence of these atmospheric characteristics, the image at the focal plane 

can be expected to be reduced in energy, its contrast degraded, and its actual 

recorded position on the film to deviate from the position calculated assuming 

straight line exoatmospheric propogation. 

In this section these effects are discussed and their results are examined. 

Also, attenuation due to the presence of rain and clouds is discussed. 

II.A. Attenuation 

Attenuation of the signal arises from scattering and absorption of the 

light from the constituent particles in the atmosphere, scattering from 

turbulence regions, and absorption by rain and clouds. 



II.A.1. Attenuation Due to Scattering 

Scattering due to very small particle, or molecular scattering is called 

Rayleigh scattering. Rayleigh scattering varies as and produces large 

attenuation at short wavelengths. Scattering by particles large compared to 

the signal wavelength (e.g., from aerosol particles) is called Mie scattering 

and is much less wavelength dependent. Scattering of the light from turbulence 

regions is not very wavelength dependent but is Important since large portions 

of the beam are lost due to reflection. A theoretical discussion of turbulence 

caused scattering is presented. To determine the amount of attenuation due to 

scattering from atmospheric constituents a model of the atmosphere must be 

developed. Elterman has developed such a model, which is augmented with 

empirical data peculiar to Casa Grande, and his model is utilized in the 

following analysis. 

II.A.l.a. Rayleigh Scattering 

Rayleigh scattering -- the scattering of radiation from particles small 

compared to the wavelength — dominates as the cause of attenuation at short 

wavelengths. The Rayleigh attenuation coefficient, ßR , is a function of 

altitude, h, and wavelength, \ , and is given by 

ßR “ ‘AM x lo5 (1) 

Where: 

(¾ = Rayleigh scattering cross-section given by 

0 . 8^.(12 ■ l)g . 6 + 36 

R 3X4^ 6 . 76 
(2) 
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Where: 

n a refractive index of air at sea level 

Ô « depolarization factor 

N8 » molecular number density at sea level 

NR = “olecular number density at any altitude 

\ ** signal wavelength 

Qhe term (6 + 36)/(6 - 76) accounts for the depolarization due to the 

anisotrophy of the atmosphere. Figure 1 shows oR as a function of X. 

The probability that a photon travels a distance R, through the atmosphere 

without encountering a collision with a Rayleigh scatterer is given by 

Pr ’ e’8R (3) 

where PR is this probability. The product BRR is commonly temed the 

Rayleigh optical thickness". For large numbers of photons, the statistics 

are such that PR becomes the transmissivity of the atmosphere insomuch as 

Rayleigh scattering is concerned. 

With respect to altitude, R may be written as 

R = h sec 0 

h being the altitude and 0 the zenith angle. 

H.A.l.b. Mie Scattering 

Mie scattering is caused by aerosol, or large particle scattering and is 

not as wavelength dependent as Raleigh scattering. 

As with Rayleigh scattering, the fundamental parameter for determining the 

loss due to Mie scattering is the aerosol attenuation coefficient, B . It has 
' a 
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Figure 1 

Rayleigh scattering 
cross-section versus 
wave-length 

T 



been found by Junge that the size distribution of aerosol particles tends to 

remain relatively constant with altitude. This allows the relation 

(5) 

Na (o) 

Where: 

ßa(0) « aerosol attenuation coefficient at sea level (for a particular 

meteorological range) 

Na(h) - aerosol number density at an altitude h 

Na(°) “ aerosol number density at sea level 

Figure 2 shows Na(h) as a function of h. This curve is relatively well 

representative of the conditions at Casa Grande. Figure 3 shows the aerosol 

attenuation coefficients at sea level as a function of wavelength. 

As with Rayleigh scattering, the probability of no collision of a signal 

photon with a scatterer, and hence, the transmissivity, is given by 

P, 
(6) a 

II.A.l.c. Total Particle Scattering Attenuation 

The total scattering attenuation coefficient, pt (\, h), is simply the sum 

of the Rayleigh and Mie coefficients for each wavelength and altitude: 

ßt h) B ßp U* h) + ßa (\, h) (7) 

To detemine the total extinction coefficient, rext, from ground to some 

altitude, h, requires summing the product of attenuation coefficients and 

increments of altitude, £h. 
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Figure 2 

Representative profile, aerosol 
number density vs altitude 

Aerosol Nunber Density 
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(8) 'ext Ü>) h U, h) Ah 

As before, if e T is the probability of no scattering, then the altitude 

variation in atmorpheric transmissivity may be written as 

or 

T 
o-h exp - [sec e ^ ßt (h) tfi] 

(9) 

^o-h exp - [sec e ¿ [(¾ NRÍh) X 10-5 + ß (0) îki^L]] 

0 Mo) 
(10) 

Figure 4 (after Eltexman) shows Eq. (lO) graphically as a function of wave¬ 

length for an altitude of 35*000 feet and a zenith angle of 0°, 3he 

contribution of scattering above this altitude is negligible and is thus 

ignored in any of the calculations in this report. 

II.A.l.d. Scattering Attenuation from Turbulence Regions 

Due to refractive index discontinuities associated with turbulent regions 

in the atmosphere, a portion of the incident light will be reflected (back- 

scattered) giving rise to attenuation. The amount of l'>ss is a function of 

altitude, temperature, wind speed and wind speed gradients. Since the 

turbulent regions can be manifested in many sizes and shapes, and thus must 

be represented by a large variety of mathematical models, it is extremely 

difficult to quantitatively assess the loss. It is possible however, to 

express in general fom, the reflection coefficients associated with refractive 

index discontinuities. 

11 
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Hie refractive Index, n, of a gas may be approxljsated 

../ 
by 

2N e 

m (Hj - v)2 

Where: 

N ■ molecular number density 

® ■ electron charge 

+ 1 

(11) 

m mass 

H) * resonant frequency of the molecules 

V ■ source frequency 

Since N Is a function of altitude and temperature, so must be n. The variation 

in n, 6n, with respect to a variation in N, 6N, is 

a 6K 

(12) 6n 

V2Na + 1 

where 

m(v02 - (13) 

A change 6» can be brought about by turbulent wind conditions or thermal 

inversion layers and thus may be expressed by 

ÔN SN (T, ar, h, sw, Vsw) 
(14) 

With s the wind speed and Vs its 
w F vsw its gradient. Further, since 6N is generally 

a function of position for a turbulent region, 

« - «H (X, y, Z, T, AT, h, Sw, Tsw) (15) 

Evaluating the functional foim of 6N Is not ¿ 
on .is net possible and consequently is not 

13 



discussed furthers houever, the develop»«* of pertinent equations Is 

presentad here» 

by 

ft. reflection coefficient, p , of . ess of refractive Index is given 

g 
(n - cos 6i) 

Pt " ---jr 
(n + cos 0^) (16) 

for a medium uhlch 1. not highly absorptive, «d über. ^ is the angle of 

incidence of the i'th ray undergoing reflection. 

Bie energy reflected fron the i'th ray, Ep , i8 simply 

\ " S 
(17) 

Vlth E0i the energy incident on the turbulence region. Hov Pl is given In 

B». (l6), and, by cceiblnlng this vlth Eq. (n) gives 

_ (/ãfa -fl . cos Gi)2 

(V 2Na + l + cos 0^)1 
(18) 

« obtain, after sunmOng over all angle. et, (fro. nomel mcldence to the 
half-angular vldth of the be«», ^), «,» tot* m,ray< ^ 

coure, the variation In B murt be considered to dbtaln a truiy ^titatlve 

esult (c.f. Eq. (ih) ). jf iB evaluated at a given altitude and 
temperatures, then by Integrating Eq. (17) over x, y, , «.d the wind condit¬ 

ions, this quantitative result 1. achieved, ftus, the g^.ral expression for 

the amount of energy is given by 

% . E T rrriT . 
T.h / mù —g p dx dy dz ds,. d(Vs ) 

>n ©jaó w ¿Na + 1 + cos Gj)2 ' v' 

(19) 
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For vhich «mbit high absorption, this result is altered to th, 

extent that It is far nore ‘»Plicated, ibe real situation, where a broadband 

source is used is ertrenelj cospllcated. 

To make an approximation of the inas . 
, . „ loss incurred by reflection of the signal 

i' 2 -810"8’ (19> — - « single ease. A ten percent 

ange was assumed in the molecular number density, a, (at 20,000 feet) and a 

loss of 4.75 percent resulted. To soiv« ., 
* -10 solve the problem, E was 

" “d *»as averaged over all 
angles within the beam width s and Va 

. ’ w Vsv were not considered in the problem 

(these determine th, functional form of *), and a uniform spatial 

distribution in 6N was assumed over the turbulence region. 

II.A.l.e. Scattering by Rain and Clouds 

As is expected gross attenuation results when rain or n a 
nen raln or clouds are present 

between the source and camera tn +v, 
smera. a the wavelength range of O.h« to l.Op, the 

-er particles are nonabsorbent, so that all of the energy is scattered. 

With respect to clouds, the Intensity of li^t exiting fro. the cloud is 

™d of both direct (trananitted light) and scattered light. tte in*neit3 

of the exiting light can be expressed as 

= I0 e-T sec6 + t 
s 

Where: 

It - total light intensity exiting the cloud 

lo = incident light intensiv 

Is = scattered light 

(20) 

15 
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T = optical thickness of the cloud 

8 » angle of incidence measured from the vertical 

aa Tsec 0 
Ttie tenn I0e pertains to the part of the transmitted light that 

remains coherent upon passage through the cloud*. Defining I . r e 
con Q 

Eq. (20) becomes 

jlili . T (T) e-Tsec9 . ! 

*coh(T) 

ïhis ratio is plotted in Figure 5. 

-Tsec0 

(21) 

The optical thickness T, is related to the attenuation coefficient, ß, and 

the cloud thickness z, by r » ßz. The value of 0 has been calculated using 

measured values of droplet size and density distributions. For a cloud with 

an average density of 100 drops per cubic centimeter, a radius of 0.7u, the 

attenuation coefficient is approximately 16 km“1. Experimental data gives for 

dense fog, ß between I3-16 km"1. (A good estimate would be 1 km"1 s ß s 

100 km-1, depending upon the density.) The thickness of clouds varies, but 

average about 200 meters for stratocumulus and 2 km for cumulonimbus. Using 

these facts, one finds that for thin, low density (ß « 1 km“1) clouds, t is of 

the order of 0.2, indicating that a major portion of the light is coherent 

(thus transmitted). On the other hand, for fairly dense clouds ( ß « l6 km“1) 

of average thickness, t will be approximately 3 and most of the light will be 

scattered. Figure 6 shows the transmittance of clouds as a function of T. 

*If the original beam infcident on the cloud is spatially coherent, the 

direct beam exiting from the cloud will also be. The scattered portion may be 

partially coherent, but the degree is unknown. 
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Figure 5 

Ratio of scattered to coherent 

intensity vs optical thickness 

T 

Scattered to coherent Intensity, Is (T)/lcoh(T) 
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Figure 6 

Cloud transmittance vs 

optical thickness 
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Because of the large size of rain drops relative to the signal wavelength, 

light which undergoes collisions will generally be backscattered (a result of 

geometrical optics). Consequently, in the presence of rain, large amounts of 

attenuation will be realized. This is illustrated in Figure 7. 

H*B. Absorption by Atmospheric Particles 

Attenuation of optical signals by the atmosphere arises as a consequence 

of absorption by molecular atmospheric constituents. The entire wavelength 

region from 0.3|i to 15|i contains thousands of sharp absorption lines due to 

the presence of HgO, C02, NgO, (^, 02, O3, CO, and their isotopes. At low 

resolution these lines are smoothed such that they are manifested as 

absorption bands. This is apparent in Figure 8 where a low resolution picture 

of atmospheric transmissivity is shown. At high resolution the individual 

lines are quite detectable, as may be seen in Figure Q. It should be noted 

that these curves are based on excellent sea level visibility (> 50 miles) 

and typical atmospheric water vapor content. 

H*C. Contrast Degradation 

II.C.l. Scattering 

Scattering of photons by atmospheric particles reduces the image contrast. 

Scattering angles are not unifomly distributed but rather have probability 

distributions which depend on the size of the scatterers. For very small 

dielectric particles (or particles with low conductivity), the reflected 

photons are symmetrical about the plane through the center of the scatterer, 

at right angles to the direction of propagation of the incident light. There 

19 



i 

Figur» 7 

Fog-rain attenuation 
\ - 0.63^ 

r
a
t
e
 
i
n
.
/
h
r
.
 



A
tm

os
ph

er
ic
 t

r
ia

d
s
«

*
, 

0
.3
 t

o
 I

.3
 m

lc
rc

m
. 



P
e
r
c
e
n
t
 
T
r
a
n
s
m
i
s
s
i
o
n
 

Figure SB 

Atmospheric transmission, 
1.2 to 5*0 microns v 

Wavelength, Microns 

22 



F
i
g
u
r
e
 
9
 

F
i
n
e
 
s
t
r
u
c
t
u
r
e
 
o
f
 
a
t
m
o
s
p
h
è
r
e
 

a
r
o
u
n
d
 
6
9
U
3
I
 
(
a
f
t
e
r
 
l
o
n
g
)
 

23 



is an intensity maximum in the forward direction (0 « 0) and in the reverse 

direction (0 = l80°), and there is a minimum in the plane of symmetry 

(0 = 90°). As the particle size increases, the symmetry is destroyed, more 

light being forward scattered. As the radius of the particle is further 

increased, the photons are almost all scattered in the forward direction, 

Figure 10 shows the intensity distribution as a function of particle size. It 

should be noted that, as the particle size becomes large relative to \, most 

of the incident radiation is backscattered. This is expected from geometrical 

optics. 

As a consequence of the fact that photons are not always scattered in the 

0-0 direction, the energy associated with the light signal is distributed In 

some manner other than uniformly in the forward direction. Some of the energy 

is scattered fron the direction of propagation of the light. This gives rise 

to the scattering loss discussed in the previous section. Light that is 

scattered in the direction 0 = ±A0 results in the degradation of image 

contrast since the energy from a point on the source is distributed over some 

spatial region. 

To determine the probability distribution of photon scattering angles is 

straightforward. The total scattering process consists of several collisions 

resulting in a large number of deflections and, because of this, it is 

sufficient to describe the overall angular distribution of scattered photons 

as being Gaussian by virtue of the Central Limit Theorem. 

II.C.2. Degradation Due to Turbulence Effects 

The properties of the atmosphere give rise to limitations in addition to 
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those imposed hy attenuation due to absorption and scattering. Beam directiv¬ 

ity and coherence are degraded by the presence of atmospheric turbulence. The 

randomness vhich arises when the signal interacts with atmospheric turbulence 

regions leads to a variety of effects which degrade the performance of the 

system. The effects are related; however, for clarity we list them separately: 

1. Loss of spatial coherence: destruction of the phase coherence across 

the beam, the phase changing rapidly with position, leads to blurring 

of the image. 

2. Beam spreading: small angle scattering by the inhomogeneities will 

spread the signal energy over a larger region. 

3. Beam steering: the entire beam may be deviated from the line of sight. 

4. Image dancing: variations in the angle of arrival of the received 

wave front will cause the image to be focused at different points in 

the focal plane of the receiving aperture. 

5* Scintillation: small angle scattering produces local fluctuations in 

the amplitude, so that over the beam there will appear areas bright 

and dark compared to the average. This leads to fluctuations in 

received power which are strongly dependent on the dimensions of the 

receiver aperture. 

All of the above effects are determined by anplitude and jtese fluctuations, 

and to gain quantitative information requires the solution of the wave equat¬ 

ion with boundary conditions appropriate for the particular type of beam. 

This problem has never been solved; however, there has been considerable work 

on closely related problems. In what follows, arguments based upon both 

geometrical and wave optics will be presented, and the theoretical results 
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Will be compared with empirical data where available. 

II.C.2.a. Qualification of ïheory 

To ascertain the importance of range in detennining the effect of the 

turbulence on the properties of the beam, requires sane knowledge of the 

dimensions of refractive index inhonogeneities. When the dimensions, i, of 

the inhomogeneities are large compared to the diameter of the beam, the major 

effect of the turbulence will be to refract +h«> y,QO_. , 
X uc reiract the beam as a whole, so that over 

ranges large compared to SL and D (the diameter of the beam), the beam will 

suffer a large number of deviations. On a plane perpendicular to the geomet¬ 

rical axis of the transmitter, the projected location of the center of the 

beam executes a two-dimensional randan walk (this is predicated on the random¬ 

ness of the turbulence inhonogeneities). If the turbulence is isotropic the 

deviation of the center of the beam from the geometrical axis of the trans¬ 

mitter will be Rayleigh distributed. The moments of the distribution will be 

discussed below. 

When the dimensions of the inhonogeneities are comparable to the beam 

diameter, the picture is considerably different. In a first approximation, 

the inhonogeneities will act as lenses which tend to focus and de-focus all or 

part of the beam, causing a granular structure of the wave front. In the 

receiver plane the variation about the geometrical axis of the transmitter 

will usually be small. Also, if the inhonogeneities have dimensions 

comparable to the transmitting aperture, the diffraction and scattering 

effects will not lead to noticeable variations in the beam diameter. If the 

range over which the signal is being transmitted is large the scintillation 
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(amplitude fluctuations) across the beam will be small. 

In the case where the beam diameter is large compared to the inhcmogenei- 

ties, small portions of the beam will be independently diffracted and scattered 

(focused and de-focused). Here the magnitudes of the scattering (diffraction) 

angles are such as to give rise to a spreading of the beam. Furthemore, 

these processes can change the phase coherence of the beam appreciably, and 

strong amplitude fluctuations may occur within the beam. At large ranges 

along with a spreading of the beam, we may expect a badly distorted wave front 

in which intensity fluctuations are quite strong. 

II.C.2.b. Loss of Spatial Coherence 

Spatial coherence le deeraded ty phaee changes in a direction perpendicu¬ 

lar to the propagation direction. Due to local refractive index variations 

in the path of the rays collected by the aperture, the Initially plane wave- 

front becomes distorted so that the aperture is no longer an ecuiphase surface. 

This effect leads to image blurring. 

In order to illustrate the effects of loss of spatial coherence at the 

aperture plane of an optical receiver, a power reduction factor p , is defined 

as the ratio of the power received when the wave is partially coherent to that 

received when it is totally coherent, p may be expressed for optical 

heterodyne detection systems as 

where (z), plotted in Figure 11 (Fried) contains the dependence of signal-to. 

noise ratio on receiver diameter and z is the receiver aperture diameter in 
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Figure 11 

Power reduction in an optical 
hetrodyne receiver caused by loss 

of phase coherence (after Fried). 
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(23) 

units of coherence length ro, given approximately hy 

ro^' ♦> = f0 Uo. 0) [-4-1 6/5 [cos ¿]3/5 

Where: 

X = wavelength 

$ = zenith angle 

f0(*0, o) , coherence length for wavelength i0 and zenith angle 0 

Physically, ro Is a measure of the spatial coherence in a plane perpendicular 

o the propagation direction. H* power reduction factor p decreases as z2 

Por t > 1. The power reduction factor is plotted in Figure 11 as a function 

of nonsalized receiver aperture diameter. The coherence length r0 is plotted 

in Figure 12 as a function of wavelength for various receiver altitudes and 

transmission path zenith angles. 

It can be seen that the useful aperture diameter may be quite small for 

wavelengths in the visible and near infrared. The advantage of using longer 

wavelengths can be seen when the l6/5 dependence of the coherence length is 

considered. 

II.C.2.C. Beam Steering and Spreading 

Two effects which depend strongly upon the intensity of the turbulence, 

and hence the inhcmogeneity dimensions, are beam steering and spreading, fen 

the wave front is not distorted appreciably by the turbulence, the effect of 

beam steering will be most noticeable, for it is then that the beam will be 

refracted as a whole. However, as the intensity of the turbulence increases, 

and the small scale inhocogeneities beccme important, the wave front is 
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increasingly distorted, and consequently the beam appears to cone fron a 

spatially incoherent source as discussed above, so that the beam energy is 

spread over a larger area in the receiver plane. Although the beam may not be 

steered off the receiving aperture, the received power will still be reduced 

by the spreading of the beam. 

When the receiver is far from the transmitter, beam steering will be 

negligible if the rms angular deviation* 66 = Og/y^ of the undistorted 

wave front remains small (a factor of 3) canpared to the (half) angular 

divergence of the transmitted signal. Figure 13 plots values of ae for an 

undistorted wave front of various dimensions as a function of p. If the wave 

front is distorted by the turbulence, beam spreading will be important 

only when the ms angular deviation 60 = o6/V~ = ir/yT1“ KpQ associated 

with a phase coherent portion of the wave front with dimension rQ, is 

comparable to, or greater than, the (half) angular divergence of the beam. 

Figure 13 can be used to obtain values of 0g in this case. For comparison 

with experiment, Goodwin has found that over an 18 mile path with a laser 

operating at 0.6328^ the angular deviations usually remain less than about 

50 microradians under intemediate turbulence conditions, which indicates an 

ms deviation in angle of arrival of 24 to 35 microradians, and hace agreement 

«Maklag the approximation that the correlation «stance for the derivative 

of the angle with respect to position along the path Is microscopic compared 

to the total range, It can -he shorn that the lateral dispUcement of a "rcy" 

has an ms deviation o - RogA/t- along an axis In the receiver plane, and 

hence we make the association 6q =» oq/J~2~~ . 
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Figure 13 

Diameter of wavefront, p, vs 
standard deviation in angle of 
arrival, Cg, for intermediate 
turbulence. 

HMS Deviation, aQ, Microradians 
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with the theory is quite satisfactory. 

a* simplest way to correct for beam steering (with a reduction In 

Intensity), given that the aperture sizes are fixed. Is to use diverging 

optics so that the effective (half) angular divergence a of the beam la large 

conpared to 6e: since the angular deviation Is Rayleigh distributed. It will 

be less than 69, 256, and 3ae for approximately 39, 86, and 99.9 percent of 

the time, respectively, and hence the beam divergence a should have correa- 

ponding values to Insure that the receiver aperture win be Illuminated the 

given percentage of time. 

m considering beam spreading. It Is useful to account for the reduction 

in received power, ais problem cannot be solved precisely here, but a good 

estimate can be obtained by assuming a unlfonn Intensity, I0, over the trans¬ 

mitting aperture. We will use the approximation of geometrical optics Insofar 

as the transfer function will be taten to be gaussian. If we let the line of 

sight pass through the origin or coordinates In the receiver plane located at 

range R, then the intensity at position (x, y) In this plane will be given by 

I(*,y) - I0 JJ p(x - X', y - y') dx' dy' /oU 

vhere the integration is over a circle 

P(x,y) 

of diameter D and 

(*2 + y2)1 

(Roe)* -J (25) 

fraction tj of the total tower which in j 
I uoaj. power wnich is incident upon a circle of diameter 

d centered about the origin in the receiver plane is given by 

71 = --¡p— JJ ^ ^ If p(x - y - y') dx' dy« (26) 
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Changing to polar coordinates, this 

d/2 
may be written as 

n " Í H>r f exp(.p2/202) I() _r^_ 

vhere IQ is a modified Bessel function 

pdp 

(27) 

which has the series expansion 

>2k 

,2 

of the first kind, of zero order, 

oo 

i0(z) = I JË/gl 
k=o (k,)r (28) 

Using this fact, we can write in the following 
form 

U 
i r 

L p(k +1, t) p(k + s) 
k=o (29) 

where 
oo 

p(K +1, t) = y 

n=k+l 

t 

TT 
-t 

(30) 

ZT T, CmUl*iV' POlSSOn diStrltatl0n t0 be Molina's Tables 

Z il 6 ' S'(d/2H0/- ^ accurate L 
figures are obtained in the following Halts 

1 - e -s 
- [l - exp - (d/2Roe)2] , t < 0.01, 

11 

For most cases of interest, only a few f wiiijr a iew terms are needprf +« a 
nnd ^ ,. neeaed to get good accuracy 

sure T, versus s is plotted for several values of t. Once the 

certain fraction of the total p,er win he received,- altérnate*, lf the 
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Figure l4 

Benin spreading in intermediate 
turbulence 
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receiver aWer ie pre .spec«iea, than pOTer trananlttei nu8t ^ 

y 8 faCt°r ttaeS lhat ^ the absence -of'turbulence. Her, 

Ho is the fraction of total power received in v 
power received in the absence of turbulence. 

II.C.2.d. Image Dancing and Blurring 

tta ^ ^ ^tn* ena blurring is enalc*ous to that 

between bean steering ana spreaaing: when the waveiront is not aistortea by 

turbulence, ana hence is phase cohe^nt across the receiving aperture, a 

ir“ ^ -111 be f0med- the turbulence intensity^ aistort 

the wavefront ana aistort the phase coherence. As . coneeguence the iaage will 

become blurred. 

Ae f0r ^ SlMe the »» deviation in angle-of-amval is 

generally small, the ms displacement of < 
Placement of the image from the focal point of 

the lene will almost always be negligible, ih, aisplac«ent of the l.age frŒ 

7 “ W1U' " f“‘' ^ 3oe f where f is the focal length 
o he lens. As nay be seen in Figure lb. for cost focal lengths of interest, 

this displacement will be negligible. 

Hufnagel ana Stanley have usea the results of turbulence theory i„ 

deriving an expression for image blurring or,H 4 
^ blurring, and their results show that, with 

the limitation to small scattering ancles d<f* 
ns angles, diffraction and scintillation 

cancel each other in the far.fieia, so that the problec reauces itself to ray 

tracing. Consent*, using the argents basea on metrical optics, we 

may conclude that the angular hi,,,. «-r , , 
angular blur of a point source is approximately gaussien 

with mean zero and fluctuation Oq2. 
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II.C.2.e. Amplitude Fluctuations 

Tatarski postulates that the amplitude variations obey a log-nonnal 

distribution, and he derives the following expression for the fluctuation in 

the logarithmic level of the amplitude: 

XA2 - < dog )2 > . o.5ac7/6 J C,,2 (r) 2576 dZ (32) 

»hich holds when L0 » A(> u the lnltlal ampUtude) K . ^ l8 

the wave number, and R is the range through the turbulence region. The 

integration is carried out along a ray, Z, from observation point to trans¬ 

mitter, and the argument r of the structure constant, Cn(r), denotes the three 

space coordinates. This expression holds for a propagation path of varying 

altitude, and it allows for changes in the turbulence structure along the 

path. For paths that are nearly horizontal to the earth's surface, along 

which the turbulence structure does not change appreciably, we have 

X.2 - 0.31 C„2 K7/6 R11/6 
(33) 

The fluctuation in the logarithmic level of intensity I (watts/meter2) 

is related to that in eznplltude by 

2 o 2 
Xi » < (log I/I0)2 > = 4 XA 

This expression can be interpreted as the fluctuation in the logarithmic level 

of received power for a receiver aperture having a diameter very small 

compared to V XP i hut, in general, since the fluctuations in intensity at 

points separated by distances greater than J \R will not be correlated, 

compensating fluctuations in opposite directions may occur across an aperture 

with finite diameter d, and therefore the fluctuation in power will generally 
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». ™ by thl8 averaglne effect< Iatarm calculates a ^ ^ 

Vhlch accounts for this averaging, and according!, the fiuctuation in the 

logarithmic IgvqI of Dower v 

P ecelved ^ “ aP«rt“« Of diameter a from a point 
source is given by 

1.2h Cn2 ¿/6 „11/6 G(dA/xR) 

(35) 

The expression for the fluctuation ^ 
fluctuation in power received by an aperture of 

diameter d fr™ a point source applies in a reciproca sense to the power 

received by a receiver of diameter much less than V1R free, a source of 

diameter D. ttus, the transmitter and receiver have aperture diameters D 

pectlvely, there win be a cimpound averaging effect, so that 

fluctuations in logarithmic level of received power will be given 

approximately by 

Xp = l-24 cn2 K7/6 R11/« (’(u/'jjf ) g(4/p } (36) 

Table II-l lists some values n-f* c -Pov. 
of 0 for various values of d/vm , and the 

dependence on Xj should be noted. 

dAR o 0.2 

average 

0.4 0.6 0.8 

factor, Gf 

1.0 1.2 

d/ (xR)' ) 

1*4 1.6 1.8 

xl2«l '10.89 

GXI2 = ^ 11 °*94 

0.73 0.57j 0.43 ¡0.33 O.25 
j » 

0.82,0.7010.6110.53,0.45 

0.17 O.13 o.l 

0-38,0.33,0.3 

For larger values of . 

For later use, two important properties of the i 

are nst- t-p log-nonnal distribution 

listed. If u - iog V is normally distributed with mean < u > and 
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fluctuation , then the 

< V > = exp 

following relationships hold: 

(<u > + 1/2 Xy2) (37) 

and 

2 y - V .2 , 2x 
V = < ( __ ) ) = exp (Xu¿) - 1 (38) 

Thus, for example, in the case of amplitude fluctuations, then 

and 

exp (1/2 XA2) 

2 A - <A > 2 2 
^=(( -£-) ) = exp (XA ) - 1 

(39) 

(40) 

Similar formulas hold for the mean and fluctuation of the intensity and 

power. But it should be remembered that for sufficiently large apertures 

(d»v \R) the distribution of the power is normal. 

The maximum scintillation frequency for a receiver with a small aperture 

d«V~XF wil1 be approximately equal to VN/^XR where VN is the wind speed 

normal to the line Joining the source and receiver. On the other hand, if 

d»v~ÏE , the high space frequencies will be discriminated against and the 

spectrum will be significant up to a frequency of Vjj/d. 

In order to use the above theory, it is necessary to know the values of 

Cn wbich are to be associated with different turbulence conditions. Tatarski 

has made some estimates of this quantity fron astronomical data and from data 

on the scattering of radio waves in the troposphere; when compared with meas¬ 

urements by Genoud and by Goodwin, order of magnitude agreement for C is 
n 

obtained. It is not possible to give a simple rule for estimating C , and 

consequently we will arbitrarily divide turbulence conditions into three 
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categories, according to whether the fluctuations are weak, intermediate, or 

strung. Although this division is s^ewhat subjective, it provides a basis 

for estimating guentitativel, the various degi.es to which turbulence can 

degrade light signals, ttus, though subject to long interpretation, we will 

oca the following values for Cn i„ making calculations: 

Weak Turbulence: Cn . 8 x io“9 ffi-l/3 

Intermediate Turbulence: Cn = 4 x 10"8 m"1/3 

Strong Turbulence: Cn = 5 x 10'7 m"1/3 

«ion Cn varies with position over the propagation path, it is necessary 

to perform the integrals for x/ and o* . Hufnagel and Stanley have n^er- 

ically integrated Cn along a vertical path through the atmosphere under 

conditions corresponding roughly to daytime turbulence. They find: 

C (Z) dZ * 1.3 x 10-u 1/3 

(¾) 

®ielr choice for Cn near the ground corresponds approximately to the case 

of intennediate turbulence. 

Vfcile beam steering and spreading, is.ge dancing and blurring give rise 

Of power, the greatest variations in power usually result frcm 

amplitude fluctuations. The fluctuation in the logarithmic level of received 

power is given by 

00 

Í 

XP£ = < (log -£-)2> = 1.24 cn2 K7/6 „11/6 G(D/vXR ) Gfd/^R ) 

a .. 
°bVl0US ^ t0 keeP ^ ^ large receiver and transmitter 

apertures. When these dimensions and the wavelength are pre-specified, the 

^1 



fluctuation in power is unavoidable. The fluctuation in normalized differ¬ 

ential power received is given by 

2 P-<P>2 2 
Gp = < ( ---) > = exp (X ) - 1 (^3) 

We often want to know what probability can be associated with a certain 

domain of variation for the received power, and here it is convenient to give 

the probability that the fractional deviation j_ÖP/P0j = £(P - P0)/P0J of the 

received power, P, from that received in the absence of turbulence, P , is 

less than some multiple n of Cp. Assuming a log-nomal distribution, the 

integration gives 

f[—I—] < nop >1 = [~Y [ + nop)] _ ^ r lo8 (l ~ no?) i 
J L Xn Xr, - (44) 

where Y is related to the error function: 

X 

Y (x) = -f exp (-t2/2) dt 

V J0 
(45) 

It should be noticed that, as opposed to the normal distribution, this 

expression is a function not only of n, but also of Op. 

In order to plot a graph for the fluctuation in power that is not over¬ 

specialized, we ccmprcmise by giving a figure for ap in which the product 

G(D/V XR ) G(<VxF ) is treated as a variable parameter, without specifica¬ 

tion of the arguments D/v' XR R and D/V XR R. In Figure 15 we plot values of 

Gp at the wavelengths X = 0.7 and 10(i. It should be remembered that the 

values for Gp given here are applicable to beams only when the diameter of the 

beam is large compared to the receiver aperture over most of the propagation 

path. Furthermore, since the distribution for the received power is 

asymptotically normal as d/,/~xR becomes large, the values in the figure will 
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Figure ISA 

Range, R, vs itns deviation in 

normalized differential power 
received. Op, for intermediate 
turbulence 
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Figure 15B 

Range, R, vs ms deviation in 
nomalized differential power 
received. Op, for intermediate 
turbulence. 

RMS Deviation in Normalized Differential Power, 
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Figure 15C 

Range, R, vs rms deviation in 

normalized differential power 
received, a for intermediate 
turbulence. 



overestimate the ms deviation in this limit. 

Summary and Conclusions 

Bie earth's turbulent atmosphere can impose certain restrictions on the 

ability to photograph ground based light signals frcm high altitude aircraft. 

A blurred and distorted Image can be expected to partially preclude the 

detemining of the center of the Image to within the three micron specifica¬ 

tion. If long exposures were used turbulence induced limitations would not be 

important (if the exposure is long compared to the rate of fluctuations, the 

effect of amplitude scintillation will be unimportant). This is because the 

film integrates across the image and the fluctuations will not be recorded. 

The loss of phase coherence (i.e., distortion of the wave front), will lead 

to a blurriness of the image that cannot be corrected. The degree of blurri¬ 

ness due to turbulence depends strongly on the atmospheric meteorlogical 

conditions, and to predict the reduction xn image contrast, climatological 

data on Casa Grande must be evaluated. 

It has been shown that when the wavelength is increased scattering 

degradation and turbulence induced limitations are reduced. Hence, frcm the 

standpoint of atmospheric characteristics as long a wavelength as possible 

should be used. Operation in the infra-red would be ideal; however, as we 

shall see in Section IV (Choice of Film) this is not feasible as present film 

characteristics are such to disallow this. 
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III. CASA GRANDE CLIMATOLOGICAL CONDITIONS 

It is necessary to too» the expected cllcatological conditions for Case 

Grande so that estimates of atmospheric turbulence, cloud cover, rain fall, 

system environmental conditions, and number of days of useful operation per 

year can be established. Once these conditions have been determined, it is 

possible to start designing a light system for the photognumnetric test ran. 

Very little data is available on Casa Grande itself (the Weather Bureau 

has only a "cooperative observer" in the area); huevar, the climatological 

conditions of Phoenix are almost identical. Consequently, the data presenter 

here are taken fron the records of Phoenix, with reference to Casa Grande 

where specific data are available. tte data for Phoenix were obtained fren, 

the U.S. Bepartment of ccemerce and for Casa Grande from private _ 

ication with U.S. Weather Bureau personnel in Phoenix. 

III.A. Temperature 

ae normal daily temperatures, recorded over the thirty-year period of 

I93I-I96O, are (c>p) 

January: (coldest month) DaUy maximum — 64° 

Daily minimum --- 37.3° 

July: (warmest month) Dalljr ... 1(A-6o 

Daily minimum — jQ0 

The mean annual temperature is 70.50. 

Knowing the tes*erature as a function of time of day is important becaus, 

of thermal gradients giving rise to ataospheric turbulence, which must be 
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predicted. Weather bureau personnel state that the largest thennal gradients 

will exist between the hours immediately proceeding and following sunrise and 

sunset. This means that for best results, the operating hours of the test 

range should be confined to 2100 to 0400 in the summer months, and 1900 to 

0600 in the winter months. 

With respect to the system environnent, thennal extremes must also be 

considered. The highest and lowest recorded temperatures in Phoenix have been 

11^ and 20 , respectively. Hence, it would appea' logical to design the 

system for operation in a 0° to 125° environment. 

III.B. Precipitation anr1 Humidity 

Bie following data were obtained on local precipitation and relative 

humidity for the same thirty-year period (193I-I960): 

Normal precipitation: 

Wettest month — 1.12 inches 

Driest month ■— O.O9 inches 

Annual average rainfall — 7.20 inches 

Relative humidity (percent): 

January: 

0400 — 59 

1000 -- 40 

1600 — 28 

July: 

0400 — 43 

1000 — 26 

1600 — 19 
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In the wettest month and drlost month there was 5-:¾ Inches and 0.00 

inches of rain respectively and the maximum rainfall recorded m a 24-hour 

period was 3.07 Inches. Figure 16 shows the normal rainfall In Phoenix. The 

annual mean number of days when the precipitation Is 0.01 Inches or more Is 

34. Die annual mean number of days where thunderstorms occur Is 22 days. 

Cloud Cover Statistics 

The only data available on cloud cover is that recorded between sunrise 

and sunset. The annual mean number of clear days (0.0 to 0.3 sky cover) 

is 211 days. Eighty-four days have a mean sky cover of 0.4 to 0.7, and 70 

days have almost total skv cover T+ no* 14, , ^ 
^ cover, it can most likely be assumed that the 

same conditions exist at night. 

Heavy fog exists on the average of two days per year. 

Wind Conditions 

Die mean hourly wind speed In January (at ground level) Is 4.5 m.p.h. 

In July It Is slightly higher - 6.3 m.p.h. the highest winds recorded 

vcre 75 m.p.h. Approximately 1# of the time the winds were at or below 

the average. 

No data is available for winds 

that they will be sufficiently low 

above ground level; however, it is expected 

as to not cause appreciable turbulence. 

TTIaE, Conclusion 

The climatological conditions at Casa Grande 

reasonably mild. With relatively low temperature 

can be expected to be 

gradients in the suggested 
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operating hours, low wind speeds, and medl.m humidity, operation of the 

photogrammetric test range should be practleal during the suggested hours. 

Operation will be sonewhat limited however, due to partial sky cover. 
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IV. Fim CHARACTERISTICS 

the selection of films for use In the test-range must be based upon 

several factors: 

1) spectral characteristics 

2) sensitivity 

3) graininess 

M contrast 

5) availability 

6) cost 

While each of these factors interrelate to seme degree, it is necessary 

to discuss each separately for clarity and rationalization of choice. 

By virtue of the atmospheric characteristics discussed in Section II, the 

film chosen should be highly sensitive in the red region cf the optical 

spectrum and should display reduced sensitivity in the shorter wavelength 

region. 

The sensitivity of the film should be as high as possible, consistent with 

the other desired characteristics so that the required source energy (which is 

directly proportional to filjn sensitivity) is minimized. In accordance with 

the image resolution specifications, the graininess of the film must be such 

as to allow the determination of the image center to within three microns. 

Finally, the cost and availability of the film should be kept in mind. 

Hie ideal fi^m for a night photogrammetric test range would be a fast, 

high contrast (gamma), fine grain, thin emulsion, extended-range panchromatic 
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(or IE) film. In the following yubsections, the various parameters are 

discussed and the film choice is based upon the film type most closely 

resembling the ideal one. 

IV.A. Spectral Characteristics 

A photographic emulsion responds to radiation of certain wavelengths. The 

spectral range of which an emulsion is sensitive, and the degree of sensitivi¬ 

ty at each wavelength, are established during manufacture by the sensitizer 

and the emulsion. All emulsions are sensitive to radiation in the near 

ultraviolet and blue regions of the optical spectrum. Bnulsions which have 

only this sensitivity are termed blue sensitive, and most duplicating films 

fall into this category. When the sensitivity is extended into the red 

region of the spectrum, the film is called panchromatic. The newer aerial 

reconnaisance are panchromatic with extended red sensitivity. The sensitivity 

of these films extends into the near infrared (approximately 0.7 microns). 

Infrared films are sensitive in the near infrared region to approximately one 

micron. 

A common method for determining the spectral characteristics of an emuls¬ 

ion is to image diffracted light from a continuous spectral (white) source 

onto the film. A continuous density wedge is placed in front of the film so 

that the relative sensitivity of each wavelength can be determined from the 

resultant exposure. This method utilizes an instrument called a wedge 

spectrograph. Another method employs a spectral sensitometer which exposes 

known amounts of energy at various wavelength bands thus allowing the 

determination of the absolute spectral sensitivity. Figure 17 shows the 
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FIGURE 17a 

KODAK DOUBLE-X AEROGRAPHIC Film, Type 2405 (ESTAR Base) 

DK-50 

D = 1.0 abovs 

gross fog 

FIGURE 17b 

KODAK PLUS-X AEROGRAPHIC Film, Type 2401 (ESTAR Base) 

D-19 

0 = 1.0 abovs 

gross fog 



FIGURE 17c 

KODAK PLUS-X AEROGRAPHIC Film, Type 5401 

D-19 
D = 1.0 i 
gross fog 

FIGURE 17d 

KODAK SUPER-XX AEROGRAPHIC Film. Type 5425 

D-19 
D = 1.0 above 
gross fog 
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D-19 

D = 1.0 abovi 
gross fog 

D-19 
D = 1.0 abovo 
gross fog 

FIGURE 17e 

KODAK PLUS-X AERECON Film, Type 8401 

FIGURE 17f 

KODAK TRI-X AERECON Film, Type 8403 
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FIGURE 17g 

KODAK PANATOMIC-X Aerial Film, Type 3400 (ESTAR Thin Base) 

FIGURE 17h 

KODAK PLUS-X Aerial Film, Type 3401 (ESTAR Thin Base) 

D-19 
0 = 1 
gross fog 
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FIGURE 17¡ 

KODAK High Definition Aerial Film, Type 3404 (ESTAR Thin Base) 

D-19 
D = 1.0 abovs 
grots fog 

FIGURE 17j 

KODAK Infrared AEROGRAPHIC Film, Type 5424 

Spectral Sensitivity Curve 

D-19 
D = 1.0 abovs 
gross fog 
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spectral characteristics of various films which may possibly be used in this 

program. These data were obtained from the Eastman-Kodak company. As may be 

seen, they each display reasonably good sensitivity to approximately 0.7 

microns and thus, conform to the limitations imposed by the atmospheric 

characteristics. 

IV.B. Sensitivity 

The sensitometric properties of primary interest are those derived from 

the characteristic, or D-H, curve. Here the photographic effect is plotted 

as "output" versus input, which is the density of the negative (density is 

negative log of transmittance) as a function of the log of exposure. Exposure 

is customarily expressed as the product of illuminance (meter-candles) and 

time converted to a logarithm to the base ten. The exposure is plotted 

logarithmically since this most clearly shows the inflections which occur. 

While the customary unit of exposure is meter-candle-seconds (mes), for our 

purposes in calculating source energy, the exposure is converted to energy 

density (joules * cm" ). 

A characteristic curve has three basic portions: the toe, the straight- 

line> and the shoulder. The toe is the region of increasing exposure which 

give rise to an increasing rate of density responses. The shoulder displays 

just the inverse character. The straight-line portion is the lirear response 

portion of the film and this is the region where operation is desirable. The 

vertical length of the straight-line portion is called the latitude of the 

film. 
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Figure l8 shows characteristic curves of various film which show the 

possibility of being useful in the Night Photogrammetric Test Range. Two 

seemingly ancmolous characteristics are observed on these curves. One, the 

density does not decrease to zero as the exposure decreases, and two, several 

curves are characteristic of a given film. The static level of density is 

referred to as the fog level of the film and is the result of the chemical 

reduction of unexposed grains by the developer. The amount of fog produced 

is a function of the nature of the emulsion and the energy, temperature, and 

agitation of the developing chemistry. Since an increase in fog level reduces 

the total contrast range of the film (latitude), every attempt should be made 

to maintain the lowest fog level possible. The reason several curves are 

characteristic of a particular film is because the shape of the curve is a 

function of the development. This is covered in a later section. 

IV. C. Graininess 

A developed photographic image consists of an aggregate of silver grains 

suspended in gelatin. The image structure properties of a film depend largely 

on the size and disposition of these grains, and upon thickness of the 

emulsion layer. The developed silver grains will occupy approximately the 

same position as they did when they were silver halide, but are not related 

to their original shape. The perception of non-uniformity in a photographic 

image is a function of grain size and disposition and the concentration of the 

developed silver grains. Maximum graininess occurs at a density of 0.3. If 

the amount of developed silver increases above 0.3 density, graininess 

dec:eases since the grains become considerably more concentrated. 
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FIGURE 18a 

KODAK DOUBLE-X AEROGRAPHIC Film, Type 2405 (ESTAR Base) 

FIGURE 18b 

KODAK PLUS-X AEROGRAPHIC Film, Type 2401 (ESTAR Base) 
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FIGURE 18c 

KODAK PLUS-X AEROGRAPHIC Film, Type 5401 

KODAK SUPER-XX AEROGRAPHIC Film, Type 5425 
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FIGURE 18e 

KODAK PLUS-X AERECON Film« Type 8401 

FIGURE 18f 

KODAK TRI-X AERECON Film. Type 8403 
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FIGURE 18g 

KODAK PANATOMIC-X Aerial Film, Type 3400 (ESTAR Thin Base) 

FIGURE 18h 

KODAK PLUS-X Aerial Film, Type 3401 (ESTAR Thin Base) 
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FIGURE 18i 

KODAK High Definition Aerial Film, Type 3404 (ESTAR Thin Base) 

FIGURE 18j 

Sensitometric Curves 
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If the developed grains are small, a greater image contrast will be 

realized. On the basis of resolution then, we would prefer a fine grain film. 

A problem exists, though, since fine grain films are generally slower than 

large grain types. This means that a greater exposure is needed for a given 

density. At the present time advances are being made in producing fast, fine 

grain films. The film chosen therefore, must have as small a grain size as is 

consistent with relatively high speed. 

The term granularity is an objective measurement that correlates with the 

subjective appearance of graininess. The root-mean-square (HMS) granularity 

value represents 1000 times the standard deviation in density produced by the 

granular structure of the material. It is obtained when a uniformly exposed 

and developed sample is scanned by a densitometer having an optical-system 

aperture of f/2.0 and a circular scanning aperture of 48 microns in diameter. 

The granularity value indicates the magnitude of the impression of graininess 

that would be produced if the film were examined visually at a magnification 

of twelve times. 

Table IV-1 gives the granularity values for the films previously examined 

for spectral characteristics and sensitivity. The values shown are for 

negative films having a net density of 1.0 (excluding the density of the 

support). 

Film Type [2405 '2401 5401|! 5425 8101 8403 3400 3401 3404 5424 8443 

RMS 
Granularity ! 361 35 
-^^_ 

34 37 

j 

34; 48 20 35 : 9-7 39 22 
_Í _ 

Table IV-1. RMS Granularity for Different Film Types 
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ïhe graininess of a print made from a negative of given granularity is 

also affected by the printing process. Among other things, granularity is 

changed approximately in proportion to the contrast of the print material. 

For example, if a negative of granularity ten is printed onto a material of 

contrast two, the granularity of the resulting print will be approximately 

doubled to twenty. 

IV.D.. Contrast 

The slope of the straight-line portion of the characteristic curve is 

called the gamma of the film and is a measure of the contrast capability of 

that film. Gamma is actually a measure of the amount of density increase for 

a given increase in exposure. When gamma equals one, a perfect tone reproduc¬ 

tion of the photographed scene results. This scene however, is degraded due 

to atmospheric scattering and turbulence. If a higher gamma, hence higher 

contrast film is used, a higher contrast image will result. Thus, using a 

high gamma film somewhat compensates for atmospheric scattering and turbul¬ 

ence. For aerial photography, films having gamma values of two to three 

are used. 

As may be observed from the characteristic curves (c.f. Figure 18), for a 

given density, the higher a films gamma, the more sensitive it is. Thus, 

aside from contrast considerations, the higher the gamma the lower the 

required source energy. 
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It is also noted that gamma is a function of development time, nie effect 

of development time on gamma is shown in Figure 19 where it is noticed that 

there is a maximum gamma. Further, the type of developer used gives rise 

to different gammas as well as different maximum gammas. 

Suffice it to say, that the higher the gamma of a film the better the 

image and the lower the source energy. Consequently, the film and developer 

chosen should be such to increase gamma to its highest value. 

IV. E. Choice of Film 

The ideal film for the photogrammetric test range would be a fast, high 

gamma, fine grain, thin emulsion*, extended-range panchromatic film. In 

order to choose, or at least rank the various film in their order of prefer 

ence, a figure-of-merit (FCM) was calculated for each. In this way each of 

the films can be compared with the others and a logical choice made on the 

overall characteristics of a particular film. 

The FCM can be expressed in terms of the spectral sensitivity, S , energy 
A. 

sensitivity, Emin, EMS granularity, G, the contrest or maximum gamma, \foax 

film speed, s, and availability. A, as 

FCM 

« 06 ß 6 *e % ws A 
(«) 

0,1 >&n 
where the exponents are used for weighting of the various parameters. It is 

necessary now, to assign ’/alues to the different páramete~s and their 

*If the emulsion is thin there will be less scattering of light between the 
grains; hence, an image with greater resolution. This phenanenon is called 
turbidity. 
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FIGURE 19a 

KODAK DOUBLE-X AEROGRAPHIC Film, Type 2405 (ESTAR Base) 

FIGURE 19b 

KODAK PLUS-X AEROGRAPHIC Film, Type 2401 (ESTAR Base) 

6? 
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FIGURE 19c 

KODAK PLUS-X AEROGRAPHIC Film, Type 6401 

FIGURE 19d 

KODAK SUPER-XX AEROGRAPHIC Film, Type 5425 



FIGURE 19e 

KODAK PLUS-X AERECON Film, 

Type 8401 

FIGURE 19f 

KODAK TRI-X AERECON Film, 

Type 8403 
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FIGURE 19g 

Thin Base) 

KODAK PLUS-X Aerial Film, Type 3401 (ESTAR Thin Base) 
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FIGURE 19i 

Time-Gamma Curve 
Illuminant: Infrared 

FIGURE 19j 

KODAK High Definition Aerial Film, 
Type 3404 (ESTAR Thin Base) 

73 



appropriate weighting factors so that the FOM for each fihn can be calculated. 

The values, and method of determining them are outlined below: 

S\ ~~ 1116 sPectr&l sensitivity is considered good if the upper wave¬ 

length cutoff is at a high level. That is to say, the higher the 

cutoff wavelength the better the film. To assign a value to 3,, 

the upper cutoff wavelength is compared to a fixed point on the 

optical spectrum. The fixed point on the spectrum chosen is 0.4 

microns, a value consistent with atmospheric limitations. S, is 
X 

taken to be the difference between the upper wavelength cutoff and 

0.4 microns. (280 * s; 500.) 

Ymax 1116 maximum developed gamma of the particular film being examined 

is used in the calculation of the FOM. 

s - For the purpose of calculations, the film speed is taken to be the 

Aerial Exposure Index. This is defined to be the reciprocal of 

twice the exposure (in meter-candle-seconds) at the point on the 

toe of the characteristic curve where the slope equals 0.6y. 

A - Many of the films are factory stocked by the Eastman-Kodak Ccmpany 

while some are available only through special-order purchase. 

Further, while most of the films can be used in almost all aerial 

cameras, a few have extremely thin bases and require special 

cameras (or at least are recommended for use in such cameras). 

Arbitrarily, factory stocked films are assigned the value ten 

for A, and special order types are assigned the value three. 

Further, if the film is recommended for use only in special 
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cameras, it takes on the value of unity. 

Ham - ae exposure in meter-candle-seconds which gives rise to e density 

of 1.0 above gross fog is used. 

0 - ae BUS granularity as reported hy the manufacturer is used in the 

calculations. 

In order to choose the appropriate values of the weighting exponents, the 

relative Importance of each major parameter must he evaluated. Once this has 

been done, the proper values can be established. 

ae most important fita parameter for this program is the spectral 

characteristic, 3^, end this must be reflected in the choice of a. ae BUS 

granularity, maximum gamma, and fita speed are approximately equally important. 

Banking next in importance is minimum energy, E^. sx takes on values 

between 280 and 500 (millimicrons) while Ymfl:t lies between 1.5 and 2.6. ae 

values of a and B must be chosen to show the relative Importance of 3^ and 

w but also be such that Sx does not overpower W laical values of 0 

for mapping fitas are 35-45 and so q must be chosen to reduce this value such 

that 

max 
RJ oi 

(47) 

with 80 a s k 125 being typical values for mapping fitas. Finally, the 

values of minimum exposure lie between lo'3 mes and 0.5 mes so that 6 should 

be chosen to scale these into proper perspective. From Eq. (Vf) the following 

values of weighting factors are obtained: 
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a = 0.5 

ß = 2.5 

6 = 0.6 

e = 1 

t| = 0.4 

0 = 0.5 

Now Eq. (46) can be rewritten as 

FCM = 

0.5 2.5 0.6 
'faax s 

g0-4 E0;5 
min 

(48) 

By substituting the appropriate values for each film the films can be 

ranked according to their desirability for use. Table IV-2 lists the films 

in their order of preference. 

Film 8401 5^01 5424 8403- 2405 2401 8443 3401 3400 3405“ 

FOM iJOjTOi? 8.5*10* 
I; 

7.79-10 7.7T-1CÍ* 7-5^ 2.34-icf* 1.51-10 1.22-lrf 5.33-103 3.3-1# 3.14-30 

Table IV-2. Figure-of-merit for Different Film Types 

As may be observed in this table, film type 8401 is very slightly superior 

to types 5401, 5424, 8403, and 2405. Consequently, any of these films would 

be logical, and desirable to use in the tests. Film types 5425, 2401, and 

8443 are also good; however, they are approaching an order-of-magnitude less 

in their FQM than the best film. The remaining films (3401, 3400, and 3404) 

exhibit relatively low figures-of-merit. This is due to the FOM's reflection 

of their special-order and special camera requirements. Note however, that 

if these films were factory-stocked and did not require special cameras, only 

type 3401 would appear desirable. This is due to the low speed of the films 

which are high-altitude, special reconnaissance films. 
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V. COMPARISON OF TEST RANGE CONCEPTS 

Hiere are basically two methods which may be employed to calibrate aerial 

cameras - a passive method and an active method. The passive scheme utilizes 

an airborne illuminator in conjunction with ground-based reflectors, while the 

active employs a set of ground-based light sources. Each of the two methods 

display advantages and disadvantages; however, as will be evident, relative to 

the aims of this program, the active system is superior to the passive system. 

V.A. Passive Test Range 

A passive photogrammetric test, range using an airborue pulsed source with 

ground-based reflectors could be utilized in calibrating aerial photography 

equipment. Such a system is desirable since an inherent property would be 

almost perfect synchronization between the source, the camera and the ground- 

based tracking cameras. In addition, It would intuitively appear, from a 

cost-effectiveness standpoint, that such a system would be quite feasible. 

The appropriate method for evaluating the feasibility of any system is to 

examine the magnitude of important system parameters. One such method of 

evaluation is the solving of the "energy-range" equation for the system. This 

equation is essentially the same as the "radar" equation and its solution 

provides an indication of the required energy (hence the power requirements) 

of the source for a given set of system parameters. 

The amount of source energy and power depends upon several factors: 

a) Minimum energy required for exposure (¾^) 

b) Range (R) 

c) Beam width of the source (u^) 

d) Atmospheric transmissivity (T) 
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e) Camera lens diameter (D) 

f) linage diameter (d) 

g) Optical cross-section of reflector (or) 

h) Optical efficiency of the system (rfc) 

The equation analogous to the radar equation for a passive system is 

¾ ■ ru ( “T > ¢9) 

where Eg is the minimum source energy required for exposure of the film. The 
2 

tern (d/D) provides a measure of the increase in image intensity due to the 

magnification of the lens system. 

It must be appreciated that the light received by the camera consists of 

not only light reflected by the reflectors, but also light reflected from the 

ground, surrounding installations, and clouds. Background irradiation, Hg, at 

the receiver aperture will give rise within the exposure time (open shutter), 

T, to an average number of noise photons at the f£lm given by 

NB s HB T (AX) (ttA) D2 Tfc/hv (50) 
where 

Nb ■ average number of noise photoelectrons 

AX = spectral width of energy at the film 

1¾ * efficiency of the receiving optics 

h a Planck's constant 

V = frequency 

It is necessary now to determine the background spectral irradiance from 
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all possible sources. Ohe chief sources of noise will be reflection of light 

from clouds and the ground and light backscattered from atmospheric particles. 

To determine the amount of energy scattered from clouds and from the ground, 

consider the following: If the spectral irradiance of the incident light is 

% watts per unit area per À nomal to the direction of propagation, then the 

power reflected, PR, per steradian per I in the direction ^ per unit area of 

the cloud, or ground, is 

H, 

R cos % COS 0 (51) 

where 0T is the angle between the nonnal to the reflector (cloud or ground) 

and a line from the source to that reflector. An expression for the total 

area, Ap, reflecting light may be written 

Ar = (ufcR)2 -1-. (52) 

By combining Eq.'s (51) and (52) and by noting tnat the optical bandwidth of 

the camera is Bq, the rate at which quanta are received, N /t, may be written 

2 2 K 
NR tt TTC D Bo “k 
~T~ “ 16 hv Hs ^ cos 0T (53) 

where p is the reflectivity of the reflector. If this result is multiplied by 

the exposure time, the number of noise photons received is determined. 

To estimate the amount of noise photons which arise from atmospheric 

scattering, a uniform atmosphere is assumed and the extinction theory of 

Koschmieder is followed. Consider a small element of cone defined by the 

camera field-of-view. It will have a volume given by 

-r (uc r)t dr (5*0 
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where r is the distance from the camera to the scattering element and is the 

camera field-of-view. Let Og be the integrated scattering coefficient per unit 

volume, then the power scattered per steradian in the direction of the camera 

is (assuming isotropic scattering) 

n B0 Hs p 

PS = Ï6 Os (“fc r) dr (55) 

Noting that this will be reduced by the atmospheric transmissivity before 

reaching the camera, the received quanta rate is calculated by integrating 

over the entire cone, 

N. R 
c'A ^ Tir P • x 2 2 

“t “ “TOJ— J BoTtr)aS % uc D dr (56) 

11 / Tfc D2 B0 ttfc2 . aQ 
( Kv-J ( — (i-T) H ) (57) 

with a the atmospheric absorption coefficient. 

The total flux of quanta due to scattering is the sum of the individual 

contributions -- i.e., NN = Ng + N^ + . Here Njj is the average total 

number of noise photons, N^ is the number caused by scattering from the ground 

and Nç is the number due to reflections from clouds. The total flux then can 

be expressed as 

^ . 4 1ÍIA. [n^xco.fa (P^Pg) , Q ^ 
(58) 

where (¾ and pc are the reflection coefficients of the ground and clouds, 

respectively. 

If the background noise level is sufficiently high there will be a 
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reduction in the clarity, or deliniation of target signals relative to the 

background. Ideally the image would be a Vlack background with a lattice of 

light spots representing the set of reflectors on the ground. If the back¬ 

ground is uniform in intensity, and non-zero in magnitude, then the light 

spots will be situated on a light background. In the limit of equal intensity 

of both background and reflected light there is no deliniation of the lights 

from the background. While this will not be the case, it is expected that the 

presence of background radiation will degrade the image, the amount of 

degradation being dependent on the amount of cloud cover, type of clouds, and 

reflective characteristics of the ground. 

V.A.l. Passive Test Range Design 

Basically, the design of the test range depends strongly upon the type of 

reflector used since its optical cross-section determines the minimum required 

energy for exposure and the image size at the film plane. The other 

parameters which appear in the range equation are relatively fixed in value 

and thus cannot be changed to minimize the source energy. 

V.A.l.a. Reflector Design and Optical Cross-Section 

A reflector used in a passive range must exhibit a maximum optical 

reflection cross-section for an effective cross-sectional area such that a 

100 micron image is obtained at the film plane (using typical cameras) at the 

maximum slant-range for which the system is designed, and an angular 

divergence such that the reflected light can be observed at any point in the 

range by the aerial camera. 
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Biere are two reflector configurations which meet these requirements - the 

Lambertian and the spherical (convex) reflectors. In both cases the image 

size characteristic requires a reflector diameter of 18 inches and, in order 

to illuminate the complete range as well as accepting light from any point in 

the range, the reflected angular divergence should be 80°. 

The optical cross-section of a reflector is taken to be the product of the 

effective cross-sectional area (the area reflecting light) and the coefficient 

of reflectivity. In the case of a Lambertian reflector however, some of the 

incident energy is lost. IMs is due to the characteristics of a diffuse 

reflector. As a consequence, the optical cross-section must consider this 

loss. For a plane angular divergence of 80°, the amount of energy lost due to 

diffusion is O.587 E1, where E1 is the incident energy. Thus, if p is the 

reflectivity of the Lambertian reflector and A is its cross-sectional area, 

the amount of energy reflected in an 80° cone, E^ is 

% = 0.413 E1 pA (59) 

and the ratio Ej^ is taken to be the optical cross-section of a Lambertian 

reflector: 

0 » 0.413 (A (60) 

Foi an l8-inch circular reflector with a coefficient of reflectivity of O.85 

(a typical value), the optical cross-section to be used in calculating the 

required source energy is 0 = 88.3 in¿. 

A spherical reflector whose radiation pattern appears to be an 18-inch 
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diameter flat-plate emitting energy into an 80° cone* has a higher optical 

cross-section since it can be made a specular reflector vhlch reflects essen¬ 

tially all of the impingent energy into the cone. Because it appears to be 

an 18-inch plate, its effective geometrical cross-section is 251.5 in , the 

same as the Lambertian reflector. For the same coefficient of reflectivity 

, 2 
as the Lambertian reflector, the optical cross-section is o « 214 in — a 

factor of 2.42 over the Lambertian reflector. As a consequence it is logical 

to choose the spherical reflector for use in a passive photogrammetric test 

ra.ige. 

V.A.l.b. Source Energy Requirements 

Having determined the optical cross-section of the reflector, it is now 

possible to calculate the minimum amount of source energy required to expose 

the film. Hie parameter values which are used in the calculations are 

justified as follows: 

a. Minimum required received energy at the film plane, E^n — for 

the films studied, this value is taken to be the nominal value 

for the best films, = 2.5 x 10"^ mes (3.75 x 10”J*cm"^). 

b. The slant-range, R — the maximum slant-range of 100,000 feet 

is used. 

c. Beam-width of source, ul — this is assumed to be 90°. b 

d. Atmospheric transmissivity, T — an average value of 0.8. 

*These characteristics are achieved with a segment of a sphere of radius 

l4-inches and an interior angle of 66°. 
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e. Camera lens aperture diameter, D — the value used for D is 

nominal value of two inches as was determined by a survey of 

aerial cameras. 

f. Image diameter, d — from contractual specifications, d = 100 

microns (3.9^ x 10"^ in)-. 

p 
g. Optical cross-section of reflector, o — c = 214 in . 

h. Optical efficiency, — a typical value is 1¾ = O.75. 

Substitution of these values in Eq. (49) provides us with 

Es - 4.3 x 103 J (61) 

V.B. Active Test Range 

An alternate method of performing airborne camera calibration is to place 

light sources on the ground and photograph them in a flight pass over the test 

range. The chief advantages of this type of configuration are lower source 

energy (one-way transmission only), less atmospheric problems, and the absence 

of background radiation. The major reasons for lower energy being a factor of 

prime consideration are less power required - hence less weight - and cost 

reduction. The other two advantages are extremely desirable since, due to 

accuracy requirements, the best possible images are required. With no noise 

background, the photographed image will appear as a lattice of light spots on 

a black background allowing localization of the image with much greater 

confidence than that obtained with a passive system. The problems associated 

with atmospheric scattering and turbulence induced fluctuations are reduced by 

approximately the square of the range. Consequently, the active system is far 

more attractive than the passive system. 
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On the basis if image properties, as well as the reduced cost of the 

active system, this configuration is chosen for the test range. In the 

following sections the design of an active test range is developed. 
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VI. DESIGN OF THE FHOTOGRAMIETRIC TEST RANGE LIGHT MODULE 

Having detemined that an active test range is required for calibration of 

aerial cameras, it is now necessary to design the best possible system. In 

accordance with contractual reauirements the light module must satisfy the 

following conditions: 

a) %e light source shall be of a size such that it will be imaged 

as a circle no more than 100 microns in diameter upon the recording 

film. 

b) The system shall be capable of being used with aircraft at 

altitudes up to 100,000 feet. 

c) The light sources shall be of a size, intensity, and spectral 

value such that the true center point of the photographic images 

they produce (on selected films) shall be resolvable to an accuracy 

of three microns RMS or less. 

d) The lights shall be remotely controlled and capable of being 

turned on or off frcm both the aircraft and the ground. 

e) Hie range shall be self-sustaining, with minimum maintenance 

requirements. The system shall function trouble-free for a minimum 

of thirty days (sixty hours of operation) and require minimal 

maintenance thereafter. 

f) Hie system shall incorporate a regenerative power supply. 

g) Hie individual lights shall be portable enough for one man to 

remove or install them on a fixed base in minutes. This requires 

the lights to be light-weight (no movable package must weigh in 

excess of 100 pounds), and have a modularized (plug-in) construction. 
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h) Each light shall be both vandal proof and bullet proof. 

i) Each light shall be designed such that it will withstand the 

climatological conditions at Casa Grande, Arizona for a five-year 

period. 

In addition to the above requirements, cost must be considered as an 

extremely Important parameter. It has been assumed that a fixed amount of 

funds will be available for construction of the test range. Consequently, the 

lovrer the cost per light Installation, the more Installations that can be 

built. Having a large number of sites is desirable since more accurate 

results are achieved (locating the true center of the source) vith an tacreas- 

ing number of lattice points. 

n,At Source Energy and Power Requirements 

ïhe first step in designing the test range is to determine the source 

energy required for exposure of the film. To do this an equation similar to 

the range equation (Sq. 49) is used; hovever, since this problem is concerned 

vith one-way transmission the equation is somewhat different. Bre required 

source energy, Es, is given by 

ES \in 

2 2 
TT R 1¾ 

(62) 

lhe differences between this equation and the range equation are the absence 

of the term o, the quadratic dependence of range, and the linearity of the 

equation with respect to the atmospheric transmissivity. The solution of this 

equation, using the values for the systan parameters as in the passive case 
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Eg = 3.6 X 10"3 J • cm 
(63) 

If the diameter of the transmitting source is known, the actual lamp energy 

required is specified. As discussed previously, an l8-inch diameter source is 

necessary to image a 100 micron light spot on the film; thus, the actual lamp 

energy, £^, is 

2 
TT Eg Dg 

41¾ 2.52 J (64) 

where: 

Dg = diameter of transmitting source 

1¾ = efficiency of transmitting optics (collector) 

Compared to the lamp requirements for a passive test range (4300 J), 

it is easy to see the advantage (from a power standpoint) of using an active 

system. 

The energy value detennined above is the amount required for the exposure 

of one frame of film. The power requirements of the lamp are detennined by 

the frame time of the camera and the duty factor of the system. For most 

cameras which are expected to be used, the exposure time is one millisecond. 

This means, in tenns of peak power (i.e., the amount of power output per 

frame), that 2500 watts is required. This is an extremely high value if the 

system is operated continuously. On this basis it appears that a pulsed light 

source is considerably more feasible than using a 2500 watt continuously 

operating lamp. If N frames per second are required for calibration of the 

camera, the average power output of the lamp required is 
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Por example, if the syst« la daalgned for a lamp pul., repetition fluency, 

(PHF) of twenty pulsea per second, a lamp must be chosen with an average power 

capability of at least fifty watts, ft. amount of average power is dependent 

upon the frame rate of the camera and the number of photographs which are to 

be taken. In the following section this subject is duacusaed in greater 

detail. 

me characteristics of the lamp to be used In the test range are: 

1) Capable of 2.5 j output 

2) Capable of 25OO watt peak power output 

3) me lamp must have spectral characteristics which are consistent 

with the spectral characteristics of the atmosphere and the fita. 

me subject of lamp choice is discussed in a later section. 

kTr/c»«ra Synchronization and Source iver.^ -- 

Utilization of a pulsed transmitting source retires a method for 

synchronization of the pulsed light and the camera framing. Apparatus can be 

manufactured to acccmplish this task; however, it would be relatively complex 

as well as expensive. An alternate method may be utilized — "self-synchron- 

itation" of the system, ta this case the light is pulsed at a rate signifie 

antly higher than the frame rate of the camera and, due to an inverse 

"eclipsing" effect caused by the relative motion between light pulses 

and camera framing, the camera and source will periodically be synchronized. 
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If vc is the frame rate of the camera and is the pulse-repetition 

frequency of the source, the period between synchronizations, T , is given by 
8 

K - yl| 
-i 

(66) 

where 

M: ¿ Yl 

and the number of times per second, or the number of photographs per second 

which may be taken, N, is 

N “ |H: - Vl| (6?) 

Once the frame rate of the camera is known, it is possible to determine 

Yl (for any value of N) and thus determine the average power requirement of 

the source. It would be desirable to have pulses transmitted at rates of 

about ten to forty times per second for ccmpatability with typical cameras. 

This would result in values of N from approximately ten to forty which would 

be consistent with the requirements of both reconnaissance and mapp3.ng cameras. 

If the system is designed to operate at frequencies of forty pulses per 

second, the lamp chosen must be capable of operating at output power levels 

of the order of 100 watts. Further, arsuming that the narrowest pulse of 10"^ 

seconds in duration, peak powers of 2.5 x 10^ watts must be achievable in this 

lamp, In the following section several types of lamps are evaluated and a 

choice is made with consideration of the required parameters. 

VI.C. Selection of Lamp 

Several lamps were studied to deteimine which ones were best suited to the 

requirements of this program. Ordinary fluorescent lamps, as well as power 
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groove fluorescents (circular tube shape) were discounted immediately because 

of their inability to be flashed at high enough pulse rates. Incandescent 

lamps are also undesirable because of their flashing characteristics. Hie 

types of lamps vhich appear suitable are of the xenon flash-lamp family. 

These basically have the desired spectral, power, and energy characteristics 

necessary to meet the requirements of the program. 

Determination of the most logical lamp choice was based upon the 

figures-of-merit for the lamps under consideration. The factors of importance 

in choosing a lamp are: 

a) Spectral efficiency, t^q(X). This represents the total amount 

of energy in the spectral range of interest as related to the total 

output energy of the lamp. The spectral efficiency is thus given by 

J Eo M dx 
1^(1) = _i- (68) 

J E0 (X) dX 
o 

b) Average output power capability, Pout. This is primarily a 

measure of the capability of the lamps to be pulsed at certain rates 

but also has thermodynamic ramifications. 

c) Maximum pulse-repetition frequency, PHF 
max 

d) The amount of average power required, P . This parameter is 
I 

a measure of the conversion efficiency of the lamps. 

The figure-of-merit, M, for a given lamp may be expressed in terms of 

these parameters as: 
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M & 
(69) 

4 (>■) gput PHPj. 

_ 6 
preq 

vhere the exponents axe weighting factors for the various parameters. Hie 

importance of the parameters is reflected in the choice of these weighting 

factors and once determined Eq. (69) can be applied to enable the lamp choice. 

Hie rank of lamp parameters, in order of importance are: ^(l), Pou-t> ^req* 

“rá pRFmax* choosing appropriate values for a, ß, y, and 6, Eq. (69) 

can be written 

r / - 0*® 0.5 
[Pout] [P^max] 

M = —-im- 

^ preq] 

Individual lamps can now be evaluated by solving Eq. (70) 

peculiar to a given lamp. 

(TO) 

with the parameters 

Xenon flash lamps have the desired characteristics required on this 

program. These lamps are available in essentially two foitns, short-arc and 

helical construction. Short-arc lamps are characterized by the radiation 

being produced by an arc discharge between two closely spaced electrodes in a 

high pressure atmosphere of xenon gas. The lamps are generally manufactured 

for continuous operation but they can be pulsed. In a pulsed mode however, 

for greatest conversion efficiency, the lamp requires "simmering", i.e., power 

must be continuously applied to maintain the voltage slightly below the firing 

threshold. 

Helical flash tubes are manufactured by several companies and are designed 

to operate at pulse rates of the order of sixty pulses/second. The pulse 

widths available are of the order of one millisecond, which is consistent with 
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typical camera frame times. These types of lamps have figures-of-merit of the 

oraer of three to five, approximately an order-of-magnitude greater than any 

other type of lamp (typical values of other lamps are 0.2 £ M á 0.6). On the 

basis of the qualities of helical flash lamps, they will be chosen in the 

design of the test range. 

VI.D. Control of System 

Remote control turn-on and turn-off as veil as the ability to remotely 

change the pulse-repétition frequency is required. To provide this capability 

in the least conplex and costly vay presently used UHF equipment is employed. 

The remote control system is designed as follows. 

VI.D.l. Aircraft System 

The standard military UHF (225-400 MHZ) command transmitter aboard the 

aircraft shall be utilized. A frequency shall be selected in this range which 

is least used by other operations in the Casa Grande area. 

The aircraft radio transmitter shall be equipped with a tone generator 

connected to the modulator circuit of the UHF command transmitter with an 

interconnecting switch. When the transmitter and the tone generator are in 

the standby condition, closing a single switch at the system control panel 

will perform the dual function of tone generation and transmitter operation. 

At the time of transmission, the transmitter shall be at the preselected 

frequency referenced above. 

The tone will consist of two or more sequenced tones so as to provide an 

an address which the receiver will recognize and respond to. As covered 
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elsewhere in this report, three modes, each representing a discreet flashing 

rate for the lights, is desired. For simplicity and least cost, the airborne 

transmitter/tone-generator ccmbination will be energized once to turn on the 

lights at the lowest pulsing frequency, the second manual switch operation 

shall increase light pulse rate to the next highest pulsing frequency, and a 

third energizing shall produce the third highest pulsing frequency. At the 

fourth operation of the control switch the lights will shut off and the system 

will be cycled preparatory for tum-on at lowest pulse frequency on receipt 

of the next energizing signal. 

VI.D.2. Ground Control System 

In order to control the test range fron the ground, transceivers must be 

utilized to relay control signals from a remote area to each light site. A 

test measuring the propagation of UHF transmission from ground site to ground 

site was performed approximately seven years ago. Ihe test showed that 

satisfactory reception of UHF signals can be obtained at distances in excess 

of seventy miles fron the transmitter provided no obstacles exist between the 

transmitter and receiver. If the receiving (or transmitting) antenna is 

placed a short distance behind such obstacles, communications are virtually 

impossible. Qhe topography of the proposed test range shows the presence of 

two mountains — the Casa Grande and the Silver Reef ranges — with sites 

located such that certain installations will be shaded regardless of the 

location of the transmitter. To provide satisfactory communications to all 

sites it is recommended that the following design be used; 

At the highest point of each of the named ranges shall be located a 
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transceiver combination. The receiver shall be set to the aircraft operating 

frequency for the system, the transmitter at a second available frequency, 

sufficiently removed to prevent excessive front-end FT loading of the receiver 

by the adjacent transmitter. Separate omni-directional antennae shall be used 

for the receiver and for the transmitter, and antenna locations shgH be as 

far apart as can be conveniently and economically accomodated. 

The receivers at the tops of the mountains will receive the signal from 

any location of the aircraft or the ground control point within line of sight; 

the receiver output will be used to modulate the transmitter so that all sites 

shall be energized by the signal relayed from the mountain tops. Qhis system 

will eliminate the necessity for expensive wire installations and will pennit 

extreme latitude in location of the ground control point as well as the use of 

a mobile ground control station. 

The equipment to be used at the ground control point shall be the same as 

that used in the airborne system. The same operating technique shall be 

followed as described for the airborne system. This technique of effecting 

communications is illustrated in Figure 20. In Figure 21, block diagrams are 

shown for the airborne, ground, and relay systems. 

VI.D.3« Light Site Communications System 

Each site shall be equipped with a UHF antenna, a single-channel UHF 

receiver, a tone receiver, and an electrical system incorporating a four- 

position stepping switch. The receivers shall be transistorized units with 

low power consumption and shall operate continuously. Upon receipt of a 
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Figure 2IA. Block Diagram - Airborne System 

Figure 21B. Block Diagram - Ground Control Station 

Figure 21C. Block Diagram - Mountaintop Relay Station 



signal at the required frequency, the tones (including the address tone(s)) 

shall cause the receiver to operate a switch which will energize the elec¬ 

trical system and advance the stepping switch one step. At the first step 

the stepping switch will close an electrical switch to energize the lamp 

turn-on system and start the system operating at the preset first pulse 

repetition frequency. 

At the second energizing signal the stepping switch shall advance one 

additional step: the circuit controlling the "light-on" condition shall 

remain closed, while a second set of contacts will cause the lamp pulse rate 

to alter to the second preset rate. Like responses will take place for the 

third energizing signal actuation. At the fourth control signal input the 

system-on circuit shall oe broken and the entire system, except for the 

receiver, shall be shut off. Figure 22 shows a block diagram of this 

configuration. 

VI.E. Light Collector Design 

The image size requirements and shape of the transmitted beam dictate the 

use of a source collector which appears as an l8-inch circular plate with a 

beam divergence of 80°. There are four basic types of collectors which 

can be used to affect such characteristics: 

a) Paraboloid 

b) Spherical 

c) Conical 

d) Lambertian 
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Figure 22 
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The standard configuration for search-light collectors is a paraboloid 

of revolution. With a light source at the focus of the paraboloid a virtually 

parallel beam of light is produced. For the present application however, the 

beam is not required to be parallel, but rather to diverge with a half-angle 

. o 
of 40 . To produce this beam divergence, a paraboloidal collector could be 

used if the light source were placed ahead of, or behind the focal point. 

This would result in an 80° (full angle) spread but there would be a large 

area in the center of the beam with no illumination (« 50 degrees). This is 

true for both directions defocusing. As a conseauence of this absence of 

illumination, parabolic collectors cannot be used on this program. 

An elliptical or spherical collector might also be used to achieve an 80° 

bean. The problems with this configuration are the presence of a light void 

in the center of the beam find the lack of an effective l8-inch circular image. 

For these reasons such a collector would not be desirable. 

A third alternative would be the use of a Lambertian emitter. In this 

configuration a diffuse plate is edge lighted by the source and a Lambertian 

(cos ö) intensity distribution results. The major problem which exists here 

is the relatively low efficiency of the device. Since the Lambertian distri¬ 

bution is spherical (in spherical coordinates) energy is emitted in all 

directions as viewed from a hemisphere. Thus, if the emitter is shielded so 

at to produce an 80° cone of radiation a large amount of the energy is lost. 

n o 
The energy which is retained in the 80 cone can be written 

(71) 
o 

where l(Ö) = I cos 6, and 0 is the angle off the noimal. For 0 = 40°, 
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E ■ 0.4l3 Eq, E0 being the lamp output energy. 

A conical, specular reflector appears to be the most desirable configura¬ 

tion for use in this experiment. The reflector consists of an l8-inch 

diameter 21.5 inch high cone with the lamp at the apex of the cone. The 

overall efficiency of this collector is 9U.6 percent. 

VI.F. Pulse Circuitry 

The typical xenon flash tube may be considered as a device having a veiy 

high impedance until the applied voltage across the tube exceeds a certain 

value called the self-flash voltage. When this voltage is exceeded, the lamp 

resistance changes abruptly to a very low value. When the lamp is conducting, 

the dynamic lamp impedance is detemined primarily by lamp gecmetry, as 

follows : 

pi 

S ’ ^ (T2) 

where: 

R = lamp resistance in <->)yng 

p = specific resistivity of the ionized gas column, in ohm-centimeters 

i = length of gas column between the electrodes in centimeters 

r = internal lamp radius in centimeters 

tte gas column resistivity, p, most Important of the lamp electrical 

characteristics. Is affected to varying degrees by a variety of lamp 

parameters. Bra Internal lamp radius and the Instantaneous current density 

In the lamp can critically affect specific resistivity, analler effects ln B 

may he made by changes In gas pressure end gas composition. Ihe resistivity 
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of flash tubes varies considerably with initial voltage gradients, energy 

• input, configuration, and amount of optical damping. Generally it is lowest 

for a straight flash tube of a large bore used with higher voltage gradients 

and energy loadings. It is highest for tightly wound, multi-turn helixes of 

small bore tubing, at low voltage gradients and energy loadings. 

Another important lamp characteristic related to pulse circuit design is 

the deionization time of the lamp plasma. When the current to a flash lamp is 

interrupted, the lamp requires a finite period to deionize. Electrons are 

transmitting rapidly to the anode and the ionic drift to the cathode does 

not balance the space charge at each point along the axis of the lamp. If a 

pulse is interrupted for so short a period that no appreciable deionization 

can occur the impedance at turn-on will remain essentially unchanged. 

Conversely, if the interruption is for a long enough period to allow ccmplete 

ion diffusion and recombination, a ccmplete reignition cycle must occur and 

the lamp exhibits the same impedance variations experienced at initial tum-on. 

The importance of the deionization characteristic in circuit design is 

apparent, particularly where high pulse repetition rates are desired. 

For peak current densities of 100 amps to 4,000 amps/cm2, a value of 

P = .01 to .015 ohm centimeters is typical. In practice, the lamp impedance 

is measured experimentally where precise measurement of resistance is required. 

This is necessary primarily because lamp manufacturers do not generally hold 

lamp geometry to the precision tolerances required for accurate analytical 

determination of dynamic impedance due to the high production costs involved. 
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Variance in the lamp dynamic impedance from specific design parameters 

affects both lamp life and electrical conversion efficiency. It is the most 

important characteristic for consideration in the design of the electrical 

circuitry for the following reasons: 

1) Variations in lamp Impedance result in variations in the power 

applied to the lamp and possible overdriving, which is the major 

factor in reducing lamp life. 

2) Pulsing networks for the lamps are designed for optimum 

efficiency by critical impedance matching to the lamp. Variations 

of lamp Impedance results in mismatched circuitry and subsequent 

power loss in order to maintain a given output. 

VI.F.l. General Design of Pulsing Circuitry 

Generally, the pulsing circuitry is capable of storing DC energy, and 

applying this energy to the lamp in a characteristic form and at a rate 

required for maximum utilization of the lamp output and life. 3he ideal 

electrical circuit for exciting the flash lamp has lumped inductances and 

capacitance to ensure smooth current pulses. 

Energy storage for flash lamps usually takes the foim of a pulse forming 

network consisting of one or more sections of a lumped constant transmission 

line in which the characteristic impedance of the line is designed to match 

the lamp load. The desired pulse shape, repetition rate, and pulse energy 

may be derived analytically once the lamp load is known subject to the 

following limitations: 

l) Operation with less than a critical value of inductance will 
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shorten las® life and Increase the danger of lasrp failure from the 

acoustic shock waves associated with rapidly rising current pulses. 

2) Operation at higher than recommended pulse energy will reduce 

lamp life. 

3) Large extraneous inductances can result in magnetic plasma 

pressures which drive the natural mechanical resonances of the 

quartz tubing and result in eventual failure of the lamp. 

*0 Specific values of inductance are required to allow the 

conductivity at the electrode plasma boundary to rise to maximum 

before full voltage develops across the tube. 

»e basic advantages of using a pulse fomlng network are: 

1) Relatively high efficiency Is Inherent since current limiting Is 

accomplished with low resistance inductance. 

2) Adjustment of the characteristic Impedance Is possible to reduce 

lamp deionization time. 

A basic electrical functional diagram is shown in Figure 23 for this 

application. 

tte DC-DC converter transforms the comparatively low primary power supply 

voltage Into the required pulse voltage and self-flash trigger voltage. The 

pulse forming network establishes the pulse width, pulse period and pulse 

shape. The high voltage trigger applies the required self-flash voltage to 

the lamp for each pulse or sequence of pulses as desired. 
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Figure 23 

Block diagram of pulse circuitry 
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VI.F.l.a. Control and Firing Circuits 

!• Resonant Charging 

In applications requiring efficient power transfer into the pulse 

forming network, resonant charging may be considered. 

In Figure 2k consider the inductance, and the total capacitance, 

C, of the pulse foming network as a resonant circuit. The resonant 

frequency, fo> Will be 

f = 1 

0 (73) 

and the peak voltage appearing across the capacitor will be 2VQ. The time 

for the voltage across C to reach a maximum is half the period or 

T/2 = * V LC . If L is chosen so that T/2 is less than the desired lamp 

pulse repetition frequency, the pulse foming network will be charged to 

2V0 and D]_ will hold this voltage until the stored energy is discharged 

through the lamp. 

2. Lamp Triggering 

A convenient trigger design for lanpe Is Illustrated In Figure 25. 

Bie trigger transformer, T, tes a turn ratio of approximately 3 to 36 with 

a secondary winding sufficiently heavy to carry the lamp current. 

Cajacitor Cg Is charged and then discharged through the primary of T by 

spark gap, SO-1. Ihe charging voltage on C,, is chosen to Insure that the 

positive lamp terminal Is raised sufficiently above the lamp self-flash 

voltage, and the energy stored In Og Is chosen to insure that the core of 

transformer T, will be saturated by the trigger pulse. Ihe secondary 

winding of T, will then present a negligible Inductance to the main energy 
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figure 24 

Pulse forming network 
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pulse. U» les; Inductive section of the network presents a high 

Impedance to the fast rising trigger pulse. 

3. Operation with Low Current "Keep-Alive" 

Figure 26 illustrates a basically different mode of operation. A 

low current DC discharge is initially established through the lamp fnm 

the 'Keep-Alive" high voltage supply, and is maintained at all times 

during operation, ttis current is limited by to a low value, usually 

less than 20 ms. During the charging cycle, spark gap SO-1 is not 

conducting. 1-3 presents a high impedance to the main current pulse when 

SG-1 Is triggered. 

High Pulse Repetition Rate 

When using the circuit described in Figure 25, the upper limit pulse 

repetition frequency will be continuous lamp conduction, ttis will vary 

over rather wide limits and is heavily dependent on the specific circuit 

parameters in the pulse forming network. Continuous lamp conduction 

occurs when residual ionisation in the lamp la aufficient to keep lamp 

impedance at a low value until the charge voltage on the pulse forming 

network reaches a value equal to the voltage required to maintain a 

continuous arc. 

Substantial improvements in maximum pulse repetition rate may be 

realized In the following ways: 

«• K the characteristic impedance of the network is adjusted 

such that the current pulse through the lamp is slightly under¬ 

clamped, the current will pass through zero more than once 
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thus reducing the lamp deionization time. 

b. Operation of the lamp at less than its rated average power 

will reduce lamp temperature and thus reduce deionization time. 

c. The pulse rate may be increased by adjusting the pulse 

duration to a minimum consistent with lamp ratings, and adjust¬ 

ing the charging time constant to a maximum consistent with the 

desired pulse rate. 

d. A two electrode spark gap may be inserted between the 

positive lamp terminal and secondary winding of T in Figure 25. 

The extinction of the spark gap will be much shorter than the 

lamp. 

e. A high average power Thyratron or Ignitrón may be inserted 

between the voltage source Vq and the charging inductor 1^. The 

trigger pulse to the Ohyratron is then synchronized with the 

SG-1 trigger pulse and thus delays the recharge cycle until 

lamp extinction has occured, 

5. Injection Triggering 

Another approach to excitation of the flash lamp is shown in 

Figure 27 where a Thyratron tube and pulse transformer is used for 

so-called series injection triggering. A separate DC source is connected 

directly to the lamp through a current limiting high resistance (R3) and 

a storage capacitor (¢3). The circuit requires a timing pulse to initiate 

each lamp pulse cycle. Although this approach is generally more 

economical for lamp triggering, it has the serious disadvantage of 

inefficiency and is very unreliable when compared to a pulse forming 
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Figure 27 

Thyratron trigger circuit 
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network. Additionally, a »aparate pula, generator and pm», shaping 

network is required. 

VI.F.l.b. DC - DC Converter Design 

a. nost slnple and efficient power converters usually contain two power 

transistors and a special transformer so connected that a regenerative 

switching action exists between the two transistors. tt. transformer, a vita: 

part of the system, has a core material with a hysteresis curve approaching 

a square loop. a. output Is almost a perfect square wave, and, when 

rectified, the resultant voltage contains very little ripple (typically less 

than hit, at rated load). 

Ihe basic circuit for a converter is shown In Figure 20. its output is 

magnetically coupled to Its input through a square core transformer which has 

a characteristic hysteresis curve as shown In Figure 29. 

To begin the explanation of Its operation assume that the circuit Is 

oscillating. If transistor Is conducting, the supply voltage is dropped 

across the transformer primary, H,, and the rate of flux is linear as Indica- 
ted by the equation 

d0 

dt 

*cc 

Toö N (74) 

(¾. (TO) ignores the saturation voltage of the transistor and the 

resistive drop in », in order to simplify the explanation.) a. changing 

Flux in the core Induces a voltage in the other coils with polarity as shown 

by the dots, and magnitude proportional to the turns ratio, tterefore, 

transistor ^ is biased ON with a negative base voltage and transistor^ 1» 
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Figure 28 

DC-DC Converter 
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Figure 29 

Hysteresis curve of transformer 
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OFF with a positive voltage. Curves B and D of Figure 30 show the collector 

and base voltages of transistor Curve C shows that flux change is linear 

as indicated by Eq. (îM* When the core approaches saturation the induced 

voltages are reduced, and the base drive is therefore reduced. Since trans¬ 

istor Qj. turning OFF, the induced voltage across is reversed. This 

causes a reversal of bias, and transistor 1¾ is turned ON as transistor Qx is 

turned OFF. The cycle then continues. It should be noted from Figure ¿3 that 

when transistor ^ is conducting ^ of transistor ^ has an induced voltage of 

such polarity as to add to the supply voltage. Therefore, twice the supply 

voltage appears across each transistor during its OFF time. 

The current wavefom of the inverter can be explained by the transfomer 

equivalent circuit as given in Figure 31. This is an approximate equivalent 

of Figure 28 as seen from the input teminals, where is the effective 

primary resistance and Rg is the effective secondary and load resistance 

referred to the primary. Depending on the sum of Rx and Rg the current will 

rise instantly, as shown by curve A of Figure 30. Then, by the equation 

di 

~ * L (75) 

the current will increase at a constant rate. The current spike at the end of 

the wavefom is due to core saturation since the inductance approaches zero. 

The current will tend to rise to a vlue governed by the current gain of the 

transistor. 

The basic equation describing converter operation as derived from Eq. (jk) 

is: 

V . 1¾ fN]. SA • 10-8 (t6) 
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Figura 30 
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Figure 31 

Transformer equivalent circuit 
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whereî 

V ■ peak square wave voltage 

\ • maximum flux density of saturating core 

S * stocking factor of core 

A - cross-sectional area of the core 

It Beanes apparent thttt ln the ta8lc conïerter> l e j the slagle.traM 

fomer configuration, the transformer perfonne two functions, ft performs 

the etendard function of trWomatlon of power end determines the frequeru 

Of oscillation as well. Ihe function of the transistors Is simply to switch 

the DC supply from one-half of the center-tapped primary to the other, thus 

permitting the reeulting square-wave AC voltage to be transformed to the 

secondary. 

a« design of the transformer Involves the seme considerations as that o 

a standard transformer with reepect to amount «»1 type of Insulation, wire 

else, end window area necessary for windings. Eq. (T6) is of fundamental 

Importance In determining the relationship among the core else, frequency, a: 

supply voltage. 

ae transistors for a particular converter must satisfy two basic require- 

ments. Drey should have a useful at a current level determined by the 

Imum value of the primary load current, and they must be capable of with¬ 

standing the maximum voltage applied to the collector-to-emltter terminals. 

As previously mentioned, this voltage will be approximately twice the supply 

voltage (if no voltage spikes are present), and will appear across the Off 

transistor teminals. Generally speaking, it is best to limit this maximum 
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collector-emitter volte«, to lese tKar the BV^ retie« of the treneiator. 

a. moat .«ca, type of atertie« circuit ie the reeietiv. voltege-aivlier 

type auch ea above ie Figure 28. A ali«bt forver^ hiee ia eppli.i to both 

treeaiatora through the atertie« reeietor a. reîulre4 of 

le primerily e fuectiœ of the load aed the h^ of the treeaiatora. le. 

vorat cea. for atertie« viu occur «th heavy loada eed et lov te^rmturea 

eher, h^ ia mieimum. A filter capacitor oe the aecoedary recrea a heavy’ 

eurge of curreet durie« atartle« aa it chargee up. Becauae thla ieitial 

heavy load can make starting difficult -p.n + 
n:xng difficult, filter capacitors should be as small 

as possible. 

Ihe value of atartieg reaiatanc. ia geeerally heat determleed by trial aed 

error, but ae approximate value cae be detennieed fron 

V, . - Vcc *8 
Rs + rB (77) 

vhere V1 ~ 0.3 for gennaelum tranalatora, aed « 0.5 for ailicoe treeaiatora. 

To reduce loaaea, a diode cae be uaed ieatead of %, beieg placed auch 

that baae curreet flova ie the forvard directioe. ft. value of ,¾ can be 

increaaed alec, the diode appear, a. ae opee circuit until the oecillatioea 

begin. 

ae moat fluently uaed circuita are the «maaoe-emitter coefiguratioe above 

in Figure 28 and the ccmMon-collector autotraesfora,r configuration above in 

Figure 32. 

a. ccmmon-collector autotraeafonaer coefiguratioe haa an advantage over 
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Figure 32 

Cannon collector auto 

transformer configuration 



the c mmon-eniitter configuration: transistors can be mounted directly on a 

cccnmon heat sink without using insulating washers. A disadvantage is the need 

for additional base and starting resistors. 

The dual-transformer configuration shown in Figure 33 has many advantages 

over the single-transfcmer configuration. A comparison of the typical 

collector currents of both configurations at no load and full load, 

illustrated in Figures 34 and 35 reveals one of them: since the output trans- 

fomer of th£ two-transfoimer configuration does not saturate its magnetizing 

current is never large. 

In the single-transformer converter, once the transformer saturates, the 

collector current increases until it tends to exceed h^ i.e., pulls the 

ON transistor out of saturation. Conservative design is usually based upon 

the minimum value of h^, i.e,, 

IL * ^FTS (min) IB (78) 

where IL . maximum load current reflected to the primary. Since many trans¬ 

istors exhibit a 3:1 hjE spread, it would be possible for the actual peak 

collector current to be three times greater than the maximum reflected load 

current in those transistors with a high 

The dual transfoimer configuration differs from the conventional converter 

in that switching is detezmined by the small saturating tape-wound toroidal 

transformer, while the larger nonsaturating power transformer handles the 

feedback and output power transformation. Since the output transformer does 

not saturate, switching is not determined by the increasing magnetizing 
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Figure ^ 

Dual transformer 

power converter 



C
o
l
l
e
c
t
o
r
 
C
u
r
r
e
n
t
 

Figure 34 

Collector current of single 

transformer circuit 
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Figure 35 

Collector current of 
, Dual 
transformer circuit 



current pulling the ON transistor out of saturation. Instead, the ON transis¬ 

tor is pulled out of saturation by the decrease in base current which occurs 

when the toroidal transformer saturates. As the core reaches saturation, the 

increasing magnetizing current causes an additional voltage drop across the 

feed back resistor Rp. Thus the primary of the saturated transformer has less 

voltage dropped across it, affecting the decrease in secondary or base-drive 

voltage. 

VI.G. Prime Power Supply 

To meet the contractual requirements of being self-sustaining the light 

fixtures must utilize batteries for prime power. It is suggested that 

rechargable batteries be used in conjunction with a thirty-day maintenance 

cycle, i.e., the batteries should be recharged. The units could be totally 

self-sustaining by using solar panels for the recharging function on a daily 

basis; however, these would involve a great deal of cost. 

The major dry cell battery studied was the ammonium chloride (NH^Cl) in 

water electrolyte system utilizing a carbon rod (inactive electrode) and zinc 

container (active electrode). Although this battery is relatively Inexpensive, 

the system has sane inhibiting factors; the terminal emf of a dry cell is on 

open circuit is approximately I.5 volts. Further, the dry cell is restricted 

to a single cycle, inasmuch as the NH^Cl is disassociated forming NH^OH and 

HC1 which renders HCl + Zn -*■» ZnCl resulting in the perforation of the zinc 

container. Bie electrolyte then leaks out of the container and the cell 

ceases to function. 
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In TOng the wet oharge batterle8> the lea4.ceU( nickel.lron ceu ^ 

the nickel cedml« cell hetterles were Imreetlgated. 

ae lead-cell better utilize, electrode, of lead peroxide (Pn) and 

sponge lead (pb) with an electrolyte of sulfuric acid ÍH SO ) 
'2 k* ‘ 

11 18 P0ESlMe f0r 8Ulitatl0n take Place, 1.,., there are two states 

of PbS04 one of which 1. caused by ch«lcal preclpiutlon and 1. non-ccnduc- 

tlng. Discharging such a battery causes this type of sulfation, so It Is 

Important that frequent charging maintenance be perfumed. 

tte normal cycle life of this type of battery when properly used is 

approximately 600 cycles, tti. type of battery can be left standing idle m 

a charged condition for an average of *u , 
age of three months depending on the 

temperature and design of the hs+to™, p. 
battery. Evaporation of the electrolyte should, 

however, be considered. 

She nickel-cadmium (KiCd) the nickel-iron (EIPe) type batteries, utilise 

nickel dioxide (NiO¿) as the positive plate and either Iron or cadmium as the 

negative plate. tte electrolyte for this battery is potassivm hydroxide (KOHi 

«here the lead-cell batteries are often called the lead acid batteries, the 

nlckel-lron cell battery are sometimes called the nickel-base battery. 

It is interesting to note that there is no lower limit to the voltage of 

either NICd or NiPe batteries since there is nothing equivalent to the 

sulphation of the lead-cell type batterv rw u 
a. type cattery. Discharge however, cannot be 

continued below a useful lower limit. 
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The chief disadvantages of the NiCd and NiFe batteries are their caçarative 

high cost, low efficiency and high internal resistance. Figure 36 shows the 

relative charge and discharge curves for both lead-acid and NiCd/NiFe 

batteries. 

On the basis of cost and efficiency the lead-acid battery is chosen in 

preference to the NiCd/NiFe batteries. Table VI-1 gives the basic parameters 

for seme typical lead-acid batteries. 

•AMPERE-HOUR Weight Volt 

(20-Hr. Rate) Cell Cell 

Shelf Shelf 

Life Life Max. Cycle Price 

Dr¡L TemP- Life Cell Size Wet 

Table VI-1 
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Figure ^6 

Charge and discharge curves of a 

lead cell and an Edison cell, 

c ■ charge; d ■ discharge. 



VII. CONCLUDING REMARKS 

It has been found that it is feasible to design a photogranmetric test 

range for the spetlel calibration of aerial cañeras to accuracies of three 

microns at the film plane. It is pointed out however, that such accuracies 

can only be achieved if an active test range (ground-based lights) is used. 

Atmospheric conditions are such that a passive, or airborne light fixture will 

not meet the system specifications. 

The system which was conceptually designed utilizes a variable pulse 

repetition frequency, helical, xenon flash lamp as a source with an output 

energy of approximately 2.5 Joules. This lamp is coupled to a conical 

reflector giving rise to an 80° beam which covers the complete range at 

100,000 feet altitude. 

The ground-based fixture is remotely controller, by the aircraft, or a 

ground-based transmitter operating through a UHF relay station. Remote 

control of system turn-on, turn-off, and variation in pulse rate can be 

accomplished. 

Biere Is nothing critical In the oparatlon of the system with respect to 

the t^es of cameras to be caUbrated. Ihe different pulse rates have been 

chosen to be compatible with all cameras, and the system design Is based upon 

utilization of a variety of factory-stocked films. 

It is expected that a test range designed to be consistent with this 

report will enable the accurate calibration of aerial cameras under a variety 

of different conditions (altitude, speed of aircraft, and weather). 
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