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ABSTRACT. In order to design a laser rangefinder, it is necessary
to predict the effect that a change of any veriables will have on
the expected performance. Preliminary aspects of the overall de-
sign are discussed giving a general background in the current state
of the art. A derivation of the relationship between the parameters
in what is generally called the '"range equation” is shown. Methods
for determining the parameters are presented and it is shown how the
parameters affect the performance specification. The second half of
the thesis computes the range equation and presents the design for a
rifle rangefinder. The intent is to give a specific example for the
material in the preceding discussion, and also to report on this de-
sign, which is being developed as a prototype model for military use.
The rifle rangefinder is a portable instrument designed to be mounted
on a rifle in place of the usual telescopic sight. It is extremely
lightweight (less than 5 1b) and sets the rifle to the correct eleva-
tion semiautomatically.

This report is a facsimile of a thesis prepared in partial sat-
isfaction of the requirements for a master's degree of science in
engineering. It is published at the working level for information
only.
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: A laser rangefinder ls an instrument that messures the range or
distance of an object by emitting a short burst of light in the direc-

tion of the object and detecting a small. portion of the light reflected

back. The elapsed time between emission and receipt of the reflected
light is »roportional to the distance.
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LIST OF SYMBOLS USED, DEFINITIONS, AND URITS

Angstrom = 10710 meters
object area meteraa

a.re;a ef receliver metersa

speed of light 3x 108 meters/sec

diameter of laser rod

dismpeter of objective lens

charge on electron  1.60 X 10719 coutonbs

f number  (for a lens, f/no. = diameter/focal length)
false alarm rate during &t

total false alarm rate

Planck's constant  6.63 X 1073*  joule-sec
noise current coulombs/sec
noise current electron/sec

Boltzmemn's constant  1.38 X 10720  joules/°K
reflectlion efficiency of object

collection optics efficiency

transmission of transmitter optics

transmission of optical filter

index. of refrection

mean number of electrons recorded during time resolution
period 6t due to noise

mean number of electrons required in signal pulse
threshold nuxber of electrons

noise equivalent power watts’




Py vackground power wetts/ ster/ma/A

O range gate time sec

oM optical filter bendwidth A

PN incident power vhich is noise watts
P power output of laser (transmitter)  wetts
r ohms resistance of detector ohn_m
ry lens radius of curvature for the first surface encountered \
by the incident light :
1 r, lens radius of curvature for the second surfece encountered ’
X by the incident light
) s estimted standard devistion of mean mumber of electrons
‘ ij received in 8t
! S sensitivity of dstector amp/watt
5.8, lateral diameter of blur circle due to spherical aberration.
8/  ratio of signal to noise
t time seconds
T transmission, al1s0 ussd &3 a subscript denoting tranamitter
7t absolute temperature X
‘, v noise voltage from detactor volis
x X = %— (nb - n) B
¥ y=(i’i+i‘-nt)(n"+i')2
z z = AL/5t
I a light: absorption o
: ) rotation rave of spimming reflector Q-spoiler  revolutions/sec
,{5 8  electrical bandwidth of cireuitry  sec™t
;} 8R range resolution |
i 1 regolution time sec

L
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k=

o

angle between transmitter, object and receiver; on an inte-
grated transmitter-receiver this angle 1is zero

quantum efficiency of detector

transmitter beam spread radians

wavelength maters
micron = 10’6 meters
3.1416

standard deviation

natural beam divergence of & laser redians

solid angle subtended by the object as seen from the receiver

steradians

solid angie field of view of receiver steradians

vii
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Chapter 1

LASFRS AND RADAR

Tlager Rangefinders, like radar, messure distance by measuring the
time necessary for electromagnetic radiation to travel to the obJlect
in question and back to a receiver at a speed equal to c/n where n 1is
the optical index of refraction of the medium and ¢ is the speed of
light in vacua. The first difference from radar is that the trans-
mitter power generator is a laser, which emits radiation with wave-
lengths in the optical reglon. This, of course, necesaltates other
differences, such as the type of detection system used. Since lasers
are optlcal devices, they cannot be adapted directly to the function of
ranging from only a knowledge of electrical engineering. The theory of
range finding need= to be rederived on an optical basis, and requires
for its solution the engineering techniques encountered ia optical
design.

lasers have only been in existence during the last five years.
There are three gsneral classes: gaseous lasers, semiconductor lasers

and solid or partially viscous lasers. The gaseous type is made from
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a long, thin tube filled with some gas or combination of gases and has
usually been used where size ie not prohibitive, wvhere high erergy out-
put is not necessary or where comtinuous operation or a more stable
frequency is desired. The other two types are smaller and are capable
of higher power outpute on a pulsed basis. The solid lasers are most
popular for rangefinder application; they are generally in the form of
a crystal or glass rod and the energy is put into the rod (the rod is
"pumped") by reflecting the light from a flashtube into the rod. The
resulting laser emission can be millions of times brighter than the
sun at that wavelength.

A laser rangefinder has many advantsges over conventioral radar.
Laser light is nearly monochromatic, that is, all the photons emitted
have nearly the same wavelength; thus by filtering out all wavelengths
except laser wavelengths from entering the detector,background radi-
ation, such as scattered sunlight, can he almost entirely eliminsted,
Lasers can be designed so that the output light is collimmted into a |
very narrow beam which means that reflections from objects outside the
beam do not interfere with the desired reflected signal, a common
problem in radar called ground clutter. For a given energy input, the
distance light will travel can be greatly increased by collimmtion.

An interesting comparison can be made by comsidering the radiant inten-
sity or power density in the output from the transmitter. The 430 MC
radar undsr construction at Arecibo, Puerto Rico, using a 100 ft. disk

1 watts per

15

and 4.5 megawntt peak power has a power output of lol
steradian., A L.5 MW laser can easily have a power output of 10~° watts

per steradian. Peak powers in excess of 100 times 4.5 MW can also be

g o



e e s e o o 17 o i e am

achieved. Theses characteristics provide new opportunities for inven-

tion and exploitation.
WAVELENCTH DEPENDENCE OF LASERS

There are many kinds of laser materials and each emits light of a
wavelength which is unique to the material. The wavelengths can be
computed from the energy difference AE of the emitting energy transi-
tion. This energy difference is affected little by a change in
temperature and under normal temperatures does aot vary by more than
one part in ten and for most lasers much less than that. Semiconductor
lasers vary much more with temperature than do ruby or glasz lasers.

A desirable laser has the following properties: gocd energy conversion
efficiency; the product of its maximum output eand the detector's sensi-~
tivity is high; it transmits well through the atmosphere or other
intervening media; its size, sveilability, threshold ensrgy for lesing,
etc., fits the requirements of the project well. If the dominant noise
source is background radiation, then the backzround should be low at
the laser wavelength since background of the same wavelength as the
laser light cennot be filtered out,

From Fig. 1 it can be seen that fortunately there are windows
through the za.‘.nvm:\sphere';2 at the popular, laser wavelengths, 1.06u
(neodymium doped glass), 0.694u (ruby) and 0.530n (the second harmonic
wavelength for neodymium). The maximum trensmission of light through
the ocean 1s in the blue-green region, Fig. 2, so that second harmonic

neodymium glass lasers might be considered best for this




application.3’ % 5 The wavelength of gallium arsenide semiconductor
lagers (0.83u) also lies in an atmospheric window. More research on
lagers of this material is important because of their small size and
high efficiency. lLatesi reports show gallium arsenide to be about 40%
efficient in converting electrical input to light output power. Ruby,
a common laser material, is no better than 0.1% efficient. Neodymium-
glass 13 about 0.5% efficient when used in the infrared, but the
efficiency drops an order of magnitude in the second harmonic and even
more for higher harmonics. Private commnications with Dr. Hugh Quin
of International Business Machines indicate that the output of gallium
ersenide may soon be in the high power reglon by having one gallium
arsenide laser pump into another, thus operating as an amplifier; or
gallium arsenide lasers may also be used as e pump source for other

lasers.

WAVELENGTH CONSIDERATIONS FOR DETECTION

looking &t the next graphs, Figs. 3 and 4, the merits of various
wavelengths can be seen. Fig. 3 shows how the sky irradiance changes
with wavelength, and Fig. 4 shows the ability of photomiltipliers to

detect various wavelengths.®* Fhotomiltiplier tubes make by far the

# For helpful informetion on photomultipliers, see the technical
brochures from the following companies:
EMI Electronics, Ltd./U.S., North Hollywood, Calif.
Electro-Machanical Research, Inc¢., Frinceton, N. J.
ITT Industrial Labs., Div. of International Telephone and Telegraph Co.
Radic Corp. of America--especially RCA phototubes and photocells,
technical manual PT-60, lancaster, Pa.

+ i«
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best detectors for the visual wavelengths. Only at wavelengths less
than 1.06u does any other form of detector perform nearly as well. At
1.06p the performance of silicon detectors which are specially tuned
t0 have maximum sensitivity there equals that of photomultipliers.

The internal nolse generated by silicon detectors is indeed much
greater than thet of photomiltipllers, but the quantum eficiency~--the
ability to convert incoming photons to electrons--is so much tetter
that i1t compensates for the increased noise. The respective gquantum
efficiencies of photomultipliers and silicon at 1.06u are 0.04% and
better than 80%.* The disadvantages of photomultipliers are their
large size, the very high supply voltages necessary, and their con-

struction, vhich for some applicetions leaves them relatively fragile.
COMPONENTS

The components of the rangefinder can conveniently be classified
according to their function. These are shown in the block disgrem,

Fig. 5.

Transnitter
The laser pump power supply usually consists of a battery or

rectified alterneting voltege with capacitor output. It is at this

point that the system's input energy is usually calculated. Capacitors

are high efficiency devices and can be treated with small error as

* Technical information brochures from Electro-~Nuclear Labs.,
Inc., Mountain View, Calif.
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having efficiencies of 100%. This weans that the input energy per
pulse to the lassr can be calculated as 3 CV2 vhere C 1s the capaci-
tance and V is the potential difference applied.

When o flashtube is used as the laser pump, it is connected tc the
capacitor and, when triggered, converts the capacitor's stored energy
into light vhich pumps the laser with a spectrum depending on the
flashtube gases used. TFor semiconductor diode lmsers the capacitor

pulse is applisd to the Junction of the semiconductor materials.

€ "Q-spoiling" or

"Q-switching" gencrates & short pulse with high peak power and both of

A rangefinder laser should always be Q-spoiled,

these conditions are nscessary. The pulse duration, or at least the
rise time of the pulse, ghould be aharp so that distances can be re-
solved. The rise time must be on the order of, or shorter than,

2 n 5R/c vhere R is the desired range resolution, n is the index and c
is the speed of light. That power is the quantity of interest rather
than ensrgy cen be seen by realizing that only that erergy which in re-~
ceived during some definite time interval can be usci as signal, and
energy per unit time is, of course, power. It is possible to use auvto-
correlation schemes which have been developed for radar, to determina
the shepe (amplitude versus time) of the transmitted puise and to deter-
mive the effect of the target and intervening medium (atmosphere) on
ths pulse shape. The return signal can then be extrected from the
noise knowing its expected shape. When this is done the distinction
between ensrgy and power becomes less clear and it might be argued that
energy is more important. Auto-correlation techniques have their chief

value in radar vhere repetitive pulsing is used. It can te shown that to

> - cocamnm,
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operate the laser in other than the single pulse mode is at the present
wasteful of emergy, if not beyond the state of the art.

Farlier it wvas stated that the energy delivered in a given time
period determines the averasge povwer. A complete discussion of what
that time period should be and how it is related to pulse length and
other parameters makes up & geod part of this paper. The tine is
usually determined electronically and may include only part, or all,
of tpe pulse. In order to determine time precisely when a2 pulse
longer than the resolution time 1is used, it may be necessary to
megsure time from a given point on the wave shape. This is actually
& simplified form of correlation counting.7 The limit on how short
this time pericd can be and how precisely range can be determined or
resolved is affected by three mejor factors. Atmospheric turbulence
and inhomogeneity affect the time of arrivel of the return pulse. The
time response of the detector and its processing circuitry and the
electronic bandwidth limit the time. Third, the laser pulse itself
may be too long. These points will be elaborated on later.

A means to further shorten the laser pulse beyond what Q-spoiling
does is to use a laser amplifier. Putting a pulse of light from one
leser into another which is slready pumped to aa excited state will
also stimlate emission from that laser. Since the front part of the
stimlating pulese arrives first, it will be amplified most. Most of
the amplifier's stored energy will have been used by the time the
trailing edge comes é.long 8o that the resulting pulse has a sharper

rise time and a greater energy density than the original pulse had.
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Since the¢ beam direct from the laser has a divergence vhich is
greater than necessary or desirable, and because a narrower beam means
higher power density and greater renge, the direct output must almost
always be further collimated. A somswhat detailed discussion of the
limits on improvement that can be expected is given in Chapter 4.

For precise rarige measurements it is necessary to use a detector
to measure precisely the time of pulsing. This is best done by
appropriately observing the light pulse itself. Time measurements
begun vhen the flashtube is triggered are unreliable because of

variations in excitation time.

Receiver

The light reflected from the object im collected by awxiliary
optics, vhich focus the light on the detector. The received intensity
is directly proportional to the effective area of the receiving tele-
scope. Of course, received background radistion increases in the same
proportion, hut since rolse increases by the square root of noise
amplitude, as will be ghown in Chapter 2, the total gain when beck-
ground is the predominant noise will only be proportional to the change
in diameter of the collecting optics.

The computing system usually consists of a flip-flop circuit
which is turned on by the transmitter detector and turned off eagain by
the receiver detector. The flip-flop circuit starts and stops a
timing device or clock such &8 & crystal coatrolled oscillator. The
elapsed tims then is displayed as rangw.

An elternate method for computing the rsnge has been described by

the lui:ht'.br.8 It has a more limited application but offers some

10
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advantages to the clock method. Simply, 1t consists of a rotating
mirror whose apeed of rotation is known. The optimum position for this
mirror w.nld be on the shaft of the mirror used to Q-spoil the laser,
'_l'he received light would ve reflecied from the mirror and dlverted
through an angle which is proportional to the range. The tranamitter
fires vhen the Q-spoiled shaft is at a fixed angle. If this is called
the fiducial angle or 0°, then 7, the angle at which the light is

received, is

7=hnRé/c

¢

The factor 4 apperrs in this equation because of the travel time
to and from the targel and because of the equal angles of incidence

and reflection from the mirror.

11



Chapter 2

IRTRODUCTION

To approach the problem of knowing what size power supply is
needed, how much cooling 1s necessary and what the optical design
should be, calculation must be made of the laser light output require-
ment. This calculation is based ¢n three categories of variables: *
Tirst, parameters set by the objective of the project and considered ;
to be fixed, second, parsmeters which are themselves to be calculated |
or determined experimentally, and third, parameters which would be

desirable if they could be incorporated. The filrst category might

include the mexiwum distance over which range information will be
required, the repetition or sampling rate, the precision of the
measurement, the tsrget's size and reflectivity, the percentage of
times that the terget can be allowed to be milsec?. or not detected, the
percentage of incorrect readings or false alarm rate, and perhaps the
maximum peckage size and weight., The second group requires the most

research to assess and includes description of the detector, atmos-

pheric attenuation, background brightness, attenuation by the optics,

I
1
|
|
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signal to noise ratio and cooling rate. The third area is the part
most affected by the design. A good design will allow for increased
range , more precision, portability, reliability, and all other aspects
vhich could make the rangefinder a better instrument.

In deriving the power requirements the noise present will be com-
puted first, the percentage of light output which is received and used
as signal will be found, and then the necessa.’y signal to noise ratio
will be computed. Only after all these variables are included into a
single equation can a design be properly accomplished. For instance,
in different cases such things as the beamwidth or the area of the
receiver may appear as the square, the cube or even the fourth power,

and of course this will tremendously affect the physical design.
BACKGROUND NOISE

The power, or flux per second, P_, which is always present as

B)
background in the field of view of the receiver has a spectral
dependence and must, therefore, be expressed per unit of wavelength
‘at a given wavelength. Since the dependence is not strong it may then
be multiplied directly by the bandwidth A\ of wavelengths being
looked at with negligible error. That i3, for narrow bandwidths the
background power is nearly enough independent of wavelength to bs

t&bxll outside the integral.

‘e
f Py () an = Py (M) v

M




Actually, of course, the wavelengths looked at (bandpass of the
filter) are not rectangular, but are
more as shown for the percentage of

%,

light at a given wvavelength, and scme

sort of numerical integration is z
appropriate.

Noise due to background radiation is a direct function of the
area of the receiver AR or telescope, and the angular fiel)A of view
over which it receives background radiation. This will be equal to the
field of view of the receiver aR minus the solid angle subtended by
the object at the receiver Wy * Power mast also be multipiied by the
efficiency KR of the collection optics and the trensmission l{k of the
optical filter and the quantum efficiency n or sensitivity S of the
detector. The quantum efficiency or sensitivity is taken into acccunt
because noise is conceptually most easily computed in terms of
eiectronu on the first dynode for a photomltiplier or in the output

of a detector.

(1) Py (watts incident) = Py Ag ()R - Gon PN K K

(2a) Ig (electrons/sec) = Py Ag @y - wm? M KK 8/e
vhere IN is the nolse current and e is the charge on an electron.
Alternatively, since the energy of a photon equals hc/\ where h
is Planck's constant and ¢ is the spesd of light, incoming energy may
be converted to photons per second and multipiied by the quantum
efficiency to obtain electrons per second.

(2v) I,(chetm/m)-PBAR(nR-wm)MKh KR'qﬁ_)%

1k

B P



All of the above refers to diffuse radiation within the field of
view of the recelver; thsre could be specular reflection of the sun,
for instance, on the target or ciher objects giving rise to much larger
values of energy depending on the particular geometry and intended use
but in wmost cases the probability of occurrence is so low as to bve

neglected here.

DETECTOR NOISE

Noise in the detection circuitry cen be analyzed by components
such as detector dark current, amplifier and load resistance noise,
and read-out ambiguities. The latter can generally be desigmed to be
negligible with standard electronic techniques. The former two which
will be considered here depend on the detector.

For photomultiplier tubes, dark current at room temperatures is
predominantly due to thermionic emission from the photo-cathode which
is then amplified along with the signal. In the situation where the
tube is cooled so that other socurces of noise become comparatively
appreciable, the total dark current will have dropped to a level such
that there is good probability that no noise electrons will eppear
during the short time interval of detection and exterior noise

sources will predominate.

NOISE STATISTICS

When the predominant noise is either due to thermionic emission
from the photo cathode or from the photo cathode being illuminnted by

15




a steady background, the frequency is best described by a Poisson dis-
tribution since individual electrons ere emitted from the cathode
randonmly with respect to irm. 913 There 1s a slight deviation from

Poisson because not all elsctrons emitted reach the photomultiplier

dynode and get emplified but this effect is negligible. It could also
be described more basicly by a binomial distribution knowing the pro-
cesses by which photons are atsorbed and electrons emitted or how
thermal agitation causes electrons to overcome the work function
energy, etc., but the parameters necessary to do this are not readily
available and the Poisson description is preferable.

During some time period, 5t, there will be n electrons expected.
To £ind out the number of electrons for threshold, n,, an acceptable
signal, to noise ratio migt be deteimined. The threshold value is set
such that whenever more than n, electrons arrive during the tims period
it is concluded that a signal is present or if there are less than n,
no signal is present, only nolsa. VWhen an electronic device 1s used
it is set to respond only to voltages greater than voltage corre-
sponding to o, electrons. A false alarm rate is decided upon, as in
radar, which is the percentage of time for which a false sigasl ie

recorded due to noise. This false alarm rate is the probability,

F!5 & (< nt), predicted by the Poisson distribution.

-n

o~y 8
o

(3) Fbt (<nt) = n

[

1k, 15

for which tables are available.

|
]
It is desireble to ncrmalize this in terms of the eastimeted ;
|
1 |

standard deviation s since s = (n)°. Gaussian distribution tables ,
{
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may be used for this for large n and n, may be estimeted by determining

the parameter x vhere

(%) n, =B +x8 =0+ (5)?

As an exampls, if there are ten or twenty or more electrons on
the average, then teén percent of the time the fluctuation will exceed
the mean. This points up the fact that we are interested only in the
fluctuation in n, not n except, of course, that they are related. On
& macroscopic scale the noise may be thought of as a summation of a
direct current and a fluctuating, al%ernating current vwhere the origin
is taken at the mean d.c. level n instead of at zero so that the
megnitude of the d.c. part is negated. This leads to important
résults such &s the fact that it does pay to increase the area of the
receiving optics since signal will go up linearly while background
noise increases only by the squere root of the increased area.

There are two time periods involved--the resolution or pulase
time 3t and the range gate At. The range gate is the time or range
over which a signal might be expected or more precisely, the time
during which nocise elactrons might be counted as signel. The reso-
lution time is determined by one of +wo factors. If the precision of
. the range measurement 1s not critical, it will be the time necessary
to enclose the total laser pulse--about 30 to 50 nanoseconds or 15 to
25 feet of range for a typical Q-spoiled pulse. When greater pre-
cision is necessary, that will be the controlling factor; also the
rise time of the pulse will have to be less than the resolution time

vhich may require special Q-spoiling techniques and/or laser
amplifiers.
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Once the maximum permisalble false alarm rate for the entire
range cycle FAt is decided upon, then the minimum number of electrons
N required in the return signal during the pulse time 5t cen be com-
puted. Now. (1 - Fat) is the probability that no false alarm occurs

per pulse period; if z is the number of times that At exceeds Bt, then

(5) P =l=-(L-F

) 2
At 8t

thus from Eq. 3

c ; s_n -n \Z
(6) Fag =1 - =nt\n-—-—-,—-~n"" '

vhich can be solved for n,.

N, the number of electrons required for the signal is computed
next. Tne fiuctuation of N 13 also described by the Poisson distri.
‘bution so that one standerd deviation is equal to (ﬁ)%. Detsrmination
of hov far above threshold (N + n) should be depends om how often one
can allcw the sum of the number of electrons in the signal plus the
number due to noise to add up to less than n, , the decision or thres-
hold level. Wwhen this occurs the signal is miassed and nothing is
recorded at all. The standard deviation of the total is the sguare
root of the sum of the variances, which when N and n are each Poisson

— -1-
distributed 1s (¥ + n)2. If y is the number of standard deviations

by which (¥ + n) should axceed n,, then

vo— .—-l-
+n=nt+y(N+n)?

=2

(7)

y may be determined from tables knowing the micsed signal rate to be
alloved end then since n, and n are already computed, } may be com-
puted iteratively, usually in two or three trials.

18
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Combining Eqas. (7) and (&),
- —_ - -t
N=x () +y (N +n)2
Since for large n, which is often the case, N is comparatively smll,

(8) F~(x+y) (8)?
SOLID STATE DBETECTORS

Another detactor which is used where infrared detection is needed
and vhere the size and ruggedness become important is a solid state
detector. In the vizible, thelr performance is several orders of
magnitude down from photenmltipliers and so are not generally cone
sidered for use there. At the neodymium wavelength, 1.06u, the only
photomaltiplier surface which is sensitive is Ag-0-Cs, which is
classified as S-1 by the Electronics Industries Associatica (EJA).

Its performence is roughly equivalent to a silicon detector which is
properly tuned to that wavelength and amplified. Thus a silicon
detector is in competition with a photomltiplier for neodymium wave-
lengths. Silicon detectors can be mads with a quantum efficlency
approaching 1004 at 1.054 and a noise equivalent power, NEP, which is
lov encugh that the limiting noise comes from the following amplifier.
Noise occurring in solid state amplifiers is usually thermal noise
arising from the random ag}ta.t:lon of molecules with an amplituds
moasured in terms of the absolute temperature T'. It is based on
Einstein's derivation of Brownian movement and is also called Johnson

noiss. It has been shown to be independent of frequency up to very
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high frequencies and is descrived by a Gaussian distribution around the

mean which is zero. The estimated standard deviation s 18 caleculated

from the formula

‘y ' \\%
(9) 3=1=(...1Lr£.._5£

Here i = (peak current) - {average current)

and k is the Boltzmann constant, 3f is the electrical bandwidth and r
is the ohmic resistance of the input te the amplifier (usually, there-
fore, the detector resistance) since the noise in this input restor

material is amplified most and therefore predominates.
OUTPUT ATTENUATION

Once the number of signal electrons required from the photo
cathode 1z knowa, the equivalent output from the laser neceasary to
produce this can be calculated. As the power output PT from the laser
(transmitter to use the radar term) goes along the optical train, it
is first modified by the percent transmission of the optics KT The
transmitted beam has a spread that is usually 8 cone and measured by
the angle 0 in radians; when the object area Ao is smaller in extent
than the area of the cone cross-section at that range then !;Ao/'ﬂ‘(e R)2
of the beam is intercepted, where R i3 th2 range from transmitter to
object; when the object for which range is desired is equal or greater
than the cone, then A = (e R)a/h. The object next reflects only a

certain percent Ko of vhat is incident; if it has retrodirectional
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properties this must be taken into account, or 1f it is diffuse, e
model such as lambertian or isotropic should be assumed, in most cases
s lambertian surface comes closest to actuality. Lembert derives

his model based on the yrojected area visible to the receiver at each
point on the hemisphere, Near the periphery the illumineted area is
seen e.dge on and therefore is zero. Elsevhere the area seen increases
as the angle ¢ shown on the inset decreases., It is assumed tﬁat the
flux seen from A o is proportional so that at the point where the fiux
is received the power is proportionsl tc cos €. The total flux emitted

to the hemisphere at ¢ = 0 1s therefore

twice the amount at that angle if the Lo
energy were assumed to be uniform over ‘ " radu vammsuriren h
the hemisphere of surface ares {/ S _’ ) \\
2% B2 1° e ares of the receiver A, ! A0 /

intercepts a portion of what is

reflected and for a target or object with a surface that is assumel to
reflect light according to the lambertian model the portion is

AR/ ' R2 s for a coriwr cvbe prism or similar object which returns the
incident beam on itself without altering the original angular devi-
ation the pertion is MR/ 7 (R 9)2. This is further reduced by the
transmission of the receiving optics KR , the transmission of the
optical filter Kx,a.nd the efficiency of the photo cathodesurfece 7.
The power output of the transmitter in terms of the nmmber of

electrons required from the photo cathode is then
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R o

(10a) P, =

(lambertian reflector object)

Nveothh 2aR

B R K Ky Ry @ Kx“ B

(10b) Py,

(retrodirectional object)

Eq. 10 is used as it stands for the case vhere the limiting nolse is
gonerated within the detection device itself, be it dark current from
the photosurface, detector junctiomn, amplifier, load, or whatever and

Eq. 6 is substituted.
For the case where the limiting noise comes from illuminaticn of

the background in the objJect speace the following equation is to be
preferred as the function of the perameters in their ratio to PT is
changed. From Egs. 2b, 8 and 10ae (for a beckground limited situation
the receiver is generally designed so that the field of view is equal
to the cone of the projected light or ocutput divergence and for most

cases . is negligible sc that QR ~ Q@ =T Oa/h

t

2 2.4 2aRr

ET‘I;‘O R___]g.l_(x___xh‘-e (y+x(PBAR AXKAKRT\rL-Bt
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_(x+y) /2 93R"< Ppéh he \'3
84 K, Kye O ¥ R Rbest

,(11a) Fp

(lambertian reflector object)

=(x+y)1r3/295R" ( P\ he \%
32A0K,[,Koe'2aR IEKR]&.“"&

(11pv) Py

(retrodirectional object)

Another case vhich might be encountered is where the limiting
noise is due tc energy which is reflected from tThe target itself. A
similar derivation to that shown above should then be followed.

Fig. 6 shows how the power required changes with range for
various values of atmospheric absorption. Fig. 7 gives a similar
graph for the case where the objJect is larger than the laser beam and

iastead of an inverse fourth power law, the inverse square law holds.
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Figure 6. Power versus Rangs

This graph shews how power varies with range for various values

of atwospheric absorption. In this case the laser beam is larger

than the object.
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This graph shows how power varies with range for various values
of atmospheric absorption. In this case the laser beam is smiller
than the object.
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Chapter 3

NEED FOR RIFLE RANGEFINDER

These last two chaepters describe an actual design for a laser
rangefinder. This chapter derives the power requirements as a
specific example of how to apply the ildeas developed previously. In
Chepter U4 the mechanical and optical details for the design are pre-
gented.

In the Armed Forces, there is need for a portable instrument
vhich can determine range accurately. The author determined that this
need could be met by using & laser and proceeded to determine specific
goals for such an instrument. Consultation with Marine and Navy per-

sonnel and the reading of Army field mnua.la”’ 18

showed that if an
instrument could be developed which was light enocugh it would have
extensive use in & myriad of projects, such as tank fire control, for-
ward observing, mapping reconneissance, and sniping, to name & few,

Perhaps the person needing the smellest rangefinder of all is the

sniper, and it was decided to design a prototype for this use first.
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DESIGN GOALS

A sniper's mission often involves situations where a sgingle, long
range rifle shot i1s the only chence he has. It 1s important that this
ghot be sccurate as it will alert the enemy who will then seek cover.
A second or third shot will iikely give away the sniper's position.
Using special ammunition and specially bored rifle barrels, a sniper
often shoots from long distances. Since a bullet drops & great deal
at the longer i'anges , the major reason for & miss was found to be the
rifleman's inability to properly assess the longer range (e.g. 1,000
yards). It is thought possibie, howaver, that a sniper might attempt
shots at a range of 1,000 yards if he knew the range, therefore the
design goal was set for maximm range of 1,000 yards. It was decided
that no greater accuracy than 50 feet in range would be needed and no
informgtion closer than 200 feet would be used.

The lightest exlsting laser rangefinder to date welghs in excess
of 25 pounds including an external batiery pack. However, in order to
be of use to a sniper, for vwhom the rangefindsr could only be one of
meny pieces of gear, the laser could add no more than 5 pounds to the
rifle, This fuct is borme out by the dismal fajlure of the infrared
snooper scope. It works quite well but because it weighs 27 pounds no
one was willing to cerry it. 1In spite of the fact that several com-
panies did not think that & laser rangefinder could be built weighing
less than 15 pounds at the present state of the technology, & design

was attempted and has now been successfully accomplished.
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The false reading rate should be kept extremely iow, say one per
thousand although the missed rate could be higher, maybe 25 per thou-
sand, since the sniper can simply measure the rangs over again.

Another desired goal wes to have the range information displsy be
readily usable. While present idea# all use a crystal controlled
oscillator to time the pulse and then displsy this data on external
meters, the goal for thie design was to allow the sniper to keep his
eye on the objlect at all times while range is being obtalned.

Security is a2 design goal. The act of ranging should not alert
the eneny.

Ruggedness and 2 minimum of maintenarce or supplies such as

replacement betteries are obvious requirements.

ENERGY CALCULATION

Object

The most difficult object for the rangefinder to encounter will
be that of s man wearing absorbent clothing and presenting as little
perha.,ps as an 18 inch diameter area at 1,000 yards. The clothing
would typicelly absorb all the light incident upon it and rersndisate
perhaps as little as ten percent back. Buttons or other objects
reflecting specularly would in general reflect in directions other
than towerd the receiver and thus would subtract from the effective
srea of the 18 inch diameter. The percentage of specularly reflecting
area, however, will probebly be negligible.

The best estimate of the diffusely reflected ensrgy distributicn

in space ir that it will all be reflected back into & hemisphere
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toward the laser. The distribution within this hemisphere 1is most
closely spproximated by & model due to Lambert where ilie radiation back
into the hemisphere 18 zero at the periphery and maximum at the
receiver. As shoun previocusly the maximm ls exasctly twice that vwhich
would be expected for an emitter radisting uniformly into the hemi-

sphere. Thus, the incident emergy is reduced by the factor.

2 (surface area of hemisphere)
K, (effective aperture area of receiver)

Background Radiation

Although the worst case for detectability through a riflescope,
(least contrast between object and its background) is when the object
i8 in a dark forest or shadow, the worst case for the rangefinder is
when the object is silhouetted against a bright background. The
brightest probebly background will be a cloud filling the field of
view of the receiver, mads bright by scattered sunlight. As in

Eq. (1) the amount of noise power thus entering the receiver will be
Py Ap(g- wop)

where

2
R = AO/R

Determination of the correct value for PB is a formidable task,
one, however, which should be done quite thoroughly in crder to obtain
a meaningful value. To investigate the general case properly would
require another thesis. Since the subject is covered thoroughly in

the literature it will suffice to simply point cut sources of
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information and make a few general comments, even though background
brightness must inextricably be part of the subject of laser range
meters. The bilbliography is not intended to be complete, but some of
the references listed do have comprehensive bibliog:raphiea.lg"aa

The major problem with determining background light level is that
it varies constantly as a function of so0 meny parameters that no two
sources of information agree. This changing light level also makes
it difficult to establish even a probable worst case slthough this
mst be done before the laser can be designed.

In this problem of the rifle rangefinder, it is improbable that
renge will be required at an elavation angle greater than 15 or 20
degrees. The drawing, Fig. 8, shows the conditions for which ranging
will be most difficult. The sniper is shooting uphill, through an
absorbing atmosphere such as haze or light fog at a small obJect which
has & bright background surrounding it.

Since the percentage of total shois which will have the combi-
nation of high angle, foggy day, and bright clouds over the entire
Tield of view is very small, it will be reasonasble to choose a rather
liberal value for Pp. A velue of 3 X 10'LL '..':ltts/m2-ster-z& is chosen
as a value to degign for at 1.06p and 1073 at 0.59: with values
interpolated frem these two using the graph shown, Fig. 9, for other

wavelengths,
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ATMOSPHERIC TRANSMISSION

The transmissicn of laser light through the atmosphere to the

object and back agein, i1s computed from the expression e'am vhere

R = 1,000 yds = 9ih mtera.23’ 24, 2

The metric aystem is preferred,
but since range estimetion for riflea has been in yards, this will be
used for the first prototype's readout diaplay.

The cowments in the preceding section on the variebility of PB
also apply to @. Normally ¢ is & very powerful factor (see Figs. 6
and 7) and ¥mowing the exact value of Py, since 1t appears in the
square root of the range eguation, is of lesser consequence than know-
ing &t. Here, however, because of the short distance involved and the
smll amount of atmosphere to be travesed, the opposite prevails., A
typical value for the absorption coefficient is 0.05 per km on & clear
day, but if a value as different as 0.1 were used, the differenre in
total transmission would only change from 91 to 83 percent. On the
other hand, since a sniper doesn't cspecially limit himself to clear
weather conditions and even though R is éxceptionally smell, ¢ may
become quite large. As a guide the following table gives roughly the
vigibility limit and correspoanding & for various weather conditions.
Using the table as a basis for decision and supposing that a smiper
would want to sse in excess of 4,000 yards before attempting to shoot
an object at 1,000 yards, the value for ¢ is seen to be 1, making the
total transmission 164 at visual wavelengths. Referring to Fig. 1 in
the 1lst chay’er, transmission at 1l.06u weuld be sbout 204.
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Values of Extinction Coefficients for
the Internatiomal Visibility Code

Max. Visible a
Code Indices Distance Extinetion Coefficient

(Upper Limit) (Lover Limit)

0 dense fog 50m 8okn ™t

1 thick fog 200 20

2 moderate rog) 500 3

3  (1ight fog) lkn I

I thin fog) 2 2

5 haze) 4 1

6 light haze) 10 0.4

7 clear) 20 0.2

8 very clear) 50 0.08

9 (exceptionally cleer) 280 (pure eir) 0.01% (pure air)

ILASER MATERIAL

Concomitant with the goals of lighi weight and security, neo-~
dyniun-doped rare earth glass which emits light of 1.06u wavelength
wvas chosen for the laser mmterial. During darkness, a very definite
bean of red light can be seen from the laser vhen ruby is uwed, and it
is possible that socxeone might be looking in the direction of the
laser vhen it is fired., Also, the threshold input energy level for

% Taken from Van de Hulst, H. C., "Scattering in the Atmosphere
of the Earth and the Planets.” This paper is included as Chapter III
in & book The Atmospheres of the Earth and Plamts, ed. by G. P.
Kuiper, Chicego: Univ. of Chicago Press, 13W].
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lasing is higher for rudby than for neodynium. While it is true that
ruby light cen be detected more eesily (the quantum efficiency of
photomultipliers is two orders of magnitude better at .5943u than at
1.06u) it will be seen later that for energy imputs to Nd equaling the
threshold value for ruby, a 1,000 yard rangs can be obtained anyway, 80
that other arguments are invalid. Also, receant developments in sclid
state silicon photodetectors make a sclid state detector as good at
1.06¢ as a photomultiplier at the some mvelength? A detector and
amplifier require less space than & photomultiplier and high veltage
power supply. N& in a cawoh crystal hag a lower threshold, but’ is not
as rugged as glass and is very much more expansive.

Performance from other types of lassrs has not advanced sufli-
ciently to equal that of any of the above mentioned meterials.

Gallium arsenide injection lasers were not considered becmuse,
for room temperature opsration, at present, they do not exhibit high
snough power cutputs. To carry enough coolant for even a half day's
oparation would make theam bulkier than Nd and would require refills
which makes coolants impractical.

RECEIVER APERTURE

The receiver ares is a parameter that will be discussed to soms
degree iu thii chapter and also in the next. The maximm 3ize of {he

# Study by Autcnetics, Div. of North Amsrican Aviation, to be
published.
Also private conversations with Electro-Nuclear Corp. confirmed this,
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receiver is determined primaxily by the tulk vhich can be tolerated by
& sniper on his rifls. Somewhat arbitrarily, it is decided that a 9 com
diameter would not be too clumsy, making A, = .00636 u°.

At this point it seens wise to sumarize, according to the outline
in the introduction to Chapter 2, parameters pertinent to rangs without
considering size and weight.

Paramsters set by Varisbles determined Variables yet to
be met by design or
goels of project s0 far from the goels state of the art
R 91k meters A 1.06u L
SR 15 meters P, 37X 10" Mvett/star-nt-A K,
LR T31 msters o 1 KA
-3 2

FAt 0.1% AR 6.36 X 107° x O\
L9 10% )
w 5X 10'6 ster Q

oR ° R

st 1077 see ®

2 50 PB
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DETECTOR

Heving decided upon 1.06u, there are twc leading detectors from
vhich to choose. A nev ruggedized, S-1 response photomultiplier hasn
been developed vhich is only 2 cm in diameter and 9 cm long.  The
quantum efficiency at 1.06u is only 0.000L while thet of a silicon
detector is about 0.5. For this case, vhere the background radiation
is 80 high as to make the photomultiplier's low internal noise of no
significance the semiconductor detector is by far the begt choice.

The ususl reason for choosing photomultipliers over photodiodes i
because of the large thermal or Johnson noise in the diods and its
amplifier. In this case, hovever, the beckground iliuminstion is such
as to make the advantages from a photaamultiplier's lov noice of lemser
importance.

Internally generated noise from the silicon detector may de
calculated from the equation for thermsl noiu.“

(12) 1o ()3

since T' = 300° and r i85 X l.Gu ohma,

b)
1=57x103 (82
approximating 8f by 1/3t = 107 cps,

1.8 % 1072 coulonbs/sec
10

i

1]

electrons/sec

]

1.1 X 10

¥ RCA Type CTOL02B; Westingiouse type WX-22779
#* See Holter<, p. 243.
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OPTICAL FILTER

Since the next section will show that background radiation is a
mjor cause f noilse, it is desirable to filter out all wavelengths
except those emitted by the laser itself. From Eq. (11), Chapter 2,
1t 1s seen that the fraction /K, must be kept low, that is, the
dssirable filter wvill have a narrov passband to eliminate background
and a high transmission to pass signal. The Ligh transuission is
alwmys desirable, but if other noise in the circuit is wuch higher
than background then orly 1/X needs to be low. This is important
sin2e in manufecturing interference filters, rensmission and bendpess
features tend to be incompatible. (ensrally, in order to get sharper
bandpasses more interference is necessary, implying more layers of the
thin films and this of course mesans less transxission.

Spectrophotometer traces of the best available filters for 1.06:
are show in Figs. 10 and 11. The first truce is over a long wave-
length rangs to show tho blocking ard the next trace is expanded to
shov the bandpess region. This shows extended blocking <ver the
visual range for the case vhen S-1 surface photomultiplier is used as
this photomultiplier is sensitive in this wavelength range. Nelther
the photommltiplier nor the silicon detector is sensitive to wave-
lengths longer than 1.2u.

From the grayh, which is an actual trace, K, 1s seen to be T0%,
and A\, msasured at 354 transmission i3 951.1. By summing mmerically
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as indicated in Chapiter 2, it cen be seen that this value for A\ is
slightly low, so & rounded value of 100A is used instead.

CALCUTATION OF WOISE DUE TO BACKGROUND

°
b mtts/ster-ma-A as the valus for background radi-

Using 3 X 10°
ation the noise can »# calculated in terms of electrons coming from

the detector. From Chapter &, Eq. (2v),
A
I, (electrons/sec) = Py A (QR - wm) oK Knpee

All the variables except KR and ﬁR have heen determinsd and in the
next chapter it will be ghowa that their values are .9 and® /2 X 10'6
steradians, respectively. Substitution of the appropriate values

into the equation glves

(3 x 2074)(6.36 ¥ 103) - .5)(20"8(200)(.70)(.9)(.5)(1.06 x 18%)

n (6.63 X 10°7%)(3 X 10°)

3.4 x 107 slectrons/sec

CALCULATION OF SIGNAL-TO-NOISE RATIO
Calculations show that during the resolution time 3t (= ].0"7 gec)
on the average 3.4 electrons will be expected from the detector. The
fluctuations around this average velue will be Geussian, due to

thermal noise, wita a standard deviation & of 1.1 X 10° electrons.

Ly



From the desired total false ala™m rete FAt

alarm rate during 3t is given from Eq. (5), Chapter 2.

of 0.001, the false

P, =1-(1-7)"
thus k9 1n(1 - Fy,) = 0.5950
Fy, = 2.0 X 1076

15

and from the Biometrika Tables ~ this 48 @ 4.6 standard deviation.

The decision level or threshold number of electrons is
(%) n,=n+x8

= 344 + 4.6 (1.1 X 107)

= 5100 elsctrons

However for a missad aignal probability of 219 the averige
wugher of alnctrons in the aiepel must b@ 2.0 ptandsrd dsvistions of
signal plus noise greater than n. Since the signal has a Poissen
distrivution, the standard deviation of the simsnl cguals the cgunre
reot of the resn N, The stondnrd dsvintien of wolce is about sgual to
s since n is small. Thus the standard deviaticn of signal plus noiss
is aporoximately equal to

F+ Yo s
and Ren

t
F = 7300 electrons

+ 2.08

L2




A graph is given, Fig. 12, for the rifle rangefinder showing the
probability of ths nurber of electrons occurring as current from the
detector during the 10'7 seconds wvhen a signal is expected. The prob-
ability of there being a noise pulse to the right of the decision
level n, is 0.1% and the probability of having the signal plus noise

add up to less than n, is 2.5%.
CALCULATION OF POWER REQUIREMENT

At the ead of Chapter 2, Eg, 1l is used for background limited
noise. Because in one case detector noise is also copreciable Eq. 10a
is used and xs is determined from the combination of the two sources

Fa2 2R e2CRp ¢

fioe) LR T o SR

It will be seen {Chapter )) that ¢ can be made small encugh so tkhat the
% yord dilameter object will be as large as the beem crozocetion at
1000 yserds. That is © can be designed to be 3 milliradian. This
means that A = 7(6 R)a/h. In order to allow for the sniper to miss
aim the leser so that only half the target is hit, a factor of two is

Insexrted.

2§7R202QR

0 0

he

Thus P = CRY

T
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All values have been determined except KR and KT vwhich will each turn

out to be 0.9. Substituting the appropriate values gives

2 (7300) w(914)2(.20)(6.63 x 103 (8 x 1®)
T (6.36 X 2073)(.9)(.1)(.9)(-70)(-5)(1.06 X 10~°)(10™)

= 190 vatts

P, is to be interpreted as being the average power delivered in 107
seconds; that 1s, the energy is to be 19 X 10'6 Joules in 10~ seconds.
Since a typical Q-spoiled pulse is shorter than &t in thia case the
peak power of the pulse mey be more than PT. If the rise time of the
detector and the components in the associated circuitry were faster
than 1077 seconds , then the average power would not need to be so high
and advantage could be taken of the short laser pulse and correspond-
ingly higher peak power. This however has been difficult to
accomplish on the first prototype. Hopefully future models vwill allow

more time to be spent in developing the electronics.
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Chapter &

INTRODUCTION

This chapter outlines the design for the rifle rangefinder.
Space doss not permit a complete evolution of each part with reasons
for discarding each possible idea for a better one, however a
reasonably complete description of each component in the present,
prototyps design, is presented. |

The Jdesign can be examined under rive major hemdings: ILaser,
Opticel Design, Detector, Timing Circuit and Display, and Power Supply.

The requiremsnts for the laser transmitter are that it produce
19 microjoules in less than 10~7 seconds (1t is allowed to contimue
enission for longer than 1077 seconds but the start of this time
period is begun with the first light emitted and therefore a Q-spoiled
laser is implied), that it be made of neodymium-glass, that it be as
well collimated as is practically possible, that it have high

h6



efficiency in converting bhattery power t» light output, and above all
that it be small, relieble; rugged and easily opsrated.

Up wntil the time that the rest of the design had already been
corpleted the laser wes a big problem requiring miwch theught and
laboratory experimentation. The method of Q-spoiling was the cause
of concera, Up until ‘chen the device consistsd of & prism on & cocked
spring with possibly a Imr-aohrha5 typ® arrangement to sharpen the
inalignnent time of the prism. Then when the rest of the design was
all but complete, news of a major break-through in Q-spoiling lasers
was anmmmad;%"aa this mede the job aasy because the advantases were
#0 definite that a contract was simply placed with one of the companies
making the discovery to supply a complete laser with the above specifi-
cations. Basically the discovery consists of a plece of mmterial sbout
one cm long and of the same diameter as the neodymium rod which is
placed Wwith the rod, inside the resonating laser cavity. Of the three
groups having early results with the discovery, only lear-Siegler was
able to obtain material which would work at 1.06u; their material is
a specially doped uranium glass, The other twe companies, Korad, Inc.
and International Businsss Machines have a liquid held in & glass
cell which works well for the ruby wavelength. FPhenomenally the
material vorks by being almost opegue as the neodymium-glass is being
pumpet to the excited state thus spoiling the Q (Q stands for quality)
of the cavity. When the excitation level is wufficiently high the
material uadergoes a phwtochemical chenge and bscomes clear allowiug
the giant pulse to be emitted. It remains clear so long as the flux

through it is high enough, that is, until the excited energy level
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has been entirsly depleted, and then becomes dark again ready to
repeat the process. The method is entirely possive mechanically with
no moving parts or imput tioigger sigral; it is compact and rugged and
its officiency 1s higher than any previous Q-spoiler. While other
wathods do not switch the Q very efficiently and also require
auxiliary power to supply a pulse or run a motor, ihis "saturable
£ilter” has neither shortcoming. The glass requires a negligibly
sxall percent of the flashtube ergy to populate an excited state
above the ground state which is then saturated, while the liquid
requires no pwmp power at all.

Standard techniques are used for the fimshtube and reflector. It
has been found that not only the smllest configuration, but alsc an
extremely efficient method 14 to have & linear Tiashtube in contact
vith the laser rod and a cylindrical reflector fitted as tightly
around them as practicable.

The resonant ends of the laser cavity will be totally intermally
reflecting roof prizms, one end made on the laser rod snd the other
on the saturebie filter. One end will have a flat polished on the
apex of the roof for the light to exit. This eliminates any thin-film
surfaces vhich might deteriorate or move out of alignment and also
serves a purpose to be described in the nex’ section. This is a
relatively nev method for extracting the emergy from the laser cevity
und is not completely understood. At first glance one wuld suppose
that no resomance nor sbtanding waves could be susbained in the region
of the truncation at all. The efficiency, however, appears to be
sbout as good as other forms of ocutput coupling. A possible
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explanation might be to describe

all the lasing to off-axis modes

of resonance &8 shown here. e

It ie calculated that the
minimum possible input which will still canss lasing ection gives an
output which is more thon that required for PT‘ Thus rathor than
expending efforts to increase the output the primary development needs
to be to decrease the threshold energy necessary for lasing.

The exit beam spread from the lager will bte about 3 mililradicus

and will therefore nesed to be recollimated to decrease this divergence.

OPTICAL DESIGN

In a typicol lossr rangefindsr there sre three distincet gptical
gystems performing separate tasks. One i5 a telescopic sight for
aiming the laser, one is a return energy-collection system, and the
third is a system which takes the light as it comes from the laser
and projects it with decreassd divergence.

It would bs advantageous if these three sets of opticc (particu-
larly the large, hevvy objective loness) could be synthesized in some
way. The sighting scope can easily be combined by the use of a
dichroic mirror since the laser wavelength, 1.06;, is outside the

* Much of this section on Optical Decign has been published pre-
viously by the author in a Raval Ordnance Test Station Technical
ll;ublicution (see reference 8) and in an invention disclosure to the

aWI
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visual wavelengths. The &ichroic mirror is placed behind the
objective lens to reflect the visusi brt transmit the infrared wave-~
lengths. The reflected light then goes to the eyepiece in the usual
manne>.

The two remaining furctions are combined as follovs. Using the
truncated prism described in the preceding section for the output, the
laser light is focused to a point, profucing either a resl or a
virtual image. As the source is monochromatic and axisl, aberrations
other than spherical do not exist. The best shape for the lens can be
found by minimirzing spherical aberration according to the follewing

relationship.
b o S 2
(13) __1. 2n” - n :__’t
T, 2
2 min 2n +1
Where
n = the glass index
rl = the radius of curvature of the leus surface

on the side facing the collimated light

the redius of the opposite side

For glasses in the visual region, this gives a lens of nearly plano-
convex or -concave shape (for the sske of compactness a pegative lens
is used). The point of light formed by this negotive lens is
adjusted to be on the axis and at the focus of the objective lens,
and the laser radiation is then projected with a collimation better
than the originel collimation by the ratio of the diameter of the
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obJective lens to the diameter of the laser rod, However, not this
much gain it achieved vhen aber-atiens become importent or vhen the
circle of ieast confusion is diffraction-limited.

Light coming back from the target will come back through the same
system; soms will reenter the apex of the prism, mt most of it will
be reflected to the side by a mirror with & hole in the center as
shown in Fig. 13, and focused cnto the detestor. For a large
objective lens, aberrations will bLother less if only part of the leas
is used for the projector. In collecting the lizht where aberrations
are not nearly so important, however, the whole lens ig used and the
ares of the truncation now takes up & s=ller percentage of the cross
section of the light beam. Also, a high quality lens can be uwed with
a plastic aspherical lens as an annulus surrounding it, thus further
decreasing equipment weight and cost. The other lens is threndsd inte
the plastic, adjusted until the foci match, and then fixed permanently
in place.

To determine sctusl dimensions invoived, ray-trace data were used
and the contributicn of spherical sberration to the labteral image
dimsnsion was calculated for several indices. The result is plotted
as & function of the f/mo. of the cone, Fig. 1i. The ordinato is
given as a percentage of the plano-coupave lens diemeter, vhich in
turn is defined by the dismater of the laser rod. As seen from the
graphs cn the next peage, 2 plano-concave lens can be designed so that
spherical aberration is negligible and strict adherence to Fq. (13)
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is not necessary. That is, Eq. (13) mey shov that the redii should be
in the retjo of 6:1, but the ray trace datas show that plano-concave
redii =pproximate this retio closely enough.

To be more specific, the output divergence vas calculated for a
6mn diameter laser rod having a patural divergence of 4 mrad. The out-
put divergence is recollimated by an opticsl system with a 50m
objJective lens, As divergence approaches the asymptcte, it is
diffraction-liliud and the spherical aberration serves only to
redistribute the light within the diffraction immge, putting more
light into the rings instead of into the central dilc.* Iet the out-
put divergence be labeled ¢; tlwn, for the first part of the curve:

. $x 2/no. xd+s.a.
(1) 0 = = Ffmo.xD

Where d = the diameter of the laser rod

D = the diameter of the objective lens
¢ = the natural divergence of the laser rod

s.8. = the diameter of the blur circule due to
spherical aberration.

FPor the asymptote part of the curve (where A is the laser wavelength):

_fxf/mo. xd+1.22)0/4
(15) © = — 2/no. x

* A more dstailed discussion of the tolerance for spherical
aberration and the Rayleigh limit appears in Conrady2. See ref. 29,
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At the crossover point tetween Eqs. (1i) and (15), the value will be
somevhat less than that given by Eq. (14).

It is felt that the minimwm resolution possible, without a great
deal of expense, for the aspheric, plastic collecting lens anmilus is
ebout 2 millirgdisns., Tho expense is not Justified since bvackground
is not the limiting noise and decreasing background noise doea not
decrsase the total noise significantly. A field stop is placed at the
receiver focus to exclude any light other than that in the 2 milli-
redian field-of-view from hitting the detector.

Referring to Fig. 16 it is seen that the electroscope fiver (to
be discussed), vhich gives the range resdout, is imaged firectly into
the telescope eyepiece. The beamsplitter reflects about 30% of the
light and transmits the rest. The fiber and reticle are seen only

vhen illuminated by a light behind the fiber.

DETECTOR

The dstector has been discussed in Chapter 3. The active elsment
in the detection process is silicon vhich is specially "tuned" so that
its wavelength of maximum response is 1.06u. It 18 followed by an
amplifior with an overall gain of 200. The transistors in the first
stage of the amplifier are to be mounted directly with the detector at
the focus of the collection optics and succeeding stages are con-

nected by a 10 cm cable so they can be located more conveniently.

55




\\\\\\szJ 3AILD3Ir80

unels TeoTd0 aspupelioey 9T sandyd

QoY y3sv1

H¥3110d4S-0

S¥012343

HOMMIW
2104 +HDI0 .
\youu 1w

JAILD3T438 MAIVILE A

\\uqu_me

\mmm 4

TR e A, -

3402804123713

3031d3A3

56



TIMING CIRCUIT AND DISPLAY

The method ussd tc display rangs informetion has been worked out
Jointly by the author and Dr. Julisn L. Thcm:éon. In searching for a
method the adventsges of a nuclear dosimeter were explored. The dosi-
meter in mind is one designed to be worn in a person's pocket to
measure the integrated axposure to ilonizing radiation. It consists of
& metal coated quartz fiber supported ou & metal frame as shown in
Fig. 17 with a surface gsurrounding the frame and fiber, The fiber
gcts like en electrometer so that in the case of the dosimeter which
18 vmed (Bendix Corporation) the fiber is close to the frame vhen
there is 100 volts potential difference between the chamber and the
fiber and frame. When the fiber and frume are charged to 160 volts
becoming more positive with respect to the chamber, the fiber is
repelled by the frame and moves toward the ion chamber walls. The
fibver is imeged by a lens onto a reticle or scale, When 1t is used
838 2 dosimeter incoming radiation fonizes the chamber and the fiber
thus reccrds the total dusag: of radiation received. Used as o dosi-
meter the maximum electricel leaimge is 119 of full scele for 24 hours.
A maximm change in sensitivity of +10% may occur under any probable
combination of: (a) temperature range of -40°F to +150°F, (b) 50,000
feet altitude, or (¢) 100% relative hunidity. The units are small in
size, withatand high shock and vibration and weigh only one cunce. 4

A unit s designed in the circuit to act &8 a voltmeter and the

scals is changed to read increments of range. In addition to the
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advantages apparent from the above features, the image o the quartz
fiber is designed to bs displayed directly in the eyepiece of the
riflescope vhensver an illumination light is *urned on. This allows
the sniper to leep his eye on the target while resding the range. 1t
is also possible with a cam arrangsment to set automatically the
proper elevetion into the scope without taking the eye from the scope
by matching a needle to the fiber image in 3 meaner similer to the way
an autommtic camera sets the iris for varying exposure illuminetion.
The fiber arrangement requires no power such as is necessary to iliwmi.
nate nixie tubes or drive mechsiilcal counters and has an extremely
simple eccompanying cireuit which therefore will be smaller and more
reliable.

¥When used in a timir~ circuit the fiber 13 set to read the amount
of charge present on & capecitor (see the electromic diagram, Fig. 18).
The capacitor has & high voltage supply which is turned on by the
flip-flop circuit vhen the laser fires. The capscitor then begins
charging and stops vhen the return light pulse is received and put into
the flip-flop circuit. The amourt of charge on the capacitor is then
read on the dosimeter reticle as range in yards.

Actually the flip-Tlop gutes-on & transistor as showm which cem-
pletes tha circuit to the high voltege supply. When the traunsistor
i1s gated off again the capacitor would pormally just discharge back
thrmugh the transistor; instead a high-speed dicde is placed in the
discharge peth. Diodes are fest encugh to catch the capacitor at the
peak of its charge and hold it there, but the best dirde thet could be
found still had a leak rate which allowed the capucitor to slowly
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diesharms in 10 cr 20 cooends mirse leobhn of enly o fovu olostrans
causes & high parcentage change in the small capacitor and in the
dosimeter. 'His would require the eniprsar to make an instentanscus
reading of rrenge, To eircumvent this difficulty & minimbture resd
relay is put in serics with the dicds. While the resd switeh is not
feat encurh 4o do tha jJob of th» dlcds (the dieds pocds to bo fostor
than 1077 seconds, the reed switches in sbout a millisecond) it dresn't
leak since the contacts are mschanically szenarated; and the two of
thea tpgether do the job that neither nould do slone.

When the iager fires, some of the transmitted light along the
beam is scattered in all directions, some of 1t bek toward the
receiver, At cless rarges this is cucugh to be dateeisd ond would
give a false signal. Since range 18 required only frca 200 to 1000
yards, a delay circuit is introduced to keep the flip-fiop from
accepting a necond pulse for the first 200 yards of range, and the
first reading on the retirle is a 200 yard mark.

POWER SUPPLY

The voltasme and cwrrent onoded are listed bolow por lassr fiving.
It is fell that the rangefinder should be designad uo give 50 ghots
befors the batteries are to be recharged. Frovision is mede to
resherrs the batterins from otcndard rdlitory vohielo katiorics, vhich
are 2k volts. Silver-zine batteries are used because of ‘heir
superior snergy to weight ratie. The batteries and capacitors are
housed in the rifie stock.
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Roquired per

pulse Use
+500 4500 volts Trigger voltage for flashtube
negligible energy
+i50 +5 volts Laser flashtube, Capacitors releasing 50 j per
50 Jouleas pulse will bYe charged in ten seconds, previous
to using the laser,
4200 +1 volt High voltags for timing capascitor
20 joules
+12 voltas Mming circuit - 120 joules
battery supply Detactor and emplifier supply - 20 joules
1h0 joules
-100 +.5 volts Dosimeter bias supply

negligible energy

™~ otal energy required is 210 joules/pulse X 50 pulses =
10560 Joules. A 12 volt battery is planned with voltage converters
to provida other voltages. The battery required will thus be

Y0500 Joules _ 0.25 ampere hours. A silver-zinc battery
Y T2 v

rated at & nominal 0.5 ampere hours and consisting of 8 cells will
provide this and will be rechargeable 20 to 40 times; it would weigh

6.4 ounces and have an overall volume of 7.3 cubic inches.
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