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13. APSTRACTY

This optical design study determined the utility of mechanically-scanned
transmitter techniques for a laser radar designed for fine-grained target
imaging and tracking. Beam cambiner techniques were studied to permit the
laser radar to share large diameter optics with a high-ezergy laser. Beam
cambiners are not currently available; thus, the recommended optical design
is based upon a dual aperture system. A survey of scanning techniques was
performed to determine the most optimum scanner for a high efficiency system
with 100 x 100 diffraction-limited resolution elements operating at 100
frames per second. Upon caipletion of the survey, concentrated effort was !
placed on the application of a multifaceted rotating scanner and a torsional
‘oscillating scanner. The study included investigations in the following
areas: Scanner distortion, offset angle correction, optical cross-talk,
signal-to-noise, Doppler bandwidth, range accuracy requirements, optical
design considerations, and numerous other related areas.
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ABSTRACT

This optical design study determined the utility of mechanically-
scanned transmitter techniques for a leser radar designed for fine-
grained target imaging and tracking. Beam combiner techniques were
studied to permit the laser radar to .share large diameter optics
with a high-energy laser. Beam combiners are not currently available;
thus, the recommended optical design is based upon a dual aperture
system. A survey of scan:ing techniques was performed to determine
the most optimum scanner for a high efficiency system with 100 x
100 diffraction-limited resclution elements operating at 100 frames
per second. Upon campletion of the survey, concentrated effort
was placed on the application of a multifaceted rotating scanner
and a torsional oscillating scanner. The study included investi-
getions in the following areas: Scanner distortion, offset angle
correction, optical cross-talk, signal-to-noise, Doppler bandwidth,
range accuracy requirements, optical design considerations, ard
numerocus other related areas.
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INTRODUCTION AND SUMMARY

A. INTRODUCTION

The purpose of this optical design study is to determine the utility of
mechanically scanned transmitter techniques to a laser radar designed for
fine-grained target imaging and tracking. The base line requirement is
for a high efficiency system with 100 x 100 diffraction limited resolution
elements operating at 100 frames per second at 10.6 microns using either a

single detector element or a linear array.

In order to maintain as large an aperture as Possible, the study
initially considered shared aperture with the high energy laser. Sharing
one aperture would sllow the use of 1 meter diameters permitting higher
energy densities on the target and yielding higher signal-to-noise
ratios for the laser radar signal returns. However, sharing aperture
requires that the high energy beam and the laser radar beam be combined
into a single outgoing beam in the transmit mode and that the received

radar signal be adequately separated from the same optical channel.

During the study, two methods of beam combiner techniques were

examined and discarded for near term use as being considered not "within

the state;of-thqfart." One method was the Brewster angle beam combiner

in which the high energy laser beam is transmitted through a "window" at
Brewster angle, and the laser radar beam is reflected off the outgoing

side of the window to combine with the high energy beanm.

This technigue was eliminated based upon the lack of proper "window"
material operating at high energy densities and considered not within the

state-of-the=-art.




The other technique examined is the diffraction grating beam com-
biner which could be designed to be as high as 95% efficient. liowever,
even with this high efficiency, approximately 5% of the high energy would
be scattered in various undetermined directions. Assuming that the
scetter is uniform, the amount of energy which could be scattered into the
laser radar receiver direction would be sufficient to damage the detector.
Thus, the effic’ .ncy of the beam combiner wou!.d have to approach 100%
before it could be considered viable for application in a shared aperture

system.

As a result of the problems concerning the beam combiner, the study

was lirected to a dual aperture system in which the high energy is
separately directed towards the target fram the laser radar. In order

to minimize the bore sighting problems using two apertures, both apertures
share a common output primary lens by utilizing the separate halves of
the outprt lens. Similarly, both beams are focused by the same secondary

lens which permits automatic focusing of both beams at the target distance.

¥or the dual aperture study, 40 cm apertures were considered with a
10 cm separation between apertures. This size permits the use of a lm
output aperture whose field is segmented into two 40 cm beams. In addition,
this size permits the use of & 1 meter coelostat which can serve as the

tracking mirror.

During the initial part of the study, a number of different types of
3canners were surveyed for possible application in the system. The

scanners surveyed were eventually reduced to two scamner types which were




investigated in detail. The two selected scanners were the multifaceted
rotating scanner and the torsional sinusoidal scanner. The mltifaceted
rotating scanner is limited to applications where small beams are utilized.
For this system application the use of a multifaceted rotating scanner
limited the beam size to the order of a centimeter. Thus with a multifaceted

1 scanner, a 4O power telescope is necessary to obtain a 40 cm output beam.

The torsional sinusoidal scanner can be used with larger beam sizes.
Tts limitation is primarily in the scan frequency. The study has
indicated that a 10 cm beam can be scanned at rates of the order of 1 kHz
without exceeding the distortion limits. However, since th lines per

second are required to be scanned, the torsional scanner should be applied

in & 10 resolution element fan beam system which would require only a

1 kHz scan rate.

A detailed discussion of the trade-off characteristics of the

multifaceted scanner and the torsional scanner is given in Section IV.

In order to provide fine-grained target imeging of aircrafts at
reasonable ranges, the laser radar transmitter power should be in the range
of 1 to © KW. Single mode TEMoo 10 micron lasers are available at output
power levels of 1 KW. Within the near term, 5 KW lasers may be available.
A power level of 1 KW is sufficient to permit fine-grained target imaging

at ranges up to 6 to 8 KM depending upon the atmospheric losses. The

lower range is under adverse weather conditions corresponding to approxi- :

mately 2.5 dB/KM (light fog). :

P eE  eme e
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B. SUMMARY OF RESULTS

As a result of the study, two different systems designs were
examined in criticel detail. These were a two-beam multifaceted scanner
(20 facets) and a ten resolution element fan sinusoidal scanner. A
detailed discussion of the selected systems optical design is given in
Section V. 1In this section, only a summary of the relative merits of

each system is given.

Optical design lsyouts of each type of system are given in Figures
I-1 and I-2. The salient features of both systems are given in Table 1.

Tt is to be noted that the overall efficiency of both systems are comparable.

The design of the multifaceted system is limited to e maximum of two
beams because of optical design reasons. With multiple beams utilizing a
miltifaceted scanner, in order to prevent an increase of beam area cn the
facet (giving rise to increased dead time), the multiple beams are required
to overlay on the scanner face. As a result, the beams are diverging at
the input to the first beam expander. Because of this divergence, the
design of the beam expander telescope limits the number of beams for near
diffraction limited operation. With & two-beam system, the beam expander
s;stem is required to operate one field width in one direction and one-

half field width in the other direction.

With a multielement fan beam, the beam expander must be designed to
operate nearly a full field width in both directions. Near the edges of

the field, the fan beam through a beam expander optical train becomes

distorted.
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Also, in the case of more than two beams on a multifaceted scanner,
the beam divergence from the scanner is increased requiring that the

beam expander operate over a greater field.

In the case of the ten~element fan sinusoidal scanner, the beam on
the scanner is 10 cm. This results in a decrease in field size by a factor
of 10 as compared to the required field size at the 1 cm multifaceted
scanner. Thus, the optical design problems for a ten-element fan sinusocidal
scanning system are reduced in comparison to a 1 cm multifaceted scanning

system.

In addition to the trade=-off characteristics given in Table 1, other
considerations which were examined leading to the choice of the 10-element
fan beam system include offset angle considerations, number of filter
bins required for processing the received signal, range tracking require=-
ments, and optical cross=-talk rejection between adjacent detectors.
Detailed anslyses of each of these considerations are discussed in Section

IT. A summary is presented here.

l. Offset Angle Considerations

In a two=-beam 20-faceted scanning system, the two-way time of flight
for targets at ranges between 1 km to 20 km varies fram 6.7 ,, sec to 133 | sec.
Because of this time of flight, the high-speed scanner is displaced in
angular position during the receive mode relative to the transmit mode.

Compensation is required for this offset angle which varies fram 0.02

radian to O.4t radian. Compensation of such large variation in offset
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correction can be achieved, but only with a high degree of complexity.
The optical layout shown in Figure I-1 requires 60 cm offset angle
correcting mirrors. This is to be contrasted with a sinusoidal scan

offset corrector in the lO-element fan beam system.

In the 1lO-resclution element fan beam system, the variation in

4 radian to 4 x 107> radian 1

offset angle correction is from 2 x 10
corresponding to targets in the range 1 km to 20 km. The sinusoidal offset
angle corrector does require amplitude and phase correction;whereas, the
multifacted scanner requires only amplitude correction. However, since
phase and amplitude can easily be controlled, the balance is in favor of

the sinusoidal scanner.

2. Number of Processing Filters Required
It is shown in Section II-E that the number of processing filters

required to process a Mach 2 target is
2
Ny = 796 N,

N

= required number of resolvable Doppler

discrimination bins, and
NB = number of beams or its equivalent to

cover the field.

i
1

&
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Thus, the 10 resolution element fan beam requires a factor of 25(=102/ 22)

increase in the number of processing filters in comparison to the 2-beam
system. In terms of the receiver processor complexity, the 2-beam system

is favored.

3+ Rang: Tracking Requirements

The range tracking requirements are determined by the amount of
signal loss tolerance in the system. The optimum size detector to achieve
maximm signal in bore-sighted operation is an Airy disc size detector;
i.e., a detector whose radius corresponds to the radius of the first
dark ring of the Fraunhofer pattern. The relative signal responses for
various size detectors are given in Figure II-9 (Section IIF). In Section ITF, l
it is shown that if an average of 30% loss in signal is allowed in a 2=beam
20-faceted system, the corresponding range accuracy requirement is 50°
meters. Increasing the detector size fram an optimum Aliry disc size allows
an increase in the range gate requirements at the expense of a decrease
in overall sign:l response throughout the range gate. This is illustrated

in Figure II-9. ]

The l0-element fan beam scanner for the same system tolerances yields
an allowable range gate of 46T meters, or a factor of 10 improvement over
the 2-beam multifaceted system. Thus, the lO-element fan beam system is

superior with respect to range tracking requirevents.

4. Qptical Cross-Talk Rejection

Optical cross=-talk presents no problems in the 2-beam multifaceted
system since the two beams are separated by a half field width or 50

resolution elements. (The scan field is 100 x 100 resolution elements.) ' :

~10-




In Section IIG, & careful analysis of the optical cross-talk is
presented with results relating to the lO-element fan beam system. In
the fan beam system, the case of interest is where the fan beam is spread

over a "glint" area of the target. Then the question arises as to the

discrimination of a diffuse target rerlected signal return from optical
. cross=talk from an adjacent glint resolution element return. In the
case of a lO=element array of Airy disc size detectors whose center=to-
center distance is also one detector size, the optical cross-talk

coefficient is 5 x 10"% petween adjacent detectors. Therefore, for a

1% diffuse target reflector, the optical cross-talk fram an adjacent

glint point will not exceed the diffuse target signal until the effective

e &

"gain" from the glint point exceeds 2 x 10°,

Using a bubble glint model, as described in Section IIB, the gain

2 is given as

1 1

G=2(l-cos-£—),

2

where ¢ is the central angle of the bubble subtended by the beam. ILetting
G=2x 10° , the corresponding value of @ is ¢ = 4.48 x 1073 redian. The
corresponding radius of curvature of the bubble exceeds 100 meters. Thus,
to échieve & gain of 2 x lO5 , the target surface is required to be virtually
f1at over the ¢ tire beam size on the target. This is highly unlikely;
therefore, it is concluded that in the lO-element fan beam system,

adequate discrimination can be performed between glint target returns and

"non=reflective” (~1%) diffuse targets.
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PARAMETRIC SYSTEMS ANALYSIS

II.

A.  INTRODUCTION

In considering an imaging radar system which is to cover a solid
angle of 100 x 100 resclution elements, each equal to the diffraction

limited beam size, there are a number of possibilities. The possibilities

can be assembled into fouy groups: (1) place a 100 x 100 array of
detectors in ﬁhe image plane of the receiver telescope and illuminute

the entire solid angle to be imaged; (2) place a 100-element linear array
of detectors in the image plane, fan the bear into a 100 resolution
element fan and use a scanning system normal to Fhe fen direction; (3)
place a reduced number of detector elements (for example, a 10-element
detector array) in the image plane and raster scan a reduced fan beam (a
10-resolution element fan) over the 100 x 100 resolution element scan
field; and (4) raster scan with a single or double (discrete) beam over

the 100 x 100 resolution element scan field.

The first method listed of placing a 100 x 100 array of detectors
in the image plane was eliminated from further consideration based upon
not being within the detector state-of-the-art. The second method of
using a 100-element linear array of detectors in the image plane is
considered in the analysis but has been eliminated based upon the require-
ment of narrow processing filter bins and the exceedingly large number

of filters required to perform the processing. Thus, the concentrated

effort of the study has been devoted to the last two methods.
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B. SIGNAL-TO-NOISE RATIO
The signal-to-noise ratio (S/N) for a coherent detection system can

be expressed as

-2xR
€
PT 0( re n AR

S/N = =
nR hv B

(1)

for a target whose area is greater than the diffraction limited beam size

on the target, where

e o)
It

Laser transmitter power

m
1

Optics efficiency, transmit and receiver

€ = Target reflectivity

o = Atmospheric attenuation coefficient (gm'l)
R = Tz»gzet range

n = Detecto- Efficiency

AR = Receiver Aperture area

hv = Quantum energy

B = Bandwidth




For the case where the target size is less than the diffraction
limited beam size, the S/N in equation 1 is multiplied by the ratio
of the target area to the beam sizz, giving rise to a l/Ru relationship
in the signal-to-noise. For the study under consideration, the l/Ru
signal-to-noise is particularly important in glint tracking of aircrafts
at longer ranges --- ranges at which there is insufficieat signal-to-noise

to perform high resoclution image tracking.

In glint tracking, a particular glint return is chosen which is

approximately independent of the target's orientation.

Thus, to adequately formulate a model for glint tracking, an appro-

priate gain factor is required in the S/N equation.

Glint Model:

The glint model chosen is a spherical bubble whose ndrmal incident
reflectivity is 0.7 which is attached to a nonreflective background as
{1lustrated in Figure II-l1. Consider a plane wave directed towards the

segmented bubble whose radius is r. The reflected wave is specularly

reflected over an angle 20 where P is the subtended angle of the bubble.




l
el wm— —
l

/

Figure II-l1: Plane Wave Reflection on a Spherical
Bubble Glint Model
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To determine the gain, consider two different cases:

CASE I:

Focuced beamsize —)‘5— R greater than bubble vertical extent.

where the beam size is greater than the bubble size, the bubble extent

(2r sin f/2) determines the gain. ILet

or sin /2 = L
or

=2 sin”t L/2r

CASE II:

Focused beam size —%—- R less than bubble vertical extent.

Where the beam size is less than the bubble size, the angle subtended by

the beam determines the gain, or

b sl AR
P =2 sin (2Dr
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In addition when the vertical extent of the bubble is very large
compared to the beam size, it is known that the reflected energy possesses
a lob structure of a few degrees in extent. .Thus, the effective gain

angle of the bubble model is replaced by

¢ =t &

where Ap represents the 1imiting lobe size when 2r > —)]‘T R.

Then the gain can be given as

& = m
= Zn(a- cos 9/2)

1
2(1 - cos ¢/2)




For a glint bubble model, r = 1 meter radius and L = 30 cm
which is scanned by a laser radar whose diffraction limited aperture is 40 cm
operating at 10.6 micron, the gain is shown in Figure IT-2. (A 5° lobe

size is used in the gain model.)

Thus, for glint model tracking
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The signal-to-noise is shown in Figure IT-3 for a 30 cm glint bubble
target whose radius is 1 meter. Similarly, the signal-to-noise is shown
for a 0.5% reflective target in Figure TI-k. Tn both figures, the total
transmitter power is 1 kw with a sinusoidal scanner bandwidth of 1.57 MHz.
The optics efficiency is 6.25% based upon T5% beam splitter losses and

other optical losses.

From the signal-to-noise results, it can be concluded that high resolution
target imaging of aircrafts can only be performed at ranges less than 8 km

under adverse weather conditions (attenuations in the range 1-2.5DB/km).

-18-
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Figure II-2: Gain versus Range
(1 m Radius Bubble, 30 cm vertical extent)
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C. ATMOSPHERIC ATTENUATION

The general effect of the atmospheric attenuation on 10 micron beams
is shown in Figure II-5. 1In clear air, CO2 concentration has the greatest
effect resulting in losses from 0.25 to 0.5 dB/km. Under haze conditions,
scattering, water vapor absorption and CO2 absorption add to the losses
resulting in losses up to 2 dB/km under heavy haze conditions. Then, under
fog conditions, scattering is the primary loss mechanism with water
absorption losses. A 2.5 dB/km loss is representative of light fog con-

ditions.

Rain also contributes heavily to 10 micron losses caused by absorption

and scattering.

The attenuation in iain is shown in Figure IT-6 based on information
obtained from Ohio State reports on atmospheric attenuation. The curve

in Figure II-6 is empirically represented by the relationship

Attenuation = Rate(o‘6h # 2%%9)
where

the attenuation is in dB/km
and

the rate is in mm/hr.

Since a steady rain of 4 mm/hr (equivalent to 3.8 inches/day) is a

fairly high rain rate, 2.5 dB/km is approximately the maximum attenu-

ation that would be expected under any type of adverse weather condition.




uor4enualqay otxsydsomyy : G-II 9an3Td

-— Burseaxoul omm - Butseagdul Nou

go
5 a78H ITY IBesT)d

N

\
o

2
gl

(mt/eq) uotgerusyyy

£4TTTQTSTA W 00§
£TTTATSTA I §

(@)
=

S

uotqdrosqy JodeA omm 0D ‘Butxayqeos

NORTH AMERICAN ROCKWELL CORPORATION
<
ToY




NORTH AMERICAN ROCKWELL CORPORATION

10° 1
10 ,/
7
P
//
J4 >
~. L7
E A
L
o]
O
"R
)
3 L~ '
i)
<
1
0.1
1 10 - 100

Rain Rate (mm/Hr)
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D. BANDWIDTH AND SCANNER EFFICIENCY

Determining the bandwidth requires an examination of the time per
resolution element. For a sinusoidal scanner, the bandwidth relationship
to the time per resolution element was examined experimentally with a 10.6
micron laser radar (a linear raster scanner improves the bandwidth require-
ments by a factor m). In Technical Report AFAL-TR-69-360, "Coherent
imaging and Moving Target Detection at 10.6 Microns (U)," June 1970,

the experimentally measured baundwidth is shown to follow the relationship

Bvg = -QE-(D/K) w (28

uY (1)

% = ®mp

29BD ijs the full beam scan angle.

AvB was measured to the full bandwidth measuring across the base on a

voltage scale. Thus, the bandwidth at half voltage maximum is approximately

by = By = V2 (D) w(2eyy)- (2)

Furthermore, assuming the distribution to be Gausgia.n, the voltage v is
v=v_exp [-(r/r )2]
o o

r is the radius from the center of the beam.




The power spectrum then would be of the form
P =D_ exp [—2(r/r )2]-
o] o}

The voltage at half maximum is

which results in a corresponding radius r
1
r = ho(lnz)z.

Similarly, the power at half meximum occurs at the radius

ro 1L
(2n2)?
V2

H
[}

from the relationship

SV x/r )2
p%=po/2=poe °o .

In the experimental verification of egquation (1), the variation in

frequency from the center frequency was directly proportional to the
'

distance from the beam center. Therefore, the bandwidth at half-power

maximum may be obtained by dividing equation (2) by 2. The result is {

= HD/N w(28y,)- (3)

AvHP




The si.wusoidal scanner gives rise to an angular displacement of the beam

as

OB = gBD sin wt.

AGB = gBD wAt cos wt.

For A = A/D and At = ¢ vhere r_is the minimum (cos wt = 1) dwell time

on a target resolution spot,

»/D

wT
m

= (29BD sl

Substituting equation (4) in eguation (3) gives

bugp = 1/2 Ty

1/2 T

The above analysis is given to show that from experimental data, the

bandwidth relates to T Dby

B =1/2 T
rather than

B l/'rm




where Tm is the dwell time on the target of the beam measured across the

half-power points corresponding to a beamwidth A/D.

Since for a sinusoidal scanner, equation (4) gives

the bandwidth becomes

,_w(EGBD)

B =1 O/D)

nf(29BD)

YO (&)

The quantity (29BD) is the full azimuthal scan angle and f is the azimuthal
scan frequency. In comparison, the bandwidth of en ideal linear scanner
is

(26,7)

Bls =& 2Zx7D$

which differs from the sinusoidal scanner by a factor m. Thus, since the

signal-to-noise is proportional to l/B, the efficiency of a sinusoidal

scanner is l/n relative to an ideal linear scanrer.

In the case of a multifaceted scanner, the time per resolution

element is




—

where

e = 2
Beam Jcanner

Scanner = §n£

e

NF = number of facets
then the bandwidth
iyl
B =27

N
=T

[l

ujz

>
(=] L]

P

for a multifaceted scanner. Since efficiency is inversely propo:-tionel
! to bandwidth, the relative efficiency of a multifaceted scanner (com-

pared to the ideal linear scanner) is

—d

Bis A NF(29BD)
B b
ms

In the system under consideration, 28, = 100(A/D), and D=1 cm at the

multifaceted scanner. Figure II-T shows the variation in multifaceted

scanner efficiency which equals the sinusoidal scanner efficiency for

NF=ho.
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E. BANDWIDTH VERSUS NUMBER OF BEAMS

Although the signal-to-noise for a given transmitter output power
is dependent only upon the total system bandwidth, equivalent to the
bandwidth for a single beam raster scanning system, the number of
beams or resolution elements in a fan affecté the signal processing band-
width. In order to track a Mach 2 target, the total Doppler span corresponding
to a Mach 2 target must be provided in the electronic processor. Since

a Mach 2 target yields a Doppler return of 125 MHz, the rquired number of

6
resolvable Doppler discrimination bins is Np = ig Bx 30 Ny where B is

the bandwidth corresponding to the time per resolution element and NB is

the number of resolution elements being scanned .
For a sinusoidal scanner which is required to scan 10h lines/sec
B NB = 1057 MHZ.

whereas it will be shown that for a multifaceted scanner scanning 10“

lines/sec

T
_mxl0
BN, " Np

where Nf = number of facets. For a 20 faceted rotating scanner
N 6
B NB = 1.57T x 10"

Thus, with either a sinusoidal scanner or a 20 faceted rotating

gcanner, the number of Doppler discrimination bins required is




8 2

. 125 x 10
1.57 x 10 Nﬁ

2
79.6 NB.

In order to maintain a practical number of filter bins in the elec-

tronic processcr,

has been considered as a pPractical upper limit.

For a 20 faceted rotating scanner, the offset angle and the number
of Doppler filter bins (N/D) are given in Figure II-8 versus the number
of beams. The beam offset angle is shown for a 10 km range target which
for a 2 beam system corresponds to an offset angle of 0.2 radians.

Since the range of targets is from 1 ¥m to approximately 20 km, a 2
beam 20 faceted rotating scanner system is required to correct the beam

offset angle from 0.02 rad to 0.4 radians.

In the design cf the two-beam multifaceted scanner system, advantage
is taken of this large offset angle to eliminate the requirement of g

beamsplitter.
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In the case of a sinusoidal scanning system, the sinusoidal scanned angle

is given by

0= 90 sin vt

where Qo is the scanner emplitude and w= 2n f.

Since the offset angle can be large, the effect of the offset angle

requires a difference equation

2R
Qo[sin wt - sin(wt - w—é—)]

29 sin u)-g— cos(wt - w%)
It will be shown that a sinusoidal scanner is applicable to a 10
resolution element fan beam system. For such a system with target ranges
between 1 km and 20 km, the offset angle correction required varies from
0.042 8, to 0.81 eo(eo = 50 /D). Sinusoidal offset correction can be
implemented with a secondary sinusoidal corrector which is controlled in

phase and amplitude.




F. RANGE TRACKING REQUIREMENTS

The range tracking requirements are compared for a two-beam multi-
faceted scanner system and a 10-resclution element sinusoidal fan beam
system. The range accuracy required is determined by the requirement in

tracking the offset angle for each system.

1. Multifacet Scanner Range Requirements

In a multifaceted scanner system, the offset angle is

=811th
Np Ny

A® R/C

which for a 2-beam 20 faceted system is

46 = 2r 103 R/C

can be written in the form

an 103 sR/C

angular tolerance of the received signal, and

system range accuracy.

The value of §© requires an examination of the detector response for
variations in §8. The case of coherent detection of a focused Fraunhofer
beam with variations in displacement relative to the detector center is
analyzed in Appendix A. Figure II-9 and II-10 indicate the variation in

signal as the relative position of the beam center changes with respect
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to the detector center. These figures were plotted for circular detectors
in units of Airy disc radius (= 1.22 A/D). Referring to these curves, the
Airy disc size detector (r = 1.0) has the highest peak response when the
beam is centered on the detector and falls off as the beam is displaced
from center. The curve r = 1.35 corresponds to a detector which encloses
approximately 40% of the lst Airy ring when the beam is centered upon the
detector. The curve r = 1.TY encloses approximately 90% of the lst Airy

ring when the beam is centered on the detector.

Thus, for the detectors whose radii are approximately the radius of
the lst Airy ring, as the beam is displaced from the center of the
detector, the relative signal increcses noticeably until part of the Airy
disc is removed from the detector. The reason for this is that the
amplitude of the signal in the 1st Airy ring is out of phase with the
reference local oscillator. When the beam and detector ~re centered, the
out of phase signal reduces the overall signal which is obtained by
squaring the resultant’ integrated amplitude over the detector. Displacing
the beam without any loss from the Airy disc results in a net gain in signal

as shown by the curves.

Detectors which are slightly larger than the Airy disc have a
reasonably flat response for small beam offset. For applications where
extremely large beam offset angle is required without great loss in relative
signal, the detector radius should be 2.655 Airy disc units which when
centered on the beam encloses the 2nd Airy ring. For this detector over
a beam displacement greater than 2 A/D, the maximum signal loss is 43%

relative to the beam centered position.

=38«




However, increasing the detector size compensates for beam offset
tolerance st the expense of target resolution. Thus, with a high speed
miltifaceted scanner, a qualitative tradeoff mist be made by weighing the

range requirements with target resolution.

The relative signal for various size detectors with the beam cen-

tered on the detector varies as

[l - Jo(r)]2

as shown by W. T. Cathey (IEEE voceedings, 6, 1958) where r is the

detector radius and a plane wave reference is used as the local oscillator.

The function [l = J’o(r)]2 is shown in Figure II-l. Thus, although the
detectors which are slightly larger than the Airy disc are less sensitive
to angular offset, the selection of the detector size depends upon the

most probable angular offset error for the application.

For example, assume that the miltifaceted scanner system is to operate
with a range accuracy of 50 meters. Then the worst case angular offset
of the return signal beam with respect to the detector center is

om103 x 50/3 x 10°

§©

3

1.05 x 10 ° radians.

For a 1 cm beam on the scanner, A/D = 1.06 x 1073 radians, and the Airy

-39~
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disc is 1.22 X/D = l.3 x lO-3 radians. Thus, a 50 meter range accuracy
corresponds to a worst case relative displacement of the beam on the
detector of 1.05/1.3 = 0.8 Airy disc units. Then, over the range of
uncertainty, from 0.0 to 0.8 Airy disc units assuming that the error in
beam offset angle is equally weighted to the relative signal over the
range, and the relative signal is averaged, the following results are

obtained.

Detector Size

(Airy disc units) Average Relative Signal

1.0 1.3546
1.25 1.3432
1.35 1.1790
1.5 1.1238

Thus, using an equal probability distribution (for the sake of sim-
plicity), the Airy disc size detector is the optimum detector size for a
system with 50 meter range accuracy. With 50 meter range accuracy, the
average signal response is down only 30% compared to the peak signal

response when the beam is perfectly centered.

In practice, hcwever, the beam offset error is more likely Gaussian
distributed which would tend to increase the average signal response for
the Airy disc size detector which would increase the choice of this size

detector.

2. Ten Element Fan Beam Scanner
Now let us examine the range requirements for a 10 element fan

beam scanner. For this system, the required offset angle correction is

=41=

< SR "-""*"F'-v




A8 = Oo[sin wt - sin{wt - w 2R/C)] ,
= 20_ sin wR/C cos w(t = R/C)
where
6, =50 A/D (amplitude of the beam scan angle).

The offset angular error corresponding to the range accuracy is then

obtained by differentiating A® with respect to range,

@ _ o
5 290 o cos w(t - 2 R/C)

or the maximum error is
= L
50 290 C 8R
where §R is the range accuracy.

v

For a ten element fan beam system,

w= anf

= 2m03

and
2
50 = 2 x 50 A= x ‘“J‘OJB 5R
3 x10
= 2.09 x 1073 ')iT 5R.
To compare this with the multifaceted scanner (for a 50 meter range
accuracy)

§0 = 0.105 A/D

8.6 x 10”2 Airy disc units.
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Thus, a 50 meter range accuracy requirement for a 10-element sinusoidal
scanner would be almost equivalent to maintaining the beam on the center

of the detector with the system operating near peak respouse.

Another comparison is to allow the beam to be offset by 0.8 Airy

Gisc units or 0.8 x 1.22 x/D. Then the corresponding range accurac’ .8

§R = 46T meters.

Thus, for a sinusoidal scanning system, there would be no problems with

respect to correcting the offset angle.




G. DETECTOR COMNCIDERATIONS

1. Optimum Local Oscillator Power

The laser radar detector must be sheltered from spurious light
from sources oti.or than the target signal and the local oscillator.
Whether that light comes from backscauter or other sources, it coun-

tributes to noise currents and heating in the detector.

All spurious light which I?roduces direct current in the detector
also produces shct noise current of the order of 2eiIB where e is the
charge on the electron, I is the current, and B is the detector bandwidth.
A heterodyne detector is usually operated so that shot noise induced by
the D.C. current generated by tlge local oscillator light dominetes all
other noise. In fact, the local oscillator power is usually increased
as high as possible to get the maximum heterodyne amplification of the
received signal without other detrimental effects such as heating the

detector.

When the spurious light due to backscatter or other sources equals

the local oscillator power in magnitude, it will have doubled the shot
noise and perhaps carry the total power on the oscillator sbove the

threshold for catastrophic failure due to heating.

If one expects backscattered light to be a problem, he should
bring the local oscillator power up to., about half the total light power
the detector can tolerate without detrimental effects. Consequently,
the tolerable backscattered light will be approximately equal to the
local oscillator power. If the local oscillator power were made much
lower, the backscattered light could at best be doubled before catastrophic
<l




failure and at lower levels it would already be significantly affecting

signal-to-noise ratio by increasing the shot noise relative to LO shot

noise.

With this conclusion, the determination of tolerable backscatter
is reduced to the problem of finding the maximum tolerable L.0O. power

and dividing by two.




2. Maximum Tolerable Backscatter

The previous section pointed out that the maximum tolerable back-
scatter of spurious light is about half the maximum tolerable local
oscillator power. 'This varies from detector to detector depending on
the type of detector and its size. The same factors influence frequency
response so that one might expect a trade-off between frequency response

and scatter tolerance.

Some of the larger, photoconducting mercury dcped germanium detectors
could tolerate local oscillator powers of the order of 100 milliwatts.

However, these had the disadvantages of liquid helium cooling and narrow

bandwidth (few tens of megacycles) frequency response.

The more modern diode detectors fabricated from mercury cadmium
telluride or lead ten telluride have much higher frequency response
(at liquid nitrogen temperatures), much smaller size and much lower tolerance
for light power. A typical 5 mil by 5 mil lead tin telluride detector
will have nearly a gigahertz bandwidth but will tolerate only about five
milliwatts or less of local oscillator power. Although large diodes
are rarely used in todays systems, increase of the diode size would increase
the tolerance to local oscillator power. For example, at 20 mil by 20
mil,a diode made from the 'best available lead ten telluride mate§ial would

have a cutoff frequency of the order of 150 megahertz allowing direct

detection of Doppler shifted signals from Mach 2 vehicles.




Increasing the diode size from 5 to 20 mils should increase the
tolerance for local oscillator pcwer from L4 to 12 times depending on the
diode thickness and heat sink electrode structure. The increase in size
would, of course, require that the F number of the lens in the heterodyne
system be correspondingly increased to fit the Airy disc to the detector.
It would appear, however, that a local oscillator power of 50 milliwatts
could be tolerated corresponding to a tolerance for about 25 milliwatts

of backscattered light in a well-designed system.




3. Detector Cross=-Talk

One problem which was considered in the systems application of

the Line Imaging A-ray Techniques is the possibility of cross-

talk between adjacent detectors for signals in the 100 - 500 MHz range. These
frequencies are generated by the Doppler return relative to the local
oscillator (LO) signal., The upper end,of the range is established as the worst
case systems application for two aircrafts approaching each other at high
speeds, The Doppler return signal is approximately 60 MHz per 1000 ft/sec
relative closing rate, Thus in ground-to-air or air-to-air applications the
Doppler return signal would likely be wwithin the 100 to 500 MMz range.

At 10.6 microne tie -¢ize of the main lobe »i the return signal
measured across the first dark ring is determined by the relationship:
3

d=f x 2,44 x 1,06 x 10~
nunber

(cm)

-3
fnumber x 2,44 x 1,06 x 10 ~ /2,54 (inch)

= 1,02 x ¢
number

(mils)
Thus as a good approximation, the detector size required in mils is the
detector lens fnumber’ For an f-30 system as the detector focusing optics |
the detector size is 30 mils (0.030")., For calculation purposes, let us 1
consider an f-25 to f£-30 detector system,
&

An array of 25 mil detectors would require decoupling of the trans-

mission leads with 25 mil center-to-center spacings. Conveﬂtional contacts to

the detectors at signal frequencies in the 100 to 500 Miz range would cause 2

cross-talk between leads., With coaxial cable, the point of contact to the
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detector is not shielded; therefore, at the peint of contact, there would
be cross-talk.

To eliminate the cross-talk, the frequency band is within the
band of frequencies for which either microstrip line or strip line technology
is applicable.

Consider an array of lead tin telluride detectors. Each detector
ig a diode with a planar ohmic contact at the base. The top of each diode
has a transparent (at 10,6 micron) ohmic contact. The total thickness of
the diode is approximate 0,020 inch with a dielectric coefficient of the
order of 150, Each detector ie essentially a current source with a shunt
capacitance of about 6 pf. Thus assuming a 50 ohm transmission line from
the detector, the RC time constant based upon the 50 ohm load impedance
would 1imit the bandwidth, Applyinz microstrip technology, increasing the
line width to gap ratio minimizes coupling in the microstrip portion where
the gap is determined by the substrate thickness separation from the ground
plane., Thus since the detector is 0,020 inch in thicknesé, with a micro-
strip substrate 0,020 inch then for a 1ine width of 0.004 inch, the line-
width to gap ratio is |

w/h = 0,2
Finally, for an array of detectors with 0,025 in center to center spacing
the coupling can also be reduced and virtually elminated by bringing lines
from adjacent detectors out from the opposite sides since the coupling is
also dependent upon the line width to line spacing ratio.

One rule of thumb is that if the spacing between lines is twice
the line width, the cross-coupling is down 60 db, A particular known

example of a 20 db cross coupling between microstrips is the following

example:

e =
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20 db Coupler

In the above example A is the wavelength of the transmissfon frequency and

¢ 1is the dielectric constant of the substrate.

Thus it could be concluded that microstrip lines spaced 0.05 in
center-to-center separation with a line width of 0,004 inch should virtually
eliminate cross-coupling., In addition fanning out the microstrip line

removes any possible coupling between transmission lines.

A computer program is available within Rockwell International to

determine the actual cross-coupling for any given microstrip configuration.

One might also pose the question pertaining to the operation of

microstrip line detectors at 77°K relative to the variance in the expansion

coefficients of the different materials. The technology is available within

Rockwell International to solve this problem since the same technology is

utilized in cooled parametric amplifiers to reduce the noise figure,
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In addition to detector lead cross-talk, for detectors closely
packed in a linear array, the detectors must be electromsznetically
shielded from adjacent detectors. Airborne Instrument Laboratories
have developed detectors operating at 10 micron which are copper-shielded.
The main disadvantage of this technique is the requirement of high F-

numbers in the detector focusing lens. F-numbers required range from

F-90 to 300.

B




H. OPTICAL CROSS-TALK

In either heterodyne or non-heterodyne operation, it is the
function of the receiver optical system to collect energy, reflected from

the target, onto a designated detector.

To determine the exten% to which this collecting system allows

energy, intended for this designated detector to fall upon adjacent

detectors (cross-talk) is the subject for analysis in this section.
To make this determination-it'is necessary to analyze the distribution
of energy in the focal plane of the collecting system, which is also

the plane in which the detectors are placed.

The collecting system under study may be made up of any number
of optical elements provided they have a definable end focal plane.
For example, a telescope-focusing lens combination may be treated as
a single collecting lens with proper considerations for telescope
aperture and magnification, and the assumption that the focusing

lens has sufficieunt aperture to accept the beam relayed to it by the




I
’
I
I
J
|

telescope. Thus, we may concern ourselves only with a collecting aperture D

and the amplitude distribution in its focal plane.

In & coherent heterodyne detection system, the distribution of

energy is not in accord with the well known expression

l J,(r)

]
]

(1)

where

]
1]

intensity
Io= intensity incident . pon the aperture

= radial distance from geometrical center of the
pattern, and

Ji= Bessel function of the first kind and first order.

As Catheyl has shown, because the signal mixes with the reference signal,
the energy is determined by integrating the amplitude over a given area

and squaring the result.

The amplitude distribution is given by 2J (r)/r for a Fraunhofer
pattern. Thus, to determine the effect of optical cross-talk on adjacent

detectors, the amplitude

2Aole(r) r dr 4o (2)

r

must be integrated over the space occupied by the adjacent detector.

lIEEE Proceedings, 56, 1968.
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Since it is extremely difficult to even set the limits of integration of
the field in the above integral, the coordinate system was transformed

to the center of the detector resulting in an integral of the form

A= .ez.xojzTT sR° ’_1(_1'_) R dR d0 (3)

where R is the radial distance of an element on the detector from the
center of the detector. The total energy on the detector is then given

by A2.

The integral in (3) was numerically computed using the method given
in Appendix A for various detector center-to-center spacings using the

optimum detector size whose raqius is 1.22 x/D.

The effect of cross-talk on adjacent detectors is shown in Figure
II-12 for detectors with diameters 2.Lk X/D- It is to be noted that the

cross-talk normalized signal power is maximum (6.2 x 1o'h) when detectors

are arrayed with center=to-center spacing of 2.4 3/D (edges of detectors
touching). With detector spacings less than 2.84 \/D (center-to-
center), the cross=-talk reduces sharply es the detector separation

is 1ncrea€ed. (e resultant amplitude on the detector undergoes a

sign change at a center=to-center spacing of 2.84% /D). If the

spacing between detectors is 10% of the detector diameter, the cross-talk
is down 40 dB. Thus, cross-talk should not present a detector problem

in linear arrays.
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I. DETECTOR CONFIGURATION OPTICAL EFFICIENCY

The optical efficiency of the system is dependent upon the detector
shape and spacing relative to the beam shape and beam image on the detector
plane. Two cases are considered: Multiple discrete circular beams with cir-
cular detectors, and fan beams with circular detectors. These two casec are

illustrated in Figure II-12.

Case 1l: Multiple Discrete Circular Beams with Circular Detectors

The theoretical detector configuration optical efficiency for this
case can be considered as a base of 100% for the optimum spacing of 2.8k X/D
measured between detector centers. The beams are also spaced with this separa-

tion to match the detectors.

Case 2: Fan Beams with Circular Detectors

Based upon the simplified model that the fan beam imsge is equivalent
to the image of a slit with the image width equal to 2.44 X/D, the use of
circular detectors wouid result in an optical efficiency E where

2
N (2.k-)

E = i
W+ (N=-1)S] (2.M+T)

1)

-
1+ (1-3)8

where

=2
n

number of detectors of diameter 2.44 A/D

[ 47}
n

relative edge-to-edge spacing between the detectors.




A. Multiple Discrete Beams with Matched Detectors
The Ji(x)/x function is shown below detectors.

QO

B. Fan Beam Image with Circular Detectors

Figure II-13:; Detector Configurat-.on to Illustrate Optical Efficiency




Thus, the optimum spacing is S = O which results in an efficiency

-

E= -—E— .

For the case in which the cross-talk is minimum; i.e., a detector center-to-

center spacing of 2.84 A/D, § = 2.84 - 2.4k = 0.4, and the efficiency is

=1
|

= 0.96 x 94— (N = 10)
0.75.

I

Since the loss in efficiency is small in order to achieve zero cross-talk,

the ten resolution element fan beam system should be configured in this

manner.
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III. REVIEW OF SCANNING TECHNIQUES
A. INTRODUCTION
The most severe scanning problem arises for the raster scan. In
the present case, we are interested in scanning 100 x 100 resolution
elements 100 times a second, or 106 resolution elements per second. For a

c.e meter diameter beam of ten micron radiation, the diffraction angle (resolution

element) is 10'5 radians. The scan rate, the;efore, is only 10'5 X 106 = 10
radians per second. If the beam diameter is reduced by a factor of ten, the
scanner angular rate is still only 100 radians per second. The anguler rate
poses no difficulty even for the simpler scanners.

The real problem in scanning the field proposed here is turn-around
time. The raster scan requires that one scan 10“ lines per secord and 102
frames per second. Turning the team around at the end of the line or the
end of the frame is the difficult problem. The result of poor turn-around
is inefficiency in scanning. For example, the sinusoidally-driven oscillating
mechanical mirror must be slow enough when pointed at the center of the field
to give a dwell time long enough to accumulate a satisfactory'signal. This
means that it spends too much time inefficiently on the rest of the field
where the mirror is moving more slowly. This nonuniformity in the signal over
the image field must be removed and this is done by inefficiently attenuating
the signal over most of the field.

If one attempts to drive an oscillating mirror in a sawtooth scan,
he finds all of his troubles at the extremities of the scan when he must apply
large forces to reverse the mirror motion. 1In general, the mirror does not
stop and reverse instantaneously. There is a non-zero turn;around time which

produces corresponding inefficiencies. Although the sawtcoth scanuing mirror




uses radar powver more efficiently, it may actually be cheaper and easier to
waste the laser pover and use the simpler sinusoidal scan.

Reflecting a becam from a multifaceted rotating mirror is another
well known method of scanning. ﬁere again there is a wasted turn-around
tine. VWhenever the beam overlaps the edge between two mirror facets, the
beaws is split into two parts pointing tc opposite edges of the field. Any
slgnal is ambiguous and is therefore wasted. This, too, is an inefficiency
*hat can be compensated with gréater transmitter power.

A number of other constraints limit the devices which can be con-
sidered for a scanning system. The most significant are: beam size, scan
amplitude, scan cycle frequency, and scan uniformity (linearity and tuwr-
around time). There is a trade-off between scan amplitude and team size.
Beam size can be reduced by ah‘optical system which produces a corresponding

increase in scan amplitude. Thie otherwise linear trade-off is limited by

aberrations in the optics as angular deviation from the optical exis increases.

In the shared aperture case, we are dealing with a one meter diameter beam with ebout

- 3 . 0]
10 > radian divergence to bte scanned over a 10 3 radian field every 10

seconds. A scanner for the one meter beam at these frequencies is totally

out of the question. Reduction of the beam diameter to 10 cm increases the
scan field to 10™° radians (0.6 degrre); reduction to one cm requires a 107t
radian (6 degree) scan field. In order to obtain scan freguencies of 100 sec'l
or faster, the scanner aperture size ﬁust be of the order of 10 cm or less
because of mechanical frequency limitation or availability of optical quality
materials for electro-optic or acousto-optic devices. To avoid detrimental

aberration of off-axis rays, the scan half angle for mirror systems must be

less than three degrees so that & minimum beam size is about 1.0 cm.




Another limitation on beam size may result from power density. A 5
kilowatt beam on a 1 cm diameter scanner or even a lens can be devastating if

there is a few percent absorption of beam energy-
It would appear, therefore, that we are restricted to scanners

with aperture cdiameters in the 1 cm to 10 cm range. For the large diameters,
mechanical frequencies and availability of materials make the task very
difficult. For the smaller diameters, pover density and aberrations of off-

axis beams make the task difficult or impossible.
B. Electro-Optic Scarners

In principle, it should be possible to scan a beam by passing it
through & prism whose index of refraction can be varied by application of a
field. Attempts to achieve this, however, have not been highly successful

even in the visible where high quality, transparent electro-opti: materials

are readily available. Among other problems, small nonuniformities in the applied

field and material destroy the coherence of the scanned beam. In the 10 micron

wavelength range, the available electro-optic materials are much more limited
and the use of electro-optic crystals as scanners for the present task is at

best a remote possibiiity. One could evoid the prism design if a controlled

field gradient could be produced but this is even more difficult and has met

with little practical success.

¢c. Acousto-Optic Scanners

Acousto-optic scanners are becoming increasingly popular for very
high frequency scanning in the visible. They function by causing the light

besm to undergo Bragg reflection from an acoustic wave in a transparent fluid

,?"“ .
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or crystal with a high plezo-optic constant. The reflection angle chenges a5
the frequency (wavelength) of the acoustic wave 1s changed.

The efficiency of such devices falls off with increasing scan
angle because the intensity of tﬁe first order reflected beam is high only
when both incoming and outgoing light beams weet the acoustic wave at the
Bragg angle. This is possible only at one scan angle unless the direction of
propagation of the sound vave 1s changed with frequency and scan angle. A
number of techniques have been attempted to overcome this difficulty. One
crude method is to use &an acoustic wave with a curved wave front (e.g., &
spherical wave). The 1ight wave is propagated across the region of the sound
wave, meebtir : different portions of the sound wave at different angles. It
is reflected efficiently only from that portion of the wave which it meets at

the Bragg angle. AS the acodétic frequency and Bragg angle are changed, maxi-

mum reflection occurs from a different region where the light wave meets the
sound wave 8t the new Bragg angle. At best, this results in more uniform 1
deflection =fficiency with more loss at the zero scan angle and & little less

at the larger angles. ‘

Rockwell International, on an earlier contract (WPAFB Contract No. ]
F33615-69-C-1230) developed an acousto-optic deflector for 10 micron radiation 1
using a germanium crystal as the acousto-optic medium. The device quite effi- m}

ciently deflected the beam into the first-order Bragg reflection when set at the

Bragg angle. It has proven exceedingly_valuable as a means of obtaining & !
fixed frequency shift fron the transmitted beam for use as & local oscillator
for a radar recelver. However, deflections deviating from the Bragg angle

drop rapidly in intensity. Generation of the acoustic wave‘in the germsnium

crystal from a phased array of line source piezo-electric transducers made it

=62




possible to steer the acoustic beam to maintain the Bragg angle throughout

the scan. MHowever, it proved impractical to drive the phased array with the
very high acoustic powers and phase control required for effective s. .nning.

Although acousto-optié gcanners are a possibility at ten microns,
apertures of more than a centimeter with modest efficiency over a few degrees
scan angle are at the limit of the present state-of-the-art. A system design
incorporating such & scanner for use with a 5 kilowatt beam would be a high
risk design and would require extensive scanner development work.

D. Oscillating Galvonmeter Mirrors (Sinusoidal and Sawtooth)

Os2illating galvonmeter mirrors with torsion bar suspension are
the most thoroughly proven scanners for beam apertures of a few centimeters

at frequencies up to a kilocycle per second. Section IV contains a complete

analysis of such a mirror scanner. If sine wave scanning in this beam size
and frequency range is desired; the scanner is "state-of-the-art."
If a sawtooth scan linear in time is desired, the task is more

difficult. The sawtooth curve may be represented as an infinite Fourier

series which contains the harmonics of the basic sine wave. The problem
differs from that described in Section IV in that the mirror is driven at

a frequency well below resonance with several harmonics. Although considerably
more power is required to drive the "sawtooth" mirror, apertures of a few
centimeters at frequencies of the order of a hundred cycles are possible with

relatively small turnaround times and not unreasonable power requirements.

E. Bender-Bimorph Mirror Scanners

The bender-bimorph consists of two flat rectangular pieces of

piezo-electric material bonded together with a thin conductive paste.




Together thiy form a thin laminated beam. The outer surfaces are coated with
a conductive layer. By means of the three conductive electrodes formed by
the outer coating anc the bbnd, the piezo-electric slabs can be driven. The
slabs are poled so than an electric field applied across one of them causes
it to lengthen along the beam lengtn. The result is a bending of the beam.
A mirror can be attached to the beam end and its orientation controlled by
the field applied to the bimorph.

Autonetics has conducted extensive analyses and experiements with
these devices. With these devices, it is possible to achieve spertures of
greater than two centimeters a.nd closed loop tracking frequencies grester than
40O Hz. For a resonant frequency scanner, the bender bimorph technigue
(considering the present state=-of=-the-art) would be limited to about 1 kHz

rate and scan angles of about 1 degree for an aperture of approximately 1 cm.

F. ROTATING MULTIFACETED MIRRORS

A multifaceted mirror with mirror faces parallel to the axis of
rotation reflecting a beam in the plane normal to the axis of rotation can
give quite high scan rates. In principle, scan rates as high as 2m ¢ radians
per second are® Poesible v;here w 1is the rotation rate in cycles per second.
Rotation rates s high as 60,000 rpm are possible with small mirrors. However,
a number of camplications arise. The most restrictive is the fact that the
beam is divided into two parts when it overlaps a mirror facet edge. This

creates & dead time due to misdirected beam or ambiguity in beam direction.

The dead time due to transitions from one facet to another can be
reduced by #Teating the multifaceted mirror from a larger diameter rotor with

sides flattened to give the rotor the cross section of a regular polygon. If

there are n faces (n sided polygon), the dead time is approximately ,39_ where

d is the beam diameter and C is the circumference of the circle circumscribing
the polygon. A detailed analysis of choosing the number of facets and the

radius is given in Section IV. &
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G. ROTATING WEDGE FRISM

By rotating a wedge p-ism around the axis of the incoming beam the
outgoing beam can be caused to move in a conical scan. By fanning the beam
by passing it through a cylindrical lens prior to the rotating wedge, the
conical scan is replaced by a rotation of the fan so as to sweep out a circle.
Wwith a linear array of detectors, the circle could be imaged. However, there
would be a nonuniform intensity over the circle requiring & correction ir. the
display.

By means of two synchronized counter-rotating wedges, the beam cean
be caused to undergo a linear scan sinusoidal in time. This is equivalert to
the sinusoidally oscillating mirror scanner. Although rotation rates for
small wedges might be as high as a thousand cycles per second, a pair of
synchronized counter-rotating wedges would be limited to, at most, a few

hundred cycles per second.

H. ROTATING MIRRORS (MIRROR NORMAL TO AXES OF ROTATION)
+

By reflecting a light beam from a mirror placed nearly normal to
the axis of rotation, the outgoing beam can ve cauced to undergo a conical
scan whose angle is the angular deviation of the mirror from perpendicular
with respect to the axis of rotation. This conical scan can be used in the

same way as thet achieved fram rotating wedges. Similar speeds can be achieved

with greater ease.



MULTIPLE REFLECTION MOVING MIRROR SYSTEM

When scanning rates required are too high to achieve by a moving
mirror, the effective angular scenning rate of a mirror can be increased by
a factor of N if the light beam can be caused to reflect off of the same
mirror N times before passing out of the systum. A number of such optical
systems have been devised. Most use a cylindrical or spherical mirror which
keeps returning the beam back to the same point occupied by the moving mirror.
However, at the same tjme these change the divergence or convergence of the

beam which must be compensated.

In the preseni problem, angular scan rate poses no difficulty for

the one-dimensional scan associated with & fanned beam and linear array. IfF

the total scan angle is §, the scan frequency is f cycles per second and the

system oulput beam diameter 18 A times the beam diameter at the scanner, tlhen
the angular scenning rate at the scanner is Af@. The most extreme numbers
for the present system are

A =100

£ = 100 sec™t’

0 10”3 radiens
so that the rate at the scanner is only 10 radians per second. For a two-
dimensional raster scan with two on>-dimensional scanners, the angular rate
at the slow scanner is still Aff but at the fast scanner is RAf@ where R is
the number of lines in the raster or .esolution elements in the one~dimensional
scan angle A. In the present problem, R = 100 so that the scan rate is 1000

radians per second.
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A very fundamental problem arises in the multiple reflection systems.

Although the angular rate is multiplied by the number of reflections, the

number of times the beam is turned around and entered into a new cycle is not

increesed.

The emplification of scan angle and scan rate can be applied
successfully if the basic scanner already provides fast enough turn-around.
Consider a 10,000 Hz tuning fork with one erd polished to a mirror finish.
Such a high frequency tuning fork is limited to a fairly small angular ampli-
1ude (for reasonable forces and energies). If, however, one can put this
vibrating mirror into a multiple reflection system or use N such tuuing fork
mirrors in a row, it is possible to amplify both the angu;ar amplitude and
angular rate by N. .

In addition to the multiple reflection systems designed and built

by Autonetics, a number of others have been reported. In particular, Leo Beiser

of CBS Laboratories has described a periodic scan enhancement system. The
near-confocel optical scan amplifier which he described at the 1972 Spring
meeting of the Optical Society of America has many similarities to the multi-

reflection scan amplifier described here.

An analysis of this type of scanner for an active imagiag system
presented the problem of compensating for the offset angle. In addition, this
technique was abandoned because of the high=power densities on the mirrors.
These problems and others associated with the scan amplifier are discussed

in Appendix Be. A brief discussion of a scan amplifier developed under

contract is given in Appendix C.




IV. SELECTED SCANNER ANALYSES
A. INTRODUCTION
After the completion of a review of scanner technique:, a concen-
trated study was performed on the two most promising types of scanners:
(1) multifaceted rotating scanner; and (2) torsional sinusoidal scanner.
The basic limitations which are imposed on both types of scanners are
distortion limits. The study was based upon a distortion limit of 1/8

wave at 10 microns.

For a single beam system required to raster scan th lines/sec.,

distortion limits the maximum target range to approximately 6.5 km
using a tool steel multifaceted scanner. Beryllium increases the usage
of a single beam raster scan system to approximately 10 km. Thus, to

A}

achieve ranges exceeding 10 km, a minimum of two beams is required.

With a multifaceted scanner, in order to minimize the dead time,
determined by the beam size on the scanuer, the smallest beam size con-
sidered reasonable is 1 cm which *s of the order .f the beam output from
kilowatt lasers. However, with this ‘small beam size since the scanner is
required to scan the beam over 100 resolution elements, 100 A/D at 10.6
microns is 106 mrad, or 6.070. This large angle of scan places a stringent
requirement upon the beam expanding telescope to operate diffraction
limited over an input field of - 3°. The optical design study has indi-
cated that this requirement is reasonable for a two-beam system, but would

impose great difficulties for more than two-beamns.
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Thus, the multifaceted scanner application is limited to a two=beam
system. From the results of the range accuracy requirement to perform
offset correction (30% signal loss to obtain 50 m range accuracy), 'a
10-resolution element fan beam system was studied using a sinusoidal
scanner. Wi'h a sinusoidal scanner, the beam size can be increased to
10 cm. Increasing the beam size to 10 cri reduces the beam scan angle for

100 resolution element scan to 100 A/D = 10.6 mrad or 0.6°.

The scanner analysis given in this section shows that a 10 cm beam

scanner can scan the 0.6° field at the rate of 1 kHz to provide th ].ines/

sec with a 10-resolution element fan heam.




B. MULTIFACETED SCANNER ANALYSIS

The spplication of a multifaceted scanner to the Line Array Imaging
problem requires an.analysis of the interdependence upon the target range
to the number of facets, radius of the scanner, number of scanning heams
and the beam rize on the scanner. For a given target range and beam
size, the radius of the scanner increases as the number of facets increase.
As a result, tensile stress on the scanner increases. In addition, a
limiting speed is reached when the deformation exceeds the optical limit

to maintain a 1/8 wave flatness on the surface.
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l. Scanner Equation

Prior to the derivation of a suitable stress equation, a basic

governing relation is given in which the inscribed angle of one face is de-
fined in terms of the sum of three parameters. (1) scanner dead time, (2)
scanner transmit time, and (3) transmit/receive time of flight. For purposes
of this analysis, a restriction is imposed that the received signal must be
received during the time that the same scanner face is in operation. Problems
concerning the reception of the return signal on two adjacent faces have not
been examined.

Re.ferring to Figure IV-1 the basic scanner equation can then be

given as:

A
+Kg+60 (1)

dead time angle

scanner angular motion for 2K resolution elements
of beam size D

offset angle.

From Figure IV-1, it can be shown that if a D is the beam size on
the scanner face, the dgad time angle is

-1 COE!
@ = ten s sin 2
aD 2

The value for 2K is 100; therefore, for D = 1 cm at 10.6 u
2K % /D = 0.106 radians (6.C7°).

The offset angle 66 1s given by

60 = 6 2 R/C

two-way transit time with target at range R,
velocity of light B
) 10h

Ny
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which is the basic scanner equation.

2., Stress Analysis
To evaluate equation (2) at the maximum allowable rate of the
scanner, a stress analysis is required to obtain a relationship between the

number of faces NF and the radius r of the scanner.

Consider Figure IV-2 which is a diagram of the stresses and
strains upon an unfinitesimal elemental volume of the cylinder in the radial .
direction. To determine the forces in the radial diraction the stresses ¢'s
are multiplied by the areas upon which they act. Considering a unit length
normel to the stress direction and noting that the tangential‘streascs have

a component along the radial direction, the sum of the forces radially is:

ae 2
o, T d8+ 2cytdr(§-) - (crr+dor) (r+dr) 46 = dm rw

2
the term dm r® 1is the centrifugal force causing the stresses..

Since
dm = pr d6 dr
where o= density. Upon simplifying

do

g 22
LT =R a;I =prw (3)

This equation has two unknown stresses ot and Oy To reduce the problem
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Figure IV-2:

Stresses on Elemental Volume
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to one unknown, a transformation is performed in terms of the deformations
and material properties. The deformations of an element are described by

its strains in the radial and tangential directions.

If u represents the radial displacement of a cylindrical
surface at radius r, u + du 1is the corresponding radial displacement of
the cylindrical surface at r + dr. Then the strain €. of an element in the
radigl direction is

_(u+dy)-u _du
€ = ar T

Similarly the tangential strain on the element is

21‘_]‘ 2..
2 r™u)- 2m 1

u
r 2mr T r

From the properties of materials, the stresses and strains are

related by

E
Op = 1-“-2 (er+ l-"et)

E
= & B
O = 1.“5 (et+ er)

where E is Young's modulus and u is Poisson's ratio.

Upon substituting
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which upon substituting into egquation (3) ylelds a differential equation
2

2
b H-&-&-u: pw2r3
2 dr
dr

A general solution to this evuation 18,
2 8,

wrol
u = T Pw2r3 + 8T +

To evaluate this equation, the elemental displacements are not known at
any radius, but the gtress is known resulting from the rotational forces.

Al

The radisl stress 1s then
oix « g 38, 2o kg

Since the solution must be valid for all values of r and be finite, a,= o
otherwise, there is a diécontinuity at the center. Furthermore, the 8, term
merely contributes as a constant addition to the stress and‘would only be
significant if there iz external pressure. (This term 1s independent of
rotational rates.) Thus, at zero speed, imposing the condition that o= 0

forw = 0, a,= 0. Or .
1 2 W
gr=_p._8§—(3+u,).

It is significant to note that oy i{s independent of Young's modulus except

through Poiston's ratio.
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For Cordin tool steel, the design tensile stress limit is 100,000
psi. In comparison, beryllium has a tensile stress limit of the order of
450,000 psi. Based upon a stress limit of 100,000 psi and 450,000 psi for
tool steel and beryllium, respectively, the maximim peripheral velocity

allowable for each material is:

Tool Steel: V = k.6 x th cn/sec (max)

(p=7.85 gn/cc, p = 0.3)

Beryllium: V= 2.1x 107 cm/=ec (max.)
( p=1.854 gnfcc, u = 0.03)

For application of high-speed diffraction limited scanners, the
critical factor is not the design stress limit velocity, but rather the

surface deformation.
3. Surface Deformation

In the above stress analysis, it has been shown that the displacement

u of a surface at radius r is

2
R pu® 13
where

p= Poisson's ratio

E= Young's modulus

p= density

w= angular rotational rate.

=TT=

e . g e et oy " A e
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(In the above equation, positive displacement is measured inward.)

Since u is a displacement in the radial direction, the component
of u normal to the facet surface is a measure of the surface flatness.
The flatness criterion utilized in the analysis is that the difference
in the normal component of u can not exceed 1/8 wave between any two
points of a facet which are within a beam size of eachother. The results
are indicated in the next section which describes the minimum radii

required to scan targets at variocus ranges.

4., Scanner Radius

The required scanner radius is determined from the equation

o = tan t|—cos o2 +50—’1‘)—+923/c

r ,
L - sin e/2

where

r = radius

a = 1/cos o(¢ = angle of incidence of the beam)
D = beam diameter o
Np Mg 4
NF= number of facets ¢
'S

number of beans

o o

= target range

Q
n

velocity of light
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Based upon this equation using a 1 cm beam at an incidence angle of 300,
the required scanner radii are given in Figures V-3 and IV=-4 for a
one beam and two beam system as a function of the number of facets

and target ranges. The scanned field is 100 resolution elements with a
line scan rate of th lines/sec corresponding to a frame size of 100 x 100

resolution elements and a frame rate of 100 frames/sec.

The one beam system exceeds the distortion limit for 6.5 km range
using tool steel or 11 km range using beryllium. Within a range of 20 km,
the two-beam system is primarily limited in radius by the manufacturer's

fabrication limit of 15 cm.
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TORSIONAL OSCILLATING SCANNER ANALYSIS

l. Equations of Motion

Consider the inhomogeneous torque equation for the torsional

motion a solid cylindricel rod

10 + BO + KO = T_ sinut (1)

where

©
|1}

total twist angle between rod ends

o]
[}

loss term due primarily to air damping

I = polar moment of inertia of the system
K = torsional spring constant

To = amplitude of the applied sinuosidal torque.

From Hooke's Law, the restoring torque T, is given by

S LY

= xo = 30
T, =Ko = = (2)
where
G = shear modulus
J = polar moment of inertia of the rod

I, = length of the torsion rod.

Equation (1) has the complete solutiont

@ = exp(~ Bt/2I) (c3 cos®,t + C), sinn,t) !
(3)

» 2 2 -
= (v -, ) sinwt (wB/I)cocfl’t

j%hames, I. H., "Engineering Mechanics," Prentice-Hall, 1960, p. 354-358.
i
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where the first term of (3) represents transient solutions, and the

second term the steady~-state forced solution and

vy = [K/I - (3/21)2] i

w % (K/I)% .
If we teke

6,(t) = @ sin(Wt + o) (5)

then the maximum torque,T , from the steady-state solution in (3) can be

derived as
2 ,2y2 2 %
T, = 8T [(w -0 2)< + (*B/1) ] s (6)
The average power expended in the system may be computed from the relation

/2

' T sirt éf(t) dt (7)

1
—— @)

5 9T sin® (8)
where T is the period of the oscillation and © is the phase angl: between

the applied torque and the scanner motion. Equations (6) and (8) then

yield an expression for the drive power required




2

%
Pav ™ %’ Bef%\wz [(1 ) u,%) QZ - 1]% sine

o = tan [a@ - u 2D |7

and the Q-factor is given by

It may be observed that at resonance w = w,

Q = wl/B. (12)

end the torque necessary to suscain oscillation is at a minimum given X
To = emwoB. (15)

2e¢ ing Coefficient
The air damping cosfficient (B) may be derived by calculating the

net drag force on a plane surface element moving through air at a velocity
v and integrating a'l such forces over the surface of the torsicrlly re-

sonant mirror shown in Figure IV-5.

For a plate area dA moving in a medium of density o, the net
change in momentum of the gas molecules by the plate in some gshort time

intervel dt is




Rotational Axis

5. Geomeiry of the Resonant Scan:uer

Figure IV-




dp = mdv = %-pv(thhw)dAdt (14) l

where Ven is the average thermal velocity of the gas atoms and may be taken
to be approximately c, the velocity of sound in air. As long as v<«c, the

drag force on the moving element may be approximated hy
F ¥ pvc dA, (15)
and the total drag torque becomes by integration

(16)

/2 af2
T(t) =J F(x,t) x dx xAfd.x x [ dy pcéx
b/2 -a/2

T(t) = h— > pcu B simut. (a7)

. Hence, the damping-coefficient beccmes
» 1 3
B = T(t)/b = Ty ab° oc, (18)
and from (12) the required average power is

3.2 2 (19)

= 1
P.v = 77 PcabTe T,

o = 1.135 x 1075 g/en’

A
c = 3.3 x 10 cm/sec. *
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Figure IV-6 illustrates the variation of average power required to
sustain oscillation as a function of both the resonant frequency and peak
mirror angle Om for a specific mirror geametry. These theoretical results
include only losees expected due to air damping. Generally, the true

power drive requirements will be scmewhat higher for practical systems.

3. Torsion Rod Parameters

Using the conditions of resonance and the defining equation for the
moment of inertis for a circular cross section, the relation of the torsion

rod radius (r) and L may be fixed. Using (k) and the expression

J = %— r4 (20)
the equation
4 ZIwZ (21)
T = :I-TC_ L

is obtained as a constraining relation between the rod radius and its length.

An additional constraint relating r and L obtains from shear stress
limits imposed on the torsional shaft. Using the expression for shear

stress at the periphery of a shaft of radius r related to torque T

Tr
S = T (22)

and defining SS as the maximm shear stress at the edge of the rod and Se as

the corresponding safe upper limit, we have

2
S (23)
>~ S

e ¥,

2 Moleev, Machine Design, P« 25

~87=
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Therefore, the imposed constraint becomes

It , G o < s
3 L T
or (24)
3o B
2G6
m

Equations (21) and (24) together specify a minimm rod thickness as

2 (25)
T > (49me /nSs)

for TOTS=T6 aluminum alloy:

S, = 1.29 x 109 dynes/cm2
G = 2.66 x 101! dynes/cn’.

Fram the specification of the required scan angle, which is 4 times the

peak angular mirror deflection Om’ the mament of inertia of the mirror I,

and the resonant frequency ®, (21) and (24) specify the rod radius and
length, r and L.

4, Mirror Distortion Characteristics

A crucial factor determining the thickness of the mirror, d, is

jts dynamic deformation strength which must limit the maximum allowable

mirror surface deflection vy to

-yl




y < M8 (26)

where ) is the optical wavelength. Brosens3 has celculated the maximum

distortion for a rectangular mirror to be

(1-v
a

v = 0.03438 blu’s I (27)

where v is Poisson's ratio for the mirror material, we may campute the mirror

inertia to be

I /rzdm - 3 b3 + )

so that with the values for aluminum

om = 2,7 gl cm3

v=,33

(27) reduces to

v = 11.945 x 107 Wl o b2/at. (29)

Equations (26) and (29) together determine the minimum mirror thickness for

a specific aperture size.

3Broeens, Pe J+, "Dynamic Mirror Distortions in Optical Scanning." Applied
Optics, Vol. 11. No. 12, Pe 2987-2989 (1972)0
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Although a solid rectangular aluminum mirror has been considered
here for simplicity, various hollow section designs may be utilized to
greatly reduce mirror inertis without appreciably affecting deformation
strength. These types of mirror modifications will not be considered here

except to indicate the available flexibility in the design.

Figure IV-T iliustrates the maximm mirror distortion y for a ;
scanner operating at 1000 Hz with a peak mirror angle of 2.5 mrad as a
function of the mirror width b. The dotted line represents the one-eight~
wavelength limit imposed on the distortion and the curves are plotted for

constant mirror thickness 4.

5e¢ Scanner Design Considerations

The previous sections present the basic equations for the design of
torsional resonant scanners. In this section, we apply these design criteria
to derive scanner parameters such as torsion rod dimensions, mirror thickness,
electrical power and peak torque requirements given both scan angle and

frequency. For a N~beam scanning system, the peak mirror scen angle Om is

. = IN (30)

m

where o is the full-scan angle. Taking the sample va. .2s

a = 42°
N=3 (31)
w = 21(226) = 1420 sec !

em = ,0366 rad

=91~
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and utilizing a rectangular mirror for which a = 4 cm, b = 9 cm, the

average power required by the scanner to overcame air damping is from (15)

| 3§22
Pav---z-[pcab emw

'
I
I
|

I P,, = 1.23 watts.

(32)

Similarly, the peak torque required may be coamputed from (9) as

T = o d (33)

Since the oscillating mirror is subjected to high dynamic torques
which cause distortion in a plane perpendicular to the rctation axis, the
minimm mirror thickness required to limit the maximum distortion to one=

eighth-wavelength is obtained from (21) and (24) as

d>1.25x 207 w (0. b°)? (34)

d > 0.825 ca.

As may be observed fram (22), the mirror distorticn is linearly related to

its moment of inertia, so that the required mirror thickness may be reduced

ol

by 20% if the unused mirror corners are rounded. Therefore, the mirror

thickness may be safcly specified to be approximate y

d = 0.66 cm.




This results in a total system inertia from (23)

I¥ 0.8 aol b-d
VA

(35)

I =347 g cm?

where the numerical factor accounting for rounding of the mirror corners
has been included. Equations (16) and (19) may now be used to determine
a relationship between the torsion rcd radius r and the rod length L. To

limit the maximm shear strees to a safe value (19) requires

3

r<2.42x10° L/e
(36)
r < .066L.
For resonance (15) stipulates
4 (21 wd) (37)
B L '

4

t=1.675 x 1073

L.

By cambining (36) and (37), lower limite for r and L may be obtained from
(20) and (36) to be

.294 cm

21
"W

L > 4.45 cm.




Minimizing the rod length gives the dimensions

. 2937 (.116 in)
4.445 cm (1.75 in)

The sample design parameters determined from this section are enumerated

for reference in Table (1).

a = 42° £ = 226 Hz
N=25 Pav = 1.23 watts
em = ,0366 rad axbxc = 4.0 x 9.0 x .66 cm

= 4.73 x 10° dyne-cm r = .2937 cm
(43 oz-in)

L = 4.445 cm

Table 1. Sample design parameters of the torsional scanner system.




V. SHARED VS DUAL APERTURES

A. INTRODUCTION

The shared aperture has the basic adventage over the dusl seperture
system in achieving increased power densities in the high-energy beam.
The increase is proportional to the square of the relative diameters. In
a dual sperture system, the output optics is limited to approximately 40 cm;
whereas the shared aperture system permits output optics of 1 m diameter.

Thus, the net gain in power density is 6+25 for s shared aperture system.

However, the shared aperture system requires a beam combiner to com=
bine the high-energy beam with the laser radar scanned beam. The two

methods of beam cambining which were considered during the study were the

Brewster angle beam combiner and the diffraction grating cambiner.

: The Brewster angle beam combiner requires a solution to the high-power

density "window" problem. Thus, this method was discarded early in the study.

The diffraction grating beam cambiner wes investigated and is discussed
in this section. However, it was also discarded for reasons that the ]

efficiency required is not within the state-of-the~art.

In addition, the effect of backscatter is compared for the dual aperture
and shared aperture systems. Siuce the required local oscillator (1O) power {
on the detector must be at least a factor of 2 greater than all of the noise
power, the backscatter fram the high-energy bveam is an important parameter

in determining the req_uired 10 power.

B. BEAM COMBINER

Two possible methods exist for the design of the beam _ombiner. The i

first is the Brewster angle beam cambiner using candidate materials such _ L

as gallium arsenide. This type of beam cambiner is illustrated in Figure V-l. £
-%-
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For GaAs whose index of refraction is 3.3, the Brewster angles is

1

g = tan- 3.3 e

= 73.14°, \

Then, in order to combine two 10 cm beems, the minimum size GaAs Brewster

plate required is 10 cm x 34.5 cm.

An anaiysis of the heat transfer prohlem from such a beam combiner
is given in Appendix D. There it is shown that a GaAs Brewster plate 1
cm thick could transmit 2.08 x 106 watts using thin channel cooling.
However, this is only theoretical, and before a Brewster angle beam cambiner

can be recamended, further progress would be required in ithe high-energy

window problem at 10 microns. |

Thus, a second approech is examined - the diffraction grating beam

combiner.

The principle of the diffraction grating beam comb