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SECTION T

INTRODUCTION AND SUMMARY

The effort under tnis contract has involved investigations of the frequency
stability characteristics of single-frequency neodymium:YAG lasers and of the
application of picosecond laser pulses to imaging radar problems.

Section II of the report, discusses the results of the work on single-frequency
YA lasers. The YAG lasers employed in this investigation incorporated proprietary
techniques to obtain single mode, single-frequency operation. The major technical
accomplishments have been: f1) the locking of a single-frequency YAG laser to the
bandpass of a high finesse Fabry-Perot interferometér, (2) the use of etalon thermsl
tuning for coarse frequency control, (3) the construction of a second single-
fraquency -laser and (4) the heterodyning of the two single-frequency YAG lasers at
a variable frequency offset.

The technique used to obtain single-frequency operation cf the YAG laser was
developed under rorporate sponsorship prior to the initiation of work on this
contract. An article describing this technique has been accepted for publication
in Applied Physics Letters. This article entitled, "Single-Frequency Traveling-
Wave Nd:YAG Laser," by A. R. Clobes and M. J. Brienza has been included as Appendix
I of this report.

Section ITT of the report, discusses the application of picosecond optical
pulses to high resolution optical imaging radar. The particular problem discussed
is that of obtaining images of distant objects in situations where the resolution
or signal levels are insufficient to allow the use of conventional imaging techniques.

The use of coherent signal processing techniques in the microwave region has
1ed to the development of imaging radar systems whose resolution is much better
than that determined by the diffraction limit of the transmitting and receiving
apertures. These techniques are spplicable to situations in vwhich there is relative
motion between the observer and the target to be imaged. This motion leads to a
doppler shift of the radar return from a point scatterer. For an extended target
trere will be differential doppler shift between different parts of the target.
“imilarly, an extended target will display a distribution ip range of the radar
return. Coherent processing of the doppler information, in conjunction with range

I-1
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gating, can be used to provide high resolution imaging of the target. Since the
imare 1s obtained by range-doppler processing of the return rather than by conven-
tional geometrical optics, there are situations in which the first technique can
provide better resolution than the second. Coherent imaging techniques have hean
zpplied very successfully to synthetic aperturé side-looking radar for terrain
wnpping and to mapping of the planetary and especially the lunar surfaces. 1in the
“mrmer case, the doppler shift is provided by the motion of the aircraft carrying
the redar and in the latter by the rotation of the planetary surface with respect
*¢ the cbserver,

Jivee techniques can be extended to the optical region and should =2llow

©otiained can be better than that obtainable from conventional imawin-.

“he rezolution capability of a eoherent imaging radar in the ran;e dip ¢
iz determined by the reciprocal of the bandwidth of the transmitted signel. The
recitution in the cross range direction depends upon the particular configurastion

beins considered, but can ultimately be close to the wavelength of the transmitten
eizrsl. Roth of these resolution limits are independent of the target ranse.
contrast to the linear increase of the resolvable spot size with rangs in & conyven-

o

fennl imaging system,

Tontinuous trains of pulses having durations of the order of 10710 seconats
2un presently be obtained from mode-locked NA:YAG lasers at a wavelength »f 1.7~
micrens., This would imply down and cross range resolutions of the order of 1.% cu
and 1077 em, respectively. (O, lasers offer extremely high powers and high
+ffiziencys there are in addition, other considerations which make the operat ion
2 #n imaging radar more attractive at 10.6 microns that at 1.06 microns. TPreecent
20 lnser and suitable modulators, however, lack the bandwidfh to all-w resolu‘ion
approsching that obtainable with a neodymium laser.

Section IV of this report, discusses some experimental configurations that
can be used for doppler processing of optical radar signals. Experimen%al dats
ure presented that show two dimensional images of a laboratory target that were
obtained by doppler processing in combination with a scanning beam.

The development of stable, single-frequency YAG lasers and the locking of these
lasers together constitutes a highly significant technical accomplishment and will
be important for many of the applications forecast for Nd:YAG lasers.

The extension of micorwave synthetic aperture radar techniques into the
optical region should greatly enhance the capabilities of optical radar systems

and will allow images of certain types of targets to be obtained that could not
be obtained in any other way.
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1I. FREQUENCY INSTABILITIES IN THE STNGLE-FREQUENCY Nd:YAG LASER

Single-Frequency NA:YAG

Frequency variation of the single-frequency Nd:YAG laser output is of two
types., The first is a "quantized" frequency change in which the laser output
jumps from one cavity mode to the adjacent mode. The particular cavity moae
which oscillates is determined by the band pass of an intracavity etalon. As
the temperature or angle of the etalon changes, the band pass peak shift- in
frequency and it is the cavity mode nearest this peak which oscillates.

The second type of frequency variation arises from changes in the cavity
mirror spacing due to thermal effects, and to variation in the optical path
length due to changes in index of refraction of cavity material. Such index
changes result from variation of either the pump power or of the rod cooling
rate or from changes in the ambient air temperature of pressure. Roth types
of frequency instability will be considered in more detail below.

The "quantized" frequency change in the laser output is shown in Fig.TI-1
ghich is a time exposure of the Fabry-Perot display. The laser oscillates in
ons cavity mode and then juapl to the adjacent mode which is separated by
approximately 500 MHz. The deleterious effect of this change 1s that during
the transition the laser will oscillate in both modes simultaneously ard the
output is no longer at a single frequency. The particular cavity mode which
oscillates is determined by the band pass peak of an intracavity etalon. As the
temperature or the angle of the etalon changes, the band rss peak shifts in
fraquency and it is the cavity mode nearest this peak which oscillates. For now
consider only the temperature dependence., The effect can be understood by referris
to Fig. II-2 , where the etalon transmission characteristic hus been intentionally
nxaggerated., If the temperature of the etalon changes from Tl to T, , the positior
of the transmission peak will shift and the laser will oscillate at a new cavity
mode which is displaced in optical frequency from the original frequency. Assume
that tho cavity mode spacing remains constant with a change in the etalon tempera-
ture. The shift in the laser operating frequency due to the etalon effect 1is
quantized in the sense that the transmission peak can take an excursion equal
to one-half the cavity mode spacing before a frequency change occurs. Another
point to be made is that the band pass peaks of the etalon are geparated by
c/ent where 2. is the length of the etalon and n is its index of refraction. The
laser will oscillate at the cavity mode which 1is nearest to the band pass peak
of the etalon transmission which, in turn, is nearest to the maximum of the laser
pain profile curve.

II-1
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The transmission peak of the etalon formed by a intracavity flat-ended
component is at a frequency given by

c
f=q (1-)
2t
where: q = a large integer
n = index of refraction
2, = length

We assume that both n and 2depend on temperature, and that the dependence of n
on I' can be neglected.

The laser will oscillate at the cavity mode which is nearest in frequency to
the etalon transmission peak. Of interest is the temperature tuning character-
igtic of the transmission peak which is given by:

i _pllany L@ (2)
dT n d7T 2 T

d:lgz'- (3\.
# 4T
Thus,
£=-fg}.d_n+cy = -nf (4)
dT n 4T

The optical frequency of the transmission peak depends on two terms, one
representing the change in index, the other the change in length of the component
and the combined effect is given by M which is a material constant.

¢

The intracavity etalon in the laser is made of fused quartz with | = .5 x lO'S/OC
and therefore af/dt = 1.4 GHz/°C. If the maximum allowable frequency excursion
of the transmission peak is + 250 iiHz, before the laser begins to oscillate at
tha adjacent cavity mode, the etalon temperature needs to be held to within
+ .18°C.' The required temperature stability is achieved by placing the etalon in
a commercially available crystal oven,

Lk I )
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It is known that the laser rod cen also appear as & mode selecting etalon
even though the ends of the rod are anti-reflection coated ( <.2 percent re-
flectance). This is apparent from a Fabry-Perot display of the laser output
where the optical modes are found to be near multiples of c/2nL where nl, is
the optical length of the rod. If the band pass peak of the rod etalon detar-
mines the cavity mode which oscillates, and if the maximum frequency excursion
of_%his peak is + 250 MHz, then the temperature of the laser rod ( 7 = 1.1 x
10 © /°C) needs to be held within + .08°C., Holding the rod temperature within
this range is very difficult because of fluctuation in the rod cooling water
temperature, varying cooling rates between the rod and the water due to water
turbulence, and varying thermal input to the rod because of pump lamp variation:z.
For this reason, it 1is necessary either completely eliminate the rod etalon or
to make it a very low finesse etalon compared to another intracavity otalon which
can be carefully controlled in temperature.

A change in the laser operating frequen:y can also result from an angular
change of the Intracavity etalon with respect to the beam axis of the laser
(Ref.&;-[),Consider an etalon of length 4, refractive index n and inclined to
the incident beam at a small angel 8. The internal angle between the light path
and the normal to the etalon surface is a' ©/n. The transmission maximum of the
<talon is given by:

2d, cos (B') = M M is an integer ((5)
For small §8°',
2 2
o, (1 -8 /2n ) = M (A - AX) (6)
o

whare A is the resonant wavelength for 8 = 0; i.e., 2 = MA , and AM is the
0 o}

chift in the transmission peak due to the tilt., Tt follows that

-0
AN A > (7)

2n

or

2

£ o
Af = . (8)

2n2

The angle tuning curve depends only on the index of refraction and not on its
length. The angular tuning curve 1s also quantized in the sense that the
transmission peaks must be shifted by more than one-half the cavity mode spacing



1920479-36 | 10

before a frequency change will occur, As an example, suppose that the transmissior
peak can shift + 250 MHz hefore the laser jumps to the adjacent cavity mode. The:
fused quartz etalon (n=1.5) needs to be held rigidly enough so that its angle
with respect to the beam axis does not change by more than + 2 millirad. In
tilting the etalon, the optical path length of the cavity changes slightly

and this gives rise to a change in the laser operating frequency which is

usually negligible. It should be pointed out that even if the intracavity optical
component is held perfectly rigid, it is the relative angle between the laser
beam axis and the normal to the etalon surface which is important so that any

beam wander in angle caused by index changes in the laser rod, for example,

could cause an angular tuning effect.

The role of intracavity etalons in determining the frequency stability of 2
single-frequency laser has been considered. The main effect of etalons ic to
cause "quantized" frequency changes in which the laser output jumps from one
cavity to the adjacent mode due to a shift in the etalon transmission peak. The
importance of holding the etalon temperaturc and angle within narrow limits is
apparent. The other aspect of frequency stability in the Nd:YAG laser is that
of changes in the cavity frequency due to variation of the cavity length caused
by index of r~fraction perturbations of the material in the laser cavity or from
changes in the cavity mirror spacing duc to temperaturc changes in the support
ctructure. This type of freguency variation is shown in Fig.II-3. A small lencth
change A% together with a refractive index change in An occuring in a fraction

f of the total length of the cavity results in a shift in the oscillation frequenc,
given by:

S (g . f,m) (9)
f 4

n

Thz change in frequency with changes in the cavity length 4 has been separated
into two parts: a4/t represents the change in length of the cavity due to

changes in the physical distance between the cavity mirrors, and a part fAn vwhich
represents a change in the optical length of the cavity due to index of refrac-
tion changes in the cavity medium. The factors which contribute to the AL /R,

term are temperature changes in the cavity produced either by variations in the
ambient or by variations in the input power to the laser which changes the thermal
load on the surrounding cavity structure. For a change in temperature AT, A&/&

iz simply oT where o is the coefficient of thermal expans.ion of the spacer
matorial separating the mirrors which make up the optical cavity. The changes in

fraquency of oscillation caused by A /% are relatively slow due to the thermal
nacs of the spacer material.

TI-k
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The second term in Eq. (9) is due to changes in the optical path length of
the cavity due to variation of the index of refraction in the cavity medium.
Changes in ambient temperature, pressure, and humidity change n, and thernfore,
tho optical length of the cavity. Another important index changs is due to the
NA:YAG laser materlal which arise from variations of the input power to the
laser rod, or changes in the rate of cooling of the rod. These effects and
their magnitude are summarized in Table I.

TABLE I
Source of éz Magnitude of
Frequency Change t Constant
Thermal Expansion AT @ =1x ib-T f°c
of Cavity
-7
tmospheric Te t = 9.3 i
Atmospheric Temperature faBIAT BT 9.3x 10 /Jc
Atmsopheric Pressure. faa AP B =3.Tx lO-T/Torr
p
p
Laser Rod Index Chan B
s € ge ¢ d0_ AT an =T.3x106/°c
rdt dat

To put this into_better perspective, again consider Eq. (9). Substituting for
A%./% and the terms which contribute to An (from Table I).

dn

AT - ;
e (@ +£,8,) AT + £ ap AP+ f - ATy (10)

where AT is the chah%e of the cavity structure and amblent air temperature, AT
is the cﬁange in the laser rod temperature and AP 1s the change in amblent R

air pressure. For a cavity structure made from invar ( a = lO'7bC) and for a
lascr rod which occupies .1 the total cavity length,
.'Af' l/= (10-7
f

£84x1071) AT #3.3%x 107 AP +T.3x 107 AT (11)
c . .
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At constant pressure, the resultant cavity frequency shift due to AT is com-
parable in magnitude to the shift due to AT . The relative importange of' the
terme in Eg. (11) can be put in better persgectiVe by realizing that changrs in
ATC and AP occur relatively slowly over a period of tens of minutes and hours
and they result in a long term "drift" of the cavity optical fraquency. On the
other hand, the temperature of the laser rod is the result of a delicate balance
botween the incident pump power and the cooling rate and this balance can easily
be upset by a flicker in the lamp or bubbles in the cooling water. The laser
rod temperature can change in a fraction of a second and it is the resultant
cavity frequency changes in this time period which can be termed a frequency
Instability. Progress has been made toward reducing the temperature fluctua-
tion in the laser rod. A comparison of Krypton arc lamps showed the ILC L661
lamp to have excellent amplitude stability with no tendency for arc wander and
this is thc lamp being used in the single-frequency laséer. Even better lamp
stability could be expected using tungsten filament lamps but this would he at
the expense of the laser output power. Uneven cooling of the laser rod has becn
reduced by cladding the rod with a thin walled, transparent, fused quartz sleeve
(Ref. II- 2 ) , which extends the entire length of the rod. The sleave has a

thermal damping effect which integrates out any short term temperature fluctua-
tions in the laser rod.

Frequency Stabilization of the Nd:YAG Lager

In order to relax the minimum temperature variation which can be tolerated
on the cavity structure, a feedback loop is incorporated to further frequency
stabilize the output of the single-frequency Nd:YAG laser. The roquirement on
tho cavity structure and rod temperature are that they occur relatively slowly
so that a feedback loop of a reasonable bandwidth can follow these changes .
Foodback stabilized lasers incorporate basically the same elements as are
Gtilized in stabilizing oscillators operating at lower froquencies (Ref,IT-3).
tommon to such systems is a null type frequency discriminator which converts
d=viation in the oscillator frequency from a reference frequency into a modulatnr
ac error signal. The amplitude and phase of the error signal depend on the
magntidue and sign of the frequency deviation from the reference. After phase
sensitive detection of the error signal, the resultant de signal is used to drive
the oscillator frequency towards the discriminator null frequency. The short
term response of such a system depends on the feedback loop bandwidth and the
phase sensitive detector sensitivity. The long term stability of the system
is no better than the stability of the reference.

Central to a system of this type is the frequency discriminator and since
only relative frequency stabilization is of interest the problem is greatly
simplified. Such discriminators have been devised which are based on the inter-
farence between two differentially delayed beams in a Michelson interferometer
typa of arrangement(Ref.IInh). The delay may be introduced by- differences in
geomatrical path length or by differences in refractive index. However, Michelson

irnterferometer discriminators are not very attractive when compared to high Q
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resonant cavity discriminators. Frequency stabilizers bascd on the use of high

Q cavities have been used extensively in microwave systems since their development
by Pound in 1946 (Ref.F3). Analogous system have been used at optical frequenciern;
however, due to difficulties in preserving the relative phase in the briden aras,
pr posals for using optical cavities as discriminators have generally been bhaned

‘on their power tranmission or reflection properties rather than on thelir phase
characteristics. (Ref. II-5).

Optical cavities suitable for use in a frequency stabilization loop for the
I1d:YAG laser are available commercially as scanning Fabry-Perot interf~rometers
(SFP). These instruments, available from Tropel and Coherent Optics and others,
ar> normally used as optical spcctrum analyzers (Ref.II-6) for the analysis of the
las~r optical modes, and without modifications, they are useful as the discrimina-
tor in the closed-loop s*abilization scheme, The principle of operation is
illustrated in Fig.I-4. The center band-pass frequency of the SFP cavity is
modulated at an audio rate, and the effect of this c¢n the trensmitted laser
power is monitored with a photodetector. When the laser output Arifts to
one side of the reference cavity response, the sutput will be amplitude
modulated at the ravity modulation frequency. On the other side of ihe reference
cavity resonalce, a signal of the opposite phase will result. A phasc sencitive
detector tuned to this audio frequency may be used to derive from the laser
output a dc signal whose ampiitude is proportional to the deviation from the
center of the deviation. The resultant signal, after amplification, may be
used to control the frequency of the laser cavity by a PZT driver mirror so
that the output is stabilized on the center of the reference cavity response.

The output of the s)nisle-frequency ld:YAG lasor was stabilized using a
commorically available (Lansing Model 80.210) feedback loop shown in Fig. II-5.
The reference cavity was a Coherent Optics Model 470 Fabry-Perot interferometer
of 8 GHz free spectral and a finesse of approximately 125. The resultant halfl
width of the cavity resonance is approximately 65 MHz. The frequency discrimi-
nant wes obtained ty dithering the reference cavity center frequency at a 520
Hz rate., Typically a .05 to .l volt (RMS) dither voltage resulted insuffloient
modulaticn of the optical signal for lock-in, The dither voltag: could just as
well be applied to the PZT mirror on the laser cavity. The dc bias on the JFP
is used to initially center the pass-band at the (aser operating frequency. A
bias change of 4O volts resulted in a scan of onec free spectral range, or 8 GHz.
The dc signal output of the phase demodulation was amplified and applied to PZT
driven mirror on the single frequency laser, A second SFP of 1.5 GHz frae

spectral range and a finesse of approximately 150 was used to monitor the laser
output as is shown in Fig., II-6.
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A comparison of the free running and the stabilized laser output is chown in
Fis.11-7. Without stakilization, the laser output freguency range:s over
approximately + 60 MHz in a 10 second time period. This frequency shift is duo
primarily to small changes in the pump povwer and in the rod cooling rate and
with stabilization, the frequency excursions are reduced to + 15 MHz. The range
of f'reqguency excursion over a nunber of minutes observation Seriod does not

chrape significantly from these values. The laser has remained stabilized for a

period up to % hour.

Much better stabilization could be expected by using a faster responding
yandback loop. This evidenca in Fig. 8 whare the envelope of the detected 520
iz modulation signal is shown for a free running laser. The amplitude of the
anvalope changes as the unstabilized laser output sweeps through the pass-band
of the reference cavity. As can be seen, there are frequency components to 10 Hz
and above while the feedback loop response is limited to approximately 1 Hz.
of course, as the loop bandwidth is increased, noise and loop stability beocomnen
a problem, The ultimate 1imit to the loop response is set by the mechanical
resonances of the PZT mirror combination.

Single-Frequency Nd:YAG Laser Heterodyne

Haterodyne of the Nd:YAG laser prasents special problews in the sonce thnt the
gain profile is very broad, spanning a froguency range of' approximately 150
GHz. With no etalon in the cavity the laser will oscillate at the cavity mode
nearest to theppeak of the gain profile. In practice, however, there usually
are an intracavity etalons and the laser will oscillate at the cavity mode
which is nearest to the peak of the etalon transmission curve which, in turn, in
nearast to the peak of the gain profile curve. Two Nd:YAG lascrs, althoush
id>ntically zonstructed and using rods made from the same boule of raw material
could oscillato a number of GHz apart. Tho maximun the lacer frnquency can be
shift~d by PZT movement of a mirror is the cavity mode spacing which for this
lacnr is 900 MHz. There are situations, such as optical heterodyn~ of two laser
sources or laser oscillator-amplifier configurations where it 1is necessary to
shift the laser freguency by an amount greater than that available from mirror,
moverent alone. The temperature or angle variation of an intracavity ctalor as
dizcussed previously, can be used to increase the tuning range of the zingle-
froguency 1d:YAG laser. By placing 'the etalon in a temperature controlled oven,
the maximum tuning range is egqual to the c/2nL frequency of the etaton. TFor a
1 <n length of used quartz this frequency range is 10.3 GHz which is covered in
a tomparature range of T7.°Cc. If a 1 cm length of calcite were used instead, the
c/2n& froquency would be 10.1 GHz which would be covered in a teomperature change
of 2°Cc. By using a shorter etalon, i.e., one with a larger free spectral range,
corrnspondirgly larger tuning ranges could be achieved. The etalon can be used
for course frequency adjustment of the lager to within one cavity mode spacing
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of the desired frequency. PZT movement of a cavity mirror can than be used for
the fine frequency adjust.

The etalon thermal tuning technique for control of the laser operating freguaency
to within one cavity mode spacing (approximately 500 MHz) was verified by placins
the intracavity ctalon in a variable temperature oven. A unifrom increasc or
decrcase of the oven temperature resulted in a monotonic shift of the laser
froquency from one cavity mode to the adjacent mode as is shown in Fig. II-9.
laser was swept over a 2 GHz frequency range, which is the free spectral range
of the etalon, using this technique., The slight nonuniformity in the spacing
of the observed modes is due to the shift of the cavity mode frequency due to
variation of the cavity length during the 2 minute scan. Fine frequency control
within the 500 MHz cavity mode spacing was achieved by PZT movement of a cavity
of the tuning range has frequently been observed and the reason for it is not
understood. Thus, it was verified that the laser output frequency could be con-

inuously varied over a 2 GHz range. It should be mentioned that nlectrooptic
or piezoelectric methods could also be used to vary the length of the intra-
cavity etalon but temperature tuning is in the most convenient in the present
cxperiments.

With frequency control of the laser output it is now possible to heterodync
two single-frequency Nd:YAG lasers at a variable frequency offsat using the
oxparimental configuration shown in Fig.II-11. A second laser, identical to the
onc already operating, was constructed. Both lasers used 3 x 63 mm rods vhich
wore cut from the same boule of raw material and it is expected that the peak
of the gain curve for the two lasers should be nearly at the same frequency. A
Motorola MRD-500 PIN photodiode with a frequency response to approximately 2 Giz
wae used as the detector. Also available is a Philco L 4501 diode which hac a
rospons~ to 10 GHz. The photodiode output was displayed on an HP 8551B spectrun
analyzer. On heterodyning the output from the two lasers a beat signal at
approximataly 1.6 GHz was immediately observed. The difference frequency was
thern varied from approximately 10 MHz (the minimum useful frequency of the
spactrum analyzer) to 2 GHz by temperature tuning of one etalon and PZT mirror
movement. A typical beat signal is shown in Fig.II-12. The stabllity of the
resultant signal was approximately + MHz over a 10 second observation period and
thie is consistent with the Fabry-Perot display where each oscillator varies
over a + 60 MHz range during the same observation pericd. It was verified that
the two lasers operate well within the etalon thermal tuning range.

Initial attempts to lock the two lasers together at a zero frequency offset
warn unsuccessful using a Lansing Model 80.210 lock-in stabilizer. This unit,
which had been used to lock the laser output to a stable Fabry-Perot frecuency
referance, does not have adequate bandwldth. In the next attempt, onc laser
will be stabilized by locking it to the Fabry-Perot reference cavity and the
second laser will then be locked to this stabilized laser.
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STABILIZED SINGLE-FREQUENCY Nd: YAG LASER

10 sec EXPOSURE
57 MHz/div

a) LASER STABILIZED

b) LASER FREE~-RUNKING
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PZT MIRROR-TUNING OF Nd:YAG LASER




ol

L920479-36

- I-N

FIiG

TOULNDD FHNLVYEIAWHL

TONINOD
12d

%

HIEVT 9L pM
LIHINOIEA—3T9ME

TOMANDD IMALYN IS

MOTYLS
HITYT IVAPH q0¥1NOD
= AManBIs4-Troms [T o

NOTYLE
¥3IZATYNY
WN3153dS
i ﬂlill: #0123130
QLOH4

i
BRLATTAS \\\

wY3E

ININIYIdX3 INAGOY3LIH AININDIYA-ITINIS DVA:PN



[ .
L920479-3¢ x <8 FIG. TI-12

HETERODYNED SIGNAL FROM TWO SINGLE-FREQUENCY Nd:YAG LASERS

LOG SCALE

0 900 MHz

FREQUENCY, 200 MHz/div
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III. DISCUSSION OF COHERENT IMAGING PROBLEMS

Synthetic Aperture Techniques

The section briefly reviews some of the basic principles involved in a coherent
imaging redar (Refs.ITI-1 and 2).

In a conventional radar imaging system, the resolution is determined by the
diffraction 1imit of the system, which, with an aperture D and & wavelength A, is,

48 = A/D
5o that the resolution at a distance R is
AX = AR/D

The maximum size of the aperture is determined by scintillations and ingle of
arrival fluctuations in the visible and infrared regions of the spectrum and in
addition, in the microwave region, by fabrication problems. 1In the visible region,
the largest useable aperture is of the order of 10 cm. At 10.6 u it is approxi-
mately one meter*. Microwave apertures of tens to hundreds of meters or larger
have been Successfully operated. In the visible and IR regions then the minimum
beam width is approximately 10-5 radians. Obtainable resolution is

R (km) AX (meters)

1l .01

10 .1

100 1l

200 2

1000 10

3 x 104 300

5 x 105 5 x 103 (moon)

Setting aside considerations of detectability for the moment, obtaining an
image of an object of a few meters in size at a distance of 100-500 km is on the
far edge of the cepability of a conventional imaging system. Simple range gating
using short pulses or duration T can provide down-range resolutiorn of the order of
Tc/2, independent of range. Nanosecond pulses can thus provide resolution of the
order of 15 cm anc shorter pulses correspondingly better resolution. If periodic
trains of pulses can be processed coherently, then comparatle or better cross
range resolution on moving targets can be obtained from doppler information.

*The coherence area actually increaes as A6/5 and depends on the state of turbulence
of the atmosphere. The values used here are quite optimistic. See, for example
Ref. L, pp 188-lhh. b ’ R

United Rircraft
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Coherent synthetic aperture techniques can be used whenever thercis relative
motion befween the radar and the target. Two cases are usually considered, the
rotating body range-doppler imaging used in mdar astronormy and the side=-looking
radar used for %terrain wapping. Fig. III-lashcws the geometry for a rotating
sphere and FigIIFlo for & rotating cylinder. Range gating provides resolution in
the down range direction, and doppler processirg provides the resolution in the
oross range direction. In the simple case of the rotating sphere, the contours of
constant velocity are parallel to the axis of rotation as shown and together with

the contours of constant range, provide a coordinate system on the target. The
doppler shift 1s given by

md:g%r-:zw%
“where Q is the rotation rate of the target, anl x is distance from the axis of
rotation.

The resolution in x will depend on how well we can resolve the doppler frequency,
i.e.,

c
. 2wl Adgr

where Aw .. is the doppler frequency resolution limit. If we observe the target
for a time T, then Awg,. ~ 2m/T and

2nC A by

AX =507ar T 20T T 2A8

vhere A6 is the angle through which the target has tuned during the observation
time T. The cross range resolution can be very good at optical wavelengths. Therc
is, of course, the problem of movement of features through the resolution elewments
during the observation time. Tr. e are techniques to handle this. We can estimate
the magnitude of this effect. The x or cross range position of a given feature

will change by 8x = RA® during the observation time, and if it is not to move out
of a range resolution cell

8x = RA 6 < Ax = 5%5

or !

RABG AX<A x2

R < ax°
2

S — 1l
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So that if A = 10 4 K = 10 meters

> 10=5 . 10
X e et ——
A X2 > 5

1
A X > =102 meters

/2

i.e., as long as we do not try to resolve better than about 1 ecm. The motion
of features through doppler resolution lines will not be a great problem.

The other commonly discussed case of synthetic aperture imaging is in the
side-looking radar case as shown in FigIII-2, Here the contours of constant doppler
shift are the lines of constant azimuth. The doppler shift is

we =2 % sin 9 ~ 2 Y ¢ for small ¢

In this case the maximum observation time is determined by the time the target
is in the beam. 1If the beam width is

50 = 2
D

then the extent of the beam at a distance R is
AR
69R=D
and the target will move out of the beam in a time

AR

T= Dv

So that the frequency resolution A wgy, is

_ enbv
i) wdr = AR

the resolvable angle is thus

o)
A8 =55 A Yy

- enDv e D
AR owv 2R

United Aircraft L _y........-
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and the resolvable cross range coordinate is A8R = Ax = D/2. The apparently
contradictory result, that the resolution improves as the aperture gets smaller, is
simply a result of the fact that the time during which the target is illuminated,
and hence, the maximum processing time, increases as the beam gets broader. Clearly,
there is no advantage to be gained by reducing the aperture to dimensions smaller
than a wavelength, since at this point the radiation pattern becomes nearly iso=-
tropic and no further increase in the processing time is possible. This also

results in a large reduction in the power delivered to the target.

In the side-looking rader configuration just discussed, it is clearly imaterial
whether the radar or the target is moving; it is only the relative motion that is
important. Another interesting configuration that can be considered is one that
is set-up to obtain an image of an extended target that is moving past the radar.
~ In this case, the field of view of the radar need not remain fixed, but can be
scanned to keep the target continuously in view. Consider the geometry shown in
Fig III-3. For simplicity we will assume that the aperture is a rhased array of only
two elements and that the beam is scanned by means of the time-varying phase shifts

¢l amdd%y It may be readily shown that the signal received by this time-varying
phased array from a point target at a point Rl is

S = olwt o 21le
if one of the phaszes. ﬁi in this case, is set equal to zero.

We now want to calculate the spatial resolution that can be achieved by doppler
processing the signal received from an extended target. Consider the geometry
shown in FigIIH, where the extended target is represented by two point targets.

The behavior of the doppler shifts from the two targets is shown as a function of
time and it has also been assumed that the shifts are displaced from zero by some
offset frequency wjg. Suppose now that the receiver is programmed to track the
doppler shift from one of the targets. The differential doppler shift from the
other will then be as shown in FigIII-5a. The differential shift is zero when both
targets are far from the transmitter and the shift increases to nearly a constant

value as ‘the targets pass the antenna. The time during which the shift is
appreciable is of the order of

T=2—Z ‘
v
and its magnitude is
v AX
Wg = o 2

The resolution that can be achieved in T is A Wy z:gg% so that the spatial
resolution is

United Rircraft
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2y
2Z

A4
amy wx =

independent of range, and aperture size. This result should not really be too
surprising. In compensating for the doppler shift of one of the scattering centers,
we have in effect cancelled itsmotion. The apparent motion of the other scattering
center 1s then a rotation about the first (see FigIII-5b). In the observation time
T, the combined object is viewed over an aspect angle A8 = n/2., If the object

were simply rotating in the fixed field of view of the radar, we would expect to

be able to resolve Ax = \/2Ag which is essentially the resolution that has been
achieved. It is also the resolution that would be achieved by the non-scattering

antenra if the aperture size were reduced to A, but the loss of power has been
avoided.

. United Rircraft . A —
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Signal Processing

The basic operation required of the processor for a synthetic aperture imaging
system is the storage of the return over the processing time and the sorting of the
received power into the appropriate range and doppler bins. As discussed abcve,
the return from a point scatter does not have a single doppler shift but rather a
doppler history. 1In the side looking radar case, this doppler history is nearly
a linear frequency sweep when the target is near broadside. In the case of a
point scatterer on a rotating body the doppler history is a sinusoidal function
of time with a maximum as the point appears around the approaching edge, going to
zero as the point passes the subradar point and reaching a maximum value but with
pposite sign as the object disappears around the receding edge. The processing
of this information would be a formidable task indeed, if it were not for the
availability of coherent optical processing techniques. These techniques allow
the parallel processing of the many range-doppler components of the received signal.

The use of optical techniques for processing of coherent nicrowave radar data
has been highly developed(Ref.III-1 and 2). The basic ideas are illustrated in FiglTI-6-8.
A train of short radar pulses naving a carrier frequency w, as showp in Figlil-€ais
transmitted. The return signal, FigII-6b will have a duration T = —— where (R
is the range extent of the target. At each range, the motion of a scattering center
will impose a doppler shift on the signal. Since the pulsed duration will typically
be shorter than the reciprocal of the doppler frequency, this will manifest itself
as a change in phase as a function of range. This phase may be cbtained directly
by heterodyning the received signal against a stable local oscillator, obtaining
the signal shown in FigIIl6c. This signal is the real (or imaginary) part of the
complex amplitude of the radar return as a function of range. To obtain the doppler
distribution and scattering intensity at a given range, we must follow the history
of the signal at that range from pulse to pulse; i.e., one must perform a frequency
analysis of the sampled data obtained from each range element.

This complicated signal processing operation can be accomplished readily with
the system shown in FigITI-7. The demodulated signal, together with a bias, is used
‘o intensity modulate the trace of a CRT. The sweep is initiated at the start of
the radar return and lasts for the duration of the return. The intensity modulated
signal is recorded on film, When the next return is received, the film ig moved
horizontally and the return is recorded similarly. The result is a series of
vertical strip records, with the vertical axis corresponding to range resolution
within a single return and the horizontal axis corresponding to the pulse-to-pulse
histery of the amplitude and phase of the return at a given range.

B DT PR B Y JEpeapapeny e l_]
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Once the signal is recorded in this format, the signal processing can be
performed very conveniently by optical techniques. Consider as an example, the
side looking radar case. As the radar passes a point scatterer at a given trans-
verse range, the return signal will be approximately a linear frequency sweep

2
Acos (wyt + Bt<)
after demodulating, and adding the bias term B, this signal becomes

Acos (Wit + Bt2) 4+ B

Here w is the difference between the center frequency of the pulses and the
reference local oscillator. 1In practice this is usually non-zero for reasons
which will become clear later. By virtue of the film transport, the transparency
then has a spatial dependence of

T(x‘:Acos (kx + Yx2 ) +8B

where k = wl/v and Y = B/v2 with v the velocity of the film. The appearance of the
film recori for two targets at different ranges would be as shown in Fig I1I-Tb.

(The apetial carrier, kx, has been suppressed for ease of illustration). The record
for each target can be considered as a Fresnel zone plate. If the film trans-
parency is illuminated with coherent light, each of the elementary zone plates

will bring the beam to a focus at a range corresponding to the (scaled) range of

the original scatterer as shown in FigIIi-7¢. The plane of the images will be
inelined as shown in the figure. In addition, the range information which was

well resolved in the film plune will be degraded by diffraction, This can be
corrected by the optical system shown in FigII-8a. The conical lenselement is a
cylindrical lens whose focal length is a function of range (vertical axis of film).
“his remrves the tilt of the image plane of FigIikTc and, with appropriate choice
of focal length, moves the focal plane for the horizontal data record (aximuth
history) to infinity. The cylindrical lens does the same for the vertical (range)
data record. The final spherical lens brings both foci from infinity to the film
plane. FigIIl¥bshows a top view of the system and illustrates the offset angle due to
the spatial carrier mentioned earlier. This is employed to displace the image from
the light due to the bias term. The final focused image is recorded through an
appropriately placed slit, each slit record being a record of the return for all
ranges at a given azimuth.

United Rircraft _,_...!J,._..
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Range and Doppler Spreads

The first consideration in the coherent optical imaging radesr is the estima-
tion of the magnitude of the return. The radar equation gives

E— _ h .—1)-— 2 -l.-—— . (o) D2
Pt - AR L2 LrR?
oo, ssmam—’ —— —
Incident Power Density Cross Section

In the case where the target is just large enough to intercept the engire beam and
scatters it isotropically, with unit reflectivity, this reduces to:

2
Pr D -2 D
- = =9 = 8 x 10 -
Pt ULmR X R

So that the attenuation factor for the power returned from a just resolvable element,
is

R km D =10 em (A=lp ) D =1 meter  (A=10u )
1 8 x 10710 8 x lO";‘8

10 8x1072 8 yx 10-10

100 8 x 10”14 8 x 10712

1000 8 x 10716 8 x 10°tH

5 x 107 3,2 x 10721 3.2 x 10-19

The next important consideration is the magnitude of the doppler shift and
spread to be expected. The doppler shift is

fa 1 MHz/meter/sec at 1.06 u

100 KHz/meter/sec at 10.6 u
For a rotating %ody,.the doppler spread becomes
Af a + 2 7 Miz/meter/rps et 1.06u
= + .1 x2 ™ Miz/meter/rps at 10.6u

where the length scale is the characteristic dimension of the object normal to both
its axis of rotaticu and the'direction of illumination.
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_The case of a transiting satellite is illustrated in FigITI9for a wavelength of
10.6 microns. The doppler spread for a rotating body can be seen to be quite large
and the average doppler shift for the transiting body is extremely large. Initially
it would seem that a large doppler spread would require a receiver with a wide '
bandwidth and consequently a poor detection sensitivity. It should be kept in mind,
however, that the information bandwidth of the system is not determined by the doppler
shift. Given complete flexibility in the design of the transmitted waveform and the
receiver, it can be shown that the ultimate detection sensitivity is not dependent on
the absolute magnitude of the uugpler shift or spread. The information that is desired
is an image of the target so that the desired information channel capacity is de-
termined by
: NG
C~__ bits/sec
T

where N is the number of resolvable elements on the target, G the number of bits
characterizing the strength of the signal from each resolvable element (gray scale)
and T the total observation time.

_ Another importﬁnt consideration is the so called spread factor of the target,
i.e., the product of the doppler spread and the time delay spread. If we interrogate
the target with a repetitive train of pulses having a separatlon T, then range
ambiguities will be eliminated if

>2AR = AT
-t

where AR is the range spread. Doppler ambiguities will be avoided if the sampling
rate 1/T is greater than twice the maximum doppler shiift to be measured, so

laoar .
T

Poth can be simultaneously satisfied if

At Af <1

'
!

in which case the target is said to be underspread. For a rotating target, Afa
QAR f/e .
: 2
arar ~20r2 O L o A g
' -02 ! )‘C

At a wavelength of 1 micron, a 1 meter target becomes overspread at O =~ 1.5 x 102
radian/sec and at 10 microns Q = 1.5 x 103 radians/sec. In all that follows, it
will be assumed that the target is underspread. 1In the case of an overspread
target, the.amount of information tha! can be obtained is greatly reduced.

United Aircrat ...\ .
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Initial experimental investigations wiil-be concerned only with underspread
targets. ‘
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"Signal Design

The prdblem of range and doppler ambiguities discussed above is present in any
tadar systém that is designed to 51multaneous1y ‘measure range and doppler shift. Tt
considerations involved in the prover signal dnsign are usually dwscussed in terms c
radar amblgulty function (RefIII-3). This function is W = X(Taf)i where

(-]

X AT, ) = fu(ti u*(tm exp (-1 27f t) at

-0

and: vhere u(t) is. the transmitted signal. The physical significance of the ambiguit
function is that it represents the magnitude of the response of a matched 'filter to
a waveform that is shifted in frequency by an amount of f and in time by an amount
T with respect to the waveform to which.the filter is matched. Since the returns
from the var1ous resolution elements on a moving target are time and frequency
shifted versions:of the transmitted waveform, the ability to resolve elements will
depend on how well the received s1gnal can be distinguished from a time and frequenc
shlfted version of itself. To completely characterize the problem we must also
spe01fy the target scattering function ag(r,f). This gives the dlstrlbutlon per unit
f*equency and per unit delay time of the power received from the target, i.e., it is
the total cross section presented by all elements of the target having = specified
delay T and doppler shift f.

If we transmit a signal u(t) and receive with a filter matched to the trans-

mitted signal but having a frequency offset f, then the output as a function of f ar
the delay will be given by

P(T,f) =j (it - T, £ «f) o7, £') ar'asg’

-0

If Y has a peak at (0,0) and is very small elsewhere, then it will behave as a
delta function and the output becomes a direct measure of the scattering function
g (7,f) whlch gives the desired image.

The ambiguity function for a finite train of short pulses of individual dura-
tion Tl’ spacing Tp and total duration T3 is illustrated schematically in FigIII-10.
It cons%sts of a large central peak and subsidiary peaks spaced at T = +111T2 and
f =+ 7~ - The frequency width of the central peak is proportional to T, ~, the
rec1progal of the total duration of the pulse train' the time width is determined
by T » the individual pulse duration. If the scattering function were independent
of time, then it could be probed with arbitrarily good resolution provided that
the total range and doppler spread are small enough to present interference from
the subsidiary peaks.: If the peaks of the ambiguity function are very narrow compar
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to the width of the scattering fungtion, then the cutput of a metched filter reviever
would be a’:‘rep_lica of the target scattering function centered at each of the peaks
of' the ambiguity function: The condition that the replicas that are centered at

adjacent. veaks do not sprroct :J.j Owerlop im The fame as e Irequirement that che
target be underspread., ‘ :

F‘r&h'tﬁese considei'at{bns, it is clear that a train of short pulses is a very
googd choice of signal for probing the scattering function of an underspread target.
- Other ‘considerations, such:as a peak power limitation, might dictate the choice

of a different signal; 'Hélwever,._r the present discussion will be confined to the short
pulse case. |

1

*51 Un|ted nlrcra“ UNITED AMCRAPY CORRCIRATIN
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Receiving Systems

To obtain an image of the target, any receiver must sort out the returned
power into range and doppler bins corresponding to the resolution elements on the
target. Several possible schemes can be considered (Refs.III-4, 5).

Direct Detection

In principle, the recelver shown in FigIII1l can perform the necessary processing.
The return signal is range gated by some fast shutter technique and each range
sample is analyzed in frequency by a bank of narrow band optical filters. The
signal in each range-doppler bin is then detected by a photodetector, and integrated
over a time T. If we assume that the detector is limited only by quantum noise,

a condition which will not be realized in a practical system, then the signal to
noise ratio at the output will be

PI
2hy

where P is the signal power received in a given range-doppler bin, and T is the
detector quantum efficiency. The quantity PT is just the total energy received

in the observation time T, so that the minimum detectable signal is of the order
of one photon per resolution element. Clearly, the detection sensitivity of this
system is completely independent of the magnitude of the doppler spread of the
target. Aside from the difficulty involved in achieving quantum noise limited
operation, such a receiver would require unrealizably narrow optical filters prior
to the detector, so it is of 1little practical interest.

Sub=-Carrier System

In this system, the entire spectrum of the optical signal is detected prior to any
frequency filtering (see FigIIT-12. In this case, all absolute optical phase
information is lost. All doppler information, however, has not been lost. Consider
the return from a train of pulses separated by a time T and incident upon a
target moving with a veloclity v toward the receiver. The return pulses will be

separated by a time T
(M)= Tll - 2_V)]
c ¢

or the repetition frequency f, becomes

2v
fr (1 +—é\,.
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Thus this system can observe the doppler shift on the pulse repetition rate rather
than on the optical frequency itself. This system in effect substitutes a micro-

wave wavelength characteristic of the pulse repetition rate for the optical wavelength
This leads to a corresponding degradation of the doppler resolution although it
preserves the directionality of the optical system. The resolution capabilities

of this sytem are therefore degraded over those of the direct detection system but

may be adequate for many purposes. A more detdiled discussion of the possibilities
of this system is presented in Section IV.

Heterodyne System

The heterodyne system shown in FigIIH3 is capable of realizing the necessary
doppler resolution. Heterodyning with a mode-locked laser (either with or without
a frequency offset) provides the necessary range gating. The signal from each
range element contains frequency components from all doppler elements in that
range; generally, this will includ: nearly the entire doppler spread. The doppler
shifts will be spread around the offset (IF) frequency. After the IF, the
doppler bins can be resolved by a bank of parallel filters of bandwidth equal to the
desired -doppler resolution width. Following this resolution, the individual
signals are square law or envelope detected and then smoothed over s time T. We
may make some qualitative estimates of the signal to noise ratio for this receiver.
Assuming that the local oscillator is strong enough so that its shot noise dominates.
the noise coming from the mixer, and assuming that the IF bandwidth B s¢ 1s twice

the doppler spread, then the power signal to noise ratio at the output of the IF
is given by

S ﬂPo
N h\)BD

where F, is the total signal power from the range element, and Bp is the doppler

spread. At the output of each of the doppler frequency filters the ratio is the
Same

MEo (B/Bp) TR 7R
S/N = T1E ~ mB  huBy

vhere B is the bandwidth of the doppler bin and Py 1s the signal power in the
range-doppler Lin (assuming that it is uniformly distributed). The signal at this
point is essentizlly noise-like and indistinguishable from the shot noise except

by its amplitude. Alter the square law detector the signal to noise will be of the
order of

uniited Rircraft _,_.__.U..___
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Post detection integration can improve this. The number of independent samples
taken in /g time T is BT. The mean value increasesas BT and the RMS fluctuations

as (BT)l . With an integration time T, then the S/N can be improved by a factor
or (BT)Y/2 g0
1/2 :
s Lq P (2y/° _Llp BT 1
(N)T ~ 31y (B) =215 EDL/e

The quantity P;T is the total number of photons received in the given range-

doppler bin and is proportional to the total energy transmitted. Given the constraint
of a fixed energy in the transmitted signal, the best S/N wou.'d be obtained by
transmitting it all in a time T = l/B and eliminating the post-.detection integration
completely. In this case

1_E
S/N =3 Mg

so that the minimum detectable signal is of the order of one photon per range-
doppler bin. If the constraint is a fixed peak power, then the signal to noise
improves with post detection integration, but is never as good as coherent detection
over the same time interval. The incoherent direct detection system, if it could be
constructed and operated in the quantum noise limited region, would have approximately

the same ultimate sensitivity but in that case the time duration of the transmission
would be unimportant.

Energy Requirements

If complete flexibility in the desigﬁ of the transmitter and receiver is
assumed, then the ultimate sensitivity of a coherent optical imaging radar depend.
only on the energy received from the target. If we assume that a target whose
scattering function is uniformily distributed in range and doppler shift is to be
resolved into M resolution elements, the energy received in each will be

potle

M P

where E; is the energy incident on the target, p is the effective reflectivity,
and Lp is the propagation loss from the target to the detector. The signal to
noise ratio for each resolution element would then be

E+L
(/N) = 1/2 Wy Tk

vwhere F represents any additional system losses.
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If we assume as before, that the entire target is just resolved, i.e., that
it intercepts the entire beam, then Ey is just the transmitted energy. The trans-
mitted energy required to obtain a given signal-to-noise ratio is then
Mhv
E, =2 —— (s/N)
& MFpLo

As an example, let us assume M = 102 resolvable spots, (S/N) = 10, MFp = 10'2*,
then for A= 10.6 microns

s’

E, = 3.8 x10°15 = Joules
P
and for A = 1,06 microns
Ey = 3.8 x 10°2% 1,71 joutes

These energies are plotted in Fig. 14. The aperture sizes assumed in the figure
are 10 cm for 1.06, and 1 meter for 10.6t. The differing aperture size accounts
for a factor of 102 difference in the results for the two wavelengthsand the
reduced quantum noise at the larger wavelength for the remaining factor of 10. The
energy required for the 10.6u system is extremely wodest, and ignoring other
considerations, this would be the preferred wavelength of operation. Presently
‘available COp lesers have adequate coherence properties, but they lack the band-
width to provide centimeter range resolution. The Nd:YAG laser, hovever, has both
adequate bandwidth and coherence to obtain this type of resolution and initial
experiments with this laser will be carried out.

* Assumes T a .3 characteristic of a PIN photodiode at 1.06 microns diffuse
reflectivity .1 and other losses ~ .33,

Unltgq Qlu:raft P, S
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Glint Points

In all the previous discussions, it has been assumed that the target is a
perfectly diffuse reflector. This is very conservative and leads to a low estimate
of the magnitude of the returned signal. An actual target will exhiUit many glint
points arising from smooth surface areas oriented perpendicular to the direction
of illumination and having locally long radii of curvature. These glint points
will lead to return signals that are orders of magnitude larger than the diffusely
reflected signals that have been discussed.

Consider a diffusely reflecting area of diameter d located on a rotating target

of diameter Dp. The power received by a receiver of aperture D, at a distance R,
will be
P

r =P\

where Pj is the power incident on the area. Assuming as before that the entire
target is just resolved, we have

and ' 2
Dy

o
L2
"
d
[N
 —d

as before.

We now consider the specular reflection fram a smooth area of diameter 4,
oriented perpendicular to the illumination. This area will reflect power back in

a 30lid angle
2
(3

instead of Um so that
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This simply reflects the gain hﬂda/xa of the reflecting element over an isotropic
scatterer. For d = 1 ecm, A = 1,06y, it amounts to Um x 108.

We must now consider the fact that the target is rotating, so that the normal
to the glint point area will not remain parallel to the illumination. This turns
out not to be a problem. A glint point that is properly oriented to reflect
specularly back to the receiver will remain properly oriented during the coherent
integration time, in spite of the target rotation. This is easily shown. In the
coherent integration time, the target rotates by an angle 46 = T, and hence, the
normal to the glint point rotates by the same angle. If this angle of rotation is
less than the beam width from the glint point, then the receiver aperture will re-
main illuminated by it during the integration time. This requires that
A

A9<-d'

'We have found previously however, that the cross range resojutions Ax is given by

AX =

2
o>

A
26 = 3%

So we have

d < 2Ax

So, that if the dimension of the glint point is less than twice the desired cross

range resolution, the receiver aperture will remain illuminated by it during the
entire coherent integration time.

In the above, we have assumed that the glint point was a planar surface. In
practice, the points will arise from surfaces with long radii of curvature. This
will reduce the gain of the glint over one isotropic scatterer and thus reduce the
received power. The orientation requirement is more easily satisfied due to the
increased beam width.
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AMBIGUITY FUNCTION FOR MODE LOCKED PULSE TRAIN
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IV. LABORATORY INVESTIGATION QOF
COHERENT IMAGING TECHNIQUES

The object of this portion of the present contract and the anticipated amend-
ment involves the investigation of the use of ultrashort pulses together with
dopplr processing to obtain high resolution imaging of moving laboratory targets.

The ideal laser source for this experiment would be a mode-locked laser that
emitts a train of identical ultrashort pulses with highly reproducible character-
istics over a time given by the reciprocal of the desired doppler resolution. The

pulses should have the shortest possible duration, posses uniform phase fronts and
te phise coherent from pulses to pulse, 4

In an operational system the coherence of the local oscillator used for
heterodyning must be maintained over the rowd trip time of the signal from the
target. Provisions mist be made to compensate ror the large doppler shift due to
translation of the srinning target. Finally, sufficient power must be available
to overcome the large propagation loss di scussedl in SectionIII, to ensure an
adequate signal to noise ratio at the receiver., In a laboratory simulation, the
coherence requirement may be easily met since propagation times are very small.
Imaging of a purely rotating target eliminates the need for extremely large local
oscillator offsets. Tae power requirements, however, are not reduced by the reduction
in target range. This arises because of the spatial coherence requirements imposed
¢y the optical heterodyne detector. If a distant target intercepts all of the
pover in the beam frou. the transmitter, and if it scatters the power uniformly
in angle, then the power received by the receiver i3 just the solid angle subtended
Ly the receiver aperture as viewed from the target. In the case where the target
is just resolved, this will be of the order of

)

where 4 is the target diameter. In the case of a target at very close range,
essertially all of the power scattered back toward the receiver can be intercepted
ty the receiving aperture. Only a small fraction of this however is useful for the
heterodyne dotection. The angular coherence interval for powgr scattered from
different point scatters on the target is approximately a8 = T+ The field of view
of the receiver must be limited to this to avoid loss of signal. Again assuming
isotropic scattering, the total useful received power is again of the order of

Po (1/d)/hm,

2

o>

1l
Pr = Po H; (
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The problem of heterodyning from a diffusely reflecting target has been
analyzed in more detail by Massey (Ref. IV-l). He considered the heterodyning of
a signal reflected from a spot cn a diffusely reflecting target. He considered
the surface to be made up of a large number of scatteres of dimension small compared
to a wavelength, and determined the optimum receiver field of view and the resulting

IF current. For the case when the illuminated spot was not resolved by the
receiver, he found

1/2
D (2I,,PpTle
1y ~ g (Zaef2)

and for the case where the spot was resolved but the individual scatters were not,

_L.22\ ( 21, FoTle >1/2

ir = d hy

Here D is the receiver aperture, d the spot size, and P the power incident in the .
entire spot. In the case when the spot is just resolved corresponds to 1.22A/D R = 5
1n this case, the expressions become identical and, subject to the resolution
conditions, independent of range.

From the discussion in SectionIII, the power/energy requirements for an imaging
system can be estimated. We assume for illustration, 3 lavoratory target of
diameter d = 10 cm, which is to be resolved into 100 resolvable elements (10 in
range and 10 in doppler shift). We shall also assume that the signal processing
will be done by transmitting a train of pulses of total duration equal to the
reciprocal of the doppler resolution desired. The total energy received useful
for heterodyning will then be

2
-Erz%n (%) Ey ~ 8 x 10712 B

If we assume an overall system efficiency (including reflectivity, quantum efficiency

and other losses) of NFp = 10-2 as before, then the effective energy per resolution
element is

Eeff = 8 X 10'10 Et
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The minimum detectable signal is of the order of 1 photon per resolution element
or 1.9 x 10-19 joules per element. The signal to noise is then

S/N = b.2 x 103 E

where E is the transmitted energy in joules. We have assumed that this energy
is transmitted in the reciprocal of the doppler resolution time. For the 10 cm
target, the doppler Spread is f = 10° Q Hz, where Q is the rotﬁtion rate. Assuming
10 doppler resolution elements, the resolution element Af = 10" {2 Hz, and the
desired transmission time is 10~*/Q seconds. For a 1-2 rps rotation rate, this
time is of the order of ten microseconds. For a 1 rpm rate, it is approximately
1 willisecond. For a 1 watt average power YAG laser, the energy delivered in 1

. millisecond is 10-3 joules which would put the reception of the image in the
limit of detectability. For initial experiments, an artificial target with strengly
retro-reflecting areas is being investigated.

At the present time, a mode-locked NAd:YAG laser is being fabricated :or use
in the imaging experiments. While this is being done, experiments have been con-
ducted using doppler processing in conjunction with a scanning beam to obtain two
dimensional images of laboratory targets.

The initial experimental configuration is shown in Fig. IV-1. The linearly
polarized beam from a 1 milliwatt HeNe laser passes through a quarter wave plate
which renders the beam circularly polarized. One polarization component is de-
flected by the calcete Glan-Thompson prism and serves as the local oscillator beam. [
The other component passes through the prism to the target. The lens couple and the
rotating mirror provide a beam that translates in the horizontal plane. This beam
is expanded in the vertical plane by means of a cylindrical telescope so that it
provides a vertical strike beam that illuminates the entire vertical extent of the
target. The reflected beam passes back through the transmitting opties and the
polarizing prism. It then passes through the gquarter wave plate, reflects off the
laser output mirror, and after passing through the wave plate again, is restored
to the same state of polarization as the local oscillator beam. It is then de-
flected by the prism and is focussed, together with the local oscillator beam on a PIN
diode detector. This homodyne scheme has the advantage of being self-aligning.
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The target itself consisted of a 5 cm diameter cylinder upon which was  cemeted
an array of pieces of reflecting tape. The cylinder axis was horizontal and the
target was rotated about this axis at a rate of 0.5 rps. Due to the vertical ex-
pansion of the heam, the individual reflecting elements could not be resolved in
the vertical direction by normal imaging. Since the doppler shift is proportional
to the distance from the axis, however, resolution coulq be achieved by doppler
processing. The horizontal resolution was provided by the horizontal scan of the
beam.

The heterodyne signal, after passing through an appropriate preampliffer, was
applied to a low frequency spectrum analyzer. The scan of the spectrum analyzer
was synchronized with the rotation of the target. The output of the spectrum analyzer
was used to modulate the intensity of a Tektronix 549 storage oscilloscope. The
horizontal sweep of the oscilloscope was synchronized with the spectrum analyzer

sweep. The vertical deflection of the oscilloscope was driven with the same saw-
~ tooth signal that was used to drive the scanning mirror. The amplitude of the
signal was adjusted so that the beam traversed nearly the whole face of the oscillo-
scope during the scan of the laser beam across the target. Using this system,
a well defined image of either the upper half or the lower half of the target could
be obtained. (Only one half of the target could he observed at a time since the
spectrum analyzer cannot distinguish positive and negative doppler shifts without
a frequency offset of the local oscillator beam). In addition to the doppler
ambiguity, this system suffers from a high noise level due to the low frequency
fluctuations in the laser output and low frequency noise in the detection system.

The next system that was investigated is shown in Fig. IV-2. Here the LO signal
is derived as previously. The second quarter wave plate causes the polarized com-
ponent of the return signal to be deflected at the opposite side of the prism
interface. 1In this configuration, the signal and LO beam are spatially separated
so that they can be modified independently. The signal beam was passed through an
acoustic modulator that was driven at a frequency of 40 MHz, and a power level of
about 1 watt. This modulator shifted the frequency of the signal beam by 4O MHz
with an efficiency of approximately 80%. The signal and LO beam were then recombined
on a beamsplitter and detected by a PIN photodiode. The output of the PIN diode
was fed to a low noise, high input impedance FET preamplifier, and then to a
Tektronix 1L20 spectrum analyzer. The signal level and the impedance of the pre-
amplifier were such that the dominant noise source was the shot noise of the LO
beam, a condition necessary to achieve optimium signal to noise ratio. The output
of the spectrum analyzer was used to intensity modulate the beam of the storage
oscilloscope as has been described previously.

Using this system, well defined images of the reflector array on the target could
be obtained. Typical images are shown in Fig. IV-3. In the upper image, the
upper and lower edges of the target were not adequately illuminated by the vertical
fan beam. The lower image shows essentially the entire front face of the target
presented to the transmitter. The reflectivity pattern, as can be seen, consisted



L920479-36 66

of two rows of alternating square patches and one triangular patch. The hori-
zontal and vertical axes of the Image are reversed with respect to the physical
axes of the target. The vertical axis of the image corresponds to the horizontal
scan of the laser beam and resolution in this direction is provided by the scanning
- of the beam. The horizontal axis of the image corresponds to the vertical axis

of the target and resolution in this direction is provided by the doppler processing
done in the spectrum analyzer. The vertical line running through the image is a
result of a small amount of feed through from the modulator driver and identifies
the zero doppler shift point (the axis of the target). Each of the horizontal lines
in the image correspond to a single sweep of the spectrum analyzer. The

doppler spread in these images was approximately + 200 KHz.

These images clearly demonstrate the very good spatial resolution that can be
obtained by doppler processing (the width of the reflective patches in the vertical
or-doppler direction was about 0.5 em). This resolution could, orf course, have been
obtained by normal imaging in the laboratory situation, but the resolution obtained
by doppler processing in independent of range.

The next step in the investigation will be to use range-doppler processing to
obtain two dimensional images rather than the scan-doppler processing used above.
This investigation will use the short pulses obtainable from a mode-locked Nd:YAG
laser to provide the down-range resolution. The simplest possible scheme, and the
one that will be used for the initial experiments is shown in Fig. IV-k. Here the
scanning mirror is replaced by the scanning optical delay line. In this configura-
‘tion the transmitting optics will be arranged to illuminate the entire target with
the stationary output beam. The remainder of the system will be similar to that

shown in Fig. IV-1. Using this system one will obtain a range-doppler image on the
storage oscilloscope.

These initial systems are quite inefficient from the standpoint of the use of
the received optical energy. The spectrum analyzer processes the various frequency
components of the return signal sequentially with consequent loss of signal to
noise, i.e., while it is looking at one frequency resolution element, all the energy
received in the others is ignored. The holographic type processing discussed in
Section III does not suffer from this problem. A similar situation occurs with
-the scanning delay system shown in Fig. IV-k. It is expected that a considerable
‘part of the effort in the next phase of the contract will be devoted to the investi-
gation of more efficient signal processing techniques.
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A Single-Frequency, Traveling Wave
Nd:YAG Laser

by

A. R. Clobes and M. J. Brienza
United Aircraft Research Iaboratories
East Hartford, Connecticut 06108

ABSTRACT

Single-frequency operation of a cw pumped Nd:YAG laser was achieved by using
a ring cavity configuration containing a small differential loss. The resulting
unidirectional traveling wave eliminated spatial hole burning, and the output

of the laser was at a single-frequency.
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A Single-Frequency} Traveling Wave
Nd:YACG Laser
by
A. R. Clobes and M. J. Brienza
United Aircraft Research Laboratories
Bast Hartford, Connecticut 06108
Although the NAd:YAG laser transitions are homogeneously broadened, spatial
hole burningl arising from standing waves in the laser cavity cause the output
of the laser to be multifrequency. Previous methods of achieving single-frequency
operation in the Nd:YAG laser involve the use of intracavity etalon mode selectorsz’3
movement of the laser rod relative to the standing wave pattern , or movement of
the cavity standing wave pattern relative to the laser rods.
In the work to be described, single-frequency operation of a cw pumped Nd:YAG

laser was achieved by using a ring cavity configuration containing a small differentic

1oss6. The resulting unidirectional traveling wave eliminated spatial hole burn-
ing, and the output of the laser was at a single-frequency.

The laser cavity configuration used in the experiments is shown in Fig. 1.
A rectangular 4 mirror cavity was used for most of the experiments, although a
3 mirror triangular cavity worked equally well. With the rectangular cavity,
three mirrors were coated for maximum reflectance, (one having a 10 m radius of
curvature), and the fourth waé either a 98 or 95 percent reflecting output mirror.
The c/{,cavity frequency was 310 Miz. An iris was used to achieve single transverse
mode operation. A 5 x 50-mm-Brewster-ended Nd:YAG rod was pumped with either a

single Krypton arc or a tungsten filament lamp in an elliptical cavity.
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The intracavity differential loss is.baseé on the use of a Faraday rotator,
consisting of a 5 em length of fused quartz in a solenoid generated axial magnetic
field, and a half-wave plate. ThevFaraday e;ement rotated the cavity plane of
polarization (definea by the Brewster-ended Nd:F¥AG rod), by a small angle 46;
the sign being dependent on the propagation direction and polarity of the magnetic
field. The half-wave plate was oriented with one of its axis at an angle g/2 with
respect to the cavity plane of polarization. The magnetic field was such that for

- & wave traveling in the clockwise (cw) direction, the half-wave plate rotated the
plane of polarization by an angle g and the Faraday cell by an angle + g, so that
the total rotation was (g +9 ), while the counterclockwise (ccw) wave experienced
a rotation of (B -9 ). Thus, the single pass intensity loss in the two waves, on
passing through the Brewster face of the laser_rod, was proportional to sin2 (B +9¢ )
and to sin2 (B -0 ) for the cw and cew wave, respectively. The differential loss,

Aloss, between the counter rotating waves was then:

ploss o sin2 (g+o ) - Sin2 (B-0) ~kpo
With the differertial loss, the two counter circulating traveling waves were
unstable; the wave with the lower loss increases in amplitude at the expense of the
wave with the higher loss which therefore vanished7 resulting in a unidirectional
output from the laser, in this case, the ccw direction. For a maximum power output

the half-wave plate and the intensity of the magnetic field on the Faraday rotator
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are adjusted so that B = g. Then the entire loss, proportional to 4 92, is
experienced'only in the cw direction, leaving the ccw'direction unattenuated. The
resulting unidirectional traveling wave eliminated spatial hole burning and the
homogeneously broadened liné of the Nd:YAG laser oscillated in a single longitudinal
mode.

The output of the laser was examined with an 8 GHz free spectral range scanning
Fabry-Perot interferometer with a sweep rate of 2.0 GHz/msec. In addition, single-
frequency operation of the laser was verified by detecting the laser output with a

high-speed photodiode, the output of which as displayed on a wideband spectrum

 anmalyser (HP Model 8551B). Absence: of all rf cavity beat frequencies confirmed

single-frequency operation. The total output power was measured with a calibrated
thermopile.

Shbwn in Fig. 2 is a Fabry-Perot éisplay of the laser output. With no
magnetic field on the Faraday rotator, the laser output was multifrequency covering
a range of approximately 1 GHz. This relatively narrow oscillating line width is
characteristic of the ring laser with a Brewster-ended NA:YAG rod. The axis of the
flat-ended Faraday cell and the half-wave plate were misaligned relative to the
optical beam so that neither of these elements was a mode selecting etalon. With
a magnetic field of 100 gauss, single-frequency output was obtained in one direction,
with the residual power output in the reverse direction at least 30 db lower.
Fabry;Perot inspection of the residual output confirmed that it also was at a
single-frequency. The applied magnetic field on the Faraday element rotated the

plane of polarization of one traveling wave by approximately 20 minutes, and the

~lm
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resulting single-pass differential loss was less than .01 percent. The modest
ﬁagnetic field required for single-frequency operation are well within the
capabilities of small permanent magnets. Reversal of the polarity of the magnetic
field reversed the direction of oscillation of the laser.

Increased amplitude and frequency stability of the single-frequency, traveling-
wave laser relative to a multifrequency laser was also observed. A typical frequency
stability over a 1l0-second time period was better than 80 MHz, and the amplitude
'stability over the same time period was better than 2 percent.

The single-frequency power output of the laser was greater than the total
multifrequency power output previously obtained in both directions; the only experi-
mental difference being the presence or absence of the magnetic field on the
Faraday cell. The amount of increase depended on the pumping level. For the puup
level near threshold, the single-frequency power was approximately l% times the
total multifrequency output while for high pump levels the increase was approximately
10 percent. This increase of output power in going from a standing to a traveling
wave condition at the low pump levels had been predicted by J. A. White7’8. The
fact that the power output of the laser increases from the multifrequency to the
single-frequency operation verifies that it was possible to attenuate one of the
traveling waves without attenuating the counter rotating component. Single-frequency,
cw, fundamental transverse mode power output of 3/h watt was readily achieved from

this laser with an input power of 2,100 watts into the Krypton arc lamp.
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A Brewster-ended laser rod was necessary for the operation of the single-
frequency, traveling wave ring laser in order to eliminate etalon effects of a
flat-ended laser rod which occur even though the ends of sudh a rod are anti-
reflection ( < .2 percent reflectance) coated. The etalon properties of a flat-
endéd laser rod were apparent in a Fabry-Perot display of the laser output where
it was observed that the optical modes of such a laser were spaced by multiples of
the c/2n& frequency of the rod. The exisfenge of the gtalon effect implies a

standing wave in the laser rod wﬁich we found could not be completely eliminated
even by placing a differential loss element in a ring cavity. At best, two mode
unidirectional operation of the laser resulted in which the modes were separated by
the c/2ng, frequency of the laser rod. The power output of one mode was typically

3 to 5 times the power output of the second mode.

Since NA:YAG is an effecti?e Faraday rotator in an axial magnetic field, the
laser rod itself was used as the differential loss element with the reciprocal
rotation which previously was provided for by the half-wave plate, now provided by
the induced birefringence9 in the laser rod. A 1,500 watt tungsten filament lamp
was used as the optical pump while the magnetic field was generated by a solenoid
wrapped around the pump cavity. A magnetic field of 200 gauss was adeguate to
achieve single-frequency operation. The use of the laser rod as the differential
loss element resulted in a very simple cavity configuration, since no additional

intracavity optical elements were required.
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Q-switched operation of the single-frequency Nd:YAG laser by means of an
'acousto-optic Bragg cell has also been achieved. The acoustic cell was fabricated
of flint glass with a bonded transducer, operating at 40 MHz. The acoustic cell
when placed in an axial magnetic field served as both a Q-switching element and a
Faraday rotator. In the initial experiments, single-frequency Q-switching pulses
having a peak power of 300 watts and 0.5 u sec duration were obtained.

The aﬁthors would like to thank A. J. DeMaria for his encouragement and to

" C. Bardons for hié technical assistance.



1920479-36 80

(7
(8)
(9)

REFERENCES

C. L. Tang, H. Statz, and G. DeMars, J. Appl. Phys., 34, 2289 (1963).

M. Hercher, Appl. Opt., 8, 1103 (1969).

H. G. Danielmeyer, IEEE Jour. of Quantum Electronics, QE-6, 101 (1970).
H. G. Danielmeyer and W. G. Nilsen, Appl. Phys. Letters, 16, 124 (1970).
H. G. Danielmeyer and E. H. Turner, Appi. Phys. Letters, 17, 519 (1970).
A. L. Mikaeliane, J. G. Turkov, V. F. Kuprishov, V. J. Antonyanz and

V. I. Kruglov, IEEE Conference on ILaser Engineering and Applications.
Digest of Technical Papers, Paper 10.8 (1969). IEEE Jour. of Quantum
Electronics, QE-5, O17 (1969).

J. A. White, Jour. Appl. Phys., 137, Al651 (1965).

J. A. White, Nature, 201, 91L (196k).

W. Koecher and . X. Rice, IEEE Jour. of Quantum Electronics, QE-6, 557
(1970).



1920479-36 . 81

FIGURE CAPTIONS

Figure 1: Single-frequency, traveling-wave Nd:YAG laser cavity
configuration.

Figure 2: Fabry-Perot display of laser output. 8 GHz free spectral'
range.

(a) Unidirectional operation, B = 100 gauss 20 mv/div
vertical scale.

(b) Bidirectional operation, B = 0 20 mv/div vertical
scale.



FIG. A-1

82

920479-36

—————p———

ssnoB pol=%9

¥3sSv1 1VNOILDINaIL (9

AP/ AW OZ

43SV TVNOILDINIAINN (P

AP/ AW 0T



FIG. A-2

a0 ¥3I5V1 OYAPN
GIANI-¥IALSMIUN

aem

“ 8 XYW

AONINO3Y¥d I1ONIS
ONILLIWSNY i1
ANvilavd 113D Avavavi
g
N
¥ XVW N A
I1V1d
$oTN
p=g 9T
404 NOILYION | =~ —

NOILVZI¥dVIOd

4
O 3dNLINSY W Py




