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SECTION I 

INTRODUCTION AND SUMMARY 

The effort under this contract has involved investigations of the frequency 

stability characteristics of single-frequency neodyraiumrYAG 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 

YAG lasers. The YAG lasers employed in this investigation incorporated proprietary 

techniques to obtain single mode, single-frequency operation. The major technical 

accomplishments have been: d)  the locking of a single-frequency YAG laser to the 
bandpass of a high finesse Fabry-Perot interferometer, (2) the use of etalon thermal 

tuning for coarse frequency control, ("3^ the construction of a second single- 

frequency laser and (k)  the heterodyning of the two single-frequency YAG lasers at. 

a variable frequency offset. 

The technique used to obtain single-frequency operation of the YAG laser was 

developed under corporate 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. Globes and M. J. Brienza has been included as Appendix 

I of this report. 

Section III of the report, discusses the application of picosecond optical 

pulses to high resolution optical imaging radar. The particular problem discussed 

is that of obtaining image- 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 

led 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 applicable to situations in which 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 

there will be differential doppler shift between different parts of the target. 

Fimilarly, an extended target will display a distribution iji range of the radar 

return. Coherent processing of the doppler information, in conjunction with range 

% 
x 1-1 
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gating, can be used to provide high resolution imaging of the target. Since the 

image is 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 been 

spp!len very successfully to synthetic aperture side-looking radar for terrain 

mapping and to mapping of the planetary and especially the lunar surfaces. ID the 

• rmer case, the doppler shift is provided by the motion of the aircraft carrying 

•■he rndar and in the latter by the rotation of the planetary surface with respect 
*'." the observer. 

IV'f-e techniques can be extended to the optical region and should -Ulow 

'■v •......,. [v high resolution imaging. As in the microwave region, the rerolut.ion i.U't 

'Mined can be better than that obtainable from conventional Imawim-. cu 

H i r 

on 

he  resolution capability of a coherent imaging radar in the range 

1? determined by the reciprocal of the bandwidth of the transmitted signal. The 

tvr-niut ion in the cross range direction depends upon the particular configurat'o . 

bei IK considered, but can ultimately be close to the wavelength of the transmitted 

nigt'.nl. Both of these resolution limits are independent of the target, range. : • 

c;ontrast to the linear increase of the resolvable spot size with range in a cot.ven- 
'•■■■:<-,]   imaging system. 

Continuous trains of pulses having durations of the order of 10"10 seconds 

3an presently be obtained from mode-locked Nd:YAG lasers at a wavelength of l.O'' 

microns. This would imply down and cross range resolutions of the order of 1 .c; c« 

am1 10  cm, respectively. C02 lasers offer extremely high powers and high 

■:frtciency; there are in addition, other considerations which make the operation 
y>  :"\  '.maging radar more attractive at 10.6 microns that at 1.06 microns. Present 

•:"    Iruser and suitable modulators, however, lack the bandwidth to all d resolution 
appn-.fi'-hing 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. Experimental data 

are 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 NdrYAG 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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II. FREQUENCY INSTABILITIES IN THE SINGLE-FREQUENCY Nd:YAG LASER, 

Single-Frequency NdtYAG 

Frequency variation of the single-frequency NcUYAG laser output is of tvo 

tyo-s  The first is a "quantized" frequency change in vhich the laser output 

jumps from one cavity mode to the adjacent mode. The particular cavity moae 

vhich oscillates is determined by the band pass of an intracavity etalon. As 

the temperature or angle of the etalon changes, the band pass peak shif. in 

frequency and it is the cavity mode nearest this peak vhich oscillates. 

Th- 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 pover or of the roo cooling 

ratp0or from changes in the ambient air temperature of pressure. Both types 

of frequency instability vill be considered in more detail belov. 

The "quantized" frequency change in the laser output is shovn in Fig.JI-l 

which is a time exposure of the Fabry-Perot display. The laser oscillate, in 

on- cavity mode and then jump; to the adjacent mode vhich is separated by 

approximately 500 MHz. The deleterious effect of this change is that during 

the transition the laser vill oscillate in both modes simultaneously and the 

outout is no longer at a single frequency. The particular cavity mode vhich 

oscillates is determined by the band pass peak of an intracavity etalon. As the 

t-mp-rature or the angle of the etalon changes, the band nss peak shifts in 

frequency and it is the cavity mode nearest this peak vhich oscillates. For nov 
consider only the temperature dependence. The effect can bo understood by referri« 

+ Tr-iff TT 2  whore the etalon transmission characteristic has been intentionally 

oxaggfrated. 'if the temperature of the etalon changes from ^ to ^  , the positio: 

of the transmission peak vill shift and the laser vill oscillate at a nev cavity 

röd^ vhi'ch is displaced in optical frequency from the original frequency. Assume 

that the cavity mode spacing remains constant vith a change in the etalon tempera- 

fare  The shift in the laser operating frequency due to the etalon effect is 

quantiz-d 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 separated by 

:/2n> vhero /. is the length of the etalon and n is its index of refraction. The 
C 
laser vill oscillate at the cavity mode vhich is nearest to the band pass peak 

of the etalon transmission vhich, in turn, is nearest to the maximum of the laser 

gain profile curve. 

II-l 
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The transmission peak of the etalon formed by a intracavity flat-ended 

component is at a frequency given by 

f = q-i- (1) 
2nt 

■where: q = a large integer 
n = index of refraction 
l.  = length 

We assume that both n and /.depend on temperature, and that the dependence of n 

on f can be neglected. 

The laser vill oscillate at the cavity mode which is nearest in frequency to 
the etalon transmission peak. Of interest is the temperature'tuning character- 

istic of the transmission peak vhich is given by: 

df = .f S 1 dn + 1 d£. ( (2) 
dT      I n dT   >.    cT \ 

The coefficient of linear thermal expansion is given by: 

(3: = 1 d£_ 

/, dT 

Thus, 

M = -f i i an + * ( = - Tlf (M 
dT      / n dT     ) 

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 T] which is a material constant. 

The intracavity etalon in the laser is made of fused quartz with Tl = .5 x lO'-'/'c 

and therefore df/dt = 1.1+ GHz/^C. If the maximum allowable frequency excursion 
of the transmission peak is + 250 MHz, before the laser begins to oscillate at 
the adjacent cavity mode, the etalon temperature needs to be held to within 
+ .130C. The required temperature stability is achieved by placing the etalon in 

a commercially available crystal oven. 

TT-O 
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It is known that the laser rod can also appear as a 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 
vhere the optical modes are found to be near multiples of c/SnL where nL is 
the optical length of the rod. If the band pass peak of the rod etalon deter- 
mines the cavity mode which oscillates, and if the maximum frequency excursion 
of this peak is +250 MHz, then the temperature of the laser rod ( T] = 1.1 x 
10  /0C) needs to be held within + .OfiPo. 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 variations. 
For this reason, it is necessary either completely eliminate the rod etalon or 
to make it a very low finesse etalon compared to another intracavity etalon which 
can be carefully controlled in temperature. 

A change in the laser operating frequency can also result from an angular 
change of the intracavity etalon with respect to the beam axis of the laser 
(Fe'f. xi-l).Consider an etalon of length L,  refractive index n and inclined to 
the incident beam at a small angel 9. The internal angle between the light path 
and the normal to the etalon surface is fi' 9/n. The transmission maximum of the 
etalon is given by: 

2nt cos (9') = MX        M is an integer ((5) 

For small 9', 

2  2 
2svt (1 - 6 /2n } = M ( X - AX) (6) 

o 
where X is the resonant wavelength for 9 =0; i.e., 2nt = MX  , and AX is the 

o ' o 
shift In the transmission peak due to the tilt. It follows that 

2 

AX = ±i_ (7) 
2n2 

or 
2 

Af = ü- .      (8) 
2n2 

The angle tuning curve depends only on the index of refraction and not on its 
length. The angular tuning curve is also quantized in the sense that the 
transmission peaks must be shifted by more than one-half the cavity mode spacing 
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before a frequency change vlll occur. As an example, suppose that the trans mis si or. 

peak can shift + 250 MHz before the laser jumps to the adjacent cavity mode. The 

fused quartz etalon (n=l.S) needs to be held rigidly enough so that its angle 

vith respect to the beam axis does not change by more than + 2 raillirad. 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 a 

single-frequency laser has been considered. The main effect of etalons is 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 temperature 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 refraction perturbations of the material in the laser cavity or from 

changes in the cavity mirror spacing due to temperature changes in the support 

structure. This type of frequency variation is shown in Fig.11-3. A small length 

change M  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: 

- Af   /LI \ -M ju-  .  „„\ (9) 
'2 

The change in frequency with changes in the cavity length t has been separated 

into two parts: A^A represents the change in length of the cavity duo to 

changes in the physical distance between the cavity mirrors, and a part fAn which 

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 t\l/l 
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, Ll/l 
is simply aT where a is the coefficient of thermal expansion of the spacer 

material separating the mirrors which make up the optical cavity. The changes in 

frequency of oscillation caused by Ll/K  are relatively slow due to the thermal 

mass of the spacer material. 

11-^ 
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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 therefore, 

the optical length of the cavity. Another important index change is due to the 

NdrYAG laser material 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 
Frequency Change 

Af 
f 

Magnitude of 
Constant 

Thermal Expansion a AT a  = 1 x 10     fc 
of Cavity 

Atmospheric Temperature faVT 0T = 9.3 x 10"'/OC 

Atmsopheric Pressure faVP 0    = 3-7 x I0"T/Torr 
p 

Laser Rod Index Change 
f 

dn   AT 
rdt 

^   =7.3x io-ß/°e 
dt 

To put this  into better perspective, again consider Eq.   (9).    Substituting for 
M/l and the terms which contribute to An (from Table l). 

-Af 
f 

=    (a  + f ßm) AT    + f    0    AP    +    f v a T'      cap n 
dn 
_   AT. 
dT R 

(10) 

where AT iS the change of the cavity structure and ambient air temperature, ATp 
is the change in the laser rod temperature and AP is the change in ambient   K 

air pressure. For a cavity structure made from invar { a =  10"'0C) and for a 
laser rod which occupies .1 the total cavity length. 

-Af 
f 

-7        -7 -7 -7 
(10  + Q.k x 10 ) AT +3.3 x 10  AP + 7.3 x 10  AT  (u) 

c D R 
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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 importance of the 

terms in Eq. (11) can be put in better perspective by realizing that change in 

ATc and AP occur relatively slowly over a period of tens of minutes and hovxr. 

and they result in a long term "drift" of the cavity optical frequency. On the 

other hand, the temperature of the laser rod is the result of a delicate balance 

between 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 L66l 
lamp to have excellent amplitude stability with no tendency for arc wander and 

this is the lamp being used in the single-frequency laser. Even better lamp 

stability could be expected using tungsten filament lamps but this would be at 

the expense of the laser output power. Uneven cooling of the laser rod has been 

reduced by cladding the rod with a thin walled, transparent, fused quartz sleeve 

fRef. 11- 2 ) , which extends the entire length of the rod. The sleeve has a 

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

Frequency Stabilization of the Nd:Y/>G Läser 

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 NdrYAG laser. The requirement on 

the cavity structure and rod temperature are that they occur relatively slowly 

so that a feedback loop of a reasonable bandwidth can follow these changes. 

Feedback stabilized lasers incorporate basically the same elements as are 

utilized in stabilizing oscillators operating at lower frequencies (Ref.IT-3). 

( Dmmon to such systems is a null type frequency discriminator which converts 

deviation in the oscillator frequency from a reference frequency into a modulated 

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 dc 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- 

ference between two differentially delayed beams in a Michelson interferometer 

type of arrangement (Ref. II-lj.). The delay may be introduced by differences in 

geometrical path length or by differences in refractive index. However, Michelson 

interferometer discriminators are not very attractive when compared to high Q 



L92oVr9-36 ,   . 
1 13 

resonant cavity discriminators. Frequency stabilizers based on the use of high 

Q cavities have been used extensively in microvave systems since their dovelopmont 

by Pound in 19^6 (Ref.J-3). Analogous system have been used at optical froquencies; 

however, due to difficulties in preserving the relative phase in the bridge arm", 

proposals for using optical cavities as discriminators have generally been based 

on their power tranmission or reflection properties rather than on their phase 

charafteristics. (Ref. II-5). 

Optical cavities suitable for use in a frequency stabilization loop for the 

IldtYAG laser are available commercially as scanning Fabry-Porot interferometers 

(SFP). These instruments, available from Tropel and Coherent Optics and others, 

are normally used as optical spectrum analyzers (Ref .11-6) for the analysis of the 

laser optical modes, and without modifications, they are useful as the discrimina- 

tor in the closed-loop stabilization scheme. The principle of operation is 

illustrated in Fig.H-U. The center band-pass frequency of the SFP cavity is 

modulated at an audio rate, and the effect, of this en the transmitted laser 

power is monitored with a photodetertor. When the liser output drifts to 

one side of the reference cavity response, the output will be amplitude 

modulated at the r-avit.y modulation frequency. On the other side o''  the reference 
cavity resonance, a signal of the opposite phase will result. A phase sensitive 

detector tuned to this audio frequency may bo used to derive from tie laser 

output a dc signal whose amplitude 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 referpnee cavity response. 

The output of the si'.n^lo-frequency IId:YAG laser was stabilized using a 

comir.erically available (Lansing Model 80.210) feedback loop shown in Fic.II-5« 
The reference cavity was a Coherent Optics Model U70 Fabry-Perot interferometer 

of 8 GHz free spectral and a finesse of approximately 125. The resultant half 

width of the cavity resonance is approximately 65 MHz. The frequency discrimi- 

nant was obtained by dithering the reference cavity center frequency at a 520 

Hz rate. Typically a ,05 to .1 volt (RMS) dither voltage resulted insufficient 

modulation of the optical signal for lock-in. The dither voltage could just as 

well be applied to the PZT mirror on the laser cavity. The dc bias on the SFP 

is used to initially center the pass-band at the i.aser operating frequency. A 

bias change of ho  volts resulted in a scan of one free spectral ranpe, 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 free 

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 froe running and the stabilized laser output is shovn in 

Ti-.11-7. Without stabilization, the laser output frequency rancor, over 

approximately + 60 MHz in a 10 second time period. This frequency shift is duo 

primarily to small chances in the pump pover and in the rod cooling rate and 

vith stabilization, the frequency excursions are reduced to + 15 MHz. The ranee 

of frequency excursion over a number of minutes observation period does not 

chance significantly from these values. The laser has remained stabilized lor a 

period up to |r hour. 

Much better stabilization could be expected by using a faster responding 

f-dback loop. This evidence in Fig. 8 where the envelope of the detected 520 

Hz modulation signal is shovn for a free running laser. The amplitude of the 

envnlope changes as the unstabilized laser output sveeps 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 becomes 

a problem'. The ultimate limit to the loop response is set by the mechanical 

resonances of the PZT mirror combination. 

Single-Frequency Nd:YAG Laser Heterodyne 

Heterodyne of the HdtYAG laser presents special problems in the sense that the 

rain profit is very broad, spanning a frequency range of approximately 150 

GHz  With no etalon in the cavity the laser will oscillate at the cavity mode 

n-ar^st 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 

nearest to the peak of the gain profile curve. Two IldrYAG lasers, although 

id-ntlcally constructed and using rods made from the same boule of raw material 

could oscillate a number of GHz ap^rt. The maximum the laser frequency can be 

shifted by PZT movement of a mirror is the cavity mod- spacing which for this 

laser is 500 MHz. There are situations, such as optical heterodyne of two laser 

sourc-sor laser oscillator-amplifier configurations where it is necessary to 

shift the laser frequency by an amount greater than that available from mirror 

movement alone. The temperature or angle variation of an intracavity etalon as 

discussed previously, can be used to increase the tuning range of the sinple- 

fr»quency Nd:YAG laser. By placing "the etalon in a temperature controlled oven, 

th~ maximum tuning range is equal to the c/2nt frequency of the exaion. For a 

1 - length of used quartz this frequency range is 10.3 GHz which is covered in 

a t-rp-ratur- range of 7.h0C.    If a 1 cm length of calcite were used instead, the 
c/2rf   fmquency would be 10.1 GHz which would be covered in a temperature change 
of 2h0C.    By using a shorter etalon, i.e., one with a larger free spectral ranee, 
correspondingly larger tuning ranges could be achieved. The etalon can be used 

for coursp frequency adjustment of the laser to within one cavity mode spacing 

a 



L920479-3Ö 

f        15 

of the desired frequency. PZT movement of a cavity mirror can then be used for 

the fine frequency adjust. 

The etalon thermal tuning technique for control of the laser operating frequency 

to vithin one cavity mode spacing (approximately 500 MHz) vas verified by placing 

the intracavity etalon in a variable temperature oven. A unifrom increase or 

decrease of the oven temperature resulted in a monotonic shift of the laser 

frequency from one cavity mode to the adjacent mode as is shown in Fig. II-9. 

laser vas 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 duo 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- 

tinuously varied over a 2 GHz range. It should be mentioned that eloctrooptic 

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 

rxperiments. 

With frequency control of the laser output it is now possible to heterodyne 

two single-frequency lId:YAG lasers at a variable frequency offset using the 

experimental configuration shown in Fig.11-11. A second laser, identical to the 

one already operating, was constructed. Both lasers used 3 x 63 mm rods which 

wero 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 PIK photodiode with a frequency response to approximately 2 GHz 

was used as the detector. Also available is a Philco L 1+501 diode which has a 

response to 10 GHz. The photodiode output was displayed on an HP 8551B spectrum 

analyzer. On heterodyning the output from the two lasers a beat signal at 

approximately 1.6 GHz was immediately observed. The difference frequency was 

then varied from approximately 10 MHz (the minimum useful frequency of the 

spectrum analyzer) to 2 GHz by temperature tuning of one etalon and PZT mirror 

movement. A typical beat signal is shown in Fig.II-]2. The stability of the 

resultant signal was approximately + MHz over a 10 second observation period and 

this is consistent with the Fabry-Perot display where each oscillator varies 

over a + 60 MHz range during the same observation period. It was verified that 

the two-lasers operate well within ithe etalon thermal tuning range. 

Initial attempts to lock the two lasers together at a zero frequency offset 

were 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 frequency 

reference, does not have adequate bandwidth. In the next attempt, one 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 
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HETERODYNED SIGNAL FROM TWO SINGLE-FREQUENCY Nd:YAG LASERS 
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III. DISCUSSION OF COHERENT IMAGING PROBLEMS 

Synthetic Aperture Techniques 

^ ^Ä^rii)!^of the basic principies ^^in a c~ 
diffrLtinnTr^0^^1, iniaging 8y8tem» the "solution is detemined by the 
diffraction limit of the system, which, with an aperture D and a wavelength X, is, 

Ae = X/D 

So that the resolution at a distance R is 

AX = XR/D 

The maximum size of the aperture is determined ^y scintillations and angle of 

JddiUon in th'1005 ^ the ViSible ^ infrared regi0nS 0f the ^^ and in 
the la^:,. the "1Cr0Ware region' ^ fabrication problems. In the visible region 
the largest useable aperture is of the order of 10 cm. At 10.6 , it is approxl 
mately one meter*  MicroWave apertures of tens to hundreds of ^ters or larger 
tZ ^H

e" SUCCessfully crated  in the visible and IR regions then the mZL 
beam width is approximately 10-5 radians. Obtainable resolution is 

R (km) AX (meters) 
1 
10 
100 
200 
1000 
3 x 10^ 

.01 

.1 
1 
2 
10 
300 

5 x 105 5 x 103 ( moon;, 

i™,!6^1"8 as"e =c>"siaerati»s <=f detectablllty for the moment, obtaining an 

" edge Tf t"fea^Mlit 7'™ * ^ * * "^ °f ^"^ to ^ -"- rar edge of the eapablllty of a oonventlonal imaging system. Simple range gatlnK 

rc7 ZT* TV  nr dUrStlän T ^ PrOTlde d0™-ra»«e ™°^ of the oSer of 
TO/2, independent of range, »anoseoond pulses can thus provide resolution of thf 

traL'sl/n T an0 ST°T PalSeS ^WWy ^tter rJ^r^erLt trains of pulses oan be prooessed coherently, than comparable or better cross 
range resolution on aovlug targets can be obtained fr« doppler infection 

TtTZZlZ'* ^^r lnm"B  a8 X6/5 !md aepena6 °* ^ ■*■**  "f turbulence 
Ref!h5.Ttifcia;. ^ v*'"* "«1 here are ,uite optimistic. See, for e*ZT 

United Qlrcraft U 
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Coherent synthetic aperture techniques can he used whenever thesis relative 
motion between the radar and the target. Two  cases are usually «f^f^'J** 
rotating body range-doppler imaging used in radar astronomy and the side-looking 
radar used for terrain mapping. Fig. Ill-lashows the geometry for a rotating 
sphere and Figin-lb for a rotating cylinder. Range gating provides resolution in 
the down range direction, and doppler processing provides theJesol^i6nJ;" ^ of 
cross range direction. In the simple case of the rotating sphere, the ^™* f 
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 is given by 

0 ouv  0 UüfiX "'d = 2 -5- = 2 — 

where n is the rotation rate of the target, and 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., 

where Aa^ is the doppler .frequency resolution limit. If we observe the target 
for a time T, then Au)dr » 2TT/T and 

AX = 2u) ni = 2nT ' 2Ae 

where AB 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. Thero 
is of course, the problem of movement of features through the resolution elements 
during the observation time. Th -e are techniques to handle this. We can estimate 
the magnitude of this effect. Th. x or cross range position of a given feature 
will change by 6x = RAS during the observation time, and if it is not to move out 
of a range resolution cell 

X 
6x = R A 6 < Ax =    ^f 

or 

RAeAx<Ax2 

2_L   < L* 

u 
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So that if X = 10 ^ E = 10 meters 

&x2>  IQ^JLO 

A x > — io-^ meters 
/2 

i.e., as long as we do not try to resolve better than about 1 cm. 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 

(jUc = 2 ^ sin 9 «i 2 S^ 6 for small 6 

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

66 = X 

D 

then the extent of the beam at a distance R is 

69 R = 
XR 

D 

and the target will move out of the 

T 

beam 

XR 
= Dv 

in a 

So that, the frequency resolution A ou^ is 

2TTDV A '"dr = TF 

the resolvable angle is thus 

A e = 2^ A ^dr 

- 2
TTDV        C    = D 
XR üüV 

United aircraft 
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and the resolvable cross range coordinate is AGR = Ax = D/2. The apparently- 

contradictory result, that the resolution improves as the aperture sets smaller, is 

simply a result of the fact that the time during which the target is illumina.ted, 

and hence, the maxlmuBi 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- 

tropie 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 radar configuration just discussed, it is clearly immaterial 

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 

FigIII-3. For simplicity we will assume that the aperture is a phased array of only 

two elements and that the beam is scanned by means of the time-varying phase shifts 

0-, and*.,. It may be readily shown that the signal received by this time-varying 

phased array from a point target at a point R^ is 

S = eiu)t e 2ikRl 

if one of the phases. #. 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 FigIII-1+, 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 aJif. 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 Fi.gIII-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 

and its magnitude is 

UJV Ax 
0), 

2TTV 
The resolution that can be achieved in T is A tudr ^ -£% so that the spatial 

resolution is 

United aircraft 
Research Laboratories        sg 

y 
P. 
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&m   ^ 2TTV      X 
cZ  w 2Z   AX ~ 2 

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 its motion. The apparent motion of the other scattering' 
center is then a rotation about the first (see Figin-5b). In the observation time 
T, the combined object is viewed over an aspect angle Ae = TT/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 = \/2AQ which is essentially the resolution that has been 
achieved. It is also the resolution that would be achieved by the non-scattering 
antenna if the aperture size were reduced to X, but the loss of power has been 
avoided. 

United aircraft 
Research Laboratories 
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Signal Processing 

The basic operation required of the processor for a synthetic aperture imaginp; 
syptem 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 above, 
the return from a point scatter does not have a single doppler shift but rather a 
doppler history. In 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 
r.ero as the point passes the subradar point and reaching a maximum value but with 
opposite 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 microwave radar data 
has been highly developed^Ref.III-1 and 2). The basic ideas are illustrated in Figin-6-8. 
A train of short radar pulses naving a carrier frequency tu0 as shown in FigllHais 
transmitted. The return signal, Figin-6b will have a duration T = ^-- where LR 
is  the range extent of the target. At each range, the motion or a scattering center 
will impose a doppler shift on the signal. T.ince the pulsed duration will typically 
be shorter than the reciprocal of the doppler frequency, this will manifest Itself 
ns a change in phase as a function of range. This phase may be obtained directly 
by heterodyning the received signal against a stable local oscillator, obtaining 
the signal shown in Figin-6c. This signal is the real ^or imaginary 1 part of the 
complex amplitude of the radar return as a function of ranfre. To obtain the doppler 
liistribution 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 
nnalysis of the sampled data obtained from each range element. 

This complicated signal processing operation can be accomplished readily with 
the system shown in FlglXI;?. The demodulated signal, together with a bias, is used 
to 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 is 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 
hirtory of the amplitude and phase of the return at a given range. 

U 
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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 

sitie 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 

cos  0 

after demodulating, and adding the bias term B, this signal becomes 

Acos ^1* + 0t2) + B 

Here u; is the difference between the center frequency of the pulses and the 

reference local oscillator. In 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^ = Acog Ck x + Y x2 ^  + B 

where k = UJj/v and Y = ß/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 FigIII-7b. 

'The spatial carrier, kx, has been suppressed for ease of illustration). The recorti 

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 FiglH-Tc. The plane of the images will be 

inclined as shown in the fibers. 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 FigIII-8a. The conical lenselement is a 

cylindrical lens whose focal length is a function of range (vertical axis of film), 

"his renrves the tilt of the image plane of FiglTI-Tc 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. FigIlHbshows 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 aircraft  „„„„isL^ 
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Range and Doppler Spreads 

The first consideration in the coherent optical imaging radar is the estima- 

tion of the magnitude of the return. The radar equation gives 

= UlT Hr)    • \w&~ ' a"k^ 
?r ,_ l_V_\  2   _1  .    a-J. 
Pt 

Incident Power Density   Cross Section 

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

Pr  .   »  = 8 x IQ"2 4- 
Pt  ~ ^"R R 

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

is 
R km D = 10 cm (^=1^  ) D = 1 meter  (X=10ix ) 

■■ 

1 8 x 10-10 8 x lO-8 

10 8 x IG"12 8 x lO"10 

100 8 x 10-lk 8 x 10'12 

1000 8 x lO"16 8 x 10-lU 

5 x 105 
-21 

3.2 x 10 ■L 3.2 x lO-1^ 

The next important consideration is the magnitude of the doppler shift and 

spread to be expected. The doppler shift is 

fd = 1 MHz/meter/sec at 1.06 M, 

= 100 KHz/meter/sec at 10.6 M. 

For a rotating body, the doppler spread becomes 

&f *: + 2 TT MHz/meter/rps st 1.06u 

= + .1 x 2 TT MHz/meter/rps at 10.6u 

where the length scale .is the characteristic dimension of the object normal to both 
its axis of rotation and the direction of illumination. 
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The case of a transiting satellite is illustrated in FigllWfor 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 uuppler 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 1 

and T the total observation time. 

• 5 Another important 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 separation T, then range 

ambiguities will be eliminated if 

T>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 shift to be measured, so 

1 '  1 > 2 A f 
T .  ;;: 

Roth can be simultaneously satisfied if 

AT Af    « 1 

in which case the target is said to be underspread.    For a rotating target, Af« 
Q A R f/c p 

AT  Af *2AR2    ££    =    2    ^L    0 
•c2 Xc 

At a wavelength of 1 micron, a 1 meter target becomes overspread at 0 % 1.5 x 102 

radian/sec and at 10 microns 0 = 1.5 x 10^ radians/sec.    In all that follows, it 
will be assumed that the target is underspread.    In the case of an overspread 
target, the.amount of information the    can be obtained is greatly reduced. 
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Initial experimental investigations will be concerned only vith unäerspread 
targets. 

■ 
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"\, Signal Design 

The problem of range and doppler ambiguities discussed above is present in any 

radar system that is designed to simultaneously measure range and doppler shift. T? 

considerations involved in the proper signal design are usually discussed in terms c 

radar ambiguity function (Refin-3). This function is l^r = j x(T,f^ 2 where 

X fT-f) = 
/" 

(t)   u (t+T^ exp (-i 2TTf t) dt 

and-where 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 various 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 signal can be distinguished from a time and frequenc 

shifted version of itself. To completely characterize the problem we must also 

specify the target scattering function a(T,f). This gives the distribution per unit 

frequency 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 a specified 
delay T and doppler shift f. 

If we transmit a signal uft) 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 

pfT ,f)    =/ * -  T f) a(rJ,  f) di'df 

If «^ 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 

a (~,f)  which gives the desired image. 

The ambiguity function for a finite train of short pulses of individual dura- 

tion T , spacing Tg and total duration T3 is illustrated schematically in Fig HI-10. 

It consists of a large central peak and subsidiary peaks spaced at T = ± n T and 

f = ■■  — .    The frequency width of the central peak is proportional to T.,  , the 

reciprocal of the total duration of the pulse train' the time width is determined 

by TTJ 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 vidth of the scattering function, then the output of a matched filter reviever 
uould be a^replica 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 peaks do not appreciably overlap is the same as the requirement that the 
target be underspread. 

From these considerations, it is clear that a train of short pulses is a very 
goo^ 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; however, the present discussion will be confined to the short 
pulse case. 

- 
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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 he considered (Refs.III-U, 5). 

Direct Detection 

In principle, the receiver shown in Figin-Ucan 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 

.       P      P T 

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 little practical interest. 

Sub-Carrier System 

In this system, the entire spectrum of the optical signal is detected prior to any 
frequency filtering (see Fig 111-12. 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 velocity v toward the receiver. The return pulses will be 
separated by a time T 

or the repetition frequency fr becomes 

frU+fV 
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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 detailed discussion of the possibilities 
of this system is presented in Section IV. 

Heterodyne System 

The heterodyne system shown in Fig-IDHB 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 include 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 a 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 Bif is twice 
the doppler spread, then the power signal to noise ratio at the output of the IF 
is given by 

N  hvBD 

where F0 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 

T]P0 (B/BD)  _ TIP^   7|Po 
S/N =       hvB    = hvB = hvBj) 

where B is the bandwidth of the doppler bin and ?1  is the signal power in the 
range-doppler oin (assuming that it is uniformly distributed). The signal at this 
point is essentially noise-like and indistinguishable from the shot noise except 
by its amplitude. Äxter the square law detector the signal to noise will be of the 
order of 

S  1 TIPi 
N ~ 2 hvB 
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Post detection integration can improve this. The number of independent samples 
taken in a time T is BT. The mean value increases as BT and the RMS fluctuations 
as (BT)1/2. With an integration time T, then the S/N can he improved by a factor 

of (BT)1'2 so 

(N)T ^ i^li)  'i^hT (BT)1/2 

The quantity P^ 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 woi&d be obtained by 
transmitting it all in a time T = l/B and eliminating the post-detection integration 

completely. In this case 

S/N «2^1; 
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 vith 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 

vould be unimportant. 

Energy Requirements 

If complete flexibility in the design 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 bo 
resolved into M resolution elements, the energy received in each will be 

E Üfc 
E=  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 

EtLP 
(S/N) = 1/2 TlFp j^ 

where F represents any additional system losses 

I I 
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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 Et is Just the transmitted energy. The trans- 
mitted energy required to obtain a given signal-to-noise ratio is then 

Et = 2 ^ <*/") 

thenlo'^^icfons8 "^ ' = ^ reSOlVable SPOtS'  (S/N) = 10' ^ = ^ 

Et = 3.8 x 10-15 Lp"1 Joules 

and for X  = 1.06 microns 

Et = 3.8 x 10-lk Ln"1 
Joules 

a^e 10 cm Sr 1 S '   f '   > ^  ^ .^ ^^ SiZeS aSSUmed in the ^^e 
?or a Cf     i'?^ ITJ meter ^ 10^1*    Ihe differing aperture size accounts 
for a factor of 10* difference in the results for the two wavelengths and the 
reduced quantum noxse at the larger wavelength for the remaining factor of 10     Th, 
eneror required for the 10.6. system is extremely modest, and ignoring other 
considerations, this would be the preferred wavelength of operation.    Presently 

wWh^6 C02.fSers
+
have ade£luate 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 resolut on anliMtial 
experiments with this laser will be carried out. initial 

* Assumes T\ *   3 characteristic of a PIN photodiode at 1.06 microns diffuse 
reflectivity .1 and other losses ~ .33. w^rons amuse 
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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 estxmte 
of the magnitude of the returned signal. An actual target will exhibit many glint 
points arising from smooth surface areas oriented perpendicular to the direction 
of illumination and having locally long radii of curvature. Ihese 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 DT. The power received by a receiver of aperture DT, at a distance R, 

will be 

Pr " Pi UFR2 

where Pj. is the power incident on the area. Assuming as before that the entire 

target is just resolved, we have 

XR 
DTÄDR 

and 
Pr = pi ^TTD-T' 

as before. 

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

a solid angle 

instead of UTT SO that 

Pr = Pi (rf ^ 

= pi (FT) 

2 
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This simply reflects the gain UTTd2/x2 of the reflecting element over an isotropic 

scatterer. For d = 1 cm, X = 1.06^,, it amounts to UTT X 10ö. 

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 AS = flT, and hence,, the 
normal to the glint point rotates by the sane angle. If this angle of rotation is 
less than the beam width from the glint point, the® the receiver aperture will re- 
main illuminated by it during the integration time. This requires that 

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

\ 
AX = ^5 

Ae = IäX 

So we have 

-L. < i 
2Ax    d 

d < 2Äx 

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. 

II 
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FIG.ni-5 

\ -*—+ 
■ T^lÄ.'      

o) DIFPERENTIAl DOPPLER SHIFT 

wv       Ax WVAX 

Vz2. X2 cz 

1 

0 

\ 

O ^O 

b) APPARENT MOTION OF SCATTERING CENTERS 



L920l|.T9-36 53 
FIG. UM 

SYNTHETIC APERTURE SIGNAL PROCESSING 

o) 

TRANSMITTED PULSE TRAIN FREQUENCY W, 

b) 

RECEIVED PULSE TRAIN 

<=) 

SIGNAL AFTER HETERODYNING WITH STABLE LOCAL LOAT W 

EACHkPULSE GIVES 1(f) COS 6 (0 

RANGE 



L920^79-36 

BIAS 

54 

a) DEMODULATED SIGNAL 

CRT 

FIG.1I1-7 

FfLM 

o    a c=3   a  a   a i 

a   i        i     i }       c 3      I I    I I 

b) FILM RECORD 

COHERENT, COLLIMATED BEAM 

TILTED IMAGE PLANE 

c) FOCUSING GEOMETRY 



L92C&T9-36 55 
FIG. 11-8 

COHERENT OPTICAL PROCESSING SYSTEM 

CONICAL 
LENS 

CYLINDRICAL 
LENS ^SPHERICAL 

LENS 

K 'SP 

o) 

IMAGE FILM 

DATA FILM 

OFFSET DUE TO 
SPATIAL CARRIER 

b) 



L92«| >36 56 

'HöAdNanoa^ »iddoa 
FIG. 111-9 

z 
o 

o 
I 

-i—i—r 

■». M »O 
O ^ ^ 

•        I        I    o 
i—i—i—r 

>• 
U 
Z 

o   o 

DC       < 

?    l OL       «, 
o   2 
o 
o 
z 
< 

u 
O 

^ 
« 

o 
o 
w 

o 

w 

o    1 
2   $ 

o 
00 

^ 
« 

>a$/4j 000l'AllDO13A 

^ 



L920lf79-36 57 
Ficm-10 
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IV. LABORATORY INVESTIGAllON OF 
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 
dopple 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 
be phase coherent from pulses to pulse. 

In an operational system the coherence of the local oscillator used for 
heterodyning must be maintained over the rotnd trip time of the signal from the 
target.  Provisions must be made to compensate for the large doppler shift due to 
translation of the spinning target. Finally, sufficient power must be available 
to overcome the large propagation loss dlscussea in Sectionlll, 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. The power requirements, however, are not reduced by the reduction 
in target range. This arises because of the spatial coherence requirements Imposed 
cy the optical heterodyne detector. If a distant target intercepts all of the 
power in the beam fror., the transmitter, and if it scatters the power uniformly 
in angle, then the power received by the receiver in  just the solid angle subtended 
ky the receiver aperture as viewed from the target. In the case where the target 
is just resolved, this will be of the order of 

Pr = Po -i (if 
UTT \d.l 

where d is the target diameter. In the case of a target at very close range, 
essentially all of the power scattered back toward the receiver can be intercepted 
ty the receiving aperture. Only a snail fraction of this however is useful for the 
heterodyne dutection. The angular coherence interval for power scattered from 
different point scatters on the target is approximately A9 = 3. The field of view 
of the receiver must be limited to this to avoid loss of signal. Again assuming 
Isotropie scattering, the total useful received power is again of the order of 
Fo (x/d)2/UTT. 
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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 on 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 

hv hv 

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

1.22\ 
1/2 

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 1.22X/D R = g- 

In this case, the expressions become identical and, subject to the resolution 

conditions, independent of range. 

From the discussion in Sectionlll, the power/energy requirements for an imaging 

system can be estimated. We assume for illustration, a laboratory target of 

diameter d = 10 cm, which is to be resolved into 100 resolvable elements (10 in 

range find 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 

Er «i(l)    Et«8xl0-12E t 

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

and other losses) of NFp = lO"2 as before, then the effective energy per resolution 

element is 

Eeff = 8 x lO'
16 Et 

a>-x 
IV-2 
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The minimum detectable signal is of the order of 1 photon per resolution element 
or 1.9 x lO"^ Joules per element. The signal to noise is then 

S/N = U.2 x 103 Et 

where E is the transmitted energy in joules. We have assumed that this energy 
is transmitted in the reciprocal of thedoppler resolution time. For the 10 cm 
target, the doppler Spread is f = 10^ n Hz, where n is the rotation rate. Assuming 
10 doppler resolution elements, the resolution element Af = Kr Q Hz, and the 
desired transmission time is 10"Vn 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 millisecond. 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 strongly 
retro-reflecting areas is being investigated. 

At the present time, a mode-locked Ncl:YAG laser is being fabricated for 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 
dimens ional 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 optics and the 
polarizing prism. It then passes through the quarter 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 beam, 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 could 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 preamplifier, 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 5^9 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 be 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. 17-2. 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. In 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 ko MHz, and a power level of 
about 1 watt. This modulator shifted the frequency of the signal beam by kO 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 
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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 cm). This resolution could, of 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 NdrYAG 
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-l^. 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-l. 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-4. 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. 

IV-5 
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A Single-Frequency, Traveling Wave 
Nd:YAG Laser 

by 
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East Hartford, Connecticut        06l08 

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 vave eliminated spatial hole burning, and the output 

of the laser was at a single-frequency. 
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A Single-Frequency, Traveling Wave 
Nä:YA(? Laser 

by 

A. R. Clobes and M. J. Brienza 

United Aircraft Research Laboratories 

East Hartford, Connecticut   06IO8 

Although the WdrYAG laser transitions are homogeneously broadened, spatial 

hole burning 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 NdrYAG laser involve the use of intracavity etalon mode selectors2'3 

movement of the laser rod relative to the standing wave pattern , or movement of 

the cavity standing wave pattern relative to the laser rod5. 

In the work to be described, single-frequency operation of a cw pumped M:YAG 

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

loss . 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 k  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 was either a 98 or 95 percent reflecting output mirror. 

The c/l cavity frequency was 310 J&iz. An irxs was used to achieve single transverse 

mode operation. A 5 x 50-mm-Brewster-ended NdrYAG 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 based on the use of a Faraday rotator, 

consisting of a 5 cm length of fused quartz in a solenoid generated axial magnetic 

field, and a half-wave plate. The Faraday element rotated the cavity plane of 

polarization (defined by the Brewster-ended NdriiAG rod), by a small angle ±6; 

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 9/2 with 

respect to the cavity plane of polarization. The magnetic field was such that for 

a wave traveling in the clockwise (cw) direction, the half-wave plate rotated the 

plane of polarization by an angle 3 and the Faraday cell by an angle + e, so that 

the total rotation was ( 0 + e ), while the counterclockwise (ccw) wave experienced 

a rotation of ( ß - 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 ( 0 + 9 ) 

2 
and to sin ( g - 9 ) for the cw and ccw wave, respectively. The differential loss, 

^loss, between the counter rotating waves was then: 

2 2 
^loss a sin ( ß + 9 ) - sin ( ß - 9 ) « ^ 39 

With the differential 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 ß = e. Then the entire loss, proportional to ^ e , is 

experienced only in the cw direction, leaving the CCT direction unattenuated. The 

resulting unidirectional traveling vave eliminated spatial hole burning and the 

homogeneously broadened line of the MiYAG 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 

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

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

thermopile. 

Shown in Fig. 2 is a Fabry-Perot display 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 Nd: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 vas 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 

-h- 
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resulting single-pass differential loss was less than .01 percent. The modest 

magnetic 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 10-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 pump 

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 

7 fi 
wave condition at the low pump levels had been predicted by J. A. White  . 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. 

-5- 
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A Brevster-ended laser rod vas 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 such a rod are anti- 

reflection^ < .2 percent reflectance) coated. The etalon properties of a flat- 

ended 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/2nt, frequency of the rod. The existence of the etalon effect Implies a 

standing wave in the laser rod which 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 vere separated by 

the c/2n£ 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 Nd:YAG is an effective 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 

9 
the induced birefringence in the laser rod. A 1,500 mtt 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 adequate 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 

intracavlty optical elements were required. 

-6- 
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Q-switched operation of the single-frequency M:YAG laser by means of an 

acousto-optic Bragg cell has also been achieved. The acoustic cell was fabricated 

of flint glass vith a bonded transducer, operating at ko MHte. 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 p, sec duration were obtained. 

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

C. Bardons for his technical assistance. 



:?2oVr9-36 . 

REFERENCES 

(1) C. L. Tang, H. Statz, and G. DeMars, J. Appl. Phys., 3^, 2289 (1963). 

(2) M. Hercher, Appl. Opt., 8, 1103 (I969). 

(3) H. G. Danielmeyer, IEEE Jour, of Quantum Electronics, QE-6, 101 (1970). 

(M H. G. Danielmeyer and W. G. Nilsen, Appl. Phys. Letters, 16, 121+ (1970). 

(5) H. G. Danielmeyer and E. H. Turner, Appl. Phys. Letters, 17, 519 (1970). 

(6) A. L. Mikaeliane, J. G. Turkov, V. F. Kuprishov, V. J. Antonyanz and 
V. I. Kruglov, IEEE Conference on Laser Engineering and Applications. 
Digest of Technical Papers, Paper 10.8 (1969). IEEE Jour, of Quantum 
Electronics, QE-5, 617 (I969). 

(7) J. A. White, Jour. Appl. Phys., I37, AI65I (I965). 

(8) J. A. White, Nature, 201, 911 (I96U). 

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

-8- 



L920^T9-36 . 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 

s cale. 
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