
2 

Optics Research 
1971 

Issued 24 April 1972 

Prepared for the Advanced Research Projects Agency 
under Electronic Systems Division Contract F19628-70-C-0230 by 

Lincoln Laboratory 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY B 

Lexington, Massachusetts 

Distribution Unlimited. 

•Arjril 1972.  Other- 

20100812 164 



The work reported in this document was performed at Lincoln Laboratory, 
a center for research operated by Massachusetts Institute of Technology. 
This work was sponsored by the Advanced Research Projects Agency of 
the Department of Defense under Air Force Contract F19628-70-C-0230 
(ARPA Order 600). Where noted, research sponsored by the Air Pollution 
Control Office of the Environmental Protection Agency is included. 

Non-Lincoln Recip ients 

PLEASE DO NOT RETURN 

Permission is given to destroy this document 
when it is no longer needed. 



AI5STRACT 

This report covers work of the Optics Division at Lincoln Laboratory 

for the period 1 July through 31 December 1971. The topics covered 

are laser technology and propagation, optical measurements and in- 

strumentation, and laser radar and tracking. Additional information 

on the optics program may be found in the semiannual technical sum- 

mary reports to the Advanced Research Projects Agency. 

Accepted for the Air Force 
Joseph R. Waterman,  Lt.Col., USAF 
Chief, Lincoln Laboratory Project Office 

in 



CONTENTS 

Abstract iii 
Introduction vii 
Reports on Optics Research x 
Organization xii 

I. LASER TECHNOLOGY AND PROPAGATION 1 

A. Thermal-Blooming Program 1 

R. Thermal-Rlooming Program for Pulses 5 

C. Surface Effects S 

I).    Laser-Induced Breakdown q 

1. Threshold Measurements 9 
2. Electrostatic Probes 11 
3. High-Speed Photography 1 1 

E. Interaction of a 10.6-p.m Laser Pulse with Fog 17 

1. Single Droplet Experiments:    Schlieren Photography 
of Vapor Blobs 18 

2. Calculation of Spread for Laser Beam Traversing 
a Hole Bored in Fog .2 1 

F. Pulsed Laser Devices 2 3 

1. 500-.T Electron-Beam Excited Laser 2 3 
2. Small Scale Electron-Beam Excited Laser 23 
3. Chemical Laser Devices 2^ 

G. Medium Diagnostics of Laser Devices 27 

H.    Sealed-Off Carbon Monoxide Lasers 2° 

I.    Carbon Monoxide Laser Plasma Rate Equations 31 

II. OPTICAL MEASUREMENTS AND INSTRUMENTATION 3^ 

A. Airborne Optical Imaging of a Wing-Tip Point Source 3S 

1. Equipment 3S 
2. Data 57 
3. Conclusions 3l> 

B. Airborne Image Studies 40 

C. Interferometric Imaging Techniques 42 

1. Retroreflector Measurements in Flight -42 
2. Star Source Measurements in Flight 4 * 
3. Ground Measurements 43 
4. Results — Retroreflector Measurements 44 
5. Results - Star Source Measurements 4'5 
6. Conclusion 47 

D. ZnS Upconversion 47 

E. Tunable Semiconductor Lasers for Air Pollution Detection ^2 



Contents 

III.     LASER RADAR AND TRACKING 55 

A. Laser Radar Imaging 55 

1. Introduction 55 
2. Detector 44 55 
3. Calibration 57 
4. Signature 59 
5. F-80 Vertical Stabilizer 61 
6. Doppler 64 

B. InSb 10.6-|j.m Polarization Rotator 65 

C. Pulsed Mode Tracking 71 

D. Manual Range Tracker 71 

E. CO? Laser Oscillator Frequency Stability 72 

F. Doppler Velocity Measurements 73 

G. Annual Average Temperature,   H^O Pressure and H2O 
Absorption of 10.6-jj.m Radiation at Firepond 75 

II.    Conversion to Duplexed Optical Configuration 75 

I.    Large Aperture Beam Projection at 10.6 ^m 79 



INTRODUCTION 

1.    LASER TECHNOLOGY AND PROPAGATION 

The existing program to calculate thermal blooming of a CW beam (steady state) has been improved 

by including the capability of using a truncated beam source (possibly with central obscuration). In 

addition, computation time has been further reduced by altering the reference wavefront at each 

step so that it coincides more nearly with the actual wavefront.    Examples are given. 

Programs have been developed for the time-dependent propagation of a high-energy laser pulse 

through an absorbing atmosphere. Kinetic cooling and saturation effects are presently omitted. 

Separate codes for the short, long and intermediate time regimes (compared with hydrodynamic 

time) have been developed.    A sample calculation is presented. 

The eikonal theory of thermal blooming of a pulsed laser beam has been extended to include the 

variation of atmospheric absorption with altitude. Effects of saturation are also now taken into ac- 

count.   Some typical results are shown. 

A piezoelectric stress gauge has been developed to monitor the temporal development of the impulse 

delivered to a target when irradiated by a high energy density pulse of a laser beam. The objective- 

is to provide sufficient temporal  resolution to distinguish between blow-off and blast wave coupling. 

The experimental program on laser-induced breakdown in air has continued. Emphasis has been 

placed on studying the initiation mechanism and the interaction with the surrounding air. 

The study of the explosion of individual fog particles under irradiation by a 10. 6-um laser beam has 

been extended to longer times (~100 usec) by using a micro-schlieren apparatus. A model has been 

developed which predicts the spread ina laser beam traversing aclearing hole as a function of time. 

The primary thrust of the EDL laser effort is the design and construction of an E-beam CO- device 

capable of delivering 500 J. 

A small E-beam laser has been constructed using an RCA electron gun capable of 20mA (contin- 

uous). The purpose of this laser is to test theories for larger scale devices and perform para- 

metric studies. 

Studies of the spatial and temporal dependence of the gain of a pulsed HF laser have been carried 

out, with the results being compared to those for CO. lasers. Use of a Marx-bank pulser has sub- 

stantially increased the energy output of the 75-em HF pin laser to about 360mJ/pulse. Studies of 

E-beam initiated chemical lasers have begun. 

Measurements of the medium homogeneity in a TEA pin laser have been continued, and extended to 

several different total pressures. The results suggest that the TEA laser should make an excellent 

single-pass amplifier, although distortion in an oscillator could be quite severe. 

A number of CO lasers have been assembled and used to investigate the physical and chemical proc- 

esses involved in sealed-off CO lasers.    Improved lasers have been designed. 

VII 



Introduction 

A program has been undertaken to numerically model the unharmonic pumping effect in the CO laser. 

Considerable success has been achieved in predicting gains, saturation intensity and the effect of the 

radiation field on the electron gas. 

II.    OPTICAL MEASUREMENTS AND  INSTRUMENTATION 

An airborne imaging experiment was performed using a wing-tip point source to study the degrada- 

tion of telescope performance in high-altitude flight. Use of the wing-tip source, which was a pas- 

sive retroreflector reflecting a laser beam, was implemented to isolate fuselage boundary-layer ef- 

fects from other sources of degradation. Results indicate that a strong optical disturbance is local- 

ized just outside the aircraft window. 

Stellar images have been recorded at various latitudes and altitudes with the new diffraction-limited, 

long-focal-length telescope mounted in the KC-135 aircraft. Agreement with previous results was 

substantial, in that the principal source of airborne image degradation was identified with the fuse- 

lage boundary layer. Angular dispersion was found to act as a random variable in the presence of 

other airborne perturbations. 

The Laboratory-model, corner cute shearing interferometer has been used to make MTF measure- 

ments of the atmosphere from the KC-135 optical aircraft. Stellar sources as well as the wing-tip 

retroreflector were used to illuminate the interferometer. Preliminary results indicate that the 

principal source of MTF degradation is the aircraft boundary layer. 

The spectral characteristics of the ZnS upconversion and the UV-induced IR absorption have been 

examined in more detail using a series of nine, I -jim-lxindpass IK filters centered on wavelengths 

2um apart from 2 to 16^m. The visible output has teen measured as a function of IR wavelength 

and intensity, as well as time after IR turn-on. The results are being studied to determine the up- 

conversion mechanism, as well as the overall IR sensitivity and imaging capability. 

The high-resolution spectra, which were obtained with tunable semiconductor lasers for the 8. 7-jim 

absorption band of SO„, were compared with theory. The theoretical model for this spectrum, de- 

rived elsewhere, on the basis of accurate microwave spectra, was found to be in near-perfect agree- 

ment with the laser spectra, once the band center used in the theory was properly adjusted on the ba- 

sis of the laser data. Pollutant detection using the absorption "fingerprint" has teen shown feasible 

by a multiple-reflection White cell, and by long-path transmission. The White cell results indicate 

that with increased laser power in the mW range, point sampling of pollutant concentration in the 

low parts per billion (ppb) region should be possible. 

111. LASER RADAR AND TRACKING 

The laser radar imaging system was calibrated with spherical standard targets and used to meas- 

ure the incoherent backscattering from targets including an aircraft tail section. 

The optimum free-carrier concentration for the use of InSb as a Faraday rotator at liquid N tem- 

perature was computed and confirmed by experiment. An experimental 10.6-Mm isolator using this 

material was assembled and tested. 



Introduction 

For the Firepond l().b-/im laser radar, automatic angle and frequency tracking in the pulsed mode 

was demonstrated on unenhanced light aircraft targets out to ranges of approximately eight miles. 

In support of pulse-mode operation, manual range tracking and gating circuits were added to proc- 

ess the pulse signal. 

In the course of measuring the characteristics and performance of the components of the Firepond 

laser radar, the frequency stability of the laser oscillator and the Doppler velocity measurement 

capability were determined. 

The annual average temperature, water vapor partial pressure and 10.6-jim absorption due to II..0 

have been compiled for the Firepond site over a range of seasonal variation. 

The laser radar optical system was converted to the duplexed configuration, which will also incor- 

porate a rapid scan imaging capability. 

A 48-inch aperture telescope has been installed at the Firepond Research Facility oriented toproject 

a focused spot at a tower 5.4 km distant. The spot size and characteristics will be measured by a 

scanning IR camera, while the characteristics of the propagation path will lie simultaneously meas- 

ured in the visible spectral region. 
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I.   LASER    TECHNOLOGY   AND   PROPAGATION 

A.    THERMAL-BLOOMING PROGRAM 

Our code for propagation of a CW beam has been improved in two important ways.    First, 

we have included a capability for using as source a truncated beam,  with or without a central 

obscuration.    Since the analytic expression for propagation from a uniformly illuminated aper- 
ture predicts that the intensity on axis oscillates with a frequency that approaches infinity as the 

observation point approaches the source,  some doubt has been expressed about the possibility 
of calculating such a case using a finite-difference scheme.    Our results for propagation in vac- 
uum from a uniformly illuminated aperture are shown in Figs. 1-1 and 1-2. 

18-5-3561-1 

UNIFORM SOURCE 

4 6 6 10 

NORMALIZED   RADIAL   DISTANCE 

Fig. 1-1. Normalized irradiance l(r)/l(0) in the focal plane as a function of radius. Uniformly 
illuminated mirror (radius Rm = 63.6 cm) focused at a range Zf = 1 km. Dashed line is analytic 
solution as a function of normalized radial distance x = kR r/Zf. Points result from numerical 
integration. 



Section I 
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AXIAL   DISTANCE   ( km] 

Fig. 1-2. Normalized irradiance on the axis l(r = 0, z)/l(r = 0, z = 0) as a function of 
distance. Same case as in Fig. 1-1. Dashed line is analytic solution: Note change in 
scale at z = 0.7. Circled points are calculated using a coarse mesh (DR = Rm/8 at mir- 
ror), other points, using a refined mesh (DR = Rm/20 at mirror). 

In Fig. 1-1 we present the irradiance distribution in the focal plane and in Fig. 1-2,  the irra- 
diance on axis as a function of distance from the source.    One observes two significant differences 
between the computed points and the analytical curves:   in Fig. 1-1 the computed intensities are 

too small at large radii, and in Fig. 1-2 the computed intensities do not follow the rapid oscillations 
at small distances.    Both of these differences are due to the fact that a finite transverse mesh 

cannot reproduce the high spatial frequencies that are present in the analytical calculation.    It 
is clear,  however, that this has no adverse effect on the computation in regions of high intensity, 

where only low spatial frequencies are important.    Similar remarks apply to Fig. 1-3,  which shows 
the irradiance distribution in the focal plane in the presence of a central obscuration.    Note that 

the displacement of the first minimum from its position in the uniformly illuminated case is well 
reproduced.    We conclude that our code simulates the propagation of a truncated beam with good 
accuracy. 
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6 e 10 
NORMALIZED   RADIAL   DISTANCE 

Fig. 1-3.    Normalized irradiance l(r)/l(0) in focal plane.    Same case as Fig. 1-1, 
except a central obscuration with a radius 1^/2. 

The second improvement consists of the capability for changing the reference wave front at 

each step in the propagation direction,  so that it more nearly coincides with the actual wavefront 

at that point.    This is accomplished by referring the wave front to a new focal point,  and is sug- 
1 

gested by the well-known fact   that the addition of linear and quadratic terms to the phase does 
not result in aberrations,  but merely in a displacement of the focus.    The result is twofold:   nu- 
merical differentiation is more accurate,  since it does not have such large phase changes to 
contend with;  and the transverse mesh follows more closely the actual expansion,   contraction 

and displacement of the beam.    Thus the grid can be both coarser and less extensive.    While the 
savings may be considerable in cases where thermal blooming predominates (typical computation 
times have been decreased by a factor of two or three for moderate blooming),   it is in.cjrses 
where strong cooling is present that this feature is most useful.    Here the self-focusing effect 

has meant that prohibitively refined meshes were required before the refocusing feature was 
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Fig. 1-4. Normalized flux density as a function of radial distance at a range of 10 km 
for a 1-msec pulse of 5-MVV power and collimated beam with a l/e^-power diameter 
of 1 m at various times (t).    Hydtodynamic time for this case is 1 msec. 
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introduced,  whereas now the meshes are quite reasonable.    The positive feedback inherent in 

self-focusing necessitates,   even so,  more care than is needed for thermally-blooming beams, 

since a mesh that is too coarse can easily predict, spurious catastrophic focusing. 

I.. ('. Bradlej 
J. Herrmann 

B. THERMAL-BLOOMING PROGRAM  FOR  PULSES 

We have written codes that compute the time-dependent propagation of a pulsed laser beam 

through an absorbing atmosphere.    The beam is assumed to be cylindrically symmetrical,   and 

for each time step the calculation of the beam propagation is done in a manner analogous to that 
2 

used for the CW case,   as we have described it in a previous  report.     The propagation is assumed 

to take place along the forward-moving characteristics of the optical scalar wave equation,   so 

that the interaction at a range   z   and time  t   corresponds to source emission at time I - z/c.     It 

is thus assumed that reflections can lie neglected,   and time can therefore be treated simplj  as 

a parameter. 

The interaction of the laser beam with the atmosphere is presently treated as a simple heal- 

ing,   though in the future we intend to include the phenomena of kinetic cooling and saturation. 

The reaction of the atmosphere is treated by linearized hydrodynamics without viscosity or heat 

conduction.    It can be shown    that there are simple approximations for the gas density (and there- 

fore the index of refraction) that are valid for times short and long compared with the time re- 

quired for a sound wave to cross the beam.     We have written codes incorporating each of these 

approximations.     For the intermediate regime,   we have written a code that solves the hydro- 

dynamic equations simultaneously with the equation of light propagation.     The hydrodynamic equa- 

tions are treated by a method analogous to that used for light propagation:   a Crank-Nicolson 

approximation is used for the time coordinate and a Galerkin method with circularly symmetric 

splines for the radial coordinate.    This method is implicit;   the solution is equivalent to the inver- 

sion of a matrix that is block tri-diagonal,  and is accomplished by an appropriate generalization 

of the well-known Thomas algorithm. 

The computation for the intermediate case is rather slow,   and although we hope l hat it will 

be possible to decrease the computation time,   it is clear that the approximate codes will always 

be faster,  and in that respect preferable when the respective approximations are valid.     In 

Figs. l-4(a-c) we show a comparison of the results for a single case?,   computed using the hydro- 

dynamic code and using the short-time approximation.     For this case the short-time approxima- 

tion coincides well with the hydrodynamic code up to half the hydrodynamic time. 

I., t'. Bradlej 
J. Herrmann 

C. SURFACE  EFFECTS 

A piezoelectric stress gauge has been developed to monitor the temporal structure of laser 

induced interactions at solid surfaces. With CO, laser radiation and amorphous carbon targets, 

the compressive stress was found to follow the laser pulse shape for about 5 jisec before tensile 

relief waves dominated the signal. 
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Fig. 1-5.    Schematic of stress gauge developed to monitor temporal structure of laser 
induced interactions with carbon targets. 

-5-3731 

STRESS GUAGE 

LASER PULSE 

Fig. 1-6.    Stress gauge response (top trace) to surface vaporization of carbon target 
caused by a COo laser pulse (3 J) (bottom trace).    No breakdown was induced. 
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A scliciii.it.il' of the stress gauge is shown in Fig. 1-5.    The target material is  \ inch of pure 
amorphous carbon hacked up with a thin X-cut quartz piezoelectric crystal and a 4-inch aluminum 
rod.    A compressive stress pulse introduced at the carbon surface propagates through the target 

and is both reflected and transmitted at the rear surface due to the change in acoustic impedance. 

Quart/, and aluminum have nearly the same acoustic impedance and thus negligible stress reflec- 
tion occurs at then- interface.     The compressive stress pulse transmitted through the quartz 

4 
crystal produces a voltage proportional to the instantaneous compression of the crystal. 

Ad 
V = I 1 

where   V   is the voltage,   A   is the cross-sectional area,   d, ,  is the piezoelectric modulus,   C   is 

the total capacitance and a   is the compressive stress in the crystal.    The compressive stress 
4 

is usually equated to the pressure.       Thus the temporal structure of a compressive stress pulse 
input at the carbon surface may be monitored by recording the voltage produced by the quartz 

crystal as long as the transit time through it is short compared with the compressive pulse width. 

-5-3635-1 

STRESS GUAGE 

LASER   PULSE 

—-\ |— 2 jisec 

Fig. 1-7.    Stress gauge response (top trace) to surface vaporization of carbon target 

caused by a CO2 laser pulse (0.5 J) (bottom trace).    No breakdown was induced. 

Figures 1-6 and 1-7 show the carbon stress response for two CO? laser pulse shapes,    in 
each photo,  the top trace is the stress gauge response to surface vaporization and the bottom 
trace is the laser pulse shape.    The delay between the laser pulse and stress response is equal 

to the compressive stress transit time through the carbon target yielding a speed of sound of 
0.225 cm/jisec.    Knowing the speed of sound and the reported density of 2.25gm/cm   ,   we can 

11 2 calculate Young's modulus (E = 1.14 x 10     dyne/cm   ) and the acoustic impedance (Z = 5.63 x 
10   gm/em    sec).    In Fig. 1-6, the first three compressive peaks accurately reflect the structure 
in the laser pulse (~3J) until the following tensile relief wave drives the signal negative.     Fig- 
ure 1-7 shows the stress gauge response for a different laser pulse shape and a total energy of 
about 0.5,1.     No breakdown was induced off the surface of the targets for either of these cases. 

Figures 1-8 and 1-9 show the stress gauge response when air breakdown is induced near the 

carbon surface by focusing the laser beam with a 5-cm focal length germanium lens.    In Fig. 1-8, 
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Fig. 1-8. Stress gauge response (top trace) to air breakdown caused by a CO2 laser pulse 

(0.5 J) (bottom trace) focused with a 5-cm focal length germanium lens. Stress gauge was 

located at focal point of lens. 

5-3 733 
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Fig. 1-9. Stress gauge response (top trace) to air breakdown caused by a CO9 laser pulse 
(0.5 J) (bottom trace) focused with a 5-cm focal length germanium lens. Stress gauge was 
located approximately 1 .5 cm beyond focal point of lens. 

8 
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the air breakdown was initiated at the carbon surface placed at the focal point of the lens.    The 

stress gauge response shows a small peak caused by vaporization at the surface immediately 
followed by a pressure wave from the air breakdown region.    In Fig. 1-9, the stress gauge was 

placed approximately 1.5 cm beyond the focal point of the lens.    Again the initial laser induced 
vaporization peak was observed,   followed by a 29-jxsec delay before the pressure wave from the 
breakdown region reached the target.    The resulting velocity of 0.05cm/u.sec is about 1.5X the 

speed of sound in ambient air and is consistent with the speed of a weak shock wave. 
Further development of the stress gauge is planned to extend the useful read time for vapor- 

ization induced compressive stresses. It is also planned to calibrate the stress gauge as a pres- 

sure gauge by exposing it to known step pressure increases in a detonation tube and monitoring 

its long time response. ,   „   T h y .]. E.  Lowder 

D.     LASER-INDUCED  BREAKDOWN 

The experimental program on laser-induced breakdown in air has concentrated on several 

aspects of the breakdown problem:   the various ignition mechanisms,   the rapid growth of the 

breakdown,  and the interaction of the breakdown with the surrounding air.    The basic experimen- 

tal arrangement is similar to that described in Ref. 5,  p. 11. 

1.     Threshold Measurements 
5 

In addition to the effects of aerosols on the breakdown thresholds    several other effects arc 
currently under investigation. 

a. Energy Thresholds 
9 2 Laser pulses which exceed the flux density 2X10   W/cm    will break down air provided also 

that the energy density exceeds some threshold value.    Canavan and Rockwood    established a 

relationship between the flux density and the time at which breakdown occurs.    Their calculated 
threshold in terms of energy density along with our experimental results are shown in Fig. I-10. 

The data were fit at one point to the theory so that the agreement is somewhat misleading.    A 

verification of the theory will require breakdown at times much shorter than we have yet been 
able to obtain. 

b. Double Pulse Experiments 

The ionization of the air produced by a breakdown was found to persist for times ~10u.sec. 

The effect of this ionization on the breakdown threshold of a second pulse was studied by focusing 
a second pulse near the first breakdown and delayed a time T  with respect to the first.    The 
threshold of the second pulse as a function of this delay time is shown in Fig. I—11.    As can be 
seen,  the threshold is reduced by an order of magnitude for some lO^isec. 

The electrons become attached to 0~ in a time ~10nsec. These negative ions behave as a 

density N of impurity atoms with an ionization potential X » 0.5 eV. A simple model for the 

reduction in the threshold flux density can be obtained in this case from cascade theory and is 

h  _  Nl  lt _ fj _ X"l  (nN" 
I,        N, X 44 1 2   | i o 
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O  EXPERIMENTAL RESULTS 

  CALCULATIONS OE CANAVAN AND ROCKWOOD 

Fig. 1-10. Energy transmitted through the focal 
volume before air breakdown as a function of 
the time of breakdown. 

Ioo 200 

TIME, T-ljisec) 

O • ZERO  SEPARATION 

-mm   SEPARATION 

p. 13 
DELAY  TIME, T (Msec) 

Fig. 1-11. Energy threshold of a laser pulse fired at time T after a breakdown. 
Two curves correspond to a separation in focal volumes of 0 and 1 mm. Oscil- 
lograph shows ion probe current (5 usec/div) at 1 mm. 
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where I,, and I.  are the threshold energies of the second and first pulse and where \,  and \. are 
2 1 ° ' I 2 

the neutral particle densities before and after breakdown and X    = 14 eV.    The oscillograph in 

Fig. I — 11  shows the ion current at 1 mm from the breakdown.    The peak density obtained from 

this current is 10     cm     .    The above formula predicts a reduction of U/t,  ~ 0.1.     The breakdown 

also causes a reduction in the neutral density due to heating and expansion.    Thus the two effects 

compete.    For the data in Fig. 1-11,   Lonization was the dominant effect,  although we have   ilso 

observed cases where there was an increase in the threshold for a short time after breakdown. 

D. E. Lencioni 
R..I. Hull 
I,. C. Marque! 

2. Electrostatic Probes 

Electrostatic probe studies of the interaction of the breakdown with the surrounding air have 

also been carried out.     The experimental arrangement and preliminary results are described in 

Kef. 5,   p. 1 3.    A complete description will be published separately. 

Thi' perturbation in the probe signal (Fig. 1-10 of Kef. 5) due to the shock wave can be explained 
7 

in terms of a continuum probe theory    as follows:   The probe current is related to the ion and 

neutral density by 

[4o:   <N + )3/4 1 INT 
N "   ,.,+,1/4   N o (N   )   ' o 

Thus a compression which leaves the ratio N /N    constant will cause a dip in the probe signal. 

The neutral particle density inside the shock front was obtained from the magnitude and 

width of this dip and the measured shock velocity.    The results are shown in  Fig. 1-12 for probe 

signals obtained at various distances from the breakdown.     The solid curve corresponds to a 

"snow plow" model in which all the particles inside a sphere of radius   r  are contained inside the 

shock-front shell.    The results for this breakdown (E = 0.2.1) show that a strong shock wave theory 

can hold out to r ~ 0.5 cm.    This is consistent with the requirement that the pressure behind the 

shock be much higher than atmospheric. 

The photoionization density was found to decrease exponentially with distance away from the 

breakdown.    The e-folding distance characterizes the distribution of x-ray energies involved and 

should be a strong function of the plasma temperature.    The variation with pulse energy of the 

photoionization at two distances from the breakdown is shown in Fig. 1-13,   while the correspond- 

ing c-folding length A  is shown in Fig. 1-14.    These data imply that although the amount of photo- 

ionization increases rapidly,  the electron temperature increases only slightly with pulse energy. 

We are presently developing an experiment which will check these conclusions by a direct 

measurement of the x-ray distribution. ..   .,    , .      . J D. I'.. Lencioni 

3. High-Speed Photography 

High-speed photography has been used to measure the velocities of the luminous fronts and 

blast waves created in laser-induced air breakdown.    The measured velocities provide informa- 

tion on the temperature of the plasma and overpressure generated by the blast wave.    The results 

are given below. 

1 1 
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0.4 0.6 

DISTANCE, R (cm) 

Fig. 1-12. Number of particles in shock-front shell for a 0.2-J pulse energy. 
Data were obtained from the dip in probe current caused by the shock front. 
Solid curve corresponds to a strong blast wave or "snow plow" model in which 
all particles originally within a sphere of radius  r are contained in the shell. 
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• =DENSITY   AT 0.5 cm } 

I? 
[' 

O 'DENSITY  AT  1,0c 

u |IIS 3531 Ij 

_1  

)0M 

PULSE   ENERGY, E (J) 

Fig. 1-13.    Ion density produced by photoionization as a function of pulse energy. 
Arrow indicates energy at breakdown threshold. 

Pin.St   ENERGY, E(J] 

Fig. 1-14. E-folding distance for spatial distribution of density as a function of pulse 
energy. This should be a sensitive function of electron temperature in the breakdown. 
Arrow indicates energy at breakdown threshold. 
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Fig. 1-15. Streak photograph of laser-induced 
breakdown. Herring-bone pattern apparent in 
the shock front is attributed to a modulation of 
laser intensity. Measured 15-nsec period of 
modulation agrees with mode-locking period 
of2.2-m-long laser cavity. Same modulation 
was observed in laser beam intensity when ex- 
amined with a fast 10.6-pm detector. 

LASER   BEAM   DIRECTION 

Fig. 1-16. Plot of measured initial velocity of 
luminous front vs peak intensity of laser beam. 
Solid line is a theoretical prediction of veloc- 
ity vs laser flux. Breakdowns were initiated 
off a carbon block in order to obtain data be- 
low the air breakdown threshold. 

ll-5-JTSTl 

-THEORETICAL   PREDICTION   OF   LASER   INTENSITY 

LXPERIMtNTAL   VALUES 

J I        I       I     I    I    I   I J L 

PtAK  FLUX »»'! 
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a.      Luminous Front Streak Photography 

High-speed streak photographs were taken of the development of the luminous front generated 
by the air breakdown.    At sufficiently high flux levels (I > 2 x 10   W/crn   ),  breakdowns occur in 

laboratory air at normal pressure.    A typical streak record of such a case is shown in Fig. 1-15. 

The laser used is the helical TEA CO? laser described earlier    which produces 0.2 J in a pulse 
of 300nsec.    A typical plasma plume consists of a narrow region of high luminosity which ad- 

vances toward the laser.    The measured initial velocity of the front is 1.6 x 10   cm/sec for the 
conditions under which Fig. 1-1 5 was taken.    This velocity is approximately that predicted for a 

8 9 laser-supported detonation (LSD) wave. '      An LSD wave is generated when the laser flux is ab- 
sorbed within a thin layer I  of the shock front,  where  I   is small compared with the radius of 

the laser beam.    The luminous front travels as a one dimensional shock wave whose velocity v 

is given by 

p^ 
where y   is the ratio of specific heats of the gas at the temperature of interest,   I  is the laser 

-2        -1 intensity (ergs cm      sec     ),   and p    is the density of the ambient gas.    At the breakdown threshold 
° 6 8 for air,   Eq. (1-1) predicts a velocity of 2.3 x 10   cm/sec.    The heating of the gas   e   is given by 

2 
,   _ yv  

(y2 - 1)   (y  +  1) 

From the velocity we obtain a value of  e   which corresponds to a temperature of about 2 eV for 
this case. 

The velocity dependence of the front on intensity was studied at intensities below threshold 
by initiating breakdowns off a carbon block oriented at 45° to the laser beam.    At identical flux 

levels,  the appearance of the streak records is similar to the air breakdown cases and the lumi- 

nous front velocities are the same.    Figure 1-16 is a plot of the measured initial velocity of the 
front vs the peak intensity of the laser pulse.    The peak intensity occurs within the first few 

hundred nsec of the pulse.    The spread of the experimental data is shown on the plot.    The solid 
line is a plot of Eq. (1-1) for the measured incident laser intensities.    The experimental values 
are low because Eq. (1-1) requires the use of the absorbed flux rather than the incident flux. 

b.      Shadowgraph Measurements 

The presence of a shock wave after the self-luminosity of the plasma has died away was ob- 

served by using the shadowgraph technique.    The breakdown region was backlighted with a pulsed 
o 

argon ion laser focused down to a point. The argon laser pulse at 4880 A was 40p.sec long. The 

breakdowns were created by a CO, laser operating at approximately 3-J output with a total pulse 
length of 5 nsec.    Both streak and high speed framing shadowgrams were taken. 

Figure 1-17 shows a sequence of frames taken at 0.75-|j.sec intervals.    The shock front ap- 
pears as a white line.    This sequence shows the growth of a spherical shock front. 

Figure 1-18 is a typical streak record of the growth of a laser induced shock. The streak 

camera slit was oriented perpendicular to the direction of travel of the CO, laser beam. The 
position of the shock appears as a pair of white lines. 

15 
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Fig. 1-17.    Sequence of frames taken at 0.75-u.sec intervals of backlighted shock front 
for laser induced air breakdown. 

0 5 10 15 
TIME (used 

Fig. 1-18.    Streak shadowgram showing development of a blast wave for a laser produced 
air breakdown. 
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Fig. 1-19. Position of blast front as a function of 
time for a laser induced breakdown in air. Dashed 
line is a fit to experimental points. Solid line is 
the prediction of spherical blast wave theory for 
3-J input. 
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In Fig. 1-19 we plot the position of the shock as a function of time.    Time is measured from 
the onset of luminosity of the gas breakdown.    The circles are the experimental points which de- 

0 8 pend on time as t   '   .    Intense spherical blast wave theory predicts that the radius should go as 

t   '   .    The solid line is a plot of the equation 

R = (E/P)i/5S/5 

where  E is the energy absorbed and p   is the density of air.    The fit is not particularly good. 

However at long times the experimental points are beginning to show a dependence on time weaker 
0  8 than t  '   .    The disagreement is probably due to the fact that the energy is not deposited instan- 

taneously at a point,  but rather is spread in several u.sec over a column of gas approximately one 

cm in length by the LSD wave mechanism discussed above.    Furthermore,  because of a limitation 
of our field-of-view in these experiments we were able to follow the growth of the blast wave for 
a time not much longer than the time to deposit the energy by the laser beam.    If a better fit to 
theory can be obtained at longer times,   this technique will provide a useful estimate of the frac- 
tion of the laser energy used in generating the blast wave. 

R. J. Hull 
D. E. Lencioni 
L. C. Marquet 

E.    INTERACTION OF A 10.6-/im LASER  PULSE WITH FOG 

Previous reports'" have described the fragmentation and evaporation of single fog droplets 
upon irradiation with a submicrosecond pulse from a 10.6-u.m laser.    In those experiments we 
used the tri-scopic camera system to photograph the liquid droplet as it was exploding,  that is, 

we studied the early stage of the explosion.    Now we have extended the study to a later time re- 
gime by examining the vapor "blob" produced by the evaporation of a single droplet.    We have 
also continued the calculations of the effects of such vapor blobs on the propagation of a 10.6-u.m 
beam through a hole bored in a fog by a precurser pulse of 10.6-u.m radiation. 

*Ref. 11, pp. 19-25 and lief. 5, pp. 7-10. 
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1.     Single Droplet Experiments:   Schlieren Photography of Vapor Blobs 

a.      Description of Experiment 

A schlieren photography system has been built using a pulsed xenon laser as a light source, 

as shown in Fig. 1-20.    This is a small,  sensitive system with a magnification of 10X.    The sen- 
4 

sitivity is ~3 x 10    (Ref. 12).    The xenon laser has a pulse length of 0. 3u-sec,   FWHM (full width 
at half maximum).    A droplet generator,  which is positioned above the plane of the diagram in 

|U  5-3T39 | 
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Fig. 1-20.    Schlieren systems —schematic diagram. 

Fig. 1-20,   injects a single droplet into the optical volume of the system.    This droplet is "picked 
up" by a photomultiplier that detects He-Ne laser radiation scattered by the droplet.   'The droplet 

must be in focus in order to trigger the sequence of events:   First the droplet is photographed 

at 50X (for measuring its size);   then it is irradiated by the 10.6-(im pulse from the CO? laser; 

and finally the schlieren film is exposed by the pulse from the xenon laser. 
The schlieren photographs can be taken at any time from a fraction of a fisec to several msec 

after the CO., laser pulse,  but the usual delay times are 2 to 100u.sec.    The power and the energy 
of the 10.6-|j.m laser pulse are measured on each shot; the pulse shape is monitored on a fast 
scope.    A dual-beam scope is used to display the CO? laser pulse and the xenon laser pulse (de- 
tected by a photomultiplier);  these traces are used to measure the elapsed time between the two 

pulses. 
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The CO., laser pulse is mode locked.    The pulse envelope can be varied from a full-width 
at half-maximum of ~150nsec to ~400nsec.    The fine-structure shows peaks 15nsec apart.    At 

the droplet position the laser energy density is 10 j/cm   . 
The preliminary experiments were performed on droplets of 25 to 75 (im radius in an effort 

to reveal the dynamics of the liquid-vapor explosion phenomena,  even though our main interest 

is with smaller droplets.    We have now started studying droplets of 5 to 25u.m radius. 

b.      Experimental Results 

The most obvious phenomenon is a readily observable shock wave expanding outside the vol- 

ume of the vapor blob (Fig. 1-21).    This shock wave expands with a radial velocity between Mach 1 

and Mach 2 in the time period 2 to 20u.sec (perhaps faster at earlier times).    For example,  a 
shock  front velocity of Mach 1.7,  averaged over the first 2.7 |j.sec,   has been measured.    This 
velocity was observed for droplets of 35|j.m radius. 

Fig. 1-21. Hot vapor blob (dumbbell shape) 
surrounded by shock wave. Time = 5.0 psec 
after the 10.6-usec laser pulse. Laser pulse 
traveled from left to right. (Schlieren knife- 
edge was horizontal.) 

In Fig. 1-21 the hot vapor blob can be seen at the center of the shock sphere.    For these large 
droplets the vapor blob is approximately spherical only at the earliest times when vaporization 

may not even be complete.    Then it develops into a mushroom shape with the "stem" growing out 

of the back of the sphere approximately in the direction of the 10.6-u.m laser pulse.    At later 

times,   10 to 20u.sec,  a second sphere grows at the back end of the stem,   forming a dumbbell 
shape.    The rate of expansion in this axial direction is about twice as great as the expansion rate 

in a direction perpendicular to the 10.6-u.m pulse axis.    This observation is consistent with our 
previous findings,  where we observed front-surface heating and back-surface spallation for drop- 
lets greater than ~15^m radius.    This asymmetry should be less pronounced,   or perhaps non- 
existent,  for droplets of radius <15u.m,  where volume heating would prevail. 

The expansion velocity of the hot vapor blob in the axial direction is ~0.1 3 mm/u.sec for the 
first lOpsec.    This value is the same as the expansion velocity of the exploding liquid previously 
reported.    After this, the expansion rate is slower:   about 0.015 mm/u.sec in the time period 10 

to 100u.sec (axial direction).    These measurements were for droplets of 50 |im radius. 
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c.      Energy Deposited Calculated from Schlieren Photographs 

An important quantity in the study of the evaporation of water droplets is the energy which 

is absorbed beyond the energy required to evaporate the droplet. It is this excess energy that 

determines the seeing conditions through evaporated fog. 
The minimum amount of excess energy is given by slow heating leading to evaporation of the 

water at 100°C.    This limiting case gives rise to a temperature increase of the water vapor above 

ambient by an amount of 75°C. 
Fast heating leads to a shattering of the water droplets and subsequent evaporation accom- 

panied by a shock wave.    Under these conditions,   more energy will be absorbed than for the slow 
heating case.    The experimental observations with the schlieren system permit two different 

evaluations of the excess energy deposited by a laser pulse. 

Energy of an Exploding Water Droplet:-   The shock wave observed with the schlieren 

system can be used to determine the explosive energy.    The yield of an explosion can be calcu- 

lated from arrival time and distance measurements of the shock wave using the semiempirical 
13 relationship of Kinney.       We calculate a scaled time t    from the measured time of arrival t    of 

the shock front at the radial distance r  .    The yield of the explosion is then given by 

W = 4 X 109(t ,/t   )3J 

Using this formula we have calculated the yield from the experimental data.    The explosive 
-4 

I from the shot presented in Fig. 1-21 is 5 X 10      J. 

Heating of Surrounding Air:—   The same schlieren pictures can be used to measure 

the heating of surrounding air.    The schlieren pictures are taken with a light source having the 
wavelength in the visible.    The index of refraction,   n,  of air can be considered the same at this 
wavelength as at the wavelength of the CO, laser.    For air blobs sufficiently larger than the CO, 
wavelength,  diffraction can be neglected and,  therefore,  the ray optics for the two wavelengths 

can be considered identical. 
The exposure,   E,   of the schlieren film is mapped with a vidicon scanning microdensitometer. 

The contrast defined by C = (E — E)/E,  has a maximum value,  C        ,  which is related to the in- max 
dex of refraction:   C =2s An/n,   where  s  is the sensitivity of the schlieren system. max J J 

The schlieren picture in Fig. 1-21 gives C = 0.1 for the smooth part inside the shock wave. 

Using a sensitivity s = 3 X 10  ,  we obtain a temperature of the air sphere of AT    = 1.5°C above 
ambient.    From this temperature one can calculate the energy stored inside the shock wave to be 

-4 1.8 x 10     J.    The irregular part in the center,  corresponding to the water vapor blob,  gives a 
contrast about 15 times larger than the smooth part of Fig. 1-21.    But with a volume about 20 times 

-4 smaller,  the total energy stored inside the irregular pattern is about the same,   ~2 X 10      J. 
There is a reasonable agreement between the energies calculated by the two methods.    It 

should be pointed out that the water droplet size did not enter into the calculations. 
The energy absorbed goes into heat of evaporation and into excess energy available for heat- 

ing the air.    For a droplet of 35f±m radius the evaporation energy is approximately equal to the 

excess energy. 
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2.     Calculation of Spread for Laser Beam Traversing a Hole Bored in Fog 

We shall consider the deflection of a laser beam traversing a hole that has been bored in 

a fog by a pulse from a 10.6-Lim laser.    We take the case of a fog with the size distribution 
3 

shown in Fig. 1-22.    This is a heavy fog,   with 420 droplets/cm    and a liquid water content of 
i 

0.5 g/m   .    The shape of the distribution function corresponds closely to that measured for the 

fog "f 6 October 1971  in Lexington,   Massachusetts although the Lexington fog was less dense, 

~4 droplets/cm   . 

Fig. I-22.    Fog droplet size distribution. 

LIQUID   DROPLET  RADIUS I (fim) 

We assume that each droplet is completely vaporized by a single,  submicrosecond pulse and 

that the vapor then persists as a hot sphere that expands explosively at 1 00 Lun/u.sec for the first 

10u.sec and then at lOLim/Lisec for the next 90LISOC    We carry the calculations out to lOOjisec 

alter the pulse.    The air within the dimensions of the vapor sphere is heated by the vapor in the 

sphere.     The  energy  available for heating is the  energy that is   stored in the hot vapor.     All 

the water in a droplet is converted to vapor at an initial temperature of AT. above ambient.    In 

this example we assume AT. = 100°C.    This is 25°C above the evaporation temperature.    We 

use the following expressions: 
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where 

| 9  L = 2 X 10~3 L3//2AT.\1//2  -£=• 3     r L   r 2 
r v 

'total _, - r 

1/2 

c  = angle of deflection in a single event 

n = index of refraction 

AT. = initial temperature above ambient to which vapor has been heated 

T    = ambient temperature 

r = radius of liquid droplet 

radius of vapor sphere ; 

rms angle of deflection at distance  I.  (in rad) 

r    = radius of vapor sphere at time t 

e 

N    = number density (per cm  ) of droplets having radius  r 

L = path length through fog 

2 
A      =   7IX 

V v 

y = rms displacement at distance  L (in cm). 

In Fig. 1-2 3 we show the values of y    and y        . as a function of time. 
" lOLa.1 
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Fig. 1-23.    Spread resulting from scattering by vapor "spheres" produced in L = 1 km 
of fog by a 10.6-pm laser pulse. 
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The radial spread of the beam at 100 ^sec after the pulse is 3 cm after traversing a path of 

1 km.    This is an angular spread of 30|i.rad at this distance.    Even for this very heavy fog,  the 

radial spread in a 1-kni path would be ~10firad in 300(isec.     For a lighter fog,   such as the  Lex- 

ington fog mentioned above,   the radial spread in a 1-km path would be 3 |j.rad in 100 user. 

If we want to know the spread at a point beyond a patch of fog,   we need to know the angle of 

deflection as the beam emerges from the fog.    This angle,  9,   can be obtained from the v.   ,   , 
• total 

value in Fig. 1-2 3 by multiplying by 1.5/L. „   ..   f . 
L   .   IS. 3.13.13. fa 

.1.  Herrmann 

F.    PULSED LASER DEVICES 

1. 500-J Electron-Beam Excited Laser 

The EDL laser effort now has as its main thrust the construction of an electron beam con- 

trolled CO, device,   designed to deliver 500 ,J of optical energy.    A large area (15 x 104cm) elec- 

tron gun is under procurement,   and it is expected to give up to 30mA/cm    into the laser medium 

at 200 kV.    The active volume of the lasing medium will lie about 20 liters.    It is expected to out- 

couple 500.1 in a single mode in a  1- to lOO-^sec pulse interval.    The actual minimum pulse in- 

terval will depend on the maximum current density obtained from the large area (15 x 105cm) 

electron gun now under procurement.    The device design is now being finalized and our expecta- 

tion is to have it operational by mid-summer 1972. 
R.J. Carbone 
A. .1. Morencj 

2. Small Scale Electron-Beam Excited Laser 

14 15 
Previous works     '      have demonstrated the feasibility of seeding a laser medium with elec- 

trons by passing a high energy electron beam through it.    Ionizing collisions by the primary cur- 

rent beam,  .1  ,  produce essentially zero-energy secondary electrons.    By this mechanism a 

desired electron density,   n   ,   can be established without breaking down the gas with a discharge. 

A set of sustaining electrodes can be used to accelerate the secondaries to a given desired energy 

for optimum collisional cross section with the gas molecules    (i.e.,  the E/P with peak molecular 

cross section).    Such a system could be uniformly excited and would therefore be scalable to a 

large volume device. 

A small electron-beam-excited laser cavity has been constructed using an RCA type .115034 

electron gun as a primary beam source.    The gun is capable of supplying at least 20mA contin- 

uous stream through a 1.3-cm-diametcr output window of 0.0003-inch-thick titanium foil.    Its 

purpose is to make a small electron-beam excited laser in which to test theories for a larger 

scale device,   and to perform studies of the parameters of a medium  excited in such a fashion. 

Figure 1-24 is a sketch of the experimental configuration.    The electron beam,   delivered 

from a thoriated-tungsten cathode is preaccelerated by a 1-kV gate pulse which determines the 

pulse length (~3fisec) and shape of the beam.    The beam is then accelerated through a 75-kV 

drop (being focused by an intermediate grid) into the foil.    We have also provided a defocusing 

capability for the gun to permit measurements as a function of current density.    The beam passes 

into a cavity (of about 25-cm maximum depth) between a pair of sustainer electrodes.    The elec- 

trodes are a pair of rounded aluminum balls with flattened segments facing each other.    The axes 

of these electrodes are transverse both to the optical path and the primary beam. 
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Fig. 1-24. Schematic of small electron-beam excited laser. Primary electron current 
passes through the transverse sustaining voltage field region. Orthogonal to these axes 
is the optical gain axis. 

An estimate of the energy capacity may be made for our system with a CO~-N7-H? mixture 

totaling 760 torr.    Such an analysis can be simply extended for other systems.    The rate of elec- 
tron ion-pair production,  P.     ,  is given by 

ion      U     ldx 'E     e P o 

where U    is the average energy lost by a primary electron per collision (U    ~ 34 eV),   and 
(dE/dx)F    is the rate of energy loss per unit length of the primary beam in the gas.    The rate 

equation of the electron density is given by 

dn 
—§  = P 
dt ion a ,.n  n.      — fln R  e  ion     ^   e 

where a    is the recombination coefficient,   n.       is the ion density and  fi  is the attachment coeffi- e ion J r 

cient of the medium. For this system, equilibrium is quickly reached in a time short compared 

to our pulse lengths, and the electron attachment is negligible compared to electron recombina- 
tion.    Since the secondary electron density and ion density must then be equal, 

n    = e J• ,1013/cm3 

aR 

where the last term has been evaluated for our system.    The energy output of the laser is then 
given by 

n  u  *     (hv) - 9 n    [ev.T   E) photon e       d p (1-2) 
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where the term in brackets represents the average energy transferred per secondary to the N-, 
molecules and 6 is the percentage of this energy transferred to the 001 level of CO? (thereby 

utilized in lasing).    In brackets we have the product of the electron charge  c,  the drift velocity 
v .,  the pulse length T    and the electric field  E.    We use values from McDaniel      and choose 
E/p ~ 7V/cm torr to optimize the electron transfer to nitrogen.    We choose our maximum pulse 

length by limiting the gas temperature rise to a factor of two.    The gas heating arises predom- 

inately from the resistive heating by the secondary current: 

E ,.     .     ..      = 1/2 T  .1        X E = 1/2 T   (n ev.) E dissipation p sec p    e    d 

= 3/2 n       kAT        = 3/2 n       kT gas gas gas      gas 

One finds for our system the pulse length should not exceed T„ £ 1 ^sec, and by substituting this 
and other appropriate values into Eq. (1-2), assuming, 8 = 0.2, we find that our small system is 

capable of about 1/4 J in the CO, system. 
We have not yet observed lasing in our system but have had excellent success in the earlj 

experiments.    In a 300;35:5T mixture of Ile:SK, :II?,  we have found a voltage of about 20 kY for 

a spacing of about 3 cm to produce a pulsed discharge.    However,  by applying the primary elec- 

tron beam we were able to produce a discharge as low as 6kV.    This discharge filled the region 
between the flat sections of the electrodes.    Observations are under way of the temporal behavior 

of the primary and secondary beams inside the medium for various mixtures.    These experiments 
should give us information on the recombination coefficient and parameters that are necessary 

in the construction of larger devices. T,   „ . H H. Granek 

3.    Chemical Laser Devices 

Studies of the spatial and temporal dependence of the gain of a pulsed HF laser were made 
and wore compared with those for CO., lasers.     Results of these experiments are described in 
detail   in   Ret'. 1 7   and  have been   submitted  for  publication   in  the  IEEE  Journal  of Quantum 
Electronics. 

Summarizing these results,  the propagation in space of a locally excited gain medium was 
observed to be comparable for the two lasers,  while the time developments were vastly different. 

The extremely fast gain decay rates observed in the HF laser were shown to be a serious detri- 
ment to efficient high power CW or long-pulse operation. 

Efforts were continued to increase the output energy of the 75-cm HF pin-laser.    A substan- 

tial increase was achieved by initiating the chemical reaction with a Field Emission Corporation 
Marx bank pulser.    The maximum energy thus obtained has been 360mJ/pulse,   as compared to 
1 40 m.I/pulse with the previous pulsing network.    This increased output,   which had been pre- 

1 8 dieted,     is attributed to the extremely fast (50nsec) excitation pulse which is short compared 
with the HF vibrational relaxation time (~1 p.sec).    This results in higher efficiency than with the 

l-^sec pulse previously obtained by discharging a single capacitor through a triggered spark gap. 
Studies of electron-beam initiation of chemical lasers were begun,   using a Field Emission 

Corporation Febetron 706 electron beam source which produces a 10-kA,   3-nsec beam of 600-keV 

electrons.    As shown in Fig. 1-25,  the electrons pass into the laser tube through a titanium foil, 
where they ionize the molecules of the laser medium,  thus producing secondary electrons.    These 
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Fig. 1-25.    Electron beam laser. 
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Fig. 1-26.    Time evolution of the index as a function of radial position. 
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electrons are accelerated by a sustaining electric field which imparts to them the required en- 
ergy to initiate the chemical reaction. To date, this device has only been operated without the 
sustaining field on the SK,-11- system.    Marginal oscillation has been observed. 

S. Marcus 
R.J. Carbone 

G.    MEDIUM DIAGNOSTICS OF LASER DEVICES 

Continued progress has been made on the medium diagnostics of the transverse excited pin 
laser which were reported earlier.     Observations were made at several different total pressures 
for a given mixture of helium,   nitrogen and carbon dioxide.    Interferometric data are presented 
for one set of conditions.    A comparison is made of the distribution of the index of refraction in 

the medium as a function of time as compared with the vibrational temperature distribution or 
1 7 gain profile measured elsewhere.       We observed that the spatial distribution of the energy in the 

medium due to the discharge is much broader than the observed optical flash in the individual 
pin-to-plane discharges.    Indeed,  our spatial extent is comparable to the inversion region meas- 
ured by gain experiments.    Lasing did not occur during the actual interferometric observations. 

To relate the time of observation to the time when lasing would normally occur,  cavity mirrors 
were installed and the 10.6-(im pulse output was measured relative to the beginning of the current 
pulse.    We can thus relate the temporal development of the index of refraction distribution to 
times appropriate for lasing,  typically the initial 1 - to 3-^sec interval after the beginning of the 
current pulse.    The temporal dependence of lasing on the gas mixture and total pressure was 

found to be negligibly weak.    Interferometric measurements were extended to about 40^sec to 
follow the index distribution to its final equilibrium state in order to provide data for future double 
pulsing experiments. 

Figure 1-26 shows the visible fringe shift in the medium as a function of transverse dimen- 

sion and time.    We observe that the medium undergoes negative fringe shifts in the central re- 

gion,   where the initial surge of energy is added and the medium becomes rarefied,  and positive 

fringe shifts in the outer region.    If one compares the widths of the translational heating meas- 
17 ured by our experiment with the vibrational heating (gain) measured by Marcus and Carbone, 

one observes good agreement between the two processes in the transverse excited pin devices. 
The general behavior observed in the interferograms can be predicted if we take as a model 

for energy dissipation in a TEA laser medium   N  pins separated by distance AY located along the 

Y   axis.    At each pin we allow a cylinder (with  Z  axis symmetry) of power density to be injected. 
At the K     pin,   the spatial distribution of the injected power density is 

QK(x,y)=Qoe
(x/a)2e-(y-KA^a>2       . 

Q   has the dimensions of W/cm  ,  and a is the l/e point of index change. 
° 19 The hydrodynamic response of the laser medium to the heat source is   ' 

(n- 1) vVv^QJx.y) 
6n= 67c~T  

P 
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Here n is the index of refraction;  V,,  the medium sound speed; p,  the density;  c  ,  the s ^ p 
specific heat; and T,  the temperature.    The t    growth of the density change is valid only for 

times short compared with the time for a sound wave to traverse the characteristic dimension 

of the cylinders into which the energy is injected.    For our geometry,  this time is approximately 

4|isec.    Summing the effects of each pin on the refractive index one deduces the expected fringe 

shift in the interferometer as: 

F = 
N \frr (n - 1) Q t  V     e    ^o       s 

3pc   TaA 
P 

•(x/a)' 

(4-) (1-3) 

Here  F  is the shift in fractions of a fringe spacing and A = 0.69 x 10     cm. 

After some time (in this experiment approximately 20|j.sec),  the hydrodynamic effects have 

had a chance to equilibrate,   and the fringe pattern should stop growing and remain stationary 

until conduction effects become important. 
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Fig. 1-27. Fraction fringe shift (X6923 A) as a 
function of radial position at 3.8 usec after 
initiation of the current pulse. 
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Figure 1-27 shows a calculation of the theoretical fringe profile as given by Eq. (1-3) compared 

with the experimental curve taken from Fig. 1-26 at t = 3.8 u.sec.    The general features of the two 

curves agree well enough to indicate the role of the hydrodynamic assumptions,  although the 

theoretical curve is approximately a factor-of-2 smaller than the experimental one.    This agree- 

ment is acceptable in light of some of the assumptions made in deriving Eq. (1-3) (i.e.,   that the 

energy is injected at constant power) which are not met experimentally. 

Our data suggest that the extent of disturbance of about 6 mm in diameter (compared with 

~1.5mm of the observed flash),  the relative spatial smoothness,  and the smallness of the index 

perturbation would make the transverse pin excited laser a good single-pass laser amplifier. 

However,  possible phase distortion could be very severe in the pin laser oscillator. 

H. Granek 
H. Kleiman 
R. W. O' Neil 
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H.    SEALED-OFF CARBON MONOXIDE  LASERS 

Our work on CO lasers continued along three general directions. 

(1) Construction and evaluation of lasers and components at hand. 

(2) Design of new lasers with enhanced capabilities. 

(3) Determination of the physical and chemical processes in sealed-off 
CO lasers. 

We have constructed and evaluated several grating controlled lasers with a 150-cm semi- 

confocal cavity configuration.    The output characteristics of these lasers were found to be highly 

reproducible both from one laser to the other,  and also as a function of time (over several months) 

in any one of the lasers tested so far.    Nearly two hundred individual vibrational-rotational tran- 

sitions have been observed between 5 and 6.5|j.m.    A more systematic evaluation will be performed 

with a higher resolution spectrometer to be received in January 1972. 

The resettability of the new grating control mechanism exceeded all expectations.    Any one 

of the laser lines could be reset without the use of an auxiliary spectrometer,  and the rms error 
-1 -1 

in resettability was about 0.1 cm     .    It should be noted that 0.1 cm      corresponds to a grating 

angular error of less than 5 arc sec in the present design. 

Sealed-off operation of CO lasers was also obtained by introducing krypton or argon,   instead 

of xenon,   into the gas fill.    In this fashion,  the operating temperature of the CO lasers could be 

reduced to below the freeze-out temperature of xenon. 

At ARPA's request, one of the CO lasers has been transported to Ohio State University in 

order to obtain high resolution absorption data. 

We have commenced the study of saturation resonance phenomena with CO lasers.    In one 

series of experiments we have obtained preliminary results on the Lamb-dip in CO lasers.    Dips 

on the order of 15 percent were obtained without any difficulty. 

Figure 1-28 shows the evolution of the Lamb-dip in a stable,   sealed-off,   TEM        -mode H v ' ooq 
CO laser operating at a fixed total pressure of 1.5 torr in the i-H P(16) transition.    The vertical 

scale is 0.15 X 10     W/cm and the curves were taken at four different fixed driving power levels 

to show the effect of increasing the standing wave saturating field.    The horizontal scale is about 

2X10   Hz/cm and is somewhat nonlinear because of the nonlinear response of the piezoelectric 

mirror tuner to the linear voltage ramp driving the X-Y recorder.    Note,   however,  that the sig- 

nificant difference in the heights of the two power maxima at sufficiently large saturating fields 

is real and quite reproducible.    It appears to be quite certain that this effect cannot be ascribed 

to either changes in cavity Q,  due to slight tilts of the frequency translating mirror,  or to com- 

petition of other lasing transitions.    Such asymmetries in Ile-Ne lasers could be interpreted by 

the presence of isotopes.    In the CO system,   isotope transitions do not overlap and must there- 

fore be ruled out as a possible cause for line distortion.    We hope that a variety of experiments 

currently under way will yield sufficient information to fit the experimentally observed curves 

to theory. „    „        , J C. Freed 
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Fig. 1-28.    Multiple chart recording showing evolution of a typical Lamb dip 
in the CO laser power output. 

Fig. 1-29.    Vibrational state populations 
in CO-He discharge. 
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I.      CARBON MONOXIDE  LASER  PLASMA RATE EQUATIONS 

The carbon monoxide laser is of considerable technical interest because of its large spectral 
range and high electrical efficiency.    The large spectral range can be explained only by a highly 

nonthermal distribution of the molecules over the vibration-rotation states.    It is clear that this 
distribution is brought about by an anharmonic pumping effect in which molecules in low-lying 

vibrational states collide with others in high vibrational states, transferring a quantum of vibra- 
tion,  the molecules in the lower state then being re-excited by direct electron collisions.    Such 

a process accounts for both the large number of vibrational bands on which lasing is observed 
and the high electrical efficiency of the device.    We have undertaken a program of numerical 

modeling of these processes,  and have achieved considerable success in predicting gains,  satura- 
tion intensity and effect of the radiation field on the electron gas. 

No direct attempt has yet been made to directly model the details of the electron energy dis- 
tribution (although that is contemplated for the future);  at present,  it is assumed to be Maxwel- 

lian.    The effect of molecule-electron collisions is modeled by the experimental cross sections 
20 of Schultz.       Vibration-translation (V-T) and vibration-vibration (V-V) energy exchange is mod- 

21 eled by an approximation to theory,      with assumed selection rules of AV = ±1.    The model also 
includes spontaneous and induced emission according to well known formulas. 

A typical solution for the population densities is shown in Fig. 1-29,  and gains of the strong- 
est lines are shown in Fig. 1-30.    The saturation intensity for this case was found to be roughly 
constant with   V  and J,  and was about 1 W/cm   . 

T= 250* K 

6.0 6 5 

Fig. 1-30.    Small signal gains for populations in Fig. 1-29. 
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Two features of these solutions are of interest:   the rate of energy exchange via V-V ex- 

change is high compared with the electronic pumping rates.    For this reason we are justified in 

using the Maxwellian form for the electron energy distribution,  since the vibrational state dis- 

tribution is very insensitive to the exact form chosen for the electron distribution (rectangular 

distributions were tried,  with no significant changes in shape).    What is significant about the 

electron distribution is the net rate of energy deposition in the molecular vibration;  it is this 
22 

that we use to correlate our results with work on detailed electron distributions.       Second,  over 

most of the significant range of vibrational quantum number at the densities of interest,  the V-V 

exchange processes completely dominate the linear loss processes (V-T exchange,  spontaneous 

emission),   so that the shape of the population density curve is dependent mainly on the  V  depend- 

ence of the coefficients and is not strongly affected by their magnitude (it changes the location of 

the sudden drop of populations at high  V — beyond this point,   V-V no longer dominates).    The 

saturation intensity,  on the other hand,  is strongly dependent on the magnitude of the coefficients 

and,   in fact,   will probably provide a sensitive measure of the overall coefficient of V-V exchange. 

Future plans include simultaneous solution for both the electron energy distribution function 

and the molecular state distribution function,  addition of a second species (nitrogen,  which is 

found experimentally to enhance the performance),  and modeling of molecular diffusion and heat 

conduction.    We also hope to be able to include a more sophisticated model of the V-V coefficients 
23 

based on a long-range electrostatic interaction,     although the model will probably prove to be 

relatively insensitive to the details of this. .   _,  .. /\. II. .LVI .   i*cos s 
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II.   OPTICAL   MEASUREMENTS   AND   INSTRUMENTATION 

A.    AIRBORNE OPTICAL IMAGING OF A WING-TIP POINT SOURCE 
1- 4 As previously reported,        the airborne performance of high-spatial-resolution instruments 

aboard the KC-135 airplane generally is inferior to the performance obtained when the airplane 
is parked on the ground.    This phenomenon is of critical importance for the LFLC telescope. 

the primary high-resolution instrument aboard the airplane.    Previous experiments have demon- 

strated that the telescope itself is unchanged in the airborne environment,   and that the LFLC 
5 

window mounted in the side of the fuselage maintains its optical figure in flight.     The logical 
next step is to investigate the image degradation due to the boundary layer and/or flow effects 

in the immediate vicinity of the airplane.    The problem of isolating these effects from the deg- 

radation produced by a long atmospheric path was solved by placing an optical point source on 

the airplane wing tip.    The results of an imaging experiment using the wing-tip point source arc 
described here. 

1.     Equipment 

After considering various alternatives,   a passive (retroreflective mirror) method was se- 

lected for the wing-tip point source.    The mirror was a small convex section (44-mm diameter) 
of a sphere (50-cm radius-of-curvature),   mounted in a streamlined housing (see Fig. 11-1 ) on top 

of the wing tip near the leading edge.    The angle of the mirror was adjustable,   so that it could be 

pointed at any of the instrument windows.    For this experiment,  the optical path extended from 

the wing tip to the LFLC window,   which is located just forward of the cargo hatch,   as shown in 

Fig. II-2.    An optical diagram of the experiment is shown in Fig. II-3.    A 5-mW FleNe laser, 
mounted alongside the telescope,   illuminated the convex mirror.    The curvature of the wing-tip 

mirror caused the reflected light to diverge,   as if it radiated from the virtual focus approxi- 
mately 25cm behind the mirror.    The reflected beam was automatically directed back toward 
the laser and the telescope mounted alongside.    To accommodate small pointing errors,   the 
laser beam overfilled the mirror aperture.    The size of the reflected beam at the LFLC window 
was approximately 4m in diameter.    A 178-mm aperture,   6.2-m-focal-length Questar telescope 
was tripod-mounted behind the LFLC window  for use in this experiment.    (The Questar was used 
because the LFLC mount azimuth range does not include the wing tip.) 

CONVEX MIRROP7 

Fig.ll-1.    Retroreflective mirror in streamlined 
housing ready for installation on wing tip. 
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Fig. 11-2.    Location of optical test paths.    (Third mount window path was used 
in interferometric imaging measurements described in Sec.ll-C.) 
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Fig. 11-3.    Optical diagram of wing-tip point-source experiment. 
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The aberration resulting from the use of a spherical mirror on the wing tip was negligible 

over the small portion of the returning wavefront which entered the telescope aperture.    Also,   it 

has been shown that atmospheric turbulence effects on the outgoing beam are reduced by the ratio 
of the mirror focal length to the wing-tip distance (approximately 1/100) due to the focusing action 

of the mirror.    This has been verified by laboratory experiments.    Consequently,   degradation of 
the telescope image was the result of only one traverse (incoming) of the optical test path. 

Images were recorded with a Hycam camera capable of exposing 16-mm film at 10    frames 

per second (f/s ).    The shutter installed in the camera had a 40-percent "open" time.    Three 

types of images were recorded:    direct in-focus images,   images approximately 40-mm out of 

focus and images of the telescope aperture illumination. 

Focused images were in every case selected from a continuous focus run to eliminate focus 
shift uncertainty.    Out-of-focus images were taken because characteristics of the image degra- 
dation source sometimes can be inferred from such data.    Photographs of the telescope aperture 
were made to verify that the aperture was uniformly illuminated.    All three types of images were 
obtained with the airplane on the ground and in flight at 9.5-km altitude. 

2.     Data 

It is to be expected that the telescope aperture illumination was uniform because of the rel- 

atively short atmospheric path.    This was verified in both ground and airborne photographs made 
at 10   f/s.    In both cases,  the photographs showed uniform illumination over the entire aperture. 
The resolution in these pictures was at least 5 mm in the aperture. 

The out-of-focus photographs showed a definite change between ground and airborne condi- 
tions,   as shown in Figs. II-4(a-d).    In these pictures,   the film intercepted the light so far in front 
of focus that the shape of the center-blocked telescope aperture is clearly visible.    Figure II-4(a) 
shows a typical frame from a sequence exposed at 10    f/s on the ground,   and Figs. II-4(b) through 
Il-4(d) show successive frames from an airborne sequence exposed at 2 x 10  f/s.    In the airborne 

photographs,   strong "bright spots" are evident,   indicating the presence of wavefront phase ir- 
regularities which focused light from certain regions of the aperture at the film plane,   which 

was 40 mm ahead of the best average focus. 

The location and size of these phase irregularities can be estimated from the pictures.    A 

reasonable size estimate for many of these irregularities is 1- to 2-cm diameter.    Furthermore, 
knowing the focus shift produced by the phase irregularities,   one can estimate that the wavefront 
phase distortion across a 2-cm-diameter "blob" was of the order X/2.    These appeared to be 
uncorrelated in successive pictures,  with rare exceptions.    Approximately once or twice during 
an 8-second data-taking run,   a recognizable feature persisted for several frames as it moved 
across the out-of-focus image.    This has occurred at both airplane speeds.   Mach 0.8 and 0.6, 
and in most instances,   the velocity of the feature was found to be approximately 120m/sec (as- 
suming it passed directly in front of the telescope aperture).    The free-stream velocity for these 
Mach numbers is 240 and 180m/sec,   respectively. 

Early in these experiments,   additional slow-moving,   relatively weak irregularities were ob- 
served in the out-of-focus images.    These soon were associated with the accumulation of cold air 
masses at the inner surface of the window.    They were eliminated by the use of an "air curtain" 

streaming down across the window surface in later flights with no substantial image improvement. 
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Fig. 11-4.    Wing-tip poinf-source images, 40-mm out-of-focus;   (a) ground,  (b-d) airborne. 

-5-3695 

J8 



Section II 

Photographs of the focused wing-tip source image were obtained at various frame rates up 

to 9 x 10   f/s.    The ground images were taken at 2 x 1 0   f/s.    They showed considerable simi- 

larity from frame to frame,   with a trace of the outer diffraction rings sometimes visible.    The 

airborne images were all larger and showed irregularities of a random nature.    After viewing 
the films on a stop-motion projector,   it has been concluded that only at the highest framing rate 

(9 x 10   f/s) can any significant correlation be seen between successive frames,   especially at 

the Mach 0.8 flight speed.    Even then,   only about half the frames show features appearing in pre- 

ceding frames.    For the Mach 0.6 flight speed,   there appeared to be slightly more correlation, 
beginning at a lower frame rate (7 X 10   f/s). 

The image sizes were estimated visually from the photographs by a grain-counting technique 
which established the diameter containing 90 percent of the image energy.    Measured in this way. 

the ground images of the wing-tip point source averaged  33-^rad diameter.    This number was 
somewhat larger than expected for two reasons.    The first was that the images were slightly 
overexposed.    The second was that an unexpected aberration occurred because the expanding 
wavefront from the wing-tip source passed through the LFLC window obliquely.    This was despite 

the fact that the LFLC window was exceptionally homogeneous and plane-parallel.    The aberration 
would have been smaller if the window had been normal to the optical path,   and would have dis- 
appeared if the source had been at infinity.    (The test path made an angle of 52° with respect to 
a perpendicular to the window.')     Despite this,   comparisons with the airborne images can be 
made because the exposure and the window aberration remain unchanged. 

TABLE  ll-l 

IMAGE  SIZE 
(prod) 

Air Curtain Off On 

M = 0.8 
Speed 

M = 0.6 

45. 1 

43.3 

53.7 

43.4 

Table II-1 shows the image sizes obtained at the two flight speeds,   each with and without 
the air curtain blowing across the inside of the window.    Table II-1 also shows that the image size 
was not correlated clearly with either flight speed or the air curtain.    However,   all the airborne 
images were significantly larger than the ground images.    If one postulates an airborne image 
degradation source that added to the ground image in an rms manner,   it must have a magnitude 

of approximately 30^rad. 

3.     Conclusions 

The nature of the experimental results points to a strong optical disturbance just outside 
the LFLC window,   such as the turbulent boundary layer next to the fuselage.    The remainder 

Since tliis experiment w;is performed, il luis hern found thai a large purl of the aberration can be removed In placing .i tilled 
tmpensating plate just in front of the Focal plane. 
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of the test path traversed airflow regions which are believed to be laminar. The boundary layers 

in front of the mirror and over the wing tip are expected to be quite thin. In addition, this exper- 

iment was not sensitive to turbulence near the mirror. 
-4 

It was found that the wingtip source image details persisted for only 10      sec.    The speed 

of the persistent "blobs" noted in the out-of-focus images was typical of velocities in the boundary 

layer.    The temperature difference required to produce a x/Z optical path defect in 2 cm at 10-km 

altitude is 35°C,   a value similar to the temperature differential across the boundary layer on 
this airplane. 

If one assumes that the image degradation is a boundary-layer effect,   and furthermore,  that 
the degradation is proportional to the path length through the layer,   then the degradation expected 

for a path normal to the LFLC window is 19(J.rad. 
Many people assisted either in the construction of equipment or in the collection and dis- 

cussion of these data.    Among them were Mr. Donald E. Boucher,   Mr. Morgan A. Thomas, 

Mr. Lewis W. Chaulk,   Dr. Barry W. Bryant and Dr. Dennis Kelshall. 

D. G. Kocher 

B.    AIRBORNE IMAGE STUDIES 

New measurements made in Hawaii and Christchurch,   New Zealand,  have supported,   with 
some modifications,   the formula for the airborne 90-percent image size proposed in the last 

Optics Research Report.     A new set of diffraction-limited optics (see Ref. 1,   pp. 34-35) was 

installed in the KC-135 aircraft in June 1971 in order to eliminate one of the remaining intrinsic 
degradations.    Also,   a counterbalance mechanism was installed on the telescope mount to keep 

it in fine balance as the instrument was focused.    Mount balance of both the telescope and tracker 

was found to have a significant effect on the resulting image size.    Stellar photographs taken 
from the ground at Hickam Air Force Base with the new optics and the mounts carefully balanced, 

and the Barnes tracker alternately switched on,  then off,   have shown that the tracker component 
is now within the statistical fluctuation of the measurements,   about l.Ojirad.    The rms combina- 
tion of telescope spread function (~4|jirad),   aircraft vibration (6(j.rad),   film spread function 
(~5jirad) and tracker component (~0) is now about 9(irad,   instead of the previous value of 20u.rad. 

Part of this decrease,   of course,   can be attributed to improved telescope performance,  but most 
of it has resulted from improved tracker performance.    In view of this substantial improvement 
in the intrinsic background "noise level," it was rather surprising to find on examining the Christ- 
church data that the images were only slightly improved over previous measurements.    The aver- 
age image size approached ~20|j.rad asymptotically as the zenith angle (z)  was decreased.     This 
implied that there remained a Z-independent component which was extrinsic to the telescope and 
which was on the average of the order of 1 8|j.rad.    This agrees quite well with the results of the 

wingtip retroreflector experiments,   described earlier in this report,   which would strongly sug- 

gest that boundary-layer turbulence was the major source of this extrinsic degradation. 

The data recently obtained at Christchurch have also afforded an opportunity to check the 
magnitude of the A(j. and the manner in which atmospheric dispersion enters the equation.    A 

number of blue and blue-white stars were photographed at elevation angles below 15° (Z = 75°). 
The effective continuum spectrum of these stars is assumed to extend from 3000 to 6000 A;  the 
lower limit is imposed by the optics,   the upper by the film.    From Edlen's atmospheric disper- 
sion formula,    it is found that at NTP,   ^(3000 A) - u(6000 A) a l .458 x 1 o" 5,   or AK    -  15X10 
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-h/h o It will be further assumed that u. a U.    e ;   where  h  is the altitude above the earth's surface 

and h    is the index scale height,   which is about 8 km.    The mean altitude of the aircraft is 10 km, 
-6 

so that we would expect  ALL  to be about 4.3 X 10     .    This number is much below the number quoted 

earlier    of 9 x 10     ,   which was determined from insufficient low elevation angle data.    The ex- 

pression for angular dispersion is easily derived from Snell's law,   sinZ/sinG = n   /\i?;   where 

H,  is the index of free space,  u._ is the local index,   Z is the zenith angle and  O  is the refraction 

angle.    The result is  D = AG 2   Au. tanZ,   provided   \(B      + G     ) = Z.    The expression is useful 
Al A2 

to within a few degrees of the horizon;  however,   it rapidly diverges from the observations us  /. 

approaches 90°.    The direction of the dispersion is in the star-observer meridian plane.    If we 

take  (p.   = (-0    + D ) for the angular image size in this plane and  ^„, = (SO  )   '     for the image 
2 2 size normal to this plane,   then a plot of log(<p.   - <£„.) vs logtanZ should yield both  n   (from the 

slope) and  Au.   (from the Z = 45° intercept).    The  ZO2   term represents the mean square combi- 
nation of all degradations other than dispersion.    The results are shown in Fig.II-5.    Despite 
the large standard deviation in the smaller   Z  angle measurements (to be expected),   the slope is 
found to be between 1.7 and 2.3 and ALI,   between 3.2 and 6.9 x 10     ,   which on the average yield 
n s 2.0,   ALL 3  B.o x 10     .    These are very close to their expected values.    It should be noted in 

1!  S   i6 96 

J L 

1 7< SLOPE < 2 3 

3.2 < A/i < 6 9 

J L J L 
0 4 0 6 

LOG   TAN  Z 

2       2 
Fig. 11-5.    Log ($.  —<t>w) as a function of log tan  Z. 
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passing that the assumption of a linear  superposition of D on the other degradations,   i.e., 

ip.   = (SO  ) + D   ,   leads to an incorrect angular dispersion relation (0.4-$ m < 0.5) and a 

much smaller A|i than expected (2.0 ^ Au. ^ 2.5).    We conclude that the angular dispersion be- 

haves more or less as a random variable in the presence of the other airborne perturbations. 
7 8 

The zenith blur component, '    S,   can be estimated from narrowband data in which atmos- 

pheric dispersion has been substantially reduced.    Even assuming dispersion to be zero,   one 

cannot make the measurement directly at altitude because it is very much smaller than the 

"boundary-layer" component.    However, if one extracts the difference in the squares of narrow- 

band image size measurements made at high and low elevation angles, then neglecting dispersion, 
2 2      ,2 

one obtains  <p.   — <P7   = S   (sec Z    - sec Z?),   where Z.   and Z?   are the zenith angles correspond- 

ing to angular image sizes  u>,   and  <p?.    Using this technique,   we have found 2 $ S^ 4.5 x 10 

The formula representing the angular diameter (in urad) in which approximately 90 percent 

of the exposed grains are located can now be written as follows: 

<p = [a2 + (AfjL tanZ)n 4 S2 sec Z + B2]1/2 

where 

a ~ 9 

3 <; AHL <: 7 

1.7 $ n;c 2.3 

2<: S ^ 4.5 

B «18 

There is now a fair amount of confidence,  based on the retroreflector experiments,   that  B 

represents the degradation caused by boundary-layer turbulence.    The dispersion term is also 

felt to be fairly well established.    However,   it must be remembered that the above formula does 

not predict exactly what will be observed on a given night,   but only what is most likely to be ob- 

served averaged over several successive clear nights.    This is because many complicated weather 

phenomena do occur at these altitudes from time to time,   which adversely affect imaging,   but 

which by necessity had to be left out of detailed consideration.    Furthermore,   it should be kept 

in mind that the dispersion term  A|i   depends heavily on the spectral intensity distribution of the 

source and the bandpass of the system. _   ...   _ f •> R   \\ _ Bryant 

C.    INTERFEROMETRIC IMAGING  TECHNIQUES 

The laboratory corner cube shearing interferometer (described in Ref. 9) has been used to 

make a series of modulation transfer function (MTF) measurements of the atmosphere from the 

KC-1 35 airborne optical aircraft.    Two main series of tests have been conducted aboard the air- 

craft in flight and a number of ground measurements have been made. 

1.     Retroreflector Measurements in Flight 

An 89-mm-diameter optical telescope coupled to the interferometer was mounted on a tripod 

and pointed through the front optical (LFLC) window or the third mount window of the aircraft 

toward the wing tip.    On the wing tip was mounted a convex mirror of 50-cm radius (see Sect. II-A). 

A HeNe CW laser,   with a diverger lens (focal length - 44mm) placed in the laser beam,   was 
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mounted on the same base plate as the interferometer.    The laser was arranged to illuminate 

and overfill the convex mirror on the wing tip such that the reflected beam could be received by 

the 89-mm telescope and interferometer instrument.    In practice,   this arrangemenl  was equiv- 

alent to having a point source located at the wing tip.    Only the central-most uniform portion of 
the laser beam was collected by the 89-mm optics. 

Visual viewing of the resultant sheared interferogram formed by the interferometer could 

readily be made.    The interferogram could be photographed with a 35-mm camera,   while the 
electrical signal (from the photomultiplier) giving the MTF data was displayed on an oscilloscope 

in real time (this enabled focusing of the telescope for maximum signal),   as well as being re- 

corded on an FM magnetic-tape recorder.    This experiment was aimed at obtaining MTF meas- 

urements of the1 tiear-air-path (or boundary-layer) atmospheric degradation for the aircraft in 

flight. 

2. Star Source Measurements in Flight 

Measurements over long paths through the atmosphere were made with the interferometer 

looking at star sources.    The interferometer was mounted on the third gimballed mount of the 
aft array located above the wing of the aircraft (the instrument being dynamically balanced on 

this mount).    It was arranged such that either of two optical telescopes (one 89 mm,  the other 
178mm in diameter) could be used in conjunction with the interferometer.    Stars could be tracked 
in flight (by means of the "on-board"  Barnes tracker) to keep the star source in the center of 
the field of view of the telescope.    In this way,   the MTF along long atmospheric paths could be 

measured for various elevation angles while in flight.    For these measurements,   a beam-splitter 
arrangement allowed 10 percent of the incoming light to be filtered off before entering the inter- 

ferometer to provide an intensity reference record.    This aided in the subsequent data analysis, 
in that intensity fluctuations or scintillations could be checked (and compensated for,   when nec- 
essary) at any time.    MTF measurements were also made above and below the tropopause,   Ln 

an extension of the flight measurements carried out in the vicinity of Christchurch,   New Zealand, 

using different star sources.    In each case,   the measured MTF included both the long-path and 
the near boundary-layer path image degrading effects from the aircraft. 

3. Ground Measurements 

On the ground, MTF measurements were made from the aircraft through both the front and 

third mount windows, and also independent of the aircraft. Using the 89-mm optics, the retro- 
reflector experiment was done through both windows. 

A boresight light located approximately 1 i.ikm from the aircraft on a hillside-,   along a 

nearly horizontal path,   was also available (a white-light source).    MTF measurements from the 
aircraft through the third mount window (with the tracker operating) were made with both the 
89-mm and 178-mm optics using this 1 5.5-km light source. 

The interferometer,   together with the 89-mm optics mounted on a tripod,   was pointi d al a 
star and MTF measurements were made from a nearly sea level location (Bedford,   Massachu- 

setts) and on Haleakala mountain at  3-km altitude.    In these cases,   the star motion in the sky 

was sufficient for the light collected by the telescope to "track" across the field of view,   and 

measurements were obtained (without a tracker system) with the interferometer. 
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Using the 1 78-mm optics,   a star was tracked through the third mount window of the aircraft 

on the ground,   and an MTF curve was recorded. 

4.     Results — Retroreflector Measurements 

The MTF curves for the retroreflector experiment are shown in Fig. II-6.    Measurements 

in flight were made from the front window both at night and during the middle of the day and from 

the third mount window in the daytime only.    The mean MTF curve for several runs on each 

flight is shown.    In all cases except one,  the curves obtained were similar.    The exception 
(curve 3) was one taken in daylight,   passing through a cold front,   in which case a significantly 

lower MTF curve was obtained. 

Measured MTF curves made at a normal (460-knot) air speed and then at a slower (385-knot) 

air speed did not vary significantly from each other.    MTF curves measured through both win- 

dows with the aircraft on the ground (dashed lines) are shown in Fig. II-6 compared with the opti- 

cal diffraction-limited curve.    The effective point source at the wingtip results in a spherical 
wavefront propagated through the aircraft window,   which makes a large angle with the normal 

to the window producing a small amount of astigmatism.    This angle is larger for the front LFLC 
window,   and in this case,   more astigmatism is produced.    Thus,   the measured MTF for this 
window is poorer than in the case of the third mount window,   as shown in Fig. II-6.    The astig- 

matism will not occur when the point source (e.g., a star) is located a large distance away from 

0.4 0 6 

SPATIAL    FREQUENCY 

Fig. 11-6.    Retroreflector MTF measurements (89 mm optics). 
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the window,   such that a plane wave is incident on the window.    The distance from the wing-tip 

mirror to the telescope inside the aircraft window was about 27 m for the LFLC window and 19 m 

for the third mount window. 
These measurements indicate a degradation arising from the flight environment.    The curves 

on at least seven sets of measurements are more or less the same,  with one exception.    The ex- 
ception appears to be one case when a much poorer MTF (curve 3 in Fig. II-6)  resulted.    In this 
case,   the aircraft was flying through a cold front.    The difference in length of the light path from 

the wing-tip mirror to either the front window or the third mount window does not appear to in- 
fluence the MTF significantly,   nor does the window location (distance from the nose of the 

aircraft). 
Visual observations were made of the sheared interferogram with the telescope defocused, 

and in some cases photographs were taken.    On two of the night flights,   fringes observed visually 

could be seen out to a shear of s = 1.0 and  s = 1.5,   respectively (i.e.,  two to three times higher 
shear values than those for which the MTF data were obtained).    On daylight flights,   the fringes 

could be seen only to shears of s = 0.6 at the best.    It therefore appears that these MTF curves 

have long,  but very low,   contrast skirts on them,   such that low contrast extends to higher- 
resolution (high spatial frequencies) values than indicated in the figure.    However,  the energy 
in the skirts is probably very small and may hardly affect the actual images.    The electrical 
signals were too noisy to record these low-contrast signals at high shear values.    This high- 
resolution fringe contrast varies from flight to flight,   being less evident during daytime flights. 

5.     Results — Star Source Measurements 

From a number of star measurements made with the 89-mm optics and interferometer above 
and below the tropopause at low and high elevation angles,   four MTF curves have been plotted 
in Fig. II-7.    These were the highest measured MTF curves obtained in the series.    The best 

mean curve for this data is shown compared with the mean retroreflector MTF measurement 
made from the same third mount on the aircraft in flight.    The optical diffraction-limited curve 
is shown for reference. 

Analysis of all the data obtained (seven MTF curves using different stars) showed no signif- 
icant difference between measurements made above or below the tropopause,   nor at different 
elevation angles from 4" to 52°.    Also,   it appears that the mean long-path MTF curve (using 
star sources) looks very similar to the near-path (19-m source distance) retroreflector MTF 
curve. 

A comparison of the flight data with the ground data using the 89-mm optics is shown in 

Fig. II-8.    The star source MTF at sea level is substantially lower than that MTF measured from 

the top of Haleakala mountain at 3-km altitude.    This 3-km altitude measurement (actually the 
mean of three MTF curves taken throughout the night) lies fairly close to the flight data measure- 

ments.    On the other hand,  the 1 3.3-km light (along a near horizontal path) gives a much higher 
MTF than either the flight MTF curves or any of the long vertical paths through the atmosphere. 

Several measurements have also been conducted with the 178-mm telescope in place of the 
89-mm optics.    The MTF curves,   each the mean of several measurements on different stars 
for each of three separate flights,   are shown on Fig. II-9.    Each of the New Zealand curves in- 
cludes measurements above and below the tropopause,   at various elevation angles between 10° 
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Fig. 11-9.    Comparison of ground and flight MTF data 
(1 78 mm optics). 
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and 51°.    Again,   no significant trend between the MTF below or above the tropopause,   nor any 
angular dependence was observed.    For comparison on the same figure,   a ground measurement 
of both a star and the 1 3.3-km light is shown on the same figure.    Again,   for the 1 3.3-km light, 
the MTF is substantially higher than any of the long-path MTF curves.    [Note:    The reduced 

spatial frequency parameter s = 2A. RF,   where A = 560 nm,   H = spatial frequency in cycles/cm 
and F = f/U (f is the focal length and  D,   the optics diameter).    The angular frequency is then 

AG = (2/s) (\/D).] 

6.     Conclusion 

The measurements described demonstrate that the corner cube interferometer can be made 
to operate aboard an aircraft in flight,   with both laser and white-light (star) sources.    A com- 

plete analysis of the data has not yet been carried out,   but the measurements indicate the air- 
craft boundary layer is mainly responsible for the aircraft seeing problem. 

D. Kelsall 

D.    ZnS UPCONVERSION 

We have examined the IR upconversion to visible light and absorption in ZnS phosphors as 

a function of wavelength from 2 to I6u.m (Ref. 10).    To accomplish this,  the apparatus depicted in 
Fig. 11-10 was used.    Since radiation from warm surfaces would interfere with our measurements, 
a cooled filter assembly was used as a monochromator.    The nine filters,   cooled to 77°K,   were 

each 1 -u.m bandpass filters centered on wavelengths 2u.m apart from 2 to l6u.m.    In this arrange- 

ment,   the phosphor views only IR radiation from the blackbody source passed by each cold filter 
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(77°K) 
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W-QUARTZ    WINDOW 
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F  -IR BLOCKING  FILTER 
(UV, visible   transmitting) 

Fig. 11-10.    ZnS upconversion measurement apparatus. 

successively rotated into the optical path.    An additional small amount of radiation comes from 

the cold surfaces.    The relative amount of IR radiation passed by each filter was measured and 

agrees to within 10 percept with that calculated,  knowing the blackbody distribution and filter 

characteristics.    Using this equipment,   we have measured the visible output of our best ZnS 

phosphor powder as a function of wavelength and IR intensity.    Figure 11-11  shows,   for example, 

scope traces of the visible signal for 2-p.m radiation of different intensities.    Below each photo 

is indicated the relative rate of IR photons incident upon the phosphor.    One observes readily 

that at high intensities,   the phosphor responds immediately and decays rapidly as the luminescing 

centers deplete.    At lower intensities,  the peak response is not observed until about 0.2 to 0.3 sec 

after the IR shutter is opened and the decay is much slower.    Similar photographs are obtained 

at other wavelengths.    In Fig. 11-12 we show the peak visible output as a function of the IR photon 

intensity for different wavelengths.    On this log-log plot we observe that for each wavelength 

except 14^m,  the straight lines are parallel with a slope of about 0.85,   indicating that the re- 
el H S 

sponse follows an  I = c  i   '       dependence,   where   I is the peak response,   c,   is a wavelength- 

dependent constant and i is the relative number of incident IR photons.    We have no explanation 

for this behavior nor for the different slope of the 14-|xm line.    Figure 11-13 shows the peak re- 

sponse as a function of wavelength for a constant value of i = 0.03 in Fig. 11-12.    Since Fig. II-l 3 

is plotted for the same rate of incident photons at each wavelength,   the vertical scale is also 

representative of the relative quantum efficiency.    We see that the efficiency at 2 u.m is about 

3.5 times that at 10|j.m.    The rise in efficiency at 1 2 |im appears to be real and not some exper- 

imental anomaly.    We have previously reported an absolute quantum efficiency of about 10      for 

the wavelength band 7.5 to 13p.m.    The absolute value obtained from the above results is in agree- 

ment with this.    These measurements were all taken with the powder sample at 4°K.    At 77°K, 

there is no measurable stimulation effect at any wavelength within our experimental limits,   ex- 

cept a barely perceptible response at 2 p.m. 

We turn now to absorption measurements and the effect of ultraviolet excitation on IR absorp- 

tion as a function of wavelength.    For these measurements,   the apparatus of Fig. 11-10 was used, 
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Fig. 11-11.    Oscilloscope traces of visible signal output for different IR intensities at X = 2u. 
i refers to relative number of IR photons/sec incident upon phosphor sample. 
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Fig. 11-12.    Plot of peak visible signal from phosphor as a function of  i, 
the number of incident photons/sec at different  X. 

Fig. 11-13. Relative quantum efficiency vs X 
at i = 0.03 in Fig. 11-12 (visible signal/number 
of incident photons/sec). 
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Fig. 11-14. Transmission of ZnS phosphor crystal vs X and effect of successive 
4358A illumination at 4°K. Curve 0 was taken with no UV illumination. 
Curves I through 9 were taken after successive illuminations of 40 sec each 
with UV off during transmission measurement. Curve 10 was measured with UV 
on continuously and sample saturated. 

with modification of the exit ports of the sample dewar to allow transmission of IR radiation for 

external measurement.    To eliminate any effects due to scattering or voids in a powder,   a single 

crystal sample with IR stimulability similar to that of our powders was used.    In a series of 
measurements,   the sample at 4°K was successively exposed to constant amounts of 4358 A radia- 

0 
tion ami its IR transmission measured afterward with this radiation off.    The effect of the 4358 A 
radiation on the transmission is seen in Fig. 11-14.    We see that after each successive exposure, 
the transmission at longer wavelengths decreases.    This absorption is not directly related to the 
IR stimulation effect,   since it is long lived and the stimulation effect is exhausted after a few 
seconds ofIR exposure. 

It appears that only a few percent of the incident IR photons are absorbed in visible lumines- 

cing centers.    To give some feeling for the duration of the absorption observed in Fig. 11-14,  ten 
minutes after the dashed curve was recorded and the UV shut off,   the transmission at 10u.m had 
increased only from 14 to 21 percent.    The effect of the 4358 A radiation on the transmission at 

77°K is not as great as at 4°K,  but still very significant.    At 77°K,   under conditions which cor- 
respond to those of the dashed curve of Fig. 11-14,   the transmission at 10u.m was 36 percent. 

A 4-inch IR imaging camera has been constructed and is undergoing final assembly and tests 
at this writing.    Imaging tests will begin imminently to determine resolution limits of our phos- 
phors and the image-producing quality of the total system.    Other imminent work on our phos- 
phors will involve measurement of the response to short fast pulses of IR radiation.    It is clear 
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from Fig. 11-11 that the time response will depend on intensity,  and measurements will be made 

involving those parameters. ,,,   .   „       , si* W. J. Scouler 
D. H. Dickey 
T.M. Quist" 

E. TUNABLE SEMICONDUCTOR LASERS FOR AIR POLLUTION DETECTION 

This work has been described in detail in a report to the Environmental Protection Agency, 

"Development and Application of Tunable Diode Lasers to the Detection and Quantitative Evalua- 

tion of Pollutant Gases."   The summary of the report follows. 

"The purpose of this program is to develop and apply tunable semicon- 

ductor diode lasers to problems associated with the monitoring of pollutant 
gases.    During the initial phase of the program,   reported herein,   lasers 
were developed to operate in the 8.7 ^m region where sulfur dioxide (SO.,) 

has a strong infrared absorption band.    Because of the potential usefulness 
of this band for various infrared techniques for the detection of SO_,   ultra- 

high-resolution laser scans were used to catalog several hundred of the 

spectral lines at reduced pressure.    A theoretical spectrum for this band 
of SO?,   derived elsewhere on the basis of accurate microwave spectra,   was 

found to be in near perfect agreement with the laser spectra once the band 
center used in the theory was properly adjusted on the basis of the laser 
data.    We can now predict most strong SO? lines in this region,  and con- 

struct with reasonable accuracy the absorption or emission spectrum of this 

gas corresponding to anticipated conditions of temperature,   pressure,   and 

instrumental resolution.    Such information can be used,   for example,  to 
determine the optimum wavelength for the detection of SO- by across-the- 

stack absorption of laser radiation,   over a wide temperature range.    If such 

data were known for other constituent gases as well,  a complete model could 
be used to facilitate development of suitable monitoring instrumentation. 

"Although the above theory contains the temperature dependence explic- 
itly,   it must rely on independent measurements for predictions involving 
pressure-broadening of the lines.    The rate of pressure broadening of SO., 
lines by air was measured by laser spectroscopy and found to be 12 MHz/Torr 
for the full width at half maximum (FWIIIVI);   this yields an atmospheric- 

pressure-broadened linewidth of 0.30 cm     .    Similar measurements for am- 
monia (NHJ in the lOjim region produce values of 6.3 MHz/Torr and 0.16cm 
respectively. 

"Experiments were performed to verify the fundamental theory related 
to remote heterodyne detection of atmospheric pollutant gases.    Application 

of this technique would permit single-ended,   passive detection from both 
stationary and mobile sources.    It is shown that,   based on information ob- 
tained here on the SO? emission band at 8.7 ^im,   concentrations of the gas 
as low as lOppm can be detected,   essentially independent of range,   if the 
gas temperature is 100 °C.    For the same gas at 50 °C,  the minimum detect- 

able concentration is about 50 ppm,   and the measurements become more 
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susceptible to changes in the background.    Unfortunately,   the present diode 

laser power capability is not sufficient to attain the ultimate remote heter- 

odyne detection sensitivity,   although progress is being made in both laser 

and detector technology. 

"Several other applications were studied during the first phase of this 

program: 

(1)    Point Sampling - as has been demonstrated earlier,   this 
technique using tunable lasers has the advantage of very high spec- 
ificity by permitting testing at reduced pressure where overlap be- 
tween adjacent absorption lines can be eliminated in most cases. 
With a 10-cm-long cell containing an NIl3:air mixture,   and a tun- 
able diode laser with 10 ^W output power,   the minimum detectable 
concentration was found to be 28 parts per million (ppm) using a 
line having 1 cm-VTorr absorption constant per unit pressure, 
and an operating pressure of 4.5Torr.    Kor this test second- 
derivative detection was used,   which effectively enhances the de- 
sired signal. 

l2)    "White" cell operation — construction of a "White" cell 
permitted a path length of 7.3 meters to be used for point- 
sampling applications.    Comparison of the signal-to-noise ratio 
using a 10-cm-long cell with that achieved by the "White" cell 
for identical gaseous concentrations showed the predicted en- 
hancement;   consequently,   the minimum detectable concentration 
for the "White" cell is found to be about  0.3 ppm.     Since  these 
minimum detectable values are inversely related to laser power, 
it is clear that the use of tunable diode lasers in the milliwatt power 
range can yield much more sensitive point-sampling limits,   in 
the low parts per billion (ppb) region. 

( 3)    Long-path transmission — diode laser radiation was col- 
limated with a lens and transmitted over a 7 5-meter path from 
one building to another.    Although the experiment was prelim- 
inary,   and no attempt was made to tune through any atmospheric 
SC>2 lines,   a strong signal was received,   indicating good potential 
for long-path transmission techniques using these devices. 

(4)    Interferences — some studies were made to find possible 
interferences between the spectral bands of certain other gases 
which may be found in the atmosphere and the 8.7 (im band of SO2,   by 
using the diode laser to scan portions of this band.    Since NII3 is 
used as the primary calibration standard for wavelength in this 
region,   it can under certain conditions produce interference — 
however,   there are only approximately 5% the number of Nil3 
lines as S02 lines in this region.    A broader test was to place a 
quantity of automobile exhaust in the test cell,   at 1 atmosphere 
pressure,   and tune the diode laser over a region constituting 
strong SOT absorption.    No interference was found,  despite the 
many gaseous components (including water vapor) in auto exhaust." 

Work is continuing to produce a system using a tunable semiconductor laser for in situ 

monitoring of SO., in smokestacks. ., ,.   ...  , , ^ 2 K. u. Hinkley 
A. K. Calawa 
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III.    LASER   RADAR   AND   TRACKING 

A.     LASER RADAR IMAGING 

1. Introduction 

The narrow field of view (FOV) detector, whose initial performance was previously reported, 

has been used to investigate incoherent target return signatures.    Calibration of the system was 

accomplished by using three Au-coated sphere segments of different,   known radii of curvature. 
The vertical stabilizer, taken from an F-80 trainer aircraft, was used as a target for qualitatively 
investigating the correlation of incoherent signal returns vs position on the target from which the 
returns originate,   as well as vs inclination of the target with respect to the line-of-sight.     fi- 
nally,   some preliminary measurements were made of the homodyned return from targets giving 
a Doppler shift. 

2. Detector 44 

A new detector was constructed and employed in the L-006 laser imaging system.    The de- 

tector,   shown in Fig. III-1,   is a Cu:Ge sample taken from the same doped boule as the previous 

HEAT SHIELD |l«-5-370l 

001 INCH  DIAMETER 

0.113 INCH DIAMETER 

2N3089 FET 

5x l.5x 3.0mm 
Cu:G» DETECTOR 

5 PERCENT 
HPBW FILTER 

Fig. Ill-l.     10.6-Lim detector 44 (not to scale). 

detector (57) that was,   and still is,   employed primarily for coherent detection,   where nominal 
1 mW local oscillator power is used.'"   The new detector has a smaller (1.5 x 1 .5 mm) cross seel ion, 
and is covered by a blackened top hat that is cooled by the liquid helium reservoir.      The  roof of 

¥ Both doped samples kimlU  su|i|>ltci) h\  Tlii-mion- M.   Ouist. 
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Fig. 111-2.    Display of returns from calibration run on (a) 40-cm    cross-section target; 
(b) scatter plare. 
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the top hat has a 0.010-inch-diameter hole directly over and 0.6 inch from the front face of the 

Cu:Ge sample.    The hole serves as a cold aperture to limit the thermal FOV of the detector to 
lOOmrad.    A diffraction-limited 4-inch focal-length lens placed in front of the detector could just 

focus a collimated,   1-cm-diameter,   10.6-u.m return beam through the hole and onto the Cu:iic 
sample,   as shown in Fig. Ill -1.    For such a focused return beam,  the 0.01-inch-diameter hole 

serves as an aperture to limit the detector's FOV to 2.5mrad.    (Because a 10X telescope is used 

to obtain the collimated 1-cm-diameter beam,  the FOV of the detector projected onto the target 
plane in the L-006 system is reduced to 250 ixrad.) 

9 
With the top hat closed off,   the Cu:Ge sample exhibited a resistance of about 4X10   ohms. 

The room temperature radiation incident on the sample from the 0.01-inch-diameter hole (approx- 
-9 8 imately 3.46 x 10     W through the filter) reduces the resistance of the sample to 6.8 x 10   ohms. 

(With a 15 V bias applied,   the 0.01-inch-diameter hole caused an increase in current from   i.8 to 
-9 

22 x 10     A.    Assuming the above value for the room temperature radiation incident on the filter, 
one finds the responsivity of the sample to be 5.2 A/W.)   The responsivity was separately meas- 
ured using a 600°C blackbody radiation source and found,   within experimental error,   to be be- 
tween 5.4 and 6.2 A/W. 

The detector and FET amplifier,   combined,   have a 3-dB bandwidth of 22.5 kHz.    The FET 

amplifier has a gain of 8,   and serves to reduce the output resistance across which the detector 
voltage can be measured,   from the 0.5 megohm detector load resistance to the 10 kohm Load re- 
sistance of the FET.    This facilitates connecting useful lengths of cable to the detector dewar 
without having cable capacitance lower the detector bandwidth. 

3.     Calibration 

A-scope displays of returns obtained using this detector in a calibration run are shown in 

Figs. III-2(a-b).    In Fig. III-2(a),   repeated single-circle scans were made across a section of a 
Au-coated sphere mounted in the target plane of the L-006 system.    The cross section of the 

sphere section was 40 cm  .    Figure III-2(b) shows a typical return from a scatter plate.    It was 
overcast and raining lightly on the day the calibration run was made.    As a consequence,   no ther- 

mal return was observed when the laser was off. 
Calibration of the L-006 system proceeded by averaging five traces for each of three sphere 

sections with known cross sections.    The results,   along with rms error bars,   are plotted in 
Fig.III-3.    The observed voltage is 800X the actual voltage across the detector.    Six different 
scans of the scatter plate were averaged by dividing each scan into 5 increments equivalent to 

2.25 inches.    Thirty values were then used to compute the average and rms observed voltage of 
the return from the plate.    The results were then placed on a good-fit line running through the 
sphere-section data of Fig.III-3.    Results indicate that the average return from the plate is 

2 
equivalent to about a 2 3-cm    cross section target. 

One can estimate the return from the scatter plate,   which was measured at the University 
2 

of Michigan    to be Lambertian for viewing angles beyond 5° from the normal and to have a re- 
flectance in excess of 0.95.    The returned power should approximately be given by 

* Compare with the A-scope trace of a thermal return in Fig. II1-8, p. 48, Ref. 1. 
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Fig. 111-3.    Incoherent detection — cal ibration curve:   observed voltage vs cross section. 

R 
PR = V RV TPT   IT (II1-1) 

where 

PR = returned power 

I „ = receiver efficiency rx 

r} „ = transmit efficiency 

P„ = transmit power 

n„ = receiver FOV n, 

(Atmospheric loss over the 61 -m path is absorbed in r/_r)      )   On the other hand,   cross section 

is defined by 

PT   nR (I1I-2) 
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where 

F. = incident radiant flux on target 

<r = cross section 

A = target illumination area 

Equating (III-l) and (III-2),   one finds 

a = 4A (III-3) 

Thus,   for a Lambertian scatter plate that is large compared with the illumination beam's area. 

the cross section is just four times the area.    For the L-006 system,   Eq. (Ill- 3) gives an estimate 

of 11.4cm    for the scatter plate cross section. 
2 

The 23-cm    cross section observed experimentally indicates that the return from the scatter 
plate,   when measured monostatically,   is 3 dB greater than estimated.    Previous measi rements, 
made using two sphere sections and a retroreflector as calibration standards,   similarly showed 
the scatter plate return to be larger than estimated. 

4.     Signature 

Another set of measurements was made on the scatter plate in which the different scan loci 
were carefully controlled.    Figure III-4 shows the scanning format.    The scan was placed on top 

of the scatter plate and lowered by 1.83-inch increments at the target.    The A-scope signatures 
were found to be repeatable.    The resultant individual scan returns were then hand traced from 

photographs to give Fig. Ill-5.    Scans 3 through 8 arise from the plate and not the frame in which 
the plate is held.    As before,   these traces were individually divided into five 0.2 msec increments, 

corresponding to 2.25 inches along the scan locus,   and the thirty data points were averaged.    The 
result was an average observed voltage (again,   800X the actual detector voltage) of 380 mV.    The 

rms variation of these points was 180 mV.    It is evident from Fig. Ill - 5 that the large error bars 

Ti8-5-iMl| 
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DISPLACEMENT 
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1 m»ec = 113 inches 
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SCAN  NUMBER 
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Fig. 111-4.    Scanning formal of framed Al scatter plate. Fig. 111-5.    Scatter plate — cross-section profile. 
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111 5-17131 

Fig. 111-6.    Vertical stabilizer of F-80 trainer (measurements in inches). 
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Fig. 111-7.    F-80 vertical stabilizer:    (a) image (homodyned return);   (b) scanning format. 
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bounding the average return from a scatter plate in Fig. III-2 arise,   not primarily from experi- 
mental error,  but rather from the variation of the return from different segments of the plate. 

The data on the scatter plate were taken on an overcast day when no thermal return was ob- 

served.    The 350 mV average return, which |from Figs. III-2(a-b)l corresponds to an experimental 
cross section of 23 cm    on that day, was used as a calibration for measurements made on the same 
and several subsequent days.    (Power levels and typical scatter-plate returns were monitored 

throughout the measurements.) 

5.     F-80 Vertical Stabilizer 

The vertical stabilizer from the tail section of a scrap F-80 trainer was examined.    Figure III-6 

is a sketch of its broadside dimensions.    Figure III-7(a)  shows an image of the tail section as 

viewed on the mount when it had been oriented so that its broadside surface was approximately 
normal to the line-of-sight.     This orientation corresponded to an angle of about 210° on the 

mount's azimuth control.     F"igure IIl-7(b) shows the  scanning format.     The scan  was placed 

horizontally adjacent to the stabilizer and incremented past it in 1.35-inch steps in the target 
plane.    Figure III-8 shows the resultant cross-section profile,  obtained in the same manner as 

Fig. III-5.    (Note that the horizontal coordinate does not represent a linear distance along the 
stabilizer,  but gives the distance along the circular trajectory of the scan as shown in Fig. III-6.) 
Scan 10 and scans 60 through 65 required reducing the gain of the post-detector amplifier by a 
factor of 10,   thus indicating values of a/l0 in Fig. I1I-8. 

Data were taken on a subsequent day when a thermal return from the stabilizer was observed. 

The inclination of the stabilizer was changed by rotating the azimuth position control of the mount. 
This rotated the stabilizer about the horizontal axis as viewed in Fig. III-7.    A single scan,   ap- 

proximately  in the location of Scan 50 of Fig. III-8,   was then observed.     Figure UI-9 shows the 
resultant change in return profile as a result of incrementing the stabilizer inclination by 0.05°. 
The return shown in Fig. Ill-9 is due to both reflected laser energy and thermal energy from the 
stabilizer.    To obtain the laser cross section,   a,   one must subtract the equivalent thermal cross 

section,   CTT.    The thermal return (laser off) was not obtained for each increment,   for it was ob- 

served to change very little.    However,  the thermal return,   or crT,   is shown for 210° and can be 
used to judge the contribution of cr• at other inclinations as well. 

Figures 111-10 and III-11   show the cross-section profile variation when the stabilizer incli- 

nation is incremented by 0.5° and 5.0°,   respectively.    The scan locus for these two measurements 
is the same,   and is close to Scan 50 of Fig. III-8,  but is not the same as that used to obtain 

Fig. II1-9. 
It is seen from Fig. III-8 that,   like the scatter plate,   various segments of the stabilizer have 

widely varying values of cross section.    Peaks in cross section appear to be correlated over dis- 

tances ranging from a few to tens of inches.    Figures III-9 through III—11 indicate that,   although 
differing in fine structure over small inclination changes,   peaks in the return of a single scan 
are correlated over inclination changes of up to 10° or more.    More quantitative data about tin? 
signature statistics will be obtained by use of a computer. 

* In collaboration with N.  \lrverhoff. 
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CT/10 

1. 345 inches 

Fig. 111-8.    F-80 vertical stabilizer — cross-section profile. 
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I msec • 11.3 inches —4     U— 

TAIL SECTION INCLINATION  (deg) 

Fig. 111-9.    F-80 vertical stabil izer — single-scan cross-section profile 
vs inclination (0.05° increments). 

1 msec - 113 inches 

*_ 114. S 

SECTION INCLINATION  (deg) 

Fig. 111-10.    F-80 vertical stabilizer — single-scan cross-section profile 
vs inclination (0.5° increments). 
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1 msec a 11.3 inches 

TAIL   SECTION   INCLINATION   (deg) 

Fig. 111-11.    F-80 vertical stabilizer - single-scan cross-section profile 
vs inclination (5.0° increments). 

6.    Doppler 

3,4 Although investigated by several workers, '    the Doppler shift due to segments of a rotating 
sphere placed on the target mount was measured.    Figure 111-12 shows the geometry.    A 12-inch- 
diameter,   hollow aluminum sphere,   that had a rough surface was rotated at about 1 /5 rps.    The 

sphere was very imperfect,   compared with 10.6-u.m tolerance,   and wobbled somewhat when ro- 
tated.    At 0.2 rps,   one expects the outer edge of the sphere to give a Doppler shift of 37.7 kHz. 
Figure III-l 3 shows the spectrum of the homodyne return resulting from incrementing the laser 

beam from the center to the outer edge of the sphere.    Note that the two sidebands shown are 
due to the spectrum analyzer's sweep display.    They correspond to two measurements of the 

same Doppler-shifted return,   which was positive with respect to the laser frequency,   in this case. 
The incremented beam locus was approximately along the horizontal great circle of the sphere. 
The results show that the Doppler shift due to segments of a spinning sphere can be observed over 
the range and with the components of the L-006 system. 

The effect of illuminating a central section of a 2-inch-diameter,   spinning steel ball was 
measured.    The ball was roughened by emery cloth and placed on the mount,   where it was illu- 

minated by the approximately j-inch-diameter beam.    By finely peaking the return with beam- 
position adjustments,   a central area containing the radar point was obtained.    Figure III-l4 

shows the spectrum of the homodyne return as a function of rotation velocity.    In the display of 
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Fig. 111-12.    Geometry for Doppler study. 

the figure,   both positive and negative Doppler-shifted frequencies of the return are folded,   and 

the double sidebands shown correspond to two measurements of the same folded spectrum.    The 

increased broadening vs increased rotation velocity is clearly observed.    The limit on the spec- 

trum of the folded Doppler shift,   assuming a I -inch-radius beam at the target,   is shown on 

Fig.III-14 in parentheses under the rotation rate. 

In an attempt to evaluate the Doppler shift resolution of the L-006 system,   the spectrum of 

the return from a retroreflector that was translated,   unfortunately not very uniformly,   along 

the line-of-sight was measured.    Figure III-l 5 shows the results.    Note the harmonic content 

of the translational motion at 0.35 cm/sec.    The 0.15-cm/sec spectrum indicates that a Doppler 

shift as low as 300 Hz can be identified.    Further measurements with a more uniformly moving 

mechanical translation stage are planned. ,rr _   _.  .      ,, & ^ \\. E. Bicknell 
D. H. Bates 

B.    InSb 10.6-jum POLARIZATION ROTATOR 

An effort has been undertaken to construct a 10.6-u.m isolator using InSb cooled to liquid N^ 
5 *• 

temperature.     The aim is to obtain an isolator capable of handling several tens of watts with min- 

imum loss and optical beam degradation.    To obtain the optimum free-carrier concentration (N), 

a figure of merit (F) has been evaluated that takes into account the negative interband Faraday 

rotation effect in InSb.     The figure of merit for InSb is 

- 4     "* /4 - \ 
1.57 X 10      N  '    - 6.7 X 10 

1.54X10-18N13/12 
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Fig. 111-13.    Doppler shift due to segments of a rotating sphere. 
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Fig. 111-14.    Doppler spread due to a rotating 2-inch-diameter steel ball 
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where F  is in degrees/G.    The figure of merit in terms of observables is F = 0/ZofB,   where  0 
is rotation of polarization,   a   is the absorption coefficient,   i  is the sample thickness and   B   is 
the magnetic field. 

EMPIRICALLY DERIVED CURVE 

MEASURED DATA 

J I I I I   I   I I 

N (cm    ) X 10 

Fig. 111-16.    Figure of merit vs free-carrier concentration. 

Experimental results have  confirmed  the phenomenological model used  to  calculate  F. 
figure 111-16 shows experimental points placed on the calculated figure of merit vs concentration 

plot.   Figure 111-17 shows experimental points on a plot of Verdet constant 1&/BI) vs concentration. 
Absorption was measured by comparing input and output power as observed on a thermopile 

and accounting for the reflectivity of the InSb and KBr window surfaces. Rotation was measured 

by using a Brewster angle Ge flat for a polarizer. 
Incident CW powers of 55 W were applied on 2.0- and 2.5-mm-thick samples having a free- 

carrier concentration of 2.7 X 10      cm       for up to an hour with no measurable change in output. 
This required a sample power dissipation of 10 and 12 W,   respectively.    The incident 55 W did 
not represent an upper limit to the power handling capabilities of the samples and the liquid N. 
dewar,   but was the highest power source available at the time. 

The samples were attached to a copper block 2 X 1 X ~   inch,   as shown in Fig. Ill-18.    Cooling 
was accomplished by placing a 1 - X j-inch flange at the end of the bar in contact with a liquid 

nitrogen reservoir (approximately 2 liters).    Note that the InSb was not in direct contact with the 
liquid nitrogen. 

When a 15 W beam with circular symmetry was incident on a sample,   the output beam inten- 

sity profile showed a marked distortion.    The profile was elliptical rather than circular.    This 
distortion has been attributed to the method used to attach the sample to the copper block.    The 

sample was rigidly held by an adhesive bonding at two points on the periphery of the sample.    As 
the sample cooled,   or became heated locally,   it could expand or contract in one direction,   but 
not in the other.    The resultant change in the index of refraction due to an asymmetric strain 
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Fig. 111-17.    Verdet constant vs free-carrier concentration. 
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Fig. 111-18.    InSb liquid N2 assembly 
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could have caused the elliptical profile.    A new holder has been designed which will apply attach- 
ment pressure symmetrically,   and will also permit symmetric expansion or contraction of the 

sample when under thermal stress. L. Tomasetta 
W. E. Bicknell 
D. H. Bates 

C.    PULSED MODE  TRACKING 

Automatic angle and frequency tracking in the pulsed mode was accomplished during this 
period subsequent to installation of the manual range tracking and gating circuits (described in 

Sec. III-D) which are required to provide error signals for the angle- and frequency-tracking 

loops.    The transmitter pulsing was performed by a rotating slotted disk shown in Fig. 111-11 
and located at the internal focus of the beam expander immediately following the master 
oscillator. .    T   „  ... L, .1. Sullivan 

I.. \V. Swezey 

P160-MJ 

Fig. 111-19.    Pulsing disk. 

D.    MANUAL RANGE  TRACKER 

In order to operate the Firepond Doppler laser radar in a pulsed mode it is necessary to 
range-gate and store the signal return from pulse to pulse.    To accommodate this mode of opera- 
tion,  a manually operated range tracker was constructed.    Figure 111-20 is the block diagram of 
the manual range tracker. 

The reference pulse,  generated by chopping the He-Ne laser beam,   is used to synchronize 
the tracking display on an oscilloscope,  and also to generate a square wave.    The fundamental 
component of the square wave is selected by filtering,   and is phase shifted manually.    At the 
zero-crossings of the phase-shifted fundamental,   the reset generator is triggered.    At the end 
of the reset pulse,  the gate generator is triggered.    The unipolar video output from the Doppler 
laser receiver is peak detected,   stored,   and used in the AGC and tracking error amplifiers. 
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Fig. 111-20.    Manual range tracker - block diagram. 

The bipolar output from the frequency discriminator is stored in the 3-mode integrator and pro- 

vides the error signal for the frequency tracking loop of the Doppler receiver.    For the tracking 
display,   the range gate is combined with the video output from the receiver,  then displayed on 

the oscilloscope. 
Future plans call for the addition of automatic range tracking and a range digital readout 

capability. M  D   Zimmerman 

E.    C02 LASER OSCILLATOR FREQUENCY STABILITY 

The frequency stability of the 1.5-m COz laser oscillators at the Firepond Facility was 

measured by observing the variation in the beat frequency between two C02 laser oscillators. 

Frequency variations due to temperature changes,   acoustic vibration and electrical noise were 
observed.    The long-term stability was limited by the temperature drifts at the site.    An approxi- 

mately linear frequency drift of 10 kHz/min.was observed for a period of one hour.    On a shorter 
time scale,   acoustic pick-up was the most important source of frequency instability.    Most of the 
acoustic pick-up was introduced by vibrations transmitted through the ground.    These acoustic 
vibrations were due mostly to a resonant response at 40 Hz,   and caused the frequency to vary 
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by approximately 300 Hz rms.    The laser oscillators were also sensitive to loud noises.    Fre- 
quency changes on the order of 10 kHz could easily be induced by this means. 

Electrical noise in the discharge power supply and in the piezoelectric tuning elements was 

also observed to cause frequency instability.    The frequency sensitivity to changes in discharge 
voltage was ~10kIIz/V and to changes in the piezoelectric tuning elements,   ~250kHz/V.    The 

noise in the discharge voltage and piezoelectric tuning voltage gave rise to frequency variations 

of about 100 Hz rms,  mostly due to the 60-Hz line and its harmonics. 

J. Z. Holtz 

F.    DOPPLER  VELOCITY MEASUREMENTS 

In order to determine the Doppler velocity measurement capability of the CO, laser radar 
at the Firepond Site,   a target was placed at a distance of approximately 5.45 km.   both on and 
near to the Groton Firetower.    The target consisted of a corner cube mounted on a micrometer 
stage;  the cube could be driven at a constant velocity of from 0 to 3 mm/sec and in this manner 

Doppler shifts of up to ~600Hz could be produced. 
The experimental arrangement used in making the Doppler measurement is indicated sche- 

matically in Fig. 111-21. The local oscillator was offset in frequency by 5 MHz from the master 
oscillator and the frequency difference between the two oscillators was measured with a PbSnTe 
heterodyne detector. A beam-split portion of the master oscillator output was directed through 
the laser radar optics to the distant target and the return signal detected with a second infrared 
heterodyne detector. To measure the Doppler shift of the return signal, the electrical outputs 

of the two detectors were mixed and the difference frequency was spectrum analyzed. 
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Fig. 111-21.    Experimental arrangement for Doppler velocity measurements- schematic diagr 
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Two typical velocity measurements are shown in Figs. III-22(a-b).    Figure III-22(a) is the 
spectrum with the moving corner cube on the Groton Firetower.    The velocity of the cube was 

1.8 mm/sec,   corresponding to a Doppler frequency shift of 340 Hz.    Figure III-22(b) is the spec- 
trum with the moving cube located on the ground near the Firetower.    The velocity of the target 

in this case was 1 mm/sec corresponding to a Doppler frequency shift of 190 Hz.    In the case of 

the cube located on the Firetower [Fig. III-22(a)],  the ability to measure the velocity of the cube 
drive was limited by vibration of the Firetower itself,   which gave Doppler frequency shifts of 

±100 Hz.    When the cube was placed on solid ground,   the accuracy with which the cube drive 

velocity could be measured was improved to ± 35 Hz or ±0.19 mm/sec.    This value of the Doppler 
velocities measurement accuracy is consistent with the limit set by the present frequency stabil- 

ity of the laser oscillators. ,   ^   Holtz 
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Fig. 111-22. Doppler frequency spectrum 
of return signal: (a) target on Groton 
fire tower;  (b) target on ground. 
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G.    ANNUAL AVERAGE  TEMPERATURE,  H20 PRESSURE AND H2O ABSORPTION 
OF  10.6-Ltm RADIATION AT FIREPOND 

During the spring,   summer and fall of 1969,   1970 and 1971,  the atmospheric pressure,  tem- 

perature and relative humidity were recorded at Firepond.    The composite average temperature 

and range of extremes are shown in Fig. 111-2 3.    The diurnal variation averaged 22°B" from the 

low to the high.    These data were also used to calculate the H20 partial pressure.    The average 

5 PERCENT PROBABLE 
DIURNAL AVERAGE 

IU-5-3IHI 

WEEK OF THE YEAR 

Fig. 111-23. Temperature at Firepond - 1969, 1970, 1971. The average of diurnal 
average temperatures was computed from a composite for three years. Diurnal 
variation about the diurnal average is 22°F from a low before dawn to a high in 
mid-afternoon. Diurnal averages are between the 5-percent probable temperatures 
90 percent of the time. 

H^O pressure and range of extremes are shown in Fig. 111-24.    The temperature and H^O pressure 

for winter were not recorded continuously,  because the meteorological station was not designed 

to work below 0°C.    However,   some winter data have been obtained from dew-point temperature 

readings taken at Hanscom Field and are summarized as the dashed portion of the curves in 

Fig. 111-24.    Over 24 hours in a given weather system,  the H?0 pressure varies very little being 

down and up about 8 percent from the daily average at 0400 and 1700,   respectively. 

The importance of the H,0 vapor pressure to the operation of 10.6-u.m radar can be seen in 

Fig.III-2 5,   which shows the signal loss in -dB/km at sea level to H-,0 molecular absorption of the 

laser radiation from the laser transitions around P(20) of CO,    .    This curve was computed 

from the formula determined by McCoy,   et al. ~   T   „., J J  T..I. Gilmartin 
W. J. Amisial 

H. CONVERSION TO DUPLEXED OPTICAL CONFIGURATION 

During this period, all components for the duplexed optical configuration were completed. 

Early in November the original optical system was dismantled to make way for installation of 

the new optical configuration. The installation has essentially been completed and the system 

has been operated at low power. 
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~fT»-S-3T?S| 

5 PERCENT PROBABLE 

25 30 

WEEK OF THE YEAR 

Fig. 111-24. H2O vapor pressure at Firepond — 1969, 1970, 1971. The average 
pressure was computed from a composite for three years. Diurnal variation about 
the average is +8 percent in mid-afternoon to —8 percent before dawn. Diurnal 
average pressure is between the 5-percent probable pressures 90 percent of the 
time. 

H,0 VAPOR  PRESSURE   (mbar) 

Fig. 111-25.    One-way transmission loss at sea level due to H~0 vapor 
absorption at 10.6 pm. 
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The new configuration utilizes the same telescope for both transmitting and receiving.    This 

provides a common optical path into which high speed scanning elements can be introduced to pro- 
vide a rapid scanning capability for imaging purposes.    This configuration results in identical 

beam widths for both received and transmitted beams,   which should result in an increase in 
system performance of approximately 10 dB over the original system in which the transmitting 

aperture was less than a third that of the receiver. 
The new system consists of a 20-inch decentered Newtonian telescope for both transmitting 

and receiving (Fig. 111-26).    Duplexing,   i.e.,   switching between the transmitter and receiver,   is 

performed mechanically by a rotating disk (Fig. 111-27).    The 24-inch-diameter disk is made of 
beryllium,   one side of which has been polished to an optical flat and coated with gold over kanigen. 

The disk contains two rows of holes disposed circumferentially.    The diameters of the holes in 
each row differ by a factor of two.    The row of larger holes performs the duplexing function, 
while the smaller set of holes chops the output of the master oscillator to perform the pulse 

forming function. 
The high speed scan format is the so called "Circular Palmer" in which a linear scan is 

superimposed in one coordinate on a large angle circular scan. 

UPPER 
FIXED  FLAT 

ROTATING-KCI-£ 
WEDGE BEAM £ 

NUTATOR 

1000-W 
AMPLIFIER 

4-M-$> 

• t- 

[lf-5-?.<Uli'l 

AfFREQUENCY 
CONTROLLER 

TEST 

DETECTOR 

-©- 

LOCAL  OSCILLATOR 

tf—e—@—PREA' 

TO FREQUENCY 
TRACKING  RECEIVER 

>a 

\. 

U—%> 

p——%> 

%> 

BEAM 

EXPANDER 

100-W 
AMPLIFIER 

r 

v 

^ 
J 

Fig. 111-26.    Optical schematic of duplexed system. 

77 



Section III 

P160-W 

Fig. 111-27.    Switching disk. Fig. 111-28.    Beam scanner. 

j±i_4ft 
PI60-417 

Fig. 111-29.    Duplexed optical system. 
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Fig. 111-30.    Duplexed optical system. 

The scanning function will be performed by  rotating and oscillating refracting elements 

made of KC1.    The scanner,   shown in Fig. 111-28,   is located in the conical telescope beam im- 
mediately after the switching disk. 

The new optical system is shown in Figs. M-29 and 111-30. 

1,. .1.  Sullivan 
J. A.  Daley.   Jr. 

I.      LARGE APERTURE  BEAM PROJECTION AT 10.6/im 

At the Firepond Research Facility,   a 48-inch-aperture telescope has been mounted in a fixed 
position to project a focused 10.6-p.m spot into a tower shed at a range of 5.4km.    The purpose 

of this experiment is to measure the spot intensity distribution while monitoring the modulation 
transfer function (MTF) of the atmosphere at 0.6328pm,   in order to measure directly the atmos- 

phere's effect on large aperture optics at 10.6pm and to establish the relationship between the 

atmosphere's optical quality at these two wavelengths.    The 10.6-pm image will be visualized 
and measured by means of an AGA thermovision system,   which will view the IK image on a sand- 

blasted Al plate.    The atmospheric MTF over a parallel proximate path will be measured by an 
instrument which scans the image of the distant visible laser source with a variable spatial fre- 
quency reticle.    This experiment will be in progress during January 1972. 

T. J, Gilmartin      J. Z. tloltz 
I.. J. Sullivan J. A.  Daley, Jr. 
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