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This report contains copies of journal articles, and papers appearing in conference
proceedings describing optics research at Lincoln Laboratory during the period
1 July 1976 through 31 December 1977. Also included are preprint s of articles
accepted by journals and confe rence proceedings during this period as well as a
list of meeting speeches given during this period .

Additional information on the Optics Program may be found in the ARPA/STO
Program and ARPA/TTO Program HOWLS Semiannual Technical Summary
Reports to DARPA; Navy HPL Program Semiannual Technical Summary Report to
the Department of the Navy; Radar Measurements Semiannual Technical Summary
Report to the BMDPO, Department of the Army; Tactical Systems and Technology
Semiannual Technical Summary Report to the Air Force Systems Command; and
Final Report to the National Science Foundation on Diode Laser System to Measure
Trace Gases by Long-Path Infrared Absorption.
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Reprinted from APPLIED OPTICS, Vol. 15, page 1653, July 1976
Copyright 1976 by the Optical Society of America and reprinted by permission of the copyright owner

Long-path monitoring: advanced instrumentat ion and operate cw at temperatures as high as 100 K. Signifi-
with a tunable diode laser cantly, these lasers produce radiation in the important 8—

l2-~m atmospheric window; and if liquid nitrogen is used to
E. D. Hinkl ey, A. T. Ku , K. W. Nih , and J. F. Butler achieve operating temperature in a simpler (77 K) system,

E. D. Hinkley and R. T. Ku are with MIT Lincoln Labora- tuning over 100 cm ’ is still possible by varying the diode
tory, Lexington, Massachusetts 02173; the other authors current.
are with Laser Analytics, Inc., Lexington, Massachusetts Figure 1 illustrates temperature tuning of a diode laser
02173. fabricated by this new method , with nominal frequencies for
Received 29 March 1976. monitoring several pollutant gases indicated . It is apparent
Sponsored by J. S. Garing, Air Force Geophysics Labora- that strong absorption lines of many important gases fall
tory within the over-all tuning range of this laser; and it is worth

noting that, with regard to long-path monitoring, atmospheric
Long-path monitoring of atmospheric carbon monoxide transmission over a 10-km sea level path is typically greater

with high sensitivity and speed has recently been demon- than 50% throughout the 8.7—12-Mm region ,4 making this an
strated using a tunable diode laser system.’.2 This Commu- ideal spectral range for atmospheric long-path monitoring.
nication describes significant progress in improving the
multi pollutant capability and operating simplicity of that ,,~~, , , ,
monitoring technique. The improved capabilities result from
integrating a newly developed , wid~Jy tunable diode laser with - NM)

a variable temperature, stabilized, closed cycle refrigerator.
With this single source it is possible to monitor any air p01- - 03
lutant whose absorption lines fall within bands of continuous
tunability of the laser in the 9—l2-~im region. The instrument - C•H•
may also be used to measure high resolution (Doppler-limited) .~

-
ir spectra for line strength calibration and identification of 1000

Ipotential interferences. We illustrate its use for this purpose
and estimate the monitoring sensitivity for several important - C355C1

-~apollutants, including ammonia , vinyl chloride, and ozone, Ri 0

based on laser spectroecopic measurements. - c,s~Tunable diode lasers are useful for long-path monitoring - c~s,o
of air pollutants because their emission wavelengths can be -

made to coincide with ir absorption lines of most gases, their
output can be sufficiently collimated for transmission over 500 -
distances of several kilometers, and they are readily adaptable
to field use. Application of an individual laser to more than
one pollutant , however, has been limited by a somewhat
narrow tuning range (—‘30 cm ’) and the need to maintain the 

0

diode at low temperature (<20 K) for ow operation. A dic,de ‘ 
I I I I I 5.5

~ 50 30 40 30 50 70 SO 10 50
laser with significantly wider tunability *u first developed so
in 1974 by Groves et al.~ These lasers operated ow to stem-
perature of 80K, with tuning over nearly 280 cm ’. Using a Fig. 1. Temperature tuning curve for the widely tunable diod, laser.
simpler technique to be described below, we have developed Strongly absorbing regions for some common pollutant gases are
lasers that possess extended wavelength tunability (300 cin 1) indicate i.
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~sscs ~~~~~~~ ,-~ Figure 2 i llu strates application of the widely tunable laser
operating at a base temperature of 77 K in a liquid nitrogen
Dewar in calibrating sensitivity for laser monitoring and
identif ying potentia ll y interfering species for a common pol-
lutant , ethylene (C2H4) . In this procedure a pure samp le of
the pollutant is scanned with the laser , first at low pressure,
then at atmospheric pressure, using air or nitrogen for the
balance. At low pressure (trace (b ) J the absorption lines are
narrow and easily identified. Potential interferences from
other constituents such as H:0, C02 , CH 4, etc. are identified

absorption lines of any interfering gases. Having selected the

~ by recording their low press’.lre absorption lines in the same
reg ion. Wavelengths for monitoring are selected to avoid

~~~ optimum monitoring wavelength , the atmospheric pressure
scan (c) then provides a quantitative measure of the attenu-

200 r 12.
C0RR (N1 ~~A atIon coefficient per unit concentration. Relative frequency

calibration is obtained by means of a Fabry-Perot etalon .5
Fig. 2. Laser spectroscopy of C2 H 4 using diode laser operating cw Ammonia is another important gaseous pollutant in the
at 77 K (li qui d nitrogen-cooled). Trace (a) is for the evacuated cell , troposphere and stratosphere for which sensitive monitoring
(b) for 1 Torr C2H4, and (c) for 13,200 ppm C2H4 in air at atmospheric instrumentation is urgently needed. Recentl y Schnell and

pressure. Cell length is 30 cm. Fischer6 reported spectrophone measurements of the ab-
sorption coefficients for NH 3 at several CO2 laser lines, which
included one of the highest values ever obtained in the ir: 120
atm~~ cm ’ at 360 Torr total pressure, for the R(30) CO2 laser
line at 1084.635 cm ’ (~...9 22 Mm ) . Because of the interest in
detecting this pollutant by laser techniques, we have examined
in detail the NH3 absorption in this region with the widely~.o r —~~~~ 

to )
tunable diode laser of Fig. 1 and with a grating-tuned CO2
laser. 7 The resulting measurements are shown in Fig. 3.

05 Trace (a) is a diode laser scan of the pure gas at 0.1 Torr
pressure, which reveals absorption lines corresponding to theI.-

six sR(5 ,0)—s R(5 ,5) NH3 transitions listed by Garing et al .8
0.S t c )

As far as we know , these lines have not been previously re-4

(b )

solved. Trace (b) is a diode laser scan for 0.46 Torr NH3 in
I 360 Torr air. The absorption coefficient at the R(30) CO2
55 04
z laser line was found , by using the discretely tunable CO2 laser,4 to be 120 ± 10 atm ’ cm ’, in agreement wi th Schnell andI-

Fischer’s measurement.6 At line center (v = 1084.605 ± 0.002
cm ’, determined by correlating the CO2 laser data and diode0.) 

(5. 2)
laser scans), the absorption coefficient is 162 atm ’ cm 1. A

(5 .4 )- ” \I..._l/~,,.—_ CO, LASER LINEI
_________________ 

total pressure of 360 Torr corresponds to an altitude of 5 km0 ____________________________ ____________________

~0S44 2054 5 054.1 10S4~ 0S45 above sea level. Schnell and Fischer did not report any
wAvE NUM9ER ( cm 1) measurements for atmospheric pressure; consequently, we

performed the laser scan of Fig. 3(c) and also measured the
Fig. 3. Laser spectroscopy of NH 3 using diode laser in closed cycle absorption coefficient for NH3 at atmospheric pressure for the
refrige rator , operating at approximately 90K . Trace( s) represents R(30) CO2 laser line. The absorption coefficient at the R(30)
0.1 Torr NH,, (b I is 0.46 Torr NH3 with 360 Torr air added , and (c) line is 75 atm ’ cm ’ vs 93 atm ’ cm ’ at line center. Thus,
is 0.46 T rr NH3 with 750 Torr (1 atm) air added. The CO2 laser line the widely tunable diode laser has been useful for observing

is R (30) at 1084.635 cm ’. Cell length ,s 30cm. the transitions contributing to a strong absorption line of NH3
at atmospheric pressure and revealing the relative location
of a fixed frequency laser line, which appears attr active for
monitoring this gas at sea level and to altitudes of several ki-
lometers.

Table I. Spectral Absorption Coefficient (k) and Predicted Using this widely tunable diode laser mounted ~n a tern-
Sensitivity for Measurement Over a 1-km Atmospheric Path perature stabilized , closed cycle refr igerator, we have inves-
for Several Pollutant Gases at the Indicated Frequencies (V) tigat.ed several other important molecular species listed in

Table I. This table contains the largest values of atmosphericSensi-
k(atm ’ tiv ity absorption coefficients measured for these gases at the m di-

Molecule Formula v(cm -’) cm ’) (ppb)a cated frequencies. Predictions of the corresponding sensi-
tivities for a 1-km path are based on a state-of-the-art signal

Freon-il CCI ,F 847 110 0.27 procesaing capability.’
Freon- 12 CCI , F, 921 275 0.11 The widely tunable diode lasers were fabricated by com-
Vinyl chloride C,H,Cl 940 11 2.8 positional interdiffusion (CID)—a new method for forming
Ethylene c,H 4 950 42 0.71 single heterojunct ions without complex vapor9 or liquidOzone 03 1052 22 1.3 phase’ epitaxial growth steps. An essential feature of CID,Ammonia NH , 1085 93 0.33 to be described in detail ins subsequent publication, is the use

~Sensitivity based on detecting 0.3% change in received of a quaternary (PbSe)i (SnTe)5 crystal, with x adjusted
laser power. ’ to obtain the desired emission frequency. The energy gap of

1654 APPLIED OPTICS / Vol . 15. No. 7 / July 1976
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this quaternary alloy decreases by approximately 8 meV for References
each percent of SnTe. A heterojunction is formed when the
crystal in annealed with a binary PbSe source, since SnTe 1. R. T. Ku , E. 13. Hinkley, and J. 0. Sample , App I. Opt. 14 , 854
volatilizes leaving a surface layer rich in the larger bandgap ( 1975).
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300-1400 cnc~’. Though the present devices are not precisely 5. E. 13. Hinkley, K . W. Nill , and F. A. Slum , Laser Spectroscopy
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In summary, we have shown that a new type of widely Heidelberg, 1976), Chapter 2.
tunable semiconductor diode laser can permit sequential 6. W. Schnell and G. Fischer, App I. Opt. 14,2058(1975); G. Fischer,
monitoring of many pollutant gases with a single device con- Swiss Observatoire Cantonal; personal communication.
nected to a closed cycle refrigerator of adjustable temperature 7. We are indebted to C. Freed of MIT Lincoln Laboratory for use
and can be useful for fundamental laboratory measurements of his CO2 laser apparatus, and to W. A, McClenny of the U. S.
as well. Moreover , for even simpler instrumentation involving Environmental Protection Agency for suggesting the spectro-
only liquid nitrogen as the coolant, current tuning of the diode scopic study of ammonia.
laser can still be used to reach a number of pollutants. This 8. J . S. Garing, H. H. Nielsen , an d K. N. Rao, J.  Mol. Spectroec. 3,
new development will greatly increase the usefulness and 496 (1959).
versatility of long-path monitoring for air quality assessment 9. J. N. Wajpole, A . R. Calawa , R. W. Ralston, T. C. Harman, and
and model evaluation. J. P. McVittie , App I . Phys. Lett. 23, 620 (1973); J. N. Walpole ,

The Lincoln Laboratory portion of this work was supported A. R. Calawa, T. C. Harman, and S. H. Groves, App I . Phys. Lett.
by the National Science Foundation (RANN ) and the U.S. 28, 552 (1976).
Environmental Protection Agency. 10. C. A. Kennedy and K. J. Linden , J. Appl. Phys. 41, 252 (1970).
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Me thods and Standards for Env ironmenta l Measurement ,
ProceedIngs of the 8th IMP Symposium ,
Held Septeun~,er 20—24 , 1976. Gal thersburg . Md. (Issued November 1977).

LONG-PATH MONITORING WITH TUNABLE LASERS’

4 E. 0. Hinkley 2 and R. T. Ku

Massachusetts Institute of Technology
Linco ln Laboratory

Lexington , Massachusetts , 02173, USA

1. Introduction

By using a tunable laser whose signal is reflected from a distant target, differential
absorption of the laser power can permit a quantitati ve determination to be made of the
integrated pollutant concentration over the path due to a particular gaseous species. Many
molecular pollutants, such as NO , NO2, SO,, CO. and 03 [i]~, have already been monitored in
the atmosphere using this techni que, employing different types of tunable lasers in the
ultraviolet, visible, and infrared regions of the electromagnetic spectrum. Integrated-
path measurements such as these are important for study ing various computer models being
proposed for region-wide prediction of pollution levels, since their basic grid size is
usually around 1 km.

Traditionally, pollutant concentrations have been measured by point -sampling instru-
mentation . However, the limi tations of these standard methods become obvious in cases
where the average pollutant concentration over a large area must be determined. In this
paper , we describe a tunable laser system representing a development in the direction of a
versatile and reliable monitor for such in s i t u  ambient -air measurement. Moreover, with
eventual utilization of the new widely-tunable diode lasers [2], it is possible to monitor
several different pollutant gases simultaneously. A mu ltipo llutant capability is extremely
useful since many pollutants interact with each other , and the time evolution of their
concentrations can be incorporated into the mathematical models, along with meterological
and topological data , for advance prediction of air pollution levels.

We have developed a tunable semiconductor diode laser system for monitoring pollutants
over long outdoor paths. The laser source is one of the Pb-salt types [3,4) which have
several useful properties for field applications , such as small size, ruggedness , and ease
of wavelength tunability . By chemicall y tailoring various combinations of Pb-salt compounds
we can effectively cover the infrared wavelength range from 3 to 32 urn. Many important
atmospheric pollutants can be detected by lasers in this range. By using various PbSj_

~Sexlasers , which operate in the 4-6.5 urn range , we have monitored CO. H20 and NO over long
paths. Once a laser is constructed to operate nominally and in the wavelength region where
a particular pollutant has strong absorption lines , the laser can be tuned simp ly by
varying the injection current or laser temperature.

1This work was supported by the National Science Foundation (RANN) and the U. S. Environ-
mental Protection Agency.
2Present address: Laser Ana lytics, Inc. , Lexington , Massachusetts
3Flgures In brackets indicate literature references at the end of this paper.
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2. Discussion

The essential components of the laser optical syitein are shown in figure 1. The
diode laser is mounted in a closed-cycle cryogenic cooler , and its emission is collimated
by an Al-coated parabolic mirror M-i , 12 cm in diameter. The beam is transmitted down-
range to a remote retroreflector (hollow corner-cube ) 14-2 which reflects it back towards 14-I,
and then refocuses it onto the infrared detector situated behind a calibra tion cell. In
order to minimize the effects of atmospheri c turbulence on system sen si tiv ity , a derivative
spectroscopic technique is employed in whic h the laser is frequency -modulated at 10 kHz at
the pollutant gas absorption line of interest.

a)
I .

0 —

a)

Figure 1 . L o n g — p a t h  d iode i i  ~~r von i tot i nq sys tern.

292
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This system was first used at our Laboratory ’s 300-meter test range in Bedford ,
Massachusetts, where an nxperiinetita l detection limi t of five Ia r t s  per billion of CO was
establIshed 15). An identica l system was then incorporated into a mobile van which has
since been utilized in St. Louis, Missouri , for atmospheric measurements of CO at various
sites during the sunsiters of 1974 , 1975, and l~76, in conjunction with the Regional Air
Pollution Study (RAPS) of the U. S. Environmental Protection Agency [6). In addition , our
mobil e system has also been driven to Cambridge, Ma ssachusett s for monitoring atmospheric
NO i,i the vicinit y of a traffic rotary .

The sensitivity and accuracy of these measurements are discussed , and the long-path
measurements are compared wi th point sampling results in order to evaluate the potential
of the long-path laser monitor for provi di ng more reliable and acceptable quantitative
measures for air quality.

3. Measurement Techni ques

Tunable laser spectroscopic measurements in the laboratory are usuall y performed by
propagating the laser radiation through an absorption cell. The change in laser power
transmission durin g tuning can be used to obtain the absorption coefficients, line widths ,
and line shapes of the spectral lines. The experimenta lly-determ ined absorption coeffi-
cients can then be used to measure an unknown pollutant concentration using the amount of
laser absorption in conjunction with Beer ’ s Law .

Field measurements of ambient gases are similar to the laboratory procedures , The
amount of absorption over a long atmospheric path can be related to the ~2u~rage pollutantconcentration over that distance. In order to mini ~~ze atmospheric turbulence effects on
laser beam propagation , a derivative spectroscopic technique can be employed 15]. Syn-
chronous detection at a high a .c. modulatien frequency , about the desired laser infrared
frequency , provides the derivat ive of the absorption signal. Atmospheric effects are
reduced by ratioing the derivative with the direct transmission signal. System ~‘zero ’ is
achieved by tuning the laser to line center (where the derivative/ratio si gnal should be
zero) or by placing a retroreflector nea r the transmitting optics (to simulate a si gnal
wi th effectively zero absorption).

Calibration is achieved by placing a known concentration of po llutant -N 2 mixture in
the 10 cm cel l . For example , if the monitot-ed path outside is 610 meters , a calibration
gas of 1 ,000 ppm mixture produces the same si gnal as 164 ppb over the long path . Linearity
is confirmed by using several mixtures of different concentrations in the calibration
cell. Inaccuracies in the measurements which occur as a drift of the zero-ppm signal and
changes in linearity and repeatability of the calibration points , were mainly due to
variations in the laser frequency . By proper controls, we have been able to reduce these
effects to achieve an accuracy of ~5 percent of the nominal reading.

4. MonItoring Results

In order to evaluate the measurement techni que, “zero.” and t.al ibration procedures .
comparative tests were made of pollutant var iab i lity using the long-path laser monitor and
an air bag samp ler which was filled during a traverse of the laser path. Results wi l l be
shown to support the validity of our measurelileti t and calibration tecnniq~~s.

The CO pollutant concentration was found to be quite dependent upon the location of
the monitored area. For examp le , results will be shown for a generally low-concentration
farm site in Illinois over which clouds of CO occasionally pass. In contrast , large
changes in concentrati on were noted for an inner city site in St. Louis at various hours
due largely to local traffic conditions. Significant spatial variations were also observed
by means of a conventional point sampling instrument moved along a 1 km path , ir’dicatin g
the desirability for a long -path monitor for path-averaged pollutant measurements,
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5. Conclus i on

The long-path diode laser system has permitted unattended monitoring around the
clock , wi th calibration checks reduced to two or three times a day. Al though these
resu’ts have demonstrated the feasibility and usefulness of long-path laser monitoring,
several in~rovenients must be made in future systems in order to increase reliability and
provide legally-acceptable air quality measurements.
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Tunable semiconductor diode lasers can be tailored to emit
coherent radiation at wavelengths covering a wide region of the
infrared “fingerprint ” portion of the electromagnetic spectrum.
With relatively large molecular absorption cross sections and
generall y acceptable s p e c if i c i t y  in this region of the spectrum,
several important applications of these devices to gaseous pollu-
tant detection have resulted. In addition to providing f undamen-
tal high-resolution infrared spectroscopic data for a number of
molecular species, diode lasers have been used for low—pressure
sampling, in situ source monitoring, long-path ambient-air moni-
toring, and passive infrared heterodyne detection. Recently
there have been several new developments réla ted to implementa-
tion of these devices for monitoring applications in the lower
and upper atmospheres. In particular , one technological break-
through with respect to the device itself has greatly increased
the tunability of individual lasers. Other advancements to
be discussed include laser spectroscopy of the free radical
chlorine monoxide, heterodyne detection of stratospheric ozone
lines, and long-path ambient-air monitoring at sea level.
Finally, the implications of these recent advances for future
monitoring instruments and systems are discussed.

1This work was supported by the National Aeronautics and Space
Administration under Contract WAS 7—100, the National Science
Foundation (RANN), and the U.S. Environmental Protection Agency.

2Present address: Laser Analytics, Inc., Lexington,
Massachusetts 02173.
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I. INTRODUCTION

One of the most promising applications of tunable lasers is
in the detection and measurement of ambient air pollutants; and
many atmospheric pollutant gases such as NO, C H4, SO2, CO, and03 have already been detected by various tunab~e laser tech-
niques (1). The most widely used tunable laser for this purpose
is the Pb—salt semiconductor diode laser which can be tailored to
emit coherent radiation over most of the infrared “fingerprint ”
region of the spectrum. Diode lasers are now available conuner-
ci.ally, and cover the spectral region from 3 to 27 pm. A photo-
graph of one of these diode lasers is shown in Fig . 1.

Applications of tunable diode lasers in air pollution moni-
toring involve fundamental laboratory spectroscopy in addition to
fieldable systems. In this paper we cover advances related to
performance of the lasers themselves as well as their utility
for the spectroscopic and field applications. In some instances ,
the fundamental spectroscopic information obtained in the labora-
tory by diode lasers can provide important data for the design
and development of monitoring instrumentation using either tun-
able or fixed frequency lasers.

0~~~~

Fig. 1. Tunable semiconductor diode laser in standard pack-
age. Overall dimensions are 19.1 mm long, 6.4 mm wide , and
7.9 mm high. Typical laser length is 0.5 mm.

_ _ _ _ _ _ _  _ _ _ _ _ _
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II .  WIDELY-TUNABLE DIODE LASERS

Tunable diode lasers are useful for monitoring air pollutants
because their emission wavelengths can be made to coincide with
infrared absorption lines of most gases, and their output can be
sufficiently collimated for transmission over distances of sev-
eral kilometers for field applications. The use of an individual
laser for detection of more than one pollutant, however , has been
limited by a somewhat narrow tuning range (-30 cm 1) and the need
to maintain the diode at low temperature (<20 K) for cw opera-
tion. A diode laser with significantly wider tunability was
first developed in 1974 by Groves et al. (2). These lasers oper-
ated cw to a temperature of 80 K, with tuning over nearly
280 crn~~ . Using a simpler technique of compositional interdif—
fusion (CID) (3), lasers have been developed that have extended
wavelength tunability (to 400 cm 1 ) and operate cw at tempera-
tures as high as 130 K. Even with liquid nitrogen to achieve
operating temperature (77 K) in a simpler system , tuning over
100 cm~~ is possible by varying the diode laser current.

Figure 2 illustrates temperature tuning of a diode laser
fabricated by this new method in the 9-12 pm region , with nomi-
nal frequencies for monitoring several pollutant gases indicated .
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Fig. 2. Temperature-tuning curve for widely-tunable diode
laser of (PbSe )7 (SnTe)

~~
. Strongly absorbing regions for some

common pollutant gases are indicated.
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Strong absorption lines of many important gases fall within the
overall tuning range of this laser; and it is worth noting that,
with regard to long-path monitoring, atmospheric transmission
over a 10-kin sea level path is typically greater than 50%
through the 8.7—12 pm region (4), making this an ideal spectral
range for atmospheric long-path monitoring.

It is clear from Fig. 2 that the new widely-tunable lasers
are important laboratory devices as well, where a large number
of gases can be studied spectroscopically with a single diode
laser. Results of diode laser spectroscopy on ethylene, vinyl
chloride, ozone, ammonia, Freon-li , Freon-l2 and ethyl alcohol
have been obtained with the above laser in the 9—12 pm region.
Most of these data have been reported in Ref. 3.

In summary , this new type of widely tunable semiconductor
diode laser can permit sequential monitoring of many pollutant
gases with a single device installed in a closed cycle refrig-
erator of adjustable temperature, and can be useful for funda-
mental laboratory measurements as well. Moreover, for even
simpler instrumentation involving only liquid nitrogen as the
coolant, current tuning of the diode laser can still be used to
reach strong spectral lines of a number of pollutants. This new
development will greatly increase the usefulness and versatility
of long-path air quality monitoring.

III. SPECTROSCOPY

The introduction of a diode laser system as a commercial
monochromator (5) has led to important fundamental measure-
ments of gases and advances in the state-of-the—art of spectros—
copy in general. Important advances in the understanding of the
band structure of complex molecules such as sulfur hexafluoride
for isotope separation applications have been made in the laser
division of the Los Alainos Scientific Laboratory (6). Other
diode laser isotopic spectroscopy carried out at the University
of Bern may help to develop a new detector for 14C and 14CO2 

(7),
which are emitted in atomic power plants. Studies of line
shapes and frequency shifts of spectral lines of sulfur dioxide
attached to an argon matrix have been performed at the Swiss
Federal Institute of Technology using tunable diode lasers (8).
Finally, the use of expansion nozzles to form cooled molecular
beams, thereby reducing Doppler effects to achieve sub-Doppler
spectroscopy , has been pioneered by researchers at the University
of Waterloo in Canada (9).

Laser spectroscopy , because of its very high resolution , re-
quires new calibration techniques. The use of cells containing
gases whose absorption line frequencies are precisely known is
expanding , and recently researchers at the NOAA National
Environmental Satellite Service and The Ohio State University
reported calibration of CO2 spectra in the 14—15 pm region for

12 
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this purpose (10) . Accurately—calibrated CO 2 laser lines in the
9-12 pm region have also been used. For a general review of
infrared laser spectroscopy to 1975, see Ref. 11.

As an example of the way in which diode laser spectroscopy
can benefit air pollution monitoring, consider the free radical
chlorine monoxide (CtO) which many consider to be an important
component of the stratosphere. There is, at the present time,
considerable controversy surrounding the concentration of CtO in
the upper atmosphere, and its potential to reduce the quantity
of stratospheric ozone (12). Some CLO measurements already made
have been found to differ by considerably more than an order of
magnitude. A new study based on a remote optical laser technique
should be highly desirable to resolve these discrepancies.

Chlorine monoxide is a highly reactive tadical which
cannot be prepared in high concentrations; consequently,
laboratory measurements with most conventional spectrometers
cannot resolve--or even quantitatively measure , as it turns
out--the spectral signature of this gas. However, using a tun-
able PbSn’re diode laser , the Cia fundamental absorption band
near 850 cm~~~1

has been observed (13) . The high resolution (less
than l0~~ cm ) of this tunable source was needed to resolve the
narrow spectral lines at the low pressures for which CLO is
relatively stable. The C9~O for the measurement was generated in
an apparatus schematically indicated in Fig. 3. Ci

2 and Hepassed through a microwave discharge to produce Cl atoms, which
continued down the tube where they encountered a dilute mixture
of 03 in 02 at approximately 7 torr pressure. CZO was formed by
the reaction

C i + 0
3

-). C f o + 0 2.

For maximum sensitivity, the technique of derivative spectroscopy
was used (ii), with the diode laser wavelength modulated by super-
imposing on the steady excitation current a small, 100-Hz sinu-
soidal modulation. One of the C9~0 lines is shown in Fig. 4 along

CL
2 
: HE

ii h ...—_—RF DISCHARGE
TUNA RLE . ‘I r

DIODE LASER L:.__. -

(Th~~~ _ _ _ _ _ _ _

~] [ 1

COLD TRAP , _________________________

GE:Cu DETECTOR

Fig. 3. Experimental setup for laser spectroscopy of CLO.
From Menzies et al (13)1.
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NH 3~

LA SER ~R E0UENCY

Fig. 4. Derivative spectrum of C9.O line at 847.00 cm~~
obtained with a tunable diode laser. Also shown is strong NH 3reference line , sP(6 ,5), at 847.04 cm~~.

with a much stronger NH3 line used for frequency (wavelength)
calibration . By studying a number of Cia lines in this manner,
and with the aid of recent microwave measurements of the Cia ro-
tational constants for both the ground and first excited vibra-
tional levels (14), Menzies et al have determined the infrared
band center and rotational constants for the Cia fundamental
vibration (13).

The importance of this research for the remote detection of
Cia stems from the direct measurement of absorption cross sec-
tions and frequencies. They provide the basis for a theoreti-
cal understanding of the molecule, and from that we can then pre-
dict parameters for those lines which have not )‘et been observed,
so that other lasers (e.g., the isotopic CO2 laser) may be con-
sidered for monitoring this species.

IV. LONG-PATH MONITORING

Diode lasers have been used for measuring atmospheric carbon
monoxide , nitric oxide, ethylene and water vapor, Path-lengths
have been as long as 2 kin (15). The CO measurements were per-
formed mainly in St. Louis in conjunction with the Regional Air

14
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Pollution Study of the U.S. Environmental Protection Agency (16).
By comparing the long-path results with those of point-monitoring
instruments, the laser measurement and calibration technique were
confirmed. Nevertheless, at times there was marked disagreement
between the point and long-path measurements , depending on the
meteorological condi t ions and nature of the pollutant source.
Cont inuous , long—path data were recorded over many days for use
in the development of mathematical models for predicting air
quality (16,17).

The essential components of the laser optical system are
shown in Fig. 5. The diode laser was mounted in a closed-cycle
refrigerator, and its emission collimated by an Al-coated para-
bolic mirror, 12 cm in diameter. The beam was transmitted down-
range to a remote retroreflector (hollow corner-cube) which re-
flected it back towards the paraboloid , which ref ocused it onto
the infrared detector situated behind a calibration cell. In
order to minimize the effects  of atmospheric turbulence on sys-
tem sensitivity, a derivative spectroscopic technique was em-
ployed in which the laser was frequency-modulated at 10 kHz
at the pollutant gas absorption line of interest (15).

Calibration was performed by placing a known concentration
of pollutant—N2 mixture in the 10 cm cell. For example, if the
monitored path outside is 610 meters, a calibration gas of
1,000 ppm mixture produces the same signal as 164 ppb over the
long path. Linearity was confirmed by using several different
volumetric mixtures in the calibration cell. Inaccuracies in
the measurements, which occur as a drift of the zero-ppm signal
and changes in linearity and repeatability of the calibration
points, were mainly due to variations in the laser frequency.
By proper controls, these effects were reduced , and an accuracy
of ±5% of the nominal reading achieved.

Chopper

Detector C~
Loser

R.trorefl sctor

F ig .  5. Optica l system f o r  long-path monitoring.
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As an example of monitoring in which there was an unexpected
difference between the point and long-path measurements (17),
Fig. 6(a) shows data for a 24-hour period on 8/2/75. Two sharp
peaks were recorded by the laser monitor around 0800 CTS; but,
due to their fast rise and fall times, correlations with the
RAMS hourly readings at 0800 and 0900 CST were poor. In order
to check this apparent discrepancy, minute-by-minute readings
from the point sampling instrument were obtained from the origi-
nal computer data library. These, along with the laser data at
a 1-sec time constant are shown in Fig. 6(b), where the correla-
tion in both magnitude of CO concentration and time for each of
the two “events” is excellent.

The long-path diode laser system has permitted unattended
monitoring around the clock, with calibration checks reduced to
two or three times a day. Although these results have demon-
strated the feasibility and usefulness of long-path laser moni-
toring , several improvements must be made in future systems in
order to increase reliability and provide legally-acceptable air
quality measurements (17).

4 I I I I I 1 1 1 1 1

RAMS Data: x 812(15
Calibration Accuracy: ±5% (overall)
Zero Drift: 0. ~) ppm (overal l)

.—C)-0200 i C C C

. 4 -
C
-s A

—

* 
-

I A X X~~* X
ol I I I I I I I I ‘ — l I I

oim ~eoo
Hour ot Day (CM)

Fig. 6(a). Long-path CO monitoring at Regional Air Moni tor-
ing Site #108 in Granite City, Illinois on 2 August 1975, wi th
RAMS data hourly averages. Total pathlength = 0.68 km.
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Fig. 6(b) . Four-hour segment of Fig. 6(a) with RAMS data
minute—by—minute averages.

V. SOURCE EFFLUENT MONITORING

The concentrations of pollutant gases emitted by sources is
usually highest in the effluent stream near the source itself.
Because of the higher concentrations, shorter pathlengths are
usually adequate for sensitive detection of these pollutants.
Monitoring of smokestacks and automobile exhausts by tunable
diode lasers has already been discussed in the literature (1).
Recently, however, Hanson and associates at Stanford University
have shown that tunable semiconductor diode lasers can be used
in combustion research as well. They reported (18) the detec-
tion of carbon monoxide in the flame of a propane gas jet, and
determined its concentration. Moreover, by measuring the width
of the CO lines they were able to determine the gas temperature.

VI. REMOTE HETERODYNE DETECTION

Because of the effects of pressure broadening on a spectral
absorption line , it is possible to use lineshape information ob-
tained in the manner of Fig. 7 to determine the concentration of
a pollutant gas as a function of altitude. In Fig. 7(a) the
technique of solar heterodyne radiometry is illustrated , in
which the sun serves as the source of radiation and a laser local
oscillator is used to measure the amount of the transmitted sig-
nal. By tuning the laser through a known absorption line of a

169
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Sun

Satellite

4,

-4---
~~~—- Stratospheric Pollution

(b)
Tunable
Loser

Tropospheric Pollut on

F i g .  7. Diagrams f o r  long-path vertical p r of i l e  monitoring
of  the a tmosphere using ( a )  passi ve sqstent with sun as radiation
source and tunable-laser  heter odyne detection , and (b)  active ,
ground-based system employing cooperative sa te l l i t e  r ef l e c t o r .

pollutant present in the region between the receiver and the sun,
a dip in the transmission will be observable. The same analysis
applies over the two-way path of Fig. 7(b) involving a satellite
r e f l e c t o r .

Two laser measurements based on the heterodyne technique of
Fig. 7(a) have been performed during the past year. In early
1976, Menzies and SeaL, used several lines of a discretely-
tunable CO., laser to determine the height profile of ozone (19).
More recen~1y, Frerking and Muehiner of M.I.T. have performed
the same measurement using a continuously—tunable semiconductor
diode laser as local oscillator (20). Their apparatus consisted
of a diode laser , beam splitter , infrared detector , and optics
all attached to the cold head of a liquid nitrogen dewar , oper-
ating at 77 K. Figure 8 shows their results for ozone in the
frequency range 1010.9 to 1011.8 cm ’. Trace (a) is a fully-
resolved (0.0001 cm~~- resolution) direct absorption spectrum of
ozone measured by transmitting the diode laser radiation through
a laboratory gas cell. The heterodyne absorption signal from
the sun is displayed in (b), which shows the same ozone

18



-~~ — -~ — .- 
_ _ _ _ _

USE OF TUNABLE SEMiCONDUCTOR LASERS 171

S I I I I I I I I I

1011.0 1011.4 1011.8
Frequency (cm 1)

Fi g. 8. Ozone spectra measured with a tunable diode laser.
Trace ( a )  obtained in laboratory by direct absorption spec tros-
copy.  Trace ( b )  was a measurement over the same spectral region
using heterodyne detection with the sun as source of radiation,
in the manner illustrated in Fig. 7(a) . (Adapted from Frerking
and Muehlner (20).]

absorption lines due to the presence of the gas in the stratos-
phere. The instrumental resolution in this case is 0.006 cm~~
(180 M H z) ,  limited by the bandwidth of the rf amplifier system.
This result represents the first use of a tunable laser hetero-
dyne receiver to trace Out the continuous absorption profile of
a molecule over a broad (0.8 cm~~ or 24 GHz) spectral range, as
well as the first wide-scan spectroscopy of an atmospheric con-
stituent with a tunable heterodyne receiver.

VII .  CONCLUSION

With the commercial availability of tunable semiconductor
diode lasers, there has been a remarkable series of developments
and advances in the applications of these devices to environ-
mental monitoring and related spectroscopy. Other device im-
provements need to be made, such as mode quality, power, stabil-
ity, etc. and are being vigorously pursued; and it appears that
these devices will prove to be even more useful in the years
to come. The purpose of this paper is to point out the recent
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advances in these tunable lasers and their applications, and ,
hopefully, have the reader develop new ideas for applications of
the future.
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High-sensitivity infrared heterodyne radiometer using a
tunable-diode-laser local oscillator
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A blackbody heterodyne radiometer using a widely tunable PbSnSe-diode laser as the local oscillator (LO b achieved
signal-to-noise performance that was an order of magnitude helter than previously reported and only a factor of
2.5 below that obtained with a C02-I.ser LO. The diode laser system performance was within a factor of 6 of an
ideal radiometer. High-resolution blackbody heterodyne absorption spectra of ethylene at 10.6 Mm were obtained
with a 0.4-sec post-detection integration time by tuning the diode LO in a closed-cycle cryogenic cooler.

Laser heterodyne radiometry has long been recog- to 30 K. Laser radiation (polarized parallel to the diode
nized as the completely passive method of detecting gas junction plane) was combined with the thermal emis-
absorption and emission lines with hig h spectral reso- sion at the Ge beamsplitter and focused onto a state-
lution.’ Menzies and Shumate2 have recently reported of-the-art HgCdTe photodiode,’2 which has a band-
laboratory detection of broadband emission signals from width of over 1.5 GHz and an effective heterodyne
several pollutant gases using C02- and CO-laser local quantum efficiency ’4 ( ‘le ) of 0.45. A spike filter (10.45
oscillators. Emission lines from astronomical bodies to 10.68 ~m) was used to limit the total blackbody ra-
have been detected near 10 ~m by using a C02-laser diation focused onto the detector. The RF signal gem-
heterodyne system.3 These fixed-frequency gas-laser erated by the photomixer was amplified by a low-noise
systems are limited by a dependence on an accidental (2.5-dB noise figure), wideband (B = 500 MHz)
coincidence of laser frequency with the characteristic preamplifier. The heterodyne signal was then
gas line. Heterodyne systems would be much more square-law detected and fed into a lock-in amplifier , the
versatile if a broadly tunable laser,4 such as a semicon- output of which was plotted on the X— Y recorder as a
ductor diode laser, could be used for the local oscillator function of laser current. A monochromator was used
(LO). to examine the mode structure of the diode laser and

In this letter we report high-resolution spectroacopy provide wavelength calibration as a function of diode 
-of C2H4 obtained with a diode.laser heterodyne system current. Precise diode frequency calibration was ob-

that has shown a sensitivity over an order of magnitude tam ed by heterodyning the diode laser with an auxiliary
greater than previously5’6 obtained with diode lasers. CO2 laser (not shown in Fig. 1). The IF noise from the
and within a factor of 2.5 of the quantum-noise-limited preamplifier was monitored with a spectrum analyz-
sensitivity we achieved with a C02-laser LO. Although er.
low-power tunable.diode lasers (<200 sEW) have been Heterodyne signal-to-noise ratio was found to be
used routinely for high-resolution infrared spectroscopy largely dependent on properties of the diode-laser LO,
of many molecules (resolution <l0~~ cm~~),7 and have such as the power available at the photomixer and ex-
been incorporated successfully in active iv-, situ and cess RF noise generated by the diode laser. A typical
Iong.path pollutant.monitoring systems ,~~ ° their ap- scan of heterodyne signal as a function of diode-laser
plication as a passive heterodyne L05’6 has been lim- current is shown in Fig. 2(a) for a diode laser with three
ited , primarily as a result of relatively low diode-laser or four dominant modes in the 20 cm ’ (600 GHz) scan
power level. Recently, diode.laser device improvement range. Note the occurrence of several very noisy regions
has increased the wavelength tunability to hundreds of (A , C, F, H), which are unsuitable for heterodyne de.
wavenumbers and the power level to several milli- tection and appear to be associated with mode switching
watts.1’ In addition , important advances12 have been and self-beating of laser modes. IF noise spectra in the
made in the wide-bandwidth heterodyne quantum 0 to 1 GHz region shown in Fig. 2(b) reveal quite dif.
sensitivity of HgCdTe photodiodes. These develop. ferent noise output in regions C and H as compared to
ments have stimulated interest in tunable.diode-Laser that of region E, where the LO was relatively well be-
local oscillators for heterodyne radiometer systems. haved. In region C. strong self-beat signals were de-

Figure 1 shows schematically the heterodyne setup, tected, and in region H, an excessively high “white”
which utilized a 900°C blackbody source and a tunable noise spectrum was seen. Mechanical vibration of the
I0.Mm PbSnSe.diode laser’3 LO mounted in a closed, diode on the cooler cold head probably contributed in
cycle cooler. The LO wavelength was coarse tuned by part to this noisy performance; however, the phenom.
adjusting the cooler temperature and fine tuned by enon is a general property of diode lasers, as we have
adjusting laser current. A total tuning range from 920 seen similar effects with diodes mounted in a liquid.
to 980 cm~~ was possible for cooler temperatures of 12 helium Dewar.
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laser’s SNR performance is substantially better than
SHUTTER ~~~ 

SOURCE 

that generally reported for systems using C02-laser
- ‘  . . C’~URP€ R LO’s, which is mainly due to the higher ‘le (0.45) of our

~~~~~~ . HgCdTe photodiode.16 This result is very encouraging,
CRYOGENIC I. E L LO power on the photodiode and compares favorablyCLOS CO CY CL E 

.
~~~

..,. since it was obtained with only 0.15 mW of diode-laser
s0I.,LER

H~~~d T 
with the best SNR value of 420 ± 20 that we obtained

_____- 
:~f — 

~~~~~~~~~~~~~~~~~~~~~~~ with a C02-laser LO. This quantum-noise-limited CO2
LO performance required 0.4 mW of CO2 power. The
factor of ~~~ difference in SNR between the diode and- . 

~~~~~~~~ I
0 ~~~~~ Ir (R 

- 
the C02.laser LO’s is due primarily to insufficient

- Y E  H lU _________

a~~~. reduced from 0.4 to 0.15 mW , the SNR dropped by
- 

ST AL 

- 
diode-laser LO power. When the CO2 LO power was

Y,.RCCHROUAT .SR . . 

about a factor of 2..D ( T CTO R j Kostiuk et al. 17 have discussed various degradation

LX 

factors in practical heterodyne radiometers. They have
- -, - ,~ shown that , for the case of insufficient LO power, the

Hi - ~.R(,E H (a  optimum beamsplitter transmission—reflection coeffi-
Fig. 1. Experimental setup used for diode.laser heterodyne cienta (T + R = 1) should be in the 40 to 50% region. In
radiometry, our experimental setup (Fig. 1), 36% (R) of the total

thermal power was mixed with 64% (T) of the LO. This
arrangement is close to the optimum for a single de-

B 0 tector. However , van de Stadt’8 has shown that a
-. -. -. c - — —  — — c- — - — double-balanced heterodyne detection system can re-

confirmed this recovery factor with diode- and CO2.
~I 

~ ~
1 ~ t~~ ’ O I s e c .._~ hi 

II 

‘ B 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

cover this beamsplitter loss factor. Indeed , we have

_____ 
diodes and preamplifiers were placed at the outputs of:~ ~~

-
‘ 

•L0~~
” ”

(~~)_ I6OA2O SHUI1 ER 
laser local oscillators. Two identical HgCdTe photo-

a 50% beamsplitter. A wideband transformer was used(
~
. i~1~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~

. to add the RF signals from the two preamplifiers. The
___________________________ SNR for this double-balanced detection scheme was

~~ III!? 
- - about 1.85 times that obtained with a single detector;

0 LASER CIJRRES (o~,p I thus the beamsplitter loss factor of 0.5 was essentially
recovered.

The best SNR region in Fig. 2(a) was used for heter-
odyne spectroscopy of ethylene. First , conventional
diode-laser spectroscopy’ was performed to locate the

0 0 - 0 ~ 
absorption of C2H 4 in this frequency region by placing

-- a 10-cm gas cell in the diode laser beam. Figure 3(a)
f~GHz) 1(6Hz) (1GHz) shows the transmission signal as a function of diode-Fig. 2. (a) Heterodyne signal as a function of diode-laser laser current , where the dominant laser mode was tunedlocal-oscillator (LO) current (i.e., wavelength). The amplifier

noise level was about a factor of 2 less than the lowest level through several C2H4 lines near 942 cm ’. Line-posi-
observed with LO on , as shown at 1.4 amp, with the shutter tion and laser-tuning rates were established by heter-
closed. (b ) Preamplifier RF noise spectra in the 0 to 1 GH odyne calibration with the P(22) line of a stabilized CO2
region for three different laser currents showing LO noise laser. Figure 3(b) displays the line spectra obtained by
(noise bandwidth = 100 kHz ) . tuning the diode-laser LO over the same range in a

heterodyne absorption experiment where the C2H4 cell
was placed in front of the blackbody source. The total

For Fig. 2(a), the best signal-to-noise ratio (SNR = scan time in Fig. 3(b), and also in Fig. 3(a), was about
160 ± 20) was found at I 1.42 amp (laser frequency 200 sec. The desired spectral resolution was achieved
~o942 cm~~). This observed SNR is only a factor of 6 by reducing the IF bandwidth B accordingly. For Fig.
less than the theoretical SNR of 1000 calculated for an 3(b), B was reduced to 300 MHz by placing a low-pass
ideal ( ‘le = 1) lO.6-~ m blackbody heterodyne radiometer RF filter between the preamplifier and the RF detector.
from the expression , The observed spectral resolution from the line profile

SNR = 2i7,, (Br,) ”2 T1, Iexp (hv /k Tnn — 1)) ’ 
in Fig. 3(b) is approximately 600 MHz (0.02 cm— ’) , in
agreement with the expected resolution of 2B. The

an d using our experimental parameters , Tan = black- quality of the heterod yne spectra is very encouraging,
body temperature (1173 K), B = IF bandwidth soo as it was obtained passively, without transmitting the
MHz , r~. = equivalent integration time = 4r~c of a laser beam through the C2H4 gas, and with only TRC =
12-dB/oct lock-in amplifier ’5 = 0.4 sec. A total trans- 0.1 sec. Total acquisition time of such heterodyne
mission factor (T0) of 0.077 was due principally to the spectra could be greatly reduced with the aid of an RF
heamsplitter , filter , and chopper transmission factors filter bank3’5 at the output of the preamplifier.
of 0.36, 0.62, and 0.5, respectively. The above diode In summary, we have demonstrated that high-per .
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REAL TIME DIGITAL RECORDING OF THERMOVISION DATA
Ronald Cordova and Ronald A. Parenti
Massachusetts Institute of Technology, Lincoln Labs -

Lexington, Massachusetts

A BSTRAC T
A direct , real time , video to digital data recording NOVA compatible word in an intermed iate bu ffer

system has been developed at Lincoln Laboratory to which is then tr ansferred into core memory. A block
record 10pm thermal imagery in conjunction with an of 5,476 data points is written onto standard 9 track
ACIA 680 LW camera. This device is now being used magnetic tape at the end of each camera frame.
to st udy the ther mal characteristi cs of va rious types System init ial izat ion requires only the adjustment
01 natural terrain for the purpose of developing tact ) - of the AGA display black level for normal picture
cal targe t acquisition techni ques. qual i ty .  This correctly positions the digitization in-

This data recording system consists of an Analog- terval while th e black level voltage provides the tern-
Digital interface , NOV A 2/ 10 mini-computer and perature offset ; the discrete step size is normally set
magn etic tape transport and is desi gned to record 16 equal to the noise equivalent temperature of t he
frames per second at an 87 k Hz digit ization rate wi th  Thermovision system. The final data format consists
8 bit precision. Computer controlled t iming cir cu its of a 74 x 74 picture element array with 0.2°C tern .
group pairs of 8 bit data points into a single 16 bit per atur e  reso lutio ti nd 50°C dynamic range .

INTROI)UCTION
Lincoln Laboratory h.is been involved in th~ developu ent of v , ir ,ety of activ e and passive

techn iques to detect and locate maui—made objects in n a t t i i . i l  terr ain.  Th is led to a requirement
ho r a system capable of ’ collecting qt ian t i t a t iv e  dat a in the 8—I 2pm atmosph eri c window reg ion.
Since most experiments were to be per formed at rem ote site locations , it was desirable to devel.
op a method of digiti z ing and ana lyzing in for m at ion in the field. The result was a real—time
digit ization system using state-of-the-art techni ques to record data generated by a AGA 680 LW
camera directly on a 9 track digital magnet ic tap e us ing a minicomputer  as an intermed iate
storage buffer. -

- Calibrated l i lni  recording
DIGITIZATION ALTERNATIVES 2. Ana log magn~’Iic tape recording

The majority of the existi n g and proposed digiti. 3. l)ircct digital recording
/aiio n methods fall int o three gener.tl categories: The first two methods rc~uirc an intermediate

atialo g sto r age mechanism and poSl~~Xp erifl ient dig) .
This work was sponsored by th e Defense Adsanced t i /a t i i ’n  , tt non .r eal-lime rate s : these techn iques are
Researc h Proj ects Agency of t h e  Depa rtnieii t ot pre sent ed sch ematicall y in Figures Ia and lb. The film
Defense , recording method has the advantage s of simplicity
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— - — -  - - - - the labor atory. A key advanta ge of this system is the
L i I capability of instant  data playback and analysis which

- -~ —- is often vital in non-repeatable experimental
S) 1LI ~It iOII S.

/

D~S P LA V 0IS~ As CAI BRA Tr O -
CAMER A CA M € R A  P OTOGRAP H

The real-time infr ared data collection system con-
structed by Lincoln Laboratory is pict ured in Figure
2 , It  consists of I’ivc major components :

~~~ ~

— 1 r~ i 1. An AGA 680 LW camera operating in the 8-12
- I - I a pm spectral waveband. This device has an 80 ~
— _:_J  

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
80 lens with a 1.3 mr instantaneous field of -

_j E~JJ view. The twise equivalent temp erature of this
- unit is less than 0.20C .

~~~~~~~A
P

T
A
E
P
~
. 

0~G~~ L 2. An analog to digital interf ace package contain-
Fi g. la ing a Ip s 8 bit A/D converter , a 16 bit hardwa re

output buffer , and data clocking circuitry
f ~ ( ~) which generates 2 450 sixteen bit words during

,~~~~ I;- ~~~~~~~~~~~~~ ~.._ -
‘ each ca mera frame .

- 3. A Dat -a General NOVA 2/ 10 mini-computer

~~~~~~~~~ ~~
- ‘ .

~ ~~~~ ~
‘
~~

- 
~~ .‘. 

A~~; with a 32 ,000 word memory. This device has a
16 bit parallel I /O central processor with a high
speed direct memory access channel capable of

- 
- t ransferr ing in excess of 500,000 words per

t ~ - 

~~~~~~~~~~~~~ 
second.

- ‘ “  \..~~J 4 . A Datum formatter-contro l ler which converts
- I L the 16 bit NOVA words to the standard 8 bit

£ ‘ALOG Q~, T~~~C IBM tape format.
5. A Wangco 9 track digital tape recorder ‘.pe ra (-

Fig. lb 
— ing at 1600 BPI density at 75 IPS. The maxi-

~~~~~~~~~~~~~~~~~~~~~~~~ 

s:
~~..i 

- 
.

-

~~~ 
mum writing speed of this recorder is I 20,000

A 1 eight bit words per second under continuous
- ~. -

~~ data transfer conditions.
- - Interaction with the NOVA computer for post-

- \ - - - L 

~~~ experiment data review and anal ysis is achieved
~~~~~ ti ‘ M 0-~ ~A -  0~G~TAt,

c- ~ - ’-:a ’ .. ~~~ ~ ~4P(

~~~~~~ for those laboratories with read y access 

-

to a microdensitometer. However , in many respects -

this is the least desirable of the three alternatives 
- -

owing to the inherent n on .hi ne arity and low info rms- - 
.

tion density of photograp hic film or plates. Magnetic ~~~~~~ - 
-

analog tap e recording systems eliminate these prob-
lems, but still require two separate steps to produce a
computer compatible digital tape .

Figure Ic illustrates the direct digitization concept.
The infrared camera video is digitized in real-time by -

fast AID converters and transferred directly to stan-
dard 9 track digital tape , thus eliminating the need for Fi 2duplicate analog tape recorders at field sites and in
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Fig. 3

through the use of a Teletype unit which is also shown stant  80 khlz data t ran s fe r  rate , which is well within
in this figure. In addition to numerical output , crude the capabili ty of several moderately priced digita l
gray scale pictures can be generated by the Teletype tape drives now av ailable.
which can be compared with the AGA analog disp lay Figure 3 is a functional  block diagram of the real-
for immediate conformation of proper system oper- time recording system pictured in Figure 2. Video
ation. signals taken from the camera accessory plug are

conditioned prior to recording by adjustment of the
DATA R ECO R DING TECH N IQUE picture black level to produce a normal image on the

The inherent spatial resolution of the AGA 680 AGA analog disp lay . The signal then passes through
camera yefids a 100 x 100 picture element f ield for a the offse t and gain circui t shown in Figure 4 which
total of 10 ,000 discrete data points. However onl y 70 places it w i th in  tile input  range of the 8 bit analog to
li nes are generated by each frame ; a complete infrared di gi ta l conver ter .  The circuit  gain is designed to
picture requires at least two or three interlaced scans match the digi t a l  step size to the noise equivalent
out of a full 7 frame field ’. The simp lest and most temperature of the infrared system , result ing in a
direct method of digitizing these data involves a 70 x 50°C dyiianik range with 0.20C temperature resolu-
70 sampling each frame , producing a 4900 discrete lion.
element field with 1.9 mr resolution.

The collection of 70 data points during a 400 ps
line scan is equivalent to an instantaneous sampling
rate in excess of 170 kHz , well above the tipper -

writing speed limit of most commercially available
digital tape recorders. On the other hand , state-of- ANA lOG OOA~ U’

/+\2
~~~~~~~~~
F 7

0 ‘ 2 5 A ~Opthe-art AID converters and minicomputers with hig h
speed data channels can easily digitize and store small
blocks of data at rates up to 1 MHz. The key concept
i n the solution to the real time digita l recording prob- NP~~A P( O

1cm is the use of a dedicated minicomputer to tempo- j
rarily store single frames of data prior to their transfer _________

0~.ll~.tto magnetic tape . The result is that a 4900 element Fig. 4 0

field can be recorded 16 times per second at a con-
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A 1(1 h it  Itardwa re butler follows t h e  A/I ) convertS
ei a h h I I w i l I g  t e n h I ) I I r a r y  S t I I I J g L ’ I l l  t W O  8 hit words Jor 

~~~ , ~~ ~~ ~~~~~~ 
_ _ -

st ihse quei it t r a l l s fe r  to ( l ie to  hi t  word length NOVA
une n lor v . ihe timIng cliCul t described in Figure 5 ~~~~~~~ . ~~~

receives the Iii  aii d f r ame ss i lL - pu l ses Ir on i the AGA 
I

080 u n I t  and  generat e s t I me  gales re gu la t ing  the floW ~ — L~ ~-~~~_~~~l S 1’ ,
of digit iied in b r  mat iou Ii  ( l i i i  I I l L’ l Ij I dw a r e  interfa ce — 

-

( I I  coiiipll lCi L I I r C  i U C I n I I I \  L I u l I l I g  I h i ~’ c . I i i l e r a ’s . i l t I V C  1~ 
~~~~~~~~~~~~~~~~ 

1~~~ T T  —

scan period. - - i r1-1. -
—~~ - b. - - . H ICom puter  in put  and out put I~ hand le d by a h ig h 
- ,~~, ~

- .- ~~~ ~~~~~ l~~I S I V  - 
-

speed data channel  W l i i L I I  tak ~ s I Ir s t p r i o r i t y  in a con~ - — -  ~~~-~~~~~I - - ~~_ —

I IISI heir : irchy wti cii Is S1ILIWEi ~n Figure 6 A data 
I ~

- - -

channel reque st generated d E l I c t  b~ the  A/I ) i i i t erf ac e .A ’ l  - 
- .

or the magnet i~ tap e driv e co l i t r o i l e r  mo m em it ar i l y i’
~~ 

- 4~ 

halts all computer  Ilp e r a t  ions g l i im r ai I  t ee ing un i n t e r — ~~~~~~~~~~~~~~~~~~ -

rupted Information t r an s t e r .  A low pr I O I i t ’ l soitware NI

program conE i l 1 L i E ) U s l ~ pertorms rout In c func t ions  Fi g. 5
such as resetill g tiags and ~I I t l i1 t e r s :  i t s  mai n task is
t h e  s w i t c i l i l i g  &if t i l e  I l’ad and writ e huller addresses ___________________________________________________________________________

when prtlgra iii i l i t e r  ELi ~ t - , slenal tli at these lii n et  10115 - 
- 

1 -

hase hun o.ompktod \ tot i i (II (100 SLIT id S ol SI It I 
—

ware niemor~ E S allocated Ill I I I t SC control ~~~~~ - -

al gorithms. ~~~~~~~

Two software boil fers , eac h capable ot st o r ing a ..~~, r ~~~~~

single frame of AGA data and occup y in g a t otal of . 
“- ,, ~~~~~~~~~~

5500 words of NOVA memory,  form the core of t h e  t 
- 

_ 
- i

real-time dig it al recording s~ stem. Data ~ w r i t t e n  
-

onto one nien iory bloc k dur Ing  tlI ~ active sca n period r ~~~~ 
— A

of the infrared camera wi l l i e . sini u lta i ieo us l y, t i le  EEC’ I ~ .IS C

VIOU S frame is read by the magnetic tape uni t .  Thus , — -

data transfer to tape lags tile camera video si gnal by a ~~~~~~— -~

full frame, proceeding at ai~ un int errupt ed average L . - -

rate of 78,400 eight bit words per second. Conversion ~ Y - -~>

of the NOVA 16 bit -words to tape compatible 8 bit — -

format is performed in the computer output  int erfac e 
-by a commeru lil y available form at ter  controller “ 

—

SYSTEM PERFOR M ANCE 1 L_-~~~~~ .
~~~~The performance of the real-t ime digit izatio n ‘‘ - ~~~~~~~~~ 

‘

~~

“

~ - 
- - 

~ - Isystem can be summarized by ti le followin g l ist : Fi g. 6 
- - - - 

_ — 
_ 

—

I . 8° x 8° field of view.
2. 1. 9 mr instantaneous field of view, can be best illustrated by the series of photograp hs
3. 70 x 70 data forma t . appearing in Figure 7. Figure 7a was produced by an
4. 16 frame per second data rate. inexpensive computer terminal device, using the stan-
5. 256 digital step precision (48 db S/N) giving a dard ASCII character set , to demonstrate the feasibil-
50°C temperature dynamic range with 0.2°C ity of producing crude gray scale images in the field.
resolut ion.  Figure lb , 7c, and 7d were generated in the labora-

6. 9600 frame storage capacity allowin g 10 min~ tory on a RAMTEK color monitor.
utes of continuous recording on a single 10 inch Finall y, it should be noted that the 70 x 70 data
digita l tape. format currently employed does not repre sent the

The picture qual i ty achievab le wi th  t h is system ultimate spatial resolution achievable with this system.
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The uti lization of an intermediate frame storage buff- onto a standard 9 t rack di git al tape. In its present
er effectively removes any digitization rate restric- confi guration the recording capability is roughly
lions imposed by tape drive writ ing speed limitations , comparable to that  of an 80 kIIz analog recorder , but
allowing data blocks of any size to be recorded as offers the added advantage of providing the user with
long as the average data transfer speed to tape is held immediate post experiment data analysis. Although
120 ,000’words per second. Plans are now being made this prototy pe system cannot match the portability of
to double the AID digitization rate and t~ interlace ti le flCW~ E analog recorders , it is expected that ad-
two successive frames to produce a 140 x 140 data vances in microprocessor and tape transport tech-
point field which would be recorded at a 4 field per nology will make it possible to construct a rugged ,
second frame rate , lightweig ht , direct digitization unit in the very near

future.

CONCLU SIONS ACKN OW LEDGMENTS
A direct , real-time digitization system has been We are indebted to Mr. Harvey Buss for the devel-

developed for the AGA 680 cam era which records 16 opmdnt of time multicol or display al gorithms used to
frames per second with a 70 x 70 data point format generate the infrared images appearing in this report.

REFERENCES
I D. Dorratcague , “Thermovision Digital Data Processing ”, Proceedings of (lie Second Biennial Infr ared Infor-

matio n Exchange , St. Louis , Missouri , August 27-29 , 1974.

197

32 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~ - . -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~ —- —  •-- - - -

PHOTOGIIAPHIC SCIENCE AND ENGINEERING • Volume 21 , Number 3, May/June 1977

Interferometric Evakiation of the Imaging Characteristics of Laser Beams Propagated Through
the Turbulent Atmosphere’

0. KelsaIl
Lincoln Laboratory. Massachusetts Institute of Technology, Lexington, Massachusetts

rap id , real-time , accurate field measurements of the OTF has
Fast and continuously shearing, very stable , triangular interferome - arisen.
ters for making accurate real-time measurements in field environ- It was first shown by Hopkins 4 that the OTF can be directly
ments at visible and infrared wavelengths have been developed and measured by means of a lateral shearing interferometer , using
used . The techniques employed are reviewed , an outline of their a monochromatic light source. With the advent of lasers ,
general properties is given . and some experiment .al work is described, emitt ing coherent radiation over a wide range of visible and
The degradation of laser beams when propagated through a turbulent infrared wavelengths, the interferometr ic techn ique appears
atmospheric medium has been measured . A series of modulation to be ideally suited to OTF measurements at sing le wave-transfer function (MTF) measurements in wind tunnels and on jet lengths. Many interferometric systems have been describedai rcraft has been carried out , an d image analysis and evaluation of already in the literature ,~~° although in most cases these in-representative data will be discussed. 

struments are not suitable for routine optical testing or for
field use. More recently, a corner-cube shearing interferometer
was constructed for making Modulation Transfer FunctionIntroduc tion
(MTF) measurements onboard a KC-135 jet aircraft . i2 InOptical image evaluation and in particular the measurement investi ga tions into the characteristics of opt ica l imaging 

-of the Optical Transfer Function (OTF) has usually involved throug h turbulent air paths, a series of experiments has beensophisticated laboratory measurements , carried out under carried out by MIT Lincoln Laboratory in wind tunnels andlaboratory conditions , where steps to minimize vibration and from jet aircraft. In the present paper, a review of the shearingair turbulence were necessary. One of the major objectives of interfer ometr ic technique that has been developed for thisthe efforts devoted to developing the OTF measuring tech- purpose will be given , and a brief account of the type of data
niques over the last 30 years has been the setting up of accu- that has been obtained shown , to demonstrate the capabilityrate procedures and standards , so that optical systems or of this method to obtain OTF measurements in difficult fielddevices , whether mass-produced by an optical company or a conditions.specialized one-of-a-kind optical system , could be uniquely Imag ing through the turbulent atmosphere is such that the
and accurately characterized. m

~
t 

OTF rapidly changes from one instant to the next. In windIn practice , optical systems are very often set up and aligned tunnels and in the turbulent air media around airborne jet
than when used in the laboratory . The measurement of per- through such paths changes at least as fast as 1 msec in many

in field environments , where they have different properties aircraft for example , the optical degradation of a beam
formance may also include that of the environment , as well instances. A common path lateral shearing triangular con-as including noise and disturbances arising from being used fi guration interferometer has been developed which is ex-in a field situation. Thus, with the now widespread use of laser tremel y stable, even in environments where large vibrationssystems in many developments from alignment devices , are present , and requires no adjustment in use. ’ l U  This fastcomm unication systems, pollution-measuring projects , to scanning interferometer (FSI) continuously measures thepropagation studies through the atmosphere, the need for complr-te OTF curve in about 1 msec, in real time , and allows

recording of the OTF data at the rate of 14,400 complete
Paper presented at the SPSE International Conference on tinaje Analysia ~~~ curves every minute. Several instruments have been built for
Ev.luation , held in Toronto. Ontario. Canada. July 19-23. i976. Received July operation in either (or both) the visible or infrared wavelength23. 1976 region up to 10.6 microns. The present FSI units have been•‘fl~~ work waa aponaored by the Department of the Air Fore,, 

used only to obtain the MTF curve to date, but the systems
(El i977 , Society of Photogra phIc Scientiat, and Rngin eera . also provide data to yield the phase transfer function. In ad-
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optics i i i  cxitcsoa points) of the carrier signal determines the phase component
of the OTF. The carrier signal frequency itself depends upon

PHOTO~~.JLTiPL LR the rate of change of k& This technique is described in more
MISROR I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ detail in refs. 13 and 14.FLIP 1’~~”l

iNTERcIS5NG ESSLE In practice a collimated beam is divided into two parts at
_____ 

a beam splitter B and reflected at two mirrors M I , M2 ar-
- 

— —  

beams traverse the triangular path in opposite directions, to
ranged to form a triangular interferometer (Fig. 1). These two

I , ,
~
__ — t ’~~p ’r:t recombine and interfere at the beam splitter where they

- 
produce an interferogram. The total flux in this exiting in-

a€ AM terferogram is collected and made to impinge on a radiation
detector. A plane parallel micrometer plate, located betweenMoTop

-
. ~r-- - ---- - . aso Mi and M2, is rotated rapidly at high speed . As itdoes so the

I . ,# ,
. EF~ OD€R two beams traversing the interferometer are laterally sheared

and undergo a relative path length (6) change. The two beams
P 5 OT FL A T E  make an angle ~ 0 = 0~ — 02 to each other , and ~8 is maintained

- 
constant as the micrometer plate rotates, althoug h it can be

- easily and accurately changed by a micrometer whkh rotates____________________ — 

the pivoted plate about a pivot point A on which the triangularFigure I. Optical diagram of FSI. interferometer is mounted. It can be show& ’t that the.relative
path difference 6 between the two beams traversing the mi-

dition , the systems yield angle-of-arrival measurements, such crometer plate as it rotates is given by
as in those experiments involving propagation paths through
the at mosphere , or where vibration of optical parts, tracker 6 = ) 1(~ — 1)t I /2 Ml (0 1 + 03) .  ~ 0 (2)
errors, or other disturbances may be producing wavefront tilts.
The MTF data are independent of the wavefront tilt or and that the total lateral shear s of the two beams is given
pointing direction , and are not affected by such disturbances. by
A brief review of the FSI system is given here followed by a 

.~ = 2I( (~ 
— 1)t 1/ ( ~h )l (6~ + 112) (3)

discussion of data obtained using this techni que.
This of course is an approximation , assumi ng small angles ofMethod of Operation of the FSI 11 where ~z is refractive index of the shear plate , t is the plate

The OTF can be measured directly using a lateral shearing thickness , and h is the beam diameter. Therefore both s and
interfero meter which performs an autocorrelation operation 6 vary linearly with 6, the rotation of t he shear plate, and the
on the comp lex amplitude over the pup il of a coherent opt ica l output signal from the interferometer consists of a signal
beam.4 The total flux in the interferogram , F(&s,b) can be having a constant carrier signal frequency (depending on the
expressed as: va lu e of ~ 0). The amplitude modulation of this signa l yields

I + I D ( s 4 1 ) I  coslkô + x(s ,ø)I ( 1) the MTF and the phase of each cycle of the carrier signa l
frequency is a measure of the phase transfer function. The

where k is the wavelength constant and 5 is the path difference carrier signa l freq uency can be set at any level from zero to
in the interferometer between the two interfering beams. The many hundred kilohertz by turning the pivot plate which
two interfering beams are laterally displaced by an amount determines the value of .~0. An encoder signal (216 KHz) and

t the shear) and 0 represents the direction of shear along a an index pulse (set to coincide with shear zero) are generated
diamete r of the entrance pupil to the interferometer (or azi- as the shear plate is rotated (b y an encoder system coupled
mut h ang le) . The shear parameter s is given by s = AR/sin a , to t he shear plate rotater motor ) , as well as standard IRIG
where A is the radiation wavelength (in mm), R the spatial time code signals, which are all recorded on an M magnetic
frequency in the image space (cycles/mm), and a is the half- tape recorder together with the MTF data . Thus accurate
angu lar subtense in the image space. D (s ,0 ) is the MTF and shear axis calibration , and location of the exact time an MTF

is the phase transfer funct ion. urve was measured , can be determined , after inputting all
If in the triangular interferometer , both a and 6 are made the information recorded to a computer. Typical signals from -

to vary simultaneously and linearly with time at a uniform the FSI, plus the IRIG B time code signals which are normally
rate, then the total flux in the output interferogra m (int e- recorded on tape during measurements are shown in Fig. 2.
grated over the complete sheared interferogram ) produces a The FSI is designed primaril y to operate with sing le
modulated carrier signal. The modulation of the carrier signal wavelength lasers , at any wavelength in the visible and in the
is a direct measure of the MTF and the phase (or zero crossing infra red, but the design is optimized for specific wavelengths 

—
and polarizations (or unpolarized radiation ) . (If the wrong

I 

240 MTF ~~j R VE5 

wavelengths or polarizations are used, then er rors due to ghost
images, spurious signals , and decreased fringe visibility may

V T 20 
- arise. ) Visible and infrared versions of the FSI must employ

pra( tice, a hybrid unit has been built in which only the pivot
plate (on which the triangular optical components are

- ( 

‘ FE SECOND different optical materials , opt ica l coat ings, and detectors. In

mounted), and detector are changed to convert from visible
SHEA R - A X I S  to infrared operation. The same alignment is maintained.
CALIBRATION The infra red FSI employs a ZnSe beam splitter , a ZnSel3~~— 00) 1 shear plate, a BaF2 imaging lens, and a HgCdTe detector

system . It operates exactly like the visible models of the in-
‘ ‘ l x  ~ 

,
~~~ • 0 LOCATION terferometers except that the detector is located at the eye-

piece position (with which it can be rapidly interchanged)
indicated in Fig. 1. The compact infrared detector , mounted

- V .0C- ‘ “  ~ - TIN (  in a dewar , employs a demand-flow nitrogen gas cryogenic
Figure 2. FSI signals recorded on tape . system, which is rugged and very stable , highly sensitive, and
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Figure 3. R ea l - t ime M l’F display.

ready for operation wit hin 30 sec of turning on the N 2 supp ly .
The signa l fro m the infrared detector is t~d to a matched
preamp lifier whose output can be looked at on an oscilloscope ,
or recorded on an FM magnetic tape recorder in the same ~~~ Figure 4. Fast defocus runs.
as t he visible FSI. The recorded output MTF data from both
visible and infrared versions of the FS1 are treated in exactly ~~ ,~~~ — l  ~~ —

t he same way. and are first peak-detected electronically. In = = — . 
— 

= — ( 4)
Fi g. :t MTF curves both het~ire an d after peak detection lire ~ I )  ~
shown for two different telescopes. one tested at 632.8 nm j~ where ~6 represents t he maximum path length difference for
the visible and the second at 10.6 microns. Thus real t ime  the two wavelengths A 1 and A. , and .Xi represents the maxi-
MTF curves are immediatel y available and can he photo- mum shear difference for the same two wavelengths. The
graphed from the oscilloscope. Rap id and accurate fi cusing bandwidth of the source light is ~ A = A2 — A 1 and .~~z repre-
of the telescope can be carried out in real time, and data taken sents the variation in refractive index for the wavelengths A 1,
di rect ly from the oscilloscope, as shown in Fig. 4 . where sam- A.~ of the glass of the shear plate—-or more exactly 11’ =
pIes of MTF data from a fast defocus run are shown. This is — 1) is the dispersive power of the glass, which in practice
particularly important where data ,  as is the  case of propaga- should be chosen to be small. For a crown glass, taking U’

tion through the atmosphere is continually and rapidly 0.02 1 . and ~ l. a the tolerance expression for Eq. (4) be- -

changing. In certain experiments, a real time, on -line, signal comes
averager can he used to smooth out rapid atmospheric flue- ~~tuat ions. The peak-detected data whether single scan or av- = 41.024

eraged M’l’F are then di g itized and put i nto the compute r .
This represents approximatel y a 1% error in both shear and

White Light Operation pat h length. The effect of path length error contribution to
This particular technique to measure OTF functions in field an error in the MTF is now readily calculated from Eq. ( 1 las

envi ronments has certain highl y desirable properti es. it i~ 
fol l ~w~:

simple to operate . needs no internal alignment l i t  i sa  common .Xt)( .s.0)
path interterometer ) over long periods of t ime ( in  terms of = • ,~~6 . sin k6
vearsl. and essentially freezes out external vibrations l)ecause
of the rapidity of scan and independence of the Nt ’l ’F envelope
from the angle-of-arrival. The carrier frequency, which  i~
dete rmined by the pivot plate ang le ~~~ can he selected by a
micrometer adjustment which rotate s the p ivot p late by an
arni .unt ~11 (up to abi ut k4°) . Ft r a diffraction limited 89 mm
diameter Questar telescope whose central obscurati on is i t  = -

11.34. a series of MTF curves for increasing angles -~~~ of the
pivot plate are shown in Fi g. ~~. The modtilation envelope -
(whkh is the same for all angles it1 M — t he only changes being
in the carrier frequency), for the 4 right-h and curves (with low
carrier signal frequency ) is shown superimposed over them.
The MTF (th e  modulation envelope ) is independent of the
car rier signal frequency, and the envelope is traced out by the
peaks of the carrier signal.
Now consider the case where the lig ht source is no longer

a laser narrow ha nd source , hut a fairly wide hand white li ght
source. Providing the carrier signal frequencs ’ is kept very low
(as on the right-hand side of Fig. ~) t hen the MTF can he ob-
taine d hs tracing out the modulation envelope , with the see- -

iind or third cycle (as the carrier signal frequency is changed
by changing .~~8. slowly turning the pivot plate) . The condition
(or tolerance) for doing this is easily calculated from Eqs. (2) Figure 5. Variation of carrier frequency with pivot plate rotation
and (3) . Thus it is easily calculated that i ~~ ‘I . 

-
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Figure s. Fast MTF scans throug h NASA Ames (3 ft X 6 ft supersonic
wind tunnel .

Figure 6. Fast \i ’FF .cIlnsthr oug h N.-tS..t Am es l i l t  X l i f t  t r , I r , ~~. i l l i  s imply to indicate how “white li ght ” measurements can bes~ind tunne l ,  made with this  type of interf erometer , and to indicate the
accuracy of such measurements.

where -Xf l (s .0)  represents the error in the measured MTF. For
examp le to estimate the error in the M l’F due to this wide General Discussion
spectral source at s = I . take the first cycle of the carrier signal It has been recognized for many years that  for optical s s -
(after t he s = 0 position ) and assume this traces out the en- tems there are several variables such as wavelength , best focal
velope of the MTF as it slides along the .6-axis (as the carrier p lane , field ang le , F stop. for which the MTF must be mea-
frequency changes) . Pu t t i ng  6 = 1 A . .~6 = (( .0 14 X Si t  follows sured. Not only does this  imp ly that probabl y several hun-
tha t  .Xt)(s .0) < 0.04 (where for a circular aperture D ( s , 0)  ~ dreds of MTF curves are necessary for any one optical system.(1.39) . hut in order to handle such a large amount of measured data ,

In t h i s  manne r , the FSI sy stem described here can be u t i -  a compatible computin g capab ility . coupled with rap id , con-
lized . to look at star sources , in order to make MTF mea- t inuous measurement , and large data handling capabilit y are
surements through the earth’s atmosphere. Some prelimin ary necessary.
experiments have been carried out . but the intent  here is While emphasis has been previously placed on “white li ght ”

measuring systems in the past . since “white light ” in practice
depends on the spectral composit ion (both of the sources , the

____________________ transmission pat h , and t he receiver ) , it is often more logical
to measure the single spectral MTF over all wavelengths, and

‘1 .... . - th en compute “w h ite l igh t ” performa nce according to the
—
~~~~ desired spectra l composition for each case. The FSI inter-

ferometer discussed above , was primarily developed for use
with  single wavelength laser radiation.

In order to demonstrate the performance of the FSI in ob-
t a in ing  MTF data under adverse field conditions , a brief
outline of two experiments to measure the optical degradation

_______________ The purpose in showing onl y samples of data from different
caused by a turbulent  airflow is discussed.

expe riments here is to give simply representative viewpoints
of t he types of measurements and methods of data reduction

‘ 
of reporting on these experiments , and therefore no details

- I 2 

that are presently being employed. There is no intention here

of this work are included here. Some data taken in wind-
tunne l experiments , and on a Lear ,Jet airplane in flig ht will
he out lined below.

MTF Measurements in Wind Tunnels
In an experiment to examine the optical characteristics of

‘.~
-
~~ a 25-mm diameter HeNe laser beam passi ng th rough a windV . 1 4  - 

632 1 tunnel , MTF measurements were made using the FSI system,
as the operating conditions of the wind tunnel (changing air-
flow speed and the associated Reynolds number) were varied.

Figure 7. Fast MTF scan through NASA Ames l i f t  x li f t  transonic Data for two different tunnels (a ) the NASA-Ames l i f t  X 11
wind tunnel ft transonic tunnel and (b) the NASA-Ames 6 ft X 6 ft su-
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Figure II. Optical schematic Lear jet experiment.Figure 9. ( omp uter write and average program output ,  wind-tunnel
boun dary layer . MTF measurements. (Turbulence generat or: NA SA
i ’lN S (89-mm optics . 632.8 n m, M 0.9. H 4 X i0~.)

person ic wind tunnel are shown in Fi gs. 6—8 for a range of
Mach number (airfl ow speeds) from zero to 2.0. The MTF
measurements shown are single scan runs (showing 2 MTF
curves back-to-back taken in less than 2 msec), and it is clear
t hat while the turbulence in the tunnel is instantaneously . , ______

“frozen ” during t he measurement, t he temporal variations ~~
‘ ‘7

(over 1 msec t ime frames) are readily observed. In these runs , 
‘ft tun nel is seen to have better ü~ aging properties 

~~~~~~~~~~~~~~~~~~~~~~~~~~ -

l i f t  tunnel was seen to be poorest between 0.7 and 0.8 Mach — -

numbers and then improved for hig her airflow speeds. - -

In practice these data after being recorded on magnetic tape — 
- 

~~
- — - _.

are processed by computer first to print out a series of MTF 
*data and to take averages. .A sample of the wri te  and average

program output for an MTF measurement conducted in the
6 ft X 6 ft wind tunnel is shown in Fig. 9. ‘rhese pr in touts  of
20 consecutive MTF curves shown here , a llow a “quick- look”
evaluation of the recorded MTF data. In the same format, Figure 12. l.ear jet wi th  airfoil  on side.
averaged MTF data are also printed out. We may then select
any samples of these data , and have the computer printout
any individual MTF curve , compare it with a calibration curve
or a series of other data measured as shown in Fi g. It ) , where

TIME CURVE 
, , -

RUN 53 3 10 23 9 6 tO 167 THRU (9 6 It 034 9 85 PLOT AS 
- ....—.—.-RUN 50 3 1023 5 2 1 )5 )69 THRU 52 1 168 35 BR 185 PLOT AS - -. - . .

RUS SO FRAME 3 52) 15 69 eN I95PLOT S - -

— —

\ NASA 6- 0 6!? WI ND TUNNEL. -
89mm OPT ICS S’- 632 8 not

\ u— ~~ 9 — 4  o E - . —
000 ’- 

\ 
I ,~ - - - .

010 _
\ CAL IBRATION 153) — .

\ /  3 ,

(#50)

020k - ~~~~~~
I,’

AVE#59E

0 04 08 6 II 20 . 

. 

.41,4
Figure 10. Computer MTF plots. Figure 13. FSI inside Lear jet.
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Figure 14. Lear jet fast scan M’l’F data Fr timt ’ 12:42:22.4 19. S

a single scan , an averaged, and a cal ibrat ion curve are com-
pared. The computer keeps track of the time the data were S

taken, and printa out thisinformation. In this way,avery large c i ~~~~~ t’o Id I I 0

amount of data can be b.andled, processed and compiled. REOUCL D sPATIWi. 9REII.*~~ 1

MTF Measurements in a Lear Jet Airplane Figure 16. Lear je i ’MTF boundary layer m*asurements: Flight
51.

In an experiment to exp lore t he airflow near the skin of an
airp lane , the FSI was mounted in a Lear ‘Jet aircraft and an
airfoil mounted outside a window in the airst ream to hold ~ 

shown compared to one another . In the same manner , averages
small mirror about 2~ cm away from the skin. A n ttp t fl -al of 50 sing le scan curves were taken by the com puter and a
schematic (Fig. l l) show s  how the optical degradation in the  series of averaged MTF curves for the same flight conditions
boundary layer airstream between this mirror and the aircraft  as in Fig. 16 are shown in Fig. 17.
window can be examined, obtaining MTF measurements. ‘Fh~ 

In these two experiments outlined above , it was essential
diameter of the optical beam in this case was 24 mm. A pho- to have real t ime and very rapid presenta tion of MTF data and
togragh of the Lear Jet airp lane is shown in Fig. 12 in which to be able to check ali gnment  and adjust for best focus (this
the airfoil mounted outside the window , located near the entry takes literally just one or two seconds) during the course of the
door can just be seen. The mounting of the PSI and the Opti c-S experiments.  Selected interval s of good data could then be
for the autocollimation system, an d laser source are shown in recorded for later data reduct ion and analysis. Once the data
Fi g. 13. The electronics are mounted in the rack on the left . have been inputted to the computer , statistical analy s is ,

The flight conditions could be varied , and the effect (tfl the Fourier transforms . fluct uat ion spectra . etc.. are readily oh-
MTF could be observed in real tim i ’ , focus adjustments ta m ed.
quickly and accurately made, as well as recorded data being Conclusionobtained for later data analysis. Fur Run 20 for example. t !5’(I

samples of single scan MTF data are shown in Figs. 14 and ~~ 
The fast scann ing int erferometric techn ique has been used

(the flight conditions for this  run (#21(1 are indicated in Fig. for making many MTF measur ements in a field environment ,
16) plotted out by the computer. In I”ig. 14, only a small deg- for a number of different experiments , providing a large
radation of the M’l’F was observed . but in F i g. i~ only 1.41 (3 amount of reliable and accurate data. A brief review of its
sec later (see the time printouts ) a very large degradati on ~~~ 

genera l properties, and two examp les of experiments ret’enf Iv
observed—even though no change in f l ight  conditions oc-
curred. The highest M I’F data for any g iven fli ght condition
could be readily chosen (selecting a frame , and line number
from print outs such as in Fig. 14) , and the resultant curve r ~~ 

AV ERA G ED MTF D ( G R A D A T ’ snN ‘~~~FERn ’. cL Ot ’. CosoTess (24  ,~ n b o.’.)

printed out by the computer on a larger scale, as shown in Fig.
16 in which selected curves for 7 different flight conditions are - A L ’ I T U O F  ~P(I 0 , U R S E

0~ Nil
- 
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Figure 17. Lear jet -MTF Boundary laye r measurements: Flig ht
Figure IS. Lear jet f ea t scan MTF data Fr time 12:42:23.835 .
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carried out have been described here. While the main use for involved a great deal of help and effort in the laboratory, by
which it has been used in our case has been to explore the the data analysis facilit y, and by Lincoln Laboratory field site
characteristics of turbulent atmospheric airflow , making MTF personnel in carrying ((Ut field measurements in wind tunnels
measurements , and using laser single wavelength sources , it and on the Lear Jet airp lane. I am indebted in particular to
can have a much wider use in the optical field. Complete OTF .1. R. Theriau lt , E. .1. Casazza in the laborator . and to I). A.
measurements can be made , it can be used with multiple Page and Dr. L. D. Weaver at the field sites.
wavelength lasers, or white light sources, and can provide very
accurate and rapid angle-of-arrival measurements . On-line References
signal processing electronics can be readily em ployed , and it

1 . K Rosenhauar and K. J Rosenbruch . Aepo rls on Progress an Phiys ics 30
is very suitable for subsequent computer data processing of (1) ~ 1(1961).

amount of data in a short time. Accuracy of the MTF data— 3 See Proc SPE. 41: 59-844 1974)
t he measured data , generating and handling a very large 2 K. Murata . Progress an Optics V: 201)1966)

4 H. H. Hopkins. Opt- Acts 2: 23)1955)

providing accurate alignment of all the external optics and 5. L. f l .  Baker , Pr oc PP ys Soc . B66: 87 I) (955)
systems ( under te st) is carried out—is about ± 1%. Thus it 6. 0 Keisai l . Pro c. Pra ys . Soc 73: 465(1959)

would appear that it would be very useful if adapt ed to an 1. P Haraharan and 0. Sen . Proc. Phiys Soc 75: 434) 1960)
B. T. Tsazata , J. Opt. Soc. Am. 53: 1156( 1963)

automated optical lens test facility, where a wide range Of 9. A. J Montgomery. J Opt. Soc Am 54: 191 1 1964)
MTF data must be measured , reduced and analyzed . almost 10. W H . Steel, Opt. Ac ts 11: 9)19641

instant ly - or at least in the order of seconds or minutes —for 1 ) .1 C. Wyani. App! Optics 14: 1 6 1 3 4) 9 1 5 )
12 0. Kelsali . J. Opt Soc Am - 63 : 1472 ) 19 13 )

a large range of opti cal pa rameters. i3 D XeIsaiI . App). Optics 12: 1398)1973)
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Coherent 
-

Optical Radar
R. H. KINGSTON ~~~~~

The term . “optical radar .” seems at tv of li ght , which he determined to
first to be a misnomer , since within  five per cent of the currently
“radar ” (radio detection and accep ted value . In any event, this is
ranging systems) was coined to still the earliest recorded experi-
describe systems using radio fre • men) using pulsed electromagnetic
quen~ q or microwave radiation . In radiation to measure the time delay
truth,  however. if we allow the ra over an extended distance. Despite
to stand for electromagnetic radia- these earl y beg innings , the use of
tion, we would note that the firs t li ght for range measurements has
radar experiment was carried out in been limited. One of the few ap.
1849. In that year Fizeau, using a plications that comes to mind is the
li ght beam passing through a measurement of cloud heights by
cogged wheel, measured the time using a pulsed flashlamp. All of
delay over an 8.6-km path by which brings us to the key word in
reflecting the beam off a mirror at our title , “coherent. ”
the end of the path and adjustin .g Obviously, coherent optical radar
the wheel speed to obtain max - refers to lasers, but what is the tru e
imum transmission of the return significance to radar operation of
beam throug h the adjacent cogged this coherent- nature of laser radia-
opening. Actually , Fizeau was tion? The answer is twofold, and it
measuring not range but the veloci- involves two distinct kinds of co-
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herence, spatial and temporal. I t is I
the spat ial coherence of the laser 

TELESCOPE

that firs t made optical radar an at-
~~ J l K W ~~~~~~~~~ 4MASTER ~~~~~~~~~~~ I 

_______________

tractive range-measuring device. 
i 
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The reason, by analogy to the L —

microwave case, is the high “anten 
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na gain” available from a near- 
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diffraction-limited optical wave. Put DETECTOR I I DISCRIMINATOR I ABERRATION

I f ~ I CORRECTOR
another way, the laser radiation is z

0 1 1~~

___________ __________ I

limited to a small number of ° i ‘ 
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spatial modes of the electro- CONTROL i
___________ SERVO ____________

magnetic field, whereas incoherent LOCAL .~~ ~~~~ -. -~~- ~~~~~ 
SIGNAL tR

or thermal radiation occupies all OSCILLATOR ] I DETECTOR J
available modes, as we learned in
the derivation of Planck’s radiation I

law. As a result, coherent optical 
DISP LAY

A ND RECORD

energy can be collimated into a Figure 1. Block diagram of laser radar system. Solid lines are electrical paths; wavy lines.
beam of diameter d. whose angular optical.
spread in the far field may be as
small as Aid. In contrast , the the cavity causes a coupling of the highl y efficient broadband detec-

energy in a diffraction-limited modes such that the electric field in torst are available for coherent

beam from a thermal source is all modes adds up coherently at detection of the return signal. In
roughly the energy emitted from an one point in time and space. The fact , this paper is devoted to a
area, A2 , of the hot radiating resultant power output is a series of discussion of such a coherent radar .
medium. The result of this extreme extremely na rrow pulses of length where we use the term to indicate

brightness is the feasibility of op- eq ual to the reci procal of the spec- that the amplit ude and phase of

tical ranging on satellites and on tral bandwidth. Pulse lengths in the the return wave are measured by

corner reflectors placed on the picosecond range , equivalent to a the detection system.
moon. ’ fraction of a millimeter , have been The coherent detection technique ,

We now consider the second type generated in this manner , 2 also called heterodyne detection, is -

of coherence, temporal. Spatial The multifrequency behavior still based on the beat frequency ob-
coherence is measured in terms of li mits the detection system to a tam ed between an optical local
the approach to diffraction-limited measu rement of the return energy, oscillator and the signal , both of

behavior; temporal coherence is not the amplitude and phase of the which strike the detector. Photo-
measured in terms of the coherence reflected wav e, as in microwave detectors in general produce an
time or its inverse, the spectral radar systems. This ability to detect output current (or voltage) propor-
linewidth. Most solid lasers have “coherentl y, ” that is , to measure tional to the incident optical power.

relatively short coherence times , on amplitude and phase , is essential The detector current , 1d’ is thus

the order of nanoseconds or less, for measurement of target velocity given by

since many different frequency by the Doppler effect and also

modes of the laser cavity are cx- yield s orders-of-magnitude improve - Id :E2 .
cited because of the broad spectra l ment in sensitivity in the infrared .
bandwidth of the laser transition , where simple “photon counters” or where E is the optical electrical

These frequency modes usuall y incoherent detectors are not on ly field. In incoherent detection, the

satisfy the resonance criterion of an inefficient but also suffer from detected current from the signal

integral number of half wave- solar scatter and thermal-back- competes with the “shot” noise

lengths over the cavity lengt h , and ground energy interfering with the associated with the photon-counting

they may supply energy to the same desired signal. Fortunately, the car- process as well as with noise gen-

spatial mode. Single-frequency op. bon dioxide laser , operating at a crated in the following amplifier

eration is either impossible or cx- wavelength of 10.6 ki m. has ample stages. In coherent detection, the

tremely low in efficiency. The power output for radar use and current is again proportional to the

broad frequency distribution of the also may be operated at a single square of the electrical field , but in

modes can be used to advantage, very stable frequency . In addition , this case we m ay write

however , if the modes are “locked.”
In this techn iq ue. either internal The author is with the Lincoln ‘d E2 = + E1-12

nonli near effects or external mod- Laboratory, Massachusetts = E52 + 2Ei~,E~ + E102 ,
ulation at the mode-separation Ire- Institute of Technology, Lexington.
quency (the spectral-free range) of Massachusetts 02173. where E5 and Lb are the signal
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ nall y stabilized. Since the output
frequency from the detector is the

— 
- 

diffe rence between the signal and

I ‘ f — 
- 

. the local-oscillator frequencies . the
- F 

•~ ~“ ~~ ., lO’MHz offset is convenient for- 
-.mui~r.a”~~~ observing stationary targets for

- r - - 
calibration purposes. The detector

_ _, . . . .
• - _—- sensit ivity, 10” W/Hz , is within a

a —
~
-‘

~~ 
- factor of 5 of the theoretical value ,

- 
. hi,. This means that , for a l -msec

“
~~1 ._ ,~

;. 
- 

~~,
‘ ts . . . 

- pulse, requiring a l-kHz band-
- - :~-~ - - 

width, the minimum detectable

- — - . power is l O ’  W. An incoherent
• ~ ~~~

- -
~ detector at this wavelength.

measuring onl y the pulse envelope.
- would require 100 times as much

. . 

-

-
“ . .

- 
- - ---

,-.— 
power for the same output signal-

Figure 2. Stable CO2 laser oscillator. Granite end plates and shielded super- ins.~r spacer rods to- noise ratio. This marked ad-
yield e.sce llent st abi lii~. The spherical gas reservoir allow s sealed-ott operat ion for several vantage of the coherent detector
mont hs , results from the internal conversion

gain discussed previously. Only at
and local oscillator fields. Now E10 beamwidt h with an apert ure of di- wavelengths of I ~im or shorter are
is much greater than E5. so ameter d is approxima tely Aid. equivalent internal detector gains
that the important terms are E102 , available by using either photo.
which produces a dc current plus a THE RADAR SYSTEM multip liers or avalanche photo-
current fluctuating at twice the The carbon dioxide laser radar sys- diodes.
local-oscillator frequency, and tem we shall describe combines mod- Fi gure 3 is a cutaway view of the
2E10E5. which is a current at the em laser and detector technology radar system showing the stable
intermediate or difference frequen- with astronomical concepts . some oscillators in acoustically shielded
cy plus a current at the sum of the dating back to previous centuries , boxes with the 1-kW amplifier in
signal and local-oscillator frequen- Figure I is a schematic dia- the background. This latter device
cies. The two currents at the optical gram showing the major compo- is a bow-pressure flowing gas baser
fr equencies m ay be ignored; the dc nents of the system. The master which amp lifies continuously, rais-
term from E hi is the limiting and local oscillators are the key to ing the master oscillator power
shot-noise source , and the in- cohere nt operation of the system , from 10 W to powers from 100 to
termediate frequency term is an ex- since they are hi ghly stable, sing le- 1000 W.~ The duplexer, in the cir-
act replica in amp litude and phase frequency lasers’ of the type shown cular housing just at the output of
of the signal wave but displaced in in Fig. 2. The two oscillators are the amplifier , is somewhat akin to
frequency to the rf part of the spec- offset in frequency by 10 MHz . the Fizeau ’s cogged wheel in that it is a
trum. Since the intermediate Ire- local oscillator used as a reference slotted rotating disk, which trans-
quency current is proport ional to standard , and the master oscillator mits the laser beam 25 per cent of
the local oscillator field, the local- slaved by a frequency.discriminator the time, and the remainder of the
oscillator power may be raised to a servo loop, which drives a piezo- time reflects the signal onto the
level such that noise in the follow - electric cavity tuner in the laser. detector, Before striking the detec-
ing amplifier stages is negligible The local oscillator best serves as tor . the received wave is reflected
compared to the fundamental shot- the stable reference, since its re- from a computer-controlled mirror,
noise produced by the local oscil- quired output power , less tha n a designated the aberration corrector,
lator. The output signal-to-noise watt , permits a compact baser When one observes satellites with
power is given by P51~/hv8, where design . while backscatter from the this system. the velocity of the
B is the spectral bandwidth of the detector system , which can cause target is such that the transmit
optical signal and , by the heter. frequency pulling, is minimal. In beam must lead in angle by an
odyne process, the i-f bandwidth of contrast , the master oscillator must amount v/c, and, on reception , the
the intermediate frequency output suppl y 10 W to the amplifier , th us viewing path must lag by another
power. A detailed analysis ’ shows necessitating a larger and more increment v/c, wh ere v is the veboci-
that such a coherent detection vibration-sensitive structure; ty normal to the line of sight. Thus ,
system also couples to only one backscatter from the active ampli . if the radar system has been bore -
spatial mode of the electromagnetic tier could cause serious frequency sighted on a stationary target , the
field. Put another way. the receiver shifting if the laser were not exter- aberration corrector must cause the
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Figure 3. Cutaway view of radar system. The afocal telescope has a 1.2-rn primary and I S-cm secondary.

receive path to deviate by 2 v/c to term inc the tracking capability of tuations are of similar magnitude,
maintain boresight on a moving ob- the radar as well as the frequency that is. close to a full beamwidth in
ject . In the case of a satellite. 2 v/c stability of the lasers and the our system. Since the frequency
has a value of approximately 50 associated velocity, or Doppler- content of the angular fluctuation ,
~irad at the point of closest ap- measuring precision. For precision determined by the angular track
proach. Since the transmitter— tracking. error signals fro m the rate and the local winds , is mostly
receiver half-power beamwidth is 10 quad detector indicated in Fig. 3 below 10 Hz, the detection system
ji rad for the 1.2-rn-aperture are used to drive the vernier mirror can track out these slow changes
telescope, the aberration correction shown at the telescope elevation and maintain the radar beam on
is essential for most satellite obser- axis. The main mount is driven by the target. At the same time as this
vations. It is interesting that this a computer-smoothed input from a precision angle measurement is be-
aberration effect was used in 1725 local microwave radar , which has ing made , Doppler data from the
by Bradley in an early measure - an angular fluctuation of the order target can be processed to deter-
ment of the vel ocity of light before of 50 ~irad or 5 optical beamwidths. mine the radial velocity . Since the
Fizeau ’s work. In Bradley ’s case. Using the error-sensing technique Doppler shift is 2 kHz per cm/sec
the observer (the eart h in its orbit) in Fig. 4. one can reduce the and typical satellite velocities are 8
was moving with respect to the sta- angular fluctuation or tracking km/sec. the frequency shift may be
tionary stellar source. precision to approximately I ~rad , over 1000 MHz for low elevation

or one tenth the beamwidth.’ The angles. with the shift passing
SOME EXPERIMENTAL target-return beam pattern is through zero at the closest ap-
RESULTS shown distort ed to represent the ef- proach point. The output spectra
uur radar system has been used to fects of the atmosphere. the domi- for a sequence of pulses is shown in
make observations on GEOS.lll , a nant one being wavefront tilt or Fig. 5. These data were taken near
NASA geodetic satellite equipped angle-of-arrival fluctuations. In closest approach at a Doppler shift
with a solid-cube corner retroreflec- fact , for astronomical “seeing” of 2 of 64 MHz , a range of 1006 km ,
tot fabricated from Irtran ii . This arc sec or 10 farad, the at- and a pulse length of 4 msec. By
point source has been used to de- mosphencally induced angle fluc- orbit fitting, the main frequency
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range precision with a long
transmitted pulse by taking ad- 

______ 
vantage of the coherent nat ure of

A 

RF (A + B)- ( C4 D)  - ELEVATION as “chirp ” radar , uses a linear fm

~~~~~~~~~~~~~~~~ 

IHYB RI

I A+ B+C+0 SIGNAL AMPLITUDE the radar. Th is technique . know n

_______ 
sweep of the transmit frequency

______ 

during the pulse . By suitable proc-
- ( 6 + 0 )  4 AZIMUTH 

essing of the return swept signal.
either in a dispersive network or by
cross-correlat ion techniques. the

LOCAL OSCILLATOR BEAM range may be measured to a time
TAR GET RETURN BEAM accuracy roughly equal to the in-

verse of the frequency-sweep
width. ’ As an example. a 500-Figure 4. Quadrant or monopulse detector array. Th e  circular mercury cadmium teiluride

structure has a diameter of 0.3 mm. MHz-wide chirp yields a range
precision of approximately 30 cm.

shift has been removed and the re- This jitter , however, corresponds to Of course, to obtai n such per-
sidual . 8 kHz or 4 cm/sec. is the a velocity precision of 1.25 mm/sec. formance requires a laser am pli fi er
absolute velocity error for the orbit a rather impressive value. It is. in with commensurate bandwidth.
segment observed , It should be fact , interesting to turn the prob- Our present device is limited to
noted that , at this point in the 1cm around and use the radar as a about 50 MHz because of the low
satellite path, the radial velocity is way of measuring short-term laser gas pressure. Such devices as the
changing rapidly and the Doppler stability .a Althoug h stabilities may waveguide or capillary laser ’° op-
frequency changes at 10 MHz/sec. be measured by beating two lasers erate at hig her pressures. and the
Thus, during the 4•msec pulse. the together. the independence of the resultant line broadening, 500 MHz
frequency shifts by 40 kHz . This individual frequency fluctuations is at 100 Torr . should yield adequate
shift is also removed in the data always in question. Using the ma- bandwidth for precision ranging.
processing so that the individual dar , one act uall y observes the beat This work was sponsored by thespectra. which are plotted on a bog between the reference stable baser Advanced Research Projects Agen-scale, should ideally be the t rans- and itself with an interposed delay
form of a square single-frequency of the round-tri p time to the target , cy of the Department of Defense.
pulse. or a (sin x/x)2 function , and in our examp le here, of 6.7 msec.
should be fixed in center frequency. The experiments thus establish that
System and laser oscillator stabil- the laser short-term stabili ty is of REFERENCES
ities actually result in an rms jitter the order of one part in lOt I , since

I. W. K oechner . Solid State Laserof about 250 Hz and a spectral the oscillator frequency is 3 x IO~ Engineering (Springer-Verlag. Newspread roughly twice the th eoretical Hz. York , 1975) p. 559,
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Advances in CO2 Laser Stabilizati on Using the 4.3 ~im Fluorescence
Technique *

Charles Freed and Robert G. O’Donnell
M.I.T. Lincoln Laboratory, Lexington , MA . USA

Received: November 17 , 1976

Abstract spontaneous emission signal with a liquid-nitrogen-coole d
Significant improvement in signal-to-noise ratios is achieved lnSh detector. The detector element was about 1 .5 cm
with new , low pressure (‘02 stabiliza t ion cells external from the path of the laser beam in the samp le cell. In
to the lasers. A time domain fractional frequency stability order to reduce the broadband noise caused by back-
of o~, ( r )  6 * I O_ 12 T

_ I
~~

2 was measured with independ - ground radiation , the detector placement was chosen to
ently line-center locked 1.5 metre grating controlled (‘02 he at the center of curvature of a gold-c oated spherical
lasers. Accurate , repeatable determination of pressure mirror which was internal  to the gas absorption cell.
shi ft is demonstrated. Essentially identical experimental arrangements of CO2

lasers , internal absorption cells , and lnSb 4.3 pm fluores-
cence detectors have been used in tnore recent experi-
ments b y Petersen eta!. 151 Meyer and Rhodes (61 and

Introduction also by Woods and Joliffe [7( who used similar but
external absorption cells.

At the 1976 Boulder Conference on Precision Electro-
magnetic Measurements we described J I J the absolute
frequency calibration of CO 2 isotope laser transitions Si&nal-to-Noise Ratio at 4.3 pm
with the two channel laser heterodyne system shown in In the (‘02 isotope calibration system shown by Figure I ,
Figure I .  This paper will discuss the stabilization tech- we use improved CO 2 stabilization cells external to the
nique and the frequency stability achieved with the lasers.
equipment indicated in Figure 1. In the new design , the low pressure gas cell , the

It was previously shown (2 , 3~ that CO 2 lasers can LN 2 ( li quid nitrogen ) cooled radiation collect or , and the
be frequency stabilize d by using the standing-wave satura - IR detector are all integral parts of one evacuated housing
tion resonances in a low-pressure , room-temperature , pure assembly. This arrangemen t minimites signal absorption
CO2 absorber via the inten~ ty changes observed iii the by windows and eliminates all other sources of absorption.
collisionally-coupled spontaneous emission band at 4.3 pm. Because of the vacuum enclosure , diffusion of other gases
It was also demonstrated that the frequency shift into the low-pressure gas reference cell is almost completely
due to changes in pressure is very small in CO2. typically e l iminated ;  therefore ,  the t ime period available for con-
about 100 Hz/mlorr . t tinu ous use of the reference gas cell is greatly increased

In the initial experiments , a short gas cell with a and considerabl y less time has to be wasted on repumping
total absorption path of about 3 cm was placed inside the and refill ing procedures. One IN 2 fill will last at least 24
cavity of each stable CO 2 laser [3 , 4J with a Brewster hours. Figure 2 schematically illustrates the new external
angle window separating the cell from the laser gain tube. reference gas cell used in the 4.3 pm fluorescence stabili za-
Pure CO2 gas at various pressures was introduced inside tion loop.
the sample cell. A sapphire window at the side of the With the new cells significantly large r signal collec-
sample cell allowed the observation of the 4.3 pm tion efficiency is achieved simultaneously with a great

reduction of noise due to background radiation , which
—

~~~~~~~~~~ is the pri mary limit for high -quality InSb photovoltaic
rh,s work wa~ sponsored by the Advanced Research Projects detectors . We ha ve evaluated and tested several large area

Agency of the Department of Defense and in part by U.S. Energy lnSb detectors and determined that LN 2-cooled back-
Research and Development Admini st ra t ion ground greatly diminished I/ f noise in addition to the
t I Torr = I mmllg = 101 325/760 pu~ l (Pa) . expected reduction in white noise due to the bower
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Fig. I .  Two-channel heterodyne system used to determine CO2 isotope laser frequencies

— De’ec’ot and t - Ipna .da  is tuned across the 10.59 pm P(20) line profile with
Q,II e~tor - ..N~ Cooled 0.034 Torr pressure of CO2 absorber gas. The standing- 

wave saturation resonance appears in the for m of a
narrow resonant 16.4% “dip” in the 43 pm signal inten-

F2 
- — 

sity. The broad background curve is due to thc laser
\ power variation as the frequency is swept within its
\ oscillation ban dwidth. Since collision broadening in the

half maximum), [2 , 6] in the limit of very low gas cellVocuom ‘ 

) pressure the linewidth is determined primarily by po~~ r

) 

CO2 absorber is about 7.6 MHzJTorr FWHM) (full width

‘ 
— 

/ broaden ing and by the molecular transit time across the
diameter of the incident beam. The potentially great

F,
— improvements in signal-to-noise ratio , in power and t ransit

. time broadenin g and in short-term laser stability were the- - SoppiP re Go. Cell
0’ lndSplndlflt l y motivati ng factors that led to the choice of stab ilizing
Consrol Md IlsIlpIfOlutO cells external to the laser’s optical cavity.

Fig. 2. Schematic illustration of the new external CO 2 The one disadvantage inherent with the use of external
reference gas cell stabilizing cells is that appropriate precautions must be

taken to avoid optical feedback into the lasers to be
stabilized.

No .560K, 64% DIP P.I13 W~ P20
O P sic losi~ s poM) p - 0034 TO~ For frequency reference and long-term stabilization

it is convenient to obtain the derivative of the 4.3 pm
emission signal as a function of frequency. This 4.3 pm
signal derivative may be readily obtained by a small
dithering of the laser frequency as we slowly tune across
the resonance in the vicinity of the absorption line center
frequency. With the use of standard phase-sensitive detec-
tion techniques we can then obtain the 4.3 pm derivative

- signal to be used asa frequency dis~ iminator. Figure 4
shows such a 4.3 pm derivative signal as a function ofFig. 3. Recorder tracing of the 4.3 pm intensity change laser tuning near the center frequency of the 10.59 pmsignal as a function of laser frequency tuning in the P(20) P(20) transi4ion .tra nsition at 10.59 pm Figure 4 also illustrates the signal and noise level
amplitudes we have chosen to define the signal-to-noise

temperature background radiation. In comparison with (S/N) ratios of the frequency discriminants in this paper.
previously published resul ts, we obtained more than More than half of the noise was caused by backgroun d
two orders of magnitude improvement of the signal-to- photon current noise = 2e154f, with the remainder
noise ratio in measuring the 4.3 pm fluorescence . primaril y due to residual 1/f noise, As Figure 4 shows,

Figure 3 shows a typica l recorder tracing of the the noise levels were chosen near the peak-to-peak rathe r
observed 4.3 pm intensity change as the la ser frequency than the rms value. A single RC filter with a 0.1 s fisetime

C
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was used to nie.isurc all the  4.3 pm signal and noise S/ N • 29 r • Ols.c (slnqla polO)
Al - 05k Hz P0 . 175 W, P(20h ~~6gzo

results showi in t h i s  pap er. Thus , the S/N data presented No • 260Hz p ’  0034 To,,
here were obtained with a noise bandwidth which was -
twenty times wider than the one we have used in our
previously publi shed e\~ .r it n cnts ~2. 4 1. Obviously, we
could have shown m uch larger S/N ~i1ues h ) using
longer noise averagin g times; nevertheless the wide hand-
widt h data at- c cotisidered tuote appr opr iate for usability
in closed loop stabili i .ation schemes.

Figure 5 shows ano ther  4 .3 pin derivative signal
with a ±20 klli frequeuc~ dither which we used to lock
one laser to  th e center of the P(20) absorption profl le.
Figure 6 sho ’,~ s the ~pect r u m  analyz er  disp lay of the beat -

note of two lasers . One oi the  lasers was line-center locked
by using t he di scrim ina nt shown in Figure 5 . while the Fig. 4 . Recorder tracing of the 4.3 pm derivative signal
ot her laser was free running w i th  a frequency offset as a function of laser frequency tuning near the center
about 8 Mtl i .  It both lasers ar e synchronous ly modulated frequency of the P( 20) transition at 10.59 pm; the fre-
at a 260 II.’ r a t e  w i t h  a ~20 k I l t  peak deviation of the quency dither is set to ±5 kHz at a 260 Hz rate
l0.5~

) ~~~ l’( 20) signal . t h e  heat no te  appears as a rela-
t nel ~ narrow si ng le spectral line shown in the left ha lf of S/N • 97 • 0.1 sic (sing~ polO)
Figure 6. The right half of Figure 6 illustrates a typical ~ l - t2O~~Hz P0 . 1.ThW, P(20l, IO6~,m
I- \I signal sp ec tru m which results when the modulation Pm • 260Hz p - 0.034 TO.,

signal is disconnected ir om the free running  laser. The
lasers remained locked ~o the line center with as li t t le 

/1as 2 LI I ,  f requency  di ther . Respective r ise times of 0.00 1
and 0.03 to I .5 s were used in the phase sensitive detector
and i n the high voltage integrat ing amp li fi er of the servo
loop ~8l. 

— —

f igure 7 i l lustrates  the signal , noise and S/N obtained
wit h 100 k I l t  d i ther i ng  of the laser. Figure 8 pro v ides a
sum mary of the signa~- io-noise ratios as a funct ion of peak
frequency deviation at a 2t0 iii rate. The results sununa-
r u ed i n Fi gure 8 were obtained wi th  a 2 C tt

~O~ l0.S9 pni
l~ 20) laser power of about 1.75 watts The absorption
cell di ameter ,  t he beam diameter  (at the l / e  f ield )  and Fig. 5 . Recorder tracing of the 4.3 pm derivative signal
beam divergence were about ~~.2 twn . 11.8 mm and as a funct ion of baser frequency tunin g near the center

I .~~ x 10 ‘ ad . respectivel y The CO 2 cell pressure was frequency of the P(20) transition at 10.59 pm; the fre-
purpose fu l l y  chosen to he about 0.034 Torr to provide quency dither  is set to ±20 kHz at a 260 Hz rate

-

~~~ 
H2OkHz H °— 2OkHz

I I
-~ 

, .

________ 

III’’ 
____________

i ll

-~ ..~~~~~-
. _I

Both La ser s Modul ated One Laser Modulat ed
a t 2 6 O H z  at 26O Hz

hg. 6 Spectrum anal yt er disp lay of the beat note of two lasers with one laser locked to the line center and the other
offset by 8 MHz and free runnin g
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9/11.410 ~~.0ls.c lon~l. po4l
Al • 01000K, P• 115 W, P1201, ~~~~ easy comparison with previously published results [2 , 4,
1,5 .26.0Hz p ’003 4 T@., 5,6].

The relatively slow decay 19 , I0] of the spontaneous
4.3 pm radiation arising from the (00° 1) —

~ (O0°0) transi-
tion seriously limits the maximum frequency that can be
effectively used to modulate the CO2 lasers. Figure 9
clearly illustrates the loss of the 4.3 pm signal with increas-
ing modulation frequency. The 4.3 pm decay rate is
primarily determined by cell pressure and geometry.
Consideration of detector I / f  noise may well dictate an
optimum modulating frequency which is higher than
would be indicated by considering the signal alone. As
an examp le , Figure 10 shows the signal , noise and S/N
as a function of modulation frequency for one of our
reference cells. From Figure 10 it is clear that at

- - 0.034 Torr pressure the optimum modulating frequency is
approximately 500 Hz , in spite of some loss of signal at

Fig. 7. Recorder tracing of the 4.3 pm derivative signal as this frequency.
a function of laser frequency tuning near the center
frequency of the P(20) transition at 10.59 pm; the fre-
quency dither is set to ± 100 kHz at a 260 Hz rate Frequency Stability and Reproducibility

In order to investigate in the most direct fashion the
300 -- - - - various parameters affecting frequency stability, we

r - O I s . c  t~ .l 15W ~ P(2 Q lon d  1OO~ n, p~ 0034 To., carried out extensi ve measurements of the Allan Variance
FWHM -09M Hz

- 
on the 2 ,697.86 MHz beat frequency between the
‘2 C m6 O2 O0°l-(l0°0 , 02°OJ ,  band P(20) and the
‘3 C’1,02 000 1-f 1000, 02°0] band R(24) laser transi-
tions ( I I ] .  By using two different CO2 isotope lines,
frequency pulling due to optical feedback was avoided
and the 2 ,697 MHz beat frequency output of the HgCdTe

PezO ~N D,,,ot On photodiode was directly measured by a microwa ve fr e-
quency counter ; thus only two independently lockable
lasers and a sing le microwa ve frequency counter were

20. utilized in the experiments to be described in this section.
(Note that Figure 1 indicates a separate microwa ve local

Fig. 8. Signal-to.noise ratio as a function of peak fre- oscillator and a second counter; neither of these were
quency dither at a 260 Hz rate necessary for the stability measurements.)

Since each laser was assumed to contribute equal ly
1~~ 

- to the instability, the measured Allan Variance was
P!2Ol; l06 #~t divided by ~~ times the laser frequency (2.8306 x 10m 3 Hz)

6. 005 10,,
1 - n  d.o.notn, C. in order to derive the fractional frequency stability for a

.,~~ ~, single laser as a function of sample time , r (gating time
•0

of the frequency counter).
In compliance with the “Truth in Packaging” dic-

tates [121 that the samp le size, m, be stated with the
results , Table I give s the sample size , m, for each observa-3,
tion time , r , used to obtain the Allan Variance.

Figure 11 where each c~ cle or cross represents an Allan
The stability of the lasers may be best summarize d by

2’

Variance measurement based on a sample size , m, as
specified in Table I above.

L .
~~~~ ~~ The fractional stability of the beat note of the two

lasers under free running conditions is denoted by crosses
Fig. 9. 4.3 pm signal as a function of modulator fre- and may be reasonably well approxi mated by o~,quency (Hz)

Table I .  Sample Size , m, as a Function of Sample Time , r.

r (seconds) 0.1 0.2 0.4 0.7 1.0 2 5 10 25 50 100 250 500 1000

m 101 101 101 101 101 S I 26 26 11 3 3 3 3 2
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(unlocked) 10 _ mo x ~~~ which of course indicates the l0 ’~ - ‘uno~~,z 0 2 , O’Z

drift rate of the lasers relative to each other.
The circles represent the results obtained with 

- 
-

.

each laser indep endentl y locked to its own reference -
- - 12  16 b’absorption cell filled with 40 mTorr of C 02 and .

‘3 C’802 .respe ct iv e ly.
As Figure I I  indicates , there were three consecutive ~ 10 ” ~ 6 0 ’

sets of measurements made , each based on in samples
for any given observation time , r. The locked laser stabil- ~ -

ity may be described by o~, (Iocked)~~ b x  l0 _ 12 r ’ 2 
~Thus , ti l e instabili ty of the lasers became less than -

I x l0 1~ for sample times r ~ 40 seconds. A f ractional
stabiht~ of l0 12 corresponds to o~, 28 Hz fluctuation 

10 ” - -  . . 

in the laser frequency. Since the piezoelectric mirror tuning 0’ 10 ’ I 10 0’ 10’ l~
rate is about 200 k I-Iz/volt , the phase sensitive detector ~~~~~~~~ T U E . r

output stability (drift ) must be less than I 50 pv to achieve Fig. I I .  Time domain stability of grating controlled CO2
x l0~~ long-term stability. Such low , long-term drift lasers

was clearly beyond the capability of the ten-year-old
lock-in amplifiers used to obtain these results; therefore ,
the measurement of longer term stabil i ty with larger
sample sizes was not seriously pursued in the current ,, —

phase of our experiments.  However , the stabil i ty we did S n O T - ‘ O O  ‘2 ’  3 2 z ~~~ To .’
obtain was quite suff icient to carry out accurate and , -
reproducible measurement of pressure shift in CO 2 . -

In the pressure shift experiments both lasers are -
locked to their individual reference cells , and the shi ft
in the heat frequency is measured as a function of
pressure change in one of the cells, wit h the pressure
held constant in the  second cell in order to obtain a -

stable reference lase r f requency.  “
Figure l2 s h o w s the last two digit s of the - - ~~ c0 c~ 

- -k - 
~~~~~~~~~~~~

2,697 ,862 ± 6 kllz heat frequency of the ‘2 C ’602 laser “~~~~~ ‘E -~~ ~0,”
00°l.[I0°0, 02°0(1-band P(20) and the 13 C10 02 laser Fig. 12. Variation of the 2 ,697 ,862 + 6 kflz beat fre-
000 1.110 00. 02°0( 1-band R(24) transitions as a function quency as a function of pressure change in the ‘2 C’6O 2
of pressure in the ‘2 C’6 02 reference cell. Each circle in reference cell for t he 000 1.11000, 02001i band P(20)
Fi gure 12 is base d on an observation time of r = J O  s amid transition -
a sample size of in = 26. As Figure I 2 indicates , two
independent , consecutive sets of measurements give
results which are barel y distinguishable from each other
and are within  one o~, ( r )  of the solid line. A straight line
f i t t i ng  (by the least-squares method )  of the data between linear at higher pressures , but for the purpose of frequency
O and 60 mTorr yields a — 108.6 Hz/mlorr frequency stabil ization only the low pressure region is of interest .
change with increasing pre ssure in the ‘2 C’602 reference It is rather interesting to note that  our original 1970
cell (red shift ) .  The pressure shift becomes larger and non- estimate (2 , 31 was also about 100 Hz/mlorr red shift

for the same P(20) laser transition .
P ‘ - T

~,#,  6(201 , ~6 p~’ 
Analogous data for the i3 Cm8 ~~ 000 1.(10 00, O2 00J~

p 0034 To,, ‘~ 4’~ A ’-  t 4 Ok’T ~ band R(24) transition gave a 168.6 Hz/mTorr red shift in
- 0 ’ O~ S the 0—60 mlorr pressure range. Neither repeated breaking

—.~ and resett ing of the frequency lock , nor refilling of the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~e~~~l
t
~~~~~~

ence cells altered the results shown in

Conclusions
- The data presented in this paper clearl y show stgnifica nt

- advances in CO2 laser stabilization using the 4.3 pm 
~~~~~~ fluorescence techn ique. The time-domain freq uency

‘arourN c v (H z ) stability data of Figure I I  are quite consistent with the
Fig. 10. Signal , noise and signal-to-noise ratio as a spectral density measurements presented at the Seminar
function of modulation frequency for a 22.2 mm diam- on Frequency Standards and Metrology in Quebec (see
eter cell filled with 0.034 Torr CO2 Figure 5) [4]. It is noteworthy that the frequency stability
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shown in this paper was achieved with relatively large , 5. Petersen , F .R., McDonald , D.G., Cupp, J.D .,
1.5 metre , grating controlled, LR-35 invar lasers (see Figure 3 Danielson , B.L.: Accurate rotational constants ,
in Ref. [4]) wi th  ±100 kHz synchronous frequency modula- frequencies , and wavelengths from ‘2 C”O2 lasers
tion of the outputs. We have previously demonstrated far stabilized by saturated absorption. Proc. of the
better spectral purity with smaller , superinvar [13 , 141 Laser Spectroscopy Conference , Vail Colorado ,
cavity lasers (see Figures 1 and 4 in Ref. [41). In the 1973, p. 555
nex t phase of our experiments the use of superinvar 6. Meyer , T.W.: line broadening and collisional studies
lasers in conjunction with large r diameter stabilizing cells of CO2 using the techni ques of saturation spectros-
and ultra-stable electronics will undoubtedly result in at copy. Ph.D. Thesis , U. of California , Lawrence
least one order of magnitude improvement over the time Livermore Laboratory, UCRL-51 561, April 1974
domain stability shown in Figure I l .  7. Woods , P.1., Joliffe , B.W. : J. of Physics E: 9, 395

(1976)
8. The authors gratefully appreciate the correspondence
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PRO~;RESS IN CO
2 LASER STABI L IZAT ION

5

Charles Freed
Massachu setts Institute of Technology

Lincoln Lab oratory
Lexington , Mas sachusetts 02173

Sm~~~ary are most conveniently measured by heterodyning two
lasers , the resul ts are not altogethe r foolproof be—

A family of stable CO2 lasers have been under cause the disturbances causing frequency Jitter of the
development at M.I.T.. Lincoln Laboratory for the past lasers may be at least partially correla ted . In an
f.w year.. These lasers are used in a variety of Optical radar one may compare the laser with it. own
application, and under different opera ting conditions, output delayed by the round trip time to end (to. the

target .  Hence , effe cts due to disturbance , with
Stabili ty da ta have been obtained for free— correlation tines less than the round trip time of the

running , offset—locked and line—center stabilized transmitted signal will be included in the measured
la.er.. Measurements of spectral purity (frequency beat note spectrum .
domain) , and of the fractional frequency s t ab ilit y
(t im e domain) of the laser beat notes w i l l  be pre- Figure 4 shows a block diagram of a 10.6 tim laser
sented . radar at the Lincoln Laboratory Firepond Facility3’4’5 ’6

in Wes tford , MA. In Figure 4 wavy and solid lines de—
A two—cha nnel , lire—center stabilized CO2 laser note optical and electrical signal paths , respec tively.

heterodyne frequency calibration system w i l l  also be The 0.5 meter local and the 1.5 meter master oscilla—
described , together with the latest data obtained for t o t s  are simi lar to the one shown in Figure 1. The
the various co2 isotope laser transit ions . The new higher power master oscillator is offset—locked to the
data are l0~ to 106 times more accurate than previou sl y local oscillator using a stable 10 MHz frequency di.—
published results and will provide secondary fr equency crimi nator and a frequency control servo loop with
references over a wide p o r t i o n  of the infrared spec- u n i t y  gain at 3 kH z , Figure 5 shows the real time
trt~ . power spectrum of the 10 MHz beat note of the two off—

set-l ocked lasers. The analyzer resolution in Figure 5
Key Words: Stable CO2 lasers . short-tern is set to 0.02 H z ;  thus the observed narrowness of the

stabili ty , long—tern stability, pressure shift , CO 2 beat note spectrums indicates that the master oscillator
isotope constants. tr a cked the local oscillator within less than one part

i~ io 15 during the 50 sec observation period required
Intro duct ion t~ , oit ,, tn a high resolution measurement such as shown

in F i g ’ - r o  5.
This pa per reviews the stability obtain e d w i t h

various CO2 lasers and under different operating cond i— The ~ 1 .6 am laser radar shown in Figure 4 has
tions. New results are emphasized whi le r .rev ious l y b een used to  make observations on GEOS—IlI , a NASA
published de tails on laser design , expc ri n~en t al pro— gs.o ’ !et i c  satellite equipped with an IRTRAN II solid
cedure and long—tern stabilizati on are le f t to the cub,-  corner retro-re f le ctor. Radar returns from
references. & :FO S-IIt have been used to determine the radial

vel o city of the satellite using Doppler measurements .
In the first part of the paper resu lis ob tained and to set an upper bound to the laser oscillator

with free—running lasers are described. The second instabi l ity.
part concentrates on line—center locked C02 lasers
and some of their app lica tions . A logarithmic display of the power spectra of a

cons e cutive sequence of radar return signals is shown
~~~~~~~~~~~~~~~~~~ In  Fig u r e 6. Table t sumarizes the app licable opera-

ting cono tm tt io ns .
In this section we shall first describe lasers

and results applicable to high resolution optical The returns in Figure 6 were obtained near the
radars. Figure 1 shows the basic laser structure w h i c h  clos es t approach of the satellite , corresponding to a
was previously described in greater det ail. ’’2 F igure Doppler shift of 64 MHz. At this point of the orbit
2 illus trates the real time power sped rus of the beat the Doppler frequency was changing by 10 MHz/sec .
note between two free running lasers , slat ta r t o  the This change in frequency amounted Co a ‘lO kflz shift
one shown in Figure 1. Thi s figure and the conditions during the 0.004 sec radar transmission , This fre—
under which it was obtained was also published pr o- quency shift , togeth ”r with the main Doppler shift was
viously 2 and is repeated here for comp lete ness sake , removed by orbit-fitting in the computerized process—
Figure 3 shows a real time power spectru m similar to Ing of the data. Thus the individual spectra of the
the one in Figure 2 , bu t measured und er somewhat ra dar re tqr ns shown in FIg ure 6 should ideally approach
noisier environmental conditions. .1 (~~

i
~~..Z)’ distribution corresponding to the Fourier

t r a~~Torm of the l O S  urn single frequency 0.004 sec
The mostly di scrcte modulation st de t .n, k in ~tgIzre r,, l.,r pulse . The spectral width one may observe on

3 are primarily due to line frequency h a r m o n i c s , tb, returne in Ftgure 6 is approximatel y twice the
structure vibrations , acoustic noise and o p” t e a l  feed— theoretical 500 Hz that should occur between the first
back from the detector. Note , that the modulation minima. The excess width and smearing of the return
sideband. in Figure 3 may be enclosed un Icr i {.ou-~oian ap e-I ra Is due to Instabilitie s and jitter in the en—
rnvslope wi th 0 -. 209 Hz. Although lase r s t a h j i l t i , - s tI r , • ra th e r complex  system , I ncluding the laser

* This work was sponsored by the Advan ced I(~’s o  arch
Project. Agency of the Department of :~r rcn st’ ~nd also
by the U. S. Energy Research and l)cvr-~ opment Ad m inls -
t ra t  ion.
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oscillators. Needless to say, the system performance  ,- , ‘,, t, ’r stabilized CO2 Iso tope cali b ration system which
is steadily improving a. the operat ing conditions and was previously described 7. Figure II shows the block
components giving rise to instabilities are gradually diagram of this system .
corrected; however, even the present level of perform-
ance corre.pond. to an orbital velocity precision of In order to investigate In the moat direct
1.25 /sec , and one may put an upper bound of about fashion the variou . parameters affecting long—term
one part in lO~~ on the short—term stability of the frequency stability, we carried out extens ive measure—
laser oscillator.. ments of the Allan Variance on the 2 ,697.86 MHz beat

frequency between &he 12C160, OO~l_ 11000, O2OO)~ band
Open—Loop Stability Of Microwave Self-Beats P(20) and the 13C1°02 000 1_Tl000 , O2°O3~ band 5(24)

laser transit ion s7 . By using two different CO2 isotope
The results in the remainder of thi. paper were line., frequency pulling due to optical feedback was

obtained with grating controlled lasers , which have reduced and the 2,698 MHz beat frequency output of the
been previou .ly described .2’7 Such a grating con- IIgCdTe photod lude was directly measured by a microwave
trolled laaer is shown in Figure 7. frequency counter; thua only two independently lockable

lasers and a single microwave frequency counter were
Microwave (or lower) frequency generation may utilized in the experiment . to be described in this

be achieved with a single laser filled with a mixture aection (note that Figure 11 indicate , a separate
of c02 i.otop.a. The spectral purity and long—term microwave local oscillator and a second counter;
stability of the (self—) beat note. obtained in this neithe r of these were necessary for the stability
way may only be compared to atabilized oscillators of measurements) .
the highest quality. Figure 8 shows the spectrum
analyzer display of the 3165 MHz self—beat of the Since each laser was aaamimed to contribute
1¼1002 0001_ (1000, O2°O)~~ P(lO) and the 12C16O2 equally to the instability, the measured Allan Variance
00°1~ t10°0, O2°OJ~ 5(18) transitions. Time domain was divided by /T time s the laser frequency (2.8306 a
frequency stability mea.urement. of the same 3165 MHz 1013 Hz) in order to derive the fractional frequency
beat note are shown in Figure 9. In order to obtain stability for a single laser as a function of sample
the fractional frequency stability, the measured Allan time , t , (sating time of the frequency Counter) .
Variance wa, divided by /‘T time s the laser frequency.
Table II gives the aample size , m • for each observation The stability of the lasers may be best su~~~a—
time , T , used to obtain the Allan Variance , tired by Figure 12 where each circle or cross repre-

sents an Allan Variance measurement based on a sample
Figure 10 shows an even better frequency size , m , as specified in Table IV .

stability measurement of the 593 MHz beat note between
the 14C’602 000l_ (l000, 0200)11 P(38) and the l2C1602 The fractional stability of the beat note of the
00o1..(l000, O20O1~ P(16) laser tranaitions. Each data two lasers under free running conditions is denoted
point in Figures 9 and 10 is based on an independent by crosses and may be reasonably well approximated by
set of consecutive a samples. Table III shows the o~,, (unlocked) a 1O 10 x tO’72 which of course indicates
sample size , a, for each observation time , r , of Figure the d r i f t  rate of the lasers relative to each other.
10.

The circles represent the result. obtained with
The spectral purity of Figures 8, 9 and 10 1. each laser independently locked to its own reference

explained by the fact that the fractional frequency absorpt ion cell f i l l ed  wi th  40 aTorr of 12C1602 and
stability at the microwave beat frequency will be 13C 1802 , respectively.
identical to the fractional stability of the laser
frequency itself. It should be clear by now that As Figure 12 indicates , there were three consecu—
abort—term stabilitie , of 10—11 to i O l .~ may be tive Sets of measureme ots made , each based on m samples
routinely achieved with well designed and acousticall y for any given observation time , r. The locked las~g
shielded c02 lasers . stability may be described by O~(locked) 6 x l0~~’ Xt—1/2 .

Two additional facts are noteworthy in Figures 9
and 10. The frequency stability gets better for Thus , ~he instability of the lasers became less
shorter observation time s, a vary desirable require— than 1 x l0 2 for sample time. r � 40 seconds. A
•ent in radar—like applications. As a matter of fact , fractional stability of 10—12 correspond , to 0y ~ 28 Hz
inadequate frequency resolution of our present equip- fluctuation in the laser frequency. Since the piezo—
ment prevented meaningful measurements of the Allan electric mirror tuning rate is about 200 kHz/volt , the
Variance for observation t imes less than 1 sec in phase sensitive detector output stabi1~~y (drift) most
cases like the ones illustrated by Figures 9 and 10. be less than 150 iiv to achieve 1 x lO hi long—term
A second noteworthy feature of such self—beats is that stability. Such low , long—term drift was clearly
they may be utilized for direct comparison of optical beyond the capability of the ten year old lock—in
and •icrvoave frequency domain. , amplifiers used to obtain these results; therefore ,

the measu rement of longer term stability with larger
Long—Ter m Stability and Some Of I ts  Applications sample sizes was not aeriou .ly pursued in the current

phase of our experiments. However , the stability we
It was previously shown that  CO2 lasers can did ob tain was quite auffi cient to carry out accurate

be frequency stabilized by uaing the standing—wave and reproducible measurements of pressure •hift in CO2.
saturation resonances in a low—pressure , room— tempera-
ture , pure CO2 .b.orber via the intensity changes In the pressure shift experiment , both lasers are
observed in the collisiona lly—coupled spontaneous locked to their individual reference cells , and the
emission band at 4.3 ~~~~. More recently, significant shift in the heat frequency is measured a. a function
improvement in signal—to—noise ratios with new , low of pressure change in one of the cells , with the
pressure CO2 .tabiliz~8ion cells external to the lasers pressure held Constant in the second cell in order to
wap also demonstrated 1 . obtain a ~tahle  reference laser frequency.

The experi mental results in the remaining part Figure 13 shows the last two dlgit~ of the
of thia paper were obtained with the two—channel line— 2.697.862 ± 6 kHz beat frequency of the 2C1602 laser

5.3
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OO°l— (tO~O, 02°O ) i  band P(20) and the 1
~ C

18O2 laser Conclusion
000l_ t l 000 . 02°Ol x band ~~ 24~ t r ans i t i ons  as a func-
tion of presaure in the C 1 02 reference c e l l .  Each Even the few examples given in th i. paper make
circle in Figure 13 is based on an obse rva t i on  time It quite clear that the spectral purity, frequency
of t — 10 seconds and a sample size of a — 26.  As s t a b i l i t y  and r e s e t t a b i l i t y ,  together with the avail—
Figur e 13 indicates , two independent , consecutive abili t y  of well over a thousand lasing transitions
sets of measurements give results which are barel y uniquely endow the CO2 sys tem fo r  direct use in hi gh
distinguishable from each other and are within one resolution spectro scopy , or as secondary frequency
Ov (T) of the solid line . A straigh t line f i t t i n g  (b y standard in heterodyne spectroacopy with tunable
th. least—squares method ) of the data between 0 and lasers , or in precis ion 1k synthesis which involve.
60 •Torr yields a —108.6 Hz /mTorr f~equency change frequency mixing .
with increasing pressure in the 12C ’ 02 reference
cell (red shift). The pressure shift becomes larger A systematic and precise evaluation of the band
and nonlinear at highe r pressures , but for the purpose centers , rotational constants , and lasing transition
of frequency stabilization only the low pressure frequencies of the CO2 isotopes is under way . These
region is of interest. It Is rather interesting to data will also be of great value in evaluatin g the
no te that our original 1970 est ima t e2 ’8 was also about p o t e n t i a l  f u n c t i o n  under the influence of which the
100 IIz /.Torr red shift for the san e P (2 0 )  laser nucle i are moving .
tranait ion .
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line frequencies I n f r a r ed Radar ”, SPIE 69 , 10—13 (1975).
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ti ons On A 10.6 urn Laser Radar ” , paper presented

—D (J 2(J 1) 2 — J(J+1)2) ~ (D
1
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) J 3 ( J+ l )~ S. R . H. Kingston , “Coheren t Optical Radar ” ( 1977)

to he published .
-L ( . . .  (I)
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the spectral region tKey occupy. 11. C. Freed , D. L. Spear., 5. C. O’Donnel l,
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B. L . Danielson , “Accurate Rotationa l Constants ,
Frequencies , and Wavelength , from 12 C 1602 Lasers
Sta bilizsd by Saturated Absorption ” , Proc. of
the Laser Spectroscopy Conference , Vail , I (seconds) 1 2 4 5 7 10
Colorado (25—29 June 1973). _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

m 101 51 51 51 26 26

Sample si ze, in , as a ftelction of Sauple ~~~~~~~~ r ,
for • 3165 P41z .

TABLE I I

T (seconds) 1 2 5 10 25

in 101 51 26 26 11

Sample size , in, as a fwtction of sample tIm .
r , for %eat a 593 14{Z .

TABLE III

Jr (seconds) 0.1 0.2 0,4 0.7 1.0 2 5 10 25 50 100 250 500 ioool
in 101 101 101 101 101 51 26 26 11 3 3 3 3 2

Sample Size, in , as a Pwtction of Sample Thie, r ,
for v beat a 2698 Wz

TABLE W
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VEBWATKEOJ. IVrATIORAL CI~ STAV~S OF CO2 ISOTOPE 1J.SEIt ThANStIIG~S

~~C 16O2 
13C1502 

14c36o2

v (U)Q~~
.
~ 

25 805 sll.8 27 Iss 792.4 27 538 558 .2 25 965 920.7

V (0)~~l.1T 31 589 960.2 30 508 bS9.b 30 755 854.8 29 464) 002.6 
—

U 606.1(02 I I  (.80 ( 7 7 1  ID 319.0962 11 6 15.6722

ii 691.5 (97 11 (,83.4S38, 10 405.4743 11 674 .742t

~I I  ~ ~~~ Ii ~I9 315S ill 398 9536 IT 727 .0591

COOl iThisi7io 3.9929 IC.3 3 . 2 4 5 8  a 2 O~~ 3 0877 •

~i T.44(.2s 10~~ 3.6126 10 T 2.1147 • io~~~~ 7~j i~

~I T  iT~ , :o~~ 4.1S(.lz IO~~ 3.6544 1O~~ 4 . 0317 IS - ,

i i ~T17i~~ L0I1xT~~~ -8 .12 10~~ 1 972 •
F 

5.730 10~~ 7.159 a 1O~~ 1.807 x 1U~ 3.7293 x 10~~

H 18 6.984 a l0~’ 0.022 IO~~ 4.01$ . 10~~ 1.6284 a l0~~

299 792 458 rn/sec

TABLE V
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FIG . 1 0.5 •eter , internal mirror , p iezoelect r ica lly BEAT FRE QUENCY ( h Hz)
tuned stable CO

2 laser ,

FIG . 2 Real— time spectral density of the beat note
of two free running , 0.5 meter stable CO2
lasers for 0.1 second observation time;
horizontal scale: 500 lIz/cm; resolution
10 H z .
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BEAT NOTE SPECTRA OF TWO CO2 LASERS
FI G. 3 A beat note similar to Figu re 2 but measured under somewhat noisier environmental

conditions.
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FR EQUENCY (k Hz)

FtC .  6 10.6 ~mi radar return spectra from GEOS I I I
geodetic satellite.

RF SPECTRUM OF CO2 L A S E R  B E A T

WITH FRE QUENCY SERVO
( 0.02 Hz Resolu t ion )

FIG. 5 10 MHz beat note of two offset—locked lasers;
spect rum analyzer resolution set to 0.02 Hz.

Fig. 7. 1.5 meter , internal-gT’ating-controlled , piezoelectrically ttmed
stable C1)~ laser.
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3,165 MHz BEAT FREQUENCY OFA

001-I BAND R(18) TRANSITION
WITH A 
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C ’602 LASER LINE

IF. BANDWIDTH 3kHz

Fig. 8. Spect rum analyzer display of 34~5 ?41z beat frequency of the 14C16G~0001 - (10°O, 02°0)jj band P(1O) and the 1LC1602 00
01 - [lO °O , 02°01~ band

R( 18) transitions ; I .  F. Bandwidth: 3 kIIz .
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F iG. 9 Time domain stability of the beat note FIG . 10 Time doma 1~~4s~ g b l l i t ~ o~ 6
the 593 .24  P01* self—

shown in Figu r e 8 . heat in a C — 12c 02 combination laser ,
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FIG. 11 Two—channel heterodyne system used to deter to ine IO’~~ 7 4 . L 7 L U J
1 
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CO 2 isotope laser frequencies. 
SAM PLE 11M( . a h id 1

FIG . 12 Time domain s tabil i ty of independently lock-
ed grating controlled CO 2 lasers.
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FIG. 13 Var iation of the 2,697 ,862 ~ 6 kHz beat FIG. 14 Comparison of the frequency and wavelength
frequen11 ~g a function of pressure change 4qs~~ ns of r a re CO 2 isotope lasers with
in the c 0, reference cell fot the 6’C~ 02.
~~o1 

_~~OoO, O20031 band P (20) transition.
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Abso lute Frequency Calibration of the CO2 Isotope Laser
Transitions

CHARLES FREED, SENIOR MEMBER , IEEE, ROBERT G. O’DONNELL, AND A. H. M. ROSS

Abstrac t —The frequencies .f rare CO2 Isotope laser. are mea- on the detetermination of transition frequencies , band
sured by c.wearison with “C’O. reference lines and with each centers and rotational constants of 12(~18()2, 13C1602, and
other. Improved bet.rod ’me t.cbnlilu.e are used to generate dif- i3~~i~j2 isotope lasers 121, (3J with accuracies o~ about 3terenc. frequencies n a liquid-nltiog.n-cool.d HgCdTe viractor
photodlode. Microwave frequency counter measurements of the MHz. At least a 1000-fold improvement in accuracy has
dlffer mce frequencies are them used to calculate the bend centers, been achieved with the experimental apparatus currently
rotational constants and transitlom frequencies with am estima ted in use. Also, hundreds of new lasing transitions have been
accuracy e(le.s than a few kilohertz. Selected applications of C0 observed in ‘60’2C’80, ‘~(J’~C’5O, and 1’IC1G()2, and
isotope lasers In precision b.t.r.dyn. calibratlom, spictroecopy, measurements of 14C 1802 and OHC~ O lasers will bemicrowave and JR synthesis ar, described. carried out in the near future.

INTRODUCTION

T HIS PAPER will concentrate on new’ results CUR ’r EXPERIMENTS
relating to CO2 isotope lasers (11. At the June 1973

Laser Spectrescopy Conference in Vail, CO, we reported Optical heterodyne technIque. [21-151 are used to gen-
erate beat frequencie, between two lasers either filled with

Manuscript ,,eelvsd June 29, 1976 ,,~ ~~ by different CO2 isotopes, or if the same isotope is used the
of the Deportment of Defens, and difference frequencies between adjacent rotational tran-

im part by the U.S. Ene,gy~~~~~ ch and Development Administra. sitions are measured . The band centers are determined by
C. Prssd .itd R. G. O’Donnell are with th. M.I.T. Lincoln Laboratory, two heterodyne comparisons with the 12C”02 lines mea-

Lssii~~cs, MA 02173. . . sured by Evenaon et al. 161. The rotational constants areM. Roes is with the Dsps,tmsnt of Physics, University of Cull.
(orals Los Angels., CA goort. computed by fitting the measured difference frequencies

03,yrWit C 1977 by The Institute of Electrical and Electronics Engineers, Inc.
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Fig. I .  Experimental setup used to determine the CO2 isotope laser frequencies.

in a least squares sense to the expansion of the line used [10]. In the new design , the low pressure gas cell, the
frequencies LN2-cooled radiation collector, and the IR detector are all

integra l parts of one evacuated housing assembly which
I = fo + B~1J ’(J ’ + 1)] — ~1(J + 1)] also minimizes signal absorption by windows and elimi-

— (B1 — B~~) J(J + 1) nates all other sources of absorption. Because of the vac-
—D~ [J’ 2(J ’ + 1) 2 — J2(J + 1)2] uum enclosure , diffusion of other gases into the low-pres-
+ (D, — DU) J 2 ( J  + 1)2 + H~~[J’3(J’ + i)~ 

sure gas. reference cell is almost completely eliminated ;

— 731 lu. i t31 714 — H ~I J 3IJ + 1~~ — L (P  therefore, the time period available to use the reference gas
~ ‘ 1 ~~~ .‘ U(’ ’ F cell has greatly increased and considerably less time has

where J’ J — 1 for a P(J) line and J’ = J + 1 for an R(J ) to be wasted on repumping and refilling procedures. Also,
line. Fig. 1 shows a block diagram of the experimental one LN2 fill will last at least 18 h. In addition to greatly
apparat us. improved reliability and maintenance we have also ob.

The experimental procedure is similar in principle to the tam ed [101 at least two orders of magnitude improvement
one previously described 121, [3]; therefore , this paper will of the signal.to-noise ratio in measuring the 4.3-am fluo-
emphasize the improvements achieved and avoid repeti- rescence.
tion of’ every detail. The improvements in laser stability also necessitated

Refinements in our standard grating controlled laser the use of highly stabilized microwave oscillators and
design (2], [3], 17] resulted in greatly improved laser output frequency counters to measure both the intermediate and
with tap-water cooling. About 150 transitions lasing in the the local oscillator frequencies. The frequency counts were
TEMooq mode could be obtained with a pure CO2 isotope directly fed into a computer for further processing of the
fill , including many from the 0111 — 1110 “hot band” . data.
Several hundred lasing transitions were available from a No description of our experimental setup can be corn-
single laser filled with mixed isotopes. plete without specially mentioning the remarkable per-

The 1000-fold improvement in the accuracy of frequency formance achieved with the improved , high speed, high
measurements was primarily due to active long-term sta- quantum efficiency HgCdTe photodiodes developed by
bi lization of the lasers to the natural line centers of low D. L. Spears at Lincoln Laboratory. We achieve mixing of
pressure room temperature CO2 absorption cells external the microwave local oscillator , or its harmonics, with the
to the lasers. In previous papers with A. Javan we have CO2 laser beats directly in these HgCdTe photodiodes. The
shown [8], (9] that CO2 lasers can be frequency-stabilized generation of harmonics and the mixing of the microwave
in any lasing transition by using the standing-wave satu- signals closely correspond to varactor diode behavior [11].
rat ion resonances in a low pressure, room temperature pure Fig. 2 illustrates a typical microwave frequency beat signal
CO2 absorber via the intensity changes observed in the obtained by varactor harmonic mixing and frequency
entire collisionally coupled spontaneous emission band at down-conversion in such a photodiode. Fig. 2 shows a
4.3 Mm . It was also demonstrated that the frequency shift 52-dR signal-to-noise ratio with a 10-kHz noise bandwidth
due to changes in pressure is very small in C02, typically for the 24 410.301-MHz beat frequency of the I6O12t,~18O

much less than 100 Hz/mtorr. 0001 — (l0°0, 02°0)i band P(12) and the 12C1602 00°1 —

In the experimental setup shown in Fig. 1, vastly im- [10°O, 02°0J~ band P(6) transitions; this represents a 16-dB
proved CO2 stabilization cells external to the lasers are increase in signal-to-noise ratio when compared to our
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TABLE I
Difference Frequencies Measured Between “O’3C”O and-20 -r 

- 
‘2C”O , Lasmg Transitions

~~~~-
, 

-- 
- Isotope s.tsr.uuc. NeiseteC e..,, -C,ic.40 Lie . i ts. C (S) 1 (I) (Ut,) (555)

5Z
~~

B S 5(35)  1 5(30) 2305j.e~~ 31) O .31g
I 54)0 )  1 5( 20) 2COns .e ’33 ) C  —5 .010

- -~~~~ ~ P(2S) 1 5(22) 252S1 .Jf lS SO 11.55%

- 6c~ S ‘(52, 1 P( 5) ~e01 O . 30 1252 — 0 .513
~r r ~~~~~~~ 

1 t (25) 1 5(20) 31500. 1270 IC —0.101

r~~~ ’ 
‘-- 7” ~~~ 1 5(25) II 3. SeNt ’S 1.C0$

I , (22) 1 I (25) 15002 . S25 ~ 2S —~ • 201
r~2sp 1 1(30) II5$I , % 5 I I 5 3  7. 151

-80 ~~~~~ i . . .  

— 

-
, .j _ .-- ~~ ‘ ins z a ~~~ ~~eoi.oaci ~~ — 3 . 1 15

I 5(2*) 1 I(3e ) 130* S ,1 ’ l 5P0  5 .115

~~~~~ 
) —  200s s z I l I J O i  S 5( 2 0 )  tZ000 .5S51’)O 5 .305

I 5(33) 2 1I3e) 1i0. 1.e ;1tcc —1 .051
Fi g. !- 24.410.301-MHz beat frequency of the 1S~~ I2C l S( ) laser 0 0 1  11 5 (251 II  5 1 3 2 1  •11771 5513”5 -0.5~’

U 1t23) U 5 t 1 2 1  ‘J 7 C C . 0 C~~A ’ ’  — ‘ . !~~~11000. 020011 band P112) and the 2C~ O2 laser 0001 — (IO°O, O2~0li 1Z •12H 21 5 (30 )  12550. l lNSt l  N .00t
hand P16) transitions. II 5 (20) I I  I I  5) — i 2 ~~3t . !1SS’’ — 5 .553

Pi,wer levels into photodiode: U 5(10)  II  P( I) 1103). 172310 —2 . 532

t 

l2CihO LaserO.42 m’s’r’ 
Cl 5(53) 11 5(20) 3C 5( .5’ 00 77  —3 , 155
I! 5(3%)  11 • 2S) S0S0 .) 05100 1. 7551~OI2C f~O Laser:0.48 mW U I (10) 11 1( 32) 3 0 3 5 . 1317 CC —7 .51e

Noise bandwidth: 10 kHz
Second harmonic of microwave LO is used. StsslItI Is,Sst lo I. S .22 5  Set

previously published results [21, [3). Greater detection TABLE II
sensitivity was dut in part to improvements in detector Band Centers and Rotatio nal Constants (in Mlix ) for “O~ C”O
technology and in part to special , low microwave loss dewar
and si gnal- duplexer design. The two detectors presently so • 2s051o12.G0a37S * ?.02c 0-52

in use have been installed well over two years ago and both
— can detect the up to 60-GHz (2 cm —1 ) beat frequencies of 321553S0. 356111 * t .etO E-02

adjacent CO2 rotational transitions with over 30-dB sig-
nal-to-noise ratio. — 10951 .025 213100 t ~. ‘3Q ’ -3s

001

Table I shows a set of 20 beat frequencies measured 
~ -r • 96.7006*373U2, * 1 . 5 c m _ o s

between the indicated I10i2C15)O isotope transitions and 001

adjacent 12C~ O2 laser lines used as reference. The mea- a -a • *ie .901*115915 12 $ •.f°0c-lo

sured difference frequencies were fitted in a least squares 11 001

sense to the expansion of the line frequencies shown pro- • 3.55270971215501-03 5
001

viously in (1) . The 12Cl002 reference frequencies were
O —t • — N . 5 7 % S 9 3 N O 3 $ 7 ~~S t — O 5  ~computed from the constants recently published by Pet- x oci

ersen (5] and his coworkers at the NBS in Boulder , CO. 
~ • s.s5160026950550-05 3 ,55 15- 0*

Table II shows the band centers and rotational constants T X  - CCI

of 100’2C18O determined from the twenty beat frequencies it • o .,oses jase 7oS3r- 10 2. e* 5 ’ - lC

listed in Table I. The results in Tables I and 11 show more 007

than 10~ improvement over the data previously available 2.2501005330 3500-00 1.5,9!- tO
I 001

for this isotope. We expect another order of magnitude • — a • 5. 1305350553550t— C0 , 7. I CO’.-o0
improvement because the data of Table I were taken prior II cci

to installation of the improved laser stabilization equip-
ment (10].

Hundreds of laser lines have been observed in ‘~O’~C~ O dyne spectroscopy with tunable lasers, or in preci sion JR
and in ~6O’~C~ O isotopes since both even and odd rota- synthesis which involves frequency mixing. Examples of
tional transitions are allowed for a linear molecule in which such uses will be given in the remaining part of this
one of the atoms is replaced by an isotopic substitute. Our paper.
curre nt emphasis. however, lies in the determination of the
14C0 2 laser transitions because of the rich spectrum they CO2 LASER APPLICATIONS IN IR SPECTROSCOPY ANDprovi de in the vicinity of 12 Mm . Some of the 0111 — 1,110 

SYNTH ESIS“hot band” lines we observe are near 12.4 ~m in I4CI6 02
lasers. Fig. 3 illustrates the relative positions of lasing The examples described in this section have been se-
transitions in ~C ’6O2, i6(J13C’80 bf OI2 CI8O and 12C~ O2 lected because of some personal interest or involvement
isotopes. We previously published [2], (3] a similar chart of the author and are not meant to be all inclusive. By

~‘ for the HC~ O2. 1tC’5~J2 and I2C18(J2 isotopes, comparison with selected, doubled CO2 transitions [12] the
hi’

It is thus clear that the spectral purity, frequency eta - entire CO laser spectrum may be also utilized as a secon-
bility. and resettability together with the availability of dary frequency standard in the 4.9 to 7.5-u rn portion of the
well over a thousand lasing transitions uniquely endow the infrared spectrum. With the sole exception of the satura-
CO2 system for either direct use in high resolution spec- tion resonance stabilization technique using the 4.3-Mm
troscopy, or as a secondary frequency standard in hetero’ spontaneous emission, all other aspects of this paper can
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Fig. 3. Comparison of the frequency domain of rare CO2 isotope lasers with ‘~C~ O2.
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Fig. 4 Experi menta l setup used to calibrate NH3 *baorption lines at
12. 1 gm .

be easily extended to the molecular CO laser system. Sta-
ble. sealed-off CO laser operation has been previously Fig . 5. Spectrum analyzer display of a 6775-MHz beat frequency be-
demonstrated (13]. The Lamb dip in CO lasers 1141 can be tween a ‘4C’602 laser transition and a tunable diode laser probe held
used to set the laser transitions well within 1 MHz of line to one of the NH3 absorption line, near 12.1 gm

center. The HgCdTe varactor photodiodes are just as
useful at CO wavelengths. Indeed, microwave frequency radiation is heterodyned on a fast HgCdTe varactor pho-
beats between CO laser transitions equivalent to the one todiode [1 1J, and the beatnote displayed and measured by
shown in Fig. 2 have been previously described [2) , 1121, a microwave spectrum analyzer (or counter). The other
115). 116]. part of the combined laser radiation is used to probe an

Fig. 4 illustrates probably the most precise measurement absorption cell , which in this particular experiment was
method available to date in the calibration of absorption filled with NH3 at a pressure of 5 torr.
spectra. in the experimental arrangement of Fig. 4, the Fig. 5 shows a heterodyne beat frequency of 6775 MHz
outputs of a tunable diode laser and a “C”02 laser are between the 14C1802 laser and the diode laser tuned to one
combined by a beam splitter. One part of the combined of the NH3 absorption lines near 12.1 ~m. With the CO2 
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TABLE LU
Best Frequenc y Generation in the 0- to 2000-MHz Ran~e by
Synthesis of “C’ O, and 1O ’~C ’O Isotope Laser Trsnsitions

A v(M 14z) ± fl~ 
~
“32c 16O 

t f l~ “lSo l2c
)so

3.300300 • I • 1601251*0 i000I . 100 0 P ( 6) - 1  • l6OtZ CllO (000l ,l000l P 4
27.750000 • I • I*012C160 (0001 ,0200 S I SI — l  • )5012C150 10001 ,02001 P I 3)
65,3*0100 • — , P 940125150 I000I,1070 I I IS) I • 1601 25150 (3001 ,1005 I I 71
Il0.305100 • I S 110125160 (0001 .1000 I I 14 — l • 16012C180 (0001 ,1572) 0 ( OI
Ii? 1S3500 • — I  I 1*01751*0 (0001 ,10*0 P 4 0) 1 • 16o12c180 I000I,I000I P II)
203. 513700 • — t  S 15012c160 l000l . 100 0 I I Il) 1 S 160125110 1000l , I000 I I
2*8.752400 • I S 150125110 (0001 , 100 0 P I I) — I  S l60I2C1aO (0001 .I000I P ( 10)
263. l0s I00 • I • 140125110 (0001 .0220 S 4 28) — t  • 560)25110 (0001 ,0200) I 4 11)
390.102700 • —I • 140925)60 (000) , 1000 P I 2) 1 S 160125180 (000l ,10001 P I l)
314 .22)600 - I S 95017C11* (0001 .1000 I I ‘0) 1 5 150125)50 (0001 . 1000) I ( 3)
311 .905300 • I S 100125150 (0001 ,1000 I ( I S) — I S 550t25 950 (0001 .10001 5 11)
409.4*7100 • — 1  S 140)25940 (0001 ,1000 I ( 5) I 5 100125110 (0001 ,1005) I I I)
330.390200 • -1  5 16012d b 10001 ,1000 I ( 0) I • 1*0125180 (0007 , 10001 P I 6)
331.207100 • I 5 150125160 (0001 ,1000 P ( 10) — 1  5 750)25750 (0009,I000I P ( 177
330.390500 • I S 150125110 (0001 .1 040 1 4 60) — 1  * 150125110 I 000l . I 000 ) I I II)
908. ss*oo • —I • 150125150 ~oooi , 100 0 I ( 2) 1 5 16012518 0 1000 1 , 1000 1 p ( 0)
3fl .337 S00 • —I S ISOIZ CISO (0001 , 1 009 I I SI) 1 5 150125 150 (000 1 , 7405 I 4 527
SSI.5 S300 0 • — 1  5 16012C100 (0001 , 1000 5 4 I I  I • 160125150 (0401, 1000) P ( 2)
672. 40*700 — I • 140125150 (000 1 , 1000 I ( 20) — l  • 150125110 11001 .1000) I 4 13)

— 572.140400 • I • t *OI2 C I *0 (0007 ,100 0 P 4 12)  - I  S 74012d b (0001,1000? P 4 99)
115.953100 • I • 1*0125150 (0001 . 1 000 S 4 22 )  ‘7 • ISOI2C)50 (0001 , 1000) I I IS )

1151 . 702*00 • I 5 9*0)251*0 (0001 , 020 0 S I 30) — l  5 15012511 0 (4005 , 0205 I 4 20)
1393,12 0000 • 1 • 150125140 (000I .t000 P ( I S )  — l  5 100125 110 (0401, 1000 1 P ( 21 )
1331 .2219 00 • I S 14012C 160 (000 1 , 100 0 I 4 20) - I  5 760)25)40 (0001 , 1000 I I 4 17)
1349.341300 • S S t *01259 0 40001 ,0200 I 4 *0) 1 * 150 12518 0 (00 0 1 ,0200) 0 02)
1521. 35*100 • 1 5 150125150 (000 1 .020 0 I ( 5 2 )  — l  • 140125150 (000). 0200) I I 27)
1 332.015300 • — 1 • 16012C 160 (0001 .0250 I I 30) 1 5 160)25110 (000 1 .0200 1 I 4 3*)
4075.401*00 1 5 150125750 (0001 , 1000 P 4 14) -1  S 160125110 (000 1 , 1000) P ( 23)
4050.557*00 • I S 11012C140 (000 1 . 1000 I I 52) ‘1 160 125 110 (0 001. 1000) ( 56)
1414. 714000 • —t • 160975950 (1001 . 700 0 I 4 34) 1 560125010 (000 1. 70001 5 4 507
1707.073200 • I S 16012d b (000 1 , 7000 1 4 2*) — 1  5 1IO I 2 CISO (000 1 , 1000 ) I ( 19)
98*0 )47400 • 1 5 750125150 (000 1 .0240 I I 6) -I • 150 125150 (0001 .0200 )  P 1 5)
2 0 11. 313900 • — l  S 150125160 (0001 ,020 0 I I 70) I P 16012d b (00 0 1.0 2 00 1 P 4 5)
2030 .7303 00 • — l  S 16012d b (0001 ,020 0 I ( 36) I S 160 12C 150 14001 ,020 5 I ( 11)
215 2. 112100 • 9 5 1*012d b 40001 , 1 000 5 2 5)  - I  16012d b I 0 0 0 1 , 1000 1 8 I 3 1)
2153, 181100 • 1 S lbO1 2C 14O 4000 1 ,100 0 P ( IS) — I  5 15012511 0 (0101 , I000I  P 4 23)
25*5. 332900 • 1 * 140I2C I40 (0001 , 1000 I 4 30) — I • 160125180 (0001 , 1000) 3 ( 23)
2670 .033300 • I S t eotzc)oo (0001 , 1 000 P I 20) — l  • 160 )2518 0 (00 01 . 10 001 P 4 27)
27~ 3 .83I300 • — t  5 110125160 (000t , l00 0 I 1 55) I • 1601251*0 (0001 . 1 000 1 0 I 08)
2113.312 700 • 1 5  140 135)40 (0001 . 10 00 I ( 6*)  - 9 ~~ 76012(’? lO (0009,7000) 5 4 I I)
2*1 3.119200 • —I S 140)25960 (000 9 ,020 0 8 4 36) 5 5 1*0 125110 1000l .02 00 1 I I 22 )

laser stabilized to its line center and the diode laser locked
to the absorption line to be measured, heterodyne cali- -

bration can provide an accuracy not presently available by
any other method.

At Kitt Peak National Observatory, m a  whole series of 
I

beautiful experiments, heterodyne detection was used to .—~

measure CO2 emission lines in the atmospheres of Venu8 LtJ
and Mars. The observed frequencies have been combined ~
with a knowledge of the CO2 transition rest frequencies -

and the center of mass velocity of the planet to determine
the line-of-sight wind veloc ties in the upper atmosphere
of Venus [18], (19].

in heterodyne experiments with CO2 lasers it is often
advantageous to use a local oscillator with a precisely
known offset frequency. For instance knowledge of the I910.365-MHz beat frequency between the ~C~ O2 [10°0, ‘ i  ~~ 5 k Hz
02°0l P(16) and the ‘2C~ O Ol ’l — IVO band P(31) -ii 2 

, Fig. 6. Spectrum analy zer diapley of 3,165-MHz beat frequency of the
transitions provided a convenient chwce in the observation 14C’~O2 000! — (10°0, 02°0)ii band P(1O) and the ‘~C’~’J2 0001 — 110°C,
of hot band emission lines in the atmosphere of Mars 02°Oli band R(18) tran sitions.

(19].
The computerized setup shown in Fig. 1 gives great pared to stabilized oscillators of the highest quality. Fig.

flexibility in the processing and use of accumulated cx- 6 shows the 8pectrum analyzer display of the 3165-MHz
periznental results. For example, Table III shows the heat self-beat frequency of the ‘~C”O2 00°I — [10°0, O2°O),,
frequencies from 0 to 2000 MHz, computed and sorted for P(10) and the 12C16O2 0001 — (10°0, 02°0]~ R(18) transi-
the I2C iS()2 and O’~C~ O isotopes. tionä. The spectral purity of such self-beats is explained

Microwave (or lower) frequency generation may be by the fact that the fractional frequency stability at the
achieved with a single laser filled with a mixture of CO2 microwave beat frequency will be identical to the stability
isotopes. The spectral purity and long term stability of the of the laser frequency itself . Short-term stabilities of lO uI
(self- ) beatnotea obtained in this way may only be corn- to 10-n are routinely achieved with well designed and
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TABLE IV
Computerized 1R Synthesis at 16 )im to Find All Possible CO 0 Isotope Line Combinations
for which the Differenc e Frequency Between Frequency Doubled ‘4C”O , and Any Other

CO1 Transition Will Fall Within 625.0 ± 0.1 cm -1

v5(cm~ ) = 2 x  11)4 16 ‘I X  11co

e26 . 90119 9  • 2 5 16011C 160 (0 0 0 1 , 1020 P I 62) — 1  18012C150 (0001 .1000! I 4 56)
620 .9(9502 • 2 * 1601*C16O (0005 .1000  P ( 0)  — 1  • IIOI2CSIIO (0001 ,0200! I 4 56)
*26 .920751  • 2 5 160 11C 160 (000 1 , 5030 P 4 50) — I  • 16013CI80 (0001 ,0200) P 4 22)

• 2 5 16016C 1 60 (000 1 .1030 p ( 66) —1 • 16013C160 ((‘005,0200) 8 I I )
*26 .969936 • 2 S I6O1SCI6O (0301 ,1000 p ( 3*) — I  ~ ¶6013C180 (0001 ,0200) 5 57)

• 2 • 1601*Ct60 (040I ,SOOC p 3*) —1  • IOOI3 C IOO 400(9,0209) 5 06)
*26 .960080 — 2 * 160I0d160 (0001 .1000 P 4 22) — I  * I6012C100 (4001,0200) P 2)
620 .965292 • 2 • 7601*C 160 (000) ., 100C ’ P 4 112) —1 • 16012C180 40001 ,020)) p 11*)
620.960200 • 2 • 16016C160 (0001 ,1 400 p ( 32 )  —1 * 16012C180 (0001.0200) P 244 )
625 .976181 • 2 • 16016C160 (0001 ,1030 p 20) -I • 16012C160 (0001 ,0200) 5 16)
620 . 9 7 7 0 1 1  • 2 • ¶ 6 0 I 6 C 1 60  ( 0 0 0 1 , 1000 P 4 6) — 1  • 160 1 2d b (4001 ,0203) P 1 SC)
62 ’ 4 . 9 6 2 0 6 6 • 2 * 100111C 160 (0 0 0 1 . 1000  P 4 30) — 1  • 1 6 0 1 3C I 8 0  ( 00 0 1 , 3 2 3 0)  P 6 6)
620.999227 • 2 • I S O I S C I 6 O  (000 1 , 1000 P ( 0) — 1  • 511012 C580 (1200 1 , 0200)  0 *2)

• 2 • 16011C160 (0001 ,1000 P 4 16)  — 1  • 18012 (950 (f’OGI ,0200) P 5)
62S.Cl30’S • 2 S 16016C160 (0031 ,5030 p ( 32) — 1 • 160125180 (0001 ,0200) 3 55;

• 2 * ISOISCISO (00)1 ,1030 p 30) — 1  • 160525100 (0031 ,02(113 ) P 39)
‘~~S .C2*3 t1 = 2 • I6OISCI6O (0001 ,1000 p 62) — I • 16o13c160 (0031 ,0200) 5 2*)
~2S. )23.~6 • 2 • 16O1*C160 (000I ,10C1) p 25) -I • I9012c100 ~~C~~I,0200) p 26)
02 3 . 0 3 5 2 1 6  • 2 • I 6 0 l *C 1 60  (0001 .1000 p ( 3) — I  • 160120100 (‘(11,0200) a ss;
0 2 3 . C 0 6 7 2 9  • 2 • l6 015 C 16 0  (0001 , 1000 P 1 2 8 )  - 1  * 16012C164) (0001 ,02(10) P 5)
*23 .1251697 • 2 * ISOlOdIS O (0001 ,I0~ 0 I’ 4 6*) — 1  • I601)C160 (0-401,0200) 8 4 12)
e 2 3. C CSII C • 2 • 160I5C160 (0001 ,10)0 P ( 12) — 1  - 16012C100 (~~ 01,0200i II 4 22)
4 3 3 . C 7 7 1 9 0  • 2 • 160 1*C 160 (000 1 , 1300 P I 0 - ) )  — 1  • 160125180 (~ 03l .12CC ) I I •2)

• 3 • lOO IIeC1So (0001 ,1(9” 1’ 4 CII) — t  • 16013C1 60 ( 0 0 0 I , 020~~) P 4 3-)

CO2 ISOTOP E .AS F~R FREQUENCY SY NT NESIS
VS 625.0 t0. !cm~

~~~~~ ±0.003 THz

1 6 00000 ± 0.00256km

acoustically shielded CO2 lasers in a normal laboratory or as a secondary frequency standard in heterodyne
environment t201. spectroscopy with tunable lasers, or in precision lR syn-

Table IV illustrates JR synthesis at 16 sm, in which the thesis which involves frequency mixing.
computer was given the task to find all possible CO2 iso- A systematic and precise evaluation of the band centers,
tope line combinations for which the difference frequency rotational constants, and lasing transition frequencies of
between frequency doubled 14C1602 transitions and any the CO2 isotopes is under way. These data will also be of
other CO2 transition will fal l within 625.0 *0.1 crn ’. (It great value in evaluating the potential function under the
should be noted, however , that Table IV was computed influence of which the nuclei are moving.
from our preliminary spectrometer measurements on
‘4C’602 and should not be considered final and accurate, ACKNOWLEDGMENT
but rather as an example of methodology.)
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Rare CO2 isotopes can provide a many-fold expansion varactor photodiodes.
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The dynamics of air breakdown initiated by a particle in
a laser beam*

D. E. Lencioni and L. C. Pettingill
Massachusetts Institute of Technology, Lincoln Laboi’ato,y. Lexington, Massachusetts 02113
(Received i i  October 1976; accepted for publication 4 ianuai~y 1977)

An ezpeiimental study was made of air breakdown induced by a single SO-pm particle at the focus of a 5-
J pulsed IO.6-(Am laser beam. The breakdown thresholds for SO-pm carbon and Nsa psniclss were

~~5 x 10’ and 8 x ID’ W/cm’. The dynamics of plasma formation were studied with an image-converter
camera. At low intensities the plasma grew as an axisymmetric volume surrounding the particle. At higher
intensities the plasm a formed as a thin disk which propagated towards the laser. The growth rate. were
measured as a function of beam intensity. The transmitted laser energy was measured as a function of
beam parameters and compared to an idealized dynamics model.

PACS numbers: 52.50.Jm, 42.68.Rp. 42.60.He

It has been established experimentally ’ 5  and theo- one side of the particle to incandescence. The resulting
retlcally 7” that the threshold for laser-induced break- vaporization’ causes the particle to Jet. ~ From the mea-
down in air can be lowered substantially by the presence sured velocities it was determined that the particle
of dust particles in the laser beam. In this paper we motion at the peak laser intensity was al urn , which had
give the results of an experimenta l study of air break- negligible effect on the breakdown threshold
down triggered by a single SO-Mm carbon particle measurements,
positioned at the center of a focused 10. 6-Mm laser The breakdown thresholds (50% probabilIty of break -
beam. Results are given for the effects of spot size on down) for 50-Mm carbon and NaCl particles were
the breakdown threshold , the growth dynamics of the 5 ) 10’ and 8 xlO’ W/cm2. These are well below the
breakdow n within the laser beam , and the extinction of threshold for clean air ,2”2”3 3 x 109 W /cm2 . As was
the laser beam due to the breakdown plasma. 9 

shown In Refs. 2 and 6 , the aerosol breakdown thresh-
The experimental appara tus is shown in FIg. 1. The olds depend on the size of the particles , with smaller

laser beam was provided by a Febetron-C05 laser particles having larger thresholds. For single 50-urn
operated In the short-pulse mode. ’° The pulse shape for carbon particles the threshold was measured for three
this device consisted of a 15O-nsec spike and , with N2 focal spot diameters (4, 1, and 0.55 mm) and was
In the lasing mixture , a 2-~ sec tail (Fig. 2). The peak found to be insensitive to spot size , as would be ex-
output power was 10 MW . The beam was focused with pected for spots much larger than the particle size.
spherical mirrors . 50-Mm particles were dropped Into FIgure 4 shows a series of Image-converter framesthe focal volume from an activated dispenser through which Illustrate the growth of a breakdown at near-
a hypodermic needle. When a particle was at a pre - threshold intensity. The dashed white lines mark the
selected position in the beam , HeNe laser light was
scatte red through a microscope system into a PM tube
and ini tiated the experimental triggering sequence. The 

5
9position of the particle was observed from a back - taw \\ Li i-Siam CO5 tasirlighted micrograph obtained by firing a nanolight. With __________

this technique particles could be positioned consistently ~~~~~~~~~~~~~~~~~~~to within a particle diameter. An image-converter
camera , wi th exposure times down to 10 nsec , was
used to obtain time - resolved information on the growth Tub.

of the breakdown In the beam. The transmitted beam
Ptsotoa 0r~gwas relmaged and magnified 9X at a pair of photon drag Dstsctors

detectors to obtain the radial and temporal dependence ifof the transmitted beam.
The laser-intensity profile at focus was determined Coavsr$er

from a set of burns of known relative intensity obtained
by inserting a diffraction grating in the beam. Also,
measurements of the magnified focal plane were made 

__
~~ ~~~~~ I

directly with a pair of coaxial annula r detectors . The
focal spot ‘was apprnxlmately Gaussian In shape with a -

divergence D/Fm 10 mrad where D Is the e~ diameter
at focus and F is the mirror focal length.

Figure 3 shows a back-lighted mierograph of a paru.- FIG. 1. Exl,ertmental apparatus used to study breaklown dy-
nasutcs. Time-resolved Information on the growth dynamics

cle taken 6 usec after being hit by the laser beam inci was obtained with the image—converter camera. Parttclee
dent from the left . This shows what happens to a parti- were placed at a spot in the focal volume wfth the activated
cle at below threshold Intensity. The laser beam heats particle dropper shown In the Inset.

1648 Journal of Applied Physics, Vol. 48, No. 5, May 1077 Copyrl~n C) 1977 AmerIcan Instituts of Physics 184$
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I : 2.4 X 107, 10 :4.8 x 107 W/cm

(a) 
— —  —

_ _ _ _ _ _ _ _ _ _  330

I)))

~~~i~OO nsec

11G. 2 , Laser pulse shape (a) with no N: and (b) with N in the
lasing m ixture. - . —

520
diameter of the beam which was 1 mm. The laser

beam was incident from the left. The four frames were —

taken on fou r separate shots at the indicated exposure

_ _ _ _ _ _ _ _ _ _ _  720

1~~~~~~ 1~~i~~

FIG. 4. SerIes of image-converter fra mes Illustr ating break-
down growth at near-threshold intensity . Dashed lines show

. e~~ diameter of the laser beam which was Incident from the
left .

times relative to the start of the pulse. The breakdown
initiated near the peak laser intensity and grew radially
and axially as a volume absorbing plasma. The axial
velocity was slightly larger than the radial velocity
which had an initial value ~l .4*l0’ cm/sec. The veloc-
ities were observed to decrease by e25% after e300
nsec due probably to the fall off in laser intensity. Note
that the particle remains visible in each of the frames.

At high laser Intensities the character of the break-
down growth changed abruptly. This is illustrated In

• . Fig. 5 where the intensity was increased above thresh-
old by a factor of 5. The top frame is a time-integrated
photograph of the breakdown. In the remaining frames

1 mm the white dot indicates the position of the particle. For
FIG. 3. Back-lighted mtcrograph of a 50-pm carbo n particle these higher intensities the breakdown developed as a
taken 6 psec after being hit by a laser pulse Incident from the thin absorbing front which propagated towards the laser
lef t, and grew radiall y. This type of breakdown growth Is

1849 J. Appi. Phys.. Vol. 48, No. 5. May 1977 D.E. Lsncion i and L.C. Pst t ingtll 1849
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characteristic of the laser-supported denotation wave — -

(LSD ) described by Raizer . ‘~
The radial and axial velocities obtained from data of

this type are shown in FIg, 6 as a function of intensity.
At lower intensities both velocity components increased Z - A~ioI Velocity
approximately linearly with intensity . At higher intensi- .~~ a - Radial Velocity
ties the axial velocity varied roughly as 1’s” which is In .~~

agreement with planar LSD wave theory .’4

The extinction of laser intensity by the breakdown 
~

e -

plasma (or a spot diameter of 1 mm was measured
directly by reimaging the focal spot with magnification in
on two photon drag detectors , one giving the power
transmitted through the central disk of radius r = O. 023 ~
cm and the other giving the power through concentric
annulus with the oute r radius being 0.067 cm. A com-
parison was made of the arrival time of the luminous
front at a given radius within the beam with the time for .4-.
the cutoff of laser power within that radius. For most , , . . ,  ,

los

AVERAGE INT ENSITY 1W/cm 2 )

I :l.7x108
W/cm 2 I____________________

48~~ 10’ 12,10 24,10

10 2.4 x 10~ W/cm 2 PEAK INTENS ITY (W/c m2 )

‘nsec) FIG. 6. Axial and radial velocities of particle—Initiated break-
down wIthin the beam.

conditions the two times are the same , indicating total
- — — 

. laser extinction within the luminous region. However , at
____________________ Time low intensity or for small plasma dimensions the cutoff

Integrated of the laser energy occurred 150 nsec after the arrival
— — — — of the luminous front , Indicating a relatively long ab-

sorption depth in the plasma . This is consistent with the
character of the breakdow n development at low intensi-
ties, e.g. , Fig. 4. The absorption depths within the
breakdown plasma was estimated (neglecting reflective

— — — 
losses) by comparing the luminous thickness with the

105

l ’ s  

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. 
0 [400,0.053

- -  - —  

135 0.0’ 

• [4oo.~~o2aj 
I I l I ~~ I I

FIG. 7. Fract ional energy transmission as a function of beam
size r , pulse length r~, and beam intensity a , where v,(l) La the
radial growth rate at intensity I. The solid curve Is

FIG. 5. Breakdown dynamics at five times threshold Intensity, theoretical.
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transmitted intensity. At near-threshold intensities The solid curve shows the theoretical model which , even
6 ~~~ 5 mm , and at higher intensities 6 0. 15 mm. though Idealized, is in close agreement with the data .

These results for the finite radial growth rates indi-
cate that the total energy t ransmitted through a beam ACKNOWLEDGMENTS
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Hole-boring in clouds by high-intensity laser beams: theory

R. C. Harney

The physics of hole .boring in clouds and fogs by high .intenaity ir laser bea ms is investigated in a zeroth.
order approximation. Simple analytical expressions are obtained which describe the phenomena of interest.
App lication of these expressions to various types of clouds and fogs yields order .of .magnitude estimates of
the laser powers required to bore holes of a given size and quality. The power requirements for hole-borin g
through lig ht ground fogs or thin overcasts are in excess of 100 kW . while hoie.boring through thicker over-
casts will require laser powers much in excess of 10MW. Dispersa l of ground fogs over an extended area will
require laser powers in the I 05— 109 -W range and thus may not be cost effective simply in terms of energy con-
sumption.

Introduction Theory
The possible application of high-intensity laser beams Fogs and clouds are composed of fine droplets of

to boring holes in clouds or dispersing fogs has received water roughly spherical in shape. Droplet diameters
considerable attention because of its obvious potential range from submicrometer to a few tens of micrometers
impacts on long distance communicetions and trans- with mean droplet diameters in the 1—5-Mm range.9
portation safety. Numerous theoretical calculation& ~ The total water content in a cloud may vary from 0.01
and experiments~ 

TM have already been performed with gfm t to 10 g/m~.
vary ing degrees of sophistication. However , few of Consider a single droplet of water of radius R im-
t hese , if any, have seriously addressed the laser re- mersed in a laser beam of intensity I and 10.6-Mm
quirements for hole-boring or fog dissipation in prac- wavelength. If the diameter of the droplet is of’ the
tical applications. Consequently, it may be useful at this order of or smaller than the absorption length of the
point to analyze the problem of hole-boring from an laser radiation , the droplet will be uniformly heated
elementary point of view to place the problem ~n its throug hout its volume. As will be seen shortly, this
proper technological perspective, condition is valid for the majority of droplets in almost

In this paper we examine the physics of hole-boring any cloud. Consequently, the rate of energy deposition
in a zeroth-order approximation to obtain a few simple in the droplet due to absorption of the laser light is
analytical expressions describing the phenomena of proportional to the volume of the droplet and to the
inte rest. These simple expressions are then applied to laser intensity :
hole-boring in three different types of clouds to obtain
order-of-magnitude estimates of the laser powers re- ~~ KR~I . ( I )

di la~p 3
quired to bore a given size and quality of hole. The
results indicate that hole-boring through light fogs and where K is the absorption coefficient. Although K is
thin overcasts will require powers at least of the order in actuality a function of R, in the zeroth-order ap-
of 100 kW , while hole-boring throug h moderate to heavy proximation characteristic of this paper we will assume
overcasts will require powers in excess of 10 MW . it to be a constant with a value, K l0~ cm 1.’0’11 The
Dispersal of ground fog over an extended area will re- absorption length is the inverse of K, so Eq. (1) is valid —

quire laser powers in the 108— 109.W range and thus may for droplets with diameters of the order of 10 Mm or less.
not be cost effective simply in terms of energy con- Neglecting heat transfer to the surrounding air and the
sumption. changing surface energy of the droplet , the rate of en-

ergy loss of the droplet is proportional to the mass loss
through vaporization:

dE 1 dM 
2Hp~~~~~. (2)— H— ’ 4rR

dl Iv~p di

_________ 
where H is the heat of vaporization of water (2300 JI g)

The author i. with MIT Lincoln Laboratory, Lexington, Massa- and p is the density of water (1 g/cm3). In the adiabatic
chusetta 02173. approximation the rate of energy loss equals the rate of

Received 25 April 1977. energy deposition. Consequently,
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KR! dR
— Hp — ; (3) R(t,) R0 exp [ — 

~~~~
— f I o exp(_adx)dt ]3 di

K!0 ‘~or upon integration I?, exp [ — —fl— f ( I  — csdx)dt]

K!0R U)  R,, exp [ — j
~f,,’ 1(t)dt]. (4) 

R,. exp [ — —h— (t~ 
— 011 dx)J . (10)

‘l’he vaporization time t , may be defined as the time
required for the droplet to shrink to some arbitrary Since at t = t~ the droplets at x = 0 have just vaporized,
fraction of its original volume when exposed to a con- they no longer attenuate the beam. Consequently, the
st-ant intensity 1,,. A volume reduction of e~~° will re- droplets at x = dx will vaporize at time t’ given by
duce all droplets less than 50-u rn diam to submicro- K!,,
meter diameters. Since this is mathematically conve- R (t’) = R , exp ( — —

~~

— t..)

nient , we will use this factor. From Eq. (4) we now 
[ K I  — 

KI ~,tmnd = R,, exp (I , ot~dx I — — d i]  . ( 11)
3Hp 3Hp

R —1 0 KL,z ,,
I n —  = — . ~~ 

Equation (11) simplifies to
R,, 3 3Hp

K!0 K!0 1[ 0 3Hpor exp at dx — — (t ’ — t~) —J 1, (12)

• I OH p  25 which implies
I , = — ‘— -— sec (6)

K!,, I,, ot ,dx — (1 — I, ) = 0. (1:3)

when I ,, is expressed in W/cm 2. A minimum possible Consequently, we see that the vaporization front moves
value for f , can be obtained from hydrodynamic con- with velocity

siderations. Regardless of the energy deposited , the dx 1 1.V — , —- 40— cm/sec , (14)droplet of vapor cannot expand significantly faster than (I — t~~) at Q
the sound speed C0. For a vapor density reduction of where we have used our earlier estimates of a and t i,. It
j Ø:t, C, = 3 X iO~ cm/see, and R,, = 5 Mm , we find should be noted that the speed of light sets an upper

limit to V.
b R ,, .= 7) It ’ there is a wind in the cloud , droplets will contin-2 X 10 sec

ually move into the laser beam. Even in the absence of
Consequently, increasing the intensity beyond io~ 

a real wind , heating-induced convection and/or Brow-
W/cm 2 will have little effect on t~ 

nian motion will cause an effective wind. If we assume
Now consider a laser beam incident on a cloud of the laser has been on for a time long compared with t ,.

droplets. Initially (t = 0) the laser beam is attenuated (thus we may consider the steady-state solution) and
due to both absorption and scattering. The intensity label the wind velocity U , we find the following simple
as a function of distance into the cloud is given by results. At the front of the cloud the time required for

vaporization of the droplets is t~. Here the droplets will
1(x ,0) =  I,, exp(— ox ) . (8) travet a distance Ut , into the laser beam before vapor-

izing. At a distance x into the cloud, the time required
where a is the extinction coefficient. As with K, a is for vaporization of the droplets is f , + x/V. At this
a function of the distribution of particle diameters. We point the droplets can penetrate a distance LTt~, + xU / V
will assume it to be a constant in time , depending only into the laser beam. This behavior is shown schema-
on the water content Q(g/m~

t ) of the cloud. Thus , tically in Fig. 1. After the water vapor has been carried
out of the laser beam by the wind , it will gradually lose

( ,N eR ,, 2)  = ~~ 10’- ’ Q cm ’’ , its accumulated heat energy and recondense into
4,~ R,~ droplets. The phenomenon of recondensation has no

effect on hole-boring but is of prime importance in fogwhere is the Mie efficiency factor (—‘0.3) and N is the dispersal , which will be discussed later.number density of droplets. A value R0 —‘ 2 urn was Clearly, if any of the laser beam is to penetrate thechosen because droplets in this size range have the most cloud completely, the quantity Ut , + LU/V. where L
influence on E~~~~~~~~

1 
is the thickness of the cloud , must be smaller than the

The absorption of the laser light causes droplets in beam diameter D. Thusthe cloud to vaporize . However , because the intensity
falls off with distance into the cloud , droplets at the Ut~ + L UI I V)  f ’ t , U + a Ll <1) . (15)
front of the cloud vaporize before droplets at the back Expressing this inequality in terms of the laser intensityof the cloud. The result is a vaporization front which yields
propagates at some velocity V through the cloud in the
direction of the laser beam. Consider a drop let which 2W

1,, > — ( 1  + 10 ’QL)W/cm 2 (16)
is a small distance dx into the cloud. At t t ,~ this D
droplet will only be partially vaporized , with a radius as the minimum intensity which will bore a hole (of zero
given by size at the back of the cloud) in a given cloud. However,
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l ’ -  0 
~~~~ complete hole to be bored , the total energy deposited

Ut0 in a droplet at the rear of the cloud must exceed the total
— - -  - ‘ 

vaporization energy of the droplet. This requirement
yields the following equation:

= ~
_!_

~~~‘ KI ,, exp(— oL)t~ > ~ ‘~~- pH , (19)

RtCON0~NSCO~ which implies
FOG CLEAR ZONE .— U L

) I ,, > -~~~exp(.il.) ~~~
!
exp(bO_ ~QL)W/cm2. (20)

FOG At~
A moving vaporization front will still occur , although
it will propagate at a velocity just slightly less than the 

.J speed of lig ht. For these ultrashort pulses, if Hp / Kt ~
< I ,, < exp ( a L) Hp / K t ~, a hole of length L’ will be

Ut0 bored

(21)
LASER BEAM a \ Hp  /

If I ,, < H p / Kf ~, no hole at all will be bored.
Fig. 1. Schematic of’ the clearing profile of a cw laser beam. The f~g For pulses of duration i , ,,, ,, < t,, < 1, , no clearing will
thickness is L, the laser beam diameter , I) . the wind speelt, I . the take place. l)roplets at the front of the cloud will bevapor ization front velocity . t . and the vaporization time , I ,

reduced in size but not to the point of complete vapor-
• ization. For pulses with durations 1, < t ,, < f , + LI V,

some complete vaporization will occur at the front of the
in most practical applications , the hole size at the rear cloud; but a complete hole will not be bored. The
of the cloud must be an appreciable fraction of the beam lengt.h of the hole that will be cleared in this case is given
size. This causes an increase in the required intensity by
by a factor (1 — D,. )~~~, where I) ,. is the required hole size 

- — 
, 

‘1’)expressed as a fraction of the laser beam size. In I. - —

practical applications , the factor may he as large as Single laser pulses are likely to have l i t t le  ut i l i ty in
100. hole-boring applications. However , long trains of re-

The relations derived above serve to define the be- pet itive laser pulses may find app lication. Consider
havior of cw laser beams in clouds and fogs. However , fi rst a train of intenst (I ,, > exp(aL )Hp/K f~ ~, ultrashort
we can also discuss the behavior of pulsed laser beams (t ,~ < t , .,,,~,,) laser pulses of separation i~ . The reIn-
in terms of the same quantities , t , and V. If the pulse Lionship of t ,. and t ,, is clarified in Fig. 2. The first pulse
duration t,, is longer than the time required for the va- (if this train will have bored a complete hole af ter a time
porization front to be initiated and propagate corn- of the order of t , ,,,j,, has elapsed. I t t  he pulse separation
pletely throug h the cloud, t ,• + LIV . the laser pulse may is such that t ,-,,,~, has elapsed. li the pulse separation
be effectively treated as a cw beam. After  the pulse is is such that t ,-,,,~,, <1 ,, <Z r — 1./u , I he wind cannot have
over , the hole will be filled in completely by the wind in completely closed the hole: and a t ract ion (i f the second
a time t ,. = D/U. pulse will pass through the cloud tinattenuated with the

Considera pulse ofduration 1,, = 1, - + LI V = t , ( l  + remainder of the  plilse serving to reopen th e part of the
aL) ,  which is sufficiently short that the effects of wind original hole which had been & - Iosed. Each succeeding
may be neglected (t~ ~< f l / L I ) .  Substituting the ex- pulse in the t ra in  will behave just like the second pulse.
pression for t, we obtain If the pulse separation is such that  t~ 

— Lie < t .. <t j ,  the
hole formed by the  first pulse will be closed hut not

l,,t p > 2Sf I + 0L)J/em l i d  completely filled w i t h  fresh drop lets . ( ‘onseq uent l .
as the minimum pulse energy density required to bore
a hole. If aL >~ 1, this reduces to

l i p > 25a1, 0.O2SLQ .1/cm2. 418) 4

It is interesting to note that this is 12.5 times the total
heat of vaporization of the water contained in a 1-cm 2 T O
column through the cloud.

If 1,, < t ,, + LI V. the la.~er pulse cannot bore a corn- _______ _____________ _____________ ______

plete hole before the pulse is over. Consider first the - -
~ - t  =.Case t p < h - m m . This limit is applicable to mode-locked s

or Q-switched laser pulses. In this case no vaporization Fig. 2. ( ‘har at-t er ist i , ’ q t l a n t i t i -. oft laser pulse train . I ,, is t he peakat all can occur before the pulse is over. However, it still inten s ity ’ t ,. the ptilw ’ o’p.tr ation: i~~, t he puki - duration ,  Althoug h
may be possible to deposit enough energy in the droplets a rectangular i~ulsc t ra in  is indicated, the re la t i ons in the text should
so they will vaporize after the pulse is over. For a 1w valid for pulses of any shape.
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a second pulse of much lower intensity can open the hole Thunderhead (0 -~~ 
10. L 106 cm, U ~ 3000 cm/sec)

again (albeit after the pulse is over). 11’!,. > I ,, the hole ~ io—~ cm~~.
will be completely filled , and the situation regarding the / ,, > 6MW/cm~,
second pulse is as if’ the first pulse had never happened. Total power > 60 GW.
l f the  pulse intensity is less than that required to bore V > 1.2 x 1O~ cm/sec.
a holecomp) e t e lywi thas ing le pulse, i.e., !,, < e x pb i L ) -  t ,. < io~ sec.
H p / K t ,,, and the pulse separation is less than the hole These results are valid if the beam is no longer than
filling t ime t ,~ < t ,. it is possible for a train of pulses to 8 msec at the minimum intensity.
open graduall y and maintain a hole as long as the av- Now we examine the ultrashort pulse limit , that is,
erage intensity exceeds the cw limit minimum. For 0L ,~, < j o—7 sec.
>~ 1. we have the relation

1~, 1O H 1~~Ll Light Ground Fog
> K !)  

423 ) ,~j , = 
.

If we now consider pulses wi th  durat ion t ,, > t , ,,, ,,, the 
~~~~~~~~~~~~ kJ.

requirement for mainta in ing a hole is again that  the -

average intensity exceed the cw limit minimum.  Since Moderate Overcast
the phenomenon of hole-boring is a process linear in the
intensity, this is to be expected. 

~ , 6 x 104:4 J/cm 2 .
Total energy > 6 X io~ J.

Applications These values are so large (the exp losion of 1 Mton of
In the preceding section it was argued that,  in boring TNT yields only about I0°~ ~J) that we need not continue

and maintaining a hole, pulse trains must meet average further in this l imit .
requirements identical to those of the cw limit. When
considering sing le laser pulses , only long pulses (which
can be treated as a cw beam) or ~-er\’ short intense pulses Discussion
are capable of hole-boring. (‘onsequently, in making It should be noted that these results do not include
estimates of the laser requirements for hole -boring we the (possibly large) factor (I — D,- ) ~~. Consequently
need consider onl y the cw and short-pulse limits. 1)ue it appears that cw hole-boring through ground fogs will
to the extreme approximations made in the derivations require laser powers in excess of 100 kW , while cw
only order of magnitude accuracy can be expected. hole-boring in moderate to heavy overcasts will require
However, thi s should be more than adequate for es- laser powers very much greater than 10 MW and ex-
tablishing the practicality of ’ hole-boring. We shall ceeding 10 GW in the limiting example of a thund-
consider three kinds of clouds: th in  ground fog, mod- erhead. Short-pulse hole-boring in light ground fogs
erate overcast , and thunderheads. These examples will require pulse energies much in excess of 10 kJ, while
cover wide ranges of propagation distances , water con- short-pulse hole-boring in any clouds other than light
tents, and wind speeds and should give good indications ground fogs reqt ’ires incomprehensibly large pulse
of where hole-boring may be expected to be practical . energies.
For all calculations we will assume a beam diameter 1) In the preceding calculations we have completely
= 100 cm. We beg in in the cw case. neglected the deleterious effects of thermal blooming.’2

In dry air , thermal blooming becomes important at in-
Light Ground Fog (0  

-
~~ 0.1, 1. iO~ cm , U -

~~ 30 cm/ tensi~ies above 100W/cm2. However, in the moist air
sec) of a vaporized cloud , thermal blooming could become

From Eq. (9) . o lO~~ cm~~. i mportant at 1-W/cm 2 intensities or less. Thermal
From Eq. ( 16) , 1,, > 15 \V/cm 1. blooming in the near fi eld can be readily corrected using
Total power is !~ f)2 > 150 kW. coherent optical adaptive techniques (COAT)) 4
From Eq . ( 14) , V >  5 x 10:4 cm/sec. Strong blooming occurring in the far field , as would be
From Eq. (6), t , < 2.2 sec. encountered in vertical hole-boring through high clouds,
These results are valid if’ the beam is on longer than cannot be completely corrected . The effect of thermal

I ,. + LIV , which is roughly 4.2 sec at the minimum in- blooming is to reduce the beam intensity, thus requiring
tensit v . an increased initial intensity to bore a hole. Since

thermal blooming is a nonl inear process , it is entirely
Moderate Overcast (0— 1, L — i0~ cm , U 300 cml possible that in some situations even an infinitely large
sec) initial intensity could not bore a hole. Beam slewing,

-~ iø — ’ cm - - which is frequently used to reduce the effects of thermal
I,, > 6.6 kW/cm 2. blooming, acts like an increased wind and consequently
Total power > 66 MW . is not very helpful as far as hole-boring is concerned.
V> 1.4 X 10~ cm/sec. The severely detrimental effects of thermal blooming
t,. < 7  msec. dictate that hole-boring may not be feasible in light to
These results are valid if the beam is on longer than moderate overcasts even if it were possible in the ab-

0.7 sec at the minimum intensity. sence of thermal blooming.
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An important application of high-intensity lasers effective even if it were, in principle, technologically
which is closely related to hole-boring is the dissipation feasible.
of fog over large areas. As mentioned earlier , recon-
densation is of critical importance in this application. COnClUsIOnS
The rate of recondensation depends on factors as di- In the preceding sections simple analytical ezpres-
verse as the dust content of the fog, the number of sions have been obtained in a zeroth-order approxi-

f 
submicron droplets which remain after passage through mation which describe the phenomena involved in cloud
the laser beam, the amount of heat which the water hole-boring by high-intensity lasers. The validity of
vapor has absorbed, the air and ground temperatures, the analysis is demonstrated by the fact that all the
and the wind speed and turbulence levels. Conse- phenomena predicted by the simple analysis have been
quently, it is not amenable to simple analysis. How- anticipated by the more sophisticated analyses of oth-
ever , it seems probable that recondensation will occur era. Application of the relations arising from the simple
within a few minutes after leaving the laser beam. analysis to typical fogs and clouds indicates that hole-

Let us consider the requirements for clearing a run- boring in light fogs and very thin overcasts will require
way of dimensions (100 m by 3000 m) of a light ground laser powers in excess of 100 kW. Problems associated
fog (Q 0.1, U 100 cm/sec) which is 100 m thick. with thermal blooming indicate that hole-boring in
Neglecting recondensation and assuming a rectangular moderate to heavy overcasts may not be feasible re-
laser beam with dimensions 100 cm by 100 m placed gardless of the laser power available. The energy re-
across the short end of the runway with the wind di- quirements to dissipate fog over large areas such as
rection perpendicular to the laser beam , we can easily airport runways are so large (—iO u W) that the appli-
calculate that an intensity of 50 W/cm 2 is required to cation is probably not cost effective.
dissipate the fog at the laser beam. This corresponds This work was sponsored by the Advanced Researchto a tota l laser power of 50 MW. However , it would Projects Agency of the Department of Defense.take 3000 sec (50 m m )  for the wind to move a distance
of 3000 m. Thus, it seems probable that recondensation References
will take place within a few hundred meters of the laser 1. F. A. Williams , m t .  J. Heat Mass Transfer 8,575 (1965).array. To maintain the clear zone for the length of the 2. G. w. Sut ~~n, AIAA J. 8,1907(1970).
runway a number of laser arrays must be located down 3. S. L. Glickler , AppI. Opt. 10,644 (1971).
the length of the runway. Side winds caused by laser 4. S. M. Bedair and SS. My, Infrared Phys. 15, 233 (1975).
heating-induced convection will have effects similar to 5. 0. J. Multaney, W. H. Christiansen, and D. A. Russell, Appl. Phys.
recondensation. Higher winds may reduce these Lett. 13, 145(1968).
problems but will require much higher initial laser 6. P. Kafalas and A. P. Ferdinand , App i. Opt. 12, 29(1973).
powers. Consequently, it seems clear that total laser 7. P. Kafalas and J. Herrmann . AppI. Opt. 12,772 (1973)-
powers of the order of 1O~—iQ° W are necessary for fog 8. .J. B. Lowder, H. Kleiman, and R. W. O’Neil , ,J. Appi. Phys. 45,
dispersal on the scale of an airport runway. Since these 221 (1974) .

9. B. C. Eldridge,J. Meteorol. 18, 671 (1961).powers must be maintained for extended periods 10. 1’. S. Chu and Li Hogg, Bell Syst. Tech. 10. T. S. Chu and D. C.
( possibly hours) it is importan t to reali ze that 10~ W is Hogg, Belt Syst. Tech. J. 47,723(1968).
equivalent to the output of a large electrical generating 11. D. B. Rensch and R. K. Long, Appi. Opt. 9,1563(1970).
plant. Given this large energy requirement , the ap- 12. J. Wallace and M. Camac , J .  Opt. Soc. Am. 60, 1587(19701 .
plication of lasers to fog dissipation is probably not cost 13. J. B. Pearson , Opt. Eng. 15, 15! (1976).
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Thermal-blooming compensa tion: experLmenta l
observations using a def ormable-mirror system

C. A. Primmerman and 0. G. Fouche

A laboratory experiment has demonstrated the effectiveness of compensating for forced -convection-domi-
nated cw thermal blooming by using a deformable mirror to add phase corrections to the laser beam. In
agreement with theoretical predictions, the peak focal-plane irradiance has been increased by a factor of 3
under severely bloomed conditions.

I. Introduction on the mirror. But for the experiment reported here,
As a laser beam passes through an absorbing medi- the relative voltages of the electrodes were fixed by a

urn , it heats the medium causing the index of refrac- resistive network to give the relative phase profile
tion along its path to change. The induced index- shown in Fig. 1. This profile closely matches that
of-refraction gradients, in turn , cause the beam to be calculated by Bradley and Herrman n2 to give the
spread or bloomed. This phenomenon of thermal maximum correction for a truncated Gaussian beam
blooming is well known and has been studied both undergoing forced-convection-dominated thermal
theoretically and experimentally for a variety of dif- blooming, if on ly corrections through third order are
ferent conditions. ’ Recently it has been suggested taken into account. Thus, the profile of Fig. 1 in-
that one could compensate for thermal blooming by cludes refocus and third-order spherical, coma, and
using an adaptive-optics system to add appropriate astigmatism terms; it does not include tilt , since tilt
phase corrections at the beam transmitter .2 In this produces only a shift of the beam and no change in
article we report experimental evidence conclusively intensity. In these experiments we manually varied
demonstrating that this technique may be used to the amp litude of the deformation from flat to about
compensate for the blooming of a cw slewed laser 2X peak to peak , but did not vary the shape.
beam. Ill. Experimental Conditions
II. D.formable-Mlrror System The experimental arrangement is shown in Fig. 2.

We apply phase corrections to a laser beam by We use a cw argon—ion laser that produces a Gauss-
means of a deformable-mirror system developed by ian beam with up to 2 W of useful power at 5145 A;
Itek Corporation . t The deformable mirror uses a the beam is assumed to have uniform phase. The
novel design in that instead of having discrete actua- beam is expanded to make the 1/e 2 diameter 3.8 cm,
tors , it consists of a monolithic disk of piezoelectric is truncated at this diameter , and is reflected from
crystal into which is placed an array of electrodes. the deformable mirror. The beam is then contracted
There are fifty-seven electrodes which , energized and is slewed through the absorption cell by a van -
with up to ±1500 V, can produce surface deforma- able-speed slewing mirror. In the focal plane just
tions of ±0.5 um over an active area 1.5 in. (3.8 cm) in beyond the cell we have a row of 50-am pinholes at a
diameter. The mi rror surface is a meta lized glass slig ht angle to the slewed beam. By detecting the
disk cemented on the piezoelectric crystal. light coming through these pinholes we can measure

The electrodes may be individuall y actuated so both the intensity and the shape of the bloomed
that any phase profile consistent with the maximum beam as it leaves the gas cell. The optics are such
deformation and the spatial-frequency limitation im- that with the absorption cell empty the focal-spot di-
posed by the finite number of actuators may be put ameter is within —4 0% of the diffraction limit.

The gas cell is filled with a few Torr of NO2,
enough to absorb —‘50% of the incident radiation in
the 1.5-m long tank , and I atm of a nonabsorbing

The authors are with Massachusetts Institute of Technology , buffer gas. Since we are interested in studying the
Lincoln Laboratory. Lexington, Massachusetts 02173. thermal blooming of a slewed beam (that is, one in

Received 3 December 1975. which forced convection is the dominant cooling
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cross-wind velocity, P is the incident power, and (1/
.69 — p c~e)( ae J a T) is a constant characterizing the change

in index of refraction of the heated gas. For our lab-‘

~~ 5O oratory experiment an additional dimensionless
number is required as a measure of the importance of
conduction compared to forced convectior

conduction number—Nc~~s/s/2av,

where a is the thermal diffusivity.
The actual experimental conditions are given by

the following set of parameters:
1/

a = 4 . 6 x 1 0-3 cm 1;
R = 150 cm;
k = 1.22 x 105 cm ’;
a 0.25 cm;

= 0—0.2 rad/sec (variable);
v = 0—3 cm/sec (variable);

_O.69
o.ee P = 0.03— 1 W (“ariable);

(1/pc p so) (ôe/ ÔT) = 1.95 X 10~~~J~~ cm3;
Fig. 1. Actual surface contour on the deformable mirror as mea- = 0.11 cm2-sec 1;

sured interferometrically. The profile was chosen to match that NA = 0.69;
determined by computational analysis of the laser-beam propaga- NF = 45;

tion. Contours are labeled in units of wavelength. N ,,, = 7.5-30 (variable);
N0 = 686PJv (variable);

= 0.1—= (variable).
ARGON -ON LASER . 5,451_______________________ MIRROR

- ,~ The three basic variables in this experiment are
the input power at the cell entrance P, the slew fre-
quency u~, and the constant cross-wind velocity u ,

M I R R O R  which can be varied independently of o~ by changing
K

~~~~~~~~~

NOrR the distance from the slewing mirror to the cell en-
ARRA Y

\ GAS CELL trance. These variables enable us to test the depen-
‘~02 • CO z ’ dence of the thermal-bloom ing corrections on the di-

~~~ 

,

mensionless numbers N,.,, ND, N~. We can also vary- - j 0~~~~eIsROR - - ~~~0€YORMAB LE

NA and Np, but in these experiments no attempt has

MIRR OR”
~I¼ BER M O E - E ’Y A N D ~~R

Fig. 2. Experimental arrangement. 

mechanism), the gas cell is mounted vertically to
minimize free-convection cooling, and CO2 is used as

~

the buffer gas to reduce conduction cooling. Mount-
ing the gas cell vertically effectively eliminates free-
convection effects; but , unfortunately conduction ef- Y~ COBB

11~ IUNC0R~ 
.1 75

fects ~re not always neglig ible and must be taken into
account. -

As shown by Bradley and Herrmann ,2 the propaga-
tion of a slewed beam through an absorbing medium

~~~OaR!CTES

can be characterized by the four dimensionless num-
bers:

absorption number—NA ~- c~R;
Fresnel number—Nt ~~ka 2/R :
slewing number— N., ~~usR/t’: ______________ ~~~~~~~~~~~~~ Lii I
distortion number —N o ~~~~~~~~~~~~~~~~ .- ,, 0

(aPkR/at’);
Fig. 3. Peak focal-plane intensity vs input power for corrected

where a is the absorption coefficient , R is the range, and uncorrected beams. The straight line would be the intensity
k is the wavenumber , a is the lie radius at the cell if there were absorption hot no blooming. t = 1.65 cm/eec, Nc

entrance , ~ , is the slewing frequency, v is the constant 0.19, N.. 10. Other parameters are listed in the text.
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allel to the slew direction.) The lower trace shows
the severely bloomed beam at P = 0.45 W; the upper

We see that the peak intensity has increased by al-
trace shows the corrected beam at the same power.

most a factor of 3 and that the beam shape has been
greatly improved.

Figure 5 shows photographs of the beam in the
focal plane. In the top picture we see the character-
istic crescent-shaped bloomed beam. In the next

Fig. 4. Intensity through pinhole array for severely bloomed con-
ditions at P 0.45 W. Lower curve: uncorrected beam. Upper

curve: corrected beam. Parameters as in Fig. 3.

been made to study systematically the effect of these
parameters on phase correction for thermal bloom-
ing.

IV. Experimental Results

A. Results of Varying Power
In Fig. 3 we show the measured peak focal-plane

intensity plotted against input power for the uncor-
rected beam , the corrected beam , and the hypotheti-
cal situation of absorption with no blooming. Vary-
ing the power is equivalent to vary ing the distortion
number, since N0 P. The uncorrected curve was
taken with the deformable mirror in the flat condi-
tion; the corrected curve was obtained by adjusting
the amplitude of the mirror deformation to get t he
maximum possible intensity to each power.

The uncorrected curve exhibits the classic ther-
mal-blooming behavior: the intensity first increases
with increasing power and then , after a certain criti -
cal power P~, decreases with fur ther  increases in the
inp ut power. As expected , t he corrected curve shift s
upwar d to higher intensities and outwar d to hi gher
critical power. We observe that the max imum inten-
sity increases 76% over the uncorrected case and that
at certain powers there is a factor of ~ increase in in-
tensity. This result is representative: we have con-
sistently achieved improvements in m axi m um inten-
sity of ~ 7O%. We also observe that  the criti c al power
increases by almost a factor of 2. i . A reasonable fig-
ure of merit in atmospher ic propagation is I ,, (P ~ ) I ’, ,
the maximum intensity times the critical power. On
the basis of this fi gure of merit we have achieved
fourfold improvement using our deformahle-mirror
system.

Fi gure 4 shows oscilloscope traces of the detector
voltage as t he beam sweeps across our pinho le array.
The spike amp litudes are proportional to beam irra- Fig ~ .\, t , ,a l  phot~,graphs nt the  bloomed, correcte d, and
diance. and the envelope of spikes gives the profile of bi ,,,,med heam~ in t h e  t o cal p lan, 1~he t , ’p two pictures corre-
the beam perpendicuiar to the slew direct ion. (From sp,~nd to  the  p inh ol , . I r a . , . . I t  Fig 4 flie i .light e ll iptic ity of the
the widths of the spikes , unresolved in th i s  pho to- tinbionmeci spot r .• . .nlts tn .m n . . i , t t i c i en t  shu t t e r  speed to freeze
graph , we can also obtain the pr ot i le of the beam par- t i s t  w arn .
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‘ ‘ ‘ “ i  I ‘ ‘ i ’ ’ ’ ”  mum correction using the Bradley-Herrmann meth-
od; the lower corrected curve is the correction oh-

- the contour actually on the mirror. The input pa-
- rameters used in the code were the experimentally

- 
R 7 I M  

- 
CORRIC ’ CD measured conditions corresponding to the results of

: 

thII~~I using the Zernike polynominal expansion of

- --  
0 iment the curves of Figs. 3 and 6 have been normal-

-
- Fig. 3. To facilitate comparison of theory and exper-

. 1  BR ized to the same unbloomed intensity.- 
- - - - Looking first at the uncorrected curves we note

.. - — C OR RC CTION ~~‘“M a ~~ R that both theoretical and experimental curves follow
“ \j.coaacc,co roughly the dependence l~ P exp(—P / P ~) until P

2P~. Beyond this point the curves fall off much
I 

dence. At P = 3P0, for instance , the theoretical
— ‘ I more slowly than given by the exponential depen-

curve has a peak irradiance twice that given by theI ~~~ i ti 1  I i i i i r r l  I I I I ! !
00 ,  0 0 simp le exponential dependence. The theoretical

curve peaks at P = 0.155 W; the experimental curve ,Fig. 6. Propagation-code results of peak focal-plane intensity vs at P = 0.18 W. Thus , the critical powers agree toinput power with and without correction. The straight line would within — 15%-—good agreement considering the manybe the intensity if there were absorption but no blooming. The
dotted line represents the suggested dependence I ,, = P exp (—P/ possibilities for consistent error. But although the
P 0 ) Input parameters for the code were the experimental condi. critical powers agree well , the expe rimental and theo-

tions of Fig. 3. retical maximum intensities are not in such good
agreeme nt . Some of the disagreement is attributable
to the difference in P~. But, as illustrated in Fig. 3,

picture we see the corrected beam, reduced in size , we often find that the experimentall y determined in-
and with only a slight remaining indication of a cres- tensity at P~ is about ~ the unb loomed intensity ,
cent shape. For comparison , the bottom photograp h while the theoretical prediction is that the intensity
shows the low-power unbloomed beam. (The some- at P~ should he 1/c times the unbloomed intensity.
what elli ptical shape results from the fact that the The reason for this disagreement is still unclear.
shutter speed is not fast enough to freeze the beam.) Comparing the corrected curves we find that the
Note that the corrected and uncorrected bloomed experimental curve falls almost on the optimum the-
beams are both shifted into the wind with respect to oretical curve; hut this agreement is probably a fortu-
the unb loomed beam, since our deformable mirror itous coincidence resulting from the consistent shift
does not add a tilt correction. We observe that , Cofl- between theoretical and experimental results. To
sistent with the intensities shown in Fig. 3, the cor- compare more proper v the corrected curves we refer
rected spot size is still larger than the unbloomed to Table I and compart the increases in irradiance
spot size, over the uncorrected values. Experimentally we ob-

serve that the maximum intensity ~n.~reases a factor
B. Comparison with Propagation-Code Results of 1.76 compared to 1.98 for the theoretical increase—

To compare our experimental results with theoret- an agreement within 15%. The maximum increase at
ical predictions for phase compensation of thermal any power is 2.87 experimentally compared to 2.48
blooming we have employed the Bradley-Herrmann theoreticall y—again an agreement within 15%. The
propagation code, in Fig. 6 we show propagation- agreement in P, is not SO close—-2 .44 experimentall y
code-generated plots of peak foca l-p lane irradiance in 1.94 theoretically—but  a look at Fig. 3 shows that
against power for no correction and for two different  it is extremely diff icul t  to determine accuratel y the
corrections. The upper corrected curve is the opti- cri t i eal power for t he experimental corrected curve.

Table I .

I~ (corrected ) I~ tP,  )  corrected I corrected
Max ~‘

— 
P~ I 1, (P ~) P,. (uncorrect ed ) I~(P,.) u ncorrected 

— 
I~, uncorrected

F -s per , ma .nt al
0.18 0.90 — — —

- n et  ,r
t sp. ’r~no nta I

0. - I - I  1.55 2.44 1 . 7 b  2.87
- ‘ rI.’.

• ‘ . f l ret,t .0 1 0.155 0,56 — — —+ I. . , ,  (ret t r o l  

0.300 1. 11 1 .94 1.98 2 .18 
-

- 
‘ 

, ,  0 I 1 ~~ 1. 53 2. bh 2 .73 4.33
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100 1 I T ing mechanism , and no correction is obtained. As
1/N(~ increases , forced-convection cooling becomes

-~ more effective , and the percentage improvement rises
sharp ly. Finally, when 1/Ne reaches a value such

7 that conduction is negligible compared to forced con-
~ sot- / vection , the improvement levels off at its maximum

/ I va lue. From these results we conclude that if Nc ~
~ / -

~ 0.3, conduction may be ignored compared to forced
I convection.

~ 20 t- .7” D. Results of Varying Stewing Number

______________________________ By sim ultaneously changing the distance from the
0’ ~ slewing mirror to the cell entrance and adjusting w,

I/S , we can change N .,,, while keeping v constant. In-+ 
Fig. 7. Percentage increase in maximum intensity ~ i/N, . N creasing N,., increases the cooling at the far end of the

to. Other parameters are listed in the text , cell relative to that at the cell entrance; thus, as N ,.,
increases, the reg ion over which significant blooming
occurs is compressed toward the cell entrance. This
compression of the blooming zone should , in turn ,

The experimental correction is still —30% below the make it easier for adaptive-optics systems to correct
opt imum correction. This difference results primar- for the blooming.
ilv not from any deficiency of the mirror but from the The experimental results are shown in Fig. 8,
fact that only third-order corrections were specified where we plot percentage increase in maximum in-
b r  the mirror surface. Theoreticall y, adding phase tensity against N~. We observe that , consistent with
corrections through fi ft h order results in corrected - theoretical predictions , the phase correction is more
intensities very close to optimum; so there is. reason effective at hig her slewing numbers. At first , the
to believe that if the mirror fi gure were corrected percentage improvement increases roughly linearly
through the fift h order the experimental curve would with N,.,, but as N,,, is further increased the incremen-
also approach the optimum. tal improvement decreases. Thus, there is some in-

The propagation-code results are seen to give dication that a practical limit may be reached beyond
quantitative agreement with the experimental results which further reducing the blooming zone does not
to wi th in  about 15%. Considering the many parame- significantly improve the correction.
ters involved in making the comparison—eleven ex-
perimental values must be supplied in the propaga- E. Required Accuracy of Phase Correction
tion code—and the concomitant chances for consis- In Fig. 3 we showed a corrected curve with the mir-
tent error we believe this 15”, agreement represents ror amp litude always adjusted to give maximum in-
very good agreement indeed. tensity. But from a practical point of view , it is also

important to know how sensitive this maximum is toC. Results of Varying Cross-Wind Velocity changes in the deformation amplitude. in Fig. 9 we
in our experimental arrangement we can vary the

effecti ve cross-wind velocity t’, while keep ing N~ con-
stant . by vary ing the slew frequency ~~. In the ab- I I I

sence of conduction the cross-wind velocity and the
input power appear only in the distortion number
and only in the combination N0 — Pit ’. Thus, we ex- / I
pect that the critical power P~ and the maximum in- / 1
tens i t y  !~(P ,.)  should increase linearl y with v. Ex- I /
per iment al results verify these expectations. If v is
large enough to make conduction negli gible , P.. and -
1~(P ~) are proportional to t’ for both uncorrected and 00

~
-

corrected beams. I

Since N~ 1/i ’ , as t becomes small , conduction be-
comes important , and this linear behavior is no long-
er observed. And as t’ — o, conduction dominates , so -~

and P, and i~~
(P

~
) approach constant values deter- -

Imi ned by conduction alone. In addition , as conduc- o~. -~
t ion becomes important , our phase corrections be-
come less effective , since the phase profile was de- L________ 1 _ __~~~~~~~

rived using a theoretical treatment that neg lected 0 C

conduction. This effect may be seen in Fig. 7 , where Fig. 8. Percentage increase in maximum intensity vs stewing
we plot the percentage increase in I,,, ( P )  against number. s 1+65 cm/sec. N,- 0.19. Other parameters are listed
i/N,-~. When I /N e  0, condtt~ ’ ’ i is the only cool- in the text.
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________ - Our experimental results are uniformly in accord
wit h the case shown. In each case there is a broad

~~ ~~~~~~ 
This pleasant result was unantic i pated theoretically,

I
//k 

maxi mu m in the irradiance vs deformation curve.

but we have since checked our results using the Brad-
ley-Herrmann propagation code. We found theoreti-
call y that varying the deformation amplitude ±20%

: 

from optimum produced only a 5% decrease in peak
intensity—a result in good agreement with the exper-

- imental results.
V. Conc lusion

+ 

0~~ In thi s inve stigation we have obtained the first ex-

L.. perimental evidence for the feasibility of compensat-
0 06 09 - - 

~ 24 ing for ew convection-dominated thermal blooming
PEA K - T O - P E A K  M I R R O R  D E FOR M AT I ON (>3 by using a deformable mirror to add phase correc-

Fig. 9 Peak local-p lane intensity vs peak .to .peak mirror defor- tions to the  laser beam. We have conclusive ly dem-
mati on amp litude The mirr , ’r prof ile is given in Fig. i . ~ i .~ s onstrated that  this technique can produce significant
tm/sec . .~~,‘ 0.19 . +~~ = 10, 1’ = 0.4 W . Other parameters are increases in transmitted intensity. Further work is

listed in the text. necessary to determine the limits of the correction
method , hut its basic applicability has now been ex-

plot peak irradiance against peak-to .peak mirror de- perimentally proven.
formation for a particular set of experimental condi-
tions. I ,1~ is normalized so that ~ = 1.0 when the de- We thank J. Herrmann and L. A . Popper for help

formation is zero (mirror flat); the shape of the mir-  with the propagation code and J. J. Tynan for help

ror contour is still given by Fi g. 1. We note that the with the experimental apparatus.

peak corrected intensity is a factor of 2.5 greater than This work was sponsored by the Advanced Re-

uncorrected—a respectable correction. Rut equally search Projects Agency of the Department of De-

important . we observe that  the correction curve is tense.

bell-shaped with an extremely broad peak. The References
width at 90% maximum is marked ; we see that  the I. See. fur examp le. F. ( . Gebhardt and D. C. Smith . I EEE J.
amp litude of the phase correction can vary ±30% , Q u a n t u m  Electr on. QE-7 , 63 ( 197 ) ) :  A. H . Ait k en , J. N. Hayes.
while the irradiance decreases only 10”~. This result and P.R. t’lrkh . App i. Opt. 12, 193 (19731.
is extremely encourag ing, for it demonstrates that  2. I.. C. Bradley and .1. Herrmann . App I. Opt. 13. 331 (1974).

one does not have to app ly phase corrections with ~~+ .1. Feinlieb . 5+ G. Lipson. and P. F. Cone. Appi . Phys. Lett. 25,

great precision for them to be effective. u i  u9741.
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Bandwidth specification for adaptive optics systems *
Darry l P. Greenwood

Lincoln Laboratory, Masj achis,+ett s Institut e of Technology. Lexington. Mo.ssachu+setts 02 1 73
(Received 9 July 1976)

A simplified expression for the bandwidth of an adaptive optics system is found to depend on a weighted path
integral of the turbulence strength, where the weighting is transverse wind velocity to the 5/3 power. The
wave-front corrector is conservatively assumed to ma tch the phase perfectly. at least spatially, if not
temporally. For the case of astronomical imaging from a mountaintop observatory, the necessary bandwidth is
found to be less than 200 Hz.

In an earlier paper,’ the power spectra describing cor- t~j  the 4 power . Even that integral may be easily
rector motion were considered as necessary elements evaluated analytically when C~ is a constant and the wind
of a complete servo system design for an adaptive op- speed is composed of a constant plu s a pseudowind due
tics system . However , for a preliminary design, a to slew . The result of this final simplification may be
more simplified handbook-type formula for bandwidth easUy programme d on a hand-held scientific calculator .
is more desirable . This paper presents such a formula
for the servo cutoff frequency without making any sig- Rather than investigate the way a wave-front corrector
nil icantly limiting assumptions. Basically, the result would respond to a phase aber ration , we have considered
depends on a weighted Integral of the turbulence strength the statistics of the phase itseif , so the resultant band-
C , where the weighting is the transverse wind velocity width is conservative in that we assume the corrector
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not referenced to either gross piston or gross tilt. The
phase spectrum i. also given by Tatarskii ,t but only for
the special case where v(z)  and C~(z)  are independent of
z , A tacit assumption in the derivation of Eq. (1) is

~ 
10

acteristic freque ncy of amplitude scintillation, or f
‘~< v/(AL) ’ ~~~. Admittedly, v is actually a function of

~ 

that the frequencies are small compared with the char-

path position z , and L may be only a scale height for
astronomical seeing; but rather than go into a more
rigorous analysis , we note that if the inequality is re-
versed, such that! v/(AL)’~

’2 , then Eq. (1) is simply
multiplied by 4.

Bandwidths are determined by integrating F 5 (f )  as
FI G. I .  Representa ti ve p lots of the power .spectra of segments filtered by a filter rejection response. Suppose the
withi n a phase corrector , for pistons located at the centet (I)
and at the edge (U and ill). Curve U is for a gross piston re closed-loop servo response , the Fourier transform of
ference and curve m for a gross tilt reference. The type of the impulse response , is given by the complex function

reference does not affect curve 1+ The high-frequency roll-off H (f, f e) , where f~ represents a characteristic frequency
is determined by the size of the correcto r , with IV represent- such as a 3 dB point . The rejection response , in terms
tog a f inite  corrector segment ~ the diameter of the ape r tu re, of power, is the n 1 — H(f , f ~

) ~2 , Thus , the rejected,
and V representing a segment of size zero. The entire dashed or uncorrected, power is

+ line is the simple power spectru m given by Eq. (1).

cr~=f I l_ H ( f , f~
) I 5 F .( f) d f  . (2)

perfectly matches the wave front , at least spatially, if
not temporally. This avoids making any assumption on Typic ally, it is a~ which we w ill specify in order to de-
the natu r e of the corrector , and the correcto r may be termine f ~ for a certain set of atmospheric conditions.
modal or zonal , segmented or continuous. To amplify Since there are many types of servo closed-loop re-
the usefulness of the resultant formula , we car r y Out sponses which might be implemented , we chose two ex-
integrations for two cases: one representing a near- treme forms for H(f , f ~) which should represent the
horizontal , moderately short ran ge, and one consistent range of possibilities . First , to represent a sharp cut-
wi th astrononucal observation, off , we used a binary filter given by

In the more detailed analysis , we considered a seg- ( ~ I ~mented corrector composed of any array of movable H (f,f~
) = (3)

pistons which could also be tilted in orde r to form a ( 0 f  > f ~
least-squares fit to the wave front over the small circu- Secondly, w e chose an RC filte r to represent a slow
lar region defin ed by the p istons . There was an option roll-off , and in fact , many adaptive optics servo sys-
of referencing the phase at a point in the aperture to tems hav e such a response in the neighborhood of the
either the average phase across the aperture (gross Pin- 3 dB point. (For higher frequencies , the actual re-
ton reference) or the tilt across the aperture (gross tilt sponse may drop off more rapidl y than 20 dB/clecade ,
reference ) . Examples of such spectra are shown in Fig. but this will have little Impact since the spectrum itself
1 for pistons at the center and the edge of the aperture . has a rather steep f~~ ’ dependence.) For the RC filter
These curves are diagrammatic in that they are not for we have
any specific atmospheric conditions . The low frequen-
cies in these curves are governed by the type of phase H (f , f ~) ( l  + if / f ~ Y’ (4)
r efe rence chosen, whereas the high frequencie s are ~~ We will not concern ourselves with the phase lag
fected by the segment size . If we let the segment size associated with such a filter .
go to zero, then all the curves have a common high-fre-
quency asymp tote given by a path integral of Eq. (72) ~ If we assume the cutoff frequenc y which will be even-
the earlier paper . The result , which applies to either tually derived is to the right of the low-frequency breaks
plane or spherical waves , is Indicated in FIg. 1, then it is sufficient to use the

asymptotic form of F1(f) In the integration of Eq. (2).L
lim F . ( f )  =0.032 6 k2f ’ ” I C~(z)  ,,‘“(z ) dz (j ) This assumptio n may be alte rnatively stated as the re-
F .  — jecte d power a 2,. From the parent paper , ’ we find that

where ! is cyclic frequency, k = 21r/X is the wave number the aperture-averaged variance of phase referenced to
(X is wavelength ) , L is the path Length , t ( z )  the wind gross tilt Is
speed transverse to the path , C2, (z) the refractive-index vo~~4~, (Dir o) ” , (5)
structure parameter , and z is the incremental position
along the path f rom z =0 at the telescope (or receiver) where D is the telescope diameter and r0 is Fried ’s co-
to z = L at the source . For astronomical seeing, the herence length . ’ For convenience , we repeat here the
upper limit L is replaced by ~ definition of r0 as

The asymptote given by Eq. (1) is simply the spectrum r ;5” =o .42 3~ 2f ” c~(z) Q ( z) d z  , (6 ’)
of phase for Kotmogorov turbulenc e, where the phase Is o
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where Q(z)= l for plane waves, and Q(z) ( (L — z) /LI t ”  in Eqs. (9) and (10) , as well as for o,=0 .2ir red, X = 0 . 5
for spherical waves. A typical value of a, might be 0.2s tim , and 9 900, the calculated cutoff frequenc ies are
red (or ~ wave) , which requires that the integrated 10 (binary) = 28 Hz and f , (RC) =75 Hz. For these same
turbulence strength be such that DIr0 >> 0.74. Fortu- conditions, we may calcula te r0 and verify the assump-
nately , Dir5 should be much greater than 0. 74 to war- thin that Dir0 >‘ 0.74 . Using Eq. (6) we find r,~ = 0. 13 m,
rant the use of an adaptive optic in the first place . So and thus D >>O . I m, which is easily satisfied. This val-
we comfortably proceed with the integratio n of Eq. (2) , ue of r0 compares favorably with the median value of
using the asymptotic spect rum, Eq. (1). After integrat- 0.10 m (at A =0.5 ~tm) reported by Fried’ for the U.S.
big Eq. (2) wIth a binary filter , we invert the result to Naval Observatory at Flagstaff , Arizona , and the Kitt
express I, in terms of a, and find Peak National Observatory.

These values of f0 and r0 can easily be scaled to other
f, = [o.0l96 (k/a ,,) ’ ( C~(z )v ”( z)d zI”  . (7)

0 elevation angles and wavelengths. The elevatk~n angle
scalings are f, — (sinOY’ 1’ assuming the winds are en-

For the RC-filter functibn , the constant 0.0196 becomes
0.102, and thusf0 is 2 , 70 times larger. 

ti rel y cross-range , f, ’- (sin8)~~
5 when the winds are

downrange, and ~ (51n8)Sl’S independent of winds. The
There are two special cases of interest . The first wavelength (or actually wave number ) scalings are

is consistent with many ground-based operations over f,—k” and r.,, k”” . We also suppose the r eader may
near-horizonta l ranges , and the second is that of astro- want to increase or decrease the entire C~ profile , for
nomical observation. For the That ease, we assume which we point out that fe ’- (Ct)” and r0 — (C*)-s l’s . Over-
C’~ is a constant and the transverse wind speed is corn- all wind-speed scaling affects only)’, In that f, ’v .  Let
posed of a constant v, plus a pseudowind wz doe to slew- us now consider what may be a near-worst case, ot
ing at an angular rate w . Then we find 9=30 0 (winds cross-range) and a C~ twice the values of

the model. We shall not scale z- since the model already
a”a

fc ={7 .34xlo-3( .~~) c~—’--. I ( i  +
~~~~~
“_ 1i} (8) consists of the mean plus one standard deviation . Also .

W 1\ Vs 1 J at least for the visible wavelengths, A = 0. 5 ~im should
for a binar y filter , and f, is 2. 70 times higher for an suffice . For these near-worst-case condit ions, the
RC filter. As an example , suppose a, =0. 2s red, actual cutoff frequency may lie between 1~ (binary) =64
A=l0.6 ~tm , C~=l0 ” m~

13 , v, 4 rn/a , w = 0 . 01 rad/s , Hz and f, (RC )=17 2 Hz.
and L = 2000 m . For these conditions , we find !, would In summary, we have provided simplified formulas
be In the range of 31 Hz for a binary filter to 84 Hz for
an RC filter, 

for the bandwidth of the phase corrector and servo con-
trol of an adaptive optics system . The formulas should

For the astronomical case, the models for v and C~, be used as good rules-of-thumb for perhaps all but the
become more complicated. We have chosen to calculate very f inal stages of the servo design, At that point,
1 based on recently published data for an astronomical more precise power spectra’ should be consulted . if

site . Miller , Zieske, and Hanson’ report profiles of we have used the more precise spectra with the high-
versus altitude for three nights at the ARPA Maui frequency roll-off which results from having a finite

Optical Station (AMOS). Our model of their data is actuato r spacing, the calculated bandwidth would have
been slightl y lower . The specification derived in this

Ct (z)= [2 .2xl 0~i3( z sin8+l0Y 1.3 +4 .3x l0 ’uh i  paper is to be taken as a conservative estimate , based
xe xp [— (z sinA)/4000) , (9) on an Infinite number of correcto r actuators. To apply

where 9 is the elevation angle and the units of C’~ and z our result , Eq. (7) , requIres knowledge of both wind

are m”~’ and u s , respectively. For a wind velocity 
speed and turbulence profiles on the optical path . To
demonstrate the utility of the formula , we investigate

model, we averaged rawtnsonde data’ collected at Lihue two cases of interest: one essentially a horizontal path
(island of Kauai), Hawaii , for the years 1950—1970 and and one consistent with astronomical observation from
at Hiio, Hawaii , for the years 1950— 1974. We modeled a mountaintop . In both cases we found the bandwidths
wind speed as a constant , to represent the lower alti- to be fairly low , less than 200 Hz , giving encourage-
hides, plus a Gaussian to represent the jet stream. ment that the control system and corrector mirror need
The model, consisting of the mean wind speed plus one not be extremely complicated for many applications.
standard deviation , is

I (z slnO — 9400)v (z)  = 8 + 30 exp 1—~ 4800 ] } (10) 
‘ThI s work was supported by the A~~anced Research Projects

where t’ and z are in MKS un its. Implicit In Eq. (10) ~ 
Agency of the Department of Defense.

t fl , P. Greenwood and D. L. Fried , “Power apectea require-
the knowledge that the site altitude corresponding to ments for wave-front-compensative systems,” J. Opt. Soc.
z =0 is 3048 m above MSL. We have taken the conser- Am. 66, 193—206 (1976).
vative assumption that the winds are entirely transverse ‘v. I. Tatarekil • The Rffects of the Turbulent Atmosphere on
to the path; however , if the wind is blowing predominant- Wave Pr opagation (U. S. Department of Commerce, Wash-

Ly downrange rather than cross-range, there would be lngtoui . D. C. • NTIS 1’68-50464, 1971) , p. 268.

an additiona l slnO multiplying all of Eq. (to). 3D. L. Fried and 0. E. Meyers, ‘Evaluation of r5 for Propa-
gation Down Through The Atmosphere , ” Aupl. Opt. 1.3, 2620-

For the conditions of turbulence and wind speed given 2622 (1974). lErr ata : App i . Opt. 14, 2567 (1975) 1.
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Properties of phase conjugate adaptive optical systems
Jan Herrmann

Mana chus.ns Institute of Technology. Lincoln Labora tosy, Lexington. Massachusetts 02173
(Received 12 July 1976)

The phase conjugate COAT (coherent optical adaptive technique) ii investigated for thin, nonlinear lenses,
simulating thermal blooming. The iteration scheme applied has convergent and divergent regimes.

I. INTRODUCTION get plane. It passes through the lenses, and Its radius
of curvature at the transmitter Is used as the radius ofThe expresssion phase conjugate coherent optical curvature of the next outgoing wave. The results showadaptive technique (COAT) is a term applied to a tech- that there exist a convergent and a divergent range ofnique used to compensate for atmospherically induced parameters, depending on the strength of the nonlinear-phase distortions of a laser beam.’ The signal from a ity. Convergence occurs for cases where an appro-reflecting target is analyzed in the transmitter-receiver priate value of the radius of curvature at the transmitter

aperture and the conjugate of it8 phase is applied as a leads to complete refocusing. For cases where re-correction to the transmitted wave. The phase con- focusing Is not possible, the phase conjugate COATjugate COAT scheme has to be distinguIshed from the iteration diverges,multidither COAT, ~ which uses a modulation technique
of the phase front to maximiz e the intensity on a glint In this paper we study the convergence property of an
In the target plane, ideal ized phase conjugat ed COAT system. The phase

changes appearing In nonlinear propagation calculationsIn order to reconstruct images, It is necessary to are replaced by thin lenses which change only the cur-control the amplitude of the transmItted beam as well vature of the wave front . We perform the calculat ionsas its phase. if , however , one desires to maximiz e the in the geometric optics limit as well as with Gaussianintensity delivered onto the target , amplitude control Is beams. The convergence properties of these two casesnot necessary, and it has been demonstrated that phase are qualitatively the same. The program was written
conjugate COAT systems can compensate for the phase with an arbitrary number of equally spaced lenses. Thedistortions due to atmospheric turbulence , qualitative features of the convergence of the phase con-

Calculations with our propagation codes using a phase jug ate COAT are independent of the number of lenses.
conjug ate COAT have also been performed to reduce
thermal blooming, but we found , as did others , ’ that II. NONLINEAR LENSES
the presence of strong thermal blooming can lead to The change In the curvature of the wave front due to a
divergence of the iteration scheme, lens at posit ion z is assumed to be

We have investigated convergence properties of the
phase conjugate COAT by inserting thin, nonlinear K (z) S[ a ./a ( z) I° , (1)
lenses (simulat ing thermal blooming) between the trans- where S is the strength of the nonlinearity, a(s ) is themitter and the focus. The phase conjugate correction radius of the beam , and a, is the radius at the trana-is performed using the following scheme. The outgoing mitter. The value of the exponent Q can be arbitrarilywave Is first focused at the target ; it arrives with a chosen.certa in irradlance level at the lenses, which determines
the rad ius of curvature of each lens. The return wave The main motivation for introducing such lenses is
is assumed to originate from a point source in the tar- to simulat e cw thermal bloom ing to a first order. The
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index of refraction of the medium due to energy ab- R-L L 0 —.1
sorbed f rom a Gaussian beam is

a . p l I  x\
An~x— — (l+eri — iex~(~4~) , (2)

t a, ’~ a,,

where a is the absorption coefficient , P the power of
the beam , , the transverse wind velocity , and ; and
a, are the radii in x and ~ directions. In the center of
the beam there is no curvature in the .v direction. The
curvature in the v direction is proportional to ~~~~ A
the rmal-blooming lens is therefore approximately de-
scribed by the value ~ = in the expression for the non 

-

_______________

linear lens, Eq. (1) .
a, T R A N S M I T T E R  RADIUS

Il l. GEOMETRICAL BEAM S WITH A SINGLE LENS BEAM RADIUS AT LENS POSITION

FIG. 2. Beam with corrected radius of curvature at the tranB-
We describe in some detail the simplest case, which initter .

is the geometrical optics limit with a single lens. We
require that the focus of the corrected beam appear in B. Nonlinear propagation
the target plane.

1. Analytical solutions: We now keep the transmitter
A. Linear propagation size and the power of the beam constant and assume

that the curvature K is proportional to the irradianc e,
The undisturbed beam focuses at the target if R,.

equals the distance to the target R; the notation used K = S(a ,/a ) 5 , (5)
is described in Fig. 1. Inserting a lens at a distance where a is the radiu s of the beam at the position of the
L from the focus changes the curvature of the wave lens. This Is a special case of Eq. (1) for Q= 2 , per-
front by K and the focus is displaced by the distance D mitting sImple explicit solutions. The radius a is given
determined by the relation by (see Fig. 2)

1 1
L + D  

= 
L + R ~ R — K  , (3) a,/a=R r / (L + R ,.. — R)  . (6)

The equivalent to Eq. (3) Is now
valid fo r any value of the initial rad ius of curvature R~.

1 1 SR i. (,
~ )The requirement D=O leads to the condition for the r~E L + R — R (L +R - - R 1 1

corrected radius of curvature at the transmitter R~~:
The requirement D 0 leads to a quadratic equation

= R — L’/(L + 1/K) . for the rad ius of curvature at the transmitter with the
A glint Inserted In the target plane and propagated condition for the existence of a real root

through the lens arrives at the transmitter w ith the i — 4 SR(R — L) /L ~ o .  (8)
same radius of curvature R~c. In this derivation , no
limit was imposed on the transmitter size or on the If S and L do not satisfy the condit ion, Eq. (8), we
size of the beam at the position of the lens, ask for the radius of curvature at the transmitter which

minimizes the radius of the beam in the target plane,
which Is given by a~ = aD /(L + D). Using Eqs. (6) and
(7) and the requirement da,/ dR,. = 0, we get a quadratic

I ~~~~ D 
~~~ equation for R~. The solution of this equation leads to

the minimum radius of the beam in the focal plane,
which we Indicate by a horizontal dashed line In FIg. 3.

2. I terative solutions: The phase conjugate correc-
tion Is performed using the following interaction
scheme. We call R,..,, the radius of curvature at the
transmitter and IC,, the curvature of the nonlinear lens
at the nth iteration. We start with R ,.0 = Rand the initial
curvature of the lens K0 = S(R/L? and get a new value

______________ for the radius of curvature at the transmitter
TRANSMITTER TARGET

~~~~~ = R — L’/(L + 1/K ,,)
R • RANGE • REFERENCE LENGTH using the value of the curvature of the lens
L • LEVER ARM

RADIUS OF CURVATURE OF WAVEFRONT AT TRANSMITTER K,, SR ~~~~~~ + L R)’ (10)
• UR1~ • CURVATURE CHANGE DUE TO THE LENS

for each iteration.
S’IG. 1. NotatIon uaed in the phaae conjugate COAT calcuia-
tions for geometric beam. The results of the iteration are presented In FIg. 3,
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proach of the nonlinear lens to the steady state. This
- modification leads to the iteration

0 = 2 R~0 =R , K~, = 0 w i t h n = 0 , 1,2,...
I. — 0.5 4 K ,, = S~R~,/ (L — 1~ + R,.,,)~~

= R L’(L +
O4 ~ where R~~ is the radius of curvature at the transmitter

a ‘
~

~~ .‘ 
for the nth iteration. The strength of the nonlinearity,_ ‘ , .

- - ~~~~ ~. i s S an d Q Is lts power law. The position of the lens ls
I- K

~, ~
-. . L, measured from the target. The steady-state value

of the curvature of the lens is K,,, but the actual curva-3
a4 .

~~. K o~~
I 5 ( G

~~1/2 l ..~ K 25 
tore is K~ , determined at the moment when the glint
return senses it . The time constants are included in

4 -
~~~ 

-
the coefficient 1= exp(-. t ,,/ t 51 ) . This model describes
a correction system which itself has a zero time con-
stant . The results of the Iteration with atmospheric::~~~~~~~~~~~~~~~ 

~~~O.118

time constants are shown in FIg. 5 for a particular
case. The beam radius at the target is plotted as a- 

K0
. 0.50 (6-1/2 ) function of the iteration for some values of the coeff I-

~0.75 d ent f. The curves with larger atmospheric time con-
stant s, corresponding to larger values of f, are lower
than the ones with shorter time constants, but even-

o 3 4 5 6 7 8 - 
9 tually they also diverge,

ITERATION

FIG. 3. Beam radius at the target as a func t ion of Iterat ion
for different values of the initial curvature K,=S/L ’. The CUR V A T U R E
two dashed curves use an iteration with half the gain. or LENS

GLINT GLINT
GLINT

where we plot the radius in the target plane a1 as a t o, 
______function of the iteration number for the case L = R / 2 . I 

CM

Other values of L behave qualitatively the same. For I — -.— —----—1’~ 
I

K0 n 1 a solution D 0 exists and the iteration seems to ,., __4~ I
converge. For K ,, ~ 1 the iteration approaches the / I/
analytical solution but diverges for further Interatlons. I I

I I
An attempt was made to affect the divergence by re- P’—~~----— i T I ME

ducing the gain of the iteration , using for the new ra-
dius of curvature the average of the valu e calculated
by Eq. (9) and the previous one ,

IRRADIANCE

~~~~~~~~~~~~~~~~~~~ GLINT

for the calculation of the curvature by Eq. (10). The —

~

for these ~~o cases are slower , but not qualitatively 3

oar . K~ -O. 5 and K0’ 1.5. Convergence and divergence
results are indicated in Fig. 3 by C’ 1,~2 for two val- —.1

~ j
_=I Ichanged. __________________________________.~~l I

CURVA TURE
C. Phase conjugate COAT with time constants OF L E NS

In the previous sections, a study of a simple single I
lens system was presented in order to simulate the I —
phase-conjucated COAT technique and demonstrate the — I
lack of convergence for strong enough nonhinearities . —

The iteration performed there corresponds to the con-
dillon sketched in Fig, 4 , for which the atmospheric

TINEt ime constant f1,, Is much smaller than the Iteration
FIG. 4. SchematIc representation of phase conjugate COATtime constant 1,,, describIng a system which uses a systems with an atmospheric time constant t,,,. For the cw

phase correction based on the return from a glint only case , the iteration time Is t ,t . For the MP case , the pulse
alter the atmosphere reaches steady-state conditions, length is t,, the pulse spac ing Is T~, and the time between the
We generalize the Iteration scheme , permitting an at- sensing of the atmosphe re by a glint retu rn and the next pulse
bitrary value of t 1,/ t ,, assuming an exponential ap- is I,. Standard multipuLse conditions require t~<<t,,, ed’,.
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-JIf we reduce the iteration time constant , we can in 

-

_________________________

crease the time before onset of the divergence , Let us o,/N,I I +KR/41
4assume an atmospheric time constant of 0. 1 s and an a a

it eration time of 1 ms giving a value f= 0. 99. The di- a
vergenc e started alter about 500 iterations , correspond - Z 0,/N,
ing in this case to s. A fast correcting adaptive sys-
tem can , temporarily at least , overcome the dive rgence 

________ ______

problems of the phase conjugate COAT for cw beams, a - h R  + K
I.,

In Fig. 4 we also present the situation for a multi-
z - Jpulse case. The pulse length is called 1, and the pulse
a uspac ing 7’,. Standard multipu lse cases satisfy 1~ ‘- o

U-
7’,, expressing the condition that no self-blooming for

U,each pulse occurs , and that each pulse is subjected to a

/

the heat deposit from previous pulses only, assuming 4

validi ty of the long-time hydrodynamic limit . U the a ‘~
ti me between the glint sensing and the next pulse 1, is z
much smaller than the atmospheric time constant ii,, A —

I- ’,the system becomes linear for that particular pulse. o 
_______ __________

The corrections due to such phase-conjugated COAT 0 0 5 10
POSITION OF LENS Zsystems are limited by finite aperture sizes.

LIMITS TO PHASE CORRECTIONIV . GAUSSIAN BEAMS AND MULTILENS SYSTEMS FOR LINEAR SYSTEM

A. Limits to the phase compensation for a Gaussian FIG . 6. LimIts to phase correction for Gaussian beam (or

beam tar linea r distortions single constant lens inserted at distance a between transmitter
and target.

Phase corrections for linear systems (e. g., turbu-
lence) can restore the irradiance in the focal plane only to a limited degree If a fixed transmitter size is as-

sumed. We show this for the simple case of a constant
_________________________________ - — thin lens with curvature K inserted in a Gaussian beam4

at a position between the transmitter and target .
I • c ip  ( ‘-~/~•~) The beam radius in the target plane a1 is given by03 -

4=a~[1 + CR + KR(1 — z ) + K R  CRz(i — z)]’

1 0  +af l 1+KRz ( 1 — z)12/N~0 25 where a, is the radius of the beam at the transmitter
o • 2 (1/e power), R the range, C the curvature of the beam
L .0 5
S . 0 312

6 0 125
GEOMETRICA L SEAN

0 10 s~ c~ses ,o.sa
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009 S.000G
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I 00n
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FIG. 5. Radiua of beam in the target plane as a function of CURVATURE AT TRANSMITTER C

iteration number for some values of the time constantS de- FIG. 7 . Beam radius at target vs curvature at transmitter for
scribed by the coefficient f=exp(— t,, / t~,), five-Lena system with geometrical beam.
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FIG. 8. Beam radius at target vs iteration for cases of Fig. i. FIG. 10. Beam radius at target vs iteration for the cases of
Fig. 9.

at the transmitter which is being varied, N, = ka~/R the are plotted as a function of ~ in Fig. 6. At a = 0 a corn-
Fresnel number , and a is the distance to the thin lens plete correction is possible , and at z —  1 no correction
measured from the transmitter in units of R. is required .

The minimum radius of the Gaussian beam a, .m ,n ,  B. Nonlinear propagation
which can be achieved by appropriate choice of the

~~ir model for a phase conjugate COAT system was
curvature C at the transmitter , is extended to permit multiple lenses. A further exten-

= at [1 ÷KRz (1 — z)) / N, ; sion permits us to use Gaussian beams for the beam
its maximum value as a function of a is at a = ~~. The propagated from the transmitter to the target. A

curvature which gives the min imum radius Cmti is geometrical beam is kept for the glint return.

Cm1t R ’ ’[ 1 + K R ( 1 ’Z) ~/ 1 1 + K RZ ( 1 Z) 1  In Fig. 7we p lot the radius of the geometricaJ beam
in the target plane as a funct ion of curvature at the

The minimum radius and the corresponding curvature transmitter C for some values of the strength of non-
linearity S for a system of five uniformly spaced lenses.

- - - - - ‘-
~~~~~~~~~ It can be seen that it is not possible to perform an exact

I GAUSSIAN BEAN compensation for values S >0 . 004. The phase-conjugate
5 LENSES.0 3  iteration for the same five-lens system Is shown in FIg.

- 
N~ 00 8. The onset of divergence seems to coincide with the

00g~- lack of an exact compensation.
5 ’O00 r

1.3 oo t i -
a number of N,.’ 100. The diffraction-limited radius Is4

now 1/N,. The onset of divergence is related in some004
way to the change lit the shape of the curves. The
phase conjugate COAT iteration is shown in Fig. 10.

S .0.005 
~ In Fig. 9 we plot the radius in the target plane for a

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

five-lens system using a Gaussian beam with a Fresnel

It exhibits the same qualitative features as the geome-
004 trical beam in Fig. 7, but it shows that for Gaussian

beams, even for the convergent cases , the rad ius can-
S • 0.003003.- not be reduced to the diffraction-limited value.

Oo~ L V. CONCLUSION

00l
S •0004 In conclusion , the phase conjugate COAT method

leads to nearly complete compensation of atmospheric
turbulence and partial compensat ion for cases with

00 02 104 loS lOS Ito Ill *4 IS I tS

CURVATURE AT TRANSM ITTER C moderate thermal blooming, with and without turbo-
FIG . 9. Beam radiu e at ta r get vs curvature at transmitter for lence, so long as the effective thermal lens is thin and
five-Lens system with Gausaian beam, near the transmitter , as for stewed beams. For cases
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with substantial thermal blooming, the phase conjugate Laboratory and D. L. Fried, Optical Science Con-
method gives some init ial improvement but does not sultants.
conver ge. A sufficiently fast correction system may
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Tracking turbu lence-induced tilt errors with shared and adjacent apertures*t
Darry l P. Greenwood

Lincoln Labora tory, Massa chusetts Instii 6te of Teclrnoloej .  Lexington . Massa chusetts 02 1 73
(Received 29 July 1976)

Tracking apert ures which are on axis. off axis . and annular with respect to the pointer optics are considered
in terms of their effectiveness in canceling atmospheric turbulence .induced wase-front tilt errors . The off-axis
tracker is found to be the least effective . whereras the annular configuration is least sensitive to the wind
profile and slewing conditions. The key to minimizing the ceniroid wander in the focal plane is the proper
setting of the low-pass cutoff frequency of the tracking servo. rhal setting is based on wind velocity, slew
rate, and aperture diam eters. A too-high setting of the cutoff frequency can actually degrade tracker
performance when the t racking aperture is small.

I. INTROD UCTI ON field of view of the pointer , a portion of the optical sig-
In many optical pointing and t racking systems ~ Is nal must be diverted by means of a beam splitter from
not practical to beam Split the incom ing wave front in the pointer to the tracker . Not e the presence of t he

order to derive a tracking signal. Often the tracking low-pass fil ter impulse response h ( l ) , which may be
optics are placed outside the aperture of the pointer, inherent in the servo , but which must have a variable
Such a configuration is acceptable for the gross track- cutoff frequency. In Fig. 2 is the second configuration ,
ing of the target , but there are seriou s reservations as termed “annular , ” whe re again the tracker signal is
to whether turbulence errors can be effectively canceled low-pass fil tered before being fed to the pointer. We

in this configuration . The pr oblem is that the scale choose , for the annula r configuration , to retain the
sizes of the phase aberrations due to turbulence may be symbol D for the larger diameter and d for the smaller.
smaller t han either the pointer or tracker optics and Hence the pcinter is now of diameter d , whereas for the
hence the two fields of view may not see the same phase filled configuration it was of diameter D. Finally , in

variations. We will investigate the theoretical effec- Fig. 3 we return to the on-axis case and allow the

tiveness of tracking In an off- axis configuration by con- tracker to obscure a region of the pointer. We wlU find

sidering the correlation of wave-front tilts on two aper- that the results of this configurat ion, termed “interi-
tures of different diameters, or , are almost identical to the filled configuration

wi t h y 1 =0 , so long as d~~~D.
We can state in advance that the prognosis for off-

axis tracking of turbulence is poor , but we will not II . THEORY
leave the situation there. Two other configurations are
considered which offe r much greater advantages to can - For each configuratio r we wish to minimize the er-
celing turbulence-induced centrold mot Ion. Both p lace ro r signal e ( t)  between the desired pointer angle a,(f)
the tracker concentric wit h the pointer . The firs t is to and the indicated tracker angle a~(t) as filtered by h(t).
place the tracker within the pointer central obscuration , This is represented by the convolution relation
and the second Is to place the tracker in an annulus sur- e (f )  = o,(t ) — a

~(t)* h(t) . ( 1 )

rounding the pointer.
More physically, ~~) is the angular wander of the cen-

Our method of specifying tracker effectiveness Is to troid in the target plane, if we follow reciprocity argu-
calculate the statistical variance of the difference be- nients. The error variance Is readily found to be
tween where you would like to point and where the
tracker tells you to point . It is Important in this anal- e~(f~) = f  W,( f ) d f + .( H (J ,f.0 )W , (f ) d f
ysis and in the real system to include a variable cutoff 0

frequency of the tracker servo response. High tempor-
al frequencies must be carefully rejected because they ...2( H ”2 f ,f ~,) W~,(.f ) d f  , (2)
correspond to those small scale sizes which are not
seen the same by both pointer and tracker . The sett ing
of the cutoff frequency will be determined from the na- FILTER

tu ral wind velocity, slew rat e, and aperture dimensions.
I TRACKER

We will provide sets of 15 error curves in normalized POINTER

coordinates to serve as a reference gallery of condi-
tions from which the user may select the one most ap-
propriat e to his tracking scenario. 

h i

To evaluate the effectiveness of the various tracker-
pointer configu rations, we established three geome-
tries as shown In FIgs. 1—3. In the first Is a pair of
filled apertures (i.e. , no central obscurations) of di-
ameters D for the pointer and d for the tracker. The
axial separation Is r1, and r1 may be varied from 0 to
~ essentially. This allows for placement of the tracker L —

on axis or off axis, but when the tracker is within the FIC-. 1. )eometry : f illed configuration.
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F

ANNULAR TRACKER a4(t;?j ) = 2~A~ f  ~~ W4(~, P1) Ø( ~, t) ( x —r 1,) ,  (4)
OINTER

where
(1 , t~~—f~,I ~ 4d

W4(~ , f’,) =<

~ sinO). Note the angular dependence ô, which sterna

(0 , l~~—~,I>4d

I A4 is the aperture area 4 ir€t, and r, = (r,~, 
y,,) = (r, cosô,

from a geometrical asymmetry, will lead to the off-
axis results being a function of the orientation of tilt.
Two values of ô, namely 0 and 4 r, will be sufficient to
describe the off-axis angular dependence, and these

FIG. 2. Geometry : annular Configuration , angles will correspond to tilts in the x and y directions,
respectively, as indicated in Fig . 1.

where H (f , f ~0) is the modulus-squared Fourier trans- The next step is to define the auto and cross covari-
form of h(f) and is assumed to have a well-defined cut- ances of a4 and a0 as
off frequency f~0. The power spectral densities W, and c4( r) = (a 4 (t)a ~(1 + r ) )W, are the auto-spectra of a~ and a,, and W,, is the
cross spectru m of a, with a~, Cb(r) = (aD(t)a b(t +r ) )  , (5)

Spectra for the filled configuration may be obtained C40(r) = (a4(f)a 5(t + r) )
from the work by Greenwood and Fried1 on wave-front- and we know (a4) =( aD) =0. For the moment, let the
compensative systems. In turn, spectra for the annu- subscript i represent D, d, or dD. The Fourier trans-
lar and interior configurations may be derived from forms of C,(r) are
those of the filled configuration by some geometrical
considerations. Note that we will be considering wave-
front tilts rather than intensity centroids for mathe- -( dr  cos (2rfr) C , (t) . (6)W, (f ) = 4

matical convenience. These quantities a~. e not precise- Note that this is a one-sided transform, such thatly the same but are very similar.’ For an aperture of
diameter D, the tilt angle a0 is d ef ined 

~~= d f w, (f )  . (7)

a5( t) = 2XA ’ f  d~ WD (~ ) 4 (.~, t) x , (3) From the earlier paper , 1 we find a general expres-
sion for the spectra to be

where ~ (~, t) = the spatio-temporal phase incident on the
aperture , w, (f ) = —  ~ f d i r t(r)W,.(1 ; f )  , (8)

(1 , i~ I ~ 4D
W0(.~) =< where T, is a transfer function associated with the(o , i~ i >4 D aperture size and separation, and ~~~ is the atmospher-

i is the vector (x, y), d~ the incremental area dxdy, A5 Ic phase-difference power spectrum. To elimInate p05-
the aperture area ~irD 2, and X is the wavelength. For an sible confusion as to which T1 to use in the earlier pa-
aperture of diameter d , displaced a vector distance ‘, per,’ we feel that It is worthwhile to repeat the traits-
from the aperture of diameter D, the tilt angle a4 is fer functions. They are

,/r\ Ir\[i (r)Zj IZ 2y 1
2~~ 

cos~~~ )._~~~) — — _ .11 _(~)tJ~~
’( l+ 4co s2 o) O~~r~~d

T4(r , 8) = 2(~4,~)  
~ 0 , d~~r , 

(9a)

T5(r , 8) = T 4(r , O) wlth d ’— D , (9b)

~ ~, 
~~~~~~~~~~~~~~2

T45( r ,
cos 1 

yj +~ os4 y2 [~ 
+~ ,(~ .)3] (l — v2) ”2

(10)
D+d

~~ . ( l _) 4) h 1 2 [ l +~ r (r coso +r i cos~) 2]

0 ,
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ANNULAR POINTER 4., = + 4 — 2a ,, . (15)

for the filled configu ration as

(16)

G 

Referring to Eq. (2), we may calculate the asymptotes

Note that, via Eq. (15), 4., may be greater than or less
less than 4 depending on the value of 

~~~~ 
Consider

I the limit when a42,, — 0 , corresponding to a large separa-

track with the widest possthle bandwidth in the off -axin
tion r1. In this case, g~(O) < o~(oo), which says that If we

FIG. 3. Geometry: j iterior configuration , situation, we may actually have higher tracking errors
than if we had not attempted to track turbulence at all.
In the annular configu ration, the asymptotes are

where

r2 =[r 2 +r~+2rr1 cos( ó— 6) J 1’~ , (17)

[r~ + (~ D)2 
— (~d) 9/ r2D , For small values of dID it is possible for a~(~o) to ex-

V2 =[r +( ~d)2 UD) 2 1/ r2 d ceed u~(O) ; however, for the more interesting case of a
It should already be apparent that in the filled config- narrow annulus, or d/D — 1, a~(oo ) is Invariably much

uration smaller than a~(O), and the tracking Is quite effective.
For the interior configuration, the asymptotes are

W,= W,, 
o~(O) ’ b~4 +b~o — 2b 1b2a ,,

W4 =W4 , (11) (18)

W,,= W4, Again, we cannot state that o~(’o ) is definitely less than
However , for the spectra of an annular aperture of outer o~(O). Also, the asymptotes do not define the behavior
diameter D and inner diameter d , and a filled aperture of of the curves for intermediate values of f~. We will
diameter d located concentric with the anflulus , we must see in the graphs to be shown later that in the filled and
return to the aperture integrals which define tilt. The interio r conf igurations there are substantial dips In the
least-squares definition of tilt on an annulus is a~(f~0 ) curves which identify optimu m cutoff frequencies.

/ In deriving the phase-difference spectra, we chose
OA (I) =

A2 _ A 2( I d W ,, (i)~ (~, t) x
0 4 to Ignore wind direction in order to simplif y Inordinate

and expensive computer lntergrations which change
(12) the precision little. In fact , tu rbulence and wind con-— f  diW4(i , O)~ (i, t)x) 

ditions In a field situation are generally known so poor-
which can be easily rewr itten in terms of a,, and a, as ly that the added precision is wasted . Conceivably,

one could take advantage of the transport of turbulence
OA(t )  = A2 ~ [A~,aD(t) — A a ,(t ;O)J . (13) from one aperture to another , but we will take a con-

D — A4 servative approach of looking at the correlation of tilts
Because of th e simple relation that a~ has with a,, and with no time lag . Assu ming the angle 8=0 , we fInd
a,, we may write the pointer and tracker spectra for for spherical waves emanating from a point source on
the annular configuration as the target that

= W, , We.(rj f ) =  0. l305k 2Lf 8
~

W~ =b~W,, +b~W, —2b L bz W,,, , 
x ds z,~~

3 ( s ) sj n 2[ r r fs/ v (s) I C~(s) (19)Jo
obtained from expressions in Lee and Harp3 or Clif-

where fo rd. ’ In Eq. (19) we have L as the range, v(s ) the
b~ = [ (D/d) ’  — 1 ‘ , wind speed normal to the path , possibly Includ ing a

(14) pseudo-wInd due to slew ing, C~(s)  the refractive-index
b2 41 — (d/D)’14 structure parameter , and s the incremental path length

For the interior configuration, we merely interchang e ranging from 0 at the point source to 1 at the tracker.
IV, and W, in Eq. (14). The analysis is now at a point where we may specify

We do not yet need relations for W,~ In order to de- i(s ) and Ct (s) and Integrate over the path to determine
termine the low and highf ~, asymptotes of o~. To de- W,,. We will use simplified forms for velocity and
rive these Limits , we will need the variance and covart- turbulence which we believe represent most cases of
ances of a, and a,,, given by Eq. (7), and the variance interest. First , we say C is a constant along the path,
of the difference a, — a,,, given by since generally the paths are of low elevation az~ le,

I.
284 3. Opt Soc. Am.. Vol. 67. No. 3 . March 1977 Darry l P. Greenwood 284

99

--- —~~-.-~~— _ _  _ _ _ ____ ______  J



C, I I 0 —

0 5
— 1 -

0.2 

- 1

0(I fJ’

~~~~1/cu - 2 -  
~, y

a”

.2
0.5 

cu - 2 -

2 V
I 

d/D_...1.O

\\ 
09 1: I 

-

-4 ___________________________________ _____________________________________
-3 -2 -~ 0 1 2 -3 -2 -1 0 1 2

log 
~~~ 

log ~~~
FIG. 4. Error variance va cutoff frequency: filled on- axis FIG. 6. Error variance vs cutoff frequency: filled contiguous
configuration , wind case 1. off-axis configuration , tilt y, wind case 1.

and thus C~ Is known very poorly. Fortunately, we 
and hav ing the tracker platform moving at a high rate,

have found that the results, in the form of a~(f~ ) , are 
or

not very sensitive to the C profile. secornily, we v(s) = WLs . (22)

chose three possible forms for v(s) . Wind case 1 will For the above assu’nptlons, we may write the phase-
represent a constant transverse wind velocity given by d ifference spectrum In a convenient normalized format.

The general form Involves D, the larger aperture di-
v(s ) =v a . (20) ameter, because of later aperture Integrals which will

This case represents targets and tracker platforms be relative to D:
which have a low relative motion. Wind case 2 is to W0.(rj f ) =0.330 k2L ~~~~~ (J/ f 0) ”2 f ~ K (f r / f ~,D) ,  (23)
represent a slew-dominated situation where the tracker
platform is essentially stationary relative to the target where 10 Is a characteristic frequency having a different
motion, or expression depending upon which wind case is of inter-

est. For wind case 1 we have
v(s) ’~wL(t — s)  , (21) to = V1 /11!)

where w is the slew rate. Wind case 3 reverses this 4 ( sin(2u)’~ 
(24)

situation by having the target essentially stationary, K(u)  = ~ — 
2

O I I I O I I I

— 1 -1 d/D 10 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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all’
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log ~~ ~~

FIG . 5 . Error variance vu cutoff frequency: tilled contiguous FIG . 7. Erro r variance vs cutoff frequency: filled on-axis
off-axis configu ration , tilt x. wind cue 1. configuratIon , wind case 2 .
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In wind case 2 we have on r ,/D and 6 In the filled configuration when r1>0.
— wL/ irD Furthermore, p~ depends on the choice of a type of low-
— 

(25) pass filter. We tried two types of filter, a binary one
K( u)  = 

~ 1’ dv (1 —s) 5 ” sin2 (._~~__\ that is unity up to the cutoff frequency and zero above,
3 Jo \l — s / ‘ and an RC filter given by

Finally, In wind case 3we have H (f , f ~,) = [1 + (f/fJ ’] ”° . (28)
Jo = u L  /rD

— 

(26) Since the results were not substantially dIfferent, weK( u) — sin U will present curves only for the RC filter. Many real-
To further minimize the number of parameters which Istic closed-loop servo responses have a character

will appear In the results, we chose to normalize o~ similar to Eq. (28) in the neighborhood of the 3 dB
and f ~ as follows: point. Although real istic responses roll off  faster than

a _0.*i,13 0D °” ‘‘~~~‘ and — / ‘2D Eq. (28) for f>f ~., that will not affect the results sinceP. — • X~o f cu if o  ‘ ‘ ‘ the tilt spectra themselves roll off at a high rate (typ.
Now p~(x, ) depends on dID for all conf igurations, and ically atf ’1”).

0 I I T - - T - - 

~ I T  I

d /D ”  0.1

~ 3 - ~~~~~~~~-~~~~~~~~~O 1 2  
___________________________

log 
~~ 

log *~~,,

110. 9. Error variance vs cutoft freqi.ncy~ filled contiguous FIG. 11. Error variance vs cutoff frequency: filled cont iguous
off—axis configuration, tilt y, wind cue 2. off—axis configuration , tilt s, wind cue 3.
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FIG. 12. Error variance vs cutoff frequency : filled contiguous FIG. 14. Error variance vs cutoff frequency: annular configu.
off-axis configuration , tilt y , win d case 3. ratIon, wind case 2.

HI. RESULTS For a quality measure, we define a reductIon factor
As stated prevIously, our goal, In the presentat ion R as

of results, is to present a sufficIent number of curves R = min[p~(x~.)]Ip ~(0) , (29)
to serve as standards for most tracking cases of Inter-
est . There are fifteen fIgures (4—18) whIch represent since we are minimizing p~ with respect to the tracking
the three wind cases and these configu rations: filled error when no turbulence tracking Is attempted. The
on-axis (Figs. 4, 7, 10), fIlled off-axis tilt x (Figs. 5, signIficance of a partIcular value of R may be evaluated
8, 11), filled off-axis tilt y (Figs. 6, 9, 12) , annular on an absolute basis, by comparing the residual track-
(Figs. 13—15), and Interior (FIgs, 16— 18). A repre- leg error Ro~(0) wtth the diffraction-limited beam size
sentative range of values for dID was chosen as 0.1, (1.22 AID)2, and we will demonstrate this with particu-
0.2, 0.5, and 0.9, and where meaningful, dID — 1. lar system and turbulence parameters. However, we
For off- axis trackers, we assumed the tracker and may also categorize R on a relative basis. Ii the rms
pointer optics were contiguous; hence, for the stated tracking error cannot be reduced by better than a fan-
values of dID, we have ri/D= 0. 55, 0.8, 0.75, and tor of ~T (i. e., R=0.5) ,  the tracking Improvement
0.95, where generally rj /D = 1(1 +d/D). will hardly be measurable. In contrast, an rms error

°
~0? 

~~~~~~~~~~~~~~~~~~~~~~~~ 
______________________________

log 
~~ 

log x~~
710. 13. Error variance vs cutoff freq.a.noy: annular cos~g- FIG. 15. Er ror variance vs cutoff frequency: annular ooeflgu-
urauoe, ~lnd case 1. ratios, wind cue 3.

287 3. Opt. Soc. Am.. Vol. 67, No. 3, March 1977 ~~ryl P. Greenwood 287

102 

~~~~~~ —~~~.



. - - -  — -- .

C, I I I 0 T~~~~~~~~~~~T

— 1  -1 d/D ” O. l -

0.2
0 0
U Ux

05oi -2 Cu -

.2

-3

— 4 I I I —4
-3 -2 —1 0 1 2 -3 -2 -1 0 1 2
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FIG. 16. Error variance vs cutoff freq.aency: inter ior con- FIG . 18 . Error variance vs cutoff frequ ency: interior con-
figura tion , wind case 1. figuration , wind case 3.

correct Ion of at least a facto r of 5 (i . e., R =0.04 ) will Eq. (30) to Eq. (27), which for the stated conditions
significantly enhance system performance, gives us o-~(O) = 5. 75 x l0~ ° rad 2. Accordi ng to the cal-

culated value of R we may reduce this error to o~ = 2.24Consider fIrst Fig. 4, which is for the on-axis filled 
~ ~~~ red2. Note the residual error is equivalent toconfiguration and wind case 1 (constant w inds). There the diffraction-limited spread 2. 15x 10~~ rad2, calcu-is obviously a substantial tracking improvement, as lated as (1.22 A/D) 2 at A = 3.8 ~m. The opt imu m cutoffnoted by the dIps in the curves, prov ided xe,, is set

properly. For dID = 0. 1, the improvement factor frequency to achieve this reduction is f~, = ~ ~~ IrD ,
such that fe,, = 1.8 Hz . This cutoff should be easily at-R=0 .039 , and this occurs at ;= 1.45. To make these tam able for a tracking servo driving a 1 m system.numbers more meaningful, consider the following rath-

er arbitrary set of conditions: D = 1 m, v1 = 4 m/s , L It is perhaps surprising that a substantial tracking
= 5000 m, and C~= iO”~ rn”3. We will need the asymp- improvement occurs for a dID as small as 0.1, since
totic value of p~ which applies independent of wind pro- the tracker is observing only ~~ th the area of the
file or value of r, : pointer in estimating the pointer angle. The key is in

p~(0)=0.0885 . (30) the proper rejection of small turbulence scale sizes by
fil tering out the high frequencies. Alternatively, we

To obtain the asymptote in unnormal ized units we apply may think of averag ing an ensemble to w.we fronts for
a period of time based on the pointer diameter and the
wind velocity. That averag ing time is approximatelyo I I 

- I
(2irf1 Y1.

Also in Fig . 4 we hav e shown the asymptotic curve
as dID — 1, to demonstrate the use of beam-splitting

dID ” 0.1 . optics such that the pointer and tracker have the same
0.2 aperture. Now, as expected, the optimum tracking oc-

0 

curs for the highest possible cutoff frequency, but that
frequency need not exceed ;,, 3,

2 
axis tracker with those of Figs. 5 and 6 for a contiguous

- Now let us compare the curves in Fig . 4 for an on-

0.9 off -axis tracker. The dips in the off -axis curves are
no longer substantial . Tracking improvement for dID
=0.1 is a mediocre R =0.31 for tilt x (at ;,, =0. 5) and
is slightly better for t ilt y with R = 0.19 (X,a = 0.9). For
larger d/D, the tracker Improvement becomes even
poorer , suggesting we are intercepting more and more
incorrect turbulence information. Thus If the tracker

-3 -2 - 2 must be off axis, It should be small and as close as
possible to the pointer.

FIG. 17. Error variance vs cutoff frequency: interior con- Figures 5 and 8 are good examples of the tracking
figuration , wind case 2. degradation which could result from setting the cutoff
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frequency too high. En particular , fo r the smaller val- versing the normalization procedure~ however , thi s
ues of dID, the asymptote p~(oo ) exceeds p~(0) .  situation conforms to having a particular size optic

shared between the pointer and tracker . For further
In comparing Fig . 5 with Fig. 6, we note that tilt ~ reference , the low-freq uency asymptote for the annular

has lower values of R than tilt x .  This is a result of a config uration is
higher correlation between tilts on a common axis (the
x axis, about which we have tilt v) than between tilts on W(o) = 0. 0885 ( d / D Y ’’3  . (31)
par allel but not common axes (namely, v axes, abou t In the annular configu ration , th e optimum tracking
which we have tilt 9. The axes are depicted in Fig. 1. occurs for the thinnest annulus . This may be at first

In Figs. 7—9 we have similar results for the second surprising, but in fact a measurement of phase around
wind case, that of slew-dominated winds and a moving the periphery of an aperture is sufficient to define the
target. In comparing these results with Figs. 4—6 , we cen troid position , provided amplitud e effects are neg-
note the improvement is not so great as in the first ligible , and we ha ve tacitly made that assumption.
wind case. For example, the on-axis ci. ’D = 0 .1 cur ve This was previously pointed out in Sec. lilA of Hogge
has a n R= 0 . 2 0  a tx ,, =0.18. For a more accurate and Butts 2. Physically , we do not want an annular
tr ack, a larger dID would be required. To evaluate tracker to extend out and sense improper turbulence
the dependence on wind profile, let us consider the inf ormation , since temporal fil tering will not be of use
other extreme in winds g iven by case 3, which is still in rej ecting such information. In practice , the annu lar
slew dominated , but now the tracker platform is in mo- width will pr obably be set by signal-to-noise considera-
tion relative to the target. The results in Figs. 10—1 2 tions; however , a sufficient amount of energy should be
demonstrate the best improvement so far , with collected in an annulus of width 0. 05D (corresponding to
R =0.023 at x~0 = 1. 14 for d ’D = O .l  and r , =0. d/D=0. 9). In this case, a substantial improvement is

evidenced by an R of 0. 026.
We may explain the wind profile dependence by con-

sider ing a hypothetical point frozen in the turbulence Finally , Figs. 16— 18 represent the interior config-
field, where that point is transported by the wind trans- u ration and are to be compared with the on-axis filled
verse to the path, The transport time necessary for configuration , Figs. 4, 7, and 10. Recall that the phys-
the hypothetical point to traverse the beam is T(s)  ical difference between these configurat ions is that in
=L sIv (s ) .  If the wind increases linearly from zero at the interior configura tion the entire pointer aperture
the poInt source, then the transport time is independent must be beam split , even if the tracker only observes
of position along the path, since r(s )~~s .  This leads to a portion of it. The interior configuration is thus the
a resonance between the winds and the wave front , and one which we might implement; however , for the sake
in essence, the tracker and pointer see aberrations of analysis , we would prefer to concentrate on the
moving at a constant transport rate , independent of pat h filled. The excellent agreement between the figures for
post ion. This Is of course wind case 3, where we saw d/D ~ 0. 5 supports our desires. We may further con-
the best tracking improvement . Whenever the winds d ude that we can fairly accurately estimate the tilt in
have a profile which deviates (rorn this ideal, the phase an annutus by measuring the tflt in the region interior
aberrations move into and out of the field of view at to the annulus , provided we properly low-pass filter
varying rates along the path, and the tracking improve- (or time average , as noted previously).
ment Increasingly degrades as Ls/ z ’(s)  departs from a As a final remark , it is worthwhile to note that theconstant . The next best case which we considered is dips in the error curves are fairly broad , so that thewi nd case 1, where v(s)” const and T ( s ) —  s. Ev en here, ser vo cutoff frequency need not be set precisely for thethe graphs indicate substantial tracking improvement . tracking to be effective. Fu rthermore , this indicates
The worst case is then wind case 2, where t -( s) (1 — s )
and T(s) — s/ (1 — s) , whi ch even goes to inf inity at the 

tha t the dips are not a result of some mathematical

tracker/po inter, artifact and can be achieved in practice . By varying
t he wi nd profile through extremes , we further verified

The results for the annular configuration and the that the dips are not simply isolated mathematical
peculiarities.three wind cases given in Figs. 13—1 5 do not exhibit

the same strong dependence on wind profile as we saw IV. CONCLUSIONin t ite filled configuration. Now the optimum track oc-
curs for the highest cutoff frequency possible; however , We have considered tracking apertures which share
it is ~enerally not necessary to exceed x~0 4 for any the area of the pointing optics or which are placed ad-
wind profile or annular width. Thi s also suggests if jacent to the pointer . The off- axis configuration was
the tracking situation , including slew rates and ambient fou nd to be Ineffective in tracking turbulence- induced tilt
winds , is unknown to some extent at the time of system errors, since the turbulence is not seen in the same
design , that the annular configuration should be used . mannerby bothpolnte r and tracker fields of view. When

the tracker is placed concentric with the pointer , in
Our method of normalization caused the annular either the region of the central obscuration or in an

curves to asymptote to different low-frequency values. annulus , the tracking accuracy improves. In all cases
We kept the outer diameter Dfixed and varied the it is important to properly low-pass filter the signal
pointer diameter 4, There certainly is no loss of gen- fed from the tracker to the pointer. Such a capability
erality since actual numbers can be extracted by re- exists in the servo closed-loop response. The setting
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Simultaneous optical and x-ray Poraboloid of Revolution

imaging telescopes - - fl ype~botoid ot Revoluti on

R 
MIT Lincoln Laboratory, Lexington , Massachusetts -

02173. Do~hrogm

Received 15 March 1977. ~~~~
Of major importance in modern x-ray astronomy is the 

Detector - . D.tectoo

optical and radio identification of x-ray sources and the cor - - N 
Thin

relation of x-ray structure with optical and radio structure in ~~~ 
‘
~~~~ - Plostuc Film

extended sources. X-ray i mag ing telescopes operated on ...—~ 
- -

satellite observatories will be an invaluable tool in this task.
Studies indicate that grazing-incidence parabolo id—hype r Fig. 1, Schematic of a paraboIoid~ hyperboloid telescope capable
boloid telescopes can produce high-qua l ity (coma-f ree > images of simultaneous x-ray and optical imaging and detection. Solid rays
with angular resolution approaching I see of arc and high depict the paths followed by x radiation; dotted rays depict the paths
sensitivity in the i—4-keV energy region. i . 2 In this Letter we followed by optical radiation.
discuss a simple addition to these systems which should
greatly enhance their utility , any x-ray source,

A typical paraboloid—hyperboloid x-ray telescope is shown Many new x-ray telescopes employ nested reflecting ele-
in Fig. 1. X radiation , which is incident axiall y on th e para menta to increase the collectrng area while maintaining a fixed
boloid of revolution , is reflected onto the hyperholoid of rev over-all size. This will reduce the size of the obscured region
olution and then reflected again onto an imaging detector. behind the diaphragm. If the remaining space is too small to
Reflection from the hyperboloid corrects for coma, producing accommodate the optical detector , the plastic film can be
a high-quality image. A diaphragm shields the x-ray detector oriented at 45° to the telescope axis with the optical detector
from radiation , which does not strike the collimating pars placed off to the side of the telescope. The scale factors will
boloid. remain unchanged by this modification.

If the paraboloid—h yperboloid objective is of sufficient Compared with the conventional approach of using optical
optical quality to produce a good x-ray image it will produce and x-ray detectors, which can be alternately rotated into the
a good optical image as well, Because the optical system is image plane of the telescope, the proposed simultaneous de-
totally reflecting in character , the x - ray and opt ica l images tection system offers both advantages and disadvantages.
will be perfectly superimposed with identical scale factors and Possible disadvantages are somewhat reduced x-ray and op.
aberrations , thoug h the resolutions of the two images will tical sensitivities. Despite the <50% duty cycle inherent in
undoubtedly be different. Thin plastic film can reflect a the conventional approach , losses in x-ray transmissions and
significant fraction (8— 10%) of visible light without drastically optical reflection from the plastic film may cause an even
attenuating the x radiation passing through it. Thin beryl larger reduction in the sensitivities for the simultaneous
h u m  foils will reflect substantially more optical radiation , imaging approach. Fortunately, the reduction relative to the
although with somewhat hi gher x-ray attenuation. If such conventional approach should not exceed a factor of five in
a film or foil is placed before the focus of the objective, a sep the worst case. One of the advantages of the simultaneous
arate optical image will be formed from the reflected radiat ion. imaging approach is the ability to eliminate the mechanism
If the plastic film is flat , the new optical image will also have for alternating the detectors (which necessarily entails using
the same scale factors end aberrations as the x-ray image. By moving parts). I n addition , for the study of x-ray sources of
placing an optical imaging detector at the plane of this optical a variable or transient nature , the simultaneous imaging ap-
image , an astronomical object can be simultaneously imaged proach is clearly superior.
and detected in both x rays and visible light. Problems as In conclusion , a simple modification to the design of x-ray
sociated with correlating x-ray information with star charts imaging telescopes will allow for simultaneous optical imaging
and atlas photographs taken on different scales at different as well. This modification is expected to have minimal del-
instruments tan thus be eliminated. eterious effects on telescope performance and should be of

Assuming the x-ray and optical detectors have equal tremendous benefit to x-ray astronomy.
quantum efficiencies , the optical detection limit of a simul-
taneous optical and x-ray imaging telescope can be estimated.
Consider a telescope with a 1000-cm2 collecting area and an The work was sponsored by the Department of the Air
x-ray sensitivity ( 1—4 keV) of l0-~ photons-cm 2-sec~ for a Force.
104 -sec integration time. Including the reflection losses from
the plastic film , the optical sensitivity should be within a References
factor of five (<2 mag) of the x-ray value. An optical senai 1. 1. L. Beigman , L. A. Vairishtein , Yu . P. Voinov, and V. P. Shevelko
tivity of l0~~ photons-cm 2-see’ corresponds to a detection in Radio, Submillimeter, and X-Ray Telescopes, Trudy Vol. 77,
limit of magnitude 22. As this is comparable with the pho N. G. Basov, Ed . (Consultants Bureau, New York , 1976) .
tographic detection limit of a large ground-based telescope, 2. R, Giacconi, W. P. Reidy, G. S. Vaiana . L P. Van Speybroeck, and
it should be sufficient to permit optical identification of almost T. F. Zehnpfennig, Space Sci. Rev, 9, 3 (1969).
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PROPAGATION OF ULTRAS II ORT LIGHT PULSES
IN A RESONANT MEDIUM S

R.C. H A R N E Y

Macsw husetis Ins ti tute of Te’c hnology . Lincoln Laboratory. P.O. Box 73
Lexington. Massachusetts 02 173. USA

Received 17 May 1977
Received in final form 20 September 1977

Mishkin’s analyt ical treatment of ultrashort light pulse propagation in a resonant two-level
medium is extended to discuss quantitatively the behavior of the pulse area, pulse energy. pulse
shape , and initial population inversion density. The relationship of these properties to physically
measurable parameters indicates that the nd ii and sd u solutions are experimentally indis-
tinguishable from the dna and cn ii solutions, respectively. The initial population inversion
densit ies required for the do a and nd a solutions to be stable are less than — I for values k e I and
therefore not physically realizable. We conclude that cn u is the only physically significant
solution to the Maswell—Schroedinger equattons.

I. Introduction

In an earlier paper in this journal t ). Mishkin presented an analytical
investigation of the propagation of ukrashort light pulses through a resonant
two-level med ium. Such propagation is governed by the coupled Maxwell—
Scl~roedinger equations ,

de/dt = a(S)~ . (1.1)

öCI8t = —4wS. ( 1.2)

oSIe9t = 4wC + ee~, 
(1.3)

= —SE, (1.4)

where e is the envelope of the incident electric field, C and S are the in-phase
and out.of.phase components of the macroscopic polarization induced in the
medium. 57 is the population inversion density. 4w is the difference between
the resonant frequency of the medium w and the frequency of the electric
field w0. The resonant medium is described by a symmetric inhomogeneously-

This work was sponsored by the Department of the Air Force.
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broadened lineshape function g(4w) and an inverse Beers length a given by

a = 2irnowop 2lh , (1.5)

where n 0 is the number density of active atoms and p is the dipole matrix
element of the resonant transition.

Mishkin found that the steady-state solutions to eqs. ( l . l ) — ( l . 4) have the
form

e=e0e(u), (1.6)

C = r4wA (4w) e (u) .  ( 1.7)

S —A (4w) de(u)/8I, ( 1.8)

57 = ~o +~eorA(4w)e (u). (1.9)

where u = (I  — zf V) / r  is the retarded time measured in units of a charac-
teristic time i’, A (4w)  is a frequency response function , ~ is the population
inv ersion density that would exist in the absence of the applied electric field .
and the e( u )  are the Jacobi elliptic functions 2 ): cn u. dn u. sd u. and nd u. Table
I summarized the properties of these solutions as obtained by Mishkin t ) and
from derivations to follow in this paper.

There has been significant (though unpublished) controversy concerning the
val idity of these results 3). Some people contend that since the nd u and sd u
solutions can be obtained by transforming the arguments of the cn u and dn u
solutions,

s d u = ( l — k 2 ) ’2 c n ( u — K )  ( 1.10)
and

nd u = (I — k 2 y t° dn(u — K) .  (1 .11 )

there are only two physically significant solutions. K is the complete elliptic
integral of the first kind with modulus k. Mishkin argues that such a trans -
formation is equivalent to an alteration of the physical situation , and
consequently , the re are two different classes of significant solutions. The
purpose of the present work is to extend and analyze Mishkin ’s work and use
the new results to determine which of the Jacobi elliptic function solutions
have physical significance.

The pulse energy, pulse area , pulse shape , and initial population inversion
density are discussed with special attention to their dependence on physically
measurable quantities. It is found that the properties of the nd u and sd u
solutions have identical dependences on physically measurable quantities as
the properties of the dn u and cn u solutions , respectively. Furthermore , the
initial population inversion density required for the dn u and nd u solutions to
be stable is not physically realizable (being less than — I for values of k < I).
On the basis of these results we conclude that cn u is the only physically
significant solution for k < I with sech u being the only significant solution in
the limi t k = I .
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2. Pulse energy

The energy per period . W, of the Jacobi elli ptic solutions can be determined
from integrals of the form

w = E~ !e
2(u)dt e~T J e

2(u)du. (2. 1)

The results of these integrations are given in terms of the elliptic integrals of
the first and second kind. K ( k)  and E ( k ) ,  respectively:

W(dn U )  = 4e0E (k ) .  (2.2)

W(cn u)  = 8e0k [ E ( k )  — ( I  — k 2 ) K (k) 1 .  (2.3)

W(nd U )  = 4e0[ I — k 2 ) t12 E ( k t .  (2.4)

W(sd U )  = 8e0[k 2 ( I  — k 2 )1 t12 tE( k ) — ( I  — k2 ) K ( k ) ) .  (2.5)

The ex plic it behavior of eqs. (2 .2)—(2 .5) as a function of !~2 is shown in fig.
I.  That the sd u and nd u solutions tend to infinite energy per period in the

30 -

5,
0

E 2 0  - -

k sdu

,,~ 10 - -

cnu

2 ’ dnu

0 I I
0 0.25 0.50 0. 75 1 .00

Fig. I. Behavior of the energy per period as a function of the modulus k squared for the four
Jacobi elliptic function solutions to the Maxwell—Schroedinger equations.
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TABLE I.
Summary of results from Mishkin ’s wor k and the present work for the four real Jacobi elliptic

funct ion solutions to the Maxwell—Schroedinger equations.
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TABLE I (co nt.)
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asymptotic limit (k —‘ I )  is used as an argument against the validity of these
solutions. However , since the asymptotic limit is itself not physically realiz-
able (see section 5) and the pulse energy per period remains finite for all k� I ,
arguments of this type are not conclusive grounds for rejection of the nd u
and sd u solutions.

3. Pulse area

The area 0 contained in any fraction of a period of a Jacobi elliptic function
is given by

o~ =E o J e ( u) d t = eor J
e ( u) d u .  (3 .1)

The results of eq. (3. 1) for Mishkin ’s four sol u t ions are

Ok ( dn U )  = 2 sin ’(sn U ) .  (3. 2)

0,(cn u )  = 2 cos t (dn U ) .  (3.3)

8k(nd U )  = 2 cos t (cd U ) .  (3.4)

05(sd U )  = 2 sin ’ ( — k  cd U ) .  (3.5)

The total areas per period are found to be either Oir or 2ir as Mishkin
deter mined. From eqs. (3.2 )— ( 3. 5) we find that the areas per positive half-
period are ~r for the nd u and dn u solutions and 4 sin t k for the cn a and sd u
sot utions.

4. Experimental comparisons of the cfl u, sd u, dn u, and nd u solutions

The solutions cn u and dn u are related to the solutions sd u and nd u by a
t ransformation of the argument [eqs. ( 1. 10 ) and ( l . l l ) J .  However, this is not in
itsel f a valid argument againse the existence of these solutions as physically
di fferent entities , If the sd u and nd a solutions can be experimentally
dist inguished from the en u and dn a solutions , then all four are physically
significant.

The question immediately arises as to which of the quantities defined in the
preceding work are in principle exper imental ly measurable. The period of
oscillation T may be readily obtained from a time-resolved intensity
measurement. However, as is evident from table I . the cn u and sd u solutions
have ide ntical dependences on r and k. as do the dn u and nd u solutions.
Consequently , measurement of the period cannot distinguish between cn a
and sd u or dn u and nd u, although it can be used to determine between en a
and dn a (if T and k are known). The pulse velocity V is also in principle a
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measurable quantity. However , it too cannot be used to distinguish between
the en u and sd u solutions or the dn a and nd a solutions.

The initial population inversion density ?70(4w) can be determine d by
measuring the gain or attenuation of a weak , frequency-tunable probe beam.
This quantity cannot be used to distinguish between the solutions (except
between en a and dn a) for the same reasons as before. However, it can be
used to obtain the modulus k. Coupling the value of k with a measurement of
the period T yields a value for the characteristic time r. From the values of i~
and k a different value of E~ is calculated for each solution. Consequently, if
e0 can be experimentally measured and compared with the predicted values,
the d ifferent solutions can be distinguished.

The absolute value of the electric field envelope as a function of time can
be determined from intensity measurements. However , to dete rmine e0 from a
measureme i~t of cU) . both the transformation of cU ) to e ( u)  and where to
place a = 0 must be known (a displacement in u such that u —  u + K ( k)  is the
essence of the transformations between the members of each pair of solu-
tions ) . The transformation of e ( t)  to € ( u  + 4)) where 4) is a phase factor is
read ily performed given a knowledge of the characteristic time r. The phase 4)
on the other ha nd cannot be determined from any measurement. A precise
deter mination of 4, would correspond to a knowledge of one’s absolu te
position in space-time as the assumptions of a steady-state solution require
that the pulse train has propagated through an infinite distance of absorber for
an infinite length of time. The net result is that e0 cannot be measured. The
maximum value of the electric field envelope, denoted e,,.,,,~ can be read ily
obtained from c(s) . Using the definitions of the elliptic solutions 2) and eqs.
( 1.10 ) and ( 1 . 1 1 )  we find that if

e,,..a,K(cn u) e,.~a,~(dn a)  = eU (4.1)

the n

ep.4~(sd U )  = ep..~..(nd U )  = en/ ( l  — k~) ”2 (4. 2)

Substituting this result into the expressions for c~r from table I we obtain

U or en a)  2k . (4.3)
CmAP T( nd a or dn U )  = 2. (4.4)

Consequentk . measurements of the electric field envelope cannot distinguish
between en u and sd a or between dn a and nd u. The ambiguity in o also
means that measurements of the pulse energy per period cannot be used to
distinguish between the solutions.

Similar problems with the arbitrariness of 4) plague attempts to distinguish
between the solutions by measuring the population inversion density as a
function of reduced time or by determining the area as a function of the
i nterval between ii = 0 and a = a ’ (a ’ arbitrary ) . In both cases if u + 4) is
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chosen to be zero when e c ,,,5. the appropriate expressions turn out to be
identical for en a and sd u and for dn u and nd a.

In summary ,  no experiment or set of experiments can be formulated which
ca n distinguish between the en a and sd a solutions or between the dn u and
nd a solutions, while the en a and dn a solutions are easily distinguished.
Consequently. Mishkin ’s sd a and nd a solutions have no new physical
significance as they are indistinguishable from the en a and dn a solutions.

S. Pulse shape ; comparison of cn u, dn u,, and seth t~

The only stable 2nir (n > 0) pulse shapes observed in propagation experi-
ments and computer simulations resemble hyperbolic secants or super-
positions of hyperbolic secants. As a result some people have suggested that
only the sech a solution is physically realizable 2). However , the computer
simulations have been performed for s~~ = — I (corresponding to the asymp-
totic l imit , k = I) .  Since both cn a and dn ,, reduce to sech a in the asymptotic
lim it , only sech u solutions are expected. The experiments obvious ly could not
have 

~~~ 
= -_ I since the temperature was above absolute zero. In fig. 2 the

functions cn(u k = 0.999), dn(a k = 0.999), and sech u are compared. At
= 0, simple calculations (see section 6) indicate that k = 0.999 corresponds to

the ~~(0) that would exist in thermal equilibrium at 3860 K if hw0 = 2 eV (visible
l ight ) . The differences between the three solutions shown in the figure are so
small except in the low-intensity region near the minimum (inflection point ) of
the dn a (en a) solution that it would be exceedingly difficult to distinguish
expe rimentally between a sech a pulse and a en a or dn u solution truncated by

Fig. 2. Comparison of the electric field stre ngth as a function of the reduced time for three
different solut ions to the Maxwe ll—Schr oedi t ,ger equations: sech a. cn(u k = 0.999). and
dn(u 1k = 0.999).
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the lack of sufficient energy to form a periodic pulse train. At room temperature ,
the effective value of Sc is 1 —(9 x 10-”) for hwo = 2 eV. Here the differences in
intensity between the three solutions could not be detected by any means.
Consequently, these “experimental” arguments against the Jacobi elliptic
function solutions have no substantial basis.

6. InItial population inversion density

In the preceding sections it was shown that cn u and dn u (or equivalently
sd a and nd U) are the only experimentally distinguishable solutions to the
Maxwell—Schroedi nger equations. It is of equal importance to determine if
both of these solutions are physically realizable. The answer can be obtained
by considering the initial population inversion density. sj~ . In figs. 3 and 4, ~~is plotted as a function of i ’4w for several values of the modulus k for both
the en a (and sd a) and dn u (and nd a) solutions. The initial population
inversion density required by the en a solutions remains between the limits of
+1 and — l for all values of k and 4w, as it must to be physically viable.
However , the initial population inversion density for the dn a solution is less

I - I
1 k~~O

cnu AND sdu

_ _ _

I

1• 
~~W

Fig. 3. The initial population inversion density ,p,, as a function of ,‘A.j for the cn a and ad a
solut ions. The curves correspond to values of k — 1.0. 0.707, 0.5, 0.316, and 0.

117

- -  - -~~-—-— — ---- - - - -~~~~---  —-- - -~~~~~~~~ -- - -- .



- -

478 R.C. H A R N E Y

— -- -

dnu AND ndu

- 
k ’l

0.707
-2 ’ - - - .

0.5 -,

— s
_ 

—

I—

0

0 05 
-

rAw
Fig. 4 The initial population inversion density i~ as a function of r~ w for the dn u and nd u
solutions. The curves correspond to values of & = 1.0. 0.707 . 0.5. and 0.

tha n — l  for all values of 4w and Sc (except Sc = I) . Thus, the dn u solution
requires an initial population inversion density which cannot be produced by
any physical means except in the asymptotic limit (Sc = I ) which is itself not
physically attainable. Consequently , we must conclude that en u is the only
physically significant solution to the Maxwell—Schroed inge r equations.

Further insight into the behavior of the en u solution can be obtained by
study ing the frequency dependence of t~ , in the regime where Sc -~ I . Let
Sc = I — S with S being a small number. Substituting this value into the
expression for ip0(cn U ) yields

— 
—[ I  + (‘râw) 2J + 28 6 1

~~
° I (( l + ( i 4w)2)2 — 4S(i~4w)~) ’~~ 

( .

Appropriate expansion of the denominator yields

— I + 
~ ~~ ( 4 ) 2)~ 

(6.2)

(6.3)
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where we have neglected terms in S~ or larger. On resonance we find
(6.4)

Eq. (6.4) was utilized in the determination of k in section 5.
The frequency dependence of eq. (6.3) bears a similar i ty  to the lineshape

governing the energy stored in a forced , da mped harmonic oscillator. Since
the harmonic oscillator is a small displacement approximation to the pendu-
lum oscillator (of which the coherentl y -driven two-level system is a good
exa mple ) this is not surprising. it is not a lineshape which is encountered in
equilibrium atomic systems. However , it could be produced by an ap-
propriately frequency-tailored optical pump. In a similar & I expansion for
the frequency response function A( J w)  of the en a solut ion we find

A (4 w )  -—
~ (6 .5)

I + ( ’r 4w )

wh ich is the familiar Lorentzian lineshape function.

7. Conclusions

In this work we analyzed the behavior of the four real Jacobi ellipt ic
function solutions to the Maxwe ll— Schroedinger equat ions. Determination of
the experimentally measurable quantities for each solution indicat e ’. tha t the
sd a solution cannot be distinguished experimentally from the cn a soluti on
and that the nd a solution cannot be distinguished experimentally from the
dn a solution. In addition , it was discovered that the dn a solution requires an
initial pop ulation inversion density which cannot be physically realized.
Therefo re we conclude that cii a is the only physically sigrnhca nt steady-state
solution to the Maxwell—Schroedinger equations.
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The output beams from transverse .flow lasers using un- coavex
st-able resonators are usually severely aberrated due to re- [ GAIN MEOII~~ 

M I RROR

fractive-index inhomogeneities in the gain medium. The ‘I’~°’S 
_________________

resulting phase distortions in the output beam may be sig-
nificantly reduced by using an externally placed adaptive Fig. I. Schematic of an active resonator employ ing the intensity-
mirror system. ’ However , the intensity inhomogeneities in max imizing mu lti dith er technique.
the output beam caused by the intracavity phase distortions
will remain. Intuitively, a more uniform intensity distribution
will result if the phase profile is kept uniform throughout the
laser cavity than if the phase profile is allowed to vary ran - AIN GAIN DEFORMABLE
domly. C onsequently, it is suggested that the phase distor- ,.R~GI0N~~ ~REGI0N, MIRROR
tions and the intensity inhomogeneities may be simulta - 2 -

neously minimized by placing the adaptive mirror inside the
laser resonator. In this Letter we examine some advantages t -

and disadvantages of four candidate techni ques for active
resonator phase control. No discussion is given of the spatial I I

and temporal bandwidths required for effective correction of ____________________________________
typical phase aberrations encountered in real systems. Pre- 

~~SE ~liminary work on this aspect of the problem is described in DEFORMABL E
Ref. 2. All four techniques will be assumed to possess un- 2 - 

GAIN 
MIRROR 

GAI”Ilimited bandwidth , and all will be discussed in the context of L REOi~~~ ..) ~ring resonators with folded gain media (Fig. I ) ,  although the
discussions may be generalized to apply to almost any reso-
nato r .gain medium confi gurat ion. 1

2 
I 1

Before proceeding to describe the different techni ques for 0 LI

resonator control let us discuss the placement of the de’ DISTANCE ALONG OPTICAL AXIS
formable mirror. In princi ple, the deformable mirror may be Fig. 2. The rms OPD as a function of distance along the optical axis
located anywhere inside the cavit, However , it is probably for two active resonator configurations. In case A the deformable
superi or to place it between the t w ,  gain reg ions (or , i f one is mirror is located just before the scrape r mirror.  In case B the de.
considering a conventional resonator .single gain region sys- formable mirror is located between the two gain regions. In both
tern , on the opposite side of the gain region from the scraper cases the scraper mirror is located at 0, L , 2L , etc.mirror) . This choice is based on the hypothesis that a more
uniform intensity profile will result if the maximum excursion
from zero of the rms optical phase distortion (OPD) is kept
as small as possible. This hypothesis is based on the fact that
the degradation of an intensity profile is a nonlinear function may be described as an intensity.maximizing multidither
of the OPt) The rms ON) as a function of distance along the (IMMD) technique and is illustrated in Fig. 1. The actuators
cavity axis is illustrated in Fig. 2 for two different choices of of the deformable mirror are oscillated (dithered) either in a
mirror position. In case A the deformable mirror is placed zonal fashion with a different dither frequency for each ac-
just before the scrape r mirror. After propagating through the tuator or in a modal fashion with a different dither frequency
gain regions , an initially flat wavefront acquires an OPD of for each mode or preset pattern of actuator deformations.
amplitude 2 (arbitrary units) . Placing the phase conjugate The choice of zonal or modal operation is determined by
of this aherrated wavefront on the deformable mirror results bandwidth considerations. Dithering will result either in a
in a flat wavefront immediatel y upon reflection. In case B true oscillation of total output power at each dither frequency
the deformable mirror is placed between the two gain regions. or in an oscillating phase aberration (which will result in an
After propagating through the first gain regi~tn , an initially oscillating on-axis intensity in a focused beam) at each dither
flat wavefront acquires an OPt) of unit amplitude. Twice the frequency or both. If s small fraction of the output intensity
phase conjugate of the aberrated wavefront applied to the is sampled by a grating and focused onto a pinhole placed in
deformable mirror will upon reflection yield a phase conjugate front of a photodetector , the time-dependent detector signal
aberrated wavefront. Assuming the rms OPt) resulting from will contain components at each dither frequency. The in-
each gain region is identical (a valid assumption for most tensity in each frequency component can be nulled by ad-
large-scale aberrations, the aberrations least affected by justing the dc offset of the appropriate actuator (or actuator
bandwidth limitations , in such folded systems) , the phase mode) . This process maximizes the focused intensity , which
conjugate wavefront will yield a flat wavefront after props. frequently implies the most uniform phase and intensity
gation through the second gain region. Since the maximum profile (which can be obtained from the deformable mirror
rms OPt) for case B is half that for case A, case B should result being used) has been achieved.
in superior intensity profile correction. The second scheme may be described as a phase-unifor-

The first active resonator control scheme to be discussed mizing multidither (PUMD) technique and is illustrated in
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.~~~~~ NAIIN~, through the second gain region then results in a flat wavefront
olipul R~ AM~~ 

-
- at the scraper mirror.

II Each of these techniques has advantages and disadvantages.
f t ft ICHNINC IMMD maximizes the focusable intensity in the output.

DI1HL~~ O ~~- ~~~ ~~ ~ ~ONCAV ~ Usually this maximized intensity results from a uniform phase
DEFORMARL E — -. 

~~~~~~~~~~~~~~~~~ ~~~ ~ and intensity profile. However , in a laser oscillator a distortedMIRROR -
GAIN MEDIUM 

MIRIIUR

~~~~~~~ ~ SSING ~~~ ~
‘
SI?NT~~

phase may lead to more effective utilization of the gain me-
- / dium with a resulting increase in output power and a possible

increase in focusable intensity. Thus IMMD may not always

TURNING 

-

. 

~~~~~~~~~~~~~~~~~~~ ~~~~
Tu sNING produces a uniform phase but may not utilize the gain medium

result in a uniform output phase. PU MD , on the other hand ,CAIN MED IUM

FLAT effectively. Thus it may not maximize the focusable intensity.
Similar statements app ly to the PC technique. IUMD pro-

Fig. 3. Schematic of dli active resonator empluying the phase ufli~ duces a uniform intensity profi le but does not necessarily
furn,izing mul t i d ithe r  technique. In the in t ei ia i ty-ur i i (u r miz ln g produce either a uniform phase or the maximum focusable
multidi ther technique the phase sensor is rep laced by an intensi ty intensity. It may, of course, be possible to correct any re-

profile sensor. inain ing LUM O phase distortion with an extracavity de-
formable mirror. Since the different techniques do not nec-
ess.srily yield the same output beam characteristics, the choice
of techni que depends to some extent on the properties re-

Fig. 3. As in the first techni que the actuators of the deform- quired of the output beam. If uniform phase output is of
able mirror are dithered either modally or zonally, but in utmost importance , PUMD or PC is the a priori choice (if
contrast to IMMD , in the PUMD technique the phase profile little is known about the gain medium with which the active
of the output beam is measured. This may be accomplished resonator is to be used); if maximum focused intensity is im-
by a shearing interferometer 3 or similar device. Appropriate port-ant, IMMD is the a priori choice; if a uniform intensity
processing of the phase sensor data yields signals proportional profile is important , IUMD is the a priori choice. The o p rion
to the rms OPt) component at each dither frequency. By choice , of course , may not be the optimum technique when
varying the dc offset of each dithered element , the rms OPt) bandwidth limitations , the detailed aberration qualities of the
signals can be minimized , thus producing a uniform output gain medium , and other systems considerations are fully an-
phase. A modification of the PUMD technique detects the alyzed.
output intensity profile (e.g., wit-h a detector array). Pro-
cessing of these data can y ield signals proportional to an rms
intensity nonuniformity component at each dither frequer .cy. PC has the disadvantages that it is a predictor—corrector
It should then be possible to process these signals with an technique. ‘[‘h us, if the two gain media are not identical or
appropriate algorithm to y ield a uniform output intensity , if there are aberrations in the beam expander portion of the
Such an intensity-uniformizing mukidither (JUMD ) system resonator , the PC technique will not function perfectly.
could also be used to generate particular nonuniform intensity PU MI) is a closed-loop system and does not suffer from this
profiles while a PUMD system could genera te particular Phase drawback of PC. However , the processing electronics are
profiles. These abilities might be usefu l in some app lica- exceeding ly complex (possibly involving a large on-line coin-
tions. puter) and could be too costly to implement effectivel y. The

The fourth technique is best described as phase conjugate same is true of IUMD. IMMI.) is the simplest and least ex-
( PC) active resonator control and is illustrated in Fig . 4. In pe n sive technique, but as mentioned earlier it may not provide
the PC technique, the phase of the radiation in the propaga- the desired output beam characteristics.
tion region between the two gain regions, but before reflection
from the deformable mirror , is measured by a phase sensor.
Appropriate processing electronics generate twice the phase In conclusion we have described four conceptually different
conjugate of the aberrated wavefront on the deformable techniques for active resonator control. No one technique
mirror. After reflection the wavefront is the phase conjugate is free from disadvantages , yet all are viable and have some
of the initial aberrated wavefront. Continued propagation desirable characteristics. The proper choice of technique

depends on the constraints placed upon the total system, the
specific gain medium employed , and the desired output beam
characteristics. Consequently, a detailed investigation (in-

OUTPUTSEAM cluding consideration of practica l bandwidth coi~strainta) is

ASENRATID
PHASD-CONJ UDAT r ~ RRV U RON T warranted for each new laser system where active resonator

O FQRM4~ WAVEV RORT TI~~~ING 
control is proposed.MIRROR ~~~ 
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i I I .t,t m I m a g I n g  radar is being developed ,is a candidate all-
weather  gun s i g h t  b ,  t a c t i c a l  a ir -t o ~ gr/IIIn d a i rc r a f t .  it tcsthed laser
radar  has been COII5 t f l i , .~tI.’d to evalu .it e the relevan t -v st cvn parameters.
Ihe h,IS~ C op t i’.- . i I  ~-lc~ncnt,. 01 the sy stem are a high- I ’RF passively Q-
‘w I t I .heti CU , aSL I- . .1 t i.o- diin ens ion .il  - s . I IUIC r , a I I )X .r e f r a c t iv e  teic-
s~.:opt’ . and .1 I t d I t  rI.- v e I se - hi .Iscd photod i ode heterod ync detector .
I he r ast er  - c m  I I I ’ . I .~M .s I 28 l e st / lot  on elements afld du;il memo ry si~~
n:I I pI- Ilce-.~~Ing P0,5 u k .  1 real t ime d i sp l ay  of the scene . (Sij ects ol
ta ct CII I interest baSe hCCIT imaged Iga InSt  t e r r a i n  it ranges OlI t t o
3 kIn . i ralIle aver ag ing  and l o g - a mp l i f i c a t i o n  were found to he t - f fect  i i e
in  shape d e f i n i t i o n . Images have been obtained in ha:c , l i g h t  log
and hea-.v ra in .  lhc Images obtained to date give oniy :u qua l it ~ t i vc
ind ica t i on  of the sy stem perform ance; quant i ta t ive  assessment wi l l  be
per fo rmed w i t h  the addit ion of a dig it a l  tape recording and processing
system .

I. I~sTRIUlC11(t~
.1 rada r operat ing at a wavelength of I I I .biim nbines several importan t features which make i t

a, a t t r ac t  I V L ’  c : indid ,ut c is in a l l  -we.mth c ’ r gunsight  for t ac t i ca l  a ir - t o ~ground a i rc ra f t . These In -

I male a beam spread na r row enough f ,mr target reso ~ut tort amv,t imag ing 1 .2 , ((oppler ste. ft s  large enough

for Mu p rocessIng
t ’4

, the a b i l i t y  to  measure range 2 ’5 , and a modest degree of weather penetra-

t ion 2 ’4 . Emirthen mio re , CO, lasers and Coherent detect ion techn iques cDIlTbine to give  a h i g h l y

e f f i c i en t  systrin . L). ir in g the past few years several d i f fe ren t  t ypes of i O . 6a r  radars have been
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constructed and app lied to various problems, such as wire  detection6 , surveillanc e7 ’8 , and ground

napp ing

We are concerned with developing an imaging radar for the tactical air-to-grolind scenario

whtch is illustrated in Figure 1. I n this application objects of tactical size and texture arc
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located against  a t e r ra in  background ; that is , the image may he degraded by g round c lu t t e r .  Further-

more , i n order b r  the pilot to align his gunsight , images most be obtained in real time at reason-
ably high frame rates. For this application we believe that a pulsed , range-gated ima ging rada r

wi l l  be most ef fect ive . The use of a pulse perm its  a direc t , accurate measurement of the range for

f i r e  control and the receiver can be gated to reduce atmospheric backscatter and improve the con-

t rast of images against ter ra in .

IXiring the past year we i n i t i a t e d  a program to develop a coa~ act imaging radar at l0 .b i m

tailored to the ai r - to-groun d mis s ion .  The o b j e c t i v e s  of the program are listed in Table I .

( tUll E I .  Pl~XZ’~M O&JEC~lVES

( 1) IMAGE TA CTICAL TARGETS AGAINST TERRAIN BACKGROUND
AT 1 TO 5-u rn RANGE

(2) DETERMINE W EATHER PENETRATION CAPABILITY IN HAZE ,
FOG AND RAIN

(3) EVALUATE FACTORS AFFECTING IMAGE QUALITY SUCH AS
SPECKLE , GLINT AND SCATTERING

(4) DETERMINE CRITERIA FOR DETECTION , RECOGNITION
AND IDENTIFICATION

The first goal is to demonstrate that high quality images of tactical targets located against a

te rrain backg round can be obtained in real time with a inalsed , range-gated laser radar. The nest

twe goals are to ascertain to what degree the laser radar can penetrate bad weather and to examine

the factors which influence the q u a l i t y  of real t ime  imagery . In par t icu lar , target speckle is re~
cognized to be a problem with laser imagery at l0.bIi m 2l~~

l0 . The f i n a l  goa l is to develop

processing cr i ter ia  for the detection , recogni t ion , and i d e n t i f i c a t i o n  of ta rge ts  w i t h  the airbo rne

l0 .bum imagin g radar.

9. ( ..  . 1 .  I~aczek , “Speckle Heterod~-ne Detection and Object Rotation ” (II) , Topical Meeting on
Speckle I’henoncn j in Optics . Micr owaves , and Acoustics , Asilcnn a r ( February 24- 26 , 1976) .

10. S. I’ . tca~czak , “Di f Iu s e ’rarget Scint i l la t ion in l0 .buin Laser Radar” (Ii) , Report No. 1T-9,
M I r /Linc oln Laborato ry (March 19’6) .
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(ic (ml ock Ii  i g r i m  of the t e st  bed I Ise r rada r i s  shown in El gure 2. he h i s  i c components .me.

hig h !‘R l t r ,mn-nil t t er , a scanner aj id (le a, exp:1rI~l in g te losCope whic h giv e a rastci - -c iii 01 the 5 ’.

neterodyne detector and si gnal p roces sing  e l e c t r o n i c s .  Also  i d e n t i i  it ’d mr ’ . electronics for con-

t ro l  h u g  the (‘RI i i  the t r a n s mi t t e r  and I requencv ,~ ) I s ’ . t 01 the laser local o s c i l l a t o r .  I n  id , I i t I l l ,

t i le  t r i n s n l i t t e d  pu lse i’  m o n i t o r e d  or .~, I t  ing t h e  ret .ini s i g n . m l

18-5- 1015
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Two of the design considerations should be reviewed here before proceeding wi th  a description

of the components. F i r s t , the di ameter of the t ransmit / receive aperture was chosen to be 10 cm.

This diameter is adequate from s i g n a l - t o- n o i s e  considerations and allows for a coui~ act design. In

add i t ion , there should he little loss of coherence over this aperture with a 10-Ian round trip

under average turbulenc e condi t ions .  I t  remains to be seen whether the resolution obtained with

th is aperture is adequate for the identification of tactical targets at the ranges of intereSt .

Second, with a transmit aperture of 11) cm it is necessary to eii~~loy image plane scanning in orde r

to generate a raster scan at high frame rates. This eases the scanner requiremant but places a

burden on the telescope , namely that  it must maintain beam quality over a range of off-axis

angles.

A description of the major components follows:

al I’ulsesl Laser Transmitter.

A pict ure 01’ the transmitter is ‘-hown in Fi gure 3. The laser is a low pressure 
~~ 

laser of

the Freed design11, modified to inc l ude a stainless steel absorption cell for passive Q-switching .

1 grating is used for line selection and the output mirror is attached to a P21 stack for fine
tuning. This laser gives a cw power 01’ 10 watts and an output beam having a (lie 2 ) -diameter of

I at. (The laser shown here is the testhed which was used to study various types of Q-switch i ng

mmd to obtain the images shown in this paper. A compact version is being developed I ’or the a i r -

borne mission(.

ihe laser is passively Q-switched wit h a mixture of SF6 and 1k, Stable Q-switching was ob-

served at rates from 1 few kilohertz to 130 kHz. The pulse-width was slightly less than 0.4usec

mt 20 1mHz and inc reased to O.7usec at 131) 1mHz; the average power over this interval held nearly

constant at S-b watts.  The PRF i s ,i function of the length of the cavity , which provides the basis

for elec t ronic contro l and s tabi l iza t ion of the PRF 12.

Act ive Q-switching with a rotating wheel13 was also studied. Stable Q-switching was obtained

at  rates mc to 50 klIz . The pulse-widths were narrower than those obtained by passive Q-switching .

The average powers were comparable.

~~~~ 
C. Freed , “Design and Short-Term Stability of Single-Frequency 

~~~ 
Lasers” (U), I EEE J.

Quantum Elec tron. ~~~~ 404-408 (1968).

12. C. J. ltuczek , R. J. Freiberg , and M . L . Skolnick, “Laser Injection Locking” (U) , Proc. IEEE
61 , 1411-1 431 119 3).

13. I). Meyerhoffer, “Q- switching of the CD, Laser” (II), IEEE J. (~iantmin Electron Q~~
, 762-769

(1968).
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b) Scanner

A pair of Genera l Scanning Model G-lOO Pt) galvanometcr-type scanners are used to give a raster

scan of the scene. The fast scanne r is driven at 140 lIz and the slow scanner at 1 Hz. The drive

voltages are feedback controlled to give a nearly sawtooth scan. For t Ine scanners used in this work ,

4 msec of the 7 msec fast scan and 0.9 sec of the 1 sec slow scan were found to be highly l inear

and reproducible frani scan to scan . - u s  results in an overall scan efficiency of sligh tly grea ter

than SOt.

c) Transmit and Receive Telescope

The coniion transmit and receive telescope, manufactured by Space C~ tics Resea rch Labo ratories ,

is a lOX - astronomica l telescope with gennanium refracting el~~ents. The ( l /e2)-dmam eter of the

transmitted beam is 10 on, giving a theoretical half-intensity divergence of 0.12 arad . By scan-

ning the input I -cm diameter beam over 8.6 degree the transmitted beam is scanned over 0.86 degree

or 15 mrad . Thus , ideally there would be 125 x 125 resolved elements in the scan. In practice ,

the size of a resolution cell is found to be approximately 1.5-time s the theoretical value.

d) Local Oscillator

The local oscillator is a Sylvania Model 94lS (1)2 laser equipped with PZT tuning for line

selection and frequency control. Of the 3 watts of output power I n*8 is focussed Onto the hetero-

dyne detector where it is mixed with the return signal. A portion of the local oscillator power is

mixed with the output of the pulsed laser and the boat menitored to maintain the offset frequency

at 13 14hz.

e) Heterodyne Detector

the heterodyne detector is a reverse-biased HgCaTe photodiode fabricated at Lincoln Laboratory .
The measured quantu .un efficiency is O S  at l0.6~m giving a miniius.sli detectable power of l0~~~W/lIz.

The diameter of the detector element is l2Oum and is nearly can~ letely filled by using a 6 .35-cm

focal length lens to focus the return signal and local oscillator beams. A heterodyne mixing

efficien cy of 0.5 was observed , the departure from theoretical being caused by theemal loading of

the detector by the local oscillator beam .
f) Signa l As~,l i f icat ion

The signal levels at the output of the heterodyne detector range from lOuV for a diffuse re-

flection at long ranges to 100 mV for a strong glint. As the brightest shade of the display

corresponds to 2V , the amplifier is required to have a max inuli gain of 105 4B with 80 dB of gain

cont rol . Both linear and log-IF m~ lifiers were used . The linear ai~ 1ifier chain is a super-

heterodyne receiver with a r .f local oscillator used to raise the carrier frequency to 60 14hz
where efficient narrow band filtering and video detection can be achieved. Gain control i s ex-

erc ised in the pre~~ stages with a voltage controlled atteaistor. The log-IF also ~~ñoys a

7
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60 1hz carrier frequency and obviates the need for gain control since i t  has an 80 dl dynamic range.
g) Signa l Processing

The signal processing scheme is illustrated in Fi gure 4. The voltage from the output of the
mi~,l i f i e r chain is fed into a 4-b i t  AID converter. Signals fa l l i n g within the range gate are dig-

itized in SO nsec increments and an auction procedure is used to determine the peak value falling

within the gate. This word is assigned a serial position in a 128 a 128 array, the scanner being

sync h ronized by the array addressing system . With the laser PRF of 32 klhz , a 128 x 128 array of

resolution cells , and a scanner efficiency of 50%, the f rame rate is I sec* The dual mnenory

app roach , illustra ted in Figure 4 , was u t i l i z e d  to obtain a f l icker- f ree  display at this low f rame

11-5-7014

SIGNAL A/ D
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~
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rate in nea r rval t u s k . Whi le  a new frame is  being w r i t t e n  onto one memory , the othcr is being read

out onto the CR1 display at a II) II: rcfresh rate. h In’ Z-axis control on the CR1 was adjusted to

pennit the display of II) g ray shades.

The signal processing system is  compatible with other digital equipment and plans have been

made to extend the capability of the system. First , a di gi ta l  tape recording system us being added

to record data for subsequent processing with a digital computer. This will permit a quantitative

analysis of weather effects and the actors intluenc i ng image quality. One of the goals of this

phase of the work will be to develop techn iques for real t ime processing 01 the images. If these

techniques ire successful , thcv w i ll he imp lemented in real tune with a dedicated processor which

can he integrated w i t h  the system descrubed above .

The power signal-to-noise equat ion for a heterodyne receiver employing a matched bandwidth

is

~ 
1.1 A~ — - 2oR—
~~~~~ 

—,-- p T i L e

The factors appearing in this equation are identified in Table II. Inserting the values app ropriat e

to this work, we find that a power signal-to-noise ratio of 50 obtains for a range of 1 .5 km w i t h

an atnospheric a t tenuat ion of 2 ~Il/ ku n . lh e imp l i ca t i ons  of the 2 dR/lan attenuation design goa l ire

discussed h. i t e r .  We note th at  the laser P1W of ~2 kllz is compatible with ineigciy out to 4. 5 lan

without range -ambiguity.

lMlI.L II. IP .b-uin 1.ASI R Pj\JiPiR Pl RR~ J4AM~F lAC1IRS

AVERAGE LASER POWER 5 W

PULSE WIDTH 0.5 ,o_6 
~

REPETITION RATE 32 kHz

TRANSMITTED PULSE ENERGY ET = 1.56 I0 ’~ j

ENERGY PER PHOTON hi’ 1.87 ‘ ,o 20

AVERAGE TARGET REFLECTIVITY 0. 1

APERTURE DIAMETER • 10 cm

DETECTOR QUA NTUM EFFICIENCY ‘~ • 0 5

OPTICAL EFFIC IENC Y — 0. 06

9
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lie t estl ued la - e r  radar i -  luu ’ uu ~e~l ii ii ‘.usa l I h i u u  t~l i n g  oui t in f l u u u l  of t h e I u h ’ r i t r~ . I u u u u - i

wh i c h  un Ix’ urn .uget l  I rein t h u —  l u x u t  ion un e l u iuJe  1 r iu d. ir  tow er on the top u~i a ii u II uI  .1 d u - l i nn e  u

u .S km and v . u r u u u u s  e i ’iec t -  w h i c h  can be p laced on ii f i e l d  ex tending  torn . to S kin. I i ~ I i  “I

ti lt  ions ur n’ si m i l a r  to  those w h i c h  would he (.x~w’rten~c\i u n  a f i e l d  test ;  for u u i s t i n c - . h it’ t eilu~’u u - i

ture and humid lv ou the hiu i Iding i r e  lot cml rolled , the system us not attach ed I i  s t a b l e  p

10011. and the atuno sp h eie  u r u ch i i i  R I - I  generated by tuca thy nu i cl ow av e rail u r~ I n  add l i o n , the

s lant  path down to the f i e l d  f u u s ~~~ over ~t u-c1 ioo l ’. and pavement . St roniz tuu rhu  I u . n c u’ u cv ud o tut

sunny days.

a~ Radar l owers ut I . S kin

‘u p ic ture  of thu .’ rad ar towe l ut  1 .5 kin and the  l z use r  u nuage n u t ’  show, u un  I g u r u . ’ I i i  l i - u 

~
- - s

~‘r- ’-’- -

1

~a) TELESCOPE PHOTOGRAPH

I~ ~ tiI~ Miil
(b~ CO2 LASER IMAGE

FIaIRE S. RADAR TC8~ER Al 0.5 Rtt

ui
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imagi ’ 1 cusn~aus i t o  of sever: , I u u n c r l u p l , i r r g  1aug05 • ,‘:i clu one be ing ii s i n g l e  l r:uia’ or rca I i  z;it our 01

the scent’ , lir e d i: iuuut ’t er of the  uuuas t b e h i n d  tir e cent al  d i sh  is 7. 5 ciii and the square p la te to i s ’

l e t t  of center is 72 cm on edge . The diameter of the laser hewn at thi s range is 7 .5 cnn anti we “cc

that the laser is picking up details of this magnitude, In particular we note tha t the I!-l antenna

on the right side stands out stronger in the laser images than in the visible photograph . The tall

pine on the left  and the top branches of the deciduous t rees on the right mask portions of the tower

in both the v i s i b l e  and laser images (The laser image was taken in March before the deciduous trees

had f i l l e d  ou t ) .

h) Tank Against Terrain at 2 and 3 lan

To test the a b i l i t y  of the laser radar to image a tactical  target against ter ra in  backg round

.u M -bil tank was posi t ioned on the f i e l d  at 2 and 3 kin . Figure 6 and 7 show the v is ib le  photographs

‘
. 

~ 
- .

~~~~~~~~~ ~~~~~~~~~~ ss”-~~

ha) TELESCOPE PHOTOGRAPH

Ib) LASER IMAGE — SINGLE FRAME (C) LASER IMAGE — 32 FRAME AVERAGE

FIWRE 6. TANK AT 2 KM

II

I
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taken with a Celestron S telescope and the corresponding laser images. The slant angle” b r  these
ranges are 1.5 and I degree, respect ively and the scan includes a wide terrain coverage . l’he l ine ’.

marking the border be tween grass and pavement are wavy, particularly those in Figure 6, ~~ in’

dicat ion of the strong turbulence experienced on this particular day..

Two laser (rages of the t ank are shown in Figure 6. The one to the left , Figure b(b) is

a photograph of a single frame of data and shows the main body and souse of the detail of the tank ,

including the gun and the antenna . The image to the right , Figure 6( c)  was taken by reducing the

gain slightly and integrating 32 frames on Polaroid film , Better definition of the subject results

from this frame averag ing . Sinc e the aspect angle does not change from frame-to-franc , except for

vibration of the laser p latform and path deviations caused by turbulence , the speckle pattern at the

receiver is approximately frozen and a large numbe r of frames are required to effec t the imp rovement

shown in Figure 6(c). In the airborne application both the aspect angle and the range wi l l  change

from frame-to-frame and fewer frame s should he requ i red to average target speckle.

At 2 km the laser beam diameter is 36 on , indicated by the box in the uppe r left hand corne r

of the Images. The body of the tank is 3.2 m high by 8 n long , that is , it subtends 9 x 22 re

solution elements. This number of resolution cells appears to be adequate for recognizing the tank

w i t h  a s ingle frame .

The scene at 3 kin, Figure 7 , includes the tank , a j eep , and personnel . The f la t  green

coloring of the jeep blends into the foliage background in the visible photograph. ihe c i v i l i a n

w it h a l ight colored s h i r t  stand s out more prom i nent ly  on the righ t . The laser image of the l u l l

scene , Figure  “ (h ). cl ear ly  p icks  out t he tank , j eep , and personnel (extreme rig ht arid l e f t  01

image).  The frame :rver. iging p rocedure , described above , was used to imp rove the d e f i n i t i o n  of the

scene

The laser beam diameter at 3 lan is 54 ciii indicated by the box at the upper left , ‘Ihe tank

subtends 6 by 14 resolution cells and as shown in Figure 7(c) it is ju st possible to recognize the

tank with this number of cells. This recognition us , of course , assisted by the well def ined

shape of the tank and the prominent gun barrel , The jeep and man occupy 3 by 6 and 3 by I re-

solut ion c e l l s , respect i vely ,  and recognition is not poss ible wi th the s t i l l  image. However , by

viewing the real time disp lay, non can be recognized by their  motion which is characteristically

different than mechanical objects.

The high contrast images shown in Figure Ii and - were obtained with a 0.4usec range gate. To

understand why t h i s  narr ow range gate u s  required , we note that  the return from a resolution cel l

if urea  A on the de ’. ir e d targe t mu st t’ouT~tete with the return from an adjacent ground patch of area

Vs u n : ,  where i s  the slant angle Ihus , the ground return can compete w i t h  the d i ( f u s e  rc-

Iu0v ti o fl from a tutu inted surface when the slant angle is smal l .  The narrow range gate either

1 34
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e l i m inates the grourwl return or shortens the length of the ground path f rom wh i ch returns are en-

pected.

~a:r*$)i’ ~~~~~~~~~~~~~~~~
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iai TELESCOPE PHOTOGRAPH

Ib) FULL SCENE — FRAME AVERAGE (ci CONTRACTED SCAN — 16 FRAME AVERAGE

l I U R t I .  —
‘ lAN K , JI:EP ANII l’l:R.SC8INF,L AT KM

el Tnick at 2 inn

Figure 8 shows a photograph and laser images of a truck located at 2 kin , The body of the

t ruck is aluminum and the cab is painted metal and the returns from the body are approximately an

order of magnitude stronger than the cab. When a linea r amp lif ier  chain is used , the gain required

to display the details of the cab is so high tha t the body display is saturated . This  problem i”

ameliora ted by using a logaritha ic amp lif ier  to can~t ress the signal. Figure 8(h) shows tha t good

defi n it ion of the body and cab are obtained with a single frame, Increased defini t ion is real ized

by frame averaging, as ev iden~~ed by Figure 8(c) .

1
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-, . “ (b) LASER IMAGE — SINGLE FRAME

-
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a) TELESCOPE PHOTOGRAPH (C) LASER IMAGE — 16 FRAME AVERAGE

FIGURE 8. i RIICK AT 2 KM

( he t r u c k  i-i ~. S m h ig h l,v Iu . l a long and subtend s 1( 1 by I” r es o l u t i o n  el enu ent s , \~ w i t h

th e t ui uk  t In u 5 nuuudx’r of resolUtion e l I  s appears t 1w’ idequat e for ru_’cogn i z i rig a (en u I ar  shape

-\ 1 I, “us range gate was used to obtzu in  tb” laser  images shown in Fig u re 8. In genera l a narrower

range gate will he ucce ’~’. i n -s- with a logarithmic amp lifier because it counipresses the d i f f e r e n c e  be-

tw een the target re tu rn  and ground c l u u t t e r .

-I.  hlAi1ll R EFFECTS

During the t ime that tine testhed laser radar has been operating , l ight fog and heav rain

were experienced while imaging the radar tower , and haze and heavy rain were experienced while

imaging the truck at 2 kin . In all c ises , a satisfactory image was oht,uined by increasing the gr in

ut  the system and no image degradat i on was observed . l’he effects of weather On the performance u I

the laser radar will he studied quantitatively with the digital tape recording and processing

‘ v ’ .t om ;  howeve r, the prelimina ry results indicate that the sizing of the system is correct .
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The si gnal-to-noise equation, presented earlier , inc ludes an allowance of 2 dB/Ion for atnn ’s-

pheric attenuation. The imp licat ions of the 2 dB/Iaui attenuation value are shown in Figure 9 , the

weather patterm for North Cent ra l Europe during .January 11 . January ii typically one of the worst

*nths for bad weather in North Centra l Europe as cold damp a i r  from the North Sea is swept over-

land and the cloud ceiling is often low. The infrared attenuation is predominantly due to water

vapor absorption and approximately follows the pattCrn of the cloud ceiling height. The S-km slant

path is measured frcxii the base of the cloijis, similar to the view l ine of a tactical air-to-gr oninul

aircraft seeking ground based targets. We note from this chart tha t a CU~ las. rada r of the s iz e

described in this work would be operational 90% of the time out to the fu l l  range of 4 . 5  ian . I he

— 18-4 -1767 7

~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~ ~

E 6.0

~~~4Q 5-km SLANT PATH
z
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— 
0 i u i l l I i l i i I I u u i u I I r i l i 1 _•~I_• h 1 I I I

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

DATE

FIQEE 9. JAMIAEY WEANER PATrERN-NOItTH CENFRAL EUROPE

%1, A. P . I’~idlca aral H. Kleiman , ‘“ta tis t Ic’. uI (~l,l,u i I l ii AIm ir pl n r  i i  I I ;ilr .llI u - u i , ’’ f u ( 1 ,  “ I~
No. 11’-?, MIT/Lincoln Laboratory (March l~)7(ij .
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svs t eutu i ’. not i uuc:np .lc i t ited the n eulia in u tug li t ut the urn,,’ ; i t  1 u ’ t d c ’. not 10 i tin ut  1 I 1 (lie us.
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Thermal-Blooming Compensation Using the CLASP System*

By

C.A. ~rin1Derman, F.B. Johnson , and I. Wigdor

Massachusetts Institute of Technology

Lincoln Laboratory

P.O. Box 73

Lexington, Massachusetts 02173

28 October 1977

ABSTRACI’

A closed-loop system for phase compensation of thermal
blooming has been designed and tested. This system — called
CLASP for closed-loop adaptive single parameter — is a single-
mede, outgoing-wave dither system. CLASP has den~nstrated
stable c~’tvergence to the opt imum thermal-blooming-correction
a~çlitude in a laboratory experiment .

*This ~~rk was sponsored by the Advanced Research Projects
Agency of the Department of Defense.
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I1’ffI~)DUCFION

It has been demonstrated both theoretically1 and experiment-
ally2 that phase compensation can reduce the effects of thermal
blooming for CW, forced-convection-dominated laser beams . This
work was done in an open-loop mode, in which the blooming
conditions were measured or specified and the appropriate phase
correction calculated . In this article we report on a closed-
loop system for thermal-blooming compensation.

CLASP (~losed-Loop Adaptive Single Parameter) is a closed-
loop system that compensates for thermal blooming by optimizing
only one parameter — the amplitude of the phase correction.
CLASP is based on analysis1 showing that the phase correction
for thermal blooming may be separated into two d.istict compo-
nents. One, the shape of the correction profile , depends only
on the near-field irradiance distribution. The other, the
amplitude of the phase correction , depends on many variables —

laser power, cross-wind velocity, slew velocity, absorption. If
the near-field irradiance distribution of the laser is measured
in advance, the proper correction profile can be calculated
and specified for a deformable-mirror system. With the relative
profile specified, the far-field irradiance can be maximized
by using a CLASP system to optimize the correction as the
external variables change .
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~Q~ERIM~4TAL ARRANGBM~T
The experimental arrangement for the CLASP tests is shown

in Fig. 1. We use a CW argon-ion laser that produces a Guassian
beam with up to 2 watts at 5145 A. The beam is expanded to make
the l/e2 diameter 3.8 an, is truncated at that diameter , and is
reflected from the deformable mirror. The defo rmable mirror is
a monolithic piezoelectric mirror3 having 57 actuators over a
3.8 an diameter active area. Its relative phase profile is
fixed at the opt]Jnu~a prufile fur thermal-blooming compensation
of a truncated Gaussian beam; its magnitude may be adjusted
from flat to 2A peak-to-peak on the mirror. After the

- : deformable mirror the beam is contracted to .5 cm by a second
collimator , is reflected from the DRAT tracker mirrors , passes
through an absorption cell, and is brought to a focus on a
single 50-micron pinhole in front of a detector.

The absorption cell is a rotating cylinder 20 an in diameter
by 1 meter long, mounted vertically. It is filled with ethyl
alcohçl and enough iodine to absorb about half of the incident
radiation. The rotation speed can be varied to change the
cross-wind velocity, and by having the beam enter the cell close
to the axis and exit near the outer edge , slewing can be
siimilated . Computer calculations show tha t this rotating cell
adequately models the case of a laser beam slewing through the
atmosphere.

In order to test the CLASP system it was necessary to
design and build another closed-loop system , the DRAT (Dither-
Reduced Acquisition and Tracking) tracking system.4 This
system compensates for the thermal blooming shift into the wind
and also for any irregularities in the windows of the rotating
cell to always keep the peak intensity of the beam on the pin-

143 

-

- 

-



~~~~~~~~~-- -~~~~~~~-~~~ - - ~~~- — -  ~~~~~~~-‘~~~~~~~~~ -~~ -- - - - -

~~~~~~~~~
‘

-3-
hole. The tracke r is a type of dither system; it dithers the
beam across the pinhole by using two galvenometer scanners
operating at non-commensurate frequencies in the range 2-4 kHz .
The resulting tracking bandwidth is >100 lIz . The unique
feature of this system is that for initial acquisition the
system employs a wide-amplitude acquisition dither, but as the
tracker converges, the dither amplitude is automatically redt~ed
to maintain the peak very precisely on target.
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OPEN- WOP RESULTS

In order to understand the CLASP system performance it is
necessary to know the features of the thermal-blooming correction
in the absence of CLASP. In Fig. 2 we plot the measured focal -
plane peak irradiance against input power for the uncorrected
beam, the corrected beam, and the hypothetical case of
absorption but no blooming. These results are typical blooming-
compensation results and are similar to those previously
reported.2

The corrected curve in Fig. 2 was obtained by manually
adjusting the correction amplitude to get the maxiinun far-field
peak irradiance at each power. As the power increases, larger
amplitude corrections are needed. The object of the CLASP
system is to automatically optimize the correction amplitude
so that no matter where the system starts on the uncorrected
curve, it will always converge to a point on the corrected
curve.

Note that for severely bloomed conditions (P .4W) phase
compensat ion can ii~çrove the peak irradiance by more than a
factor of three. Figure 3 shows a plot of peak irradiance
versus correction amplitude for a severely bloomed case . We
see that a maximum iiiprovement of 3.5 is obtained and that the
curve is smooth and bell-shaped with a broad maximum. It is
this curve on which the CLASP hill-climbing servo works.
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CO~(FRCL SYSTEM
The CLASP system is an example of an outgoing-wave dither

system it is , in fact , the limiting case of a multi-dither
system, in which only one mode is dithered. A block diagram of
the CLASP system is shown in Fig. 4. The deformable-mirror is

dithered by applying the voltage V1 sin wt. The peak intensity
at the detector is then I~ (V) = I1,(V~, + V1 sin u~t) where V0 is
the constant correction voltage. I~~(V) is given by a curve like
that shown in Fig. 3, since the peak-to-peak mirror deformat ion
is proportional to the applied voltage , V. The peak irradiance
is bandpass filtered at w and is synchronously demodulated.
This synchronous demodulation produces an error signal propor-
tional to the slope of the correction curve , Fig. 3. This
fact may be simply shown by expanding I~ (V) around V

+ V1 sin wt) 1 ( V ) + av~1~ 
V1sin.wt

1 d
21

+ .~~. 2~j V sin wt + ...
dV V0 

-

By baudpass filtering and synchronously demodulating we
eliminate all terms but the second, leaving an error signal

dl
proportional to av— v1~ This error signal is amplified and

passed through a single intergrator. The resulting correction

voltage is then sununed with the dither voltage and applied to

the deformable mirror.
The control system attempts to null the error signal ,

which it does by adjusting V0 to make dI~/dV = 0. This condi-

tion, of course, is simply the condition for I~ to be a

maximum. Thus, CLASP drives the correction to the optimum V0
and dithers it about this point.
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-6-
In actual practice we typically used a square wave dither

with a frequency of 10 Hz and an amplitude of A/b peak-to peak.
Using a square-wave dither only changes the synchronously demod-
dulated signal. by the constant factor 4/iT (the first harmonic
content of a square wave) compared t~ sinusoidal dither. The
10 Hz dither gave a control bandwidth of about 1 Hz. This
bandwidth is acceptable for thermal-blooming compensation, since
thermal blooming is a relatively slow phenonmenon. The A/lO
peak~to-peak dither is illustrated in Fig. 3. This dither
magnitude is large enough to develop the required error signal
when the system is not at the optimum correction amplitude, but
small enough relative to the broad maximum of the correction
ct~ve that the peak irradiance does not change significantly as
the correction amplitude is dithered about the opt imum.
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CLOSED-lOOP RESULTS
Figure 5 shows the t ime response of a typical CLASP shot.

TI~ upper trace gives the peak irradiance through the pinhole;
the lower trace gives the CLASP correction amplitude. The

beam is un-ned-on at t = 0, and at the beginning of the
irradiance trace we just catch the end of the dacay to steady-
state blooming. The entire transient is not observed because
the tracker is in the acquisition mode during this period. The
blooming reaches a stead-state at an intensity about 1/10 un-
bloomed after 0.2 sec and remains constant while the deformable
mirror remains flat . At t = 1.3 sec CLASP is act ivated, the
mirror begins to dither , and the correction amplitude increases
to maximize the peak irradiance. The system converges smoothly
to the optimum correction amplitude of 0.7A peak-to-peak in
about 0.4 sec. The peak irradiance increases by a factor of 3
and remains stably at that value as the CLASP system dithers
the correction amplitude slightly about the optiim.mi.

For the case illustrated in Fig. 5 CLASP was initiated
with the deformable mirror flat. This starting point is the
normal one for a closed-loop adaptive-optics system. But it is
also interesting to see how such a system responds when started

from some other point.
In Fig. 6 we show a case in which CLASP was started with

too much phase correction initially added. Again the upper
trace is peak irradiance , the lower trace is correction
amplitude. When the beam is first turned on, the correction
amplitude is l.6A peak-tc~-peak and the far-field peak
irradiance stabilizes at the steady-state value for that phase

correction. CLASP is activated at t = 3.4 sec and the
correction amplitude drives back to a lower value to optimize

the peak irradiance. The correction amplitude converges to
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0. 4A peak-to-peak indicating that the blooming was less severe
than for the case shown in Fig. S where the correction amplitude
converged to 0. 7A peak-to-peak. The peak irradiance increases
by a factor of 5, showing that the over-correct ion was severely
degrading the beam.

CLASP converges to the optimum phase-correction amplitude
regardless of the starting point. Note , however, that the rise-
time is about 1 sec in Fig. 6 compared to .4 sec in Fig. 5.
This difference comes from the fact that the shape of the
correction curve (Fig. 3) renders the servo-control loop non-
linear. Thus, the convergence time is dependent on precisely
where one starts on the correction curve.
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OJMPLJIER SIJ’JJLXI’ION

In order to opt imize the design of the CLASP control loop
the CLASP system was modeled, mathematically, and a time-
domain, step-i esponse simulation done on a digital computer.
Figure 7 shows the results from a computer-simulation run. The
upper curve is the far- field peak irradiance; the lower curv e is
the correction amplitude. We observe , in agreement with the
experimental results shown in Fig. 5, that the CLASP system
converges in about .5 sec and maintains itself stably at the
optiiman amplitude. The correction curve is broad enough that
no discernable change is observed in the peak irr adiance as the
correction dithers across the optimum.

The simulation illustrated was done with no noise . We
have also considered the effect of noise on the CLASP system.
When white noise with a bandwidth out to 100 Hz was added in
the computer simulation, it was found that CLASP could
converge with signal-to-noise ratios as low as 1:5.
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-10-ca~cLusIoNs
The CLASP system has shown stable convergence to the optinun

thennal-blooming-correction amplitude in a laboratory experiment.
The experimental results are in good agreement with ccmputer
sinulations, demonstrating that the CLASP system is well
characterized and working according to its original design.
Thus, the CLASP concept of a single-mode, outgoing wave dither
system has shown itself to be a viable concept for thermal-
blooming correction.

j L
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FIGURE CAPTIONS
Fig. 1. CLASP experimental arrangement .
Fig. 2. Peak focal-plane irradiance versus input power for
corrected and uncorrected 1~eams. The straight line would be
the irradiance if there were absorption but r~ blooming.
Fig. 3. Peak focal-plane irradiance versus peak-to-peak
mirror deformation for a severely bloomed case. The arrow
indicates the CLASP dither magnitude.
Fig. 4. Block diagram of CLASP control system.
Fig. 5. CLASP time response starting with the deformable
mirror flat. Upper trace: Peak focal-plane irradiance.
Lower trace: Peak-to-peak mirror amplitude.
Fig. 6. CLASP time response starting with the deformable
mirror over correcting. Upper trace: Peak focal-plane
irradiance. Lower trace: Peak-to-peak mirror amplitude.
Fig. 7. Computer simulation of CLASP system response. Upper
curve: Peak focal-plane irradiance . lower curve : Peak-to-
peak mirror amplitude.
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HOW MAN Y Ph YS i CALL Y S I G N I F I C A N T  SOLUTIONS ARE THERE TO TIlE SELF-

I NDEJC U) TRANS I ’AI4E N CY I~QUA F I ()NS ? *

R.C.  I ta r n ey

M. 7. T. Li ’ic ’oin t~ab ovztoi iy , Lexington , Ma~wachuaett8

Thc in t e r a c t i on  of a coherent elec t romagnetic wave with a
collection of two-lcvc l atoms is of major theoret ical  importance
in the s tudy  ol the interact ion of l i g h t  w i t h  matter, not only
I)CC8USL’ ana ly t i ca l  S O t t I t  tOIlS can be OI)ta m e d  but at so beCauSe
experiments can be devised which clo sely approx ima t e th is  ideal
case. I n the past there has been some contro versy concerning the
intcrp r ctat ion of t he analytical solutions to th i s  problem ( i J .
A l though  previous ly  unp u b l i shed , the cont roversy is  real and the
problem is of s u lt i e  lent  hindai nc ii t a l  importance to demand its
resolution.  Such is the purpose of the work described here .

In an inh omo gencousl y broaden ed two- level  med i um described by
a par t i c l e  densi t y n0 and electric dipole mat r ix  ctomcnt p, an
inciden t e l e c t ri c  f i e l d  of the form

E ( z ,t) = (Ic/p ) E (z.t) cos (kz—wt)

w i l l  indu ce a ma c ros cop ic po la r iza t ion of the fo rm

P(~~, t ) = fl0p1<C :~ , Z , t ) >
1~~COs (k ~~

_
~~t) + <S(~~,z,t)>~~sin (kz_4*t) j

where tv~ = ~~~~~~~ I s the thi ffercncc between the inc ident  electric field
f requency and the reso i tau t  ~reqtIenc y of the two— I eve I SyStCf lI  ~I1tI
< >~~~ denotes an average over the inhomogencous l i ne  profi le.

The mu tna I I i t t  e ract  ion of t he ci ~~ ( r Ic I I t ’  I i i  a itd the  I ndiiccd
polar iza t ion can he ex ac t ly  describ ed using Ma xwel l ’ s equation s and
the Schrocdinger equation for the medium. In the rotating wave
approx imat ion , we ob t a in  the fol lowing coupled non i mnc ard i f fo ro n t i a l
equations
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= cz<S>~

ac

as .= + r~c

where i = n0w0p 2 /P~ is the inverse Beer’s length of the medium , ti is
the population inversion density, and C , S, and ri obey the normali-
zation condition C2 + S2 + = 1. These four equations are commonly
referred to as the se l f - induced  t ransparency equations.

Plishkin assumed tha t  the steady s tate  so lu t ions  to these equa-
tions would depend only on the re ta rd ed t ime ( 2 ]

1 zu = ~~- (t - ~~
- )

where i i s  a c h a r a c t e r i s t i c  t ime and V i s  the  pulse prop a gation
velocity in the medium.  With th is  assumption

E = E 0 e(u)

C = T& A (t ~w) e (u)

- 
dc(u )

S - - A ( A w ) ,~
fl-% =(1/2)E 0 A(~~ ) c2 (u)

where A (~w) is a frequency response function and r10 is t he popula-
tion inversion which  would  exist in the medium in the  absence of
the electric field. Substituting these results  into the nor inaliza-
tion condition yields

L~) [fl2 ~~~~ - _____ + 1
The Jacobi ell iptic functions (3~ are solutions to this nonl inear
differential equation.
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SELF- INDUCED TI ANS PARE NCY FQ[JAT IONS

~f ‘4_~,. ndu ,
- .

...

1 
~~~ c~J1~ ~~~~~~~~f.. 

~~~ — — ~ 
— V — ~~~ ..

. 
~~~ i1~~ 

dnu

~hdu
0

.
4.

-

K 2K 3K 4K
Fig.  1. The four rea l .Jacob i elliptic I’LIIl Ct iOn solu t ions t o t he
sd f—induced transparency equations .

Closer e xam in at i o n  ind ica tes  that only  four  of the twelve
Jacobi ell iptic functions have real values of and T and are
therefore physically acceptable . The four acceptable solutions
(cnu , dnu , sdu , ndu) arc shown in Fig. 1. The important physical
properties of these solutions have been derived by Mishkin [2] and
by the author (4) and are summarized in Table 1.

The cn~trovcrsy concerning these solutions arises from the fact
that two of the solutions are related to the other two solutions by
a change of argument transformation

-1/2
sd(u + K) = (1 - k 2) cnu

2nd(u + K) = (1 - k ) dnu

where k is the modulus of the solution (dependent on the physical
parameters of the system) and K is the elli pt ic integra l of the
first kind . One conttngent contcnds that the existence of this
transformation means t ha t  sdu is equiva lent to cmi and that ndu is
equivalent to dnu (LI. Mishkin argues that the change of argument
is equivalen t to a change of the physical situation and that all
four solutions are phy s i c a l l y si gnifican t. G iven this situation we
should fall hack to the 0111 y t rue test of a sc i ent i ~ i c hypothesis’,
cxpcrlmcnt (or in this case , gedanken experiment) . If an experiment
can be devised which can distingu i sh between two solutions , then
they arc physically distinct. If no experiment can distin !~uIislIbetween them , they are physically equivalent.
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Table I . Suinma ry of rest i  i t s  for  t h e  iou r i -c a l  .Jacoh i clii pt ic
funct ion solut  i OUS to t he sd t —  indu ce d  t ranspa renc y equa t i ons .

I.et Us S t a r t  by exa m iii t ug  what  pa raine t e I~S a r e  sub j ect to
cxpcr imenta 1 meti sti rement s . I i i  

~~ 
I ne i p i e  t h e  cnn and sdu so I t i t  ions

can be di st i i igu i shed from t lie ditti a nil n du solut. i otis by a time—
resolved i n t e n s i t y  iuea si i re i i i cnt  as t h e  forme r so h i t  io i i s  have e l e c t r i c
field envelopes wi t ich p~~s~ t h r ou gh  zero wit l i e  t h e  l a t t e r  solutions
do not . The Same mea sit re inent  cou ld  a iso yield t h e  per i oil of osc i 1—
1 at ion I and t he cue r~ y~~)c r i oil W ca ri- i ed by t lie isi 1 se t r a i n .  The
pulse propagat i on i’e b c  i t > ’  V coul ~i he det c m u  ned by o b s e r v i n g  the
pr op aga t i o n  v e l o c i t y  of an i n f i n I t e s i m a l  p e r t u rb a t i o n  to the f i e l d .
The initial p o p u l a t i o n  m yers LO U dens it)’ fl0(Aw ) wit ich is character—
i st ic of t he  mcd i urn con E d he inca su red by det e rin i n  l ug  the ga in or
a tt enua t ion of a weak f r eq u e nc y - t u n a b l e  probe bCaifl before the
electromagnet ic  wave was incident on the medium . The steady-state
popula t ion invers ion  dens i ty  ~ (t ~~, t ) could he determined in the
same manner a f t e r  t h e  s t e a d y  state had been e sta l) 1  i sit ed.  The
modulus k can be u n i q u e l y  d e t e r m i n e d  from the Ne—dependence of
(sec Table 1) . From a kn owled ge of I and k the characteristic time
can be unaml)iguously determined .

So far the o n l y  qua u t  i t  I es wit I cli ar c  not i d e nt  l ea  I f o r  the cmi
and sdu sol Ut 1(1115 or for the d t in a nil ndti sol Ut ions are t h e energy
per per iod , t lie j u t  CU S  I t y as a function of t I me , a nil the POPtI 1 at iou
inversion as a function of time . Closer inspection of the expres-
sions for these quantiti e s indtc ates that 

~~ 
imist be known in order

to be able to use them fo r distinguishing bet ween the di ffercitt
solutions. From a know l edge of T and k , £~ can bC predicted . A
d i f f e r e n t va lue  of 

~~
. 

~ 
is predicted for each s o l u t i o n , but the dif-

ferenc es are such t hat u s i n g  t h e  p r e d i c t e d  v a l u e s  l eads to i den t i ca l
values of the energy per per iod , etc . for the  Cf l t I  and sdu so lu t ions
and for the dim and nilu so lu t ions . Thus , to use ~~ to d i s c r i minate
among the s o l u t i o n s  i t  m u s t  be both nucas ur ed and predicted and the
measurement compared w i t h  the  predict  j olt s.

U n f o r t u n a t e l y ,  E~ cannot  be measured . ‘ihe reason for th is l i e s
in the fa c t that  a l t h o u g h e(t ) can he infer red  from a t i n ie—re solved
intens i ty mea surcinent , E (u )  cannot be it t e c  i se 1 y spec i Lied . Ihe
problem that ar i ses  is one of where to p l a c e  u = U .  S i n c e  a s teady

state solut ion is one that has propagated for an in F in i t c amount of
time through an infinite distance and is i ni l  U i  te in extent , an un—
a r b i t r a ry  a s s i g n m e n t  of  U = 0 i m p l i e s  a knowledge  of one ’ s absolute
position iii S~EIC C —t I til e , Wit I cli v i o l a t e s  SPCC i :i1 r e l a t i v i t y .  The
same COIlS I derat. i o n s  p r e v e n t  one li-omit i i  x lu g  t lie pos i t 1(111 of u (1
within a single c y c l e  ( I  . e .  spec i lying th e  ph a se) . Since t h e defi-
nition of £~ depends on knowing where u = 0 is , E~ cannot be measured .
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One parameter which can be unambiguously determined is the
maximum value of the electric field envelope E max . Comparing the
four solutions we f i nd -

Emax (CflU) = F (dnu.) = I

and 1/2
fmax(ct~

1hj = 6max (ndu) e0/(l-k
2
)

Using the measurable q u a n t i t y  
~ max we f ind

= 2k for both sdu and cmi
max

E T = 2 for bo t h ndu and dnumax
Similar results obtain for a l l  other quantities dependent on
In other words , we are unable t o f ind any measura b le quanti ty which
can dis tinguish between cnu and sdu or between dnu and ndu.

1

cnu AND sd u

Fig. 2. The ini tia l  population inversion density n0 as a func tion of
t~~~ for cmi and sdu solutions . The curves correspond to values of
k = 1.0, .707, .5, .31(i , and 0.

f 
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Sl~LF-INDUChiD TRt~NSPAI1IiNCY EQUATiONS

o —-——n—-- i

dnu AND ndu

0.707
—2 - -

‘
~0

- 0_5 -

— 3 .  -

0
—4 - -

- I ___ 
_ _ _ _ _ _ _ _ _

o 0.5 1.0 1.5 20
thu

Fig. 3. The initial popul at ion inversion densi t y n0 as a function
of -rtw for the dim and ndu solutions. The curves correspond to
values of k = 1.0, .707, .5, and 0.

The preceding discussion sheds some li ght on the physical sig-
nificance of the argument transformations . The transformation
u u + K is just a displacement in space-time which would corre-
spond to the addition of a constant phase factor. However , because
the initial ph ase cannot he spec i fied , the physica l situaçion is
unaltered . The modification of E 0 by the factor (l-k2 )”2 simply
expresses the fact that  only e~8~ has meaning physically. Viewed
in this light , Mishki n ’s argument for four physically significant
solutions is secui to be in  error.

Figures 2 on~l 3 show initial population inversion densities as
a function of rt~ for scvcra i values of k required for the cnu (or
s~lu) and dnu (or ndu) solutions to occur. It is immediately obvious
that no assumes unphysical values (no < -1) in the dnu (ndu) solu-
tion for every value of k # 1. At k = 1 Unit reduces to sechu just
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as cnu does . However , K = 1 corresponds to U0(~~) -l which implies
a temperature of absolute zero. This is a l so  an unphysical  situa-
tion . Consequently, t he dnu and ndu solu t ions are no t physically
significant.

In conclusion , we have examined the experimenta l distinguish-
ability of the four Jacobi elli ptic function solutions to the self-
induced transparency equations. It was shown that sdu cannot be
experimentally distinguished from cnu and ndu cannot be
experimentally distingu ished from dnu . in  addition it was found
that the dnu and ndu solutions require unphys ical va l ues of the
initial population inversion density . We there fore conclude that
cnu is the only physic ally si gnificant steady state solution to the
sd f—induced transparency equations.

•This work was sponsored by the Department of the Air Force.
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