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The acoustic sounder was returned to the site after modification in November
1976 and is now operational, except for final calibration against the
microthermal probes. The RTAM underwent a second series of field tests
and has been used to collect simultaneous data with the Seeing Monitor.
Real time, analog processing electronics for RTAM have been designed and
fabricated.

The results of routine data collection during this period yields a mean of
10.7 cm and a range of (3.6—16.7) cm for the atmospheric correlation scale
(r0). Aperture averaged (36 cm) log—amplitude variances have a mean of
5.9 x l0—~ and a range of (1.8—14) x iO—4. Upper atmospheric profiles are
similar to those previously reported . Apparent atmospheric non—stationarity
has continued to invalidate approximately 40% of the profiles.

A series of noise evaluation tests with the Seeing Monitor have shown a
performance consistent with expectation but with a noise contribution to the
voltage variance higher than that predicted by theory. An operational
threshold of visual magnitude + 4 has been set for the collection of reliable
data with this device. Comparative Speckle Interferometer/Seeing Monitor
data shows significant differences. The reason for the disagreement is
unknown .

An analysis of the statistical properties of the values of C 2 obtained from
the Star Sensor yields rough agreement with the Hufnagel wins correlated
model; however, the data does not support the existence of as strong a
tropopause layer as does the model.

UNCLASSIFIED
SECUR ITY CLA$SIPICATIOI ~~

p ?~~ ‘O PAGt(I~..n Data EnI.,.d.) 



—~ —. —~ — — ———.— 
—.—

~~

— ——.————— ——— — —.— ——..—————— _—_ — .— —— — — — ,

1-
I

PREFACE

This report is submitted in compliance with the requirements of
Contract F30602-76-C-0054 and covers work carried out during the period
15 September 1976 to 15 March 1977. Earlier work is reported in RADC -
TR-77-70 (March 1977). Related work under a previous contract (F30602 -75-C-0012) is reported in RADC-TR-75-185 (July 1975) and RADC-TR-76-189 (June 1976).

We would like to thank the staff of the AMOS Observatory for annie-
tance in collecting the data . We alBo acknowledge the assistance and support
of D. Tarazano of RADC and A. MacGovern and 3. LeFebvre of Itek, Inc .
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1.0 INTRODUCTION

1. 1 BACKGROUND AND OBJECTIVES

This report describes recent activities and results relative to the
characterization of atmospheric turbulence and its eff ects on the propaga tion
of electromagnetic r~sdiation at the ARPA Maui Optical Station (AMOS) atop
Haleakala on the Island of Maui , Hawaii. An extensive set of instrumenta-
tion has been deployed at the site ove r the last several years which meas-
ures several propertie s of the turbulent field as well as its effects on optical
propagation. The primary objective of this work is to establish a compre-
hensive data base which can be used to verif y theory and provide input to
optical system design studies and specifications. Discussions of the ex-
perirnental systems, earlier results and other relevant information are
given in References 1, 2 and 3.

Dur ing this reporting period several activities have been carried out.
These include : (1)  deployment and testing of new and/or modified instrumen-
tation; (2) routine data collection; (3) special experiments for instrument
characterization and calibration, and (4) theoretical and statistical analysis
of the resulting data. The program øtatus , accomplishments and the most
s ignificant results and conclusions are given below. Section 2. 0 summarizes
the experimental operations and instrumentation status and includes dis-
cussions of the modified acoustic sounder and Real Time Atmospheric Meas-
urement (RTAM) System. The experimental data and its analysis is sum-
marized in Section 3. 0. Included are discussions of the routine Seeing
Monitor and Star Sensor data , Seeing Monitor noise evaluation data , Seeing
Monitor/Speckle Interferometer comparative data , a statistical analysis of
Star Sensor turbulent profile data and RTA M data .

(1)  M. G. Miller and P. F. Kellen , Turbulence Characterization and C ontrol ,
• Interim Technical Report , Contract F30602-75-C-00 12 (Avco Everett

Research Laboratory, Inc .) ,  Rom e Air Development Center Technical
Report #RADC-TR-75-185 (Jul y 1975).

(2) M. G. Miller , P. L. Zieske and G. Dryden , Turbulenc e Characterization
and Control, Final Technical Report , Contract F30602-75-C -0012 (Avco
Everett Research Laboratory, Inc .) ,  Rome Air Development Center
Technical Report #RA DC-TR-76-l89 (June 1976).

(3) M. G. Miller and P. L. Zieske, Turbulence Environment Characteriza-
tion, Interim Technical Report , Contract F30602 -76-C -0054 (Avco
Everett Research Laboratory, Inc. ) , Rome Air Development Center
Technical Report #RADC-TR-77-70 (March 1977).
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1.2 PROGRAM STATUS AND ACCOMPLISHMENTS

As of the date of this report , the status of the instrumentation is as
follows.

• The Seeing Monitor , Star Sensor and PDP-8 data processing
system have continued to operate reliably. However , the Sta r
Sensor has been removed from the Teal Amber dome because
of the requirements of other programs .

• Microthermal probe failures due to weather continues to be a
problem.

• The dew point sensor failed and was returned to the manufacturer
for repair. The other routine meteorological instrumentation is
performing reliably.

• The acoustic sounder was returned to the site and , except for
final calibration, is operational.

• The RTAM has been delivered to AMOS.

Significant accomplishments include :

• Continued routine data collection with the Seeing Monitor and
Star Sensor.

• The completion of Seeing Monitor noise evaluation experiments
and the reduction of comparative Seeing Monitor/Speckle Inter-
ferometer data.

• Successful acoustic sounder operation and data reduction.

• Simultaneous data collection with the RTAM and Seeing Monitor.

• The design and fabrication of RTAM analog processing electronics.

1. 3 RESULTS AND CONCLUSIONS

Data was collected with the Seeing Monitor on ten occasions. The
results yield the follow ing information.

• A mean value of r 0 at 5000 R of 10. 7 cm with a range of (3. 6 to
16. 7) cm. These results are not significantly different from
previously reported data.

• Simulated magnitude sequences yield an SM performance con-
sistent with expectation. However, the noise levels appear to
be higher than theoretically predicted.

• An operational threshold of visual magnitude +4  has been set
for the collection of reliable data with the SM.

10 
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The reduction of several nights of comparative Seeing Monitor/
Speckle Interferometer data yields the following information.

• There are significant differences between the two measurements.
The SI value for r 0 is generally higher , but considerable dis-
persion exist in the results.

• The reason for this disagreement is unknown.

Data was collected with the Star Sensor on eight occasions. The
results yield the following information.

• Uppe r atmospheric profiles similar to previously reported results .

• Apparent atmospheric non-stationarity continues to invalidate
approximately 40% of the profiles .

• Aperture averaged twenty minute log-amplitude variances with
a mean of 5.88 x 10-4 and a range of (1 .8  - 14. 1) x 10-4 . This
data is very consistent with previously reported results .

The analysis of average prope rties of Sta r Sensor profiles yields the
following information.

• The data is consistent with the Hufnagel wind correlated model.
However , the best fit of the model to the data results in a rather
low value (12 . 5 m/s) for the average wind speed.

• The data (on the average) is not consistent with a strong tropo-
pause turbulence layer .

Field operations with the modified RTAM yield the follow ing informa-
tion.

• A considerable improvement in otpica~ performance, in particular ,
the instrumental field of view.

• A sensitivity which should be sufficient to allow simultaneous
operations with the Seein g Monitor with the objective of obtaining
comparative r 0 estimates.

11 
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2.0  EXPERIMENTAL OPERATIONS AND INSTRUMENTATION

2. 1 OPERATIONS

During thi s reporting period data collection operations were not as
intensive as during the previous contract period. Several reasons contribut-
ing to this were: (1) higher priority activities at AMOS; (2) a two ope rations
per week schedule; (3) receiving and acceptance testing of other systems;
and (4) special systems testing. Twenty-five data missions were scheduled.
Data was not obtained on seven occasions because of weather , equipment
problems or priority conflicts. The remaining 18 missions obtained data as
indicated in Table 1.

In the November time period extensive training missions were carried
out on the reconditioned acoustic sounder. Because the system was not cali-
brated at that time , the resulting data has not been included in this report.

Acceptance testing of the Real Time Atmospheric Measurement (RTAM)
system occurred in January and required three days of bench checkout and two
ni ghts of telescope time. After acceptance, familiarization tests, utilizing
AMOS personnel only, were conducted. The RTAM and Seeing Monitor were
then mounted and ali gned on the Atmospheric Seeing Package (ASP) with a
common boresi ght and remounted on the 1. 6 m telescope in order to obtain
simultaneous RTAM/SM data for latter processing. Four ni ghts were sched-
uled and reducible data recorded on two of them. The data reduction portion
of this task has not yet been completed.

Other activities, relative to special systems testing and upgrading,
were also carr ied out. One of these was a series of short cycle time, vari-
able object magnitude, data collection with the Seeing Monitor. The objec-
tive of these operations was to experimentally evaluate the noise character-
istics of this device. Another was the operational verification of a number
of modifications to the Star Sensor software.

2 . 2  INSTRUMENTATION

A number of modifications and additions to existing instrumentation
were made during this reporting period. The more important ones are as
follows. 

-

in order to evaluate noise characteristics of the Seeing Moni tor , a
filter wheel was desi gned , fabricated and installed in the optical train of the
ASP. The wheel is a simple, five hole , gear driven disk containing glass
neutral density filters of value 0. 5, 1. 0, 2. 0 and 3. 0. The fift h hole l~ open
and provided a completely unvi gnetted and unattenuated beam to the sensors.
Any of the five positions can be remotely selected from the Atmospherics
Control Room.
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TABLE 1. AMOS ATMOSPHERICS MEASUREMENTS SUMMARY

DATA RTAM AS SS SM ARN
DATE

22 Sep 76 X 760922
24 X X 7 60924
27 Oct 76 X X 761027
28 X X 761028

29 X X 761029

09 Dec 76 X2 761209
10 X X X2 761210
12 Jan 77 X

1 X X2 770112
13 x

l 
x X

2 
770113

26 x3 770126

28 X3 770128

31 x4 770131

01 Feb 77 X4 770201

02 X4 770202

03 x4 770203
14 x

5* X5~ 770214
16 X5 X5 770216

17 x5 X5 770217

AS = Acousti c Sounde r 1 = Training Only
SS = Star Sensor 2 = No Tests
SM = Seeing Monitor 3 = Acceptance Tests
ARN = Atmospheric Run No. 4 = Familiarization Tests
RTAM = Realtime Atmospheric S = RTA M/SM Simultaneous Tests

Measurement System * = NoReducible Data Recorded

14
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A high speed reader/puncher (PC-04 ) was installed in the PDP-81
computing system to provide high speed loading of the Maui Means and
Variance Program and the Mk 5. 0 sounder program. In addition to the
time saving (fifteen to one time compression) a significant increase in accu-
racy is obtained as a result of bypassing the ASR 33 low speed tape reader
which, because of its age, is difficult to keep in adjustment. The PC-04
unit is shown in Figure 1.

Another instrumentation change effected during this period was the
design and fabrication of a beam splitting system for the ASP so that both
the Seeing Monitor and RTAM system could share the 1. 6 m telescope beam.
This was accomplished by use of a specially coated cube beam splitter and
auxiliary optics. Special adjustable fixturing was made to hold mirrors and
the splitter in such a manner that 28% of the light was directed to the Seeing
Monitor , 64% to the RTAM and the remaining 8% to the boresight camera.
Because one of the components of the split beam was out of plane with the
RTAM entrance aperture, an additional folding flat and angle adjustable
mounts were required to align the beam with the RTAM.

Early in March the Star Sensor , Celestron telescope and telescope
pier were demounted from the Teal Amber dome. This was done so that
certain Teal Amber measurement activities and repair tasks could be ac-
complished. The repair tasks are still pending but are expected to be finished
in early summer. In an attempt to provide local time and a data summary,
software changes were made to the NOVA 2/10 program. By using a simple
analog timing device interfaced to the NOVA’s A/D Converter individual star
sensor summaries can be time tagged. This timing subsystem will be tested
as soon as the star sensor system is reinstalled in the Teal Amber dome and
normal operations resumed.

2.3 ACOUSTIC SOUNDER

The acoustic sounder was returned to the site in early November and
installed and checkout jointly by AMOS and RADC personnel. The transducer
was upgraded from a 40 W unit to the 100 W model. Preamplifier gain was
reduced to 90 dB, receiver gain was reduced to a net zero dB from 16 dB and
filter gain was kept at 46 dB for a net system gain (after losses) of 109 dB.
A new feature of the acoustic sounder system is the Mk 5.. 0 version of the
sounder reduction program. This software, while still being a 20 level re-
duction program, allow s for the continuous input of ambient temperature,
dew point and barometric pressure. Thi s capability will significantly im-
prove the accuracy of the C~ 2 profile data produced during periods of rapid
change, such as sunset and sunrise transition periods, wind shifts and frontal
passage. It is hoped that the addition of the 100 W transducer will offset the
loss in system performance due to lower system gain and that a 300 m ceiling
will still be attainable. Once the sounder apparatus was reinstalled at the
site, extensive system testing (mostly daytime) was carried out in conjunction
with the Bell & Howell tape recorder. These tests confirmed that the recon-
ditioned system was performing in a normal manner.

15
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The new software package (Mk 5. 0) has many added features. The
most important is the “automated operation” which allows tI e sounder re-
duction program to continuously access the ambient temperature, dew point
and barometric pressure as needed. This allows the reduction algorithm
to use the most recent temperature, humidity and pressure data in the com-
putation of the turbulence profile. In addition to retaining the voltmeter
mode, which is invaluable for diagnostic work, an option is available that
will output CT 2 instead of C~ 2 values if desired. This feature will allow a
fast comparison with microthermal pr obe data. Unfortunately, only the
automated or non-automated mode function is controlled from the PDP-81
switch register , all other operational modes require software changes.

Because of the equipment changes made, a calibration constant in
the program has to be modified. The constant has three multiplicative
factor s, two of which have already been determined. The first term is a
power scaling effect resulting from upgrading the transducer from 40 W to
100 W. The second (also due to transducer changes) results from a loss in
transducer efficiency. The last is a calibration factor between the micro-
thermal probe and the sounder derived value of CT 2. This term was mea-
sured by AFCRL. (4) Their calibration work, however , was at Jackass Flats,
Nevada and not at AMOS. Simultaneous microthermal and acoustic sounder
data is required to establish this factor.

The acoustic sounder work was halted in January of this year due to
a failure in the automatic dewpoint system. The device is expected to be
repaired early in the next quarter and calibration measurements between
the sounder and microthermal probe systems can then be completed.

In order to take advantage of the features of the new Mk 5. 0 software,
a modest upgrade of the Bell & Howell VR3700B tape recorder will have to
be made. With the present reproduce configuration of the recorder there is
only one speed (15 ips) which will allow a four channel reproduce function.
This arrangement has the drawback that at 15 ips it is not economical of
tape and provides excessive bandwidth with the attendant increase in noise
which in turn limits the maximum profile altitude attainable. The solution
is to add four intermediate band reproduce amplifiers with compatible filters
such that the acoustic sounder return , ambient temperature, dewpoint and
barometric pressure can be recorded and played back simultaneously. Until
these upgrades are accomplished, sounder data runs will be made using the
non-automated procedures.

(4) D. P. Greenwood, D. 0. Tarazano, D. A. Haugen, S. C. Kaimal, J. Newman,
P. F. Kellen and M. G. Miller , AMOS Seeing Quality Measurements, Rome
Air Development Center Technical Report #RADC-TR-?5-295 (January 1976).
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2.4 REAL TIME ATMOSPHERIC MEASUREMENT (RTAM) SYSTEM

2.4. 1 Experimental Operation s

The RTAM was returned to AMOS after some reconstruction and re-
testing at the factory. Principal changes made were to the optical train.
The August 1976 tests(3) showed a signif icant deg radation in perfor mance
due to chromatic aberration. This was overcome by replacing the ori ginal
system’ a lens elements with well corrected (chromatic aberration) ones
mounted in precise, adjustable mechanical mounts. The instrumental field
of view was also significantly improved. The two channel, two photomultiplier
system was converted to a two channel, one photomultiplier system. This
resulted in a 50% reduction in duty cycle (from 4 ms to 8 ma for each succes-
sive value of X and Y). Finally, the phase processing electronics were modi -
fled.

Initial testing of the modified system occurred during late January.
Bench tests with a He: Ne laser confirmed the electronic and optical integrity
of the sensor. After a precise alignment of RTAM in the ASP, the package
was mounted on the 1. 6 m telescope as shown in Figure 2. Telescope tests
indicated a lower than desired signal to noise ratio; hence , the RTAM sensor
head was demounted and optimized for single channel operation. This was
effected by readjusting the system elements to center the zero and f i rst
orders of the Y-channel in the sensor ’ s optical train. This action , while
increasing the signal to noise ratio in one channel , decreased it in the other.
The system was remounted on the 1. 6 m telescope and more observations
against bri ght stars were carried out. Sufficient improvement was achieved
by this optimization that system performance was deemed acceptable enough
to attempt a verification of the Seeing Monitor ’ s output via simultaneous data
collection usin g the beam splitter system described in Section 2. 2.

The dual instrument configuration mounted on the 1. 6 rn telescope is
shown in Figure 3. Even with the favorable beam split (— 70% to RTAM ) it
was necessary to use the brightest stars in the sky to achieve sufficient
signal to noise ratio. These stars were Siriu s, Procyon and Capella , giving
a range in visual magnitude from -1.4 to 0. 5. During the several nights of
data collection, the RTAM outputs were recorded on magnetic tape with the
VR-3700B recorder at maximum bandwidth. The Seeing Monitor analog
seeing angle data were processed with compatible averaging times using the
PDP-8 1 Means and Variance Program in real time.

2. 4. 2 Processing Electronics

The outputs of the RTAM are in the form of analog voltages which
scan, in time, the modulus (MTF) and phase (PTF) of the combined atmosphere-
telescope optical transfer function. As such, thi s data can , in principle, be
used to provide a detailed characterization of these quantities. However ,
these outputs do not lend themselves to a real-time single parameter charac-
terization of atmospheric seeing without furthe r processing. To provide this
type of information , analog processing electronics have been designed and

18
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Figure 2 The ASP Containing Both the RTAM and Seeing Monitor , Mounted
on the Rear Blanchard of ’the 1.6 m Telescope. The uppermost
package is the RTAM. The lower one is the Seeing Monitor. The
filter wheel and auxiliary optics are located in center of the photo-
graph.
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Figure 3 The RTAM/SM Packa ge Mounted on the 1. 6 m Telescope
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fabricated. The concept implemented is to determine the time (spatial
fr equency) at which the MTF drops to a prescribed fraction of its initial (zero
frequency) value, nominally 0. 5. A PDP-8 compatible analog voltage pro-
portional to this time is developed and held until the next MTF appears.
This processing technique is essentially equivalent to internal electronics
in the SM and , hence , the averaged outputs of the two devices should yield
very comparable data.

The basic principle of operation of the electronics centers  around
a sample and hold technique. The observed signal is alternately sampled
and held throug h a unity gain amplifier using a constant sampling frequency.
The sample and hold amplifier ’ s output is continuously compared with its
input during the hold interval. As shown in Figure 4, during the entire time
when the amplifier ’ a input amplitude is greater than or equal to its output,
the waveform is either rising or at the top of its peak. At the instant when
the amplifier ’ s input drops below its output , the signal peak has been reached
and is beg inning its descent.

Because the process of peak detection is non-anticipatory, it is im-
possible to actually detect a peak until it has passed. Therefore, the accu-
racy of the represented peak value given must be resolved to the greatest
extent possible using the degrees of freedom available. The factors affect-
ing the system’ s accuracy are signal bandwidth and fall time characteristics,
signal waveahape , sampling frequency, sample and hold amplifier speed and
accuracy, and differential  comparator speed and accuracy. The problem of
obtaining peak signal accuracy is nearly eliminated in the case of a system
having waveforms of constant f4ll time. Here , it would only be necessary
to add a fixed bias offset to the detected output signal. In all other cases
where the detector must function under vary ing  signal conditions , one must
select a suitable sampling frequency and appropriate components to restrict
the overall system er ror  to within certain bounds over the detection band-
width.

Figure 5 shows a block diagram of the peak detector circuit with its
basic components. The threshold sense comparator whose preset reference
level determines the operating interval  is used to inhibit operation and reset
all applicable circuit functions at points below the sensing threshold. This
may be desirable if there  are unwanted low level perturbations on the base-
line which might otherwise cause false detection as shown in Figure 6.

A block diagram of one channel of the complete processing electronics
package is shown in Fi gure 7, while Figure 8 shows the timing diagram. A
detailed schematic of the peak detection circuit is given in Figure 9. Two
input buffers are required due to the current requirement s of the sample and
hold. The 1 MHz sampling clock is used to provide a one microsecond de-
tection time resolution.

The completed package is shown in Figure 10. It includes two chan-
nels which ar e identical except for a fixed timing offset corresponding to the
alternating RTAM channel x and y MTF outputs. A functional description is
given below .

2 1
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AC Power ‘ON’ Switch:

Powers complete chasis when the switch is ‘ON’ .

Panel Meter:

(0-10 VFS) calibrated to 0-200 gisec. Buffered from the data output
signals.

Data Output (front panel BNC) :

The data output signal is a DC voltage whose value is equivalent to
the time between the peak and peak/2 value of the input signal. A calibration
curve is given in Figure 11. The conversion factor is .489 volts/l O ~.tsec.
Data output range is 0 to +10 volts. Data output sourcing capability is +5 mA
maximum (short circuit proof). Load impedance should be 100 k ohms or
greater to maintain measurement accuracy.

Sync (rear panel BNC) :

The sync is a TTL negative true logic output signal (10 ~zsec wide)
available for external use. Data output is stable at the trailing edge of the
sync signal. The TTL syn c signal has the capability to drive 50 ohm cable.

1 MHz Output (rear panel BNC):

A TTL reference signal for external timing (if required). Tbis signal
is derived from the internal 5 MHz master osciflator. The 1 MHz output has
50 ohm drive capability.

Bk (baclçground) Output Signal (front panel BNC) :

The background signal is a DC voltage (scaled up by x 10) representa-
tive of a sampl e taken of the input line prior to the arrival of the main signal.
The range is 0 ± 10 volta RL = 2k or greater and is always available; however,
the external sync must be provided for proper operation.

Background Switch (front panel toggle switch):

With the background switch in the ‘IN’ position internal circuitry is
enabled so that back ground is cancelled in the determination of the peak and
E/2 values of the input signal. When the switch i. in the disabled position
(i. C ) LED indicator lamp out ) no background cancellation is provided al-
though the background is still sampled and available as an output signal.

External Sync Input (front panel BNC) :

TTL compatible logic buffered input. Normally the RTAM x-gate out-
put is connected to this Input. The external sync logic signal I. required to
properly align the Channel 1 and Channel 2 data and background signals.
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External Sync - Reversal Switch - (front panel toggle switch):

The switch gives the ability to reverse (or not) the phase of the ex-
ternal sync signal after it is decoded. With the switch in the correct position,
proper alignment will be maintained between sync and input data signals.

Data Input (front panel BNC):

High impedance input for RTAM channel x (channel 1) and channel y
(channel 2) MTF signals.

Threshold Adjustment (front panel potentiometer):

The threshold adjustment establishes a window, in which Internal
circuitry is enabled to determine the peak of the input, E/2 value, gating
and reset times. The potentiometer calibration scale is 0. 5 volts/turn.
The threshold value should be set at a value which is greater than the back-
ground noise level prior to the signal.

31
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3.0 EXPERIMENTAL DATA AND ANALYSIS

3.1 ACOUSTIC SOUNDER AND MICROTHE RMAL DATA

Prior to the failure of the automatic dewpoint system some test runs
of the acoustic sounde r were made in late December and early January. Al-
though uncalibrated against the rnicrothermal probes the results were the
first data reduced using the new hardware and software configurations . Re-
sults obtained on 10 December 1976 are shown in Figure 12. The mission
was run in the evening between the hours of 2000 and 2300 , the sky was partly
clo~idy and there were light winds. The data shown probably represent the
C~

4 profile to 300 m within a factor or two or three; however , system noise
which is shown as an equivalent C~ 2 profile , dominates the higher altitudes.
The two profiles shown are sepa rated by approximately one hour in time.
The lower portions of the curves are fairly linear but do not exhibit the (-2/3)

• or ( -4/3) slope predicted by theory. (5) Data previously collected at AMOS(4)
indicated , on the average , a (-1.4) slope . For comparative purposes , straight
lines with these three slopes are indicated in the figure.

In January the six tower mounted probes were rebuilt and several
data runs were made unde r day and night conditions . These initial opera-
tions produced long term values of probe variances which were used for
smoothing the PDP-8 1 scaling factors. Although it was not possible to cam-
plete the calibration of the acoustic sounder the reasons stated above, some
probe data were reduced for general systems eva luation. The probes outputs
are sampled by the PDP-81 computer which calculates the required variances
and covariances. These data are then used to obtai n the desired estimated of
CT2 and C~

2. The sampling periods are typically ten minutes in length.

Figure 13 shows CT2 histories for the north and south towers during
• the afternoon of 13 March 1977. Three comparison points representing

nightly averages for both towers during the November 1975 test period are
shown as the lower curve . The daytime data indicate higher temperature tur-
bulence as might be expected.

3.2 SEEING MONITOR DATA AND ANALYSIS

3.2. 1 Routine Data

During the period 15 September 1976 to 15 March 1977 data was
successfully collected on ten occasions. The results are summarized in

(5) J. C. Wyngaard, J. Izumi and S.A. Collins, J r . ,  Behavior of the
Refractive-Index-Structure Parameter Near the Ground, 1. Opt. Soc .
Am. 61, 1646 (1971).
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Table 2. Three types of data are included. On 24 September 1976 and
27-29 October 1976 operations were of the routine type (as described in pre-
vious reports) and all data corresponds to the average of a 1350 member en-
semble taken with a PDP-8 cycle time of approximately ten minutes. The
data of 9-10 December 1976 and 12-13 January 1977 was taken as part of a
special series of noise evaluation tests (see Section 3. 2. 2). As such, the
ensemble sizes and cycle times were variable . The number of points entered
in the table corresponds to the number of magnitude sequences collected on a
given occasion, each of which was approximately 10-15 minutes long. The
data of 16-17 February 1977 was taken during simultaneous operations with the
SM and RTAM (see Section 2.4. 1). The number of points entered in the table
corresponds to the number of simultaneous data runs carried out . The SM
was mounted on the 1.6 m telescope and all data was collected with a 1200 X
filter centered at 6200 .R. The resulting valuea of r0 have been scaled to5000 R. Zenith angles were typically small and so no correction for this effect
has been made.

The seventy point average of the data given in the table is 10.7 cm
with a range of (3.6-16.7) cm. The temporal behavior of the routine runs is
shown in Figures 14 and 15. No significant rends are indicated. Rather the
value of r0 tended to fluctuate randomly within the range given in the table.
No extremely large variances in the output voltages were measured. Typical
voltage standard deviation to mean ratios were < 10% with maximum values of

15% . Hence, while some atmospheric non-stati~narity may have been pre-
sent during some of the runs , it was not excessive.

The mean value of this data is slightly higher (10. 7 cm vs 9.6 cm)
than that previously reported (b-37) but the range is somewhat lower. (3) The
differences are probably not very significant, statistically. The combined
data set (1.6 m and b-37) has a mean value of 9.9 cm and a range of (3.6 -
17.8) cm. This data base includes 298 points collected on thirty-four nights
during the period Il  November 1975 to 17 February 1977.

3.2.2 Noise Evaluation Te sts

A series of special operations were carried out with the Seeing Moni-
tor to characterize noise and establish an operational threshold for this device.
To implement these measurements, a motor driven filte r wheel equipped with
neutral density filters (ND 0.0 , 0.5 , 1.0 , 2.0 and 3.0) was installed near the
entranc e aperture of the mounting plate (ASP) . Changing filters while viewing
a bright sta r allowed observation of sources of va rying effective magnitude
along the same atmospheric path. Data was processed using the PDP-8 with
the mean and variance software programmed for a sample size of 2 , 000 and
a cycle time of — 30 sec. The short cycle time was chosen to minimize possi-
ble temporal non-stationarity effects . An experimental assessment of these
effects was obtained by cycling the filters in a contiguous fashion during a
given data run. An example of one such cycle used was 0.0; 0. 5; 0.0; 0.5;
1.0; 0. 5; 1.0; 2. 0; 1.0; 2.0; 3. 0; 2 .0; 3.0. This run t o o k— 1 2 . 5  minute s to
complete . The Seeing Monitor was mou~nted on the 1.6 m t~lescope and op-
erated in the usual fashion with a 1200 A bandpass at 6200 A central wave -length .

36



-- • -
~
--- - -  

~~~~
--- ---

~~~~~~~
- -

~~- - - --~~ - - - - - -  - - - - -—

TA BLE 2. SEEING MONITOR DATA SUMMARY

at 5000X; cm
Time Period No. of

Date HST Points Mean Range

24 Sept 1976 0240 - 0510 15 5. 0 3. 6 - 6. 2

27 Oct 1976 2000 - 2320 7 12.8 11.9 - 13. 5

28 Oct 1976 1950 - 2320 14 13. 2 10. 9 - 14. 9

29 Oct 1976 1840-2310 12 11.8 8.2- 13.6

9 Dec 1976 1330 1 14. 6

10 Dec 1976 1900 - 2100 7 14.0  12 .0 - 16. 7

12 Jan 1977 1940 - 2220 6 11 . 4 10. 3 - 17. 6

13 Jan 1977 2150 - 2250 5 12 . 3 11.0 - 15. 3

16 Feb 1977 --- 1 5.4

17 Feb 1977 --- 2 5. 6
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Figure 14 Seeing Monitor Data of 24 September and 27 Octobe r 1976. The
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This type of data was taken and processed on three occasions. The
resulting mean voltage and varianc e as a fu nction of equivalent magnitude is
shown in Figures 16 to 18. Each experimental point represents the average
and range of the data obtained during a given experimental sequence. On
each occasion several different stars (all close to zenith) were used to pro- -vide a greater magnitude range of operation than was allowed by the ND fil-
ters.

As can be seen from the figures , the average voltage (from which
is derived) remained reasonable constant (± 5%) up to an effective visual
magnitude of (5-6) after which large fluc tuations occurred in the output .
From these results it is clear that the output of the Seeing Monitor in this
operational configuration is unreliable for stars dimmer than in~ = 5.0 and
become s totally noise dominated for stars dimmer than xn~ = 7. 0 magnitude.

The variance data indicates roughly constant values for brighter stars
(m~ ~ 2) and an approximate exponential dependence on magnitude for dimmer
star-s (m~ ~ 3). This is to be expected if the noise is dominated by quantum
fluctuations . The constant value at low magnitudes is expected because of the
atmosphere related random fluctuations in image size. A theoretical estimate
for the quantum noise in the seeing angle measurement has been derived pre-
viously. (6)

[a
2 ( e) / < O~ >

2
] 

= ( Z . S l Z ) m , 3 .3X  l0~ ( I )

where <OS> is the mean seeing angle (defined as the l/e width of a Gaussian
image), a (0s) is its standard deviation and m is the visual magnitude of the
objects . The constant (3. 3 x 104 ) includes the area (1. 2 m aperture) and
throughput of the telescope, SM throughput, quantum efficie ncy and integrated
spectral response of the photornultipliers, etc . Correcting~for the increase in
aperture (1.6 rn) , spectral bandwidth (1200 R around 6200 A) and additional
beam sharing in the package yields

[o

2 (es)/< es>2]~ (2 .5l2) LhI x l0~~ (2)

From the definition of the seeing angle and an empirical fit of an ex-
ponential to the calibration data yields

= 10.57 exp [-0.46 v] (3)

(6) G.R.  Giuliano , L A .  Jenney, L. Miller , M.E. Pedinoff , D. Y. Tseng
and S. M. Wandzura , Space Object Imaging, Final Technical Report,
Contract F30602-74-C..0227 (Hughes Research Laboratories), Rome
Air Development Center Technical Report #RADC-TR-76-54 (March 1976).
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where V is the output analog voltage plotted in the figures . The assumption
of Gaussian statistics (which should be approximately correct provided many
photoelectrons are produced in a single measurement time) yields

2 1 2 2
= 4.73 ln ~1 + a (Os ) /<Os> 

J 
(4)

The factor (2. 512)m arises from the definition of the magnitude of a
star of irradiance H compared with a zero magnitude star of irradiance H0.

(H/H0) 10m/2. ~ = (2. 512) m 
= e0

~ 
92 m (5)

Substitution of Eqs. (2) and (5) into Eq. (4) and assuming that m is small
enough (~~8) so that In (1 + x) can be apprcocimated by x yields

2 -4 0. 92 m
~~5 x l 0  e (6)

The smooth curves in the figures correspond to the model

= A+ B e° 9 2  m (7)

The values of the constants selected are given in the figures. The constant
A represents the atmospheric contribution which experimentally is in the
range (0.05 - 0. 08) for the three nights of data analyzed. As can be seen ,
the noise contribution (B) is approximately an order of magnitude greater
than the theoretical result. While additional transmission losses (in excess
of that assumed) in both the optics and atmosphere might account for part of
the discrepancy, it is not likely that this could account for the entire differ-
ence. In any case , the empirical results indicate that the voltage variance
is dominated by noise for stars dimmer than rn.~ = 4. When combined with
the results for the average voltage , we conclude that a conservative thresh-
old for reliable data is stellar magnitude rn..1 = 4. Provided observing con-
ditions are good , stars brighter than this should have a noise contribution
to the voltage variance of no greater than 0. 2 (volts )2 (0.03 at m~ = 2). The
excess can be associated with turbulent fluctuations.

3.2.3 Seeing Monitor/Speckle Interferometry Comparative Data

During July 1976 , a series of Speckle Interferometry experiments
were carried out at AMOS. During a portion of this time, routine data
collection with the Seeing Monitor was also scheduled. Hence, some over-
lapping data was obtained which, in some respects , are directly comparable.
For these operations, the Speckle Interferometer was mounted on the 1.6
meter telescope and the SM was mounted on the b-37 (1.2 meter) telescope.
Estimates of r0 from the SM were obtained in the usual fa shion, i. e., 10

L 
mimzt~ cycles with on-line PDP-8 data processing with all results scaled to
5000 A.
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Briefly, the technique of Speckle nterferometry~
7
~ involves the

collection of multiple frame s of short exposure data which are processed
in the spatial frequency plane. While SI was originally developed as an
astronomical measurement technique, it is also well stited for obtaining
atmospheric seeing data. The instrument used to make these measurements
is desc ribed in detail elsewhere. (8) A schematic of its major components is
shown in Figure 19 and include: (1) an optical train consisting of an enlarging
lens, image rotators, a grating for wavelength selection and dispersion cor-
rection and a bandwidth selecting element; (2) a gated SIT video tube whose
output consists of the integrated intensity along 500 scan lines and; (3) a dedi-
cated NOVA computer system for data storage , processing and display.

For the case of interest here , data processing involves Fourier trans-
forming a sequence of short exposure single or binary star images (typically
two hundred) and averaging the squared modulus of the resulting data. For
single stars , this just yields the second moment of the MTF (i. e. , modulus
of the optical transfer function) . The resolution of the instrumental package
is such that one hundred and fifty data points are obtained in the frequency
plane. This allows a detailed comparison of theory and experiment. For
both single and binary stars the relevant theory has been developed by Korff .
For low spatial frequencies (<atmospheric limit r0), the theory has as an
asymptotic lirnitL the square of the Fried short exposure (wander removed)
average MTF. ( lU)  This is not surpirsing because the process of squaring the
complex OTF automatically eliminates overall image wander. Hence , fitting
the SI data to theory at low frequencies yields an estimate of r0 which is
closely related to the estimate obtained with the Seeing Monitor . Binary data
can also be used by simply dividing the results by the fringe pattern arising
from the two point nature of the source, the period of which can be determined
very accurately from the entire transform. This also yields an empirical es-
timate of the second moment of the MTF. An important point is that the de-
termination of r0 from SI is based on a multi-point fit of the data to theory
whereas the SM value is a single point fit (half MTF point) . Hence , the SI data
not only yields a single parameter (r 0) characterization of atmospheric seeing
but also information on the consistency of the theoretical and empirical results.

Figure 20 shows an example of the fit of the data to low frequency
theory. The experimental , normalized modulus-squared MTF t~~~

) divided by
the square of the telescope MTF (

~~~
) is plotted against (q 5f3 - qZ) where q

is the normalized spatial frequency (A f/D where f is spatial frequency, A
is wavelength and D is the telescope aperture size). q is equal to one at the

(7) J.C. Dainty, Stellar Speckle Interferometry, in Laser Speckle and Re-
lated Phenomena, Topics in Applied Physics Vol. 9 , Ed. by 3. C. Dainty

• (Springer-Verlag, Berlin, 1975).
(8) A. M. Schneiderman and D. P. Karo , How to Build a Speckle Interferorneter,

Proc. of SPIE, 75 , 70 (1976).
(9) D. Korif , Analysis of a Method for Obtaining Near Diffraction Limited
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diffraction limit of the telescope. For the purposes of evaluating r0, adiffraction limited obscured aperture was assumed. The coordinate (q5/3 -q2) was chosen because in this limit, theory(9) predicts an exponential de-pendence on this coordinate. Hence, using a log-linear plot (as in the figure )yields a straight line, the slope of which is equal to 6.88 (D/r0) 5/3. Ascan be seen, the agreement between theory and experiment is excellent. Thedifference at higher frequencies is due to the breakdown of the asymptoticform. The r0 scale corresponds to that value at which the straight line in-tersects the ordinate value 0.01.

The entire set of processed data is summarized in Figure 21. The solidlines represent a relative factor of one (xl), two (xZ ) and one-half (x 1/2).It should be noted that relative factors of two are very significant because ofthe exponential dependence of many effects on ~~~ In addition , experimentalresults indicate that this parameter is almost always within a factor of twoof its mean value. Three types of SI data were used to obtain these results.These were single star data (S), binary star data (B) and binary star databut processed along a direction orthogonal to the binary axis (S’). This latterdata does not require correction for the binary nature of the source becausethe fringe modulation occurs only in a~directj on parallel to the binary axis.All results have been scaled to 5000 X and zenith viewing. As can be seen,there is considerable dispersion in the results (in excess of the statisticalsignificance) with the SI value being generally larger. While it is possiblethat several effects (such as aberratione and voltage averaging) may be bias -ing the SM results toward lower values, such effects cannot account for thedispersion of the data. Figure 22 shows the results obtained on one specificnight of operation (12 July 1976). The SM clearly indicates increasing valuesof r0 as time proceeded whereas the four SI data points indicates roughly con-stant Conditions or perhaps a slight degradation with time (decreasing r0). Areason for the discrepancy in the results has not been identified. It is possiblethat the local turbulence conditions are significantly different in the two domes.Additionally, the two inatrwnents were not always looking at the same star andhence some variation in zenith and azimuth angle s is included in the data; how-ever , these possible causes are only speculation, Another possible cause is-: inaccurate or incorrect operation of one or both of the instruments . However ,the operati on and data from both appears to be internally consistent and hencedoes not support this conclusion.
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3,3 STAR SENSOR DATA AND ANALYSIS

3. 3. 1 Statistical Properties of Profile Data

A variety of statistical properties of the profile data(3) collected during
the period 11 November 1975 to 13 July 1976 have been determined. Table 3
gives the mean, variance and standard deviation to mean ratio for the one
hundred and twenty- six member ensemble of C~ 2 values at each of the seven
nominal altitudes. These result s are presented graphically in Figure 23. The
three solid lines represent the mean , mean plus one standard deviation and
the maximum values of Cn2 ?btained . The broken line is the Hufnagel aver-
aged wind correlated model( h l J  with an upper atmospheric wind speed of 12. 5
rn/s. This value is somewhat lower than would be expected based on the anal-
ysis of a limited amount of meteorological data (20- 30 rn/s seems to be more
typical). Higher values in the model would yield a lar ger tropopause bump
which is not indicated by the data . While such incr eases of turbulence levels
are indicated on some occasions , the average profile shows only a flattening
in the vicinity of the meteorological tropopause.

Figure 24 is the cumulative probability distribution for the entire
seven level ensemble of empirical C11~ values. In order to present all of the
data on a single plot , the values at each altitud e were normalized by dividing
by the average value of Cn 2 at that altitude. The natural loga rithm of the
normalized data was then used to generate the CPD. The solid line represents
a Gaussian distribution (log- Gaussian for Cn2) with the empirical mean and
variance. These result s should be compared with the parameter r (h , t) in the
Hufnagel model which is assumed to be a Gaussian random variable with zero
mean and a variance of two . The data has a mean of approximately 0. 5 and a
variance of 1.2. The non-zero empirical mean is probably due to the finite
and non-zero threshold of the Star Sensor. The output below this threshold
is dominated by noise and in some cases negative values result. Obviously,
negative and zero values must be eliminated in the subsequent processing.
The result of suppressing small va lues of C~

2 would be to bias the mean to-
ward s a positive value . The variance of r (h , t) assumes, of course , point
averaging in time (t) and altitude (h). Hufnagel’s model include s the altitude
and time covariance function which has two characteristic time scales (5 and
80 minutes) and two characteristic a1titu~le scales (100 and 2, 000 meters).
The instrument bases its estimate of C~ on data collected over a twenty m m -
ute time period and the theoretical weighting functions used in the processing
are of variable width . However , all are considerably wider than 100 meters;
hence , an empirical variance of less than two is to be expected .

(11)R . E . Hufnagel , Va riations of Atmospheric Turbulenc e, OSA Topical
Meeting on Optical Propagation Through TurbulencI tBoulder , Colorado ,
July 1974 ). Paper WA1.
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TABLE 3, STATISTIC AL PARAMETERS OF AVERAGE PROFILE

Cn
2 

—

Nominal Altitude -18 Z’3 -36 _413Above Site (kin) Mean (xl0 m ‘ ) Variance (xlO m ‘ ) SD/~~4

2. 25 17. 1 336. 6 1.07

3. 75 9.0 92. 6 1.07 J
5. 25 4. 7 49. 0 1.49 

1

7.5 4 .3 26. 6 1.20

9. 75 3.6 16. 2 1. 12

12. 75 2 . 4 6.4 1.05

>14, 5 1,2  1.6 1.05

:

I
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3. 3.2 Routine Data

During this period data was collected with the Star Sensor on eight
occasions. The result s are summarized in Table 4. The yield , def ined as
the number of profiles collected with scintillation standard deviation to mean
ratios of 0. 2 or less compared to the total number of complete pi-ofiles çol-
lected , averaged 62. 5%. This is quite close to previous experience(3) and
continues to indicate that significant atmosphere non- stationarity over twenty
minute periods occurs approximately 40% of the time.

The nightly averaged profile s are given in Figures 25 and 26. Only
two of the profiles (29 October and 13 January) indicated significant increases
in turbulence levels which are consistent with the existence of a tropopause
bump. Four others (22- 24 September, 27 October and 12 January) only show
a flattening of the curve at higher altitudes which appears to be the typical
behavior of the upper atmosphere above AMOS. Two of the profiles are of
rather unusual shape . On 28 October the profile shows rather strong turbu-
lence ( 3 x l0 17 m- 2/3) at 2. 25 kM which decreases slowly at first and then
more rapidly at high alt itudes. Essentially no turbulent activity is indicate
about 14. 5 kM. While unusual, this type of behavior has been observed on
at least one other occasion (18 June 1976) inwhich the profile was very simi-
lar in shape but yielded stronger tu rbulence (by approximately a factor of two)
at all levels but the highest. The profile of 10 December is also unusual and
not at all consistept with the various models. The 2. 25 kM va lue is the lowest
(~~ 4 x 10-19 m- 2/3) observed for any nightly average data collected to date .
However , the very high levels in the (5- 10) kM range have been observed on
at least three other occasions. The unique aspect in this case is that turbu-
lence levels increased by approximately a factor of fo rty within an altitud e
range of less than 3 kM and then remained virtually constant for more than
5 kM of altitude.

The average profile (based on 34 samples) for the entire period is
given in Table 5. These result s should be compared with the averages for
the previous period given in Table 3. Comparing the two result s, it can be
seen that somewhat higher average values ( 10-60%) exist at all levels in the
pres ent case; however , the non-existence of a tropopause bump continues to
be indicated . Also included in Table 5 is the average profile for the entire
data base that presently exist (160 profiles taken over the period 15 October
1975 to 15 March 1977) . This profile is within 3- 13% of that shown in Fig-
ure 23. The only change in the maximum va lue profile is at the,highest level.
In one profile collected during this period a value of 10-17 m 2/ 3 was ob..
served in the greater than 14. 5 kM range . This is approximately a factor
of two greater than that value shown in Figure 23.

Sixty samp les of the aperture averaged twenty minute log-amplitude
variance were collected during the period . They ranged from (1.8- 14.1) x
~~~~ with a mean value of 5.88 x 10- 4 . This data is very consistent with the
previous measurement s , ( 3) the means agreeing to within 1%.
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TABLE 4. STAR SENSOR DATA SUMMARY

a
1 

(x l0~~ )
No. of JDate Time HST Yield Samples Range Mean

22 Sept l976 0100-0300 3/6 6 1. 78 - 2. 30 2 . 17

24 Sept 1976 0050-0520 3/6 7 1.48 - 3. 05 2 . 14

27 Oct 1976 2000-0100 7/9 10 3. 93 - 9. 80 5. 61 -:1

28 Oct 1976 2030-2320 3/5 5 4. 64 - 8. 14 5. 91

29 Oct 1976 1840-2250 5/5 6 5. 00 - 9. 94 7. 09

10 Dec 1976 1900-2230 3/7 8 5.21 - 13. 16 9. 08

12 Jan 1977 1950-2230 5/8 8 4. 41 - 11.96 8.07

13 Jan 1977 1930-2240 5/10 10 2. 03 - 14. 12 5.92
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Figure 25 Star Sensor Nightly Averaged Profiles for 22 and 24 September
and 27, 28 and 29 Octobe r 1976. Altitude is in height above the
observatory. Each profile is an average of all valid data col-
lected on a specific night. The widths of the weighting functions
are not shown .
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TABLE 5. AVERAGE PROFILES

2 -18 -2/3
Normal Altitude C (x 10 in )

Above Site (kin) 15 Sept 1976 - 15 Mar 1977 15 Oct 1975 - 15 Mar 1977

2. 25 19. 6 17. 6 
—

3.75 11.9 9 .6

5.25 7.4 5.3

7.5 6.7 4.8

9. 25 5. 7 4.0

12. 75 3.9 2 .7

>14. 5 1.8 1.3
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3.4 RTAM DATA

Initial AMOS operations with the modified RTAM occurred during the
period 24- 28 January 1977 . The objective of these tests was to evaluate field
performance and document the results via the collection of five photographs
of oscilloscope traces for five different stars (25 photographs in total) . The
required data for each sta r consists of fou r MTF traces (minimum and maxi-
mum electrical bandwidth at two different time scales) and one PTF trace.
The data was collected on 28 January 1977 and is shown in Figures 27 to 31.
The MTF traces (four upper pictures) have a vertical scale of 1 volt/division
and horizontal scales of 500 ~ sec/division and 50 Msec/d ivision for the left
and right hand pictures, respectively . The upper and lower MTF’ s are for
minimum and maximum bandwidth, respectively. The bottom picture is a
dual trace of the MTF and phase with a 2 volt/division vertical scale and a
50 gi sec/division horizontal scale . Also included in the figures are the star
name, magnitude and elevation angle .

For these tests, the RTAM was mounted on the 1.6 in telescope . No
external spectral filtering was used and only a small amount of light was split-
off for the boresight camera . The instrument was optimized for single chan-
nel operation. Observing cond itions were not good due to intermittent high
clouds. Operations had to be suspended for approximately two hours due to
total cloud cover.

As can be seep from the figures, the performance is similar to that
observed previously. ‘3) The central peak ( low spatial frequencies) of seeing
limited size is clearly defined; however , the noise dominated pedestal (at
high spatial frequencies) is somewhat higher due to a modification of the elec-
tronics. The phase signals are now in a different format with a spatial fre-
quency scaling identical to the MTF (i. e., -If I to the left , zero at the center
and + I f Ito the right). Modification of the electronics also allows the phase
to lock back onto the correct value after dropout due to insufficient MTF sig-
nal if the MTF rises above threshold ; however , the essential conc lusion
reached previously still r emains . Because of insufficient sensitivity, it is
unlikely that either the MTF or phase can be successfully processed for high
spatial frequency information. At low frequencies, the width of the peak can
be used to estimate r0. The data reported here indicates a value in the range
of ( 5-7) cm. This is only a rough estimate and while low, is not inconsistent
with previous experience.

A considerable improvement in the field of view has been effected .
For single channel operation, it is now approximately * 4 arc second s in
both directions .
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Figure 27 RTAM Data . The object is a-CaMa (in = -1. 4). The upper
four photographs are MTF traces at minimum (upper) and maxi-
mum (lower) electronic ba ndwidth . The lower photograph is a
dual trace of the MTF and PTF.
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