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A SYSTEM TO MONITOR STELLAR

IMAGE QUALITY

dJack L. Bufton
Optical Systems Branch

Advanced Development Division

ABSTRACT

The following report outlines the development and implementation of a sys-
tematic approach to measurement of stellar image quality in a turbulent atmos-
phere. The concept is that of J. V. Ramsay and H. Koebler, C.S.L.R.0., Sydncy,
Australia. Simultaneous but independent measures are made of total intensity,
size, and movement of the stellar image. The critical parameter of image size
is deduced from a Fourier transformation of optical spread function in the focal
plane of a six inch diameter telescope. This results in an optical transfer func-
tion for the atmosphere and telescope optics. Experimental hardware has been
developed and field tested at Goddard Optical Research Facility. Data is re-
corded inthe field on magnetic tape and later processed by digital computer. In
this project most emphasis is placed on data reduction and interpretation with
the aim of developing a capability to cvaluate particular sites for their image

quality and to make meaningful comparisons with current theories on optical

propagation.

it

sCEDING PAGE BLANK NOT FILMED.

Section

CONTENTS

BACKGROUND. . . e v e e et mi ittt it toennnnannens
IRRADIANCE STATISTICS. . v . v v v v ev v et vennennn.
OPTICAL TRANSFER FUNCTIONS. .,
IMAGE MOTION

LABORATORY AND FIELD TESTS ... vcevve v e v

ELECTRONIC TESTS.....

OPTICAL TESTS. . .... . cvceuteesnn e
FIELD TESTS AND DATA .. .0 vviennernnrnenans
REFERENCES. .......... Cr ettt it e

10
12

17

18
26
28
28

31

31
33
40
45

49

49

53

58




APPENDICES

ip_p__e_ ndix Page

A Image Intensity Profile and Optical Transfer Function ...... 61
B Waveform Analysis. . . ........ .

C System Component Specification.......... -

Figure

'tO

8.

9.

10.

11,

12,

13.

14,

15.

16.

17.

18.

19.

ILLUSTRATIONS

Stellar Image Monitor experiment concept.. . .. ...... ... e
Stellar Image Monitor field equipment . . . . ... ..o
Optical system and detector package « « «c v o v av et vvanen ...
Combined relative spectral response. . « « v v et v e e v e v e s anns
Electronic pre-processing system. . .. . .. cov vt i et
Data run format.............. [
Detail of electronic data collection equipment . . . ............
Detail of electronic data collection equipment . .. .. .. e e
Typical datasignals . . v oo v v v vttt ianoenanans Ceee s

Average nighttime turbulentprofile. . . .. . ..... ... v v iv

Wavefront tilt in the interferometer case . . . ......... e
Lowpass filter frequency response ......
Bandpass filter frequency response. . ........... verees ‘e
Laboratory calibration of modulationindex.................
Laboratory optical test setup. ....... et P

Laboratory calibration of imagemotion . . . . ... ...

Laboratory optical transfer functions,

Chart recordings of datarun . . ............... [N

Coefficient of irradiance variance versus zenith angle

Example of irradiance spectral density wind velocity dependence .

vii

%
91
92
93
94
95
96
97
98
99
100
101
102
103

104



Figure Page

- 21, Vertical wind speedprofile . . ... ... . L oo 105
22, Example of irradiance spectral density zenith angle dependence. . 106
23, Example of irradiance spectral density aperture dependence . . . . 107
24. Stellar optical transfer functions. . . ... .. ... .. .. 108
25. Image intensity profiles. . . ... ... . ... il 109
26. Image motion versus zenithangle . . ... ... . ... ... .0 110
ACKNOWLEDGMENTS
27. Example of image motion spectral density . ............... 111

The author wishes to express his appreciation to Michael W, Fitzmaurice
and Peter O. Minott, Optical Systems Branch, Goddard Space Flight Center and
Dr. Douglas G. Currie, University of Maryland for their guidance during the
development of this experiment and to John W. Larmer and David A. Grolemund,

Bendix Field Engineering Corporation for their technical assistance.

viid =



A SYSTEM TO MONITOR STELLAR

IMAGE QUALITY
SECTION I

INTRODUCTION

A device to monitor the quality of stellar images has been selected and de-
veloped by the Optical Systems Branch. The device and its experimental program .
have been designed to meet the following objectives:

(1) Development of techniques to monitor atmospheric effects on vertical

propagation of optical radiation

(2) Recording of data on the optical quality of the atmosphere at particular

gites, such as the Goddard Optical Research Facility and Mt, Hopkins,
Arizona

(3) Relation of data to theoretical analysis of atmospheric effects at optical

frequencies.

The OTTOS Study Report of June, 1967, emphasized NASA's long standing
need for a field facility to house and operate the Agency's growing capability in
optical tracking and communication. As a necessary beginning, the report rec-
ommended an active program of atmospheric research and testing for site selec-
tion and evaluation. More recently, attention has been focussed on NASA use
of the SAO Southwest Observatory at _Mt. Hopkins, Arizona, on a cooperative

basis. Thus, plans for the Goddard Stellar Image Monitor (STM) and other site
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testing instruments were directed toward the specific goal of evaluating the
Mt. Hopkins site. Primary emphasis was placed on quantitative data and mean-
ingful comparisons with theory.

The process of site evaluation for optical communication purposes closely
parallels the site evaluation task in astronomy. Both cases require the input of
information from many areas, the specification of atmospheric propagation
characteristics being only one of the most important, Optical characteristics of
a site include many para_met?rs, such as cloud cover, aerosol content, infrared
transparency, resolution of stars, and sky background. A lack of perfection in
these measurable parameters can be attributed to three mechanisms at work in
the atmosphere: absorbtion, molecular and aerosol scattering, and turbulence-
induced scattering. The first two mechanisms result in effects that can be
minimized or eliminated by proper choice of site. In addition, they are relatively
steady-state effects, not varying significantly within a particular locality or

length of time. The third mechanism, turbulence, results in the most serious

optical problems. The unstable, and as yet quite unpredictable turbulent processes,

produce random fluctuations in refractive index along the optical path. This in
turn distorts the phase or shape of the optical wavefront and causes variations
in irradiance across the wavefront. These distortions vary strongly over short
periods of time and among different locations at a particular site.

For vertical atmospheric paths, measurements of starlight yield information
on optical wavefront distortions. Starlight is collected by telescope optical 8Y8~

tems, and the quality of the image examined. This closely parallels the detection

2

of light from spaceborne laser systems by observers on the earth, an essential
ingredient of optical communication. Astronomers have long been aware of
degradation of stellar image quality and classed the effects as scintillation,
dancing, pulsation, shimmer, boil and focus shift. Together these effects con-
stitute "'seeing' through the atmosphere. More compactly, they may bé grouped
into image intensity variations and fluctuations in the size, position, and sym-
metry of the image. Until recently, measures of "seeing" have been semi-
quantitative at best. Often, a scale of one to five has been used to distinguish
periods of good and bad "seeing". The evaluation of a site for optical communi-
cation requires a more exact measure of image quality.

In the Stellar Image Monitor Experiment, image quality is determined from
data on image intensity, size, and position. Data on image intensity fluctuations
or scintillation is taken simply by photoelectric detection of total light in the
image. However, size and position fluctuations of stellar images, which bear
most directly on their quality, are not so easily measured. Fortunately, the
data taking and analysis procedures are simplified by use of optical transfer
functions. This is the method employed by the SIM Experiment.

Use of transfer functions is a powerful technique especially suitable for
optical communication. A transfer function in communication theory reveals a
system's ability to transmit information. That is, it predicts the response for a
given input. In optical communications, the information will be a form of en-

coding on the optical beam. The atmospheric medium will distort the encoding
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as will the transmission and detection process. If all processes are described
by transfer functions, they can be simply combined to describe total system per-
formance. The optical transfer function has the additional advantage of pre-
dicting specific parameters such as photographic resolution and optical hetero-
dyne signal-to-noise ratio.

The transfer function of an optical system is defined as the two-dimensional
spatial Fourier transform of the image spread function. The magnitude of the
transfer function is a measure of the reduction in contrast suffered by each
Fourier component of the object after transmission through the entire imaging
system. It is a function of the transform variable, spatial frequency, which is

expressed in cycles per unit length or cycles per radian field of view in the focal

plane.
() = S j S(R-%'i A)yexp(=27i T - R)dx 51}
T(f) = optical transfer function
S(X~-%':\) = image spread function

For the particular case represented by starlight (point source and incoherent

light), the optical transfer function (OTF) is just the Fourier transform of the

image intensity distribuﬁon.l

&

) = j’ J () exp(-2nif-% @)

LT3
n

two dimensional vector in focal plane
I(x) = image profile
f = two dimensional spatial frequency vector
The magnitude or modulus of T(?) is the quantity measured in the SIM. In
electronic terms, useful for handling data, modulus is equal to modulation index,
a number between zero and one. The Fourier transform inversion formula ex-
presses image intensity profile in terms of T(?).

Iy ° j J’ T(F) exp(2n i T - %) dF @)

-©

’1‘(?) = optical transfer function
Both phase and amplitude effects in the atmospherically distorted wavefront
contribute to T(f). Phase changes can be thought of as tilts or bends in the
wavefront and lead to a blurred image. Additional diffraction and consequent
image blurring is due to wavefront amplitude effects. These effects can be con-
sidered a random apodization of the telescope lens. The blurring transfer func-

tion is measured in the Stellar Image Monitor (SIM) for the optical system

lAppeudix A contains the assumptions and mathematical analysis telating OTF and image intensity

profile.



composed of the atmosphere and telescope optics. Laboratory test data enables
the telescope optics transfer function to be separately determined. This func-
tion results from diffraction at the lens aperture and from the effect of any

aberrations present.

Besides blurring, images are also observed to fluctuate in position or dance.

The SIM measures motion of image center of gravity as the third ingredient of
image quality. Movements are caused by wavefront phase changes, primarily
tilts. A transfer function for image motion may be constructed from the data
and combined with the blurring function to yield a combined transfer function for
the atmospheric part of the optical system. Section IV of this document will be
concerned with relation of the transfer functions and the three data outputs of

the SIM to atmospheric theory and engineering parameters.

SECTION T

STELLAR IMAGE MONITOR DESIGN AND OPERATION

CONCEPT

The Goddard SIM is based on a design published by Ramsay (Reference 18)
and a technique described by Lindberg (Reference 15). Ramsay performed some
experimental work with starlight and later Coulman (References 2 and 3) used
the device extensively for horizontal optical propagation studies, The SIM gen-
erates an OTF py performing a Fourier transform on the image intensity distri-

bution in the focal plane of a telescope. The transform is generated by square

wave chopping the image at a selected but variable spatial frequency. Operation
at different spatial frequencies allows the entire OTF of the atmosphere plus
telescope optics to be measured. The Goddard device differs in the way spatial
frequency is varied, in the pre-processing electronics, and in data collection and
reduction. At Goddard, most emphasis is placed on data reduction and interpre-
tation. Data recorded in the field on magnetic tape is later analyzed by digital
computer. The computer is programmed to output a virtually written statistical
record of the recorded data. A detailed account of this important process is
given in Section Il. Figure 1 illustrates the experiment concept and Figure 2 is

a photograph of the equipment used.

OPTICAL SYSTEM AND DETECTOR PACKAGE

In the SIM, starlight is collected by a six inch diameter doublet lens system
of 48 inches focal length. Figure 3 indicates the optical system components. As
converging starlight enters the experiment package, it encounters a partially
silvered mirror. This surface, acting as a beamsplitter, allows 30% of the light
to pass through and reflects 60%. Transmitted light enters a penta-prism and
is directed through a corrector plate to focus on a ring and cross-line reticle.
The field of view corresponding to the ring's diameter is 14 minutes of arc.
Observation of the stellar image on the reticle allows pointing of the telescope
to insure on axis operation. Light reflected by the beamsplitter is reflected
again by a front surface mirror and allowed to come to focus. A microscope

objective serves as relay optics to focus an enlarged image of star on a rotating



glass disk. An eyepiece and mirror assembly mounted in a sliding tube are used
to visually check image quélity and insure proper alignment of the image on the
glass disk, The disk is composed of alternate clear and opaque pie-shaped
sectors as detailed in Figure 3. Each sector subtends one-half degree. The
pattern was produced at Goddard by photographic-reduction and etching from a
machine drawn original. The disk is belt driven from a D.C. motor-servo system
at a constant rate of 517 rpm. Speed regulation is better than .5%. Light pass-
ing through the disk is thus square-wave modulated with a time frequency of

3.1 KHz, determined by motor speed and number of sectors on the disk. The
spatial frequency of chopping is inversely proportional to the distance from the
center of the disk and is determined by sector width at a given distance. Since

a clear and opaque sector determine one cyele of chopping, the spatial frequency
in cycles per millimeter is the reciprocal of the width of two sectors. Spatial
frequency can be made independent of lens parameters by multiplication by sys-
tem focal length. Cycles per mm become cycles per radian field of view or
cycles per arc second. Starlight is brought to a focus one inch from the center
of the disk. For unity power relay optics the spatial frequency of chopping is
2.26 cyeles per mm or .0134 cycles per arc second. Higher powers effectively
increase the spatial frequency by enlarging the image on the disk. Below are
listed the linear increases in spatial frequency achieved with various powers of

microscope objective.

Table 1

Microscope Objective Power and Spatial Frequency

i Spatial Frequency
: Microscope Objective Power

(Cycles/Arc Second)

1 .0134
2.6 .0348
’ 3.5 .0469
' 4.0 .0536
6.0 .0803
10 .134
21 281
45 .602
60 .803
98 1.31

Light transmitted by the disk passes through an optical highpass filter and is
received by a photomultiplier tube. The photomultipiler tube is an RCA Model
6199 with S-11 response. The filter is a Corning glass filter number CS-72.
The combined spectral response is approximately 12004 centered at 50008
(Figure 4).

Light from a small D.C. powered lightbulb is also focussed on the digk to
act as a phase reference source. A thin glass plate in the converging light from

the bulb can be tilted to adjust the position of this image on the disk. Chopped



light is received by a PIN 10 photodiode. A field effect transistor preamplifier
and biasing network prepares the photodiode signal for entry into the electronic
preprocessing system. The photomultiplier signal is developed across a one
megohm load resistance and unity gain preamplifier stage.

PROCESSING ELECTRONICS

Electrical signals from the two detectors are fed into an electronic pre-
processing sysf;em1 (Figure 5). The main function of this device is to produce
three voltages containing information on image intensity, modulation index, and
motion. Burr Brown integrated circuit operational amplifiers, Model 3052, are
the primary circuit constituent, The entire instrument is D.C. powered by either
a regulated power supply or battery providing 24 to 2% volts at approximately
.2 amps. Solid state voltage regulators provide the plus and minus 12 volts re-
quired for operational amplifier biasing. In addition, a programmable D.C. to
D.C. converter provides up to 2000 volts for the photomultiplier tube. The con-
verter is a Venus Scientific K150B rated at 1 milliamp D.C.

The positive going input from the photomultiplier preamplifier stage is in
the form of an amplitude and frequency modulated square wave at the chopping
frequency, 3.1 KHz. This signal and the photodiode signal are not perfect square
waves since image size is not negligible compared to sector width. Only the
fundamental sine wave component of the square wave is of interest, however.
As shown in Figure 5, the photomultiplier signal proceeds through two inverting

lDeveloped under contract to NASA~GSFC by Fairchild Hiller Corporation, Bladensburg,

Maryland.
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D.C. amplificr stages. The first has a gain of ten and the second incorporates a
variable gain from one of twenty, At this point, the amplified signal proceeds
two ways. The first path is through a low pass filter of the multiple feedhack
design having a corner frequency of 200 Hz. The filter's output is just the meas-
urement of total image intensity and its scintillation. This D.C. or low frequency
information output 1, is also used in the determination of modulation index, The
second path is through a multiple feedback bandpass filter centered at the chop-
ping frequency. This frequency belongs to the fundamental sinusoidal component
in the square wave. The 3 db bandwidth of the filter is plus or minus 200 Hz.
around the center frequency. A Transmagnetics Model 480CP5 analog divider
receives the outputs of both filters and performs the operation A.C. divided by
D.C. The output of the divider is the normalized chopping frequency component;
that is, the strength of the component with respect to D.C. As the image size
grows larger due to turbulence or as spatial frequency is increased, the A.C.
component suffers a reduction. Size changes affect only the A.C. component
while intensity changes or scintillation are present in both A.C. and D.C. com-
ponents and cancel out in the division process. The divider's output is received
by a peak detector which produces a D.C. voltage, output 2, proportional to the
modulation index or relative strength of A.C. to D.C. Fluctuations in modulation
index can be followed from D.C. to the corner frequency of 200 Hz. If the peak

value of A.C. is equal to the D.C. signal strength, the modulation index is 1.0.

11



Eaenil

Motion of image center of gravity is determined by phase comparison of
signals at the chopping frequency, 3.1 KHz, from the two detectors. As the stellar
image moves on the chopping disk, it produces a waveform shifted in phase with
respect to that from the phase reference source with its stationary image. The
preamplified reference signal from the photodiode is first sent through a band-
pass filter identical to that used in processing the phototube signal. The outputs
of both bandpass filters are sent through limiter stages to provide good clean
square waves. A Fairchild UAT02A integrated circuit phase comparator receives
the square waves and outputs a pulse train whose duty cycle is proportional to
the relative phase of the signals. An RC averaging network with response from
D.C. to the corner frequency of 200 Hz. measures the duty cycle. Relative phase
of the two signals is just the relative position of the two images on the disk along
a direction perpendicular to a disk radius. Thus, output 3 becomes a voltage
proportional to one-dimensional motion of stellar image center of gravity.

The results of electronic and optical calibration tests of the preprocessing
system are given in Section V. These tests were necessary to insure proper
operation of the electronics and to relate the voltage outputs to parameters

specifying image quality.

DATA COLLECTION
In order to preserve the output data of the electronic preprocessing system
in a form suitable for data analysis, recordings are made on magnetic tape. For

this purpose, an Ampex FR-1300 portable instrumentation tape recorder has
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been incorporated into the system. This is a seven track machine equipped in a
standard IRIG configuration for one-half inch wide magnetic tape. The three
outputs of the electronic pre-processing system have bandwidths from D.C. to
200 Hz. The D.C. requirement means a frequency modulation (FM) rgcording
scheme must be used. Time signals are also recorded in order to properly
characterize and identify the data. The .NASA one per second and one per minute
binary time codes are the ones used. These can be recorded in the dir;act (AM)
mode. Recording is done at a tape speed of 7.5 inches per second. The FM and
AM record bandwidths are from D.C. to 2.5 KHz and from 50 Hz, to 38 KHz,
respectively. A 10 KHz sine wave is also recorded in the direct mode as a
reference signal. Tape speed errors made in data taking can be eliminated dur-
ing automatic data processing by using the 10 KHz reference signal. Such errors
woul.d result from fluctuations in power line frequency, a common occurrence in
remote locations where power is obtained from portable generators. A complete
set of tape recorder specifications is included in Appendix C.

Operation of the Stellar Image Monitor Experiment involves nighttime stellar
observations at various zenith angles, azimuths, and for various times of nighf.
Two operating personnel are required: one to adjust telescope pointing and op-
tical alignment, the other to monitor the electronics and operate the tape re-
corder. In acquiring a star, successive use is made of a wide field viewfinder
and narrow field, high power eyepiece. This insures operation of the telescope

on-axis. The focussing and centering microscope objective holder is then used

13



to bring the stellar image to the correct focus and position on the chopper wheel.
This process is monitored by the sliding eyepiece. After proper alignment is
achieved, the eyepiece is removed and starlight enters the detector package.
Once the photomultiplier high voltage control and D.C. amplifier gain have been
adjusted for the proper intensity output voltage, the instrument is ready for data
recording.

Data taking procedures are tailored closely to the demands of data reduction.
To this end, calibration voliages, a star identification code, and background runs
are recorded on magnetic tape along with the data, time, and reference signals
(see Figure 5). A voice edge track is used to note experimental parameters such
as spatial frequency, telescope aperture, photomultiplier tube high voltage, and
amplifier gain. Data taking is divided for convenience into four distinct cate-
gories. A tape is the largest category. Itis the contents of one reel (2,500 feet)
of magnetic tape and may include data from several nights, the second category.
The third level is called a star. It includes all data taken in succession with a
particular stellar source. Included here may be from one to ten data runs, the
final category.

A data run begins when the tape recorder is turned on and ends with tape
recorder off. It is characterized hy a three digit data run number and a par-
ticular spatial frequency. Nominal operation would include six data runs per
star; each conducted at a different spatial frequency. Below is listed the format

of a data run. An example is given in Figure 6.
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Table 2

Data Run Format

Event Number Event Length (Seconds)

START RECORDER

1. Tape leader at ground potential 20
2. Positive six volts calibration 10
3. Ground potential 5
4. Negative six volts calibration 5
5. Star number hundreds digit 3
! 6. Star number tens digit 3
7. Star number units digit 3
8. Data 10 to 600
9. Defocus data 3

i 10. ' Background data

STOP RECORDER J

The first seven events are fed automatically to the tape recorder by a commuta-

[32]

tor arrangement. The commutator selects the desired D.C. voltage level for the
specified length of time, Tape leader allows time for the tape recorder trans-
port mechanism to come up to speed and stabilize. Known calibration voltages
are recorded to provide a voltage standard in data reduction. The three star
numbers are the hundreds, tens, and units digits that comprise the number as-

signed to a particular star. This number may be found in Apparent Places of

15
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Fundamental Stars. Each digit is a certain percentage of plus calibration volt-
age, For example, the star number 297 would comprise voltage levels 20%, 90%,
and 70% respectively of plus calibration. Actual star data is taken from ten
seconds to ten minutes. Defocus data is generated when the telescope operator
deliberately defocuses the stellar image on the chopper wheel. This is used to
characterize the modulation index data. Background data requires the operator
to point the telescope so that the star is just beyond the field of view. Thus, all
the effects of stray light, sky background, and electronic offset can be recorded.
Data from the three outputs of the SIM is recorded simultaneously in each
data run. Time and reference signals are recorded continuously without the
calibration voltages and star code. Below is a listing of the seven tracks of the

magnetic tape recorder, their function, and mode of recording.

Table 3

Tape Recorder Format

Track Number Function Record Mode
1 Spare M
2 : 10 KHz reference AM
3 Image motion data M
4 Intensity data M
5 Modulation index data FM
6 BCD time code 36 bit AM
7 BCD time code 28 bit AM |
16

The electronic equipment described above is mounted in a standard five foot
instrumentation rack as shown in detail in figures 7 and 8. The following items
are included. |

1. Electronic preprocessing system

2. Calibration voltage commutator

3. Tektronix type 422 oscillosc;ope

4. Newport Labs series 200 digital panel meter

5. Trygon HR40-3B D.C. power supply

6. Electro-Craft E-650 motor speed control system

7. Ampex FR-1300 instrumentation tape recorder
The oscilloscope and digital panel meter are used to monitor signal levels during
data recording. Time and reference signals must be fed into the rack from an
external time code generator. Appendix C contains selected manufactures data

on the critical electronic components.

SECTION Il

DATA REDUCTION

The Goddard concept of the Stellar Image Monitor Experiment places most
emphasis on data reduction and interpretation. What previously involved many
tedious hours of manual data reduction from chart recordings has been perfected
to an automated process using high speed digital computers, Data recorded on

magnetic tape in the field is transported to the GSFC computing facility where

17



automatic routines digitize the information and read il into a computer. There
the main program takes over, operates on the data, and outputs virtually written
statistical records. Output is presented in tabular and graphical form for ease
of data interpretation.

The three ocutputs of SIM are randomly fluctuating voltage levels representing
optical fluctuations in the stellar image being monitored. Similar to the atmos-
pheric mechanisms reponsible, these optical fluctuations have a large dynamic
range and periods as short as several milliseconds. In Figure 9 sample chart
recordings of each of the three data tracks are presented. Clearly, one must
turn to statistics in order to characterize the data. Consideration must be given

to averages, variances, correlations, and power spectrums.

COMPUTER STATISTICAL ANALYSIS

Once data has been recorded on magnetic tape, the first step in data reduc-
tion converts the information into a digital format. For this, the facilities of the
Information Processing Division at GSFC are used. Analog data tapes are played
back through an analog to digital (A/D) conversion unit and digital tapes are pro-
duced. A/D sampling is at a rate of 4KHz. A sample is taken every quarter

. millisecond. The data tracks are sampled sequentially with the net result that

each of the three outputs of the SIM plus a spare fourth track are sampled every
millisecond. Fundamental sampling theorems require that the sampling rate be
twice the highest frequency component in the data. This insures correct rep~

resentation in digital form of the original data. Sampling 1000 times per second

18

allows the data to contain frequencies as high as 500 Hz. This is more than
enough to contain the 200 Hz bandwidths of the SIM electronics, and from pre-
vious experience, the expected bandwidths of optical fluctuations. NASA' one per
second time code is also digitized and used primarily as a bookkeeping device.
The digital tape contains information in binary coded decimal format and is
ready for computer processing.

Processing is done on an IBM system 360/91 computer through programs
written in the Fortran IV language. Under contract to NASA-GSFC, Wolf Re-
search and Development Corporation, Bladensburg, Maryland, is responsible
for preparation, debugging, and operation of programs to analyze the data. The
following description of data analysis concentrates not on specific program in-
structions but rather on the method of statistical analysis. This method, used over
the past two years to analyze horizontal laser scintillation and GEOS-II laser
detection scintillation data, was first developed using a small general purpose
computer in the Optical Systems Branch. The method is best examined by fol-
lowing a sample data run,

The first information input to the computer for each data track is a series
of samples of the positive, zero, and negative calibration voltages v, , v,, and
v;. As mentioned previously, v, =16.0 volts, v, = 0.0 volts, and vy = -6.0
volts. The computer is programmed to determine average values X, Xy, and

X, of the samples for each calibration voltage. A linear relation is assumed to
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exist between actual voltage v and sensed value x,

v = A(x-B).
Two of the resulting set of three simultaneous equations can be solved for scale
(A) and tare (B) factors. This calibration is used later in the data run to assign
true voltage readings to the data. It serves fo eliminate inevitable gain changes
and D.C. offsets present in the recording and reproducing process from magnetic
tape. The computer is next presented with samples of the three digit star num-
ber. Once again, average values are determined as well as the percentage this
average is of positive calibration. This serves to identify the star number. The
computer has stored a list of over 100 stars according to their star number,
right ascension, and declination. Use of the following information allows cal-
culation of stellar zenith angle and azimuth:

1, Time of data run

2. Sidereal time at Greenwich, England, for zero hours Universal time on

the day of observation

3. Stellar coordinates; right ascension and declination

4. Longitude and latitude of observation site.

Data samples then begin to enter the computer. If 20 seconds of data is to
be analyzed, the computer will be presented with a series of 20,000 data points
for each of tho three tracks. All statistics subsequently calculated from the data
points will be time averaged over the length of the data run (20 seconds). It is

necessary to average data over a time long enough to assure good statistical
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accuracy. Estimates based on equivalent bandwidth and resulting number of in-
dependent samples suggest at least a ten second averaging time for SIM data.
On the other hand, if averaging time is too long, atmospheric or other experi-
mental conditions can change significantly, destroying the meaning of the data.
Twenty seconds seems to be a reasonable compromise.

Each data point is assigned a voltage level, v, according to scale and tare
factors determined by calibration. Method of analysis then splits into two main
directions. In the first direction, the voltage range that includes all the data is
divided into a large number, K, of class intervals. The width, Av, of the class
interval, i, may be chosen at will but has as its effective lower limit voltage
resolution of A/D equipment. The following are typical parameter values:

voltage range: . 0.0 to 10.0 volts

K = 500

Av = ,02 volts
The computer tabulates the number n (vi ), of occurrences of the data record in
each class interval and also the percentage océurrences, p(vi). This in effect
establishes a probability density histogram, P (‘vi ) , representing in digital form

the probability density function, P(v).

n{v,)
p(vi) = N
N = total number of data samples
p(vi)
P("i) T TR
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P(vl)ﬁ.v 1,

-0

'A The cumulative density histogram is related to P(v . ) by:

This represents the total probability for voltage less than or equal to the given

voltage, v ) Probability density and cumulative density are related theoretically

by:

dC
P(v) v

C(v) -~ j P(v)dv .

The computed probability density function is used to determine means, variances,

and higher moments of the data record.

j*" moment about the mean = Z(vI -v) P(vl)[.v
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J = 2 ig the variance, ¢?. The sample mean and sample moments thus computed
are not unique for a given sequence of N data points, since they are determined
by choice of voltage interval endpoints and by number of class intervals.

The parameters coefficient of kurtosis, k, and skewness, s, help to charac-

terize the probability density function.

Coefficient of kurtosis relates to the width of the distribution and skewness re-
lates to its symmetry. For a gaussian distribution, both k and s will be zero.
Random voltage statistics can best be summarized in one parameter, coeffic-

ient of variance.

!02)1/2
Coefficient of variance =

v

)

This parameter has the form of a percentage modulation. It is the ratio of stand-

" ard deviation of the fluctuating signal to its average value.

The second main direction of analysis is based on data time series; the suc-
cession of data samples maintained in their original positions as a function of

time. The basis tool in this analysis is the sample autocorrelation function, R(7),

T=T
R(T) - ”T“E—;j v(t) v(t+ 7)dt (5)
o
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n

lag time

i

T = length of data sample

v(t) = voltage level at time t.
The autocorrelation function for random data describes the general dependence
of the values of the data at one time on the values at another time. An estimate
of the autocorrelation between values of v(t) at times t and t + 7 is just the

product of the fwo values averaged over the length of data sample. 7 is the lag

time or separation time. For computer analysis, the discrete representation is

used.

N-T

1

R(7) = R(fAr) = N-7 Z v v
iz0
£ = lag number = 0, 1, 2, «'m
m = maximum lag number
N = total number of samples
At = interval between samples
v' = v. -V = voltage level for the i*" sample minus the average voltage

level,
For a good estimate of R(7), m should be chosen one tenth of N or less.
‘TYPICAL PARAMETERS
:\ N = 20,000
m = 200

At = 1 millisecond
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Although R(7) is a useful quantity by itself, it is more useful when applied to

an estimate of spectral density, G(f).

aszz
G(f) = 1li
(0= M A

Spectral density can be thought of as voltage variance per unit bandwidth. Pro-
ceeding from the time domain, R(7), to the frequency domain, G(f), requires the

Fourier transform of R(7) with respect to 7.

G(f) = 4 rR(T)cos(an‘r)dT (6)
]
In discrete form for computer analysis, this becomes:

- £
G(f) = 4At Z R(AAt) cos '77f_f
{=0

-~
i}

frequency (Hz)

f

c

500 Hz = frequency cutoff of data
The equivalent bandwidth or frequency resolution in this analysis is B, .

2f

<

(=]
0

e m
For the previously assumed parameters B, = § Hz. The raw estimate spectral
density requires smoothing because the variability of the estimate does not de-
crease with increased sample size or record length. Smoothing or weighting

nonuniformly can be accomplished by multiplication by the Hanning lag window,
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MODULATION INDEX DATA ANALYSIS

The modulation index track results in a voltage proportional to the modulus
of the optical transfer function for the particular spatial frequency used in data
taking. Voltage statistics are appropriate and require only a conversion factor
to modulus statistics. Laboratory tests generate a plot of modulus versus modu-
lation index voltage. Modulus is just the depth of modulation of the square wave
input to simulate the waveform from the detection of chopped starlight. One
hundred percent depth of modulation corresponds to 2 modulus of 1.0. As the depth
of modulation is varied, the analog divider and peak detector respond with a
change in voltage. Modulus values obtained from this curve are corrected for
the effect of electronic and optical background. This is done with average
voltage and average background data obtained from the image intensity
track. The average value of defocus voltage serves as the zero reference for
modulation index voltage. The variance of modulus is read directly from the
calibration curve. Data reduction is incomplete without the time series informa-
tion provided by autocorrelation function and spectral density. This analysis can
be performed directly on modulation index voltage. Secant of stellar zenith angle,

azimuth and spatial frequency serve to characterize the data run.

IMAGE MOTION DATA ANALYSIS
The image motion track may be handled entirely in terms of voltage statistics,
since optical phase, image motion, and output veltage of the electrical phase

comparator enjoy & linear relationship. Image motion in the telescope focal
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plane is the result of random deviations or tilts in the angle of arrival of various
parts or all of the incoming wavefront. These tilts are actually optical phase
differences following a Gaussian distribution. Stellar image motion with respect
to reference light image causes a change in the relative electrical phase
of waveforms from the two detectors. Suitable laboratory calibration yields a
conversion factor in volts per arc second for each spatial frequency. Voltage
statistics are thus converted to image motion statistics. The conversion to
average image position is meaningless in data reduction, since it is not important
to know precisely where the image is but how it fluctuates with respect to a fixed
point. The important parameter is image motion variance, o2, Either this
number or rms value, o_, is plotted versus secant zenith angle of the star.
Numbers on image motion must be multiplied by Y2 to give total two-dimensional
image motion. The measured motion is only the component perpendicular to the
chopper disk radius. This analysis assumes isotropic image motion. Spectral
densities of image motion can be scaled directly from voltage spectral densities.
At the conclusion of computer analysis of stellar data for a particular night,
a data summary sheet is prepared. The following information is tabulated for
each data run. In addition, data for different stars is combined to yield plots of
log . (CIV) versus log, [secant (zenith angle)] and phase variance versus secant
(zenith angle). A modulation transfer function is plotted for each star observed
at four or,more spatial frequencies. This places the data in a form suitable for

interpretation.
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Table 4

General Parameters for Each Data Run

. Data run number

Star name and number
Zenith angle

Secant (zenith angle)

. Log, [secant (zenith angle)]
Azimuth

Time interval for data run

Spatial frequency

R R O

Aperture diameter 1

Table 5
Statistical Summary for Each Data Run

INTENSITY TRACK

1. CIV = Uv/‘_, = coefficient of irradiance variance
2. 0{2 = log amplitude variance
3. v = signal mean

4, log. (CIV}

5. Vg = background mean
MODULATION INDEX TRACK
1 av/V

2. v = signal mean

3. v, = defocus mean
IMAGE MOTION TRACK

. VvV = gignal moan

1
2. o2 = motion variance
3

motion rms
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SECTION IV

DATA INTERPRETATION

BACKGROUND

Data interpretation is extremely important for the SIM experiment. Data
points are largely dependent on i'nany experimental parameters such as tele-
scope aperture size, local weather, length of data run, wavelength of light, and
stellar zenith angle. It would be a hopeless task to control all parameters in any
program of experiments. Thus data taken in this experiment must be examined
in light of recorded parameters, theoretical analysis, and experimental work of
other researchers. Such an examination must be directed toward useful informa-
tion. Engineering numbers must be arrived at which serve to characterize the
data and predict the performance of other optical systems in the presence of
atmospheric turbulence. In particular numbers are required to specify the in-
tensity, blurring, and motion of an image formed in the optical system.

In recent years much theoretical and experimental work has been done on
the effect of atmospheric turbulence on optical propagation. To date there is no
unified theory applicable to this problem, although several treatments have been
partially successful in predicting experimental resulls, The usual starting point
is an approximate solution to the scalar wave equation, although some researchers
have appealed directly to two point correlation statistlcs. All approaches attempt
to arrive at expressions for log amplitude and phase of the optical wavefront in

a plane perpendicular to the direction of propagation through the turbulent
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atmosphere. Since amplitude fluctuations are multiplicative rather than additive,
log amplitude is modulated in an additive fashion as is phase. As a consequence
of the central limit theorem log amplitude and phase follow a normal or Gaussian
distribution. Statistics of log amplitude and phase are means, variances, and
structure functions. The latter is a particularly useful way of relating the in-
formation. It is the mean square difference of values of the physical quantity at
two points separated by a distance, r. Log-amplitude, £, and phase, ¢, structure

functions are defined as follows.

Dy (r)

(SRR 2> ®)
AR ®

Together they form the wave structure function.

Dd,(r)

Dy (r) = Dg(r) + Dy(r) (10}
Theory relates optical statistics (log amplitude and phase statistics) to the
statistics of the intervening atmosphere. For this a certain knowledge of the
physies of the turbulent process is needed. Statistics of turbulent mixing of air
parcels are given in Reference 14 by the Kolmogorov theory. Different parcels
of air are at different temperatures and presumably in a certai/n subrange of
sizes, all energy dissipation is through turbulent mixing. Parcel sizes range
from an inner scale,{,, on the order of millimeters at the earth's surface, to an
ill-defined outer scale, tens to hundreds of meters. The important result of this

theory is a refractive index structure function, Dy (r; h), expressing the mean
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square difference of refractive index.

D, (rih) = CN2(h)r2/3 (11)
CN2 (h), the refractive index structure constant, is a functi.on of altitude above
the earth's surface as well as atmospheric conditions. It is essentially a meas-
ure of the strength of turbulence. The turbulent profile, CN2 (h), versus altitude, .
appears in all equations derived from the theory. Data provided by Hufnagel
(Reference 8) gives the most accurate results to date on average turbulent pro-
file. This data was compiled through a combination of stellar scintillation and
meteorological measurements. As seen in Figure 10 the profile decreases quite
rapidly from a maximum near ground level. The primary distinguishing feature
is a sharp peak near 12 kilometers. This has been attributed to the region of
high turbulence at the tropopause.

Rather than proceed with a detailed treatment of solutions to the wave equa-
tion and their relation to turbulence spectra, end results will be duoted directly.
Only these results which apply to ground based observation of starlight will be
presented. Expressions will be arrived at Whi;:h predict the data to be obtained
from SIM measurements of stellar irradiance fluctuation, image size, and image

motion,

IRRADIANCE STATISTICS
Irradiance fluctuations have been treated by Tartarski (Reference 19). He

has arrived at an expression for log amplitude variance, n(? , of starlight, This
.
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statistical analysis relates CIV to log amplitude variance.

is just four times log irradiance variance.

irradiance - 1 = (I) exp (24)
2 - 7/6 11/6 2 5 6
o = .56k (secd) J’ Cl(h)h dh (12) 1
¢ o " log amplitude -~ 4 = 3 log, I/(I)
2
h = altitude irradiance variance -~ 012 - <(I - (I)) >
6 = zenith angle

k 8 27/X = wave number

2
log amplitude variance = c,ﬂz : <(1 —(l,)) >

) 2
R <((1) exp(29) - <(1) exp( 2’i)>>>
CJ (h) = refractive index structure constant ;
@ oo o)
This expression reveals the dependence of scintillation of wavelength, zenith
angle, and strength of turbulence. Wavelength dependence is weak and in the Since 4 is a gaussian random variable

visible spectrum amounts to only a small correction factor. In the SIM the

(exp( 24 ))
optical bandpass is approximately .1 microns. For purposes of scintillation this

can be considered monochromatic. On the other hand zenith angle dependence

is quite strong. It expresses the relation of scintillation to the amount of air =

starlight must traverse in order to reach the telescope. Air mass is proportional but
to secant (zenith angle). Dependence on turbulence is expressed by the integral
over turbulent profile, C;? (h).
Log amplitude variance is just the statistical parameter computed from SIM e
intensity output. It is the variance of natural log of the ratio of instantaneous
intensity in the stellar image to mean intensity. The other useful statistical

parameter is CIV, coefficient of irradiance variance. A straightforward
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cxp[.)m (- <">)2>} |
wofptr- 2 )

exp [2 {)+20 .;2]

op = ~{B

(exp(ﬂ)) |

(1)7 <[exp(2€) - |]2>
= (1)2 (exp(af) - 2exp(28) + 1)

(exp( 25)) -1

{exp(41)) = exp [4(41} + 8:1{?]

= exp {40 62]
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2 = (1) [exp (40&2) - 1]
but:

cve = 012/(1)2

Al = explaod) - 1| (13)

In actual experimental situations use of the above equation is questionable
for values of c'f greater than .1, However, stellar scintillation recorded with
a six inch telescope rarely exceeds a value for 0{2 of .05, and the equation may
be used safely. Furthermore for these smaller values an approximation to this
equation can be employed.
2 - 2y -
civ exp(dog) - 1
CIVZ + 1 = exp(dof)
in(CIv +1) = 40

. - CIv*  cIvt
dn{CIvV+1) = CIVZ - S5+ S - s

for

cIv? < 1

In(civi+1) = civ?

~lcwv? & 4of (14)

Tatarski's equation for 0{2 pertains to a point detector, The instantaneous
irradiance is constant over the enfire detector aperture. For larger apertures

a reduction in magnitude of scintillation, evidenced by a smaller ~ ,-,2, is observed.
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This effect is attributed to averaging over fluctuations from different areas of
the aperture. Both Fried (Reference 4) and Tatarski (Reference 19) predict
aperture averaging, which not only reduces scintillation but changes its zenith
angle dependence. In this analysis the correlation distance for irradiance
fluctuations becomes important.

correlation distance = FAH, sec &

& = zenith angle

>

= wavelength
H, = scale height of atmosphere
= approximately 15 km.
If telescope diameter, D, is-greater than the telescope aperture averaging. ;wi].l
take place: while the region D/{Wm <1 corresponds to little or no
averaging. The effect of exceeding the correlation distance has been measured
experimentally by Protheroe (Reference 17). He obtained a 2.5 times reduction

in CIV in going from a one inch diameter telescope to a six inch diameter. This

. corresponds to a reduction in cr{2 of 6.25. For. the six inch diameter telescope,

he observed the following dependence on zenith angle.

ag « sec?4g

CIV « sec!-26

The calculated correlation distance was around three inches. Protheroe's actual

CIV values must be corrected for his experimental technique in order to arrive
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at CIV for zenith viewing. When this is donc the following average values can be

presented: which in furn predict average . (2 values.

Table 6

Average CIV and o {2 Values

cIv al
+ }

Summer .14 - .0049

Winter l .16 .0064

Returning to equation 12 it is noted that the integral over CN2 (h) includes

a factor h® 5. Lower altitudes where C (h) is the largest do not have an im-
portant effect on o {2 . It is the altitudes where h® ©CJ (h) takes on its larger
values that figure most prominently in scintillation. There are good practical
reasons why scintillation should originate at high altitudes.

(1) The most likely mechanism for generating temperature fluctuations
(and thus refractive index fluctuations) is through the combined agencies
of wind shear and non-adiabatic lapse rate present at the tropopause,

8 to 14 km). (Reference 13)

(2) Consideration of turbulent element sizes and effective scattering angles
show that altitudes of 8 to 14 km are required for the interference pat-
terns known as scintillation to be produced on the ground.

The frequency spectrum of irradiance is determined by the same factors of

correlation distance, wavelength, zenith angle, and aperture size. In addition the

velocity spectrum of upper altitude winds becomes very important. Increases in
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either wavelength, zenith angle, or aperture size are reflected in a decrease in
magnitude of scintillation high frequency components. These effects would be
observed in spectral densities of stellar image intensity and log amplitude.
Tatarski (Reference 19) has developed a theoretical analysis of spectral density
parameter dependence.

The physical basis of spectral density aperture dependence can be under-
stood by considering the structure of irradiance in the plane of the telescope -
aperture. The structure consists of a continuous size spectrum of bright and
dark patches changing with respect to time and sweeping across the aperture. As
the aperture becomes much larger than the correlation distance the small patches,
which have dimensions on the order of correlation distance and are responsible
for high frequency components, produce less of an effect due to aperture averag-
ing. Larger patches and therefore lower frequency components do not suffer as
much averaging. The rate at which the pattern is swept across the aperture is
determined by upper altitude wind profile. Wind velocity is strongly peaked in
the 8 to 14 ki region of the tropopause, previously asserted to be the region of
scintillation origin. This comes as no surprise since turbulence is readily as-
sociated with high flow velocities. Typical velocities at the tropopause are from
20 to 100 meters per second and the flow is often referred to as a jet stream.

On the basis of the above physical considerations a proportionality to irradiance

frequency spectrum can be asserted.

fa vn/W\ H, sect/
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YA\H, sect = correlation distance

v, = wind velocity normal to path of propagation
This relation can be used to define a characteristic frequency, f ., equal to the
right hand side above. f_ predicts the maximum frequency of scintillation to be

observed if v is the maximum wind velocity. f, can be measured experimentally

and then compared with wind speed and zenith angle data.

OPTICAL TRANSFER FUNCTIONS
To analyze atmospheric effects on modulation index or the modulus of the
optical transfer functions, it is necessary to return to equation 10 for the wave
structure function.
Dy(r) = Dg(r) + D, (r)
Tatarski has related the refractive index structure function, Dy (rih), from the
Kolmogorov theory to the wave structure function and arrived at the following

functional dependence.

Dy(r) = 2.91 k’rs'-’jCN’(z) dz

path of propagation

For stellar observations the path of propagation, z, should be expressed in

terms of altitude, h, and zenith angle, ¢,
STAR

z = hsect
/ EARTH
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2 Dy(r) © 2.91k? ¥ 35(‘(‘:”5 C¢ (h)dh (15)
0

k = 27.A = wave number

r = Af

f = spatial frequency
Z = zenith angle
h = altitude

Differen't theoretical approaches by Fried (Reference 6) and Hufnagel and
Stanley (Reference 9) have resulted in the same expression for modulus of OTF

in terms of the wave structure function,

o ® af\173
<Mus(f)>:hon =M, (f)exp{‘ll.ﬁ"z)‘ 173 £5/3 goc k‘)[ C: (h)dh[l' G(T) ]

0

A 173
:ML(f)exp{~D'(r)[l'€(T) ] (16)

¢ = factor dependent on intensity modulation

x 1/2

The angular brackets represent time averages short with respect to the effective
period of atmospheric fluctuations. M, (f) , the modulus measured in SIM, is
in reality averaged over a time equal to the reciprocal bandwidth of the modula-

tion index electronics (see Appendix B), The bandwidth 1s 200 Hz; thus the
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averaging time is approximately five milliseconds. The raw modulation index
data from the SIM electronics is thus a measure of fluctuations in short term
blur circle. Computer generated statistics are average, variance, and higher
moments of the short term blur and do not include effects of image motion less,
than 200 Hz. Blur data in the form of a transfer function contains contributions
of the telescope optics and the atmosphere. Laboratory test data provides a
telescope optics transfer function. This is divided into the measured M_, (f) to

arrive at the atmospheric contribution.

Af\1/3 <Mos(f)>shon
ew gDy (0 f1melp)  |p e T T (D) D

M oY = telescope optics transfer function
For short term blur the atmospheric OTF is not entirely independent of lens
parameters. Equation 17 reveals a dependence on lens diameter. However, the
effect of lens aberrations are removed by the division of transfer functions.

Functional dependence in Equation 16 involves wavelength, zenith angle, and
strength of turbulence, although the specific form is different than that for ir-
radiance statistics. Modulus dependence on each parameter can be verified ex-
perimentally by holding constant all but the parameter under test. The strength
of turbulence factor now is an integral over only the refractive index structure
constant, For irradiance the integral was the 5/6 ths moment of C7 (h) with
altitude. Comparison of measured results of the two integrals can result in ;.

crude knowledge of the vertical profile of turbulence; i.e., the dependence of

CZ (h) onh,

The atmospheric modulus can be written, exp {— cf 33 [1-¢ (KUD)’”]}
where { is spatial frequency in cycles per arc second and C is a factor contain-
ing the parameter dependence. This predicts the shape of atmospheric OTF.
For spatial frequencies much less than the resolution cutoff, D/A the shape is
controlled by the factor, exp (- cf5/3) . As the resolition cutoff is approached
the factor exp [c e (nf 5/D)”:‘] becomes dominant. Using the expression
exp (— cfs’/ 3) the dependence of image profile on the parameters contained in C
can be derived. The two-dimensional Fourier transform result derived in Ap~

pendix A provides the necessary relation.

I(s) = 2j @wM(a) ], (2784) da
0

« = gpatial frequency (cycles/arc second)
s = arc seconds

Now, substitute in:

M(w) = exp (-(:1,:5/3)

L I(s) 7 2 j’ wexp (- cu$/3) Jo (2su)y do

1
o
i
Ead
o
/I\
Uw
EXE S
»
~——
!
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This is a gaussian shape with variance 2.

s 27.,2
or
0?2 = s58A\IA sec@j ¢ (h) dh
0
© 1/2
a, T 2.4 N7V (secg)V? J' ¢ (h) dn

]

o, is the rms value of I(s), i.e. the rms of image size. It is seen to be propor-
tional to the negative sixth root of wavelength, the square root of zenith angle
and the square root of integrated turbulence.

Rather than image profile a specification of optical resolution, R, through
the atmosphere can be made.

e - J’ Mo s () st

£
L, M(D) 18)

Resolution is just the area under the OTF curve. It is equivalent to the Strehl

definition of image quality.

IMAGE MOTION

Fluctuations in the position of image center of gravity result from atmos-
pherically induced changes in the phase or shape of the incoming wavefront.
Most changes (90%) can be attributed to random linear phase shifts or tilts in
the wavefront. Tilts cause image displacement. The other principal wavefront
degradation is quadratic in form and leads to focusing errors; thus contributing
to blurring of the image. Tatarski (Reference 19) has related wavefront tilts to
phase structure function by examining a two point correlation or interferometer
experiment (Figure 11).

Consider two point detectors A and B separated by a distance d, Incoming
light represented by a wavefront tilted with respect to d is brought to a focus
after passix;g through the point detectors. The angle of tilt, Aa, radians, is equal
to the angular displacement of image in the focal plane. The phase shift, A¢,

between A and B can be expressed in terms of tilt angle.
& = ¢y - ¢, = kdla

The mean square difference of phase is just the definition of phase structure

function.

t

@) = ((#s-4)D = D)

"

k2d? ((aa)?)

Dy (d)
k?d?

<(Aa)2> =

19)
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< > = ensemble average

Tatarski employs his expression for phase structure function based on the Rytov

approximation to the wave equation and the Kolmogorov turbulence spectrum.

©

Dy(d) = Kk2d$? S €2 (2)dz

K = a constant

0

For stellar observations this becomes:

Dy (d)

= Kk2dS3 secej’ C2 (h)dh
0

Substitution in Equation 19 leads to an expression for mean square angular

fluctuations.

@

{aa)?y = Kd7M3 secej Cc 2 (h)dh (20)

0

In the SIM experiment light reception is through one fairly large circular

aperture. In generalizing to such cases from the interferometer result above,

Tatarski asserts that aperture diameter plays the role of point detector separa-

tion, d; with the only other change being in the value of proportionality constant,

K. The resulting equation:

w

(@aryz,) = & D‘“secej ¢7 (h)dh 1)

o g2,
5

0

image motion variance measured by SIM
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is a starting point for the usual tests of parameter dependence. Strangely enough
Equation 21 predicts that image motion is independent of wavelength and has

only a weak aperture dependence D™ !/3, for apertures greater than the immer

scale of turbulence (a few millimeters). The table below lists aperture dependence

for various diameters.

Table 7

Image Motion Aperture Dependence

Aperture Diameter pi/e
(inches) (cm) ~(cm' 173y
1 2.54 - o 187
3 7.62 509
6 15.2 .404
12 30.5 ' 320
L 60 152 .188

Based on this analysis variance of image motion present in a six inch diameter
telescope would be reduced only by a factor of about two for a sixty inch diameter
telescope. Image motion may be a factor of concern in eventhe larger telescopes.
Image motion dependence on turbulence is expressed by the integral over

CN2 (h). The integral appears in the same form as that {or the modulus of the
optical transfer function. Since CN2 (h) appears alone in the integral, turbulence
strength at each altitude is weighed equally. Lower altitudes where C,? (h) takes
on its largest values contribute most heavily to the intogral, Due to the sensitivity
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of image motion and size data to local lower atmospheric conditions, experi-
mental results of various researchers are difficult to compare accurately.
Quoted below are average nighttime results reported by Hosfeld (Reference 7)

and Johnson et al. (Reference 12). These may be used for general comparison.

Table 8

Average Image Size and Motion

Rms Motion Rms Size
' (Arc Seconds) (Arc Seconds) ;
Hosfeld .62 1.3
! Johnson et al. .34 —_

References 9 and 10 detail the analysis of image motion in terms of a

transfer function <Mm (f ))l . The formula arrived at:
ong

M, () 10 = exp(-4n?£202) (22)

f

spatial frequency (arc seconds)
c'f = one-dimensional image motion variance
is a good approximation, but not rigorously correct. If short term blur and

image motion are assumed uncorrelated, they can be simply combined to yield

an expression for the long term blur,

<MA (f)> long = <MA (f)>:hort <Mm (f)>long (23)
This is the OTF to be expected when the measurement is made over a long time
or the telescope has an extremely large aperture; hence little image motion.
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Fourier inversion of (M, (f)) long leads to long term image profile; including
all the effects of blur and movement. This is the quantity proportional to optical
heterodyne S/N (Reference 5).

SECTION V

LABORATORY AND FIELD TESTS

ELECTRONIC TESTS
Prior to deployment of the Stellar Image Monitor Experiment in the field,
a series of laboratory tests and calibration runs were performed. The first

system component to be tested was the electronic pre-processing system.

- Figures 12 and 13 are measured frequency and phase response of the bandpass

and lowpass filter sections. Bandwidths are 3100 Hz + 200 Hz and 200 Hz, re-
spectively, Frequency response was measured by using a sine wave signal
generafor in place of inputs from photomultiplier and photodiode. Phase response
was measured on an oscilloscope. Filter input and output were applied to the
vertical deflection and horizontal sweep respectively. The resulting lissajous
pattern displayed on a phase reticle gave reaidings of phase difference. Gain and
linearity tests of the amplifiers were also performed. This served to calibrate
the image intensity track.

Modulation index calibration required a measure of combined response of
analog divider and peak detector. Sine waves at the chopping frequency were
input in place of signals from the photomultiplier. Modulation index (peak A.C.

divided by D.C.) of this input was measured at the input terminals of the analog
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divider. Measured values of peak detector output voltage for the given modulation
index or % modulation are shown in Figure 14. This curve applies for D.C. volt-
age in the range -1.0 to -3.0 volts. It should be noted that linearity is not an
important consideration in this output since the expected fluctuations will be
small compared to their average value. Percent modulation determined from

this curve must be multiplied by

D.C. + BGND {D.C. GAIN
D.C. A.C. GAIN

to correct for filter gains and any D.C. offset voltage. The symbol BGND, or
background, represents this offset. D.C. + BGND information is available from

the image intensity track. Filter gains were measured during calibration and

their ratio is:

D.C. GAIN
A.C. GAIN -~ 1.025

OPTICAL TESTS

Calibration and testing of the image motion electronics employed an artificial
star source, Figure 15. A point source at the focus of an £/10 twenty inch diam-
eter collimating mirror represented the small angular size and parallel light of
a star. The point source was either white light or .6328 micron red light from
a Spectra Physics 131 helium-neon laser. Light from an incandescent lamp
filament focused on a variable size pinhole served as the white light point source.
In both cases a further reduction in spot size was achieved through microscope

objectives. Source sizes were determined as follows.
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White Light

Pinhole Diameter R
Microscope Objective Power Source Diameter. d

Red Light

(Effective Focal Length) ( Laser )

of Microscope Objective/ \Divergence Source Diameter, d

The scale factor from linear to angular measure in the focal plane of the twenty

inch collimator is calculated as follows.

Source Size _ Collimator > ( Radians
Arc Second Focal Length/ \Arc Second

d

Radi
AT T Second © (200 Inches) (4,85 ~ 1076 —a—i’ﬂs—>

Arc Second

Inches
-00097 K¢ Second

Inches
-001 3¢ Second

Therefore each thousandth of an inch in the focal plane corresponds to one arc
second. Source sizes were kept smaller than the theoretical angular resolution
of six inch diameter optics.

Collimated light produced by this test set-up was allowed to enter the six
inch diameter optics of the Stellar Image Monitor after traversing about 40 feet
of laboratory air space. The point sources were mounted on an optical bench
equipped with a translation slide. Movement of the point source in increments
of .001 inch in the focal plane could be measured there and produced the cor-

responding number of arc seconds deviation. The D.C, voltage output of the SIM

51



phase comparator was recorded as a function of this arc second displacement.
The output of the phase comparator was not a pure D.C. voltage but contained
frequency components due to room vibration, air path turbulence, and chopper
pattern centering error. The resultant plot, Figure 16, yields the desired cali-
bration factor in volts per arc second. This factor depends linearly on spatial
frequency. For the spatial frequency used in the calibration the rms error was
approximately .1 arc second. It should be noted that the calibration curve is
cyclic with a linear response in the mid range of voltages. Thus in actual data
recording the average value of phase comparator output should be maintained at
approximately 3.5 volts. A check on spatial frequency was made by noting the
--number of cycles of.the response curve per arc second. The results agreed
with microscope objective power being used and theoretical spot size
calculations.

Using the artificial star system described above optical transfer functions
for the SIM in white light and red light were generated (Figure 17). This was
done by varying microscope objective power in the SIM. Measured OTF shows
a degradation of performance in white light while monochromatic red light per-
formance is close to the diffraction llmit.l Chromatic aberration causing this
effect must be present in the SIM optics since the collimating system is

reflective,

Igee Appendix A for OTF of a diffraction limited optical system with six inch diameter circular

aperture.
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FIELD TESTS AND DATA

All field tests to date have been conducted at the Goddard Optical Research
Facility located approximately 4.5 miles from GSFC in an open field. The SIM
was placed on a 12 inch high concrete slab approximately 15 feet from a 20 by
20 foot trailer. This building supplied the necessary power and support capabil-
ity. Time and reference signals were available from an Astrodata time code
generator located in an adjacent building. The telescope mount was roughly
aligned in the North-South direction. Standards alig'nmént procedures were fol-
lowed to set the polar axis for the latitude of 39 degrees 1 minute and to make
fine adjustments in North-South pointing. Data runs were taken-on various clear
evenings during fall-winter 1968-1969. Of the data analyzed by computer, rep-
resentative statistical records are presented here.

Figure 18 contains chart recordings of the three tracks of the SIM for data
run 118, Experimental parameters that characterize the data run are i.isted be-
side the chart recordings. Timing marks at one second intervals are located
along the top. Appropriate calibrations are indicated for the vertical scale on
each recording. The modulation index track has indications of percent modula-
tion and the image motion track is calibrated in arc seconds. The computer
generated statistical record is presented in table 9. The three salient results
are:

log amplitude variance = .018

OTF modulus = .78

image motion variance = .18 (Arc Seconds)?
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Table 9

Statistics for Data Run 118

GENERAL PARAMETERS:

. DATARUN 118

. STAR: ALDEBARAN NO. 168

ZENITH ANGLE (ZA) = 29.7°

SEC (zA)=1.15

LOG, Esec (ZA)] = a4

AZIMUTH = 112°

20 SECOND DATA RECORD: 301-08-46-36--56
SPATIAL FREQUENCY = .047 CYCLES/ARC SECOND
APERTURE DIAMETER = 6 INCHES

O OO W N —

STATISTICAL SUMMARY:

INTENSITY TRACK
1. Clv=.2%
2. ¢2=.018
3. § =2.84 VOLTS
4, LOG, (CIV)=-1.34
5. ¥, = .40 VOLTS

MODULATION INDEX TRACK
1. 0,/v=.05
2. ¥ =3.9VOLTS

3. ¥, = .47 VOLTS

IMAGE MOTION TRACK
v

1. ¥=4.2 VOLTS
2. g2 = .18 (ARC SECONDS)?
3. oy = .43 ARC SECONDS

Figures 18 through 26 summarize data taken during the following nights.

Table 10

Dates of Stellar Observations

Night Date (Zulu) " Local

260 25 SEP 68 24 SEP 68

292 8 OCT 68 7 OCT 68

301 ‘ 17 OCT 68 16 OCT 68 '
L 324 19 NOV 68 1 18 NOV 68

Included here are statistics for 58 data runs. This amounts to an analysis of
over 110,000 data points.

In Figure 19 irradiance statistics are presented in a plot of log, (CIV) versus
log, [secant (zenith angle)]. All data was taken with a six inch aperture. Pro-
theroe's experimentally observed zenith angle dependence is plotted as a straight )
line through the data points. There is good agreement with this dependence for
zenith angles less than 60 degrees. For larger zenith angles the effect of stellar
azimuth becomes important and data scatter is evident. Vertical axis intercepts
yield the values of CIV for zenith viewing; 11% and 21% respectively on the two
nights. These values compare with Protheroe's average values of 14% and 16%
for a six inch aperture. CIV may be converted to log amplitude variance, Uf ,

using the approximation:

2 2
CIvV* = 4o{
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Spectral densities of irradiance are shown in Figures 20, 22, and 23. The im-
portance of upper altitude wind velocity is dramatically demonstrated by Figure
20 and the accompanying wind profiles (Figure 21) for each day. Wind profile
for the Washington, D.C. vicinity is measured twice daily by balloon flights and
is available from the National Weather Record Center, Asheville, North Carolina.
The wind data presented was taken at 6:15 p.m. on the day of each series of
stellar observations. On day 269 maximum wind velocity at the tropopause was
unusually low (approximately ten meters/second), resulting in 2 sharp reduction
in scintillation frequency content. On the other hand maximum wind velocity on
day 301 was five times as great. Measured scintillation frequency content showed
a corresponding increase of a factor of five for this day. The frequency, f, at
which normalized spectral density of scintillation is down to one twentieth of its
zero frequency value can be used as a measure of bandwidth. Data presented in

Table 11 for f; and maximum wind velocity reveal almost a linear dependence

Table 11

Scintillation Bandwidth Dependence on Wind Velocity

Maximum Wind Velocity Altitude
Night | fg(Hz)
| (meters/second) 1 (kilometers)
]
269 35 10 13
292 80 21 13
301 142 49 10
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of bandwidth on wind velocity. Scintillation data was taken with a six inch aper-

ture and at approximately the same zenith angle.

The zenith angle dependence of frequency content is presented in Figure 22.
Data was taken for two stars with the same aperture: Capella, near the hori-
zon and other, Deneb, near zenith. Bandwidth, fB, for these two data runs
taken only nine minutes apart reveal a square root of secant (zenith angle) re-
lationship predicted by theory. Finally the aperture dependence of frequency
content is demonstrated in Figure 23. Data was taken for the star Capella with
apertures of six inches and one inch. Data runs were taken only 21 minutes
apart thus effectively removing any confusion due to changing zenith angle or
wind velocity. Bandwidth reduction is a factor of 2 for the larger aperture.

CIV values measured with the one inch and six inch aperture were .39 and .24
respectively. This agrees well with Protheroe's measured reduction of a factor
of 2.5.

Optical transfer functions were measured for the stars Sirius (zenith angle
= 70°) and Capella (zenith angle = 50°) on November 18, 1968. These are plotted
in Figure 24 along with the predicted OTF (Equation 17) using Hufnagel's average
turbulent profile data (Figure 10). Average image profiles were constructed for
each OTF by the two-dimensional spatial Fourier transform technique described
in Appendix A. The results plotted in Figure 25 are characterized by an rms
image blur circle. This is a measure of image profile radius. Rms values

exhibit the expected zenith angle dependence.
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APPENDIX A

IMAGE INTENSITY PROFILE AND OPTICAL TRANSFER FUNCTION

The diffraction image formed in an optical system is characterized by a
normalized intensity distribution called the optical spread function, S.
S = S(x,yix,y i A) 7 OS(X, %' A) (A1)
(light fluxin (A + d\) which originates in dX' and passes through the optics to
fall on dX, divided by dxX dx' d\)

X

[}

two dimensicnal vector in object plane
% = two dimensional vector in image plane

The optical spread function is assumed to be time independent and normalized

such that:

J‘S(i;i’;)\)d; =1

Use of a transfer function to describe the optical system requires the exist-
ence of an isoplanatism patch, area in the object field over which wave aberra-

tions are effectively constant. This enables the optical spread function to be

written:

S = S(X-%X';\) (A2)
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The optical transfer function, T(_f‘) , is defined as the Fourier transform

of S. The transform variable is ?, two-dimensional spatial frequency.

() j S(R-F'; Ay exp [-2mi f-(X-%)] & . (A3

S(X-%';A) = j T(Fyexp [20i T+ Gi-%)] df 1G]

The object intensity distribution, O(x’) can be written in terms of a Fourier

integral of spatial frequencies (Reference 16).

ox"y - j W(E)exp(}nif-x")df (A5)
W(?) = j 0(;')exp(-2ni?-i€')d£' (A6)
W(?) = Fourier transform of O(%')

Image intensity distribution, I(X) , is by definition of the optical spread function,

just the convolution of S(X - X'; \) with O(x').

I(%) = J’ S(X-X'; A)O(x") dx’ (A7)
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Equation A4 for S and Equation AT for I allow image intensity- to be expressed

in terms of the transfer function.

) 5 A8
Xy * _[S(E-Q';x)o&")dx' (A8)

= “"r(?) exp [2i Fr (R-%)] dfO(R' ) !

JIT(?) exp [2mi T - (R-%)] O(F') &' df

I T(?)em(zni?-i)J O(xX Yexp(-2mi F-Xydx" of

e o = (A9)
= T(fyexp (2 i f - X) W(f)df
If the object is a point source, O(X') = §(X')
W) = JS(i')exp(—zni?~;i')d§' =1
-
L LRy = I T(Fyexp(2rif - %) df (A10)

| T(?) is in general complex and can be written in terms of a modulus and com-

| plex argument.
(P = M(E)exp [27i KT))
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For real symmetric images the transfer function is real. T(?)- = M(f)

I(x) = J M(Tyexp(27i - %)df (A11)

A transformation to polar coordinates for both % and  allows L to be expressed

in a form more suitable for computation.

I(x, y) .UM“‘ g) exp [2n i(fx+ gy)] df dg

f = wcoso X T rcosf

g = wsing y * rsind

® g
I(r, )y < f J M(w, @) exp[2nirwcos(¢—€)]wdq>dw
0 Yo

Symmetry arguments require that I be ¢ independent and M be ¢ independent,

® Y
I(r) -~ J-M(“')WJ- exp (271 rwcos @) dpdw
0 °

or

!I(r) = '[ M) ""Jo (27 1) dm‘] (AIZ)
[

This is the final form rclating image intensity and the transfer function.
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The theoretical transfer function for a diffraction limited optical system

with circular aperture has been computed. Only the result is quoted here.

2 A A a2
M) = 3 C“"ﬁ‘“"n‘[“(?)] (A13)

wavelength

>
n

D

aperture diameter
w = spatial frequency in cycles per arc second,
Substitution of this expression into Equation (A12) yields the familiar Airy pattern

for a diffraction limited lens.

I(r) 2], (vDr/AF)]?
= nﬁr/ XF

F = system focal length
In angular measure this becomes:

2

21, ()

I(S 1

—(1—02 = | s (Al4)
A

S = arc seconds

This expression is plotted in Figure 25.
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APPENDIX B

WAVETFORM ANALYSIS

Electrical signals generated by the detector package of the SIM are amplitude
and frequency modulated by atmospheric optical effects. The electronic pre-
processing system separately determines the effects on signal modulation of
changes in stellar image intensity, size, and position. A clearer understanding
of this process can be achieved by modeling the atmospheric effects with single
frequency sinusoidal components. The chopping of the stellar image is a further
modulation that must be considered. The voltage, from the photomultiplier tube

is represented by:

1 M
V() V0[§ + = cos (v t- )jl

<
i

o = voltage magnitude
\'0/2 = D.C. level

Vymg / 2 = magnitude of chopping frequency component

[}

e chopping frequency = 3.1 KHz

¢ = phase of chopping frequency component

The actual PMT voltage includes, in addition, frequencies at integral multiples
of the fundamental, w_. These are beyond the frequency range of interest and
will be ignored here. The voltage magnitude, V, is intensity modulated by

image intensity variations, assumed for this analysis to be at the single
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frequency, «,.

@, < 200 Hz .
Vo, © (l-mAcoswAt)
m, = depth of intensity modulation

Variation in image size do not affect the D.C. value of the waveform but canse an
intensity modulation of the magnitude of the chopping frequency component,

vomo/'Z-

my = (l-mmcoswmt)

«_ = image size modulation frequency
m, = depth of size modulation

Image position changes are reflected in phase, ¢, of the chopped waveform.

Phase modulation is assumed to be at the single frequency, w,.
¢ = mysing,

The PMT output voltage under these models becomes:

1 1 My .
vty = (l—mAcoswAt)vf'* 3~ 3 cosw t cos(a;ct+m¢s1nw¢t)

In the electronic preprocessing system V(t) is split two ways. The first way
passes through a low pass filter where all signals at or near the chopping fre-

quency are blocked.

v, (t)

The output of the low pass filter,

{1 M
v, () 3 -3 Cosw,t

is just the intensity modulation of the image. The second path is through a band

pass filter where all low frequency components are blocked.

1 m
Vg (t) = (l- mAcosmAt)<7 - —2"-\ cosn.\mt)cos (“’c t+m¢sinw¢t)

Both filter outputs are fed into a divider section where the operation

Va () V(1) = V()

is performed. This step removes intensity modulation and passes the frequency
components due to size and position changes as sidebands about the chopping
frequency. The structure of these sidebands can be examined through trigonometric
identities.

m
™
- g cosw t) cos (act tmg, sinw¢t)

I
—_——~
o =

SFs

cos(wc ttmy sin mtt)
Do
2

cosu, tcos (m‘15 sin N t)

m
LA : :
7 oSinw t sin (m¢sm Wy t)

69



V(1) = mycosow t Jo(m¢)*2 ZJ“ (mw) cos (lk -:t)
k=1

~mgsinw_ t 2 Z-Izkﬂ (m¢)sir\ [(2k 1)y t]

k=0

m
= —2—0 Jo (mé)c°5‘“t t

3 ihk(md,){cas [leg + 20,) ]« cos (e, - % u,)t]}

- imm){cos [l - s D)) - cosflo v 212 ])

k=2
Mo
-3 Je (m¢) cosw_ t

m,
- '70‘ Jl(mc,)[cos (wc"w¢)t—cos (wc*w¢)t]

+ 7 Ta(ma) [eos (i, - 20p) 1+ cos (i, + 205) 1]

- "‘_20 J3(m¢)[cos (w0, -3w¢)t+cos(a)c f3<u¢)t]

J, (m¢ ) is the Bessel function of order i and argument, my, the depth of modu-
lation of image position. V, (t) is fed into a peak detector stage where the peak
values of frequency components in the passband #200 Hz around 3 KHz are de-

tected. Image motion at frequencies greater than 200 Hz reduces the peak value,
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while the effect of lower frequency image motion is removed by the cancellation

of Bessel function terms. Thus the peak value is a measure of image size varia-

tions, represented by

m, = (1 -m_ cosw t)

from D.C. to 200 Hz and image motion greater than 200 Hz. This corresponds
to a measurement of the short term blur circle of the image. Short term is the
reciprocal of 200 Hz or 5 milliseconds.

Image motion at frequencies lower than 200 Hz is measured separately by
comparison of phases of chopping frequency components from photomultiplier

tube and reference signal detector.
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APPENDIX C

15 MAR '67

SYSTEM COMPONENT SPECIFICATION DOS555
AMPEX FR-1300

INSTRUMENTATION RECORDER

Manufacturers' specification sheets are reproduced below for the following

system components, PERFORMANCE SPECIFICATIONS

1, Ampex FR-1300 instrumentation tape recorder.

RCA - 6199 photomultiplier tube.

Venus Scientific photomultiplier high voltage supply.

United Detector Technology PIN-10 photodiode and preamplifier.
Trygon HR40-3B D.C. power supply.

Electro-Craft E-650 motor speed control system.
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General Description Heads

The Ampex FR 1300 1s s compact, lightwerght portable recorder, aval
able in 7 or 14 channel versions. It leatures an integrai capstan servc
systern that assures speed accuracy under vanable power conditions
and prondes electncal switchung ovee 2 range ol ik speeds Fac ap
plicauons tequinng Drecisely accurate speeds s where ¢ s desirec
1o record and reproduce on dilferent recorders under unpredictable
voltage conditions, a control track generator. demodulator module can
easily be added lo the integral capstan serva system to provide 3 com
plete recotd ‘reproduce tape speed servo control system: (Speediock!
Transport contro. Gircultry 13 completely mtenockec lo prevent tapc
damage 1f the recordes (s aperated carelessly or accidentally Inter
changeability of elecironics s possible with mne ather Ampex recorders
usng ES 100 eiectronics Signal compatibikty with earlies recorders
having 100 K direct or 10 Ke FM capability 15 also provided A rach
mounled version i available

Tape Transport

Tape Speeds: 60 3C. 15, 744 3% 1% 1ps stancarc Al six transpor
speeds are seiected by 3 single tront pane) contro All speeds are
synthronousty controlled by a shase locked servo system on cap
stan dnive motor (ther hixed of variable speeds on special order

Capstan Speed Accuraty. 0 05% maumum. long term, when using
the inlernal crystal reterence Frequency stancard i3 accurate to
+001%. loag term

Tape Speed Denation: =0.25%
Reeis: The FR 1300 tape transport accommodates 10Y5-nch resls
Ampex Precision of NAB
Tape Specifications. Avastable n versions for Ly or 1-Inch tape of |
md or 1% mil Polyester or 1'4 mu Acetate Stated performance
guaranteed only when using recommended Ampex Instruments
tion Tape
Centrals: illuminated pushbuttons tor Record. Dnve Stop Forwarc
and Rewind Al functions may be remotely controties  Contro-
arcuilry 15 completely interiocked 3o that recorder can be swiiched
from any mode o any other mode without damapng the tapr
Fast Wind Time: For 10%; inch ree), with 3600 test of tape approx.
mately 30 minutes at 60 cycles per sacond (3 5 min at 50 cps)
Stavt Time: Teme required From start command to meet fiutter spec
lications 15 as foliows
Speed (ips) Time
60 8 seconds.

30 6 seconds
15 and lower speeds 4 seconds

Step Time: Maumom of 15 seconds at 60 1o tape speed, shoster
stop times with lower tape speeds

Flutter: Maumum cumulative fluttar (3% peak lo-peak)
Tape Speed  Bandpass Futter Bandpass Flatter

(1ps) (=) {%) cps} (%)
o0 02 to 10,000 06 0210312 020
kg 02 to 5000 06 0210312 025
15 02 to2 500 06 0210312 04
Ty 02t 1250 075 0210312 06
3% 0210625 12 0210312 12
1% 0210312 15 02to312 14

Gap Scatier: Trailing edyes for record heads (or gap centers for repte
duce neads’ within 2 band 100 micromches wide (00001 inch)

Gop Aimuth: Al stacks withis; = 1 minute of arc perpendicular to head
Dase mate

Track Dimensions: Track widtn 18 2050 inch, tape track spacing 007
center {IRIG Standard: Other heads ca specisl order

Number of Tracks 7 on ' inc* 14 o~ 1 inch (IRIS Standard) Other
heads on sDecial orde”

Imtorstack Spaang 15 ==00005 mee . £ap 10 gat

Direct Record /Kepronucc Svstem

Fraquency Besponne:
Tape Speed
(ps* Bandwdt*
(2] 300 cps 10 300 ke 3 ab S
ki 150 cps1a 150k 3 6F k3 kL)
1 100 ¢cpsto 75k 23 or 2 27
N, S0epstr 38K <IcL ¥ 2
kI SOcpsto 19K: - 34t zn 22
1t S0cpsto TOKe*3dv xzn

2
*fee an all Duact systom oaly In 2 mixsé Drract/FM oyaem
Owoct S/N and croastalh wmy by aftecies
= Moavwred ot st Mrtse titae havug 18 /octens
wal

ttawvatien beyond

RS Signal-te-Nesse Ratie: See tabie

Hormenic Distertien: Less than 2% total of a | Kc signal recorded
at 60 1ps

Input Level: 1 0 valt rms nominal (U dt) to produce normal racording
level operabie from 02 to 10U voits rms by adjustment of input
potentiometer

mput lmpedance Nomiaal 50 K onms reustive, in paralie! with 15C
9F, undalanced to ground

Ouipst Levet: 1.0 volt rms nomina!t {0 dbw), scroes & 600 ehms of
greater mpedance

Output lmpedance: Luss Than S0 ohms, unbalanced to ground

FM Record/Reproduce System

Froquency Reapoase: Total
Tape Frequency Kesponse  S/N Ratio Harmonic
Spaed (wittn ) 0 db) RMS Distortion
60 1ps 0 t0 20000 eps. L.X.d 12%
30 1ps 010 36,000 cps 45 o 1?2
154 Qto 000 cpy Ha 12
Tiyps Otu 2500 cps Hd 12
gy LTI I L B Qe 15
g ps O 9o oo it

RMS Signal-ta-Nows Rabe (ot comer carmionj See table
Harmonc Bistortion: Ses tohls
DC Drift Less thae 0 %% of tull éeviation ovzr 3 four hour Penec-

atter wagmun (1 minuies  Less than 2% 0 B hours with ter
perature varisbiony twtweer < 4 - ane  125°F

continued
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FM Record/Reproduce System (con’t)

Record/Repreduce Veltags Linearity: ~0.75% of full band, of a zero

based straight ine

Servo Tape Speed Control Sxstem (con't)
Time Displacement Error

Tape Speed brior
Input Leve): Input of 1 volt rms (D dbv) to produce =409 deviation, 60 tps 100 microseconds
operatle from 05 to 25 valts rms by adjusiment of input poten 30 1ps 150 microseconds
ometer 15ps 200 microseconds
Input Impedance: Nominal 20,000 ohms resistive, in parallel with 150 Synchronization Time: After 10 minule warmup
PF, unbatanced to ground Tape Spesd Time
Gutput Level: 10 voit rms (nominal) into 10 K ahms or greater load gg K 2;:“’"3’
impedance ps conds
151ps 4 seconds
Output Impedance: 600 ohms, undatanced to ground

PDM Record/Reproduce System
(IRIG Compatible)

System Pulse Characteristios:
Tape Puise Duration

Power Requirements

Yoitage: 105 to 125 volts, single phase 48 to 62 cps AC (with fre
quency Standard)

Power Consamption: Less than 325 watts steady state for a 14 track

record/reproduce system Starting surges up to 400 walts may
Speed  in Mictoseconds  Pulse Accuracy in Microseconds be encountered.
{ips) Min Maz. Over Specified Putse Widths
60 20 10000 =20 {30 to 900 usec duration) Envlronment
ki} 30 10,000 %20 (45 to 900 ssec duration)
15 10,000 =30 (60 to 2,000 wsec duration) Temperature: Operating 5°C to 52°C (40°F 1o 125°F)
M 120 10,000 ==10.0 (120 to 3,000 gsec duration)

Input Level: | volt peak to-peak rectangular wave 20 microseconds to

Storage/non operating. —30°C o 66°C (~-20° to 150°F)

Mtitude: Operating 15,000 feet (4600 m)
10,000 microseconds pulse duration, aperable kom 075 to 20 Hon operating 50,000 feet (15,000 m)
volts peak to-peak,
Relative Husudity: 5 10 95%, non condensing, both operating and non

faput Impedance: 20.000 ohms nominal paralleled by 150 pf mau operating

mum. unbalanced to ground. Yibration: Normal hendhng and transportahion only
Oulp\(;!ml’;nh 20 to 24 volts peak to-peak across 1000 ohms and

1 mid

Qutput Impedance: Less than 100 ohms, unbatanced to ground.

Output Rise and Fall Time: 2 microseconds maximum (from 109 to

90% amplitude level)

Servo Tape Speed Control System
(Speedlock)

Frequency Standard Accuracy: 220,019, long term
3pead Corruction Range: 2% of nomenal.

METRIC C( )N TABLES

Physical Characteristics

$ize: Portable case 24 inches (61 cm) high, by 18 inches (46 cm) wide,
by 12V inches {3] cm) deep. for complete 14 track secord/rapro
duce system and capstan servo

Vertical Rack Space Requited: Rack mounled version Transport 281,
wnches (622 cm). electronics tray 514 inches Each electromcs
tray accommodates up to 14 record or reproduce modules, plys 3
suztiary modules.

Weight: Portable version Approximately 110 lbs (50 kg) for 7 track
system

10 2l Ampes

TAPE SPLEDS

i ify 3% 7% 18 30 60 120
/s 476 952 1905 381 767 1524 3048
TAPE DIMENSIONS
Roske: inches 14 10% 1. sK 3

- 3558 2667 1778 ja6z 1270

Widtha: [achen RS T Y o2
) 0635 137 1.%05 254 So8

Sous Thichnmsne: mives Tmd 15 mi
oo 0025¢ 00}

tems may not 4pply to the umt described in this shaet ]
TAPE DIMENSIONS (Conlinued)
Longth: ket

€00 1200 180D 2500 3500 5000 7200 9600
185 366 %43 762 1097 Gs24 2195 292

HEAD DIMERSIORS
Cap Scather wiwrstnck . Track Width & Spacing®
whrsbuches 00 Iochves 1 5 +0 0003 Inches 0 030 0070
. 0 00254 381000127 w127 (’m’&'
(RIS
STANDARD PANELS FOR 13-INCH (48.26 cm) RACK
.

L LR U LTt A TYR LYY Lt D TR
em 443 889 1334 1778 2223 3112 3556 4001 4445 409 s33e 38

Ampes Corsecation renarves the ight 19 chengs specificativns mithout aetice or sbiigation This somcitication ket Wwwaecns all woviaus specibicalions, stated or 1mplied

. AMPEX CORPORATION
m 401 Broadway « Redwood City - California - U.S.A. - 94063
A

Austraila, Canada. England, France, Germany, Mong Kong, Mexico, Switzeriand

DIBAEL AMPEX CORBORATION

LITHO IN U 5.4.-—DOSBSA 3.07

14

~ PHOTOMULTIPLIER TUBE

RCA-6199

10-Stage Head-On Type
$-11 Spectral Response

RCA-6199 15 a 10-stage, beud-cr;. l'a"«{mnet:
ipli intended for use in &
type of photomultiplier tube inte d
tallation counters and for the detection and measurement
of low-level radiation.

The spectral response of the 6199, at the 10-per-
cent points, covers the approximate rqn from 3&)0.
angstrome to 6100 angstroms as shown in Fig.1. Maxi-
mum relative response occurs at abont 4400 angstroms,
and peak cathode quantum efficiency &t about 4200
angstrome.

SPECTRAL RESPONSE CHARACTERISTICS

FEATURES

« Fost Time Resolution Characteristics —
Anode Puise Riss Time:
2.5 nanoseconds ot 1250 valrs
Electron Transit Time:
29 nonosecends ot 1250 velts

o High Current Amplification -
1 x 108 ot 1000 volts

o Flot Faceplate for Eone in Scintillotar Ceupling

=

>
o —

‘Sesall-Shell Duodecal 12-Pin,

T DATA
T R
’\]"i\!l I \ Spectral Response. .. oo cacn
1
it ‘} [ i | \ Wl\éﬁpﬂgﬂﬁl!:f.h?u'xfn.m.m‘ ..... 4400 + 500 angatroms
I Cathode, Semtransparent . Cestum-Anttmony
* Shape ... .renenn .. ... FiseCicutar
‘ 1.21n2
34 Minimum ares . BN
“n ; i Minioum diometer .« ..o s - een - 124
1 ABsOLTE v Window. . . Lame Glass, Coming® 0080, of equveient
i Eoi 1 Shape . Plano-Plano
IH H i \ | \}Lh ‘ Index of refraction at 5893 angstroms . . . .. 1.51
t i Dynodes:
g l \H {Immm Sobatrate oo pahel
Y i ondary-Emitting . ;
Q‘Iﬂ{ " ! l “ :xcucm:y.-. . l .............. Circular-Cage
é%i ]l ‘ | l \ | H 1 Direct lntmelsctrvdeNCToucxunm {Approx.): ooF
ght : Anode to dynode No. .
T =N e T el R
s ain 1 Maximum Overall Length . .. .. ... ... It
§§§_H’TT;&'HHH'HH SRR ‘Hﬁrﬁ”tg Overall Length . PO
1 {fHn LRI Vo m
FEL T L i
L IH l .

——4_;_—;

3000 4000 200 8000
WAVELENSTH - ANSSTAOMS

(JEDEC No.B1243), Nom hyponcopic
ket . . . . Eby® Part No.9058, or equivalent
i’.‘;"’mc Stuedd .. ... - Millent Part No.80802C,

Operatirig Position
Worght (Appros). .« o cvnvers ven

- Abaolute-M

Ratings,

DC Supply Voltsge:
Betwoen anode aad cathode . . . -

- Between mode and dynode
(1758 {1 S .
g ?
8109 3//:
5.
RPORATION OF AMERICA Superesdes 6199

e ?\:Eﬁlg wﬂco Hofﬁ [ Kerrmon, It § Prinied 1a USA,
Marcels] Rogietradeis)
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6199

Maximum Ratings (Cent’d)
Between consecutive dynodes . . . 200 max. volts
Between dynode No. 1

Average Anode Current®,
Ambient Temperaturef ... ... v.e. T5max. °C

Choracteristics Range Values for Equipment Design:
Under conditions with supply voltage (E) across
voltage divider providing 1/6 of E between cath-
ode and dynode No.1;1/12 of E for each succeed-
ing dynode stage; and 1/12 of E between dynode
No.10 and anode.

Witk E = 1000 volts (Except as noted)

Min, Typical Max,

Sensitivity:

Radiant?at
4400 ang-
stroms .. -  3.6x10% - AW
Cathode rad-
ant" at
4400 ang-
stroms . . - 0.036 - AW
Luminous! . 10 45 300 A/m
Cathode lu-
minous:
With tungsten
light
source® 3.0x10°0 4.5x10°3 - Am
With blue
light
source™ 2.8x 108 - - A
Cathode quan-
tum efficiency
a2t 4200 ang-
stroms . . - 10 - %
Current Ampli-
fieation ... - 1x108 -
Equivalent Anode-

t
DarkComent 5 3x101% 25510% 1n

Anode Dae 1 = 28x101% 31x01 W
Curent™.. -~ 45x10° - A

Electrode Except
Anode (At22°C) — - 75x107 A
Equivalent Noise, 11012 175101 1

Inpat’ . ... 1 1
Anode-Pulee - 5x10°158 21x10 M4 W

RiseTime*. -  28x10° - s
Electron Transit
Time' . ... - 33x10% - sec

SMade by Corning Glass Works, Corning, New York.

bMade by Hugh H. Fby Company, 4701 Germantown Avenue,
Philadelphia 44, P,

“Made by James Millen Manufactuning Company, 150 Ex-
change Street, Malden 45, Massachusetts.

‘Thn mazimum ratings in the tabulated data are established
with the g defini of the Absol

Maxlmum Rating System for rating electron deviees. Ab-
loluthnxlmum tatings are limiting values of operating
snd canditions i to any electron
device of a specified type as defined by its published data,
and should not be exceeded under the worst probaeble con-
ditions.

The device manufacturer chooses these values to provide
acceptable serviceability of the device, taking no respon-

sibility for i variations,
lnd the effects of changes i operating conditions due to
ions in device

The equipment manufacturer should design so that imtially
life no Absolute-Mi value for the i~

ndad service is exceeded with any device under the worst
peobable operating condmonu with respect to aupply-volt-

#ge vaniation, vanation,

conuol ld)ustmenl load varistion, signal variation, en-
and i device charac-

teristica.

®Averaged over any imerval of 30 seconds maximum.

£ Tube ion at room o below is

#Thia velue is calculated from the typical value for luminous
scnaitivity using a conversion factor of 804 lumene per watt.

BThis value is calculated from the typical value for cathode
fuminous sensitivity using a conversion factor of 804 lumcne
per watt,

i Under the following conditions: The light source 1s @ tung-
sten~filament lamp having a lime-glass eavelope. It 18 oper-
uted sl & color temperature of 2870° K and a light tnput of
10 microjumens is used.

Under the following conditions: The light source 18 & tung-
sten-filament lamp having a lime-glass envelope. It 18 oper-
ated at a color lemperature of 2870° K. The value of hight
flux ie 0.01 lumen and 167 voils are applied between cath-
ode and ail other electrodes connected ss anode.

™Under the following conditions: Light wncident on the cath-
ode is transmitted through a blue filter (Corning C.S. No.
5-58, Glass Code No.5113 polished to 1/2 stock thickness-
Manufactured by the Coming Glsss Works, Coming, New
York) from m tungsten-filament lamp opersted at a coloc
temperature of 2870° K. The value of Light flux incident on
the filter 18 0.0! lumen and 167 volts are applied between
cathode and all other electrodes connected an anode.

fMeasured at a tube tempetature of 22° C. Dark current may
be reduced by use of a refrigerant.

PMeasured with supply voltage (E) adjusted to give 8 lumi-
nous sensitivity of 20 emperes per lumen. Dark cument 15
measured with no incident light on tube.
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X VENUS SCIENTIFIC INC.
PHOTOMULTIPLIER POWER SUPPLY

MODEL K 15  Reliable * Efficient « Compact « Versatile

= 1500 Volts @ Ima * Egut & 100xEjy * Reverse Polarity Proteced
* Efficiency > 50% « Rippla < 0.1% Peak-Peak ¢ Short Circuit Protected
* M.T.B.F. 105,000 Hrs. o Output isolated from Input  « All Silicon Companents

The K15 is a high voltage power supply whose versatility
makes ¢ a very useful component In a number of ap-
phications. The unit s fully encapsulated and shieided in
2 mckel-plated steet can The two oulput high voltage
teads are floating and are fully 1solated from the two
input leads. Thus permits operation from voitage sources
having either plus or minus polanty while still allowing
the user to employ the unit as a plus or Mnus high
voltage power supply In addition, the case is isolated
from both mput and output and can be grounded by the
user at a remote pomnt The high voltage fiiter capacttor
nside tha unit 15 006 uf at 3 KV. This keeps the ripple
at full load down to 0.1%, Whera even lets rpple is
desired, the addition of .01 ut across the output will
reduce this figure to approximately 0.03%,

The K15 is protected sgainst improper polarity voitages
v "US SCI! applied to its input by a serics diode. The presence of

R this protective dlode accounts for the most part for the
1D g1 A K temperature coeflic:ent of output voltage of +0.02%/'C.

The K15 is 100% tested to gusrantee refiable troubie-free
operation to the user. The elactrical operating character-
Istics for & typical unit are shown on the graph for input
voltages of 3 volts to 15VDC end fods of 10 megs and
1.25 megs. A piot of Input current 83 2 function of input
and loads is also Included From this plot it can be seen
that the operating sificiency of the K15 is better than
50% for a load of 1 ma,

4

Applications: Photomultiptiers . . . Flying spat scanners
.. Image dissectors .. . jonlzafion chambers . Scan
converters .. Geiger tubss ... Cathode ray tube bias
supply . . . Scintilation 1ubes.

. ~ Model K18U: For those users requiring fast response to
v O LTAG input vaitage changes, the K15 can be supphed without
nternal capacitors This will enable the user to arrive at
the :ml comprarmise between response time and output
ripple.

Photo 2 x Actual Size

VENUS SCIENTIFIC INC., 25 Bloomingdale Road,-Hicksville, L.1., N.Y. 11801  Telephone 516—433-3360
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MODEL K-16
(Electrical Characteristics)
Temp = +25°C
Ripple = 0.1%
£ gut—Voits DC ! ip= ma.
2000 - 200
I I
1900 X 1%0
.
I < 10
(E our ¥ E e J0r R aap = 10 Meg) —— /"
1700 e
1600 // 160
7
150 s 150
U 2 ad /y 140
d //
1300 g 130
-
10 i <2 £
o A
(Ecur v Einfor Rygap = 1.25 Meg)
1000 100
%00
800 )
0 — »
3 / +
'
500 |
0
- i 7 ! I e w
T j - L=
200 s e —+— | 10
w v s i I zo
—F ~—T t
/ B " GmvsEqtorR g, 10 Meg)
100 —— 10
l L
o 2 ‘ o ] 10 12 W an 16
€ 1 —Voits DC

PHYSICAL SPECIFICATIONS

Dimansions.
Volumne
Walght
Shock.

Vibration .

Acceleration
Thermal Shock

Finish, Casa
Can . ...

Brochure Mo X1SA-111087

1" dis x 254" length
18cu.m

- 3.5 ounces

40 g's per MIL $TD-810, Method 516,
Procadury

20 g's per MIL<STD-BIO‘ Method 514,

Curve E, Figure 514-3
MIL-STD-810, Method 513

—=54°C to + 71°C per MIL-STD-810,
Msthod 504, Class 2

Bright Nickel Plate
cold rolled steel

ELECTRICAL SPECIFICATIONS
E cutput proportional to £ input (see curve abave)

Floating Qutput 2500V insulation strength with respect
10 nput ground

Temperature —55°C to +71°C (operating)
Temperalure coefficient is lesa than .02% /*C

Efticiency > 50% & fult load

MTBF 105.000 Hrs 71°C.{Ml-hdbk 217-A)
Electrical connections as shown below

{ at anufl outpot
—Gl[u lllﬂl(ln( ith sespact 1o npul)
TELLOW case
+ M

™ plen 0ot
}— “"l po awr 1 107 S cubber lends

VENUS SCIENTIFIC INC., 25 Bloomingdate Road, Hicksville, L.1., N.Y. 11801  Telephone 516—433-3360
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FET Model 100
PREAMPLIFIER

o Ultra Low Noise

s Ultra Compact
¢ Battery Powered
¢ Preamplifier

PIN Photodetector

FET Mode! 100
Preamplifier

The UOT Modél 100 1s an uitra compact, ultra
iow noise FET preamphfier, The ampitier i
especially designed for use with high imped
ance radiation detectors such as silicon
photodiodes  An internal battery powers the
ampitfier as well as providing a‘bizs voltage for
the photodiode It 1 only necessary to connect
the photodiode to the input BNC connector of
the Mode! 100 amphifrer, and an oscilloscope
o1 AC vivin to the amphifier output BNC con
nector to form an extremely sensitive photo-
detection system The internal batteries and
completely shieided case enclosure eltminate
ground 160p hum pick up 1 the Model 100
amphiier. Ultra low noise discrete components
are used throughout the amplifier, yielding 8
wideband wnput noise voltage of less than 15
microvolts rms  The input wmpedance 15 1
megohm. gwing 3 wideband noise equivalent
current input of less than 15 picoamperes, and
a NEP for silicon photodiodes and narrow
bandwidths of less than 1012 watts The
passband s within 3 db from 3 cps to 75
ke, the gain bandwidth product extends
beyond 1 me. and the nsetime 15
tess than 5 ricroseconds

St

oscilloscope
or ACVIVM

RS el

ummmManwWMa“’
e Wumhw-;mipum i
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UNITED DETECTOR
TECHNOLOGY
P.0. Box 2251

Sants Monica, California 90405, U.S.A.
Phone: (213) 393.3785




SPECIFICATIONS -FET Model 100 PREAMPLIFIER

Voltsge Galn 100, 40 db
Frequency Response 3db, 1 cps—75 he R
input Impedance ! 1 megohm o AT s0cb
Output Impedance 10 kilohm
Noise <15 pv rms
Output Maximum 1 voit, ms
Powsr Internal 6 v battery
Battery Life Approximatety 150 hours
Temperature Range 0-—-50"C

10 100 1KC 10KC
FREQUENCY FREQUENCY RESPONSE — FET 100

G B O D T SR AT
CONNECTION TO PHOTODIODE

N Input bnc Oscilfoscope
e

! + Qutput bne

\Chopped hight FET Mode! 100 ==

Preamplifier

b Photodiode

MECHANICAL DETAIL

CONN: BNC Receptace Jack, [~ ::: 72—
1st END UG290A/ . }—.88 _1
CONN: BNC Receptacte Jack, %.- l
2nd END  UG290A/U. 1 re7 100 i
d =t |
Anodized Finish Die Cant L

ORDERING INFORMATION

ORDER FROM: United Detector Technology, P O. Box 2251, Santa Monica, California 80405 US A
SHIPPED: Air Express, Prepaid within Continental U S.A PHONE (213, 457 2314
DELIVERY: 14 days. TERMS Net 30 days
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FAST, SENSITIVE,
LARGE AREA
PHOTODETECTOR FOR
LIGHT DETECTION
APPLICATIONS

PIN-10's exciusive combination
of charactenstics. not available in
other photodetectors. makes it
1deally suited for a wide vanety of
radiation detection applications.
Among these are LASER systems,
spectrometer systems, pattern rec-
ognition systems, hght waveform
and color detection systems

SPECTRAL

RESPONSE
Only PiN-10

offers all these SPEED

features, plus

reasonable pric-

ing, each $39. SIZE

ppd. in quantity

of ten or less. SENSITIVITY

Simple circuitry P o

fens holder ... BNC connector termination on sealed package...

Order from:

UNITED DETECTOR TECHNOLOGY R

L

O P.0. Box 2251

[] o Santa Monica, Calif.
L]

The PIN-10 covers three times as many angstrom units as a photo-
muitiplier and has a short wave length response not obtained in
ordinary silicon pn detectors. Spectral response 13 from uitra-vioket
to near infrared.

The PIN-10 is faster than any other soiid state detector, as fast as
photomultiplier, and 100 times faster than ordinary silicon pn.
time s in ds.

Large active area of 3 cmr,

The PIN-10 offers response from ultraviolet to nesr infrared range,
yet it has a detectivity as large ss PbS. The dark current is fess than
* microampere, while the fight current for » few foot-candies iilumi-
nation is greater than a milliampere, atiowing the usa of PIN-10
in unchopped light applications.

fvirinie

in one inch

H
X\ N

-F
PR S —
3

?

-

H

L
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FEATURES

o ALL SILICON DESIGN
& TRYLINK PRECISION CURRENT REQULATION: MODE.
o MODE INDICATOR LIGHT

® AUTOMATIC SHORT CIRCUIT PROTECTION :
® REMOTE VOLTAGE PROGRAMMING

® OVERVOLTAGE PROTECTION OPTION

ELECTRICAL SPECIFICATIONS
CONSTANT VOLTAGE MODE WITH ADJUSTASLE
CURRENT LIMITING

IWPYT: 105129 VM: 5345 cpe. (200-240 VAC, 50, or 400 cpe avallable),
0

Futputs Flaating: Iselated rom maz.
RERULTION uln S1% o 2 Wt for 105123 VAC ina chenge, at any
alput witht u-emuu

fogelitioa, Loat; T01% o 3 v, 00 Jood te Nl 1904 3t ary eviowt withla
Toecificitions.

Aippitr Luss than 0.5 my RIS,

SR 0.08% o orllnv'hrnm-nwnm Nesrursd ot contmat
it voltaga. Yoed ant h-mn
Temporaiure Coafficiont: (0.062% -+ 400

Nigh SbRRTy Optien (X} M!'l.w e -m ST W O01% 4 100s1)/°C.
-'n-n -m -n'c (33

Mecarery Tt ricrmseosnts o racenw xiin 005% o
|s-~mmmmlum-t.numu

Bhert Cirwait Protuciben: Autometic Mlm Corrant llllﬂl( (MU varlsble
'ﬂm 1% t9 100% of rbed curront.

Bemvie Preguemeing: A1 Uity romataty ot oatpet valtags
range. Scale factnt Mpprezimely 100

Sonviay: Memtzins rated raguittion ohractly 21 the lesd. Maximen
line dvop 0.5 veita por lay.

Adjostmant

toy Hange: Continusssly stjestable toncestric vernier con-

CONSTANT CURRENT MODE WITH ADJUSTABLE
YOLTAGE LIMITING
Cvent Baagw: 1% to rated corent autpst.
Yoltge

© te rated owtsul votlage.
Roquistion, Limes 03% l-ves for 1G3-125 VAC five change at any cutpit
within specifications. ot e .
Lusd: 0.3% Jous cutput carrent chares muwn

!ﬂﬂ the reted veitage complisace ran, et

Myple; 0.23% a5 mat

lﬂﬂ"ﬂo!‘ |~Mlmmmlnlmﬂnmﬂlﬂ line
ard smbiont temperabiry.

'-.i-l m 0.1% Tt/

Ramote Progrmmming: Avalisdie on 1peciel order .

TRYLINK PRECISION CURRENT REGULATION MODE
Somnt B 1. 13t curt ot
Rand: O. x0 S — |I jlathen, It tatlon, and 3
l: ity (m« -r"-"'q')g‘- yi '"" o R pachcatons:
Tople: 0.02%
Tomparstwrs 0.1% Lusa/"C.
Whichever 4 gramier

HALF RACK SERI

CONSTANT VOLTAGE/CONSTANT CURRENT-

e /040 WC
- w"%c/om Yoo

APOULATION, LW 001% or 2y
LS, D0I% or Sy

ns Loss then 0.5 ey RS

L 105125 VA, 5545 om0

F—
B ot
et .
" 5 gt
.ol Yem g W W ok e
M8 00 05 004 M AN 1 B
‘EIBWE 820 010 002 M A% M ¥
NN 40 03 OX6 % AW U B
WS 0 05 004 M MMM N
TOEMSIN 0M0 075 00 TN 4R 4 N
FONsE 000 023 0008 TN W M 2
MW 080 05 004 TR A% 14 A
MOEE 010 02 000 M 4w M 2
*Peastnsl

GENERAL AND PHYSICAL SPECIFICATIONS
Sporaionsl Seden: Constant Vaitsge with adustable t llmiting: C
Tt Gurtent mith: adcitaole yoltage imiting, Automatic’Cresacvars
TN Frvcson Comtont Gerent Sih 301kl varaLe lim{ting.
sede lngicser, Front paral mady indicor (618 tndicates whan sopply 2
operaiing In the conslant current of curreat limiting mode.

w Coatse and nﬂl 0 to mted sutpat;
CaTents Course and Fing 1% a1 raind mwrmxmn
I“ Power: Frent ﬂ"‘ awitch and Indlcal

vm-- front pansi valtmater,
Taret Froet panel smmarer,

e '-'h 'o-( Qo “(w Meg. mwt (1) ~ Pos. Seming (+9) ~
L P -
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ADDITIONAL  Fuil torque and smooth cogging free shalt rolation even at (owest
FEATURES:  speeds Temperature wmpermm eneraloc for Jong tesm stability.
Shieided ball beanags 0&

E-600 Motor Generator

o Gevetl
Available as a Compl Pack d Sy or U d Component L““lio‘vi\.‘e \nn”'“d
System 0w oy 83 -0l

Phone
MOTOMATIC 15 & unique® dc servo mator and speed control system designed, engineered and
manufactured by Electro Craft Corporation. MOTOMATIC 1s not an SCR type motor speed
control MOTOMATIC 1s a complete closed ioop system consisting of a fast response perma
nent magnat motor generator and transistonzed velocity feedback amplifier MOTOMATIC
systems offer precise speed control even wn the presence of changmng load conditions and
line voltage

SPEED RANGE

MOTOMATIC systems have a nominal speed range of 1000:1, for example, 3 rpm to 3000 ¢

for a standard E-600 system Compare this with 6:1 for "open-loop™ control or 20:1 for benev
quality SCR conkrois Typical MOTOMATIC speed, torque and OUIpUY power ranges are given
for bath £-600 and £-650 systems under SPECIF]CATIONS Shmﬂrd gelrmnlur options allow
an sven greater !clemun of speed and klld
quality to exacting Typical brush lfe is over
5000 hours at ra\ed spead as pmv!n by more than 200,000 systems in the field Refer to
Bulletin No EN

CONTROLS

The E-600 M Mastar control includes speed control, zero to 3000 rpm electronic tachometer,
torque monitor, adjusteble torque limiting, reversing-brake switch and remote control capa
bilities  Standard controt E-600 S 1s basically the same as the E 600 M control but without
tachometer, remote controb and torque monitor The E-600 O open chassis version is similar
to the £-600 5 except is assembled on an cpen chassis for instailation into customer's
anclosure The speed control potentiometer, piot hght and switches are supplted loose for
installation in user's control panel

£-650 MG Motor Genssator

Precision E-650 controls are similarly avadable as master. standard, open chassis and unwired
systems Heavy duty power supply, high output transistars in the control and high efficiency
onented ferrite magnets 1 the motor, boost the E-650 system capabilities Al E600/650
senes controt amplifiers have “zero drift’" differential input stage

Numerous specially nask]ned MOTOMATIC systems hove been manufactured to meet the

s of all for motar and control canfigurs
tions Determine your need and let Electro-Cratt nssumc full system design. production, nd
quality control responsibility Please submit complete details of your application to permdt our
engineers to make a proposal

E-650 O Open Chassis Control

*Patents Pending Lnoiny S A
SOME MOTO}\AAVTIC APPLICATIONS

Offico Copying Machines
Micro-Fim Roader-Printers

Cameras
Viscosimeters
Timing Devices

Fhatographic and Mim
Pracussing Equipment

Aulomatic Agssembly Machines

Welding Feeds Machina Taal Programmers

Paper Chart Drives Cumputer Equpment

Textin Machines Gver 300 Afferent apphiar

Medrcal Eqinpment

Accurate Maoterng Pumps
Laboratory Instruments
Matenat Handing Equipment
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E-650 O Open Chassis Contrel
Weight: 6 Ibs. 9 0z.

E£-600 M Master Control
Welight: 8 Ibs. 11 oz.

OUTLINE
DIAGRAMS

surm MALESIS|
T900C SBE T4 Sint
1908 fewt Yo wean

£-600/650 MG Motor Generator
Werght: 6 ibs

PERFORMANCE SPECIFICATIONS

Overall !ysnm rq utation 13 upnu lzd by the speed-torque curves shown. MOTOMATIC E-600/650 systems
sre designed for operatii un within an ambrent temperature range nat exceeding 0-35°C and up 10 S0°C with
20% detating. Wh snble:led lu Icm torque changes less than 50% of full toad torque & syste: m speed
regulation for the E-600 n 1% may be expected over a large part of the operating range of
the system. E-650 ) ysums clnde n specll low dnft amplifier and low regulstion motors. These lysl ms.
maintain an overall speed accuracy of better than 0.5% over the greater part of the system dynamic range

€-600 SYSTEM PERFORMANCE £-650 SYSTEM PERFORMANCE
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DETECTOR TELESCOPE
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MOUNT AND
DRIVE MAGNETIC TAPE
RECORDER

ELECTRONIC
PRE- -
PROCESSING G

SYSTEM

TIME CODE

TAPE RATOR|
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° ANALOG TO

G >~ DIGITAL P

° CONVERSION

Figure 1. Stellar Image Monitor Experiment Concept
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Figure 2. Stellar Image Monitor Field Equipment

SLIDING

OPTICAL
microscoPe  EYEPIECE  HiGH pAsS
WIDE FIELD OBJECTIVE FILTER
FINDER SCOPE \ P 11 PHOTOMULTIPLIER
TUBE
STARLIGHT Ve
MIRROR \ P
D.C.
P 1= SERVO
e MOTOR
6 e BEAMSPLﬁTER o
£/8 LENS ~_
N
NARROW FIELD| |REFERENCE | PHOTODIODE
DISK

CHOPPER DETAIL

Figure 3. Optical System and Detector Package
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DEFOCUS BACKGROUND
STOP
TAPE

DATA

7

STAR
9

CALIBRATION NUMBER
TIME SCALE (SECONDS)

201055+ 3] 3[3}—10TO 600~ 5-+}-5-+]

Figure 6. Data Run Format

TAPE LEADER
+6 VOLTS
0 VOLTS
—6 VOLTS —

N
START
TAPE

OSCILLOSCOPE

ELECTRONIC
PRE-
PROCESSING
SYSTEM

CALIBRATION
COMMUTATOR

DIGITAL
PANEL
METER

D.C. —MOTOR SPEED
POWER ; CONTROL
SUPPLY UNIT

ANALOG
TAPE
RECORDER

Figure 7. Detail of Electronic Data Collection Equipment
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Figure 8. Detail of Electronic Data Collection Equipment
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Figure 9. Typical Data Signals
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MODULATION INDEX OUTPUT
(VOLTS)

5.0—

4.0~

3.0—

< INTENSITY
LovoTsS 4+ £30vOLTS

20— BACKGROUND E

OLI \ L 1 |

i

0 20 40 60 80 100 120

% MODULATION

Figure 14. Laboratory Calibration of Modulation Index
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20 INCH DIAMETER /10
COLLIMATING
MIRROR

REDUCED SIZE POINT SOURCE

INCANDESCENT
LIGHT SOURCE

/MICROSCOPE

OBJECTIVE TRANSLATION
CONTROL

LASER OR I

FLAT

SIM 7
6 INCH
LENS

SIM
DETECTOR
PACKAGE .

Figure 15. Laboratory Optical Test Setup
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Figure 18. Chart Recordings of Data Run
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Figure 19. Coefficient of Irradiance Variance Versus Zenith Angle
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NORMALIZED SPECTRAL DENSITY (Hz™1)
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FREQUENCY (Hz)

Figure 22. Example of Irradiance Spectral Density Zenith Angle Dependence
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Figure 23. Example of Irradiance Spectral Density Apertyre Dependence
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RMS IMAGE MOTION

NORMALIZED SPECTRAL DENSITY (Hz™1)
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Figure 26, lmage Motion Versus Zenith Angle
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Figure 27. Example of Image Motion Spectral Density




