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Fig. 1. Shimmer Meter



FOREWORD

This report describes many previously unpublished details concerning
en instrument which was constructed, used briefly, and dismantled during
1957. The device was for the measurement of the blurring of fine details
by atmospheric boil in the case of images formed by telescopic or
photographic cbjectives of long focal length. A recent resurgence of
interest in this topic has resulted from current research on the res-
toration of atmospherically distorted images by means of image process-
ing. This has prompted certain former work on effects due to stmospheric
boil to be reviewed.

Most of this report has been liftec almost verbatim from internal
memoranda or letters written in 1957. Almost no effort has been made
to update the concepts expressed in those writings. Thus, with minor
exceptions, the repcrt is exactly as it might have been issued in 1957.
The roncepts contzined in the sections entitled "INTRODUCTION AND
SUMMARY" and "THE ..ATURZ CF ATMOSPHERIC BCIL" (except for the short sub-
section called "Soft Snimmer ann Hard Shimmer") do not conform completely
with those held vy the autnors in 1968, but it hss been decided to iscue
these sections jus® as they were writter in 1957 because in no other
way can the bacxground against whicn the "shimmer meter" was conceived,
designed, and usec be made clear.

The work described by this report was perfcrmed in 1957 under
sureau of Ships coniract Mbs-72C0%2. The report has opeen prepared and

issued as the final report under assignment 9 of contract NObs-84075.



INTRODUCTION AND SUMMARY

The resolution of fine detail in high-flying objects when photographed
by tracking cameras of long focal length as well as the resolution
achievablie by astronomical telescopes when used for planetary and stellar
photography is often limited by atmospheric boil. Optimization of
the performance of telescopes and tracking camsras requires a quantitative
measure of the deleterious effect of atmospheric boil, particularly on
the higher spatial frequency content of the image.

This report presents a method for the measurement of an effect of
atmospheric boil in terms of the root-mean square deviation of the
image-forming rays that contribute to the reproduction of fine detail,
and describes an sxperimental (breadboard) version of an instrument
employing this method. A sample of data obtained with the instrument
near Cape Kennedy, Florida is presented.

In Appendix A of this report the effect of refractive inhomogeneities
in the atmosphere (boil) on image quality is described in terms of the
variance.of a two-dimensional normal distribution describing the
frequenczy of the apparent angular position of object points. The shimmer
meter measures the temporal average of this variance throughout any
arbitrary time interval by sensing the temporal variations in the shape
of an image of a planet, ths moon, or the sun as observed by a photo-
electric cell through a narrow slit protruding radially beyond the edge
of the image. The variance, time-averaged over any interval T, can be

read from any highly Jdamped, true mean-square indicator provided the



current output of the phctoelectric cell is psssed through a filter

av3 amolitud i n€1/7 2|2 ;
naving an amplitute characteristic |1 - sin“l/Z.T/(1/2 T) . The
variance whicn chearacterizes any other path of sight can be found by
multiplying the measurec¢ variance by the ratio of the secants of the
respuctive zenith angles. Multiple slits can be used tc minimize vibra-

tion end tracking effects. Data with this equipment illustrate how photo-

gravhs can be improved by using short exposures and optimum aperture
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'HZ MATURE OF ATMCUPHERIC BCIL

actrunomers end cthers nwve long known that "seeing" is impaired
vy th. existence within tue. stmosphere of smsll volumes of air differing
1

sligitly in refruciive index from th:t of their surrcundinge. Thase

rofr ctive parcel. o turoulome renge in sive foom thab of © wen's hesd .

Lo Liny volumes fne ri:c .f virt-zhot. ‘hey represent thermal micro-

indup goreiticrs witnin fne trocihere; they mry slsc reflect innome-
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vuticn. In sny cuse, they are found near

vene itice in w ter voyor dictr
hea' svurste suen © ¢ the grouno, chimneys, engine exnzusts, ete, At

ripnt tne occurrence of parcelr is retu~es in comparison with normal

arytine zonaitions #nd Lthey are lars r,

Jisuel Exrminotion of Farcels

Astronomers c¢-n see individuzl parcelc arifting seross the opening
¢ f their -eles~cpe oy inserting a pinncle steo in tne imige 1l ne ¢f
tholr ¢

grcive s¢ tont only lignt from » single brignt star ic s 'mitted
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(i.e., image the star on the pupil of the eye rather than on the retins).
The entrance pupil of the telescope is then imaged on the retina and this
image is in terms of light of extremely high collimation. Under these
circumstances slight refractive deviations caused by the parcels muke

part or all of the deviated light miss the pinhole stop so that the parcels
are visible as dark areas on the otherwise bright lens aperture. Under
favorable nighttime seeing conditions, large parcels several inches in
diameter are seen to drift slowly across the telescope aperture. Under
less fsvorsbls conditions a complex, restless pattern appears as the

result of multiple parcels, often of small size, distributed in depth

along the path of sight.

Normal Astronomical Photography

A stellar image formed by a telescope objective large enough to
encompass many parcels will consist of the superpcsition cf many slightly
displaced star images. The photograph will then consist of = blurred
image and even (occasionally), for short expcsure durations, multiple
images. If the telescope is stopped down until & single parccl can £ill
the entire aperture, the star image will move about the film plane as
nearby parcels drift across the lens and change in apparent intensity
(scintillate) in response to the movement of more distant ones. Motion
picture recordings with short exposure duration exhibit these behaviors
but individuzl frames show comparatively sharp images. If the exposure
duration is lengthened, the resulting photograph shows a blur pattern
which represents & time-average of the wandéring image. In the limit,
the time-averaged blur pattern from a small objective and thz space-

averaged blur pattern from an entrence pupil very large compared with



tne purcel size »re somewnust similar,

Bffect of Parcel Distance

kefractive psrcels close tc the telescope lens produce image motion
and clurring as douscrioed =bove, but virtually e1l of the light is
collected by the objective lens regardless of the magnitude of the
deviztion produced by the neerby porcel. In the case of distant parcels,
however, the deviated light mey miss the telescope lens entirely. Thus,
the distunt parc.ls mny produce a temporszl modulation in the total flux
collected by the telescope in addition to blurring and time-varying
cistertion effects. ‘Thus stars are observed to twinkle on a night when
poor sceing is caused by the prusence of refractive parcels at high

altitudes.

Normal Might Conditions

Under mila nignttime seeing conditions « photoelectric telephotometer
neving u ficlt of half o dugree mounted ten feet above brush covered
terrain end aimed horizontully ~t a vare lamp located & mile distant may
show 2 four-folae temporal flux modulation. Virtually all frequencies
ape pregent fron Prostlionr d eyele ol ree: up te the middle audic range,
but Lnere e often 2 strong peax centering around four cycles per second.
Thie is respenrible for tne uppetrance of rapid twinkle or "scintillation."

in vigu=l obscrvietions -1i frequencics above about 15 cycles will be
time-averaged oy the eye, resulting ir blurring. Temporal integration
vy » camera depenas, obvicusly, on exposure time. Lens diameter may

nve less effect on tne contributions of “istant psrcels than on the
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effzcts "uc to parcels close to the objective.

in aulition tc tne flux mudulation, distant parcels cause image
~ender . nd multiple imape formation, Most of the observed deviations
sre proocably tne result of many small deviations due to the passage
of 1isnt tnrough parcel after parcel along the path of the rauy. Parcels
sometimes cceur in layers wrich move at different velocities. Strange
appe-rirg effects mey result, such as the illusion of waves of shimmering

2ir ¢rifting opposite to the direction of the wind.

pay Conditlions

Joy contitions are, owvioucly, of concern in the operstion of
trucsing cameras., The effects caused by refractive parcels increase
anfter sunrise and may oecome severe during the middle of the day. The
parcels pecome smaller an: tneir motions due to convection become more
rupid as the grouna grows wirmer, There 1s, therefore, grester emphesis
orn the higher temporsl frequencies, resulting in grester temporal integra-
tion octn visually and photogripnicelly. Thus, resolution is decreased.

Tnw refructive i.viations remain quite srall, hcwever, rarely
exceedins a minute of arc. ‘rmixet eye resclvin power and the resolution
of snert focul-length cameras are, tnerefcre, nct sppreciably affected,
althcugn the larper, slower deviutions are seen as distertion and
"shimmer," Tue recolving jpower of telescoric vicual systems and of
lony focr l-lenptn comeras, nowever, i1s mar<edly reduced and it is «

rare lov vnen wyctems inherently copable of resolving ~ second of arc

ire 2ole te 1o Lo slong norizontal paths of sight close to the ground.



Effect of Elevation

Refractive parcels are often most numerous close to the ground.
Improvement is so rapid with altitude that there is rich reward in
elevating the horizontal path of sight even a few feet. In the case of
upward paths of sight the air near the ground is usually the principal
offender. Camera elevation results in marked improvement provided that
the instrument itself or its elevated mound does not give rise to

excessive parcel production.

Jet Exhausts and Chimneys

An interesting illustration of resolving power loss due to
refractive parcels is furnished by every jet take-off. Any observer
standing near the runway and looking horizontally through the mass of
hot, turbulent gases left by the jet will observe a marked reduction
in resolving power and, moreover, a marked loss in the apparent
contrast of objects seen against uniform backgrounds such as the
horizon sky. Another example of the same phenomenon is found at the
top of every chimney giving forth hot gases free of smoke. Experiments
on the output of chimneys show that the parcel size is very small,
resembling bird-shot. The root-mean-square diameter of the refractive
parcels in a jet exhaust is, doubtless, in the sub-millimeter range.
Under such conditions short exposure cannot be expected to produce
sharp images. Blurring will also be observed because every path of

sight must traverse many, many tiny refractive parcels,



Soft Snimmer and Hard Shimmer

astronomers have used the terms soft shimmer and hard shimmer to

designate the two limiting casecs of effects that have been described

in the preceding paragraphs. Thus, when imeges are blurred regsrdless
of how short an exposure interval may be used in recording them, a state
of soft shimmer is said to prevail, but when sufficiently short exposures
result in sﬁarp but distorted images, the shimmer is said to be hard.

tot infrequently both soft and hard shimmer effects appear in the same
photograph of an extended object, Fourier analysis of the structure

of images shows that the higher spatial frequencies in an image are
produced by the extremities of the entrance pupil of the telescope and
are determined by the phase distortion associated with these small areas,
The phase of the low frequency components of the image is determined,
however, by an average over a large portion of the entrance pupil. The
highest spatial frequency passed oy the optical system is ascociated
with two extreme points on the entrance pupil. This highest frequency
will be effected by the time-varying phase of the light at these

points. Thus in any telescopic system, regardless cf its size, a short
exposure will result in hard shimmer for the highest spatial frequencies
even though the lower frequencies may be in a state of soft shimmer.

{
The snimmer meter described in this report makes use of this fact,

See James L. Harris, "Pestoration of Atmospherically Distorted Images,"
Scripps Institution of Cceanography Reference 63-1C (March 1963),
Sec. 6, pp. 21-28,



QUANTITATIVE RELATIONS

Appendix A of this report is a reprint of a paper entitled "Reduction
of Contrast by Atmospheric Boil" in which equations are developed for
the time-averaged radiance distributions observable by a camera when
looking at objects of circular, square, rectangular, and other shapes
seen against a uniform background such as the sky. In deriving these
equations, use is made of random-walk statistics to develop the theorem
that the time-averaged blur pattern from any point of the object is
Gaussian =snd describable by a variance or mean-square deviation for the
rays wnicn form the fine details of the object. Thus, as shown on
page 357 of Appendix A, the time-averaged absolute apparent contrast
Er(z,e,ﬁ) at the center of a uniform circular object having an angular
radius ¥ and an absolute apparent contrast Cr(z,9,¢)1 in the absence

of shimmer is:

e’% [(¥/ar] |

Er(4)9’¢) = Cr(z,O,Qf) 1l - (1)
. . 2
By replacing the product Ar with the path variance [cr(/,9,¢X]
+nd eonsidering tne case of an cbject outside the atmosphere ¢ ? the
earth, wa., (1) can be written:
~1r. ' 2
- ;[?J’/Oo(gztg,¢):]
COSZ,G,Q‘) = Cm(z,9,¢) 1-e . (2)

lThe notation Cr(z,9,¢) denotes the apparent contrast of an object at
distance r from an observer at altitude z looking along a path of

sight having « zenith engle 6, and s azimuth angle #. Correspondingly,
:or(z,9,¢)n4 refers to the variance of a path of sight of length r
Terminating at cltitude z and having zenith angle 6 and azimuth angle .



THE SHIMMER METER

Any means for measuring the path variance [goo(z,9,¢X]2 or the
root-mean-square deviation coﬁz,e,ﬂ) for those image-forming rays which
control the higher spatial frequencies in the image provides the
necessary datum for calculating the time-averaged apparent contrast of
small distant objects by means of the equations given in Appendix A.

The shimmer meter was devised as a means for measuring ooéz,e,ﬁ) for
the total atmospheric path between an object outside the earth's atmosphere
and the observing station., This was accomplished by observing the
temporal distortions of the image of the sun. An image of the moon, a
planet, or any extended object in spsce can be used in the same way.2
If the atmosphere is horizontally homogeneous and azimuthally isotropic
with respect to its boil properties, the ratio of the path variance
[boéz,9,¢i]2 in the direction of the object to the path variance [?oéz’gs’¢si]2

in the direction of sun (moon, planet, etc.) equals the ratio of the

respective path lengths or

[Uq‘Z:99¢)32 - sec &
[oogz,es,ﬁs)jk sec Bg

if effects due to earth curvature are negligible.

An experimental version of the shimmer meter, shown in Fig, 1, was
assembled from borrowed ond available components and operated briefly

at Patrick Air PForce Base, Florida during the spring of 1957, 1t

2
“4 shimmer meter like that described and pictured in this report can be

used to measure the path variunce (i.e., the product Ar) along terrestrial
paths of sight (horizontal or inclined) by aiming it at a bright circular
object of the proper sngular size; e.g., the exit pupil of a prejector
located at some known distance r could be usecus. Daty obtuined with such a
terrestrial shimmer meter would enable long-rumnre terrestrial photograpny
to oe optimized for the preveiling conditicnt and, by means of Appendix 4,
snouli vnadle thne results of such pictures tc be better interpreted.
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was subsequently dismantled. The optical system of that instrument is
shown schematically in Fig., 2 and a photograph of it appears as a
frontispiece (Fig. 1) of this report. An image of the sun was formed
on a pattern of slits behind which was a multiplier phototube. An
available astronomical objective 6 inches in diameter and 100 inches
in focal length was mounted in an internally blackened and baffled
metal tube and attached to an available crude but rugged equatorial
tripod mounting which carried an aiming telescope. The sun was tracked
manually by means of a hand-operated tangent screw, which is not visible
in Fig. 1. The front surface of the telescope objective was given a
nearly opaque aluminum coating in order to reflect most of the incident
sunlight and, thereby, avoid heating of the internal parts of the
shimmer meter and the air within its tubing. An adjustable iris
disphragm was mounted in front of the objective lens in order to provide
an easy means for altering the diameter of the entrance pupil of the
system. The solar image was formed on a metal plate containing the
pattern of four radial slits shown in Fig. 3. The only light able to
.reach the cathode of the multiplier phototube passed through these slits.
Only a single radial slit would have been used in the shimmer meter
if the instrument could have tracked the sun perfectly; the four-slit
pattern was adopted only to render the readings of the shimmer meter
immune to tracking imperfections, including vibration of the mount. For
simplicity, consider first the case of perfect tracking. The slit plate
would then appear as in Fig. 4, with the solar image filling half the
slit. Atmospheric boil would then cause the image of the limb of the

sun to move left and right, thereby modulating the flux transmitted by
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the slit.” The photoelectric photometer measures the modulation of the
flux transmitted by the slit.

Appendix B shows that it is essential for the interpretation of
shimmer meter readings that the motion of the solar limb be almost
completely correlated across the width of the slit. Experiments on
time-varying characteristics of optical transmission through atmospheric
boil have been described by Riggs, Mueller, Graham, and Mote,1 who
found that for a horizontal path length of several hundred meters the
instantaneous displacement of points separated by one-half minute of
arc were 50 per cent correlated, whereas those of points separated by
more than 5 minutes 'of arc were uncorrelated. Based upon the curves
published by Riggs, Mueller, Graham, and Mote, the slits of the shimmer
meter were made 1/4 minute of arc in width (i.e., 0.00727 inches) in
the belief that the average correlation of the solar image within slits
of this width is greater than 80 per cent. Light from the sun is so
plentiful that even finer slits could have been used, and an even
greater degree of correlation obtained.

In the absence of tracking errors, the length of the slit could
and should be made short enough to cause the atmospheric displacements
of the image of the solar limb to produce a high percentage of
modulation, thereby relaxing the requirements to be met by the electronic
system. In the case of the experimental shimmer meter, however, the

tangent-screw tracking left much to be desired and the mounting, although

lRiggs, Mueller, Graham, and Mote, J. Cpt. Soc. Am. 37, 415(1947).

*The solar image also moves up and down in Fig. 4 but this component of
motion is negligible because of the narrowness of the slit.
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rugged by ordinary standards, did undergo small oscillations whenever
wind was present., Although these tracking defects were eliminated by
the use of the four-slit pattern shown in Fig. 3, it was necessary,
nevertheless, to make the slits long enough to insure that the solar
image would never come to the end of the slit. The slits in the only
slit plate ever prepsred were 0.1285 inches in length, corresponding to
265 seconds of arc. Thus, the slits wcre nearly 18 times as long as
tneir width. Altoough the percentage modulation of the photocell
current was often consider=dly less tnan 1 per cent when these long
slits were used, the electrical syctem had no difficulty in successfully
dealing with this signal input &nd, .Juring the snort course of the
experiments, no other slit plute was madae.

The shimmer meter would have been hopelessly inoperative because
of the manual tracking errors if only a single slit had been used. The
four-slit pattern, however, shown in Fig., 3, eliminated the effect of
manual tracking faults by making the effective frecticnal length of
the slit filled by solar image always one-half. 7This was important
since it established the dc level against which the modulation was
measured.

Because the angular diameter of the sun is zpproximately 30
minutes, the electrical modulation components due tc each of the four
slits were completely uncorrelated. They combine.i, therefore, in the
manner of random events sc tnat the signal-to-noise ratio cf the four-
slit shimmer meter .us less oy =« facter of'\rz_‘than trhat which would
have resulted from the use of « single slit, assuming tne »verage flux
to have beer. adjusted t¢ 7 selecte: level. lnis trivini penalty was
acceptec in order to cotein the vitally needea freecem frow vibration

and tracking dufects.
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The Electronic System of the Shimmer Meter

The electronic system of the shimmer meter, in addition to the
multiplier phototuve, consisted of a single electronic package and a
thermal vcltmeter. These units are shown in Fig. 5. The only controls
requiring attention by the operator were the two rotary switches
which appear as black knobs in the photograph. The right rotary switch
controlled the electrical filter and was marked in terms of equivalent
photographic exposure duration, the positions of the switch being
marked respectively, 1/10tn, 1/50th, 1/10Cth, 1/250th, 1/500th, and
1/1000th second.

The rotary switcn at the left was an attenuator which controlled the
gain of the amplifier. Its positions corresponded with amplifier
gains of 100, 50, 2C, and 10. The circuit employed is shown in Fig. 6.
In the upper right-hand corner of this figure is shown the multiplier
pnototuoe whicn, together with its 6AV6 cathode follower, was mounted
benind the slit plate in the shimmer meter (see Figs. 1 and Z). A
cable connected tne output of this cathode fcllower tc the chnassis shown
in Fig. 5. This contained a high voltage supply and ¢ control circuit
of tne clweet2 type designed to operate tne multiplier phototube at o
voltage such that its anode current wus nearly independent of light
level insofar as slow variations in ligat were concerned. Tnis was an
important feuture vecause, a8 2 meculsticn meter, constent de current
level jg essential te firecte-rcading operation. [ue success with wnicen
current constancy wuas scepieves wos cumonctrated wnenever thin wisps of
cloud passcs screes e cune  Inuse cleuds were sufficiently tenuous

to t tne scitr Jiok wus slunye visiele, ovt trey wer. ionee enouprn te

M. Ho sweot, Joocen Lietion Fietur amslnecre g, 25(7050).
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nake = ccensideravle varistion in tne light level on the photocathode.
e effect on tne output of tre snimmer meter could be detected due to
the vass:g= of sunh clouns.

psecause tne mcdulation orcduced »t the slits was small, making
amplificaticn of toe signal necessiry, circuit iniu-ed ncise was
always present in the output, and readings were eussiest to make -itn
a highly damped instrument, such as a thermal voltmeter. 1%t wus
important, moreover, that tre readout levice meusure tne true root-
mean-square value of the electrical wcveform, -nd nc meter performs
this function better within its frejuency runge than ¢ tnermal
instrument for this upplicaticn. 1n pructice, tne thermal metec was
operated in its most sensitive mode ano the readings were sept on scale

oy means of the internsl attenuatcr in the snimmer meter electronic

chassis,

Filtering of the Snimmer Meter

Tnis suoject is discussed in letwil in appendix o of this rejort,
wherein 1% is shown tnat the cutput of the moaulaticn meter must be
messured ~Cier weighting its troecuency content with « filter naving wn

]
amplituje characteristic [1 - sin” !bi/(%)T 1z .

1t ic 1lso demonstrated in appensix £ tnst & filter heving the
required charscteristic can oe pprexinate:r oy mesns off « gimple C
networx, and such a netwcrk was proviuet in the shimmer neter, 's 30Cwh
at the rignt in Fig. 6. Tne mexsurea response of the sychten dnoenca of

the positions provided oy the rotary switch is shown in ipe 7o

equivalent expusure intervul [ astocinted witn ench position o7 o
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switch was derived from these curves by noting their intersection with
the 0.707 ordinate (dashed) line on Fig. 7 and setting this frequency
equal to 0.446/T, in accordance with the equations developed on page 6

of Appendix B. The results of tnis procedure are given in Table 1.

Table 1
Nominal Exposure Interval Corner Frequency Effective Exposure Interval
(Seconds) (Cycles per Second) (Seconds)
1 0.1000 ) C.0991
10
1 0.0200 24.0C C.0186
50
1 C.C100 47.5 C.00940
100
|
D 0.0040 116. 0.00385
250
1 0.0020 210. 0.00212
500
| 1 . 0.0010 470, 0.000%5



Performance of the Snimmer Meter Electronic System

Tests of tne constancy of the multiplier phototube anode current
for variouc dynode voltages shcwed the characteristics plotted in Fig. 8.
Tnis is an amazing constancy inasmuch as the dynode voltage range
corresponds to more tnan 1000 to one in light level at the photocathode.
“he small resiaual variation in anode current was of marginal importance
in its effect on the absolute magnitude of the signal indication of
the instrument but was reflected in the noise output of the system.

This was sometimes sufficient to require corrections to be made in the
data, It was important, moreover, to restrict the light level at the
photocathode by means of fixed filters attached to the phototube in
oraer to keep the dynode voltage from having too high a value and
producing, thereby, excess circuit noise. This is illustrated by

Fig. 9, which shows measurements of rms noise output from the system

for various dynode voltages. Typical operating conditions with one

fixed neutral filter attached to the phototube are indicated by the
vertical lines drawn through these curves. Ideally a variable density
neutral filter should be used at the phototube in order that all
measurements can be made at that dynode voltage which yields the smallest
noise-and-ripple; from Fig. 9 this is seen to be approximately 475 volts.
A servo-operated variable density neutral filter could have been
incorporated in the instrument for this purpose.

Corrections of the data for noise can be made in terms of the
curves in Fig. 9 if the dynode voltage is measured. A test point was
providea on the chassis for connecting an external voltmeter for this
purcose. 1t snould be noted that the noise and signal currents combine

as tne square root of the sum of the squares of their separate values,
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Culibration of the Shimmer Meter

The shimmer meter measures root-mean-square modulation (M) of the
light arriving at the photocathode of the multiplier phototube. This,
in turn, depends upon the product of the rms deviation of image-forming
rays (c), the average fractional length of slit covered by the solar
image (B), the angular length of the slits (slit length L aivided oy
lens focal length F) and the square root of the number of slits used

in tne psttern N). Thus,
M o= c(éq@,ﬁ)/iﬁ(%.)\/{\

From zn electrical standpoint, the measured modulation is the
ratio of tne rms output voltage diminished oy the gain of tue amplifier
to the average dec voltage ccross the leosa resistor of tne multiplier

phototube., Thus

wnere V is tne rms voltage inclcsted wuy the tnermol meter, s iz boe
gain setting of tre sttemuater swit-n, 1 o tic =roce arrent o8 e
multiplier phototuve, ana W ig tne resistiunce ¢f whe Tooo mooloter,

Combining tnese twe ezuaticns for roe nowulitlia M oons

0(2,6,f) there results
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I, tne experimental shimmer meter, the constants in the above equation

ot tue followlny values:

=1/

ta

L = 0.,1285 inches (L/F = 265 seconds of arc)

F = 10C.C inches

=4

1 =57 x 10-6 smperes, if the dynode voltage is 475 volts

7
K = 20.0 x 10° ohms

“hus,
1 1
o, L6 0F e (0,1285) (4% W =1.13 x 1072 V radians
(1ce.c) (5.70 x 10'6) (2.0 x 106)0 G
or

ca§¢,9,¢) = +.3.9/G seconds of arc.

aitn skillful tracking of the sun, the sbhimmer meter could have
veen muiw airect reauing by using slits 0.1285/2.37 = C.0554" long,
since tnen coéz,e,¢) = 1.00 V/G sccends of arc.

It .3 interesting and significant tnat tne calibration of the
cni~sor weter ic entirely specifie by its geometry and by measurable
eleatric 1 circuit jor reterse.,  (ne ctlioretion is vslid, however,
crly i tue motion c¢f tre image of tne solar limb is completely
correl tct acress tne wiitn of tne slit. This requirement is examined

wralytie- lly n Appendix C of tiis report,



EXPERIMENTS WITH THE SHIMMER METER

All of the data obtained with the shimmer meter were collected near
Cape Kennedy, Florida, during the spring of 1957. The instrument
was located at trackxing camera stations along the beach overlooking
the Atlantic Ocean. Figure 10 depicts a series of measurements on
20 March 1957. The rms deviation of image-forming rays associated with
the solar image is seen to increase with exposure duration and to
decrease as lens diameter is made progressively larger.

The effect of shimmer was less pronouncesd at the same location
and at the same hour on the afternoon of 27 March 1957, as shown by
Fig. 11. The same trends are seen in the data although the magnitudss

of the readings were less.

APPLICATIONS OF SHIMMER MZTER DATA

The performance of diffraction limited telescopic systems in the
presence of atmospheric boil is affected and coniirollsd by both the
soft and the hard components of shimmer as well as by diffraction. The
instrument described in this report yields no informustion concerning
the effects of soft shimmer, but this was believed, in 1957, to have
negligible effect upon the uses to which tracking camsras were then
being put. Optimization of telescopes and camzra aperture size unde -
prevailing atmospheric conditions and assessment of the reward for
reductions in exposure duration were among the envisioned applicztions
of the instrument. It was intended also for use in selecting sites

for large t=lescopes and cameras.
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Data from the shimmer meter, when combined with other measurable
input information, were used to predict the limiting range to which
telescopes and cameras could track aerial objects; this topic may be

the subject of a subsequent report.

PRESENTATIONS

Demonstrations of the shimmer meter and presentations concerning
its principles and the data secured with it were made to military and
civilian personnel at the Air Force Missile Test Center, Patrick Air
Force Base, Florida, during March and April 1957, at Eglin Air Force
Base during May 1957, and at cther times and places to representatives
of the Air Force Cambridge Research Laboratory, the U, S. Naval
Ordnance Test Station, the U. S, Navy Bureau of Ships, and other
military agencies. Following these demonstrations and presentations
the shimmer meter was dismantled., There has been no subsequent work

on this topic by the Visibility Laboratory.
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SHIMMER METER CALIBRATION

J. L. Harris

Two caseg will be considered. The first is the case of high angular corre-
lation where the sun effectively moves as a unit.

The parameter, A, is the variance of a two dimensional normal distribution
describing the frequency of the angular position of a point source. Sample values
of interest supplied by Dr. Duntley are O.2x10_8 sq. rad. to 1.4}(10_8 sq. rad.
This means the standard deviations range from .447x10—4 radians to 1.183)(10_4

radians. In terms of minutes of arc
o = .447x10_4x57.3x60

.1535 min.

o~ =1.183x10"“x57.3x60 = .407 min.

1

The sun is approximately 30 minutes of arc. A slit which is 1 min, x 10
min., has a smaller dimension which is small compared to the 30 minutes. A

rough scale might be as follows:
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.

For the magnitudes of A, expected vertical movements of the sun will have

nagligible effect on the flux variation as compared to the horizontal motion.

For example, consider a vertical change of 2 minutes.

T T
/ .
L / 15 MIN.
N —— JN
\ x

Sil‘l«:%: 1333 \ /
.
tanw = 2 Tt~ — x= 765°
x
= 2. _ -
Y—+AN>§-,I%4 =14.93
Thus the angular size of the filled

The change in radius is .07 minutes.
portion of the slit is only changed by .07 minutes as compared to 2 minutes

for a 2 minute horizontal shift. The ratio is

=97 = .035 = 35‘74
2

The approximation is therefore used that only horizontal motion need b; con-

sidered.
The two dimensional normal distribution has the form
2

f(xy) = C

Siocz € 29> ez
Where x and y are independent, as is assumed here, the distribution is a figure

of revolution of the form

f'"
f(f) =Ke 2a-%
To find K the volume of the distribution

where K is the normalizing constant.
Considering an incremental cylinder shell of radius

must be equated to unity.
-r*
r, thickness dr, height K € Z¢* and circumference 27TR , the incremental
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volume is 2
dv = 2rrrKezs= dr

The total volume is
V-2nK[fe‘i?~= dr
[-]
2 -2 =
V-Zﬂ/([-w e E;"j

(-]

Ve2imTo?k =/

2mno2

Therefore
2

f(r) ='3;%%;;2. ol

The variance of this distribution is

Z _ . rz
7hs frezmr. L e fes gr

2T o>

3}

o0
re

1-/ - 7=
9% —‘5.‘;_/"36 Ro~2 dr-

(~]

-r*
Let w =r2 dv = re Zo=> .
,.
dw=2r3dr V =-0-2¢e 3o
2_ _r* Jrt
9 = g.L_,_[-r’*aJ* e 252 +/a~ze Zo=

Z 2,
% = ‘;,L.;Er"o-z e zor + 2 0-4]
o

2
o A - 2
r= ltm o r
2 e
o; - 20t 2
o 2 o

4 f‘o/rjw
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Therefore the modulation will be a horizontal gaussian shift of the sun having

A

a variance equal to =— .,
a 2
If the sun initially fills a fraction X of the aperture then the d.c.
flux will be proportional to X &,  where X, 1is the horizontal angular
subtense of the slit,
The percentage modulation is therefore
M= VE
XK

This is the ratio of the rms fluctuation to the d.c. amplitude. In terms of

the instrument readings )

M = (rms_reading)
(gain for rms signal) (d.c. reading)

Equating the two equations and solving for A

2
z 2 (rms reading - volts)
A= oK
< x h (gain)<~ (d.c. reading - volts)<
From the equation for M using the estimated values for A for a slit 1 min. X

10 min. (sun 3 filling slit)

.I085 _ _ 288 _ Los576= 576
Fxi0 = .,0217 =2.177% or Sx/0 T 76= 5767
Note that a 104 error in allignment of edge of sun's disk means an error in

A of

e = /100 X[(/)—(%‘E)Z] = 19%

For the case of no angular correlation, let us first simplify the problem by

assuming that we are considering a slit which is long compared to its height.



Shimmer Meter Analysis -5-

Here we need only consider the contribution to the variance due to vertical

motion, T () d&
3
]

f,. SLIT
{

Consider an element da. having an illuminance E. The flux from this element

is Eda . Over a period of time this elemental flux will be in the aperture

a fractional time of y ry,

| .y4%
J2rm o ; € io: dy

where is the standard deviation of the vertical normal distribution. A

plot of flux through the aperture from the incremental area as a function of

time might look as follows:

Flux Eda |- - e — -

Time
The incremental variance due to this incremental flux would be
T
~712 =2
d(c?) = -%—/F(t) dt - F
[ ]

where F 1s the average flux and is equal to yry

T i LL
F = T‘-‘[F(t)d‘t = EdaJﬁO‘/e_-zv* dj
J
2
For the first integral since the flux is either zero or Eda , (E da ) may

be factored from the integral and VT

d@?)=(Eda )" F[dt = (Ede)” v*
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ere Y~ = =L / g_y;j—; dy
g
d(o-%) :(EC/Q)Z[“/’— YZ—]

Since “F’ is finite the total variance would be equal to zero because of the
existence of the term (Cfa-)z. Physically this is true because any statistics
applied to the case of zero correlation means that we are treating a case
where there exists an infinite number of independent actions and therefore we
are sampling from an infinite population.

The shimmer meter can only be calibrated for the high correlation case
unless the correlation is known. When so calibrated the value of A obtained

represents a lower limit to the true value,
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FILTERING FOK THE SHIMMER METER

J. L., Harris

Consider the image of the suns disk and aperture geometry as follows:

\\—/
In the presence of shimmer the output from the photocell behind the disk will

be modulated by the motion of the edge of the sun's disk within the aperture.

The output from the photocell would be as follows:

f(%) ___/N_\“/_,_-___,/ﬂ"_N"\\\‘\y__§___"’,,,-———~\_

t

The camera would be examining and integrating an image over an exposure
time, T, What we wish to know is for an integration period T, what will be
the rms travel of the image. For any interval of length T there will be an

average output from the photocell.
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We wish to determine the rms value of the fluctuation about this average.

[oyan

waveform /( f) may be considered to consist of an infinite number of fre-

The

quency components, By considering a component, (4 , we can determine the

filter which will allow us to perform the desired measurement. For the general
case

e = E;u, SIN ( wt +~ 4))

where (b is a random phase angle

N

|
o T
TIME —e=

Each frequency component will, in general, contribute to the d.c. level over

the time interval T. Since we are only interested in the fluctuations about

the mean we must first find the average value of the component over the time

interval T,

% = —-/51~(wt+¢)d‘t
2 - Eo cos(wt-&-ﬂ
T w
X = E; cos4>—-cos(wT+¢3]

w

We are interested inG~, the mms fluctuation about the mean. This may be

found as T

012+J{ Sw(u.rt*-ﬂ‘;_l_ Cos ¢ - COS(NT+¢)_] Clt
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T
¢~ = :\?J/E: sin*(wts$)dt -—A
T e
- ?f Zwi’ siv(wt+ ¢ )[cos ¢ - cos(wT+ ¢£] dt =B
L (TE * 2
+T—‘I$ fzu-r?— [Cos¢— cos(wT+¢)] dt -
(e
A = ?J Ew sin? {wt+ ¢) dt

H:-ZL-ZL cos T (wt+ ¢)J dt

A =E-‘»1[:£ -4 cmz(wf%\]T
2 2 2w o

I

w

T
‘ J 2Ew SIN (wt + ¢)E¢os(wT+ 4’)J dt

. J
2 E [cos¢—cos(w‘r+¢)] JS:N(N‘“Wdt

wT?*
o

- 2E % 1
B=- T‘: [cosd»—cos(w‘r‘- ¢)JL_ Os(iwt‘“ﬁ)/)
w

o
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Z

_ _2E,
B = _cu‘TLZ-COS ¢ —cos(wT+ ¢)][QOS¢—COS(L»T+¢)J

- 2E,° 2
8- ‘w"Tu;' [COSd? -CoS[wT +¢)]
Averaging with respect to 4) 21T 21T
- 2E.* | 2 _ 2 T
8= T TR {ET—IC.OS ¢Pdg I cosg cos(wT+ep)d g

Sz

s e
- 2T
B:—-._r_. /(’4- ’C052-¢)d¢~-—/c05¢co$w74¢

2
+-Z-77 Cosq5 SIN @ 5/~wTd¢+

[[2. L cos 2_[4)7‘+¢]J¢

- 2
o - _ Zc'w .L_ Z_COS (,()T
B —-z[z. 277 /(-’-+lcosz¢)d¢

w*l

2 sinwT
+ /’V2¢/ + —/]
o

Z2 A
— 2
8= - ZE_"’ [/-coszJ
wiT?
_ - 2 2 uT
B= - 2 £y stz[ﬁ’z): _ES 3 (£7)
wr T* 2 w <w_7"
Z

)
c - —%[_gi;[c'.os é - cos(ww\f’o/t
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E

’ a,ﬂ[cosqb —cos(wT~+ ¢)]

Since it may now be seen that

Z
then
- E *
c = -+ -« A/M(%T)
< wT) 4
> )
Combining A, B and C
z wT
O"L:“_E‘*’ _ £," S”/Z( ) wz Sml(@.f)
)
wT
2 ( ) 2 @?

a
Cf‘i; Eiu l__ SN z(?iér
2l —*ZTITF)?E__
2

and

™

: |
wT\ 7

2 (%)

E o
Notice that ]?ff is the true rms value of the frequency component being

considered, If this comnonent were passed without attenuation we would

measure it as ;;? . The equation tells us, however, that to get the
Z

desired measurement we must weigh® this frequency component with a filter

having an amplitude characteristic
-4
z(‘“_T) 2
[ = [/— SN _\z
(%)
2
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The attached graph shows a plot of this function. The highpass RC circuit

o <1 I <

has a transfer function

Eou‘r = w R C’

2 f
| E Jwz (R
The 3 db point of the RC filter occurs where

| wy RC
Tl = 0707 = f
E. Vol (RCY )

by, (RC)7 41 = 2 wh (RO)F
wy, R¢) = |
4

Wy =
(. R C
wtT I
2\ /
v ()
From the plot of | - Kl < 2
(&5)"
=/
the half power point appears to occur when
T .
Ll =14
ra
or 2—.8
LQ./ — T
e T T
Matching the two functions at the half power point then
L _ 2.8
=Y —
or
T -
RPC = == = 0,357 T

N
03]



Filtering For the Shimmer Meter -7~

This is the value of RC which would be selected to approximate the correct

filter characteristic. Since

Eou"' _ 179 ‘? C,
E v JwH(RC )|

Eour - 0357w T

—

Ev | 128w T5)

wT g 2 Eour
— |w T |0.357uT [(0357aT) fazsrar)+) | Ew
0 o, o o) [,O |.O @,
1 I O R el 055
2 | 4 |1428 | 2.0¢ | 304 | 1745 |0.8/8
3| & |2m2|las | 56 |237 |o905
L | 8 |28s6|8.42 | 92 | 3.02 |0946
5 )0 3570 {12.7 | 127 3.7 ”c).‘/65'

The match is quite good. The maximum error of 10% would only exist if

the shimmer frequencies were concentrated at
(7 7~__ :3
2

orR w = _€

T

The measurement could be made as follows:

1. Depending on the amplitude of the expected fluctuations some
amplification will be required. The low frequency response of

this amplification must be good enough so that the frequency

response of the system will be determined by the RC filter only.

2. An RC highpass filter may be placed in the circuit 'at any stage

of the amplification., This could be either fixed RC's with a
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Filtering For the Shimmer Meter

switch, each RC corresponding to a desired exposure time T or a
fixed C, variable R calibrated in terms of T.

A low pass filter passing only that portion of the spectrum where
shimmer is expected should be inserted. This will serve to

minimize shot noise.
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