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AEBSTRACT

Tne presert report morks the completion of the first year of project
work. Tone piollen: concerns the manner in which gstar ight fluctuales in
brigchtness and ir color, particuleriy i{n the daytime, and likewise how
equivalent or smzlier roriions of tne daytime sky behave as sources of
light, Observaticne st variouc seasons znd under a variety ol permissible
meteorologica. conditisne are stipulated.

Much erffeort curisng the first part of the contract year was sprent as
mighi be expectec, or tne desipgn and construction of & sultable stellar
puolometer, unigue ir usome respects, and on the installation and cali-
oralion ol associatel elertironic paris.

Ameng the sigrificant observational achievements of “he iatter part
0f the coniract year wus the first succesgsfu recording of the scintilliation
of bright sters in <yl dayrignt, and the harmonic analiysis of this
scintillation. The difficulty ir suck observations 1s several orders of
magnitude greater thar for the nocturnal analogue, because of +the over-
wheiming brigntress of the daytime sky.

Anotrner sisn!ficani result has beer the deterripation of the diurnsl
variation of subaudic frequency components of stellar geintiliation and
their prelirdnary correlation with meteoroicgical conditions. It was found
that a concistent diurnal variation in steller scintiilation exists and
that the total scintillaticr can be expresaed in terms of two parameters:
the zenith distance of tne star, scintillstion varying as (sec z)l'i'*J and
the time of cay. It anrears that noontime ecintillation is about 50
per cent greater than é:intillatimn during twilight. It was also cbserved

tnat Lthe least over-gll scintillation occurs when the observer is on tne
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wvest cide o - polar “high"™, skortly after the passage of the center.
In adaition, greater scintiilation appearsz tc be associated with larger
viclet-to-yellow ratios of zenith skylight.

ocintilintlon in the daytime is greater when a &-inch aperiure
rather than & 12-inch aperture ic used. 'This result, long established
I'or nocturnal seeing, is of sigrnificance in that 1t indicates that toe
aimospheric distwrbances are not significantly larger in lineear
measure in tne daytime than at right. IT they were genperally larger
whan £ix inpches, the amount of ccintillation cbserved with the two

crertures would nol be markedly different.



21

PEREQRKEL ARD ADMINISTRATION

There were ni. cnanres in personpel and none in the adcinistration of
the contract other <tnar that Mr. Proiberoe was engazed ful: time for the
SUrgEer montns,

Tne siow delivery 27 equipment continued to be the only matter that
hindered tbhe full scope o0 the work. Faclilities at the University were
adequate and enoufl tszlescope Lime was available, both night and deay, Tor
tne prosecution of the work. The telescope and accesssries are in good

condition.

COMMURICATIONS

A copy of Repor< Nc. 3 was transriited to the U.5. Haval Observatory,
where Drs. Ball, Mikesell, and Hosg are engaged in a closely related phese
of the problem of stellar scintillation. From the inception of %his
project work, we nave paintained cliose cocperation with tnese pgenflemen.
They have, in turn, followed thne pracitice of communiceting with us whenever
they have obtained significant results., During the present report period
they communicatec toc us 1n advance of publicatior tnelr resulits on the
scintillation of lights carriec tmlﬂpecified heights by heliconter,

With respect to our Heport No. 5, communications were received from the
pointing out that thney nad scme Lime ago made measurements on the
Paureole™ of & star anG had presented tneir results at the Cleveland
meetings of the American Asirouomical Society last winter (1951-52).
Thus, our measurements are confirmatory. Our measurements resulted Irom
the necessity of deterzining how large & diaphrazr it was necessary to uee
to insure tnat lhe Egﬁgé lignt of the star was admitied to tne photocell
in the course of measuring the fluctuations 1n total :ight. These measure-

ments, therefore, were uecessary in any case.



Dr. Helinz Fischer, of the Cambridge Research laboratories, visited
the McHillin Observatory in Eepteﬁber for a review of progress tc date.
He was accompanied by Dr. E. Wahl, vwho was particularly interested in
the meteorviogical poseibillities inherent in the present problem. Le
and Dr. Keller conferred on problems of atmospheric turbulence.

During the general discussions, the question of terminciogy with
respect to "' noise' and ' constant noise source™ arose. In order to
clarify the use of these terms 1in the present context, Mr, Protheroe

has prepared a short discussion {see sppendix I).



STATEMENT OF PROELEM AND
METHODS OF ATTACK

The chief prcblexr under attack is that of the manper in which star-
“izht fluctuates in its passage through the atmosphere of the earth,
especlally in the daytime. The specific probier is to devise and utllize
equipment for the recnr&ing and analysis of such fluctuations. The
long-range purpose of this work is to seek to utilize optical means of
scunding the upper atmosphere.

The work during the present report period, July 1, 1952 thrcugh
September 30, 1952, can be summarized by stating that the major effort
has been shifted from getiing equipment to work over to the daily use of
the equipment on hand in making the systematic observations needed to
obtain trustworthy angwers to the gquestions posed in this contract werk.

The telescope has been used for these purposes on virtually all
clear days avallable, and, at the present moment, observations run con-
gideravly ahead of ''reducticns''. The alm this summer has been 1tc getl
conasistent observations so that valid intercomparison is assured. This
has meant Msettling down'' to a standard program of observation rather
than ™rying this and trying that' ; a large part of the first year of
work was spent in the latter, and necessarlly so.

The standardized observations are two-fcld. Those carriec out by
Mr, Hosfelé are concerned with the hourly veriation cf, primari%y,
daytime seeing. Here the characteristic " cutoff™ of the Browz recorder
vetween 10 and 12 cps. (Fig. 1) is utilized to give the percentage
seintillation of & star in terme of its total signai. Sirce by far the

greater portion of steliar scintillation occurs at sub-audic Jrequencies,
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the value of total integrated fluctuations from 0-10 cps seemc &
particular.y gcod 1ncex of seelng t¢ use for an hour-ic-hour, day-to-day
comptriscn. The schemotlc diagran for the apparatus used in this phase
ol the work is smnown In Fig. 2. The star is placed at the center of the
field ol the 0.50 mxn aperture of the photometer, and toe gain of the
syctem is adjusted tc five an average {luctustion on the Brown recorder
of one unit (approximately 1/€ inch on the record). The star is next
remcved from the field and only the intensity of the adjacent blue sky

is recorded. The difference, (sky + star) - (sky), divided intc the ob-
served Tluctuetion (which has purposely been adjusted to be one unit so
that the inertis effects of the recorder remain constant) yields thre

per cent variaticn ol stariignt. For example with the Pluctuaticn set at
unit value, if {cky + siar) reads 75.° units and the sky alcne 71.2 units,

the per cert variaticn is

L.

1.0 _ 1.0 _ ,
e = e = 23,

If the sky exhibited measurable fluctuatlons of the same character
as those spown by the =tiar, a correction would have tc be lntroduced.
Fortunately, no variations comparable Lo stellar scintillation are present
in skylight.

The observotions snow that such aerc index of seeing can be represented,
on +he average, ac a funciion of two narameters: elevation of the star
and time ¢ 4ay. The aay-1to-aay varliciion depends on metecorolegical
conditicns, It has been found, for inctance, that the maxirum scintillation

for & giver elevation angle 1s observed on days witih considerable
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convective activity, as indicated by towering cumulus clouds. Mipimm
scintillation, correspordingly, has been observed or the west side of
polar *highs" shorily after the passage of the ceater of the ' hish''.

Observations of daytime "peeing™ have been carried out from sunrise
to sunset. A typical series of "runs", obtained on August 8, 1952, is
showr: ip Fig. 3. Toese represent the observed percentage scintillation
of various stars at different times of day and hence, of course, at
various elevations of the atars sbove the horizorn (shown as index numbers
at each point on the pgraph).

When the elevation parsmeter is isolated, 1t is found that scintili-
ation varies as (sec z)l'h, wbhere z ie the zernith distance of the star.

Conversely, observations corrected to a constant zenlth distance
show, on the average, & sinusoidal diurnal veriation in scintillation,
with the peak, at midday, about 50% greater than values st suprise or
sunset.

The change in scintillation with time of day for a given elewvaticn
angie is illustrated by the average values (Table I} for Vega and

Arcturus during the period July 31, 1952 to August 8, 1952.

TABLE I
Average Scintillation Values, July 31 ~ August &, 1952
Mean elevatlion Variation Mean
angle,*® star signal, % time of day, P.M.
Arcturus  Vega Arcturus Vega _

30 43 ] b 143
35 36 5:12
L0 38 30 2:27 5141
45 32 25 2:hy €:10
50 27 21 3:00 6239
55 Pl 18.5 3:26 7:06
60 21 17 06 7:36
65 19 16.5 h:40 5:06
70 16 ~-- 5:4Q
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Observations are being extended to include all hours from sunrise
to sunset, and & direct comparison with nocturnal values is planned.
The present limited data, however, show clearly that for any given
constant elevation angle, the closer to midday the observaiion 1ls taken,
the greater the per cent scintillation.

Although Vege and Arcturus differ somewhat in brightness and
considerably in spectral class, there 1s no evidence from cbservations

so Tar that either & significant magnitude or color effect exists.

Summarizing the pripcipal facts concerning daytime acintillation
of stars, to be regarded at present as prellminary results which may
be modified after considerably longer runs have been completed, we have:

(1) ¥oontime scintillation, for & given elevation angle, is aboul
50% greater than at twilight.

(2) SBcintillation increases rapidly with increasing zenith distance
and is about 2.5 timee greater at 60° than at 0°.

(3) Scintillation in daytime is greater for e 6&-inch aperture
than for & 12.5-inch aperture, a result which has been long established
for nightime scintillation. Thip result is of more significance than
might at first be surmised for, if the turbulent elements in the
daytime atmosphere were significantly larger (in this case, larger than
6 inches), there would be 1ittle difference in the amount of scintillation
observed with either of the apertures.

() The greatest diurnal scintillation 1s obgserved when the alr
mass hes much convective activity, such as that which produces tovering
cumulus clouds in the daytime sky.

(5} The steadlest traces are obtaimed on the west sides of polar
4 hish-ﬂ "-

(6) Greater scintillation is assoclated with larger violet/yellow
zenith skylight ratios. Although this has not previously been mentioned,
gsystemstic observations of zenith skylight through various filters have
been carried out along with the regular photoelectrlc measures. A
simple exposure meter, sturdily mounted 1in the open, has been employed.



12
The coservations lead to two otner preliminary generalizations:

(a) The brighter the total eky radiation, the smaller the
proportion of violet light to yellow lighv.

(b) Larger violet-to-yellow zenith sky brigotnese ratlos
are found on the east side of poliar "nighs' than on the west side.

HARMONIC ARALYSIS OF DAYTIME
STELLAR SCINTILLATION

An independent but closely correiated agpect of the work is the
frequency analysis of daytime gtellar scintillation being carried out
by Mr. Protheroe. It 1s expectied tnat this work will constifute &
portlion of Mr. Protheroe's doctoral dissertation irp Astropcmy a- The
Chi- State University.

At the close of the present report period, Mr. PFroiherce succeeded
in cbtaining the first measures of the freguency comporents of stellar
seintillation ir bright daylight. Agein, the resulis so far are
preliminaxry; indeed, the magnetic tape recorder intended tc be &n
integral part of this program o-as not yel been recelved.

The present instrumental arrangement for making these obeservations
is 1llustrated schematicelly in Pig. k.

The photometer and ihe high-voltage supply have peen described in
previous reports and are also the same &8s used in the ' subaudio®
Eystem.(Fig. o).

The photometer ocutput is fed to an attepuator and biass control.
The latter derives its bias vcltage from & £laghlight battery and 1s
uged to cencel out most of the é-c ioput signail, thereby allowing &

high gain d-c ampiifier to be used. The amplifier used in this work
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is a Tektrornix Direct-coupled Type 112 Amplifier having input and
output impedances of 106 ohms and 10° ohms resgpectively.

In order to permit the operatlons of several pieces of equipment
at the output of the amplifier, an impedance matcher must be used.

To accompllish matching for the Vibration Analyzer, a simple catbode
follower used; a gimple resistive gttenuator suffices for the d-c
level signal.

By means of the resistive attenuator, part of the gignsl is
sampled by the Bruskh recorder to indicate the d-¢ component of the
iight signal falling on the photomltiplier, which corresponds to
the level of 1liumination.

The output of the cathode follower 1c applied to the Vibration
Analyzer which indicates the relative rms voltege at selected
frequencies. Tike apalyzer has a band pass that 1s 3.2% of the center
fregquency.

Filoally, the output of the analyzer is fed to the Brown recorder
vig the gensitivity selector. The absolute noise voltage is de-
termined by & calibration of that part of the aystem which follows

the photometer,

The actual technique of measurement is given in Appendix 2.

The hermonic analysiz of daytime star scintillation had been
barely got under way &t the cloge of the present report period
(September 30, 1952). The first complete ™run™ was magde on
Arcturus September 13, 1952, shortly before noon. The resulting
frequency apely:sls is shown 1n Fig. 5. Because of the preliminary
nature of the Hﬁrk to this stage, a comparison with the work of
Hall, Mikesell, and Hoag on the fregquency anslysis of nocturnal

stellar scintilliation will pnot be made at +his time.
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FUTURE WORK

The project during the coming year will be cuncerneﬂiwit.h & serles
of systemttic steller scintillation measures to assure that contimuity
is maintained throughout several seasons and varied metecorological
conditions.

It is anticipated that, in addition, measures on the over-all slze
of the tremor disc of a star will be made. Pr. Keller's thecretical
investigations, which will soon be published, lead to the conclusion
that such measures can yield more immedlately useful "soundings™ of
the upper atmospiere than can scintillation measures alone.

It mAy be neceasary to construct an auxiliary photometer for this
purpose. RKonetheless, the present daytime scintillation measwres will
be continued, with the added feature that scintlllsation records will

be made on tape and analyzed with an audio spectrograph.
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APPENDIX I
SHOT NOISE IN A CONSTAWT LIGHT SOURCE

In the course of making measurements with the present equipment
(Fig. 4), 1t has been observed that a noise signal exists even when the
photomltiplier tube is illuminated by a lamp operated at a constani
level of 1l1lumination for a pericd of time long in comparison with the
time needed for a single messurement. The Haval Observatory wvorkers,
Mikesell, Hoag, and Halll, in their work with nighttime acintillation,
have recognized this noise es & shot nolse, and in reducing thelir
stellar observations they take this into account by illuminating thelir
tube with & '* standard noise source™ bulb, which is merely & dc-operated
lamp adjusted to the same level of 1llumination as that given by the
object neasured.

In order to clarify the terminology used in these project reportis
and tn:dﬁtain a physical picture of the process by vwhich the nolse in
guestion originates, the following discussion, based upon measurements
made with our present equipment, may be helpful.

let us conslder first one specific observation. The dc lamp
{1luminating the phototube was operated at a light level such that,
with 360 valts across tbe photomultipiier tube, an anode current of
2.3 x 10°7 amperes was measured. This corresponded to a light flux on
the cell cathode of the order of 2 x 10”6 lumens. The measured nclse

at 20 cps was T7.36 microvolts.

1. A. E. Mikesell, A. A. Hoag end J. S. Hall, J.0:5.A. 41, 689, (1951).
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We wish tc determine which of the following possible sources of
noise is responsible:
a. Tnermai ncipe in the input resistor.
b. Current noise in the input resistor.
c. Amplifiier and circuit noise.
d. Snot nolse grising from anode current electrons.
€. OShot noise due to discrete pulses arising from phctioemission
caused by effective photons striking the cathode of the photomuitiplier.
Tne dark current, or thermal emissicn of electrone at the photo cathode,
also adds to the noise, but in exactly the same manner as a photoemission:
i{ can therefcre be dlscussed as & part of {e). 1
We discuss these separately.
(a) Tc indicate the magnitude of the thermal noise, a simple
calculation using the familiar formelis of Nyguist shows that the noise

attributable to this source is many times smaller than that observed.

The Nyqulist formuliaz states that

E?nhRKTﬁf
where E = rms voliage
R = ohrege of the resistor
K = Boltzmann constant
T = resistor temperature (Keivin)
Af = freguency cvandwidth of measuring apperatus.

In the present instance, T = 300°K, R = 0.62 x 106 ohms, and AT = 0.6L cps.
Therefore the ncise voltage at 20 cpa, if of thermal oripin alone,
should be only 0.08 nicrovelt, a negligible amount.
The apcve iz valid only wnen the resistor is not carrying & current.
{(p) (¢} When the resistor carries current, the possibility
of current noise musi be checked. In the present instance, a precision
carbon type resister is used and the current ncise would be expected

to show somewhat the same statistical pature as thermal noise, arising
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frorm changes in resistance ait the faces of adjacent carben particles
under cufrent fiow.

Such noise can eesily e checked by supp.ying,from a
pattery tc the input circuitl of tne system & dc signsl equal io that
given by the photomultiplier. Thls was done in this particular instence,
with the result that the uncise cutput was too low tc give a reliable
reading; this source can therefore ve excluded in cur example. This
gsame measurement alsc indicates that the amplifier and associated
circuits are not responsibtile for the observed noise.

() Shot nolse is now left as the remaining possibility.
This noise arisec because of the random arrival of discretie pulset at
a measuring device. When applied to the cage of discrete eleclrone iz
g current flowv 1t is often called the Schottky effect. The anasliysis of
the effect, iz which one assumes pulses of charge M and arrival rate K,

leads to the expreasi:;n2

I° = 2 MK Af

Here I represents the root mean sguare current fluctuaiions in the pass
band Af. I one cconslders & pulse to be cne electron, this expression

becomes the SchotiXky formula:

~y

I° = 2 e T af

———

where I ig the average direct current and e is the charge on the eleciron.

If thic expression is applied to the case under comsideraticn, &

noise due to the discrete electrons in the anode current of the order of

2. Gcl&mgﬁ, Stanford, Freouency Analysis, Mcduiation and Hoise,p- 311
(McGraw -Eill Book Company, Inc., New York, 1Gk3).
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2.2 X 10713 amperes is found, corresponding to & vollage of 0.1h
ricrovolts. This again is too small to be consldered as & major
contribution to the ovserved nolse.

(e} If one now returns to the general expression

IE-EHQK&I

and replaces M by m e, where m 12 the multiplication of the tube and e
the charge on the electron, their product being simply the terminal
pulse size due to ome effective photon at the cathcde, ii can be written
as

I°a2me I AL,
The rapndommess in the electrical pulses 1s determined by the randomnese
in the arrival of the effective photons at the cathode. In the present
case, for a 1P21 photomuliiplier operated at 38 volts per stage, tbe
RCA Tube Manual indicates an averege multiplication, m, of the order of

3000. Calculating the noise current from theee data, one now £inde

I = 1.16 x 10711 amperes.
This corresponds tc & noise voltage of 7.1k microvolts, and agrees with
the measured noise.

The small difference between the observed and calculated
value 1s probably due to the assumed multiplication factor of the
tube. Actually one may reverse the above procedure 1o obtain n from
the observed noise. Adoption of m = 3100 rather than 3000 brings the
observed and calculated values.intn agreement. In passing, it may be
noted that tbis method affords & simple technigue for measuring the

pultiplication of & phoiomultiplier tube.
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For the sake of completenese, it should be menticned that
the contribution of the phototube dark current (3 x 1074 armpers )
to nolse producticn in this instance ie negiiglble, smounting to only
0.011 microvoltl.

Since all tbhe nolses coneidered here are random, with the
exception of possitle instrumental ncises, they add gquadracicaily. Thus,
all but the shcti noise assoclated with the arrival of photons at the
cathode are, in effect, negligible. It is well to emphasize this point:
the measured noise ir properly functioning photomultiplier ecuipment
is predomipantly a funcilon of the photomn arrival rate.

The agreement betweern noise calculatior and cbservation has
teen checked at other freguencies and illumination levels; lne
arreement persists.

In order to correct for the shot ncise in the combined
signals from skylizghi and starlight in daytime measurements, arising
fyom the constant components of the two scurces, a dc lamp, operated
at a constant level egual to the average level of the measured total
signal, 1s ueed to determine the equiveleni shot noise components in
the measured starlizght. This bullb will henceforth be referred to as
the ' standard noise source™, in keeping with the terminmlﬁgy of Mikesell,
Hcag, and HallE.

It is interesting to note one comnsequence o: the expression

I°a P2 me I AF.

Since the aversge anode current, f, is proportional to the i1llumination




level on the cathode, the absolute level of the nolse increases as
{F, where F is the light flux falling on the cathode. Under normal
circumstances, one is interested in the signal-to-noise ratic that is
present; this, of course, increases as Y F for increasing iliumipation
levels. That is, there 1=z an apparent decrease in noise relative 1o
the signal as the illumination from & source which behaveg &s a
dc-operated lamp increases.

The present equipment used in daytime scintillation ob-
-Eervafinns measures absolute noise, and thus the ordinary situation

does not obtain; the apparent shot noise increases as the ' dc"

{11umination level increases.
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APPENDIX IX

TYRCENTQUE USED POR THE MEASUREMENT
OF NOISE MODVLATION OF STARLIGHT

A. Observetion

1. lewvel of sky illumination is measured.

2. Bky signal is biased out and amplification is increased to
permit larger acale recording of star noise.

3. Amplifier output is anaiyzed with wave anslyzer; at least two
minutes is devoted to each selected frequ-ency measured.

4. The star is removed from the entrance diaphragm of the photo-
meter and the adjacent blue sky signal alone is analyzed; identical
ingtrumental settinge are used.

5. The photomultiplier tube is separately illuminated by &
dc lamp adjusted to the pame level of illuminstion as the sky and the
signal is analyzed as in {3) and (4).

6. The system 1s calibrated with known input voltages at selected
frequencles, d¢ voltages are used to calibrate levels of sky end star

iliumination.

B. Recording of Data
The cutput of the wave amalyzer is presented by means of ink

traces on & Brown recorder sheet. Noise traces at a constant frequency
are variable owing tufthﬂ random nature of the noise. The dc measurement
is presented by means of ap ink trace on a Brush recorder, which aleo
gerves as an indicetor of any radical changes in the star signal, such

as might be caused by varlsble transparency, while cobservetions are ln

progress.
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C. Reduction of Observations

l. Averages cl the Brown recorder traces for the {(sky + star),
aky, and axtificiz. source, respectively, are determined for esch ob-
gervation.

2. The relative voltage for each frequency ccmponent is read
from calibration curves relating deflectiorn oo the recorder to
relative voltiage.

3« Relatlwve voitage is converted to mctual r m s voltage, using
caiibration from (5) of observation procedure.

k. Observations are reduced to unit baniwidth by dividing the
measured noise by tpne square root of the bandwidth. 'This procedure
introduces negligible errors, since the original bandwidtih is smali,
approximotely 3.2%4 cf the mean frequency setting.

5. The star scintillation signal is obteined by reducing the

(sky + star) signal to (ster) signal:

{star signal)n‘q (total signal)?® - (sky signal)<.
Likewise sky scintillation signal, that ls, modulation above shot

noise il such exisis, would be detected by reducing the sky slignal:

[ _——

oky signal = Y (sky signal)? - (dc lamplignt)Z.
Here, signal means the effective r @ s value at a given frequency for
. £ps bandwidtih.
6. All results ﬁre ccrrected for attemuation due to finite input

capacitance.
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T. The dc imput voltages are evaluated from the dec calibration.

8. Results are expressed as per cent sine wave modulation

L";HI

Mal.bih

=

~de

wiaere Fe = average r n s voltage at frequency f, and

Fic = dc signal voltage.

Rote: The dc signal used for the star cumputatians i1s the excees
of the star over the sky value. If this velue is large compared to the
8Ky signal, the procedure 1s modified. 'The dc lamp 1s set at the
(star + aky) level as well as the (sky) level. These dats are then
used to reduce the ohbservations. Furthefmﬂre: if any sky scintillation

slgnal is detected the star scintillaetion signal is corrected

accordingly.
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