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ABSTRACT

The technioue of recordinz stellar scintillations on meznetice
tLpe has been developed to B satisfactory state and is presented as
a potentially uselal tool in the study of the atmosphere.

The tool has been used in & comparison of daytime and nizhttime
stellar scintlillation, in & comparison o the scintillstion of double
stars, ant in a comparison of stellar scintillation at oppocite ends
of the visinle spectrum.

The usefulness of "scintillation moduli™ to describe auperically
the shape of a scintilliation curve is veing exploreda, ané their appli-
cation to the variation of scintillation with zepith distznce ané with
telescope aperture has been attempted.

The wori on low frequency scintillation varistion with telescope
aperture anc with zenith distance has been completed ané is presented
in taoular form for reference. These indicate the order of scintil-
levion that results with & given telescopic system, at 2 Ziven time of
day, and at =z given zenith distance.

The exploratory survey into the nature of image motion has teen
completed. The general independence of stellar scintiliation snd
lmage motion has been esteblished, and values of image motion, in
seconds of arc, which might be expected under average conditions have
been determined from measures wmade on 1600 movie frames of stellar
imaze motion during the day as well as the nizhi.
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PERSONNEL AND ADMINISTRATION

Ther¢ were no chanze: in personnpel and +he only chanzge in adminis-
troation was tne eppoiniment ol Mr. William Protheroe as acting Project
Supervizor Jduring 3eriemoer while Dr. Eynek wac ia Europe. During
Septemper Dr. Himsk was ofTicislly on leave from the project.

Faclilties a7 the University continue to be zdeguate for the pro-
secution of this czormtract work.

COMMUNICATIONS

A zarer on ovservotions estadvii:zhinz the independence of what is
crdinarily termed "aztronomical seeiaz' and “Lwinklin-™ or stellar
scintlllation, hac becn accepted [or puclication by the Journal of the
Ortical Sceletr of smerica. The raper carries the titie WStellar
Seintilletion and Imaze Motion' and tne suthor is Jozer HosTeld,

Dr. Keller »resented & paper, "Sxperimental Verification of &
Taeory of Astrononical Se " he summer meetings of the American
Astrononical Society, hel Boulaer, Colorado, Auzust 26-25, 1933,

Dr. dymex cdiscussed the present studies of stellar scintilliation
in progress &t The Ohio Btsteo Uriverzity with meny Buropean sstronowmers
and presented talze on this sabject at the Stockholm Observetor: at
Salts iob8Scen, Sweden, st Lun< Observzicry, Lund, Sweden, znd st the

University of Helsinkl, Helsinki, Pirland.

STATEMENT QF THE PROBLEM
AllD METHOD OF ATTACK

The Sasic problen rem=ins the same, %he study of the effect of
wne stmosphere on celestial impzes (2) to obtein hermoric anzlyses of
steliar srintillatior 2nd to essablizh narametlers of scintillection
which ma »rove uselul in rilitery and meteoroloriceal arpiications andg,
of course, in the pnyvsical stuc; of ihe aztmosphere; (b) to study the
manner In which an image moves, in ks caytime a3 well as at nizghi,

anc to establish e correlastion, or lack of it, petween scociatillation

ana imagze metion; zni (o) to attemrt a theory o atimosvheric effects
or. the stelizr image,

b
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SUMMARY OFF SIGNIFICANT RESULIS
QETAINED DUHING RePOXT PERAIOU

1. SCIFTILLATION sTUDIES

Man:- sinifizonat observational destz wers odtained auring the repore

-i0d, enaclin: cer’inite conclusions rexzardins ssintillation and imsze
wmtion <o br ¢rawn, out perhape ths we-ter o wmost overall significznce
wosz the estanlisomen® and "provins-out' oy Mr. Protheroe of the tecn-
nigue oF Tezorcin_ stellar scintilletion on me natic tape, during bovla
nizhttime and co Uioe. n the wmatter of ¢ few minutes, a “scintillosram”
on tape car oe olteined which gives a recoriof the stellaer scintillatlons
snaracteriseisc of the atmocpneric cenci:ions prevalliia: at that time.
The recordé can then 2e Mpleved bacxk" <. one's convenience and & detcilec
hermonic sralysis made av leaisure.,

The chiel acvantazes of thic technigue are (1) elimination ol
cheniins atmospheric conditions caring & anaiysis ana (2) availability
of as mony pointz ou the frequenz; curve as desiren and (3) permcnsncy
of record &nd aveilacllity Tor re.znalysis. Ivem (1) is especially
important. To octzin & larze puamoer of polats oo the scintillation
freguency curve, sach as is necessary in esteblishing {ine structurse
clong tne curve, the time needed to wake the anelyvsis directly av the
telescone 1s pronicitive, and even if the stwmospneric conditloas rewain
identically the same, the zenith distance of the star changes Sporeci-
eply durin: the icterval of observition. WwWiih & tape recording, the
ovservations ere made in a2 matter of minutes, but “play-pvack” i'or
comnlets snslysie can taxe the better rart ol the amy.

The tere recording tecnnique nowvallows 2n independant approaczh TO
the procliems zlrsad; investigatsc by Mr. Hosfeld, who usec the mucn
slmpler technlique 07 recording thz intesrated low freguency scintil
iations, (&-1C xps) éirectly on = Browrn Recorder. OF greater ipwort-
ance, tnz new meinod allows en agnalysis of scintillation, frequency oy
Treguency, aac oo extension of stucies to the hilizher Irequencies.

-

Previously Mr. Protheroe nad m2de harmonic analyses of scintil-
Lation, inciudin- the Ligner frecuenciesz, bui by tho more tedious

methodzs of Siresct recordia; with o wave-gpalyzer at the telescope.

It iz o interest to list the firs: epplications of the tape
recorder Teconlicug

—
4
TR

Cowperison of day ant nizht stellar scintiilezion
Irozgusncies.,

- s
11}
e

Scintilletion freguency curves for components ol @
aoudle ster, extendin: the work of HosTeld on tns
inzunerency of doudle star twinkling.



(3} Scintilliatiorn frequenczy curves for red and violet
rortions of the spectrum.

{4) Estaplishment of variation of scintillation moduli
with zenith distance.

(5) Variation of scintillation moduli with telescope
grerture.

(6) Comperison of ster-planet scintillation frequencies.

A lerge pert of the material in the above izems comprises oriziinal
Jork Bné some i3z supplementary and corfirmazory to yorz cone previcusly
here oQr elsevheres.

Before &iscussinz the above 1lteuws, it will be best to present in
autline form also the significant results obtzined during the repors
period.

gince Mr. Hosfeld is to be transferred to anotiner proiect as Oi
Noverber 1, he devoted a considerable portion of thils time t0 the re-
duction and compilation of results obtained orn the present project.
Thege results sre two-fold: those conceraing low-irequency scintil-
iation (0-10 c¢os, in terms of per cent of mean dc signal from tne
star) of stars during the day and the nignt, as functions of zenlth
distance and telescope aperture; and those concerning the motion of
the stellar image.

It can be stated that the investization of lutegrated lov frequency
scintillation of sters with respect to ster eievation, star color, time
of day, and telescope aperture is now essentlelly completed. Functlonal
relasionships have been established fc & good asgree of finality. Photo-
electric technigues were employed in the above. It is felt that addi-
tional work on these topies will produce litile that 1s new.

in the secon? branch of this work, cerried out by motion picture
photography, & survey ol image motion hae been completed. Because of
the time-consumminc observetional work, it has been impossible 1o ex-
tend image motion work to correlations with zerith ¢€istance, telescape
aperture and ptar color. However, spol checks aave been mede wnich
indicate the nature of the variation to be expected.

The scintilletion and the image motion studies have established
beyond all reascnavle doubt that the 1two (scintillsaticn and motion)
should ve regarded as essentlally independent paramelers of ilmage
vehavior.
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Rzturnzn: gy T2 2 priel digauszion ol the indivicual ltems
covered apove:
(2} Ir Fig, 1 typiesl éaytime and nizhtiime scimtil-
lztion-fequens, curves aro ocntrastel. These

cxtenc to hizher freguenzies, the unpublished
ooservations of Has*h;i (for 0-17 ) that, as
"ruls-cf -thuro", maxigun Saytime
eerly twice as great as nighttime
gg¢ scinvilletion curves rov-

s made By maghgilc tape
Previgusly
ime gnéd nizhttime measures
‘actly at the ctelescope.

e =

\-4..-:‘

-I—I

_|,_I
Had o L
*—

I_J-
-

P“GHHE+D~ hed mpede dayti
vzint 2 wave-anglyzer

Ral—

r220rdings o the couwbined scin-
corson=nts of a doubl= star are
The oQbserved curve is compared
computed curvss, one on the hypothesis

couble

La &

V. Pratneras ob

=3 "y
52T

and the other that
. the componant

"-."E’T

=
B

ecch Ccommoonent

ic

[

o1

the doubis

star components scintillate co-
the scintiliatvion
rendom.

star seperately,

and then in

penents rore gomoined

~oThination,

The szint_llstion dats for tne

s52parate Com-
thoush the ctar sciptillatec in i

phase &ng &

[
E-:.-

randot, rocoectively. Thess two commutations (top twe curves on Fl" 2)
were then compored with the Jlowsst zurve which represents the scinuil-
lation arisiny Irom both components simultenecusly, as observed at the
telescope. The laiter agrees most closely with the "rapdom"™ hypothesis.
Thie resul* z2enfirms findinte on the components of Castor (separation
2% .0) of Yeozseld® who emuloyed essencially the same reasoning but used

iy

the intesro . ca

Irotherce's resulits

4]

zintillation (C-10 cps) technigue.

favor the hymethasls of incohereney over the entire frequency range.

(:} The pnenonenon of twiniliinzg in ¢olor, suown to
wne uneiced eye by sters close to the horizon,
clearly indicate that, ot least in certain in-
stances, scintillati 51 is not color-conerent.
This has not, s yel, been established for smell
zenith distences, an imporiant point, since obvious

To the eye) color scintilleiion ¢disapnears at
nith distance less than 45 degrees.

A relaied guaction 1s whether the time-inte-rated scintillation
curves are identical in 4ifferent colors. I=pe recordinzs of stellar
saintillation made throush red ani ulirsviplet Zilters, using a8 1.5
inch aperturs, nave been analyzed ona representalive resulis are s2own
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S e .~ o - o - ~ vy A - - — | T - y - g .
in Figs., 5 Bl -, WLIL o CUNCEris The T 111..’.‘.111’1_; oo Vegs When ver CLOZE
- 4 - - N - N e ek Wt -

to the zeniti, Fio. 5 <hat of Arctaras 2% g zeuith angle of oo’

Thers 1z o~ worked 4diffezrsngs i the shaepes of the scinvillavion
curves in the wwc zolors : Z » Llarsze zenith distanceas.

It appears, thereiore, that whotn2r or not instantancous incoherency

in color seintilliction occurs near the zenith (as we £now it does at
lar:e zenith distanzes) therc iz no overall Ziffercnce in the scintil-
1ation of a sier ip different colors, rezardiese of its zenith distmnce,

. - -~ . o
Tor large oneri.uaes.

LY

(4

I

chk {1
Ly’

)

|

(2) 1o order tec descrine now ecintillation curves
VRS Withh the severa. parameters, e.g zenitn
“istance, Protheros nes scopter Yscintillation
mocull™, as indices of “”iﬂt'llaulﬂf, ts char-
gcuerize whe siepe o o oscintillotion curve.

s

The scointiliztion modulus as defined at present is the ratic o the
averare Por c2ait sips wave molulcotion in a ziven frzqguency ranze o LNev
L Lhe frecuency ranie z.5 wo 10.95 ¢pz. The frequenc,; ranges in tae
numeratmr o1 thic expression have been chosen as 10 te 50 ¢ps and 0 to
:ti?ﬁl; for the purpose of conductings o preliminary study

of their useiulness as an indey ol the shape ol tns curve.

It shoulc ce enmphasized tnat the geintilictior modulus lg o MCESUT
of the shene ol *the scintillstion curwve, and 1ot of wne amount of s2intii-
lotion., TPnus Fis. 5 indiceter the z2nanze in shane of the scintillotion
curve with cenin distance w;tnﬂu' relerence e he esmount or ceciatil-
Iatien within szisctec fregueng: rooes Witk zsenith zistance.

T

In Figr 5 and © the oven ¢ircles represent nizhttime observations
ganc filled circlss the adsytime observations. In Fiz. 1% is _lea“
that there is in enerel no change in the shepe of tThe geintiliation
curve from dény 1o nizhit, whereac Fis. € 1adicetes tnat there is aun
increase in tne augount of scintillation from rnizht te daay, even thousd
the scatter is ler2.

(e} Fi:. 7 shows, in pecsin-, ancther iyvpe cof measure-
incnt made with tas tape :Eﬂhnicue, tnat of compar-

- socintilietion fmim 2 etar with that I{rouw &

anet., This iypc ol comperisorn, however, has been

R

3
-1

'_'I
*
A

‘,,._l

i
done previously, 9 ouwr obsarvers and oy other
investizetors. Tne regulis here sre confirmalory.

F i
b4y
e

Purther tans recordinzs of scintillztion were uade
v supplement previous work, nere and slsewbere, oo
tne effects of decreasins aperiure upon the naturs
of scintillstion. Circular apertures elone are re-
po“teﬁ here. elthoun:h work is in pro-ress on the 1s€
o7 rectenzular slits in various orientations. The
<ape recordiags were corfined io observations av ine
zenitin,
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10
TABLE 1

STELLAR SCINTILLATION, O-10 cps (PER CENT OF MEAN dc STELLAR SIGNAL)

Zenith Distance of Star Aperture of Telescope {circular)
Dezraes 12-1/2 inch v inch % inch 1l inch
0 19 34 51 53
30 24 41 S0 Th
45 31 50 68 90
G0 50 75 95 125
70 85 120 145 -
TABLE 2
INCREASE OF SCINTILLATIOR OVER FULL 12.5 INCH APERTURE
Zenlith Distence of Star Aperture ¢f Telescope (circular)
Degrees & inch 3 inch 1 inch
D 118 2'? 3'3
20 1.7 2.5 3.1
45 1.6 2.2 2.9
60 1.5 1.9 2.5
70 1.4 1.7 --

The factors in Table 2 prove to¢ be independent of the time of day,
i.e., & 3-inch aperture at 45 degrees zenith distance can be expected to
give 2.2 times as nmuch scintilletion &s the 12.5 inch aperture, regard-
legs of time of day or night.
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o, IMESE MOTIOW STUDIZS

L second thesc of the workn cone vy Mr. HogTcld, nas now 2130 o2en
2 &

1
3 e A - L - - -n .2 -+ - - I - —_ 2
> Tris 1o % mMoL1On IL1TVWre STad] ol 1lmoase mOTlCHl.

1 . -|.-- - I_—_-"-' -:‘.- - 2 - -r .l'q.\" : R ¥ LI P _h" - o - | o e
The :ﬂGuCZMM; 1o oacrarsily DI . OT 5:¢nu¢llat_ﬂn gLudles Yy

e spudios of tiae motlon off the ima~z the motion pilctire 28GETE 13

n previons renorls, 2ECOLNLS o7 “he prozrest O0f LaLs WOTHE DRL
sepn oiven {(fee aspeciall, Progress Report No. 7). Mr., Hosleld has
ceen coilating woii material on ~he cupiect, ~ith the express LUrpose
2 epmmorizir c nis rasuins on LNe :azal emount OF imaze molion TO DE
necwad.

r1

-

Unortunatels, wdch mors laopor 1ic recuired to ovtain eyzet fungction-
2) relotions ootveern 1mae WOLION anc time of &ay &nd zenitn cisteance
chan o2TyEssn SNEC0L DArAmeters ant lov Tregaeney c2intillotions. Tims
Las not rermitted a low; investiation ol imaJje rotion. Nevertneless,
Taple 5 presents ois coaclisis o 1000 monidn pictare frames. Each entr;
represants & SU@mMAr;” Q. *maze motion measures on 100 Irames. The TWO
SoLUthie oro, raspectivel na wotal rante of wotion (in scconds of 3re)
showr. o Whe imege in lGu Jrames, raven at avoutr 1 {rawe ner gecond, and
rhe meall o%ion o the 11age if tps ten per cent of Trames showino Jresvu-
es- devistion, anc the ten DET cent showing the least motion are neslelh-

-

3

2@, Trau 1o, the cecond 20lumn 15 O WMEASUTE of the imaze motion TG D€
expactel generall), 1tk the '"high' and "low® frinzes pultted.

TARLE 3

i
7]
[
ra
i
£
ct
e

Ster Motn. Ranze - TAverace Motion®

b5 ALM. oG Sepreupsr {Astor 15 .2
2:15 AWM. ~L Sertemser Canelle g 3.7
G20 AWM. 27 Gevsemuar  Casuor .1 3.0
G35 AWM. * Zeptexber  Cepella 3.3 = .0
10130 AWM. o0 AuZust Capel.z 5 WU 53
10:hs AVM. 30 Auzust Copella TRt 2ol
1:15 P.M. 2L §eptemosr ArCTUTUS .6 3.k
2:35 P.M. - Septegsor  ATITUATUS 1C.1 SRS
3135 P.M. 1 Qctober Ve 5.3 Z4
110 P.M. * Qutopsr Lresurus LT 5T
2110 P.K. 20 Eusust Aroturus AR Lz
Sl L. 23 AULTUST Ve o L 1.2
3120 P.M. . Zoptemver Vesn e 19
Sy PLK. T Seprenner ArcTurus 5.0 NG
10:40 FLM. t 'Septenver  Vegs .1 i
1G:50 PUM, DL Aurast Vea 5 i Z.3
s —— o




All ooeervatlions Wers
3¢ derrees exceps tas evenins observetions of 7 Septemper. In thet
cage Vaza was 1less than five degrees from the zenith &nd arcturus was
©5 dewrsec awey. 1t appeers, from limited 2-idence, thet imacse motion
does not obey tne same lew of increase with zenith disteznce tnat
3ointillstion deces.

i

de at zenith distances of spproximstely

n

It shouls o= pointed cub that two 3-incl apertures scparatec DY
G inches center-to-center were used in studying imege moilon. zach
3-1nch sperture forms its own steller image end when examined cut-of -
focus (a3 in the Hertman test ), the two separated imeges cen be seen
descriting reletively independent motions. These independant motions
result in fairl, rapid chanzes in image specing, beinz sometimes close
rozether, sometimes widely separated. Photozraphs of 1/25 second ex-
posure time wers taken at 1 to 2 second intervals until 10C samples of
the imaze sepersiion were obteined for each rum.

Taese 10 seperaticps were then meesured to the nearest U.l asecond
of ar- and tne resulting frequency distrivution end cumulavive Irregquency
distrioution ware plotted for each run as 1liustrated in Fig. 11.
Circles and crosszs represent independent weasuresa on the 53me dets.

If the inecident wevefront at the telescope were undisturoed, el- 1lmage
pairs would have the same spacing, but if the wavelront is distorted
by its passage through the earth's atmosphers, and If that distortion
is chenzins rapidiy, the soparations will be different from pnotograph
to photo-raph, with the degree of distortiorn peing reflected in the
spreed of ovserved imegv s=parations. IWO m2ASUres of thiz spread of
separation valuez are ;given in Table 3. The firs+ meaeure ie the Totel
range over which the specing changes; =.z., if the closest peir of
imazes shows 4 secends of arc seperation and the greatest spacing 1s
10 seconds of arc, the range, or totel change in separation, 1€ 0
seconds of arc. Since this criterion is determined by the Two €XUrame
valyes obtained during the run of 10C observations, 2 &ipzle Tortui-
tously large or small value might gzive a rascge wnich would not be
repressntative of the zatire run. For thls reason a second measure oF
the syread is inzluded, shtained from the cumulative freguency plot,
which ic the sepesrstior at the 30th percentile minus the scperstlion

at the 10th perzentile. This particular cnoice of values was dictated
by the foot thet the lovwer upper and upper .ower “wings" of the
cumuiative frequency plov segin to flatten &t apout the 10th and S0tn
percentile respeciivel; so that these values ere relgtively stadle and
vet irclude the oulk of the observed spacinzs (80%).

€2

T+ snoulé oe noted %hat the number of ssconds of arc over which an
image in & > inch tel2scope co8D be expected To WOVe is 3DouUl ONE half
o tne velus repcrted ip tone "range” column, since the ~losest specing
of tho meces zan oe exvected when poth move toward each n+ner by tihe
mAximum emount of indiviiual motion and ths ferthest spacing vaen each

moves awsy by the maximum displecement.
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Slmilsrly, for telescopes o larse averluare where the individual
portions of the wotal imsye are suvject to the dis-lacements measured
0y the two 2 inch sreas, ithe imaze will be stread over an arez hal® the
siameter c¢f the values reporied in Table 3,

FUTURE WORK

Under the limited extensior of the rresenc centract, effective
Qctooer 1, 1953, M. Protheroe iz to carry on and complete his present
progran of tape recording of stellor scintilletion with the purpose of
"trin: down'' guantizatively the variation of seintiilation frequencies
with zenith distance, time of cay, and generasl meleorological conditions.,
Mr. Protheroe will also exemine 2 series of scintilliation curves for
"Ilne siracturs"; that iz, Tor oeriodicities or prelerential freguencies
in stellar scintillation.

AT The close of the extended zontract 1t is honed that the tech-
nlaue of masneti~ tane recording of stellar scinttllation will have
been estaclizhed s: a standerd and usable adjunct to mtmospneric studies,

b2

Investigator . S § 723 f - S

SUPErVISOr. .o, ettt et SRS 1 ) £ -

e R : - ' ;
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