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TASK 1. SPECTROPHOTOMETRIC OBSERVATIONS AND
ANALYSIS OF THE ASTEROIDS

A (Principal Investigator: Clark R. Chapman)

Work on this task proceeded at a somewhat reduced pace this
quarter inasmuch as no asteroid observing runs were scheduled. Most
effort was devotad to reduction and interpretation of data and preparation
for presentation at forthcoming meetings.

The observational program will get under way again in May.
Time has been assigned for visible and near-IR spectrophotometry by
Chapman and McCord at the Kitt Peak National Observatory for early
May when efforts will be made to secure observations of Betulia and
other important asteroids.

‘ ~ Data reduction has been proceeding on cbservations obtained
earlier in 1975 intended for presenfation at forthcoming meetings, in-
cluding the Division for Planetary Sciences of the AAS meeting in Austin,
Texas, in early April.

Chapma'l has been working with a group of other asteroid
researchers, including Morrison, Gehrels, Williams, and Zellner, to
establish a computel ized data ﬁle of physical observatlons of qsLer01ds
It is intended that efficient use of this file will permit a wide variety of
statistical and analytical studies to be performed later in the spring, in
) preparation for the I.4.U. Colloguium, scheduled for mid-August in Lyon.

o - Preparations for-an intensive observational -campaign in
support of a possible fly-by of asteroid 92 Undina by the Mariner Jupiter-
Saturn mission have been suspended. Further calculations at J.P. L.
have revealed that the pass will not be sui‘fwclently close to Undina to

. perrmt useful observations.

The text of the astercid review article by Hartmann, Chapman,
and Williams has been finished and the manuscript has been circulated
to several other asteroid experts for review. Thé manuscript willbe
submitted to Space Science Reviews, which issued the original invitation
- for the review, wilhin a’ month or so. '

o It 1S intended that the next uarter will see the conclusion of
reduction and analyms of previous spectrophotometry
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TASK 2: LUNAR OCCULTATION OF ASTEROIDS

(Principal Investigator: Donald R. Davis)

This task is scheduled for the third quarter of the contract
“ year and no work was periormed nor any funds expended during the
second quarter. '




TASK 3: ANALYSIS OF SATURN'S RINGS

(Principal Investigatbr: M. J. Price

Visual photometric function data for Saturn's rings have been
analyzed in terms of elementary anisotropic scatitering radiative trans-
fer models which involve the Henyey-Greenstein function. Limits have

been placed on the combinations of single scattering albedo, and back-
scattering directivity, which are permmed by observation. Particles
with lunar-like scattering properties are excluded by the analysis.
Resulls are consistent with the ring particles being more-or-less pure,
and spherical, conglomerates of HoO frost., Details of the analysis
are .contained in a paper entitled "Anisotropic Optical Scattering Within
Saturn's Rings' which is in preparation for publication in Icarus. A
draft is reproduced in Appendix A. o

Determining the degree of contamination of the "snowba]l”
particles remains & problem yet to'be solved. Work is now pr ogressing
in this area based on unpublished luboratory photometric data by
Veverka (1976, Private Communication). Using powdered mixtures of
magnesium oxide and charcoal, Veverka has attempted to simulate the
effects of mineral contamination on snow. For pure MgO surfaces,
laboratory measurements both of the geometrical albedo, and of the
phase integral, agree well with earlier studies of natural snow, Com-
parison of the laboratory studies with the photometric analysis of the
rings is still in progress. - Results will be factored into the final version
of-the paper. It appears likely that mineral contamination of the ring
~ particles c:»nnot exceed 5 porcent by weight.

Co- mvasi_lgator W. K Ha rtmann has obtained films of
collisional effects between icy particles, inveolving collision velocities
from about 102 to 104 ¢m/sec. Images reveal rebound velocities,
size distributions of fragments, and possibly rotational characteristics
in free fall, applicable to Saturn's rings. Analysis has not yet begun,
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TASK 4: PROBING THE URANUS ATMOSPHERE WITH THE
RAMAN EFFECT

(Princi’pal Investigator; M. J. Price)

During the current reporting period, empha51s was placed on
the Saturn task, Consequently, work on Uranus progressed ouly slowly.
‘Even so, several significant accomplisliments deserve to be reported.

First, computation of the btrengths of the rotational Raman
‘ghost images of Fz aunhofer features in the Urapus spectrum is pro-
gressing satisfactorily. Isotropic scattering in an Ho gaseous layer
about a Lambert cloud layer is being assumed. Emphasis is being
placed on single ccatrermg albedos ~0.95, and an optical thickness in

- the range O<srs 3

Second, exploratory observations will be carried out in
collaboration with Dr. Michael J. S. Belton during April using a Fourier
Transform ‘Spectrometer in conjunction with the MeMath Solar Tele~
‘scope. * Rotational aman ghost images will be studied at blue (A 40004)
and yellow (EJJOO__) wavelengths to determine if their strengths are wave-
length dependent. Such a dependence can be explained in terms of a
cloud layer underlying a Rayleigh scattering Hy atmosphere. The depth
of the cloud layer can be inferred. : '

Third, complemeniary studies of the limb-~brightening
phenomenon on tbo Uranus disk are progressing well., Results of the
collaborative investigation with Dr. Otlo Franz up.until the end of the
1975 obgerving season are contained in a paper entitled "Limb- :
Brightening on Ux anus: The Visible Spectrum,' recently accopted for
publication in Icarus. A copy 1s contained in Append.x B.

‘Fourth, new limb-brightening observations were secured
within the last two weeks at Lowell Observatory by Dr. Franz. Limb-
brightening is very obvious in the X 7300 CHg4 band. By replacing the
original EMI 8558 photomultlplmr with a red-sensitive RCA tube, the
~ signal-to-noise ratio has been increased by a factor 3. By refiguring
‘the Cassegrain Secondary of the 72-inch Perkins reflector to eliminate

- residual spherical aberration, Loomis (University of Arizona, Optical

Sciences Center) has reduced the hali-width of the pomt,spread function
by a factor 2, a truly astonishing feat. The PSF half-width is now typi-
cally ~ 1" arc or less. Limb-brightening has become correspondingly
. easier to detect. As more data accumulate during the 1976 observing

season, we expect to be able to address the question of the aerosol particle
dlstrlbutlon in the Uranus afmosphpre ‘These studies can then be factored

into development of th° Raman probe technique.
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TASK 5: FOLLOW-ON STUDIES OF MARS DATA COLLECTIONS
k(Pr-in_Cipal Invésti.gator: William K. Hartmann)
Material from preceding year's studies, together with some

‘recently published related material, has been collected for final pro-
cessing to produce a publication. Final manuscript is not yet complete.
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ABSTRACT

‘  Vigual p_ho'tometric function data for Saturn's rings are analyzed
in terms of elerhenf;ary ‘an‘isrotropic scattering radiative transfer models
which involve the Henyey—Greenstein function.' Limits are placed on
the combinations of single scattering albedo, and back-scattering
‘diiﬂc‘ctiﬁty, which are permittec‘I by observation. Particles with .
Idn.ardike‘scatte‘ring pro‘perti‘es are excluded by the analysis. Results
are consistent with the ring particles being more-or-less pure, and

spherical, conglomerates of ‘HZO frost.
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I. INTRODUCTION

. Some time ago, Price (1973, 1974) rediscussed the optical
scattering propertigs of Saturn's rings. Evidence indicating that the
photome.trié function at visual wavelengths is dominated by primary
scétter_ing, and that mutual shadowing is an irrelevant concept, was
first pz.'e-rse‘nt»ed. Available ground-based photometric data were then
interpreted on the basis of simple radiative transfer models. Only
moderate degrees of anisotropic scattering were treated. Special

~ attention was given to the case o.f individual, spherical, macroscopic
particlés for which the scattering @hase function is proportional to the
apparent area illuminated. More extreme cases of backQéca'tEefing
;fvere not consi_deréd. Probable ranges in the ‘sin;grl,e Ascattering albedo,
and invthe_genervalfshape' of the scattering phase function, were defined.
Limitations on the mean pe’r‘pendicular optical thickne‘sks of rings A
and B together were also obtained. Results indicated that the ring
'particlesvare effiéiént 5ack--scatterers of visual radiation. Iso‘tropic
st;éttéfing is '@o_t pefmitted. Based on an infinite oigtica'l ‘thickness

- for the rings, a minimum single scattering albedo ~0.75 was found.
| Use of cons,ézjvative SCatte.rking 1e‘d to a minimum optical thickness ~0.7.

sting élemént.éry radiative transfer theory, based on the simple;‘
_optical scattering model, Price (1976) recently ana_lyz"ed the availabié- -

infrared (10 pm é&hd"],’?@\ pm) thermal emission .".d'_:ita‘ for Saturn's rings. |




The ring system was treated,as an isothermal slab of finite optical
thickness: To obtain sufficient heating of the ring material, optical
- single séa.ttéring albedos less than 0.75 were required. Moreover, the
rings could not be isothiermal. To reconcile the results with the analysis
of the ‘photometric..function, the back-scattering efficiency of-each
individual par‘ticle must be even-higher than the maxir:Lum assumed.
Higher baék-scattering efficiencies permit lower single scattering
albedos, an,c'kl smaller optical thicknesses.
Further theoretical analysis of the visual photometric function

dat;;c is contained in this paper. Emphasis is placed on fully defining

the constraints on the sihgle scattering albedo, and on the shape of the
scattering phase ‘fu’nc.tion. Extreme degreevs of anisotropy are treatéd.
- Seattering phaée fghctions ranging from total back-scattering to isotropic

‘scattering are considered.
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II. THEORY

1. Pfimary Scattering: Its Role

ince previous studios (Price, 1973; 1974) have indicated that

rn

. primary scattering dominates the visnal photometric function, our
analysis will be based on the theory of primary scattering; multiple
sc.attering. will be included as aperturbafiononly. Zero phase angle,
where the r.ings appear wide open will be assumed. Both the insignifi-
cance of multiple scattering, and the geometry of the situation, exclude
the application of the van de Hulst similarity princi{jles.

Defining the radiative transfer model is our initial task. TFollowing
Price (1973; 1974), let us assume the ring system to be a'pla,ne-parallel
Iziyer of particles with an optical thickness, T Each rmg particle is
described by its single scattering albedo, %, and by its scafiering
phase function, p(@ ). For coavenience, the scattering phase function

is normalized, by integrating over all scattering angles, , such that
@) SR o
Iy ~

where the element of solid angle, dw, is the variable. Once again
‘mutual shadowing is taken to be negligible. Interparticle separations
are considered to be sufficiently large that radiation scattered by each

pai‘ticilé iz reliably déS'cri_be;:l by the far field approximation.




Deriving a reiationship between the specific intensity, resulting
from single ,s'cat,tering aldne, and the p'arameters of the radiative
transfer model is our next task. For any chosen layer of the ring
system, located between optical depth 7 and 7 + dr, | the primaryA
scattering contribution, d‘i(l)(r), to the intensity of radiation diffusely
reflected tbwards zer'o phase angle can be readily 'evalimted. et the
solar flu}: at Saturn be denoted 7F. At an optlcal depth 7, the fraction |
fe».p (-T/u ) Of the mmdﬁnt flux arrives without having suffered any
scattering process in the intervening medium. The Hy parameter is

the cosine of the angle of incidence with respect tb the outward normal

“to the ring system. The contribution to the diffuse intensity in the direc-

tion of zero phase angle at depth 7 by this reduced incident flux is

A%‘.F.e'm/“o."oi.p(1800).52-,3: v - (2)
where the p parameter is the cosine of the angle of reflectlon Wth
B respect to the outward normal to_the r-ing'system. A fraction«e‘xp(-‘r/u)
of this amount emerges in the zéro phase direction without suffering
| any i’urther scattering. Consequmntly , the contr 1but10n to the emergent
mten51ty by 110ht which has suflered a s1ng1e sc:ati.ermt7 m the layer
betwee‘n. ‘r'and Tk dr is

dl(l)(i |

B
5. F.e

C @




The total contribution to the emergent intensity of light which has

* suffered only a single scattering within the ring system can be obtained

by integrating equation (3) over all optical depths. We have

() 1 i o, ¢ 11
B, ==.®.F. .. p(1807) .31~ ~(=+— .

I 1 T =g Gy - 21807 {1-eml- e r 1} @
Except when the ring system appears nearly edge-on to the sun and -
Earth, the angles .ofihc,idenceand reflection are always'nearly equal.
For the geometrical s'ituatibn of interest in this pape'r, we will adopt

) ecjual-.uo equal 0.44124. Equation (4) can then be re-written

1(%)(”02"0)”81"” LW LF .p(1800) [1 ~V€pr(%2>7;0>/u0)] . ‘(5)

Equ?;tion (5) explicitly relates the specific intensity for primary back- -

scattering to»the”mdividual'pér:ameters of the radiative transfer ;n.ondel. -

Multiple scattering can be'treat‘ed"thm ugh?the ratio of primary-
to-multiple scattering, f. Denbting the total specific intensity, I, we

can re-write equation (5) as

,1(1)(;10, )=t 1(»uo‘,‘~»7~;))=%-y. ».F. p,‘(1800)[1‘- exp(-2r /b )] (6)
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" which becomes
oo 1 (o 1 (1800) [1- exp(-27_/ )j (M
F g‘ » . f - p 4;p 0 uo . -

EqUatiOn (7)' is the basis of our analysis. In principle, since-—IE—,(,L%, T O)
~can be obtained directly from photométry of the ring ss}stem, tight
constraints can be placed on "th_e permissible combinations of radiative

' t'rans.fer,par‘ameters_.‘ In practice, two problems must first be addressed.
The st:att—ering phase function must be defined. In aﬁ’dition, the primary-
to‘-t.nu’ltiple sc}attering ratio must be known ade’éﬂately. Since the ratio

s é function of the 's~1'ngle' scattering albedo,. of the optical thickness,
of’ thé lscat«tering phase function, and of the geometries oAf solar illumina-
tion_and of ground-based oiaservation,y its .evval‘ua:tion requires caréf,u.l

consideration.

2. The Séa‘tt,‘e_ring-ZPha,s‘e;_'Ep.nc‘tion:f’l‘he Choice

Sﬁlectlon of the scatterm phase function must meet two requn'e-
ments Flrst 1ts ceqeral shape must be descmbed by a smgle parameter.
' Se‘corid, it :must enc_ompasp, all e},t_z:.emes ‘The Hﬂnyey Greenstem (1941)

function

| | -g | 8
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is the natural choice. General shape is described by the g parameter.

. For zero phase angle, equation (8) may be written

~ p(180%) = il;——glz- : | (9)
, 1+g

Extreme shapes include isotropic scattering (b‘z 0), complete forx;/ard-

scattering (g = +1), and complete back—s-catteriﬁg' (g =-1).

3. Primary and Mulfiple Scattering: Their Ratio
” K 5 g o . d

Accurately determining the primary-to-multiple scattering ratio -

in a radiative transfer problem which includes an arbitrary Henyey-

- Greenstein phase function can be done only numerically. Nevertheless,

‘the issue can be adequately sidestepped by utilizing known analytical

solutions for radiative transfer problems which involve simpler

scattering phase functions. Similar scattering phase functions iraply

similar radiative transfer solutions. Our analysis will assume that,

** pather thaf being similar, the solutions are in fact identical.

‘Chandrasekﬁa,r (1960) has ex'tens'i'v‘ely' studied radiative transfer

problems in which the scattering phase function is described by the

- expression

Cp(@)=(rxcos @) L 1sxs< . o)




TABLE' I

~PRTMA.RY AND lVIUTlTIIDIxF SCAT'TTRH\IG THEIR RATIO

(Aero Pha;,e Ancrle B=p = =0, 44124)

T
1
o

2
Ho
B

L5

1 890 |.

V4

W\



Two cases of special interest are isotropic scattering (x = 0) and
‘ moderate.'bao;k—sca‘t’tezjmgf ( =-1). Bof:h _special} cases are compared
- with several .Henyey-Greenstein functions in Fig. 1. Isotropic scattezfing
is described éxactly by sef:ting either g or x equal to zero. Moderate.
back—sc,é.ttei'ing, represen‘ted by x equal to' -1, is xtzellapproﬁcimated
by Qt}ie-’Henj‘zeyfgr'eenstein function with g equal to ~0.25. For the case
of CO.};1p1_e_t‘e .b‘ackfsc,at_tering. (g = -1), only primary scattering can
oceur ¢ = 1). . |

| Primary-to-multiple scattering ratios héve been calculated for

a véri'ety of B, X, 7 combinations by methods outlined by Pricé (1974).
Results are listed in Table I.' The ‘vaiués gixrén are lower limits ob-
tained by adc}p‘fing the maximum permissible ﬁlue (0.75) for the single

seattering albedo; cfi Price (1976).




II. ANALYSIS

Dét‘érminin'g the allowable @-g envelope of ring particle parameters
4req.uireAs' fu.:m.iamental k:now‘lec}ge.of the visual photometric function for -
the geometrical situation of interest. In rediscussing the observational
data, ‘Price (1974) showed that the relevant‘ mean %ﬁ value, for ring,:s A
and B together, inust lie in t’he“rangé 0.25 s%; <0.4. Knowlédge of thé
.-mean .optical thiq}:ness is important too. For a lower limit, the
value 0.1 will be adopted. Smaller optical thicknesses wo_umimpiy that
stars, and Saturn's disk, wou‘ld be easily visible through ring B, a |
situation contrary to experience. Most probably, the ineé.n'optical' '
thicknes‘s lies in the range 0.5 ST S 2; cf: Pollack (197‘5)..' ~In our
pxjes_.ex:_m_t ape;‘lysisj._,‘ vspevciavl 'atvt.enti_on will be glven to opticall thicknegses
in the rang.;eIOI.SS*rsé. |

’Val'ues’fér the single scattering albedo, 2, corresponding to
d’e'finite‘ c’ho‘ic_es foyr g, .. Mg, and f, :c,é.‘n be readily obtained from
equatio'n (’7}, which for convenience can be re-written simply as

| , S -1 |
w=38 %,- ; f.{;;(180°) [1- e.Xp-(-2rO/uo)]} o | (1)

where p(180°) is given by equation (9). Once g, TO,‘ u, are selected,

' the only weakness in the precise calculation of % lies in uncertainties

Fr)

in the two parameters, = and f. Extreme ®-values may be obtained

by adopting extreme values for i:her,lé’t_ter. >




: Given g Ty Ky the maximum and minimum permissible %
values are obtamed when both = il f are maximized or minimized,

mepectlvely. From the observational data, the maximum and mini-

UM = I values are 0 4 and 0.25, respectively. Obv10u.>ly, the

P‘l

pruﬂaly -to- mulhple scattering ratio has a maximum value umt/

‘Table I can prow.de sultable minimum estimates for the f-value.

IsotrOplc scattermg, an infinite optical thickness, and a single scat-

‘tér@ng‘albedo’ 0.75, toge'ther produce the absolute minimum f-value

(0.565) which can be relevant to the Saturn ring problem. Fig. 2

_illustrates the corresponding allowable, and non«allOWable, w~g
~envelopes for a number of relevant T-ranges. Note that w-values

greater than 0.75 are excluded by infrared studies, cf: Price (1976).

Several conclusions can be drawn from Fig. 2. First, the
observations constrain the single scattering albedo and the anisotropy
parameter to be coupled, Large %-values necessitate only minor |

anisotropy. By contras small ’&’.\—values require a high devree of

anzsotlopy Se’cond 1t is c]ear thaf the rmc partlcles must be hwhly

eﬁlment bac‘f‘-scattex ers of v1eua1 radlatmn conﬁrmmOr earlier stucheQ

by Price (1913 19{4) Indeed F1 .2 suggests tqat the back-scaitering

' dn*ectnrlty mav be swnlflcautly more pronoxmced chan for the spemal
case (Fi . 1) of x equal -1. If so, then cne lower ,.HnltS shown in

' vFig'._ 2, f,or the-'single 5cat‘tering albedo IQl‘ a,-gzven g-value are too,
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.sniall. In fact, the calculation of minimum @-values should utilize

: the'f-vaylufe which cprfesponds to the special ca;rs}‘e of moderate back-
scafteriﬁg x=-1), infinité~ optical thickness, and a ’s'ingle scattering
albedo 0.75. Table I shows the'.relevan!:-'prima,ry-to—.multiple.
scatterin’g ratio to be. 0.759. For constant g, the lower bounds to

% in Fig. 2 would be raised by a factor 0.759/0.565 (1.34) at g equal
7.-0.25. For g values appz-oaching -1, the factor will increase’to,
1/0.565 (1.7“‘7); Evidently, the back-scattering efficiency of the ring

particles must indeed be greater than for the special case x equal -1.

3




IV, DISCUS TON

Current knowledge (Pollack, 1975) sughmests that the ring particles

are macroscopic pieces of Hz()«ice, with characteristic dimensions on

the order of a few centimeters. Determining if the single scattering

-alhedos and seattering phase functions characteristic o}? such particles

are permitted by our analysis is important. Since knowledge of the

surface texture, and general shape, of the ring particles does not exist,

we will assume for convenience that they are smooth and spherical.
Recently, Veverka(1973) has studied the phot‘ometric properties

of snow and of snow-covered planets, His results are directly applicable
P : Uy app

to the Saturn ring problem. Using measurements of natural snow sur- S

faces as phase angles uAp’to 30 degrees,Ve'verka, concluded that in géneral
snow is a quasi-Lambert scatterer, with a characteristic Minnaert
constant, k, in the range 1.04 s k < 1.35. Even in an extreme cas_e of
specuv}ér reflection (‘a elazed rain mist"), k was less than 2 for the
phase angﬁes Consideréd In evalua‘tincr the s(:atteriﬁcr properties of

snow-covered planets, Veverka demved Bond alocdos A

B’ in the range

051SA <0.82, w1ththemo mlycaseA > 0.67,

Far-fleld qCB.tLEl ing phfxse funcclons for snowballs have been

derived for two value:: of the Minnaert constant ko VlZ , kequal 1and 2.

’Calculation‘s‘ were based on formulae given by Horak (1950). In both
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’ cases, analytical express 1ons could be derlved Specifically, we have

p(@)=§§-{sin @ . cos2 @ - @ . cos;@ + Sin3 @}, k=1 (12)
and |

_{1 -cos @}° , k=2 . L (13)

h';{ o

p(Q

Both scétterinw phase functions are shown in Fig. 3. ~ For comparison,
relev*a.nt Henyey-Greenstein functions are also shown. Evidently, the
scaLtermcT phase f\mctlon for snowballs can be adequately described -

by the Henyey—Greenstein function with the anisotropy parameter in
the range -O.BO Sg5~'0.35. | |

Low albedos, with very pronounced back-scattering, are also

permitted by the analysis. Examples of astronomical bodies known

to have such scattering prbperties are the Mobn and \er#cury Like

: mformatlon for other astronomical bodies is not yet comnlete Data
~on the Bond albedo of the Moon and on the lunar phase fungtion are
_ _reﬁ_a,dil'y é.vail'ablev(Ailen, '1963). Mercury and the Moon are very

_ similar. The lunar albedo is 0.068. The lunar phase function,

normalized according to equation (1), is shown in Fig.; 4, For com-~
pa1 ison, relevant Henyey- reenstein phase Iuncclons are also shown.

The lunar p‘lase functlon can be adequately descmbed b] the Henyey-

GreensLem phase function with ther amsotr.opy parameier in the range




Results of the analysis, and comparisons with candidate ring

particles, are summarized in Fig. 5. The g-% envelope permitted

by optical thicknesses in the range 0.5 < 7 s» is shown. Inaccordance

. with the earlier discussion, the calculations.are based on Aadyopted

values for the primary-to-multiple sc‘attering ratio relevant to the
optical thickness selected, and to the special case x équal -1. For

T .équal 0.5, maximum % values are obtained by selecting —;— equal 0.4
in equation (11); for 7 equal infinity, minimum % values are obtained
using —}{; equal 0,25, ane agaiﬁ, analysis of the infrared thermal
measurements (Price, 1976) is used to exclude single scattering
albedos greater than 0.75. For'comparison, the cases of_ snowballs
and of the Moon are also plotted.

Evidently, ring particleé with lunar-~like scattering properties

are excluded by the analysis. The:ir single scattering albedos would

be too small for the permitted back-scatfering efficiency or vice versa,

Note that for anisotropy parameters g less than -0.25, the selécted

primary-to-multiple scattering ratios are necessarily less than actual,

Bedr in-mind that for divert back-scattering, the ratio is always

: uniéy.; Consequently‘,‘ for the céses coﬁsidered in Fig. 5, the single

scai:te-fing- albedos are too s‘m'a,lll‘by from zero up to 1‘5-24'percent,
depending on the degree of axﬁsOEropy. In reality, therefore, the
d‘ifﬁcﬁltyfin ré’conciling lunar-like ring particles with't_he ‘analysis‘

of the photometric funetion data is even greater than it appears in

-
-




Fig. 5. E_vep 1f the lunar albedo were ingreased by a factor 3 to
' reproduce the probable vélues for the most reﬂgptive asteroids
(Cha'pmgn,' 1976), reconciliation with the analysis would still be
extremely difficult. Most likely, an increase in reflectivity would |
cause a decrease in back-;cattermg directivity (Oetking , 1966).
" Interestingly enough, snowballs encounter no such difficulty.
Pure spherical ?a.rticles are in excellent agfeéxuen"u with the analysis.
Even signiﬁcaﬁt impurities in the snow will not lead to a discrepancy.
Veverkav (1973) has discuséed qualitatively the effects of impurities.
Two kinds of contav-minants are possible. First, impurities which do
-not hinder multiblé scattering within the surface snow layer to any
agpreciable‘ degree may be preéent. Examples are fr,oéts of COz,

CH4, NH,, ete, Second, impurities which effectively prevent multiple}
scaftering‘may be presént. These will radically alter the photometric
properties of a sno'wbaﬁ. Most mineral contaminants fall into the |
latter category. On the basis of preliminary laboratory studies,
: Veverka (1976) 'ﬁés-suggested that t_he ihtroduction of significant
m;neral contaminants wo;ﬂd significantly decr»ease the singlé scattering
‘albedd of snoi_vballs, ‘while inereasing their back;s,cattering directivity.
Both effects will cause _movemé'ﬁttof the '."sn'owball” 2-g envelope in
. Fig. 5 towards smaller ’a”u-;-Values and more negative g-values’. It ‘is'
difficult to imagiﬁe how even heavily contaminateci snowballs c’o‘uld

move outside the @-g envelope permitted by the photometric analysis,
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Lebofsky, Johnson, and McCord (1970) have studied the visual

', reflection spectrum of Saturn's rings in detail, Either pure water

- frost, or silicate, particles-are inconsistent with the measurements.

Part frost-covered silicates and mixtures of frosts with other com-
pounds, perhaps modified by ultraviolet or high-energy particles,

are possible ring constituents. Our photometric analysis is consistent

- with their conclugions. Most probably, the ring particles are more-or-

less pure and spherical conglomerates of predominantly H,O frost.

2
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FIGURE CAPTIONS

Fig. 1  Special phase functions, for which analytical radiative
‘transfer solutions exist, are described by the anisotropy
pa_.ram__eter, x. -Relevant Henyey-Greenstein functions, with

anisotropy parameter, g, dre shown for comparison.

Fig. 2  Combinatious o,f single scattering albedo, ®, and anisotropy
parameter, g, permitted bjz the visual photometric function
for Saturn's rings, for various selected ranges in the optical
v thiclmess, T. See text for co‘rﬁpufational details. Shaded

' _régi'dhs are exéhided by the anally'sis; ullshéded regions are

* permitted.

Fig. 3 Scattering phase functions for snowballs, characterized by
the Minnaert constant, k, equal 1 and 2, are compared
with relevant Henyey-Greenstein functions, with anisotropy

parameter, g,

Fig. 4 Lunar phase function compared with relevant Henyey-

Greenstein functions with anisotropy parameter, g.

Fig. 5  Corbinations of single scattering albedo, %, and anisotropy
| parameter, g, permitted by the visu,é.l photometric func‘tion, :

=ae

‘for Saturn’s rings, for optical thicknesses in the ranse
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0.5 <7 <=, Regions labelled N/A are excluded by the
-analysis. See tezt for computational details. For com-
. parison, the scattering parameters of the Moon, and of

H,O snowballs, are also plutted,

2
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ABSTRACT

~ Multi-~color (A55004 - A76004), narrow-band (100%), ,areafsqa;dning ,
photometry has been used to study the wavelength variation in the optical
‘appearance of Uranus. Limb-brightening has been detected in two CH,

bands i.e. A6190% and A73001.
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1. INTRODUCTION

‘Bvelj:on and Vesgulus '(1‘9’75) have recently reviewed the UV-IR
‘appearance of Uranus in the context of current knowledge regérding its
2 i,a;tn‘;osph'eri‘é --‘st-ructure. Within a predominantly HZ - CH 4,athsphere,
the tops of a thick NH, cloud layer-should-exist near the 3-4 bar 1evé1;
there is also a very uncertain possibility of a thin, broken, CH, cloud
layer near 300 mbars. But Whe‘ther in fact the Uranus atmosphere is
so ’struc_,‘tured remains very -much an open guestion. Two major questions
are of paré;mount interest: | |
1". "Do‘res’-the deep’-’dénse NHS cloud'lafa'er'l;ea'ily exist? Is it in
fact observable ? If so, at what pfessﬁre Iével is the top -
"locatg_,;c_i_? | |
2. ]'.s ‘the H2 - CH4 atmosphere above the N’H3 cloud layer pér- .
fect‘ly clear? If ﬁqt;'what is the p.lrec;ise nature of t-he aerosol
“haze?
Arsxvers iﬁiay be obta.ih'ed b; imaging the plaziéi: from a fly-by Spacécr’aft.v
But, untila Uranus mis‘sion;is sdccveséfully/acccmplished, further knowledge
of the— planet inust come from Earth- or vsét'ellite‘-,based observations.

_ B'elti:bon and Price (197 3) have developed a kstraigh’cforward test of the
‘hyéotﬁ;egi__s:th-‘atclouds are absent from the visible atmosﬁh‘eré ;io‘f ‘U-r,anus .
.‘Ba.éed_ ‘o.nva; cle.a‘r, s-émi.-vini}in.ite,fpure H, - CH4’gaseous m-ode_l_,'~ it ,ébﬁsiéts
 of measuring t‘ﬁé wavelengths at which the character‘of the centei'-yto-li_mb-

intensity profile changes from limb-darkening to limb-brighfening, and




' vice wfersa. Limb—brightening occurs in certain wavelength regions

by virtue of the vertical inhomogeneily in the atmosphefe which results
from ‘pressﬁre—related opécity sources. Where the dominant opacity is
_due to pressur;e-induced,;and p;~essur.e—'broadened.‘{t;:;g.nsitions in Hy and

CH,, the intensity 4pro£-ile of the Uranus disk changes character at a geo-

4’
vmetrical albedo of 0.23 . _Seven changeover w',vavelengths (i20.3) were
predicted viz., eizoi, 62403%; 66208, 6710%; 69704, 74204; 76004, All of
the deep CH 4 bands beyond 7606.3_ should be limb—brightened, as should the
centra}l regions of the CH, bands at 619Q§ and 73004, Fig. 1 summarizes
the Belton and Price (1973) predictions. Avaﬂable.otﬁas‘érvétic‘)n;:w-Aiscussed
below, were found to be in qualitative agreemént with the moxc‘iei. ‘But, they
‘were not‘ yet numerous enough, nor sufficiently accurate, nor made in the
~critical spectral regidns to be conclusive.

For visual wavelengths ‘(3800;3~ - 5800%), Danielson, Tomasko, and
Savage (1972) obtained a high-resolution coinposite" image of Uranus. By'
usmg $tratoscbpe H,,théy were able to achieve a Gaussian point spread
ft:}n‘Ctign with a half-mtens’:ity‘widt_h 0?2 arc. Exc_ept for the presence of
’p’roﬁoﬁnced’-symmetrical"limb-d'arkening, 1o certaiﬁ‘disk markings were
visible. | Any faint beits pé.‘r'anelrto the ro’tatibnal equator must havea
maximd:n contré.st of 5 percent. The measured limb-dzifkening did not -
,agfée"\’{i’thveit'her a c}i;ée.pr ﬁayleigh*atmosphere or with Clouds high iﬁ the

. atmosphére; a cloud deck underlying a finite Rayleighatmospheré seemed

‘to be indicated. Light and Danielson (1973) found later thatan H,

, ppeH
b ®
i :




atmosphere, 400 k‘m amagats deep, overlying a thick cloud would explain

the Stratoscope II pictures. Although the Stratoscope II imagery shows no
‘s‘:tructﬁra; detail on the disk, the lack may simply be the result of low contrast
mtroduced by the exceptionally wide band-width.

At infrared wavelengths, Westphal (1972) obtained two photoelectric scans
- -across the Ur.ah:us disk in the passbands 8000 - 82404 and 87204 - 89601,
.Both were obtained simultaneously on 1971 March 8. The -atmospheric seeing
was ~0"5 é.rc and a circular 1" arc ap‘értLre was used. One scan (8’720_3. -
89601) has since been reproduced in the literature (Belton and Vesculus 197:3)
but the other remains unpubhshed The long wavelength scan is limb- brlvhuened
the short wavelength scan shows a flat central region ~ 2 arc wide together
- with limb-darkening. Also, the 88404 scan is asymmetric; the west limb
: appeafs brighter than thé east limb. Investlgatlon Qf the importance of smearing
e‘ffects, due fo the natural aperture response of the instrument and gtmospheric
~ seeing, showed that the tiny (4"arc) disk of Uranus may appear limb-darkened
even if Weak- limb-brightening is present. Taking spatial smearing into
account, -Beltdn é;nd Price (1973) found no obvious c‘-ont"ra'dic_ti'dns 'b.é_tWetEn _th‘eif
predictions and the'Wesfpﬁa'l obslér%rat'idns. |
~ Infra.red..1imb-br10hteniﬁv~-'§riws COnfi’rmed by Sinton (19" 2). Several

photographs of Uranus Wnre obtained with a Varo- tube and an 88704 inter-
‘,felrcnm1 filter (140,3 hf f-width; 290- tenth width) under wood seemc
: concut-lons (~ 1.1 arc). Both. Lmb brwhtenmg and polar brlcrhtemng were
found Smton 1nterpreted the polar brlchtemno' in terms of a haze m the - |

upper atmosphere, in addition to Rayleigh scattering. Unfortunate‘ly 3




knowledge of the point spread function was too imprecise to permit
detailedfquantitative comparison witix the Belton and Price (1973)
ﬁfedictionS‘.
| In their cgitical review of the v'isual; photoelectric, and photo-
‘graphic data, Belton and Vesculus (1975) concluded that mafki‘ngs do
frequ-ently occur on Uranué. But-knowledge of the optical appearance of 'Uranus

Uranus is still extraordinarily vague. Thoroughly defining the limitations of

. the semi-infinite, clear H, - cH 4 atmospheric model would be a significant

- step forward. | Résu_lt,.s of a systematic attempt to investigate in detail the

validity of the Belton and Price (1973) predictions are reported in this papfér. ’

2 . OBSERVATIONS

Uranus is difficult to observe. Being located so far from the sun, the
planet exhibits only a faint (mV ~ + 6), tiny (~ 4" arc diameter), disk.
A}t’v.mD}Spheri‘c seeing broadening; typically 1" - 2" arc, }s,,everely distorts

the telescopic image. Detecting limb-brightening on Uranus is an extremely

" challenging problem. Fortuitously, photometry of close double stars encounters

similar observational difficulties which, to a large extent, can be overcome by use

of a photoelectric area-scanning technique. Pioneering development was

carried out by Rakos (1985). Initial results were so pfomising that‘fa,scanner, ,
de;si-gnedspe_cifically’for the ’simultan'e}ous astrometric and photometric
study' of visual binaries was constructed (Franz, 1966; 1970) . With minor

modifications, the equipment was found to be eminently Sui:table;,for'the

" Uranus task when mounted at the Cassegrain focus of the 72-inch aperture

_ Perkins telescope at Lowell Obéem’iatofy@ - . R

[ARREe: A



Exploring the nature of the Uranus disk profile «s a function of geo-
metrical albedo required the selection of eight narrow waveband (~1004)
filters spread throug’hout the region A5500% - \7600% (Fig. 1). Charac-
te;ri.stics of ‘the filters are listed in Table I. Experience showed that choosing
éignificantls; narrower band widths would lead to inadequate signal/noise ratios

a_t the longer wavelengths. To maximize the signal/noise ratio throughout,

‘an EMI 0558 (S-20) photomultiplier was employed in the system,

Selecting the optimum technigue for scanning across the Uranus disk
required careful consideration. Use of a pinhole aperture is one option.
With excellent seeing, the sensitivity to iimb-brightening is maximized,

But two significant problems appear :nder typical ohserving conditions.

| First, it is difficult to insure that a pinhole moves precisely acrosz a

diameter of the Uranus disk. If not, asymmetries in the scan may result.
Second, theoretical interpretation of the data is extremely difficult even if

the point spread function is reliably known. Determining the instrumental

- response for a finite circular aperture passing across a circular disk which

contains a radial intensity gradient is a non-trivial exercise. By cio"mparison,
slit scans greatly simplify both the observational procedure and the data
interpretation. If the slit length is significantly greater than the image

diameter, radially symmetric scans are always assured. It is no longer

essential for the aperture center to pass precisely}through the image center.

Specifically, accurate determination of the point spread function is readily

_achieved. Moreover, chord integration with slit broadening for either Uranus

or a stellar image is a tractible analytical problem.




—

—

TABLEI
FILTER SET

Filter No. | 1 Central Wavelength (1) 1
L1 5600
2 6000
3 : 6200
4 § | 6400
5 é‘ 6800
6 | 7000
T | 7300
8 7500
Notes: 1;' Filters No. 1 - No, 6 inclusive were manufaciured

by the Optical Coating Laboratory. Tolerances in
their central wavelengths are _+_30.—1. In each case,
the half-power band width (HPBW) is 100+204.

Peak transmission is a nominal 50%. Typicaltrans-

_.mission figures are, 10% at 1.25 HPBW; 1% at 1.8
 HPBW,; 0.1% at 3.0 HPBW; <0.1% at > 3.0 HPBW.

Filters No. 7 and No. 8 were manufactured by In-

frared Industries, Thin Film Products Division.

" Tolerances in their central wavelengths are + 154,

In both cases, the half-power band width (HPBW) is .

100+158. Peak transmission ig a nominal 50%.




Both pinhole and slit scans were uSed in the observational

" program. Characteristic widths of the pinhole and slit were both chosen
equal to 100u (0'.'64-.5 arc). Wider apertures caused inadequate spatial
resolution. ‘Narrower apertures gave a poor signal/noise ratio throughout
the W}'avvelength range under study. Scan orieﬁtations_ were either north-
south-or -east-west., NS scans weré preferred; image broadening, through
telescope drive error, coﬁldnot occur, ‘For EW scans, in‘cli*x.r:'x.'étml filter
integré.tion times were kept correspondingly short. Table II gives the

complete Uranus observing log.

3. RESULTS

3.1. Coarse Analysis

Expeditious processing of the Uranus data redu‘i_red a simple, objective,
method for detecting the coarsest :feature.s of the true intensity profile of the .
disk. Whenever seeing broadening is significant, limb—bright‘ening on Uranus
will manifest itself by a géne’ral widening of the planetary image. Similarly,
1imb-;iarkening will cause a relative image-narrowing. Ail observational
data were acquired under ordinary Flagstaff atmospheric seeing conditions,
stellar image diameters (half-power) beingy typically ~ 2”,arc. Both pinhole-
and Sﬁf?s‘cans:‘of ﬁranu‘rs-in all W'aveb’and‘s showed a ‘C'hara‘cteristic Gaussian
shape. -Determining the Gaussian 1/e-width of the Uranus image in each
waveband should therefore provide a i’e‘liable'method'for comparing relative
Iimb-dfa,_rkéning/ l‘imb~brightenif; z effects .

Coarse analysis of the observations consisted of deternﬁning, by the-

least squares technique,the Gaussian 1/e-width for each and every integrated
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| Notes: 1.

TABLE II

URANUS OBSERVING LOG

B et RO CERE L S S )

1974 May 1
1974 May 26
1974 June 5

1975 May 24

1975 May 27

. 1975 June 16

,1,9’75 June 19

DATE (U.T. )

1975 June 15

1975 June 16

1975 June 1’7,

SCAN

TYPE

Tk

2,3,7,8

- ——te o § o ——— ——— — o

NS

i NS, Séale
'ekr\own but no -
PSF informa-

{tion §

NS EeW;
i Scale from

! ADS9053;PSF
from¢ Virginis

‘E+W;Scale
iknown;PSF
fromx &t
'Virginis

i
E«W;Scale |
known; PSF |
from: Vir-
ginis

EesW

SKY:
FILTERS " TRANSPARENCY | SEEING ' REMARKS
- et
1,2,3,4,5,6,8 5 2-3
1,2,3,4 i 5 3-4
2,3,4 4 2
1,2,3,4,5,6,7,8 4-5 3-4
1,2,3,4,5,6,7,8 - 5-3 3-2"
1,2,8,4,5,6,7,8 5 3
1,2,3,4,5,6,7,8 5 3
1 6,7,8 5 3
1,2,3,4,6,7,8 5 3
5 3

EeW

(i.e. Worst-Best)

4, Information concerning scale calibration and seeing data are cn.vwn in
~ the Remarks column : L

‘Sc‘an‘_ty_'pe is either pinhole (P) or slit (S)

Filter No.'s are taken from Table T ‘

. Sky transparency and seeing conchtlons are each given on a scale 0- 5



pinhole- and slit-scan. Subsequent ‘numerical experiments showed that
the use of more sophisticatgd profile shapes-had a negligible effect on
the results cf: Franz et al (1971) and Franz (1975). Data secured using
'diffe“rent scan-types and scan-orientations were initially kept segregated
- to.determine if the results were sensitive to the mode of observation.
S@eciﬁ“call‘y, data téken ona particulaf ﬁi-ght’, by a pé.r'ticular- scan'. technique,
weretieat:ed é._s a complete set. Each set was obtained by a rapid, symmetrical,
- forward-backward cycling of the filter wheel, Integration times for each filter
were normally in the range 20 - 500 seconds. For all observations within
a given set, the seeing and transparency could be taken as constant. Detailed
point spread func}ti‘on irxformgtion, and a.iccurateline‘ar scale calibratipns,
were not always available on each night. Conséquently, only relative prOfilg
widths were ‘det_ermined within each set; all profiles were conveniently
normalized to the meéﬁ for Filter No. 2 (AGOOOK). Relative Gaussian prefile
widths afe liSted in Table II. The rms errof of the individual relative Width
determinations are also shown. Where no rms error is available due to
insufficient data, the uncertainty is indicated by a qusétion mark. In
p‘a‘vre‘nthe'ses, following each rms ‘e.rror, is ﬁhe number of indi\"?idua‘l width
determinations fronnvhiéh the meanvalue was célculated.

Table IV summarizes the results obtained from each combination of

scan-type and scan-orientation. Corresp‘on‘ding mean valaues for the relative
‘Gaussian widths have been derived from the values listed in Table III.
A Individual rms errors quoted in Table IV are based on the spr}e'ad of the

ORIGINAL PAGE IS
OF POOR QUALITY




z;gt;

ORIGINAI! PAGE 15
OF POOR QUALITY

TABLE 111

URANUS DISK: RELATIVE GAUSSIAN PROFILE WIDTHS

=

__FILTER NO. | i
DATE(U.'T.):' 1 2 3 4 5 6 7 a
Pinhole Scans(N«S) ”’;1”‘. | - : '
1974 May 26 3.01+? (1)]1.00+.02(3)]1.06+.02(2) [1.00+? (1)}  x X X X
1974 June 5" X 11.00-+.00(3) [ 1.02+.01(3) | 0.99+.01(3) x X X x —

; ox 1.00+,02(13)] 1.04+.03(19) | 0.98+.03() x x b oox X

1975 June 17 0.99+? (1)|1.00+.03(4) | 1.03+.03(5) | 1.04+.03(2) X 01+? (1)]1.15+.02(2)[1.01+? (1
Pinhcﬂé S'cans(EHW) - : A R | | | —
1974 May 1* 10.98+.02(3) | 1.00+.03(6) | 1.03+.03(7) | 1.02+.04(5) | 1.04+.03(3)] 1.05+.013)]  x 11.04+.01(2

i 1.01+2 (1) [1.004.01(4) | 1.04+.02(8) | 1.00+.02(4) | 1.06+? (1)10.99+? (1)  x x
1975 June 16 x LT | x x x L00+.02(2) | 1.28+2 (1) 1.01+? (1
1975 June 19 X £.004+.06(6) [ 0.99+.06(4) X X X 1.06+? (1}{0.89+? (1
Slit S,jicaném(NHS) S N | : ; g 4 :
1975 May 24 1.02+.01(2) [1.00+.00(2) | 1.03+.00(2) | 0.98+.01(2) | 1.00+.00(2)10,99+.01(3)} 1.08+.02(4)1 0.98+.01(2—
1975 May 27 0.99+.01(2) | 1.,00+.00(2) 1.02_4;.01(2) 0.99+.61(2)0.96+.01(2)4 0.95+.00(2) [ 1.05+.01(2)} 0.97+.01(2
Slit Scans (EW) R |
1975 May 27 - 0.96+.00(2) | 1.00+.01(2) | 1.00+.03(2)| 0.97+.02(2) [ 0.95+.03(2) | 0.97+.03(2)| 1.07+.01(2)| 0.95+.02(2~——
1975 June 15 1.04+4.03(3) | 1.00.06(4) | 1.03+.03(4) | 1.02+.04(5) | 1.02+.06(4) { 1.01+.03(4)| 1.08+.03(4)} 1.01+.01(5,
1975 June 16 10.99+.01(2) [1.00+.01(2) 1.02:+.01(2)| 1.04+.03(2) | 1.024.02(2) | 1.03+.02(4)| 1.08+.01(2)| 0.99+.01(2
Notes: * Scale change between two sets of measurements

+ Cam change between two sets of measurements
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TABLE IV i
URANUS DISK: GAUSSIAN WIDTHS' SUMMARY —
S E Ry i ) S A A R =
, 1 2 3 4 5 6 | T 8
DATE(U.T.)~_| ] | ‘ | ,
Pinhole (NeS) | 1.00+.01 | 1.00 | 1.04+.02 | 1.005.02 | x| 1.014? | 1.154.01 | 1.014?
Pinliole (E«sW) 1.00+.02 | 1.00 | 1.024.02 | 1.01+.01| 1,02+.02 1.01+.03 | 1.174.11 0.98+.08
Slit (Ne=S) 1.01+.02 | 1.00 | 1.03+.01 | 0.99+.01 | 0.98+.02 | 0.97+.02 | 1.07+.02 | 0.95+.01
| 81t (fesW) 1.00+.03 | 1,00 | 1.02+.01 | 1.01+.03 | 1.00+.03 1.00+.03 | 1.08+.01 | 0,98+.03
.-l.‘ pu— ’ . ‘ " WP . o ‘ e i 4 .- “‘“’— . .4 - . “
H Mean B 1.00+.01 | 1.00 | 1.03+.01 | 1,00+.01| 1.00+.01} 1.00+.02 | 1.124+.04 0.99+.01
A ’ o . »
N,ot'es..: 1 (Eé;éh.) type of scanﬂqta is normalized to Filter No 2
2. If no rms error is available through insufficient da

, | ta, the
uncertainty is indicated by a question mark. '

e s et
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relevant values ii.sted in Tahle III. ’i’hroughoui:, all mean relative
Gaussian widths-have been normalized to Filter No. 2. For each filter,
4 a fin_a,l,“relaﬁive Gaussian xyidth has also been derived by averaging the
- values listed in Table IV itself. The corresponding rms error has been

- obtained from the actual spread in the Table IV numbers. Several con-

clusions can be drawn:

1. Except for Fili:'érs No. 3 and No. 7, there is no evidernce of
‘g,ny’chax‘lge in the Ga_u.ssian 1/e width of the Uranus image with
wavelength, | |

2. | Fﬂ.ters No. 3 and No. 7 both show evidence of an increase in the
Gaussian 1/ewidthrelative to Filter No. 2. Moreover, the
incr‘ease’ is larger for Fil’tef No. 7 than for Filter No. 3.

3. For Filter No. 7, the relative Gaussian i/e width is significantly
Iai*.g,fer if pinhole-scanning rather than slit-scanning is employed.

4. Scan-orientation does not significantly affect the relative
Gaussian 1/e widths. 'Ev*ideﬁtly,‘ the telescope guiding was
accurate.

O'ﬁf:rééﬂlfs ai’é‘mbst'réadﬂy" explained by the presence of ’Iimb~b.1;ig.h‘t'éning
in the xvavebandé cvorrésp.ondmg to Filﬁers No. 3vand No. ’7 . Moreover, tﬁe‘:

. 1imb'—brightening shéuld.be.mor_e;pronounced for Fiiter No. 7 than for Filter
No. 3.

Composite pinholei N‘S:‘s.cbans We‘revcons‘truct‘ed to maximize the %ﬁsibility |

bf“limb-brightenirig‘ on the Uranus disk. Specimen results are illusér‘atéd

~in Fig.2 . Observations tzken on 1975 June 17 were selected on the basis
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of stability both in the atmospheric éeeing quality and in the sky trans-
pé.rency, Filter No. T corrgsponds to the deep A73004 C‘H4 band in which
limb-bright‘enaiizg is.to be expected. Filters No. 6 and No. 8 refer to
vadjacen’tgwavr;ﬁ:-.~ .3 in which limb-brightening is not anticipated. The Filter
"No. T ﬁrofilg vwas constructed by summing two integrated scans made up of
IO'DkO»a.ndeOO individual one-second scans respectively. Integrated scéans,
each made up of 200 individual scans were used-to form éhe composite of filters
No. 6 and No. 8. Gaussian curve-fitting parameters were used in the co-
location, background elimination, and norm;alization, of the integrated scans.
For Urénus, the photodetector response for filters No. 6 and No. 8 was
~ 6 tixﬁes greater than for filter No.T. Sigmﬁcant differences in the signal/
noise ratio are apparent in Fig. 2. A difference in the profile widths canr
be detected tilrough inspection; Gaussian curve-fitting shows the filéer No. 7

profile to be significantly wider cf: Table III.

3.2. Fine Analysis

 Detailed quantitative studies of seleéted Uranus observational data
were carried out to confirm and cj:‘nhance’the results of the coarse analysis.
Attention was concentrated on the 13004 CH,, band where Limb-brighténing
appeared to be ‘mdst pronounced. Determining whether theggggﬁggé
' limb"-br_ighténing was in fact absblute, or dleh’ relative, was cf prime
in’teréSt. Results obtained would have a direct bearing on thke, interpretation |
of the \6190% CH A band data. Several criteria were used in the data‘selection.
First, stability in the obser*&ing conditions was of para‘mount im‘portance.‘

Not only must the sky transparency be uniformly excellent, to maximize
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photometric accuracy, but the atmospheric seeing must be exceptionally |
stable. While excellent seeing would have been ideal, constancy rather
.than narroxx;‘xiess was the watchword for the point spread function. Second,
accurate scale-calibration of the linear scan was essential. Third, slit-
scans only could be utilized; guantitative interpretation of.pinhole data was
~intractible. Fourth, since maximizing the lirab<hr whtemnc/ limib~darkening
‘contrast was vital, composite profiles for Filter No. 7 and for Filters
No. 6 and No. 8 were considered to be essential for detailed compavrison.
Their construction required the availability of significant' numbers of inte-
grated scans. Observations made on 1975 June 15 were found to be o'ptimum
cf: Tables II and 0I. Scan-orientation did not compromise the selection.
NS- or EW-scans had been found to lead to essentially identical profiles.
Point spread»function. (PSF) data, in the relevant wavebands, were obtained
from slit-scans of two Stars, K Vir and L Vir, bth near Uranus.
To validate atmospheric seeing st‘ability, the Uranus and stellar scans were
mtermnﬁtﬂed Eleven integrated stellar scans, taken throuoh Filt 'rs No, 6
(3), No. 7 (4), and No. 8 (4), were used to derive a composite PSF‘proflle
‘relévant to the quantitative interpret tation of the Ur@nus data (I‘J.fT 3).
sicm-iﬁcaht ,c’olor—dependent differe‘nces inthe shapes and widths of the stellar
_profiles were appqrent Each integrated stellar scan was uniformly comprised
of 20 one-secon" sv*Peps Gauasmn curve-fltl:mv pc.rameters were usedin the
colocatmn backcrrourrd elimination, mirror- 1maomg, andb norlnalLatlon

of the stellar daﬁa . The linear scale Was determmed using the wsual
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- Rirary 8 Ser (ADS 9701: Separation (1975.5) = 3.96_4;0.02”211'0). Quantita-
tively, the atmospheric seeing stability can be described by the rms

- deviation of the eleven individual Gaussian 1/e-width parameters of the

chosen stellar scans. An rms error of only 5.8 percent was derived.

Selected Uranus data comprised 13 integrated scans spread throughout

the three-wavebands in the following manner: Filter No. 6 {4), Filter

~ No. 7(4), and Filter No.8(5). Each Filter No. 6-scan congisted of 20

one-second sWeep's . Three Filter No. 7 scans each consisted of 200 sweepé;
a fourth scan was made up of 100 sweeps. Each Filter No. 8 scan consisted
of 100 sweeps. Derived Gaussian 1/e-widths for all'Filter No. 6 and Filter
No. 8 integrated scans ’-&e‘re statistically intercompared to determine if the
selected waveband, or the number of individua‘l sweeps with‘in,r-each scan,
significantly affected profile shape. No indications of any su’ch differences

were found. A composite "continuum' profile was therefore derived by

taking all Filter No. 6 and Filter No. 8 integrated scans together. For

Filter No. 7, the number of sweeps making up each integrated scan did not

affect the. Gaussian 1/e-width., A composite \73008 CH4' band profile was
therefore derived by taking all Filter No. 7 integrated scans together.

Expeditions use was made of the Gaussiazn curve-fitting parameters to

_derive each composite Uranus profile. Special care was taken 'to insure

that each composite scan was normalized at the precise center of the disk.

Final normalization utilized data within 5 channels (0%15 arc) radius of the
disk center.
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The composite Uranus slit-scan profiles in the X7300% CH4 band, and
in adjacent ""continuum!'' regions, are compared in Figs. 4 and 5. Brief
inspection of the observational data shows the CH, band profile to be
'signiﬁc:antlﬁr broader. Relative broadening is particularly noticable at

distances 1-2 Uranus angular radii from the disk center.This is precisely

~ where effects of limb-bl*igll,tening would be expected to show to maximum

advantage. Relative limb-brightening, first indicated by the coarse analysis,

.is confirmed.

mferring_tﬁe‘true intensity profiles 6f fhe Uranus disk can be based on
either of two techniques. }Cne may attempt to deconvolve the varioué sméarf.—
mg .furictions affecting each compo.site scan. Alternatively, numerical
prediction of the observations, based on subjecting individual models of the
true disk profile to various smearing mechanisms, may be ussd. For
convenience, the numerical prediction technique was adopted. Three distinct
models of the Uranus disk were cohside_red.. Model I :'epresents a disk of

uniform suriace bright‘neés. Model IT assumes limb-brightening; the suriace.

“brightness varies linearly from zero at the disk center to a finite value at

the limb. Model III assumes limb-darkening; the surface brightness varies

linearly from a finite value at the disk center to zero at the limb. In modelling

R

‘the Uranus disk, circular sy‘mmetry was adopted. Fromthe results of

Danielson, Tomasko, and Savage (1972), the Uranus radius was taken as

125,900 kms. Distance from the Earth to Uranus at the time of observation

‘was taken fz‘c’m t;he. 1975 _';A;me~ri¢ah Ephemeris and Nautical Almanac to be

17.89 A.U. The corresponding angular diameter of Uranus (unbroadened)
g L o ,
was therefore 3.99 arc. -
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Three distinct smearing mechanisms together affect the original
Uranus disk to produce the observed planetary profile. First, every point
on the disk is subjected-to two-dimensional seeing broadening by a circularly
5ymmetric point spread function. Second, chord-integration of the radially

syrametric planetary image occurs because of the type of scan employed.

Third, slit-broadening of the chord-integrated proﬁle‘results from the need

to use a finite scanning aperture. Chord“-int_egration»and slit~-broadening hoth
affect the original PSF shape to produce the observed slit scan of a stellar
image. For cbnvemence the original PSF fmﬂchon was taken as Gaussian.
Not only does a radially symmetric Gaussian profile provide an adequate
first order description of the original point spread function, but its adoption

leads to important mathematical simplifications in the theoretical convolution

. of the Uranus disk.v'-

PSF obs'érvational data and theoretical predictions are com‘pared
in Fig. 3 Ooservatmnc.l pomLs refer to the composﬂ:e slit-scan profile
derlved from md1v1dt.al stellar images. Theoretical predmtxonb utilize
the known slit width (0'.'64:) arc) together with 1nd1v1dualyselected values

for the Gaussian 1/e-width (9) of the original PSF. In keeping

with the experiences of Franz et al (1971) and Franz (1973), o unique
: Ga’uss‘i»aﬁ curve provides a perfect fit to the observations, Nevertheless,

.*limit:incr values for an eﬁ“ect’ive' lGaussian"l/e-width can be derived. By

mspectwn of Fig. 3, it must lie in the range 1725 s o =< 1”‘75 EVldently,

a narrower Gaus':lan curve is required in t:he core of the stellar image than

in the wings. The optimum Gaussian 1/e-width (0) was vtagen as 15 arc.

 Extreme error bars +0725 arc were adopted.
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Cetermining the reality of absolute limb-brightening in the CH 4 band
was the objective for the theoretical p*re,dictioné shown in Fig., 4. Model I,
a <uniform circular disk, was selected to describe the unbroadened Uranus
image. Detailed image convolution was carried out using three

individual choices for the Gaussian 1/e-width (o) of the original PSFi.e.

~1V25, 175, and 1075, n Fig. 4, the central curve refers to the intermediate

Gaussian 1/e-width (l'.'5). CH 4 ‘band observations-lie significantly above
the central curve, strongly indicating that the apparent limb-brightening is
in fact absolute. Even if the widest permissible Gaussian 1/e-width is

adopted (top curve), the Uranus disk must still be uniformly bright. If the

narrowest PSF is adopted (lower curve), the need for absolute limb-

brightening becomes very obvious. For the so-called continuum profile,

use of the intermediate Gaussian 1/e-width strongly suggests that the

unbroadened Uranus disk is umlo;m Use of the Wldest PST indicates

limb—-darkening; the narrowest PSF leads to limb-brightening.

- Determining the sensitivity of the slit-scan profile to extreme variations
in the original distribution of surface brightness on the Uranus disk was the

objective of the theoretical predictions shown in Fig. 5. Three distinct

intensity profiles were selected to describe the Uranus disk viz. Model I

(Umform disk), Model I (Emreme limb- orwhtemng), and Model III (E\:treme

hmb darkpmnO) ‘In each case, the original PSF was defined by the mtermedmte

~Gaussian l/e mdth (1 5) In Fig. 5, Models I, IT and III are renresemed by

the mlddle top, and lower curves respectively. EV1dent1y, e*ctreme limb-

| brlchtenmc must be present on Uranus n the 173004 C”H ba.nd It not the

1S
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phenomenon would never have become apparent under the mediocre seeing
condirions which existed during the course of the observations. Under

better-seeing conditions, limb-brightening should become very striking

4. CONCLUSIONS

From our coarsn analysis, the Uranus disk must exhibit limb~-brightening

in two CH, bands (x61904; AT3002). relative to.all other wayebands studied.

" Whether' tl"fm dpparent limb- brightening was in fact absolute, or only relative,

could not be immédiately determined. Except for the two CH4

shapes and widths of the Uranus images were essentially identical. Since

bands, the

limb-darkening is known to occur at visual wavelengths (A58004), it must
occur in all so-called continuum wavebands studied. No systematic Wax}e-
length- depenaent effects were found in the original point spread function which
might have affected ‘interwaveband comparisons. PSF data fYOI‘.E_l_Ql_]:_ wavebands
showed no significant variation in the represéntative Gau.ssian 1/ e-width
with xvavelengtlm.

From our fine ‘analysis, absolute limb-brightening was found in the

173004 CH4 band. Taking into account results of the coarse analysis, absolute

limb-darkening'was found in the a,djkacent wavebands. No definite conclusions

coulfi be dr:m‘p regarding the absolute nature of 11mb~br1ghuening

~in the 161908 C‘H‘4: band. If abqolut limb-brightening does-oceur, it must

band.

be considerably less pronounced then in the A7300 CH,

Although our results are consistent with the basic predictions of Belton
and Price (1973), the validity of the H, - CH,, semi-infinite, clear atmosphere
remains to be proven, First, furthsr observations sscured under improved
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seeing conditions are required to better define the Uranus disk profiles,
Second, alternative explanations of the limb-brightening phenomenon
must be thoroughly evaluated. For instance, the observational consequences

of a thin aeroso) haze, located high in an otherwise clear Hz - CH,
. <

‘atmaosphere, require detailed prediction. Effects introduced by the
~-presence of a deep .dense NH, cloud layer-must also be-considered. Further

“observations and theoretical analyges are ‘wider way.,
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FIGURE CAPTIONS

Fig. 1. The schematic variation of the Uranus geometrical albedo,
p; ':vith wavelength, X (after Yodn,kin,’ 1970). The values of geometrical
albedo gnren by Younkin have been adjusted to the radius derived by
- Danielson etal (19’7~). Limb-darkening is pr ecucLed to occur in the shaded
" regions; 1im,b-brightening in the unshaded regions (Belton and Price, 1973).
The m‘uli.fi--comr {ilters employed iri the .obse'r-vatioza,sr -a‘r,e‘ shown by the
numbefed bars. Approximate extremities in their transmission curves are
~indicated. “
Fig. 2. - Composite NS pinhole sc;ans of Uranus obtained on 1975 June 17.
Each poiw! szorz‘espdnds to a discrete chaz_mel of the linear scan. |
Fig. 3. The Composite PSF slit-scan profile. Theoretical curves are
based on individual choices for the original P3F Gaussian 1/e-width (o).
Slit width is 0.645 arc.
Fig. 4. The. composite Uranus slit-scan profilg:s. Filter No. 7 (CH4
‘ band) and Filter No. 6/No. 8 (Continuum) data are plotted sena,r}atelv.
Theoretical pI'EdlCthIl:: refer to a uniform p!anetarv dlsk Indlwcuml choices
._f'or the original PSF Gaussian l/ge—'md.th (0) were 1”2:) 15 and 1075, The

p s’iit?wid‘th was 01645 arc_.

Fig.5. The composite Uranus sli\g-scan profiles. Filter No. 7

~(C‘H 4 band) and Filter No. 6/No. 8 (Continuum) data are plotted separately.
The;réti(:al‘predictions refer to the in‘termed*ate origing‘l PSF Gaussian
1/e width (l"b) coupled with individual chomﬂs for the planntary dlSk

: profue viz. Model I (Unvorm Disk), Model T (Extreme limb-br; ight nmfr)

kand Modal I (Extreme limb-darkening). Slit-width was 07645 arc.
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