
INTERPRETATION OF LABORATORY SAMPLE PHOTCMETRY BY bIEANS OF A GENERAL- 
IZED RADIATIVE W S F E R  THEORY. K. Lumme, E. Bowell, Lowell Observatory, 
Flagstaff, Arizona 86001, and B. Zellner, Lunar and Planetary Laboratory, 
University of Arizona, Tucson, Arizona 85721. 

We have undertaken photometry of laboratory samples to test a new, gener- 
alized theory of radiative transfer. The theory very satisfactorily predicts 
the photometric behavior of two quite different samples for which most of the 
relevant optical and physical parameters are known. We therefore feel confi- 
dent that the theory can be used to extract more quantitative physical infor- 
mation than hitherto about the surface layers of atmosphereless solar system 
bodies. 

Back ound. A rather general theory of multiple scattering in rough and por- -57 ous sur aces has been developed over the past two years. For a detailed expo- 
sition, the reader is referred to L m e  and Bowel1 (1,2) ; a phenomenological 
description of the theory, together with an analysis of photometric data on 
asteroids, has been given by Bowel1 and Lumme (3); and an application of the 
theory to the calculation of magnitudes of atmosphereless solar system bodies 
is given in a conpanion abstract (Bowell and Lumme (4)) . The theory treats 
light scattering by a probabilistic method and is applicable to atmosphereless 
solar system objects and laboratory samples of any albedo observed at any phase 
angle. Four independent parameters have been chosen to describe light scatter- 
ing in a surface: D the volume density (together with 1-D, the porosity), p 
the roughness, g the asymmetry factor, and Go, the single-scattering albedo of 
a particle. The roughness, defined as the height-to-radius ratio of surface 
asperities, is taken to refer to scales larger than a few particle diameters. 
The asymmetry factor describes the relative amount of forward (O<R<~) or 
backward (-llg<O) scattering by a particle. 

Equations. For application to atmosphereless solar system objects, light- 
scattering equations have been formulated for a plane surface and integrated 
over a sphere to give disk-integrated brightness as a function of D, p, g, Go, 
and the phase angle a. However, for the present purpose we evaluate the inten- 
sity of scattered light for an element in a plane surface and allow for the 
effects of surface roughness, 
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& is the phase function due to particle shadowing, rigorously derivable, but 
approximated here by 

&(u,D) = exp {-sin a/(0.636D+1.828 sin a)). 
h is the multiple-scattering phase function (h*, Chandrasekharls H function 
as g4): 

2 
h(v) = 1 + aov + alp 

where a, = G o /  (A, + B, 6:) A, = 1.108 e~p(2.464~~4 
al = A l ~ ,  B, = -0.640 ex~(3.296~~4 

A, = 0.624 = 0.240g - 0.256g2 
Data and comparison with theory. Photometric (and simultaneous polarimetric) 
observations were carried out using the bfinipol polarimetry of the Lunar and 
Planetary Laboratory, University of Arizona. The polarimeter has been des- 
cribed by Serkowski (5), and the experimental set-up is similar to that used 
by Zellner et aZ. 

We report observations in the phase angle range Z0<a<300 - - on two samples: 
(1) a glass neutral-density filter, pulverized, sieved, and washed. Prior to 
destruction, the specular optical density was measured, and hence the complex 
part of the refractive index determined. ?he mean particle diameter and the 
volume density were also determined. (2) Copper-nickel alloy particles. The 
real and complex parts of the refractive index were determined approximately 
from the specular polarization of a polished sample. Also determined were the 
volume density and man particle diameter. 

Table I lists the measured parameters for both samples. The single- 
scattering albedos were calculated from the mean particle diameters and 
refractive indices. 

Table I. Known sample parameters. 

Glass Copper-Nickel 
Particle diameter range 37w<Zr<74m 2r<37run 
Real part of refractive index 1.51- 1.10 
Imaginary part of refractive index 0.24x10-~ 2.35 
Volume density 0.42 0.28 
Single-scattering albedo 0.65 0. 

a~or smooth spheres (see text). 
Figure 1 compares the photometric results (symbols) with theoretical phase 

curves. The ordinate scale is sample brighmess (I) with respect to the bright- 
ness (F) of a similarly oriented thick h#$ screen. Measurements were made at o0 
emergent angle. Also indicated are chosen values of parameters pertaining to 
the theoretical curves. Continuous curves result from our best estimates of 
the parameters p and g (for the glass sample) and p and 6, (copper-nickel) ; 
dashed curves indicate how a slightly different choice of these quantities 
upsets the goodness of fit. One would expect p ' 0 in view of the method of 
sample preparation used: the powders were poured into sample trays and spread 
with a sharp-pointed probe without attempting to create marked surface 
irregularities. 

Discussion. Clearly, the theoretical fits to the two very different phase 
curves (Figure 1) are very good. We comnt on the two samples as follows : 
(1) The neutral-density glass sample. The solid curve, with measured D and 
estimated p, ieads to a best-fit value of g that indicates slightly more 
forward-peaked scattering than for most asteroids and satellites (g is typi- 
cally near zero for these objects). This implies, as expected, that our sample 
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is somewhat more transparent than most surfaces of atmosphereless solar system 
bodies. The goodness of fit is significantly worse if an incorrectly low value 
of D is chosen (dashed curve), but the best-fit value of g is virtually unaf- 
fected. (2) Copper-nickel alloy. For smooth spheres of this substance, we 
calculate 6 ,  = 0.58, g = 0.02, but since microscopic examination showed indi- 
vidual particles of our sample to be rough, we know that these values are upper 
limits. For the continuous curve, we assumed p = 0 and fitted for optimum 
values of G o  (= 0.50) and g (= -0.20). These latter va'-ues are consistent with 
the sample's appearance. Also, the backward-peaked nature of the scattering 
indicates, not surprisingly, that Cu-Ni alloy is more opaque than the surfaces 
of atmosphereless solar system bodies. Increasing the roughness (dashedcurve, 
P = 0.2) has the effect of increasing Gi, and g towards the values appropriate 
to smooth spheres, and this indicates that our best estimate p = 0 is plausible. 
Conclusions. Phase curves of atmosphereless solar system objects and labora- 
tory samples can be quantitatively fitted with the generalized radiative trans- 
fer theory. The reported laboratory measurements strengthen a previous conten- 
tion by Bowel1 and L m e  (3) that the surfaces of atmosphereless solar system 
objects are particulate, apparently with little variation from object to 
object in volume density and roughness. In particular, there does not appear 
to be any strong correlation between volume density and diameter. Furthermore, 
since the volume density inferred from theoretical fits to the laboratory 
sample data is just what one measures, we are led to believe that quantitative 
conclusions about the physical constitution of the surfaces of atmosphereless 
solar system objects can usefully be drawn from careful laboratory photometry. 
However, it is essential to measure as many optical and physical parameters 
for the samples as possible. 

Ultimately, application of the new generalized theory of radiative trans- 
fer should also lead to satisfactory physical explanations of remote observa- 
tions on atmosphereless solar system bodies made by means, not only of pho- 
tometry, but also polarimetry, infrared radiometry, and radar. 
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