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a b s t r a c t 

We present reflectance and polarization phase curve measurements of highly reflective planetary regolith 

analogues having physical characteristics expected on atmosphereless solar system bodies (ASSBs) such 

as a eucritic asteroids or icy satellites. We used a goniometric photopolarimeter (GPP) of novel design 

to study thirteen well-sorted particle size fractions of aluminum oxide (Al 2 O 3 ). The sample suite in- 

cluded particle sizes larger than, approximately equal to, and smaller than the wavelength of the inci- 

dent monochromatic radiation ( λ= 635 nm). The observed phase angle, α, was 0.056 o < α < 15 °. These 

Al 2 O 3 particulate samples have very high normal reflectance ( > ∼95%). The incident radiation has a very 

high probability of being multiply scattered before being backscattered toward the incident direction or 

ultimately absorbed. The five smallest particle sizes exhibited extremely high void space ( > ∼95%). 

The reflectance phase curves for all particle size fractions show a pronounced non-linear reflectance 

increase with decreasing phase angle at α∼ < 3 °. Our earlier studies suggest that the cause of this non- 

linear reflectance increase is constructive interference of counter-propagating waves in the medium by 

coherent backscattering (CB), a photonic analog of Anderson localization of electrons in solid state media. 

The polarization phase curves for particle size fractions with size parameter (particle ra- 

dius/wavelength) r/ λ<∼1, show that the linear polarization rapidly decreases as α increases from 0 °; 
it reaches a minimum near α = ∼2 °. Longward of ∼2 °, the negative polarization decreases as phase angle 

increases, becoming positive between 12 ° and at least 15 °, (probably ∼20 °) depending on particle size. 

For size parameters r/ λ> ∼1 we detect no polarization. 

This polarization behavior is distinct from that observed in low albedo solar system objects such as 

the Moon and asteroids and for absorbing materials in the laboratory. We suggest this behavior arises 

because photons that are backscattered have a high probability of having interacted with two or more 

particles, thus giving rise to the CB process. 

These results may explain the unusual negative polarization behavior observed near small phase an- 

gles reported for several decades on highly reflective ASSBs such as the asteroids 44 Nysa, 64 Angelina 

and the Galilean satellites Io, Europa and Ganymede. Our results suggest these ASSB regoliths scatter elec- 

tromagnetic radiation as if they were extremely fine grained with void space > ∼95%, and grain sizes of 

the order < = λ. This portends consequences for efforts to deploy landers on high ASSBs such as Europa. 

These results are also germane to the field of terrestrial geo-engineering, particularly to suggestions that 
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1. Introduction 

Solar system bodies have been observed for half a millennium

at many angular scattering geometries with the telescopic aided

human eye, photographic plates and more recently with electronic

photonic detectors located on Earth based telescopes, observatories

in earth orbit, or on interplanetary spacecraft. Galileo pioneered

both astronomical and laboratory reflectance measurements of this

type ( Galileo, 1616 ). Since Galileo’s work, researchers have under-

taken measurements of the reflectance and polarization change of

light scattered from solar system bodies with respect to phase an-

gle ( α) and compared the results to the reflectance and polariza-

tion properties of aerosols and particulates measured in the lab-

oratory in effort s to better underst and the ongoing physical pro-

cesses in clouds, aerosols, planetary ring systems and the textural

properties of planetary surfaces. Here, we present laboratory mea-

surements of the photometric properties of materials that simulate

high albedo planetary regoliths that are expected on highly reflec-

tive atmosphereless solar system bodies (ASSBs). 

The increase in reflectance with decreasing phase angle of light

scattered from solar system objects, the ‘Opposition Effect (OE)’

( Gehrels, 1956 ), has been well documented since the phenomenon

was first reported in Saturn’s rings ( Seeliger, 1895 ) and the Moon

( Barabashev, 1922 ). The linear polarization change with phase an-

gle, first noted by Umov (1905) , has also been well studied in

the laboratory for a comparable period ( Lyot,1929 ). Despite exten-

sive scrutiny with earth-based telescopes, telescopes in Earth or-

bit, remote sensing telescopes in deep space, and laboratory re-

flectance and polarization phase curve analyses, there is no gen-

erally accepted single physical mechanism that explains both the

reflectance and polarization phenomenology. Discussion of past

astronomical observations and laboratory measurements is found

in many locations ( Lyot, 1929; Hapke, 1993, 1963, 1966; Dollfus,

1996; Deau et al., 2013; Li et al., 2015; Belskaya et al., 2015;

Levasseur-Regourd et al., 2015 and Shkuratov et al., 2015 ). 

Research conducted in recent decades suggests that reflectance

and polarization opposition effects can arise from distinct pro-

cesses depending on the albedo and particle size of the materi-

als being investigated. For low albedo materials, arguments based

on geometric optics that involve the shadowing effects of re-

golith grains upon one another, shadow hiding (SH) have received

widespread application in interpreting remote sensing data ( Hapke,

1966; Irvine, 1966; Geake et al., 1984 ). In highly reflective me-

dia, constructive interference effects, known in the planetary sci-

ence community as ‘coherent backscattering’ (CB), create an OE

( Shkuratov, 1985, 1989, 1991, 1992, 1994; Muinonen, 1989 ). 

Our earlier investigations of the change in linear and circular

polarization ratio with phase angle have shown that the OE in par-

ticulate materials in the form of lunar samples is due to both pro-

cesses, SH and CB ( Hapke et al., 1998 ). In highly reflective partic-

ulate media we have shown that CB is the predominant process.

( Nelson et al., 20 0 0, 20 02 ). 
e modified by injecting Al 2 O 3 particulates into the stratosphere thereby

genic greenhouse gas emissions. 

 was modified from our previous design so that the sample is presented

polarized perpendicular to and parallel to the scattering plane. There are

r. This optical arrangement, following the Helmholtz Reciprocity Principle

entical result to the traditional laboratory reflectance polarization mea-

nt light is unpolarized and the analyzers are placed before the detector.

ples measured by both methods. We believe that ours is the first experi-

RP for polarized light, first proposed by Helmholtz in 1856. 

© 2017 Elsevier Inc. All rights reserved.

SH can be understood in the formalism of geometric optics.

t arises because, as phase angle nears zero, shadows cast by

ne regolith grain upon another become less visible to the re-

ote observer. SH is discussed in Irvine (1966); Hapke (1966,

981, 1986, 1993 ) and Lumme and Bowell (1981), Shkuratov et al.

2005), Shkuratov and Grynko (2005) , and Stankevich and Shkura-

ov (2004) . 

CB can be understood in terms of physical optics processes

rising from constructive interference of photons being multiply

cattered in the medium. In the physics literature this process is

nown as ‘time-reversal symmetry’ and also ‘weak photon local-

zation’ ( Kuga and Ishamaru, 1985; Wolf and Maret, 1985; Akker-

anns et al., 1986, van Albada and Lagendijk, 1985, MacKintosh

nd John, 1988 ). This work followed from the discussions of the

henomenon known as ‘Anderson localization’ in solid state media

 Anderson, 1958 ) where electrons propagating through a solid can

ecome temporarily localized and constructively interfere, chang-

ng the properties of the solid from a conductor to an insulator.

he CB enhancement in multiply scattering media has been com-

ared to an extension of the classical double slit experiment and as

eing a photonic analogue of the metal-insulator transition seen in

nderson localization ( Aegerter and Maret, 2009 ). 

CB arises due to the constructive interference between multi-

ly scattered photons that travel nearly the same path through

he material but in opposite directions. As phase angle approaches

ero the waves become in phase with each other and construc-

ive interference occurs creating a pronounced OE. As phase angle

ncreases such rays interfere non-coherently and the observed re-

ectance diminishes rapidly with increasing α. CB has been sug-

ested as the cause of the strong opposition surges of high albedo

SSBs ( Shkuratov, 1988; Muinonen, 1990; Hapke, 1990; Hapke and

lewett, 1991; Mishchenko, 1992; Mishchenko et al., 2006 ). 

The CB mechanism posits that the returned radiation is multi-

ly scattered. Experimental and theoretical studies of CB suggest

hat there should be distinct observational effects if the incident

adiation is linearly polarized ( Kuga and Ishamaru, 1985 ) and when

he incident light is circularly polarized ( Steven and Cwillch, 1986;

temad et al., 1987 ). The linear polarization of the scattered light

s preserved after a single scattering. However, the helicity of cir-

ularly polarized light is reversed at the first scattering. The po-

arization of the scattered light becomes more randomized as the

umber of scatterings increases. Since the CB process requires mul-

iply scattered light, the major contribution to a CB induced oppo-

ition increase will be due to light that has been scattered twice,

nd hence the scattered light has the same direction of circular

olarization as the light incident on the sample. This has been

etected in laboratory GPP experiments by measuring change in

he circular polarization ratio (CPR) with respect to phase angle

 Nelson et al., 20 0 0, 20 02 ). (CPR is defined as the ratio of light

cattered with the same helicity as the incident light to that with

he opposite helicity). CPR will increase with decreasing phase an-

le if CB is the principal process responsible for the scattered light.

his increase in the circular polarization ratio is widely regarded
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s the characteristic signature of the CBOE because the SH is dom-

nated by singly-scattered light.” ( Hapke et al., 1993 ). The SH pro-

ess does not produce such behavior in the linear and circular po-

arization ratios. SH effects are expected to be diminished in highly

eflective media because multiple scattering of photons between

egolith grains would tend to illuminate the shaded areas and ran-

omize the polarization. CB is expected in highly reflective media

here multiple scattering of photons between regolith grains oc-

urs. These effects are not restricted to optical wavelengths but are

lso seen in bi-static radar observations of planetary objects. Com-

ining consideration of the CB and SH effects has been analyzed in

tankevich et al. (2007a, b ) 

Much of our application of these techniques at optical wave-

engths was patterned after techniques pioneered by the radar

ommunity (see Patterson et al., 2017 ). 

In our earlier studies ( Nelson et al., 20 0 0, 20 02 ) we decon-

tructed the scattering process using a goniometric photopolarime-

er (GPP) which allowed us to measure the reflectance phase curve,

he linear and circular polarization ratios, and the linear polar-

zation as a function of phase angle. Our instrument presented

amples with light that was linearly polarized in, and perpendic-

lar to, the scattering plane. The reflected light was analyzed in

oth senses of linear polarization. We also presented the samples

ith right and left handed circularly polarized light and analyzed

t in both senses of circular polarization. We made angular scat-

ering measurements of the light scattered from a simulated plan-

tary surface from 0.05 ° to 5 °. These GPP measurements permit-

ed us to estimate the amount of multiple scattering in a partic-

late medium in the laboratory. When observing highly reflective

aterials such as Al 2 O 3 , the reflectance dramatically increases as

hase angle decreases, often by 20–30% between 5 ° and 0.05 ° as

 consequence of CB of photons that are multiply scattered in the

edium. These photometric properties are dependent on the size

nd the albedo of the regolith particles. 

In this work, we: 

1. Present new data from our improved instrument. 

2. Provide experimental evidence verifying that the Helmholtz

Reciprocity Principle (HRP) applies to polarized light as well as

scalar. 

3. Present a simple expression that closely approximates (for

0 °< α < 15 °) the reflectance phase curves measured in the lab-

oratory and also the reflectance phase curves of solar system

objects. This enables straightforward comparison between our

laboratory data and the phase curves of ASSBs, while (perhaps

conveniently) sidestepping competing theoretical constructs. 

4. Present a simple expression that closely approximates (when

0 °< α < 15 °) the polarization phase curves of well sorted parti-

cle size fractions of highly reflective powders (Al 2 O 3 ) and show

that they closely approximate the polarization phase curves of

ASSBs particularly the three high albedo Galilean satellites Io,

Europa and Ganymede. 

5. We note the strong resemblance of the polarization phase

curves of Europa to those of our samples with porosities ex-

ceeding 90%, suggesting that the surface of Europa may have a

similar high porosity. 

The two empirical expressions approximating the reflectance

nd polarization behavior are particularly useful to remote sens-

ng observers of small bodies in the outer solar system. These

bjects are only seen at very small phase angles when observed

rom Earth or Earth orbit and the telescopic observations at small

hase angle may comprise the entire body of information for many

SSBs. Remote sensing observers can easily compare their mea-

urements to laboratory data such as ours and easily assess the

hotometric properties, and potential hazards to planet Earth, pre-
ented by small bodies in the outer solar system that might be

eflected inward toward the sun. 

. The observations 

We used a GPP to measure the reflectance and polarization

hase curves of 13 well-sorted particle size fractions of alu-

inum oxide (Al 2 O 3 ) industrial optical abrasives with diameters

.1 ≤ d ≤ 30 μm. These samples are identical to those studied in our

revious experiments where we measured the reflectance phase

urve and addressed the amount of multiple scattering in the ma-

erials by measuring the phase angle dependence of the circu-

ar polarization ratio ( Nelson et al., 20 0 0, 20 02; Shkuratov et al.,

002 ). 

The Al 2 O 3 powders are supplied by the manufacturer in well-

orted size fractions that are larger than, comparable to, and

maller than the wavelength of our incident light ( λ= 0.635 μm).

hey are chemically stable, permitting repeated investigation over

ong periods of time by diverse, widely distributed investigation

eams. Since our initial investigation, similar angular scattering in-

estigations have been performed on these same Al 2 O 3 particu-

ates with GPP instruments at other laboratories around the world,

ermitting us to understand differences in instrumental perfor-

ance by comparing identical materials measured on different in-

truments ( Shkuratov et al., 20 02; 20 06; 20 07; Kaasalainen et al.,

002; Piatek et al., 2004; Ovcharenko et al., 2006, Gunderson et al.,

006; Psarev et al., 2017 ). These particulate materials are excellent

lanetary regolith analogues for high albedo ASSBs. High albedo

SSBs have been shown to have water ice as a major component

Europa and Enceladus are two clear examples). Al 2 O 3 is an excel-

ent analogue due to its hexagonal crystal structure, which matches

hat of water ice. Crystals of H 2 O tend to form platelets that are

ighly reflective and that tend to align themselves upon settling;

his is also true for our powders of Al 2 O 3 . 

The understanding of the photometric properties of Al 2 O 3 par-

iculates has assumed increased importance given that proponents

f geoengineering have suggested widespread stratospheric distri-

ution of Al 2 O 3 as an aerosol a means of terrestrial climate modi-

cation ( Teller et al., 1997 ). The highly abrasive nature of Al 2 O 3 , if

istributed on a global scale, has important worldwide health im-

lications for air breathing animals, threatening widespread lung

iseases analogous to silicosis – a well know malady that effects

he health of quarry workers. 

. Instrument description 

The data were taken on the improved ‘long arm’ GPP, formerly

ocated at Jet Propulsion Laboratory in Pasadena CA and now re-

ocated at the Department of Earth Sciences and Astronomy, Mount

an Antonio College, Walnut CA. A GPP instrument of this type is

enerally classified as a “polarization-sensitive well-collimated ra-

iometer,” and the Al 2 O 3 samples are classified as “discrete ran-

om media” ( Mishchenko, 2017 ). 

The particulate samples were illuminated with linearly polar-

zed monochromatic light, alternating back and forth ‘in’ and ‘per-

endicular to’ the scattering plane. The samples were horizontally

nd laterally homogeneous. We measured the intensity of the scat-

ered component from 0.05 °< α < to 15 °. 
In astronomical observations and in most of the previous lab-

ratory GPP investigations, the incident light is un-polarized; ana-

yzers are placed just before the detector. The sum and cross polar-

zation intensity is measured with respect to the scattering plane

 the plane defined by the light source, the sample and the de-

ector. In our new and improved laboratory configuration, polar-

zed light is presented to the sample, and the intensity of the re-

ected component is measured without an analyzer positioned be-
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fore the detector. This reduces the number of optical surfaces that

the light must pass and thus improves signal to noise. In addi-

tion, the solid-state laser light source controls wavelength exactly

and produces a linearly polarized output. The results from either

method should be identical following the Helmholtz Reciprocity

Principle (HRP) (see Minnaert, 1941, van de Hulst (1957 , 1981 chap

5) Chandrasekhar, 1960 p 42, p94, pp171–174) and Hapke, 1963 ,

p 264). For the purpose of this discussion the HRP simply stated

is, “In a measurement of the bidirectional reflectance distribution

function (reflectance divided by the cosine of the angle of inci-

dence) no difference will result from interchanging the source and

the detector.”

We first demonstrate that the HRP, advanced by Helmholtz in

1856, applies. We show that these laboratory results, acquired us-

ing the HRP design, agree with our previous laboratory investiga-

tions of the identical materials which used the traditional methods.

In subsequent sections, we discuss the implications of the new set

of reflectance and polarization phase curves that we report here-

with. 

Following discussions advanced in van de Hulst (1957 , 1981

chap 5) and Chandrasekhar (1960 p 42, p94, pp171–174), using the

formalism of Stokes vectors and Mueller matrices M i, j , we may de-

scribe the first type measurements as 

⎛ 

⎜ ⎜ ⎜ ⎝ 

M 11 

(
I ⊥ + I ‖ 

)
/ 2 

M 21 

(
I ⊥ + I ‖ 

)
/ 2 

0 

0 

⎞ 

⎟ ⎟ ⎟ ⎠ 

= 

1 

2 

⎛ 

⎜ ⎜ ⎜ ⎝ 

M 11 M 12 0 0 

M 21 M 22 0 0 

0 0 M 33 M 34 

0 0 M 43 M 44 

⎞ 

⎟ ⎟ ⎟ ⎠ 

⎛ 

⎜ ⎜ ⎜ ⎝ 

I ⊥ + I ‖ 
0 

0 

0 

⎞ 

⎟ ⎟ ⎟ ⎠ 

, 

(1)

where I ⊥ + I ‖ = 2 I, since I ⊥ = I ‖ . To characterize the linear polar-

ization producing with this Mueller matrix, it is necessary to di-

vide the resulting second Stokes parameter by the first one, then

P = M 21 / M 11 . The second type of measurements can be present as

follows: ⎛ 

⎜ ⎜ ⎜ ⎝ 

( M 11 + M 12 ) I ⊥ / 2 

( M 21 + M 22 ) I ⊥ / 2 

0 

0 

⎞ 

⎟ ⎟ ⎟ ⎠ 

= 

1 

2 

⎛ 

⎜ ⎜ ⎜ ⎝ 

M 11 M 12 0 0 

M 21 M 22 0 0 

0 0 M 33 M 34 

0 0 M 43 M 44 

⎞ 

⎟ ⎟ ⎟ ⎠ 

⎛ 

⎜ ⎜ ⎝ 

I ⊥ 
I ⊥ 

0 

0 

⎞ 

⎟ ⎟ ⎠ 

(2)

and 

⎛ 

⎜ ⎜ ⎜ ⎝ 

( M 11 − M 12 ) I ‖ / 2 

( M 21 − M 22 ) I ‖ / 2 

0 

0 

⎞ 

⎟ ⎟ ⎟ ⎠ 

= 

1 

2 

⎛ 

⎜ ⎜ ⎜ ⎝ 

M 11 M 12 0 0 

M 21 M 22 0 0 

0 0 M 33 M 34 

0 0 M 43 M 44 

⎞ 

⎟ ⎟ ⎟ ⎠ 

⎛ 

⎜ ⎜ ⎜ ⎝ 

I ‖ 
−I ‖ 
0 

0 

⎞ 

⎟ ⎟ ⎟ ⎠ 

(3)

Considering in the experiment described by the Eqs. (2) and (3) ,

I ⊥ = I ‖ we may calculate the polarization degree as follows: 

P = 

( M 11 + M 12 ) I ⊥ / 2 − ( M 11 − M 12 ) I ‖ / 2 

( M 11 + M 12 ) I ⊥ / 2 + ( M 11 − M 12 ) I ‖ / 2 

= 

M 12 

M 11 

(4)

The elements M 21 and M 12 related to the first and second type

of measurements, respectively, are different generally for an ar-

bitrary geometry of illumination/observation of particulate media.

However, in our case, when phase angle is small and samples il-

luminated along their normal, the elements are very close to each

other and essentially equal in these experiments. 

For each of the 13 particle size fractions shown in Table 1 , the

results of many runs were combined and averaged to produce re-

flectance phase curves and polarization phase curves. These were

compared to our previous measurements of the same materials
 Nelson et al., 20 0 0 , Fig 3; Shkuratov et al., 20 02 , Fig 14 (lower)). If

he HRP applies, then the reflectance and polarization phase curves

rom this work, based on the HRP, should agree with the ‘classical’

eflectance and polarization phase curves of the same materials

hat we reported previously ( Nelson et al., 20 0 0,20 02; Shkuratov

t al., 2002 ). 

The physical properties of the samples, along with the manu-

acturer’s product description are shown in Table 1 . 

The GPP as initially designed has been described previously

 Nelson et al., 20 0 0 , p546). The following changes have been im-

lemented since the initial description. 

1) The Helium Neon laser light source ( λ= 633 nm)

has been replaced by a solid state laser (Coherent

31-0144-0 0 0 LabLaser 635 nm 5 mW C ULN ). The output of

the solid state laser ( λ= 635 nm) is linearly polarized. For the

purpose of comparison with our previous work ( Nelson et al.,

20 0 0, 20 02 ) this difference in input wavelength ( ∼2 nm) is of

no consequence. 

2) A ThorLabs FL05635 FWHM 10 nm blocking filter was located

before the detector. This excluded light from the laboratory en-

vironment from entering the detector permitting only light of

λ= 635 nm + / −10 nm to enter the detector. 

3) The Hamamatsu R928 photomultiplier tubes, which previously

measured the intensity of the scattered light for the signal and

reference channels, have been replaced by Hamamatsu C12703

series silicon avalanche photodiode detectors (SAD). 

4) All other filters and analyzers between the sample and the de-

tector have been removed. 

5) The light from the laser that is presented to the sample is al-

ternately polarized parallel to, then perpendicular to, the scat-

tering plane. The linear polarization state of the incident light

is changed by inserting half wave plates (Tower Optical A015Z)

at appropriate times during data acquisition sequence using a

programmed stepper motor. 

6) The arm positioning stepper motor has been replaced by one

with a longer screw. This extends the phase angle range to 15 °.
In our earlier work, this limit was 5 °. This is important because

the linear portion of the phase curve of most particulate ma-

terials may extend beyond 5 °. This improved instrument mea-

sures the opposition peak and the linear portion of a typical

particulate phase curve. 

. Sample preparation 

High albedo particulate surfaces have often been simulated

n the laboratory using MgO, BaSO 4 , or powdered, compressed

olytetrafluoroethylene aka Teflon, PFTE, or HALON ( Weidner and

sia, 1981 ). These materials, while easily available, are not well

orted into particle sizes that are larger than, comparable to, or

ess than the wavelength of the incident light used in most GPP in-

truments. Therefore, in 20 0 0, we introduced powdered aluminum

xide, Al 2 O 3, as a material appropriate for simulating high albedo

egoliths in the laboratory ( Nelson et al., 20 0 0 ). Powdered Al 2 O 3 is

idely used as an optical abrasive due to its great hardness (Moh’s

ardness scale #9) and is in great demand by the optics indus-

ry. The virtues of mass production permit Al 2 O 3 particulates to be

cquired at remarkably low cost by laboratory investigators world-

ide, allowing experimentalists to compare results from the same

aterials with the many theoretical models and with spacecraft

esults as they become widely available. Since our first reports,

ther extremely reputable laboratories have since reported mea-

urements on these same materials ( Shkuratov et al., 20 02; 20 06;

007; Kaasalainen et al., 2002; Piatek et al., 2004; Ovcharenko

t al., 2006; Gunderson et al., 2006 ). 



R.M. Nelson et al. / Icarus 302 (2018) 483–498 487 

Table 1 

Physical Properties of the Particulate Materials used in this study. 

Particle size (μm) Number of runs void space (%) Particles per cm 

3 

GB 30 0 0 0.1 8 97.68 4.43E + 13 

GB 2500 0.5 9 96.30 5.66E + 11 

GB 20 0 0 1 12 95.50 8.59E + 10 

GB 1500 1.2 6 94.94 5.60E + 10 

GB 1200 1.5 6 95.81 2.37E + 10 

WCA 1 2.1 6 84.60 3.18E + 10 

WCA 3 3.2 4 83.10 9.85E + 09 

WCA 5 4 4 82.21 5.31E + 09 

WCA 9 5.75 4 81.74 1.83E + 09 

WCA 12 7.1 8 76.83 1.24E + 09 

WCA 20 12.14 8 75.41 2.62E + 08 

WCA 30 22.75 6 70.70 4.75E + 07 

WCA 40 30.09 6 65.85 2.39E + 07 
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Al 2 O 3 is available from various commercial suppliers in a

ide range of particle sizes that are as small as 0.1 μm to

everal hundred microns. The materials used in this study

re supplied by Micro Abrasives Corp of Westfield Mass, USA

 http://www.microgrit.com/ ) and the Stutz Company of Chicago IL,

SA ( http://products.stutzcompany.com/item/lapping-compounds/ 

luminum- oxide- optical- finishing- powder/item- 1168 ). 

The sample’s characteristics are shown in Table 1 . The smaller

izes (d < 1.5 μm; designated ‘GB’ ) have a different morphology

rom the larger sizes (2.1 < d < 30.09 μm; designated ‘WCA’ ). Both

he GB and WCA designations were previously offered by Mi-

roabrasives Corp. The product identifications and approximate

article sizes are shown in Table 1 . 

The samples used in this study are identical (i.e. taken from the

ame packaging lot) to the samples used in our previous investiga-

ions. The method of preparation was the same as that described

n Nelson et al. (20 0 0, 20 02 ). An identical set of samples from

he same manufacturing lot was provided to the Karazin University

PP team and the results were reported by Shkuratov et al. (2002) .

he same set was also used by Piatek et al. (2004) and Kaasalainen

t al. (2002) . A typical size distribution about the mean size

s shown in Fig. 5 of Nelson et al. (20 0 0) . The reflectance

 λ= 633 nm) of each sample measured at a phase angle of 5 ° rela-

ive to HALON is shown in Nelson et al. (20 0 0) Table 1. 

The sample cup is 9.2 mm deep and 3.45 cm. in diameter. It

s rotated at a frequency of 5–10 rpm in order to average the ef-

ect of random interference of photons on multiply scattered paths

ommonly known as ‘laser speckle’ . In similar experiments con-

ucted in the physics community this averaging has also been ac-

omplished by measuring the reflectance of small particles in liq-

id suspension; the Brownian motion of the particles serves the

ame purpose ( van Albada and Lagendijk, 1985; Wolf and Maret,

985; Aegerter and Marat, 2009 ). 

The size of the laser spot on the sample is ∼2.5 mm, far larger

han the size of the individual particle sizes under investigation.

t any instant, the detector views an average of the light reflected

rom many individual particles. 

For each run the particles were gently poured into the sample

up, the cup was very lightly tapped and tilted until the surface

f the particles was level with the rim of the cup. The combined

ass of the sample and the cup was measured on a Mettler-Toledo

E200 laboratory balance. We made many runs on each particle

ize fraction. The average mass in the sample was calculated for

ach of the 13 particle sizes. We then calculated the number of

articles filling the cup, the void space, and the volume density

nd number density of the particles in each size fraction. The re-

ults are shown in Table 1 . 

We note the high void space ( ∼95%) that is seen in the five

mallest particle size fractions. The void space depends on the

e  
ravitational force exerted by each layer of particles on the un-

erlying material, and is countered by the van der Waals repul-

ive forces between each particle. For each particle the mass varies

s the volume (r 3 ) and the van der Waals force varies as the sur-

ace area (r 2 ). We suggest that this porosity increase with decreas-

ng particle size arises as a consequence of the cubic decrease in

ass (and downward gravitational force) of each particle as ra-

ius decreases being counteracted by the quadratic decrease in

urface area with decreasing radius of each particle providing van

er Waals repulsion between individual particles. As particle size

ets smaller the van der Waals repulsive forces grow larger rela-

ive to the downward gravitational forces. This causes the porosity

o increase as particle size decreases. 

. The measurements 

A Hamamatsu C12703 SAD was located at the end of the GPP

ovable arm 231 cm. from the surface of the sample cup. A Thor-

abs FL05635 FWHM 10 nm blocking filter ( λ= 635 + / −10 nm) was

laced before the detector. A second Hamamatsu C12703 SAD ob-

erved the reflected light at a constant phase angle throughout the

un after it passed through an identical filter. 

An individual run consisted of 244 angular scattering measure-

ents as the phase angle was varied from 0.056 ° to 15 ° and re-

urned to 0 °, 122 measurements were made on the outbound leg

nd 122 on the inbound leg. The first measurement was made at a

hase angle of 0.056 °. The GPP movable arm was then was incre-

ented by 0.05 ° and the next measurement was made. Measure-

ents were made at this incremental rate increase until the phase

ngle reached 1.2 °. The angular position was then incremented in

.1 ° steps until the phase angle reached 3 °. From 3 ° to 15 ° the arm

as incremented in 0.15 ° steps. When the arm reached 15 ° the

rocess was reversed; the arm position was decremented on the

nbound leg in the reverse of the sequence in which it was incre-

ented on the outbound leg. 

At each angular positioning, an angular scattering measurement

as first made for one polarization state, then the half wave plate

t the input laser path was rotated 90 °. This changed the polar-

zation of the light presented to the sample by 90 ° and another

easurement was taken. We carefully calibrated the position of

he laser and half wave plate such that the polarization was first

perpendicular to’ the scattering plane and then ‘in’, or ‘parallel to’,

he scattering plane for the second measurement. The polarization

f the incident light was alternated four times at each angular po-

ition on the outbound and inbound legs of the run and the results

ere averaged. 

At each angular position, the intensity of the reflected signal

as recorded 64 times and averaged to comprise an individual

ata measurement at that position setting. Simultaneously, the ref-

rence measurement was compared to the signal as a means of

http://www.microgrit.com/
http://products.stutzcompany.com/item/lapping-compounds/aluminum-oxide-optical-finishing-powder/item-1168
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Fig. 1. Particle size vs. void space for 13 Al 2 O 3 particulate samples. The platlet 

shaped particles (d ≥ 2.1 μm) exhibit greater packing efficiency. The equant parti- 

cles (d ≤ 1.5 μm) produce greater void space. These void space results are consistent 

with those in previous studies ( Nelson et al., 20 0 0, 20 02 ). 
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testing for variations in the output of the laser. We find that the

amount of this correction was insignificant. 

The incident beam from the laser passed a Stanford Research

Systems SRS 540 optical chopper before it was presented to the

sample. The chop frequency was ∼105 Hz. The output of the sig-

nal and reference detectors was analyzed by two Stanford Research

Systems SR830DSP Lock-in amplifiers which were tuned to the

chopping frequency. The time constant was 300 ms. The signal and

reference intensity output of the amplifiers were recorded on a

Dell Precision 850 computer. The output arrays were processed on

a SONY VAIO VGN-FW486J/H laptop computer and an HP Zbook

Mobile Workstation using array processing procedures we devel-

oped in the MATLAB R2015, R2016, and R2017 software language. 

Each of the 13 particle size fractions was subjected to several

runs. These were combined and averaged to develop reflectance

and polarization phase curves associated with each particle size.

The number of runs that were averaged for each particle size frac-

tion is shown in Table 1 . A single complete run lasted 23 hours.

The entire data set used in this study totaled 81 runs. 

6. Particle morphology 

The Al 2 O 3 particulates are supplied in two different particle

shapes. The sizes larger than 2.1 μm (WCA) are described by the

supplier as ‘platelet shaped’; those smaller than 1.5 μm (GB) are

described as ‘equant’ . These morphology differences should be ap-

parent with analysis of particle packing density (void space) as a

function of particle size and also in photomicrographs. 

6.1. Void space vs. Particle size 

The relationship between void space and particle size is shown

in Fig. 1 . The particle sizes < ∼1.5 μm (shown as ‘equant’ in the fig-

ure and designated ‘GB’ ) have much more void space than the

particles of size > ∼ 2.1 μm (Shown as ‘Platlet’ in Fig. 1 and desig-

nated WCA). This is consistent with what is reported by the man-

ufacturer as reported in Nelson et al., 20 0 0, 20 02, 2016 ). 

6.2. Atomic force microscopy 

One of us (KV) acquired Atomic Force Photomicrographic (AFM)

images of the samples. The AFM images were obtained in air in
ntermittent contact mode using a Quesant Instruments Univer-

al Scanning Probe Microscope, an instrument used extensively in

tudies on bacteria morphology (see, for example, Vandervoort and

relles-Mariño, 2014, Vandervoort and Brelles-Mariño, 2013, Van-

ervoort et al., 2008 ), housed in the Physics and Astronomy de-

artment at the California Polytechnic University at Pomona, CA.

ommercial silicon cantilevers from MikroMasch ۛwere employed.

mages consisted of 500 lines of 500 points per line for a total

f 250,0 0 0 pixels of data. Al 2 O 3 samples were deposited on glass

lides, previously cleaned and coated with poly- l -lysine to assure

urface adhesion of the sapphire particles to the glass. Typical re-

ults are shown in Figs. 2 and 3 . 

Fig. 2 is an AFM image of three typical particles that are iden-

ified by the supplier as having an average diameter, d = ∼ 1.0 μm

GB 20 0 0). The three particles also show a range of size about the

ean particle size. It is clear that they are equant in character as

eported by the manufacturer. Fig. 3 is an AFM image of a particle

escribed by the manufacturer as 22.75 μm diameter. The platlet

hape is obvious and consistent with the manufacturer’s charac-

erization. The information in Figs. 1–3 should clarify any ambigu-

ty that may have arisen regarding the morphology of these Al 2 O 3 

aterials when they are used as high albedo particulate planetary

urface analogues ( Nelson et al., 2016 ). 

. The Helmholtz reciprocity principle 

The Reflectance Phase Curves. The reflectance phase curves for

hree particle size fractions at phase angles 0 °< α < 5 °are shown in

ig. 4 (top: 0.1 μm data are plotted as dots, 1.0 μm as squares, and

0.09 μm as diamonds). These particle sizes were selected because

hey are smaller than, approximately equal to and much larger

han the wavelength of the incident radiation. These sizes span the

forward scattering’ and ‘backscattering’ regimes. 

The reflectance phase curves were measured by presenting the

ample with alternating states of linearly polarized light and com-

ining the reflected component. For comparison, Fig. 4 (bottom)

hows the reflectance phase curves of the same three materials

easured in our earlier work in which we placed linear and cir-

ular polarizers in the path of the reflected light before it entered

he detector. 

It is evident from Fig. 4 that the results from the two tech-

iques do not differ within the error. The reflectance phase curves

e report are consistent with what would be expected by applying

he Helmholtz Reciprocity Principle (HRP). 

The Polarization Phase Curves We next measured the response

f the same samples to polarized light. The polarization phase

urves for Al 2 O 3 particles of size 0.1, 0.5 and 1.0 μm are shown

n Fig. 5 (top). These measurements were made by presenting

he sample with linearly polarized light and measuring the inten-

ity of the reflected component. The linear polarization was cal-

ulated by measuring the difference between the intensity mea-

ured in the scattering plane compared to that measured perpen-

icular to the scattering plane divided by the sum of the two. In

002, we measured the polarization phase curves of these same

l 2 O 3 materials using a GPP at the Karazin University in Kharkiv,

kraine ( Shkuratov et al., 2002 , see also Ovcharenko et al., 2006 ).

he Karazin University GPP had been previously calibrated to the

PL GPP and the reflectance results from both instruments were

onsistent when measuring like materials. The Karazin University

PP measures the reflectance and degree of linear polarization at

hase angles ranging from 0.2 ° to 4 ° at selected spectral band-

asses ( λeff = 0 . 63 and 0.45 μm.). It uses a halogen lamp as a light

ource. Unpolarized light is presented to the sample, and linear

olarizers are placed in the path of the reflected light to mea-

ure the polarization. The Karazin University GPP measures polar-

zation identically to the astronomical polarization measurements.
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Fig. 2. Atomic Force Photomicrograph of typical Al 2 O 3 particles of D = ∼ 1.0 μm (GB 20 0 0). The particles are representative of the variation about the mean particle size. 

Fig. 3. Atomic Force Photomicrograph of a typical Al 2 O 3 particle of D = ∼ 22.75 μm. The platlet shape is quite apparent. 
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Fig. 4. Top. Reflectance phase curves from this study for three particle sizes of 

Al 2 O 3 . Diamonds – 30 μm, Squares – 1.0 μm, Dots- 0.1 μm. Bottom. Same as above 

except from Nelson et al. (20 0 0) . The close agreement of these three reflectance 

measurements are consistent with the HRP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Top. Polarization phase curves for three particle sizes of Al 2 O 3 from the 

present study in which the samples were presented with polarized light and the in- 

tensity of the reflected component was measured. Triangles indicate 1.0 μm, crosses 

indicate 0.5 μm, and pluses indicate 0.1 μm. 

Bottom. Polarization phase curves of the same materials when presented with non- 

polarized light λeff = 0 . 63) and the polarization of the reflected component was 

measured ( Shkuratov et al., 2002 ). The absence of a significant difference in these 

phase curves is consistent with what would be expected based on the Helmholtz 

reciprocity principle. 
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The Karazin University GPP results are reproduced in Fig. 5 (bot-

tom). Fig. 5 (top), shows the polarization phase curves from this

experiment in which the sample was presented with polarized

monochromatic light from a laser light source and the intensity

of the reflected component was measured to calculate the polar-

ization. For particle sizes that are larger than, comparable to and

smaller than the wavelength of the incident radiation, the polar-

ization phase curves are substantively alike for both instruments.

We also confirm the Shkuratov et al. (2002) finding that the po-

larization phase curves for Al 2 O 3 with particle size larger than the

wavelength of the incident light exhibit no polarization. 

We conclude that the similarity of the reflectance phase curves

and the polarization phase curves of the same materials reported

here and the previous measurements of the reflectance phase

curves reported from the GPP at JPL and the polarization phase

curves reported by the GPP at Karazin Institute are consistent with

what would be expected assuming the HRP applies over this range

of phase angles. 

8. Implications for outer solar system research 

Our earlier work on these materials spanned a range of phase

angle 0 °< α < 5 °. We present here the first reflectance and po-

larization phase curves measured with this GPP for these Al O 
2 3 
articulates extending to 15 °. Laboratory measurements of this

ype are of great importance for understanding the vast number

f small trans-Jovian ASSBs that are only observed from earth or

arth orbit at this range of phase angle or smaller where the re-

ectance and polarization of an hypothesized particulate regolith

ould be expected to be rapidly changing due to CB effects. 

We next present the reflectance and polarization phase curves

easured from 0.05–15 ° for each of our Al 2 O 3 samples. 

. The reflectance phase curves 

In general, the reflectance phase curves of the thirteen differ-

nt particle sizes are characterized by (starting from 0.05 ° and pro-

eeding to increasing phase angle): 

1. A very sharp, high reflectance, opposition peak with reflectance

rapidly decreasing from 0.05 °< α∼< 3 ° transitioning to, 
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Fig. 6. Reflectance phase curves for the 13 Al 2 O 3 samples used in this study normalized at 5 °. They are vertically offset by 0.05 for each size. From the bottom to top the 

phase curves are shown for particle sizes 30.09, 22.75, 12.14, 7.1, 5.75, 4.0, 3.2, 2.1, 1.5, 1.2, 1.0, 0.5, and 0.1 μm respectively. We note the great change in the shape of the 

phase curve between 1.5 and 2.1 μm. This is most likely a consequence of particle morphology. The particles with d ≤ 1.5 μm are equant in shape and those with d > = 2.1 μm 

are platlet shaped. 
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2. A gradual, linearly decreasing reflectance from ∼5 – 10 °, and 

3. A non-linear decrease beyond ∼10 °. 

The reflectance phase curves for the 13 Al 2 O 3 particulate sam-

les, normalized at 5 °, are shown in Fig. 6 . They are displaced

ertically by 0.05 for each size. Beginning from the bottom and

roceeding upward the phase curves are shown for particle sizes

0.09, 22.75, 12.14, 7.1, 5.75, 4.0, 3.2, 2.1, 1.5, 1.2, 1.0, 0.5, and 0.1 μm

espectively. 

We note the great difference in the shape of the phase curve

etween particle sizes d < = 1.5 and particle sized d ≥ 2.1 μm. This

s most probably a consequence of particle morphology. The

maller size fractions (d < ∼1.5 μm.) are equant while the larger

ractions are platlet in shape. This is also evident from the pack-

ng density ( Fig. 1 and Table 1 ) and in the AFM photomicrographs

 Figs. 2 and 3 ). Future theoretical modeling endeavors that purport

o infer regolith characteristics based on remote sensing observa-

ions are cautioned to carefully consider particle morphology. The

l 2 O 3 phase curves reported here compare favorably with earlier

ork on the same materials ( Nelson et al., 20 0 0 , Figs 5 and 7,

002 , Figs 4 and 5; Piatek et al., 2004 Fig 2A; Shkuratov et al.,

002 Fig 11; Ovcharenko et al., 2006 Figs 4–6; Shkuratov et al.,

008 Fig. 10). 

In our previous work we followed earlier modeling investiga-

ions ( Mishchenko, 1992; Mishchenko and Dlugach, 1993 ) and rep-

esented the size of the OE in terms of the half width at half

aximum (HWHM) of the phase curve for each particle size as
 function of the dimensionless size parameter, r/ λ. Our experi-

ental results found that the HWHM is largest when the particle

ize approximates the wavelength of the incident radiation. This is

ualitatively in agreement with theoretical modeling results re-

orted by Mishchenko (1992) (see Nelson et al., 20 0 0 , Fig 9). 

In this study, we use two improved methods to estimate the

agnitude of the opposition peak. 

First, we calculate the area between the measured phase curve

nd its extrapolated linear portion from 5 – 10 ° to estimate the

ize of the opposition peak. The area is calculated by Simpson’s

ule using the difference between the measured intensity and the

iner extrapolation. 

Second, we calculate the size of the opposition peak by sub-

racting the extrapolated value of the linear portion of the phase

urve at 0 ° from the size of the opposition peak at 0 ° determined

y fitting the expression (hereafter referred as PSIMTSAC1 func-

ion) 

 = cos ( α/ 2 ) 
(
a · e b α + c · e d α

)
(4) 

o the data and estimating the peak value, a + c at α = 0 °. We had

ttempted this in our earlier work when our range of observa-

ions was restricted to α < 5 °, but the estimating of the linear

ortion of the phase curve was challenging when making mea-

urements near these small phase angles ( Nelson et al., 20 0 0 ).

e used a similar technique in our earlier work where we fol-

owed the approach of Akimov (1980), Shkuratov (1983, 1997 ) and

hkuratov et al. (2011) in using an exponential function to approx-
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Fig. 7. Phase curve for 1.0 μm Al 2 O 3 particles. A straight line is fitted to the data from 5 to 10 °. This is extrapolated to 0 °. The size of the opposition surge is estimated 

by two methods. First, we calculated the area (shaded) between the linear region and the phase curve (PSIMTSAC1 function) normalized at 5 °. Second, we calculated the 

difference between the extrapolated linear portion of the curve at 0 ° (A) and the size of phase curve at 0 ° (B). 

Table 2 

Results of fitting PSIMTSAC1 function ( Eq. (4 )) to the data. 

Name Diameter μm Area under phase curve 0–5 ° Height of opposition Peak a b c d 

GB30 0 0 0.1 69.38 15.15 13.93 −1.73 104.23 −0.0063 

GB2500 0.5 88.82 20.71 19.66 −1.66 106.3 −0.0062 

GB20 0 0 1.0 90.35 25.66 24.31 −2.16 105.36 −0.0049 

GB1500 1.2 92.72 26.01 24.92 −2.001 107.91 −0.0068 

GB1200 1.5 96.36 27.02 25.97 −2.05 105.67 −0.00536 

WCA 1 2.1 137.67 23.91 22.39 −1.36 103.82 −0.00836 

WCA 3 3.2 137.68 26.41 24.67 −1.59 102.6 −0.00669 

WCA 5 4.0 139.75 25.36 23.49 −1.49 101.1 −0.00709 

WCA 9 5.75 120.25 23.46 21.85 −1.529 98.75 −0.00541 

WCA 12 7.1 113.88 22.79 21.62 −1.449 97.15 0.0044 

WCA 20 12.14 75.57 20.52 19.55 −1.89 92.83 −0.00423 

WCA 30 22.75 44.95 17.56 17.1 −2.54 92.99 −0.0026 

WCA 40 30.09 33.40 15.88 15.455 −3.184 91.07 −0.0022 
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imate the shape of the reflectance phase curve. This heuristic ap-

proach has obvious value in applying these results to astronomical

observations of ASSBs. 

Area under phase curve. The area under the phase curve was

calculated for each particle size to estimate the magnitude of the

opposition surge. This was done by calculating the area between

the curve defined by the PSIMTSAC function ( Eq. (1 ) above) and

the linearly extrapolated portion of the phase curve 5 °< α < 10 °.
It is the shaded area in Fig. 7 . Both the maximum of the phase

curve and its breadth are indicators of the strength of the opposi-

tion surge. The area calculated in this way is an excellent indicator

of OE strength because it weights both the height and breadth of

the OE peak. The results are tabulated in Table 2 . 

Extrapolated difference. For each particle size, we fitted a

straight line to the phase curve data from 5–10 °. A typical fit for
he 1.0 μm size is shown in Fig. 7 . The straight line was extrapo-

ated to 0 °, the size of the opposition surge was calculated by sub-

racting the value of the linear portion extrapolated to 0 ° (“A” in

ig 7 ) from the extrapolated value of the phase curve at 0 ° (“B” in

ig 7 ). This indicates only the size of the OE at 0 ° and attaches no

ignificance to the breadth of the phase curve. 

The magnitude of the opposition surge clearly depends both on

article size and, in addition, void space. Table 1 shows that void

pace increases with decreasing particle size. The OE has a broad

aximum for particles whose diameters are around the wave-

ength of the incident light ( λ= 0.635 μm). This is where CB of the

ncident photons is maximum. The OE size decreases with decreas-

ng particle size for d < 1 μm and decreases with increasing particle

ize for sizes d > = 4 μm. This is evident in Table 2 and Fig. 7 . 
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Fig. 8. The area under the phase curve ( α < 5 °) with respect to particle size parameter (2 πr/ λ) for 13 Al 2 O 3 particle sizes. The larger sized particles are platlet shaped and 

represented as asterisks. The smaller sized particles are equant and represented as triangles. The size of the opposition surge is largest for particles with size parameter 1 

(log size parameter = 0). 

Fig. 9. The size of the opposition surge with respect to particle size parameter (2 πr/ λ) for the same materials determined by the difference between the extrapolated 

exponential fit to the data and the extrapolated linear portion of the phase curve, 5–12 °. 
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The relationship between the particle size and the area under

he phase curve for α < 5 ° is shown in Table 2 is shown in Fig. 8 .

he relationship between the size of the OE determined by the dif-

erence between the data extrapolated to 0 ° from the PSIMTSAC1

unction and the liner portion of the phase curve from 5 to 10 °
xtrapolated to 0 ° is shown in Fig. 9 . The size of the opposition ef-

ect using either method of determining the magnitude of the OE

s greatest for particles with size parameter ∼1. The size of the op-

osition peak and the area under the curve are good indicators of

E strength and correlate with a correlation coefficient of 0.84. 
 

t  
0. The polarization phase curves 

We find, consistent with our earlier work ( Shkuratov et al.,

002 ), that these highly reflective Al 2 O 3 particulates exhibit a

hange in linear polarization with phase angle. However, the char-

cter of the polarization phase curve differs from what has been

reviously reported in polarization studies of the Moon, asteroids

nd highly absorbing material measured in the laboratory ( Zellner

t al., 1977; Geake et al., 1984 . Geake and Dollfus, 1986; Lupishko

nd Di Martino, 1998 .) 

The polarization phase curves for size fractions of radius less

han or comparable to the wavelength of the incident light are
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Fig. 10. Polarization Phase Curves of the five smallest Al 2 O 3 particle size fractions. The figures are vertically displaced by 1% for each particle size. The solid line is a linear 

least square fit to the data of PSIMTSAC2 function. 

 

 

 

 

 

 

 

 

 

 

Table 3 

Results of fitting Eq. (5) , PSIMTSAC2 to the data. 

Particle size (microns) a b c 

0.1 43.69 1.005 0.7379 

0.5 54.93 0.9533 0.6693 

1.0 64.95 1.229 0.5265 

1.2 177.2 0.3623 1.168 

1.5 169.6 0.5828 0.8757 

 

s  

t  

o  
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a

 

i  

a  

M  
characterized by (starting from α = 0.05 ° and proceeding to in-

creasing phase angle): 

1. A very strong decrease in polarization beginning at α = 0.05 °
with continued decrease to ∼1 °, depending on particle size. 

2. A polarization minimum between 1 ° and 2 ° depending on par-

ticle size. The smallest particle sizes exhibit the lowest polar-

ization minimum. 

3. After the minimum is reached there is a decrease in negative

polarization reaching a crossover point between 12 ° and 20 °
(estimated), depending on particle size. 

The polarization phase curves for the five smallest particle sizes

are shown in Fig. 10 . They are displaced vertically by 1% with the

smallest particle size at the top of the figure. 

The polarization phase curves that we measure can easily be

described by a function of the form : 

P = −α/ (1 + a · e b α
c 
) (5)

where ‘y’ is the polarization, ‘ α’ is the phase angle (in degrees),

and ‘a’, ‘b’, and ‘c’ are the best linear least square fit coefficients to

each set of data for each particle size. 
Eq. (5) , PSIMTSAC2, may prove useful to remote sensing ob-

ervers in effort s to compare these laboratory measurements to as-

ronomical data. Once again, a heuristic approach may prove to be

f value to astronomical observers who are assessing the nature of

SSBs, and particularly those who investigate the possible impact

azards of such objects to planet Earth. The fitting was accom-

lished by using the MATLAB curve fitting functions. The results

re shown in Table 3 . 

Our results are qualitatively consistent with theoretical stud-

es of the angular profile of the polarization opposition effect and

re similar to laboratory measurements the polarization of smoked

agnesium Oxide on a glass substrate reported by Lyot nearly a
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Fig. 11. Relationship between Al 2 O 3 particle size vs the depth of the observed polarization minimum for the five smallest size fractions. The line is a least squares best fit 

line. 
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entury ago. ( Mishchenko et al., 20 0 0;20 06; Shkuratov et al., 20 02

ig 4). 

0.1. Depth of the polarization minimum 

We calculated the depth of the polarization minimum for each

article size using the expression PSIMTSAC2 above. The results are

lotted with respect to particle size in Fig. 11 . The data are fitted

ith a linear least square fit line defined by: 

olarization = −. 0092 + . 0035 ∗ d (6)

here d is the particle diameter. 

0.2. Location of the polarization minimum 

We also find that the phase angle at which the polarization

inimum occurs increases with increasing particle size. This is ev-

dent in Fig. 12 where the phase angle at which the polarization

inimum (based on PSIMTSAC2above) is plotted against particle

ize. These data are fitted with a linear least squares straight line

t of the form: 

 = 1 . 5757 − 0 . 4 4 46 · α (7)

1. Discussion 

Understanding the reflectance properties of high reflectance

articulate ensembles is of great use in understanding those re-

ions of the outer solar system where high albedo objects exist

such as the Galilean satellites Io, Europa and Ganymede) and se-

ected reflective locales on objects such as Ceres and Pluto. These

aboratory measurements will be of interest to all observers of
SSBs, particularly those who make observations of trans-Jovian

bjects from earth or earth orbit. Such observations of trans-

ovian objects are limited to phase angles α < ∼10 °. The reflectance

hange with respect to phase angle provides an important con-

traint on surface texture after making corrections for rotational

hanges. The polarization phase curves may also provide an inde-

endent constraint on regolith texture. 

This reflectance behavior we report might be generalized (with

aution) to such locales in the outer solar system where high re-

ectance is reported, however we caution that this polarization

ehavior is only observed for Al 2 O 3 particles comparable in size

r smaller than the wavelength of the incident light which ex-

ibit equant morphology. It might be tempting to assume that the

olarization effects we report here can be generalized to all high

lbedo particulates of small particle size. We have not investigated,

s of yet, other particulate materials of different composition and

lbedo. We suggest that caution be observed when generalizing

hese results, noting that Shkuratov et al. (2002 , Fig 18) report

imilar polarization behavior in NiCr spheres of large particle size

60 μm) and we note furthermore that these effects have also been

eported for low albedo Boron Carbide (B 4 C) of large particle size

 Ovcharenko et al., 2006 ). The conjecture that the reflectance be-

avior reported here might apply to all high albedo particulates of

ub-wavelength particle size, while consistent with the theory that

nderlies CB, remains to be confirmed for a broad range of high

eflectance particulates. 

We note the striking similarity between the polarization phase

urves we report for high porosity assemblages of reflective par-

iculates of Al 2 O 3 (a water ice reflectance analog) and the po-

arization phase curves of the Galilean satellites reported by

osenbush et al. (1997 , Fig. 5, 2015 ) where water ice has been
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Fig. 12. Relationship between Al 2 O 3 particle size and the phase angle of the observed polarization minimum for the five smallest size fractions. The line is a least squares 

best fit line. 
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reported based on spectroscopic evidence for a half century

( Moroz, 1969 ). We have not as yet specifically determined whether

these properties are caused by small particle size, high void space

or both. However, we suggest that this polarization phase curve

data from the laboratory, when compared to the telescopic polar-

ization phase curve observations reported by Rosenbush and col-

leagues, is evidence that Europa may have an extremely porous re-

golith of fine particles. 

The empirical expressions 1 and 2 above can be used simulta-

neously to refine and constrain the surface models developed by

the astronomical observers. This may be the most effective ap-

proach to understanding outer solar system objects particularly

their potential as hazards to life on Earth. 

12. Conclusions 

1) The reflectance and polarization phase curves of highly reflec-

tive particulate materials are consistent with the reflectance

and polarization properties of selected high albedo solar system

objects such as Io, Europa, Ganymede, Saturn’s rings and the as-

teroids 44 Nysa, 64 Angelina ( Belskaya et al., 2017 Fig. 4) and

could be relevant, if properly interpreted, to understanding high

albedo regions such as Sputnik Planum on Pluto ( Buratti et al.,

2017; Howard et al., 2017 ), the Occator region on Ceres ( De

Sanctis, et al. 2017; Schröder et al., 2017 ), Uranian satellite Um-

briel ( Sori et al., 2017 ), Saturn’s Moon Enceladus( Scipioni et al.,

2017 ), 

2) The ∼0–2 ° polarization minimum may be associated with) co-

herent backscattering. 

3) Important features in the polarization phase curve of these par-

ticles (such as the slope longward of the polarization minimum

correlate strongly with particle size. 

4) Shadow hiding may play a role in lower albedo particles and

produce a polarization phase curve by a process different from
the process that creates the polarization phase behavior in high

albedo particles of small particle size 

5) The science value of future deep space missions to Europa mis-

sions would be strongly enhanced if the spacecraft were able to

could take polarization phase data, particularly given our labo-

ratory results and the astronomical observations of Vera Rosen-

bush and colleagues. Obviously, a high porosity regolith would

be hazard to spacecraft that landed on Europa’s surface, al-

though we note that similar concerns were raised about the

lunar regolith before the 1959 landing of the Luna 2 robotic

spacecraft and the subsequent human landings by Apollo as-

tronauts. 

6) Laboratory experimentalists with interest in undertaking bi-

directional reflectance and polarization measurement might

well consider using a GPP design based on the HRP and thereby

reduce the number of optical surfaces that the light path must

encounter and hence accrue greater signal to noise in their final

data products. 

3. Afterthought 

We note that CB and the HRP are remarkably similar constructs,

ach positing rays of light traveling the same path but in opposite

irections ( Wiersma et al., 1995 , p 1742). With great respect in-

ended to those who pioneered understanding of CB we suggest

hat CB might perhaps logically follow from the initial work of

elmholtz himself in 1856. 
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