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Background: One of the most enigmatic areas, and the brightest spot on Ceres, the Cerealia Facula inside the
Occator crater, shows the spectroscopic signature of natrite (Na2CO3) (De Sanctis et al., 2016). Dawn performed
observations very close to the opposition geometry of this area with a minimum phase angle of <1 deg (Schröder
et al., 2017). In order to help interpret the low-phase observational data and to better understand the
photometric behavior of Cerealia Facula, we measured the phase function of natrite of various grain sizes in
laboratory with goniometer, and analyzed the photometric behavior of the samples, in particular the dependence
of the opposition surge with respect to grain size.

Summary: The phase functions of natrite of seven grain size
bins from 20-75 μm were measured with a laboratory
goniometer from 0.05 deg to 15 deg phase angle. The phase
functions all show two linear segments with two slightly
different linear slopes outside the opposition surge, and a
wide exponential component starting from phase angle 2.5
deg and a narrow exponential component within phase
angle 0.5 deg. The strength of opposition monotonically
decreases with grain size. These data and the results will be
used to characterize the phase function of the Cerealia
Facula near the opposition collected by Dawn camera.

Figure 2. The measured phase curves of natrite samples
that were sieved into seven size bins as in the legend (in
unit of µm). Measurements were performed at phase
angles a from 0.056 deg to 15 deg with a laser of
wavelength 0.635 µm to illuminate the samples. For
each size bin, the data are averaged over five runs,
binned into the phase angle bins and normalized to 5
deg and shifted vertically for clarity as plotted. Grain-
size dependence for the phase curves is evident.

Figure 6. The decreasing trend of OE area and
OE height based on both models. The OE
area is the area between the phase curve and
its linear extrapolation from outside of OE
down to opposition. The OE amplitude is the
difference of the phase curve and the linear
extrapolation at opposition. This behavior is
consistent with high albedo samples Al2O3

(Nelson et al., 2018) when grain size is much
larger than wavelength.
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Introduction

We	present	angular	reflectance	and	polarization	phase	curves	for	13	well-sorted	particle	size	fractions	ofα
Aluminum	Oxide	(A2O3)	measured	in	the	laboratory	with	a	goniometric	photopolarimeter	(GPP)	of	novel	
design.		The	particle	sizes	were	larger	than,	approximately	equal	to,	and	smaller	than	the	wavelength	of	the	
incident	radiation	(λ=635	nm).	The	phase	angle	(αα)	observed	was	0o.056<α<15o.	These	A2O3 particulates	have	
very	high	normal	reflectance	(>~95%),	therefore,	incident	radiation	has	a	very	high	probability	of	being	
multiply	scattered	before	being	either	absorbed	or	else	backscattered	toward	the	incident	direction.		
The	reflectance	phase	curves	for	all	the	particle	size	fractions	exhibit	a	pronounced	increase	in	reflectance	
with	decreasing	phase	angle	at	α~<3o,	consistent	with	our	previous	reports	(Nelson	et	al.,	1998;	2000;	2002;	
Shkuratov et	al,	2003;	Piatek et	al.,	2004;	Nelson	et	al.,	2016).	The	linear	and	circular	polarization	ratio	
measurements	in	our	earlier	studies	suggest	that	the	cause	of	this	non-linear	increase	in	reflectance	as	phase	
angle	approaches	0o is	radiation	that	is	multiply	scattered	in	the	medium	by	the	coherent	backscattering	(CB)	
process	(Shkuratov,	1988,	Muinonen,	1989).				
The	polarization	phase	curves	for	particle	size	fractions	with	size	parameter	x=2πr/λ	<~1,	show	that	the	linear	
polarization	rapidly	decreases	with	increasing	phase	angle	from	0o and	reaches	a	minimum	near	α=~2o	for	
phase	angles	0<	α<~2o.	Longward	of	~2o,	the	polarization	increases	as	phase	angle	increases	with	a	crossover	
point	between	12o <α<	~20o,	depending	on	particle	size.	For	size	parameters	>~1	we	do	not	detect	
polarization.	This	polarization	vs.	phase	behavior	is	distinct	from	the	polarization	phase	curves	observed	in	
more	absorbing	particulate	materials	observed	in	materials	in	the	laboratory	and	in	low	albedo	solar	system	
objects	such	as	the	Moon	and	asteroids	(Umov,	1905,	Lyot,	1929,		Dollfus,	1961,1985,	1996,	Zellner	et	al.,	
1977,	Harris	et	al.,	1989,	Li	et	al.,	2015,	Belskaya et	al.,	2015).	The	negative	polarization	observed	in	these	
highly	reflective	media	is	a	consequence	of	the	higher	probability	that	backscattered	photons	result	from	
interaction	with	pairs	or	ensembles	of	particles	as	a	consequence	of	the	CB	process.
These	results	are	highly	relevant	to	understanding	the	unusual	negative	polarization	behavior	observed	near	
small	phase	angles	that	has	been	reported	over	several	decades	on	the	three	highly	reflective	Galilean	
satellites	Io,	Europa	and	Ganymede	(Rosenbush et	al,	1997,	2015).	The	surfaces	of	the	high	albedo	Galilean	
satellites	may	effectively	scatter	electromagnetic	radiation	as	if	they	were	extremely	fine	grained	with	void	
space	>~95%,	and	having	grain	sizes	of	the	order	<=	λ.	
The	GPP	used	in	this	study	was	modified	from	our	previous	design.	The	sample	is	presented	with	light	that	is	
alternatingly	polarized	perpendicular	to	and	parallel	to	the	scattering	plane.	There	are	no	analyzers	before	the	
detector.	The	Helmholtz	Reciprocity	Principle	(HRP)	states	this	optical	arrangement	produces	a	physically	
identical	result	to	the	traditional	laboratory	reflectance	polarization	measurements	in	which	the	incident	light	
is	unpolarized	and	the	analyzers	are	placed	before	the	detector.	We	believe	that	this	is	the	first	experimental	
verification	of	the	HRP	reported	by	Helmholtz	first	in	1856.	
Our	results	suggest	that	Europa’s	regolith	has	a	high	void	space-perhaps	exceeding	90%!	This	has	importance	in	
the	design	of	proposed	Europa	surface	instruments	on	future	missions.

The	Experiment
The	data	were	taken	on	the	long	arm	GPP	now	located	at	the	Department	of	Earth	Sciences	and	Astronomy,	
Mount	San	Antonio	College,	Walnut	CA.		An	instrument	of	this	type	is	generally	classified	as	a	“polarization-
sensitive	well-collimated	radiometer,”	and	the	Al2O3	samples	are	classified	as	“discrete	random	media”	
(Mishchenko,	2015).	A	schematic	drawing	of	the	instrument	is	shown	in	Fig	1.	We	measured	the	reflectance	
and	polarization	phase	curves	of	13	well-sorted	particle	size	fractions	of	Aluminum	Oxide	(Al2O3)	industrial	
optical	abrasives	with	diameters	0.1	≤	D	≤	30	µm.	These	samples	are	identical	to	those	studied	in	our	previous	
experiments	which	were	intended	to	address	the	amount	of	multiple	scattering	in	the	materials	by	measuring	
the	phase	angle	dependence	of	the	circular	polarization	ratio	(Nelson	et	al.,	2000,	2002).		The	Al2O3	powders	
are	supplied	by	the	manufacturer	in	well-sorted	size	fractions	that	are	larger	than,	comparable	to,	and	smaller	
than	the	wavelength	of	our	monochromatic	incident	light	(λ=0.635µm).	They	are	chemically	stable,	permitting	
repeated	investigation	over	long	periods	of	time	by	different	investigation	teams.	Since	our	initial	investigation,	
similar	angular	scattering	investigations	have	been	performed	on	these	same	Al2O3 particulates	with	GPP	
instruments	at	other	laboratories	around	the	world,	permitting	us	to	understand	differences	in	instrumental	
performance	by	measuring	identical	materials	on	different	instruments	(Shkuratov et	al.,	2002;	Kaasalianen,	
2003;	Piatek et	al.,	2004;	Gunderson	et	al.,	2008).	These	particulate	materials	are	appropriate	planetary	
regolith	analogues	for	solar	system	objects	of	high	geometric	albedo,	particularly	Europa	where	water	ice	is	
ubiquitous.		Water	ice	exhibits	a	plate-like	crystalline	form	as	does	Al2O3.	(Furukawa	and		Wettlaufer,	2007).
The	particulate	samples	were	horizontally	and	laterally	homogeneous,	and	were	illuminated	with	linearly	
polarized	monochromatic	light.	The	he	polarization	of	the	incident	light	alternated	back	and	forth	‘in’	and	
‘perpendicular	to’	the	scattering	plane.	In	astronomical	observations	and	previous	laboratory	GPP	
investigations,	the	analyzers	are	commonly	placed	just	before	the	detector.	In	our	laboratory	configuration,	the	
polarization	of	the	incident	beam	is	changed.	In	this	technique,	polarized	light	is	presented	to	the	sample,	and	
the	intensity	of	the	reflected	component	is	measured.	Applying	the	Reciprocity	Principle	developed	by	
Helmholtz	in	1856	(see	Minnaert,	1941;	Hapke,	2012,	pages	264-265),	our	laboratory	observations	are	
photometrically	equivalent	to	the	astronomical	observations	and	to	previous	laboratory	investigations.	
The	samples	were	gently	poured	into	sample	cups	and	the	cups	were	lightly	shaken	to	allow	for	settling.	No	
attempt	was	made	to	pack	the	samples.	Thus,	the	first	surface	encountered	by	the	laser	beam	was	the	result	
of	a	“natural”	settling	process	in	order	to	best	simulate	a	powdered	surface	of	a	planetary	regolith.	This	
resulted	in	the	samples	having	very	high	void	space	as	calculated	from	the	mass	of	the	powder	in	the	cup	
compared	to	the	volume	of	the	cup.	The	void	space	calculated	for	each		particle	size	is	tabulated	in	Table	1.	A	
typical	set	of	reflectance	phase	curves	for	Al2O3	is	shown	in	Figure	2.	The	typical	set	of		polarization	phase	
curves	is	shown	in	Figure	3.

Fig	1.	Reconfigured	Goniometric	Photopolarimeter.	The	
GPP	used	in	previous	experiments	was	modified	such	that	
the	sample	is	now	presented	with		linearly	polarized	light.	
The	polarization	state	is	varied	by	rotating	a	half-wave	
plate	placed	in	the	incident	light	path.	The	detector	
measures	the	variation	in	the	intensity	of	the	reflected	
radiation	as	a	function	of	phase	angle,	α.	This	is	an	exact	
replication	of	the	astronomical	measurements,	assuming	
the	Helmholtz	Reciprocity	Principle	applies.			

Table	1.	
Particle	sizes	of	Aluminum	Oxide	particulate	samples	used	in	
this	study.	

Particle	Size	(µm) void	space	(%) Particles	per	cm3

0.1 97.68 4.43	E+13
0.5 96.30 5.66	E+11
1.0 95.50 8.59	E+10
1.2 94.94 5.60	E+10
1.5 95.81 2.37	E+10
2.1 84.60 3.18	E+10
3.2 83.10 9.85	E+09
4.0 82.21 5.31	E+09
5.75 81.74 1.83	E+09
7.1 76.83 1.24	E+09

12.14 75.41 2.62	E+08
22.75 70.70 4.75	E+07
30.09 65.85 2.39	E+07

Figure 2. Phase curves of the Al2O3 30.09 µm particulate materials (bottom) is normalized at 5 deg. Decreasing particle sizes are incremented 0.05 in normalized 5 deg. reflectance. 
They are (proceeding upward) 22.75, 12.14, 7.1, 5.75, 4.0, 3.2, 2.1, 1.5, 1.2, 1.0, 0.5, 0.1 µm respectively. The pronounced change in the character of the phase curves of particles 
<=1.5 and those >= 2.1 µm is indicates a change in particle shape. The smaller particles are equant  and the larger ones are platlet shaped.

The	Reflectance	Phase	Curves
In	general,	the	reflectance	phase	curves	of	the	thirteen	different	particle	sizes	are	characterized	by	(starting	
from	0.05o and	proceeding	increasing	phase	angle):
A	very	sharp,	high	reflectance,	opposition	peak	with	reflectance	rapidly	decreasing	from	0.05o<	α~<3o
transitioning	to,	
A	gradual,	linearly	decreasing	reflectance	from	~5	– 10o,	and
A	non-linear	decrease	beyond	~10o.
The	reflectance	phase	curves	for	the	13	Al2O3 particulate	samples,	normalized	at	5o,	are	shown	in	Figure	6.	
They	are	displaced	vertically	by	0.1	for	each	size.	Beginning	from	the	bottom	and	proceeding	upward	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.	
Similar	to	our	earlier	work	where	we	followed	the	approach	of	Akimov (1980)	and	also	Shkuratov (1983,	
1997,	Shkuratov et	al.,	2011)	in	using	an	exponential	function	to	approximate	the	shape	of	the	reflectance	
phase	curve.	This	heuristic	approach	has	obvious	value	in	applying	these	results	to	astronomical	observations	
of	ASSBs.
We	fitted	the	data	to	the	expression	to	the	PSIMTSAC1	function)

This	heuristic	approach	has	obvious	value	in	applying	these	results	to	astronomical	observations	of	ASSBs.

Polarization Phase Curves
Polarization phase curve measurements were made by presenting the sample with linearly polarized light and 

measuring the intensity of the reflected component at phase angles 0.05<α<15o. In 2002, we measured the 
polarization phase curves of these same Al2O3 materials using a GPP at the Karazin University in Kharkiv, 
Ukraine5. The Karazin University GPP had been previously calibrated to the JPL GPP and the reflectance results 
from both instruments were consistent when measuring like materials. 
The Al2O3 samples are highly reflective. Therefore, the reflected photons are expected to be multiply scattered in 

the medium. Therefore the polarization of reflected light would be expected to be randomized. This appears to be 
the case for particle sizes 3.2 µm and larger; no polarization effect is observed. However, for smaller particle sizes 
significant negative polarization is observed, particularly as phase angle decreases shortward of a few degrees. 
For the smaller, equant particles of size <= 1.5 µm the polarization decreases as phase angle decreases. 
The	polarization	phase	curves	for	size	fractions	of	radius	less	than	or	comparable	to	the	wavelength	of	the	
incident	light	are	characterized	by	(starting	from		α=0.05o and	proceeding	to	increasing	phase	angle):
A	very	strong	decrease	in	polarization	beginning	at		α=0.05o with	continued	decrease	to	~1o,	depending	on	
particle	size.
A	polarization	minimum	between	1o and	2o depending	on	particle	size.	The	smallest	particle	sizes	exhibit	the	
lowest	polarization	minimum.
After	the	minimum	is	reached	there	is	a	decrease	in	negative	polarization	reaching	a	crossover	point	between	
12o	and	20o (estimated),	depending	on	particle	size.
The	polarization	phase	curves	for	the	five	smallest	particle	sizes	are	shown	in	Figure	3	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:

(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.	
Equation	5,	PSIMTSAC2,		may	prove	useful	to	remote	sensing	observers	in	efforts	to	compare	these	laboratory	
measurements	to	astronomical	data.	Once	again,	a	heuristic	approach	may	prove	to	be	of	value	to	astronomical	
observers	who	are	assessing	the	nature	of	ASSBs,	and	particularly	those	who	investigate	the	possible	impact	
hazards	of	such	objects	to	planet	Earth.

Figure 4. Comparison of laboratory polarization phase curves of fine grained particulate materials (Figure 3) with the polarization phase 
curves of Europa reported by groundbased astronomical observers. In the laboratory measurements the polarization decreases as particle size 
becomes smaller, and the polarization minimum is observed as smaller phase angles. This suggests that sunlight is scattered from Europa by a 
surface that is very fine grained and extremely porous. 

Understanding the Regolith of the Highly Reflective  Galilean Satellites

In 1997 Rosenbush et al, reported polarization phase curves of Europa that were unlike those reported for 
many other solar system objects. In subsequent reports they find that  Europa, Ganymede and Io, the high 
albedo Galilean satellites, the polarization phase curves have a pronounced asymmetric minimum at about 
0.5o These are shown in Figure 4.. We assume the Aluminum Oxide particulates simulates the scattering 
properties of a particulate water ice surface of Europa.  We are able to approximately replicate the 
polarization phase curve of Europa assuming an extremely fine grained and highly porous materials with 
void space exceeding 90% (see table 1).

Conclusions
The	reflectance	and	polarization	phase	curves	of	highly	reflective	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	asteroids	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	Umbriel	(Sori et	al.,	2017,	Saturn’s	Moon	Enceladus(Scipioni et	al,	2017),	
The	~0-2o polarization	minimum	may	be	associated	with)	coherent	backscattering.	
Important	features	in	the	polarization	phase	curve	of	these	particles	(such	as	the	slope	longward	of	the	
polarization	minimum	correlate	strongly	with	particle	size.	
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
The	science	value	of	future	deep	space	missions	to	Europa	missions	would	be	strongly	enhanced	if	the	spacecraft	
were	able	to	could	take	polarization	phase	data,	particularly	given	our	laboratory	results	and	the	astronomical	
observations	of	Vera	Rosenbush and	colleagues.	Obviously,	a	high	porosity	regolith	would	be	hazard	to	spacecraft	
that	landed	on	Europa’s	surface,	although	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	
astronauts.	
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.	
Afterthought
We	note	that	CB	and	the	HRP	are	remarkably	similar	constructs,	each	positing	rays	of	light	traveling	the	same	
path	but	in	opposite	directions	(Wiersma	et	al.,	1995,	p	1742).		With	great	respect	intended	to	those	who	
pioneered	understanding	of	CB	we	suggest	that	CB	might	perhaps	logically	follow	from	the	initial	work	of	
Helmholtz	himself	in 1856
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Synopsis
We	explain	the	unusual	reflectance	and	polarization	behavior	observed	near	small	phase	
angles	on	highly	reflective	Atmosphereless Solar	System	Bodies	(ASSBs)	such	as	the	
Galilean	satellites	Io,	Europa	and	Ganymede	and	the	asteroids	44	Nysa,	64	Angelina.	The	
reflectance	and	polarization	properties	are	consistent	with	a	highly	porous	surface.

Our	laboratory	measurements	of	alumina	particulate	materials,	analogous	to	the	
regoliths of	these	ASSBs,	suggest	that	these	ASSBs	scatter	electromagnetic	radiation	as	if	
they	were	extremely	fine	grained	with	void	space	>~95%,	having	grain	sizes	of	the	order	
of	the	wavelength	of	the	incident	light.	Such	high	porosity	portends	significant	
consequences	for	efforts	to	deploy	landers	on	high	ASSBs	such	as	Europa.	A	spacecraft	
landing	on	its	Europa	might	sink	into	it’s	porous	surface.

Our	investigations	of	the	reflectance	of	alumina	particulates	are	also	germane	to	the	
field	of	terrestrial	geo-engineering,	particularly	to	suggestions	that	earth’s	radiation	
balance	can	be	modified	by	injecting	highly	reflective	Al2O3 particulates	into	the	
stratosphere	to	reflect	incident	sunlight	thereby	offsetting	the	atmospheric	warming	
effect	of	anthropogenic	greenhouse	gas	emissions.	See	our	companion	paper	(GC43H-
1158)

Figure 3. Polarization Phase Curves of the five smallest Al2O3 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:

Discussion
Understanding	the	reflectance	properties	of	high	reflectance	particulate	ensembles	is	of	great	use	in	

understanding	those	regions	of	the	outer	solar	system	where	high	albedo	objects	exist	(such	as	the	Galilean	
satellites	Io,	Europa	and	Ganymede)	and	selected	reflective	locales	on	objects	such	as	Ceres	and	Pluto.	These	
laboratory	measurements	will	be	of	interest	to	all	observers	of	ASSBs,	particularly	those	who	make	
observations	of	trans-Jovian	objects	from	earth	or	earth	orbit.	Such	observations	of	trans-Jovian	objects	are	
limited	to	phase	angles	α<~10o.	The	reflectance	change	with	respect	to	phase	angle	provides	an	important	
constraint	on	surface	texture	after	making	corrections	for	rotational	changes.	The	polarization	phase	curves	
may	also	provide	an	independent	constraint	on	regolith	texture.
This	reflectance	behavior	we	report	might	be	generalized	(with	caution)	to	such	locales	in	the	outer	solar	
system	where	high	reflectance	is	reported,	however	we	caution	that	this	polarization	behavior	is	only	
observed	for	Al2O3 particles	comparable	in	size	or	smaller	than	the	wavelength	of	the	incident	light	which	
exhibit	equant	morphology.	It	might	be	tempting	to	assume	that	the	polarization	effects	we	report	here	can	
be	generalized	to	all	high	albedo	particulates	of	small	particle	size.	We	have	not	investigated,	as	of	yet,	other	
particulate	materials	of	different	composition	and	albedo.	We	suggest	that	caution	be	observed	when	
generalizing	these	results,	noting	that	Shkuratov et	al.,	2002	(Fig	18)	report	similar	polarization	behavior	in	
NiCr spheres	of	large	particle	size	(60	µm)	and	we	note	furthermore	that	these	effects	have	also	been	
reported	for	low	albedo	Boron	Carbide	(B4C)	of	large	particle	size	(Ovcharenko et	al.,	2006).	The	conjecture	
that	the	reflectance	behavior	reported	here	might	apply	to	all	high	albedo	particulates	of	sub-wavelength	
particle	size,	while	consistent	with	the	theory	that	underlies	CB,	remains	to	be	confirmed	for	a	broad	range	of	
high	reflectance	particulates.	
We	note	the	striking	similarity	between	the	polarization	phase	curves	we	report	for	high	porosity	
assemblages	of	reflective	particulates	of	Al2O3 (a	water	ice	reflectance	analog)	and	the	polarization	phase	
curves	of	the	Galilean	satellites	reported	by	Rosenbush et	al.,	(1997	fig.5,	2015)	where	water	ice	has	been	
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	
polarization	phase	curve	observations	reported	by	Rosenbush and	colleagues,	is	evidence	that	Europa	may	
have	an	extremely	porous	regolith	of	fine	particles.	
The	empirical	expressions	1	and	2	above	can	be	used	simultaneously	to	refine	and	constrain	the	surface	models	
developed	by	the	astronomical	observers.	This	may	be	the	most	effective	approach	to	understanding	outer	solar	system	
objects	particularly	their	potential	as	hazards	to	life	on	Earth.
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Figure 1. The configuration sketch of the
goniometer that we use in our experiment.

Figure 3. Model fit to the measured phase curves. The two panels are the same
except that the right panel is plotted in log-log scale. We used above three-
component model to fit data at a<8 deg. This model does not have any physical
implications, but only for a mathematical description of the phase curves. The linear
component describe the phase curve between phase angles 4 deg and 10 deg; the
two exponential components describe the curve at <0.2 deg and between 0.2 deg
and 2 deg. This model appear to fit the data well.

Model 1, double-exponential-linear model (DEL):

Figure 5. Model fit to the measured phase curve using a
second empirical model above, which was adopted from
Nelson et al. (2018). Left panel is in linear scale and right
panel is in log-log scale. Overall this model fits the phase
curves well, just missing the opposition effect at phase angle
<0.1 deg.

Model 2, PSIMTSAC1 (Nelson et al., 2018):

Figure 4. The wavelength dependence of the best-fit parameters for
the DEL model. A decreasing trend is clearly visible for the amplitude
parameter of both exponential components. If the two exponential
components represent two opposition effects (OE), the shadow-hiding
(SH) and coherent backscattering (CB), then both OEs have their
strengths decreasing with increasing grain size, or equivalently with
decreasing wavelength, for grain size much larger than wavelength.
Relatively shallower phase slope outside of OE with increasing grain
size is also evident, possibly related to increasing albedo with grain
size.
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