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Earth	Science		
JPSS	(Suomi	NPP)	($8B):	VIIRS,	CrIS,	ATMS,	OMPS,	CERES	

	

NASA	Solar	System	Explora%on	Mission	Programs		
Flagship	($2-3	B):	Cassini	had	12	instruments	
New	FronCers	(<$1	B):	OSIRIS-REx	has	6	instruments	
Discovery	(<$450	M;	without	launch):	Lucy	has	3-4	instruments	

Earth	Science	
MulCple	CubeSats	deployed	
Nominal	cost	~$1M	

	

Planetary	Science	
SIMPLEx	(2015)	–	22	proposals;	2	selecCons	+	3	phase-1	funds	
LunarH-map	–	SIMPLEx	selecCon	
BioSenCnal;	NEA	Scout;	Lunar	Flashlight	–	Advanced	ExploraCon	Systems	
Lunar	Ice	Cube	–	NextSTEP	
MarCO	–	JPL	($20M)	
Nominal	cost	for	Deep	Space	(cis-lunar	and	beyond):	>$6M	(scales	with	range)	
Can	we	get	by	on	one	planetary	mission	per	year?	

Back	to	the	Future	

Frequent	
missions	but	with	
simpler	
instruments	

Miniaturiza%on	



Primi%ve	Object	Vola%le	Explorer	(PrOVE)	
and	encounter	trajectory	
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from the reservoirs of other stars in the Sun’s birth cluster, it would present similar 
compositional diversity (Levison et al. 2010). 

Most theories for the diversity of comets are relatively new, and the understanding of conditions 
in the early Solar System is far from complete. The Akari satellite (now defunct) surveyed 18 
comets (Ootsubo et al. 2012) and Deep Impact observed three comets (Feaga et al. 2007, 
A’Hearn et al. 2011, Feaga et al. 2014), measuring CO2 and CO abundance relative to H2O with 
results that in some ways contradict current dynamical models (A'Hearn et al., 2012). In 
particular, the role of distance from the young Sun in setting the “snow line” at which various 
molecules condense is less clear. 
More measurements of CO2 in comets are required to establish the formation region relative to 
the snow lines for H2O, CO2, and CO. CO2 now is recognized as one of the most abundant 
volatiles in comets as a result of Akari and Deep Impact, yet we know relatively little of its 
diversity among comets. The abundance ratio CO2/H2O varies widely among comets, by up to 
25% for heliocentric distances Rh < 2.4 AU, and in some cases dominates the outgassing in 
comets for which Rh > 3.5 AU.  A'Hearn et al. (2012) suggest that high abundance and 
variability of CO2 and CO could be explained by Long-Period-Comets (LPCs) and Jupiter-
Family-Comets (JFCs) forming between the CO2 and CO snow lines. Dynamical modelers and 
astrochemists investigating conditions in the protosolar nebula are integrating these findings and 
developing alternative formation scenarios.  

Severe telluric absorption prevents direct 
measurement of CO2 concentrations in comets 
from the ground. Carbon dioxide 
concentrations thus have been measured in 
only a handful of comets observed or visited by 
spacecraft (Combes et al., 1988; Crovisier et 
al., 1996). Indirect measurements of CO2 have 
been inferred from the CO Cameron band and 
forbidden oxygen lines, yet these inferences are 
strongly model dependent (Weaver et al., 1994; 
Feldman et al., 1997; McKay et al. 2013; 
McKay et al. 2015). The CO2 retrievals from 
Akari are likely to be heavily affected by 
optical depth effects, as are other observations 
targeting the strong ν3 fundamental band at 4.3 
µm. Results from the Deep Impact spacecraft 
(A'Hearn et al., 2005; Feaga et al., 2007; 
A'Hearn et al., 2011) need to be revised using 
realistic CO2 and H2O emission models 
including a detailed treatment of opacity to 
confirm the inferred outgassing morphologies 
and inner coma abundances.  

Comet 46P/Wirtanen is a small (~1 km), fast-spinning (6 to 7.6 hr), short-period (5.4 year), 
highly active nucleus that will pass within 0.08 AU (<12x106 km) of the Earth in Dec-2018 
(Lamy et al., 1998; Prialnik, et al., 2002; Samarasinha et al., 1996; Cohen et al., 2003; Schulz, 
and Schwehm, 1999; Meech et al., 1997; Boehnhardt et al., 2002). Distances off the ecliptic 

 
Fig. B.4: PrOVE capitalizes on a close 
approach to Earth that will not recur for 
more than 30 years. Perihelion for 
46P/Wirtanen is at 1.06 AU heliocentric 
distance. Closest approach to Earth is 
<0.08 AU in Dec-2018  



Chasing	a	Comet	
• In	December	2018,	Comet	46P/Wirtanen	presents	a	rare	
opportunity	for	a	very	near-Earth	Jupiter	Family	Comet	(<0.1	AU)	
with	high	CO2	and	H2O	producCon	rates.		

	

• Perihelion,	closest	encounter,	eclipCc	plane	crossing	nearly	
coincide	for	current	appariCon.	

	

• Abundant	flight	opportuni%es	were	found	with	Δv	of	~1.3	km/s	
for	deployment	through	30-Sep-2018.	

	

• A	small	6-U	spacecrae	and	1.3-U	science	instrument	will	produce	
unique	measurements,	including	gas	ouglows.	

	

• Requisite	CubeSat	technology	is	currently	available.	
	

• Coordinated	campaign	with	ground-based	observaCons.	
	

• 46P/Wirtanen	was	the	original	target	of	the	ESA	Rose\a	
mission.	



!
•  Deep	Impact	invesCgaCon	of	103P/Hartley	2	showed	CO2	

sublimaCon	driving	comet	acCvity.	The	spaCal	scale	shown	in	
red	boxes	(275	m)	can	be	matched	by	a	CubeSat	mission.			

Expected	Results:	Comet	Ac%ve	Outgassing	



PrOVE	Science	Objec%ves	
•  Determine	the	chemical	variability	in	the	coma	and	determine	what	controls	this	variaCon.	

•  Determine	the	variaCons	in	the	spaCal	distribuCon	of	CO2,	CO,	and	organics	with	respect	to	
H2O.	

•  Determine	the	frequency	and	distribuCon	of	outburst	as	measured	by	local	enhancements	and	
the	endogenic	mechanism	that	drives	these	events.	

2.7	µm	
H2O	

3.3	µm	
Organics	

4.7	µm	
CO	

4.3	µm	
CO2	

Thermal	channels	
7-10	µm	
8-14	µm	

• CO2	measurements	require	a	
spacecrae	due	to	strong	telluric	
(Earth	atmosphere)	absorpCon.	

	

•  JWST	will	not	yet	be	launched.	
HST	does	not	cover	mid-infrared.	

Comet	Camera	
ComCAM	
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Spacecraj	bus	 6U	CubeSat	

Advantage	 Cheaper	($5-10	M),	faster	to	build,	more	launch	opportuniCes.	
	

Readiness	 COTS	instrument;	spacecrae	bus	is	available	

Flight	profile	 Single	flyby	(11	km/s),	aptude	only	

Instruments	 MulCspectral	imager	(microbolometer	array)	
• MWIR	(CO2,H2O,CO,Organics,	control	channel),		
• LWIR	(7-10	µm	and	8-14	µm)	

Visible	camera	or	exploit	navigaCon	cameras	

Measurements	 VolaCle	producCon	and	distribuCon;	frequency	and	distribuCon	of	
outbursts;	grain	chemistry,	surface	structure,	bow	shock.	
SpaCal	resoluCon:	85	m/pixel	at	200	km	(mas	from	Earth	at	closest	
approach).	Nadir	pushbroom.	

PrOVE	mission	profile	



•  Why	the	rush?	
-  Historically	close	comet	approach	to	Earth	(0.08	AU,	~12	

M	km)	that	is	accessible	to	a	small	spacecrae.	
-  explore	planetary	science	mission	with	very	small	s/c.	
	

•  What	if	we	pass	up	on	46P/Wirtanen?	
-  Lost	high-value,	low-cost	scienCfic	opportunity	if	a	mission	

is	not	organized.	
-  Chance	to	make	up	for	original	Roseta	science.	
	

•  Can	we	do	it	inside	2	years?	
-  Time	frame	is	sufficient	for	instrument	and	spacecrae	

build	and	launch	given	exisCng	COTS	s/c	bus	and	
instruments.	

	

•  Mission	concept	is	applicable	to	other	JFC	visi%ng	in	2019+.	
	

PrOVE	Mission	Summary	



!

!

PrOVE	plaiorm	&	ComCAM	
•  The	6U	bus	developed	by	Morehead	State	Univ.	
•  INO’s	ComCAM	mulCspectral	camera	for	targeted	science.	
•  Rapid	development	to	launch	is	possible.	

INO	camera	
Microbolometer	
with	integrated	

filters	
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Table C2.2. INO Microbolometer Array specifications 
Detector Noise Equivalent Power (NEP) of 100 pW. 

Parameter Value 
Manufacturer INO (Canada) 
Detector Type Microbolometer Detector Array 
Detector Material  Vanadium Oxide 

Design Waveband  2-to-14 µm 
Pixel Count 384×288 
Pixel Pitch 35 µm × 35 µm 
Pixel Size 34 µm × 34 µm 
Fill Factor > 93 % 
NEP 100 pW 
NETD (8-14 µm band) ~125 mK @ 300K with f#/1 optics 
Thermal Time Constant 11 ms (-3 dB cut-off) 
Frame rate 50-60 Hz (6 MHz clock) 
Absorber Gold black 
D* (33 Hz, 2-14 µm) >2×108 cm√Hz/W 
Operating Environment Vacuum 

 

 
Fig. C.2.3. ComCAM 80 mm aperture optical layout is a cost-effective solution that meets 
point spread function and modulation transfer function requirements.  
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point spread function and modulation transfer function requirements.  

7	channels	of	18x288	

ComCAM	sensor	proper%es	
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C.2. Instrument Performance 
C2.1. Overview 
ComCAM is a low-risk multichannel filter radiometer manufactured from a COTS product 
developed by Institut National d’Optique (INO), Canada; flight heritage is described in the 
Budget section. The baseline design uses an uncooled 384×288 pixel microbolometer array with 
an FPGA and digital processor (Fig. C.2.1). The array is partitioned into seven 18×288 pixel 
spectral channels defined by filters mounted on the sensor array. The seven linear arrays are 
scanned across the target body as a push-broom to build spectral images. ComCAM achieves 
high signal-to-noise ratio (SNR) in part by Time Delay Integration (TDI) and pixel averaging. 
Imaging will begin at a range of 100,000 km down to close approach at ~200 km using an 
80 mm-aperture camera with fast optics (f/1.05). Key specifications for ComCAM are listed in 
Table C.2.1, and a system block diagram in Fig. C.2.2.  

Table C.2.1. ComCAM instrument key parameters 
Parameter Property 

Instrument type Filter radiometer 
Spectral range 2.7 to 14 µm in seven distinct channels  
Camera optics 80 mm aperture 
Optics speed F#/1.05 (equivalent considering central 

obscuration of secondary optic) 
Étendue, AΩ 9.08 x 10-6 cm2 steradian 
Detector type Microbolometers 
Detector format (384×288) array 
Pixel size 34 µm x 34 µm  
Pixel IFOV 4.25 x 10-4 radians 
Resolution @ 100,000 km 42.5 km 
Resolution @ 200 km 85 m 
Electrical interface LVDS 
Mass ~1.2 kg 
Power < 2.5 W 
Mission data volume ~100 Mbits  
Operating modes 0.011 to 10 s integration modes with 

nominal 11 ms detector time 
constant 

Observation strategy Nadir pushbroom mapping 
 
C.2.2 Focal Plane Array 
The image sensor is a 384×288 microbolometer array with 34 µm pixel dimension (§E.2). The 
pixel size results from a compromise between a need for fast optics (f#/1) and good SNR. 
Microbolometer structures are micromachined monolithically over a dedicated Complimentary 
Metal Oxide Semiconductor (CMOS) silicon Read Out Integrated Circuit (ROIC). Parameters of 
the microbolometer array are listed in Table C.2.2.  
 
C.2.3 Electronics Design 
Absorbed incident radiation causes a change in microbolometer pixel temperature, which 
changes its electrical resistance. The pixel is pulse biased with a set voltage resulting in a change 

 

COMPETITION SENSITIVE – FOR REVIEW PURPOSES ONLY 

11 

11 

temperature noise and the Johnson noise, as shown in Table C.2.3. 
 

Table C.2.3. ComCAM microbolometer rms noise budget 
Temperature noise ~0.2 µV 
Johnson noise ~4 µV 
1/f noise ~16 µV 
Pre-amplifier noise ~11 µV 
Summed in quadrature ~20 µV 

 
C.2.6 Expected Performance 
The primary science objective of spectral and thermal imaging will be addressed by looking at 
the expected SNR and the Noise Equivalent Temperature Difference (NETD) of a nominal 
comet nucleus and coma scene. 
 
C.2.6.1 Spectral Transmission 
ComCAM’s channel spectral responses are determined by a combination of blocking windows, 
lenses and interference filters within the optical train. Similar miniature filters, developed by 
INO, have previously been supplied as part of the filter assembly in the currently operating 
Aquarius/SAC-D instrument (Lagerloef et al., 2011). The transmissions for the baseline filter set 
are shown in Table C.2.4.  

Table C.2.4: ComCAM’s filter set is designed to meet the science objectives 

Channel # Filter Band  (µm) Transmission Science Goals 
1 2.7 ± 0.2 >80% H2O 
2 3.3 ± 0.2 >80% CH3OH + C2H6 + CH4 
3 4.0 ± 0.2 >80% Control 
4 4.3 ± 0.1 >80% CO2 
5 4.7 ± 0.2 >80% CO 
6 7-10 >80% Thermal Channel 1  
7 8-14 >80% Thermal Channel 2 

 
Table C.2.5. Estimated SNR using ComCAM baseline filters, 1s integration time (coadded).  
Strategy uses longer integration times for weaker channels to achieve science goals (§B.1) 

Range of 1,000 km; Integration of 1s 
Channel  Filter Band 

(µm) 
Molecule or 

Source 
Flux Density 

(W/m2)* 
SNR with 
TDI=18  

NETD at 
200 K (mK) 

1 2.7 ± 0.2 H2O 9.73E-08 146 - 
2 3.3 ± 0.2 CH3OH + C2H6 + 

CH4 
3.42E-09 5 - 

3 4.0 ± 0.2 Control - - - 
4 4.3 ± 0.2 CO2 9.08E-08 118 - 
5 4.7 ± 0.2 CO 4.15E-09 7 - 
6 7.0-10.0 Thermal - 129 @ 200 K 188 
7 8.0-14.0 Thermal - 456 @ 200 K 68 

* General Fluorescence Model in Villanueva et al., (2011) 

ComCAM	spectral	channels	

ComCAM	proper%es	
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Table C.4.1: Baseline Observing Strategy 
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Table C.4.1: Baseline Observing Strategy 
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Table C.4.1: Baseline Observing Strategy 

 

 



Deep	Space	Plaiorms	(bus)	
Morehead	State	
GSFC	(Dellingr)	–	TOUR	
Blue	Canyon	Technology	(BCT)	
Pumpkin,	ISIS,	Surrey	Space,	Clyde	Space	
Ragnarok	Industries	

Propulsion	Systems	
George	Washington	Univ	(µCAT)	
Busek	(ElectroSpray)	
MIT	(S-iEPS)	
Univ.	Mich	(Ambipolar)	
JPL	(MEP)	
MicroSpace	

 

Figure 2: ComCAM telescope, sensor and electronics 
fits neatly into a 1.3 U volume. 

3. Spacecraft Bus 
The 6U CubeSat bus incorporates new nanosatellite 
technologies to mature an evolved, radiation-tolerant 
infrastructure designed to support interplanetary 
investigator science (Fig. 3).  The 6U deep space 
design is based on Morehead State bus heritage and 
incorporates high power generation (72 W of 
continuous power), a radiation-tolerant, distributed 
multiple processor-based payload processor system, a 
highly-capable micronized GNC system designed for 
lunar missions, an innovative propulsion system, and 
a high throughput X-band communication system 
designed by JPL for lunar CubeSat missions. 

 
Figure 3: The 6U CubeSat bus with payload, 
propulsion, power, and other infrastructure. 

4. Propulsion System 
The Cubesat mission will utilize a multi-channel 
Micro-Cathode Arc Thruster (µCAT) 
micropropulsion subsystem that is an outgrowth of 
GWU Micropropulsion and Nanotechnology 
Laboratory (MpNL) research in scalable small 
spacecraft electric propulsion (Fig. 4). The µCAT is 
an electric propulsion device, based on the well-

researched ablative vacuum arc process, enhanced by 
an external magnetic field that uses its own thruster 
cathode as propellant.  The cathode terminal can be 
any conductive material. The applied magnetic field 
extends operation lifetime while reliance on a 
thruster element for propellant reduces system mass 
for micropropulsion compatible with 1-50 kg class 
satellites, including all CubeSat forms.   The µCAT 
generic subsystem architecture consists of the 
controller incorporating control unit, power 
management, power distribution, and thruster boards 
incorporating plasma power units, and connections to 
off-board thruster heads, which contain: miniature 
anode/cathode elements, springs, insulators, 
electromagnet coils and connectors. 

 

Figure 4: µCAT schematic and components. 

5. Spacecraft Parameters 

Payload: Multispectral camera 
Mass:  ~12.0 kg 
Volume: 6U form factor 
Prime Power: ~72 W  
Data Rate: ~60 bps 
Mission Data Volume: ~100 Mbits 
Operational Lifetime: >2 years  
 
6. Summary and Conclusions 
We have designed a 6U CubeSat bus capable of 
interplanetary flight and close flyby of comets with 
Earth approaches of <0.4 AU to study volatile 
species and thermal structure of the nucleus and inner 
coma regions.  

Aptude	Control	Systems	
BCT	
Sinclair	Interplanetary	

Command	&	Data	Handling	
Honeywell	(Dependable	Microprocessor)	
CHREC	Space	Processor	–	TOUR	
Space	Micro	(Proton)	

Downlink	
UHF	(several	vendors)	
JPL	IRIS	X-band	transceiver	
Future	:	Ka	band	

Launch	Systems	
SLS/EM-1	
RideShare	opportuniCes	
Falcon,	Minotaur,	Taurus,	Vega	
CubeSat	Launch	IniCaCve	

Naviga%on	&	Trajectory	
	

Planning	tool				h\p://cubesatsforspace.com/	
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J1.5 Cometary dust properties from measurement of scattered light 
 
Concept: During closest approach to the comet, the star trackers (NavCAM) will see significant 
scattered light from dust in the coma. However this provides a science enhancement opportunity 
to study the amount of sunlight reflected in two orthogonal directions towards the spacecraft by 
dust grains. This will give valuable insights into the scattering properties of the dust grains, and 
therefore potentially their size and orientation. Measurements of the amount of scattered light 
will be compared to other ground-based measurements of the cometary coma (SEO 1), to attempt 
to separate the number density of dust particles from their mean albedo, which can give insight 
into the dust/gas ratio of the comet, and consequent information about formation/evolution. 
NavCAM information can be combined with ComCAM thermal channels to study dust 
properties. Spectral energy distribution peaks for 1 AU (Gehrz & Ney 1992) comets are within 
the ComCAM thermal channels. This permits an estimation of the bolometric albedo of cometary 
dust (Kolokolova et al. 2001). The thermal measurements by ComCAM, which estimate the peak 
IR flux, combined with VisCam images will allow us to produce a map of the dust albedo at two 
phase angles. This would be unique in terms of being able to discriminate between albedo within 
jets and other morphological features, and identifying differences in dust properties by spatial 
region; such information is not currently available for any other comet.  
Implementation: PrOVE has two star trackers (stellar reference units, or SRUs) orthogonally 
positioned along the boresight and perpendicular axes of the spacecraft (see grey rectangular 
windows on Fig. 2). These are comprised of a telescope with 12°×10° degree FOV, focused onto 
a 1024x1280 CMOS array sensitive to primarily 400-750 nm (and with reduced effectiveness to 
950 nm). Due to intentional defocusing, the PSF is spread across 3 pixels and corresponds to an 
angular resolution on the sky of 100”.  
64x64 subarrays of the SRUs will be stored, requiring approx. 40 kbits/frame. The experiment 
will store frames at a rate of approximately 1/min during the 1 hr of close encounter with the 
comet, with an increased cadence of 3/min during the closest 10 mins and some calibration 
frames taken outside the 1-hr window. In addition, five full-frame (1024x1280 pixels, 5 Mb per 
frame) images will be taken for context. Total data volume = (100x40 kb = 4 Mb) + (5x5 Mb = 
25 Mb). Total downlink time ~ 29 days at 1 Mb/day.  
Budget: 
 
 
 

FTE/yr FY17  FY18 FY19 
PI $25K $25K $25K  
Co-Is $75K $75K  $75K 
Total $100K $100K $100K 

 
Rosetta Navigation Camera image at a distance of 77.8 km from the centre of Comet 67P/C-G. The 
image scale is 6.6 m/pixel and the 1024 x 1024 pixel image measures 6.8 km across. Although 67P is a 
much larger comet (3.5×4 km compared to an average diameter of ~1 km for Wirtanen), PrOVE will 
have the required spatial resolution on Wirtanen to study structure and jets at 50 km. 

Dual	purpose	instruments	
Simula%on	of	NavCam	Images	



Thank	you!	

We	acknowledge	the	support	of	Goddard	Space	Flight	Center	in	this	effort.	
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D. Relevance to PSD Goals  

Table D.1: Science Traceability Matrix 

 
 
This PrOVE mission responds directly to the SIMPLEx call to investigate using small spacecraft 
to accomplish key planetary science goals. The PrOVE 6U CubeSat is designed around a focused 
investigation to address critical science questions in the Planetary Science Decadal Survey 
(Visions and Voyages), and the three broad crosscutting themes from the 2014 NASA Science 
Plan. PrOVE’s goal is to better understand primitive bodies as building blocks as witnesses 
to the formation and evolution of the Solar System. These small remnants of planet formation 
represent the oldest and least altered population of objects in the Solar System.  PrOVE will 
better understand the composition of comets that may have delivered water to Earth’s oceans and 
help in quantifying the organic material that could be delivered to Earth by cometary impacts. 
PrOVE aligns with NASA strategic goals and Science Mission Directorate science goals. PrOVE 
will expand the frontiers of knowledge, capability, and opportunity in space, which is a strategic 
NASA goal. PrOVE also will address SMD goals such as to explore and observe the objects in 
the Solar System; to understand how they formed and evolve; to advance the understanding of 
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Science 
Objectives 

Investigations Measurement Products Result Requirements 

SO1 
Determine the 
chemical 
variability in the 
coma and 
determine what 
controls this 
variation 

Determine 
thermophysical 
properties of the 
near nucleus 
inner coma 

Determine the 
thermal inertia 
of the inner 
coma using 
daytime 
observations 
of surface 
thermal 
emission 

Surface 
emission 
measured 
from 7-10 µm 
and 8-14 µm  

Inner coma 
maps of 
temperature  

Thermal models 
of comet 
response to 
insolation and 
its relationship 
to active 
outburst regions  

SO2 
Determine the 
variations in the 
spatial 
distribution of 
CO2, CO, and 
organics with 
respect to H2O 

Determine the 
distribution of 
compositions 
within the coma 

Determine the 
relative 
abundances of 
CO2, CO, 
organics and 
H2O within 
the coma and 
active 
outbursts 

Maps of the 
comet 
nucleus and 
coma at 
various 
spatial 
resolutions  

Inner coma 
maps of 
compositions 
of CO2. CO, 
organics and 
H2O  

Information 
about the 
relative 
abundances of 
CO2, CO, 
organics and 
H2O within the 
target  

SO3 
Determine the 
frequency and 
distribution of 
outburst as 
measured by 
local 
enhancements 
and the 
endogenic 
mechanism that 
drives these 
events 

Maps the 
comet’s coma 
region to detect 
locations and 
number of 
outburst events 

Maps the 
comet’s coma 
region 

Maps of the 
comet coma 
regions 
allowing the 
ejected 
material to be 
detected 

 Maps of the 
comet 
nucleus and 
coma at 
various 
spatial 
resolutions 

Information on 
the number of 
outburst events 
observed and 
the source 
locations for 
this events from 
the comet 
nucleus  

Science	Traceability	Matrix	



Other	JFC	targets	


