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Current Status

EM1 Launch now 2020.

Lunar Ice Cube, Lunar Flashlight, LunaHMap all passed

Publications (Source): Online Presentations, Short
papers for all three from 2015 at LPSC, LEAG, and
Interplanetary SmallSat Conference. Papers, Clark et
al, 2016, SPIE Optics on Lunar Ice Cube; Vinckier et al,
2017, SPIE Optics, and Imken et al, 2017, IEEE on
Lunar Flashlight.

For Lunar Ice Cube Science:

All critical / long-lead Flight hardware has been
ordered.

FlatSat with non rad-hard subsystems and emulators is
close to completion.

Development and testing Data System beginning this
summer.
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ABSTRACT

Fo The Broadband InfraRed Compact High-resolution Exploration Spectrometer (BIRCHES), which will be described in
Re detail here, is the compact broadband IR spectrometer of the Lunar Iee Cube mission. Lunar Iee Cube is one of 13 6U
lur cubesats that will be deployed by EMI in cislunar space, qualifying as lunarcubes. The LunarCube paradigm is a
we Pproposed approach for extending the affordable CubeSat standard to support access to deep space via cis-lunar/Tunar
str missions. Because the lunar environment contains analogs of most solar system environments, the Moon is an ideal
the target for both testing critical deep space capabilities and understanding solar system formation and processes.

de Effectively, as developments are occurring in parallel, 13 prototype deep space cubesats are being flown for EM1. One
useful outeome of this ‘experiment’ will be to determine to what extent it is possible to develop a lunarcube “bus’ with
onable protocols for a varicty of payloads. The lunar ice cube

standardized interfaces to all subsystems using

3V mission was developed as the test case in a GSFC R&D study to determine whether the cubesat paradigm could be
D€ aoplied to deep space, science requirements driven missions, and BIRCHES was its payload. Here, we present the design
NI 414 deseribe the ongoing development, and testing, in the context of the challenges of using the cubesat paradigm to fly

and extensive need for leve

M¢ 4 hroadband IR speetrometer in a 6U platform, including minimal funding ging
da gesets and relationships on development, the foreshortened schedule for payload delivery on testing, and minimum
¢ pandwidth translating into simplificd or canned operation

xisting
by Keywords: cubesat, broadband IR, lunarcubes, lunar orbiter, 6U, EMI

- 1. INSTRUMENT OVERVIEW

de The versatile GSFC-developed payload BIRCHES (Figure 1), Broadband (1 to 4 micron) InfraRed Compact, High-
nn  resolution Exploration Spectrometer, is a miniaturized version of OVIRS (Osiris-Rex Visible InfraRed Spectrometer) on
OSIRIS-Rex [1]. BIRCHES is a compact (1.5U, 2 kg, 12-25 W) point spectrometer with a compact eryocooled HgCdTe
focal plane array for broadband measurements. The instrument includes an IRIS/AIM microcryocooler controller
[2]. The instrument will achieve sufficient SNR (=100) and spectral resolution (10 nm) through the use of near
Variable Filter to characterize and distinguish several spectral features associated with water in the 3-micron region, and
potentially other volatiles already detected by LCROSS anics) and mineral bands. Typical
footprint size will be 10 x 10 km, but will be somewhat sm r toward the poles. We are also
developing compact instrument electronies that can be easily reconfigured to support future instruments with Teledyne
HIRG focal plane arrays [1] in “imager’ mode, when the communication downlink bandwidth becomes available. The
instrument will enable the Lunar Ice Cube (Figure 2) mission science goals: determination of composition and
distribution of volatiles in lunar regolith as a function of time of day, latitude, regolith age and composition, and thus
enable understanding of current dynamics of lunar volatile sources, sinks, and processes, with implications for
evolutionary origin of volatiles.

CubeSats and NanoSats for Remate Sensing, edited by Thomas S. Pagano, Proc. of SPIE Vol,
9978, 96780C - @ 2016 SPIE - CCC code: 0277-786X/16/518 - doi: 10.1117/12.2238332
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Significance of Water

Relevance to NASA

Growing Evidence for
Global Distribution

HEOMD Strategic Knowledge Gaps:
1) Temporal Variability and Movement Dynamics of Surface-Correlated OH and H20
deposits toward permanently shadowed area retention (Lunar Ice Cube)

2) Composition, Form and Distribution of Polar Volatiles (Lunar Flashlight, LunaH
Map)

3)Quality/quantity/distribution/form of H species and other volatiles in mare and
highlands regolith (Lunar Ice Cube)

SMD Decadal Survey: understanding solar system formation, and evolution of the
lunar surface and atmosphere by further establishing the role of surface volatiles

SMD Scientific Context for Exploration of the Moon: Using the Moon to study
regolith, exosphere (including water vapor) processes on airless bodies

Evidence for surface ice
near both poles (cold
traps).

Evidence for bound water
in volcanic deposits.

Evidence for hydroxyl (OH)
and water varying as
function of of temperature
(local time of day) and
illumination (slope
orientation) in 100's of
PPM range.
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Evidence for Water

Water and Hydroxyl on Moon. Combined Red (Pyroxene),
Green (Reflectance continuum), Blue (water and hydroxyl
absorption) bands. Blue, Cyan, Magenta, Pink water
indicators. Chandrayaan M3, Pieters et al 2009



Evidence for Water
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longitude-averaged latitude profile (B), and +/- 35
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and Milliken, 2017.
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M3 at low lunar latitudes. Features
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deposits, lending credence to hypothesis of
volatile-rich (hundreds ppm) sources in
mantle. A aristarchus; O orientale, RB Rima
Bode, SG Sulpicius Gallus, TL Taur-Littrow.
Milliken and Li, 2017.



2.6 Polar Hydrogen with Neutron

Evidence for Water
Spectroscopy

LEND CSEIN (‘collimated’)
Total counts/sec

LPNS Adaptive Smooth
(SNR>100)

Table B.2 IR measured volatile abundance 1n
LCROSS plume (Colaprete et al, 2010)
Compound [Molecules cm™ [Relative to H,O(g)*
H20 5.1(1.4)E19 100%

H2S 8.5(0.9)E18 16.75%

NH3 3.1(1.5)E18 6.03%

SO2 1.6(0.4)E18 3.19%

C2H2 1.6(1.7)E18 3.12%

CO2 1.1(1.0)E18 2.17%

CH20H 7.8(4.2)E17 1.55%

CH4 3.3(3.0)E17 0.65%

OH 1.7(0.4)E16 0.03%

*Abundance as described in text for fit in Fig 3C




Technology Goals
Demonstrate Enabling Technologies for Interplanetary Cubesats

e Lunar Ice Cube and LunaH Map Busek BIT 3 - High isp RF lon Engine

e BIRCHES Miniaturized (from OVIRS) broadband IR Spectrometer with
integrated microcryocooler completely capturing the 3 micron region with
several features of interest.

* Space Micro C&DH- Inexpensive Radiation-tolerant Subsystem

* Lunar Ice Cube and LunaH Map: BCT- XACT/-XB1 bus ADCS (Star Tracker,
Reaction Wheels

* Lunar Ice Cube and LunaH Map: JPL Iris v. 2.1 Ranging Transceiver

 Planetary (PDS) Archiving on a limited budget



Lunar Ice Cube Instrument - BIRCHES IR SPECTROMETER

Detector Readout CryoCooler
Elect{omc)s Box Electronics Box

(mLCCE)

Secondary Mirror

Teledyne H1RG

IR Detector Radiator

A fnga Cryo Cooler BIRCHES compactness
Property Ralph BIRCHES
Mass kg 11 3
Power W 5 #10-20 W
Size cm A9 x40x29 [10x10x 15

H includes 3 W detector electronics, 1.5 W
AFS controller, 5-10 W cryocooler

CDW 2018 Clarketal Lunar Cubesat Cluster



Spectrometer Schematic and Components . »| Radiator

I ?___-_--___I
| CC Clontroller | [ Cryocooler (CC) |‘ === -"‘: :
L ; I " S i
Cryocooler Assembly 3 E ________ ¥ - IO
E i i|. = = Thermal
----------------- Tioe gkl |
: Linear Focal |= - - y Avionics/Power
. L[ Variable » Plane 3 :
. AF Assembly Filter Array : E ~ + =Data/Optical
Adj u:st able Focal Plane Assembly 4 :
u AF ‘ :
*| |F-Stop and ! i
motor (AF) controller Payload |+’ y
e : Electronics |« :
oy 1 1
BIRCHES utilizes a compact Teledyne 1L [ Aperture | JOAP Mirror : i
H1RG HgCdTe Focal Plane Array and EERTTTRL :
. . . . Optics :
JDSU linear variable filter leveraging [ : Payload
OSIRIS REx OVIRS. \
{ oy
T Spacecraft Spacecraft-|- : -|rSpacecraft
. : Power | | C&DH | [ Comm | gpacecraft
~ : ;
Optics :
Radiator 2
Adjustable Iris maintains footprint size (
at 10 km by varying FOV regardless
of altitude \
BIRCHES Analog COTS AFRL developed AIM SX030
Processing Unit (APU) microcryocooler with cold finger to maintain
(top) detector at <115K and iris controller

CDW 2018 Clarketal Lunar Cubesat Cluster 9
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sulfide 3 conduction bands i
" |hydrated silicates 3-3.5 \vibrational processes » .
anticipate wavelength of peak for water absorption band to be structural<bound<adsorbed<ice v .
> o Fa BB ¢ A4 B R R N
L » 7. R T g Yt
ol o WKW & ;
&8 i 3'/- 2l 4 ’ a p ] W

>

10

-




BIRCHES Observation Requirements

Requirement 8
A footprint of 10 km from an altitude of 100 km { ‘

Footprint 10 km in along track direction regardless of
altitude, consecutive observations separated by a
couple of kilometers; greater overlap of consecutive
tracks at poles, separted by a couple of kilometers

* FOV of the instrument will be
100 mrad (6°)

* An Adjustable Field Stop
(AFS) shall maintain the FOV
to 10 km in size

* Based on spacecraft velocity

Vavilov Crater:

exposures shall be taken at 100 km in diameter
intervals of 2.7 seconds (TBC) 1°5,138°W

April 2017 IPSS‘€larketal BIRCHES on Lunar Ice Cube 11



60

20

163

335

304

395

Reflectivity

Total Signal

@ 3um photons/sec

3254

39045

24279

150777

2760

26400

20963

52800

52

162

145

230

0.1/1000
276

2640
2096

5280

Band depth/PPM water

0.05/500
138

1320
1480

2640

0.01/100
27

264

210

528




Pumpkin SOI:;:;:I‘::"EI Lu nar Ice Cu be Bus

Pin Puller
(Just Below Gimbals)

Solar Array Gimbals

Cryocooler
Electronics Box

GNC: BCT XACT— |

X-Band Transponder
JPLIrisv.2.1

Pumpkin Solar Arrays

Birches IR
Spectrometer

2 Detector Readout
. \ Electronics Box
Cryocooler Cryocooler Electronics Box

Battery Module GNC: BCT XACT

UHF Deep Space
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(Under C&DH) —

+X Face ———

X-Band LNA _—"]
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X-Band SSPA 7
C&DH .
Proton 400K Lite lodine Tank

X-Band Patch = Pumpki ¢
Aﬁ;‘enn;’,: i\ug‘l’ps " Solar Arrays Gimbals
™ UkE Dipole
Antenna Proton 400K Lite (Under Transponder)

Busek BIT-3 Busek
RF lon Thruster

X-Band Transponder

Pumpkin EPS

= UHF Deep Space Beacon

UHF Dipole Antenna

Busek Bit-3 RF lon Thruster

lodine Tank

BIRCHES IR Spectrometer

Battery Module
Cryocooler

X-Band LNA X-Band SSPA



[\ Transfer Trajectory with Low Thrust Lunar Ice Cube Mission Concept
\ \ (Sun-Earth Rotating Coordinate Frame)

Lunar Orbit
(Blue Circle)

~1.7 million km y  phase aroundine
o i {0.013AU) max { moon

= Target Earth Earth distance i
- De-tumble fly-by 187 Days Cruise L g

orient to target

Sun — Earth Line "" first lunar fly-by . i Lunar Capture

X E\qh ! : ‘ f =
A | 3 L :
‘_/,V_»—f"_i ¥ ‘{, b o | Jkm altitude
- N Lunar $AA~"T Capture Lun / | p
P ; / E t ‘- 1 [ e e ee
// /// Asswt//xé\ / ncounter i ' . .
: > LS

/R
/ /,/ // \
/ y
/ / / W /
/ A N
( Coastarc (Blue)// If - / ' -";.'.;;f‘
Fa ‘ - )
o 'l\ S 4
N Low Thrust
* 4 Day Low Thrust Arc from Deployment to 1%t Lunar Encounter SreE {oed)
* 59 Day Low Thrust Arc before Lunar Capture Mission Lifetime < 2 years

Low Thrust Insertion and Science Orbit (blue)

6 Month Mission Concept
dusk

/ > \LOI + 6 months
o

S

£ isit same representative (in
ude, composition, structure)
ures at different times of

— 2 dayduring 6 lunar cycles noon
TN / \

Low Thrust Arc . £l — & ‘
(green) B L7 ) Stn 1
N Lunar Orbit Radius \ \ / \ /LOI +3
‘. (apsapis and pediopais ronges) — f‘- months
5 \ /
I /
- | . 5\ [/
A variety of Science Orbits ;?. To keep perilune If we choose the
can be achieved [rom the 5 | ; in Sunlight dawn initial line of apsides
! beyond 6 months, . %\ to be orthogonal to
low thrust capture and | ‘ we would need to ‘\.\_/J = the Sun line, we can
insertion trajectory . maneuver to (0= | keep perilune in
rotate the line of / Sunlight for 6
— Date apsides Lunar Orbit Insertion (LOI) months.



A Lunar Water System

OW/ot + Ve (Wv) =S, + S,
R —R

W water V volatile S source R remove
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Conclusions
Lunar Ice Cube will provide measurements for liquid water, ice, OH distribution
across the lunar surface as function of time of day (temperature and illumination)
for several lunar cycles for pole to pole swaths of the lunar surface to provide a
basis for understanding global water dynamics.
Lunar Flashlight will provide direct measurements of surface ice near the poles at
the highest resolution (1 km), and LunaH-Map measurements from which surface
and subsurface ice (down to 10's of cm) can be inferred at the poles.
Some temporal overlap between LunaH-Map and Lunar Ice Cube will be useful in
constraining the water migration process. Spatial overlap between LunaH-Map
and Lunar Flashlight will be useful in constraining cold trap evolutionary
processes.
Regardless of the degree of overlap in space or time, these measurements when
combined will provide far more systematic understanding of the water cycle, and
the accessibility of water as a resource on the Moon.
The three missions will act as a de facto multi-platform cluster for measuring
lunar volatiles, yet another way in which the first deep space cubesats are
demonstrating not only new technologies but new approaches to scientific
exploration.
We are doing what cubesats are supposed to do: creating an innovative and
tailored solution with a standard platform.



pamela.e.clark@jpl.nasa.gov
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3. LunaH-Map Neutron Spectrometer

Mini-N5 will have two 100-cm? CLYC arrays
(200cm? total). A thin Cd foil will be used for

epithermal neutron detection

LunaH-Map Mini-NS (2cm)
compared to 5.7-cm diameter
LPNS ®He counter

Preliminary
design of
Mini-NS for
LunaH-Map

LunaH-Map Instrument

Hardgrove et al, 2017, LEAG
and 24 GSFC planetary
cubesat workshop

Specificati
2, 4x4 Detector Arrays

of CLYC (each 2.5cm x
2.5cm X 2cm)

Detector

Thermal (<0.3 eV) and
epithermal (with cd
shield) neutrons and
3.9% FWHM at 662

keV

Sensitivities

27.94 cm x 11.43cm x
6cm
2.6kg
2 Watts (during data
acquisition); 0.35
Watts (idle)

Dimensions

Mass

Power

Counts binned every 3
seconds

Data Acquisition Times

<1 Mbit for mission
duration

Data Volume

Solar Array
Gimbal

XACT-50

Mini-NS

Battery

IRIS Camera

Antennas
Propulsion

Tank J

BIT-3 Thruster

¥—_ solar Array
Hold Down
+Z Arms

Antennas  Separafion  Separation

Sun Sensors Connector Switches




LunaH-Map Mission Concept 4. LunaH-Map Mission Design — Trajectory: ’A;%U

Hardgrove et al, 2017, LEAG " Science Orbit o
and 2" GSFC planetary Phase

Science Orbit Maintenance
cubesat workshop Sequence

A) Science Pass at Perilune {TA = 0%}

B) Begin Maneuver #1 {1A =123°%
— 1 hr after A"

C) End Maneuver #1
— TA varied, near 172°

E) Begin Maneuver #2
F) End Maneuver #2 (1A =237°}

G) Perform Science Measurement
{1 hr after “F"— TA = 0°}

3. LunaH-Map Science Phase

Nominal
Science
Lo

Orbits

= 10 hour
period

GA ’
Moon Inertial
View YZ

« Perilune
<10km

LunaH-Map .Scrence Phase
Orbit Tracks.

Cruise (70 Days) Transition (360 Days) Science

(59 Days)

Disposal

: ﬂl Deployment

=

- iy




Lunar Flashlight Instrument

Cohen et al, 2017, LEAG

DILAS lasers (4)

Laser
thermal sink

Payload digita

(detector underneath)

Laser receiver,

Passive radiator

Receiver:

« Fleld-of-view: 14 mrad

+ Volume 88.9 x 99.06 x 88.9 mm

« Passively cooled by external
radiator

Payload analog
electronics

Laser EPS

Incoming
light

electronics
Detector
focal
Laser batteries position Paraboloid
2x 3-pack mirror
* AR-coated aluminum
Detector bare mirror for 1- 2 pm
* 1mm diameter Teledyne Judson « Radius of curvature:
INGaAs detector 140mm
* 2.2pm cutoff + Conic constant: -1
+ 1.1A/W responsivity + Figure 2\ @ 632.8 nm
- Detector operational T: 208 K * RMS roughness: <30A
Solar Pansl Inxarxtﬂl ISunst
R Xz (JFL) (BCT)
"wm&“s';i“’ (MMA) GSE Connector
(1) & Sep. Switches
I 0_50 T T T T T - (COTS)
! A Radiator £
l |
! 045l Intignate Miktare 3 / Spacecraft Batteries (JPL) |
6 wg.% ice m K : | Interface Board (JPL) |
L (JPL) (JFL)
2 040Ff / : fe——— e
©
5 Laser EPS i
@ (JPL) Iris Radio (JPL)
T 0.35 / ¢
C%) ”'ﬂ-“:,m Payload Batteries (JPL)
eyl .-ﬂﬁ
0.30F Areal Mixture g o
) (VAGCO)
C 3 wl.% ice i
0-25 A A A A A ﬂ ;
10 15 20 25 30 35 40 HaWK Solar Panel
3 Strings X2 .
Wavelength (um) {MMA) Ty 2Ux3U Solar Panel
LGA, Sun Sensor 3 Strings (BCT)
(JPLBCT)
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Lunar Flashlight Instrument Lunar Flasglggh_t; V=
Looking for surface ice deposits and ideh'ﬁfyin favorablé

CO h en et a |’ 20 1 7’ LE AG locations for in-situ utilization in lunar south pole cold traps

>

Direction of travel

Mission Approach

* JPL-MSFC Team

* 6U spacecraft, 14 kg

* Launch on SLS EM-1 in 2019

Round trip pulse * Chemical propulsion system

time is =100-250 s * 1-2 micron spectrometer

* Near-rectilinear halo orbit (5 day
period)

. * Science phase: ~3 min passes, 13

&= = oy OO orbits

Receiver 1\ 14
aperature
bands illuminate the lunar

surface in a 1 km spot

Light reflected off the lunar
surface enters the
spectrometer to distinguish
water ice from regolith

Lunar Flashlight ConOps

DILAS laser bars ﬂ J—L _ﬂ_

ol e — ~
> > ; 0.5 m/s per day altitude
Continuum (COTS): Calibration activities | | | porastonsben
NRA (-0 ORN / + 0 2920 y | ! 1 | \ Idle/Laser
. 1.064 (-0.060 / + 0.230) pm . 2 !f‘f“ 4 ::é-: : ' | ! Recharge

. 1.850 (-0.030 / +0.020) pm
Absorption bands (custom):

. 1.495 (-0.015 / +0.015) pm Spx1  Spat2  Som3 -
v checke
B 1.990 (-0.020 / +0.025) um /Lay::’;,owels;;em
ot ol 8 ~10 Measurement
Orbits over 2 months.
Disposal in moon.
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Measurement
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