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A key enabling technology for the mission, besides a SPAD array detector, is the availability
of an efficient space qualified high power lightamplifier. We are in close contact with engineers at
Amphos GmbH (http://www.amphos-usa.com/) that provideacommercial 1 kW picosecond
amplifier thatisin the process of certification for space applications such as the destruction of
orbital debris. We believe the slab amplifier technology used in their systemstobe the ideal
candidate for a PERISCOPE mission. Estimates for weight, power consumption and beam quality of
the laser system are based on the properties of their systems (AMPHOS 400 with additional
amplifier option).

Mission Design

The Periscope mission design takes advantage of the recent success of the Grail mission
design campaign. The current mission trajectory relies on small high thrust impulsive maneuvers
though a future study would look intoa possibility of alow thrust version. The complete mission
can be broken down into five phases, as follows:

Launch Phase:

The PERISCOPE mission will be launched on alow energy trajectory (similar tothe GRAIL
mission) taking approximately 4 months toreach the Moon. In contrasta more traditional direct
trajectorywould take approximately3-y tf>e —* "3 f..S =St ‘el ,—— f—f ...'e— " S<%o
requirements. Usingalow energy transfer trajectory to the Moon results in significant fuel savings
duringlunarorbitinsertion (LOI), plusitalsogives time for instrument and navigation checkout
proceduresafter launch. The required C3 for alow energy trajectory like the one used by Grail
mission is ~-0.69 km2/s2,

Earth to Lunar Orbit Insertion (LOI):

The trajectory from Earth to LOI follows a lower energy manifold path through space. The
current mission design anticipates th reetrajectory correction maneuvers (up to15 m/seach). After
its~35-v e‘e—Se " E‘—"et> - —SF ‘‘ed f Ls{r s o '——e =St o f. . f
eccentric (periapsisaltitude of 25 km) lunar orbit with a period of ~12-14 hrs. The LOlI maneuver
is accomplished viaaBi-Prop engine (ISP=325 seconds), similar toone used on Mars orbiter
missions.

Period Reduction Phase:

Eventhough the spacecraft is now captured around the Moon, the current orbit (due to its
eccentricnature)isnot very useful for the PERISCOPE mission. A series of period reduction
maneuvers (PRMs) to lower the apoapsis are then required to lower the apoapsis of the spacecraft
and reduce itseccentricity. Thisin turn also reduces the lunar surface vel ocity of the spacecraft at
its periapsis (lowest altitude). The total number of period reduction maneuvers can be varied but
":to_z_ (o__fZ en TVWTI o 3 Si o(oo(o_oiT f o(o(Zf" _"f_:t%o)

Targeted Science Observation Phase:

The Periscope instrument requires a lunar surface relative velocity of < 1.8 km/sto perform
telescopic measurements. Thisin turn limits the spacecraft apoapsis to <500 km altitude over the
lunar surface.

After performing multiple PRMs, the spacecraft starts a targeted science campaignwith
periapsis orbitover different lunar cave locations. The obit requires littlemaintenancedue toits



apoapsis being at ~300-500 km. The periapsisis maintainedat < 10 km altitude toallow for useful
targeted science investigations at most importantcave locations. Multiple passes over asingle site
with aslow longitudinal driftisused tolook inside the caves at different angles. The surface
relative velocitiesare inthe range of 1.65to 1.8 km/s.

Global Mapping Phase:

Following atargeted science over a set of cave locations (preferably close to each other) the
spacecraftthen goesintoa low altitude mapping phase where it maps the whole lunar surfaceat
very low altitudes (5-15 km). The inclination of the orbitis mainlined between +- 65 degrees as
most of the interesting cave locations are within that latitude band.

ST u
v Sw tarises after
takingintothe higher order non-spherical gravity field effects on the moon, which tend to dominate

could resultinincreased risk of the spacecraft hitting the crater.

order gravity terms (such asJ2) to complete a global map of the lunar surface with the specified 65
degree latitude bandin ~15 days. Hence ifwe assume a mission period of 2 months we can achieve
multiple passes over alarge number of cave locations on the lunar surface. Furthermore, the lunar
surface velocity is in the range of 1.65-1.7 km/s and thiswould serve as a design point for
optimizing the instrument capabilities for that velocity.

Figure 16 shows an example science orbit strategy. Both thetargeted orbitsand anear
global map of the lunar surface are shown. The four targeted lunar cave sitesare Aristillus,
Highland 1, Highland 2 and Lancus Mortis. The example trajectory has three passes over each of
these cave sites, depicted by orbitsingreen, red, blue and yellow. The periapsisaltitudeis ~5km
and apoapsisaltitude is ~ 450 km. This resultsin a surface relative velocity of ~1.78 km/s over
each of these sites. The total time of flight for doing 12 passes over the four cave sitesis ~10 days.
Following the targeted science phases, the spacecraft enters a global mapping orbit phase withina
65 degree latitude band. The cyan orbitin Figure 15 highlights this phase of the mission. The
latitude longitude map for this mapping orbitisshowninFigure 17. It takes ~15 days for the
spacecraft tocomplete thismap.

Figure 15: Example science orbit strategy
both science phases of the mission.

The science phase will be designed to
last for at least 60 days resultingin4
such global maps with multiple passes
over various cave sites.



One of main massdrivers ofthe system is the power subsystem. Periscope carriesthree
solararrays (UltraFlex from SpectroLab), whichare together capable of producing ~ 2kW of power
at1 AU.To provide the necessary peak power (—15 kW) for the Periscope instrument,
approximately 23 kg of rechargeable batteriesare stored onboard. This resultsin alow mass
solution for providing the instrumentwith the required power for a shortamount of time. The
mission operations would have tobe designed keeping the battery charging and discharging cycle
in mind. Thiswould be more challenging during the global mapping phase of the mission.

The spacecraft alsoenjoys a highly capable attitude control and determination system with
3 reactionwheelsand 4 1-N thrustersfor providing required control for the doing remote sensing
science with the PERISCOPE instrument.

The telecommunication systemin the current design consist of 1-m KA band high gain
reflector capable of data rate of 5 Mb/s or more from the Moon. The data rate isalso a function of
required power for charging the batteries and needs further studies. Finally all the major
maneuversare performed by a450 N Bi-prop stage using the Aerojet HIPAT engine. The main
engine will alsobe responsible for performing the PRMs and the some of the orbit maintenance
maneuversifnecessary. The total main engine (Bi- 850In/s.

Table 2 summarizes the mass breakdown for the various sub-systems of the spacecraft.

Table 2: Summary of Periscope spacecraft sub-systems masses (kg)

Attitude Control 23 kg
IAvionics 7 kg
Power 40 kg
Propulsion 35kg
Structure 60 kg
Thermal 26 kg
Telecom 14 kg
Science Payload 115kg
Spacecraft Bus Mass (CBE) 320kg
System Contingency 112kg
Spacecraft Dry Mass 432 kg
Propellant 159 kg
Total Launch Mass 590 kg




" SpecificEnergy: 8.2 Wh/kg

" Maximum cell voltage: 2.85V
" Capacitor bankmass: 2.2 kilograms

Total mass of the power system with this option is 6.6
kilograms.

Figure 19: Skeleton Supercapcitors
catalog image.

Analogy to Lunar Reconnaissance Orbiter (LRO) Concept of Operations

We consider a barebones mission carrying only aPERISCOPE system in order toassess
whether itisrealistictocarryit on asub-Flagship class mission. For initialfeasibility, we
considered the Lunar Reconnaissance Orbiter (LRO), a ~$500M Discovery-class mission.

LRO operated with amaximum power requirement of 485 W, and 461 Gb/day, employing
multiple instruments many of which operated almost constantly. Itrequireda~10.7 m~2 solar
panel, providing 1850 W end-of-life power, or an average (accounting for geometry) of 800 W each
orbit, thusin excess of the power draw ~485 W, of which ~125 W was for instruments. The Lunar
Reconnaissance Orbiter Camera (NAC and WAV) produced most of the data, ~550 Gb/day
(uncompressed), operating at 30 W peak, 22 W average. LRO'sKa-band transmitter power was 40
W and operated 100-300 Mbps, so 900 Gb/day. It alsohas 28 Gb onboard storage, and avery
standard, rad-hard, single-board RAD750 computer operatingat <20 W (usually 10 W). Thermal,
mechanical,and command communications systems drewthe remaining power.

Assuming that PERISCOPE requires ~4.4 Gb per skylight,thus ~100 Gb per day totransmit,
it fitsinto the LRO envelope. With amean power (assuming 1 observation per orbit) of only about
4 W, a mission with only the PERISCOPE instrument should come in over 100 W below that of LRO.
Even 2-3 observations per orbit could be accommodated without too much difficulty, assuming that
the battery power were sufficient. Inother words, itis reasonable and conservativetoassume LRO
power and data requirements tobe an upper limit for a PERISCOPE -centric mission, and thus
anticipate acomparable or lesser cost.

Cost

We are able tobe more precise with our costing by considering multiple previous mission
designs.

The CML1/2 Cost Model is a Microsoft Excel based model that uses a small number of inputs
thatare known at early concept maturity levels (CMLs). The model is meant toestablish the
feasibility ofa -Team. The tool
provides statistics on analogous missions from a database of Team X studies, JPL proposals, and
historical actuals. It alsogenerates a cost estimate according tothe JPL Standard Work Breakdown
Structure (WBS) based on simple rules ofthumb and cost estimating relationships derived from
Team X data.

Missions analogous to PERISCOPE were found by searching the databasefor Lunar Orbiters
in the Medium (Discovery) or Small (Explorer) mission categories. There were 5 data pointsin the
analogy database that met this criteria with total mission cost between$307Mand $467Min FY15$



(without launch vehicles). Payload costs for these missions ranged from $21Mto $58Mand the
flight system cost ranged from $113Mto $207M. The table below provides additional statistics
about these 5 analogous missions.

The following inputs were used toderive a cost estimate by standard WBSfor the PERISCOPE
mission:

#instruments on element 1
Phase E duration (months) 3
Payload cost $50 M
Power Source Solar
Mission Risk Class B
Prop System Type Monoprop
Primary Telecom Band Ka
Radiation Dose (krad) <100

These inputsare conservative for PERISCOPE which may in fact be smaller than a Discovery
class mission. The phase E duration may be reduced aswell. The Payload cost is very uncertain at
thistime and there are nosuitable analogies in the NICM database. The PERISCOPE team provided
thisestimate asafirstcut in order to establish feasibility of the mission.



The cost for the mission isestimated tobe $370M +/- 30%. The breakout by standard WBS
is asfollows:

$10M $20M | $30M

$10M $10M | $10M

$40M $50M | $70M

$170
$90M $130M M

$40M $50M | $70M

$10M $10M | $10M

$0OM $0OM $OM

$10M $10M | $10M

$100
$60M $80M M

$480
$260M | $370M M

A
total mission costs vs expected payload and flight system masses compare withdata from the
analogy database. The data pointingreen is GRAIL which would be a poor analogy for this mission.
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program cost cap.

Validity of the Estimate

The CML1/2 Cost Model has been validated by running the model for several Team X
studies notin the database and for actual missions. Results are shown in the figures below.
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- Lambertianshadingon surfacesin the hidden scene.

- Nonlambertian reflectance models for surfacesin the hidden scene.

- Constraintson the hidden scene. Most importantly, the constraint to reconstruct surfaces in
free space rather than volumes.

- Two or more than four bounce scattering.

Besides thefiltered backprojection, different reconstruction algorithms have been
demonstrated based on feature extraction and convex optimization approaches. An optimization-
based approach using expectation maximization along with a fast and detailed forward model could
incorporate all of these effects at the cost of added complexity and reconstruction time.

Alternatives for Simulated Data

Besides DIRSIG we alsoare able torender simple geometries directly in matlab. A further
rendering tool we have available isa modified version of the physically based ray tracer (PBRT)
thathasbeen used in previous publicationsxvi. We are also planningtouse a renderingengine
created by Jaraboet alxvii when the code becomesavailable.

Visible Geometry Acquisition

The visible geometry of the relay surface needs tobe known with an accuracy of about 0.5
meters. We have the option of capturing visible geometry simultaneously with the second bounce
dataata slightly different wavelength. We will use a pushbroom LiDAR setup thatuses aline of
detector pixelstoscan the scene. The power of the LiDAR illumination will be around 100 Watt.
Direct geometry could alsobe collected separately,by a separate pass over the system, from a
differentinstrument, or in an entirely separate mission.

Projected Capabilities

Froma single pass over the cave at 10 km we expect to be able to detect the cave openings
and detect obstacles toabout 100 metersintothe cave. We also will detect the cave ceilingand
some features on the side wall and floor of the cave. In the future we hope to explore the ability to
collect spectra of these surface using lasers at different wavelength or tunable laser systems.

Requirements for Photon Time-of-Flight Imaging from an Orbital Platform
To obtain a workable signal tonoise ratiothe orbital platform should include:

- Atransmission mirror with adiameter of 25cm

- Areceiver mirror withadiameterofatleast1 m

- Aseedlaser/amplifier systemcapable of producing pulses of sub nanosecond width and of
anaverage power of at least 1 kW. 10 kW or even 100 kW are technically feasible if
additional power and space are available on the spacecraft.

- Alaserlinewidth ofbelow 0.1 nm, ideally 0.02 nm combinedwith an equally narrow filter
for the detected light toremove earthshine.

- A power system capable of powering the laser system with about 10 to 20 times the optical
output power over 50 milliseconds. For a10 kW laser system thiswould amount to 100 kW
to 200 kW. The power requirements of the detection system are below 100 W and small
compared tothe requirements of the laser.

- A computer capable of compressing and storing about 4.4 GBitof collected data per
observation and transmitting it back toearth. Furtherdetailsaboutthisareainthe mission
design section.



A key enabling technology for the mission, besides a SPAD array detector, is the availability
of an efficient space qualified high power lightamplifier. We are in close contact with engineers at
Amphos GmbH (http://www.amphos-usa.com/) that provideacommercial 1 kW picosecond
amplifier thatisin the process of certification for space applications such as the destruction of
orbital debris. We believe the slab amplifier technology used in their systemstobe the ideal
candidate for a PERISCOPE mission. Estimates for weight, power consumption and beam quality of
the laser system are based on the properties of their systems (AMPHOS 400 with additional
amplifier option).

Mission Design

The Periscope mission design takes advantage of the recent success of the Grail mission
design campaign. The current mission trajectory relies on small high thrust impulsive maneuvers
though a future study would look intoa possibility of alow thrust version. The complete mission
can be broken down into five phases, as follows:

Launch Phase:

The PERISCOPE mission will be launched on alow energy trajectory (similar tothe GRAIL
mission) taking approximately 4 months toreach the Moon. In contrasta more traditional direct
trajectory would take approximately 3- y /E
requirements. Usingalow energy transfer trajectory to the Moon results in significant fuel savings
duringlunarorbitinsertion (LOI), plusitalsogives time for instrument and navigation checkout
proceduresafter launch. The required C3 for alow energy trajectory like the one used by Grail
mission is ~-0.69 km2/s2,

Earth to Lunar Orbit Insertion (LOI):

The trajectory from Earth to LOI follows a lower energy manifold path through space. The
currentmission design anticipates threetrajectory correction maneuvers (up to15 m/seach). After
its~3.5-v £ 1s{r
eccentric (periapsisaltitude of 25 km) lunar orbit with a period of ~12-14 hrs. The LOlI maneuver
is accomplished viaaBi-Prop engine (ISP=325 seconds), similar toone used on Mars orbiter
missions.

Period Reduction Phase:

Eventhough the spacecraft is now captured around the Moon, the current orbit (due to its
eccentricnature)isnot very useful for the PERISCOPE mission. A series of period reduction
maneuvers (PRMs) to lower the apoapsis are then required to lower the apoapsis of the spacecraft
and reduce itseccentricity. Thisin turn also reduces the lunar surface vel ocity of the spacecraft at
its periapsis (lowest altitude). The total numberof period reduction maneuvers can be varied but
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Targeted Science Observation Phase:

The Periscope instrument requires a lunar surface relative velocity of < 1.8 km/sto perform
telescopic measurements. Thisin turn limits the spacecraft apoapsis to <500 km altitude over the
lunar surface.

After performing multiple PRMs, the spacecraft starts a targeted science campaignwith
periapsis orbitover different lunar cave locations. The obit requires littlemaintenancedue toits



apoapsis being at ~300-500 km. The periapsisis maintainedat < 10 km altitude toallow for useful
targeted science investigations at most importantcave locations. Multiple passes over asingle site
with aslow longitudinal driftisused tolook inside the caves at different angles. The surface
relative velocitiesare inthe range of 1.65to 1.8 km/s.

Global Mapping Phase:

Following atargeted science over a set of cave locations (preferably close to each other) the
spacecraftthen goesintoa low altitude mapping phase where it maps the whole lunar surfaceat
very low altitudes (5-15 km). The inclination of the orbitis mainlined between +- 65 degrees as
most of the interesting cave locations are within that latitude band.
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could resultinincreased risk of the spacecraft hitting the crater.

order gravity terms (such asJ2) to complete a global map of the lunar surface with the specified 65
degree latitude bandin ~15 days. Hence ifwe assume a mission period of 2 months we can achieve
multiple passes over alarge number of cave locations on the lunar surface. Furthermore, the lunar
surface velocity is in the range of 1.65-1.7 km/s and thiswould serve as a design point for
optimizing the instrument capabilities for that velocity.

Figure 16 shows an example science orbit strategy. Both thetargeted orbitsand anear
global map of the lunar surface are shown. The four targeted lunar cave sitesare Aristillus,
Highland 1, Highland 2 and Lancus Mortis. The example trajectory has three passes over each of
these cave sites, depicted by orbitsingreen, red, blue and yellow. The periapsisaltitudeis ~5km
and apoapsisaltitude is ~ 450 km. This resultsin a surface relative velocity of ~1.78 km/s over
each of these sites. The total time of flight for doing 12 passes over the four cave sitesis ~10 days.
Following the targeted science phases, the spacecraft enters a global mapping orbit phase withina
65 degree latitude band. The cyan orbitin Figure 15 highlights this phase of the mission. The
latitude longitude map for this mapping orbitisshowninFigure 17. It takes ~15 days for the
spacecraft tocomplete thismap.

Figure 15: Example science orbit strategy
both science phases of the mission.

The science phase will be designed to
last for at least 60 days resultingin 4
such global maps with multiple passes
over various cave sites.
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Figure 16: Lunar Lat-Lon Map (with names of cave sites) showing the 12 targeted science orbits (four cave sites)
and the 15 days global mapping.

Though similarin nature, our orbital design is more flexible than GRAIL because of less
stringent requirements than maintaining a fixed separation of the two GRAIL spacecraft flyingin

formation.

The preliminary orbital analysis has shown that apart from lunar surface relative velocity
beingaround 1.68 km/s (on average), thereisflexibility in other parameters for the mission orbit.
Future tradesstudiesare required todefine the most optimized science campaign, but one could

campaign resultingin a global coverage with multiple pass datasets over each lunar cave site.

Preliminary Total DV requirements table:

45

TCMs
Lunar OrbitInsertion (LOI) 190
Period Raise Maneuvers (PRMs) 450
Low Altitude Orbit Maintenance 150
Total 835
sa

Spacecraft Design

The PERISCOPE spacecraftin this preliminary conceptual design phase isenvisionedtobe a
3-axis stabilized solar powered spacecraft. The total spacecraft systemmassincluding 35 % margin
is590kg. Thisincludesthe 115 kg for the science payload (the PERISCOPE instrument).



One of main massdrivers ofthe system is the power subsystem. Periscope carriesthree
solararrays (UltraFlex from SpectroLab), whichare together capable of producing ~ 2kW of power
at1 AU.To provide the necessary peak power (—15 kW) for the Periscope instrument,
approximately 23 kg of rechargeable batteriesare stored onboard. This resultsin alow mass
solution for providing the instrumentwith the required power for a shortamount of time. The
mission operations would have tobe designed keeping the battery charging and discharging cycle
in mind. Thiswould be more challenging during the global mapping phase of the mission.

The spacecraft alsoenjoys a highly capable attitude control and determination system with
3 reactionwheelsand 4 1-N thrustersfor providing required control for the doing remote sensing
science with the PERISCOPE instrument.

The telecommunication systemin the current design consist of 1-m KA band high gain
reflector capable of data rate of 5 Mb/s or more from the Moon. The data rate isalso a function of
required power for charging the batteries and needs further studies. Finally all the major
maneuversare performed by a450 N Bi-prop stage using the Aerojet HIPAT engine. The main
engine will alsobe responsible for performing the PRMs and the some of the orbit maintenance
maneuversifnecessary. The total main engine (Bi- 850In/s.

Table 2 summarizes the mass breakdown for the various sub-systems of the spacecraft.

Table 2: Summary of Periscope spacecraft sub-systems masses (kg)

Attitude Control 23 kg
IAvionics 7 kg
Power 40 kg
Propulsion 35kg
Structure 60 kg
Thermal 26 kg
Telecom 14 kg
Science Payload 115kg
Spacecraft Bus Mass (CBE) 320kg
System Contingency 112kg
Spacecraft Dry Mass 432 kg
Propellant 159 kg
Total Launch Mass 590 kg




Unigue Power System Challenges and Solutions

The power system for the spacecraft has not been fully defined so the following
assumptions have been made tofacilitate the designof the laser power subsystem:

Spacecraft busvoltage range of 34 to 24 volts

Solar array for the spacecraft will be sized to meet the spacecraft load power without the
laser

Meaning that the solar array will not be able to support the 15 kilowatts pulse by itself

The laser requires 15 kilowatts pulse for one second; which includes 0.9 seconds of warm
up and 0.1 seconds of laser firing. The laser firesonce every two hours. Assumingthe pulseis
delivered at the minimum power bus voltage of 24 volts the pulse current will be 625 amps. Thisis
a conservative assumption since the batteries will be at 100% state of charge before the pulse
whichisa busvoltage of 32.8 volts.

The Panasonic 18650 NCR-B battery cell has been testedat JPL for use on CubeSat projects
and the Europa Clipper mission. Itissimilar tothe ABSL battery flown on the SMAP (Soil Moisture
Active Passive) mission. Ithas 3.1 amp-hoursof capacity per cell with afull state of charge voltage
of 4.1 volts. The battery packwill be made of 51 parallel strings of eight series cells for a 32.8 volt,
158 amp-hour battery. The capacity in watt-hoursis 4400 with amass of22.5 kilograms.

Figure 17: Existing technology, such as our design based on parallel strings Panasonic 18650 battery cells as
illustrated, can be adapted to meet the unusual power requirements of PERISCOPE.

A second, lower mass option combines Li-ion batteries withnew higher voltage
supercapacitors. The supercapacitors will requireflight qualification.

This power system would use aten parallel string eight series cell battery pack with a
capacity of 870 watt-hours, with amass of 4.4 kilograms and a bank of Skeleton supercapacitors:

12 cell string of 1300 F super capacitors (total string capacitance 108 F)
(Model#SCHE1300)

Cell ESR: 0.27 mohm (DC, 10 msrating)

Cell rated max 1 sec peakcurrent: 1370 A (peakcurrenthereis625A, 547 Aaverage)



























