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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 light amplifier. We are in close contact with engineers at 
Amphos GmbH (http://www.amphos-usa.com/)  that provide a commercial 1 kW picosecond 
amplifier that is in the process of certification for space applications such as the destruction of 
orbital debris. We believe the slab amplifier technology used in their systems to be 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 into a possibility of a low thrust version. The complete mission 
can be broken down into five phases, as follows: 

Launch Phase: 
The PERISCOPE mission will be launched on a low energy trajectory (similar to the GRAIL 

mission) taking approximately 4 months to reach the Moon. In contrast a more traditional direct 
trajectory would take approximately 3-�y���†�ƒ�›�•���–�‘���”�‡�ƒ�…�Š���–�Š�‡�����‘�‘�•�á���„�—�–���ƒ�–���ƒ���…�‘�•�–���‘�ˆ���Š�‹�‰�Š�‡�”��������
requirements.  Using a low energy transfer trajectory to the Moon results in significant fuel savings 
during lunar orbit insertion (LOI), plus it also gives time for instrument and navigation checkout 
procedures after launch. The required C3 for a low 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 three trajectory correction maneuvers (up to 15 m/s each). After 
its ~3.5-�v���•�‘�•�–�Š�•���‘�ˆ���Œ�‘�—�”�•�‡�›���–�‘���–�Š�‡�����‘�‘�•�á���ƒ���1�s�{�r���•���•�����������������’�—�–�•���–�Š�‡���•�’�ƒ�…�‡�…�”�ƒ�ˆ�–���‹�•���ƒ���Š�‹�‰�Š�Ž�›��
eccentric (periapsis altitude of 25 km) lunar orbit with a period of ~12-14 hrs.  The LOI maneuver 
is accomplished via a Bi-Prop engine (ISP=325 seconds), similar to one used on Mars orbiter 
missions. 

Period Reduction Phase: 
Even though the spacecraft is now captured around the Moon, the current orbit (due to its 

eccentric nature) is not 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 its eccentricity. This in turn also reduces the lunar surface velocity of the spacecraft at 
its periapsis (lowest altitude). The total number of period reduction maneuvers can be varied but 
�”�‡�•�—�Ž�–���‹�•���–�‘�–�ƒ�Ž���������‘�ˆ���1�v�w�r���•���•�ä�������Š�‡���
�����������•�‹�•�•�‹�‘�•���—�•�‡�†���ƒ���•�‹�•�‹�Ž�ƒ�”���•�–�”�ƒ�–�‡�‰�›�ä 

Targeted Science Observation Phase: 
The Periscope instrument requires a lunar surface relative velocity of < 1.8 km/s to perform 

telescopic measurements. This in turn limits the spacecraft apoapsis to < 500 km altitude over the 
lunar surface.  

 After performing multiple PRMs, the spacecraft starts a targeted science campaign with 
periapsis orbit over different lunar cave locations.  The obit requires little maintenance due to its 



apoapsis being at ~300-500 km. The periapsis is maintained at < 10 km altitude to allow for useful 
targeted science investigations at most important cave locations. Multiple passes over a single site 
with a slow longitudinal drift is used to look inside the caves at different angles.  The surface 
relative velocities are in the range of 1.65 to 1.8 km/s. 

Global Mapping Phase: 
Following a targeted science over a set of cave locations (preferably close to each other) the 

spacecraft then goes into a low altitude mapping phase where it maps the whole lunar surface at 
very low altitudes (5-15 km). The inclination of the orbit is mainlined between +- 65 degrees as 
most of the interesting cave locations are within that latitude band. 

�������������������������������������������������������������������������������������·�s�r�������������������������������������u������������������������������������������������
�����������������������������������������������������������v�����������������������������������������������s�w�������ä������������������������������������t arises after 
taking into the higher order non-spherical gravity field effects on the moon, which tend to dominate 
���������������������������������������������������������ä��������������������������������������������������������������������������������������������������������������������������������������������
could result in increased risk of the spacecraft hitting the crater. 

�������������������ï������������������������������������������������������������������������������������������������������������������������������������������������������������������
order gravity terms (such as J2) to complete a global map of the lunar surface with the specified 65 
degree latitude band in ~15 days. Hence if we assume a mission period of 2 months we can achieve 
multiple passes over a large 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 this would serve as a design point for 
optimizing the instrument capabilities for that velocity.  

Figure 16 shows an example science orbit strategy. Both the targeted orbits and a near 
global map of the lunar surface are shown. The four targeted lunar cave sites are Aristillus, 
Highland 1, Highland 2 and Lancus Mortis. The example trajectory has three passes over each of 
these cave sites, depicted by orbits in green, red, blue and yellow. The periapsis altitude is ~ 5km 
and apoapsis altitude is ~ 450 km. This results in 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 sites is ~10 days. 
Following the targeted science phases, the spacecraft enters a global mapping orbit phase within a 
65 degree latitude band. The cyan orbit in Figure 15 highlights this phase of the mission. The 
latitude longitude map for this mapping orbit is shown in Figure 17. It takes ~15 days for the 
spacecraft to complete this map. 

 
 

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 resulting in 4 
such global maps with multiple passes 
over various cave sites. 



One of main mass drivers of the system is the power subsystem. Periscope carries three 
solar arrays (UltraFlex from SpectroLab), which are together capable of producing ~ 2kW of power 
at 1 AU. To provide the necessary peak power (~15 kW) for the Periscope instrument, 
approximately 23 kg of rechargeable batteries are stored onboard. This results in a low mass 
solution for providing the instrument with the required power for a short amount of time. The 
mission operations would have to be designed keeping the battery charging and discharging cycle 
in mind. This would be more challenging during the global mapping phase of the mission.  

The spacecraft also enjoys a highly capable attitude control and determination system with 
3 reaction wheels and 4 1-N thrusters for providing required control for the doing remote sensing 
science with the PERISCOPE instrument.  

The telecommunication system in 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 is also a function of 
required power for charging the batteries and needs further studies. Finally all the major 
maneuvers are performed by a 450 N Bi-prop stage using the Aerojet HiPAT engine. The main 
engine will also be responsible for performing the PRMs and the some of the orbit maintenance 
maneuvers if necessary. The total main engine (Bi-�����������������������������������������������������������1850 m/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 

Avionics 7 kg 

Power 40 kg 

Propulsion 35 kg 

Structure 60 kg 

Thermal 26 kg 

Telecom 14 kg 

Science Payload 115 kg 

Spacecraft Bus Mass (CBE) 320 kg 

System Contingency 112 kg 

Spacecraft Dry Mass 432 kg 

Propellant 159 kg 

Total Launch Mass  590 kg 

 



�” Specific Energy: 8.2 Wh/kg 
�” Maximum cell voltage: 2.85V 
�” Capacitor bank mass: 2.2 kilograms 

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

Analogy to Lunar Reconnaissance Orbiter (LRO) Concept of Operations 
We consider a barebones mission carrying only a PERISCOPE system in order to assess 

whether it is realistic to carry it on a sub-Flagship class mission.  For initial feasibility, we 
considered the Lunar Reconnaissance Orbiter (LRO), a ~$500M Discovery-class mission.   

LRO operated with a maximum power requirement of 485 W, and 461 Gb/day, employing 
multiple instruments many of which operated almost constantly.   It required a ~10.7 m^2 solar 
panel, providing 1850 W end-of-life power, or an average (accounting for geometry) of 800 W each 
orbit, thus in 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's Ka-band transmitter power was 40 
W and operated 100-300 Mbps, so 900 Gb/day. It also has 28 Gb onboard storage, and a very 
standard, rad-hard, single-board RAD750 computer operating at <20 W (usually 10 W). Thermal, 
mechanical, and command communications systems drew the remaining power.   

Assuming that PERISCOPE requires ~4.4 Gb per skylight, thus ~100 Gb per day to transmit, 
it fits into the LRO envelope.  With a mean 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.  In other words, it is reasonable and conservative to assume LRO 
power and data requirements to be an upper limit for a PERISCOPE-centric mission, and thus 
anticipate a comparable or lesser cost.   

Cost 
We are able to be 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 
that are known at early concept maturity levels (CMLs). The model is meant to establish the 
feasibility of a �������������������������������������������������������ä�����������������������������������������������������������
�����ï������-Team. The tool 
provides statistics on analogous missions from a database of Team X studies, JPL proposals, and 
historical actuals. It also generates a cost estimate according to the JPL Standard Work Breakdown 
Structure (WBS) based on simple rules of thumb and cost estimating relationships derived from 
Team X data.   

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

Figure 19: Skeleton Supercapcitors 
catalog image. 



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

 

 

The following inputs were used to derive a cost estimate by standard WBS for 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 inputs are conservative for PERISCOPE which may in fact be smaller than a Discovery 
class mission. The phase E duration may be reduced as well. The Payload cost is very uncertain at 
this time and there are no suitable analogies in the NICM database. The PERISCOPE team provided 
this estimate as a first cut in order to establish feasibility of the mission.  



The cost for the mission is estimated to be $370M +/- 30%. The breakout by standard WBS 
is as follows: 

Costs $M FY15 -30%  
Nomina

l  +30%  

WBS 1,2,3 Proj Mgmt, Proj SE, MA $10M $20M $30M 

WBS 4 Science $10M $10M $10M 

WBS 5 Payload $40M $50M $70M 

WBS 6 Flight System $90M $130M 
$170

M 

WBS 7 and 9 MOS/GDS $40M $50M $70M 

WBS 10 ATLO $10M $10M $10M 

WBS 11 EPO $0M $0M $0M 

WBS 12 Mission Design $10M $10M $10M 

Reserves $60M $80M 
$100

M 

TOTAL PROJECT COST $260M $370M 
$480

M 

 

�������������������������������������������������������������������������������������������������������������ï�������������������Æ�����������������������������Æ����������
total mission costs vs expected payload and flight system masses compare with data from the 
analogy database. The data point in green is GRAIL which would be a poor analogy for this mission.  

 

 

 



 

 

 

Figure 18�ã���
�����ï�•���…�‘�•�–�‹�•�‰�� �•�‘�†�‡�Ž�•���†�‡�•�‘�•�•�–�”�ƒ�–�‡���–�Š�ƒ�–���–�Š�‡�����������������������•�‹�•�•�‹�‘�•�� �™�‘�—�Ž�†���…�‘�•�‡���‹�•���„�‡�Ž�‘�™���–�Š�‡�����‹�•�…�‘�˜�‡�”�›��
program cost cap. 

Validity of the Estimate 

The CML1/2 Cost Model has been validated by running the model for several Team X 
studies not in the database and for actual missions. Results are shown in the figures below.  

 

 







Citations 

                                                             

i Nasmyth, J. H. and Carpenter, J., 1874.  The Moon: Considered as a Planet, a World, and a 
Satellite, John Murray, Albermarle St., London. 
 
ii Wells, H. G., 1901.  The First Men in the Moon, George Newnes Ltd., London.  

iii Oberbeck, V. R., Quaide, W. L., & Greeley, R., 1969.  On the Origin of Lunar Sinuous Rilles, Mod. 
Geol. 1, 75-80. 

iv Haruyama, J. et al., 2009.  Possible lunar lava tube skylight observed by SELENE cameras. Geophys. 
Res. Lett. 36, L21206.  

v Squyres, S. et al., 2011.  Visions and Voyages for Planetary Science in the Decade 2013-2022.  
National Research Council. 

vi Wagner, R. V. and Robinson, M. S., 2014.  Distribution, formation mechanisms and significance of 
lunar pits.  Icarus 237, 52-60. 

vii Heisinger, H., Jaumann, R., Neukum, G. and Head, J. W., 2000. Ages of mare basalts on the 
lunar nearside. J. Geophys. Res. 105, 29,239��29.275. 
 
viii Ashley, J. W. et al., 2011.  Lunar caves in mare deposits imaged by the LROC narrow angle 
cameras.  1st Intl. Planet. Cave Res. Workshop, Lunar & Planetary Institute, Houston, TX, Abstract 
#8008. 

ix Ashley, J. W. et al., 2012.  Geology of the King crater region: New insights into impactmelt 
dynamics on the Moon.  J. Geophys. Res. 117, E00H29. 
 
x Akhmanova, M., Dement'ev, B. and Markov, M., 1978. Possible Water in Luna 24 Regolith 
from the Sea of Crises. Geochem. Intl. 15, 166. 
 
xi Clark, R. N. et al., 2009.  Detection of Adsorbed Water and Hydroxyl on the Moon.  Science 326 
(5952), 562��564. 

xii Augustine Commission Report 
http://www.nasa.gov/pdf/617036main_396093main_HSF_Cmte_FinalReport.pdf  
 
xiii Personal communication at JPL 
 
xiv Seu, R. et al., 2007.  SHARAD sounding radar on the Mars Reconnaissance Orbiter.  J. 
Geophys. Res. 112, E05S05. 
 
xv http://www.hou.usra.edu/meetings/lpsc2014/eposter/1746.pdf 

xvi Evans, D. L., T. G. Farr and J. B. Adams (1981) Spectral reflectance of weathered terrestrial and 
martian surfaces.  Proc. Lunar Planet. Sci., 12 B, 1473-1479 















- Lambertian shading on surfaces in the hidden scene. 
- Non lambertian reflectance models for surfaces in the hidden scene. 
- Constraints on the hidden scene. Most importantly, the constraint to reconstruct surfaces in 

free space rather than volumes. 
- Two or more than four bounce scattering. 

 
Besides the filtered 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 also are able to render simple geometries directly in matlab. A further 

rendering tool we have available is a modified version of the physically based ray tracer (PBRT) 
that has been used in previous publicationsxxvi. We are also planning to use a  rendering engine 
created by Jarabo et alxxvii when the code becomes available. 

Visible Geometry Acquisition 
The visible geometry of the relay surface needs to be known with an accuracy of about 0.5 

meters. We have the option of capturing visible geometry simultaneously with the second bounce 
data at a slightly different wavelength. We will use a pushbroom LiDAR setup that uses a line of 
detector pixels to scan the scene. The power of the LiDAR illumination will be around 100 Watt. 
Direct geometry could also be collected separately, by a separate pass over the system, from a 
different instrument, or in an entirely separate mission.  

Projected Capabilities 
From a single pass over the cave at 10 km we expect to be able to detect the cave openings 

and detect obstacles to about 100 meters into the cave. We also will detect the cave ceiling and 
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 to noise ratio the orbital platform should include: 

- A transmission mirror with a diameter of 25 cm 
- A receiver mirror with a diameter of at least 1 m 
- A seed laser/amplifier system capable of producing pulses of sub nanosecond width and of 

an average 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.  

- A laser linewidth of below 0.1 nm, ideally 0.02 nm combined with an equally narrow filter 
for the detected light to remove earthshine. 

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

- A computer capable of compressing and storing about 4.4 GBit of collected data per 
observation and transmitting it back to earth. Further details about this area in the 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 light amplifier. We are in close contact with engineers at 
Amphos GmbH (http://www.amphos-usa.com/)  that provide a commercial 1 kW picosecond 
amplifier that is in the process of certification for space applications such as the destruction of 
orbital debris. We believe the slab amplifier technology used in their systems to be 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 into a possibility of a low thrust version. The complete mission 
can be broken down into five phases, as follows: 

Launch Phase: 
The PERISCOPE mission will be launched on a low energy trajectory (similar to the GRAIL 

mission) taking approximately 4 months to reach the Moon. In contrast a more traditional direct 
trajectory would take approximately 3-�y�����������������������������������������������Æ��������������������������������������������������������
requirements.  Using a low energy transfer trajectory to the Moon results in significant fuel savings 
during lunar orbit insertion (LOI), plus it also gives time for instrument and navigation checkout 
procedures after launch. The required C3 for a low 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 three trajectory correction maneuvers (up to 15 m/s each). After 
its ~3.5-�v�������������������������������������������������������������Æ�������1�s�{�r����������������������������������������������������������������������������������������
eccentric (periapsis altitude of 25 km) lunar orbit with a period of ~12-14 hrs.  The LOI maneuver 
is accomplished via a Bi-Prop engine (ISP=325 seconds), similar to one used on Mars orbiter 
missions. 

Period Reduction Phase: 
Even though the spacecraft is now captured around the Moon, the current orbit (due to its 

eccentric nature) is not 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 its eccentricity. This in turn also reduces the lunar surface velocity of the spacecraft at 
its periapsis (lowest altitude). The total number of period reduction maneuvers can be varied but 
���������������������������������������������1�v�w�r���������ä�������������
�������������������������������������������������������������������������ä 

Targeted Science Observation Phase: 
The Periscope instrument requires a lunar surface relative velocity of < 1.8 km/s to perform 

telescopic measurements. This in turn limits the spacecraft apoapsis to < 500 km altitude over the 
lunar surface.  

 After performing multiple PRMs, the spacecraft starts a targeted science campaign with 
periapsis orbit over different lunar cave locations.  The obit requires little maintenance due to its 



apoapsis being at ~300-500 km. The periapsis is maintained at < 10 km altitude to allow for useful 
targeted science investigations at most important cave locations. Multiple passes over a single site 
with a slow longitudinal drift is used to look inside the caves at different angles.  The surface 
relative velocities are in the range of 1.65 to 1.8 km/s. 

Global Mapping Phase: 
Following a targeted science over a set of cave locations (preferably close to each other) the 

spacecraft then goes into a low altitude mapping phase where it maps the whole lunar surface at 
very low altitudes (5-15 km). The inclination of the orbit is mainlined between +- 65 degrees as 
most of the interesting cave locations are within that latitude band. 

�������������������������������������������������������������������������������������·�s�r�������������������������������������u������������������������������������������������
�����������������������������������������������������������v�����������������������������������������������s�w�������ä������������������������������������t arises after 
taking into the higher order non-spherical gravity field effects on the moon, which tend to dominate 
���������������������������������������������������������ä��������������������������������������������������������������������������������������������������������������������������������������������
could result in increased risk of the spacecraft hitting the crater. 

�������������������ï������������������������������������������������������������������������������������������������������������������������������������������������������������������
order gravity terms (such as J2) to complete a global map of the lunar surface with the specified 65 
degree latitude band in ~15 days. Hence if we assume a mission period of 2 months we can achieve 
multiple passes over a large 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 this would serve as a design point for 
optimizing the instrument capabilities for that velocity.  

Figure 16 shows an example science orbit strategy. Both the targeted orbits and a near 
global map of the lunar surface are shown. The four targeted lunar cave sites are Aristillus, 
Highland 1, Highland 2 and Lancus Mortis. The example trajectory has three passes over each of 
these cave sites, depicted by orbits in green, red, blue and yellow. The periapsis altitude is ~ 5km 
and apoapsis altitude is ~ 450 km. This results in 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 sites is ~10 days. 
Following the targeted science phases, the spacecraft enters a global mapping orbit phase within a 
65 degree latitude band. The cyan orbit in Figure 15 highlights this phase of the mission. The 
latitude longitude map for this mapping orbit is shown in Figure 17. It takes ~15 days for the 
spacecraft to complete this map. 

 
 

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 resulting in 4 
such global maps with multiple passes 
over various cave sites. 



 

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 similar in nature, our orbital design is more flexible than GRAIL because of less 
stringent requirements than maintaining a fixed separation of the two GRAIL spacecraft flying in 
formation.  

The preliminary orbital analysis has shown that apart from lunar surface relative velocity 
being around 1.68 km/s (on average), there is flexibility in other parameters for the mission orbit. 
Future trades studies are required to define the most optimized science campaign, but one could 
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campaign resulting in a global coverage with multiple pass datasets over each lunar ca ve site. 

Preliminary Total DV requirements table:  

 

Description ����������������  
TCMs 45 

Lunar Orbit Insertion (LOI) 190 

Period Raise Maneuvers (PRMs) 450 

Low Altitude Orbit Maintenance 150 

Total 835 
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Spacecraft Design 
The PERISCOPE spacecraft in this preliminary conceptual design phase is envisioned to be a 

3-axis stabilized solar powered spacecraft. The total spacecraft system mass including 35 % margin 
is 590 kg.  This includes the 115 kg for the science payload (the PERISCOPE instrument).   



One of main mass drivers of the system is the power subsystem. Periscope carries three 
solar arrays (UltraFlex from SpectroLab), which are together capable of producing ~ 2kW of power 
at 1 AU. To provide the necessary peak power (~15 kW) for the Periscope instrument, 
approximately 23 kg of rechargeable batteries are stored onboard. This results in a low mass 
solution for providing the instrument with the required power for a short amount of time. The 
mission operations would have to be designed keeping the battery charging and discharging cycle 
in mind. This would be more challenging during the global mapping phase of the mission.  

The spacecraft also enjoys a highly capable attitude control and determination system with 
3 reaction wheels and 4 1-N thrusters for providing required control for the doing remote sensing 
science with the PERISCOPE instrument.  

The telecommunication system in 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 is also a function of 
required power for charging the batteries and needs further studies. Finally all the major 
maneuvers are performed by a 450 N Bi-prop stage using the Aerojet HiPAT engine. The main 
engine will also be responsible for performing the PRMs and the some of the orbit maintenance 
maneuvers if necessary. The total main engine (Bi-�����������������������������������������������������������1850 m/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 

Avionics 7 kg 

Power 40 kg 

Propulsion 35 kg 

Structure 60 kg 

Thermal 26 kg 

Telecom 14 kg 

Science Payload 115 kg 

Spacecraft Bus Mass (CBE) 320 kg 

System Contingency 112 kg 

Spacecraft Dry Mass 432 kg 

Propellant 159 kg 

Total Launch Mass  590 kg 

 



Unique Power System Challenges and Solutions 
The power system for the spacecraft has not been fully defined so the following 

assumptions have been made to facilitate the design of the laser power subsystem:  

��  Spacecraft bus voltage 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 fires once every two hours.  Assuming the pulse is 
delivered at the minimum power bus voltage of 24 volts the pulse current will be 625 amps.  This is 
a conservative assumption since the batteries will be at 100% state of charge before the pulse 
which is a bus voltage of 32.8 volts. 

The Panasonic 18650 NCR-B battery cell has been tested at JPL for use on CubeSat projects 
and the Europa Clipper mission.  It is similar to the ABSL battery flown on the SMAP (Soil Moisture 
Active Passive) mission.  It has 3.1 amp-hours of capacity per cell with a full state of charge voltage 
of 4.1 volts.  The battery pack will be made of 51 parallel strings of eight series cells for a 32.8 volt, 
158 amp-hour battery.  The capacity in watt-hours is 4400 with a mass of 22.5 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 with new higher voltage 
supercapacitors. The supercapacitors will require flight qualification. 

This power system would use a ten parallel string eight series cell battery pack with a 
capacity of 870 watt-hours, with a mass 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 ms rating) 
��  Cell rated max 1 sec peak current: 1370 A (peak current here is 625 A, 547 A average) 


















