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1) INTRODUCTION

Commercial Lunar Payload Services
(CLPS) is a NASA program to acquire
end-to-end commercial payload
services between the Earth and lunar
surface.

Micro-Electro-Mechanical Systems
(MEMS) sensors are small,
lightweight sensors etched on a
silicon wafer.

Here we aim to answer two important
guestions:

1) Are MEMS sensors suitable for
deployment on the Moon?

2) Will the sensor detect sufficient
moonquakes if the mission extends
for a single lunar day (approximatel
two weeks in Earth-time)?

‘0 answer question 1), we estimated the impact of each required change for
ne seismometer on each of the components. We then compared the noise
oor with a variety of events from the Apollo missions.

For each Apollo event, we removed the instrument response, and output the
seismogram in acceleration. We estimated the maximum acceleration for
many events, and compared to the estimated noise floor for the MEMS
seismometer.

For question 2), we counted the number of events above the noise floor.

3) MEMS SEISMOMETERS
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Fig 2. The sensor is a small and robust
instrument. It is through-wafer etched
and patterned in single-crystal silicon,
with a 25 mm die size. Three sensors
measure all three components of
translational motion. The combined
package for InSight had a total mass of
635 g for the three-axis SP delivery of
packaged sensor heads, electronics
board and associated connectors and
cabling [1]. (© Imperial College London).

The performance of the current
generation of SEIS-SP sensor is
limited by the thermal noise floor
from gas damping within the
package [2]. The near-vacuum of
the lunar surface will reduce the
thermal noise floor.

We conclude that:

Mark P. Panning (3226), Sharon Kedar (335N)

National Aeronautics and
Space Administration

4) RESULTS | - SENSOR IMPROVEMENTS

10° ¢

100 F

-—h -t
S S
o ~

—
o
©
o

Acceleration spectral density m/s2/Hz'"2
5!
=)

SSP Sensor Noise - Moon

Electronics Noise

Suspension Noise (negligible)
e TOtal

Analog-to-Digital Converter Noise |

107 1073

10" 10° 10"
Frequency/Hz

Impact on the Noise Floor
Lower Gravity

(reduce resonant frequency)

Airless Body

(thermal noise on spring)

Airless Body

(Displacement
transducer gain)

Lower Radiation

(lower noise pre-amp)

Deck Deployment

Digitisation
(finer than Apollo)

<o = <o < <k <E

Fig 3: Noise floor of the SSP seismometer (estimated) after changes required for lunar
operation. Several changes are required to make the seismometer work in lunar gravity.
The noise floor is lowered relative to the operation on Mars or cruise to Mars.
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5) RESULTS Il - EVENT DETECTION

Acceleration [m/s?]

Fig 5: Meteoroid impact detected by Apollo 12’s
seismometer. The MEMS seismometer could detect

a similarly small event.

6) CONCLUSIONS AND IMPACT ON THE FIELD

1) MEMS seismometers are suitable for deployment on the Moon.
2) Although surviving the lunar night would increase the number of detectable events, just one lunar day would
provide many high-quality observations.

11 Fig 4: A selection of Apollo seismic
| events. These events would be
| detected by the SSP seismometer.
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Fig 6: Estimated seismic event
count for one lunar day.

We will use these results to propose a MEMS seismometer on a Commercial Lander.

A mission lasting a just one lunar day could test the technology for a future Lunar Geophysical
Network (LGN). The LGN would have several seismometers deployed in different locations on the
Moon. We are building on the expertise from Apollo, to make the LGN a reality. Forward to the Moon!

[1] Pike, W. T. et al. in Proc. 47th Lunar Planet. Sci. Conf. (20106).
[2] Pike, W. et al., 25 - European Lunar Symposium 2016 - NASA (2016).
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Increased thermoelectric figure of merit through cobalt
compositing in the Zintl phase Yb,,MnSb,,

Author: Giacomo Cerretti (3464)
Sabah K. Bux (3464), Jean-Pierre Fleurial (3462)
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3. Method: wmicro mercury trapped ion clock

1. Introduction: Atomic clock
« An atomic clock uses an atomic transition as a

_ _ Component Hg* trapped ion clock Advantage
frequency standard for time keepmg- Cooling Helium buffer gas No laser cooling/cryogenics
A high accuracy and stability atomic clock will be Vacuum UHYV, getter pumps Zero power/maintenance-free
| key to many navigati()n app|ications and allow Atom 10° - 107 trapped Hg* ions Small volume/long ion lifetime
5 testing fundamental science. Examples include lon loading Electron beam + Hg vapor Negligible power consumption
/ T lock 40,507,347,996.8 H L ic sensitivi
5 The global posmonlng system, deep-space Cloc . 0,507,347,996.8 Hz ow magnetic sensitivity
_ _ Detection A 194-nm lamp No laser
navigation -
o Theory of relativity, dark matter, and time Photomultpler (2) PSRRI . "Hg* Clock  22Hg* Lamp,
] ] upbe 2 I
variation of fundamental constants. 6 @< ‘'@ i :
* | :
- - . : - Y ) | P : |
2. Objectlve. Develop a portable, low power, high stability clock i Mi‘ | State {1941 gy ;
__ *%‘ : preparation UV light :
DSAC Trap Tube: 500 cc ‘ SA/\\ i |
Frequency : Upper Clock V :
: State A :
o
Y PR : :
40.5-GHz UV Lamp l Lower Clock \ Y :
& local oscillator - | State |
(3) (4) e Ut atar
Simplified energy diagram of Hg*[1]
199 + ' .
DSAC MMTIC (this work) Hg CI.O Ck.dlagrar-n. . .
Chip Scale Atomic Clock Deep Space Atomic Clock Micro Mercury Trapped lon Clock (1) Loadlng 10NS using a low power field emitter array
Size 17 cc 17.000 cc 50 cc (2) Trapping the ions using a linear ion trap.
Power 120 mW 50 W 250 mW (3) Interrogating the ions using a low power microwave synthesizer.
Stability o, (v) 3%10-1° /(1) 2x10-13 V(o) 11011 V(1) (4) Optica!ly excit?ng the lons L_Jsing a low power micro-lamp. |
Stability o, 110711 @103s 1x10~5@10%s 1x10713@10%s (5) Detecting the ion signal using a PMT and feedback to the synthesizer.

4. Results
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« Successfully integrating most clock components into the 130- « The 130-cc Hg* atomic clock meets the stability requirements:

cc Hg* clock package (e.g., optics, FEA, linear ion trap, 0, (1) < 1x10~11/+/(7) and 0,~1x107" at 10* s
microwave antenna, micro-cavity lamp).

5. Conclusions Acknowledgements
1) The 130-cc Hg* clock is assembled with most components and meets the The research was carried out at the Jet Propulsion Laboratory, California Institute of Technology,
stability requirement. We are working toward a completed clock package under a contract with the National Aeronautics and Space Administration. Support from the

Defense Advanced Research Projects Agency is acknowledged. The views, opinions and/or
findings expressed are those of the author and should not be interpreted as representing the

atomic clock can further advance navigation applications and allows official views or policies of the Department of Defense or the U.S. Government. © 2019.
testing fundamental science at different locations. California Institute of Technology.

3) The MMTIC technologies may be implemented into the future DSAC
because of the power consumption and small size advantages. References

2) A portable, miniaturized, low power-consumption, and high stability
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Demonstration of optical frequency combs to cancel both clock noise

and laser phase noise in time-delay interferometry

Quentin Vinckier (332]), Daniel Rielander (University of Freiburg), Ivan Grudinin (Cruise
Automation), Massimo Tinto (University of California, San Diego), Nan Yu (332])

Laser Interferometry Space Antenna

Image credit: NASA/ESA

Light Interferometer Space
Antenna (LISA) mission goal
IS to detect gravitational waves
(GW) in the frequency range
from 0.1 mHz to 0.1 Hz with a
strength sensitivity down to

~102 1//Hz at 102 Hz. It
consists of three spacecraft's
exchanging laser signals, hence
forming a triangular
a interferometer with arm length
of 2.5 million km. LISA will
orbit around the Sun following
the Earth.

Time-delay interferometry

VO! p (t) PD

y,(t) Figure taken from [1]

In order to recover gravitational-wave signals, time-delay interferometry (TDI)
compensates variations in distance (L) and velocity (V: velocity normalized by the
speed of light in vacuum) between the spacecraft's in post-processing by capturing
digitalized laser phase measurements (y;(t)) of each interferometer arm [1,2]. So far
clocks are calibrated by additional inter spacecraft phase measurements to cancel laser
phase noise and clock noise in post-processing [3].
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In order to experimentally demonstrate the noise suppression with a compact setup, we use signal generators and
acousto-optic modulators (AOM) to simulate Doppler frequency shifts (f; — f3 and f, — f3), laser frequency noise

1 dp(t)

(——=), and arm length difference (T,, T,). The experimental bench (signal generators and frequency counter) is

2t dt
controlled by a computer using Python.

Preliminary results
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An optical frequency comb (OFC) is a device capable of generating equally spaced
spectral lines in the Fourier domain, which corresponds to a pulse train with a stable
repetition rate in the time domain. By beating an external laser to one of the comb lines,
It Is possible to lock the OFC to the external laser, enabling a coherent coupling
between the external laser frequency and the microwave signal corresponding to the
OFC repetition rate. Using a new generation of TDI combination (see Eq. (1) below:
XOFC(¢) is the post-processed GW signal; &; are phase or frequency measurements) and
an updated LISA design (see our experimental setup, a simulated 2-arm “LISA”
Interferometer), locking the LISA lasers to OFCs would enable to cancel out both the
laser frequency noise and clock noise from the GW signal down to the LISA frequency

noise requirement.

XOFC(t) = [1(t — 2Ly) — (1 = 2V,) & ()] — [&,(t — 2L1) — (1 — 2V1)&,(8)]
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So far we have experimentally demonstrated the cancellation of simulated laser frequency noise using the setup above,
excluding the OFC (see blue curve “Recovered GW signal”). The frequency counter reference signal was directly
provided by the maser. The noise floor shown by the blue curve is driven by the noise performance of the frequency

counter.

Further measurements involving the optical frequency comb will show the suppression of both the simulated laser

frequency noise and frequency counter clock

noise.
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Balloon-Based Seismology for Venus Exploration
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Introduction

The evolution and interior structure of Venus
remain uncertain despite half a century of
exploration. This 1s in large part due to the
absence of seismological investigations,
which have yielded much of the information
about Earth’s interior. Extreme surface
temperature(>460 C) and pressure (>90
atmospheres) result in extremely limited
lifetimes for Venus surface missions, which
prohibits traditional seismology.

Venus’ thick atmosphere allows for the efficient
coupling of seismic waves between the solid
planet and its atmosphere resulting in low-
frequency pressure waves, also known as
infrasound. Infrasound travels relatively
unattenuated for large distances and may be
used to study seismic activity on Venus without
needing to land on it. Infrasound barometers
may be deployed on balloons floating at 55-60
km altitude on Venus, where the temperature
and pressure are much more benign and longer
mission lifetimes can be guaranteed.

AR

Challenges with Performing Balloon-Based Seismology

While mission lifetimes are long in Venus’ upper atmosphere, there are major challenges associated with balloon-based seismology:

 Detection and geolocation of low-amplitude seismic infrasound signal for generating maps of seismic activity
» Determination of the infrasound noise background and classification of infrasound from different geophysical sources (such as quakes, volcanoes, lightning etc.)
» Sensor miniaturization and reduction of data volume so that the sensor can be accommodated on a balloon and deployed easily

150 km

Cutts et al., 2015

Since 2014, we have been conducting an Earth-based campaign to address these challenges and infuse infrasonic remote sensing technology into a balloon-based Venus exploration mission.

Our team at JPL has led experimental campaigns to develop infrasound technology, while our international partners are focusing on Venus atmosphere and signal propagation modeling.

Mapping of Seismic Activity

In June 2017, we generated artificial seismic signals by striking the ground highly repeatably with a seismic hammer in Pahrump, NV and recorded the resulting signature using an array
of seismometers on the ground and two barometers on a tethered balloon 300m above.
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was detected by the balloon-borne
barometers. The spectral signature
of the acoustic signal seen by the
barometer 1s similar to the ground
motion

signal seen by the

seismometer near the hammer

Determination of Infrasound Noise Background

wavelet coherence 1s seen with
seismometers in the direction of the
balloon than those facing away
showing that the acoustic signature
also replicates the mnon-isotropic
nature of ground motion near the
hammer.
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Infrasound from ground motion Higher barometer-seismometer Using multiple shots and time of

flight measurements between the
two barometers, the seismic hammer
(shown by the yellow star) was
geolocated. The dotted yellow line
in the plot above shows the contour
with 90% probability of containing
the hammer.

Our Payload for Infrasound Measurement in the Arctic (PIMA) flew on a NASA Long-Duration Balloon from Sweden to Canada in July 2018 and made infrasound background measurements from the lower troposphere to the stratosphere. One of the two
infrasound packages in the payload was equipped with a wind noise mitigation system to test its efficacy in the low-density stratospheric environment. Data collection stopped over Greenland on July 11, as shown below.

Sensor Miniaturization
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Data taken during the ascent show a marked drop in background noise at
the tropopause at ~10 km. Venus at 55 km i1s similar to Earth at 5 km,
yielding an RMS atmospheric noise floor of 0.03 Pa/\Hz.

The rightmost plot shows noise attenuation due to the wind noise mitigation
system. Bulky hardware noise mitigation techniques are effective in the
troposphere, but have no effect in the stratosphere.

Data are being searched for infrasound signals of opportunity from
earthquakes, glacier calving, ocean microbarom, bolides, and auroral activity.

Pressure is a scalar and large arrays are needed to perform source geolocation using time of flight. We completed the first demonstration of the “vector infrasound” instrument concept in the Arroyo Seco — by measuring a neutrally buoyant balloon’s
acceleration (a vector) in response to an infrasound pressure wave using a high-precision Inertial Measurement Unit (IMU) along with the pressure, a single station can determine the direction and magnitude of an incoming infrasound wave, circumventing the
need for large balloon-borne arrays., greatly miniaturizing the infrastructure needed for balloon-based infrasound seismology.

Key Takeaways
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The balloon was made neutrally buoyant by hanging ballast to cancel the free
lift. Infrasound was generated by slamming a car door, seen as spikes in the
“at source” pressure signal. The pressure signal from the barometer and the
local North, East, and Down components of balloon acceleration from the
IMU was combined using a singular value decomposition (SVD) based
method to generate a direction estimate for the source. Green cones in the
rightmost figure indicate the source direction inverted from data. The
correct octant of the source as seen from the balloon was recovered 75%
of the time. We plan to further develop this instrument by flying neutrally
buoyant balloons at 5 km altitude on Earth (equivalent of 55 km on Venus)
and generating infrasound from surface chemical explosions.

» Venus’ surface is too hot for electronics to last long enough to study its seismicity. However, seismic events create pressure disturbances that can be measured from balloons floating in a cooler environment in Venus’ upper atmosphere.
» We can begin to unlock the secrets of Venus’ interior by producing seismic activity maps without needing to land on it.
 Balloon-based infrasound seismology has unique challenges, such as a moving measurement platform, difficulties in discriminating different geophysical signals, and limitations on sensor infrastructure.

* We are addressing these challenges by combining long-duration flight experiments to measure Earth’s infrasound background from a balloon and innovative Earth-based infrasound experiments with theoretical and numerical studies of infrasound propagation.
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Simulations of Electrostatic Radiation Shielding Configurations

Author: Ashish Goel (389T/347F)
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What problem are we trying to
solve and why is it important?

Mars mission

95% confidence interval

Lunar colony

Diagnostic .
CT; ISS mission

| I

0.l ]
Risk of cancer death (%)

Durante and Cucinotta, Nature Reviews, 2008

The risk of radiation-induced damage to the health of
astronauts and spacecraft electronics is a major
challenge to NASA's ambitions for space exploration
Passive shielding solutions are heavy X

Magnetic shielding solutions require large, cryogenically-
cooled superconductors X

TL; DR: We need novel solutions for shielding
astronauts and electronics from space radiation.

How do we look for electrode
configurations that reduce the
radiation flux?

 SIMION simulation approach

Create the electrode geometry

Solve the Laplace equation to obtain potential
and electric field distribution

Define properties of source particles (mass,
charge, energy) and their starting locations

Simulate their trajectories and calculate flux
distribution

We first study the sensitivity of shielding efficacy to the
size of the spheres and separation between the spheres
We then fix the position of the central dipole and vary the
location of the second dipole until the voids of the two
dipoles coincide

Specifically, we choose configurations where the voids
coincide along the y-axis so that the common void
remains when the geometry is eventually replicated in 3D
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Multiple dipole configurations showing flux reduction in 2D
TL; DR: We optimize the parameters of the dipole
and vary their locations until we get the voids
from multiple dipoles to overlap
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What is the fundamental idea
behind using electrostatic fields
for radiation shielding?

~ Electron Ei— 0l AL <\ Negatively .
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Artistic concept, Tripathi et al., NIAC 2011

* If we place an electric dipole in the path of incoming
particles, the electric field deflects particles away from
the crew volume, creating a void in its wake
As the energy of the particles increases, we can
produce a void of the same size by moving the dipole
farther from the crew volume

TL; DR: The lever-arm effect allows us to use electric
fields to shield particles with energies several
orders of magnitude higher than the applied voltage

What results do we obtain from
the optimized, multi-electrode
configurations?

* Replace the string of electrodes with electrostatic rods
By changing the angle, we can get

»> lower flux reduction (65%) over larger volume

» higher flux reduction (85%) over smaller volume

65 % peak flux
reduction

Y |\ W

1000 | - ' 1000 ¢

85 % peak flux
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Changing angle changes size and intensity of void region

We then shoot particles from > >0 ' I60
the side walls in addition to Top and side walls 40
the top wall, to replicate the ,gzooo | M |

scenario on a planetary = e
surface. We add more |
electrostatic rods to get a o B I
peak flux reduction of 63.5% - -63.4

1000
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Extension to 3D

Two ways of extending these

geometries to 3D

1) Replicate 2D geometry in
multiple planes

2) Generate a surface of
revolution (cones) from the
2D geometry

Preliminary results show

significant but weaker flux

100 Feductionin 3D

XY cross section

V2

1000 2000 3000
x(m)

TL; DR: We get a peak flux reduction of 63.5 % in 2D

Email: ashish.goel@jpl.nasa.gov

Why is it difficult to extend the
fundamental idea into realistic
2D and 3D scenarios?

10 MeV protons, 1 MV potential, Sphere radius = 5 m, results are scale invariant
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With one dipole, void fades away when transitioning from 1D to 2D

If we increase the range of angles over which the particles
are incident, we see that the void (blue region) becomes
weaker, eventually fading away.
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Void moves as source moves

To understand this better, we restrict the section of the
top wall from which the particles originate

A void is created in each of these cases but as the source
region shifts, the void shifts too.

When the particles are incident from all regions
simultaneously, the enhancement region (red) from one
zone cancels out the void from the neighboring region,
with no net flux reduction

1) For every particle deflected away from the
crew volume, a particle that was going to miss
the crew volume gets sucked in

2) Need to look at multiple dipole configurations

What is the significance of these
results and what are the next
steps?

We have shown through numerical simulations that
electrostatic shielding can significantly reduce the
radiation flux

These results guide the design of electrode
configurations for beam-line experiments scheduled to
be carried out at the Brookhaven National Laboratory

They also highlight key areas for future research

» Mathematical optimization of electrode configurations
using faster numerical solvers

» Power supplies capable of producing voltages an order
of magnitude greater than current state of the art

» Novel solutions for avoiding large currents due to the
background solar wind plasma
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