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pmeters and seismic detection techniques

Planetary seismometers: From Apollo to InSigh

Noise and signal of a seismometer

Building a seismic station: The InSight SEIS Requirement flow
The next generation to the Moon: How sensitive?
 Alternatives to ground seismometers

« Venus Seismology Airglow imaging

* Lunar Seismology from orbit



finciple of a seismometer

Seismometer without feedback

inertial
force

large mechanical
displacement

Geophone:
Ranger
electric  Apollo ALSEP SP
S92 yViking

displacement or

causes nonlinearity

OPT (Mars96)

velocity transducer
Lunar A

Force—-Balance Seismometer

inertial

force O ’

feedback
force

|

-

=

(D

small mechanical

electric
@ >0 signal

displacement

- R

sl |

@- .
current

Force Feedback:
displ. transd. Apollo LP
voltage InSight SP
InSight VBB
I S

Figure 1: Block diagrams of conventional and feedback seismometers. Ideally, in the
feedback configuration, the mechanical suspension and the displacement transducer
“don’t see” the full amplitude of the ground motion, which is present only in the feedback

path..

after E.Wielandt



lo ALSEP

« Apollo ALSEP seismometers, likely more advanced than
those working on Earth in the 70th

« ~11.5 kg (sensors, made mostly in Beryllium
« Many feature simple due to man installation

10[2 .

| . o
10 e

Sensitivity (DT /m)

[ Short Period

Long Period (Flat mode)
Long Period {Peakedl mode) |
0.001 0.01 0.1 1 10 100
Frequency (Hz)




A: example of Modern Geophone

* Lunar A Geophone
A very robust geophone designed for Lunar penetrators
* Very low power due to simple electronics

Diaphragm Springs

U - - <7
10T i an Ty P L #
"\ - 3 Seospes wve P e .
= o \.\\ — - PNT-SP Magnet
= B ; O T e s g
§ 3 : NG R S R R Fig. 2. A perspective view of the short-period seismometer for the
§ penetrator.
@ 10-%
£
= 0o Table 2
g Specification of the short-period sensor for the penetrator.
§ Sensor Type Electromagnetic sensor
g 1079 Resonant frequency 1.0-1.2 (Hz)
Damping constant 0.6-0.7
10 i i il Generator constant 1050-1100 (Volt/(mys))
1 wFrequency (Hz) 10 1 Size Diameter: 5 (cm) x height: 5 (cm)
Mass 0.350 (kg) (Pendulum 0.046 (kg))

Fig. 8. Detection limits of the PNT-SP and the PNT-BB in terms of
velocity as amplitude spectral density (ASD).
Yamada et al, 2015 5



nsor heads : example of Feedback seismometers

InSIght VBB ( LP) instrument
190 gr of proof mass

Period of 2 sec

Noise floor of 2 x 10-10 m/s?/Hz1/2
« ~3 kg for the 3 axis Sphere

« Q>100 in vacuum

InSIght SP instrument

~0.85 gr of proof mass

Period of ~0.2 sec

Noise floor of 3 x 10° m/s?/Hz?
~ 450 gr for the 3 axis boxes

Q ~100

Lognonné & Pike, 2015
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InSight

Seismometer performances evolution

Resolution for InSight =

rms in 1/6 bandwidth

A/D resolution smaller due to 24
bits...

Resolution for Apollo =
A/D resolution due to 11 bits

i : Lognonné & Pike, 2015
rms noise smaller in peaked

mode
Mars seismometers: resolution . Moon seismometers: resolution Apolle{Moon) and Earth noise
™ 3 T T r rrrem i
' ' = Insight VBE5 == RALP [} I
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dutline: Seismometers and seismic detection techniques

Planetary seismometers: From Apollo to InSigh

Noise and signal of a seismometer

How sensitive ?

Building a seismic station: The InSight SEIS Requirement
flow

« Alternatives to ground seismometers

« Seismology Airglow imaging

« Seismology from orbit
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InSight

A mission into the early
evolution of terrestrial planets

\J InSight... Birth of the mission

Mission

selected by NASA as mission
discovery 12 (August 2012)

Big proposal ~800 pages in step |l
Launch initially planned in March

2016 for an arrival in late
September 2016

Leak detected in the Flight model
Evacuated Sphere in summer 2015

Repair path was unable to fix the
leak, leading to the postponement
of the launch to 2018

Mission confirmed by NASA by end
of August, 2016

Launch planned in May 2018 for
an arrival in November 2018
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Table FO1-1. Science traceability matrix (A0 Table B1).

Miasion Requirements [Top Level)
Time vargfion of planetary rotation. | T dsinbutonofmass and o oo neecier aoceleration 0.1 mmis? with 10-secnd . . 0 minules of 2-way ¥-band DTE Tacking per week SiE
Veror magnitude and orentation Wﬁm!ﬁﬂ resgiuion averaging =01 s with 10-secont averagng ‘gver 3t least 2 Mars year = 334 sois
Detenmin the size,
cmpusition Tically inauced dispacement of T T ol Vertical grung acceseraion NEar-CoNtinuous SEiSic Measuement 21 0.1 575 for
DSkt siohe o e planetary surace mumnm sensitity aL 005 MHE Wit 0.05 mHz Wrimisiz® 2§ Mars year
Seizmic prass arial Imes (2., P, Core radius; mantis and core
5 PoR PR el SEEMIC VElCTES
Crpss-comelaton of verbcal and Fecewer Anchom, Cus,
Pofizonial components of ground thickness, layering, and sismic Y
dspiacement veinglies 30 gund aceteation Al T |
Determiee: the 3 | pere vl ke g F | [ Gt Rk ryerm arxd ! -5HE 17 & Wrmistiz o E—
maness 2 =P 5 5ms o) seisTic velocites E | ey _
st g Seismic phase amval tmes and event Sasmic veloabes as a fungaon |- Piace Seismometer on the marian surface. =88
£ | disiance {fomP-5) ofd=m i o ; e _i 2= e E
Arval Sme of SUFaCE Wave enengy Group velely dispersion; L one Mars year wilth seleded sampling from 2 i 50
5. PEQUENCY Seasmic velohes i chst and 30 ground acceleration ——— ] IR R T R R R
Aral ime of surace wave energy vs | UBPER mante, depth 1o cust- sensiiwity at 0.01-01 Hz Ty E— .
Neuency mante boundary e, (421
Determire the
; SEISTIC phase evEM ASIANGE (FOM SSSMICVERTLES asafnmon 3D ground acaerdion 011 HE 10misiHE
omposbm e oe || | 2o el oidegm sensituity al 015 He 5HE 17 % e
Mormal mode sgenfleguencies f.om Sesmic velodbes asafuncion  Wertical acceleraton at -10 £ g (-
ks or backoround ofdeom mHz
- Te i T sl S Hese e from the interioe Temperare and tepth T 2005K T s0005K Piace HP on he marian suface. .
° . measuement precison, iotal mi‘. % mifl % - Hi
SRS T Transent hemmal respense 1o ThEmEl conducivly O e~ ceplh imenal Deq intenat 2 m Depn inien@: S m ‘Supgrt pesiodic {1/hou) themal masursments for
exiemal heat inputs. subsuface one ars year
Mesasure the rate and
B {Ground vibration from remole fult -
WOQANCE . Geniarement [ampifute and Fanas  NUTIDER. S8 and lcation of Plage seismomeles on the marian surace.
distritaion of seismic amial fmes) SEiTIG evEnls o e 01-1 HE 10 mysiegt
g sensiity 1-““3'11_““: Siese plot above. ‘Support near-coriinuous seismic measurement for s
Mesrsure the rate of @mund vibraion fom meteore =1 1-20HE ¥ x WP misttr ‘one Mars year at 2 1o 50 5ps foompression and sub-
Meleohie impacison impact (ATpliaxe and Pand Samal | oS Sampiing acceptabie]
e sumace ames) =

10



L)

InSight

High Level Science Goals in requirements

Table EA.2-1. Instrument capability margins exist to meet all L1 science requirements. Additional, unallo-
cated science margins exist abowve the L1 requirements relative to answening the fundamental scientific

questions [“Sl:ience Meed;” Table E4.3.1-1).

L1a:41mumum L2-PSRAD-191: mwmgmmdym 1::|.Et|5nr
crustmantie boundany 1o within +10 km - Sion 10 5% for af least 2 quakes wilh SHR=3 on R3wavelrairs. SHR=4D 1200% [SHF)
L1-5C1-42 Detect velodity contrast 205 | 2 peen 100 Megsue
group lmligrtpamnﬂihit 13qukesor  330% [Quakes)
ITsEC over inierval =5 kom within
-!mﬁt.“?ﬂ Ieast 3 quakes with SHR2S on RS waueimains. SNR=35  1000% [SNR)
L1-5C1-43 Determine seEmic velodbes .
- L2-PSAD-193 Megsure P and 5 amrial imes o 22 sec, and 1 30quakesor  200% [quakes)
N INe upper SOCATOF e MAME ) r A2 amival imes to =15 sec for at least 13 quakes SNR=16  430% [SNF)
L2-PSR0-205 Measure the Phobos tide ampibude fo
1150185, fmichbe. 22 SO0, 7 mic? 250%
ween iqud and soid culer core® L2-PSR0-196 Detenming the free core nutation peniod i 15 T days 115%
oy
L2-PSR0-206 Measure the Phobos tide ampibude fo
L1-5C3-46 Detemnine he radius of pore £3.30107 ms?, SO et
0 within 200 kamt L2-PSRD-135 Determing the core moment of inerfia to +2.0% +1.1% 80%
of the total MO,
L1-50-47 Determing cofe densityio L2-PSRO-195 Determine the core mament of ineria to +2.0% +1.1% 8%
within =450 kghm? of the total MO,
L1-503-29 Determine he heat fuxat  L2-PSRO-197- Measure the thamal gradient 10 =35 miKim. +20) miKm 5%
landing site o Wilhin 25 mise? L2-FSRO-198 Measure the thermal conducivity 1 +7.1 MM =43 milimK 5%
L1-5CH-50 Detenmine the rale of seismic  L2-PSRO-199 Measure marsquake sgnals of Pawave ampli- SHR=6 0% [SHR)
aciuity to within a facior of 2. Rk 25 HHmict wilh SNR=S. ¥aldars year  100% fduration)
. L2-PSRO-200 Measure the horizontal components of Pwawe  SHNR=100
L1-5C-51 Determine '!“’EE Signials from 10"8Nm quakes with 3 SHR. of =20 1:r'mlsu-|5 400
m"“ azmuth L2-PSRD-201: Detect P and S-wave signals from 10%Km mmg e
quakes at distances upio 110" with SNR=3. 1
L1-503-52 Determing e rale of mete-  L2-PSRO-202 Measure the ssismic sigrals fom metechle im- SHR=4 37% [SHF)
orite impadts io within a facior of 2. pacts of P-wane amplitudes 23010 mis? wilh SNR23. ¥ Mars year  50% [durabon)

*L#-ECHE independeny med by L 2-P3R0-196 and L25F3R0-300

b L-SCHE independiestly mef by L2-PSRL- 195 and L2-PERT-AE

11
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O Payload Elements Deployment challenge: Apollo £




\J ts Deployment challenge: InSight
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&2 SEIS 2.0 (2018) Overview/Description (&
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Environmental noise
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Mimoun et al, InSight Noise model
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Y/ ental noise

InSight

* but would like to be there
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InSight
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Environmental noise: installation goals
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\J Temperature and wind protection [

InSight

Wind protection

Sealing skirt

Thermo-elastic service loop Thermal shield
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SEIS Sensors head Overview/Description

Sundial for azimuth I —

Tether Service Loop

SEIS with RWEB

Tether Load ShuntI

Tether Pinning Mass
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pmeters and seismic detection techniques

Planetary seismometers: From Apollo to InSigh

Noise and signal of a seismometer

Building a seismic station: The InSight SEIS Requirement flow
The next generation to the Moon: How sensitive?
 Alternatives to ground seismometers

« Venus Seismology Airglow imaging

* Lunar Seismology from orbit
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Expected VBB improvement with respect to Apollo will

enable new seismic discoveries

» Core phases and core size
 High resolution crustal

model from joint Earth/Moon Apollo LP
Impacts monitoring -
 Detailed seismic source
dynamics of impacts and
DMQ
A4
VBB

Yamada et al., 2012
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Amplitude (m)

Performances improvements...

Same at 1 Hz — Schickard site al 455, 55W
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Active seismology using impacts

Near side of the Moon (illuminated by Earthshine)

allowing seismic investigations with a single station.




le Lunar Limit , i.e. Lunar Seismic noise floor

Possible noise floor will be the continuous hum associated to
all impacts of meteorites (Lognonné et al, 2009)
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new seismic data with rotational seismology

« Use the fact that the S waves and Surface waves generate ground rotation
which depend on the waves phase velocity
Measuring the rotation gives you the velocity directly !

« Technology is not yet available for the magnitude of Lunar/Mars quake but
might be new areas for future instruments...

Mw = 8.3 Tokachi-oki 25.09.2003 disper-sion

transverse acceleration - rotation rate r
M7.4 Kuril islands, 15/1/09
x 108 C ;
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pmeters and seismic detection techniques

Planetary seismometers: From Apollo to InSigh

Noise and signal of a seismometer

Building a seismic station: The InSight SEIS Requirement flow
The next generation to the Moon: How sensitive?

« Alternatives to ground seismometers

« Venus Seismology Airglow imaging

* Lunar Seismology from orbit
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CASI data, 11-Mar-2011 10:34:10 UT
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Can we detect there quakes though airglow ?
airglow?

Free oxygen atoms

. Dawn
/ Recombination

g ¥ of O atoms

YtOOZ
~ o

».
WAARAAAAAANN A Airglow
EUV ﬂux RIHRRRRHRIETRIL 2 at 1.27 um
& .
Ny CO2 e
- photodissociation




s airglow Rayleigh waves forcing (2/2)

« sound speed at 100 km is about 200 m/s

« 100 sec waves have a 20 km wavelength, comparable to the
thickness of the emitting layer

* The emission of the layer is easily modulated through density

modulation (i.e. light bulbes density)

Real part of Vertical displacement, fundamental spheroidal mode (N=0)
( radiative boundary, viscosity and relaxation of CO, )

amplitude x 1 in the atmosphere
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airglow Rayleigh waves forcing (1/2)

 Modelling for 1.27 mm airglow

SVER - A[801] - - . !TM dn-[.t.[u;]fj -- :m div(VER = 7)

* Signal is the flux of the Volumetric Emission Rate
generated by waves, low passed by the radiative lifetime

1.27 micron Alrglow simulation for VenusGram+corrected PREM ( Ms=6.5 Mo=10"? Nm)
T T T T T

This suggests detection =
feasibility with existing
|mag|ng Systems for M~6 xmn.._LELLLLEELLL':E':ZLZZ EEZZLZ'. . ZEEZLZL ' 'ZLEZ'.Z' ' ___,__
Up to 60° Of epicentral % ................... R P bt bbbt
distance Sl
(and less with new
systems) |
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pmeters and seismic detection techniques

Planetary seismometers: From Apollo to InSigh

Noise and signal of a seismometer

Building a seismic station: The InSight SEIS Requirement flow
The next generation to the Moon: How sensitive?

« Alternatives to ground seismometers

« Venus Seismology Airglow imaging

* Lunar Seismology from orbit
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tk on the Moon.... Seismometer view

« 10 km depth quake comparable with the Lunar typical Shallow

M O O n q u a. ke S S u rface WaVeS Moon: Vertical displacement
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Kon the Moon.... Displacement view

|
« 10 km depth quake comparable with the Lunar typical Shallow

Moonqguakes
* red( just Rayleigh waves), blue ( all waves)

x10° Lunar synthetics 10" Nm 15sec
12 T T T T T
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8- nm amplitude....

Might be differential detected from Orbit by a

long period orbiting S/C with Laser targetinga A i
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