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| ntroduction, Motivations & Outline JPL
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NASA'’s Vision for Exploration: “Use lunar exploration activities to further science”

Motivated by valuable opportunities to conduct science research on the Moon.
Unique lunar environment — very quiet seismically.

Proposal: Deploy an array of sensitive seismometers to measure seismic
signals below the sensitivity limit of Apollo seismometers.

Small lunar seismic signals contain information on:
— Particle Astrophysics: strange quark matter abundance.
— Lunar Science: structure & evolution of the Moon.
Science rationale for lunar SQN searches.
Review of previous and on-going SQN searches.
Detection schemes.
New technologies for measuring small seismic signals.

Conclusion 2



Lunar Seismic Search for Strange Quark Nuggets (SQNS) JPL
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« Strange Quark Matter is a very dense form of matter, postulated by
Witten (1984).

= Consists of up, down and strange quarks. Ordinary matter made of protons
and neutrons consists of up and down quarks.

= Interior of neutron stars possibly made of Strange Quark Matter, not neutrons.
= Expelled into the Universe as debris from neutron stars collisions.

= May also be produced in early universe, well before cosmic nucleosynthesis —
an interesting candidate for cold dark matter.

* A micron-sized SQN would weigh in the ton range.

= A massive SQN could pass through the Earth and generate a trail of seismic
waves (de Rujula and Glashow, 1984).
= Lower seismic activity on the Moon enhances detection probability.

* Deploy one or more seismometers on the Moon to detect SQN transit.
= No other known way to search for SQN in mass range of 1-10° g.



Lunar Saeismic Data JPL
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e 10 million times less seismic energy: Earth ~1017—1018 J/yr
Mars ~10%* Jyr (predicted).
Moon ~2x1010 Jyr
* Pre-dawn seismic data are most quiet — limited by Apollo instrument resolution.

Weateoraid impact
8:09 hr, April B, 1970
_{

Moonguake
1309 hr, May 23, 1970
-




Properties Strange Quark Matter
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Chargeq~=+2/3, q~-13, q=-1/3.

Ordinary nuclel are made of neutrons and protons.

Large nuclel have higher charge, large Coulomb repulsion.
Very large nucle break up due to Coulomb force.

Strange Quark Matter can form large nuggets.

SONs are nearly charge neutral, small Coulomb repulsion.
Less Pauli Exclusion Principle repulsion due to three species
rather than two.

Unknown if SON is stable under zero pressure.

Under sufficient pressure, Strange Quark Matter is thought to
be stable, possibly inside neutron stars.

“Color-flavor locking” in SQN should produce Cooper pairs.

Color Superconductivity favors SON stability. [Alford, M.,
Rajagopal, K. and Wilczek, F. QCD at finite baryon density: nucleon
droplets and color superconductivity. Phys. Lett. B 422, 247, 1998.]
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Science Questions JPL

Jet Propulsion Laboratory
California Institute of Technology

TR

Microwave Sky Image
from WMAP :

A
)
2

g

o " D 00 200 an Lol 1400
Mulipole momad i)

| Energy contents of
Fit to theory the Universe
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Arethere enough to account for Cold Dark Matter?
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JPL

Science Rationale |

California Institute of Technology

» Explore physicsin an areawhere string theory
gives exciting quantitative results.

Success of string theory as an alternative to QCD

Masses, decay rates and coupling of light mesons

Measured Model A Model B
Observable {(MeV) (MeV) (MeV)
« Search for relics of the Big Bang, My Enesl LT < 2 141
: m, 775.8 = 0.5 [8] 775.8* 832
formed at energies far beyond what Ma, 1230 + 40 [8] 1363 1220
can be produced in any present or I 92.4 + 0.35 [8] 92.4* 84.0
future ground-based accelerator. Fy'2 345 = 8 [15] 329 353
Fa 433 = 13 [6] 486 440
» Results will complement the Inflation 8y 6.03 = 0.07 [8] 4.48 5.29
Probe, and space gravitational
lensing astronomy — SNAP/JDEM, [J. Erlichetal., PRL 95, 161602, 2005]
DUNE, HST.
Son, D. T. & Starinets computed thermal and

transport coefficients. May be applicable to QGP

» Complement results of RHIC.
[http://arxiv.org/abs/hep-th/0601157, 2006] .

» Search in unigue parameter space.



Review of Previous Search JPL
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Pom = 0.4 Gev/cm?3 = 7x10%° g/em?.,

u =virial velocity = 230 km/s.

m = mass of SON.

Flux =
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An SON Passage Seismic Event JPL
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Moonquake and
Meteorite | mpact

2. Localized Seismic Event

¢. Strange Quark Matter Transit Seismic Pattern

- SON velocity = virial velocity
=230 km/s
SON transit
Seismic wave velocity ~6 —10 km/s

b. Linear Seismic Event

Characteristics. - Linear seismic events.
» Shockwave, like “ Sonic Boom”.

e Primordial SQN has narrow massdistribution.
9



Selsmic Energy Release Estimates JPL
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u =viria velocity = 230 km/s.

o = cross-section area of an SON.

P= = mean density of Earth.

dm/dt = pz U o= rate of mass removal.

dE/dm = u?/2 = Energy for changing the velocity of the
removed massto u.

2f = fraction of energy loss converted to seismic waves,

dE ;. Jdt = f (dE/dm) (drvdt) = f pe U3 o

2f = 1% for underground nuclear explosion. Analogous to bullet thru apple

2f = 2% for underground chemical explosion.

2f = 5% for SOQN passage (estimated).

Mostly compression waves.

L ess energy goes into breaking rocks. 10



Detection Schemes #1
L ook for linear seilsmic events

JPL
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M easure saismic-waves arrival times.

Six selsmic stations needed to solve for
six unknowns — entry longitude and
latitude, exit longitude and latitude, time
of entry, speed of SON.
International Lunar Seismic Network?
— Possible lunar landing —
USA, China, Japan, Europe, Russia,
India.

Spread the seismic stations as far away
from each other as possible.

Arrival times of shear waves and
compression waves may give additional
info on distance to point of closes
approach, reducing error.

11



Detection Schemes #1 JPL
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Hypothetical Example JPL
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Primordial SQN of 104 gm.

Diameter = 5.7 um.

o= 2.6x107 cm?.

Flux = 102 (cm2 st grl)

N, = Lunar transit rate = 1/(2.3 hr)
= 3800/yr.

dE/dt = 5.3x107 J's.

E, = Max. seismic energy deposited

— 8x108 J. &

Tson = MaX. transit time=15s.
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Detection Schemes #2 JPL

Cumulative Event Rate Plot Cafora et o Tecnciogy

Requires only one seismometer.

Filter out thermal moonquakes - >300,000 during Apollo. L
Remove events with characteristics of: " )
] Approximate the Moon

— Short duration. AN/dE as an energy integrator
— Littleenergy below 1 Hz.
— Occurring at periods of large I

temperature changes //L .
Primordial SQNs should have narrow Log (N)
mass and velocity distribution. N= Event Rate with energy >E

A

— Lotsof seismic events of acertain size.

Plot cumulative # of events with energy
> E versusE.

Requirement: Noisein N, AN <N, AN
Not sensitive to SQN from collisions of |l Eath'sNoise
compact stars. |

»
|

£/ 0
Log (E)

E = Seismic Energy threshold 14



Selsmology on the M oon JPL

Four types of seismic events ot o o ooy
8-year Apollo Program: 1969 - 1977 1 Deep 2 Shallow 3 Meteoroid
SEISMIC STATIONS Moonquake Moonquake

T

LPX -
| 101
[ VTS —
T T
LPZ it
I
SPZ —
|
t _1973:156:1100 t  1973:072:0800 t 1972:134:0850  1g7min
Number
CRUST Detected 7245 28 1743

4  Thermal Moonquake: Thermally induced, nearby
sources, high frequency contents, not correlated with other
seismic stations, most prominent in SPZ seismometers.
Number Detected > 300,000. Must be filtered out.

5 Unclassified: 3243 1
C. Neal, LEAG 2005 Conf. o

6 Total — Thermal quakes: 12,259 events



Detection Schemes #2 JPL

Jet Propulsion Laboratory

EVent Rate PI Ot California Institute of Technology
0 —
-5 — Too much SQM dark matter

4 -10 —
_:.5 Single Seismometer
N~ 1/E o7 Monopole Noise Limit
5 157 Hypothetical
E~o~m23 5 Example
S -20 — Earthquake
AN ~ NY2 ~ m-13 g “ . leeCub R J Detec(:ion
) ) ) IModnaudR Apollo
Single Seismometer using Event— 25 Detgetiop, ST
. aqy
Rate Plot Detection N\
-30 A \Lis

Self-Similar Replication Hypothesis
I I I I I I I I
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Hypothetical example event rate N, = 3800 events/year. oG Ml
Apollo seismic event rate, N = 12,259/8 = 1,532 events/year.
AN ~ NYV2 = (1,532)12 = 39 events/year.

Satisfy: AN <N,
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Detection Schemes #3 JPL
Unique Waveform? Cafons et f ooy

1. “Sonic Boom” like source. :

2. Strong scattering at lunar crust (30 — 60
km) may diffuse out this unique feature. _, .

3. Linear “Sonic Boom” sources may still o
have unique features in waveform and Sonic boom
frequency spectrum that are preserved waveform
through lunar crust.
4. Speculation: There may be places where L M e
the mantle could have been exposed. Glushko crater ~43 km (SMART-l Mission)

South Pole-Aitken
2 Basin

Aitkin Basin
~2000 km

(Clementine
Mission)

L ooking for exposed mantle

5.  Need morework.

17



A Puzzling New Observation JPL
Extra-Solar-System Origin of Moonquakes? — wrsintsoaon

California Institute of Technology

Nakamura, Y. and Frohlich C., Possible extra-solar-system cause for certain
lunar seismic events, Lunar & Planetary Science XXXVII1, 1048, 2006.

e Out of 28 Shallow Moonquakes 23 of them occurred when Virgo Constellation
lunar nearside was facing the Virgo Constellation. L

« If not a coincident, then a groundbreaking astrophysical /\*{i
observation. o

« Strange Quark Nuggets? e

» Other yet to be discovered massive particles?

» Sensitive seismometer needed for further studies.

Day of Sidereal Month

, 10 15 20 25
L L L L
Cr
20 a0
o =]
5] 1 s}
'g L @ ‘QO
]
=0 (e @ 40
ap o P e
5 & °
=1 ? a @
o
) 3.2 o
— 00 . a —G0
3.2
=]
[HAEEE AN AN
& T P e e 2o 4
FRF 4 QT SRR P

Direction in sky Moon faces



Lunar Science JPL
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* SQN search requires knowledge of the structure
and composition of the Moon for seismic modeling.

SEISMIC STATIONS

Ly

« Structure and composition of the Moon need better
characterization.

» The state of the lunar core needs better definition.
* Limited knowledge on far-side seismicity.
* Limited knowledge on seismicity at polar regions.

* Fundamental oscillation modes of the Moon not yet
measured.

* An array of sensitive seismometers can provide
answers,

19



Conclusion JPL

Jet Propulsion Laboratory
California Institute of Technology

NASA’s Vision for Exploration will offer valuable opportunities to
conduct science on the Moon.

Unique lunar environment — Very Quiet Seismically.

Need to develop sensitive seismometers to make use of the
environment.

Small lunar seismic signals contain scientific information:
— SON abundance.
— Structure and evolution of the Moon and the Solar System.

If SON is found:
— Change our view of the Universe and the matter in it.
— Solve the dark matter problem.

If SON is not found — establish new limit on its abundance.

Proposed research will enrich the science content of international
lunar exploration programs and inspire the public.

Proposal will promote international collaboration.

20



|nternational Lunar Seismic Network
(ILSN) JPL

California Institute of Technology

International Collaboration Required

dpolioh1
i L S
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Backup charts JPL
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California Institute of Technology

Konstantin will talk on the seismometer right after my talk.
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Selsmometer Concept

(Contributed by Prof. Ho Jung Paik, UM)

JPL
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California Institute of Technology

Pendulum natural frequency =f, = 0.4
Hz on the Moon

Two pairs of capacitors for displacement
measurement.

Two pairs of capacitors for applying DC
voltage to reduce f, and to balance tilt.

Why reduce f, ?
Thermal noise of seismometer:

1 |4k, Tw
S, (w)=—; |8
@ mQ

Target: Q=104 f= 0.01Hz,
m = 0.27 kg.

Y,
L~ [
[ 25¢cm
X {
Cu Cylindrical Cw 5cm

Test Mass

H—»% 5cm Capacitor

Plates
C
y2
Cng —— ¢
Cross
CX1< Sectlon >Cx2
View

Cy1
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Selsmometer Fabrication
(Contributed by Prof. Ho Jung Paik, UM) JPL

Jet Propulsion Laboratory
California Institute of Technology

Seismometer Housing Seismometer Capacitor Plates

Q =4000. Frequency reduced from 1 Hz to 0.35 Hz.

24



Seismometer Electronics Concepts JPL
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Concept: A

e UsedhbyLISA.
e LISA measurement scalesto

10 m-HzY2 in x for x = 104 m.

[W. J. Weber et a., Class. and Quantum
Grav. 19, 1751, 2002.]

Concept: B
Based on 0.001 ppm tunnel-diode oscillator
[C. T. Van Degrift, Rev. Sci. Instrum. 46, 599 (1975).]

---------------------------------------
Tusnel Diode Ce

N
[ 5 r—!’._l._._" """ :on
i | 3 % R TTTT e
L] c L : . I
i E 3 Ca== 3M2 '
i T L3
o

L}
l—----»-) ---------------------- 7 ---------

<

O3K<T <295 K LKRSTL <298 K

Tunnel Diode

A circuit board with two tunnel-diode oscillator
circuits. It was populated with only one tunnel-diode

for testing. -



Seismometer Based on Tunndl-Diode Oscillators JPL
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« Operates at wide temp. range: LLyL/——
400 K to 1K. 1 o,

o Usevery low power: <10 mW. 4{ Tes ~7

» Suitable for operation thru Lt Lo [
lunar night. Jé?er Ly

* A 5kg Lithium lon can supply
1 W through lunar night. PR T e

e Radioi sotope Heater Unit Seismometer based on tunnel-diode oscillator .
(RHU) to keep electronics
warm.
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Tunnel-Diode Oscillator Evaluation
(Contributed by Joseph Y oung)

JPL
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G, (PPM)

o
o
e)
=
I

Square-root of the Allan variance o,

I I I
2|8 Aeroflex/Metelics A
N MBD 1057-H20
=~ tunnel diode =
6F AN (modern part) i
An ul
— \ =
2_
65 Thermal Noise
4 Thermal Noise + Shot Noise N
2H | | |~
0.001 0.01 0.1 1

Sampling time, T (S)

Therma Noise Limit:

S A1 [k T
o Q. V2Pr

Q, =67
P=24uW

Shot Noise density — /zeid
I, = DiodeBiasCurrent

=1381A
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Tunnel-Diode Oscillator Evaluation
(Contributed by Joseph Y oung)
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Relative freq. change of a 10 MHz
Oscillator versus Temp.

Temp. | Change

200 = [ [ [ =
290 K 0%
77K +1.6% Aeroflex/Metelics
42K +3.7% = 150 | MBD1057-E28X #4
-
Operates from 300 K to 4 K without 3 100
adjustment °
:
Thermal Cycles: g2 50
20 times to 77K
6 timesto 4K 4K

0.1 0.2 0.3 0.4
Forward voltage (V)

o
o

Continuoudly operated over 1 month.
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Expected Seismometer Displacement Noise Density

Sy( f )12

JPL

Jet Propulsion Laboratory
California Institute of Technology

10
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M1 I

| Apollo
| Seismometers
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0.01

10 100

1000
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SQN search could make use of lunar JPL

exploration capabilities el et Towlogy
: Dan Lester'’s
i presentation at
The Moon and M LEAG conference
Space Astronomy | 5§ 2005

Apolle 16 UV Camera

*If you in the astronomy community cant make use of the capabilities
we’'re going to develop to go to the Moon and Mars, then shame on you!”

NASA Administrator Mike Griffin 10/12/05

¢ What does the Moon offer space astronomy?
e Can we agree on metrics of value?
® Does lunar exploration need astronomy?

® How have things changed?
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Review of Previous SON Searches

Particle Detectors

JPL

Jet Propulsion Laboratory
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SQNs have high mass (A) to charge (2) ratio.
Nucle in periodic table A/Z < 3.
1. HECRO-81-A balloon flight

0_

-
—

Cherenkov counter. Observed two
events with A=110-370 emu, Z = 14.

A/Z ~ 7.8. [Saito, T., Hatano, Y., Fukada, Y.
and Oda, H. Phys. Rev. Lett. 65, 2094, 1990.]

%2}
—
%2}

'
N
h

Monopole - astack of Lexan track
detectors and nuclear emulsions.

Observed an event with A > 103-10%
emu, Z = 45. Initialy thought to be a

monopole. [Price, P.B.., Shirk, E.K., Osborne,
W.Z. and Pinsky, L.S. Phys. Rev. D 18, 3813,
1988

Alpha Magnetic Spectrometer (AMS) to
be flown on the ISS. ~ 1m? cross-
section. [Pl — Sam Ting, MIT]

Lo -

Mondqpole

e

Noise Limit
Hyp

IceCub

Self-Similar Replication Hypothesis

Too much SQM dark matter

Single Seismometer

othetical

Example

Earthquake

Detection

Apollo
Seismic
Energy

I
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-15 -10 -5 0 5
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SON: Z~ (1/3)AL3,
Nucla: Z ~ A/2.
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Review of Previous SQN Searches JPL
Lunar Soil Samples Cafons et f ooy

Lighter SQONs in cosmic rays may have 0
been captured by soil.

Too much SQM dark matter

Lunar soil is not as disturbed by geological
[Processes.

Single Seismometer
Noise Limit

'RAM

Monopole

SON isat alower energy state. Anion i
beam may overcome Coulomb barrier,
and fuse with SQNSs, releasing

potential energy in the form of y-rays.
[Farhi, E. and Jaffe, R. L. Phys Rev. D 32, 2452,

Hypothetical
Example

Earthquake
Detection

Apollo
1985 Seismic
No y-rays were observed. [Perillo Isaac M. C. et N
al. Search for strange matter by heavy ion -30 FARNIE
activation. Phys. Rev. Lett. 81, 2416, 1989.] Self-Similar Replication Hypothesis

-20 -15 -10 -5 0 5 10 15
log,, mass [g]
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Review of Previous SQN Searches JPL

Track Damage Caloma hetuteofTecmoy
Cosmic rays leave damaged tracks in solid 0
materials. So doesa SON. Lunar S
_ _ _ _ _ -5 — Too much SQM dark matter
Mica buried in degp mines was examined
for track damage. Very sensitivedue . _
to long geological time (~108 years) of _» °  Single Seismometer
exposure. S g _|Monopole Noise L'm: |
O, ypothetical
Other synthetic materialswerealsoused 3 Example
for short exposure on mountaintop, at & 20 IceCub [E)gtehc‘gil:;ke
sea level and onboard Skylab. Apollo
Price, P.B.. Phys. Rev. D 38, 3813, 1988. “25 Seismic
Energy
Shirk, E. K. and Price P.B. Astrophys. J. 220, 719, 1978.
: . . : 30 —
BarWICi;éiéV\j/L.ég?,l noshita, K. and Price B. P. Phys.Rev D 28, Self-Similar Replication Hypothesis
' ' I I I I I I I I
Doke, T.,Hayashi, T., Hamasaki, R., Akioka, T., Naito, T., Ito, -20 -15 -10 -5 0 5 10 15
K., Yanagimachi, T., Kobayashi, S., Takenaka, T., Ohe, log,, mass [g]
M., Nagata, K. and Takahashi, T. Phys. Rev. B 129, 370,
1983.

Price, B.P. and Salamon, M.H. Phys. Rev. Lett. 56, 1226, 1986.
Orito., S. et a.. Phys. Rev. Lett. 66, 1951, 1991. 33



Review of Previous SON Searches

Earthquake Detection

JPL

Jet Propulsion Laboratory

California Institute of Technology

Detect seismic energy release due to SON
passage.

dE, /At =fpo- L3 O.

Searched for linear seismic events from six

or more seismic stations.

One event was originally reported. But the
clock in a seismic station was found to

be off by 9 s during the month of the
measurement. Therefore no SON

2 -1

log,, flux [cm s st

-10 —

-15 —

-20 —

0_

Monopole

e

Too much SQM dark matter

Single Seismometer

IceCub

transit was detected. —

[Anderson,D.P., Herrin, E.T., Teplitz, V.L. and Tibuleac, |.M.
Bull. Seis. Soc. of Am. 93, 2363, 2003.]

[Selby, N.D., Young, J. B. and Douglas, A. Bull. Seis. Soc. Am.

94, 2414, 2004.]

[Herrin, E. T., Rosenbaum, D. C. and Teplitz, V. L. Seismic
Search for Strange Quark Nuggets. Phys. Rev. D 73,
043511 (2006)]
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Event Rate Plot for Hypothetical Example

JPL

Jet Propulsion Laboratory

California Institute of Technology

T
Ting = SEISMIC ring-down time = 15 min.

T

seismic

=20 min.

son = MaX. transit time=15s. \®\

= time for waves to travel the diameter

Approximate the Moon as seismic energy

integrator.
Measures total seismic energy deposited.
R = radius of the Moon = 1750 km.
N(r) = N r?/R2.
E() = E[1- (r/R)F2
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Critics of Strange Quark Matter Theory JPL

Jet Propulsion Laboratory
California Institute of Technology

1. Pulsar glitch too large for strange star.

o AQQ =1, /1=102-103, agrees
with neutron star model.

e AQ/Q =107 for strange Star.
[M. A. Alpar, PRL 58, 2152, 1987.]

e But, strange star may be solid.
[A.Z. Zhou et al. Astroparticle Phys. 22,
73, 2004.]

2. Primordial SQN may cool by

evaporating or boiling into hadrons.

[S.J. Cho et al., Phys. Rev. D 50, 4771, 1994]
» But, evaporation/boiling rate may be

small. [M. L. Olesen and J. Madsen, Phys.

Rev. D, 2313, 1993
» Equation of State not well known.

« String theory may come to the

rescue. [J. Erlich et a., PRL 95, 161602,
2005. R. DaRold and A. Pomarol, Nucl.
Phys. B 721, 79, 2005.]
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