A SYSTEM DEVI CE AND METHOD FOR DETECTI NG SEI SM C ACCELERATI ON FI ELD The
present invention relates to a system device and nethod for detecting
sei sm c awoebhsvm@rison. The device is commonly referred t@Cassiao@@opiIone.
More particularly, the invention relates to detecting seismc accel eration
usi ng optical fibre. BACKGROUND A geophone is a seismc detector used in
seism c imagi ng. For exanple, to inmage rock strata bel ow the ground, a
mechani cal inpulse is used to generate a conbi nati on of Pwaves (pressure
waves) and/or S-waves (shear waves) which penetrate deep into the ground.
These seismc waves are reflected fromdiscontinuities in the underground
rock strata and are detected by an array of the ﬂﬁ% hones | aced on the
T

surface, whi ch A¥8TEM, PE¥XICEANBMEIROR FQRDE INGeS Kai cal waves.

An i mage of the underlying stratAq:@%ﬂEm%(?@ reconstructed. Existing
geophones and geophone systens can be insufficiently sensitive to seismc

acceleration at |east at sone seismc frequencies, and nay be unable to
sufficiently bl ock unwanted signal s/ noise, particularly in demandi ng
applicat]CQ§) Exi sting geophones can be may be undesirably conpl ex, |arge
and/ or | y-to manufacture and use. For exanple, existing geophone can be
too |l arge or inconveniently shaped for certain applications, e.g., for use
i N arr ayphedbreg@RPivagionU RIRED O W dysiém O letibE an@ambBed fExidetectifig Geigpione
systens can al so be prone to degraded performance, malfunction or parti al
fai | ur e dcelpiatipe-chisedeyicsr is commnly refemed &0 angigeophipnat Mo parigylaly, the

envi ronr .t s, desi . . : i one or nore

di sadvaﬁgéﬁgnéélaqe?ﬁq c?ez%ci'hggss&grggcg%?%? 12‘881\}\&‘@ ﬁggh‘?ésa? irﬁﬁige' geophones and
geophone systens, or to at |east provide a useful alternative. SUMVARY |In
accordance with the present invention, there is provided a device for
detecting seismc acceleration, including:

BACKGROUND

A geophone is a seismic detector used in seismic imaging. For example, to image rock
strata below the ground, a mechanical impulse is used to generate a combination of P-
waves (pressure waves) and/or S-waves (shear waves) which penetrate deep into the
ground. These seismic waves are reflected from discontinuities in the underground rock
strata and are detected by an array of the geophones, placed on the surface, which measure
the strength and direction of the mechanical waves. An image of the underlying strata can

then be reconstructed.

Existing geophones and geophone systems can be insufficiently sensitive to seismic
acceleration at least at some seismic frequencies, and may be unable to sufficiently block
unwanted signals/noise, particularly in demanding applications. Existing geophones can be
may be undesirably complex, large and/or heavy to manufacture and use. For example,
existing geophone can be too large or inconveniently shaped for certain applications,
e.g., for use in arrays of geophones underground or on the sea bed. Existing geophone
systems can also be prone to degraded performance, malfunction or partial failure in high-

temperature, high-pressure environments, or marine environments.

It is desired to address or ameliorate one or more disadvantages or limitations associated

with existing geophones and geophone systems, or to at least provide a useful alternative.



a proof mass; a base for providing a sensor acceleration, relative to the
proof mass, based on the seism c acceleration; an optical fibre portion
oper at i vew9 20ovmieiwved bet ween the proof mass and t he bageTiaarogrowdi ng a
fibre tension based on the sensor acceleration; a fibre Fabry-Perot
interferoneter (FFPI) in the optical fibre portion for providing an optical
characteristic representative of the fibre tension; and a conpensator for
appl ying a conpensating tension to the,FFPI to conpensate for a change of
the optical characteristic due to a tefiperature change of the FFPI. In
enbodi nents, the proof nmass remains stationary while the other parts of the
devi ce accelerate, then the proof mass is brought into notion at |east by
t he conpBUNMEMAR) t ension in the optical fibre portion in accordance wth
Newt on's second | aw. The proof nass, which can be referred to as a seism¢c¢
mass, a test nmass, or an inertial mass, includes one or nore physical

bodi es (fnyaiedhhae with fiedpretert iid@hii6ialthete inpobided a devite, fordegingeissjic t hat
experience accel eration together as one inertial body. The base is in

i nti mat eaceelaratien. ipfludingh accel erating body, such as the ground or sea bed,
and brings the prgﬁﬁ)pﬁagyinto notion via the optical fibre tension. The
FFPI typically inc qd Wo co-aligned Bragg reflectors in the optical
fibre portion. Usd bgsetfoepriRling arsensok actehaatitey ireletieaw the proofrmassf bastdir e
conpared to geophones.with | ong spools of fibre. The FFPI and the optical
fibre portiont Séﬁ@ﬂzﬁﬁﬁ@“ﬁﬁgter | ongevity and corrosion resistance

conpared to el ectypiiifcaOR6R PBRRS: Jpefatidely cOMRRIcdH et w&InSHE Prod¢ GRELAREthen,
changes in the optical characteristic afe substantially sinusoidal and in

phase with t hmseforqroddmgaditee tansion bagd| amthereaniserrdcgeleratiesonance, t he
changes in the optigal aracteristic are tangial Ly J hase. w t he
seism c accel erat? Feﬁﬁggﬁﬁ%aﬁH&ﬂ%%?“%@ﬁﬁﬁfgﬁdPé%Sdﬂ%éﬁL§P36§a§P8v%€ed by
t he conpensatgbvididgoaSoptiegl characteristic representative of the fibre tension; and
a compensator for applying a compensating tension to the FFPI to
compensate for a change of the optical characteristic due to a temperature change of

the FFPIL.

In embodiments, the proof mass remains stationary while the other parts of the device
accelerate, then the proof mass is brought into motion at least by the compensating tension

in the optical fibre portion in accordance with Newton’s second law.

The proof mass, which can be referred to as a seismic mass, a test mass, or an inertial
mass, includes one or more physical bodies (typically joined in-elastically together,
e.g., using bolts) that experience acceleration together as one inertial body. The base is in
intimate contact with an accelerating body, such as the ground or sea bed, and brings the

proof mass into motion via the optical fibre tension.

The FFPI typically includes two co-aligned Bragg reflectors in the optical fibre portion.
Using the FFPI can make the device easier to manufacture compared to geophones with
long spools of fibre. The FFPI and the optical fibre portion can also have better longevity

and corrosion resistance compared to electronic geophones.



optical characteristic of the FFPI to remain aligned in wavelength with the
wavel ength of an interrogating optical source during environnental

t enper at Wwe 2biosragat i ons. For exanpl e, the device can becradtew/onva system
at roomtenperature (e.g., 200C) then deployed in a | owtenperature
environment (e.g., 40C on the ocean floor) or a high tenperature
environnent (e.g., 400C in rock strata) without requiring recalibration or
reconfiguration. Large tenperature chqgges of the fibre portion could

ot herwi se cause the FFPI to drift out ©of the optical sensor channel defined
by a wave division nmultiplexed (WDM schene. For exanple, in sonme DM
comuni cati on systens, adjacent optical channels are defined to be

separ at eitprinysintsoigal seinmiCepceldratinn, ehanges indbp opticed ¢haragigristicdiry pubistantially

mul tipl exi ng. chenes, n L cal channsl Nl | ] ocat ed 50
G of oo ln FE W e SRR heck et Bilop SRR RSt R
channel ¢Haflfds GaNthOeoptREE charagteris®® 4oblzsifbefantially)(n Goliase havithe khes gasimig) . The
optical characteristic of the FFPI, is extrenely sensitive to tenperature
f | uct uataceeleratighi ch cause changes in the length and refractive index of the
optical fibre formng the FFPI. Typically, the |argest change in the
optical characteristic of the FFPI, principally the central optical

wavel endhhembodiimentsFRimperatudueorhpensatioraptowded byl ethe cdoapgesatornalidves it er i al

of the FFPI. npensat i ion can he applied to.the aptical fibre based
on & ¢ eribFak TRECERSe! e TTRL < Grranaleest maelengr via dinte gl

t enper atgir eyeh %F ObptidaP Johifde WIBAg GerkAOHRENEN bhPEaRIK MuchRifBRS. akbF € 1 S
applied to the FFPI and the conpensator. The conpensator can include an

expandi regample, dondevdice icay beetebled ,in e system athreomatempgrature He. gor 28C) rthers,
arranged, to change.in |length (e.qg.., to expand-or ntract) in a direction
subst antqeaﬁyf'/ dgrg%llqvé'ltenmf"g?tﬁrg E?:\%ohgg%ge.g.n A{jﬁeo?g gp%aknu%lgor hoén%g"% t he
conpensat@peratlii® cAARRRERAL(@Ig., C40CT RC tdedtestaatd)l WithowtORygeXipaN@talibratRmb ef
substantially parallel to the FFPI between the base and t he expandi ng

menber , ra¢RliguEsionlearad rrenepgi changrs mb dhe Sbtssrogiinn equld ofhsruise equsedhig he
FFPI D eFWQotm & p@ﬁfﬂg[}g}éﬁ?n&?ﬁ?xﬁ&ﬁn}la% n fgfblyg?faﬁage E@&Eigh '?nﬁlplgle%@and' ng

menber isarranged to re he stress applie as t expandi ng
menber &X¥IaNDschéthe Ronexamples ntome tWDBY commumiqationl ispgerns rddgacsnt( ofticah have

& gener aclhlar%lneilsngr%rc%e 1r111ted l’tcg3 rl])gtsgpzirgtred by about 100 GHz; however, in dense wavelength
division multiplexing (DWDM) schemes, each optical channel may only be allocated
50 GHz or even 25 GHz of optical bandwidth in which to operate, and the channel width
can be less (e.g., 60 GHz for a 100-GHz channel spacing). The optical characteristic of the
FFPI, is extremely sensitive to temperature fluctuations, which cause changes in the length
and refractive index of the optical fibre forming the FFPI. Typically, the largest change in
the optical characteristic of the FFPI, principally the central optical wavelength of the
FFPL, is due to refractive index changes in the material of the FFPI. Compensating tension
can be applied to the optical fibre based on a temperature change of the compensator,
which corresponds to the temperature change of the FFPI when a common environmental
temperature is applied to the FFPI and the compensator. The compensator can include an
expanding and contracting member, between the base and the proof mass, arranged to
change in length (e.g., to expand or contract) in a direction substantially parallel to the
FFPI based on the temperature change of the compensator. The compensator can include a
first non-expanding member substantially parallel to the FFPI between the base and the

expanding member, and a second non-expanding member substantially parallel to the FFPI

between the expanding member and the proof mass, wherein the expanding member is



typi cal changes in environnental tenperature) can allow for a nore conpact
arrangenent (or topology) of the geophone. The optical fibre portion is
typi cal | yworomptsizal conmuni cation with an optical fibreCtavvu2guwodi4asg | i ght
to interrogate the optical characteristic of the FFPI. The device typically
i ncl udes a support spring between the proof nmass and the base for hol ding
the optical fibre portion in tension, which allows the geophone to be
positioned at an arbitrary angle in respect of the direction of gravity.
The support spring can be secured bet'ween the proof nass and the expandi ng
menber. The support spring can be provided between the proof nass and the
second non-expandi ng nenber The support spring allows the device to operate
in any amangrdatoi reducenthewstress, apphied topthe EXIPI @b shreaepanding imemlier lexpandpgEhdy a

static (DC) anmount based on accel eration .due ta gravity,: j used
to det e&WPﬁ‘Q“‘tcﬂﬂgﬁ‘ilﬁngn?‘g’(?W@flg Wg’%ﬁ'éso%#}ehaovﬁ/alg%e%te atclal)“églrr“\é%fﬁg. eﬁ%g fé)lﬁpport
SPring GaklcdlNGhMES iR chiifcHimen@id térhiRyiire) Bar BlRow @6 Boréicdrhgict birngainehp
secured between the proof mass and the base. The device can include a guide
for subdeniepplapy)ofithergeaphgne.he sensor accel eration to be substantially
parallel to the FFPI. The guide can include the first cantilever and a
second cantilever in the formof a flexible strip between the proof mass
and t he Thesepticalufibicapuriion ligy typivaly lieloptical tdoenfiumcdtionawith las\opticdl dibrg dodi ng

t he proof  mass. The guide can substantially limt the notion of the mass to
be onl y guidipglightite Huerrogats é‘ﬁ opfic ﬁ}éarg"é?féﬁuﬁg’fmerr%elntcptli on (i.e., to one linear
degree of freedom, along the axis of the FFPI. The guide typically _
provi des a substantially |ower spring constant (about 10, 100, 1000, or
nore ti e devwertypically rehsles i suppatt spring betwebmthd progf Imass hed thei basetfPons or

for all ,rotational. /. vibrational nodes,.This allows for chani.cal er gy
to be céﬁﬁ‘%ﬂ\ﬁ‘){mcﬁlrféﬁ @P“@H‘Pé?"é%?@yw?’r@oa“t%m d@fe%?oé%m%? {Bﬁeeéo&gh%%gqg he
proof MagSibiftatyhekemSe§Rctb i BE Hiretioh RERrdvidy O ThESuppdIEspritgdas ®e gécurédedom
of the proof mass (the parall el ogramcantilever is very stiff in all but one
degr ee dktweeadbo proodmenss and thecexparding mempee dRe FURRPTCFR5HS-c4R by provided

accel eratjon)., Using canti.l in . . de can be preferable to
usi ng gﬁ’leh’éesa’ﬁ}ées%rg OO k}ngitﬁ%g%ﬁﬁdé{é&g%ﬁagﬁ E'Pr?esng%ék as hinges or
The support spring allows the device to operate in any orientation; however, the optical
characteristic will change by a static (DC) amount based on acceleration due to gravity,

which can be used to determine the orientation of the geophone on/in the ground.

The support spring can include a first cantilever in the form of a flexible strip secured

between the proof mass and the base.

The device can include a guide for substantially limiting the sensor acceleration to be
substantially parallel to the FFPL. The guide can include the first cantilever and a second
cantilever in the form of a flexible strip between the proof mass and the base, substantially
parallel to the first cantilever for guiding the proof mass. The guide can substantially limit
the motion of the mass to be only translational motion in the sensing direction (i.e., to one
linear degree of freedom), along the axis of the FFPI. The guide typically provides a
substantially lower spring constant (about 10, 100, 1000, or more times lower) in the
sensing direction than in all other directions or for all rotational / vibrational modes. This
allows for mechanical energy to be coupled with greater efficiency into the degree of

freedom of the proof mass in the sensing direction than into any other degree of freedom of



menbers in slots, because forces due to stiction and friction between the
sliding guide elenents can severely limt the sensitivity of the device.
The devi WO SaMI’y operates non-resonantly, i.e., at ERCTAIGOEOAOIHDel ow

t he nechani cal resonant frequency of the device. The FFPI can be held, by
the support spring etc. , at a tension selected to tune the FFPI to a
predeterm ned optical wavelength in a wavel ength division nultiplexing
(WDM) schene. The FFPI typically includes an interferoneter fornmed by two
fibre Bragg gratings with a separation selected to tune the FFPI to the
desired operating wavel ength of the geophone. The tension of the fibre
portion can al so be selected to tune violin mpdes of the optical fibre

por t i on theiprogf mass@he parallelegramesantileyer saigsf syt 41 yhbyt Oé‘ﬁrﬁ’Gg’%‘F “?%@eej%’phone.
t he sensj nd. | f { : T ' o3
o, “or B uEhobds P Helfo it acclieliioh il il sprtngd oS O
mass as giidd cad begpraprablego asingtguides bhsddhem diding@lidd ¢lbmentp,oruch enhingds etuppor t
spring can be selected based on.a sel ected sepsi.ng,band uch.,as .

subst antmembsys inslots, begpuggforees dys, iy stgtian ap °P89 ?eﬁ/ﬁf? tﬁ? SHaire gUdS cal iy
5 He 10 0urcareoitelyaiiil e SRIGAH oans@ivigd.c accel eration can incl ude:
the device tor sensing the seismc "accel eration; and a | aser beam for
interrogating the optical characteristic of the FFPI to detect the seismc

accel eration. .A systemfor detectin eism ¢ agcel i ' a
A SR S R e s e S e A S

radi at i qescﬁ,hmafré(?géﬁ@m%epl urality of selected wavelengths (e.g., in a
WDM schene), and at | east one nodulator to frequency or phase nodul ate the
radi ati on fromeach laser; a plurality of the devices for sensing the

sei sm c &¢ r.ati i i r Y f j

ol ur al (0o oL pERgArE e SR oo, RAAARIA SRR nd PPEERL,  ca
out put rghedrmiledatiedltworldngth mpt ivaedlemgtiadaddien imsttiptexidg (WOMpsahespondi ng
FFPI ; and one or nore denodul ators to denodul ate t eregfti cal .ogg %J&) a;::i gnal s

and pr odithed P dwpical bpwalidegamp misrromgtep formed Ry Mfe Tge pEAtn

separation selected to tune the FFPI to the desired operating wavelength of the geophone.

The tension of the fibre portion can also be selected to tune violin modes of the optical
fibre portion out of a seismic acceleration sensing signal band of the geophone: the sensing
band is generally from 1 Hz to 10 kHz, or typically 3 Hz to 3 kHz, or more typically 5 Hz
to 300 Hz in frequency. A mass of the proof mass as well as a spring constant of the
optical fibre portion and support spring can be selected based on a selected sensing band,
such as substantially 1 Hz to 10 kHz, or typically 3 Hz to 3 kHz, or more typically 5 Hz to
300 Hz.

A system for detecting seismic acceleration can include:
the device for sensing the seismic acceleration; and
a laser beam for interrogating the optical characteristic of the FFPI to detect the

seismic acceleration.

A system for detecting seismic acceleration can include a plurality of single-longitudinal
mode laser sources to each provide radiation at a corresponding plurality of selected
wavelengths (e.g., in a WDM scheme), and at least one modulator to frequency or phase
modulate the radiation from each laser; a plurality of the devices for sensing the seismic

acceleration, each device being responsive to one of the said plurality of wavelengths to



i ndi cative of optical characteristic of the corresponding FFPIs. Each | aser
source can be tunable over a range of wavel engths greater than the spectral
wi dt h of wechiwsrzespondi ng FFPI. The system can i ncl udeCona2009/00049¢

wavel ength controllers configured to control the sel ected wavel engt hs of
said | aser sources. Each wavel ength controller can include an external
optical cavity to which each corresponding | aser source is frequency

| ocked. Each wavel ength controller can al so be frequency-|ocked to an
external cavity, such as a Mach- Zehnoer Interferoneter, which is designed
to be a stable reference in the band of interest (e.g., against vibration
etc.) to reduce or substantially renove frequency drift of the |aser

sour ce. ¢@el tprovuee| s reflehted oot traishattedc apticab outmoit signel dependemsuon #het optisakach
correspondi ng .| asef ,source. The lul gt or can _drive ext ernal, .freguency
o phaseMgaratest ndpkrpapd0E TPl oRe gt Prb e SidoR b TR I ngt
cont r ol | fficalFeditpeix 8igRAIS, arldNBrod@éy hO¢drRkpsiiing PRiraldy & eheatitethemodinadlor
nodul ati on bel ow about 1MHz using the current_control box of the [aser

sour ce, indigativgrofipptical sharastergiond thaenitespandingFisng direct connection to
the | aser diode head of the |aser source. A selected high frequency range
out put of each denodul ator (e.g., passed through a highpass filter) can
provi de Edok Iazasuireawah beilgnatls ovdihe raupe edfewaidiengthst grobtere thanahe lspecttependent
on feedback fgon1the, or_eaﬁh correspondi ng denodul ator. The feedback can
be generfiddelispch carsispendiog B £ r equency range of the, or each,
correspondi ng denodul at or output. The feedback is used to maintain each

sel ect ed wavel ength of each | aser source at a centre wavel ength of each

cor r espoiati syyteRFRan indlidsh ons ot yopare avdvgleagthacontrodlersneontfigneadetoc eapitiol dlie t he

optical characteristi,c t FFPI . Opt i radj atj,on from each | aser source
P e SRRt Tyt oy Eafh sl SortfoRet, G2 el n

nodul at Qixtegd) opcdl cavitylRAvHieh eRACReRBAdInE AakeE Sourddd freadémtlilevkedlr BalEach

| aser source can be nodul ated at a different nodul ation fre&{Jenc . The

denodul avayelengtlirrostialer enaderhsnirespeneyalockrd ecangxtermicapito seeh a3 ablaki on
al so Pro¥hes BRG] WhidChHelibhd RS I sEoRIERTEIRA Bl bdndS st

(e.g., against vibration etc.) to reduce or substantially remove frequency drift of the laser
source. Each wavelength controller can control the drive current to each corresponding
laser source. The modulator can drive an external frequency or phase modulator;
alternatively, the modulator can drive the wavelength controller. For example, the
controller may control the wavelength for modulation below about 1 MHz using the
current control box of the laser source, and for modulation above about 20 MHz using

direct connection to the laser diode head of the laser source.

A selected high frequency range output of each demodulator (e.g., passed through a high-

pass filter) can provide the measurement signals.

The wavelength controller can be dependent on feedback from the, or each, corresponding
demodulator. The feedback can be generated by a selected low frequency range of the, or
each, corresponding demodulator output. The feedback is used to maintain each selected
wavelength of each laser source at a centre wavelength of each corresponding FFPI, which

is typically a main resonant wavelength of the optical characteristic of the FFPI.



provi ding a sensor acceleration by a base, relative to a proof mass, based
on the seismc acceleration; providing a fibre tension based on the sensor
accel er atworzotwosaaa7opti cal fibre portion operatively comoEctieddmetsseen the
proof mass and the base; providing an optical characteristic representative
of the fibre tension using a fibre Fabry-Perot interferoneter (FFPlI) in the
optical fibre portion; and applying a conpensating tension to the FFPI to
conpensate for a change of the optical,characteristic due to a tenperature
change of the FFPI. In enbodi nents, the method for detecting seismc

accel eration can include applying the conpensating tension to the FFP

based on a tenperature change of a conpensator corresponding to the

t enper atQptisak rashagonofromheacEHARier sphresenint thobystam ¢ancbeiarodutated pbthet Saee t he

optical characteristic of the FEFPI in l,aser teagt ft. eismc
accel er a{??(g’r@ﬁﬁl UERS R P19 tei:caf'lt-l% B%X&F i{l B g? %rg]f %‘?fug%baggirﬁeé}%ﬁ%éare
herei naffigh dauh tiher sbaser thete Mydviaidoft £xdaffaest afddylatisht flequehey.eTlee to

t he acconpanyi ng draw ngs, which are not to scale, in which: Figurel is a
schemat idemodulgloansas sharecpesanaraon pptic@bieestolng sei smic accel eration in the
form of a geophone; Figure 2 is a schematic diagram of a free-standing
sinple harnonic oscillator (SHO; Figure 3 is a schematic diagram of the
geophonetehpoeventgnacrgiop potpreyidésegmethpd fioraleteciisg seistio @net¢ratia, indheding:
construction and dynam cs of a raLIeng:an1cantilever sPrin of the

geophone; Fi gur e POYIdINg asensqnacreleration, Py mbase. Z1aIvs1P HRrogr B1sh datcPhet ween

the support sR¢kdign@Rdcederhiidd;e Which acts like a spring; Figure 5Ais a.
schematic diagramof a top view of the geophone in a fol ded geonetry; '
providing a fibre tension based on the sensor acceleration by an optical fibre

portion operatively connected between the proof mass and the base;

providing an optical characteristic representative of the fibre tension using a
fibre Fabry-Perot interferometer (FFPI) in the optical fibre portion; and

applying a compensating tension to the FFPI to compensate for a change of

the optical characteristic due to a temperature change of the FFPI.

In embodiments, the method for detecting seismic acceleration can include applying the
compensating tension to the FFPI based on a temperature change of a compensator

corresponding to the temperature change of the FFPI.

The method can include interrogating the optical characteristic of the FFPI using a laser

beam to detect the seismic acceleration.



Figure 5B is a schematic diagram of a perspective view of the fol ded
geophone; Figure 6 is a graph of exanple results froman experi nental
geophone,wehowiosg4a neasured noi se floor; Figure 7 is aPgrayiRo@iooewanpl e
results fromthe experinental geophone, showi ng a neasured transfer
function; and Figures 8 to 12 are schematic diagrans of systens for
detecting seismc acceleration including the geophone. DETAI LED DESCRI PTI ON
An exanpl e device for detecting seismg acceleration is a geophone 100, as
shown in Figure 1, which includes a sttain sensor, a proof mass 104, a
support spring 106, a thermal conpensator and a base 114. The strain sensor
includes a fibre portion 102. The proof nass 104 includes a plurality of
bodi es bBRHF BESERIPTIONEIHBHERRAWINGEd rel ati ve to each other and
noveabl e relative to the base 114 by neans of the support spring 106: in
operation, the operational mass of the proof mass 104 includes the nmass of

t he pr ooPrefirfedbashodanchtirasskaedbftanfurtheogesceibed; bybady @f ekiapleaonty, with
mechanically fixed to the proof mass body, such a{se portions of the support
spring 1SETERsHo Heaceompanyme dawings, whigh ageqiof frscgleo By WhisRs 104. 1n sone

embodi ment s, O?'i% 9 itale métf&%ié]’%%:ﬁ ot delige ?&m&r&ing Qéigrﬂﬁlla%&@erﬁl%hl mQpé ri bute

to the nass the proof mass al though this 15 sti typically only a

smal | fracti oformfoftlgeophmne] nmass of the proof nmass 104. The thernal

ol udoe. o cobEHE. Tuby GBS AEPED Gind (BsRrting SR (PR Cacaor

accel eration (gHmy;obj ects adjacent the casing (e.g., fromthe earth/ground
for a geophone on or in the ground) to the base 114. The geophone detects
sei sm ¢ wavesFigareg is aSchemasis)diagramed ghergeagheneshawing asu@ppBAPHIL t he gr ound

ei s Figareg s med g _
desi rabl e barthd h o STeEeRE S i i M S hRa AR o

about 300 Hz, cdnkiiever spri@g o ehen@ophdie; sei smic wave diffraction at | ow
frequencies and attenuation in the earth of the nechanjcal wavyes at high

frequenci es. Figuendicasehopdls disgramerlim RiOOAImags suspeBdedcRetyrgen the support

spring and a fibre which acts like a spring;

Figure 5A is a schematic diagram of a top view of the geophone in a folded
geometry;

Figure 5B is a schematic diagram of a perspective view of the folded'geophone;
Figure 6 is a graph of example results from an experimental geophone, showing a
measured noise floor;

Figure 7 is a graph of example results from the experimental geophone, showing a
measured transfer function; and

Figures 8 to 12 are schematic diagrams of systems for detecting seismic

acceleration including the geophone.
DETAILED DESCRIPTION

An example device for detecting seismic acceleration is a geophone 100, as shown in
Figure 1, which includes a strain sensor, a proof mass 104, a support spring 106, a thermal
compensator and a base 114. The strain sensor includes a fibre portion 102. The proof
mass 104 includes a plurality of bodies being generally mechanically fixed relative to each
other and moveable relative to the base 114 by means of the support spring 106: in

operation, the operational mass of the proof mass 104 includes the mass of the proof mass



detector are sufficiently close, the upper frequency may extend up to about
3 kHz. It may be desirable to operate generally from1lHz up to 10 kHz. The
f eat ur es WO 20t05gGphone 100 are sel ected based on the eharaarb@roostscs of :
the strain sensor (e.g., the material properties, dinensions and
geonetry/topol ogy/l ayout); the seismc acceleration to be detected (e.g.,

t he expected strength and sensing frequency band of the seismc

accel eration); a selected resistance tgp nechani cal shock; and a preferred
out put signal (e.g., an optical output). The characteristics of the output
signal include: the bandw dth required, the phase response, a selected
sensitivity, a selected i munit erference . fro er. t r eal

y to.in ot es_of
wor |l d sibgdslasd @@SgﬁS,OffW(FPQE%rP%Y?qud%FStth@ a4 WF‘&%%‘tygﬁlxeé:}B g ﬁ“?’ﬂﬁgﬁéﬁ ic
fields, .t ture. .. ' ragdli g, BOIELA 16 eleSsrbe
i muni tyboﬁy’ggnfcgiag g’fté&%ﬁﬁ?r{% %‘dg%ﬁa#hgézggglﬁgﬁﬁg%%? ees c()i?_tf r eeg}grgm not
det ect edniyy I04e Iis somk renstexdiments, axpgto, 1/3cafethemaass of the spepadt springr 146 cathe axi s

of the strajn sensor, ti tion, i | . T Crai
Sensor BRSO, b6 s o6 P b0 b iethOSefy B B picBhf oy a'SHalPt ol 1
i nterferpuahelor (FERbthl MbSs BAIKA pRRf Bi@9108r Thé MgmAL Sompérisawr dacladesraor s.

The fibre portion 102 isli near(lag/ strained along its length and not wound on
a core. thtrenabF@mparsatingmember 108. mEhesgrophensel 00; 1B¢ladesen gasig, WhichopBFHS  pased
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di rensions of the strain sensor are based on the fibre, e.g., 125 mMmin

diameter and froma fewmllinetres to several 100 mllinmetres in | ength.

The geophon (o) NQSi i ideleddtRn dFOO) - A
free- haggllen%eoﬁ?gr%l %)e?%‘ggr rg}aosnlﬁg ‘gas‘%ig ngt gﬁ%ﬂ%@’gﬁﬁh’%ﬁg‘&s a ttest_ mass 202
sus pendegofid withirs apgpetificsfrequeney dakvddihi gsiog thastrainhsegsaro The desirabile /
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gravity (ng m a sinple harnonic notion (SHV) system Having the éest
mass 202medhanchledaves at high frequencies. In the case when the mechanical wave source an

detector are sufficiently close, the upper frequency may extend up to about 3 kHz. It may

be desirable to operate generally from 1 Hz up to 10 kHz.

The features of the geophone 100 are selected based on the characteristics of: the strain
sensor (e.g., the material properties, dimensions and geometry/topology/layout); the
seismic acceleration to be detected (e.g., the expected strength and sensing frequency band
of the seismic acceleration); a selected resistance to mechanical shock; and a preferred
output signal (e.g., an optical output). The characteristics of the output signal include: the
bandwidth required, the phase response, a selected sensitivity, a selected immunity to
interference from other types of real world signals (e.g., fluctuations in the environmental
electro-magnetic fields, temperature, pressure and pressure gradients), and a selected
immunity from signals on orthogonal axes or along degrees of freedom not detected by the
strain sensor (e.g., acceleration perpendicular to the axis of the strain sensor, rotational

motion, rocking motion, efc.).

The strain sensor includes the fibre portion 102 with a fibre Fabry-Perot interferometer

(FFPI) 110 based on Bragg gratings 112 acting as mirrors. The fibre portion 102 is



the length of fibre is a highly efficient arrangenent to convert
acceleration into fibre strain. At rest, atension T in the fibre exactly
mat ches tWO 2dWa7d force on the test mass 202 due to GEAW2Q09A§149Fhe
anplitude response of the driven sinple harnonic oscillator (SHO 200 is

gi ven by: and the phase response is given by: wnf = arctan g r where Ais
a systemconstant, wis the angular frequency of oscillation, k is the
spring constant of the fibre portion %@6, mis the nmass of the test nmss
202, and g is the danping coefficient '0f the SHOin Ns/m Wen the grounded
structure 204 accelerates with an upward acceleration a/ in a verti cal
direction relative to the proof nass 104, additional fibre tension in the
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| ag. The geophone 100 thus preferably operates at frequencies bel ow
resonance, since there is substantially no phase | ag between the inerti al
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spring constant of the fibre portion 206 and the downward restoring force of earth’s gravity

(mg) form a simple harmonic motion (SHM) system. Having the test mass 202 attached to
the length of fibre is a highly efficient arrangement to convert acceleration into fibre strain.
At rest, a tension T in the fibre exactly matches the downward force on the test mass 202
due to gravity mg. The amplitude response of the driven simple harmonic oscillator (SHO)

200 is given by:

Alw) = 2,2 A02 2’
\/co v +(w°m—k)

and the phase response is given by:

k
wm——

¢ = arctan @\,

4

where Ay is a system constant, @ is the angular frequency of oscillation, £ is the spring
constant of the fibre portion 206, m is the mass of the test mass 202, and vy is the damping
coefficient of the SHO in Ns/m.

When the grounded structure 204 accelerates with an upward acceleration a; in a vertical
direction relative to the proof mass 104, additional fibre tension in the fibre portion 206 is

created which accelerates the inertial test mass 202 such that acceleration (a;) of the test



on the degree of danping in the system The frequency response of the
geophone 100 is further described belowwith reference to Figure 7. The
mass of tWe 2prgsf24ifass 104 is sel ected based on consi deP&TiAIR809P149Nhe
desired neasurenent bandw dth and sensitivity to acceleration. |ncreasing
this mass increases the tension in the fibre portion 102 under

accel eration, thus increasing the sensitivity of the geophone 100 to

sei sm ¢ accel eration. However, an |ncrease in this mass al so decreases the
natural mechanical resonance of the resonant systemin the geophone 100,
and thus the neasurenment bandw dth of the geophone 100. The spring constant
kbi, re of the fibre portion 206 is related to the length Lb _bre via

Young' s mess 03 eqeals ey acsglsrapipe (a1 of the SfpptuEaP04: Jé’éde@iqni ingh¢ fibredPgion i on of

125 mm i4.dj t.er;
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- fibre %ﬁnﬂ09§ éﬁ&L indd0, the nechanical resonance frequency is
only fractiona ove the upper frequency of the seismc acceleration

signals: e.g. , for sei sm c SI gnals of interest up to 300 Hz, Fres can be
sel ected t h corre ds to.a;test/ Lo f SS_O 4. 96
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of nmotion to yield: m'fibre e, Wth L re = 884 - - as before,

at frequencies below resonance, since there 1s substantlally no phase lag between the

inertial mass and the ground undergoing acceleration. At frequencies approaching

resonance, the amplitude increases and the test/proof mass’s motion begins to lag that of

the driving force. On resonance the phase lag between the mass and the driving force

changes, abruptly passing through 90° so that above the resonance the inertial mass’s

motion lags that of the driving force by 180°. The abruptness of the phase change depends

on the degree of damping in the system. The frequency response of the geophone 100 is

further described below with reference to Figure 7.

The mass of the proof mass 104 is selected based on considerations of the desired
measurement bandwidth and sensitivity to acceleration. Increasing this mass increases the
tension in the fibre portion 102 under acceleration, thus increasing the sensitivity of the
geophone 100 to seismic acceleration. However, an increase in this mass also decreases the
natural mechanical resonance of the resonant system in the geophone 100, and thus the

measurement bandwidth of the geophone 100.

The spring constant k. of the fibre portion 206 is related to the length Ly via Young'’s
modulus E. For example, for a typical fused silica fibre portion of 125 um in diameter,

do . . .
E=""=~72GPa, where o is stress and £ is strain. Therefore, for an example fibre

de
portion 206 with diameter 125 um,
1
L. =884- ,

k fibre




Ir fibre 884 a = e mor in terns of Fres and Lf n: a=39.5 FjL fre e . For
a given strain sensitivity, the acceleration sensitivity of the geophone
100 is prwpaentosnal? to the mass of the proof mass 104. PaTadddavoon6f or a
gi ven system resonance frequency (Fres), to achieve maxi num accel erati on
sensitivity, the fibre spring constant (kbbre) is selected to be as |arge
as physically possible, i.e., the Iength (Lbbre) of the fibreportion 102
containing the FFPI 110 is preferably 23_ short as possible (within size
constraints of the FFPI 110). For the éxanple free-hanging sinple harnonic
oscillator, and Fres 370 Hz (which inplies that m=4.96 g), L=33 mm and a
typical mnimmstrain sensitivity for the strain sensor of 2 pe/VHz, the
m ni mum andtieeLabi=0. 33 ael kerat2-68%i18" NbBut 36 ng/ VHz, (where g = 9.81 nfs2,
andng is 9.81 x 10 9 ms2). The fibre portion 102 is typically held between
the proof mass 104 and the base 114 using an adhesive or glue, e.g., as
descri beThexaidamped inechizicat sacrance ficqgence of the SHE 26is given Byensi on in the

fibre portion 102 is selected, and exper tally set, by straining the
fibre in place between the proof mass1104,and t he base 114, and actively
measuring the wavel ength of the ERPF T The fibre strainis tuned to tune

the FFPI's characteristic wavel ength to a selected wavel ength, e.g., a

predeter ned wavel ength c nel Si 1iplexed (VDM
schene. St%'é‘agse(f’Qgﬁ’&?r? ﬁg‘?sﬁ 4§a’bﬁlaf€i?"é:ge%g‘?a§§€ gélﬂaftéo'{fl‘ “adhesi ves,
gl ue or cl arrps) are placed to hold the fibre portion 102 between the base
114 and the proof nmass 104: firstlfy, the)fjbre portion 102 is fastened to
t he proof nass 104; secondly, tWe‘E/W} skfpul-l ed until the FFPI 110 cones
into resonance with an res

In a preferred geophone 100, the mechanical resonance frequency is only fractionally
above the upper frequency of the seismic acceleration signals: e.g., for seismic signals of
interest up to 300 Hz, F,.; can be selected to equal 370 Hz, which corresponds to a
test/proof mass of m =4.96 g in the SHO 200.

The relationship between fibre strain and acceleration sensitivity can be determined based

on Hookes’ law and Newton’s second law of motion to yield:

k
fibre
a= ——Lﬁ,,,e g,

With L, =884- as before,

fibre

or in terms of F.; and Lyp.:

a=395F, L, ¢

res

For a given strain sensitivity, the acceleration sensitivity of the geophone 100 is
proportional to the mass of the proof mass 104. In addition, for a given system resonance
frequency (F), to achieve maximum acceleration sensitivity, the fibre spring constant

(kpbre) is selected to be as large as physically possible, i.e., the length (Lser) of the fibre



interrogating | aser source; and lastly, the fibre portion 102 is fastened
to the base 114 at the selected tension. Wth the fasteners in place, the
fibre porwDanolB32247s held in place at the sel ected tensiPOmAEND/IMIS act s
as a strain sensor at the sel ected wavel ength. The clanps include a gentle
cl anping device i.e., sufficiently gentle to not damage the fibre. To all ow
t he geophone 100 to operate / function at any selected angle wth respect
to gravity (/. e., not only in the vgr%[cal direction), the support spring
106 supports the detector mass, holds the optical fibre portion 102 in
tension, and if in the formof a cantilever spring, also acts as a guide
for guiding notion of the proof mass 104 al ong the sensi%g axis,. as shown

in Fi gurRestian JRd contajgingdhe RHRd Lo jpopreiagblyngs shest agspessiBlin (Wiship; §7f e 3,

t he geoggggﬂﬁ&ggfﬁgq#gqq?) be aligned with the FFPI 110 parallel to the
ground, i.e., transversé thhe direction of gravity. The support spring 106

allows the device to operate inany orientation; however, the optical
characteristic will _ change by a static (DQ) anount, ba o,t.he..force of
G avi ¢y e Sxpins rée Bane A BleegroRs AL o2 L CWARBIRRURS. and
can be uggd, E@.%G%t),eﬁiﬁﬂﬁmt, hed 2typRdal aliditinPbtrdif SerBRR IBEhd O@aiR Iérsbr bhe
ground (for exanple, the optical characteristic can Change by 100 prp{DI)
bet ween Zp#igHiztha tréhinamal defestable iacedleratioreistalbincds ug/NHae(vwherl g T108 Wiidl,
respect to gravity). oThe, support spring 106 has a spring constant val ue
sim|ar agnghEd-8pilly Wenst ant val ue of the fibre so that its extension
wll not be too large, but at the sane tine a noderate mass nmay still be

used. For a cantilever support spring 106, a matching or simlar spring
const ant Theafibra lpsrioneldd de typically iheidiztwednhthe posdintish i1 04 andtie basehElrd wapeges of

vi bration ve characteristic fr encies i.n the nd of,in est, by
ensur i nga“tql:i&gFS“(%%r %BesﬁgblaédFW&F‘?E%SW‘W@H%“S’F“ttﬂ l%ﬁ?ﬁg‘?‘@\‘fé are wel | out
of the signal band. The force accelerating the doubly sprung proof nass 104

is split between the support spring 106 and the fibre portion 102, thus the
r esonant Ther tegsiem dy thef fira @ogéap hhis selroteds and gxperimentally SHbY dramingtheni th a
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102 and wheldagpef theSPFPINY1(Ofic ifibré RRaihols| e & h@leath TEHTE wharacteristic
wavelength to a selected wavelength, e.g., a predetermined wavelength channel in a
wavelength-division-multiplexed (WDM) scheme. When the selected tension is applied,
fasteners (e.g., adhesives, glue or clamps) are placed to hold the fibre portion 102 between
the base 114 and the proof mass 104: firstly, the fibre portion 102 is fastened to the proof
mass 104; secondly, the fibre is pulled until the FFPI 110 comes into resonance with an
interrogating laser source; ‘and lastly, the fibre portion 102 is fastened to the base 114 at the
selected tension. With the fasteners in place, the fibre portion 102 is held in place at the
selected tension, and thus acts as a strain sensor at the selected wavelength. The clamps

include a gentle clamping device i.e., sufficiently gentle to not damage the fibre.

To allow the geophone 100 to operate / function at any selected angle with respect to
gravity (i.e., not only in the vertical direction), the support spring 106 supports the detector
mass, holds the optical fibre portion 102 in tension, and if in the form of a cantilever
spring, also acts as a guide for guiding motion of the proof mass 104 along the sensing
axis, as shown in Figures 1 and 3. Without the support spring 106, as shown in Figure 3,
the geophone 100 could not be aligned with the FFPI 110 parallel to the ground, ie.,

transverse the direction of gravity. The support spring 106 allows the device to operate in



a~fibre" mwithJr - Ir 4 . Jtot ~ "-support "-fibre ' thus _ y support
+ fibre ) j afibreemO interns of Fres and Lbbre 2 a = 39.5 Fres Lbbre
e , wher e WBRPW/G5324fhe fi bre spring constant, and Lf,i,r @Ta\R22ne/01496 e
portion length. This is an equivalent relationship to that of the
free-hangi ng SHO 200: the acceleration sensitivity depends only on the
resonance frequency (Fres) selected and the fibre spring constant (kb bre).
The mass of the proof mass 104 in thglggophone 100 is greater than the free
mass in the free-hangi ng SHO 200 (for "the sane sensitivity, the resonance
frequency and bandw dth) due to the additional spring constant kSUpport

whi ch effectively reduces the overall sensitivity of the geophone 100
conpar edny @rieptipn;ceowryayithe opti! sharactegsticgwilh ghangs ty) % vatic 36 IMOuBhr i ng
106 gui t ' n ' aThesi.of i f ion in
any o1 daved DE (0 Uhe MhrcBer BNy dGm TTAR R g offelCodipdid MPRERANC

t aki ng sarstick dnldecanels ussd udetadnihd¢hef otierdatipor of the gedBhorteh@0 oriiucheang
overal | sensiégi vity (

.Q., b f t of t f j t t .
s mgreiBe G e s apealnaest e s anatser by EhE Rt BsS R oyt hg
the progfidHsa ah84 verkal &%dgﬁtbdnyommimeﬂtﬂ RsRetodegvigg. of freedom The

support spring 106 is forne y the parallelogramcantil ever 400 as shown
in Figures 4(a) and 4(b), which acts as a guide for guiding notion of the

Const r e SRR T Bt PSP RSP LB R B b Ihe B 3l Bof oo o

f r eedomi{ORBrea®i thatdits éxt@3sdnawilPAdt, bel tb@ @By, but at the same time a moderate mass :
may still be used. For a cantilever support spring 106, a matching or similar spring
constant can also reduce or eliminate the possibility that other modes of vibration have
characteristic frequencies in the band of interest, by ensuring that the possible rotational

modes of the cantilever are well out of the signal band.

The force accelerating the doubly sprung proof mass 104 is split between the support
spring 106 and the fibre portion 102, thus the resonant frequency of the geophone 100 is

given by the SHO relation with a sum of the spring constants:

_1_ ksupport + k fibre

res 2 T m

Acceleration of the proof mass 104 is related to the forces and spring constants (Kspre,

Ksupport) of the fibre portion 102 and the support spring 106 in the following relationship:

a= i L €5
m
with
ko = ksupporl +k fibre >
thus
a= (k supporl”:' k fibre ) Lﬁb,-e £,

Or in terms of F.s and Lype

res

a=395F, L, €,



substantially avoiding, reducing or elimnating undesirable nodes of
vibration / rotation (including characteristic nobdes or natural resonances
of the nme¥BanIRr24gystem al so known as ei gennodes w t hPETHERIPIEGUENCI es,
in the band of interest), and thus sensitivity of the geophone 100 to
notion in these undesirable degrees of freedom Using the parallel ogram
cantil ever 400 nmakes it very hard for the systemto vibrate in any
cross-axial node, reducing the respongsvity of the systemto vibration in
ot her nodes within the frequency band of interest. Although a single
cantil ever may possess a |ow frequency tw sting node, the parall el ogram

cantil ever 400 ha tion substantially conskrained gn e degree of
fr eedom ViR f;araﬂsatle gBE?g*‘P&HS ansiﬂ’f"ﬁ“gill@m Pflﬂ%{"‘;‘refpc’ﬁh"ngf"l‘gqﬂt her (i.e.,
non-axi al) directions, that the fundanental resonances of other eigennodes

(including twisting and fromorthogonal directions) are outside the
f r equenclhipinah odquivalendrrelotionshipeta thae of the fesrhansingfH( 2Q0:1the agqeleratiofear

| eft-to-right. de of wvibratio i I qur .
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geonetry of the parallelogramis insubstantial: for exanple, the axial
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paral | el ogram cantil ever 400 i ncl udes the two stand-al one cantilevers
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compared to the advantage of having the proof mass 104 substantially constrained in one

degree of freedom.

The support spring 106 is formed by the parallelogram cantilever 400 as shown in Figures
4(a) and 4(b), which acts as a guide for guiding motion of the proof mass 104 along the
sensing axis. The parallelogram cantilever 400 constrains the motion of the proof
mass 104 substantially to one degree of freedom (one axis of translation), thereby
substantially avoiding, reducing or eliminating undesirable modes of vibration / rotation
(including characteristic modes or natural resonances of the mechanical system, also
known as eigenmodes with eigenfrequencies, in the band of interest), and thus sensitivity
of the geophone 100 to motion in these undesirable degrees of freedom. Using the
parallelogram cantilever 400 makes it very hard for the system to vibrate in any cross-axial
mode, reducing the responsivity of the system to vibration in other modes within the
frequency band of interest. Although a single cantilever may possess a low frequency
twisting mode, the parallelogram cantilever 400 has motion substantially constrained on
one degree of freedom. The parallelogram is sufficiently stiff in all other (i.e., non-axial)
directions, that the fundamental resonances of other eigenmodes (including twisting and
from orthogonal directions) are outside the frequency band of interest. The lowest

eigenfrequency is for the linear left-to-right mode of vibration, as shown in Figures 4(c)



A stand-al one cantilever spring is typically a wwde rod or bar fixed at one
end and free at the other. The bar is thinner across one side making the
spring mNQ28tVoSfH7 for one axis. The spring constant ofPCa/AdI20G9/081496
cantilever beamis: _ Et3 can' ~ 4U where L is the length of the

cantilever beam wis the width and t is the thickness. The materi al

properties are represented by Young's nodul us E

If wis much larger than

t, the beamis much nore rigid for onggaxis than the other. Values for the
ot her paraneters are selected to give the desired spring constant within
manageabl e dinensions and maintain structural integrity, i.e., robustness

t o nechani c
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=5.09 x4 NNm For the natural resonance frequency of F res = 370 Hz,
proof mass 104 has a mass of m= 9.43 g. The correspondi ng accel eration
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sliding mechanical guides which could substantially constrain motion to one degree of

freedom. Thus the geophone 100 avoids sensitivity limitations of such sliding guides.

The parallelogram cantilever 400 includes the two stand-alone cantilevers joined in the
middle: one constrained at the base 114, and the other constrained at the proof mass 104.
The spring constant kg0~ for the parallelogram cantilever 400 is given by the
relationship:

k _ Ewt’
support 4 ( Ls,-de /2)3

A stand-alone cantilever spring is typically a wide rod or bar fixed at one end and free at
the other. The bar is thinner across one side making the spring much stiffer for one axis.

The spring constant of a simple cantilever beam is:

3

Ewt
Keom = ar

3

where L is the length of the cantilever beam, w is the width and ¢ is the thickness. The
material properties are represented by Young’s modulus E. If w is much larger than ¢, the
beam is much more rigid for one axis than the other. Values for the other parameters are
selected to give the desired spring constant within manageable dimensions and maintain
structural integrity, i.e., robustness to mechanical shocks. For example, for
w =7 mm, L =3.0 mm and ¢ =0.15 mm, the cantilever spring constant for a brass cantilever
(with E =110 GPa) is given by k..n =2.41 x10* N/m. This is the same order of magnitude
as the fibre spring constant of 2.68 x10* N/m.

t he



The thermal conpensator is configured to adjust the tension or strain in
the fibre portion 102 to counterbal ance thernmal strain in the fibre portion
102 due tWOLZRBYGFD24Gpti ¢ expansi on/ contracti on and ref r a®CiriAd2D9dOX496 hange
caused by tenperature changes/fluctuations. The thermal conpensator applies
a conpensating tension to the FFPI 110 to conpensate for one or nore
tenperature changes of the FFPI 110. By counter-acting the thermal effects
in the doped silica fibre, on which t resonance wavel ength of the FFP

110 depends, the geophone 100 can operate over a |large tenperature range.
For an exanple fibre Bragg grating with a thermal coefficient of 12.7 pmK
w t hout thermal conpensation, if the tenperature changes by 40 K, the FFP
optical resonance drifts by about half a nanonetre, which noves the
resonanc t %%n] 1468 wi f ¥@9p e 100.
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relatively hlghcoefflgme t of xpansion (e.g., Alum nium steel, stainless
steel or brass). The 8f%reiEhes of |inear expansion for the tmo material s
are Cnount (for the nount nenber 116) and Cconp (for the conpensating
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t he flbﬁgaﬁﬁﬁBGWghﬂQQ in tension-arises froma conbination of the
conpensati ng ne 108 and the nount nenber 116, arranged in

The thermal compensator is configured to adjust the tension or strain in the fibre portion
102 to counterbalance thermal strain in the fibre portion 102 due to thermo-optic
expansion/contraction and refractive index change caused by temperature
changes/fluctuations. The thermal compensator applies a compensating tension to the
FFPI 110 to compensate for one or more temperature changes of the FFPI 110. By
counter-acting the thermal effects in the doped silica fibre, on which the resonance
wavelength of the FFPI 110 depends, the geophone 100 can operate over a large
temperature range. For an example fibre Bragg grating with a thermal coefficient of
12.7 pm/K without thermal compensation, if the temperature changes by 40 K, the FFPI
optical resonance drifts by about half a nanometre, which moves the resonance outside a

typical WDM optical signal channel of the geophone 100.

The thermal compensator includes materials with different coefficients of expansion for
mounting the fibre portion 102. The fibre portion 102, with length L, and a thermo-optic
coefficient Cp, is fixed at either end on a mount or base 114 that includes the thermal
compensator. The thermal compensator, as shown in Figure 1, includes a mount member
116 of material with low coefficient of expansion (e.g., FeNi36, or "Invar" from

ArcelorMittal) and the compensating member 108 of material with a relatively high



an fol ded geonetry (as shown in Figure 1), as follows: tot ~ V-'conp conp ~
nmount nount ) When the fibre portion 102 is strained, the wavel ength | of

each BragyoOgpuxismy7112 changes according to: dl _ | dnePECTHU200990h06ds ds
Inserting the expression for Young's nodulus E = - yields: de E dneff + 1
de Vds Wth --= -6x1 0 3/ GPa , neff=\ L6 and E =72 GPa, the follow ng

expression relates ds changes in the length of the fibre portion 102 (dLb
bre)to the wavel ength shift dl: dl :-g 70- | dLfi bre '-'fibreln order to
conpensate the thermal drift of the F %I 110, the tension of the fibre
portion 102 in the geophone 100 is adjusted via changes in the |length

(AL101) . Since the FFPI 110 is mpunted_ between tvi/o ipri ngs, chﬂ.n es in the
fibre | eegffivien of pxpansient(egs HeummiEpeteeh siajplesoites! or F@ﬁ%gﬁ}&@@ }0% pend
on ther ' . . rin neyend o Fi gure
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accel er gférothy cotnpensating ingemsber 1108)p tahd sprrespysding . lengths awe Eriodar andpbaokd Gke 102
and the support spring 106) are.substanti al t he sane. JThe n in fibre
t ensi on IE‘E%&E get%%sﬁq?grfﬁ)ér_’ %l}? JOHeng RUYE H"_'h(?fe {h?‘/fﬁ 09t r?rg‘)fgrf‘eséﬁl%%fgﬁ the

=kbbr eALs*aE &t Blsel18). 28 bhiRal RbodaREe & engy aéptnliaikonl tohpéaRre anpesf i n
series, t change in the tension due to the change DL,ot is given by. KT
kfibre -tke(ipreosan be exprEssed as a change in wavelength:

AA=C,AT .

The thermal expansion AL, of the total length L,,—that is, the change in total length of

the base 114 between the fixed points holding the fibre portion 102 in tension—arises from
a combination of the compensating member 108 and the mount member 116, arranged in
an folded geometry (as shown in Figure 1), as follows:

ALIOI = (C Cmaum Lmoum) AT

comp L comp

When the fibre portion 102 is strained, the wavelength A of each Bragg grating 112
changes according to:

oL_ 4 dng  dr
oo ng do do

do .
Inserting the expression for Young’s modulus E = ;1-0—- yields:
€

d)
?L,q,[_E_ﬁH]

With d:"’ff =-6x10"/GPa, nes =1.46 and E =72 GPa, the following expression relates
o

changes in the length of the fibre portion 102 (dLsre)to the wavelength shift dA:

dz =0.70 4

dL fibre L fibre




icfibre k*support j)"" Equating the two proceedi ng expressions relates the
change in the total length of the base 114 (DLtot) to the change in |length
of the fiWPRIPISTI4Gn 102 (DLbbre) : ' So that and / AT PRE/ARMKUG149D t he
nount, Lconp + Lb bre, is adjusted by the |l ength of the conpensator such
that the FFPI wavel ength drift wth tenperature is conpensated as
follows:LT comp -- 11 9 .2z?zxr1liu0O5 r Af Ln - suPPrl ' + [IAAl For an
exenpl ary geophone 100, Cth =12.7 pmi{g _CmouM =1 xI O 6 /K and Cconp =23
xO6 /K (e.g., for an Al um nium conpensati ng nmenber 108) and for the
spring constants, kbbre =2.68 xO4 Nmand k upport =2.41 xIO4 Nm a
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tensions in both springs (i.e., the fibre portion 102 and the support spring 106) are
substantially the same. The change in fibre tension due to the change in the length of the
fibre is given by

AT = kﬁbreALﬁbre )

By the addition of the spring constants for the springs in series, the change in the tension
due to the change AL, is given by:

k fibre ’ k:upport
tot *
kﬁbre + k

support

AT =

Equating the two proceeding expressions relates the change in the total length of the
base 114 (ALy,) to the change in length of the fibre portion 102 (ALgbre):
k

support ! [
AL ibre — ‘tot ?
/i ke +k
fibre support

So that
k AL
) AL =0.704 —2 l
’ k fibre + ksuppor! ) L fibre
and
A’jf_ ~0.704 k:upport . (Ccomchamp - Cmoum Lmoum)
AT (;ﬁbre + ksupporl ) L fibre

The length of the mount, Lmoun = Leomp + Liibre, 18 adjusted by the length of the compensator

5 such that the FFPI wavelength drift with temperature is compensated as follows:



substantially equal to the length of the optical fibre portion 102, thus
provi di ng a conpact geophone. In the fol ded topol ogy, as shown in Figures
5A and 5Byoaofwoszz47end of the fibre portion 102 is attae@Eu20092001496 St

non- expandi ng bar 504 {e.g., made from"Invar") at a point A using a
fastener {e.g., adhesive or glue 506), and the second end of the fibre
portion 102 is attached to the proof nass 104 at point B using a further
fastener {e.g., adhesive or glue 506),,The fibre portion 102 is strain
tuned before the fasteners fix the fiBfé portion 102 in place: strain
tuning allows the characteristic response of the FFPI 110 to be tuned to a
sel ected wavelength to fit in VWDM schene. The first non-expandi ng bar 504
extends generally alo t he Ie2©,3+¢u ~and_generally, parall el to, e fibre
portion 102 fronﬂpg;ﬁ{gﬂzxﬂyChglﬁgnd%¥nedﬂﬁhmtﬁg‘fﬁ%g@“gortLon (mﬁbﬁ " down"
being into the page of\ Figure 5A) 't h point ¥ ng™t"di sed "above" the
first nonexpandi ng bar 504 using a first riser 508 {i.e., a generally rigid
connecting nmenber). The first non-expandi ng bar 504 is connected at its end

di st ant Ifgroghpgixahpﬁ?t ogéd%go@(pmogi ay, an. 50EmaS | 1,3, tAr eatlEl Masaener in
the formof a bolt 5I0a. The expandi ng bar 502extends fromits connection
poi Nt t Cae2Bin1et /Kote-2xioaaniAdgmizam Sompensaingmemper hed) aed demthe foinge i r st
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the length of the fibre partion 102. The_ length of the expandi ng bar 502,
LCO np, SXB2RsiqTemOBpingaQ@lghlnme =y grr?@n‘iagleo‘?f %‘H’@’ ‘lsﬁgiéﬁyﬁﬁl %ev,(f &Mt or in
t he Equathj_:ﬁ;gte[ﬁg] ofatﬂg\f&n{)é}saﬁ ehdeofogt he expandi ng bar 502 proxi mate poi nt
A i.e., the

end di stan rom the connection between the first
non- expandi ng bar 504 and the expandi ng bar 502, the expanding bar 502 is

connect to a second non-expandin L, .51 e. d. e fr y re),

el g a I heBadormrasR Bl TG o R LN dPRgoBh B R A koS! o)
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along the length of the expandi ng bar 502. The fibre portign 102, the first

non- ex pe(ﬁ@i,ngade from Aluminium, steel, brass or stainless steel), which allows for temperature
compensation while providing a geophone length in the sensing direction to be
substantially equal to the length of the optical fibre portion 102, thus providing a compact

geophone.

In the folded topology, as shown in Figures 5A and 5B, a first end of the fibre portion 102
is attached to a first non-expanding bar 504 (e.g., made from "Invar") at a point A using a
fastener (e.g., adhesive or glue 506), and the second end of the fibre portion 102 is attached
to the proof mass 104 at point B using a further fastener (e.g., adhesive or glue 506). The
fibre portion 102 is strain tuned before the fasteners fix the fibre portion 102 in place:
strain tuning allows the characteristic response of the FFPI 110 to be tuned to a selected
wavelength to fit in a WDM scheme.

The first non-expanding bar 504 extends generally along the length of, and generally
parallel to, the fibre portion 102 from point A, lying "underneath” the fibre portion (with
"down" being into the page of Figure 5A), with point A being raised "above" the first non-
expanding bar 504 using a first riser 508 (i.e., a generally rigid connecting member). The
first non-expanding bar 504 is connected at its end distant from point A to the expanding

bar 502 using a threaded fastener in the form of a bolt 510a. The expanding bar 502



bar 504, the expanding bar 502 and the second non-expanding bar 512 lie
generally parallel to each other. The cantilevers are fixed at their fixed
ends nearwORe1d3®46f t he second non-expandi ng bar 512, @CTALRDOFNODAI Lt S
connection to the expanding bar 502, by bolts 510c and a second riser 516,
which fornms an additional nount attached to the end of the second
nonexpandi ng bar 512 (by bolt 510d). The fixed ends of the cantilevers ends
are cl anped between bl ocks of the secgﬂd riser 516, and held in position by
the bolts 510c, and the second riser 6 is attached to the end of the
second non-expanding bar 512 by bolt 510d. The second riser 516 hol ds the
proof mass 104 and the cantilevers in a plane generally parallel to the
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the cantilevers are fixed together by bolts roof mass 104
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The cantilevers are fixed at their fixed ends near the end of the second non-expanding
bar 512, distant from its connection to the expanding bar 502, by bolts 510c and a second
riser 516, which forms an additional mount attached to the end of the second non-
expanding bar 512 (by bolt 510d). The fixed ends of the cantilevers ends are clamped
between blocks of the second riser 516, and held in position by the bolts 510c, and the
second riser 516 is attached to the end of the second non-expanding bar 512 by bolt 510d.
The second riser 516 holds the proof mass 104 and the cantilevers in a plane generally
parallel to the plane of the thermal compensator (which includes the first non-expanding
bar 504, the expanding bar 502 and the second non-expanding bar 512) but generally
aligned with the fibre portion 102. The cantilevers extend towards the line of the optical
fibre portion 102. The proof mass 104 and the cantilevers are fixed together by bolts 510e.
The proof mass 104 between the two cantilevers has a mass riser 514 at the end of the
proof mass 104 most generally distant from the point A where the second end of the fibre
portion 102 is affixed, at the point B. The fibre portion 102 is affixed to the mass riser 514
at the point B with the glue 506.



non- expandi ng 512, any change in the wavel ength of the optical
characteristics of the FFPI 110 in the fibre portion 102 due to the anbi ent
t enper at We 20105gR7i s conpensated by a correspondi ng chaogauo09endson of
the fibre portion 102 due to the | ength change of the underlying binetal
mount. The fibre attachnment point B on the mass riser 514 of the proof nmass
104 is preferably distance fromthe point A (i.e., off-centre conpared to
the proof nass centre) to mninse the,required | ength of the folded
geophone 500 for a given sensitivi ty‘?%.'g., dictated by the fibre portion

| ength). The proof mass 104 generally fills over 50% of the space (vol une)
between the two cantil evers (as shown in Figures 5A and 5B), and may
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tenperaturecan lead to changes in the tension in the fibre and thus
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constants k upport and kfi b re as follows: For exanple, for the FFPl 110
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dependengg@frlying bimetal mount. The fibre attachment point B on the mass riser 514 of the proof

mass 104 is preferably distance from the point A (i.e., off-centre compared to the proof

mass centre) to minimise the required length of the folded geophone 500 for a given

sensitivity (e.g., dictated by the fibre portion length). The proof mass 104 generally fills

over 50% of the space (volume) between the two cantilevers (as shown in Figures 5A and

5B), and may substantially fill this space, which also reduces the required size of the

folded geophone 500.

Effects of temperature variation of the spring constants of the fibre portion 102 and the
support spring 106 are generally insubstantial compared to the effects of length change in
the thermal compensator and thermo-optic changes in the fibre portion 102. The
temperature dependence of Young’s modulus for a typical metal, brass, is about -5 x107
°C, i.e., it becomes less stiff with temperature, whereas for fused silica Young’s modulus
is about 1x10™ /°C, i.e., becoming stiffer as the temperature increases. The differing value
for Young's modulus leads to a proportional change in the spring constants; this has very
little impact on the apportioning of length change due to the close ratios of the spring
constants. Changes in the spring constants with temperature can lead to changes in the

tension in the fibre and thus changes in the measured signals; however, the magnitudes of



The tension in the fibre portion 102 is selected to substantially avoid
violin nodes in the fibre portion 102 coupling energy into and out of the
geophone wOQomtosfrequenci es bel ow t he fundanental resonaotawhosdoetoe
cantilever/fibre/inertial mass system The fundanmental resonance frequency
of a taut string is given by: where L is the length of the string, T is the
tension and pi is the nass per unit length. For exanple, an uncoated
optical fibre of outer dianmeter 125 with silica density 2.65 g/cn8B,
possesses a mass per unit length (pj)y<of 3.26 x O5 kg/m As an exanple, a
tension in the fibre portion 102 of T =0.8 Nresults in a fibre strain
tuning of about 1 nm which for a length of 3.3 cmyields a fundanent al
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m ni nrum F = 500 Hz heval ue of the m nimum preferred tension increases
quadr at i @l Asy. 8 foHowbie | ength of the suspended fibre. The mass of the proof
mass 104 is selected to be sufficiently IOM/iF avoi d damagi ng / breaking

t he geophone 100 due to typical sh cks, _§u__dﬂ s due to a sudden inpact. As
the proof mass 104 is held betygen|the twa springs, any force accelerating
the mass will be exerted evenrx~0ﬂ i ertion and the support

spring. For an exanple mass of 40 [rahs iorlt e proof mass 104, an

accel eration of 2000 m's2 or -204 k’gg\%ﬁtl I @d,t 0 the geophone 100 generates a
force of 20 N on the proof mass 104, i ch’corresponds to about 10 N on the
fibre poFdri @ampld)ifoh thes FERI ex@unpitially tdnsidnbsteatdcimgd ttensinan) o elgpmgedhahd to a
strain of 1% i.e,, a force sufficiept to tune the FFPI 110 by about 12
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test from2 monto concrete and, for a typical plastic casing, a

decel erafjon equivgleat to 55 . : PR .
a"I"he tens(,algln in Etahe ibre port150n 1%2 is selected to substantially avoid violin modes in the

fibre portion 102 coupling energy into and out of the geophone 100 at frequencies below

the fundamental resonance of the cantilever/fibre/inertial mass system.

The fundamental resonance frequency of a taut string is given by:

1z
VA

I = >

2L

where L is the length of the string, T is the tension and gy is the mass per unit length. For
example, an uncoated optical fibre of outer diameter 125 um, with silica density
2.65 g/cm’, possesses a mass per unit length (o;) of 3.26 x10® kg/m. As an example, a
tension in the fibre portion 102 of 7=0.8 N results in a fibre strain tuning of about 1 nm,
which for a length of 3.3 cm yields a fundamental violin mode resonance of F;= 2.38 kHz.
This is above the preferred natural resonance frequency of about F,.; = 370 Hz and hence

out of band.

The minimum preferred tension in the fibre portion 102 for the fundamental violin mode is

about 0.036 N, based on L =3.3 cm, p; =3.26 x107 kg/m and minimum F~= 500 Hz. The



In an experinmental exanple, a | ow voltage piezoelectric transducer (PZT)
was attached to a test geophone. The test geophone had an effective proof
mass 104 WO 2a940572411. 62 grans: the effective inertial mMREI/AUINIEN61/ 3 oOf
the mass of the cantilever beans. The total spring constant of the fibre
and cantil ever systemwas about 6.3 x4 NNm The mass of the test geophone
was about 50 granms in total. The PZT had an unl oaded resonance frequency
greater than 500 kHz, a | oaded resong?gg frequency greater than 10kHz, and
capacitance C = 110 nF. The driving fiequency did not exceed 1 kHz, which
meant that the current requirements to drive the PZT were well within the
capabilities of a typical signal generator. An acceleration calibration
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t hi s case, equi val ent strain noise oor for this acceleration

sensi t i VECy68:2&32~hipleinveives a drop test from 2 m onto concrete and, for a typical plastic

casing, a deceleration equivalent to 55 g.

In an experimental example, a low voltage piezoelectric transducer (PZT) was attached to
a test geophone. The test geophone had an effective proof mass 104 of about 11.62 grams:
the effective inertial mass included 1/3 of the mass of the cantilever beams. The total
spring constant of the fibre and cantilever system was about 6.3 x10* N/m. The mass of
the test geophone was about 50 grams in total. The PZT had an unloaded resonance
frequency greater than 500 kHz, a loaded resonance frequency greater than 10kHz, and
capacitance C = 110 nF. The driving frequency did not exceed 1 kHz, which meant that the
current requirements to drive the PZT were well within the capabilities of a typical signal
generator. An acceleration calibration signal was applied at 100 Hz via the PZT to

generate a scale for the vertical axis of the results graph in terms of acceleration.

The geophone noise floor 602 was measured by placing the test geophone on a vibration-
isolated table, enclosed in an acousto-mechanically isolated enclosure. The geophone noise
floor is substantially flat at 37 ng/NHz from about 20 Hz to about 1 kHz, as shown in
Figure 6. At 10 Hz, the noise floor is 90 ng/NHz, but then rolls up steeply to lower



The response of the test geophone to an external driving force, known as
the transfer function, was neasured with a total spring constant of about
6.3 x| 04 WOormwvmd7a7mass of 11.62 grans of the proof mas®CTMI208/01496t | i ne
702 in Figure 7, with an arrow pointing to the left axis, represents the
anplitude of the response of the test -geophone to a constant sinusoi dal
accel eration. The fundanental cantilever/fibre resonance 704 occurs at 370
Hz and was about thirty times the non-ygsonant response at that frequency.
Above the resonance, the response falls off as 1/ F2, as expected of a
driven SHM system The second line 706 in Figure 7, with a right-pointing

arrow, represents the phase r onse of .the test nmass, ,and hence, fibre
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degr ees, g@NHR PRGN Kiguielse expected phase change at resonance in a driven
SHM system Above the resonance, the phase response flattens out again,

gradual |y di sappearing into the neasurenent noise (into the 'out of sensing
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phase. A seismic detector system 80Q, as shown in.Figu 8, ..inclyding a
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radi o-frequency ? signal from an generator 804. A light field (laser
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carrier and phase-nodul ated optical sidebands, is transmtted through (or
reflected from the FFPI 110 of the geophone 100. The FFPI 110 has an

optical phasecd@aacisSBoMbf SN ngAHL Svas iy retatbd tovalvebtedigtnbise floor
which, in turn, was limited by the laser frequency noise. In this case, the equivalent strain

noise floor for this acceleration sensitivity was ~2 pe/NHz.

The response of the test geophone to an external driving force, known as the transfer
function, was measured with a total spring constant of about 6.3 x10* N/m and a mass of
11.62 grams of the proof mass 104. A first line 702 in Figure 7, with an arrow pointing to
the left axis, represents the amplitude of the response of the test geophone to a constant
sinusoidal acceleration. The fundamental cantilever/fibre resonance 704 occurs at 370 Hz
and was about thirty times the non-resonant response at that frequency. Above the
resonance, the response falls off as 1/F*, as expected of a driven SHM system. The second
line 706 in Figure 7, with a right-pointing arrow, represents the phase response of the test
mass, and hence fibre tension, to the motion and strain of the geophone base or casing.
The measured acceleration closely tracks the actual acceleration from 10 Hz up to about 30
Hz below the mechanical resonance. From 10 Hz to 300 Hz the measured phase lag was

no more than 15 degrees.

As the frequency was tuned through resonance, the phase transitioned rapidly, so that the

phase difference between below and above resonance was about 180 degrees,



The geophone 100 alters the resonance wavel ength of the FFPI 110 in
response to the seismc acceleration which, in turn, differentially alters
t he phasewofotns7mdarrier relative to radi o-frequency RFPphadeotduivat ed
(PM sidebands in an optical beam passing fromor through the FFPI 110. The
result is an anplitude nodul ated (AM "error"™ output signal (wth an
anpl i tude nodul at ed spectrum 810, as shown in Figure 8) at the

phot o-detect or 812, which is generall& proportional to the seismc

accel eration signal after being m xed ﬁomn (using a m xer 814 driven by a
signal - shifted in phase by a phase shifter 816 - fromthe RF generator
804) to baseband. The denodul ated output signal is displayed and/or
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response 808 which varies sharply with wavelength.

The geophone 100 alters the resonance wavelength of the FFPI 110 in response to the
seismic acceleration which, in turn, differentially alters the phase of the carrier relative to
radio-frequency RF phase modulated (PM) sidebands in an optical beam passing from or
through the FFPI 110. The result is an amplitude modulated (AM) "error" output signal
(with an amplitude modulated spectrum 810, as shown in Figure 8) at the photo-detector
812, which is generally proportional to the seismic acceleration signal after being mixed
down (using a mixer 814 driven by a signal — shifted in phase by a phase shifter 816 —
from the RF generator 804) to baseband. The demodulated output signal is displayed
and/or recorded on a read out unit 818 and fed back to the laser 802, in a low bandwidth
loop (including a servo filter 820), to allow ‘an actuator 822 to track the laser's central
optical wavelength to slow variations in the FFPI resonance wavelength due to, for
example, thermal effects not exactly compensated by the thermal compensator, which are

typically on a faster time scale than that at which the compensator can respond.



refl ecti on phot odetector 948, depends on the reflective properties of the
interferonmeter 936, which in turn depend on the optical |length of the

i nt er f er ONO12810/03387 The signal detected by the refl ecti BATMEIVOIE1496t or 948
is mxed dowmn with a m xer 950 to provide a nmeasurenent signal, or error
signal, 956, which is indicative of the optical |ength of the
interferoneter 936. The m xer 950 uses a denodul ation signal that has a

fi xed phase rel ationship, set by phasg shifter 952, to the signal generator
912. A lowpass filter 954 may be used’optionally to filter high-frequency
noi se fromthe error signal 956. Another portion of the incident beamis
transmtted by the interferoneter 936, through a second optical isolator
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902 may be centred at approxinately 1550.15 run, with a tuning range of
appr oxi riatdfEP1 934 formed fromhtwe Eibre Bragg &itatingsc3Rcand Dahdn an oampiegdaphene 902
may be %%Qed by applying a voltage to a piezoelectric transducer (PZT) in
the laser‘itself, thereby changing the |laser cavity length or in the case
of DFB | aser by changlng tenperature and current. After passing through the
opti cal AsoktidnoEr 90&he inbidehtalseam Bblisareflsatd by tl’raynthﬁeraﬁhjemst(EEiPIo ®36getHis cal by
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or photodetector 948. The reflected portion Er, and thus the signal detected by the
reflection photodetector 948, depends on the reflective properties of the interferometer
936, which in turn depend on the optical length of the interferometer 936. The signal
detected by the reflection photodetector 948 is mixed down with a mixer 950 to provide a
measurement signal, or error signal, 956, which is indicative of the optical length of the
interferometer 936. The mixer 950 uses a demodulation signal that has a fixed phase
relationship, set by phase shifter 952, to the signal generator 912. A low-pass filter 954
may be used optionally to filter high-frequency noise from the error signal 956.

Another portion of the incident beam is transmitted by the interferometer 936, through a
second optical isolator 938 and focussing lens 940, to a transmission photodetector 942. In
a manner similar to the signal from the reflection photodetector 948, the signal from the
transmission photodetector 942 is mixed with a constant-phase signal from the signal
generator 912, delivering an error signal that indicates the optical length of the
interferometer 936. Using the transmission error signal reduces the effects of fibre noise

such as Rayleigh Back Scattering (RBS).



frequency is selected to be as wide as possible while lying wthin the FWAM
of the FFPI node for sufficient transm ssion, and optim sed experinentally.
Al t er nat iwel2g1o/tsm7phase nodul ator 916 is i npl enent ed agCa/AtRMYOI4EquUENCY
(RF) current nodul ation, nodulating the phase of the laser 902, e.g., in a
distributed feedback (DFB) diode |aser. The phase nodul ator 916 nay be
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provide the local oscillator signal fgy_ the denpdul ation electronics, as
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frequency is selected to be as wide as possible while lying within the FWHM of the FFPI
mode for sufficient transmission, and optimised experimentally. Alternatively, the phase
modulator 916 is implemented as a radio-frequency (RF) current modulation, modulating

the phase of the laser 902, e.g, ina distributed feedback (DFB) diode laser.

The phase modulator 916 may be driven by a radio frequency (RF) signal generator 912,
which may also provide the local oscillator signal for the demodulation electronics, as
discussed above. The modulated laser beam 918 may be coupled with an aspheric lens 924
into a fibre-pigtailed polarisation-independent optical circulator 928, spliced to a FFPI 936.
A grating separation L is defined as the single pass effective optical path length between
the Bragg Gratings 932, 934. The resonance frequency of the FFPI 936 can be tuned by
either increasing or decreasing L, where an increase in L decreases the resonance centre
frequency, while a decrease in L increases the resonance centre frequency. This tuning can
be effected in a number of ways, including stretching, heating, cooling and compressing
the FFPI 936 inside a length of tubing by compressing the tubing. In the geophone 100
(accelerometer) it is the acceleration of the ground relative to the proof mass 104 which
stretches the FFPI 110. In the FFPI 110, the seismic signals effect strain changes, which
' "tune" the FFPI 110, which is interrogated by the laser 902.



error signal, thus providing a maxi mum signal-to-noise ratio for the
system Alternatively, dual-channel in-phase and quadrature detectors may
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(vn) to the full-w dth half-maxi num bggdwi dth (Avo. ) of the FFPI 936. For
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100 to %ﬂ@seWhesbﬁtﬁﬁuﬁl%aéeaé&fcems the radio-frequency local oscillator phase that goes
into the mixer 950 in order to generate the error signal. There are two mechanisms that
can generate an error signal depending on the ratio of the modulator frequency (vn) to the
full-width half-maximum bandwidth (Avgs) of the FFPI 936. For low frequency vp
compared to Avys, the dominant mechanism is the relative change in one sideband with
respect to the other sideband. For high frequency vn (i.e., Vm >> Avys), the dominant
mechanism is the phase rotation of the carrier with respect to both sidebands. The first
mechanism requires a demodulation phase (local oscillator phase) 90 degrees away from

the second mechanism.

In an exemplary seismic detection system 1000 with feedback and wavelength control, as
shown in Figure 10, the error signal from a demodulation system 1002 is amplified and/or
frequency-filtered by the amplifier 1008, then fed back into the wavelength controller, for
example a piezoelectric device that tunes the cavity length of the laser 802. Figure 11
shows a further exemplary seismic detection system 1100 with feedback, where the laser
output is modulated by directly modulating the laser's drive current 1102, rather than

phase-modulating the output externally with an external phase modulator 916.



frequency tuning range can be in excess of 100 GHz, although the WM
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Pound- Drever-Hal | | ocki schene involves interrogating the FFPI 110, 936
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GHz spaced channel grid). Signals picked up by the geophone 100 above the unity gain

frequency of the control loop can be accessed at the output of the demodulation system
1002. These are out-of-loop signals and the dynamic range will be limited by the FWHM
of the FFPI mode width (e.g., 200 MHz) as they are in the frequency range above unity
gain where the locking dynamics have a negligible effect, thus, the sensor dynamic range

is optimised by maximising the control bandwidth.

The preferred technique for frequency locking the laser 802, 902 to the FFPI 110 is the
Pound-Drever-Hall (PDH) locking scheme. In theoretical models of the Pound-Drever-
Hall locking scheme, the interferometric sensor may be approximated by analysis of a free
space resonant cavity; within the bandwidth of concern, the Bragg reflectors used in the
FFPI 110, 936 are broadband, and both the reflectors and resonator refractive index are
non-dispersive. At the optical carrier frequency v, the complex reflection response of a
lossless FFP formed by two matched reflectors separated by distance L, both with

amplitude reflection coefficient r, can be expressed as

. E, _ (1 —exp(—if(v)))
F(v) = E,  1—r2exp(—if(v))

= A(v) explig(v)]

where E, and E; are the reflected and incident electric fields; 6(v)=2 n v nL/c is the round-
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vi=v+v,, and v_=v-v,; P is the power in the carrier while P is the power in each
sideband. The phase shift v is set to optimise the demodulated error signal. In general this

is achieved when

dlﬁlé(%)”

P =tan ' { —
d[RICE))]
dv 8(v)=m2n

where m is an integer. The round-trip phase 6(v)=m2n when the carrier is resonant with

the FFPI 110, 936.

From equation (2), it can deduced that in the case of v,, << Avy s, d(v)-d(v+) and ¢p(v_)-¢(v)
are both very small, and so the expression is dominated by its real part. Conversely, when
Vi >> Avy s, the sidebands are well outside the linewidth of the FFPI 110, 936 when the

carrier is near resonance. In this case these phase-difference terms approach n/2 and the
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For a given resonance FWHM, Avg s, the frequency separation between the turning points
of a Pound-Drever-Hall error signal is dependent on v,. It approaches asymptotic values

for both cases of v,, << Avgs and v, >> Avy3s.

On the other hand, for a given modulation frequency, the size—and therefore the slope—of
the error signal is dependent on the FWHM bandwidth Avgs. The error signal size

approaches zero when v,,<<Avy s, but reaches an asymptotic value when v,>>Avgs.

In the further exemplary seismic detection system with feedback 1100, as shown in Figure
11, current modulation may be used to modulate the laser output. An example of a laser
source is a DFB diode laser or a monolithic extended cavity diode laser. The wavelength
of the laser may be tuned by changing the laser cavity length. The FFPI 936 may consist
of a pair of nominally matched Bragg gratings with selected lengths and spacing.
Demodulation and feedback are described above with reference to Figures 8 and 9. This
error signal 1104 serves two purposes: (i) at the signal is used by the servo amplifier to
feed back to the laser 802 to ensure the laser 802 stays locked to the centre of the FFPI

resonance; and (ii) the error signal provides a dynamic strain readout of the FFPI 936.

In a seismic array system 1200, as shown in Figure 12, a plurality of modulated signals
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combined with optical multiplexers 1206. The radiation from each laser has its central

wavelength controlled by a corresponding wavelength controller, and is modulated by one
of a plurality of radio-frequency modulators 1220. The plurality of optical output signals,
indicative of the optical lengths of the interferometers, are directed to separate
demodulators using an optical demultiplexer 1208, or similar optics. The optical output
signals are demodulated via a plurality of photodetectors 1210, mixers 1212 and phase-
shifted local oscillator signals (from the corresponding radio-frequency modulators 1220)
in a manner described above for the single-interferometer apparatus. The demodulated
signals are low-pass filtered and the error signals 1218 observed to indicate the optical
lengths of the interferometers, and thus the seismic signals from the respective geophones
100. The error signals may be fed back to the wavelength controllers of the lasers 1204,
thus enabling each laser to track the central wavelength of its corresponding interferometer

via a frequency locking scheme such as the Pound-Drever-Hall technique described above.

An alternative realisation of the seismic array system 1200 has a single radio-frequency
phase modulator downstream from the WMD optics that combine the plurality laser

outputs into a single fibre. This topology reduces the use of external phase modulators
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wavelength of its corresponding interferometer via a frequency locking scheme (eg the

PDH scheme) as described above.

In a further alternative realisation of the seismic array system 1200, a plurality of optical
output signals, arising from a plurality of interferometers in a single optical fibre, can share
a single photodetector. In this apparatus, each laser output is modulated at a different radio
frequency. After interrogation of each FFPI sensor, demodulation at each respective
modulation frequency with a plurality of electronic mixers allows extraction of each
acoustic sensor signal in isolation. This simplifies the detection optics by avoiding the
need for splitter/combiner and other WDM optics at the array output. In one realisation of
the apparatus, the error signals may be fed back to the wavelength controllers of the lasers,
thus enabling each laser to track the central wavelength of its corresponding interferometer

as described above.

Many modifications will be apparent to those skilled in the art without departing from the

scope of the present invention as herein described.

The reference in this specification to any prior publication (or information derived from it),
or to any matter which is known, is not, and should not be taken as an acknowledgment or
admission or any form of suggestion that that prior publication (or information derived
from it) or known matter forms part of the common general knowledge in the field of

endeavour to which this specification relates.



base for providing a fibre tension based on the sensor acceleration; a
fibre Fabry-Perot interferometer (FFPI) in the optical fibre portion for
provi di ngvarompisral characteristic representative of tireTiAtI@®/ e8I ON;
and a conpensator for applying a conpensating tension to the FFPI to
conpensate for a change of the optical characteristic due to a tenperature
change of the FFPI. 2. A device as clained in claim1l, wherein the '
conpensating tension is applied baseda%n a tenperature change of the
conpensat or corresponding to the tenperature change of the FFPI. 3. A
device as clainmed in claim2, wherein the conpensator includes an expanding
menber, between the base and the proof nass, arranged to change in |length
in a dir€dAIMSsubstantially parallel to the FFPI based on the tenperature
change of the conpensator. 4. A device as clained in claim3, wherein the
conpensator includes a first nonexpandi ng menber substantially parallel to
t he FFPI 1bet waelevich €oldesting seithie acedderadomgndledingr , and a second

non- expandi ng nmenber substantially parallel to the FFPI between the

expandi ng menber &PWOf A8SSHroof nmss, wherein the expandi ng nember is
arranged to reduc q menber
expands. 5. A devi %gésggoﬁrﬁﬁﬂ gaﬁos%h%o‘r?]%%‘g% tr(}‘\?’-l ﬁﬁﬁ veﬁgé%%ﬁogm?ﬁ?tﬁ%g wher ei n
t he optical fobthe spismid amelemtion; opt i caI comuni cati on vvlth an optical fi bre

for guiding light to interrogate the .optical acter stic_of th FPI. 6.
A devi ce as cl ai n%‘boﬁt’r?attﬁifetﬁ HB108OPEREVHY «Seﬁféﬁcf‘f‘gahﬁ”&‘?‘ﬁé e poef wass Ay %upport

spring for hobgbpst ﬁr@ﬁd&gta'ﬁ’&é tefnhlléﬁ%a%rénltﬁ@sérﬁoxt&@@l'eféﬁonbet ween the pr oof
mass and the base. evice as clainmed in claim®6, i1ncluding a guide for

substanti al | y | i na fibrediabhePerehintarfesamesee(FEPi)an theoopisisaksibys partionZi y parallel

to the FFPI. providing an optical characteristic representative of the fibre tension; and

a compensator for applying a compensating tension to the FFPI to
compensate for a change of the optical characteristic due to a temperature change of
the FFPL

2. A device as claimed in claim 1, wherein the compensating tension is applied based
on a temperature change of the compensator corresponding to the temperature

change of the FFPIL.

3. A device as claimed in claim 2, wherein the compensator includes an expanding
member, between the base and the proof mass, arranged to change in length in a
direction substantially parallel to the FFPI based on the temperature change of the

compensator.

4. A device as claimed in claim 3, wherein the compensator includes a first non-
expanding member substantially parallel to the FFPI between the base and the
expanding member, and a second non-expanding member substantially parallel to
the FFPI between the expanding member and the proof mass, wherein the
expanding member is arranged to reduce the stress applied to the FFPI as the

expanding member expands.



8. A device as clained in claim7, wherein the support spring includes a
first cantilever in the formof a flexible strip secured between the proof
mass and WREVHWAS&2479. A device as claimed in claim8, wWRETANWRWHWEIYGI de

i ncludes a second cantilever in the formof a flexible strip between the
proof mass and the base, substantially parallel to the first cantilever,
for guiding the proof mass. 10. A device as clainmed in any one of the
preceding clains, wherein the FFPI is feld at a tension selected to tune
the FFPI to a selected optical wavelength in a

wavel engt h-di vision-mul tiplexing (WOM schenme. 11. A device as clainmed in
any one of th receding clainms, wherein the FFPI includes an

i nt er f er dmet ef* F3KREA l3imedun a0y ong obths giecgding iclaims, whereip theentical filre
detecting a sghs$ith$s RpEEA BHnAhicatiBk Wi Aoti ' -cl Al in one of
claims 1 to 1_?; angs a (Ibaserc "oeama%ac}? %e@%&%lgﬁéé foﬁgﬁgi&’fé g%}fr%i

char act eri st i mtafogateghé-stical chalatteristic bhitheddPEm ¢ accel eration. 13. A system
for detecting seismc acceleration, including: a plurality of

si ngl e-1 ongi tudi nal node | aser sources to each provide radiation at a

cor r espofdi NgAevicalab EMirddd 9 Gheof e \padcelal RRimafkiddink §38ppeRGrinpdul at or
to frequency or phase nodul ate the radiation fromeach |aser source; a

plurality of f{gaheldinajhpopieal fibrd pardon in tersien, betwene thegireef masswad gheengt hs  of
said | aser s ces; a plurality of devices as clainmed in any one of clains
1 to 11, each devi ce bei ng responsive to one of the said plurality of
wavel engths to each produce a reflected or transmtted optical output ‘
si gnal d_gpegggnt on the optical characteristic of the corresponding FFPI;
and one 6r deyicraiclaimestia cfaim s irsinding aevife fossubgantialiydiputing thgnal s and
produce a corgasRoptifgidl 1R dubafialFHARMERIGRL FFPYNal s T ndi cative of

opti cal

8. A device as claimed in claim 7, wherein the support spring includes a first
cantilever in the form of a flexible strip secured between the proof mass and the

base.

9. A device as claimed in claim 8, wherein the guide includes a second cantilever in
the form of a flexible strip between the proof mass and the base, substantially

parallel to the first cantilever, for guiding the proof mass.

10. A device as claimed in any one of the preceding claims, wherein the FFPI is held at
a tension selected to tune the FFPI to a selected optical wavelength in a

wavelength-division-multiplexing (WDM) scheme.

11. A device as claimed in any one of the preceding claims, wherein the FFPI includes

an interferometer formed by two fibre Bragg gratings.

12. A system for detecting a seismic acceleration, including:
a device as claimed in one of claims 1 to 11; and
a laser beam for interrogating the optical characteristic of the FFPI to detect

the seismic acceleration.
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one or more demodulators to demodulate the optical output signals and

produce a corresponding plurality of measurement signals indicative of optical

characteristic of the corresponding FFPIs.

14. A system as claimed in claim 13, wherein a selected high frequency range of the, or

each, demodulator output provides the measurement signals.

15. A system as claimed in one of claims 13 or 14, wherein the wavelength controller is
dependent on feedback from the, or each, corresponding demodulator, and
the feedback is generated by a selected low frequency range of the, or each,
corresponding demodulator output, and the feedback is used to maintain each
selected wavelength of each laser source at a centre wavelength of each

corresponding FFPI.

16. A system as claimed in any one of claims 13 to 15, wherein radiation from each
laser source is modulated at the same modulation frequency, and each optical

output signal is directed to a separate demodulator using an optical demultiplexer.

17. A system as claimed in any one of claims 13 to 15, wherein a modulator is provided

for each laser source, and radiation from each laser source is modulated at a
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different modulation frequency, and the demodulators share a common optical

detector.

18. A method for detecting seismic acceleration, including:
providing a sensor acceleration by a base, relative to a proof mass, based on
the seismic acceleration;
providing a fibre tension based on the sensor acceleration by an optical fibre
portion operatively connected between the proof mass and the base;
providing an optical characteristic representative of the fibre tension using a
fibre Fabry-Perot interferometer (FFPI) in the optical fibre portion; and
applying a compensating tension to the FFPI to compensate for a change of

the optical characteristic due to a temperature change of the FFPI.

19. A method as claimed in claim 18, including applying the compensating tension to
the FFPI based on a temperature change of a compensator corresponding to the

temperature change of the FFPL

20. A method as claimed in one of claims 18 or 19, including interrogating the optical

characteristic of the FFPI using a laser beam to detect the seismic acceleration.



