PHCA- 99042 OPTI CAL FI BER MAGNETI C SENSOR TECHNI CAL

FI ELD The invention relates to an optical fiber magnetic sensor.
BACKGROUND ART Met hods for detecting magneti smthrough tfga.99042
utilization of the interference of an optical fiber can be classified into
t hree net hods: (1) a nethod wherein a magnetostrictive elenent is
utili zed; (2) a mepbadexher b Ral Aoy Ef g S utilized; and

(3) a nmethod wherein electronagnet?%£¥6@%e 'S Lﬂ% I zed. Al'l the

methods (1) to (3) utilize a phenonmenon such that the application of
magnetic fields causes a change in the state of |ight propagating through
the opti eglophireat, frgepeates a strain in the optical fiber. Anmong these
nethods,%?n plinbipFe, the nmethod (3) wutilizing electromagnetic force
has been reﬁﬁEdgﬂv@ﬁt??H'P?léﬁ@éhﬁghﬁéto ﬂ'f@ﬂé&'ﬁa?netig'genéof§ a
di agram show ng an exanple of the conventional optica I ber magnetic
sensor, and Fig. 2 a diagramshow ng the principle of the conventi onal
optical fiber mgnetic sensor. As shown in Fig. 1, in the
met hod gpYlcikkcrénRg aglbectromagnetic force, a given current is allowed to
flow into—_a ctosed crrcuit conposed of: a netal-clad optical fiber 3

whi ch has beenybifgak! ¥oit r&dCad its| Mffe IR LhfoddR! ¥he htilfikyedoho an

i nsul ating body 4 of equi pnent, and a f1xing
of the interference of an optical fiber can be classified into

three methods:

(1) a method wherein a magnetostrictive element 1is
utilized;

(2)la method wherein Faraday effect is utilized; and

{3) a method wherein electromagnetic force is utilized.

All the methods (1) to (3) utilize a phenomenon such that
the application of magnetic fields causes a change in the state
of light propagating through the optical fiber or creates a
strain in the optical fiber. Among these methods, in principle,
the method (3) utilizing electromagnetic force has been
regarded as having the highest sensitivity.

Fig. 1 is a diagram showing an example of the
conventional optical fiber magnetic sensor, and Fig. 2 a
diagram showing the principle of the conventional optical fiber
magnetic sensor.

As shown in Pig. 1, in the method utilizing
electromagnetic force, a given current is allowed to flow into
a closed c¢ircuit composed of: a metal-clad optical fiber 3
which has been linearly stretched using a metallic fixture 1,

fixed to an insulating body 4 of equipment, and a fixing



material 2 and both ends of which have been fixed; an alternating-current
power “supply 5; and a lead 6. At that tine, this nethod utilizes a
phenonenon such that, as shown in Fig. 2, upon the application of an
external magnetic field 7, vibratory electromagnetic force is generated in
the metal -clad optical fiber 8 in a direction indicated by an arrow
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the clamps 10 through a lead 11, functions as a resonance'
system. Therefore, when an alternating current having a
specific frequency is supplied, the sensitivity to magnetism
becomes very good by virtue of the resonance effect of the
system (Japanese Patent Laid-Open Nos. 520276/1988 and
35284/1989) .

A dipping method, wherein a molten metal is added at the
time of drawing, has been used as a method for applying a metal
cladding, serving as a major portionm through which a current is
allowed to flow and which receives electromagnetic force, onto
a material fiber for an optical fiber. Cladding materials
include aluminum, copper, and nickel.

Although the method utilizing electromagnetic force has
been regarded as having the highest sensitivity, the prior art
technique, as shown in Fig. 1, using a magnetic detecting
section with an optical fiber being linearly supported, had the
following problems.

(1) Narrow frequency response

In Japanese Patent Laid-Open No. 52076/1988, there is no



description on the frequency response. Japanese Patent Laid- Open No.
35284/ 1989 describes that neasurenent at a frequency wup to 100 Hz is
possi bl e because the nechani cal resonance frequency is 170 kHz at a
supporting interval of 115 nm In fact, synchronous detection is
perfornmed at a mechanical resonance frequency around 170 kHz. Therefore,
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expansion, the tension of the optical fiber varies depending upon the
ge”peratwﬁfﬂdéﬁﬁﬁﬂéaﬂ‘”%H%fgﬂwyeti%%ﬂ& G ism substantially close to
direct current {(DC) can be detected. This significantly limits
applications of this method. For example, a supporting
interval of 1/10 is required to provide a frequency response of
80 Hz which is satisfactory from the practical viewpoint. 1In
this case, however, the sensitivity is significantly lowered to
105, making it difficult to apply this method to ordinary
applications.
(2} Dependency of characteristics upon tension
Tension occurs in an optical fiber which has been
linearly held by supporting at two points. A change in the
tension results in a significant change in sensitivity and
resonance fregquency. The fixtures used respectively in two
points for supporting the optical fiber are generally fixed to
a common body of equipment to apply a given tension to the
optical fiber. However, when the optical fiber, the fixture,
and the body of equipment do not have an identical coefficient

of thermal expansion, the tension of the optical fiber varies

depending upon the temperature, leading to a significant change



In characteristics of the sensor. On the other hand, in such a state that
the optical fiber has been suspended, that is, in such a state that there
is little or no tension, expansion of the optical fiber per se due to a
tenperature change leads to a change in tension. (3) Lowreliability
When the conventional dipping nethod is used in the formation of netal

| addi ng ical fiDb | ' : QW
shr) nLQSégﬂfﬁf‘ﬁ%@?f%%iftﬁ:ssieé?ggﬁet PRaOTT o n, T otBe-"phAl. CLEHNOR e
a t : | fi L chyj
chbsat | vEArS (Ao oky PREECE) ZPRELERS Bech dRpRedy War OITARY

cagsat i vE5F" | "5 _
ci addi ng “MFBuS B Yy G brstare | B pht heFE ot oPAC R ERAT Sxhep L0 EL7

€ enough to carrent 't

™ o Poiddadd  BCEE. £E2AE%ed0, LOMdAlLAld WSl 1808 Bp 8 1 0°

opti cal Se”0r "ifreversible exiern ormati o hi's makes it

difficult,t LQVi bl e characteristics. Accordingly, it is an
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met al - ¢l ad optical Tiber of 4
cooling after drawing, the shrinkage of the metal is larger
than that of glass. This causes the application of a large
lateral pressure to the optical fiber, which is causative of
increased loss and cracking. For this reason, the reliability
is low. In order to provide good sensitivity, the thickness of
the metal cladding should be large enough to permit a large
current to flow. The thick metal cladding, however, causes an
initial structural strain in the optical fiber per se or
irreversible external deformation. This makes it difficult to
provide stable characteristics.

Accordingly, it is an object of the invention to solve
the above problems and to provide an optical fiber magnetic
sensor which has good frequency response and sensitivity,
excellent resistant to environments, such as temperature and

vibration, and high reliability.

DISCLOSURE OF INVENTION

In order to attain the above object of the invention,
according to the first feature of the invention, an optical

fiber magnetic sensor comprises: a metal-clad optical fiber of



an optical fiber clad with a netal; an alternating-current power supply
for allowng an alternating current to flowinto the netal cladding in the
netal -clad optical fiber; and an optical interferoneter which detects, as
a strong or weak light signal, a change in optical path difference
attributable to expansion or contraction caused in the | ongitudinal
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change |n optlc ce attributable to expansion or contraction

caused '@ﬂgyacterlzai in that the metal-clad optical fiber has been
circularly or spirally formed so as to keep a constant radius
which imparts, to the optical fiber, a bending stress large
enough for a magnetic detecting section for detecting the
external magnetic flux to dynamically regard the optical fiber
substantially as a rigid body, and has been fixed so that the
mechanical resonance frequency in a magnetic detecting section
is determined by the radius of the circle or the spiral and the
structure of the optical fiber and so that the circular shape
or the spiral shape does not depend upon interval, regularity,
and fixation method.

According to the second feature of the invention, an
optical fiber magnetic sensor comprises: a metal-clad optical
fiber of an optical fiber clad with a metal; an alternating-
current power supply for allowing an alternating current to
flow into the metal cladding in the metal-clad optical fiber;
and an optical interferometer which detects, as a strong or
weak light signal, a change in optical path difference

attributable to expansion or contraction <caused in the



| ongi tudi nal direction of the optical fiber or a change in |ateral
pressure caused in the radial direction of the optical fiber, these
changes havi ng been caused by interaction with external magnetic fl ux,
wherejn the nmetal -clad optical fiber has been elliptically fornmed so as to
keep a radius which inparts, to the optical fiber, a bending stress |arge
enough I C tecting.seghtion t L0g e,e ;
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which an alternating current 1S a to flow, is fornmed circularly or
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is provided. An alternating T“current having a relatively high frequency (a

frequency Wabelcal resonance frequency in a magBetic detecting section
is determined by the major axis and minor axis of the ellipse
and the structure of the optical fiber and so that the
elliptical shape does not depend upon interval, regularity, and
fixation method.

In addition to the above construction, in the optical
fiber magnetic sensor according to the invention, preferably,
the metal cladding provided on a material fiber for the optical
fiber comprises a not more than 2 um-thick nickel layer as a
first layer formed by electroless plating and a not more than 5
um-thick gold layer as a second layer formed by électroplating.

According to the invention, a metal-clad optical fiber
for detecting external magnetic flux through which an
alternating current is allowed to flow, is formed circularly or
spirally so as to keep a constant radius which provides a
satisfactorily large stress in the optical fiber. In order to
hold this shape, a fixation point independently of interval,
regularity, and fixation method is provided. An alternating

current having a relatively high frequency {(a frequency which



I's higher by about two orders in a dianeter substantially identical to
the l-ength of the conventional |inear magnetic detecting section) is
allowed to flowinto the fixation point. The prior art technique
(Japanese Patent Laid-Qpen Nos. 52076/1988 and 35284/1989) is different
fromthe invention in that, as shown in Fig. 2, in a string having a given
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the principle of the optical fiber magnetic sensor according to

the invention.

As shown in Fig. 3, when there is a magnetic field 12
which is normal to the surface of paper and advances from the
backside toward the front surface, a metal-clad optical fiber
13 is held in a circular or spiral form by two clamps 14 or
other fixture so as to keep a given ;adius in such a manner
that the circles or spirals do not come into contact with each
other. An alternating-current power supply 15 is connected to
both the clamps 14, and an optical interferometer (not shown)
is connected to the metal-clad optical fiber 13.

The reason why the metal-clad optical fiber 13 should be
held so that the circles do not come into contact with each
other is to allow a current to properly flow through the metal
cladding in the circular optical fiber. The stress in the
curved portion of the metal-clad optical £fiber 13 is much
larger than that in the linear portion of the metal-clad

optical fiber 13. Longitudinal waves (displacement occurs in

7



the longitudinal direction of the optical fiber) in a sound wave, which
propagat es through a nmedium of the optical fiber per se regarded
substantially as a rigid body, causes the resonance of the netal -cl ad
optical fiber 13 inits curved portion. This can provide a nmuch higher
resonance frequency than that in the conventional |inear sensor even when
the di i | S tgnt | i he S t  of nyentj o
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a closed circuit composed of a metal-clad optical fiber 13, an
alternating-current power supply 15, and a lead 16. Further,
since the resonance frequency is determined by the magnitude of
the stress, when an identical optical fiber is used, decreasing
the bend radius increases the resonance frequency and thus can
improve the frequency response. In this case, the resonance
frequency is determined by the bend radius. Therefore, when a
spiral form is adopted while maintaining the identical bend
radius to increase the number of turns, the sensitivity can be
improved substantially in proportion to the number of turns
while maintaining the resonance frequency. Thus, an
improvement in sensitivity can be achieved.

Further, according to the invention, the displacement of
the optical fiber occurs in the longitudinal direction (axial
direction) of the optical fiber, and the displacement does not
occur in a direction normal to the 1longitudinal direction
(axial direction) of the optical fiber, that is, in the radial

direction of the optical fiber. Therefore, changing the



interval or position of the fixation points does not cause a change in
resonance frequency. Mintaining only the accuracy of the bend radi us
suffices for contenplated results, and the performance is less likely to
be influenced by the position of the fixation points and the fixation
met hod. On the other hand, the netal-clad optical fiber used is
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elimnation of the external force. The reliability of the

9 and forming a not more than 5 um-thick gold cladding as a
second layer by electroplating. In the case of the plating
method, unlike the dipping method, substantially no lateral
pressure is applied to the optical fiber after the completion
of the cladding treatment. This can improve the reliability of
the metal-clad optical fiber, and can significantly reduce loss
and c¢racking. The use of gold in the outer cladding can
provide a magnetic detecting section having excellent corrosion
resistance.

When the thickness of the outer metal cladding in the
optical fiber is increased, the mechanical properties of the
metal-clad optical fiber is more governed by gold rather than
glass. The larger the thickness of the gold layer, the larger
the current which can be allowed to flow and the higher the
sensitivity. In this case, however, initial structural strain
or irreversible external deformation occurs in the optical
fiber per se. Since the glass is highly elastic, the shape of

the glass is returned to the original shape upon the

elimination of the external force. The reliability of the



magneti c detecting section can be enhanced by |imting the thickness of
the gold to a level (not nore than 5 [err]m such that the properties
of the netal-clad opti cal fiber are satisfactorily governed by the
properties of the gl ass. BRI EF DESCRI PTI ON OF THE DRAW NGS Fig 1
I's an explanatory view of an exanple of the conventional optical fiber
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i nventi on. BEST MODE FOR CARRYI NG QUT THE | NVENTI ON Enbodi nent s
of the invention will be described in nore detail in conjunction with the
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optical fiber géﬁrsh£833€95gac?gééﬁﬁﬁﬁ S|ngbg%wop i car f?%%rgféléﬁgwf#ﬁ a

T o no iSRS, E3e R P 0 pover supply for
10 Fig. 2 1is a diagram showing the principle of the
conventional optical fiber magnetic sensor;
Fig. 3 is a diagram showing the principle of an optical
fiber magnetic sensor according to the invention;
Fig. 4 is a block diagram showing one embodiment of the
optical fiber magnetic sensor according to the invention;
Fig. 5 is an explanatory view of a variant of the optical
fiber magnetic sensor according to the invention; and

Fig. 6 is an explanatory view of an application example

of the optical fiber magnetic sensor according to the invention.

BEST MODE FOR CARRYING OUT THE INVENTION

Embodiments of the invention will be described in more
detail in conjunction with the accompanying drawings.

Fig. 4 is a block diagram showing one embodiment of the
optical fiber magnetic sensor according to the invention.

This optical fiber magnetic sensor comprises: metal-clad
optical fiber coils 18, 19 each comprising an optical fiber
clad with a metal; an oscillator 25 as an alternating-current

power supply for allowing an alternating current to flow into
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the netal cladding in the netal-clad optical fiber coil 19; and an opti cal
I nterferoneter which detects, as a strong or weak |ight signal, a change
in optical path difference attributable to expansion or contraction caused
in the longitudinal direction of the optical fiber or |ateral pressure
caused in the radial direction of the optical fiber t hese changes havi ng

mot al - ol SHopEred CHARaIAR M yE hEGRE o R Mty h 7 *?bersg.o%é 15 3% e
Eghg?ntgospr 2’%‘26]1 alr\ég{%%%%sﬁme@ %@%{et ;&etdée se'f:t:gﬁgats:asc% rciﬂ for de‘?ecti ng
Lhe oxt ehd8hcMRABEkAC, of Iald Q%Pgme§ga FoR ] feag oARLT 6Bk Lb eI

substanti y asta nmechan

f t
the radi 68 of %Elgﬁ%ﬁcPé'?or SRS G é‘ﬁsef%i?héit?ﬁ%?é?kagﬁa*?io
that the gLt 8&!}8{1 H2rgnd OgPEE‘ afpﬂﬁ{eﬁog‘}peﬂatedr%ﬁ r#@e{ﬁ&ﬁ%eng? S%d;p:énnay

i nterval , "regularity, and I'on e I ptica

be adOpt%ﬂ o B3head QL bReiofi SEULAL oplARD: iddt, IHele Chfiges! Hiving

mechani ca resonance requency e nagnetlc detectlng Séction Is
determn y Ok lls i nd the fiber
structurggen cahgggﬂgg Ene%%?%??g?g%e er Iﬁ% us E% XS %3 g optlcal

i nterferoneter t 0 S ource
17; an optlcaJT§?b%?t%%up er é£§4CAfb€£§ |é%%f%gﬁ§n?§%n?§hg %QElgource
17 into %Q”le!rhﬂ*ﬂ&) apdrhefeLEngs b 9hdep :ﬁ fH%twﬁaln Q‘a%(l gol%&f&ﬂ' anQ%{:sCO' !

19 which is connected to one output termmn | ower e in the draw ng)
of the opbi Calhe fidRR: c@QUPEEEeB0 @NUpending stress large enough fokl a

magnetic detecting section for detecting the external magnetic
flux to dynamically regard the optical fiber substantially as a
rigid body, and is fixed so that the mechanical resonance
frequency in the magnetic detecting section is determined by
the radius of the circle (or the spiral) and the fiber
structure and so that the c¢ircular shape {or the spiral shape)
does not depend upon interval, regularity, and fixation method.

An elliptical shape may be adopted instead of the
circular shape. In this case, the mechanical resonance
frequency of the magnetic detecting section is determined by
the major axis and minor axis of the ellipse and the fiber
structure. Mach-Zehnder interferometer may be used as the
optical interferometer.

The optical interferometer comprises: a light source 17;
an optical fiber coupler 30 for branching light from the light
source 17 into signal light and reference light; a metal-clad
optical fiber coil 19 which is connected to one output terminal

(lower side in the drawing) of the optical fiber coupler 30 and
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t hrough which signal |ight propagates; a netal-clad optical fiber coil 18
which is connected to the other output termnal (upper side in the

drawi ng) of the optical fiber coupler 30 and through which reference |ight
propagat es; phase nodul ators 20, 21 which are connected respectively to
the metal -clad optical fiber coils 18, 19; an optical fiber coupler 31

which i d. h Y dul d .
Super o VBEORE PP MIGRRLSH R bEbEhINEDs B LA e

t odet 22, -  cal ; a1
O, P FABReS 383,58 LG PLE SERRECLEF, 1 LB RBhoe SbyrhErabpphe’

aTP! 111 1 Bhotl el SEELHE BhBEhE] or SRR (LA AR Lhgpple! ofelstors

22, 23 a he signal's;” synchronols ors 28,

oo o SIS ORGSR oA Bl LB SRR 08

anplifier ana out pu e he

synohr Ongys JARLAC Al 28,R00: eeI5eLhecelpLEY |6 Bhd"Tbeatocile BRsEn

nodul at of and an osc or sendi ng a Sign

modul at Orfi%%rangoifg d.L'g f e&gnti 3 Iiic ilerfi gr cou J.erl‘i 91“ wfhri tgjg
h the optrcal P t he

light soUfce 17 Ts Tntrdduced throu p Iber 1nto

opti cal c%glgg.@:teﬁout%eg:he?’ophe\ﬁ%n motégx\eliat%qlsi cah, fijer aEQUpELﬁfc%%nhst heol 1 ght

i s separat I'nto two parts ch advance 't hrough respective ght pat hs.

One |1 6B hgbELCIaR |4 allad o1 paSECdphNiAUO" I JIREA gl B! bgich

fiber col t he phase nodu enters the optlca

CoUPLel Bhier oplgr lebSSHATA SRS phL Sh 1Y AL R SOHRL Lptibatn the

12 fiber coupler 31 and function to convert light to an electric
signal; a differential amplifier 27 which receives electric
signals from both the photodeteétors 22, 23 and differentially
amplifies the signals; synchronous detectors 28, 29 which
synchronously detect signals output  from the differential
amplifier 27; an amplifier 24 which amplifies a signal output
from the synchronous detector 28 and seﬁds the amplified signal
to the phase modulator 21; and an oscillator 26 for sending a
signal to the phase modulator 20 and the differential amplifier
27.

Light from the light source 17 is introduced through the
optical fiber into the optical fiber coupler 30. In the
optical fiber coupler 30, the light is separated into two parts
which advance through respective light paths. One 1light as
reference light is passed through the metal-clad optical fiber
coil 18 and the phase modulator 20 and enters the optical fiber
coupler 31.

On the other hand, light branched as signal light in the

optical fiber coupler 30 1is passed through the metal-clad
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optical fiber coil 19 and the phase nodulator 21 and enters the optical

fi ber- coupler 31 where the signal light is superinposed on the reference
| i ght. From the oscillator 25 having a frequency substantially
identjcal to the resonance frequency of the netal-clad optical fiber coi
19, an alternating current having a given effective value is allowed to

f1ow th guahebbe c, et L o6l addl 10y 8N R Ao agPboghal LREL 0L 10

t hr ough € signal I rght propa ernating srgha

having aqkb39eeohed GbyBller o5f SghlNe MAl USdlh 49486l IR0 ApdLihbolat e

Mach- Zehn eroneter is applred Tromthe oscillator phase

modul at Oénz,?téhe reftefé}xcteh?éﬁgﬁg(?d%?ghﬂrStl‘?ez’ o%%?.l&FgOH ﬂ{\g 21.:8.]9?.? S gre

converte el'ectric si are sen entia

oy ch ar € ERESIgy pLPECE ERIEY Rt L LI b, £ gegf " EEbbbhicp PFC °
synchr oneys. et on 28 od e | ol LBe,MAGh- o Zebnger,intes f erongter.

that occurs in a conpone réquency I's tw ce

osci 11 8t gt 1S SNLACEL N BSOS LR |00 gy e Ebian Sigpel s

sent thro I frer e phase no at or eedbacked to

(he | MechaCEnTL LG L OHE Gy 5a80 ey ESGFOIBRRC) ppBLhi

the frequency is twc at™ of € oscCl eco

cl ose towﬁggﬂ.tggagiéﬁalaligﬁ?bggéﬁéégqééﬂ | oop is established that can

realize a stable working po maxi m zes t he sensitivity of

Ege Mach- Zehngler o1 fU&fft8mdMe L8 hna M ehghyng N6 drddiledgd " 8FOVEd- given
effective wvalue for detecting a drift of the Mach-Zehnder
interferometer is applied from the oscillator 26 to the phase
modulator 20.

In the photodetectors 22, 23, the 1light signals are
converted to electric signals which are sent to the
differential amplifier 27 where the DC component is removed
from the electric signals which are then sent to the
synchronous detectors 28, 29.

In the synchronous detector 28, the drift of the Mach-
Zehnder interferometer, that occurs in a component of which the
frequency is twice that of the oscillator 26, is extracted by
synchronous detection. The drift signal is sent through the
amplifier 24 to the phase modulator 21, and feedbacked to the
Mach-Zehnder interferometer, As a result, the component, of
which the frequency is twice that of the oscillator 26,
unlimitedly becomes close to zero. That is, a feedback control
loop is established that can realize a stable working point

which maximizes the sensitivity of the Mach-Zehnder

interferometer, whereby the drift is removed.
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In the synchronous detector 29, a magnetic information signal having a
frequency conponent of the oscillator 25 is extracted by synchronous

detection. This output becones sensor output. Next, variants of the
optical fiber magnetic sensor according to the invention wll be
described. (1) Two-point (tanden) magnetic sensor In the optical

{1 ber magnet Lo AENSRE HUMAACEEY actectbll AANVENLEREE: 1L "9BERER 0B NS

of the Mach- Zehnder eroneter were fixed res rvely as

referencgphght - ty agd f&@%ﬁb%ga Jni?%*}. oAtk 'E‘{M’e‘é%r 111‘%’%?:&32%4 9pg

I
source I3 provi |n each aths, ual 'l tlcaF pat h

on the cg #@&setahds 20nbE-b80 gd&gtgét ﬁef%ﬁa@C%utqutbepsﬁps sengor

Specifically, "a cur nto the neta ad optica
fiber coil, ég through whi ch any current is not allowed to flom1|n t he
opti cal £i'o magnetic sensor shown in Fig. 4. This variant is shown in

Fig. 5. N, O vatidn E‘ sockedi a@psc*l%‘éﬂlngfﬁbé(@r 'n@ﬁfne%r id hEenQBI-' cal

fi ber magnetic sensor according to t i nventi on. 4" and 5,

i ke par Ea%cB‘frdEHG ‘EBt tﬁé' 1£{79§£36<5‘R9;5‘ﬂ1 %De Wlﬂé%ve the Sa”e ref erence

nuner a he opti cal nmagnetic sensor shown in Fig. 5is such

t hat, 'n(QQdTEbOEoEHttQE H&Eht'ﬁ& e t%gggggﬂzﬂ clad optical fiber coi

19, and the synchronous etec signal system of the opti cal

fiber magnetic gengfe W%'ﬂ‘fﬁﬂb flagiRe 5V 8LAEGE S¥SLEM;Qf . 4,
oscillator 32 and a syﬁgﬁ}ogbus déiec?%r 33 was provided té cgﬁg%itute a

B?“’ﬁ'9n%brSYQk%Wedﬂ%nd%hes%dHM)éﬁﬁHEH15¥§éﬁﬂ§ the thequRREY - ABYnRErSEt
interferometer were fixed respectively as the reference light
path and the signal light path. 'However, when a signal source
is provided in each of the light paths, mutually, the optical
path on the counter side can be regarded as a reference light
path. Specifically, a current is allowed to flow into the
metal-clad optical fiber coil 18, through which any current is
not allowed to flow in the optical fiber magnetic sensor shown
in Fig. 4. This variant is shown in Fig. 5.

Fig. 5 1is a block diagram showing a variant of the
optical fiber magnetic sensor according to the invention. In
the Figs. 4 and 5, like parts of the optical fiber magnetic
sensor have the same reference numerals.

The optical fiber magnetic sensor shown in Fig. 5 is
such that, in addition to the oscillator 25, the metal-clad
optical fiber coil 19, and the synchronous detector 29 as the
signal system of the optical fiber magnetic sensor shown in Fig.
4, a new signal system of an oscillator 32 and a synchronous
detector 33 was provided to constitute a new signal system. 1In

these two signal systems, the frequency may be set by the
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following two nethods (a) and (b). (a) The oscillation frequencies
of the oscillators 25, 32 are nade substantially identical respectively to
the resonance frequencies of the netal-clad optical fiber coils 18, 19.
When the oscillation frequency of the oscillator 25 is substantially

i dentical to that of the oscillator that is, when the resonance

frequencyy QEOMEE?H%%%tﬁgkﬂgggp 5? %n& 9& coil 18 is substantially

identical to th cal flber coil 19, a tw-fold

output can be 1eg) 1 480 Idhida I8 AUISIEEOLATE hath L e €7 g"ng

an enhancenent In sensitl ency

of the osgil lgtor é?% |5%&ngéﬂ' gﬁ &roqbgg%a gg t@esosc %vgéfr g?l &g S

when the resonanc requency met a

di f f er enty kbaaLLRAE Q6L LRE; OB eﬁ@%@@éi o %‘1 v SOfS
a ﬁ YRe 4 F tﬁS B

are simultaneously opérate S, In sp ‘one

Vech- Zehgger i f Berr%s%rdu'ﬁ(%%ﬁdzf,{g@ . fe%H'et 2R19BLNEL by Ui ng

two sensors can tai ne |ve nagnetl

Vhen t he siygheh:oh1 1 yr maeawcm&saﬁﬁgtwek' @ggﬂogagig £ J?y ,ﬁ‘é‘é’ gggiffon

at a given value, the sensitivity is Increas n pr

to the nynRar e tHESSnanWCRrbhSent£SARANGR THEALENGIGS & tJt. tyrps, fall
the

within a glven accuracy range, senS|t|V|ty I'S superi vVen in

the casecgfi5Qg t14 “§u$§9£ﬁ£ili1ya?ﬁHﬁt%é%Poth t%%(&nWGEﬁ?”hgéglbglad

detected in a response of several tens I'ncreasi ng the nunbeér

turns caprieahi zeparMBIDLi§, SENSRS. e %@étu%%%%d%m%ahmhme

sensitivity.
same intensity of magnetism, thus enabling an enhancement in

sensitivity.

(b) When the oscillation frequency of the oscillator 25
is different from that of the oscillator 32, that is, when the
resonance frequency of the metal-clad optical fiber coil 18 is
different from that of the metal-clad optical fiber coil 19,
two sensors are simultaneously operated. That is, in spite of
the fact that only one Mach-Zehnder interferometer is used, the
same results as obtained by using two sensors can be obtained.
(2) Highly sensitive magnetic sensor

When the number of turns are increased while maintaining
the bend radius at a given value, the sensitivity is increased
substantially in proportion to the number of turns. When the
resonance frequencies of the turns fall within a given accuracy
range, the sensitivity is superimposed. Even in the case of 50
turns (60¢), about 1/100 of geomagnetism can be detected in a
response of several tens of Hz. Increasing the number of turns
can realize a magnetic sensor having an unprecedentedly high

sensitivity.
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(3) Broad-band magnetic sensor A magnetic sensor with a broader
bandwi dt h can be provided by w nding, by a |large nunber of turns, the
netal -clad optical fiber using a tapered fixture or the like while
gradual ly shifting the radius of the turn. For exanple, in the case of one
turn, when the bandwidth (a point at which the value is halved) of the

sensor i§4 %Oﬁ@%ggﬁggﬁadw%g5gtgg QQ g@gr of turns x 40 Hz) can be provided

by varying’t rad o shift the resonance frequency 40 Hz by

40 Hz. In the, c 5 t a lﬁﬁﬁﬁﬁﬁf Ris
optical fiber i gﬁ%nglééns%gﬁggﬁ bgfﬁgegglns ead of %ﬁélggnveﬁtlong
magneti c = | ddj n apry n | ds,
wher e théaggﬁ@éntlgﬂgﬁndgnﬁé b% gs%%g rs cou d no?ghaEE ﬁ#f%%?%%@bgghﬁ

appl i ed, B;yl%gqh Efgge Uthéiﬁ&‘“@” (:O:{?e ha feakules Oérh'a{h]sqqseet!vzpueand

response rrent - distr ution sensor e spatia

d' St ri b“yr%'&u%ﬁ':_l.%“rs'iﬁ'%ttlfiﬁn%h@t L08; JRIGET LR £ AN, b‘%'olxe%rx'&%l@l FRagHE! Ng

the magnétism exanpl e t1-~ stage arrangenent of snall-size sensors

of the inuention anaund, 4 SHHEﬁc‘E'ﬂ%UCﬁdz{lﬂyﬂEH gongdueher aecna@lleéhﬂﬁﬁe

application of the sensors to the determnation of the spati al

distribulaqe0lis fALRRY bE LhE §gﬂ§5£0{1§ 58 9 @BhAlath of (nubbbr

Cbservat i on Of hat ural magnet magnet 1 sm Det ecti on

of a change /f4 %QQUQQ”%E'SQEP guggogbgedugyl¢%f¥iﬂglgﬂetﬂgadhkthus 50

sensitivity performance can possi bi y of the detection of
crustal %ltetgé"ﬂ Eﬂﬂftatﬁgark%esdrﬁnce frequency 40 Hz by 40 Hz. 16n the

case of 25 turns, the band reaches 1 kHz.

This optical fiber magnetic sensor can be used instead of
the conventional magnetic sensors, and, in addition, can be
applied to application fields, where the conventional magnetic
sensors could not have hitherto been applied, through the
utilization of the features of high sensitivity and high
response.

(4) Current distribution sensor

The spatial distribution of current generating magnetism
can be learned by measuring the magnetism., For example, multi-
stage arrangement of small-size sensors of the invention around
a superconducting coil conductor enables the application of the
sensors to the determination of the spatial distribution of
current in the superconducting conductor.

{I) Observation of natural magnetism

{a) Geomagnetism

Detection of a change in geomagnetism through the
utilization of the high sensitivity performance can lead to a

possibility of the detection of crustal alteration, a change in
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active fault and the like. Further, the detection of a change in
geonmagneti smin a high frequency regi on, which could not have been

performed by the conventional sensor due to its poor response, is also
possi bl e. This can provide wuseful information for the prediction
of earthquakes. (b) Magnetic organi sns For exanple, the

[ s th f ti terj ich live Ln wafer
Chr oagh. Peliyel BRI RNGE e g%ﬂgﬁehiﬁf?ﬁﬁfirfﬁ?fﬁ?hgﬁgﬁo%na |§$c§2gge
[ Is _tq the .d tion o roundwater _.in fie
ﬁgg- nga?gﬂt&%‘%’%{bﬁ‘,&% grﬁrét (%ctlllie hg %\%\3’{1%"}“’5{ eéggﬂ;@‘of Wé\”\ﬁ&t FO%hpP9t and

e et BabEOBelh YRR’ bErd U b0 B 0PI A0k (BN e poer (O

A magnetic fiel urs aroun e stre

detect] 98eabohs, mANE! £144 ! dogRtbles ' vepimpasgery. of e gt on

flow rat ow vel ocity, onpo I ni ng

char ged ' a t | | b8 hon:-contact manner. There is a
possibil??&gkg%gﬁﬁg S§E|P§3t %%d%ﬁt%?ﬁaééﬂﬁﬁﬁfaﬁyﬂheﬁers, groundwat er, the

ocean and the ke : ervation of nmagnetism of human body
(a) Nhgnetisn1é%ﬁe¥% %%t%§ é#é%ﬁ#%ﬁécurrent of brain and nervous system

he curr ent " shbd o ARREe ritin ASAERERE {or "ERE s Hem o oradRRELr

the current should cause a mnute ¢ anﬁe 0 _ t_g o £ oudh
the uti I P2aET 6 of "abon Teeaart; yREsTananf aiel ek APPETRAfcR b R Do
Y@Vefor”b@ﬁsiE?G{@PtpEk?@&HgnEQrQHQQIQEakﬂeogﬂy¥yggfggnb%ér%ﬂéegéégbr
to the detection of groundwater in field non-open-cut state,
the detection of water leakage of a water supply, and the
detection of wetting of the ground in a non-contact manner.

{(c} A magnetic field occurs around the stream of charged
particles. The detection of the magnetic field enables the
measurement of the direction, flow rate, flow velocity, or
composition of the flow of a fluid containing charged particles
and the like in a non-contact manner. There is a possibility
of the application of the sensor to rivers, groundwater, the
ocean and the like.

(IT) Observation of magnetism of human body

(a) Magnetism generated by internal current of brain'and
nervous system

Minute and pulsed current flows in cerebral nerve or the
like. Therefore, the current should cause a minute change for
a short period of time in magnetic field. The measurement of
the change in magnetic field through the utilization of good

sensitivity and response performance permits the waveform of

current flowing through brain or nerve to be indirectly
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| earned without inserting an electrode into the body. (b) Magnetism

gener-ated by bl ood stream Bl ood contains charged particles such as
ions, and the flow of the charged particles through bl ood vessels results
in the generation of nmagnetism Further, the blood contains

magneti ¢ substances, and the novenent of these magnetic substances through

bl 00d veqagls ORI AL COARIRE LhCATRONELL o iU, A5keklagn of (he change

in nagnetlsn1can provi exa I'sation in the

C|rculatory é§|sn1 gtkgﬁbéggg%£@£§ g*ﬁ%fggﬁxggy%%? of a body fl uid.

(c) Oher en a nmagneti c substance harnful to

t he human body ?%%FH%%ﬂ}a (gu%ﬂ 6% a§ET§i%%t§ﬁgﬁl a8r esn%N% SESay of

|nvest|gat|on (0] e na ne I C pr es O € organ €ena
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Of he ORRCt 6AB0E 8! o6f et 2 IAAGREI tno padiH tBBhealf

exanpl e, I3 contrastradi og gestlve systemis taken,
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by magnet t ographi ng can i nat e t e nee to pertorm conventi onal
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detection of m neral resources,
system and the flow rate and components of a body fluid.

{c) Other magnetism within body

When a magnetic substance harmful to the human body has
been accumulated in some internal organ, the investigation of
the magnetic properties of the organ enables the assay of the
accumulation level. Likewise, when a magnetic object has
entered or stayed within the body by an accident or the 1like,
the position of the object can be detected without an incision.

Further, for example, when a contrastradiograph of a
digestive system is taken, a contrast medium containing a
magnetic component is administered followed by magnetic
photographing can eliminate the need to perform conventional
radiographing and thus can prevent the exposure of a subject.

(III) Detection of metals and magnetic substances

(a) Detection of buried metal bodies

Magnetic metal Dbodies buried in the ground can be
detected, and the position thereof can be specified. The
sensor can be applied to the inyestigation of piping of iron

pipes in the ground, the detection of mineral resources, and
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the detection of netallic dangerous materials, such as land m nes and

m sfi-res. (b) Detection of running vehicles When an obj ect
containing a magnetic body, such as a vehicle, passes around the sensor,
the geomagneti smaround there is disturbed, and this appears as an out put
of a change in magnetismin the optical fiber nmagnetic sensor. Therefore,

the detection,of vehicles ca Jealkized. An_e dinent of . t
appl i cat ﬁ%‘r? o‘?ete?ﬁléo%er?sorm?ntoab‘lt%hlec dé?ré%? o a?%ﬁ %’%' \?glﬁlhclegsg }gnghown
in Fig. % .6 i s an explanatory view of an enbodi nent of the

. Fi.g.
applicati S'rrllegf aﬂgem&%tfilggls’fi ber magnetic sensor according to the

I nvention and qggrszggg@goégokhgughggé &gﬁggfggshomn in Fig. 5. A

vehicle 50 runs on~a roa and passes over an optical fiber nagnetic

o £, TRl A I 0 S ek e,

magneti c sensor -cl ag optica corl

(1L, STy, {DteBll | SEloydd PEheROELLE, SISO SodbaqdSL e, Beksd 1

t he road atrvely, ese mgn 'sensor s” na provi

upper pant, ole oL WhESLARE! de 1980 Mooare oo dReoRUHRUL BT o REAARYI C

fi ber magnetic ‘sensor and e op I bér magnetric

sensor 49 ar oYW ri%p@&éi%;;%/cgln P}B&Utm%gg{&i@.émr %tei}'é?ot )ﬁéand

out put at a (sensor out pu wherein t initiation point o

absci ssa hePreSert S & 5@6%&&@#&! Tn Y A0SO AR reﬂﬁ%ﬁ%&ixgéﬂ@ biene

with the Tdentical tinme being the initiation point, and the ordinate
representg, Jd heoOvi Pyt O b2e OPhéC@lenso?eto the detection of running 19

vehicles is shown in Fig. 6.

Fig. 6 is an explanatory view of an embodiment of the
application of the optical fiber magnetic sensor according to
the invention and corresponds to the block diagra;n shown in Fig.
5.

A vehicle 50 runs on a road 47 and passes over an optical
fiber magnetic sensor 48 {(a metal-clad optical fiber coil 19)
and an optical fiber magnetic sensor 49 {a metal-clad optical
fiber coil 18) in that order. 1In this embodiment, the optical
fiber magnetic sensors 48, 49 are buried in the road 47.
Alternatively, these magnetic sensors may be provided at the
upper part or on the side of the road 47.

The output of the optical fiber magnetic sensor 48 and
the output of the optical fiber magnetic sensor 49 are shown
respectively in output data 52 (sensor output 1) and output
data 54 (sensor output 2), wherein the initiation point of the
abscissa represents an identical time. The abscissa represents
the time with the identical time being the initiation point,

and the ordinate represents the output of the optical fiber
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magneti c sensor. As soon as the vehicle 50 has passed over the
optical fiber magnetic sensor 48, a vehicle detection waveform55 is

first output. After the elapse of a given tinme, the vehicle 50 passes over
the optical fiber magnetic sensor 49, and a vehicle detection waveform
53 is output. The anobunts 51, 56 of geonmagnetismdetected are
these in re. the vehicle 50 is absent in these points. The use
of the sgﬁgof&gﬁfS%EEOSénables the runni ng speed of the vehicle 50 to be

cay cul ated  basgd S NeCliblee FEEAS £ Sha! ThARIESLd NEnt W 04LRY!

wavefornms 53, 55. Furt her, cl'e Can

di sti nguigghed f:ﬁ%ga%%eccggglt@gédr wayef ar maalher nd%d\%{]tﬁ.%\ffrwa‘}é?ornl epgt gsg;

t he vehicle can based on the spee he ti'me perio

the out puy; MAVRAQLTR:. aAfter £fe g@%ﬁé’é ecg@r%aﬁcxﬁécr{ (La{:';si?ne, the vaniR9QEERLC

field occurs around the stream of charge The "det'ecti on” of

this maonRgldse s icvled %&x@?:os%ieagoffﬂﬁ@?%&&ﬁ&i@fseﬁﬁr YRR al BenfiLow

direction, flow rate, ow velocity, or conposition o uid contalning

charged gallitglas khvarhon- coNtacd BRRBAE.  HRieS ﬁ@ggﬁes e@fnsig\e;: %e

applied to water and sewage, exhaust pipes and the | "NDU

APPLI CABlelbh¥gnet i sm”Ade3teldPed 20N dse 1P tHYEBLEONGRESe! gﬁe; ?g&?%@g

excel l ent” effects. The invention can provide an optical fi
magnet i C 5056 05 ¥ €M1 Hash@aed Jdie@ e NC e SRSt aEﬁiesggﬁggkvb‘iﬁputs

excel l ent resistance to environments such as tenperature
20 enables the running speed of the vehicle 50 to be calculated
based on the difference in rise time between the two output
waveforms 53, 55. Further, the type of the vehicle can be
distinguished from the output waveform pattern. Moreover, the
length of the vehicle can be calculated based on the speed and
the time period of the output waveforms.
(c) Measurement of fluid
A magnetic field occurs around the stream of charged
particles., The detection of this magnetic field enables the
measurement of, for example, the flow direction, flow rate,
flow velocity, or composition of a fluid containing charged

particles in a non-contact manner. This can be  extensively

applied to water and sewage, exhaust pipes and the like.

INDUSTRIAL APPLICABILITY

As described above, the invention has the following
excellent effects.

The invention can provide an optical fiber magnetic
sensor which has good frequency response and sensitivity,

excellent resistance to environments such as temperature and
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vibration, and high reliability.

21

vibration,

and high reliability.
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CLAI M5 1. An optical fiber nmagnetic sensor conprising: a netal -
clad optical fiber of an optical fiber clad with a netal; an

al ternating-current power supply for allowing an alternating current to
flowinto the nmetal cladding in the netal-cTad optical fiber; and an
optical interferonmeter which dHHEE ml"[nn” ong or weak light signal, a
change i%L R i,cal path differdifK “ﬂ# L to expansion or contraction
caused i | ongi tudi nal dir&ctort ot the "optical fiber or a change in

| ateral pressure caused in the radial direction of the optical fiber,

t héese changes havi ng been caused by interaction with gxteLnalbnagnetlc
flux, charactertiz in. that t netal -clad optical fiber, has been
circularly or épi?glF?tﬁgF%egqggragagget%geﬁe s85n§9§ﬁflﬁéﬂgﬁs:mﬁ?ﬁﬁl'

i mparts, t Li.C fiber. a_ bending stress |l arge .enou or_an

el ectri cgﬁggetbg)cttq':%r?d‘ ?eic G%n°t 1 37 88?&8??@15’% EXeE ﬁ%tfha% n%?i%t’flﬁ% éo
dynam cal d_the optical fiber bstantially .as a ri ody, an

has beena&¥F%§gﬁéggt%§Fr?ﬁé ﬁ&ﬁ%ﬁﬂ%ﬁRS# sgﬂﬁn ]fﬁﬂaﬁéﬁﬁy g térﬁﬁ hﬁg!cl
detectin Lon_is (determ ped the radius of the,cirgle or the spira
and t he g??ﬁ%%br e HRY ob??%altq%% bg‘?tﬁﬁd ‘glt?qo g the tgr}er cﬁ‘P&Elféﬁ%@ “or
the spir e .n depend .upon . nterval eqularity, an I xation
nethog. gbt§g§? fggggpt%%gl | SO L& gnétit r§8ﬁ88F£3g08ﬁé?ﬁga?BeEF%1n?i,f
characteti z Lot metal. ¢l addi ng, praovided on a materi,al . fibe or
t he optiéalggfﬁgg g%%p&#%%% giﬁ%? nor & 3 an 22 fg???ﬁw l?rn%ﬂflﬁfékePanger

as o 1 R ekRYBhol OLiRY 1B hTE! 1) WhadliBh' Wk ACh &R P Eal Y 2

[err]mt Séc

the longitudinal direction of the optical fiber or a change in
lateral pressure caused in the radial direction of the optical
fiber, these changes having been caused by interaction with
external magnetic flux, characterized in that the metal-clad
optical fiber has been circularly or spirally formed so as to
keep a constant radius which imparts, to the optical fiber, a
bending stress large enough for an electrical detecting section
for detecting the external magnetic flux to dynamically regard
the optical fiber substantially as a rigid body, and has been
fixed so that the mechanical resonance frequency in a magnetic
detecting section is determined by the radius of the circle or
the spiral and the structure of the optical fiber and so that
the circular shape or the spiral shape does not depend upon
interval, regularity, and fixation method.

2. The optical fiber magnetic sensor according to claim 1,
characterized in that the metal cladding provided on a material
fiber for the optical fiber comprises a not more than 2 ym-
thick nickel layer as a first layer formed by electroless

plating and a not more than 5 pum-thick gold layer as a second
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| ayer fornmed by el ectropl ating. 3. An optical fiber nagnetic sensor
conprising: a netal- «clad optical fiber of _an optical fiber clad with a
metal; an alternating-current power supply for allow ng an alternating

current to flowinto the netal cladding in t m,mﬂﬂ lﬂuﬂ Iuﬂmecal fi ber
and an optical interferoneter which detects, ak i ght

si gnal opt.i cal ference attribbtabl € td expansi on or
contractloﬁakause d B& %ﬁng P%agl hal direction of the optical fiber or a

f th I
fiber. these ¢ ;ﬁgéﬁ a%i%édﬁf?éﬁe?gah”e; ﬁyr%%pspgc %ﬁ%ﬁmﬁ ot E*Fﬁ%ﬁ'-‘::
(I t as been
gﬁi?gt : gal Ia§xf°§gr}g&’(?alg?%ﬂsezf otea{q got raefllrjrgftl e.r |ar?p§v$jtt21c?? om?ﬁ bpﬁlc?l
net etecti Lon for
coroct S SRESMELPAEbenl S SRRV SRS SRR
fiber —SUBSLARL ably A% Eh%d HRdY 204 h@f%aocﬁ%gf 1HCCRY, bd2hrtEFaa

mechani cal "resonance requency In a nagnetlc IO

deternlnggosg %h%lgghﬂr ber@}%?é%¥"ﬁ@é§f%&o&@% 9'##@% d%eg°£gbes not

structure e optlcal €o th thée

depend Ug.ons'tgbﬁévatj)r rv?é?sfﬂ arllgﬁt a@?%ngi xaty OthﬁéPOdin ptl%aﬁat S?gﬂt I cal

fi ber magnetic sénsor according to cC charatterize

metal cl aqqirRg oRLAViy d%l%taztafe”fe% aén%%stﬂ%  f {astpgééfal {:H’E d, in

conprises a not nore er as a tirst |ayer

formed bypel q%hrgqlt%as.na@' ﬁE'r@Qg?EEy n@hewep%tlgggnfi?béfremt Ehshggom

| ayer as a second |ayer forne e ectrop a
23 lateral pressure caused in the radial direction of the optical

fiber, these changes having been caused by interaction with
external magnetic flux, characterized in that the metal-clad
optical fiber has been elliptically formed so as to keep a
radius which imparts, to the optical fiber, a bending stress
large enough for a magnetic detecting section for detecting the
external magnetic flux to dynamically regard the optical fiber
substantially as a rigid body, and has been fixed so that the
mechanical resonance frequency in a magnetic detecting section
is determined by the major axis and minor axis of the ellipse
and the structure of the optical fiber and so that the
elliptical shape does not depend upon interval, regularity, and
fixation method.

4. The optical fiber magnetic sensor according to claim 3,
characterized in that the metal cladding provided on a material
fiber for the optical fiber comprises a not more than 2 um-
thick nickel 1layer as a first layer formed by electroless
plating and a not more than 5 um-thick gold layer as a second

layer formed by electroplating.
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