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OPTI CAL SENSI NG The present invention relates to optical sensing and, nore
particularly,- to an optical sensor which utilises the phenonmenon of surface
pl asnon resonance. Surface plasnons are the quanta of a surface
el ectromagneti c wave propagating along thk interface between a conducting
material such as a nmetal and a dielectric. They represent the coupling of a
| ongi tudinal oscillation of the surface charge density with its associ at ed
el ectromagnetic fields. Surface plasnons can be excited by an electric
field of light if the conponent of the wave vector of the |ight wave al ong

the surface equals that of the sagﬁ E{gggeggé gggface wave. The effect is
t hen catl ed surface plasnon reson y be seen as an
absorpgi'on of the light. Kretschmann and Raether (Z. Naturforsch., (1968)
23a, 2135) have produced a conprehensive description of the phenonenon. The

effect is E:@e%ergoef)qsgﬁtggn efét?é&C%' Ceﬁ{:fggit@é’nﬁd}x%%l ta&n«:tre
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over | ayer "by exposur ubstance nown forms of optical
sensors Lﬂdﬁlgutfgaé PIESRER PEsbnaneani ng the angle of incidence or by

~using the so called convergent beam net hod. In the latter approach
pol ari sed

Surface plasmons are the quanta of a surface electromagnetic wave
k/, propagating along the interface between a conducting material
such as a metal and a dielectric. They represent the coupling
of a longitudinal oscillation of the surface charge density with
its associated electromagnetic fields. Surface plasmons can be
excited by an electric field of light if the component of the
wave vector of the light wave along the surface equals that of
the same frequency surface wave. The effect is then calléd
surface plasmon resonance (SPR) and_may be seen as an absorption
of the light. Kretschmann and Raether (2. Naturforsch., (1968)
23a, 2135) have produced a comprehensive description of the
phenomenon. The effect is strongly dependent on the dielectric
prgperties at the metal surface and can therefore be used to
sense materials at or deposited on the metal surface or to sense
changes brought about in a previously existing overlayer by

exposure to some other substance. : R

Some known forms of optical sensors utilise this phenomenon by
scanning the angle of incidence or by using the so called

convergent beam method.. In the latter approach polarised



X

2 monochromatic or narrow band light is first expanded and then focused on
to a netal filmcoated onto the back surface of a glass prismor.the front
surface of a diffraction grating. The position of resonance is detected by
using a linear diode array and the sourge of radiation or light is usually
a light emtting diode which requires polarisation filters for use as an

SPR soumefochromatlias i e dngppowapands Udyls s heirstr expandagerand\phesant s
are particularly, though not exclusively, interested in optical sensors for
sensi ngfbkasedesanceo o metad hfi I mecghtedl onwouthe (b&Ek. surfardkofjaa
distribution systemfor distributing natural gas to prem ses includes many
m | es oflpssemdilemyiorh theadmpoatn qu:tﬁatq;e of | dififyradtion ghatngt s The,
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remain-gas tight, the packing materi al ute or, henp fjibres) nust be-kﬂ;
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cause the packi g material to dry out and shrink. and §055|9%¥ result. in
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~and in MEG being wasted, while too little results in inadequate swelling of
t he packing yarn thereby increasing the likelihood of sone gas | eakage at
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various test points
in optical sensors for sens:.ng the presence of monoethylene \o/

glycol vapour (MEG). The UK gas distribution system for
distributing natural gas to premises includes many miles of
pipework with lead/yarn joints. In order for such joints to
remain gas tight, the packing material (jute or hemp fibres) must
be maintained in a swollen state. Natural gas is a dry gas which
tends to cause the packing material to dry out and shrink and
possibly result in some gas leakaée at the joints. To prevent
this problem occurring the natural gas is conditioned with MEG
which is introduced continuously in vapour form into the pipework
by "fogging" units. The MEG serves as a yarn swellant. The
maintenance of the correct level of MEG in the gas ié important
since too much results in droplets éondensinq on the pipe walls
and in MEG being wasted, whilé too little results in inadequate
swelling of the packing yarn thereby increasing the 1likélihood
of some gas leakage at the joints. Thus monitoring,pf the
concentration of the MEG in the gés at various test:points

throughout the system is important.
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t‘hr oughout the systemis inportant. =~ An object of the inventionis to
provide an optical sensor which utilises the phenonmenon of surface plasnmon
reaonance,for sensing the presence of an analyte in a fluid. According to
the invention an optical sensor for sensing the presence of analyte in a
fluid conprises a light source; a surface plasnon resonance-sensitive

devi ce, NMEARS dbFledtodi Ble! ialention e €6 IBto¥RHECANOLPEILAE Qéﬂﬁieﬂ?” '

resonance- sensitive surface::of the device which, i use, reflects t

focused |ighiichrasiliseksi €hé piatiGfendh [d¥e sudiface pladinser geaenkae® gag. on
exposure to analyte, responds so as to alter the intensity of the |ight

whi ch i-s rséhsihgdthe bresiendet eft iang anaxlytd dm reeclivddvg | ight reflected

from {h& device;. control neans for allowing only a portion of that part of
the divVerging reflected |ight beamthat has been influenced by the surface
pl asnmon resonance effect to reach the |ight detecting neans which, in use,
recei ves oAfgorfdngate thet iimventiome ani wptyical rasnsax ofox i gensbegnthead

. produces in response to the recgivedéxnjion of reflected |ight an output
si gnal i ndPEeEPReeoof mnapl¥kenid af flNid grmReisesi dc ldghthesource; a
concentration or a concentration range of,,the analyte in the fluid;, and

i ndi cat i ngSHEAASSf BlaFReR| ReFRNANRLTFREI L iR 9V G Beads: ferfecusing

i ndi cati ngl&@ﬁtprtersaerp C%hecofftﬁ'pérgyt:%georon to the plasmon resonance-
sensitive surface of the device which, in use, reflects the

W focused light from the light source in the form of a diverging
beam and, on exposure to- analyte, responds so as to alter'the
intensity of the light which is reflected; a light detecting
means for receiving light reflected from the devicé; control
means for allowing only a portion of that part of the
diverging reflected light beam that has been influenced by the
surface plasmon resonance effect to reach the light detecting
means which, in use, receives only the said portion of the
diverging reflected light beam and produces in response to the
received portion of reflected 1light an output signal
indicative of the presence of, or rgpresentative of the
concentration or a concentration range of, the analyte in the
fluid; and indicating means for receiving the signal and in
response thereto indicating the presence, concentration or

concentration range of the analyte in the fluid.

The control means may comprise one or more members defining or

having an opening. The opening may be an aperture of fixed



concentration range of the analyte in the fluid. The control neans may
conprise one or nore nenbers defining or having an openi ng. The oepeni ng may
be an aperture of fixed si ze defined by one nmenber. The nenber my
conprise a thin planar nenber defininﬂba single very snall hole or a 'pin
hole'. Alternatively, the opening may'e in the formof a slit defined by

t he one qr_ nofe.ie rs. The_control ans alt.ernatively, _c ri se an
opt | car S5 die (T BT hope mesBREC ., MR eer el FonpY et pe bty
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phot o- def1gal | fie {1 Sb ¥ OBRES bheCbrORRdre @l{ﬂnﬁ:e&@t OUPRECESHtral flamaed 1o a
plurality or an array of discrete photodetectors. The provision of a single

smal | opgiy NG iernateively e GdtibPie Al St PPl Oelitbest withathei bakes, t he

construction of a small portable, conpact unit which can be held ip/one
hand during use. Preferably, the light source is a diode |aser. ode

| asers :

B



operating both in the visible and infrared parts of the spectrum can be
~used. Since diode | asers produce polarised |light a separate pol arising
filter does not have to be enployed: thus sinmplifying the source optics
and, again, facilitating the constructionSof a small unit. The indicating
means may be such as to indicate the Rresencq of the analyte only when the
si gnal fr dihenrthrepgh deenstikytingnthies opepidgont Sriefersably c dhwe mpeninn
of anal yte, above a predeterni‘ned m ni mum or threshol-d val ue. Thus, the
i ndi cat i ngtSSHL irdenely smablte Peumit e ippssagenfihersihroughe@ronly
I n another form of the sensor the indicating neans nay be_calibrated so as

to proyidé Yerh&madd persiam et thecRark: Ponthe ¥eklested  Light (which has
F hpl the indigati Lse twQ. di t
| ndi oa¥or £een et = FRRBRTY A PHEDERh B FHR FERsent atf ve of a different

concentration or range of concentrations of the analyte in the fluid. The
two or nore discrete indicators nay be activated in succession as the

signal fr he s Li.ght ' gnﬂEﬁﬂ? n 0.4 D, [ ;
i ncr easedquﬁoénpg%_ Pgt |%%€%§€{lh§ anal yt eﬁlgg %ée %I ﬁﬁpﬁ‘ﬁeéf% ! cg [ \r?get(r)rgecéfl{s?’g
and di sCr gieariddl CR@irer@i . Oie SEnoEE-AbtERANY SiHalnd NORALEES BCIbr
light emtting diodes. Alternatively, or 1n additifon, the i1 ndicating neans
may producfingle photodetector, as opposed to a plurality or an array of
discrete photodetectors. |
U
The provision of a single small opening of fixed size and one

single photodetector facilitates the construction of a small

portable, compact unit which can be held in one hand during use.

Preferably, the light source is a diode laser. Diode lasers
operating both in the visible and infrared parts of the spectrum

can be used.

Since diode lasers produce polarised light a separate polarising
filter does not have to be employed: thus simplifying the source

optics and, again, facilitating the construction of a small unit.

Thé indicating means may be such as to indicate the presencé of
the analyte only when the signal from the light detecting meéns
is representative of a concentration of analyte above a
predetermined minimum or threshold value. Thus, the indicating

means may be arranged to function in a simple on/off manner.



an audi bl e sound when activated. The sensor may conprise a second |ight
detecting nmeans for receiving fromthe device reflected |ight which.is
unaffected by the presence of the analyte and for producing in response to
the reflected |ight received a referendg output signal, and neans for
conmparing the output signal with the reference output signal and producing

a resulirananctheal fbrmh ofr e asehseri nphe dirghidating hmeamd cmapr beans.

Preferably, the sensor is contained within a casing and is portable.
ConveniGaltihratéd sasasgtoamravide tar tndtcatienaof theolcendentration
sufficiently small to be supported on, and usable in, qne hand. In a
pref er rafl W anadyitet ko thasfiyid: sEp%i expBPdenf fbe dndicating meang
pl asnmon resonance-sensitive device s encl oged by an enclosure having @Qp
inl et MANSCORPRIRRI B | OF d MoK Aterreke dRSIGAEOTsan LTt QB tlvhen—
sensing suyface, and,an outl et rggans via which the fluid can ., egve the

I
encl os cEiviaked) Reing \EERELAGNERAL 1R OFs B FLE58TENE CONGEMIATIAT & nay
be contained within the casin %ﬂed hove.. ~ Pref abAy, nmeans i s
provi d&P1¥T ¢ r_‘é‘?‘b??ngﬁﬂgr‘ﬂﬁgt %%n FVo Y& & (1€ iTC° pass t hrough

the enclosure and exit fromthe outlet. Conveniently, such neans may be a
fan or blower or punp located in the inlet or outlet.

The two or more discrete indicators may be activated in

succession as the signal from the light detecting means changes

to be representative of an increased concentration of the analyte

in the fluig .

The indicating means and discrete indicators may comprise one or

more visual indicators such as light emitting diodes.

Alternatively, or in addition, the in'dicatinq means may produce

an audible sound when activated.

The sensor may comprise- a second light detecting means for
receiving from the device reflected light which is unaffected by
the pfesenc_e of the analyte and for producing in response to the
reflected light received a reference output signal, and means for
comparing the output signal with the reférence output signal and
producing a resultant signal which serves as the input signal to

the indicator means.

Preferably, the sensor is contained within a casing and is

portable. Conveniently, the casing, and thus the sensor as a

>
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I'n one enbodi ment, the |ight source, meang for focussing light, surface

pl asnon resonance-sensitive device, control neans and |ight detecting nmeans
remai n i n, pdrkmenisysnfficipntdyt @emaliedkpdse t Supsorted. onhewrnudr asable
stationary or static with respect to each other, while the sensor is being
used. Thus ¥he WthaRdneans and |ight detecting means are at set constant
respective angles relative to the surface plasnon resonance-sensitive:

devi ce. Scanni ng of neither “tthe incident |ight nor“the reflected light is
conducted. .The abse%me of the need to _scan and thus the ,ahsence of scanning

means al so ¥h& Buehdred & BeRk e gensidhor gensitiygeurface of
| t tivel 1 i ght d/ hj f ' l'i gh d/
U § age pl S TR R e ANRA APRA e ST e SIS aRA Y
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a reflecting surface | supports or is coup 0 a fhe I'c coating or

| ayer whi Chudahd Wil khieh ehedehuiar caRal eshvei tkk %r{élléexgifbei .gao 'fe'égln_h%?h

is sensitive to the analyte, that is the material is cap _ sorbi ng
or absorbi ihdlRiBaRpl the ef8loSurED dhd t ResPr DPPOE! aid NBALYEL MaYay OpR | Se
a glass prismhaving an internal face constituting the _ ,
contained within the casing mentioned above. Preferably,
means is provided for forcibly causing the fluid to enter the
(% inlet, pass through the enclosure and exit from the outlet.
Conveniently, such means may be a fan or blower or pump

located in the inlet or outlet.

In one embodiment, the light source, means for focussing
light, surface plasmon resonance-sensitive device, cont:;ol
ineahs and light detecting means remain in pérmanentiy fixed
predetermined positions, i;e. they are stationary or static
with respéct to each other, while the sensor is being used.
U 'Thus the control means and light detedting meéns ;re at §§t
constant respedtive angles re'latilve to the sui'face plasmon
resonance-sensitive device. Scanning of neither the incidenf
light nor the reflected light is conducted. The absence of
the need t6 ‘scan and thus thé absence '.of 'scannin.g.‘ means alsb

facilitates the construction of a smaill imit.

However, alternatively, t;he light source and/or means for
focﬁssing light and/or surface piasnidh resonance-sensitive
device and/or control means and/or light detecting means may

be movable to or positionable in preset or
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reflecting surface. The reflecting surface may support the netallic coating
directly. Alternatively, the reflecting surface may be coupled to a
transparent base nenber.. In the atter arrangenent the transparent
base nenber may be a glass slide, such &s a glass mcroscope slide, which
I's coupled to a glass prismby neans of a fluid having a refractive index
subst antpredetexminedgposétiohsapreparatoryetoothehsegisers bgfinghaised.

m croscope slide and the glass of the prism Were, for exanple, a glass
prismand glass slide are used the fluid may be glycerol. In an alternative
enbodi nent of sensor, the reflecting surface have the formof a grating

ma
of suitdBl® PRFERCR tHHATNOTheTesPPANFETHERRL hLVE UBBYACEd MY {SOMRELIF Act | y
on the grating., The sensing maierial y he an organic terial . for S
exanp! o PARRSHST1BY SCATUBNGPIAG §f &S HLRCE Itk ULt AR Wig s FHEPORFESENT
| i cant rglcul | £ abl n e or .1 s .f oL .

dotect | g « ROuBRSRErEe % Heda Fhle J8aREtRE, SV AREREC w Fell e TR AEPon
ey be @Mt E4%bY Yol NdBAELAOY1 th oA CE BN ol At P14 POWREER DY WBKsfEive
exanpl e only, to the acconpanying draw ngs, in ich ©-"Figure
|11 ustr al@sesehenBijea! | ¥ndRdikeRe haealisedi Srengabibeok! 8ds8inehbest
surface plasnon resonance produces in an optical -

absorbing the analyte. For example, the prqpagating_medium may

comprise a glass prism having an internal face constituting the

reflecting surface. - N

The reflecting surface may support the metallic coating directly.
Alternatively, the reflecting surféce may be. coupled to a
transparent base member. In the latter arrangement the
transpafent base member may be a glass slide, such as a glass
microscope slide, which is coupled to a glass prism by means of
a fluid having a refractive index substantiélly matching the
refractive indices'of the glass of the microscope slide and the
glass'of the prism. Where, for example, a glass prism and glass

slide afe used the fluid may be glycerol.

In an alternative embodiment of sensor, the reflecting surface
may have the form of a grating of suitable pitch with the

metallic film being supported or formed directly on the grating.

The sensing material may .be an organic material, for example,
polypyrrole. Polypyrrole has been found by the present

Applicants to be particularly suitable when the sensor is for



sensor on which the sensor according to the invention is generally based,
Figure 2 shows in sonewhat schematic form one enbodi nrent of sensor
according to the invention, Figure 3 shows another enbodi ment of sensor
according to the invention, Figures 4a anf} 4b are graphs each illustrating
the intensity and position of light reflected fromthe SPR-sensitive device
in the predeteetdnd thecpresehocenadfyMEG Airguraturadh@es.a circuit -di agram

i ncorporating the photodeteetiing means in the senser-in Figure 2 or Figure
3, Figure 6 shows a different circuit diagramincorporating another form of
. photodetecting neans, and Figure 7 is a graph illustrating by way of

~ exanpl e t hnefdrder othat mtthe hinyentiane may ab@omprer roeadily mundearnstdadyt
refl e¢ted fromthe surface plasnmon resonance-sensitive device in the
absenc® an¥eferenfee WillE@owyba maxds ch¥e Way FPurexample diovdy (| aker the
produces a beam of cgollimated |ight which passes through an optical |enses
system 2 t BEFPBRARY 189 S AMiNGTy Pddamh3iShhisch passes into a prism4 and is
incident at the internal face of reflecting surface 5. The outside of the
prismat the reflecting surface is coated with a

Figure 1 illustrates schematically and in an idealised manner the
kind of effect surface plasmon resonance produces in an optical
sensor on which the sensor according to the invention is

U generally based,

Figure 2 shows in somewhat schematic form one embodiment of

sensor according to the invention,

Figure 3 shows another embodiment of sensor according to the

invention,
Figures 4a and 4b are graphs each illustrating the intensity and
position of light reflected from the SPR-sensitive device in the

presence and absence of analyte,

Figure 5 shows a circuit diagram incorporating the photodetecting

means in the sensor in Figure 2 or Figure 3,

Figure 6 shows a different circuit diagram incorporating another

form of photodetecting means, and

'Figure 7 is a graph illustrating by way of example the effect of



thin netal film®6, such as a gold film Light is reflected in the formof a“
di vergi ng beam 7. For light incident at the internal face of the prism at
a specific angle of incidence (contained within the incident angle range of
t he converging bean) surface plasnmon rggonance is observed as a dip or
reduction in the intensity of reflected |light (when conpared with reflected
l'i ght ughlf prieaentie (df 5. goIypwffeld ) fitmaonethel ldfghth aefiedtedf £roght
incident at that specific angle due to the presence of the netal film The
regi on thet herfatkecplasmbraresoranaer sdnsbRive dsrsice doh ithei abiseatedand
Figure 1 at 8. In Figure 2 the optical sensor 10 conprises a visible or

i nf r ar eprésemsd efeMB&dul e 11 and cylindrical lenses 12 and 13, all ok
which are rigidly nmounted in a hol der 14. The di ode | aser produces aa"
collimated 15 light beamwhich is fornmed in to a convergi ng beam 16 and
focused to provide incident, |ight on a_SPR-sensitive device 17. @The wave

| engt h ¥ithh&efiepangmto (Kagurs I:‘y'Wh 3ed 3046t lg§2ﬁ'm1 ‘H?@dd’&ﬁl%ea ]}’?e%n‘bf‘ i ses
| as ] 8 havi i de 19 whi ' i, t]
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havi ng a thickness ,
outside of the prism at the reflecting surface is coated with a

thin metal film 6, such as a gold film. Light is reflected in \J/
the form of a diverging beam 7. For light incident at the
internal face of the prism at a specific angle of incidence
(contained within the incident angle range of the converging
beam) surface plasmon resonance is observed as a dip or reduction
in the intensity of reflected light (when compared with reflected
light unaffected by the S.P.R. effect) as a result of absbrption
of light incident at that specifié angle due to the presence of
the metal film. The region of the reflected beam over which SPR

is observed is indicated in Figure 1 at 8.

In Figure 2 the optical sensor 10 comprises a \'risible or infrared
diode laser module 11 and cylindrical lenses 12 and 13, all of
which are rigidly mounted in a holdei' 14. The diode laser
produces a collimated 15 light beam which is formed in to a |
. converging beam 16 and focused to provide incident light on a
- SPR-sensitive device 17. - The wave length of the light may,
typica;lly, be about 632nm. The device 17 comprises a glass prism

18 having a side 19 which provides an internal reflecting



typically, 100Onm Together, the gold and pol ypyrrole provide a region 22
which is sensitive to the presence .of MEG The side of the prismbearing
the metal |ayer 20 and polypyrrole film21 forns one side of an enclosure

constituting a 'gas cell' 23 to which is{gonnected an inlet pipe 24 with an
- opening 25 via which gas or vapour can enter the gas cell and (influence

or) contaghriea@eR0! YRYERE! Spplisants dhsetifests |tHes pat fem Wats amidlec OfeBKY O
it an outlet pipe 26 wth am?opening 27 via which the gas or vapour can
| eave thegaelds. ATemesdfernal ocacedoEnthe eddar god iendceated owitBaaothihe
outlet pipe 26 in order forcibly or positively to cause gas or vapour being
sanpl ed t €ifass doato oxt rayeyh 200bHa sfitdkleawetal ] echTae gelifdchavany
regi off 22 of the SPR-sensitive device 17 causes the converging incident
| i ght Yeam théckmess off, &ypddaddyn 4dinwer gThg geafh 3ini FuxNnpAfeFOALRA aF
to that indicated schematically in Figure 1. A 'pinhole apertyre 33 in_an
ot her wi se coyeqesl plizhe azthint £1 k2L ofh POIYRYXFP LS haping & tbdckpess of,
di ver gi ng beam 31 which passes through the plate to be sanpled and inpinge
(or be i n&yerdmallah HROTHR gl ROGARRK o*aéeg?léﬂ%“‘? mm)x??aﬁsr PEPXlgB a
may, typically, be about 100 to 200.nicrons.in_dianeter. . The.porfign
Fhe.refIe&ﬁQ}Qﬂ§ﬂﬁgﬂbkF%eéﬁjﬁﬁpﬁHgFgecﬁssgﬁetgq&§%ﬂﬁﬁﬂ%§iéﬁ?f bghg sthe
I ndi cat ed ot%elt%vé Ipr}:'itsr}nle lcgeeasrg{rlxé) tt':l(x)en Smé)tI.af ! %&s 20 and polypyrrole film 21
forms one side of an enclosure constituting a 'gas cell' 23 to
K_/ which is connected an inlet pipe 24 with an opening 25 via which
gas or vapour can enter the gas cell and (influence or) contact
the polypyrrole film 21. The gas cell 23 also has connected to
it an dutlet pipe 26 with an opening 27 via which the gas or

- vépour can leave the cell.

A pump 30 is located in an enlarged end portion 26a of the outlet
pipe 26 in order forcibly or positively to cause gas or vapour

being sampled to pass into, through and out of the gas cell 23.

The reflecting region 22 of the SPR-sensitive device 17 causes
the converging incident 1light beam 16 to be reflected as a
diverging beam 31 in a manner similar to that indicated

schematically in Figure 1.

A ‘pinhole' aperture 33 in an otherwise opaque plate 32
determines the portion of the reflected diverging beam 31 which
passes through ‘the plate to be sampled and impinge (or be

incident) on one single photodiode 34. The ‘pinhole' aperture
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4A and 4B. In Figure 3, parts of this sensor which are equivalent to parts
whi ch have al ready been descri bed above with reference to Figure 2 have
been identified by the sane reference nunbers and will not be described any
further. In this enbodi ment an optical{fibre 37 replaces the plate 32. The
bore (not shown) of the fibre opens at 38 at one end thereof and the fibre

i's |ocalagd Rwpidwl By NbaeaRoutd 10400 td hadot hecepasi it IPidketér | hephane
position as the pinhole 33 in the Figure 2 enbodi nent. Thus the opening 38
cont r opertioctetc nthesrelftepted @ivairgimg riséamcwhdchi ey giligséeatb3benhi ch
wi |l be sanpl ed and inpinge on the one single photodiode 34 to which the

ot her eatipdied hwdldptbe ainditated7beiowoimedird desaripsionabbf Fdgueessuch
that only light energing fromthe bore at the said other end of the fmgge

i npi ngdd emdt 4B.phot odi ode. The di anmeter of the bore of the optical fibre
37 is conparable to the dianeter of the 'pinhole" aperture in the previous
enbodi ment, that is typically about 100 to 200 microns. The single

phot odi_ode ,34 is _connected to_an indicating, neans 35 for indicating the
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be described any further. In this embodiment an optical fibre
37 replaces the plate 32. The bore (not shown) of the fibre ‘o
opens at 38 at one.end'thereof and the fibre is located by a
holding means 39 such that the opening 38 is in the same position
as the pinhole 33 in the Figure 2 embodimenta Thus the opening
38 controls or determines the portion of the reflected diverging
beam 31 which will be sampled and impinge on the one single
- photodiode 34 to which the oﬁher end of the optical fibre 37 is
connected in any suitable manner sﬁch that only light emerging
from the bore at the said other end of the fibre impinges on the
photodiode. The diameter of the bore of the optical fibre 37 is
comparable. to the diameter of the ‘pinhole' aperture in the

previous embodiment, that is typically about 100 to 200 microns.

The single photodiode 34 is connected to an'indicating means 35
for indicating the presence of the analyfe via electrical
circuitry 36 which will be described below with reference to
Figures 5 and 6. The circﬂitry is mounted on a printed circuit
board, - and the component parts of the sensor, including‘the

circuit board, are housed in a small casing which can be held in



one hand by a user. The casing also houses a conpartnent for a battery
(not shown) for supplying electrical power to operate the sensor. In an
alternative enbodi nrent (not shown), the battery conpartnment in the casing
is omtted and a separate battery unit wWiQch is electrically connectible to
the circuitry in the casing is provided instead. In the enbodi nent of
sensor ‘shewe hand By @ disée Heercasing dlsophousedda apmpantmenpl fibe 82
and photodi ode 34 are in petpanently but adjustabl g.{ixed positions

rel ati ve batdmay (Hotssholwa)stor supplyingfeléctrit¢ak@aneniitoeopengtiecthe
will consistently be nonitored by the photodi ode. The fixed relative

posi ti ons sensdwse Tonponaiternativeaenbosdmant cinptheehemn), rehe| Pagtery
previggsly conduct ed experiments in which different portions of the

h .
ref | ecfedcompArtment inthe casingds, onpiftad amd @oRgBacate PatirrYerait

rel ative positiqns i.n order to deterni.ne the optimum positions. |n the,
Figure 3 ¥hdch dshelaghrigadiy qonneghs %9 5 FHthWélethFnﬁa§éngs
held in a.single ﬂix d, predetferm ned position. The basis on which the
portion oft% °rVe‘f-.eé§t to be monitored is chosen will now be
Illustrated with reference to Figures 4A and 4B. Wen analyte is present
and influences the sensitive filmcovering the netal film the intensity

LTS LS HRBES S BAREE e PGB 8l Sepdenat et
The - 11, prism 18, apertured plate 32 and photodiode 34 are in

| \_ permanently but adjustable fixed positions relative to each.
Thus, the same portion of the reflected diverging beam will
consistently be monitored by the photodiode. The fixed relative
positions of these components will have been determined as a
result of previously conducted experiments in which different
portions of the reflected beam, would have been observed with the
._components in different relative positions in order to determine

‘the optimum positions. 1In the,Fiéure 3 embodiment, the end. of

the optical fibre having the opening 38 is held in a single fixed

predetermined position.

The basis on which the portion of the reflected beam to be
monitored is chosen will now be illustrated with reference to

Figures 4A and 4B.

When analyte is present and influences the sensitive film
covering the metal f£ilm, the intensity of the reflected light at
~a fixed position.in the reflected beam: at which SPR is observed

‘differs from the intensity when. the analyte is absent. . The



effect of SPR observed (in the absence of analyte in the SPR sensitive
| ayer over the netal filn) nay be represented by the curve 40. On exposure
of the SPR sensitive |layer to the analyte the effect may be represented by
curve 41 in Figure 4A and by - a diffe”%nt curve 42 in Figure 4B. In
Figure 4A the different positions of t curves 40 and 41 indicate that the

range o €5 40f apPCi S eV Ef 3 WWhi C 0 sishirhle t
ge ObfpBELED i?ﬂ@ebg)%&%%e& efinhiKd hBsanae %@%ﬁ%m iahichle ?ﬁus

with relatively ange in the size and shape of the curve an

very |igbh8ieh¥edadyer rditeneihotel £DHem) ehmh§Chbrd repittisdnted He dhedf
correspondi ng points on the two curves. The 'pinhole' aperture 33 and

phot o- detigoe0s 034 Ofleekpbsadel 6f FtgersPR ses Shive layér s echel Al il
(for illustrative purposes) to indicate the fixed field of view (showyat
43) to theceffkeetpmayodet ecresenteddyedurie ¥ ijgl Figfune el iand by a*
determned, at least in part, by the size, shape and position of the

' pi nhol diffiprentr cwBVe 4ZhdmplRimire 4B or d& dtigurdamdethen didifensindd
light intensity in the field of vieww thin the range 44 resulting fromthe
shifts paaitdobp Rf f thencuryesertd Ardndloindicahm that | khenhrapge of
vapour. In_Figure 4B the different ,positions of the curves 4Q and 42

i ndi cat 8ngReE Pffe INSHGENGS AHATIICH FESPRRNEL RGCWT IR &bridate Rtkcur s
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correspgﬂgi ril:,gn.\tso \}eb]?y n‘i:rll{__gyén change in the intensity of the reflected
light in respect of corresponding points on the two curves. The u
'pinhole! aper'ture. 33 and photo-detector 34 identified in Figure
2 are shown in Figures 4A and 4B (for illustrative purpo'sésj to
indicate the fixed field of view (shown at 43) to which the
photodetector is exposed. This field of view is determined, at
least in part, by the size, shape and position of the 'pinhole’
aperture 33. The photodetector détects- changes in reflected
light intensity in the field of view within thel range 44
resulting from the shifts caused by different concentrations of

the analyte in the gas or vapour.

In Figure 4B the different positions of the curves 40 and 42
indicate that the ‘range of angles of incidence over which
‘resonance occurs has become broader with a lower peak absorption
but with relatively little shift having regard to the positions
of the two peaks of the curves corresponding to the minimum
. intensities of reflected- -1_igh1:. In these circumstgnces ‘the
photodetector 34 detects change in light intensity in the field

of view (shown at 45) within the range 46 resulting essentially
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Fntensities of reflected [ight. I n these circunstances the photodetector
34 detects change in light intensity in the field of view (shown at 45)
within the range 46 resulting essentially fromthe changes in position
of the mininumreflected light intensiti¢S within the field of view
caused by different concentrations of the analyte in the gas or vapour. -
The changegriom ttiee cohange$l fmdpéd2ithionn ofh the gwirpinaun Nre&fgeceedd A Bgiit
4B are illustrative of two extrene idealised situations. In practice an
equi val ent igtepsitdesd stidhinhethel afieddpoeft i viewndcakset by t K ffewent o
be internediate to the corresponding curves 41 and 42 in Figures 4A and 4B.
Wth refer ERpeendrafd anse ofr ithe analytie B theigas far mapeur. of the
circuiy 36) in Figure 5 the output signal fromthe photodi ode 34 is fed
to a SEhnitt trigger 51. The switching threshold is set by a potentioneter

52. The output fromthe,trigger 51 is buffered by a voltage follower 53
whi ch prodg‘g s HARARDUANWITS, FUrved &d (ARdi Adi ShowRy ABaiddigsgraphs in

i si for I ' | eqt i d / ight enmjttin
i ode. - BasEA OB eBariki e <TBoAPS VTR SRR pof 5¥6m ErEF BB %quexts%q "
h AN VEG4| , . Cl |t ] et tha e
| ndi oat | ng euadiols Tkt Bt Re DR BTG ok ipRe vl SHEV 't
relative position and shape of the curve to be intermediate to

the corresponding curves 41 and 42 in Figures 4A and 4B.

With reference to the electrical circuit 50 (which forms part of
the circuitry 36) in Figure 5 the output signal from the

photodiode 34 is fed to a Schmitt trigger 51.

The switching threshold is set by a potentiometer 52. The output
from the trigger 51 is buffered by a voltage follower 53 which
produces an output which is fed'fo the indicating means 35,
comprising, for example, a piezoelectric sounder and/or a light

emitting diode.

-Based on experiments correlating the output from the photodiode
with the concentration of MEG in natural gas, the circuit is set
such that the indicating means is activated when the

concentration of MEG sensed exceeds a preset value.

With reference to the circuit 60 in Figure 6, a reference
- photodiode 61 is provided in addition to the photodiode 34. The

reference photodiode-istositioned to receive a portion of the



concentration of MEG sensed exceeds a preset value. Wth reference to the
circuit 60 in Figure 6, a reference photodiode 61 is provided in addition
to the photodi ode 34. The reference photodiode is positioned to receive a
portion of the 16 reflected beam whigh is substantially unaffected by
the SPR, for exanple at the positions shown in outline in Figures 2 and 3,

to proviéflactedsbaah wieiEH el substant fd Pvilunaffedtdd sy Thd BPR efforence
phot odi ode 61 receives light via an optical fibre 6 having an end which is

hel d i nepampleocatbyhe pos it hionsesinown8in couthie imdispaes@ @ad3,t ke bore
(not shown) through the optical fibre in the 'reference’ position. The
out put providfle fr @onstanddimferSicandutpupasignalr esdactFigunepBi f ithes 62
and 63 from which respective outputs pass to a neans for conparing theyg
si gnal srebepencenghatadipder 634 raqaedivesatlight feia van septiealsfabhzes 66The
output fromthe divider 64 passes to a calibration and driver circuit 65
whi ch phaviRgsanrebdtyichnieheld i MRSIHAR kY & heldimac Beams ©8ake 35.
The indjcatjng .means 35 nay b digital A displa evi.ce or anal qQgqu
i spl ayL GO FECthB paring 87oRE Bt Brre (Rof P tauan ThenRpLaca
calibra in.ter of, the concegntration of in _natural gas..utilising
correla%fgﬁebévhe e h&e ﬁﬂ&ﬁ?%rcﬁﬁ?ﬁglﬁﬂbtggﬁ% e°u%RPFh§£hP%%5cgﬁPthion
of “EIipﬁét88£8&Ss 34 and 61 pass to respective amplifiers 62 and 63
from which respective outputs pass to a means for comparing the
signals comprising a divider 64 which ratios the two sets of QJ
signals. The output from the divider 64 passes to a calibration
and driver circuit 65 which produces an output which forms the
input to the indicating means 35. The indicating means 35 may
be a digital display device or an analogue display device such
as a light emitting diode bar graph array which is calibrated in
terms of the concentration of MEG in natural gas, utilising
correlation between the output from the photodiode with the

concentration of MEG, as before.

The use of a diode laser, together with the converging incident
beam technique and one single photodiode, as described in
- connection with the embodiment of sensor in Figure 2, confer the
considerable advantage of enabling the production of a compact,
lightweight, 1low power consuming systen. Moreover the
construction of the sensor is such that angle scanning is

avoided.

The gold film was deposited directly on the external surface of



The use of a diode |aser,. together wwth the converging incident beam

t echni que and one singl e photodi ode, as described in connection wth the
enbodi nent of sensor in Figure 2, confer the considerabl e advant age of
enabling the production of a conpact, |idftweight, low power consum ng
system Moreover the construction of the sensor is such that angle
scanni ng itheavprdesh (82 Osh d thd nplafagepgrased sid@ss | \boyon KftRmexvvatiah
surface of the prism (or .on the planar glass slide) by known vacuum
evapor at | evapedatipre. tddtenimphepyrrol e was | ai d down on the netal film by
the follow ng el ectrocheni cal technique. A" conventi onal

el ectrochem cal potentiostat was set up with the gold coated surface of the
prism-acting as the cathode onto which the filmof polypyrrole was to be
deposi‘ted TheApgdiyPYornlel wisadaid dewnwap tbedmetalhfidmubyethe| fellodingnd
a calomel electrode was used as the reference el ectrode. A solution

cont ai ni n&l(?chﬁﬁ}bﬁmkﬁﬁkerﬁﬁﬁmkﬂp%‘f py ¥ oleen¥RNBianad| selecgheesherirah

f t hl d th hos buf f d th | ect
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| t tr B th d tisfact
and &%“&%c%w R RIAT SN A st kb of pRPLRPuEsol ) fes kd
Typi cal d%%oﬁebo%éécﬂe Sa %EL%%EEQQ}: gigys slide was used as the counter

electrode and a calomel electrode was used as the reference

'\/. .electrode. A solution containing 0.1 molar concentration of
pyrrole and 0.1 mélar concentration of potassium chloride with

a phosphate buffer was used as the electrolyte. The cell could

be operated in either a constant potential mode or a cyciic

- voltammetry mode. Both techniqvixes were found to produce

- satisfactory and useable films. The deposition potential was

kept below 0.7 volts. Typical deposition times rénged from a few

minutes to 10 minutes.

When exposed to monoethylene glycol such polypyrrole films give
strong reversible SPR shifts which enable the films to be used
as a sensing medium for monoethylene glycol. Figure 7 shows
typical results for a polypyrrole film produced after five

minutes deposition time.

Although in the above Example the fluid used was a gas or vapour,
it will be appreciated that the apparatus could be modified by
a man skilled in the art so as to be usable with a liquid which

contains the analyte. Thus, the 'gas cell' 23 may be modified,
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mnutes to 10 m nutes. When exposed to nonoet hyl ene gl ycol SUChBﬁm Fl)ﬁ

films give strong reversible SPR shifts which enable the ff “ I
as a sensing nmedium for nonoet hyl ene gl ycol. Firgure 7 s yineR .

it
results for a polypyrrole filmproduced pter five mnutes deposition Vine.
Al though in the above Exanple the fluid used was a gas or vapour, it wll
be appreC|Fi§qH&pat t he apparatus could be nodified by a man skilled-in the
0

art so as e usable with aliquid which contains the analyte. Thus, the
gas cell' 23 may be nodified, * C L M S 19 CLAI M5 1. An
optical sensor for sensing the presence of analyte in a fluid conprising, a
light sourag; aaiidptticdl asidory T deneingthe prederices ofmanad e in
focus{hg light fromthe light source on to the plasnon resonance-sensitive
surf acé of t he devireidhicomprisings, & elightssbherckocusesutfate plasmone
| ight source in the formof a diverging beam and, on exposure to anal yte,
responds so as tresdnancemensitine deviice,hmeanghfortfetns tng dightt fxom
l'i ght detecting nmeans for receiving light reflected fromthe device; .
control neans fdhel 1whhgsgnr9eaopo|qq dhefplagpon resonance-sensitive
surface of the devide which, in use, reflects the focused
light from the light source in the form of a diverging
beam and, on exposure to analyte, responds so as to alter
\ the intensity of the light which is reflected; a light
detecting means for receiving light reflected from the
device; control means for allowing only a portion of that
part of the diverging reflected light beam that has been
influenced by the surface plasmon resonance effect to
reach the light detecting means which, in use, receives
only the said portion of the diverging reflected light
beam and produces in response to the received portion of
reflected light an output signal indicative of the
presence of, or representative of the concentration or a
concentration range of, the analyte in the fluid; and
indicating'means for receiving the signal and in response

thereto indicating  the presence, concentration or

concentration range of the analyte in the fluid.

2. A sensor as claimed in claim 1, in which the control

means comprises one or more members defining an opening.

3. A sensor as claimed in claim 2, in which the opening is

an aperture defined by one member.



surface plasnon resonance effect to reach the I ans whi ch,
in use, receives only the said portion of t he- d ected |ight
beam and produces in response to the ceived portion of reflected Iight an
out put signal indicative of the presefite of, or representative of the
concentr tio '
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control means conprises one or nore menbers defining an opening. 3. A
sensor as clained in claim2, in which the opening is an aperture defiyied

by one ngpbera cs)Fnéor ds Sé?éi’ﬁeés it ST B, Clig ”Ozﬁlch”tﬂ@ CébﬁéFoPp i ng

Is in the form a slit defined by the one of nore nenbers. 5. A sensor
as clai med i np&hRsM EompiriWeisCh die 6p8LEQL MEEbTFLONPIitRES tﬁ% Odsrel
fibre with the bore therethrough constituting the opening. 6. A sensor as

clainmed in anyhefethfongRce6hsbitheing, the evpealinghe |ight detecting nmeans
I's a photodetecting means.

part of the diverging reflected |ight beamthat has begwje ced by the
S

6. A sensor as claimed in any of the preceding-claims, in
which the 1light detecting means is a photodetecting

means. ' o/

7. A sensor as claimed in claim 6, in which the

photodetecting means comprises one single photodetector.

8. A sensor as claimed in any of the preceding claims, in

which the light source is a diode laser.

9. A sensor as claimed in any of the preceding claims, in
which the indicating means indicates the presence of the
analyte only when the signal is representative of a
concentration of analyte above a predetermined minimum or

threshold value.

10. A sensor as claimed in any of the preceding claims, in
which the indicating means comprises two or more discrete
indicators, each oné;being representative of a different
minimum concentration or range of concentrations of the

analyte in the fluid.



7. A sensor as clainmed .in claim 6, in which the

nmeans conprises one single phot odetector. 8. A sensor Hmmﬂﬁ nﬂumﬁ”w
of the preceding clainms, in which the light source is a d|ode lasear. w _
sensor as clained in any of the precedi clainms, in which the indicating
means i ndi cates the presence..of the anangfe only when the signal is

representative of a concentration of anaﬁ%te aboye redeterm ned m ni num

or threshotd:vapugeneer ﬂssgﬁéépegslﬁlﬁl B 1R ahy. EFEFHetB?eéBGFHBtEFﬁlnB
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i ncrease in the concentra analyte Int A’'sensor as
clainmed in any ehylie precedlng clainms, in which the indicating neans
conpri ses one or nore visual i ndi cators. 13. A sensor as clained in claim
12, in which the or each : '

12. A sensor as claimed in any of the preceding claims, in
which the indicating means comprises one or more visual

indicators.

13. A sensor as claimed in claim 12, in which the or each

visual indicator is a light emitting diode.

14. A sensor as claimed in any of the preceding clains,

contained within a casing and is portable.

15. A sensor as claimed in claim 14, in which the casing can

be supported on one hand.

16. A sensor as claimed in any of the preceding claims, in
which the sensing surface of the surface plasmon
resonance sensitive-device is enclosed by an enclosure
having an inlet means, via which fluid can enter the
enclosure and contact the sensing surface, and an outlet

means via which the fluid can leave the enclosure.



visual indicator is a light emtting diode. 14. sensor as clainmed in any
of the preceding clains, contained within a casi ;ﬂl“ﬁ"lujmﬂuﬂﬂmﬁ 15. A
sensor as claimed in claim114, in which the casi d on one
hand. 16. A sensor as clained in any of, the preced| nd cl‘ai fis, *i n* which the
sensing surface of the surface pl asnok+esonance sensitive-device is

encl osed. by an enclosure having an,inlet neans, via which fluid can enter
the enclidsur & aRENSOKt a6t Alpimachsimgclaimads, FRMRRLBLRY cMeABENLAR a
whlchtheflwdc | eave t.he encl os 17. A sensor as clained in
claim 16, conff q??gy ing ¥ ?mfﬂ'l";?'dcaﬁgl RPtee d1RYeEnt H2asshe
inlet, pass t r {&h encI sure and_ exit f omtgﬁ ouitﬁg t 18. A sensor as
clainmed in cl tl 1ime °§‘ﬁ’éen%’éﬂse¥§ TR bPepbPB%eP rocat ed i n-

inlet or outlet. 19 A sensor as claimed in any of the preceding clairm
which the |ight source, neans for focusing Iight surface plasnon

resonanagy seigiddrtityl il (a0 ' JTAAP N0 dhl Yhls JIPUSR b e T e ol |

fixed in pos i on. A Sensor as clainmed i'n anyo claims 1 to

which one or #iy Gof NETRweE 1b80¢Eed Ot Cne "BANELT 8F HQtY&ENT |ight, surface
pl asnmon resonance-sensitive devi ce, :

19. A sensor as claimed in any of the preceding claims, in
which the light source, means for focusing light, surface
plasmon resonance-sensitive device, control means and o/

light detecting means are all fixed in position.

20. A sensor as claimed in any of claims 1 to 18, in which
one or more from the light source, means for focusing
light, surface plasmon resonance-sensitive device,
control méans and light detect;ing means are movable to or
positionable in preset or predetermined positions with
any remaining components or component being fixed in

position . \J

21. A sensor as claimed in any of the preceding claims, in
which the surface plasmon resonance-sensitive device
comprises a propagating medium having a reflecting
surface which supports or is coupled to a metallic
‘coating or layer which in turn is covered by or coated
with a film of ma'i:érial which is sensitive to the

analyte.



control neans and |ight detecting neans are novable to or positionable in

preset or predeterm ned positions with any remnai ni ng conpo

conmponent being fixed in position. 21. A sensor as clai nedqmﬂur"ﬂllllllmulll,“'
preceding clains, in which the surface snon resonance-senrsi i ve dévite*
conprises a propagating nmedi um having a reflecting surface which supports

or is coupbed tQ adfcY ldst QAN i chayer 2uhi ¢ WRibH' Bhesreeveeedngy or
coated with a filmof materi:al which is sensitive to the anal yte. 22. A

sensor as C|a!m@ﬁﬁﬂhd&f%d@ﬁﬂrté*tﬁ&"ﬁétéimiéEﬁdatﬁﬁdwﬂitééabylsupports t he
metallic coating directly. 23. A sensor as clainmed in claim21, in which
the reflecting surface is coupled to a base nenber which directly supports
the nmg¥al lic coating. 24. A sensor as clained in claim21, in which the
refl esti ng2sur f & sdmon las folaimed dngcdeimg23df, dni vhibth thechefilegting
metallic filmbeing supported or fornmed directly on the grating. ,25. A
sensor as cl ai nshnfacs ailss eoupbeds tq nanhbaset menkerr waichh direstly
sensitive to the analyte is an organic material .

supports the metallic coating.

24. A sensor as claimed in claim 21, in which the reflecting
surface has the form of a grating of suitable pitch with
\_ the metallic film being supported or formed directly on

‘the grating.

25. A sensor as claimed in claims 21 to 24, in which the
material which is sensitive to the analyte is an organic

material.

26. A sensor as claimed in any of claims 20 to 23, in which

the organic material is polypyrrole.

27. A sensor as claimed in any of the preceding claims,
comprising a second 1ight detecting means for receiving
from the device reflected light which is unaffected by
the presence of the analyte and for pfoducing in response
to .the reflected light received a reference output
signal, and means for comparing the output signal with
the reference outpuflsignal and producing a resultant
signal which serves as the input signal to the indicator

means.



26. A sensor as clained in any of clains 20 to 23, h t he organic *
material is polypyrrole. 27. A sensor as clained |Mﬂ i, Iﬂﬂ '”"Eedl ng
clainms, conprising a second |ight detecting neans m t he

device reflected light which is unaffected by the presence of hé anal yte
and for producing in response to the')dqflect ed light received a reference
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drawings.



