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According to the present invention optical measuring apparatus for measuring a

]

20 phase-related optical property of a sample comprises:
an optical source to provide a single beam of optical radiation;
a signal generator to provide a modulation signal at a modulation frequency;
an acousto-optical modulator to receive the modulation signal and the beam of <
optical radiation and to modulate a parameter of the single beam at the modulation
25 frequency to provide a modulated interrogation ‘beam;
optical means to direct at least a part of the modulated beam so that after incidence
on a sample under test as a modulated probe beam it is received by photosensitive means
which provides a related modulated electrical sample signal; and
phase sensitive signal processing means to receive said modulated electrical sample
30 signai and said modulation signal and to derive therefrom an output signal related to an
optical property of the sample, said property being the differential with respect to said
modulated parameter of the modulated interrogation beam.
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the reflectance of a layer of silver on a fused sjlica prism Figure 2
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Qﬁ/a sol ution of potassiu er mangana Figure 5  is an indication of
the opti catbcmvmgsmdsauo m@af modulatmn signalsand deriyingrtherefrom @p afput
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The invention will now be particularly described with reference to the

15 accompanying drawings in which:

Figure 1 shows the reflectance of a layer of silver on a fused silica prism,
Figure 2 is a schematic representation of apparatus used for measurement of
differential reflectance, _
Figure 3 shows the reflectance of a layer of silver on a high index glass
20 prism,
Figure 4 illustrates schematically the measurement of differential
\J ' ‘transmission of a solution of potassium permanganate,

Figure 5 is an indication of the optical transmission of a solution of

potassium permanganate,
25 ~ Figure 6 is a schematic representation of apparatus used for measurement of
| ' small shifts in optical features,
Figure 7 shows the shift in plasmon angle due to water vapour condensing on
- a silver layer,
Figures 8 - 12 are explanatory diagrams, _
30 Figure 13 is a schematic representation of apparatus incorporating optical

fibres for remote measurement; and
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Figure 7 shows the shift in plasnon angle due to water vapour condensing
on“a silver layer, Figures 8 - 12 are explanatory diagrams, 30
. Figure 13 is a schematic representation of apparatus |ncorporat|ng
optical fibres for renote neasurenent; and -2- Figure 14 . s a,
di agrammatic represention of apparatus used for differenti al spectroscopyaj
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15 This is illustrated in Figure 1 where the dotted line shows the reflectance as a
function of angle for a silver layer on a fused silica prism. The dip in reflectance is caused
by a typical surface plasmon-polariton resonance at the silver air interface. The continuous
line shows the differential of this reflectance, (dR/dr), which was directly measured using
an acousto-optic deflector to modulate the incident angle as illustrated in Figure 2. In this,

20 a beam 1 of radiation from a HeNe laser 2 passes to an acousto-optical deflector 3
controlled by a frequency modulated drive signal from a voltage controlled frequency
source 4. A partially reflecting mirror 5 splits the radiation into a reference beam 6 and a ~
probe beam 7. The reference beam is detected by a photodiode 8 and passes to one input
of an analogue divide circuit 9. The probe beam is reflected from a silvered layer on one

25 surface 10 of a prism 11 mounted on a computer controlled rotating stage 12. It then passes
to a photodiode 13 which is coupled to the other input of the analogue divide circuit 9. A
signal representative of the ratio of the signal to reference voltages passes from the divider
circuit to an input of a lockin amplifier 14 which is also fed from the signal generator 15
which which provides a frequency modulation signal to the VCFS. A differential signal

30 passes from the lock-in amplifier to a microcomputer 16.
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illustrated in Figure 4 has been used to neasure the differential of this

conpakiat ispectemetenthe ehsoxption ofsealbcontajning the solution ofainterest és compared with
that of a pure water reference cell. The system illustrated in Figure 4 has been used to
measure the differential of this comparative absorption with respect to wavelength. A white
light beam 20 is incident on an acousto-dptic tunable filter 22. The filtered exit beam 24

passes to a sample cell 26 containing potassium permanganate and a reference cell 28

20 containing water to produce a probe beam 30 and a reference beam 32 which, after .
reflection by mirrors 34,36 are detected by respective signal and reference
W, photodiodes 38,40. The output from these diodes is fed to an analogue divide circuit 42,
lock-in amplifier 44 and microcomputer 46. A signal generator 48 provides a frequency
modulation signal to the VCFS 50 and a reference signal for the lock-in amplifier. The
25 microcomputer provides an additional wavelength scanning signal to the VCFS which
drives the acousto-optic tunable ﬁiter.

Figure 5 shows how the differential of the transmission of acell containing a very
dilute solution of potassium permanganate strongly enhances the weak absorption features
in the comparative signal. _

30 A further embodiment of the invention allows the measurement of very small
changes in the optical prof:erﬁes of the sample. This application requires the construction
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| i ght beam 20 is incident on an acousto-optic tunable filter 22. The
filtered exit beam 24 passes to a sanple cell 26 containing potassium

. permanganate and a reference cell 28 20 containing water to produce a
probe beam 30 and a reference beam 32 which, after reflection by mrrors
34,36 are detected by respective signal and reference phot odi odes 38, 40. ~
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vol tage-control | ed frequency source. A feedback signal also passes fromthe -
| ock-in  andrecorded by a microcomputer 94.
If the phase of the feedback is correctly adjusted it is possible for the system to lock
on to the angle or wavelength at which a particular optical feature occurs.
For example if the laser beam after deflection by the acousto-optic deflector is
20 incident on the silver layer in Figure 1 at the angle for minimum reflectance, then the
feedback signal from the lock-in amplifier (set to the acousto-optic deflector modulation
frequency) is zero. However if the surface plasmon angle shifts in response to a physical NI
change in the sample then a large signal will be fed back from the amplifier to the
voltage-controlled frequency source. This signal will pull the centre frequency of the
25 voltage-controlled frequency source and so the deflection angle of the laser beam to restore
anull signal. In this way the incident angle is locked to the surface plasmon resonance and
any shift in this angle will be measured as a shift in the centre frequency of the
voltage-controlled frequency source.
The fact that changes in the angle or wavelength of an optical feature are converted
30 by the system to changes in frequency of the voltage-controlled frequency source results
in a massive increase in sensitivity of the optical measurements. Typical drive frequencies
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. amplifier to the vol t age- controlle ncy soufce. The output frequency
of the 15 voltage-controlled frequency'source i's continuously nmeasured by
- a frequency counter 92 and recorded by a microconputer 94. |f -the phase of
thé’feedback is correctly-adjusted it i:s pOSS|bIe for the systemto:l ock on
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normal |y di rect neasurenent of angl e or wavel ength. 5
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currents and thermal drift has linited the sensitivity of the measurenent

to shilPt s2arismel Q4 orgrating:L06. HlrrnativelniFigures 20 andrb} dlustratethow an overlayer
or waveguide of dielectric 108 can be added to the prism or grating of Figures 8 and 9.

Small changes in the optical properties of the dielectric will then be measured with great
accuracy. Figure 12 shows a modification to the embodiment of F igure 8 in which small
changes wr of the orientation of a mirror 110 in the path of the incident beam are measured.
20 Referring to Figure 13, which shows apparatus for remote measurement using
optical fibres, a beam of filtered radiation 120 from an acousto-optical tunable filter 122 is
] split into two component beams by mirrors 124,126. The componént beams pass by way
of optical fibres 128,130 to respecﬁve probe and reference gratings 132,134 and thence, by
way of further fibres 136,138 to photodiodes 140,142 the output signals of which may be
25 processed in the same manner as in the apparatus of Figure 4.

Figure 14 shows an analdgous apparatus used for differential spectroscopy using

a sample cell 144 for a specimen under test and a reference cell 146 for a standard solution.

The invention may be applied to many optical measurement techniques. The

possibilities include applications which make use of the differential with respect to the

30 angle of incidence (photon momentum) and those which use the d1fferent1a1 with respect
to the wavelength (photon energy)



of two orders of magnitude over the the sensitivity previously obtained
fromthis 10 experinent. Also all of the noise generating factors can be

. reduced by careful device design. One possibility would be to integrate the
acousto-optic device and sensor in a single crystal block. Figure 8 and &
show enbodi ments used for detection of thin overlayers on netal surfaces.
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Fi gure 12 clromatographstiahd pytoelectficinfiaredseasstsent of Figure 8 in which small
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128, 130 to respective probe and reference gratings 132, 134
way of furﬂmnmhﬂubmquses 138 to photodi odes 140, 142 the out put S|gnals of
whi ch may be 25 processed in the sane manner as in the apparatus of Figure
4. Figure 14 shows an anal ogous apparatus used for differential

spectroscopy using a sanple cell 144 fora speci nen under test and a
reference cell 146 for a standard solution. The invention may be applied to
many optical neasurenent techni ques. The possibilities include applications
whi ch nmake use of the differential with respect to the 30 angle of ~
i nci dence (photon nonentun) and those which use the differential with
respect to the wavel ength (photon energy). -6- Specific differenti al
applications include detection of thin overlayers (< [err] of a nonol ayer)
on netal surfaces and detection of small changes of permttivity of an h
overl ayer or wavegui de and have applications in electrochem stry, gas

sensi ng, biosensors,



- chromat ography and pyroelectric infrared sensors. 5 Wavel engt h
differential applications include neasurenents whi ch can be nade renotely
At the end of fibre optic wavegui des, spectroscopy, det ecting weak features
Wgﬁstrong backgrounds and | ocking on to optical si gnal s of.-varying
el ength, possibly for surveillance_ purposes. -7- CLAI M5 1. Opti cal

nmeasuri ng apparat us for measurl ng a &ﬁé&&a ated optical property of a
sanpl e compri si Bgs; 5 beam of aopti_cal

r adi atlonnp5 Oﬂncﬁa’hSI gn 1 *dgener aféor etag pr%g%%e lle ?%??@R’%e&ﬁaf%t a

nodul at i orsampbeicomprysingin’ ‘acoust o- optical nodulator to receive the
nodul ati on signal apd. the beam Qf optical rad| ation and to nodul ate a

paraneter of t H SR8l ouseinpravide s singleheam PFIP@‘q'G@lnbw;to provi de a

dul ated t t t t of '
(e modu at od tLpl gferdoPHH pidBide SnolAh ifadl o 8 Slodhlatol Frauind; 0s a
modul at ed probmmmpmrmswﬂt@yecemtﬁé%mﬂaﬁﬁ ﬁgﬁﬂ%nmh&% ekth Bf des

a related nodul ated el ectrical sanple signal; and phase sensitive signal

processi n@Pﬁédn@dlaﬂoneﬁdl tpemoduldtend patametet of thet singlel beannpt ¢hes mpdalationd

sai d nodulaation signal.,and t.o .der.ive therefrom an output signal related to
an opt i caf"gPEHs tP Prefids amod Rs38bty bei ng the d| fferent i al

W th respect tg &I%éﬁstdmw&tl htaﬁ: | nt e at i on
beam 2. Opt i ca measuri ng ap%gtr us accorgl ng a| m the

phase 19enen alsampka mi' test ascanodulated prote beamdt isaebeived B}‘Tphdtﬁsdhémva means

Opt i cal par us accordlngto Caim2 in which the
acoust o- o?ﬁ’i“g‘a @Fedi ted elestrisalsempl %tSlgli@liM‘i:tor whi ch nodul at es

EII.% an%lctei g]al Iphas asurl ng a%%‘g‘ltﬁpus ag%%efﬁﬂﬁdg%am ; r Qdep?t o
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optical property of the sample, said property being the differential with respect to said =~ —
15 modulated parameter of the modulated interrogation beam.
2. Optical measuring apparatus according to Claim 1 in which the phase sensitive
signal processing means is a lock-in amplifier. [
- 3. Optical measuring apparatus according to Claim 2 in which the acousto-optical
modulator is an acousto-optical deflector which modulates the angle of deflection of the
20 optical beam traversing the modulator.
4. Optical measuring apparatus according to Claim 2 in which the acousto-optical
modulator is an acousto-optical tunable filter which modulates the wave length of the -
optical beam.
5. Optical measuring apparatus according to any preceding claim in which the optical
25 means comprises a beam splitter means arranged to divide the modulated beam into a
modulated probe beam and a modulated reference beam,
the apparatus further comprising a second photosensitive means to receive the
modulated reference beam and to provide a related electrical signal,
and further comprising first signal processing means to receive said signals from the
30 first and second photosensitive means and to derive therefrom a ratio signal representing
the ratio of the modulated probe beam and the modulated reference beam,

>
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nodul ator is an acousto-optical tunable filter which nodul ates the wave

| ength of the optical beam 5. Optical measuring apparatus according to
any preceding-elaimin which the optical 25 -peans conprises a beam
‘splitter means arranged to divide the nodufatied beaminto a nodul ated probe
beam and a nodul ated reference beam the apparatus further conprising a
second phot osensitive neans to receive the nodul ated reference beamand to

provi de a rel atsﬁﬂmms&@dai@abprdc&dngm%immhosmml
processin an Q receiyve said,signal,s fromthe 30 firs cond

phot osensi a\éléﬂ @dcéﬂ tﬂ ﬁ?ﬂﬁﬂﬁ’ ignal rolated a&fﬁ

the ratio g WP@S“W Qﬁn@ﬁam and the nodul ated reference beam -8-
I sai d phase sensitTve secon I gnal processing neans receiving said
rati o sigral arOptical dneasdrihgtdpparatisgactording tdeClaim n§) in hwhieh rthenfirst sighplit

signal related to the dlfferentlal 8; sald optical property of the sanple.
6. ot ipsegessing meansis anAvalogue dividegireiitg to A aim5 in Wmchtheflrst

veasur i ng appar Ol EEREFRE RpPfafi B ARiBarh L Cin Al the bigna) gERER s
connect ed cbmmﬁwvau Imdamhxb:amﬁrughlarmwgb-&mnwﬁeqmay w!ubed

frequency source. 8. Optical neasuri ng appar at us according to Cdaim7 in

whi ch the &ecor@pmabmmepwﬁgs tocClairach indwhich; the wltdaglsnal

fcgg;[)glcl(ed freﬁuenc source Egg‘ékdﬂl es“é}ﬁ%&ﬂ%‘f&%‘lom ut sgg@al ﬁ éﬁ’g o

d ai msyp s&ﬁﬂl&dﬁﬁ@cﬁ beam splitter neans directs the nodul at ed
pr obe 1beamto a sanpl e under test, and directes the nodul ated reference

beam to t e sedDptitabinessuring apparatas mnkngtﬂanyoﬂﬂfﬂlainsﬁeé,s’bmd@mwhmhat US\/
according to any one of Clains 1 to n which the 15 bea{‘n itter rreans
eal,qgier t, and

recei ves tthe bear splitterymesns directs; th efm%#lateémeem&amp
directes the modulated reference beam to the second photosensitive means. . -

10.  Optical measuring apparatus according to any one of Claims 1 to 8 in which the
15 beam splitter means receives the modulated probe beam from a sample under test and
directs it to the first photosensitive means.
11. A method of measuring a phase-related optical property of a sample comprising;
providing a beam of optical radiation;
\acousto—optically modulating a parameter of a beam at a modulation frequency;
20 &ecﬁngatleastapartofthemodlﬂatedbeamtoasampletmderwstasamodulated
probe beam;
receiving from the sample a beam derived from the modulated probe beam and
providing a related electrical sample signal; and
deriving from said electrical sample signal and a signal at said modulation
25 frequency by phase-sensitive prpcéssing an outbut signal related to the differential of an
optical prc;perty of tﬁe sample.
12. A method according to Clairh 11 in which the phase-related optical property is the
reflectance of the sample. '
13. A method according to Claim 11 in which the phase-related optical property is the
30 transmission of the sample.

T



‘directs it to the first photosen5|t|ve rreans 11. = A nmethod of neasuring a
phase-rel ated optical property of a- sarrple ‘conprising; providing a beam of
optjcal radiation; acousto-optically nodul atl ‘ng a paraneter of a beamat a
rrqg Iyl ation frequency 20 directing a 1east a part ofthe nodul ated
bedm to a sanpl e under test as a nodul ated 'probe beam receivi ng fromthe

sampl e a am ing a.related
el ectri caltiﬁsangf@egogl %@Wa@?ﬁ 12 M?R@gl ga%er %@%Wﬁgyﬁﬁnal

and a si gQBan: tmmﬂmﬁémggmﬁﬁﬁquency by ﬁ:ﬁase sensitive processing
an out put S|gnal related to the differential of an optical property of the

sanpl e. 1315. A methedaceordiog & Glaimd 1 dr whinhithe phaseirelatediapticplipropertyeisthed

opti cal oper t r ef. I ectance of the sanple. 13. A nmet hod accordi ng
to (:Ialmf'ﬂ%?f’e\/ﬂﬁﬁhf’tltﬂ Ce- rel ated optical property i's the 30

transnisssijgn ofp iCsulstantialfy 48 Hlustraibd in thé, 8By
accordl ng to dam 11 in V\/m c the phase-rel ated optical propert

change i ndtawingd.asnon angl e of the sanple. 15. A nmet hod accordi ng to
Claim1 1 in which the phase-related optical property is the surface angle
of the sanmple. 5 16. Optical neasuring apparatus substantially as
illustrated in the acconpanyi ng draw ngs.
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