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Device and Method for Optical Measurement of a Target

Technical field

The invention relates to a device and a method for optical measurement of a tar-
get, wherein the target is irradiated with radiation beam and a measurement beam
is received from the target and detected.

Background technology

Optical measurement systems are used for e.g. analysing properties or material
contents of a target. The most common optical measurement devices are based
on light absorbance/reflection of a target or fluorescence of a target. Such meas-
urements are needed in laboratories and industry, for example. However, there is
also a growing need for continuous monitoring of material contents in mass appli-
cations, i.e. in applications where a large number of devices are needed and low
cost of the devices is important. One such application is monitoring the contents
of sulphur in various processes, and especially monitoring contents of sulphur
compounds and additives in fuel of a vehicle.

There are some disadvantages related to using prior art technology for monitoring
material contents in mass applications, such as the monitoring contents of sul-
phur. The measurement of absorbance, reflectance and fluorescence are suitable
only for certain materials. In measuring contents of sulphur compounds, for exam-
ple, also the contents to be measured are very low, such as a few ppm. As a con-
sequence, those methods do not provide adequate information on sulphur con-
tents.

One method to solve this problem can be Raman spectroscopy. In Raman scatter-
ing phenomenon, upon collision with a molecule a photon loses some of its en-
ergy (Stokes radiation) or gains some energy (anti-Stokes radiation). In conse-
quence, the radiation scattered from the molecules of material has a wavelength
which is shifted from the wavelength of the initial radiation used for activation. The
wavelengths of the scattered radiation are characteristic to a molecule, and they
can be called Raman “signatures” of the molecule. For example, there are several
signature bands in MIR (middle infrared) region representing sulphur bonds e.g.
with coal. With Raman spectroscopy it is thus possible to get information on con-
tents and types of molecules which include sulphur.



10

15

20

25

30

35

WO 2015/059353 PCT/FI12014/050791

Prior art Raman spectrometers are suitable for laboratories, but there are some
problems in using them in mass applications like the measurement of sulphur from
fuel. Such Raman spectrometers are usually equipped with a high-power narrow-
band laser source, a volume holographic grating for achieving high diffraction effi-
ciency, heavily cooled CCD (Charge Coupled Device) camera or array, and a fi-
bre-connected measurement probe with a beam splitter and filters. Such Raman
spectrograph instruments provide simultaneous measurement of radiation within a
large range of wavelengths and high spectral resolution, such as 4 cm”. How-
ever, the instrument is very large-sized and expensive, and it is therefore not suit-
able for mass applications. Due to the low intensity of the Raman scattered signal
and high spectral resolution of the spectrometer the measurement also tends to
take a long time in order to achieve a sufficient signal-to-noise ratio.

Summary of the invention

The purpose of the present invention is to avoid or reduce disadvantages of the
prior art.

The objective of the invention is achieved with a solution, in which a controllable
Fabry-Perot interferometer and a point detector are used. The Fabry-Perot inter-
ferometer is used for selecting one signature wavelength to be measured at a
time. The signatures of the material are detected and integrated sequentially by
controlling the Fabry-Perot interferometer into the corresponding pass bands of
the signature wavelengths. The measurement device may have low resolution and
preferably small size.

More particularly, a device according to the invention for optical measurement of a
target, the device comprising a radiation source for providing an activation radia-
tion beam to the target, a detector for receiving measurement radiation beam from
the target and providing a signal which corresponds to the amount of radiation re-
ceived to the detector from the target, and at least one Fabry-Perot interferometer
within the path of the measurement radiation beam, is characterised in that

- the radiation source is a laser radiation source with a substantially fixed radia-
tion wavelength,

- the detector is a single point detector,

- the Fabry-Perot interferometer has a controllable pass band wavelength,

- the device has means for controlling the Fabry-Perot interferometer sequentially
into pass bands which correspond to the signature wavelengths of the measured
target material,
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- the device has means for integrating the received measurement radiation signals
of each measured signature wavelength, and

- the device has means for providing a measurement result on the basis of the in-
tegrated signals.

A method according to the invention for optical measurement of a target, compris-
ing providing a radiation beam to the target, receiving measurement radiation
beam from the target and providing a signal which corresponds to the amount of
radiation received to a detector from the target, and filtering the received meas-
urement radiation beam with a Fabry-Perot interferometer, is characterised in that
- a laser beam with a substantially fixed radiation wavelength is provided as the
radiation beam,

- the measurement radiation beam is detected with a single point detector,

- the Fabry-Perot interferometer has a controllable pass band wavelength,

- the pass band wavelength of the Fabry-Perot interferometer is controlled se-
quentially into pass bands which correspond to the signature wavelengths of the
measured target material,

- the received measurement radiation signals of each measured signature wave-
length are integrated, and

- a measurement result is provided on the basis of the integrated signals.

Some preferable embodiments of the invention are described in the dependent
claims.

In one embodiment the point detector is a semiconductor photo detector, and in
some embodiments the radiation source for activation is a laser diode.

In a preferable embodiment the integration of radiation is made in the detector by
accumulating charges. However, it is also possible to integrate the signals after
receiving from the photo detector. In a further embodiment the radiation meas-
urement signals of each signature are integrated separately in order to achieve
measurement results for each signature. However, it is alternatively also possible
to integrate charges of two or several signatures if separate measurement results
for each signature are not needed.

In one further embodiment the spectral points to be measured and the integration
times per each spectral point are selected on the basis of the characteristic Ra-
man spectrum of the material to be measured. The measurement points and inte-
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gration times preferably imitate the Raman spectrum of the measured target mate-
rial. Measured radiation on these spectral points can be cumulatively integrated
and thus one measurement value is achieved instead of spectrum data. A general
principle of such matched filtering is described in publication W0O2010/112679 of
the present applicant.

According to one embodiment the device is primarily designed for measuring only
contents of molecules which have a predetermined chemical element, such as
sulphur.

According to a further embodiment the device comprises a fixed filter within the
path of the measurement radiation beam, which fixed filter is arranged to block
radiation with the wavelength of the radiation source and/or other than Raman
emission received from the target or environment. The fixed filter may include a
single filter or a set of filters. It may include band pass, low pass, high pass and/or
notch filters, for example. In one further embodiment there is also a filter in the
path of the activation beam of the radiation source. Such a filter may be a fixed
pass band filter, for example, for blocking any disturbing radiation from entering
measurement space.

It is possible to achieve substantial advantages with the present invention, such
as very high signal-to-noise ratio. It is possible to measure contents of sulphur
and many other chemical elements, which cannot be adequately measured with
other common methods. The device is relatively efficient because a laser diode
may give a short pulse with high momentary power, and a point detector may re-
ceive all available measurement radiation and provide a signal which corresponds
to the total amount of gathered radiation. The sensor area of the point detector
may also have a large size to maximize the detected radiation. Matched band-
widths of the source and the filter can be used. It is also possible to use a verti-
cally controllable Fabry-Perot interferometer, which has a large aperture com-
pared to interferometers that have planarly moving structures. It is not necessary
to have a slit in the measurement path or small pixels which would decrease the
signal-to-noise ratio as required in prior art grating spectrometers.

When a single chemical element is measured it is also sufficient to have low
spectral resolution, such as 285 cm™. For these reasons it possible to achieve a
good signal-to-noise ratio in the signal detection, even without heavy cooling of
the detector. Due to low resolution it is not possible to achieve accurate line de-
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tection, but when the configuration is used as a sensor for a limited matrix, such
as fuel, then chemometric tools can be applied to achieve required information on
the material based on the measurement.

It is possible to achieve a moderate cost for a device because mass production
components can be used. When only low resolution is required it is possible to
use low-cost laser diodes as a laser source, which are typically used in automo-
tive or telecom applications. Also, only one low-cost single point detector is re-
quired.

It is also possible to provide a measurement device in a very small space because
large-sized components are not needed. A size of a Fabry-Perot interferometer is
not larger than any other optical components, such as lenses, which are used in
small-sized optical equipment. A device according to the invention can also be
made robust, because mechanically sensitive components are not needed. Also,
because there is no need for high power radiation source or high requirement for
cooling a detector, the power consumption of the measurement equipment can be
made small.

It is possible to use NIR (Near Infrared Range) wavelengths with the present low-
cost arrangement, and to avoid the problems of background fluorescence.

In this patent application the term “Fabry-Perot interferometer” means a compo-
nent with at least two reflecting surfaces which cause an interference effect when
illuminated with radiation. The pass band of a Fabry-Perot interferometer is pref-
erably electrically controllable. The pass band may relate to transmitted and/or
reflected radiation of a Fabry-Perot interferometer.

In this patent application the terms “radiation” or “light” are used to mean any ra-
diation in the optical range of wavelengths.

In this patent application the term “fixed filter” means an optical filter which does
not have an electrically controllable pass band.

Short description of the drawings

In the following part the preferable exemplary embodiments of the invention are
described in more detail by referring to the enclosed drawings, in which:
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Figure 1 illustrates a block diagram of an exemplary optical measurement de-
vice according to the invention; and

Figure 2 illustrates a flow diagram of an exemplary method for providing an
optical measurement according to the invention.

Detailed description of embodiments

Figure 1 illustrates an exemplary measurement device according to the invention.
The device has a laser radiation source 12. The radiation source is preferably a
laser diode. The output optical power can be e.g. within range 5-50 W, such as 20
W. The radiation source is controlled with control means, such as a microcontrol-
ler 50. The radiation beam 15 of the radiation source is focused into a measure-
ment point 22 with a lens 14. There may also be a filter (not shown in Figure 1)
within the path of the activation radiation beam. A filter can be used for blocking
possible disturbing radiation on other wavelengths from reaching the measure-
ment space. The device may also have a separate photo detector 16 for monitor-
ing the intensity of the radiation provided by the radiation source. The photo de-
tector 16 may measure radiation 13 reflected from the lens 14, for example. The
measurement of the radiation output can be used as a feedback by the control
means 50 in controlling the laser diode to achieve correct radiation intensity.

The measurement device has a space for the material to be measured. In the
case of Figure 1 this measurement space is inside a tube 22, and Figure 1 shows
the cross section of the tube. Inside the tube there is flowing fuel, which is meas-
ured for its contents of sulphur compounds. The tube has an entrance window 21
for transmission of the radiation from the radiation source. The radiation received
from the laser diode causes Raman scattering in the measurement point 22. In the
Figure, the measurement point 22 is located in the middle of the tube 20, but the
measurement point may locate in some other alternative location within the meas-
urement space.

The tube may also have a reflective inner surface, which causes the radiation
beam of the laser source to reflect from the inner surfaces of the tube. This en-
hances the radiation intensity at the measurement point and thus increases the
amount of Raman scattered measurement radiation. The Raman scattered radia-
tion is also reflected from the inner surface of the tube, and a larger proportion of
the measurement beam is also received for detection. When a reflecting inner
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surface is used it is preferable to have a small angle between the radiation beam
of the radiation source and the measurement beam received by the detector. The
angle in the device of Figure 1 is 90 degrees which is considered suitable. How-
ever, it is also possible to use a same window for both the radiation beam and the
measurement beam. In such an arrangement a beam splitter can be used for
separating the beams.

In the arrangement of Figure 1 the tube 20 has another window 23 for transmitting
the Raman scattered measurement beam 27. Some reflected radiation 25 without
Raman scattering is also received from the measurement space. The received
measurement radiation beam is gathered and focused with lens 32 to the point
detector 44. Before entering the photo detector the measurement beam is filtered.
Filter 34 may be a set of fixed wavelength notch filters, high pass filters and low
pass filters, for example, filtering out disturbing radiation such as non-scattered
radiation of the radiation source and radiation from fluorescence emissions. The
high pass and low pass filters may determine the overall measurement range of
the device. The measurement beam is further filtered with a controllable Fabry-
Perot interferometer 42. The Fabry-Perot interferometer is controlled by a micro-
controller 50 into a pass band which corresponds to a signature wavelength of the
material being measured. Thus radiation of the signature wavelength substantially
passes the filters 34, 42 and enters the photo detector 44, while disturbing radia-
tion and signatures with other wavelengths are substantially blocked by the filters.

The point detector 44 is a semiconductor photo detector, such as an InGaAs de-
tector, which has a cooling element 46 providing moderate cooling for the photo
detector. The photo diode, the cooling element and the Fabry-Perot interferometer
are preferably integrated into a single component 40. The Fabry-Perot interfer-
ometer is preferably produced by MEMS technology. MEMS technology allows
integration of the Fabry-Perot interferometer with a photo detector. However, it is
also possible to use another type of a Fabry-Perot interferometer, such as one
based on piezoelectric actuators, which has better filtering characteristics but
which is larger and more expensive to produce.

The photo detector converts the received radiation into an electric charge, which
is read by the microcontroller 50 as an electrical signal. Usually there are several
Raman signatures that are measured from the material. The measurement of dif-
ferent signatures is made successively, i.e. the Fabry-Perot interferometer is con-
trolled successively into pass bands that correspond to the signatures, which are
measured. After collecting beams of a signature and integrating the charges, the
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photo detector is read by the microcontroller. The Fabry-Perot interferometer is
then controlled into a pass band that corresponds to the next signature, and the
corresponding radiation is detected. Figure 2 shows the measurement process in
more detalil.

Next characteristics of an exemplary device according to Figure 1 is described.
The wavelength of the activation radiation from the radiation source is selected on
the basis of the Raman range of the material to be measured, suitable spectral
range of a detector, and wavelengths of expected fluorescence. The probability of
Raman scattering increases with wave number of the activation radiation. Disturb-
ing fluorescence emissions may originate from the material to be measured and
the materials of the measurement device. In order to avoid disturbing radiation of
fluorescence emissions, it is preferable to select such Raman operating wave-
length range where the fluorescence emissions are minimal. It is also possible to
use fast pulsed time-gating in the measurement so that the measurements of the
Raman scattering are made before fluorescence emissions start, and the next
measurement period begins after the fluorescence emission has finished.

If an InGaAs detector is used the spectral response is between 1200-1600 nm to-
gether with a Fabry-Perot interferometer. When the wave numbers of the desired
Raman signatures are between 1000 and 1500 cm™ this yields that the minimum
excitation number is 7250 cm™ and the maximum wave number is 9833 cm”,
which correspond to wave lengths 1379 nm and 1017 nm, respectively. For ex-
ample, an Nd:YAG laser with radiation wave length of 1064 nm can be used as a

radiation source. The achieved Raman range is in this case 1065 cm™ — 3148 cnm’
1

If the Raman vibration line is sharp, the spectral resolution of the measurement
depends on the characteristics of the radiation source that is used for activation.
When an InGaAs laser diode is used, a peak output optical power may be 20 W,
whereby Raman power will be approx. 1 yW. Pulse duration may be 100 ns
maximum, and the duty cycle may be 0,1 % maximum. A typical wavelength is 905
nm. This yields that FWHM (Full Width at Half Maximum) is 7 nm, which corre-
sponds to the spectral resolution of 85 cm™. When the resolution of the Fabry-
Perot interferometer is matched to this value the resolution of the Fabry-Perot in-
terferometer must be 12 nm at 1200 nm operation wavelength and 22 nm at 1600
nm operation wavelength.
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Figure 2 illustrates a flow diagram of an optical measurement method according to
the invention. First it is determined, which signatures are measured, phase 71. If
the measurement device is dedicated to measuring only certain signatures it is
possible that the signatures are determined only once for a given device. Next a
target is provided into a measurement space for measurement in phase 72. The
target may be fuel in a fuel tube or a sample in a sample well, for example. It is
then defined, which signature is measured next, phase 73.

After selecting the signature the Fabry-Perot interferometer is controlled to form a
pass band which corresponds to the selected signature, phase 74. An activation
radiation beam is then directed to the measurement point of the target in phase
75. A Raman scattered measurement beam is thus obtained, phase 76. The
measurement beam is optionally pre-filtered with a fixed wavelength filter in order
to block disturbing radiation which is not Raman scattered, phase 77. The meas-
urement beam is then further filtered with the Fabry-Perot interferometer which
has been controlled to pass the radiation of the selected signature. The Fabry-
Perot interferometer blocks the other, non-selected signature beams. It should be
noted that the Fabry-Perot interferometer may also locate before the other filter in
the path of the measurement beam.

The filtered measurement beam is then received to a point detector. The detector
converts the beam into electrical charge, which is integrated, phase 79. The irra-
diation of the target and detecting the signal of a signature lasts for a defined pe-
riod of time. When the time has lapsed, the integrated charge of the detector is
read by a microcontroller, phase 80. It is then checked in phase 81 whether there
are further signatures to be measured. If measurements of further signatures are
to be made the process re-enters phase 73. If no other signatures are to be
measured the microcontroller calculates to material contents on the basis of the
collected signals in phase 82. The information of the material contents / com-
pound types can then be used for required purposes or stored for future use.

A measurement device may be programmed to make continuous measuring,
where the device measures defined signatures in succession and repeats this
procedure as long as the device is running. If material contents in fuel of a car are
monitored, it is possible that the monitoring is performed when the car motor is
running, and the measurement is stopped for other times.

In the previous embodiments the signals of each signature were separately inte-
grated. This way it is possible to achieve separate results on the contents of



10

15

20

25

30

35

WO 2015/059353 PCT/FI12014/050791

10

chemical bonds corresponding to each signature. It is also possible that this in-
formation is not required, but it is only necessary to get information on the total
contents of a certain chemical element. In this case it is possible to integrate the
signals from two or several signatures before reading the detector. When several
measurement beams are integrated it is possible to increase the signal-to-noise
ratio of the measurement. When N signature signals are integrated, the signal is
increased by factor N, but the readout noise does not increase. Therefore, it is
possible to increase the signal-to-noise ratio more than if each successive signa-
ture would be read out separately. As an alternative, it is also possible to use a
Fabry-Perot interferometer which has two simultaneous pass bands and which
can be controlled to pass beams of two selected signatures simultaneously.

If the target material is transparent for the measurement radiation it is possible to
have the measurement point inside the target as shown in Figure 1. However, the
present invention can also be used for measuring materials which are not trans-
parent for the measurement radiation. In such cases the measurement point is lo-
cated at the surface of the target.

An optical measurement system commonly includes processing means for per-
forming the optical measurement process. The control of the measuring process
in an optical measurement instrument generally takes place in an arrangement of
processing capacity in the form of microprocessor(s), and memory in the form of
memory circuits. Such arrangements are known as such from the technology of
analyzers and relating equipment. To convert a known optical instrument into
equipment according to the invention it may be necessary, in addition to the
hardware modifications, to store into the memory means a set of machine-
readable instructions that instruct the microprocessor(s) to perform the operations
described above. Composing and storing into memory of such instructions in-
volves known technology which, when combined with the teachings of this patent
application, is within the capabilities of a person skilled in the art.

The invention has been described with the reference to the enclosed embodi-
ments. It is, however, clear that the invention is not restricted only to those, but
comprises all embodiments which can be imagined within the inventive idea and
the enclosed patent claims.

For example, the described applications and targets are exemplary and only serve
to assist in understanding the functionality of the invention. It is clear that the in-
vention can be used for measuring different types of targets and contents of dif-
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ferent substances where the Raman scattering exists. It is also possible to com-
bine the present device with other types of measurements such as infrared or
fluorescence measurements.
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Claims

1. A device for optical measurement of a target, the device comprising a radia-
tion source (12) for providing an activation radiation beam to the target, a detector
(44) for receiving measurement radiation beam from the target and providing a
signal which corresponds to the amount of radiation received to the detector from
the target, and at least one Fabry-Perot interferometer (42) within the path of the
measurement radiation beam, characterised in that

- the radiation source (12) is a laser radiation source with a substantially fixed ra-
diation wavelength,

- the detector (44) is a single point detector,

- the Fabry-Perot interferometer (42) has a controllable pass band wavelength,

- the device has means (50) for controlling the Fabry-Perot interferometer sequen-
tially into pass bands which correspond to the signature wavelengths of the
measured target material,

- the device has means for integrating the received measurement radiation signals
of each measured signature wavelength, and

- the device has means (50) for providing a measurement result on the basis of
the integrated signals.

2. The device according to claim 1, characterised in that the means for inte-
grating the received measurement radiation signals is in the detector (44).

3. The device according to claim 1 or 2, characterised in that the detector (44)
is a semiconductor photo detector.

4. The device according to any of the preceding claims, characterised in that
the laser radiation source (12) is a laser diode.

5. The device according to any of the preceding claims, characterised in that
the means for integrating are arranged to integrate the radiation measurement
signals of each signature separately.

6. The device according to any of the preceding claims, characterised in that
the device is arranged to measure signatures of predetermined molecules which
include a predetermined chemical element.
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7. The device according to any of the preceding claims, characterised in that
the device further comprises a fixed filter (34) within the path of the measurement
radiation beam, which fixed filter is arranged to block radiation with the wave-
length of the radiation source and/or other than Raman emission received from
the target or environment.

8. A method for optical measurement of a target, comprising providing a radia-
tion beam to the target, receiving measurement radiation beam from the target
and providing a signal which corresponds to the amount of radiation received to a
detector from the target, and filtering the received measurement radiation beam
with a Fabry-Perot interferometer (42), characterised in that

- a laser beam with a substantially fixed radiation wavelength is provided as the
radiation beam (15),

- the measurement radiation beam (27) is detected with a single point detector
(44),

- the Fabry-Perot interferometer (42) has a controllable pass band wavelength,

- the pass band wavelength of the Fabry-Perot interferometer is controlled se-
quentially into pass bands which correspond to the signature wavelengths of the
measured target material,

- the received measurement radiation signals of each measured signature wave-
length are integrated, and

- a measurement result is provided on the basis of the integrated signals.

9. The method according to claim 8, characterised in that the received meas-
urement radiation signals are integrated as charges in the detector (44).

10. The method according to claim 8 or 9, characterised in that the radiation
measurement signals of each signature are integrated separately.

11. The method according to any of the claims 8-10, characterised in that only
signatures of molecules which include a predetermined chemical element are
measured.

12. The method according to any of the claims 8-11, characterised in that the
radiation with the wavelength of the radiation source and/or other than Raman
emission received from the target or environment is blocked with a fixed filter (34).
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13. The method according to any of the claims 8-12, characterised in that the
material contents of the target is monitored by continuously repeating the meas-
urement sequence.

14. The method according to any of the claims 8-13, characterised in that
measurement radiation of plurality of selected wavelengths is successively meas-
ured and cumulatively integrated, wherein the wavelengths and the integration
times per each wavelength point are selected on the basis of the characteristic
Raman spectrum of the material to be measured.
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