(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
25 January 2018 (25.01.2018)

(10) International Publication Number

WO 2018/015309 A1l

WIPO I PCT

(51) International Patent Classification:

G01J 3/28 (2006.01) G01J 3/453 (2006.01)
G01J 3/44 (2006.01) GO01J 1/44 (2006.01)
(21) International Application Number:
PCT/EP2017/067901
(22) International Filing Date:
14 July 2017 (14.07.2017)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

1612392.9 18 July 2016 (18.07.2016) GB

(71) Applicant: IS-INSTRUMENTS LIMITED [—/GB];
Pipers Business Center, 220 Vale Road, Tonbridge Kent
TN9 1SP (GB).

(72) Inventors: FOSTER, Michael James; IS-Instruments Ltd,
220 Vale Road, Tonbridge Kent TN9 1SP (GB). STOREY,
Jonathan; IS-Instruments Ltd, 220 Vale Road, Tonbridge

Kent TN9 1SP (GB). LAPINGTON, Jon; Space Research
Centre, Michael Atiyah Annex Buillding, University of
Leicester, University Road, Leicester Leicestershire LE1
7RH (GB).

Agent: GRAHAM WATT & CO LLP; St Botolph's
House, 7-9 St Botolph's Road, Sevenoaks Kent TN13 3AJ
(GB).

74

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(54) Title: RAMAN SPECTROSCOPY

Intensity (not to scale)

Laser Pulse

ON

Detector 100ps Gate

OFF

10+100ps

to+™ns

Fig 1 the measurement concept

wo 2018/015309 A1 | 0K 000 O

(57) Abstract: The present invention relates to Raman spectroscopy, particularly to time-resolved Raman spectroscopy. We describe
a Raman spectroscopic instrument comprising a time-resolved Raman spectrometer with a static Fourier transform spectrometer and a
single-photon avalanche diode (SPAD) array detector; wherein the detector provides a response in the form of an electronic signal for
every pixel, which signal comprises precise information on the arrival time of an initial photon and, atter detection of an initial photon,
every pixel enters a recovery period during which it is disabled from further detection.
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RAMAN SPECTROSCOPY

FIELD OF THE INVENTION

The present invention relates to Raman spectroscopy, particularly to time-resolved Raman

spectroscopy.

BACKGROUND TO INVENTION

Raman spectrometry is an increasingly prominent tool in a variety of sectors, whereby all
molecules provide a unique molecular signature that can be used as a finger print to identify the
chemical composition of a substance. This has led the development of a variety of handheld

systems that have been used for the identification of explosive materials, for example.

However, the performance of these systems is limited when organic substances are present as
they emit a strong background fluorescent signals that can completely mask the Raman
response. It has been proven that these signals can be separated temporally [Martyshkin. D.V.,
R. C. Ahuja., A. Kudriavtsev. And S. B. Mirov. “Effective suppression of fluorescence light in
Raman measurements using ultrafast time gated charge coupled device camera” Review of
scientific instruments Vol 75 N° 3 (2004)], using so called time-resolved Raman spectrometers.
Typically, the separation is achieved via either fast high-voltage gating of a sensitive detector or
by the use of a fast chopper such as a Kerr gate [P. Matousek, M. Towrie, C. Ma, W. M. Kwok,
D. Phillips, W. T. Toner and A. W. Parker “Fluorescence suppression in resonance Raman
spectroscopy using a high-performance picosecond Kerr gate” J. Raman Spectrosc.32: 983-988
(2001)]. These systems work in combination with a short laser pulse (with a pulse length <=

50 ps).

In recent years, Geiger mode single photon avalanche photodiodes have been combined with
fast timing electronics to perform time-of-flight LIDAR measurements [Jodo Pereira do Carmo,
B. Moebius, M. Pfennigbauer, R. Bond, |I. Bakalski, M. Foster, S. Bellis, M. Humpbhries, R.
Fisackerly and B. Houdou, "Imaging lidars for space applications", Proc. SPIE 7061, 70610)
(2008); doi:10.1117/12.79370]. One of the properties of these detectors is that they respond to
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the first photon that they encounter and are then unable to record another signal for up to
50 ns. We have recognised that this feature, or detector dead time, is, in effect, a perfect shutter
and we have exploited this to form a novel, time-resolved, Raman spectrometer. The first
photon received by any detector element from a given laser pulse will be detected and will then
disable that element, and any subsequent photons emitted for up to 100 ns later will be
supressed. By identifying the arrival time of the first photon with sufficient accuracy (< 100 ps)
it may be identified as either Raman or fluorescent in nature and hence the two signals can be
separated. Further this timing can be improved by combing the detector with a static Fourier
transform spectrometer (Harlander et al 1992). In these devices, unlike classical dispersive
systems, all wavelength are observed by all pixels. This property can be exploited to improve the

accuracy of any timing measurement.

SUMMARY OF INVENTION

Accordingly, in its broadest sense, the present invention provides a Raman spectroscopic
instrument comprising a time-resolved Raman spectrometer comprising a static Fourier
transform spectrometer and a single-photon avalanche diode (SPAD) array detector comprising
a plurality of detector pixels; wherein the detector provides a response in the form of an
electronic signal for every pixel, which signal comprises precise information on the arrival time
of an initial photon and, after detection of an initial photon, every pixel enters a recovery period

during which it is disabled from further detection.

Preferably, the detector recovery period is more than 1ns

Preferably, the detector is triggered to provide accurate timing of the returns; the signal is

recorded by read-out electronics that time stamps the returned response; and the signal

observed in the first timing period is then separated to extract the Raman response.

Preferably, all the pixels are used to provide and average of the time measurement, exploiting

the response of the static Fourier transform spectrometer.

Preferably, the spectroscopic instrument further comprises a trigger for the detector to respond

at or before the short pulse source is activated.
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Preferably, the trigger signal is an electrical or photonic signal.

In certain embodiments, the detector is gated such that it is only on for a fixed period of time,
in order to supress background light. Suitably the period of time is greater than or equal to 10 ns
and preferably the position of this gate is controlled by the trigger of the system, to coincide

with the location of the target.

Preferably, every detection element has an independent electronics channel capable of event

timing. More preferably, the timing per electronics channel is better than 100 ps.

Preferably, every timing electronics channel comprises a discriminator with threshold such that
the discriminator logic contains event timing information to an accuracy of less than about

100ps.

Preferably, every timing electronics channel performs time to digital conversion on the

discriminator logic pulse to digitise the event time to better than 100 ps.

Preferably, the detector array has more than one detection element.

Preferably, a single detector element is used to precisely measure the distance to the target,

allowing the trigger signal to be positioned for the extraction of the Raman signal.

Preferably, the spectroscopic instrument provides an output signal corresponding to a Raman

sighal response.

Preferably, the spectroscopic instrument further comprises an analysis function, preferably an
analysis function adapted to record and analyse both Raman and fluorescent returns over a

period of time.

Preferably, the instrument further comprises a source for a short pulse of monochromatic light,

or near monochromatic light. More preferably, the source is a laser source.
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Preferably, the source is arranged to excite a target sample and the assembly is further provided
with an imaging or similar optical system to capture broadband continuum light emitted from

the sample and pass the light to the detector.

Suitably, the spectroscopic instrument provides an output signal corresponding to a Raman

sighal response.

Preferably, the spectroscopic instrument includes an analysis function, more preferably, an
analysis function adapted to record and analyse both Raman and fluorescent returns over a

period of time.

The above and other aspects of the present invention will now be described in further detail, by

way of example only, with reference to the accompanying figures, in which:

Figure 1 is a schematic view of the overall measurement functionality of an embodiment of a

Raman instrument in accordance with the present invention;

Figure 2 is a schematic view of an embodiment of a spectroscopic instrument in accordance with

the present invention;

Figure 3 is a schematic showing an embodiment of a spectroscopic instrument of the present

invention comprising a static Fourier transform spectrometer; and

Figure 4 is a schematic of a typical electrical circuit used to read out the data from the detector

and time the arrival time of the photon

DETAILED DESCRIPTION

According to one aspect of the invention, a short pulse from a monochromatic or near

monochromatic source is combined with a spectrometer and linear Geiger mode or single-

photon avalanche diode (SPAD) array detector.
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The light from the source causes the sample to radiate Raman light and fluorescence. This
broadband continuum light emitted from the sample is then captured via an imaging or similar
optical system. The light is passed via a spectrometer unto the detector. The response of the
detector is recorded by system electronics, with each pixel recording the time of arrival of the
first photon detected to an accuracy of the order of 100 picoseconds or less. Once the first
photon arrives at any pixel, that pixel enters its recovery period ensuring that no later
contaminant signal is observed and thus acts as an ideal shutter. This recovery period is used to
extract or separate the Raman signal from the fluorescent response. This process is illustrated

in Fig 1.

The detector is triggered to respond at or before the laser pulse is fired. Once the photons have
been recorded those observed in the first timing sector represent those emitted within 100 ps
of the laser pulse starting to illuminate the sample, and are separated and identified as Raman
signals by means of their recorded arrival times. Photons recorded in subsequent times are
identified as fluorescence signals or unwanted signals. Once the signal photons have been
recorded and converted into an electrical signal within the detector, fast timing electronics are
then used to time stamp the photons with an accuracy of better than 100 ps. The time signature

of each photon is thus used to identify them as either Raman or fluorescent/other photons.

The spectrometer used for the measurement is a static Fourier transform device. , (Fig 2)
[Harlander. J., R. J Reynolds and F. L. Roesler., “ Spatial Heterodyne Spectrometer for the
exploration of diffuse emission line a far ultraviolet wavelengths” Astro Phys Journal 396 (1992)].
In this arrangement all the photons from all the targeted wavelengths are able to be observed
in all the pixels of the detector. Therefore all pixels can be used to determine properties of the
light such as time of arrival. This property can used to improve the accuracy of timing of any
measurement. The timing results may be averaged to improve the quality of the return. By
averaging the timing of the response, accuracy of the system may be improved. Additionally,
the Raman signal is spread over many pixels allowing detection of multiple simultaneous Raman
photons compared with a conventional spectrometer where Raman photons are collected only

by one or few pixels, and therefore quickly saturate the detector.

The trigger signal is suitably electrical in nature or may be photonic and may be generated by an

external source or directly from the incident monochromatic light source.
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In certain embodiments, a signal corresponding to a Raman signal response is output from the

spectroscopic instrument.

In certain preferred embodiments, the spectroscopic instrument includes an analytic function

to record and analyse both the Raman and fluorescent returns.

In a further embodiment of the invention, the detector is gated such that it activates for a fixed
period of time to supress background light. The time is suitably greater than or equal to 10 ns,
where the position of this gate is controlled by the trigger of the system, to coincide with the

location of the target.

Figure 1 is a schematic view of the overall measurement functionality, where a laser pulse is
shown in the left hand side of the image, which is followed by a “Raman” pulse from the sample.
The detector records the photon and enters the recovery period {(of 1 to 50ns). The final pulse

is the fluorescent signal observed 200ps after the Raman pulse;

Figure 2 is a schematic view of an embodiment of a spectrometer of the present invention. The
laser is incident on a sample that could be solid, liquid or gas in nature. The scattered/ emitted
light is captured by the receiving lens and passed through a filter to remove the laser light. The

light is then analysed in a spectrometer and focused onto the SPAD array;

Figure 3 is a schematic showing an embodiment of a static Fourier transform spectrometer of
the present invention used to analyse the sample. The incoming light is separated by a beam
splitter, where the two paths strike a dispersive element (e.g a reflective diffraction grating).
These reflective signals then interfere forming a fringe pattern which is observed at the detector.
A Fourier transform of the raw data is then applied to extract the spectral signal.

Figure 4 is a diagram of the timing electronics used on every pixel within the detector to time
the incoming photons. The signal from the SPAD array is passed to the event timing circuit that

consists of a pre amp, discriminator and time to digital converter.

Use of Raman systems has hitherto been limited due to the presence of unwanted fluorescent

responses found in most organic targets. Separating the signals in time is the most accurate
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method of extracting the Raman signature from the fluorescent background. Currently these
measurements are performed using either fast high voltage (HV) gated detectors or Kerr gate

technology, both of which, are complex, leading to large, expensive bench-top systems.

We have demonstrated that this measurement can be performed using a Geiger mode single
photon avalanche detector (SPAD), combined with a static Fourier transform spectrometer . The
single element SPAD detects the first arriving photon and then enters a deadtime period that
effectively disables further photon detection in that particular pixel, preventing pile up of
signals. This property is in effect a perfect shutter and thus can be used to separate the Raman
signal. This invention, while employing a detector similar to that discussed in US2013/0342835
[Jordana Blacksberg “Time resolved laser Raman spectroscopy using a single photon avalanche
diode array”], uses an additional novel step whereby the timing of each photon is measured to
an accuracy of 100 ps or less by means of fast electronics while the detector is gated on.
Additionally, time gating as described in US2013/0342835 is used not for resolving short
duration signals from longer duration signals but rather to provide additional information such

as distance to the target etc.

Further, the target instrument combines a high etendue static Fourier transform spectrometer
(SFTS) and a linear array of greater than 100 pixels Geiger mode SPAD detector and electronic
readout capable of time to digital conversion to provide a timing accuracy of ca. 100 ps. In the
SFTS every pixel observes every wavelength of light simultaneously, unlike a classic dispersive
system. Therefore, instead of a single pixel measurement being used to determine the timing,
every pixel can be used no matter the nature of the signal. This provides a far greater statistical

base for the timing measurement and hence improve the overall system accuracy.
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CLAIMS

1 A Raman spectroscopic instrument comprising a time-resolved Raman spectrometer
comprising a static Fourier transform spectrometer and a single-photon avalanche diode (SPAD)
array detector comprising a plurality of detector pixels; wherein the detector provides a
response in the form of an electronic signal for every pixel, which signal comprises precise
information on the arrival time of an initial photon and, after detection of an initial photon,

every pixel enters a recovery period during which it is disabled from further detection.

2 A spectroscopic instrument as claimed in claim 1 wherein the detector recovery period

is more than 1ns

3 A spectroscopic instrument as claimed in claim 1 or claim 2 wherein the detector is
triggered to provide accurate timing of the returns; the signal is recorded by read-out electronics
that time stamps the returned response; and the signal observed in the first timing period is

then separated to extract the Raman response.

4 A spectroscopic instrument as claimed in any preceding claim wherein all the pixels are
used to provide and average of the time measurement, exploiting the response of the static

Fourier transform spectrometer.

5 A spectroscopic instrument as claimed in any preceding claim further comprising a

trigger for the detector to respond at or before the short pulse source is activated.

6 A spectroscopic instrument as claimed in claim 5 wherein a trigger signal is an electrical

or photonic signal.

7 A spectroscopic instrument as claimed in any preceding claim wherein the detector is
gated for a predetermined period of time, to supress the detection of background and

fluorescent light.
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9
8 A spectroscopic instrument as claimed in claim 7 wherein the predetermined period of
time is greater than or equal to 10ns.
9. A spectroscopic instrument as claimed in any preceding claim wherein every detection

element has an independent electronics channel capable of event timing.

10. A spectroscopic instrument as claimed in claim 9, wherein the timing per electronics

channel is better than 100 ps.

11. A spectroscopic instrument as claimed in any preceding claim wherein every timing
electronics channel comprises a discriminator with threshold such that the discriminator logic

contains event timing information to an accuracy of less than about 100ps.

12. A spectroscopic instrument as claimed in any preceding claim wherein every timing
electronics channel performs time to digital conversion on the discriminator logic pulse to

digitise the event time to better than 100 ps.

13. A spectroscopic instrument as claimed in any preceding claim, where the detector array

has more than one detection element.

14. A spectroscopic instrument as claimed in any preceding claim wherein a single detector
element is used to precisely measure the distance to the target, allowing the trigger signal to be

positioned for the extraction of the Raman signal.

15 A spectroscopicinstrument as claimed in any preceding claim wherein the spectroscopic

instrument provides an output signal corresponding to a Raman signal response.

16 A spectroscopic instrument as claimed in any preceding claim further comprising an
analysis function, preferably an analysis function adapted to record and analyse both Raman

and fluorescent returns over a period of time.

17 A spectroscopicinstrument as claimed in any preceding claim further comprising a short

pulse monochromatic or near monochromatic source.
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18 A spectroscopic instrument as claimed in claim 17 wherein the source is a laser source.

19 A spectroscopic instrument as claimed in claim 17 or claim 18 wherein the source is
arranged to excite a target sample and the assembly is further provided with an imaging or
similar optical system to capture broadband continuum light emitted from the sample and pass

the light to the detector.
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