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Description
Field of the Invention

[0001] This invention relates to the field of Raman
spectroscopy and, in particular, to apparatus for detect-
ing Raman spectral features non-destructively from sub-
surface regions within a macroscopic diffusely scattering
sample.

[0002] Diffusely scattering media are frequently en-
countered in many analytical applications. Examples of
such analytical applications include but are not limited to
monitoring of food products, colloids, polymers, cata-
lysts, powders in general, coating technology and med-
ical applications involving the probing of tissue and bio-
chemical identification in medical studies and treatments.
The samples encountered in such analytical applications
are often highly heterogeneous and can be made of var-
ious layers each having a different chemical make-up.
Therefore, a major goal for analytical science is to provide
a method capable of determining the chemical composi-
tion of sub-surface layers in a non-destructive way.
[0003] The benefits that can be derived from the anal-
ysis of chemical compositions can be illustrated using
the example of non-invasive Raman probing of bones
where signal quality from bone can be crucial in arriving
at an accurate and correct diagnosis as to whether dis-
ease is present (see A. Carden and M. D. Morris, J. Bi-
omed. Optics 5, 259 (2000)). Conventional Raman sig-
natures of bone collagen are masked by undesired Ra-
man signals from overlaying tissue and so data on chem-
ical composition is generally obtained by means of a bi-
opsy.

[0004] The separation of Raman spectral components
derived from a surface layer of a sample and from a sub-
surface layer of the same sample would be highly desir-
able in many analytical applications. This task is, how-
ever, hugely complicated due to an inability to form sharp
optical images from within turbid media of the overlying
material by conventional optical methods such as confo-
cal microscopy, which is only applicable typically to
depths ofthe order of the transport length of the scattering
medium (the transport length describes the average dis-
tance photons travel before deviating significantly from
their original direction of propagation). This length is typ-
ically around ten times the mean free scattering path of
photons in the medium. For example, in biological tissue
this corresponds to depths of around several hundred
micrometres.

Description of the Prior Art

[0005] Infrared and Raman spectroscopies are known
to provide a wealth of information on the physio-chemical
state of a wide range of biological tissues and fluids (see,
for example US 6,681,133 or WO 01/52739). Unfortu-
nately analysis by these methods has largely been limited
to surface studies.
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[0006] Elastically scattered photons have been used
to probe beneath a scattering surface for compositional
information. For example, B.B.Das, et al. in Rep. Prog.
Phys. 60, 227 (1997) describes an approach using tem-
poral gating. This technique relies on the fact that it takes
a finite time for light to penetrate a diffusely scattering
medium. Scattering events will therefore occur later at
lower depths, and so monitoring a scattered signal over
time should, theoretically, provide information as to the
nature of the scattering centres at progressively greater
depths. The elastic scattering technique of Das et al. is,
however, not directly applicable to Raman spectroscopy.
Inelastic scattering of photons has a far smaller cross-
section, resulting in a much weaker signal. Furthermore
the Raman signal is far more susceptible to interference
from luminescence and in particular fluorescence when
analysing tissue.

[0007] WO 96/26431 relates to the use of time gated
scattered light, for determining the location and compo-
sition of material within various organs of the human
body, and providing for medical imaging in three dimen-
sions of internal body structures for diagnostic purposes.

Summary of the Invention

[0008] Itis an object of this invention, therefore, to pro-
vide an analysis technique based on Raman spectros-
copy that is capable of extracting sub-surface chemical
compositional information.

[0009] Accordingly, the invention provides_a method
of measuring sub-surface Raman scattering through a
diffusely scattering sample as set out in claim 1, and ap-
paratus as set out in claim 31.

[0010] Embodiments ofthe invention provide a method
of measuring sub-surface Raman scatting through a dif-
fusely scattering sample or medium, to thereby deter-
mine characteristics of the sub-surface region.

[0011] Just a single spacing between the entry and
collection regions may be required to obtain information
about a sub-surface layer if sufficient prior knowledge is
available, such as intensities of expected Raman fea-
tures of the near surface region of the sample. However,
by determining Raman spectral intensities at a variety of
spacings more accurate information can be derived, for
example using techniques described in more detail be-
low.

[0012] A reference collection region may also be pro-
vided at substantially the same place or overlapping with
the entry region, for comparison with a spaced collection
region. Advantageously, such a colocated reference col-
lection region may share common optics with the light
source supplying the incident radiation.

[0013] A variety of collection region and entry region
geometries are possible. In one preferred embodiment
the collection region forms an annulus around the entry
region. Multiple such annular collection regions, or a sin-
gle variable radius region may be used to derive more
depth related data, and the arrangement may be re-
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versed by placing a single fixed or variable or multiple
annular entry region around a central collection region.
It should be noted that the annular regions may be broken
or incomplete and will generally not include full optical
coverage within these regions. For example, a circular
single thickness array of closely packed optical fibres
might attain a 60% coverage.

[0014] A collection region is preferably spaced at least
1 mm and more preferably at least 2 mm from an asso-
ciated entry region. The depth of a sub-surface layer to
be studied will typically be similar to this spacing distance,
and the practical dimensions will depend on the optical
properties of the sample. The diameter or size of the entry
region will generally be less than the spacing of the entry
and collection regions, and the entry and collection re-
gions are preferably non-overlapping.

[0015] Embodiments - also provide a method of meas-
uring a sub-surface Raman spectrum of a diffusely-scat-
tering sample, the method comprising the steps of:

a) irradiating an entry region of the sample with a
light probe;

b) collecting light scattered by the sample; and

c) spectrally separating at least a portion of the col-
lected light to detect one or more Raman spectral
features,

wherein light scattered by the sample is collected
from a plurality of spatial locations or collection re-
gions on the surface of the sample, each spatial lo-
cation being at a different distance from the point of
irradiation, at least a portion of the light collected at
each spatial location being separately spectrally dis-
persed to form a plurality of Raman spectra and
wherein the method further includes the step of:

d) analysing the plurality of Raman spectra to extract
information on the Raman spectrum of a sub-surface
region of the sample.

[0016] Thus, spectroscopic information is obtained
non destructively that can be interpreted to establish the
nature and composition of a diffusely scattering sample
below a surface layer. The present invention as defined
by the methods outlined above effectively implements a
form of spatial gating of the Raman signal obtained from
the sample to isolate the Raman signal from a sub-sur-
face layer which has a different composition to that of the
surface layer. This method is referred to herein as Spa-
tially Offset Raman Spectroscopy (SORS).

[0017] With the present invention for samples having
one or more different chemical compositions at differing
depths within the sample, the collection of Raman spec-
tra from regions spatially offset, by different amounts,
from the point of incidence ofthe probe laser beam results
in a series of spectra (two or more spectra) each spectra
including Raman signals emanating from different depths
within the sample. The series of spectra taken contain
different relative contributions of the Raman signals gen-
erated from the sample surface layer and the sample
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sub-surface layers. In collecting the data series, as the
signal collection point is moved away from the point of
incidence of the probe laser beam, the contribution of the
surface layer signal diminishes much faster than for sig-
nals generated by different compositions at deeper layers
within the bulk of the sample. This enables the contribu-
tion of deeper, sub-surface layers to be extracted either
directly or by applying numerical processing to the col-
lected spectral set for a higher degree of separation (e.g.
multivariate data analysis or scaled subtraction of spectra
from each other).

[0018] In a preferred embodiment two or more Raman
spectra are collected and are analysed using a scaled
subtraction, the Raman spectrum collected from or at a
distance closest to the point of irradiation being subtract-
ed from the Raman spectrum collected further from the
point of irradiation, whereby features of the Raman spec-
trum for a sub-layer of the sample are identified.

[0019] In afurther alternative, where the Raman spec-
trum for the chemical composition of the surface of the
sample is known, the collected Raman spectra are ana-
lysed by scaled subtraction of the known Raman spec-
trum from the Raman spectra of the collected light.
[0020] In an alternative preferred embodiment at least
twenty Raman spectra are collected at different distances
from the point of irradiation and the plurality of Raman
spectra are analysed using multivariate data analysis.
Principal component analysis may be used as the multi-
variate data analysis.

[0021] A preferred feature of the present invention is
irradiation of the sample at two or more different wave-
lengths, where the collected light is a combination of a
Raman spectrum and fluorescence, so that the Raman
spectrum can be extracted from the collected light.
[0022] Atleast one of the sample, the collection optics
and the point of irradiation may be moved relative to the
others to enable the collection of Raman spectra at dif-
ferent distances from the point of irradiation. A movable
stage may be provided on which the sample is mounted
and the probe beam is arranged to track the movement
of the sample whereby the sample is moved relative to
fixed collection optics for the collection of scattered light
at different distances from the point of irradiation.
[0023] The scattered light may be collected from point
regions at different distances from the point of irradiation
or the scattered light may be collected from a plurality of
substantially parallel lines substantially transverse to the
distance as measured from the point of irradiation.
[0024] Alternatively, the probe beam may be supplied
using optical fibres and the scattered light may be col-
lected using optical fibres arranged in a plurality of con-
centric circles around the probe beam optical fibres
whereby the scattered lightis collected in concentricrings
at differing radii from the point of irradiation.

[0025] Ideally, the light probe is at >200 nm and <2000
nm and may be generated by one or more quasi-mono-
chromatic lasers or a diode laser which is tunable, for
example with respect to temperature.
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[0026] In an alternative aspect embodiments of the in-
vention provide apparatus for selectively measuring Ra-
man spectra generated at different depths within a dif-
fusely-scattering medium, the apparatus comprising: a
light source for irradiating a sample with a probe beam;
collection optics for collecting light scattered by the sam-
ple and passing it to a spectrometer; detection means
fordetecting light dispersed by the spectrometer, wherein
the apparatus is adapted for scattered light to be collected
at a plurality of spatial locations on the surface of the
sample, each spatial location being at a different distance
from the point of irradiation and at least a portion of the
light collected at each spatial location being separately
spectrally dispersed by the spectrometer to form a plu-
rality of Raman spectra and wherein the apparatus fur-
ther includes an analyser for identifying features specific
to the Raman spectrum of a sub-layer of the sample from
the plurality of Raman spectra.

[0027] The apparatus preferably includes a movable
stage for relative movement of at least one of the sample,
the collection optics and the point of irradiation to enable
the collection of Raman spectra at different distances
from the point of irradiation. Alternatively, the collection
optics may comprise optical fibres arranged in a plurality
of concentric circles around the probe beam.

[0028] The light source may consist of one or more
quasi-monochromatic lasers or a diode laser which are
tunable, for example with-respect to temperature.
[0029] Preferably one or more features specific to the
Raman spectrum of the sub-layer region of the sample
are identified in the one or more collected Raman spectra
and are compared with those obtained from a healthy
control specimen.

[0030] Embodiments of the invention will now be de-
scribed by way of example only and with reference to the
accompanying drawings.

Brief Description of the Drawings
[0031]

Figure 1 illustrates principles of the invention, in
which illumination by source 10 leads to a Raman
scattering 16 in a sub-surface region of sample 14,
the Raman photon being received at collector 18;
Figures 2a to 2c illustrate various sample layer ar-
rangements;

Figures 3ato 3cillustrate various entry and collection
region arrangements;

Figure 4 shows an arrangement for varying the di-
ameter of an annular collection region using an op-
tical arrangement 50, 54;

Figure 5 illustrates the use of mirrors 60 to enhance
the collection of Raman photons;

Figure 6 shows an optical head 70 for coupling to a
spectral detector 22;

Figures 7a and 7b show plan details of the optical
head and connector of Figure 6;
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Figure 8 illustrates schematically analysis apparatus
in accordance with the present invention set up to
extract Raman spectra generated beneath a surface
layer of a sample;

Figure 9 illustrates a point collection geometry for
collection of spatially offset Raman spectra in ac-
cordance with the present invention;

Figure 10 illustrates a concentric circle collection ge-
ometry for collection of spatially offset Raman spec-
tra in accordance with the present invention;
Figure 11 shows a series of Raman spectra for a two
layer sample generated at different offsets using the
analysis apparatus of the present invention;

Figure 12 illustrates the dependence on offset dis-
tance of the absolute intensities of the Raman spec-
tra for the sample of Figure 11;

Figure 13 illustrates the ratio of the Raman spectra
of Figure 12 with respect to offset distance;

Figure 14 shows a series of Raman spectra for the
same two layer sample scaled to the same height of
trans-stilbene bands;

Figure 15 illustrates the PMMA contributions within
the individual spectra of Figure 14;

Figure 16 shows, for the same sample, the relative
ratio of a trans-stilbene Raman signal in comparison
with fluorescence originating from the PMMA layer
as a function of the spatial collection offset;

Figure 17 shows the results of a PCA analysis of a
series of Raman spectra for the same sample ob-
tained using the analysis apparatus in accordance
with the present invention; and

Figure 18 shows the results of a simple subtraction
process with respect to the same sample using Ra-
man spectra obtained by the analysis method in ac-
cordance with the present invention.

Detailed Description of the Preferred Embodiments

[0032] Referring now to Figure 1 an embodiment of
the invention is shown in operation, in schematic cross
section. A light source 10, incorporating or supplied by
laser 9, is used to irradiate a localised entry region 11 of
a surface 12 of a sample 14. The incident radiation from
the light source is scattered diffusely through the sample.
Some of the radiation may be absorbed by the sample,
some may give rise to optical emissions for example by
fluorescence, and some re-emerges unchanged through
the sample surface 12.

[0033] A small proportion of the photons of the incident
radiation are inelastically scattered giving rise to Raman
photons, for example as illustrated by Raman event 16.
The Raman photons in turn are diffusively scattered
through the sample. Some may be absorbed, for example
giving rise to fluorescence, but some emerge unchanged
through the surface 12 to be collected at collector 18.
The likelihood of a Raman photon undergoing a second
Raman event is very small.

[0034] The collected light is analysed, for example us-
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ing filters or a spectrometer, and a suitable sensor in
detector 22, and the determined Raman spectra or spec-
tral features are used further in analyzer 23, which is
typically a computer. The detector may use a fourier
transform rather than a conventional dispersive spectro-
scopic technique.

[0035] Typically, most Raman photons will be gener-
ated close to the light source 10, where the incident ra-
diation is most intense. These Raman photons can best
be detected by collecting light at the light source 10, for
example by using optics common with the light source.
As distance from the light source increases, however,
the intensity of Raman photons originating near the light
source falls away more quickly than the intensity of Ra-
man photons originating further away from the light
source, especially from deeper within the sample. Pref-
erential sampling of Raman photons from deeper within
the sample can therefore be achieved by spacing the
location at which light is collected from the location at
which the sample is illuminated, and an analysis of how
the detected spectral features change with spacing can
provide more detailed sub-surface information.

[0036] In Figure 1 Raman event 16 occurs in a sub-
surface layer 20. The spacing d between the light source
10 and the collector 18, or equivalently between an entry
region 11 and a collection region 19 can be adjusted to
select for a particular depth. In preferred embodiments,
however, light is collected at a range of two or more spac-
ings d, and an analyzer 23 is used to infer depth depend-
ent characteristics of the sample from the Raman fea-
tures of the collected and analyzed light for different val-
ues of d, which are spectrally analyzed by analyzer 22.
One of the spacings could be at, or very close to the entry
region.

[0037] The analyzer selects (or rejects) the Raman
features for a particular depth or range of depths by com-
bining the Raman features from different spacings. Some
techniques for this, including scaled subtraction and PCA
are discussed below.

[0038] InFigure 1the sample 14 displays a non-abrupt
boundary between the surface region and sublayer 20.
In Figures 2a to 2c some other sample configurations are
shown. In Figure 2a there is an abrupt change from sur-
face layer 30 to deep layer 32, and deep layer 32 may
be diffusely scattering, or partly or completely opaque,
with Raman photons representative of layer 32 being
generated at the layer interface. In Figure 2b the surface
layer 30 and the deep layer 32 are separated by a further
transparent or semi transparent layer 34 which may be,
for example, a space filled with a liquid or gas. In Figure
2c a more complex sample is shown, in which graduated
or abrupt sublayers 36 and 38 are embedded beneath
or within the surface layer 30.

[0039] Theincidentirradiation and collection of light at
a single, at multiple or at a variable spacing can be
achieved using a variety of geometries. In Figure 3a there
is a single illumination or entry region 40 on the sample
surface. Spaced from this illumination region is either a
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single collection point or region 42, or multiple regions
as indicated by the broken lines. Alternatively the single
collection region, or equivalently the illumination region
may be moved to provide a variable spacing.

[0040] In Figure 3b the single illumination region 40 is
surrounded by an annular collection region 44, or by mul-
tiple or a variable radius annular collection region as in-
dicated by the broken lines. Instead of an annular collec-
tionregion, abroken annulus or multiple separate regions
at similar distances from the point of illumination could
be used.

[0041] In Figure 3c an annular illumination region 46
and central collection region 48 are used, thereby reduc-
ing the localised intensity of incident radiation required
to generate a given number of Raman photons. The an-
nulus may be varied in radius or be provided as multiple
annuli having a range of radii, and a broken annulus of
multiple separate illumination regions distributed at sim-
ilar distances from the central point of collection may be
used.

[0042] Generally, it is beneficial to collect light, or to
provide incident radiation at as large a proportion of an
entry or collection region as possible. However, in prac-
tical embodiments the coverage may be limited. For ex-
ample, in arranging cylindrical optical fibres in an annulus
a coverage of 10% or more may be adequate, but 25%
or more would be preferred and 60% or more may be
possible.

[0043] In simplistic embodiments a single entry region
may be provided by a single optical fibre brought close
to the sample surface, and multiple collection regions
may be provided by a linear array of collection fibres.
Optical fibres may be similarly used to provide annular
and other configurations of single and multiple fixed spac-
ings and various mechanical arrangements may be used
to provide variable spacings.

[0044] To provide a variable radius entry region or col-
lection region an optical arrangement such as that illus-
trated in figure 4 may also be used. Optics 50 located
between the sample and the collector and/or sample-to-
detector distance is adjustable to direct light from differ-
ent parts of the sample surface onto collector 18 which
is concentric with the light source 10. In this arrangement,
a lens arrangement (and/or the illumination source and
Raman collector detector position) which can be trans-
lated in an axial direction 52 by an optics drive 54 directs
light from an annular region of varying radius onto the
collector, but other configurations are also envisaged.
[0045] A further aspect, which may be used with any
of the arrangements discussed above, is illustrated in
figure 5. One or more mirror elements 60 are presented
to the sample surface. When either incident or Raman
radiation emerges from the sample away from the col-
lector 18, these mirror elements redirect the emerging
radiation back into the sample. This increases the inten-
sity of incident radiation and so the generation of Raman
photons within the sample, and also increases the pro-
portion of Raman photons received at the collector 18.
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The mirror elements are preferably absent from the sur-
face adjacent to the light source 10 or entry region, and
adjacent to the collection regions.

[0046] In alternative embodiments non-imaging op-
tics, such as those described in Applied Optics vol 35 p
758, may be used to achieve higher collection efficiency
by use of a mask placed directly onto the sample, or
placed in an image plane if other imaging optics are also
used. The mask blocks appropriate areas of the sample
to collect signal from a desired spatial offset only. The
masking is preferably synchronised with a detector such
as acharge coupled device such that sequential readings
from the detector relate to masks providing light collected
from correspondingly sequential spacings between the
illumination and collection regions. The masking could
be mechanical and could also be performed between im-
aging optics and a non-imaging type detector.

[0047] Figure 6 illustrates a practical embodiment of
the invention comprising an optical head 70 coupled by
an optical fibre bundle 72 to analyser 22. Detail of the
optical head 70 is shown in the plan schematic view of
figure 7a which is not to scale. A bundle of light source
optical fibres 74 terminate in the central region of the
head. These light source fibres are embedded in a filler
76 such as epoxy, and surrounded by an annular spacer
element 78. Collection optical fibres 80 terminate an an-
nular region surrounding the spacer element, again em-
bedded in afiller, and surrounded by an external casing.
This arrangement may be adapted to included the vari-
ous mirror and optical arrangements discussed above.
[0048] In this particular embodiment each optical fibre
has a core of 200 um diameter and a cladding bringing
the fibre thickness to 230um. The inner bundle consists
of seven light source optical fibres 74, and the outer bun-
dle consists of 26 collection optical fibres 80. The spacer
78 is sized to space the collection fibres 80 about 3 mm
from the centre of the head, and the terminations of the
collection fibres are distributed approximately evenly in
an annulus of constant radius about this centre. The col-
lection fibres should be suitable for carrying out near infra
red Raman work, and may be made of silica.

[0049] Theillumination and collection optical fibres ter-
minate, about 100cm distant from the optical head, in a
connectorillustrated schematically in Figure 7b. The con-
nector presents the six illumination and twenty six col-
lection fibres for coupling into the analyzer 22 of Figure
6, which incorporates a light source illumination quasi-
monochromatic laser operating at 827nm and a Kaiser
Holospec optical analyser.

[0050] A schematic diagram of another spatial gating
analysis apparatus for identifying depth specific Raman
spectrais shown in Figure 8. The features and variations
already described above may be applied here as appro-
priate, such as the various collection geometries, and
vice versa. The apparatus generally comprises a laser
101, Raman detection apparatus 102, 103 and an ana-
lyser 104. The probe beam 105 of the apparatus is gen-
erated using a quasi-monochromatic laser such as a sin-
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gle-line cw argon ion laser operating at 514 nm, (in the
case of tissue analysis 827 nm would be preferred to
avoid fluorescence background), with 12 mW power
which is directed using conventional optics at a sample.
The sample has a surface layer 106 and a deeper layer
107 of a different chemical composition to that of the sur-
face layer, and may be mounted on a stage. With this
apparatus the laser plasma lines were blocked using a
Pellin-Broca prism (not illustrated). The apparatus in-
cludes a 1 m focal length lens 108 for weakly focusing
the laser beam onto the sample to a spot diameter of 300
pm and at normal incidence. Raman light produced as
a result of the irradiation of the sample is collected in
backscattering geometry using a 2" diameter collection
lens 109 with f-number ~1 and is imaged with the lens
109 onto the slit of a spectrometer 102, which is part of
the Raman detection apparatus, with a magnification of
2.5. A conventional imaging spectrometer 102 (for ex-
ample a Spex Triplemate™ with f-number 6.3) is prefer-
ably used to disperse the Raman light and image the
Raman light onto a CCD camera 103. The camera 103
is preferably a liquid nitrogen cooled backilluminated
deep depletion CCD camera (for example Andor, DU420-
BU2 (250 nm) 1024x255 active pixels). The CCD quan-
tum efficiency of such a camera in the region of Raman
spectra is around 65% and has a pixel size of 26x26 pm.
The final stage slit width of the 25 spectrometer 102 was
set to 120 wm. The CCD was binned vertically across 20
pixels to maintain the spatial selectivity on the collection
side.

[0051] The sample 106, 107 was mounted on an x-y-
z micropositioning stage 110 which includes a controlled
drive (not illustrated) which moves the stage (vertically
in Figure 8) together with the final optics to keep the in-
cidence point of the laser beam fixed on the sample with
respect to the sample. In this configuration, the Raman
detection apparatus 102, 103 always collects back scat-
tered Raman shifted photons from a fixed imaging zone
in space and the sample is scanned across this imaging
zone whilst the pump beam incidence point remains fixed
in its position on the surface of the sample. A filter (not
illustrated) may also be used to block any residual elas-
tically scattered probe laser light from reaching the spec-
trometer 102. The SORS apparatus described above
may be deployed using a point collection laterally offset
from the point of probe beam incidence (Figure 9). Alter-
natively, a movable stage or other movement control
means may be used for achieving relative movement be-
tween one or more of the sample, point of irradiation and
the Raman detection apparatus.

[0052] Raman spectra using apparatus similar to that
described above were collected for atest sample in which
thefirstlayer 106 consisted of a 1 mm optical path cuvette
of 1 cm width and - 4 cm height, with 300 pum custom
made fused silica front and back windows, filled with PM-
MA (poly(methyl methacrylate)) spheres of - 20 pm di-
ameter. The spheres were loosely packed in the cell us-
ing mechanical tapping on the cell during filling to elimi-
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nate any larger voids. This first layer was followed by a
second layer 107 consisting of another cell of 2 mm op-
tical path filled with trans-stilbene fine powder ground
using a mortar and pestle. The cuvettes were employed
in order to provide a simple method of sample handling
and are not an essential feature of the apparatus.
[0053] With the probe laser beam incident on the sam-
ple positioned with the first layer 106 uppermost, spatially
offset Raman spectra using the SORS method described
herein were collected using a basic point collection ge-
ometry in which collection is from the points laterally dis-
placed from the probe beam’s incidence point (Figure 9).
The point of collection geometry as illustrated in Figure
9 represents the simplest implementation of the method
of the present invention. On the other hand, the concen-
tric circle geometry illustrated in Figure 10, which does
not require the use of an x-y positioning stage, advanta-
geously yields much higher collection efficiency but in-
volves the use of optical fibres to image the individual
circles at different heights on the spectrometer slit ena-
bling their imaging after dispersion on the CCD 103 onto
separate horizontal strips with the vertical position of the
spectra on the CCD corresponding to a given offset col-
lection distance on the sample surface with respect to
the probe beam’s incidence point. The use of a fiber optic
bundle for the collection of Raman spectra is described
in an article by Jiaying Ma and Dor Ben-Amotz entitled
"Rapid Micro-Raman Imaging using Fiber-Bundle Image
Compression" Applied Spectroscopy Vol. 51, No. 12,
1997 the contents of which is incorporated herein by ref-
erence.

[0054] It will, of course, be apparent that further alter-
native collection geometries could be employed whilst
still achieving spatially offset Raman spectra collection
in accordance with the present invention.

[0055] Additionally, with no sample illumination, an
"above the sample" Raman spectrum may be collected
which represents background and apparatus noise. This
"above the sample" Raman spectrum can then be sub-
tracted from the set of Raman spectra to remove noise
from the spectra.

[0056] When taking Raman spectra using the reso-
nance Raman technique, whereby the wavelength of the
incident probe beam is tuned to match chromophores of
the material or materials being investigated, the Raman
signatures may be swamped by fluorescence (lumines-
cence) generated from electronic excitation. For exam-
ple, fluorescence will be stimulated in room temperature
studies of bone, but phosphorescence is more likely in
colder samples. Similarly, Raman probing of metallic sys-
tems will often stimulate room temperature phosphores-
cence.

[0057] In such cases the Raman spectra can be re-
covered using the SORS method at two or more laser
wavelengths. This relies upon the fact that the spectral
profile of a fluorescent background is not normally de-
pendent on the excitation wavelength whereas the Ra-
man spectrum is dependent on the excitation wave-
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length. Hence, spectra collected at the same spatial dis-
tance from the point of illumination at two or more different
wavelengths of irradiation may be subtracted from each
other to give a derivative type plot of where the Raman
bands are and this can be mathematically processed to
give a truer looking Raman spectrum. This technique for
identifying Raman bands is described in an article by S.
E. J.Bell, E. S. O. Bourguignon and A. C. Dennis entitled
"Subtracted shifted Raman spectroscopy (SSRS) meth-
od" Analyst, 1998, 123,1729-1734. Thistechniqueis also
referred to as the Shifted Excitation Raman Difference
technique (SERD) as described in a paper of the same
name by P. Matousek, M. Towrie and A. W. Parker 1J.
Raman Spec., 33, 128-242 (2002) the contents of which
is incorporated herein by reference.

[0058] The two or more wavelengths of incident irra-
diation may be generated by means of separate lasers
or by means of a single laser, such as a diode laser, the
output of which is varied for example through tempera-
ture tuning. The difference in wavelength required is gen-
erally about half the width of the Raman bands, typically
approximately 5-10 cm-™.

[0059] A set of Raman spectra for the test sample de-
scribed above, measured with a varying degree of spatial
offset with respect to the Raman collection point and the
point of laser incidence on sample surface is shown in
Figure 11. For comparison, the Raman spectra of pure
layers measured in separate measurements are also dis-
played. The top spectrum in Figure 11 is that of pure
trans-stilbene and the bottom spectra that of pure PMMA.
The spectrum measured with the zero offset (0 mm) rep-
resents the Raman spectrum one would typically obtain
using a conventional Raman instrument. It is evident that
it contains an appreciable contribution from both the top
and bottom layers of the sample and that the contribution
of the top layer gradually decreases with offset distance
in the spatially offset spectra. Forreal applications, where
a pure spectrum of the bottom layer needs to be recov-
ered, the top layer signal might represent an unaccept-
able distortion to the Raman signal of a lower layer. The
gradual separation between the two signals is clearly ac-
complished using the SORS approach as the lateral off-
set between the Raman collection point and the point of
probe beam incidence is increased and is clearly observ-
able from the illustrated data set. At a distance of >2 mm
(third spectra down in Figure 11) an order of magnitude
improvement in the ratio of the lower over the top layers
Raman signals is achieved.

[0060] Figure 12 shows the dependence of the abso-
lute Raman intensities of the individual spectra on the
spatial offset. The data was obtained by numerical fitting
of two intense trans-stilbene bands at 1575, 1595, 1632
and 1641 cm-1 and bands at around 809, 1455, and 1728
cm-1 for PMMA. The plot clearly demonstrate that as the
Raman collection point is moved sideways from the
probe illumination zone, i.e. the lateral offsetis increased,
the Raman signal from the bottom layer diminishes much
more slowly than that from the top layer. This results in
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the overall relative Raman intensity ratio of the bottom
over the top layerimproving with increasing spatial offset
as shown in Figure 13.

[0061] To quantify the contrast improvement achieved
using the method and apparatus of the present invention
with respect to the test sample described above, a Ra-
man spectrum with a longer acquisition time (1000s) at
an offset of 3.5 mm was acquired. Figure 14 shows this
spectrum along with a Raman spectrum acquired with
zero offset scaled to the same height of trans-stilbene
bands. By subtracting the pure trans-stilbene spectrum
from these spectra we obtained the PMMA contributions
within the individual spectra (see Fig. 15). By fitting these
we established that the contrast of the lower layer had
been improved by a factor of 15 by rejecting the top layer
spectral component. Another striking observation is that
the signal-to-noise obtained using this spatial gating ap-
proach is good in comparison to alternative approaches.
[0062] The total attenuation of the Raman trans-stil-
bene signal by the 1 mm PMMA layer was measured with
the zero offset to be around 80. This loss of signal through
the diffusion process, inevitably present also in conven-
tional Raman spectroscopy, can be, however, effectively
offset through further refinements in the collection effi-
ciency: for example by adopting the circular collection
geometry shown in Figure 10, or by using a lower f-
number and a higher throughput spectrograph.

[0063] Figure 16 demonstrates another useful feature
of the spatial gating analysis apparatus and method of
the present invention. The analysis apparatus is capable
of suppressing fluorescence in the lower layer Raman
spectrum ifitoriginates from the top layer. The plot shown
in Figure 16 gives the relative ratio of the trans-stilbene
Raman signal in comparison with the fluorescence orig-
inating from the PMMA layer as well as the fluorescence
absolute intensity as a function of the spatial collection
offset. The trans-stilbene Raman intensity relative to flu-
orescence intensity is improved by a factor of approx. 2
with the introduction of a 2.5 mm displacement.

[0064] In a situation where a larger separation of the
data obtained from surface and sub-surface layers is re-
quired than that achievable directly within the raw spec-
tra, by offsetting the collection and probe launch points
a multivariate data analysis procedure may be deployed
using the analyser 104 of Figure 8. The data collected
by SORS is particularly amenable to multivariate data
analysis because for this approach to be applicable, the
set of Raman spectra measured at various offsets is still
required. To achieve an effective numerical decomposi-
tion the number of spectra within the set should ideally
be at least an order of magnitude higher than the number
of layers present in the sample. To demonstrate this a
multivariate analysis of the form of principal component
analysis (PCA) was employed.

[0065] Approximately twenty Raman spectra acquired
on the PMMA and trans-stilbene two-layer system rep-
resented in Figure 8 and produced using the SORS meth-
od and apparatus described herein were imported into
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Matlab™ R11 (The Mathworks Inc., Natick, MA) and proc-
essed with both built in and locally written scripts. The
ten largest eigenvectors generated after performing a
singular value decomposition on the original data set
were included in the PCA rotation. The pure spectra of
PMMA and trans-stilbene were not included in this data-
set and no baseline correction was performed.

[0066] Multivariate data reduction techniques are ad-
vantageous when a complete separation of the spectral
features of the surface and sub-surface layers is re-
quired. These data reduction techniques also provide a
means of separating spectral features from layers that
may have a moderate to high degree of spectral overlap
or where contributions of individual components to spec-
tral bands envelopes may not be known because spectra
of the pure components may not be obtainable or known.
[0067] The recovered factors from the multivariate
analysis are shown in Figure 17. The procedure cleanly
decomposed the Raman spectra collected in this way
into the pure spectra of the two individual layers, i.e. a
PMMA (top layer) and a trans-stilbene (bottom layer). A
factor for pure trans-stilbene was recovered by targeting
the ca. 1595 cm-1 band (pixel 730) and a factor for pure
PMMA was recovered by targeting the ca. 809 cm! band
(pixel 80). The luminescence background factor was con-
structed from one of the original input spectra. This factor
was generated using an iterative polynomial fitting algo-
rithm (Lieber CA and Mahadevan-Jansen A 2003) typi-
cally used for baseline correction. In this case 100 fitting
cycles using a third order polynomial were used to gen-
erate the baseline. This baseline was used as a factor
representing the luminescence background. These three
factors were then used to reconstruct the dataset with
less than 3% error.

[0068] Althoughinthe above example twenty separate
Raman spectra were collected, where a scaled subtrac-
tion of individual Raman spectra is possible, as few as
two or three spectra are required. Even with multivariate
data analysis, although itis preferred to perform the anal-
ysis on at least a factor more than the number of com-
ponents to be identified, such analysis can often be suc-
cessfully performed using smaller data sets of, for exam-
ple, around ten spectra.

[0069] The following is the inventors’ current theory for
explaining the efficacy of the analysis method and appa-
ratus described herein. This theory is supported by de-
tailed Monte Carlo scattering modelling studies also car-
ried out by the inventors, which yield results in very good
agreement with experiment. The variation in the relative
content of Raman signals from different layers as the
collection point is spatial offset originates from the ran-
dom properties of the photon migration effect. The mi-
grating photons in essence undergo a ’random walk’ with-
in the medium and the photon direction is randomised
every transport length along the propagation distance.
When a Raman signal is collected from the surface of a
sample at the point where the probe beam is incident,
the spectrum contains a relatively large signal contribu-
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tion from the top layer due to the probe photon density
being highest at the point of sample exposure. With in-
creasing sample depth the probe intensity fastdiminishes
as the photon intensity is progressively diluted through
the photon diffusion process. Moreover, Raman light
generated at deeper layers of the sample is scattered as
it propagates back to the surface and is subject to the
same diffusion. This therefore leads to further dilution of
the intensity of Raman spectra generated at deeper sam-
ple layers. This effect results in a substantially larger pro-
portion of Raman photons generated at the sample sur-
face being collected than those generated at deeper
sample layers when a signal is collected from the surface
of asample at the point where the probe beamiis incident,
in comparison to the signal that would be collected for
an optically transparent media probed in the same ge-
ometry.

[0070] However, when Raman light is collected from
a point laterally offset from the point of probe beam inci-
dence, the probe light intensity within the sample is be-
coming more equally distributed along its depth. This is
because the incident lightfirst had to propagate sideways
through the sample from the probe incidence point to the
collection area and was on its way randomised through
photon diffusion. Consequently, the scattered Raman
signal collected at a position offset from the probe inci-
dent point contains a higher proportion of the deeper layer
signal than that in the spectrum collected from the probe
beam incidence point.

[0071] The described spatial gating analysis appara-
tus and method thus offers an extremely powerful, yet
simple means for extracting pure Raman signals from
individual layers within diffusely scattering media. The
probed sample depths can be well in excess of the trans-
port length, which sets a depth limit on the conventional
confocal Raman microscopy. In the above example, the
transport length of the medium was estimated to be 200
pm. Importantly, the apparatus and method can be used
‘blind’, i.e. without any prior knowledge of the chemical
constituents of individual layers. The technique has thus
ideal prerequisites for sensitive sub-surface, non-de-
structive probing of diffusely scattering materials in both
industrial and medical applications.

[0072] Insituations where a sample is known to consist
of only two layers of different composition (if this is not
known then this information can be obtained directly from
pure PCA) the method and apparatus can be used to
extract the pure signals of individual layers without the
involvement of multivariate data analysis techniques.
This is possible where the two spectra of the two layers
each include an identifiable band or bands that do not
overlap. In this situation a simple scaled subtraction can
be used to separate the spectra of each of the individual
layers from each other. In this process one Raman com-
ponent is eliminated by a scaled subtraction of two spec-
tra measured with two different spatial offsets cancelling
out one or other spectral component in the process. The
results of this simple extraction procedure are shown in
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Figure 18. The spectra used in the analysis were meas-
ured with a zero and a 2 mm offset. The result is clearly
satisfactory, although the applicability requires the above
conditions to be satisfied. In contrast, the PCA analysis
described above can be used in circumstances where
there is no knowledge of the compositions of the different
layers of a sample.

[0073] Thus, it will be apparent thatitis notin all cases
essential for a complete Raman spectrum to be gener-
ated with the present invention. Where there is some
knowledge of the materials involved or the compositions
to be detected, detection of individual Raman spectral
features using, for example, one or more band pass filters
is also encompassed by the SORS method and appara-
tus described herein.

[0074] The exact degree of the 'suppression’ or sepa-
ration of two layers in general situations depends on a
variety of parameters. These parameters include the
thickness of the top layer, that of the underlying matrix,
the probe beam diameter, the exact collection geometry,
the wavelength of the probe light used and the transport
length of the medium. For non-invasive sub-surface prob-
ing, as a rule of thumb, it is believed that the ideal offset
should be on the scale of the thickness or several thick-
nesses of the overlying medium. Also, for the technique
to be effective the beam diameter should be smaller than
the thickness of the top layer. In general terms the thinner
the top layer is and the thicker the underlying matrix is
favours a better spectral separation of the two compo-
nents.

[0075] The use of probe light of particular wavelengths
is not critical to this invention. The choice of probe wave-
length is essentially a trade off between depth penetra-
tion, which improves with longer wavelength, and detec-
tor quantum efficiency, which is higher at shorter wave-
lengths. As mentioned earlier, the detector 3 used herein
is a backilluminated deep depletion CCD detector based
on silicon technology. This detector is selected as it has
the best sensitivity and signal-to-noise ratio of those that
are currently available, but alternatives can be used.
Longer wavelengths avoid exciting H,O modes in Raman
spectra, but the cut-off limit for Si detection is 1.1 pm.
InGaAs detectors can be used at longer wavelengths,
but these have currently reduced sensitivity.

[0076] With the method and apparatus of the present
invention, substantially pure Raman spectra can be re-
trieved from depths well in excess of those accessible
with conventional confocal microscopy. Moreover, the
present invention has the advantage that it is compatible
with the use of cw lasers beams and is suited to remote
monitoring in both industrial and medical applications.
Thus the method and apparatus are well suited to not
only biomedical applications, where monitoring sub-sur-
face tissue layers normally would require destroying sur-
face tissue, but also many industrial analytical applica-
tions such as catalysts, food, and polymers research ap-
plications. The present invention may be used to detect
contamination of food during manufacture or the delete-



17 EP 1 828 753 B1 18

rious breakdown of food in storage as well as the stability 7.
of stored pharmaceuticals in all cases without any contact
with the sample.

The method of any preceding claim wherein one or
more collection regions surround an entry region

(1),

of collection regions spaced by different distances
from an entry region.

10

5 8. Themethod of claim 7 wherein each collection region
Claims is an annulus (44), and for each annulus, light is col-
lected from atleast 10%, and more preferably atleast
A method of measuring sub-surface Raman scatter- 25% of the surface area of the annulus (44).
ing through a diffusely scattering sample (14), the
method comprising steps of: 10 9. The method of either of claims 7 or 8 wherein the
scattered light is collected by a plurality of collection
(a) supplying incident radiation at one or more optical fibres distributed around one or more illumi-
entry regions (11) on a surface (12) of the sam- nation optical fibres used to supply the incident ra-
ple; diation to the entry region.
(b) collecting light scattered within the sample, 15
from one or more collection regions (19) on the 10. The method of any of claims 1 to 6 wherein one or
surface, at a plurality of spacings from the one more entry regions surround a collection region (48).
or more entry regions; and
(c) detecting, inthe collected light, for each spac- 11. The method of any preceding claim further compris-
ing, one or more Raman features spectrally re- 20 ing adjusting collection optics (18) disposed in the
lated to the incident radiation, path of the collected light to adjust the distance be-
characterised in that the method further com- tween a collection region (19) and an entry region
prises: (11).
(d) deriving, from changes in intensities of the
one or more Raman features between the dif- 25 12. The method of any preceding claim further compris-
ferent spacings, one or more characteristics of ing disposing one or more mirror elements (60) ad-
a sub-surface region (20) of the sample (14), by jacent to the sample surface outside the collection
combining the Raman features from different regions to reflect light back into the sample.
spacings to select the Raman features for a par-
ticular depth or range of depths. 30  13. A method of measuring a sub-surface Raman spec-
trum of a diffusely-scattering sample as set out in
The method of claim 1 wherein step (c) comprises, any preceding claim, the method comprising the
for each spacing, spectrally dispersing the collected steps of:
light to form a Raman spectrum.
35 a) irradiating the sample with a light probe (105);
The method of claim 2 wherein step (d) comprises b) collecting light scattered by the sample (106,
analysing the plurality of Raman spectra to extract 107); and
information on the Raman spectrum of a sub-surface c) spectrally separating at least a portion of the
region of the sample. collected light to detect one or more Raman
40 spectral features,
The method of claim 1, 2 or 3 wherein incident radi- wherein light scattered by the sample is collect-
ation is supplied to one entry region by irradiating ed from a plurality of spatial locations on the sur-
the sample with a light probe at a point of irradiation, face of the sample, each spatial location being
and the step of collecting comprises collecting light at a different distance from the point of irradia-
at a plurality of collection region spatial locationson 45 tion, at least a portion of the light collected at
the surface of the sample, each spatial location being each spatial location being separately spectrally
at a different distance from the point of irradiation. dispersed to form a plurality of Raman spectra
and wherein the method further includes the
The method of claim 4 wherein the step of deriving step of:
includes associating the Raman features from differ- 50 d) analysing the plurality of Raman spectra to
ent spacings with different depths or distributions of extract information on the Raman spectrum of
depth within the sample (14). a sub-surface region of the sample.
The method of any preceding claim wherein the step 14. Amethod as claimedinany preceding claim, wherein
of collection comprises collecting lightfrom a plurality 55 at least two Raman spectra are collected and are

analysed using a scaled subtraction, the Raman
spectrum collected at a distance closest to the point
ofirradiation being subtracted from the Raman spec-
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trum collected further from the point of irradiation,
whereby features of the Raman spectrum for a sub-
layer of the sample are identified.

A method as claimedin any of claims 1to 13, wherein
the Raman spectrum for the chemical composition
of the surface of the sample is known and the Raman
spectra are analysed by scaled subtraction of the
known Raman spectrum from the Raman spectra of
the collected light.

A method as claimedin any of claims 1to 13, wherein
the plurality of Raman spectra are analysed using
multivariate data analysis.

A method as claimed in claim 16, wherein the plu-
rality of Raman spectra are analysed using principal
component analysis.

A method as claimed in either of claims 16 or 17,
wherein at least ten Raman spectra are collected at
different distances from the point of irradiation.

A method as claimed in any one of the preceding
claims, wherein the sample is irradiated at two or
more different wavelengths and the collected light is
a combination of a Raman spectrum and fluores-
cence and wherein the method comprises the further
step of extracting the Raman spectrum from the col-
lected light.

A method as claimed in any one of the preceding
claims, wherein at least one of the sample, the col-
lection optics, and the point or region of irradiation
is moved relative to the others to enable the collec-
tion of Raman spectra at different distances from the
point of irradiation,

A method as claimed in claim 20, wherein a movable
stage is provided on which the sample is mounted
and the probe beam is arranged to track the move-
ment of the sample whereby the sample is moved
relative to fixed collection optics for the collection of
scattered light at different distances from the point
of irradiation.

A method as claimed in claim 21, wherein the scat-
tered light is collected from point regions at different
distances from the point of irradiation.

A method as claimed in claim 21, wherein the scat-
tered light is collected from a plurality of substantially
parallel lines substantially transverse to the distance
as measured from the point of irradiation.

A method as claimed in any one of claims 13 to 20,
wherein the probe beam is supplied using optical
fibres and the scattered light s collected using optical
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26.

27.

28.

29.

30.

31.

32.

20

fibres arranged in a plurality of concentric circles
around the probe beam optical fibres whereby the
scattered light is collected in concentric rings at dif-
fering radii from the point of irradiation.

A method as claimed in any one of the preceding
claims, wherein the collected light is spectrally dis-
persed using a spectrometer in combination with a
CCD camera (103).

A method as claimed in any one of the preceding
claims, wherein the light probe or incident radiation
is generated using a continuous wave laser (101).

A method as claimed in claim 20, wherein the light
probe comprises two or more separate wavelengths
and is generated by one or more lasers.

A method as claimed in claim 27, wherein the light
probe is generated by a single tunable laser.

A method as claimed in claim 27, wherein the two or
more separate wavelengths of the light probe are
generated by two or more respective lasers.

A method as claimed in any of claims 26 to 29, where-
in the light probe provides radiation at a wavelength
of >200 nm and <2000 nm.

Apparatus for measuring sub-surface Raman scat-
tering through a diffusively scattering sample (14),
comprising:

a light source (9) arranged to supply incident
radiation at one or more entry regions on a sur-
face of the sample;

acollector (18) arranged to collectlight scattered
within the sample, from one or more collection
regions (19) on the surface, at a plurality of spac-
ings from the one or more entry regions (11);

a detector (22) arranged to detect, for each
spacing, one or more Raman features spectrally
related to the incident radiation,
characterised in that the apparatus further
comprises:

an analyzer (23) adapted to derive, from the
intensities of the Raman features at the dif-
ferent spacings, one or more characteristics
of a sub-surface region (20) of the sample,
by combining the Raman features from said
plurality of spacings to select the features
for a particular depth or range of depths.

The apparatus of claim 31 adapted to supply incident
radiation to one entry region by irradiating the sample
with a light probe at a point of irradiation, and to col-
lect light at a plurality of collection region spatial lo-
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cations on the surface of the sample, each spatial
location being at a different distance from the point
of irradiation.

The apparatus of either of claims 31 to 32, wherein
the analyzer is adapted to identify features specific
to the Raman spectrum of a sub-layer of the sample
from the Raman features.

The apparatus of any of claims 31 to 33 wherein the
detector (22) comprises a spectrometer arranged to
spectrally disperse the collected light to separate out
said Raman features for each spacing.

The apparatus of any of claims 31 to 33 wherein the
detector (22) comprises one or more filters arranged
to selectively transmit said Raman features for each
spacing.

The apparatus of any of claims 31 to 35 wherein
either the entry region or the collection region is an
annular region.

The apparatus of claim 36 further comprising an op-
tics arrangement (50) adapted to controllably adjust
the diameter of the annular region.

The apparatus of any of claims 31 to 36 further com-
prising a masking device arranged to controllably ad-
just the spacing between the entry region and the
collection region.

The apparatus of any of claim 31 to 38 further com-
prising one or more mirror elements (60) disposed
adjacent to the sample surface outside the one or
more collection and entry regions so as to reflect
light back into the sample.

Apparatus for selectively measuring Raman spectra
generated at different depths within a diffusely-scat-
tering medium, as set out in any of claims 31 to 39,
the apparatus comprising:

a light source (101) for irradiating a sample with
a probe beam;

collection optics (109) for collecting light scat-
tered by the sample and passing it to a spec-
trometer (102);

detection means (103) for detecting light dis-
persed by the spectrometer,

wherein the apparatus is adapted for scattered
light to be collected at a plurality of spatial loca-
tions on the surface of the sample, each spatial
location being at a different distance from the
point of irradiation and at least a portion of the
light collected at each spatial location being sep-
arately spectrally dispersed by the spectrometer
to form a plurality of Raman spectra and wherein
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the apparatus further includes an analyser (104)
for identifying features specific to the Raman
spectrum of a sub-layer of the sample from the
plurality of Raman spectra.

Apparatus as claimed in any of claims 31 to 40,
wherein the analyser (104) is adapted to perform a
scaled subtraction between Raman spectra.

Apparatus as claimed in any of claims 31 to 40,
wherein the analyser (104) is adapted to perform
multivariate data analysis on the Raman spectra.

Apparatus as claimed in claim 42, wherein the ana-
lyser (104) is adapted to perform principal compo-
nent analysis on the Raman spectra.

Apparatus as claimed in any one of claims 31 to 42,
further comprising a movable stage for relative
movement of at least one of the sample, the collec-
tion optics and the point of irradiation to enable the
collection of Raman spectra at different distances
from the point of irradiation.

Apparatus as claimed in claim 44, wherein the mov-
able stage is a movable sample stage and wherein
means are provided for tracking the probe beam with
respect to movement of the sample whereby the
sample may be moved relative to the fixed collection
optics to enable scattered light to be collected at a
plurality of distances from the point of irradiation.

Apparatus as claimed in any one of claims 31 to 42,
wherein the collection optics comprises optical fibres
arranged in a plurality of concentric circles around
the probe beam.

Apparatus as claimed in any one of claims 31 to 45,
wherein the light source (101) is a continuous wave
laser.

Apparatus as claimed in any one of claims 31 to 46,
wherein the detection means comprises a CCD cam-
era.

The method or apparatus of any preceding claim
wherein at one of the plurality of spacings the entry
and collection regions are at the same place or sub-
stantially overlap.

The method or apparatus of any of claims 1 to 48
wherein the plurality of entry and collection regions
are non overlapping.

Patentanspriiche

1.

Verfahren zum Messen von Unter-Oberflachen-Ra-
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man-Streuung durch eine diffus streuende Probe
(14), wobei das Verfahren die Schritte umfasst:

(a) Zufiihren einfallender Strahlung in einem
oder mehreren Eintrittsbereichen (11) auf einer
Oberflache (12) der Probe;

(b) Sammeln von innerhalb der Probe gestreu-
tem Licht aus einem oder mehreren Sammelbe-
reichen (19) auf der Oberflache in einer Mehr-
zahl von Abstéanden von dem einen oder den
mehreren Eintrittsbereichen; und

(c) Detektieren eines oder mehrerer mit der ein-
fallenden Strahlung spektral in Beziehung ste-
hender Raman-Merkmale fiir jeden Abstand in
dem gesammelten Licht,

dadurch gekennzeichnet, dass das Verfah-
ren ferner umfasst:

(d) Ableiten einer oder mehrerer Eigenschaften
eines Unter-Oberflachen-Bereichs (20) der Pro-
be (14) aus Anderungen in Intensitaten des ei-
nen oder der mehreren Raman-Merkmale zwi-
schen den unterschiedlichen Abstédnden durch
Kombinieren der Raman-Merkmale aus unter-
schiedlichen Abstanden, um die Raman-Merk-
male flr eine bestimmte Tiefe oder einen Tie-
fenbereich auszuwahlen.

Verfahren nach Anspruch 1, wobei Schritt (c) fur je-
den Abstand spektrales Auflésen des gesammelten
Lichts umfasst, um ein Raman-Spektrum zu bilden.

Verfahren nach Anspruch 2, wobei Schritt (d) Ana-
lysieren der Mehrzahl von Raman-Spektren um-
fasst, um Informationen Gber das Raman-Spektrum
eines Unter-Oberflachen-Bereichs der Probe zu ex-
trahieren.

Verfahren nach Anspruch 1, 2 oder 3, wobei einfal-
lende Strahlung einem Eintrittsbereich durch Be-
strahlen der Probe mit einer Lichtsonde an einem
Bestrahlungspunkt zugefiihrt wird und der Sammel-
schritt Lichtsammlung an einer Mehrzahl von raum-
lichen Sammelbereichsstellen auf der Oberflache
der Probe umfasst, wobei jede raumliche Stelle in
einer unterschiedlichen Entfernung von dem Be-
strahlungspunkt ist.

Verfahren nach Anspruch 4, wobei der Ableitungs-
schritt Zuordnen der Raman-Merkmale von unter-
schiedlichen Abstédnden mit unterschiedlichen Tie-
fen oder Tiefenverteilungeninnerhalb der Probe (14)
umfasst.

Verfahren nach einem der vorhergehenden Anspru-
che, wobei der Sammelschritt Lichtsammlung aus
einer Mehrzahl von Sammelbereichen umfasst, die
mit unterschiedlichen Entfernungen von einem Ein-
trittsbereich beabstandet sind.
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Verfahren nach einem der vorangehenden Ansprui-
che, wobei ein oder mehrere Sammelbereiche einen
Eintrittsbereich (11) umgeben.

Verfahren nach Anspruch 7, wobei jeder Sammel-
bereich ein Kreisring (44) ist und fur jeden Kreisring
Licht von wenigstens 10%, vorzugsweise wenig-
stens 25% der Flache des Kreisrings (44) gesammelt
wird.

Verfahren nach Anspruch 7 oder 8, wobei das ge-
streute Licht von einer Mehrzahl von optischen Sam-
melfasern gesammelt wird, die um eine oder meh-
rere optische Beleuchtungsfasern verteilt sind, die
dazu verwendet werden, die einfallende Strahlung
dem Eintrittsbereich zuzufiihren.

Verfahren nach einem der Anspriiche 1 bis 6, wobei
ein oder mehrere Eintrittsbereiche einen Sammel-
bereich (48) umgeben.

Verfahren nach einem der vorhergehenden Ansprii-
che, ferner umfassend Einstellen einer Sammeloptik
(18), die in dem Pfad des gesammelten Lichts an-
geordnet ist, um die Entfernung zwischen einem
Sammelbereich (19) und einem Eintrittsbereich (11)
einzustellen.

Verfahren nach einem der vorhergehenden Ansprii-
che, ferner umfassend Anordnen eines oder mehre-
rer Spiegelelemente (60) neben der Probenoberfla-
che auRerhalb der Sammelbereiche, um Licht zu-
rick in die Probe zu reflektieren.

Verfahren zum Messen eines Unter-Oberflachen-
Raman-Spektrums einer diffus streuenden Probe
nach einem der vorhergehenden Anspriiche, wobei
das Verfahren die Schritte umfasst:

(a) Bestrahlen der Probe mit einer Lichtsonde
(105);

(b) Sammeln von von der Probe (106, 107) ge-
streutem Licht; und

(c) spektrales Trennen wenigstens eines Teils
des gesammelten Lichts, um ein oder mehrere
spektrale Raman-Merkmale zu detektieren,
wobei von der Probe gestreutes Licht von einer
Mehrzahl von raumlichen Stellen auf der Ober-
flache der Probe gesammelt wird, wobei jede
raumliche Stelle in einer unterschiedlichen Ent-
fernung von dem Bestrahlungspunkt ist, wenig-
stens ein Teil des an jeder rdumlichen Stelle ge-
sammelten Lichts gesondert spektral zerlegt
wird, um eine Mehrzahl von Raman-Spektren
zu bilden und wobei das Verfahren ferner den
Schritt umfasst:

(d) Analysieren der Mehrzahl von Raman-Spek-
tren, um Informationen iber das Raman-Spek-
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trum eines Unter-Oberflachen-Bereichs der
Probe zu extrahieren.

Verfahren nach einem der vorhergehenden Ansprii-
che, wobei wenigstens zwei Raman-Spektren ge-
sammelt werden und mittels einer skalierten Sub-
traktion analysiert werden, wobei das Raman-Spek-
trum, das in einer Entfernung, welche dem Bestrah-
lungspunkt am nachsten ist, gesammelt wird, von
dem Raman-Spektrum subtrahiert wird, das ferner
von dem Bestrahlungspunkt gesammelt wird, wobei
Merkmale des Raman-Spektrums fiir eine Unter-
schicht der Probe identifiziert werden.

Verfahren nach einemder Anspriiche 1 bis 13, wobei
das Raman-Spektrum fir die chemische Zusam-
mensetzung der Oberflaiche der Probe bekannt ist
und die Raman-Spektren durch skalierte Subtraktion
des bekannten Raman-Spektrums von den Raman-
Spektren des gesammelten Lichts analysiert wer-
den.

Verfahren nach einem der Ansprtiche 1 bis 13, wobei
die Mehrzahl von Raman-Spektren mittels multiva-
riater Datenanalyse analysiert wird.

Verfahren nach Anspruch 16, wobei die Mehrzahl
von Raman-Spektren mittels Hauptkomponenten-
analyse analysiert wird.

Verfahren nach Anspruch 16 oder 17, wobei wenig-
stens zehn Raman-Spektren in unterschiedlichen
Entfernungen von dem Bestrahlungspunkt gesam-
melt werden.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei die Probe mit zwei oder mehreren ver-
schiedenen Wellenlangen bestrahlt wird und das ge-
sammelte Licht eine Kombination aus einem Ra-
man-Spektrum und Fluoreszenz ist und wobei das
Verfahren den weiteren Schritt des Extrahierens des
Raman-Spektrums aus dem gesammelten Licht um-
fasst.

Verfahren nach einem der vorhergehenden Ansprii-
che, wobei wenigstens eines aus der Probe, der
Sammeloptik und dem Bestrahlungspunkt oder -be-
reich relativ zu den anderen bewegt wird, um die
Sammlung von Raman-Spektren in unterschiedli-
chen Entfernungen von dem Bestrahlungspunkt zu
ermdglichen.

Verfahren nach Anspruch 20, wobei ein bewegliches
Gestell bereitgestellt wird, auf welchem die Probe
montiert wird, und der Sondenstrahl dazu eingerich-
tetist, der Bewegung der Probe zu folgen, wobei die
Probe relativ zu einer festen Sammeloptik bewegt
wird zum Sammeln von gestreutem Licht in unter-
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schiedlichen Entfernungen von dem Bestrahlungs-
punkt.

Verfahren nach Anspruch 21, wobei das gestreute
Licht von Punktbereichen in unterschiedlichen Ent-
fernungen von dem Bestrahlungspunkt gesammelt
wird.

Verfahren nach Anspruch 21, wobei das gestreute
Licht von einer Mehrzahl von im Wesentlichen par-
allelen Linien gesammelt wird, die im Wesentlichen
quer zu der von dem Bestrahlungspunkt gemesse-
nen Entfernung sind.

Verfahren nach einem der Anspriiche 13 bis 20, wo-
bei der Sondenstrahl mittels optischer Fasern zuge-
fuhrt wird und das gestreute Licht mittels optischer
Fasern gesammelt wird, die in einer Mehrzahl von
konzentrischen Kreisen um die optischen Sonden-
strahlfasern angeordnet sind, wobei das gestreute
Licht in konzentrischen Ringen unterschiedlicher
Radien von dem Bestrahlungspunkt gesammelt
wird.

Verfahren nach einem der vorangehenden Anspri-
che, wobeidas gesammelte Licht mittels eines Spek-
trometers in Verbindung mit einer CCD-Kamera
(103) spektral zerlegt wird.

Verfahren nach einem der vorangehenden Anspri-
che, wobei die Lichtsonde oder die einfallende Strah-
lung mittels eines Dauerstrich-Lasers (101) erzeugt
wird.

Verfahren nach Anspruch 20, wobei die Lichtsonde
zwei oder mehrere separate Wellenlangen umfasst
und von einem oder mehreren Lasern erzeugt wird.

Verfahren nach Anspruch 27, wobei die Lichtsonde
von einem einzigen durchstimmbaren Laser erzeugt
wird.

Verfahren nach Anspruch 27, wobei die zwei oder
mehreren separaten Wellenlangen der Lichtsonde
von zwei oder mehreren entsprechenden Lasern er-
zeugt werden.

Verfahren nach einem der Anspriiche 26 bis 29, wo-
bei die Lichtsonde Strahlung einer Wellenlange von
>200 nm und <2000 nm bereitstellt.

Vorrichtung zum Messen von Unter-Oberflachen-
Raman-Streuung durch eine diffus streuende Probe
(14), umfassend:

eine Lichtquelle (9), die dazu eingerichtet ist,
einfallende Strahlung in einem oder mehreren
Eintrittsbereichen auf einer Oberflache der Pro-
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be zuzufiihren;

einen Sammler (18), der dazu eingerichtet ist,
innerhalb der Probe gestreutes Licht von einem
oder mehreren Sammelbereichen (19) auf der
Oberflache in einer Mehrzahl von Absténden
von dem einen oder den mehreren Eintrittsbe-
reichen (11) zu sammeln;

einen Detektor (22), der dazu eingerichtet ist,
fur jeden Abstand ein oder mehrere mit der ein-
fallenden Strahlung spektral in Beziehung ste-
hender Raman-Merkmale zu detektieren,
dadurch gekennzeichnet, dass die Vorrich-
tung ferner umfasst:

einen Analysator (23), der dazu angepasst
ist, aus den Intensitaten der Raman-Merk-
male in den unterschiedlichen Abstanden
eine oder mehrere Eigenschaften eines Un-
ter-Obertlachen-Bereichs (20) der Probe
durch Kombinieren der Raman-Merkmale
aus der Mehrzahl von Abstanden abzulei-
ten, um die Merkmale fir eine bestimmte
Tiefe oder einen bestimmten Tiefenbereich
auszuwahlen.

Vorrichtung nach Anspruch 31, welche dazu ange-
passt ist, einem Eintrittsbereich einfallende Strah-
lung zuzufiihren durch Bestrahlen der Probe mit ei-
ner Lichtsonde an einem Bestrahlungspunkt und
Licht an einer Mehrzahl von raumlichen Sammelbe-
reichsstellen auf der Oberflache der Probe zu sam-
meln, wobei jede raumliche Stelle in einem unter-
schiedlichen Abstand von dem Bestrahlungspunkt
ist.

Vorrichtung nach einem der Anspriiche 31 bis 32,
wobei der Analysator dazu angepasstist, flir das Ra-
man-Spektrum einer Unterschicht der Probe spezi-
fische Merkmale aus den Raman-Merkmalen zu
identifizieren.

Vorrichtung nach einem der Anspriiche 31 bis 33,
wobei der Detektor (22) ein Spektrometer umfasst,
das dazu eingerichtet ist, das gesammelte Licht
spektral zu zerlegen, um die Raman-Merkmale fir
jeden Abstand auszusondern.

Vorrichtung nach einem der Anspriiche 31 bis 33,
wobei der Detektor (22) ein oder mehrere Filter um-
fasst, die dazu eingerichtet sind, die Raman-Merk-
male fir jeden Abstand selektiv zu transmittieren.

Vorrichtung nach einem der Anspriiche 31 bis 35,
wobei entweder der Eintrittsbereich oder der Sam-
melbereich ein ringférmiger Bereich ist.

Vorrichtung nach Anspruch 36, ferner umfassend ei-
ne Optikanordnung (50), die dazu eingerichtet ist,
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den Durchmesser des ringférmigen Bereichs regel-
bar/steuerbar einzustellen.

Vorrichtung nach einem der Anspriiche 31 bis 36,
ferner umfassend eine Abdeckeinrichtung, die dazu
eingerichtet ist, den Abstand zwischen dem Eintritts-
bereich und dem Sammelbereich regelbar/steuer-
bar einzustellen.

Vorrichtung nach einem der Anspriiche 31 bis 38,
ferner umfassend ein oder mehrere Spiegelelemen-
te (60), die neben der Probenoberflache aulRerhalb
des einen oder der mehreren Sammel- und Eintritts-
bereiche angeordnet sind, um Licht zuriick in die
Probe zu reflektieren.

Vorrichtung zum selektiven Messen von Raman-
Spektren, die in unterschiedlichen Tiefen innerhalb
eines diffus streuenden Mediums erzeugt werden,
nach einem der Anspriche 31 bis 39, wobei die Vor-
richtung umfasst:

eine Lichtquelle (101) zum Bestrahlen einer Pro-
be mit einem Sondenstranhl;

eine Sammeloptik (109) zum Sammeln von von
der Probe gestreutem Lichtund Weiterleiten des
Lichts zu einem Spektrometer (102);
Detektionsmittel (103) zum Detektieren von von
dem Spektrometer zerlegtem Licht,

wobei die Vorrichtung dazu angepasst ist, ge-
streutes Licht an einer Mehrzahl von rdumlichen
Stellen auf der Probenoberflache zu sammeln,
wobei jede raumliche Stelle in einem unter-
schiedlichen Abstand vom Bestrahlungspunkt
ist und wobei wenigstens ein Teil des an jeder
raumlichen Stelle gesammelten Lichts durch
das Spektrometer gesondert spektral zerlegt
wird, um eine Mehrzahl von Raman-Spektren
zu bilden und wobei die Vorrichtung ferner einen
Analysator (104) umfasst, um fir das Raman-
Spektrum einer Unterschicht der Probe spezifi-
sche Merkmale aus der Mehrzahl von Raman-
Spektren zu identifizieren.

Vorrichtung nach einem der Anspriiche 31 bis 40,
wobei der Analysator (104) dazu angepasst ist, eine
skalierte Subtraktion zwischen Raman-Spektren
durchzufiihren.

Vorrichtung nach einem der Anspriiche 31 bis 40,
wobei der Analysator (104) dazu angepasst ist, mul-
tivariate Datenanalyse an den Raman-Spektren
durchzufiihren.

Vorrichtung nach Anspruch 42, wobei der Analysator
(104) dazu angepasst ist, eine Hauptkomponenten-
analyse an den Raman-Spektren durchzufiihren.
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Vorrichtung nach einem der Anspriiche 31 bis 42,
ferner umfassend ein bewegliches Gestell zur rela-
tiven Bewegung wenigstens eines aus der Probe,
der Sammeloptik und dem Bestrahlungspunkt, um
die Sammlung von Raman-Spektren in unterschied-
lichen Entfernungen von dem Bestrahlungspunkt zu
ermoglichen.

Vorrichtung nach Anspruch 44, wobei das bewegli-
che Gestell ein bewegliches Probengestell ist und
wobei Mittel bereitgestellt sind, um dem Sonden-
strahl bezliglich der Bewegung der Probe zu folgen,
wobei die Probe relativ zur festen Sammeloptik be-
wegbar ist, um Sammeln von gestreutem Licht in
einer Mehrzahl von Abstédnden von dem Bestrah-
lungspunkt zu erméglichen.

Vorrichtung nach einem der Anspriiche 31 bis 42,
wobei die Sammeloptik optische Fasern umfasst, die
in einer Mehrzahl von konzentrischen Kreisen um
den Probenstrahl angeordnet sind.

Vorrichtung nach einem der Anspriiche 31 bis 45,
wobei die Lichtquelle (101) ein Dauerstrichlaser ist.

Vorrichtung nach einem der Anspriche 31 bis 46,
wobei die Detektionsmittel eine CCD-Kamera um-
fassen.

Verfahren oder Vorrichtung nach einem der voran-
gehenden Anspriiche, wobei die Eintritts- oder Sam-
melbereiche bei einem aus der Mehrzahl von Ab-
stdnden an der gleichen Stelle sind oder sichim We-
sentlichen Uberlappen.

Verfahren oder Vorrichtung nach einem der Anspri-
che 1 bis 48, wobei die Mehrzahl von Eintritts- und
Sammelbereichen nicht-lberlappend ist.

Revendications

1.

Procédé de mesure d’une diffusion Raman subsur-
facique a travers un échantillon (14) de diffusion dif-
fuse, le procédé comprenant les étapes qui
consistent :

(a) a fournir un rayonnement incident au niveau
d’une ou de plusieurs régions (11) sur une sur-
face (12) de I'échantillon ;

(b) a collecter la lumiere qui s’est diffusée dans
I’échantillon, a partir d’'une ou de plusieurs ré-
gions de collecte (19) sur la surface, a une plu-
ralité d’espacements d’'une ou de plusieurs ré-
gions d’entrée ; et

(c) a détecter, dans la lumiére collectée, pour
chaque espacement, une ou plusieurs caracté-
ristiques Raman qui se rapportent en termes
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spectraux au rayonnement incident, caractéri-
sé en ce que le procédé comprend en outre le
fait :

(d) de dériver, a partir des changements au ni-
veau des intensités de I'une ou des plusieurs
caractéristiques Raman entre les différents es-
pacements, une ou plusieurs caractéristiques
d’une région (20) subsurfacique de I'’échantillon
(14), en combinant les caractéristiques Raman
des différents espacements pour sélectionner
les caractéristiques Raman pour une profon-
deur ou une plage de profondeurs particuliéres.

Procédé de la revendication 1 dans lequel I'étape
(c) comprend, pour chaque espacement, la diffusion
spectrale de la lumiére collectée pour former un
spectre Raman.

Procédé de la revendication 2 dans lequel I'étape
(d) comprend I'analyse de la pluralité de spectres
Raman pour extraire des informations sur le spectre
Raman d’une région subsurfacique de I'échantillon.

Procédé de la revendication 1, 2 ou 3 dans lequel le
rayonnement incident est fourni a une région d’en-
trée en irradiant I'échantillon avec une sonde de lu-
miére a un point d’irradiation, et I'étape de collecte
comprend la collecte de la lumiére a une pluralité
d’emplacements spatiaux de région de collecte sur
la surface de I'échantillon, chaque emplacement
spatial est situé a une distance différente du point
d’irradiation.

Procédé de larevendication 4 dans lequel I'étape de
dérivation comporte I'association des caractéristi-
ques Raman de différents espacements avec des
profondeurs ou distributions de profondeur différen-
tes dans I'échantillon (14).

Procédé de I'une quelconque des revendications
précédentes dans lequel I'étape de collecte com-
prend la collecte de lumiére d’'une pluralité de ré-
gions de collecte espacées par différentes distances
d’une région d’entrée.

Procédé de I'une quelconque des revendications
précédentes dans lequel une ou plusieurs régions
de collecte entourent une région d’entrée (11).

Procédé de la revendication 7 dans lequel chaque
région de collecte estun anneau (44), et pour chaque
anneau, la lumiere est collectée d’au moins 10%, et
plus préférablement au moins 25% de la surface de
'anneau (44).

Procédé de I'une quelconque des revendications 7
ou 8 dans lequel la lumiere diffusée est collectée par
une pluralité de fibres optiques de collecte distri-
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buées autour d’'une ou de plusieurs fibres optiques
d’illumination utilisées pour fournir le rayonnement
incident a la région d’entrée.

Procédé de 'une quelconque des revendications 1
a 6 dans lequel une ou plusieurs régions d’entrée
entourent une région de collecte (48).

Procédé de I'une quelconque des revendications
précédentes comprenant en outre le réglage d’'une
optique de collecte (18) disposée dans le chemin de
la lumiére collectée pour régler la distance entre une
région de collecte (19) et une région d’entrée (11).

Procédé de I'une quelconque des revendications
précédentes comprenant en outre la disposition d’'un
ou de plusieurs éléments miroirs (60) adjacents a la
surface d’échantillon a I'extérieur des régions de col-
lecte pour renvoyer la lumiere dans I'échantillon.

Procédé pour mesurer un spectre Raman subsurfa-
cique d’'un échantillon de diffusion diffuse comme
défini 'une quelconque des revendications précé-
dentes, le procédé comprenant les étapes qui
consistent :

a) a irradier I'échantillon avec une sonde de lu-
miére (105) ;

b) a collecter la lumiére diffusée par I'échantillon
(106, 107) ; et

C) a séparer en termes spectraux au moins une
partie de la lumiére collectée pour détecter une
ou plusieurs caractéristiques Raman spectra-
les,

ou la lumiere diffusée par I'échantillon est col-
lectée a partir d’'une pluralité d’emplacements
spatiaux sur la surface de I'échantillon, chaque
emplacement spatial est situé a une distance
différente du point d’irradiation, au moins une
partie de la lumiéere collectée au niveau de cha-
que emplacement spatial qui est diffusée sépa-
rément en termes spectraux pour former une
pluralité de spectres Raman et ou le procédé
comporte en outre I'étape qui consiste :

d) a analyser la pluralité de spectres Raman
pour extraire des informations sur le spectre Ra-
man d’'une région subsurfacique de I'échan-
tillon.

Procédé tel que revendiqué dans I'une quelconque
des revendications précédentes, dans lequel au
moins deux spectres Raman sont collectés et ana-
lysés en utilisant une soustraction échelonnée, le
spectre Raman collecté a la distance la plus proche
du point d’irradiation qui est soustrait du spectre Ra-
man collecté plus loin du point d’irradiation, moyen-
nant quoi les caractéristiques du spectre Raman
pour une sous-couche de I'échantillon sont identi-
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fiées.

Procédé tel que revendiqué dans I'une quelconque
des revendications 1 a 13, dans lequel le spectre
Raman pour la composition chimique de la surface
del’échantillon est connu etles spectres Raman sont
analysés par une soustraction échelonnée du spec-
tre Raman connu a partir des spectres Raman de la
lumiéere collectée.

Procédé tel que revendiqué dans 'une quelconque
des revendications 1 a 13, dans lequel la pluralité
de spectres Raman sont analysés en utilisant une
analyse de données multivariables.

Procédé tel que revendiqué dans la revendication
16, dans lequel la pluralité de spectres Raman sont
analysés en utilisant une analyse en composantes
principales.

Procédé tel que revendiqué dans I'une quelconque
des revendications 16 ou 17, dans lequel au moins
dix spectres Raman sont collectés a différentes dis-
tances du point d’irradiation.

Procédé tel que revendiqué dans I'une quelconque
des revendications précédentes, dans lequel
I’échantillon estirradié a deux longueurs d’ondes dif-
férentes ou plus et la lumiére collectée est une com-
binaison d’'un spectre Raman et d’'une fluorescence
et ou le procédé comprend I'étape supplémentaire
qui consiste a extraire le spectre Raman de la lumie-
re collectée.

Procédeé tel que revendiqué dans I'une quelconque
des revendications précédentes, dans lequel au
moins I'un de I'échantillon, de I'optique de collecte,
et du point ou la région d’irradiation est déplacé par
rapport aux autres pour permettre la collecte des
spectres Raman a différentes distances du pointd'ir-
radiation.

Procédé tel que revendiqué dans la revendication
20, danslequelun étage mobile est pourvu surlequel
I’échantillon estmonté et le faisceau sonde est agen-
cé pour suivre le mouvement de I'échantillon moyen-
nant quoi I’échantillon est déplacé par rapport a I'op-
tique de collecte fixe pour la collecte de la lumiére
diffusée a différentes distances du point d’irradiation.

Procédé tel que revendiqué dans la revendication
21, dans lequel la lumiére diffusée est collectée a
partir des régions de point a différentes distances du
point d’irradiation.

Procédé tel que revendiqué dans la revendication
21, dans lequel la lumiére diffusée est collectée a
partir d’une pluralité de lignes essentiellement pa-
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ralléles qui sont essentiellement transversales a la
distance comme mesuré a partir du point d’irradia-
tion.

Procédé tel que revendiqué dans I'une quelconque
des revendications 13 a 20, dans lequel le faisceau
sonde est fourni en utilisant des fibres optiques et la
lumiére diffusée est collectée en utilisant des fibres
optiques agencées dans une pluralité de cercles
concentriques autour des fibres optiques du fais-
ceau sonde moyennant quoi la lumiere diffusée est
collectée dans des anneaux concentriques a diffé-
rents rayons du point d’irradiation.

Procédé tel que revendiqué dans I'une quelconque
des revendications précédentes, dans lequel la lu-
miére collectée est dispersée en termes spectraux
en utilisant un spectrométre en combinaison avec
une caméra CCD (103).

Procédé tel que revendiqué dans I'une quelconque
des revendications précédentes, dans lequel la son-
de de lumiere ou le rayonnementincident est généré
(e) en utilisant un laser (101) a ondes continues.

Procédé tel que revendiqué dans la revendication
20, dans lequel la sonde de lumiere comprend deux
longueurs d'ondes séparées ou plus et est générée
par un ou plusieurs lasers.

Procédé tel que revendiqué dans la revendication
27, dans lequel la sonde de lumiere est générée par
un laser accordable unique.

Procédé tel que revendiqué dans la revendication
27, dans lequel les deux longueurs d’ondes sépa-
rées ou plus de la sonde de lumiére sont générées
par deux lasers respectifs ou plus.

Procédé tel que revendiqué dans I'une quelconque
des revendications 26 a 29, dans lequel la sonde de
lumiére fournit un rayonnement a une longueur d’on-
de > 200 nm et <2000 nm.

Appareil de mesure d’une diffusion Raman subsur-
facique a travers un échantillon (14) de diffusion dif-
fuse, comprenant :

une source (9) de lumiere agencée pour fournir
un rayonnement incident a une ou plusieurs ré-
gions d’entrée sur une surface de I'échantillon ;
un collecteur (18) agencé pour collecter la lu-
miére diffusée dans I'échantillon, a partir d’'une
ou de plusieurs régions de collecte (19) sur la
surface, a une pluralité d’espacements de I'une
ou des plusieurs régions d’entrée (11) ;

un détecteur (22) agencé pour détecter, pour
chaque espacement, une ou plusieurs caracté-
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32.

33.

34.

35.

36.

37.

38.

34

ristiques Raman qui se rapportent maniére
spectrale au rayonnement incident,
caractérisé en ce que I'appareil comprend en
outre :

un analyseur (23) adapté pour dériver, a
partir des intensités des caractéristiques
Raman au niveau des différents espace-
ments, une ou plusieurs caractéristiques
d’une région (20) subsurfacique de I'échan-
tillon, en combinant les caractéristiques Ra-
man a partir de ladite pluralité d’espace-
ments pour sélectionner les caractéristi-
ques pour une profondeur ou plage de pro-
fondeurs particuliéres.

Appareil de la revendication 31 adapté pour fournir
un rayonnement incident a une région d’entrée en
irradiant I'échantillon avec une sonde de lumiére a
un point d’irradiation, et pour collecter la lumiére a
une pluralité d’emplacements spatiaux de la région
de collecte sur la surface de I'échantillon, chaque
emplacement spatial étant situé a une distance dif-
férente du point d’irradiation.

Appareil de I'une quelconque des revendications 31
a 32, dans lequel I'analyseur est adapté pour iden-
tifier des caractéristiques spécifiques au spectre Ra-
man d’une sous-couche de I'’échantillon a partir des
caractéristiques Raman.

Appareil de I'une quelconque des revendications 31
a 33, dans lequel le détecteur (22) comprend un
spectrométre agencé pour disperser en termes
spectraux la lumiére collectée afin de séparer lesdi-
tes caractéristiques Raman pour chaque espace-
ment.

Appareil de I'une quelconque des revendications 31
a 33, dans lequel le détecteur (22) comprend un ou
plusieurs filtres agencés pour transmettre au choix
lesdites caractéristiques Raman pour chaque espa-
cement.

Appareil de I'une quelconque des revendications 31
a 35 dans lequel soit la région d’entrée soit la région
de collecte est une région annulaire.

Appareil de la revendication 36 comprenant en outre
un agencement optique (50) adapté pour régler de
maniére commandée le diamétre de la région annu-
laire.

Appareil de 'une quelconque des revendications 31
a 36 comprenant en outre un dispositif de masquage
agenceé pour régler de maniére commandée 'espa-
cement entre la région d’entrée et la région de col-
lecte.



39.

40.

4.

42.

43.

44,

35

Appareil de I'une quelconque des revendications 31
a 38 comprenant en outre un ou plusieurs éléments
miroirs (60) disposés adjacents a la surface d’échan-
tillon a I'extérieur de I'une ou des plusieurs régions
de collecte et d’entrée de sorte a renvoyer la lumiéere
dans I'échantillon.

Appareil pour mesurer au choix des spectres Raman
générés a différentes profondeurs dans un milieu de
diffusion diffuse, comme indiqué dans I'une quelcon-
que des revendications 31 a 30, lappareil
comprenant :

une source (101) de lumiére pour irradier un
échantillon avec un faisceau sonde ;

une optique de collecte (109) pour collecter la
lumiéere diffusée par I'échantillon et la transmet-
tre a un spectrométre (102) ;

un moyen de détection (103) pour détecter la
lumiére dispersée par le spectrométre,

ou I'appareil est adapté pour la lumiére diffusée
de pour qu’elle soit collectée a une pluralité
d’emplacements spatiaux sur la surface de
I’échantillon, chaque emplacement spatial est
situé a une distance différente du point d'irra-
diation et au moins une partie de la lumiere col-
lectée au niveau de chaque emplacement spa-
tial est dispersée séparément en termes spec-
traux par le spectrométre pour former une plu-
ralité de spectres Raman et ou I'appareil com-
porte en outre un analyseur (104) pour identifier
des caractéristiques spécifiques au spectre Ra-
man d’'une sous-couche de I'échantillon a partir
de la pluralité de spectres Raman.

Appareil tel que revendiqué dans I'une quelconque
des revendications 31 a 40, dans lequel I'analyseur
(104) est adapté pour exécuter une soustraction
échelonnée entre les spectres Raman.

Appareil tel que revendiqué dans I'une quelconque
des revendications 31 a 40, dans lequel I'analyseur
(104) est adapté pour exécuter une analyse de don-
nées multivariables sur les spectres Raman.

Appareil tel que revendiqué dans la revendication
42, dans lequel I'analyseur (104) est adapté pour
exécuter une analyse en composantes principales
sur les spectres Raman.

Appareil tel que revendiqué dans I'une quelconque
des revendications 31 a 42, comprenant en outre un
étage mobile pour un mouvement relatif d’au moins
I'un de I'échantillon, de I'optique de collecte et du
point d’irradiation pour permettre la collecte des
spectres Raman a différentes distances du point d’ir-
radiation.
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45.

46.

47.

48.

49.

50.

36

Appareil tel que revendiqué dans la revendication
44, dans lequel I'étage mobile est un étage d’échan-
tillon mobile et ou un moyen est prévu pour suivre
le faisceau sonde par rapport au mouvement de
I'échantillon moyennant quoi I'’échantillon peut étre
déplacé par rapport a I'optique de collecte fixe pour
permettre la collecte de la lumiére diffusée a une
pluralité de distances a partir du point d’irradiation.

Appareil tel que revendiqué dans I'une quelconque
des revendications 31 a 42, dans lequel I'optique de
collecte comprend des fibres optiques agencées
dans une pluralité de cercles concentriques autour
du faisceau sonde.

Appareil tel que revendiqué dans I'une quelconque
des revendications 31 a 45, dans lequel la source
(101) de lumiére est un laser a ondes continues.

Appareil tel que revendiqué dans I'une quelconque
des revendications 31 a 46, dans lequel le moyen
de détection comprend une caméra CCD.

Procédé ou appareil de I'une quelconque des reven-
dications précédentes dans lequel a I'un de la plu-
ralité d’espacements les régions d’entrée et de col-
lecte sont situées au méme endroit ou se chevau-
chent essentiellement.

Procédé ou appareil de I'une quelconque des reven-
dications 1 a 48 dans lequel la pluralité de régions
d’entrée et de collecte ne se chevauchent pas.
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