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METHOD AND APPARATUS FOR EVALUATING A SAMPLE THROUGH
VARIABLE ANGLE RAMAN SPECTROSCOPY

The present invention relates genevally to the evaluation of samples
through use of Raman spectroscopy adapted to direct electromagnetic radiation
to intersect the sample at a plurality of angles; and more particularly relates to
such methods wherein the Raman scattered electromagnetic radiation from a
plurality of angles of incidence is used to evaluate one or more propertics of the

sample under investigation.

CLAIM OF PRIORITY

This patent application claims the benefit of priority to U.S. Patent
Application Sertal No. 13/098,140, filed on April 29, 2011, which 1s hereby

incorporated by reference here in ifs entirety.

BACKGROUND OF THE INVENTION

In conventional Raman spectroscopy, a source of clectromagnetic
radiation, such as a laser, will be used to excite a sample under investigation
with an excitation cnergy. After contacting the sample, the excitation energy
will be scattered. Most of the light scattered by the sample will be scattere
elastically; this light is at an unshifted wavelength and may be detected after
leaving the specitoen. However, a relatively small portion of the laser light is
scattered inelastically as a result of coming into contact with the sample. This
inclastically scattered light exits the specimen at shifted wavelengths which are
at both higher and lower energy states than the original laser wavelength. The
light shifted to longer wavelengths is called the Stokes-shifted Raman signal,
and the hght shifted to shorter wavelengths is called the anti-Stokes Raran
signal. The amount of the shift reflects the vibrational spectrum of the sample
under exaroination. This Raman shift spectrum may be detected and analyzed,
such as through use of a spectrograph to cvaluate one or more properties or

characteristics of the sarapic under exanunation,
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A limitation of current Raman spectroscopy systems is a relatively
limited capability to interact with a sample at different depths into the sample.
Systems such as confocal Raman probes have been used to provide some
variability of depth of investigation. However, these systems are relatively
inefficient; and in view of the relatively small amount of Raman scattering signal

that 1s typically available, will not be well-suited to some applhications.

SUMMARY OF THE DISCLOSURE

The methods and apparatus described herein provide a novel methodology for
variable angle Raman spectroscopy, in which an excitation beam of
electromagnetic radiation will be caused to intersect the sample under
investigation at a plurality of angles of incidence, so as to provide Raman
scattering spectra at cach angle. In most cxamples, the excitation beam will be a
single wavelength. In some examples, nultiple excitation beams, ecach at a
single wavelength, may be used to excite the sample to induce the Raman
scattering. Une cxample use of measuring such spectra at multiple angles of
incidence is to enable evaluation at a plurality of depths within the sample. In
many examples, the range of the plurality of angles of incidence utitized will be
very near the critical angle of incidence; and thus, such methods may be termed

%

“peri-critical Raman spectroscopy.” In many examples as described herein, the
range of the angles of incidence will inchude, and extend to etther side of, the

critical angle.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts a flowchart depicting an example method for variable
angle Raman spectroscopy as further described herein.

Figure 2 depicts a block diagram representation of a variable angle
Raman spectroscopy system as may be used to perform the method of Figure 1

Figure 3 depicts a block diagram representation of g Raman detector as
may be used in the system of Figure 2.

Figure 4 depicts a flowchart of example functionality of the controller

assembly in the system of Figure 2.
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Figure 5 depicts an alternative configuration for an clectromagnetic beam
directing assembly.
Figure & depicts a block diagram representation of an cxample of a

controller architecture suitable for use in the systew of Figure 2.

DETAILED DESCRIPTION

The following detailed deseription refers to the accompanying drawings
that depict various details of cxamples sclected to show how the present
fnvention may be practiced. The discussion addresses various examples of the
inventive subject matter at least partially in reference to these drawings, and
describes the depicted embodiments i sufficient detail to enable those skilled
the art to practice the mnvention. Many other embodiments may be utilized for
practicing the inventive subject matter than the illustrative examples discussed
herein, and many structural and operational changes in addition to the
alternatives specifically discussed herein may be made without departing from
the scope of the inventive subject matter.

In this description, references to "one embodiment” or "an cmbodiment,”
or to “one example” or “an example” meaun that the feature being referved to 15,
or may be, included in at least one embodiment or example of the invention.
Separate references to "an embodiment” or "one ewbodiwent” or to “oue
example” or “an example” in this description are not intended to unecessarily
refer 1o the same cmbodiment or eoxample; however, neither are such
embodiments mutaally exclusive, unless so stated or as will be readily apparent
to those of ordinary skill in the art having the benefit of this disclosure. Thus,
the present invention can include a variety of combivations and/or integrations
of the ombodiments and exampics described herein, as well as further
embodiments and examples as defined within the scope of all clairus based on
this disclosure, as well as all legal equivalents of such claims.

For the purposes of this specification, a “processor-based system” or
“processing systemy” as used herein, includes a system using one or more
microprocessors, microcontrollers and/or digital signal processors or other
devices having the capability of running a “program,” {(all such devices being

referred to herein as a “processor”). A “program’” is any set of cxecutable

-
o)



WO 2012/149343 PCT/US2012/035484

W

10

15

20

machine code instructions, and as used herein, includes user-level applications as
well as systera-divecied applications or daerous.

In order to provide an overview of the new methodology, reference is
now mwade to Figure I, which depicts a flow chart of an example methodology
180 for peri~critical Raman spectroscopy. In the depicted example method 100,
electromagnetic radiation, at a single wavelength, will be directed to transmit
through a prism to engage a sample, as indicated at block 102. For purposes this
description, the sample will be discussed as a tissue samaple, as that 18 one of
rany applications in which the described miethod may advantageously be used.

The path of the clectromagnetic beam will be directed, as identified at
block 104, sach that it mtersects the tissue sample at a plurality of angles withip
a selected range of angles. A primary range of interest will be when the beam is
directed at angles of incidence very close to, and including, the critical angle;
for example, within a range beginning 0.20 degree above the critical angle or
less, such as beginning at 0.10 degree above the critical angle. And in many
applications the range will extend through the critical angle of incidence, and for
a similar range below the critical angle. The critical angle of incidence for a
sample has been discussed m my co-pending, published PCT application No.
PCT/US2009/032706, entitled "Methods, Devices and Kits for Peri-Critical

32

Reflectance Spectroscopy.” Briefly, when an electromagnetic wave reaches a
boundary between two different dielectric constants, part of the wave is reflected
and part is transmitted, with the sum of the cnergies in these two waves cqual to
that of the original wave. When the light is traversing through a high index
medium and approaching an interface with a low index mediurn, the retlected

component can be total, with no hight being transmiited. The angle at which this

occurs 18 called the critical angle (8.} and is defined by the following equation:

Where ny represents the refractive mmdex of the prism, and »; represents the
refractive index of the sample. In the above range of angles of incidence
proximate the critical angle, at the prism/sample interface a strong cvanescent
wave s formed 1o the sarople, and a traveling wave propagates in a direction
parallcl to the prism/sample interface plane. Through use of carcful constraints

on bearn divergence, and precise control of merements n the angle of incidence,
4
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the ovanescent wave can be caused to penetrate to a significant, and variable,
distance below the surface of the tissue sample.
As will be apparent from the discussion to follow herein, the

mantpulation of the beam (o cause the descrbed ntersection at a plurality of

W

precisely controlled angles can be accomplished through a variety of
mechanisms,  In some examples, the beam directing mechanisin can be
relatively direct, such as through use of a precision drive to incrementally rotate
{or otherwise change} the position of the source of the clectromagnetic bear,
which will most comruonly be a laser, through a range of positions, such as
10 through a plurality of rotational positions relative to the described prism and
tissue sample. Alternatively, however, other beam directing raechanisms may be
implemented, such as, for example, directing the electromagnetic beam from the
laser {or other source) to the prism through use of one or more mirrors or
intermediate deflection prisms, and by moving the mirror(s} {or deflection
IS prisms) through a range of positions relative to the fixed source and fixed prism
contacting the sample. In some embodiments, it may also be possible to cause
the intersection through a range of angles by changing the position of the prism
at the sample; however, in many applications the prism will be in essentially
fixed relation to one or more detectors, and the tissuc sample may be difficult to
20 move with great precision {such as the body of a patient). Accordingly, m wany
applications it will be desirable to maintain the prism in a fixed orientation
relative to both the tissuc sample and at least the detectors in the system.
Alternatively, as will be apparent to those skilled in the art, various conventional
structures  such as murrors or deflection prisms may be used to direct
25 electromagnetic radiation from the pristu o the detector(s) in the system.

At block 106, Raman scattering resulting from intersection of the
clectromnaguetic beam with the sample at each increruental position, and the
resulting evanescent wave, will be detected.  Ultimately, cach detected Raman
scattering spectrum will preferably be correlated with the angle of mcidence

30 resulting in that spectrum. This detected Raman scattering will typically provide
a substantially complete spectrum, at least within & range of interest. As will be

understood by those skilled in the art, in many applications it will be desirable to
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remove detected radiation which is at the frequency of the initial excitation
wave, as such does not represent Raman scatiered electromagnetic radiation,

The described methods and  apparatus  for peri-critical Raman
spectroscopy described herein are particularly suiled to providing vibrational
spectroscopy  information, thereby reflecting the molecular structure of the
sample under consideration. In that context the useful information 1s obtained in
up to 4000 wave numbers of shift. A wavelength of 1p represents 10,000 wave
numbers, and the wavelengths of value are from 1 to 1.6p, as those light
wavelengths will define the 4000 wave number span of useful vibrational
spectral information.

At step 108, the detected Raman scattering may be used to evaluate one
or more properties or parameters of the sample under mvestigation. The exact
manner by which this evaluation 1s performed may be at least partially through
any of a mumber of technigues that are known to those skilled in the art. For
example, in many applications, the detected scattered electromagnetic spectra
may be compared to one or more reference spectra.  These reference spectra,
depending upon the nature of the reference, may be used to determine the
presence or absence of oue or more properties, such as vanations ju the
molecular composition of the sample under investigation. In addition fo
comparing one or wore the individual spectra to a reference, all or some portion
of the spectrum obtained throughout the range of the angle of excitation may be
combined to wdentify depths within the sample where the data reflects a change
in the molecular composition of the sample under investigation. For example,
where the described apparatus and techniques are applied to samples of tissue,
such as homan or other mammalian tissue, a natural example would be
examination of the skin. One example application would be to exanune the skin
for spectral patierns which are consistent with spectral patierns observed where ¢
melanoma or similar abnormality is present in the skin,

Figure 1 also depicts a pair of example additional steps which may
optionally be performed in the cxample method. For example, block 110
describes an operation that may be performed to approximately identify the
critical angle, and from that to determime a range of angles to be used in the

operation defined at block 104, For example, the electromagnetic beam angle of

6
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intersection might be incrementally scanned through a relatively broad range
expected to contain the critical angle, for example a range on the orderof 4 or 3
degrees; and the incremental positioning might be done at a relatively coarse
resolution 1n order to minimize the time required for scanning across the eutire
range. For example, a resolution of 0.1 degrees to 0.2 degrees might be used
beneficially for some applications. By evaluating the received signal, the critical
angle may be determined within a relatively narrow range. Subsequently, the
scanning operation of block 104 may be performed over a much more limtted
rauge, for example only about 0.10 degrees to etther side of the critical angle.
However, the resolution of the mcremental positioning of cach scan across that
range may be much smaller. For example, positioming within increments of a
fraction of a millidegree is possible with existing hardware. In actual practice,
the preferred incremental range may be often within the range of (0003 degrees
up to .01 to 8.02 degrees, for example. In general, deeper depth of sampling is
attained by longer wavelength excitation laser light, but with such longer
wavelengths, greater angular resolution will be required around the critical
angle. Thus the wavelength used and the resolution requirements can be
variable in response to the sample being intervogated and/or the needed depth of
investigation. In performing the coarse scanning operation of block 110, in
some systems which are constructed to include a detector for reflected
electromagnetic radiation, it will be possible to use just the reflectance detector
to identify the critical angle. Duc to the significant difference i the reflected
signal at the critical angle, this may allow the coarse scan to be performed, and
the data analyzed, relatively efficiently, as compared to collecting all the data of
the Raman scattered spectra at each incremental posttion. In evaluating the light
received, the detected radiation, from either Raman scattering or reflection, is
processed to correlate the angle of imcidence versus the detected ntensity of
radiation, to determine the inflection point that will identify the critical angle.

To this point, peri-critical spectroscopy has been used in absorption
spectroscopy, such as attenuated total reflectance (ATR) spectroscopy. In that
usage, peri-critical ATR spectroscopy can provide a specific guantitative
measurenient, such as the degree of presence of a specific counstituent in the

sample, where the constituent is one that absorbs light at the excitation

7
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wavelength., In contrast, the use of peri-critical Raman spectroscopy as
described herewn provides an essentially full-spectrum analvsis, and thus s better
suited to applying a relatively qualitative characterization as fo one or more
parameters of the sample under fnvestigation.

An advantage of the described methodology is that each obtained
spectrum can be representative of a respective depth in the sample, the depth
being a function of the angle of incidence and the properties of the resulting
cvancscent wave. As a result, the Raman-shifted spectral data detected for each
incremental angle of ncidence can be correlated to provide a three dumensional
representation of the sample, wherein a change in the spectral information from
one spectrum 1o another one reflects some change in the molecular composition
between the two depths which correlate to the spectra in question. And as noted
carlier herein, the spectra of mterest may be individually compared with one or
more references to identify the sample composition causing the identified
change. Additionally, the spectra may be correlated with one another, either
their entirety, or within certain wavelengths of interest to generate a correlated
spectrum signal which may be compared to one or more references.

Another advantage of the described wethodology 1s an improvement in
the relative volume of Raman scattered light. When a laser beam interacts with
tissue, significant scatiering  can  oCCur. However, 1uternal  reflection
spectroscopy is relatively immune to the effects of such scattering in tissue; and
thercfore a greater portion of the returned light is the Raman inelastic scatter,
This greater portion of returned Raman scatter allows greater resolhution between
the Raman scatter and the non-Raman scatter,

eferring now to Figure 2, the figure depicts an example peri-critical
Raman spectroscopy system 200, depicted in an operative relationship with a
sample to be evaluated. In this example, sample 202 will again be described as
tissue sample, such as human or other mammal tissue. System 200 includes an
illurnination source, such as for most applications a laser assembly 204, Laser
assemibly 204 may optionally include an interferometer or other mechanism to
assist i collimating the beamn from laser 204, Laser assembly 204 will be
mounted on an appropriate mechanism for incrementally moving laser 2042

change the angle of incidence of the laser beam relative to tissue sample 102

8
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An example of one suitable precision drive for incremental control of
positioning of laser 204 is the model RGVIGO from Newport Corporation of
frvine, California. This precision rotational drive is capable of unidirectional
repeatability of 0.3 rmllidegrees.

While many types of lasers may be contemplated for use in spectroscopy
systern 200, a single diode laser will often be desirable. Such diode lasers can
provide a beam of sufficient power for examination of such tissue and can be
relatively portable, as may be desired for some applications of the described
systems,  Where examples of a peri-critical Raman spectroscopy system are
intended for use in evaluating human tissue, a significant constraint that will be
imposed on the system is the power of the clectromagnetic radiation that can be
used to excite the sample. These power constraints are subject not only to
practical limits, such as levels that would cause pain to a living patient or
destruction of the sample; but also often subject to governmental regulations.
These constraints will typically lirait the power to much lower levels at relatively
shorter wavelengths {where the effects of the electromagnetic radiation are
relatively more mwutagenic or carcinogenic), such that practical or imposed
power limits may be fairly low U one 1s using electroruagoetic radiation in the
ultraviolet region. However, for wavelengths in the red and infrared spectrum,
such power copstramnts may be on the order of 50 mW. Without excluding the
use of electromagnetic radiation at any wavelength, the techniques described
hercin will commonly be used with radiation within the mfrared spectrum, and
particularly within the near-infrared and mid-infrared ranges. For purposes of
the present description, the mid-infrared range will be considered 1o refer to
wavelengths i the range of 2.5 to 20 microns; and the near-infrared range will
be considered to refer to wavelengths in the range of approximately 700 nm to
2.5 microns. When the described techmiques and systeras are used to evaluate
tissuc samples as described in the examples herein, it will often be appropriate to
use wavelengths within the range of approximately 700 nm to | micron.

Referring again to Figure 2, the electromagnetic beam is directed through
a prism 208 that will have a sample-engaging surface be placed in contact with
the sample 202, A sumber of possible configurations for prism 208 may be

contemplated.  As just one cxample, a relatively straightforward configuration

9
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will be for the prism to have a cross section in the form of a truncated triangle
thereby forming a symmetrical traperoidal cross section. In the depicted
example, the sample-ongaging surface 220 extends in parallel relation to a

spectra-eritting surface 222, through which the Raman scattered radiation will

W

pass. This configuration for prism 208 will allow the Raman scattered radiation

to pass from a spectrally crmitting sample through the prism 208 to a detector 210

essentially directly opposite the sample. Additionally, reflected light will

transmit along axis 218 to retlection detector 216. Reflection detector 216 1s an
optional component for system 200, which is indicated by the dashed lines

10 identifying the detector and its connections within the system.

The choice of the material for the prism may vary depending upon the
nature of the samples to be examined. For many applications, it will be
preferable to have a prism with a refractive index that is higher than that of the
sample but only by a relatively small amount, In the case of spectroscopy

IS systemns intended for evaluating living hurnan tissue, such tissue will typically
have a refractive index falling within a range of approximately 1.33 t0 1.5, If we
were to assume a ly wavelength for the excitation wave, then barium fluoride or
«inc sulfide would typically be appropriate choices,

The Raman scatter detector 210 is described in more detail in reference

20 o Figure 3, below. Raman scatter detector to 10 13 essentially a specirograph
configured to detect radiation within the frequency range of interest for the
sample and excitation frequency utilized. While a single element detector may
be used in some applications, the use of a multiple pixel array detector will be
destrable for many applications.

25 A central controllier simply 212 will be used to coordinate the necessary
functions for the method as described in reference to Figure 1. An example flow
chart of the basic functionality of controller 212 is depicted in Figore 4. It
should be understood that controlicr assembly 212 is not necessarily a single
device or component, but may be embodied in multiple components that together

30 provide the necessary functionality. In the case where controller assembly is

formed a separatc components, it should be clearly undersiood that these

components may not be located in one general location, but may be distributed,

and connected as needed, for example through one or more networks, including

10
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local area networks {(LAN), wide area networks {(WAN) and/or the Internet.
Some or all of the described control functionality may be performed through one
or more application programs functioning on a general purpose computer. In
other systems, the controller asserably 212 may be a dedicated purpose device,
or may include a dedicated purpose device, specifically adapted to provide the
necessary functionality. Additionally, the depicted output devices 214 may
fact be a portion of the controller assembly 212, or may be separate components
that arc not necessarily part of the system at all. For example, the output devices
right be remote terminals, printers or databases as may be appropriaie to
facilitate further analysis, use or maintaining of the acquired data and/or analysis
results.  Although wot absolutely required, it is countemplated that most
embodiments of a controller assembly 212 will include one or more processors,
with cach processor cxecuting a plurality of instructions that are collectively
retained 1o one or more instances of machine-readable storage medium. In most
instances these machine-readable storage media will be found within controller
assemibly 212, however such placement is not mandatory. For example, it s
conceivable that the machine-readable instructions might be retained in a
rachine-readable medium remote frora the controller but communicated to the
controller assembly 212 across a wired or wireless network,
eferring now to Figure 3, the figure depicts a block diagram
representation of detector 210, which may be a generally conventional
spectrograph.  Detector 210 will preferably include a relatively hugh efficiency
imaging device 302 so as to capture the relatively small signals typically
represented by Raman scattering.  For example, a high efficiency CCD or
CMOS imager 18 useful.  Additionally, detector 210 will include a fens 304 to
capture the elastically scattered light coming from prism 208. As onc example
of a suilable device, the IXON X3 EMCCD camera, available from Andor
Technology of Belfast, Northern reland, is suitable for many applications.
Additionally, detector 210 will preferably include a diffraction grating
308. The diffraction grating will split and diffract the impinging light into
separate bearns. An cxample of an appropriate grating would be a 1200 line per
millimeter grating; which preferably would be a holographic grating. As noted

previously, in some applications it will be desirable to filter out incident light at

it
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the same wavelength as the original light, as such is not reflective of Raman
scattering. In some sysierns, an appropriate edge filter may be used, wherein the
edge filter would either filter the excitation wavelength and all wavelengths
below if, or alternatively would filier out the excuation wavelength and all
wavelengths about it.  As noted previously, in Raman scattering systems you
have Stokes scatter to the longer wavelength side, and you have anti-Stokes to
the short wavelength sides. In most conventional Raman spectroscopy one does
not need io evaluate both the Stokes scatter and the anti-Stokes scatter,
However, it 1s currently contemplated that there may be circumstances in which
it would be desirable to look at both the longer and shorter wavelength scatter.
In that circumstance a notch filter will be used to filter out just the excuation
wavelength, while passing essentially all wavelengths to each side of the
excitation wavelength.

Referring now to Figure 4, the figure depicts a flow chart for basic
operations to be performed under control of controller assembly 212, In the
example controller functionality 400 of Figure 4, and initial operation, at block
402, is to orient the laser {or other beam directing mechanism) such that the scan
will start at the desired angle of incidence. The start angle of incidence may, in
some cases be pre-programmed, or in other cases may be input by a user.
Countroller assembly 212 will seud appropriate signals to orientation device 206
to achieve the desired placement. In addition to controlling the incremental
positioning of the beam directing mechanism throughout the range of the scan to
be performed, controller assembly 212 track the position of the mechanism
and/or monitor the directing mechanism for indication of the position, in order to
aliow correlation of spectral measurements with the angle of madence that
resulted in each detected spectrun.

Subsequently, at block 404, the laser will be activated for a given time
period. In some cascs the given time may be a selected interval for discrete
measurement, Alternatively, the laser may be left on continually, as 1t 18 scanned
through the incremental positions of the selected range. Controller assembly 212
will then receive the data representative of detected scatiering trom detector 210,
it will be apparent to those skilled in the art having the benefit of this disclosure

that the timing of the receiving of this information by the controlier assembly

12
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will, at least in most embodiments, not be critical, and the data might be retained
in detector 210 for some period of time before being transmitted to controller
assembly 212. The data representative of the detected scattering will typically,
and often preferably, wnchude the raw detected spectral data.  However, it 18
contemplated that some processing of the data may, in some systems, the
performed n the detector; and thus the data representative of the detected
scattering may be, or may include, processed spectral data. Additionally, i an
optional step, if a reflection detector 216 19 mncluded 1n example system 200 as
discussed carlier herein, then reflected light received by detector 216 may also
be recetved, as identified at block 408, Subsequently, the received spectral
information from Raman detector 210 and/or from reflection detector 216 will
be recorded in some manner. In most embodiments, the recording will include a
digital roprosentation of the received information being stored in g machine-
readable medium either in or in communication with controlier assembly 212,

Subsequently, at block 412, controlicr assemubly 212 will make a
determination as to whether the preceding scan position was the end of the range
of the scan (ie, whether the last position was the last position within a scan of
rultiple positions). If the answer 18 no, coutroller assembly 212 will increment
the position of the laser to the next position within the scan range (at block 414}
and the process will return to block 404 to agaiu activate the laser (unless the
laser is continuously activated during the scan). Once the system finally
determines at block 412 that the preceding scan position was the {inal position
within the scan, then the flow proceeds to block 416 where controller assembly
212 will, in at least some embodiments, perform some degree of processing of
the data, as discussed earlier herein. Subsequently, the data and/or the resulis of
the processing will be output to appropriate devices.

It should be understood that although the exampie flowchart depicts the
processing being done at the end of the data collection, there are circumstances
where it may be desirable to do some types of processing during the data
collection. For example, where the peri-critical Raman spectroscopy system
includes a retlection detector, as mdicated at 216 in Figure 2, signals from that
detector may be used to monitor the stability of the excitation laser. In some

examples, that monitoring would preferably be performed during the scanning of
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the excitation laser through the selected range. Alternatively, signals from the
reflection detector could be used to vormalize the nlensity of the received
Rarnan scatter spectrum during processing of the scattering data.

Referring now to Figure 3, that figure depicis a block diagram
representation of an alternative optical assembly 500 that could be used in a peri-
critical Raman spectroscopy system otherwise substantially in the form of that
described in reference to Figure 2. In optical assembly 500, laser 502 is in a
fixed position, and is oricnted such that the clectromagnetic beam may be
reflected by a movable mrror {or an nlermediate deflection prismy) 504 to
transmit through prism 208 to tissuc sample 202. Movable mirror {or deflection
prista) 504 may be wounted on the same form of an precision rotational
controller 506 as described in reference to Figure 2 for use with the laser in that
embodiment. Of course, as will be apparent to those skilled i the art, multiple
mirrors or deflection prism may be utilized in place of the single assembly
depicted 1 Figure 5. Additionally, although the detlection assemblies are ounly
depicted relative to the electromagnetic beam input, of course radiation retarning
from the sample through the prism may also be directed to one or more desired
paths toward the ove or more detectors through use of sunilar murrors or
deflection prisms. As will be apparent from the figure, all other basic operation
of the optical systern remaius the same.  Some advavtages of using this
alternative configuration in some applications could include, greater ease of
achieving the desired precision of movement, particularly where a given
application may dictate the use of a heavier or larger laser or other
electromagnetic beam directing assembly.

The illustrative methods and apparatus have been described in the
context of using a single wavelength of electromagnetic radiation to excite the
tissue sample and cause the Raman scatlering. However, o should be clearly
understood the same principles can be applied to using multiple discrete
wavelengths of clectromagunetic radiation to induce Raman scattering and
produce respective spectra which may be correlated with those resulting from
one or more other wavelengths, In some cases a first wavelength may nteract
with the samiple to provide a first range of penetration into the sample; and a

second wavelength may be sclected to interact with the sample at either a
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shallower or deeper depth throughout the contemplated range of angles of
incidence. In other cases, the use of multiple wavelengths way be useful
avoiding barriers to cffective Raman spectroscopy. For cxample, with Raman
spectroscopy of some types of samples, excitation at certain wavelengths can
cause fluorescence, which interferes with effective measurcmient of Raman
scattering. By having multiple wavelengths of excitation, if a first set of
scattering data resulting from a first wavelength is less than optimal, such as due
to the described fluorescence, the one or more alternative wavelengths may be
used to provide satisfactory measurements.

Referring now to Figure 6, that figwe depicts block diagram
representation of an exanple architecture for controller 600, such as may be
used to provide some or all of the functions of a controller asserubly, for which
one example was described in reference to Figure 4. Although not required, m
many configurations for the controlier assembly 212 would include one or more
microprocessors which will operate pursuant to one or more sets of instructions
for causing the machine to perform any one or more of the methodologies
discussed herein.

The example controller assembly 600 includes a processor 602 {e.g., a
cenrtral processing unit {CPLUY} a graphics processing unit {GPU} or both}, a main
memory 604 and a static vaemory 606, which communicate with each other via a
bus 608. The controller assembly 600 may further include a video display unit
610 {e.g., a liguid crystal display (LCD} or a cathode ray tube (CRT)). The
controller assembly 600 also mncludes an alphanumeric input device 612 {(e.g., a
keyboard, mechanical or virtual), a cursor control device 614 {(e.g., a mouse or
track pad), a disk drive unit 616, a signal generation device 618 {e.g., a speaker)
and a network interface device 620,

The disk drive unit 616 includes a machine-readable mediam 622 on
which is stored one or more sets of executable instructions (e.g., software 624)
embodying any onc or more of the methodologies or functions described herein,
in place of the disk drive unit, a solid-state storage device, such as those
comprising tlash memory may be utilized. The software 624 may also reside,
completely or at least partially, within the main memory 634 and/or within the

processor 002 during cxecution thereof by the controller assembly 600, the main
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memory 604 and the processor 602 also constituting machine-readable media.
Alternatively, the instructions may be only temporarily stored ou a machine-
readable medium within controller 600, and until such time may be received
over a network 626 via the network interface device 620.

While the maching-readable medium 622 is shown in an example
embodiment to be a single medium, the term "machine-readable medium” as
used herein should be taken to include a single medium or multiple media (e.g.,
a centralized or distributed database, and/or associated caches and servers) that
store the one or more sets of instructions, The term “machine-readable mediur”
or “computer-readable medium™ shall be taken to include any tangible non-
transitory medium which s capable of storing or encoding a sequence of
instructions for execution by the machine and that cause the machine to perform
any one of the methodologics.

Many additional modifications and variations may be made in the
techniques and structures described and tlustrated herein without departing from
the spirit and the scope of the present invention. For example, the described
methods and systems have been described for measuring properties of tissue,
such as skin. However, other types of tssue way also be examined. The
described techniques are also contemplated for use such as during surgical
procedures, where other tissue may be suthciently exposed to allow access by an
appropriate probe configured to apply an electromagnetic excitation stimulus
through a prism, and to detect the resultant Raman scattering, 1 accordance with
the principles discussed herein.  Accordingly, the present invention should be
clearly understood to be limited only by the scope of the claimus and equivalents

thereof,

16
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{ Claine:
1. A method for evaluating a sample, comprising the acts of:
directing an excitation beam of coherent electromagnetic radiation through a

prism to intersect a sample at a plarality of angles of incidence;

5  detecting a Raman scattered spectrum resulting from intersection of the
excitation beam with the sample at cach of the plurality of angles of
incidence; and

evaluating at least one property of the sample m reference to at least a portion of
the plurality of Raman spectra.
10

~5

2. The method of claim 1, whereiu the plurality of angles includes the critical

angle of mcidence.

3. The method of claim I, wherein the act of directing the excitation beam of

15 coherent clectromagnetic radiation comprises enutting the beam from a laser,

4. The method of claim 3, wherein the excitation beam of coherent

clectromaguetic radiation 18 1n the near-infrared range.

20 35 The method of claim 1, wherein the plurality of angles coruprises angles at

increments of less than .02 degrees proximate the critical angle.

6. The method of claim 1, wherein the prism has a trapezoidal cross-section.

25 T The method of claum 1, further comprising the act of recording each

Raman scattered spectrum with an imaging device.

8. The method of claim 1, wherein the act of evaluating at least one property
of the sample comprises comparing at least one detected Raman spectrum with a

30 reference spectrum associated with the property being evaluated
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9. The method of claim 1, wherein the act of evaluating at least one property
of the sample comprises forming a multi-dimensional representation of the

sample through use of a plurality of the detected Raman spectra.

W

18. A method of evaluating a tissue saniple, comprising the acts oft

directing a singlc wavelength beam of near-infrared electromagnetic radiation
through a prism to intersect the tissue sample, wherein the beam is
directed to the sample at a plurality of incremental angles of incidence
within a first range, and wherein the prism is configured to communicate

10 Raman scattered electromagnetic spectra to a detector;

detecting the Raman scattered electromagnetic spectra through use of the
ictector;

processing the detected clectroruagnetic specira to provide a multi-dimensional
indication of the molecular composition of the tissue sample at a plurality

15 of depths of investigation.

t1.  The method of clatim 10, wherein the act of directing a beam of near-
infrared electromagnetic radiation at a plurality of incrernental angles of
incidence comprises

20 directing a beam of near-infrared electromagnetic radiation at a first angle of
incidence through use of a beam directing mechanism, the first angle of
incidence being proximate the critical angle and to a first side of the critical

angle.

25 12, The method of claim 10, wherein the beam directing mechanism
comprises a movably mounted source clectromagnetic radiation.
13. The method of claim 10, wherein the beam directing mechanism
compriscs a source of electromagnetic radiation and a reflective member

30 between the source of electromagnetic radiation and the prism.
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14, A system for evaluating a sample through use of Raman spectroscopy,
comprising:
a source of electromagnetic radiation configured to emit a coherent beam of

clectromagnetic radiation having essentially a single wavelength;

5 aprism having a sample-engaging surface and a spectra emitting surface;
an clectrornagnetic beam positioning assembly configured to direct the coherent
beam of electromagnetic radiation into the prism at a plurality of angles
of incidence relative to the sample engaging surface of the prismy
a scattering detector arranged to receive scattered electromaguetic radiation from
10 the spectra emitting surface, and configured to record the received
scattered electromagnetic radiation; and
a controller assembly configured to control the electromagnetic beam
positioning assembly to direct the coherent beam electromagnetic
radiation at a plurality of controlled angles of incidence at selected
15 angular increments.
15, The system of claim 14, wherein the electromagnetic beam positioning
assembly comprises a drive mechanmsm supporting the source of electromagnetic
radiation,
20
16.  The system of claim 14, wherein the electromagnetic beam positioning

assembly comprises:
a movable mirror positioned to receive the electromagnetic beam and to reflect
the beam in the direction of the prisny and
25 apositioning mechanism supporting the movabie mirror, and couhigured to
move the mirror through a range of motion to direct the electromagnetic

beam.

17. The system of claim 14, further comprising a reflection detector

30 arranged to receive radiation reflected from the sample through the prism.

19
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18, The system of claim 14, wherein the controller assembly is further
configured to receive data representative of Raman scatiering spectra received
from the reflection detector and to correlate the data representative of each

Rarvan scattering spectrum with the increvaental position that resulted in the

5 spectrum.
19.  The system of claim 18, wherein the controller assembly is further
configured 1o receive data representative of reflected electromagnetic radiation
from the reflection detector,

10

20, The systerm of claim 14, wherein the controller assembly comprises:

one or More processors; and

a machine-readable medium storing instructions, which when executed by the
one or more processors, resuits in the following operations,

15 orienting the clectromagnetic beam positioning assembly to direct the
slectromagnetic beam at a first angle of incidence relative to the
prism sample-engaging surface,

activating the laser;
receiving data associated with a phurality of spectra of detected
20 clectromaguetic scattering from the detector;
recording the received data from the detector;
oricnting the clectromagnetic beam positioning assembly to direct the
electromagnetic beam at a second angle of incidence, the second
angle of meidence being at a determined increment from the first

25 angle of ncidence.

21 The system of claim 20, wheretn the operations further comprise
processing the received data associated with a plurality of spectra of detected
electromagnetic scattering to evaluate at least one property of the sample,

30

20
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22, The system of claim 18, wherein the controller assembly comprises:
one or more processors; and
machine-readable storage media storing instructions, which when executed by

the one or more processors, results 1o the following operations,

W

orienting the electromagnetic beam positioning assembly to direct the
clectromagnetic beam at a first angle of meidence relative to the
prism sample-engaging surface,
activating the laser;
receiving scattering data associated with one or more spectra of detected
10 clectromagnetic radiation from the scattering detector;
recording the received scattering data fromw the detector:
receiving reflected data associated with clectromagnetic radiation from
the reflection detector;
recording the received reflection data from the detector; and
15 orienting the clectromagnetic beam positioning assembly to direct the
slectromagnetic beam at a second angle of incidence, the second
angle of incidence being at a determined increment from the first

angle of imcidence.

20 23, The system of ¢laim 22, wheretn the operations further comprise
processing the received scattering data associated with a plurality of spectra of
detected electromagnetic scatiering to evaluate at least one property of the

=2 & J

sample.
25 24, The system of claim 22, wherein the operations {further comprise

processing the received reflection data to evaluate a parameter of the reflection

scattering measurement operations,

21
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